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 Aquaculture has become a major source 
of global seafood, driving by rising demand (FAO, 
2020).  To meet this demand, many countries have 
expanded aquaculture production, often using 
intensive culture systems, characterized by high 
stocking densities and intensive feeding, which 
significantly increased organic waste accumulation 
within farming systems.  Effluent from these intensive 
systems is typically nutrient-rich, containing high 
levels of nitrogen compounds, such as NH4

+-N and 
NO3

--N, which when released into nearby water 
bodies, can cause eutrophication of the waters and 
negatively impact aquatic ecosystems (Liu et al.,

2016).  While various water treatment approaches 
have been implemented, they have high operating 
costs (Ruangchuay et al., 2024).  Among these 
methods, water treatment using macroalgae stands 
out as one of the most cost-effective options.

 Over the past decades, seaweed has become 
a feasible and cost-effective alternative for treating 
aquaculture effluents due to its low cost and high 
nutrient uptake efficiency (Chopin et al., 2001; 
Neori et al., 2004).  Several seaweed species have 
been used as biofilters in aquaculture effluents.  For 
instance, green seaweed genera such as Ulva and 
Caulerpa are well known for their high nutrient 
uptake capacity (Copertino et al., 2009; Gao et al.,
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to the siphonous-like C. lentillifera and cylindrical, bush-like G. fisheri.  These results highlight the 
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2018; Manori Bambaranda et al., 2019a; 2019b; 
Kang et al., 2021).  Ulva clathrata, for example, 
has been reported as highly efficient at removing 
inorganic nutrients from water effluents (Copertino 
et al., 2009), while Caulerpa sertularioides and 
Ulva lactuca have been used to treat effluents and 
promote growth in shrimp culture (Portillo-Clark 
et al., 2013; Brito et al., 2014; Elizondo-González 
et al., 2018).  C. lentillifera has also demonstrated 
a strong ability to absorb nitrogen and phosphorus 
(Manori Bambaranda et al., 2019a; 2019b; 
Kunawongdet, 2020).  Ulva pertusa and Codium 
fragile have been utilized in integrated fish-seaweed 
culture system as biofilters for effluent from black 
rockfish (Sebastes schlegelii) tanks (Kang et al., 
2021).  Red algae species, including Gracilaria 
and Gracilariopsis, have been shown to effectively 
absorb nitrogen and phosphorus from aquaculture 
wastewater (Al-Hafedh et al., 2012; Du et al., 2013; 
Liu et al., 2016; Badraeni et al., 2020).  However, 
nutrient absorption efficiencies and growth patterns 
vary among seaweed species, with each species 
effectively reducing nitrogen and phosphorus load 
in the surrounding water.  The nutrient removal 
efficiency of algae depends not only on the species 
and density of the algae (Kang et al., 2011; Liu 
et al., 2016; Ashkenazi et al., 2019; Kang et al., 
2021) but also on their morphology, in terms of 
the surface area-to-volume ratio (Rosenberg and 
Ramus, 1984; Rees, 2003).

 In Thailand, green and red seaweeds have 
been utilized to treat wastewater in aquaculture ponds 
(Lewmanomont and Chirapart, 2022; Ruangchuay 
et al., 2024).  Various Thai seaweed species such as 
Caulerpa lentillifera, Ulva rigida, Gracilaria fisheri, 
and G. tenuistipitata have shown effectiveness in 
treating aquaculture effluents (Thongcanarak and 
Predalumpaburt, 2008; Chaitanawisuti et al., 2011; 
Kunawongdet, 2020; Suphawinyoo et al., 2020; 
Hajisamae et al., 2022).  Nonetheless, there are 
differences in treatment efficacy across these species. 
Most studies have focused on the effects of algae 
density and species on nutrient absorption, while 
research on morphological changes and physiological 
responses during nutrient uptake is limited.

 This study aimed to assess the nutrient 
absorption capabilities of the green seaweeds     

C. lentillifera and U. rigida and the red seaweed 
G. fisheri, selected for their distinct morphological 
characteristics.  We hypothesized that differences 
in algal density and thallus structure would impact 
nutrient removal from fish effluent.  Additionally, 
the photosynthetic responses of these algae at 
different densities were examined.  These findings 
contribute to a deeper understanding of algal nutrient 
absorption and help identifying suitable species for 
aquaculture effluent treatment.

