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Abstract: Determining the optimum levels of macroalgal density and salinity for removing aquaculture
effluent has gained increasing research interest in recent years because of the growing concerns over
environmental sustainability. Here, we determined the effects of macroalgal density and salinity on
the uptake of NO,~, NOs~, NHj3, and PO, by Caulerpa lentillifera from the effluent of Poecilia latipinna
using spectrophotometry. Laboratory experiments were conducted to measure nutrient uptake at
five different macroalgal density levels (10, 20, 30, 40, and 50 g/L) and three salinity levels (20, 30,
and 40 ppt) with and without aeration. Quadratic regression analysis revealed significant nonlinear
and linear effects of macroalgal density on the uptake of NO,~, NO3~, NHj, and PO,3~, where the
maximum uptake was predicted to occur at the macroalgal densities of 31.6, 33.3, 50.0, and 20.0 g/L,
respectively. Likewise, the effects of salinity on the uptake of NO,~, NO3~, NHj3, and PO43~ were
significant and nonlinear where the maximum uptake was predicted to occur at the salinity levels
of 29.1, 30.7, 29.5, and 29.5 ppt, respectively. The result of the effects of aeration was mixed but
somewhat indicated a positive effect on the nutrient uptake within the 24 h period. Our results could
help aquaculturists to minimize the excessive nutrients by C. lentillifera from aquaculture effluent
while achieving long-term sustainable aquaculture production.

Keywords: aquaculture effluent; phycoremediation; nutrient uptake; pulse amplitude-modulated
fluorometry; quadratic regression

1. Introduction

Aquaculture effluent contains high quantities of dissolved inorganic nutrients such as nitrites
(NOy"), nitrates (NO3~), ammonia (NH3), and phosphates (PO43") [1,2]. The discharge of untreated
aquaculture effluent creates serious environmental problems because this effluent contains high level
of nutrients [3,4]. For instance, enrichment of water by inorganic nutrients (phosphorus and nitrogen)
results in harmful algal blooms, deterioration of water quality, and reduction in populations of fish
and other aquatic animals due to the hypoxia (low oxygen level) [4-7]. Reducing the concentrations of
nutrients in aquaculture effluent is needed before discharge to the nearby water [8]. Management of
aquaculture effluent is therefore important for maintaining environmental soundness of any aquaculture
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facility as well as the legality of aquaculture practices and their long-term sustainability [9,10]. This is
because aquaculture farmers or facilities are required to strictly follow water quality standards and
effluent management procedures in order to reduce the pollutant concentrations including NO,~,
NO3~, NH3, and PO43~. The aquaculture licenses can be cancelled if any violation of these standards
is reported [9,10].

There are various methods for treatment of wastewater, such as sedimentation, sand filtration,
mechanical filtration, and biological treatment using bio filters, trickling filters, rotating biological
contactors, fluidized bed reactors, nitrification, and denitrification [2,11]. However, most of these
methods are not appropriate for aquaculture effluent treatment and are expensive because of the high
suspended solid content [12]. Alternatively, environmentally friendly methods such as biological
treatment using living organisms have become increasingly popular [5,8]. Use of algae for nutrient
removal in effluent treatment (commonly known as Phycoremediation) was found to be an effective
method [9]. In recent years, the use of different macroalgal species for wastewater treatment has gained
increasing research interest, as such a method is simple to operate and is environmentally sustainable,
user-friendly, and cost-effective [6,13]. Macroalgae are able to uptake the inorganic nutrients (NO; ™,
NO;~, NH3, and PO,3") and thereby gradually remove their concentrations in the water [14-16].

Previous studies found that the process of effluent water treatment using macroalgae can be
optimized by adjusting physical factors (e.g., light, temperature, water motion), chemical factors
(e.g., effluent nutrient concentration, salinity), and biological factors (e.g., individual diversity within
aspecies, nutritional history of macroalgae, and growth stages of macroalgae) [7,14,17-21]. Other studies
reported that the efficiency in nutrient removal by macroalgae depends on such factors as stocking
density, salinity, tank depth, water turnover, and biomass harvesting frequency [14,19,21-23]. Of these,
macroalgal density, salinity, and aeration can be controlled at farm levels depending on objectives of
the aquaculture management [16,20,23]. As a decline in nutrient uptake and macroalgal growth occurs
when macroalgal density and salinity are too high or too low [16,24-28], it indicates the non-linear
effects of these factors on nutrient uptake. Therefore, it is critical to determine the optimum levels of
macroalgal density and salinity for the effective applications of macroalgae for aquaculture effluent
treatment [16,18,20,24-26]. In addition to macroalgal density and salinity, some species can affect the
photosynthetic performance and nutrient uptake, suggesting that there is also a need to determine the
effects of aeration on nutrient uptake, because understanding such effects may have direct implications
for effective management of the aquaculture farm [27].

