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ARTICLE INFO ABSTRACT

Keywords: The integration of bioremediation systems is one of the most promising techniques to mitigate the environmental

Integrated multi-trophic aquaculture (IMTA) impact of aquaculture effluents. Also, it allows nutrient recycling, production diversification, and the creation of

:/[qufipomcs. i ' high-value by-products. In marine aquaculture, where the implementation of salt-tolerant extractive species is

Nfgu:e recirculating aquaculture system essential, halophyte plants have demonstrated to be optimal candidates for bioremediation of saline aquaculture
1trate

wastewater.

This study aimed to evaluate for the first time the efficiency of Sarcocornia neei (Lag.), a halophyte plant with
high adaptability, salinity tolerance and growth potential when irrigated with seawater, in removing nutrients
from marine fish aquaculture wastewater and artificial effluents. Two experiments were carried out. In the first
one, the growth rate, removal of inorganic nutrients, and accumulation of organic compounds in deep-water
hydroponics and sand-substrate systems were evaluated in artificial effluents with different nitrogen and
phosphate loads during 70 days. In the second, due to the better performance achieved by S. neei in deep-water
systems, its nitrogen removal efficiency and productivity rates were evaluated in deep-water aquaponics with
marine aquaculture wastewater and artificial effluents at higher nitrogen loads during 61 days.

The highest productivity rates achieved by S. neei (14.41 + 0.78 kg m~2) were obtained in deep-water culture
units, reaching 100% plant survival, suggesting that this species is more suitable for its implementation in this
type of system. Significant total ammonia nitrogen removal rates were obtained by the plants, achieving a
maximum in sand-substrate systems (0.68 = 0.41 g m 2 day ). The results of nitrate removal rates obtained by
S. neei (11.25 + 31.38 g m 2 day’l) make this species an ideal potential candidate for the removal of this
compound present in marine RAS effluents. Accumulation of organic compounds was corroborated by obtaining
a significant increase (p < 0.05) in organic N (31.2 + 0.1 mg g dry weight ') and organic P (4.0 + 0.6 mg g dry
weight 1) content in plant biomass at the end of the trials.

These results indicated that S. neei is a good candidate for its use as a biofilter for marine aquaculture
wastewater. Further investigations should be done to analyze possible influences on growth rates and nutrient
removal efficiency by adding essential micronutrients, adjusting effluent salinity, and implementing different
plant densities. Also, further studies could be interesting to determine the feasibility of long-term integration of a
bioremediation system with S. neei associated with marine aquaculture effluents, approaching its application to
industrial-scale production systems.
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1. Introduction

With over 110 million tons produced in 2018, aquaculture has
become the most developing food industry in recent decades, surpassing
fishing in 2016 (FAO, 2018). The reduction of wild fisheries, the rising
human population and its demand for seafood are the main causes of this
huge expansion of aquaculture (Ottinger et al., 2016). To ensure the
sustainable development of this industry, many production systems and
techniques considering the right balance between the environmental,
social and economic spheres have been improved in recent years
(Henares et al., 2020).

Recirculating aquaculture systems (RAS) are high-tech systems
based on the reuse and treatment of water, through the application of
mechanical, chemical and biological processes. They are closed or semi-
closed systems on land that reduce water consumption and the release of
nutrients and pollutants into the environment (Zhang et al., 2011;
Orellana et al., 2014). It is estimated that by 2030, more than 40% of the
world’s aquaculture production will be generated in RAS, which will
diversify and intensify the aquaculture industry (del Campo et al., 2010;
Badiola et al., 2012). Due to the higher control of their effluents
compared to open water systems, RAS have become powerful candidates
to combine with integrated systems (Martins et al., 2010; Li et al., 2019;
Pedersen and Wik, 2020).

Integrated production systems are one of the most promising tech-
niques to increase the long-term sustainability and profitability of
aquaculture (Biswas et al., 2020). The concept of integrated multi-
trophic aquaculture systems (IMTA) includes the co-cultivation of spe-
cies from different trophic levels, where the nutrients discarded by the
main fed species are removed in situ by other organisms (extractive
species) (Buck et al., 2018). Invertebrates as sea cucumbers, sea urchins,
molluscs and polychaetes are used in IMTA for the removal of organic
compounds (MacDonald et al., 2011; Nelson et al., 2012; Montalto et al.,
2017; Goémez et al., 2019; Stabili et al., 2019; Omont et al., 2020).
Aquatic plants, macroalgae and microalgae are implemented for biore-
mediation of inorganic components (Skriptsova and Miroshnikova,
2011; Samocha et al., 2015; Milhazes-Cunha and Otero, 2017; Li et al.,
2019; Neori et al., 2019; Sari and Adharini, 2020).

In marine aquaculture effluents, the integration of salt-tolerant
extractive species is mandatory (Webb et al., 2012; Buhmann et al.,
2015). Halophyte plants, tolerant to at least 200 mM NaCl (11.7 g 171),
have demonstrated to be optimal candidates for bioremediation of saline
aquaculture effluents (Custodio et al., 2017). The efficiency of halo-
phytes as biofilters has been proven in aquaponics and sand-substrate
systems, obtaining significant removals of the main nutrients con-
tained in aquaculture wastewater, as ammonium (NHZ-N), nitrate
(NO3-N), nitrite (NO3-N), phosphate (POz 3—P), total suspended solids
(TSS), total Kjeldahl nitrogen (TKN) and total phosphorus (TP) (Cal-
heiros et al., 2012; Webb et al., 2012; Buhmann and Papenbrock, 2013;
Buhmann et al., 2015; Quinta et al., 2015; Waller et al., 2015; Custodio
etal., 2017; Marques et al., 2017; Pinheiro et al., 2020). Furthermore, its
implementation in aquaculture activities as integrated systems allows
the production of valuable by-products, biomass for human consump-
tion and contributes to the preservation of freshwater, promoting ma-
rine agriculture (Ventura et al., 2011; Buhmann et al., 2015; Oliveira
et al., 2020).

Aster tripolium L., and the genera Salicornia and Sarcocornia spp
(seawort, glasswort, sea asparagus) are the most promising halophytes
used in the bioremediation of marine aquaculture effluents (Custodio
etal., 2017). However, knowledge is still limited and more investigation
is needed to determine their optimal culture parameters, micronutrient
needs, efficiency of nutrient absorption and their valorization to pro-
duce valuable components under the concept of sustainable integrated
systems (Alonso et al., 2017; Doncato and Costa, 2020; Maciel et al.,
2020).

Sarcocornia spp (family Chenopodiaceae, subfamily Salicornioideae)
are halophyte plants with an extreme salt tolerance growing in coastal,
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estuarine and salty desert ecosystems (Ventura et al., 2011; Alonso et al.,
2017). Previous studies revealed that Sarcocornia fruticosa can purify
high-salinity industrial wastewater (Calheiros et al., 2012; Orlofsky
et al.,, 2020) and Sarcocornia ambigua can be an efficient biofilter
absorbing nutrients from marine aquaculture effluents (Pinheiro et al.,
2017; Doncato and Costa, 2018; Pinheiro et al., 2020). Also, Sarcocornia
fruticosa has been defined as producing lipids and omega-3 when grown
with irrigation of seawater, giving additional value to its coupling in
integrated aquaculture systems (Ventura et al., 2011).

Sarcocornia neei (Lag.), recently merged with Salicornia neei, is a
perennial plant distributed along the Pacific coast of South America and
in Argentina (Alonso and Crespo, 2008; Piirainen et al., 2017). This
species has been catalogued as a strong candidate for marine agriculture
in desert zones (Alonso et al., 2017). Also, due to its nutritional char-
acteristics, S. neei has a high potential for its use in human and animal
consumption (Arce et al., 2016; Riquelme et al., 2016). The adaptability
of this species to different environmental conditions and its high growth
rates when irrigated with seawater make it an optimal candidate for
connecting to marine aquaculture wastewater remediation systems
(Arce et al., 2016; Aquilino et al., 2020).

The objective of this study was to evaluate for the first time the ef-
ficiency of S. neei in removing nutrients from marine fish aquaculture
wastewater and artificial effluents simulating different nitrogen loads.
Plant productivity and growth rates, nitrate, ammonia and phosphate
system removals and uptake efficiency as organic biomass by the plants
were analyzed in deep-water and sand-substrate culture systems.