Fish collection and acclimatization

 Sailfin mollies (Poecilia latipinna) were 
purchased from an ornamental fish dealer in Bangkok 
and transported to the Algal Bioresources Research 
Center, Kasetsart University for acclimation. 
Acclimation procedures followed the methods 
outlined by Manori Bambaranda et al. (2019a).  The 
fish were reared in three glass fiber tanks, each 
measuring 1×0.6×0.5 m and filled with 150 L of 
dechlorinated freshwater (treated with 30 mg∙L-1 
chlorine).  Aeration was provided in each tank using 
a diaphragm blower with an aeration rate of 50% 
using an air stone equipped with an air controller. 
Forty P. latipinna fish (3–5 cm in size) were stored 
in each tank at a male:female ratio of 1:1.  Ten fish 
from each tank were randomly selected and weighed, 
and the feeding rate was calculated, with the amount 
of feed given as 4% of the fish weight.  The fish 
were fed twice daily at 9:00 am and 4:00 pm, and 
uneaten feed was removed by siphoning after 5–7 
min.  Bottom siphoning was performed once daily, 
followed by refilling the tanks with treated water 
to maintain a 150 L volume.  Following one week 
of acclimation, the water salinity in the tanks was 
gradually increased by 5‰ every three days, from 
0‰ to 30‰, using concentrated, chlorine-treated 
seawater (30 mg∙L-1).  Once the tanks reached 30‰, 
salinity and water volume were maintained at these 
levels.  Salinity was monitored twice daily with a 
refractometer (S/Mill-E, ATAGO, Japan).  Before 
each feeding and siphoning, a 1-litter water sample 
was collected from each tank to measure nutrient 
content.  The water samples were filtered using 
GF/C Whatman filter paper (0.45 µm).  
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 The dissolved inorganic nitrogen (nitrite, 
nitrate, ammonia) and orthophosphate levels were 
measured (n = 3) following to the standard methods 
for water and wastewater analysis, including the 
cadmium reduction method, naphthyl ethylenediamine 
method, phenate method, and ascorbic acid method. 
A UV‒visible spectrophotometer (Shimadzu UV-
1061) was used at wavelengths of 543, 543, 640, 
and 880 nm, respectively (APHA, 2005).  After 7 
days of acclimation, fish effluent samples were 
analyzed to determine whether dissolved nutrient 
concentrations exceeded Thailand’s Coastal 
Aquaculture Effluent Standards.  These standards 
specify that ammonia should not exceed 1.1 mg∙L-1, 
total nitrogen should not exceed 4.0 mg∙L-1, and 
phosphorus should not exceed 0.5 mg∙L-1 (Notification 
of the Ministry of Natural Resources and Environment, 
2004).

Seaweed preparation
 
 The green seaweed species, Caulerpa 
lentillifera and Ulva rigida were collected from 
seaweed farms in Pattani and Satun Provinces, 
respectively.  The red seaweed Gracilaria fisheri was 
sourced from the coast of Samaesan (12°39ʹ47ʺN 
100°54ʹ20ʺE) in Chonburi Province.  Samples were 
cleaned of visible contaminants and acclimated in 
seawater at 30‰ salinity within an indoor greenhouse 
for 21 days.

Seaweed density

 After 21 days of acclimation, healthy 
samples of each species, selected for similar weight 
and length, were used.  Whole thallus samples were 
chosen based on the natural forms of each species. 
Five stocking densities (10, 20, 30, 40, and 50 g∙L-1) 
were examined in triplicate using a completely 
randomized design (CRD).