Selection of macroalgal species may affect the success of effluent treatment. Previous studies
suggest that selection of an appropriate macroalgal species for effluent treatment may need to take into
consideration such factors as bioremediation capacity, growth rate, availability, ease of cultivation,
ability to grow in a wide range of conditions, nutrient storage efficiency in algal tissues, and knowledge
of life stages of macroalgae [5,29]. Caulerpa lentillifera J. Agardh is a fast-growing green macroalgal
species naturally found in many countries, and it can be cultivated for any purpose [16,30-32]. It was
reported that this species has high nutrient uptake capacity in marine fish aquaculture effluent
treatment [17]. Some studies found that this species is also resistant to a wide range of salinity and
adaptable to a variety of environments [32,33]. Of particular interest in Thailand, C. lentillifera is
cultivated by many shrimp farmers in their aquaculture ponds for effluent treatment because of its
high nutrient removal capacity [30]. Nevertheless, previous studies of C. lentillifera on nutrient uptake
focused mainly on comparing the feasibility of its use with red macroalgae and other Caulerpa species as
biofilters [15,17]. Although this species has been used to treat the effluent, very few studies have been
attempted to analyze the optimum levels of such uptakes under various conditions [34,35]. However,
information on optimum levels is still lacking, making it impossible to apply the appropriate amount of
the C. lentillifera in the farm for maintaining the water quality. As fishes release different excretes, fishes
can also affect the nutrient concentrations [2,6], indicating that any study to determine the optimum
levels of nutrient uptake needs to include real effluent from the fish to ensure that the results are useful
for real-world applications. Until recently, however, no such study had been conducted.
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The objective of this study was to determine the optimum levels for macroalgal density and
salinity levels for nutrient removal by C. lentillifera from aquaculture effluent from Poecilia latipinna
Lesueur (Sailfin molly). P. latipinna is a popular ornamental fish species [36]. Sailfin molly is a live
bearer, and this species can survive in wide ranges of environmental conditions, including varied
salinity levels (0-80 ppt) [37,38]. Sailfin molly inhabits lakes, ponds, streams, salt marshes, estuaries,
and coastal waters, which have different salinity levels [37,39]. This study also examined whether
aeration significantly influences nutrient uptake through controlled laboratory experiments in Thailand.
Regression analysis was performed to analyze the effects of different factors on nutrient uptake.
The findings of this study can strengthen laboratory level evidence to inform the aquaculture sector
stakeholders and farmers for better treatment of the aquaculture effluent and improvement of the
wastewater management while mitigating pollution in aquatic environments.

2. Materials and Methods

2.1. Fish Collection and Acclimatization for Experiment

Sailfin mollies (P. latipinna) of 3-5 cm in size in freshwater (0-0.5 ppt) were procured from
an ornamental fish dealer in Bangkok, Thailand in December 2017 and transported to the Algal
Bioresources Research Center, Kasetsart University. Three outdoor plastic tanks (1 m x 0.6 m X 0.5 m
size) were filled with 0 ppt of water salinity filtered using a 2 mm polyester fiber filter and 150 L of
water. Each tank was aerated with filtered air using a diaphragm blower and provided 50% of aeration
rate using air controllers and air stones. Forty individuals of P. latipinna [at 1:1 (20:20) male: female
ratio] were stocked per tank [37]. Ten live fish samples from each tank were weighed, and the feeding
rate was calculated. Fish weights were measured every ten days, and fish feed amounts were adjusted
according to the body weight. Fish were fed twice a day with Sakura floating type fish feed at 4% of
their body weight, and uneaten feed was removed from the fish tanks after approximately 5-7 min
using a fine fish hand net. Bottom siphoning of the tanks was applied once a day, and tanks were
refilled with filtered seawater to maintain the total volume of water in each tank at 150 L.

After one week, water salinity of P. latipinna tanks was raised by 5 ppt every three days from
0 ppt to 30 ppt by adding filtered, concentrated seawater purchased from a salt farm located in
Samutsakorn province, Thailand. After this acclimatization process, the tanks were maintained at
30 ppt water salinity and 150 L water volume. Water salinity in fish tanks was measured twice
a day using a refractometer (S/Mill-E; ATAGO, Japan). Water samples (1 L) were collected from
each fish tank daily at 9:00 before feeding and siphoning to determine the nutrient content of water.
The water samples were filtered through GF/C Whatman filter papers (0.45 pm), and filtrate was
analyzed for dissolved NO,~, NO3;~, NH3, and PO,3~ concentrations in three replicates following the
standard methods for examination of water and wastewater—namely, the cadmium reduction method,
the naphthylethylenediamine method, the phenate method, and the ascorbic acid method—using
a portable UV-visible spectrophotometer (Shimadzu UV-1061) based on the absorption of nutrient
component at the wavelengths of 543 nm, 543 nm, 640 nm, and 880 nm, respectively [40].

Effluent was collected from the fish rearing tanks seven days after the completion of the acclimatization
process, by which time the dissolved nutrient concentrations exceeded the standards in Thailand. NH3-N
(ammonia nitrogen) and total phosphorus are two of the main parameters included in the effluent
standards, for which the maximum permitted values are 1.1 mg-N/L and 0.4 mg-P/L, respectively [41].