2. Materials and methods

Two different experiments were carried out. In the first one, the
removal of inorganic components by S. neei and the accumulation in the
plants were evaluated in deep-water hydroponics against sand-substrate
systems in artificial effluents with different nitrogen and phosphate
loads. In the second one, and according to the best results obtained by
the halophyte plant in deep-water hydroponics systems, its nitrogen
removal efficiency was evaluated in deep-water aquaponics with marine
aquaculture wastewater and artificial effluents with higher nitrogen
loads.

2.1. Experiment 1: Removal efficiency of inorganic nitrogen and
phosphate compounds and accumulation of organic compounds in S. neei
in deep-water vs. sand-substrate systems with different nutrient levels.

2.1.1. System design and management

The experiment consisted of evaluating four different treatments in
the cultivation of S. neei with artificial effluents. Two of them with the
implementation of sand substrate (SL: sand low nutrients; SH: sand high
nutrients) and two other treatments in deep-water hydroponics (WL:
water low nutrients; WH: water high nutrients). In this first trial (70
days), the accumulation of C, N and P in S. neei, the growth rate of the
plants and the removal of inorganic nitrogen (NHf-N and NO3-N) and
phosphate (PO 3-P) were studied for each treatment.

The experimental set up consisted of four independent systems
operated with seawater. Each treatment had three replicates, in total
twelve experimental units were implemented in a 30 m? greenhouse
located outside the building. Seawater was extracted from the sea by a
pumping system (Vogt AM-751), filtered using sand filters (Jacuzzi TP-
30) and cartridge filters (Vigaflow 20, 5 and 1 pm) and treated with an
ultraviolet system (Red Base 40w UV-C T5).

The details of the sand-substrate and deep-water experimental sys-
tems are shown in Fig. 1. The deep-water hydroponics (WL and WH)
experimental units (area = 0.3 mz, useful volume = 120 1) were aerated
(HT-500 air pump, Sunsun, China) to maintain oxygen saturation. Air
ventilation stones were placed on the bottom of each tank working in a
30 min on/off cycle (Buhmann et al., 2015). A floating raft (expanded
polystyrene) was placed on each unit to keep the roots of S. neei inside
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Fig. 1. Detail of system engineering: A) sand-substrate and B) deep-water
experimental units used in the experiments. The outflow and inflow tubes to
the reservoir go to the other replicates of each treatment that were irrigated by
the pump. All dimensions are in mm.

the water (Quinta et al., 2015; Jesus et al., 2017). For water recircula-
tion, a reservoir (190 1) and a pumping system (0.5 HP, TPm-60,
Humboldt, China) were implemented in each series. To achieve full
water circulation, overflow and inlet drainage pipes (to the bottom of
the units) were implemented.

In sand-substrate systems (SL and SH), two horizontal drain pipes
were implemented at the bottom of the experimental units, which top-
sides were perforated for even water drainage (Buhmann et al., 2015;
Marques et al., 2017). All the units were filled up with a 15 cm-layer of
washed gravel (grain size: 5-30 mm) followed by a 30 cm-layer of
washed sand (grain size 0.5-8 mm) (Calheiros et al., 2012; Jesus et al.,
2017). The two layers were separated by a perforable fabric of plastic
mesh (Webb et al., 2012). Four microdispersion irrigation valves were
implemented in each unit for irrigation. The design of the sand-substrate
units and the circulation of the water was made according to Buhmann
and Papenbrock (2013). In both types of systems, the water was
returned by gravity to the reservoir after irrigation.

To simulate typical concentrations of these compounds in marine
RAS wastewater, all the treatments were fertilized daily with NH4CI,
KH3PO4 and NaNOs (Merck, Darmstadt, Germany) (Buhmann et al.,
2015; Quinta et al., 2015; Jesus et al., 2017; Aquilino et al., 2020). WL
and SL systems (low nutrient) consisted of maintaining the following
concentrations of typical RAS effluents in the irrigation water: (NO3-N:
50 mg l’l; POZ3—P: 6 mg 1’1; NHZ-N: 0.1-0.2 mg 1™). WH and SH
systems (high nutrient) consisted of: (NO3-N: 250 mg 1’1; POy 3.p: 30
mg 1’1; NHjZ-N: 0.5-1 mg 17Y) (Orellana et al., 2014; Fuchs et al., 2015;
Buhmann et al., 2015). Fertilization was performed daily until the
desired concentrations were reached (30 days). Levels were maintained
for 40 more days. The fertilized nutrient amounts were calculated
through the daily nutrient deficit of the systems. Micronutrients were
applied three times a week (Waller et al., 2015). The system removals of
nitrate, ammonia and phosphate were calculated through the amount of
daily fertilized nutrients in the 40 days.

To compensate water losses due to evapotranspiration and evapo-
ration, tap water was used to refill the units (Webb et al., 2012; Buh-
mann et al., 2015). A theoretic hydraulic retention time of 60.75 min
and a water flow of 2.22 1 min~! were implemented to each unit (Pin-
heiro et al., 2017). Water circulation was performed for one hour eight
times a day.

To ensure a 14 h photoperiod of light, an artificial light system with
two mercury vapor lamps (H-MET 250 W Granlight, Brazil) was
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implemented. An intensity of 8.2 + 3.1 pmol m 2 s~! was established to
prevent the reproductive stage of plants and support the growth phase
(Ventura et al., 2011; Buhmann et al., 2015). The light intensity was
measured daily with a radiometer (HD2102.1, Delta Ohm, Italy) at
12:00 pm. The minimum and maximum air temperature and relative
humidity were measured daily (44,550 EXTECH sensor, USA).

2.1.2. Plant material

S. neei (n = 132) plants were collected in Salinas de Pullally
(32°24'50.6”S 71°24'33.3"W), Region of Valparaiso, Chile (Fig. 2).
Plants (initial wet weight: 7.6 + 3.4 g) were excavated from their sand
soil with a spade without cutting the roots (Jesus et al., 2017). A
cleaning with reverse osmosis filtered water was performed to eliminate
residual soil upon arrival at the School of Marine Sciences (PUCV, Val-
paraiso, Chile).

120 plants were implemented in the experimental system (n = 30 per
treatment, n = 10 per experimental unit, density = 253 + 5 g m~2, 33
plants m’z) (Fig. 2). The initial (day 1) and final (day 105) wet weight of
the plants were determined with a precision scale (Pedro et al., 2013).
For the determination of the water and organic nitrogen, phosphorus
and carbon content, 12 complete plants (with roots and shoots) were
used in the beginning of the experiment. At the end, three random plants
were taken from every unit (n = 36) and dried in a muffle furnace
(353.15 K) until constant weight (Ventura et al., 2011).

A 35-days period for acclimation was established (Calheiros et al.,
2012; Pinheiro et al., 2020). After that, the 30-days period of nutrients
increasing and the 40-days of cultivation with the described nutrient
concentrations (section 2.1.1) were carried out.

2.1.3. Water quality analysis

Water samples were taken daily at 10:00 am. Conductivity, pH, ox-
ygen concentration and temperature were measured with a HQ40D
Multi Parameter-Meter (Hach-Lange GmbH, Germany). Nutrient levels
(ammonia, nitrate, nitrite and phosphate) were determined with a
spectrophotometer (DR-2800, Hach-Lange GmbH, Germany) and the
corresponding analysis kits of Hach (Ammonia: Method 8038 (Nessler
Method), Nitrite: Method 8507 (Diazotization Method), Nitrate: Method
8039 (Cadmium Reduction Method), Phosphate: Method 8178 (Amino
Acid Method)).

2.1.4. Concentration of organic N, C and P in plants

To determine the nutrient accumulation in plant tissue by S. neei, the
concentration of organic nitrogen (N), carbon (C) and phosphorus (P)
(mg g dry weight 1) were analyzed in the plants at the beginning of the
trial (n = 12) and compared with three random plants from every unit (n
= 36) at the end of the experiments. Roots and shoots were separated.
Dry plants were processed to fine powder with an electric mortar (RM
100, Retsch, Germany) (Buhmann et al., 2015). The dried samples were
stored at 253.15 K until analysis.