 The fish effluent (from clause 1) was 
filtered through 0.45 µm GF/C Whatman filter 
paper.  A nonreactive plastic bottle (6×6×15 cm) 
containing 300 mL of filtered fish effluent (n = 24 
per replicate) was used for the experiment.  Different 
densities were tested in triplicate, with hourly nutrient 
absorption monitored in separate experimental units. 
Algal samples were removed every hour for up to

24 h, and absorption levels of NO2
--N, NO3

--N, 
NH4

+-N, and PO4
-3-P were measured according to 

APHA (2005).  The experiment was conducted under 
controlled conditions at 30‰ salinity, 25±2 °C 
temperature, and a light intensity of 105 µmol 
photon∙m-2∙s-1 on a 12:12 h light:dark cycle.  Nutrient 
absorption efficiency was calculated as follows:

    Absorption efficiency (%) = (N0-Nt)/ N0×100

where N0 is the initial nutrient concentration, and 
Nt is the nutrient concentration at time t (hours).

Determination of seaweed surface area-to-volume 
ratio

 The surface area-to-volume (SA:V) ratio 
was measured according to the morphology of each 
seaweed species.  For U. rigida, the width and 
length of sheet-like thalli were randomly measured 
using Vernier calipers, and thickness was measured 
from transverse sections (n = 24) under a light 
microscope.  The surface area and volume of each 
alga were calculated using the following geometric 
equations (Vogel, 1988):

           Surface area (cm2) = width × length; 

        Volume (cm3) = width × length × height.

 For C. lentillifera and G. fisheri, lengths 
were measured with Vernier calipers, and thickness 
was measured from transverse sections under a 
light microscope.  The surface area and volume of 
the samples were calculated using the following 
geometric equations (Vogel, 1988):

       Surface area (cm2) = 2πr × thallus length; 

           Volume (cm3) = πr2 × thallus length.

Photosynthesis determination

 The algal samples at each density used 
for nutrient absorption (in clause 3) were measured 
for photosynthesis.  Changes in the photosynthetic 
efficiency (Fv/Fm) of photosystem II (PSII) were 
measured using a Junior-PAM (Pluse-Amplitude-
Modulation) chlorophyll fluorometer after the
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whole thallus samples were incubated in the dark 
for 30 min.  Photosynthetic efficiency was calculated 
using the following formula:

       Fv/Fm = (Fm – Fo)/Fm, 

 where Fm is the maximum fluorescence 
and Fo is the minimal fluorescence (Maxwell and 
Johnson, 2000).

 The relative electron transport rate (rETR) 
of each algal sample (1 g wet weight per sample, 
n = 20) was determined under laboratory conditions.  
Rapid light curves (RLCs) were generated by 
applying the standard algorithm of a pulse amplitude 
modulated (PAM) fluorometer (Junior PAM, 
Walz/Germany) in an incremental sequence of 
actinic illumination periods, with light intensity 
(photosynthetically active radiation, PAR) increasing 
in nine steps from 0 to 625 µmol photons∙m-2∙s-1. 
The rETR was calculated using the equation:

      rETR = 0.5×Y×PAR×AF 

 where Y represents the effective quantum 
yield of photosystem II (PSII), the factor 0.5 
assumes that half of the photons are absorbed by 
PSII, and AF is the fraction of incident light assumed 
to be absorbed by the sample (≈ 0.84) (Schreiber 
et al., 1995).

 Photosynthetic rates were measured at each 
density under 25±2 °C and 105 µmol photon∙m-2∙s-1 
light intensity on a 12:12 h light:dark cycle.  The 
photosynthetic rates were determined by the light/
dark bottle technique, with net photosynthetic rate 
(Pnet) and dark respiration measured as dissolved 
oxygen (mg∙L-1) every 5 min for 30 min using a DO 
meter (YSI 5000).

Statistical analysis

 Results are presented as the mean±standard 
deviation (SD).  Statistical analyses were performed 
using analysis of variance (ANOVA) followed 
by Tukey’s HSD tests at 95% confidence level. 
Relationships between variables were assessed 
using Pearson’s correlation coefficient, also at a 95% 
confidence level.