2.2. Macroalgae Collection and Pre-Culture

C. lentillifera samples were collected from a macroalgal farm located in Petchaburi province,
Thailand in January 2018. Macroalgae were selected after removing visible epiphytes and rinsing
with filtered seawater and were transferred to the laboratory at Algal Bioresources Research Center,
Kasetsart University. C. lentillifera was precultured in a growth chamber, which contained the tanks
and light, for seven days using 10 L Provasoli Enriched Seawater medium (PES) under controlled
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conditions of temperature (27 + 0.5 °C), salinity (30 ppt), photon flux density (105 u mol photons m~2

s71), and a photoperiod of 12:12 h light: dark cycle.

2.3. Application of Macroalgal Density

Fresh specimens of C.lentillifera consisting of similar sized erect branches were selected as
macroalgal samples, and five macroalgal stocking density levels (10, 20, 30, 40, and 50 g/L) were
tested by following completely randomized design (CRD) in triplicate. The collected effluent from P.
latipinna fish rearing tanks was filtered through 0.45 um GF/C Whatman filter papers. Experiments
were performed in non-reactive plastic containers (0.06 m x 0.06 m x 0.15 m size) with the 300 mL
filtered aquaculture effluent. Separate experimental units were used to determine the hourly uptake,
and macroalgae were removed every hour up to 24 h. Uptake of NO,~, NO;~, NH3, and PO,*>~ was
measured by the spectrophotometric methods [40].

The experiment was conducted at constant temperature (27 °C), salinity (30 ppt), light intensity
(105 i mol photons m~2 s7!), and a photoperiod of 12:12 h light: dark cycle.

2.4. Application of Salinity and Aeration

After the measurements of nutrient uptake at different macroalgal stocking density levels,
the second experiment was conducted to measure the uptake of NO,~, NO3~, NH3, and PO43- by
C. lentillifera from the fish effluent at different salinity levels and with and without aeration. Three salinity
levels of 20 ppt, 30 ppt, and 40 ppt were tested by following CRD in triplicate. The aeration was
supplied by bottom aeration using 0.75 m long airline tubing of 4 mm internal diameter connected to
adiaphragm blower at 10 cm/s water flow velocity following Madsen et al. [29]. The macroalgal samples
were taken from the laboratory culture maintained at 30 ppt and directly used for the experiment.
Based on the results of the experiment conducted on macroalgal density, 30 g/L, which showed the
highest uptake of NO,~, NO3~, and PO,3- among the five macroalgal density levels, was used for
this experiment where salinity levels were altered. The experiments were conducted under the same
laboratory conditions as described in Section 2.3.

Photosynthetic efficiency was used as a supplementary measurement to gauge whether
physiological activities of macroalgae were affected by salinity and aeration. Photosynthesis efficiency
was measured by pulse-amplitude-modulated (PAM) fluorometry using the yield value of chlorophyll
fluorescence following Wedchaparn et al. [19]. In PAM, denoting the minimum fluorescence value as
Fy and the maximum amount of fluorescence as Fm, Fv is defined as the difference between Fm and F.
Then, Fv/Fm provides a measure of photosynthetic efficiency [42]. The initial photosynthesis efficiency
was measured, keeping macroalgal samples under the dark condition for 30 min prior to measuring
photosynthesis efficiency rates using the Junior-PAM chlorophyll fluorometer. Triplicate was used for
each level of salinity.

2.5. Measurement of Nutrient Uptake

The nutrient uptake efficiency (NUE hereafter) for each nutrient was calculated using the
Formula [43] as follows:
NUE= {(c; = cf ) /ci} x 100 1)

where NUE is in %, and c¢; and ¢y are the initial and the final concentrations (mg/L) of each nutrient.
Nutrient uptake by macroalgae was measured based on the reduction in the concentration of a given
nutrient in the culture medium [44]. Temporal variation of the nutrient concentration elaborates the
nutrient removal due to nutrient uptake.

2.6. Inferential Analysis

NUE data were tested using one-way ANOVA followed by Tukey’s HSD (honesty significant
difference) test to compare NUE at five different macroalgal density levels and three salinity levels [45].
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The independent variables were macroalgal density and salinity levels, while the dependent variable
was NUE. The two-sample t test was performed to compare NUE with and without aeration. For the t
test, the independent variable was aeration, while the dependent variable was NUE. IBM SPSS 23 was
used to obtain these statistics.

The outputs of the descriptive and inferential analyses suggest general tendencies in the likely
effects of the controllable factors on NUE, which are formally examined by the regression analysis.

2.7. Regression Analysis

As the descriptive statistics suggest that the effects of macroalgae macroalgal density and salinity
are nonlinear, quadratic terms of these variables were included in the multiple linear regression
model [46] as follows:

Yi = Bo + P1 x1i + Pax7, + Baxa; + Paxs; + PsXai + & ()

where y; refers to NUE (%), x1 is macroalgal density (g/L), x, is water salinity (ppt), and x3 is the
dummy variable for aeration (1 with aeration, 0 without).