Organic nutrient analyses were done in the Alfred-Wegener-Institute
for Polar and Marine Research, Bremerhaven, Germany (AWI). Organic
phosphate was hydrolyzed to orthophosphate and measured with the
stannous chloride method. Organic nitrogen and organic carbon were
analyzed with a CN-Analyzer. Daily average uptake was calculated by
dividing the total accumulation by the 70-days period.

2.2. Experiment 2: Nitrogen removal efficiency of S. neei in marine
aquaculture wastewater vs. artificial effluents.

2.2.1. Experimental design and system management

The experiments consisted of evaluating four different treatments in
the cultivation of the halophyte S. neei in deep-water hydroponics:
(AQE) Aquaculture effluent - aquaponics; (C) Control (seawater); (AEL)
Artificial effluent low nitrate (100 mg 1_1) and (AEH) Artificial effluent
high nitrate (500 mg 171). The growth rate and nitrogen removal effi-
ciency by S. neei were studied in this second trial (61 days) for each
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Fig. 2. A) Plant extraction site (salinas de Pullally). B) Sand-substrate system with microdispersion irrigation valves. C) Deep-water hydroponic system with floating

raft. D) Floating raft before harvest. E) Experimental system.

treatment.

The aquaculture wastewater came from a Seriola lalandi Seriola
lalandi (Valenciennes, 1833) culture in marine RAS (n = 55, mean
weight = 79.78 + 14.34 g). The effluent used was extracted from the
outlet of the cultivation tanks and pumped to the reservoir (190 1) of the
experimental system, where it was aerated with air stones at the bottom
of the tank (Webb et al., 2012; Marques et al., 2017). The control series
consisted of the addition of filtered seawater extracted from the sea, to
compare the survival and growth rates by the plants without nutrient

addition. AEL and AEH treatments were elaborated by adding NaNO3
(Dilaco, Chile) to the system to achieve a nitrate concentration of 100
mg 17! and 500 mg 17}, respectively. This concentration was chosen to
determine the efficiency of S. neei in deep-water systems as a possible
biofilter for long-term RAS with high nitrate concentrations (van Bussel
et al., 2012; Buhmann et al., 2015). The extraction of seawater was
carried out with the same procedure as in the previous experiment
(section 2.1.1). Also, the experimental system was the same but, in this
case, all of the units were implemented with deep-water hydroponics
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and with natural photoperiod (summer season, approx. 14 h of day
light).

2.2.2. Sarcocornia neei

The location, the method of extraction and previous cleaning of the
plants followed the same procedure as in experiment 1 (section 2.1.2).
The S. neei cuttings (n = 120, length = 10 cm) were planted in hydro-
ponics to strengthen the rooting (21 days) (Jesus et al., 2017; Pinheiro
et al., 2017). After that, they were transferred to the experimental
system.

Ten S. neei cuttings were implemented in each experimental unit (30
plants per treatment, 120 in total) corresponding to a density of 33
plants m~2. The initial wet weight of S. neei cuttings implemented in the
experimental system was 44.49 + 8.79 g with a length of 13.21 + 1.53
cm (mean + SD, n = 120). The average final weight (g), biomass pro-
duction (kg m’z) and the gain in weight and length of S. neei were
calculated for each treatment. Mortality was calculated like the pro-
portion of dead plants at the end of the trials, expressed as a percentage.

2.2.3. Water quality analysis

The physicochemical parameters of water quality were measured in
each treatment at the beginning and the end of the experiment. Dis-
solved oxygen, temperature and pH were measured with a portable
multiparameter probe (Hach HQ40D) and salinity was determined using
a refractometer (RHS-10ATC).

2.2.4. Nitrate and ammonia removals

Measurements of inorganic nitrogen components were made daily in
each treatment. Ammonia (NH3-N) and nitrate (NO3-N) concentrations
were determined as specified in 2.1.3 section. The removal trend for
nitrate concentration was evaluated until it approached zero, at which
time it was returned to the initial concentration by the addition of
NaNOj3 (AEL and AEH), aquaculture effluent (AQE) or seawater (con-
trol). No adjustments were made to the ammonia concentration for any
treatment.

2.3. Statistical analysis

The analyses were carried out using GraphPad-Prism version 8.4.3.
All data were tested for normality and homogeneity of variance using
the Shapiro-Wilk test. The differences between initial and final biomass
(Iength and weight) of S. neei and the initial and final concentration of
ammonia and nitrate in all the experimental series were determined by
independent samples t-test (p < 0.05). The differences in removal rates
of nitrate and ammonia and the growth rates of S. neei between treat-
ments were determined by two-way ANOVA analysis (experiment 1) and
one-way ANOVA analysis (experiment 2). The significant differences
were analyzed using the Tukey test (p < 0.05).

50 A b
a
45 a
40 a
£
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3. Results

3.1. Experiment 1: Removal efficiency of inorganic nitrogen and
phosphate compounds and accumulation of organic compounds by S. neei
in deep-water vs. sand-substrate systems

3.1.1. Growth and biomass of S. neei

Weight and length growth of the plants during this first trial are
shown in Fig. 3. No length growth was observed over the acclimation
period. With the addition of nutrients, the plants grew near to linear (R%:
0.94-0.97). There were significant differences between system types and
nutrient levels. The maximum growth in length was obtained in the
deep-water system with low level of nutrients (WL final length: 48.63 +
6.60 cm, n = 30). Biomass gain was significantly higher in deep-water
systems (WL = 426.19 + 198.69 g; WH = 377.37 + 181.16 g, n =
30). The nutrient levels didn’t influence the plant growth rates and no
significant differences were found between WL and WH. The minimum
growth in biomass by S. neei was obtained in sand-substrate low nutrient
system (SL = 222.25 + 107.66 g). No mortality was observed during
experiment 1. Biomass production (fresh weight) was significantly
higher in WL (14.41 + 0.78 kg m’z) and WH (12.64 + 1.91 kg m’z)
treatm;.nts, compared to SL (7.48 + 0.89 kg m’z) and SH (9.87 + 0.89
kg m™).

3.1.2. Nitrogen and phosphate system removal efficiencies
Nitrate (NO3-N), total ammonia nitrogen (TAN), phosphate (P) and
total inorganic nitrogen (TIN) systems removals are shown in Fig. 4. The

mm SL
= SH
= WL
= WH

TAN P TIN

Nitrate

Fig. 4. Nitrate (NO3-N), total ammonia nitrogen (TAN), phosphate (P) and
total inorganic nitrogen (TIN) removals achieved by the different systems with
S. neei during the experiment 1. Treatments: SL (Sand low nutrients); SH (Sand
high nutrients); WL (Water low nutrients); WH (Water high nutrients). Mean
values + SD (40 days). Significant differences (p < 0.05) are expressed with
different letters. No significant differences in nitrate removal were found be-
tween treatments.

soo- B
(o}
600- b.c
a,b
400-
a
200-
1 1
SL SH WL WH

Fig. 3. Growth in lenght (A) and growth in weight (B) achieved by S. neei during the experiment 1 (105 days). Treatments: SL (Sand low nutrients): 33.31 + 6.37 cm,
222.25 + 107.66 g; SH (Sand high nutrients): 37.05 + 8.14 cm, 293.09 + 172.14 g; WL (Water low nutrients): 42.26 + 6.33 cm, 426.19 + 198.69 g; WH (Water high
nutrients): 36.87 + 6.17 cm, 377.37 + 181.16 g. Mean values &+ SD (n = 30). Significant differences (p < 0.05) are expressed with different letters.
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highest removal efficiencies of TAN (0.68 + 0.41 g m~2 day!) and P
(0.44 + 0.34 g m~2 day 1) were obtained in SH treatment. No significant
differences were observed in nitrate removal between treatments, with
the highest value in WL (0.54 + 0.91 g m 2 day!). TIN removal was
higher in SH (1.07 + 1.32 g m~2 day ™), being similar to WL (0.70 +
0.92 g m~2 day1). In WH, an accumulation peak of TAN (3 mg 1™) and
nitrite (N-NO3 = 4.3 mg 1™) accompanied by the yellow coloring of the
plants was observed during this trial.