Effects of density on nutrient uptake 

 Changes in the concentrations of nitrite 
(NO2

-), nitrate (NO3
-), ammonia (NH4

+) and 
orthophosphate (PO4

3-) over time at different algal 
densities (10, 20, 30, 40 and 50 g∙L-1) are shown in 
Figures 1–3.  Variation in algal density influenced 
the reduction in nutrient concentrations in the fish 
effluent.  Caulerpa lentillifera showed the greatest 
reductions in NO2

--N and NO3
--N at a density of 

30 g∙L-1, followed by densities of 40, 20, 50, and 
10 g∙L-1, respectively (Figure 1).  At these densities, 
the maximum removal efficiency of NO2

--N was 
86.03%, 70.73%, 67.99%, 61.63% and 51.03%, 
respectively; the removal efficiencies of NO3

--N 
were 74.08%, 63.44%, 56.89%, 55.99%, and 49.00%, 
respectively.  However, NO3

- reduction at 20 and 
50 g∙L-1 was not significantly different (p≥0.05).  
All densities of C. lentillifera achieved 100% NH4

+ 
absorption.  At a density of 40 g∙L-1, ammonia was 
completely absorbed within 20 h, while at densities 
of 30, 10, 50, and 20 g∙L-1, it required 21, 21, 22, 
and 23 h, respectively, for complete NH4

+-N uptake.  
This species also effectively removed orthophosphate 
from the fish effluent.  At 10, 20, and 30 g∙L-1, 
C. lentillifera reduced PO4

3--P by 100% within 24, 
19, and 18 h, respectively.  However, absorption 
efficiency of PO4

3--P decreased when the densities 
increased to 40 g∙L-1 (82.34%) and 50 g∙L-1 (67.42%).

 Similar to C. lentillifera, U. rigida exhibited 
the greatest absorption of NO2

--N and NO3
--N at 

a density of 30 g∙L-1, achieving efficiencies of 87.33% 
and 76.51%, respectively.  Absorption efficiencies 
decreased at densities of 40, 50, 20, and 10 g∙L-1, with 
NO2

--N absorption efficiencies of approximately 
73.47%, 70.98%, 65.22% and 55.60%, and NO3

--N 
absorption rates of 76.51%, 66.86%, 63.44%, 60.06% 
and 53.77%, respectively.  At all densities, U. rigida 
achieved complete NH4

+- absorption (100%) within 
24 h, with the fastest absorption at a density of 40 
g∙L-1 within 19 h.  At densities of 30, 10, 50, and 20 
g∙L-1, NH4

+ was fully absorbed within 21, 21, 22 
and 23 h, respectively.  The algae also achieved 
100% PO4

3- absorption within 23, 19, and 18 h 
at densities of 10, 20, and 30 g∙L-1, respectively. 
However, PO4

3- absorption efficiencies decreased
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to 84.00% and 70.46% at densities of 40 and 50 g∙L-1, 
respectively (Figure 2).

 Similarly, varying densities of G. fisheri 
influenced nutrient uptake within a 24 h period 
(Figure 3).  G. fisheri showed the greatest absorption 
of NO2

--N and NO3
--N at a density of 30 g∙L-1.  The 

highest absorption efficiencies of nitrite were 87.82%, 
74.47%, 72.06%, 66.48% and 57.14% at 30, 40, 50, 
20 and 10 g∙L-1, respectively; the corresponding 
nitrate concentrations were 73.77%, 62.99%, 56.28%, 
55.32%, and 48.28% at 30, 40, 20, 50, and 10 g∙L-1, 
respectively.  At a density of 20 g∙L-1, G. fisheri 
achieved complete absorption of NH4

+ (100%) within 
18 h.  In contrast, at densities of 30, 10, 50, and 40 
g∙L-1, the algae achieved full NH4

+ uptake within 
21, 21, 22 and 23 h, respectively.  PO4

3- absorption 
was also highly efficient, with G. fisheri achieving 
100% reduction at densities of 20 and 30 g∙L-1 
within 20 and 19 h, respectively.  PO4

3- absorption 
apparently decreased to 99.08% at 10 g∙L-1 and 
further dropped at higher densities, reaching 82.13% 
at 40 g∙L-1 and 67.03% at 50 g∙L-1.   