Suppose the first order coefficient is 1 and the second order coefficient is (3,, then the first-order
condition is given by the following formulas.

Iy . .
2 = p1 X 425X =0 ©)
X = —2% @

It must be noted that the maximum value of the dependent variable can be found only if §, is
negative and statistically significant (i.e., the second-order condition is met with negativity).

Since the variables were measured over multiple points in time, the random effect model [47,48]
was employed to control for unobservable time-invariant heterogeneity. In addition, the OLS (ordinary
least squares) model was employed for a robustness check, where the standard errors were clustered
to account for repeated measurements [49].

To indicate the maximum NUE, predicted values of NUE corresponding to the optimum levels of
input variables were obtained using the following equation for each nutrient:

Y = o+ FiX; + B2 X7+ B3X5 + fu Xy + Bs )

where Y refers to predicted maximum NUE (%), X] and X are the critical values obtained for macroalgal
density (g/L) and salinity (ppt), respectively, and fjy to 5 are the estimated coefficients as in Equation (2).
STATA 15 was used for these regression analyses [50].

3. Results
3.1. Macroalgal Density

3.1.1. Relationship between Nutrient Concentration and Algal Density

The changes over time in concentrations of NO,~, NO3~, NHj3, and PO,43~ for different levels of
macroalgal density are presented in Figure 1. Among the discrete levels of density applied, the highest
reduction in concentration for three nutrient components (NO,~, NOs;~, and PO4%7) occurred at
30 g/L density, while the highest concentration reduction for NH3 was at 40 g/L macroalgal density.
Increasing trends in removal of NO,~ and NO3~ were observed from 10 g/L to 30 g/L of macroalgal
density. Concentration reduction remained higher at 40 g/L. and 50 g/L than at 10 g/L and 20 g/L.
As for NH3, the highest concentration reduction was observed at 40 g/L. However, at higher densities,
concentration was higher due to the comparatively low nutrient uptake. As for PO,3~, the reduction
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in concentration gradually increased with macroalgal density, and the highest reduction was observed
at 30 g/L. The reduction in concentration was smaller at 40 g/L. and 50 g/L than at 10 g/L and 20 g/L,
which contrasted with the cases of the other inorganic ions.
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Figure 1. Changes over time in concentrations of nitrite (NO,~) (A), nitrate (NO3~) (B), ammonia
(NH3) (C), and phosphate (PO45~ ) (D) with Caulerpa lentillifera at five macroalgal density levels, 30 ppt
salinity, without aeration. The error bars indicate standard deviations. n = 3.

3.1.2. Relationship between Nutrient Uptake Efficiency and Macroalgal Density

NUE for NO,~, NO3~, and PO4>~ during the 24 h period took the highest values (88.8%, 81.7%,
and 99.8%, respectively) at 30 g/L. In contrast, the highest NUE for NHj (98.8%) during the 24 h was
observed at 40 g/L (Figure 2). Table 1 shows that there was a statistically significant difference in NUE
across the five macroalgal density levels. The Tukey’s test result shows that NUE for NO,~, NO3~,
and PO~ was higher at 30 g/L than that at the other levels, while for NHj, 40 g/L exhibited the highest
NUE (Table 2).
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Figure 2. Nutrient uptake efficiency (NUE) for nitrite (NO, ™), nitrate (NO3;~), ammonia (NHj),
and phosphate (PO,3~) with Caulerpa lentillifera at five macroalgal density levels, 30 ppt salinity, without
aeration. The error bars indicate standard deviations. n =3
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Table 1. ANOVA for different macroalgal density and salinity levels and two-sample t test for aeration.

Macroalgal Density Salinity Aeration
. 20 ppt Salinity 30 ppt Salinity 40 ppt Salinity
Nutrient
F Statistic p F Statistic p t Statistic p t Statistic p t Statistic p
(df, df) Value (df, df) Value (df) Value (df) Value (df) Value
49.445 0.000 4.714 0.000 2.625 0.011 1.082 0.551
NO2= (4,115) i (2,69) b (46) = (46) 0-361 (46) 0-989
- 34.431 0.000 1.919 0.000 —0.655 0.633 0.353
NO3 4, 115) o 2, 69) o (46) 0.893 (46) 0.608 (46) 0.591
- 7.453 0.000 5.738 0.000 1.772 0.851 1.273
NH; 4 115) - 2 69 - (16) 0511 (16) 0.245 (16) 0.129
49.445 0.000 12.484 0.000 0.693 —-0.020 0.892
3- £3
POy (4, 115) . 2, 69) o (46) 0.941 (46) 0.483 (46) 0.087

Independent variables: macroalgal density (10 g/L, 20 g/L, 30 g/L, 40 g/L, and 50 g/L), salinity (20 ppt, 30 ppt,
and 40 ppt), aeration (with, without). Dependent variable: NUE (%); df = degree of freedom. The ¢ test on aeration
pertains to NUE with aeration minus NUE without aeration. Thus, a positive t statistic is linked to larger NUE with
aeration. ***, **, and * indicate p < 0.01, < 0.05, and < 0.10, respectively.