3.1.3. Organic nitrogen, phosphorus and carbon accumulation in plants

Possible differences between the initial and final content of organic
compounds in plant biomass were evaluated. The details of the initial
and final organic content and the root-shoot ratio of S. neei are shown in
Table 1. There were significant differences between organic content (N,
P and C) in the plants before transplanting and after harvest. There was
an increase in organic N and P content in all treatments. The highest
values achieved were in S. neei shoots in SL treatment (31.2 + 0.1 mg g
dry weight 1) for organic N, and in the plant roots in WH treatment (4.0
+ 0.6 mg g dry weight™?!) for organic P. Organic C content decreased
significantly in all treatments. The root biomass decreased in all treat-
ments, compared to the initial percentage (10.6 + 2.5%).

At the end of the trial, the accumulation of organic compounds
achieved by the plants was also compared between the different treat-
ments. Organic nitrogen (N), phosphorus (P) and carbon (C) accumu-
lation by S. neei are shown in Fig. 5. N, P and C plant uptakes were
significantly higher in deep-water hydroponic systems. Organic carbon
was the most accumulated element by the plants. The highest accumu-
lations were obtained in WL (5.00 + 0.49 g m2 day’l) and WH (4.44 +
0.67 g m 2 day 1) treatments. Organic P accumulation was higher in
deep-water systems (WL = 0.068 = 0.004 g m~2 day}; WH = 0.064 +
0.009 g m~2 day™!). Also, the accumulation of organic N was higher in
WL (0.56 + 0.038 g m ™2 day ') and WH (0.52 + 0.077 g m~2 day ™)
treatments.

3.1.4. Water quality analysis and physicochemical parameters

The physicochemical parameters of water in the different treatments
are shown in Table 2. Oxygen saturation was maintained around 100%
(96.8 + 8.4% - 103.2 + 8.8%). The maximum average ammonia (1.26 +
1.07 mg 1Y) and nitrite (1.42 + 1.50 mg 171 concentrations were ob-
tained in WH. Salinity remained between 34.5 + 0.9 and 35.7 0.8 g1~}
(40 days). The maximum and minimum average daily air temperature in
the greenhouse were 306.25 + 4.0 K and 288.85 + 1.8 K, respectively
(70 days). The maximum and minimum average daily relative humidity
were 70 + 7% and 35 + 10%. Average daily radiation measured inside
the greenhouse was 638.2 + 293.4 pmol m ™2 571,

3.2. Experiment 2: Nitrogen removal efficiency of S. neei in marine
aquaculture wastewater vs. artificial effluents.

3.2.1. Aquaculture wastewater and artificial effluents
The results of physicochemical parameters of the aquaculture
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Fig. 5. Organic nitrogen (N), phosphorus (P) and carbon (C) accumulation in
S. neei during the experiment 1. Treatments: SL (Sand low nutrients); SH (Sand
high nutrients); WL (Water low nutrients); WH (Water high nutrients). Mean
values + SD (70 days, n = 120). N and P accumulation are related to the left
axis. C accumulation is related to the right axis. Significant differences (p <
0.05) are expressed with different letters.

wastewater and artificial effluents implemented in the experimental
system are shown in Table 3. The highest concentrations of ammonia
were observed in AQE (initial = 0.49 + 0.31 mg l’l; final = 0.38 + 0.54
mg 171). The initial concentration of ammonia in the rest of the series
was significantly lower (C = 0.07 & 0.02 mg 17; AEL = 0.04 + 0.02 mg
171, AEH = 0.05 + 0.01 mg I™!). The initial nitrate concentration was
19.67 + 1.30 mg 1! (AQE) and 3.72 + 0.50 mg 11 (control). AEL and
AEH were adjusted to the desired initial nitrate concentrations (99.28 +
0.49 mg 17! and 501.87 = 0.75 mg 1™}, respectively). The initial average
temperature in AQE was higher than the other treatments (294.45 +
0.36 K). In all the treatments, the initial oxygen saturation was higher
than 100% (105.68 + 2.14%, n = 12). The initial pH in AQE (7.53 +
0.07, n = 3) and in the rest of treatments (7.56 & 0.13, n = 9) were
similar. Salinity concentration was higher in AQE (36.00 + 0.00 g171)
than in the rest of the series (35.00 &+ 0.00 g 1.

3.2.2. Growth and biomass of S. neei

The details of growth and production rates of S. neei during this
second trial are shown in Table 4. Significant weight and length growth
were obtained by S. neei in all treatments. The highest growth rate was
obtained in AQE treatment (2.80 =+ 0.30 g m~2 day~!, final weight =
198.28 + 12.29 g), where the biomass productivity (0.17 & 0.02 kg m~2)
was also the highest achieved in 61 days (n = 30). In AQE treatment,
flowering was observed in the 80% of the plants between day 16 and day
40 of the experiment. The lowest growth rates in weight were obtained
by S. neei in the control (0.90 + 0.11 g m~2 day ™) and AEH (0.49 +
0.05 g m~2 day™!) systems. In this trial, plant mortality was observed in
all treatments, achieving the maximum in AEH (50.56 + 10.55%). No
significant differences were observed in the final length of the plants
between treatments (47.52 & 11.63 cm, n = 120).

The biomass gain in weight and length of S. neei during this second
trial are shown in Fig. 6. The maximum weight gain was obtained in the

Table 1
Initial and final characterization of the organic content of S. neei implemented in the different systems and additions of nutrient levels (experiment 1).
Initial (wild) SL SH WL WH

Organic N shoot [mg g DW ] 15.4 + 012 31.2 + 0.1° 29.1 + 01° 29.2 + 0.2° 31.0 + 0.4°
Organic N root [mg g DW ] 13.0 + 012 15.4 + 0.4° 17.8 + 0.9° 21.3 + 0.2° 21.3 + 0.7°
Organic P shoot [mg g DW '] 1.1 + 012 2.2 + 0.0° 3.3 + 01° 35 + 0.4° 3.6 + 0.4°
Organic P root [mg g DW '] 2.2 + 0.0°? 3.7 + 01° 2.9 + 01° 3.0 + 0.4° 4.0 + 0.6°
Organic C shoot [mg g DW ] 316.3 + 1.2° 240.9 + 36° 226.9 + 1.1° 247.3 + 0.4° 241.8 + 31°
Organic C root [mg g DW™'] 423.5 + 1.9° 355.7 + 35° 360.8 + 3.4° 384.1 + 1.1° 363.5 + 33"
Dry mass shoot [%] 18.3 + 2.8% 8.4 + 0.5° 8.5 + 0.4° 9.6 + 0.8° 9.0 + 0.6°
Dry mass root [%] 47.8 + 2.7% 30.3 + 3.7° 35.6 + 48" 30.9 + 9.0° 30.5 + 12.8°
Root biomass [%] 10.6 + 252 2.4 + 1.4° 1.0 + 0.4° 3.5 + 2.5° 5.0 + 41°

SL: Sand system low nutrients, SH: Sand system high nutrients, WL: Water system low nutrients, WH: Water system high nutrients. Values are mean =+ SD of 3 de-
terminations. Values with different letters are significantly different from each other (p < 0.05). DW: dry weight.
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Table 2
Characterization of physicochemical parameters of artificial effluents (experiment 1).
SL SH WL WH

pH 7.7 + 0.2 6.9 + 0.4 7.6 + 0.2 6.4 + 1.0
T (K) 292.65 + 2.0 293.25 + 1.9 294.65 + 2.0 294.65 + 2.0
O, (% saturation) 103.2 + 8.8 99.1 + 6.4 97.3 + 8.1 96.8 + 8.4
0O, (mg I 9.3 + 0.7 8.9 + 0.6 8.6 + 0.7 8.6 + 0.4
Ammonia (NH3—N) 0.14 + 0.11 0.47 + 0.8 0.18 + 0.07 1.26 + 1.07
Nitrate (NO3-N) 50.3 + 4.2 282.8 + 43 49.8 + 4.1 263.1 + 24.1
Nitrite (NO3-N) 0.03 + 0.03 0.62 + 0.61 0.09 + 0.06 1.42 + 1.50
Orthophosphate (PO%’) 4.9 + 0.96 27.0 + 3.8 5.9 + 0.5 30.1 + 1.1
Salinity (g ) 34.8 + 0.9 34.5 + 0.9 35.7 + 0.8 35.3 + 0.7

SL: Sand system low nutrients, SH: Sand system high nutrients, WL: Water system low nutrients, WH: Water system high nutrients. Values are mean =+ SD (40 days).