 Our study revealed a relationship between 
seaweed density and nutrient absorption from fish 
effluent.  The density of all three algae species 
showed a positive correlation with the total nitrogen 
uptake rate (p<0.05).  At densities of 10–30 g∙L-1, 
U. rigida was positively correlated with PO4

3- 
reduction (r = 0.999, p = 0.031), while the correlation 
of C. lentillifera and G. fisheri were not significant 
(p≥0.05).  At higher densities of 40 and 50 g∙L-1, 
PO4

3- absorption in C. lentillifera and G. fisheri was 
negatively correlated (r = -0.999, p = 0.034).

Photosynthetic responses to algae density

 This study showed that algae density 
affected the photosynthetic activity of C. lentillifera, 
U. rigida, and G. fisheri.  The electron transport 
rates (rETRs) of photosystem II (PS II) in all three 
species varied with light intensity (photosynthetically 
active radiation, PAR), with ETR increasing as light 
intensity rose up to 625 µmol photons∙m-2∙s-1.  In 
C. lentillifera, ETRs at all densities followed a 
similar trend, rising with light intensities between

136

Figure 1. Changes over time in the concentrations of: (a) ammonia (NH4
+), (b) nitrite (NO2

-), (c) nitrate (NO3
-), and 

 (d) orthophosphate (PO4
3-) in fish effluent treated with Caulerpa lentillifera at five algal density levels 

 (10, 20, 30, 40, and 50 g∙L-1) under conditions of 30‰ salinity, and 25 °C. Vertical bars represent standard 
 deviations (n = 3).
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Figure 2. Changes over time in the concentrations of: (a) ammonia (NH4
+), (b) nitrite (NO2

-), (c) nitrate (NO3
-), 

 and (d) orthophosphate (PO4
3-) with Ulva rigida at five algal density level (10, 20, 30, 40, and 50 g∙L-1) 

 under conditions of 30‰ salinity, and 25 °C. Vertical bars represent standard deviations (n = 3).

Figure 3. Changes over time in concentration of ammonia (NH4
+), nitrite (NO2

-), nitrate (NO3
-), and orthophosphate 

 (PO4
3-) with Gracilaria fisheri at five algal density level (10, 20, 30, 40, and 50 g∙L-1), 30‰ salinity, and 

 25 °C temperature. The vertical bars indicate standard deviations (n = 3).
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0 and 425 µmol photons∙m-2∙s-1.  However, ETRs 
differed across species at a light intensity of 625 
µmol photons∙m-2∙s-1, with the highest ETR of 22.60±
0.87 µmol e∙m-2∙s-1 observed at 30 g∙L-1.  Similar 
ETR values were recorded at 40, 20, 10, and 50 
g∙L-1, measuring 21.50±0.17, 21.07±0.78, 20.87±
0.58, and 20.27±0.12 µmol e∙m-2∙s-1, respectively 
(Figure 4a).

 In U. rigida, ETR increased with light 
intensity across all densities from 0 to 625 µmol 
photons∙m-2∙s-1.  At a density of 30 g∙L-1, the ETR 
rose sharply with increasing light intensity from 
25 to 625 µmol photons∙m-2∙s-1, reaching a peak of 
27.57±0.32 µmol e∙m-2∙s-1.  Other densities, 20, 10, 
40, and 50 g∙L-1, produced maximum ETR values 
of 21.30±0.36, 20.57±0.64, 20.13±0.06, and 18.37±
0.47 µmol e∙m-2∙s-1, respectively (Figure 4b).

 For G. fisheri, density had a similar effect 
on ETR as in other species, with increases in ETR 
at light intensities up to 625 µmol photons∙m-2∙s-1. 
However, there were no significant differences in 
ETR (p≥0.05) between densities, with ETR values 
of 21.40±0.17, 21.07±0.78, 20.70±0.52, 20.60±0.62 
and 20.17±0.06 µmol e∙m-2∙s-1 at densities of 40, 20, 
10, 30, and 50 g∙L-1, respectively (Figure 4c).