Table 2. Tukey’s HSD (honesty significant difference) test results for five different macroalgal

density levels.

Mean Difference

Macroalgal Density (p Value)
NOZ_ NO3_ NH3 PO43_
20 gL 12,623 * ~11.930 ** —6.697 —0.441
(0.052) (0.040) (0.725) (1.000)
gL S0 BBEIST 36917 ~0.506
0 gL (0.000) (0.000) (0.000) (1.000)
gL 002007 0047 G377 48751
(0.000) (0.000) (0.000) (0.000)
sogL  C19SRTT 180S0 263 sA7SI
(0.000) (0.000) (0.000) (0.000)
gL e300 0065
(0.000) (0.000) (0.000) (1.000)
17,585 *** 8116 —62.409" 49.192 *++

20 g/L. 40 /L.

g 08/ (0.002) (0.302) (0.000) (0.000)
50 gL ~6918 —6.099 _19.655** 85192+
(0.557) (0.592) (0.006) (0.000)
10 gL 20.028 *+* 35.571 *+* 32,460 49258 *++
30 gL (0.000) (0.000) (0.000) (0.000)
50 gL 30.695 *+* 37,588 *+* 10.2930 85.258 *++
(0.000) (0.000) (0.356) (0.000)
10.666 2016 42754+ 35.999 *++
40 g/l S0 gL (0.142) (0.989) (0.000) (0.000)

Dependent variable: NUE (%). ***, **, and * indicate p < 0.01, < 0.05, and < 0.10, respectively.

3.2. Salinity and Aeration

3.2.1. Relationship between Nutrient Concentration and Salinity and Aeration

The changes over time in concentrations of NO,~, NO3;~, NH3, and PO, at three salinity levels
with and without aeration during 24 h are presented in Figure 3. The set of line graphs shows that the
concentrations of NO,~, NO;~, NH3, and PO,>~ were lowest at salinity level of 30 ppt and higher at 20
ppt and 40 ppt. The results showed a nonlinear correlation between nutrient uptake by C. lentillifera
and level of salinity. Furthermore, the nutrient concentration seemed lower with aeration than without
aeration, suggesting a positive correlation between nutrient uptake and aeration except PO,>~.
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Figure 3. Changes over time in concentrations of nitrite (NO, ™) (A), nitrate (NO3~) (B), ammonia (NH3)
(C), and phosphate (PO437) (D) at three salinity levels with and without aeration at 30 g/L Caulerpa
lentillifera density. The error bars indicate standard deviations. n = 3.

3.2.2. Relationship between Nutrient Uptake Efficiency and Salinity and Aeration

The NUE for NO,~, NO3~, NHj3, and PO,*~ by C. lentillifera was highest at 30 ppt salinity
level during the 24 h period (Figure 4). The NUE was higher when the medium was aerated than
it was when non-aerated. The efficiency seemed highest at 30 ppt salinity level and higher with
aeration than without aeration. The lowest NUE for NO,~, NO3;~, NH3, and PO,3~ was at 40 pptin
non-aerated, 20 ppt in aerated, 40 ppt in non-aerated, and 20 ppt in non-aerated conditions, respectively.
According to Table 1, there was a statistically significant difference in NUE across the three salinity
levels. The Tukey’s test showed that NUE was significantly higher at 30 ppt salinity level than at the
two other levels for all four nutrients (Table 3). There was no significant difference in NUE by aeration
except for NO; at 20 ppt salinity, for which NUE was higher with aeration (Table 1).

3.2.3. Relationship between Photosynthesis affected by Salinity and Aeration

Figure S1 shows the photosynthesis efficiency (Fv/Fm) of C. lentillifera at different salinity levels
with and without aeration. The efficiency seemed highest at the 30 ppt salinity level and higher with
aeration than without aeration. The Fv/Fm values at 20 ppt, 30 ppt, and 40 ppt with aeration were 0.73,
0.78, and 0.69, respectively, while the Fv/Fm values at the three salinity levels (20 ppt, 30 ppt, and 40
ppt) without aeration were 0.69, 0.76, and 0.64, which were lower than with aeration.

Table 3. Tukey’s HSD results across three different salinity levels.

Mean Difference in Nutrient Uptake Efficiency (NUE) (%)

Salinity (ppt) (p Value)
N027 NO37 NH3 PO437
20 30 —21.252 *** —24.943 *** -10.854 * —24.157 ***
(0.003) (0.000) (0.056) (0.002)
40 -3.100 -0.773 4.364 8.269
(0.871) (0.989) (0.615) (0.442)
30 40 18.152 ** 24.170 *** 15.218 *** 32.427 *#**
(0.012) (0.000) (0.004) (0.000)

*** #* and * indicate p < 0.01, < 0.05, and < 0.10, respectively.
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Figure 4. NUE of nitrite (NO; ™) (A), nitrate (NO37) (B), ammonia (NH3) (C), and phosphate (PO43Y)
(D) at three salinity levels with and without aeration with 30 g/L Caulerpa lentillifera density. The error

bars indicate standard deviations. n = 3.