Ammonia, nitrate, nitrite and phosphate concentrations are shown in mg 171

Table 3
Characterization of physicochemical parameters of marine aquaculture wastewater and artificial effluents (experiment 2).
C AQE AEL AEH
Initial Final Initial Final Initial Final Initial Final
pH 7.70 £ 0.15 7.66 + 0.12 7.53 £ 0.07 7.81 + 0.02 7.53 £ 0.08 7.70 + 0.04 7.45 £+ 0.09 7.72 £ 0.09
T (K) 291.58 £+ 0.06 294.92 £ 0.35 294.45 £+ 0.36 295.92 + 0.38 291.62 £+ 0.06 295.58 £+ 0.06 291.22 £ 0.12 296.05 £+ 0.17
O3 (% saturation) 106.97 £ 0.29 99.36 + 0.75 102.6 £+ 2.95 106.97 £+ 0.29 105.83 £ 0.31 105.33 £+ 2.44 107.30 £ 0.50 106.30 £ 1.01
O, (mg 17'1) 8.16 £+ 0.04 7.59 £ 0.13 7.94 £ 0.19 7.96 + 0.08 8.29 + 0.06 7.94 £ 0.26 8.21 +0.08 7.98 £ 0.12
Ammonia (NH3-N) 0.07 £+ 0.02 0.03 + 0.01 0.49 £+ 0.31 0.38 + 0.54 0.04 £+ 0.02 0.03 + 0.00 0.05 + 0.01 0.02 £+ 0.00
Nitrate (NO3™-N) 3.72 £ 0.50 0.83 £ 0.87 19.67 + 1.30 3.31 £3.15 99.28 + 0.49 8.35 £0.78 501.87 £ 0.75 150.45 + 149.88
Salinity (g 17'1) 35.00 £+ 0.00 37.33 £ 0.58 36.00 £+ 0.00 39.67 £ 1.15 35.00 + 0.00 37.67 £ 0.58 35.00 + 0.00 40.00 + 1.00

Experiment 2: C: Control (seawater); AQE: Aquaculture effluent; AEL: Artificial effluent low nitrate; AEH: Artificial effluent high nitrate. Values are mean + SD of 3
determinations (61 days). Ammonia, nitrate, nitrite and phosphate concentrations are shown in mg 1.

Table 4
Growth and production rates of S. neei in the deep-water hydroponics system (experiment 2).
C AQE AEL AEH

Final weight (g) 90.59 + 1.00>¢ 198.28 + 12.29% 119.11 + 21.53° 70.05 + 5.99¢
Growth rate (g m~2 day ™) 0.90 + 0.11°¢ 2.80 + 0.30° 1.27 + 0.27° 0.49 + 0.05¢
Final length (cm) 45.77 =+ 2.59% 58.17 + 17.79% 50.03 + 4.68% 36.11 + 4.44%
Mortality (%) 26.67 + 6.82° 35.00 + 4.64>P 32.78 + 5.09%° 50.56 + 10.55"
Productivity (kg m~2) 0.06 + 0.01 0.17 + 0.02 0.08 + 0.02 0.03 + 0.00

AQE: C: Control (seawater); Aquaculture effluent; AEL: Artificial effluent low nitrate; AEH: Artificial effluent high nitrate. Values are mean + SD (n = 120, 61 days).

Values with different letters are significantly different from each other (p < 0.05).
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Fig. 6. Growth in lenght (A) and weight (B) achieved by S. neei during the experiment 2 (61 days). Treatments: C (Control): 32.40 + 1.82 cm, 49.69 + 6.9 g; AQE
(Aquaculture effluent): 44.99 + 17.49 cm, 153.54 + 18.3 g; AEL (Artificial effluent low nitrate): 37.37 + 2.96 cm, 69.73 + 16.88 g; AEH (Artificial effluent high
nitrate): 22.48 + 3.96 cm, 27.12 + 3.23 g. Mean values + SD (n = 120). Significant differences (p < 0.05) are expressed with different letters. No significant

differences in lenght growth were found between treatments.

plants implemented in the aquaculture wastewater (AQE = 153.54 +
18.3 g, final weight = 198.28 + 12.29 g, n = 30). The lowest weight
increases were obtained in control (49.69 + 6.90 g) and AEH (27.12 +
3.23 g) systems. No differences were observed in the growth length of
the plants between treatments (p < 0.05), obtaining the highest values in

AQE system (growth length = 44.99 + 17.49 cm, final length = 58.17 +
17.79 cm).

3.2.3. Water quality analysis
The physicochemical parameters of water in the different treatments
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during this trial are shown in Table 3. To observe possible differences
affecting plant growth and survival, they were characterized in all
treatments and experimental units at the beginning and at the end of the
experiment. The oxygen saturation remained close to 100% in all
treatments (99.36 + 0.75% - 106.97 + 0.29%). The pH did not vary
significantly in any treatment during the experiment (remaining be-
tween 7.45 £ 0.09 and 7.81 + 0.02) achieving this maximum in the AQE
series (day 61). Significant increases in water temperature were ob-
tained in the control, AEL and AEH series (with lower initial tempera-
tures). Initial salinity concentrations were increased in all treatments,
with a final average of 38.66 + 1.36 g 171 (n = 12), and a maximum of
40.0 + 1.0 g 17! in AEH at the end of the experiences.

3.2.4. Nitrate and ammonia removal efficiency

The details of the final concentrations of ammonia (NH3-N) and ni-
trate (NO3-N) achieved in the different treatments are shown in Table 3.
The final nitrate concentration in AEH was taken on day 48 prior to the
new NaNOs addition, when this concentration was closest to the mini-
mum (44.2 mg 1h.

The comparison of ammonia removal trends between the different
treatments is shown in Fig. 7. The daily removal rate was significantly
higher in AQE (0.078 & 0.08 g m~2 day ') compared to AEL and AEH. In
terms of percentage, this means the removal of 22.45% of the initial
ammonia concentration.

There was significant removal of nitrate in all treatments. The nitrate
removal rates achieved by S. neei in the different systems are shown in
Fig. 8. The daily removal rate was significantly higher in AEH (11.25 +
31.38 g m~2 day ) compared to other treatments. In this series, the
plants needed 48 days to reach the minimum nitrate concentration
achieved (44.2 mg 1’1), compared to AQE (25 days, 1.2 mg 1’1), control
series (26 days, 0.26 mg 1!) and AEL (28 days, 7.8 mg 1™ }). Comparing
the percentage of nitrate removal in the different treatments according
to the initial concentration, the highest removal was obtained in AEL
(91.59%), followed by AQE (83.17%), control (77.69%) and AEH
(70.02%) series at the end of the trial (day 61).

4. Discussion

The results of this study demonstrated that S. neei is an efficient
biofilter for reduction of inorganic compounds contained in marine RAS
aquaculture wastewater and artificial effluents. Also, the growth rates
obtained by the plants and the tolerance to high salinity concentrations
make this species an ideal candidate for diversification of marine
aquaculture production in integrated systems.
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Fig. 7. Ammonia removal achieved by S. neei during the experiment 2.
Treatments: C (Control): 0.033 + 0.06 g m 2 day’l; AQE (Aquaculture
effluent): 0.078 + 0.08 g m~? day’l; AEL (Artificial effluent low nitrate):
0.0018 = 0.01 g m? day’l; AEH (Artificial effluent high nitrate): 0.0027 +
0.05 g m 2 day !. Mean values + SD (61 days). Significant differences (p <
0.05) are expressed with different letters.
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Fig. 8. Nitrate removal achieved by S. neei during the experiment 2. C (Con-
trol): 0.14 + 1.13 g m~2 day~!; AQE (Aquaculture effluent): 0.82 + 2.19 g m 2
day’l; AEL (Artificial effluent low nitrate): 2.90 + 8.25 g m~? dayil; AEH
(Artificial effluent high nitrate): 11.25 + 31.38 g m~2 day 1. Mean values + SD
(61 days). Significant differences (p < 0.05) are expressed with different letters.

