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Abstract – European sea bass and Ulva sp. were co-cultured in different tanks of an indoor Recirculating
Aquaculture System (Ulva-RAS) with bacterial biofilter, in an effort to optimize the efficiency of the system
and to further decrease the waste effluent. A system with similar culture conditions, without Ulva, was used
as a control-RAS to elucidate integration effects on growth performance and chemical composition of sea
bass. The role ofUlva on N and P concentrations, gas (O2, CO2) and pH in water was also investigated. Fish
were fed a diet of fish oil replacement (55%) with a mixture of rapeseed oil and palm oil (1:1). Our data
showed that Ulva could uptake N and P nutrients, but could also enrich sea water with phosphates. Sea bass
reared in Ulva-RAS exhibited isometric growth, while fish in control-RAS showed a positive allometric
growth and an increased variance of body weight and length. In addition, sea bass in Ulva-RAS
demonstrated significantly higher levels of condition factor (K), feed intake, protein, lipid, P, EPA and DHA
content (% wet weight of total body) and lipid productive value, compared to fish in control-RAS. Ulva,
after bi-weekly culture, showed increased protein content (60%) compared to wild seaweed collected
nearshore. Cultivated Ulva obtained dark green color, doubled chlorophyll concentrations, and exhibited
lower levels of saturated and higher levels of certain monounsaturated and n-3 polyunsaturated fatty acids,
indicating increased photosynthetic activity. Present results revealed the beneficial effects of Ulva on sea
bass growth and quality, which led to an improved response to the nutritional stress imposed by the fish oil
replacement with vegetable oils, thus contributing to a sustainable aquaculture. Moreover, it was concluded
that Ulva could improve water quality by increasing pH and O2, reducing CO2 and contribute to
bioremediation of ammonia and nitrates from water in integrated aquaculture.
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1 Introduction

Integrated aquaculture should be looked upon as a very
important tool to facilitate the growth of marine aquaculture
and the reduction of environmental impacts associated to
monoculture (FAO, 2009). Due to the great intensification of
fish farming, the amount of residue deposited into the rearing
tanks has increased significantly. Nitrogen (N) and phosphorus
(P) are the main mineral end-products of fish loading and can
affect not only the rearing water, but also the downstream
ecosystems (Lazzari and Baldisserotto, 2008). Fish expel
various nitrogenous waste products through gill diffusion, gill
ding author: echatzoglou@aua.gr
cation exchange, urine, and feces as ammonia, nitrite and to
some extent nitrate (Schneider et al., 2005). In the biological
filter of a RAS (Recirculating Aquaculture System), a
successive oxidation of ammonia to nitrite and finally to
nitrate occurs (Martins et al., 2010). This nitrification process
is achieved by nitrifying bacteria, which are primarily obligate
autotrophs and aerobes, whereas denitrification, is an
anaerobic process where nitrate is converted to nitrogen gas
(Schneider et al., 2005; Martins et al., 2010). Fish may also
release P mainly through urinary excretion of inorganic
P, when fed diets containing a total P level that surpasses the
minimum requirements needed to obtain optimum growth
(Sugiura et al., 2000). Thus, nitrate and phosphate could
accumulate over time in RAS and may harm fish growth,
health and feed intake. For the mitigation of the environmental
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impacts of aquaculture, two main practical approaches are
emerging: bacterial dissimilation in gases and plant assimila-
tion into biomass (Neori et al., 2004).

In seaweed-based integrated mariculture systems, ammo-
nia and the other excess nutrients from the fed finfish/shrimp
culture are taken up by macroalgae (Chopin et al., 2001).
Recent studies on Integrated Multi-Trophic Aquaculture
(IMTA) showed that seaweed filtration has the potential to
improve not only the efficiency of recirculating aquaculture
but also the productivity by converting nutrient-rich effluents
into valuable biomass (Granada et al., 2016). Troell et al.
(2003) reviewed 28 studies on marine integrated aquaculture
systems that included seaweeds as extractive organisms, and
commented that most of them did not examine the effects on
the quality of the main cultured species and lacked a “control”
treatment. Particularly, for open-water aquaculture regions, it
may be extremely difficult to find “control” sites presenting
comparable hydrodynamic, chemical, physical and biological
conditions. In earthen ponds IMTA, there are interactions
between the different organisms, as autotrophs, filter-feeding
species and fed organisms are grown together (Favot et al.,
2019). On the other hand, cultivation of integrated organisms
in different tanks of closed recirculating systems facilitates the
investigation of the “true” seaweed effect.