3.2.4. Effects of Various Factors on Nutrient Uptake Efficiency

Table 4 shows the results of quadratic regression analysis using the random effect model and the
OLS robust model. The estimated coefficients of the quadratic terms indicate that, in general, there were
nonlinear effects of macroalgal density and salinity on nutrient uptake efficiency by C. lentillifera.
The only exception was the coefficients of the second-degree term of macroalgal density for NH3,
for which we herein provide interpretations for both linear and nonlinear effects, since the p-values
were not extremely large. The negative coefficients of the quadratic terms exhibited inverted U-shaped
response to macroalgal density and salinity, where NUE took the maximum value at critical levels of

density and salinity on the continuous scale.
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Table 4. Regression results on the determinants of nutrient uptake by Caulerpa lentillifera.

10 of 16

Estimated Coefficients (p-Value)

— — 3—
Explanatory Variable NG NOs NH; PO,
Random Effect OLS Random OLS Random OLS Random OLS
Robust Effect Robust Effect Robust Effect Robust
Macroalgal Density 3.7873 *** 3.7690 *** 3.9996 *** 41216 *** 1.5823 ** 1.7576 ** 1.6914 *** 1.6931 ***
(g/L) (0.000) (0.000) (0.000) (0.000) (0.024) (0.020) (0.008) (0.023)
Macroaleal Densitv? —0.0590 *** —0.0587 *** ~0.0616 *** ~0.0636 *** ~0.0143 -0.0172 —0.0422 *** —0.0422 *+*
acroalgal Lensity (0.000) (0.000) (0.000) (0.000) (0.214) (0.135) (0.000) (0.002)
Salinity 9.4015 *** 9.4348 ** 11.1777 ** 11.9808 *** 14.6871 *** 11.9196 *** 18.3915 *** 18.3613 ***
(ppY) (0.000) (0.003) (0.000) (0.001) (0.000) (0.000) (0.000) (0.000)
Salinity? —0.1616 *** —0.1620 *+* —0.1778 *+* —0.1953 *** —0.2487 **+* —0.2031 *** —0.3119 ** —0.3114 *+*
auniey (0.000) (0.003) (0.000) (0.001) (0.006) (0.000) (0.000) (0.000)
(1A_e;:;°t2 4 5.8334 6.2539 9.2832 % 6.4778 8.1866 41534 0.9241 0.8847
0= not aerated) (0.147) (0.140) (0.067) (0.121) (0.168) (0.259) (0.780) (0.795)
Constant —1.4759 *** —1.4850 *** ~1.8919 *** —1.9868 *** —2.0492 *** —1.6456 *** —2.1547 *** —2.1498 ***
onstan (0.000) (0.003) (0.000) (0.001) (0.000) (0.001) (0.000) (0.000)
Num. of observations 257 257 268 268 270 270 261 261
. fotie = *kk - fotie = *okk _ SeHe = *kk _ fotic = *kk
. Wald 12 = 65.64 *** F-statistic = 12.37 Wald 12 = 65.64 *** F-statistic = 11.19 Wald y2 = 31.48 #** F-statistic = 9.30 Wald y2 = 1648.73 *** F-statistic = 325.89
Goodness of fit (p = 0.000) (p = 0.005) (» = 0.000) (p = 0.0005) (» = 0.000) (p = 0.008) (p = 0.000) (p = 0.000)
p=0 R? =0.2148 p=5 R2 =0.2597 p=0 R2 =0.2258 p=0 R? =0.2874

Dependent variable: NUE (%) ***, **, and * indicate p < 0.01, < 0.05, and < 0.10, respectively. Note: OLS = ordinary least squares.
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Table 5 summarizes the critical values of density and salinity for each nutrient along with the
predicted maximum values of NUE. The optimum macroalgal density was found to be in the range of
20 to 34 g/L depending on the nutrient. PO,3~ had the lowest optimum macroalgal density of 20.03 g/L,
while NO3™ had the highest optimum of 33.25 g/L. NO,~ lay in the middle at 31.58 g/L. The results
indicated that the effect of macroalgal density on NUE for NH;3 was different from that for the other
three nutrients. The p-values of the second-order term of macroalgal density were 0.214 for the random
effect model and 0.135 for OLS. If we considered it as statistically insignificant, it implied linear effects
within the existing data range. Hence, 50 g/L macroalgal density was adopted for the calculation of the
maximum NUE. If we considered it as statistically significant, it implied nonlinear effects, and the
optimum macroalgal density was 51.12 g/L. In either case, the estimated critical values equal to or
higher than 50 g/L may seem odd when compared with Figure 3. Nonetheless, the concentration
seeming lower for 50 g/L than in 40 g/L in Figure 3 does not provide robust evidence because of the
relatively large standard deviation at 50 g/L and the fact that Figure S1 (see Supplementary Section)
is based on bivariate analysis not capable of controlling for the covariate factors. Under the linear
effect scenario, NHj exhibited the predicted NUE of 98.16%, which was higher than that for the other
nutrients. PO,3~ attained higher maximum NUE than that for NO,~ and NO3 ™. The optimum salinity
levels for NO,~, NO3~, NHj3, and PO43~ were 29.09 ppt, 30.68 ppt, 29.53 ppt, and 29.48 ppt, respectively.
Hence, the lowest optimum salinity was found for NO,~, while the highest optimum salinity was
obtained for NO;™. Effect of aeration was basically insignificant on average, holding other variables
constant (Table 2). However, the statistical significance was relatively high for NO,~, NO3~, and NHj.
In particular, for NO;~, the random effect model indicated a significant coefficient, suggesting that
aeration caused NUE of NO;3™ to increase by 9.28% on average.