 This study revealed similar responses in 
gross (GPP) and net photosynthetic rate (Pnet) among 
the three seaweed species in response to density 
(Figure 5).  The GPP and Pnet of both C. lentillifera 
and U. rigida were highest at 30 g∙L-1, with GPP 
values of 3.42±0.01 and 7.07±0.16 µgO2∙g-1

ww∙min-1 
and Pnet values of 2.78±0.01 and 6.37±0.15 
µgO2∙g-1

ww∙min-1), respectively. For G. fisheri peak 
GPP (2.92±0.06 µgO2∙g-1

ww∙min-1) and Pnet values 
(2.28±0.07 µgO2∙g-1

ww∙min-1) were reached at a 
density of 40 g∙L-1.  Across all densities, U. rigida 
had significantly greater GPP and Pnet values 
than C. lentillifera and G. fisheri (p<0.05), with 
C. lentillifera also outperforming G. fisheri at 
densities of 20 and 30 g∙L-1.

 The relationship between density and 
photosynthesis aligned with that between nutrient 

absorption and photosynthesis. C. lentillifera 
and U. rigida densities of 10–30 g∙L-1 positively 
correlated with Pnet (r = 0.999, p = 0.031 and r = 
0.999, p = 0.023, respectively).  However, at higher 
densities (30–50 g∙L-1), both species exhibited a 
negative correlation with Pnet (r = -0.997, p = 0.047 
for C. lentillifera and r = -1.000, p = 0.015 for 
U. rigida).  For G. fisheri, densities of 10–40 g∙L-1 
positively correlated with Pnet (r = 0.975, p = 0.025), 
while a negative correlation (r = -1.000, p = 0.002) 
was observed at 40–50 g∙L-1.

 Our study also demonstrated that algal 
density influenced the photosynthetic efficiency 
(Fv/Fm) of the three seaweed species (Figure 6).  The 
average Fv/Fm values for U. rigida, C. lentillifera, 
and G. fisheri were 0.662–0.699, 0.557–0.637, and 
0.552–0.611, respectively.  At a density of 30 g∙L-1, 
the Fv/Fm values of U. rigida and C. lentillifera 
were 0.699±0.015 and 0.637±0.005, respectively, 
while G. fisheri reached an Fv/Fm value of 0.611±
0.002 at 40 g∙L-1.  The Fv/Fm of U. rigida was 
significantly higher than that of C. lentillifera and 
G. fisheri at the same algae density (p<0.05).

Relationships of the SA:V ratio with nutrient 
absorption and photosynthesis in the seaweeds

 In this study, the SA:V ratio of U. rigida 
was significantly higher (12.99±0.06 cm2:cm3) than 
those of C. lentillifera (4.48±0.33 cm2:cm3) and 
G. fisheri (4.07±0.17 cm2:cm3).  The SA:V ratios 
were significantly different among the three algae 
(p<0.05).  We analyzed the relationships between 
the SA:V ratio of each seaweed and the uptake of 
total nitrogen and photosynthesis at a density of 30 
g∙L-1 under 12 h of light exposure.  The SA:V ratio 
of the three algal species were positively correlated 
with the reduction of total nitrogen in the fish 
effluent (r = 0.997, p = 0.047).  The SA:V ratio 
also showed a near significant positive correlation 
with Pnet (r = 0.997, p = 0.050), and a significant 
correlation with Fv/Fm (r = 0.999, p = 0.024) in 
the algae.  Additionally, the total nitrogen uptake 
rate was significantly positively correlated with 
Pnet in the algae (r = 1.000, p = 0.002).
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Figure 4. Responses to irradiance levels between 0–625 µmol photons∙m-2∙s-1 on the relative electron transport rate 
 (rETR) of Chl a fluorescence of Caulerpa lentillifera (a), Ulva rigida (b), and Gracilaria fisheri (c) at 
 densities of 10, 20, 30, 40, and 50 g∙L-1. Vertical bars represent standard deviations (n = 3).
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Figure 6. Responses of photosynthetic efficiency (Fv/Fm) to varying densities of Caulerpa lentillifera, Ulva rigida 
 and Gracilaria fisheri at levels of 10, 20, 30, 40, and 50 g∙L-1. Vertical bars represent standard deviations 
 (n = 3), and different letters above bars represent significant differences (p<0.05).