Ulva presents a high ability to uptake dissolved nitrogen,
especially ammonia, improving water quality and has long
been integrated into land-based IMTA for biomass production
and bioremediation (Carl et al., 2014). To achieve high nutrient
reduction efficiency, a seaweed culture should be “starved”-
supplied with a low areal load of nutrients, a situation that
supports low seaweed areal yields with low protein content
(Buschmann et al., 1994). It is not possible to achieve this in
one-stage seaweed biofilters that are high in both ammonia
uptake rates and ammonia reduction efficiency (Cohen and
Neori, 1991; Neori et al., 2004). In RAS, bacterial biofilter
decreases nutrient load with possible implications in the
growth and quality of seaweeds. Thus, RAS should be
manipulated to some extent, in order ammonia to reach the
acceptable levels for fed organisms and to improve seaweed
yield and protein content (Troel, 2003). Light limitation in
indoor RAS could also be a restrictive factor for Ulva growth,
but protein and chlorophyll content could be increased at low
light conditions, ameliorating Ulva quality (Duke et al., 1986,
Sand-Jensen, 1988a,b; Neori et al., 1991).

IMTA systems have been successfully employed to
improve the nutritional quality of seaweed biomass (Schuenh-
off et al., 2003; Abreu et al., 2011). A good potential for
profitability has been estimated for integrated sea bream �
Ulva farms (Neori et al., 2004). Ulva has been successfully
integrated into mid- to large-scale animal mariculture systems,
showing high growth rate in through-flow land-based systems
(Troell et al., 2003) and it has also been proven to be an ideal
candidate for growing in fish ponds (Ben-Ari et al., 2014),
showing however a certain seasonality in biomass yield (Favot
et al., 2019). Ulva is usually harvested weekly, while the
optimal period of Ulva cultivation was estimated to be 8 days
in ponds, when it is stocked at densities that ensure no shading
among the algae (Cohen and Neori, 1991; Favot et al., 2019).
However, in closed recirculating systems with a relatively low
load of nutrients a longer cultivation period may be needed,
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offering to Ulva the opportunity to act as biofilter and to
improve its quality and areal yield.

The impacts of bioremediation of fed aquaculture
associated to monoculture through integrated mariculture is
a core benefit, but the increase of production and the
contribution to the global increase of seafood demand and
the shortage of fishmeal and fish oil stocks can be considered as
additional advantages (FAO, 2009). Seaweeds are considered a
source of biologically active substances for human or animal
nutrition, as well as a raw material for the application of
nutraceuticals and the production of bioactive compounds like
the sulphated polysaccharide (ulvan) (Jiménez-Escrig et al.,
2011). They are important for aquaculture as aquafeed
additives, since they are rich in proteins, lipids, pigments,
vitamins and minerals. They also provide bioactive com-
pounds with immunity stimulating capacity and anti-oxidant
response, contributing to fish well-being (Holdt and Kraan,
2011). Nevertheless, the current solution to address the
shortage of fishmeal and fish oil stocks in the aquafeed industry
is the production of plant-based feeds, which were shown to
exert negative effects on fish growth and physiology
(Mourente and Bell, 2006; Turchini et al., 2009). However,
the effect of seaweed integration on growth and quality of
the fish fed plant-based alternative diets has scarcely been
studied.

In this study, European sea bass (Dicentrarchus labrax), an
important commercial fish species in the Mediterranean Sea,
was co-cultured with Ulva sp. in different compartments of an
indoor RASwith a bacterial biofilter. A similar systemwith sea
bass monoculture was maintained as a control treatment. The
goal was to assess Ulva quality after a bi-weekly culture, as
well as the effects of Ulva presence, on growth performance
and quality of sea bass fed a novel alternative diet containing
vegetable oils (VO) withoutUlva as a feed additive. Moreover,
the aim of this study was to estimate the effects of Ulva on
water quality and nutrient reduction efficiency of both Ulva
and bacterial biofilters.

2 Materials and methods

2.1 Production systems and management

The integrated culture of European sea bass and Ulva sp.
was performed at the Laboratory of Applied Hydrobiology of
the Agricultural University of Athens. Two indoor RAS were
used: the first (Ulva-RAS) for the co-culture of seaweed Ulva
and sea bass and the second (control-RAS) as a control for
rearing sea bass without seaweed. In each unit, six separate
tanks (147 L each) were divided in two levels: the upper one
with 3 tanks containing sea water with Ulva (UW) or without
seaweed as control (CW), and the lower one with 3 tanks for
sea bass rearing (UF in Ulva-RAS and CF in control-RAS).
Seawater was pumped into each of the 3 tanks of the upper
level, and then it flowed from each tank to the lower level
through standpipes into the respective tanks with the fish
(Fig. 1). In each RAS, the effluent from this level was filtered
by (a) a mechanical filter and (b) a gravel bed (bacterial
biofilter) of 483.84 L and then recirculated to the upper level
tanks. Each tank was continuously supplied with air, and
oxygen flow regulators were used in order to keep oxygen
f 13



Fig. 1. Experimental design. Ulva-RAS: co-culture ofUlva and seabass with the first in the upper tanks (UW) and the second in the lower tanks
(UF). Control-RAS: upper tanks without seaweed (CW) and lower tanks for sea bass rearing (CF), GRAVEL BIOFILTER: a bed of gravel with
bacterial biofilm.
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supply similar to all tanks. Every Friday, all tanks were cleaned
and water was renewed by half.