Table 5. Critical values of macroalgal density and salinity and the corresponding predicted

maximum uptake.

Random Effect OLS Robust *
NO,~ N03_ NH3 PO43_ NO,~ N03_ NH3 P043_

Parameters

Critical values of
Macroalgal density (g/L)

Critical values of 29.09 3068 2953 2948  29.11 3068 2935  29.48
Salinity (ppt)

Predicted NUE (%) 56.10 60.33 98.16 75.05 56.38 67.23 51.173 74.66

! The p-value of the quadratic term of macroalgal density for NH; was 0.214. We considered it as statistically
insignificant and used macroalgal density = 50 g/L, since the effect was found to be positive and linear within the
existing data range. 2 The p-value of the quadratic term was 0.135. We treated it as statistically significant in the
calculation of the critical value. If we treated it as insignificant, then we would use density = 50 g/L. 3 Assume the
effect of macroalgal density was nonlinear. If it were linear, then the predicted maximum NUE would be 100.99%
which would mean 100% in practice.

31.58 33.25 50.00 ! 20.03 31.42 34.33 51.122 20.04

4. Discussion

The results clearly indicate the significant and nonlinear effects of macroalgal density on NUE for
NO,~, NO;~ and PO,3~, while the effect of macroalgal density on NH; NUE could be linear (Table 4).
The effect of salinity level on NUE was significant and nonlinear for all four nutrients studied (Table 4).
The influence of aeration was evident for NO3;~, weakly evident for NO,~ and NHj3, and absent for
PO,3~ (Table 4).

In the application of macroalgae for bioremediation, the optimum macroalgal density is a main
factor that should be used by farmers to obtain effective results [20,23]. The nonlinear effect found of
macroalgal density on NUE (except NH3) by C. lentillifera in our study (Table 4) confirms a previous
study by Macchiavello and Bulboa [28]. The linear effect on NH3 might have been due to the passive
diffusion of NHj3 [14]. Passive diffusion could be decreased when the macroalgal density increased
further and the ability to uptake through boundary layers declined at overloaded conditions [14,21].
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Nutrient uptake by C. lentillifera was limited at lower and higher macroalgal density levels,
which was presumably because of limited and inadequate macroalgal biomass at lower density
and self-shading at higher density, affecting the uptake of light-sensitive ions such as NO,~, NO3~,
and PO43~ [20,21]. With the reduction in photosynthesis, nutrient uptake decreased due to low
demand for nutrients [28,51]. Changes over time in nutrient concentration provide vital information
in deciding the duration to be applied of implementation. Although in our laboratory experiments,
constant temperature, salinity, light intensity, and photoperiod were used, in actual farm conditions,
these parameters may be different from the levels used in our study. The optimum levels can vary
according to the fluctuation of these factors. Moreover, in this study, limited water volume and filtered
effluent samples were used. In actual farms, the effluent bioremediation process must be implemented
for large quantities of effluent, which may contain other microorganisms and micro and macro algae
that can interfere with nutrient uptake. Therefore, in addition to our results, further research in outdoor
conditions involving on-farm trials is required prior to applying these results.