4.1. Aquaculture wastewater and artificial effluents

The characterization of aquaculture wastewater (pH, temperature,
salinity and ammonia concentration) was similar to previous studies
with Seriola lalandi cultured in recirculating systems (Mota et al., 2014).
Lower nitrate concentrations presented at this study (19.67 + 1.30 mg
1Y) could be attributed to lower biomass of organisms and cultivation
time in the moment of effluent extraction. Similar nitrate concentrations
(21.4 £ 17 mg 11 were obtained from the culture of Litopenaeus van-
namei to evaluate the efficiency of Sarcocornia ambigua when imple-
mented in an integrated aquaponic bioremediation system (Pinheiro
et al., 2017).

4.2. Sarcocornia neei: growth rates and productivity

The integration of S. neei in the bioremediation system resulted in all
plants obtaining significant growth rates at the end of the experiments,
achieving marketable size in all treatments (Ventura et al., 2011; Waller
et al., 2015).

The maximum growth rates obtained by S. neei in this study were
achieved in deep-water culture systems (experiment 1), where the plants
reached a maximum productivity of 14.41 + 0.78 kg m~2 and an indi-
vidual biomass gain of 426.19 + 198.69 g (WL treatment) in 105 days of
cultivation. Some species of halophyte plants can achieve similar growth
rates when implemented in different culture systems. This is the case of
Tripolium pannonicum, which obtained a similar final biomass gain be-
tween deep-water hydroponics, sand and expanded clay treatments
when implemented as a biofilter for saline water in bioremediation
systems (Buhmann et al., 2015). In this study, S. neei achieved signifi-
cantly different growth and productivity rates between treatments,
suggesting that this species could be more suitable for implementation in
deep-water culture systems (Custodio et al., 2017).

Nutrient levels had no influence on plant productivity between the
WL and WH treatments. This is not consistent with previous studies,
where higher concentrations of nutrients achieved higher growth rates
of Salicornia europaea implemented in filter beds for saline wastewater
treatment (Webb et al., 2012). In the present study, this could be due to
the peak observed in the concentration of total ammonia nitrogen (TAN)
and nitrite (WH treatment) accompanied by a yellowish color in the
plants, suggesting a possible chlorosis and an excess of nutrients that
could damage the health of the plants (Buhmann et al., 2015).

The productivity obtained by S. neei in this trial was much higher
than that observed in previous studies with halophyte plants. Sarco-
cornia spp showed productivities of 3-4 kg m~2 in five consecutive
harvests during a growing cycle of six months with total seawater
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irrigation (100%) (Ventura et al., 2011). Tripolium pannonicum, Plantago
coronopus and Salicornia dolichostachya obtained 1.64 kg m~2 in hy-
droponics culture (35 days), when implemented in a marine RAS
effluent of D. labrax (Waller et al., 2015). Sarcocornia ambigua also
achieved lower productivity (0.61 + 0.12 kg m~2) used in aquaculture
effluent bioremediation during eight weeks (Pinheiro et al., 2020). A
halophyte biomass yield study with seawater irrigation was conducted
with S. bigelovii for 6 years for seed oil production, obtaining an average
annual yield of 1.7 kg m~2of dry biomass (Glenn et al., 1998).

The growth and productivity rates of halophyte plants depend on the
species and the salinity of the effluent. The genera Salicornia and Sar-
cocornia have been classified within the most tolerant to high concen-
trations of salinity (76 to 100% seawater) (Buhmann and Papenbrock,
2013; Ventura and Sagi, 2013). However, previous studies have shown
that salinity is a growth inhibiting factor and lower growth rates are
obtained by some species when irrigated with full marine water (Ven-
tura et al., 2011; Buhmann and Papenbrock, 2013). On the other hand,
the productivity of some perennial halophyte plants may not be affected
by this parameter and their growth could be stimulated by the presence
of NaCl (Ventura et al., 2011). In fact, concentrations between 8 and 17
g 1! of NaCl stimulates the growth of halophytes of the Amaranthaceae
family, such as S. neei (Pinheiro et al., 2020).

The use of brackish water and the adjustment of salinity of the
effluent used can make the halophyte plants obtain higher growth rates
(Ventura and Sagi, 2013; De Souza et al., 2018). S. ambigua obtains
significantly higher growth rates when irrigated with aquaculture
effluent with 16 g 17! of NaCl compared to 32 g 17! (Pinheiro et al.,
2020). Tripolium pannonicum report higher biomass gain by adjusting the
salinity of irrigation water to 15 g 171, compared to 22.5 and 30 g1~?, but
not affecting the plant health (Buhmann et al., 2015). The halophyte
Halimione portulacoides achieved productivity of 17.2 kg m~2 (similar to
this study) with an average salinity of 20 g 1™! in five months imple-
mented as a biofilter in a super-intensive fish farm effluent (Marques
et al., 2017). Sarcocornia ambigua obtained productivity of 8.2 kg m~2in
73 days of experiments when irrigated with L. vannamei effluent at 36.2
+ 1.6 g 17! NaCl, suggesting that S. neei could have faster growth rates
(Pinheiro et al., 2017). On the other hand, halophytes of the genera
Atriplex and Salicornia reported lower productivities (0.27 + 0.15 kg
m~2) when irrigated with saline wastewater (500 mM NacCl) in two
months of experiments, similar than obtained by S. neei in experiment 2
(Ventura and Sagi, 2013). Further studies with S. neei should be done to
evaluate the possibility of obtaining higher growth rates and produc-
tivity at lower effluent salinities.

In experiment 2, the highest growth rates of S. neei were obtained in
the series irrigated with aquaculture effluent (AQE). In previous studies,
halophyte plants normally obtain higher productivity rates when higher
nitrate concentrations are present in the water, suggesting that micro-
nutrients contained in aquaculture effluent could play an important role
(Doncato and Costa, 2020). Also, this could be due to the higher
ammonia concentration present in AQE treatment. This compound is the
most favorable for the growth of other halophytes under conditions of
low N and high salinity, reporting higher growth rates by S. bigelovii with
irrigation of NH4-N compared to NO3-N (Kudo and Fujiyama, 2010).
The growth results of S. neei obtained in experiment 2 suggest that this
species obtains higher growth rates when NHJ-N is added to the irri-
gation water. In contrast, S. europaea reports lower results with NHZ-N
supply (Ventura et al., 2010; Quinta et al., 2015). The differences could
be related to culture parameters, tested nutrient concentrations or to the
species used itself.

Flowering process took place in the plants irrigated with the marine
RAS wastewater. This phenomenon was not expected due to the sum-
mertime photoperiod (14 h of light) (Waller et al., 2015). However, this
has also been observed in previous studies with S. bigelovii, where
flowering seems to be affected not only by day length but also by plant
nutrition (Ventura and Sagi, 2013). These results suggest that some type
of micronutrients present in the aquaculture effluent could induce this

Aquaculture 543 (2021) 736971

process.

The highest growth rates obtained by S. neei were not expected in the
experimental series where flowering was observed. Halophytes of the
genera Salicornia and Sarcocornia report that this should be prevented
for a higher biomass production (Ventura and Sagi, 2013; Waller et al.,
2015). Therefore, these results suggest that the presence of certain
macro and micronutrients and even a more suitable concentration of
nitrate (about 10 mg 1™Y could be the cause of the increased growth
rates obtained in AQE treatment (Buhmann et al., 2015).

The growth achieved by S. neei was significantly lower in experiment
2 compared to experiment 1. This could be due to several factors. The
lowest growth rates in weight were obtained in AEH (initial NO3-N:
501.87 + 0.75 mg 171) and control (initial NO3-N: 3.72 + 0.50 mg 1™1)
treatments. This is consistent with the results obtained by Tripolium
pannonicum, which growth rates were affected by nitrate concentrations
higher than 100 mg 17! and requiring a minimum nitrate concentration
of 10 mg 17! to obtain biomass production (Buhmann et al., 2015). Also,
the higher mortalities obtained by S. neei in experiment 2 may have
influenced the productivity results obtained. Previous studies with
S. neei integrated to an affluent of Litopenaeus vannamei during 56 days
achieved productivity rates of 0.14 kg m ™2, similar than the obtained in
this trial, also due to the high plant mortalities (Schardong et al., 2020).
The mortality rates were also similar to those obtained with Sarcocornia
ambigua implemented in saline shrimp effluent (33.3-38.9%) during 57
days (Pinheiro et al., 2020).