Figure 5. Responses of gross and net photosynthesis to varying densities of Caulerpa lentillifera, Ulva rigida, and 
 Gracialria fisheri at levels of 10, 20, 30, 40, and 50 g∙L-1. Vertical bars represent standard deviations 
 (n = 3).
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 Seaweeds, are known for their ability to 
reduce nutrients in aquaculture effluent, whereby 
the efficiency varies with species and strain of algae 
(Liu et al., 2016; Ashkenazi et al., 2019; Khan et al., 
2021).  Nutrient uptake efficiency is influenced 
by major factors such as density of the algae (Al-
Hafedh et al., 2012; 2014; Li et al., 2020) and the 
morphology of the seaweed (Gacia et al., 1996; 
Stewart and Carpenter, 2003).  An increase in algal 
density reduces the flow velocity of seawater and 
thickens the diffusion boundary layer around the 
surface of the algal thalli.  This decrease in flow 
velocity reduces the absorption of light, nutrients, 
and dissolved inorganic carbon (Hurd, 2000), as 
well as photosynthetic capacity (Gaylord et al., 
2007).  In the present study, the density of algae 
was related to nutrient absorption from fish effluent. 
A positive correlation was observed at densities 
of 10–30 g∙L-1 for nitrogen and 10–40 g∙L-1 for 
phosphorus nutrients, with the most effective 
nutrient removal occurring at 30 g∙L-1.  Similarly, 
Manori Bambaranda et al. (2019a) reported that 
Caulerpa seaweed as effectively reduce NO2

--N, 
NO3

--N, NH4
+-N, and PO4

-3-P in the effluent of 
sailfin mollies, with the highest removal efficiency 
at densities of 31.6, 33.3, 50.0, and 20.0 g∙L-1, 
respectively.  However, C. lentillifera was reported 
to have the greatest reduction of nutrients from the 
effluent of cultured anemone fish at a lower density 
of 2 g∙L-1 (Kunawongdet, 2020).  In this study, 
the removal efficiency of PO4

3--P did not differ 
significantly between the two green species, 
C. lentillifera and U. rigida.  Additionally, nitrogen 
nutrient uptake efficiency, but not ammonia uptake, 
was similar between the green algae and the red 
algae.

 A limitation in nutrient uptake by these 
seaweeds at both lower and higher seaweed 
densities may be due to limited algal biomass at 
low densities and self-shading at high densities 
(Manori Bambaranda et al., 2019a; Li et al., 
2020).  Changes in algal density result in complex 
photophysiological responses to variations in pH 
and temperature (Li et al., 2020).  In addition, an 
increase in algal density could reduce the amount 
of inorganic carbon received per unit biomass, which
limits photosynthesis and reduces photosynthetic 

O2 evolution (Jiang et al., 2017; Li et al., 2020).  
Increased biomass density significantly reduced
the photosynthetic capacity of the algae.  This can 
be explained by the shading effect caused by the 
density, where thalli block light from each other, 
reducing the light flux on individual surfaces 
(Hurd, 2000; Stewart and Carpenter, 2003).  As a 
result, light-utilization efficiency is reduced, which 
consequently lowers the photosynthetic rate and 
promotes saturation light levels (Copertino et al., 
2009; Richards et al., 2011; Jiang et al., 2017).

 The nutrient absorption capacity depends 
not only on the density of the algae but also on 
morphological changes.  Seaweeds with a high 
surface-to-volume (SA:V) ratio have a higher 
nutrient uptake rate due to the increased membrane 
surface area available for uptake (Taylor et al., 
1998).  In this study, the different morphological 
characteristics among the three seaweed species 
revealed that U. rigida has the simplest cell structure. 
The absorption of nutrients by the seaweeds was 
correlated with the morphology (SA:V ratio) of 
the algae.  A positive correlation between nutrient 
uptake and the SA:V ratio of the three seaweeds 
was consistent with the findings of a previous study 
(Rosenberg and Ramus, 1984), which reported a 
positive correlation between uptake rates and the 
SA:V ratio of the thallus (Ulva curvata > Fucus 
evanescens ≈ Gracilaria tikvahiae > Codium 
decorticatum).  Rosenberg and Ramus (1984) 
reported that lower rates of nutrient uptake are 
associated with lower SA:V ratios.  In this study, the 
high SA:V ratio of the sheet-like U. rigida increased 
the efficacy of nutrient uptake compared to the other 
two algae, which had lower SA:V ratios.  Moreover, 
the high efficiency of U. rigida may be due to the 
greater membrane surface area available for nutrient 
uptake (Taylor et al., 1998).  A high SA:V ratio 
allows this seaweed to rapidly assimilate nutrients 
(Rosenberg and Ramus, 1984; Rees, 2003; Neori 
et al., 2004).  Notably, ammonia can be passively 
absorbed by U. rigida, with the conversion of NH4