With respect to salinity levels, nonlinear effects were documented by Choi et al. [26] for Ulva
pertusa using six different salinity levels, namely, 5, 15, 20, 25, 34 and 40 ppt on the uptake of NO3;~
and PO,>" for a 7-day period, where the maximum uptake was observed at the intermediate salinity
level of 20 ppt. They attributed their result to the stress conditions and the low tolerance of the
species to extreme conditions of salinity. Because of the stress condition at lower and higher salinity
levels, photosynthesis efficiency declines, resulting in decreased nutrient uptake due to low demand
for nutrients [28,51]. The optimum salinity levels found in our study (Table 5) are compatible with
the salinity ranges mentioned in some previous studies. Guo et al. [16] reported that although C.
lentillifera could survive salinity of 20-50 ppt, 35 ppt was the optimum salinity level to attain the
maximum growth rate of this species, which does not fall within the range of our results. A study
in Thailand showed that the optimal salinity level for C. lentillifera was in the rage of 25-30 ppt [35].
Rabia [32] also stated that C. lentillifera culture demonstrated a relatively high growth rate within the
salinity range of 29-37 ppt, and that this species was stenohaline, being sensitive to changes in salinity.
This range included our range of 29-31 ppt. According to our results (Tables 4 and 5), C. lentillifera can
be used only for a limited range of salinity levels for the purpose of nutrient removal. The C. lentillifera
bioremediation system for effluent treatment can be implemented in ponds or in other culture units
for fish and aquatic animals that can tolerate similar salinity levels. In aquaculture farms, different
salinity levels are used based on the culture system and the salinity tolerance of fish and other aquatic
animals. The salinity levels of aquaculture effluent may be different from the levels obtained in this
study and may need to be adjusted by farmers. Therefore, the application of this macroalgal species is
more appropriate for marine and brackish water aquaculture farms, where it is easy to obtain seawater
to adjust salinity levels.

Our result (Table 4) indicates that the nutrient uptake might be positively affected by aerated
medium in comparison to non-aerated medium. Caines et al. [22] showed that an eight-hour period
of continuous no aeration condition during the night had no effect on the growth or the uptake of
NH,4* and PO,3~ by red macroalgal species Chondrus crispus and Palmaria palmata cultured in finfish
effluent. Moreover, our study did not find evidence of correlation between aeration and photosynthesis
efficiency. Msuya and Neori [23] argued that the effects of aeration or water velocity of the medium on
uptake of TAN (NH; and NHy*) by Ulva lactuca were significant under laboratory conditions only
when nutrient concentration was low. However, for small scale farmers, it may be difficult to apply
aeration to enhance the nutrient uptake when the culture units are big ponds or without aeration
facility, because the maintenance cost of the aquaculture farm may increase if farmers use an aerated
bioremediation system.

There were four major limitations in our study. First, we conducted the measurements under
controlled conditions. Under the on-farm environments, nutrient uptake by macroalgae should be
affected by different physical, chemical, biological, and socioeconomic factors that were not captured by
our laboratory experiments. Second, the effluent for water quality analysis was obtained from Sailfin
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molly rearing tanks. The actual on-farm conditions of effluent may differ from our effluent conditions.
Third, our study focused on three controllable factors and four nutrients. Hence, other chemical,
physical, and biological factors, and other nutrients such as heavy metals and organic matters are
beyond the scope of the current study, which requires further research in the future. Fourth, stocking
density can be expressed as a function of water volume or as culture area. The determination of
optimum macroalgal density was conducted using the unit of mass of macroalgae per volume of water
(i.e., g/L). The results may differ depending on the bottom surface area of the experimental unit, even if
the volumes are the same.

As aquaculture systems often generate high amounts of effluent, affecting fish production and
imposing various negative impacts on the environments [2,9,10], our findings of the optimum levels
of macroalgal density and salinity for removing excessive nutrients from aquaculture effluent can
be applied to treat the effluent and restore the aquaculture environment, particularly in Thailand,
where approximately 15,000 km? of water have been affected by effluent [52]. Our findings can also
contribute to the achievement of the United Nation’s Sustainable Development Goal 6 Target 6.3 on
water quality and wastewater through the use of macroalgal species improve water quality as well as
fish productivity [53].

5. Conclusions

The optimum levels of macroalgal density and salinity for four nutrients (NO,~, NO3~, NH3,
and PO43~ in the aquaculture effluent from Poecilia latipinna were determined using C. lentillifera in the
experimental unit containing the effluent of P. latipinna under controlled conditions in a laboratory
of 300 mL medium for 24 h. For macroalgal density, optimum levels for these four nutrients were
found at 31.6, 33.3, 50.0, and 20.0 g/L, respectively. Our findings suggest that nutrient uptake by
C. lentillifera was nonlinearly influenced by macroalgal density and the optimal level of macroalgal
density. Similarly, optimum levels for salinity for removing the four nutrients above were 29.1, 30.7,
29.5, and 29.5 ppt, respectively. Nutrient uptake was nonlinearly affected by water salinity, where low
and high salinity decreased the nutrient uptake. However, our findings found the mixed effects of
aeration on nutrient uptake, indicating that aeration is a minor factor affecting the nutrient uptake.

With our findings on optimum levels of macroalgal density and salinity, and if field experiments
can be successfully implemented, aquaculture farmers or owners can apply the findings to treat effluent
in their farms for maintaining the appropriate nutrient levels as required by the government authority.
Therefore, it is recommended that field experiments be conducted before the actual implementation to
remove the nutrients in the aquaculture effluent.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9717/7/5/303/s1,
Figure S1: Photosynthesis efficiency (fv / fm) at three salinity levels at initial (0 h) and final (24 h) nutrient uptake
with and without aeration, with 30 g/L Caulerpa lentillifera density.
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