In this study, the differences obtained in mortality rates among ex-
periments could be due to the implementation of cuttings (experiment 2)
directly in seawater without previous irrigation with tap water (Pinheiro
et al., 2020). Furthermore, the higher mortalities obtained could also be
due to the increase of water salinity during the trial, since tap water was
not added daily to compensate evapotranspiration losses (as in experi-
ment 1), being only added when nitrate concentrations were close to
zero (Jesus et al., 2017). Another possible reason is the stress generated
by the higher air temperatures inside the greenhouse in experiment 2,
affecting the survival and growth rates of S. neei (Waller et al., 2015).

The similar growth rates in length obtained by S. neei between
experiment 1 (42.26 + 6.33 cm) and 2 (44.49 + 17.49 cm) suggest that
the use of artificial light may not be a requirement in bioremediation
systems with this species during the summer season, but maybe an
important factor in preventing the occurrence of flowering processes.

The time interval between harvests is also an important factor in the
biomass yield obtained by halophyte plants. It has been determined that
for Salicornia spp the highest biomass production is obtained with 3-
week extraction intervals, due to the capacity of regeneration of this
species (Ventura and Sagi, 2013). In this study, the harvest periods were
105 and 61 days, respectively. More studies should be carried out with
S. neei to determine if a similar harvest method can increase the pro-
ductivity obtained by this species.

Previous studies with halophyte plants have shown that there are
differences in C assimilation through photosynthesis between indoor
and outdoor systems, which can affect growth rates obtained by the
plants (Liu et al., 2020). In this study, both experiments were carried out
in indoor cultivation (greenhouse). It would be interesting to conduct
future studies evaluating possible differences in the growth rates ach-
ieved by S. neei plants placed in outdoor cultivation systems.

4.3. Inorganic compounds removal rates

S. neei obtained significant removals of inorganic nitrogen (N) and
phosphorus (P) compounds in both experiments, demonstrating that is a
good candidate for its use as a biofilter for saline wastewater.

Nitrogen uptake by halophytes depends on salinity, nutrient con-
centration present in the effluent, hydraulic loading rate, the species
used and the age of the plants (Calheiros et al., 2012; Pinheiro et al.,
2020). Plants of the genera Salicornia and Sarcocornia can use both
ammonia and nitrate as a source of nitrogen (Quinta et al., 2015).
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However, in conditions of high salinity, some halophytes and macro-
algae can promote the absorption of ammonia, inhibiting nitrate ab-
sorption (Pinheiro et al., 2017; Aquilino et al., 2020; Pinheiro et al.,
2020). This is the case of S. ambigua, which presents a preference for
ammonia absorption at salinities higher than its isosmotic point (16 g
1*1) (Pinheiro et al., 2020). Halophyte plants can also absorb nitrate
from sediment or water through nitrate-reductase mechanisms. When
plants absorb N in the form of nitrate, they have to reduce it to ammonia
form before it becomes part of the organic compounds (Stewart et al.,
1973).

In experiment 1, the maximum absorption rate of ammonia was
obtained in SH (0.68 + 0.41 g m 2 day 1), while the highest nitrate
absorption rate was achieved in WL (0.54 + 0.91 g m~2 day™!). The
highest ammonia absorption obtained in sand-substrate units was
possibly influenced by nitrification processes in the substrate of the
experimental units. The sand can act as a biofilter and the ammonia is
metabolized to nitrate, increasing its availability for the plants (Kudo
and Fujiyama, 2010). Also, in saline effluents, ammonia uptakes by
halophytes plants can predominate by inhibiting the absorption of ni-
trate in this type of substrate-based systems (Pinheiro et al., 2020).

Comparing with other studies, higher removals of ammonia were
obtained in the experiment 1 by S. neei than other halophytes with the
irrigation of saline industrial effluents (Calheiros et al., 2012). This may
be due to, in this study, the plants were implemented in a high-aerated
bioremediation system (promoting nitrification) in contrast to subsur-
face constructed wetlands (CWs). In these systems, anaerobic conditions
are predominated and nitrification is limited to a thin oxygenated layer
at the top of the wetland, playing a minor role in total system removal
(Buhmann and Papenbrock, 2013).

These results suggest that the implementation of integrated systems
with S. neei could be used for the reduction of both compounds,
obtaining higher ammonia removal rates in sand-substrate systems and
higher nitrate removal rates in deep-water systems. Further studies
should be carried out to determine if these differences are maintained
when integrating systems with S. neei into larger scale industrial aqua-
culture effluents.

In experiment 2, where all the treatments were implemented in deep-
water systems, S. neei was more efficient in absorbing nitrate compared
to ammonia. In this trial, different concentrations of nitrate were added
to the experimental units, approx. 4 mg 17! (control), 20 mg 1! (AQE),
100 mg 17! (AEL) and 500 mg 17! (AEH), but there was no addition of
ammonia.

The nitrate removal rates achieved in AQE treatment (0.82 + 2.19 g
m~2 day™!) makes this species an ideal candidate for biofilter of marine
RAS effluents, where nitrate concentrations higher than 20 mg 17! may
induce problems in cultured organisms (Buhmann and Papenbrock,
2013). The results obtained in this trial are consistent with previous
reports by S. bigelovii, where ammonia can result in symptoms of toxicity
when is contributed as the only form of N (Kudo and Fujiyama, 2010).
Also, nitrate is the preferred form of N for Salicornia spp, producing
higher biomass yields than plants irrigated with ammonia (Ventura and
Sagi, 2013). Salicornia persica implemented in a constructed wetland for
three months and irrigated with marine aquaculture effluent also ach-
ieved significantly higher removals of nitrate and nitrite (77-100%)
compared to ammonia (0-3%) (Shpigel et al., 2013).

The daily nitrate removal rate in experiment 2 was significantly
higher in AEH treatment (11.25 + 31.38 g m~2 day ') compared to the
rest. These results are consistent with other studies where better removal
and absorption efficiencies were achieved by halophyte plants when
higher N levels were available in the irrigation water (Lymbery et al.,
2006; Kudo and Fujiyama, 2010; Buhmann and Papenbrock, 2013). In
deep-water hydroponic systems with high levels of dissolved inorganic
nutrients, plants have more access to dissolved nutrients and there is
lower competition with soil microorganisms compared to sand-substrate
systems (Boxman et al., 2017).

Even so, nitrate removal in AEH treatment was surprisingly high
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compared to experiment 1. The higher pH (above 7) could have favored
the precipitation of nutrients in the hydroponic units (Buhmann et al.,
2015). However, this phenomenon was not observed at any time during
the experiments. This could also be due to the microorganisms present in
the system. There is an enrichment of bacterial taxa in halophyte
cultured in deep-water aquaponics, such as those involved in nitrogen
absorption and denitrification processes (Oliveira et al., 2020).

Nutrient removals by denitrification increase under high nutrient
loads in these type of bioremediation systems (Shpigel et al., 2013). In
experiment 2, it is likely that nitrogen removal due to denitrification
processes in the water column by anaerobic bacteria has been under-
estimated, and that total nitrogen removal has been taken as nitrate
absorbed by plants (Buhmann et al., 2015). In this study, aeration sys-
tems were implemented in all experimental units to ensure high oxygen
concentrations in the effluent water. However, in this type of systems,
denitrification can take place in the reservoirs during periods of non-
recirculation water or even in the lower water layers of the deep-
water experimental units (Buhmann and Papenbrock, 2013; Shpigel
et al., 2013). The differences in absorption of inorganic N compounds
between the two experiments should be further evaluated in future
studies. The concentration of nutrients and micronutrients, the charac-
teristics of the aquaculture effluent or the seasonality may have influ-
enced the disparity between the results obtained.