+ 
to NH3 at the thalli surface.  A linear relationship 
between the rate of NH4

+ uptake (per g DW) and 
NH4

+ concentration has been reported for algae 
such as Xiphophora chondrophylla (with a low 
SA:V ratio) and Ulva sp. (with a high SA:V ratio); 
suggesting that ammonia uptake occurs via passive 
diffusion of NH4

+ (Taylor et al., 1998).
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 Additionally, the SA:V ratio was positively 
correlated with increased Pnet and photosynthetic 
efficiency in these seaweeds.  In other words, an 
increased SA:V ratio results in higher photosynthesis 
efficiency and Pnet.  Differences in the thalli forms 
resulted in higher Pnet and Rd in the sheet-like cells 
of U. rigida (high SA:V ratio), and lower Pnet and Rd 
in the siphonous alga C. lentillifera and cylindrical, 
bush-like alga G. fisheri (low SA:V ratio).  This study 
confirmed the role of morphology in these three 
seaweeds, showing that it affects the area exposed to 
light and the sites of ion exchange.  Thus, differences 
in the SA:V ratio of algae could impact the rate of 
photosynthesis (Mauseth, 2000).  Johansson and 
Snoeijs (2002) stated that photosynthetic capacity 
is dependent on the morphology of the algae, with 
thinner and more filamentous species reflecting 
higher rate of O2 production, while thicker and 
coarser species have lower rates.  A previous study 
reported a decrease in the productivity of Caulerpa 
with increasing morphological complexity (Gacia 
et al., 1996).  Furthermore, a recent study reported 
that the thinner form of filamentous green alga 
(Oedogonium) had a greater photosynthetic rate than 
its thicker counterpart (Rattanasaensri et al., 2020).

 In this study, the seaweeds Cauelerpa 
lentillifera, Ulva rigida, and Gracilaria fisheri were 
highly effective at removing inorganic nitrogen 
(NH4

+-N, NO2
--N, and NO3

--N) and PO4
3--P from the 

effluent of sailfin mollies.  Changes in the density of 
these seaweeds affected nutrient reduction efficiency. 
These three seaweeds showed the highest efficiencies 
in removing NO2

--N and NO3
--N at a density of 

30 g∙L-1.  C. lentillifera and U. rigida showed the 
highest NH4

+-N removal efficiency (100%) at a 
density of 40 g∙L-1, while G. fisheri reached this 
efficiency at 20 g∙L-1.  The removal efficiency of 
PO4

3--P did not differ between the two green seaweed 
species.  Additionally, the efficiency of reducing 
inorganic nitrogen was not significantly different 
between the green algae and the red algae, except 
for ammonia.  Among the three seaweeds, the 
sheet-like U. rigida was the most effective at 
reducing inorganic compounds (both nitrogen and 
phosphorus), as reflected by its relatively high
SA:V ratio.  On the other hand, the photosynthetic

responses to algae density tended to be similar among 
the three seaweed species.  However, U. rigida 
exhibited the greatest nutrient removal efficiency 
and photosynthetic performance at the same algae 
density.  Our study suggests that an algae density 
of 30 g∙L-1 is optimal for the uptake of inorganic 
nitrogen in effluent from an aquaculture system. 
However, these results are based on short-term 
laboratory measurements.  Further research is needed 
to investigate the factors affecting the nutrient 
absorption performance of these seaweeds, such as 
light, temperature, salinity, and water movement.
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