In experiment 2, the maximum percentage of nitrate absorption
(83.17%) achieved by S. neei was lower than that reported by Salicornia
bigelovii, removing 95.79% of the inorganic N components present in a
saline effluent (35 g 1"Hin 86 days of trials (Brown et al., 1999). On the
other hand, a similar dissolved nitrogen removal rate (7.9 g m~2 day )
was obtained by Salicornia persica implemented in gravel stone and
irrigated with Sparus aurata aquaculture effluent at 35 g 1! in 90 days
(Shpigel et al., 2013).

The removal efficiency of nitrate and ammonia by S. neei should be
further studied when both compounds are simultaneously present in the
marine effluent with similar concentrations. A two-step bioremediation
system could be implemented, according to Aquilino et al. (2020), to
evaluate the preference for the absorption of these compounds by S. neei.

The maximum phosphate removal by S. neei in this study was ob-
tained in SH treatment (0.44 + 0.34 g m~2 day ). This is higher than
reported by Salicornia europaea, obtaining a P absorption of 0.028 g m 2
day’1 in sand-substrate units similar to this study (Webb et al., 2012).

The fact that the maximum phosphate absorption has been obtained
in sand-substrate vs deep-water systems is consistent with previous
studies. In sand-substrate systems, processes of absorption to substrate
particles and phosphate precipitation can occur. These phenomena can
reduce the availability of this compound for the plants, while increasing
the removal rates obtained by the entire system (Buhmann et al., 2015).
Also, heterotrophic bacteria present in the sediment can contribute as
phosphate consumers, increasing the removal rates obtained in this type
of integrated systems (Buhmann and Papenbrock, 2013).

Comparing phosphate removal rates between sand-substrate systems
(SL and SH), the efficiency was significantly higher in SH. This is
consistent with other studies where the uptake of P compounds by
halophytes is dependent on nitrogen supplementation (Webb et al.,
2012). It is possible that the higher concentration of nitrate and
ammonia added to SH treatment influenced the higher P removal rates
obtained by the plants. On the other hand, previous studies report that
higher P removals are obtained by halophytes when higher concentra-
tions of the compound itself are added to the effluent (Buhmann and
Papenbrock, 2013). Possibly, in this study, the higher addition of P to SH
treatment also influenced S. neei to obtain higher P removals.

Previous studies with halophytes report higher removal efficiencies
of N and P inorganic compounds by adjusting the salinity of aquaculture
wastewater to 10 g 17! compared to 35 g 17! (Buhmann and Papenbrock,
2013). S. ambigua reports higher nutrient removals at salinities between
16 and 24 g 17! (Pinheiro et al., 2020). Also, Tripolium pannonicum
showed a decrease in absorption of N and P components by increasing
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salinity (Buhmann et al., 2015). On the other hand, studies with Juncus
kraussii reported that salinity has not negative effects on nitrate removal,
but on phosphate removal (Lymbery et al., 2006).

More studies should be done to estimate the maximum potential of
S. neei removal of inorganic N and P in effluents with lower salinity
values. However, this is interesting to implement this halophyte plant in
a typical marine aquaculture effluent without the need to adjust salinity.

4.4. Organic accumulation in plants

S. neei obtained significant accumulation of organic C, N and P
compounds, main components of aquaculture effluents (Buhmann and
Papenbrock, 2013). The highest accumulation rates were obtained for
organic C (5.00 + 0.49 g m~2 day™ 1), followed by organic N (0.56 +
0.038 g m~2 day™!) in WL treatment, without significant differences
between WL and WH treatments.

Organic C was the most accumulated nutrient by plants. The ab-
sorption of this compound by halophytes in bioremediation systems
comes mainly from the process of photosynthesis, lowering its absorp-
tion from the effluents (Marques et al., 2017). It has less impact in terms
of biofilter activity but is very interesting in points of carbon seques-
tration and energy usability.

The significant accumulation of organic N obtained by S. neei is in
line with previous studies, where the absorption of this compound as
amino acids and peptides has been observed (Webb et al., 2012). The
absorption and increase of N in the plants could be due to a physiological
adaptation of halophytes to salinity stress, since the accumulation of
these compounds helps osmoregulation processes (Buhmann and
Papenbrock, 2013).

The higher contents of organic N and P obtained in plant tissues at
the end of the experiments are results very promising due to the high
loads of organic nutrients present in aquaculture effluents (Gomez et al.,
2019). The maximum organic N content was obtained in SL shoots (31.2
+ 0.1 mg g dry weight™!) and the maximum organic P (4.0 + 0.6 mg g
dry weight™!) in WH roots. Other studies with Sarcocornia fruticosa and
Arundo donax also obtained significant removals of TP and TKN from
high salinity tannery wastewater (Calheiros et al., 2012). Higher ab-
sorptions are expected in bioremediation systems implemented in deep-
water and sand-substrate systems, as this study, and not in constructed
wetlands (CWs) where most of the organic removal is due to microbial
processes (Webb et al., 2012).

The highest accumulations of organic phosphorus by S. neei (0.068 +
0.038 g m 2 day™!) were obtained in the roots of the plants in deep-
water hydroponic systems (WH and WL treatments). This is consistent
with other studies conducted with Salicornia dolichostachya, where the
high increase in P content of plants was likely caused by an adsorption of
P to the root surface (Waller et al., 2015). Higher removals of this
compound in deep-water systems can be explained by the fact that, in
substrate systems, phosphorus is accumulated in the sediment at a rate
of 47-54% (with only 2-4% being released back into the water column)
(Buhmann and Papenbrock, 2013). This may have decreased the avail-
ability of P to plants in sand-substrate systems.

Previous studies with Sarcocornia spp showed that these halophytes
can be an alternative source of omega-3 polyunsaturated fatty acids and
minerals for human or livestock consumption and commercial fish diets
when irrigated with seawater (Ventura et al., 2011; Doncato and Costa,
2018). S. neei obtained interesting results as a source of dietary fiber and
antioxidant potential (Riquelme et al., 2016). New analyses to study
possibilities for the final use of the biomass produced would be inter-
esting to add value to its implementation as a bioremediation species of
saline effluents.

4.5. Water quality parameters

The implementation of air injection systems and aeration stones in
the reservoirs and at the bottom of deep-water experimental units were
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effective in both experiments and in all treatments to ensure a correct
dissolved oxygen concentration for the plants (experiment 1 =
96.8-103.2%; experiment 2 = 99.36-106.97%).

pH remained without significant differences among treatments and
between initial and final concentrations, according to other studies
using halophytes as biofilters in aquaculture effluents (Calheiros et al.,
2012; Pinheiro et al., 2017). The pH remained above the optimum for
plants grown in hydroponics (5.5-6.5) but obtaining good growth and
survival results by S. neei, suggesting that the integrated bioremediation
system could be used at this pH in order not to affect the cultured fish
(Buhmann et al., 2015).

The highest salinity values were obtained in experiment 2 (final
average = 38.66 g 17; maximum = 40.00 g 17! in AEH). Probably due to
the increase in environmental temperatures and the lack of freshwater
replenishment to compensate the evapotranspiration processes, showing
the tolerance of S. neei to high salt concentrations.

5. Conclusion

Integrated systems with halophyte plants is one of the most prom-
ising techniques to increase the sustainability of marine recirculating
aquaculture systems. The bioremediation capacity of these plants allows
the reduction of nutrient discharges into the aquatic environments,
diversifying production and creating high value by-products.

In this study, the bioremediation efficiency of the halophyte S. neei
was evaluated in a marine RAS effluent and in artificial effluents with
different nutrient loads. The results obtained demonstrated that it is a
promising candidate for marine aquaculture wastewater bioremedia-
tion. The obtained growth and productivity rates, the ammonia, phos-
phate and nitrate removal efficiencies, the accumulation of organic C, N
and P compounds and its adaptability to high salt concentrations make it
ideal to be used as a biofilter of marine aquaculture effluents.

Further investigations should be done to analyze possible influences
on the growth rate, removal efficiency and nutrient accumulation by
S. neei due to changes in effluent salinity, plant density, hydraulic
loading rate or macro and micronutrient addition. The possibility to
improve efficiency by breeding programs should be considered. Also,
the long-term use of such a system integrated into an aquaculture facility
needs to be investigated in terms of feasibility, to get closer to its
application in industrial-scale production systems.
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