Photoperiod was set at 12 h light and 12 h dark.
Illumination for both RAS was provided by ceiling-mounted
cool white fluorescent lamps in a uniform manner and was
measured with a RS PRO Light Meter 50000lx at 6.07mmol
m�2 s�1on the surface of the upper tanks. The water flow rate
was set at 90 L h�1, that is, the water renewal rate was 0.6 times
per hour. Oxygen, temperature, salinity and pH levels were
measured in all tanks daily, at 8:30 am, before first feeding, 5
days a week, with portable devices (Hach HQ30D Oxymeter,
Shenzen Handsome Technology Salinity refractometer, Hach
HQ11d pH meter). Carbonate hardness (°d) was measured
weekly with Visocolor Eco kit and Carbon dioxide (CO2) was
estimated theoretically by an online tool according to Prieto
and Millero (2002).

Ulva was collected from the Saronic Gulf
(N 37°51042.39700, E 23°44047.28800), sorted and thoroughly
cleaned with seawater to remove impurities and epibionts and
weighted after drying before placed in RAS. Unattached thalli
of Ulva were kept suspended by air diffusers situated at the
bottom of the tanks. Ulva was renewed in RAS every 2 weeks
and stocked with average density (±SE) 0.97 ± 0.04 kgm�2

and average biomass 340 g per tank. Cultured Ulva thalli were
weighted in a similar way as the wild specimens.

For the experimental diet, a mixture of rapeseed oil and
palm oil (1:1) was prepared and incorporated to a basic feed
(extruded pellets with 9.5% crude lipid) by vacuum coating.
The formulation of the diet (g kg�1) was: fish meal 320, wheat
120, fish oil 80, sunflower meal 110, soybean meal 160, corn
gluten 40, wheat gluten 40, rapeseed oil 50, palm oil 50 and
premix 30. Fish were manually fed to apparent satiation twice a
day (09:00 a.m. and 14:00 p.m.), five days per week and
uneaten feeds were removed within 30min. The average daily
feed intake per fish was estimated.

2.2 Zootechnical performances

Fish were weighed to the nearest 0.05 g and their fork (FL),
standard (SL) and total length (TL) were measured to the
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nearest 0.1 cm. In each of the UF and CF tanks, 50 fish were
allotted randomly and the initial body weight (W) did not differ
among tanks. Initial fish density was 12.05 ± 0.08 kgm�3.
Dead fish were removed and weighed. Body length measure-
ments for all individuals were performed at the first day of the
trials (week 0) and after 4, 8 and 12 weeks.

The growth performance of sea bass was estimated for the
whole duration of each trial (1–12 weeks), as well as for the
intermediate rearing periods between successive samplings
(1–4, 5–8 and 9–12 weeks). Standard indices and formulas
were used to assess growth, feed utilisation and other relevant
parameters (Turchini et al., 2011):

Fulton’s condition factor K g cm�3
� �

¼ 100 � final weight � fork length�3

BWIð%Þ ¼ 100 � Final body weight� Initial body weightð Þ
� Initial body weight�1

SGR % day�1
� � ¼ 100 � ln Final body weightð

�ln Initial body weightÞ � days�1

FCR ¼ Feed consumed � Body weight gain�1

TGC ¼ 1000

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Final bodyweightð Þ3

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Initial bodyweightð Þ3

p �

� temperature degree days�1
2.3 Analyses of nutrients in water

Water samples were collected from each tank every
Monday (after 2 days of feed deprivation) and Thursday before
first daily feeding. On each sampling date 0.5 L water samples
were collected (Fig. 1) from each tank (inlet and residual), as
well as from the bacterial biofilter (inlet and outlet), using
plastic bottles and were immediately used for subsequent
analyses. A volume of 0.4 L was filtered through glass fiber
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paper with 0.7mm porosity and was used for the determination
of Total Ammonia Nitrogen (TAN) by the indophenol blue
method (Strickland and Parsons, 1972), Nitrate Nitrogen
(N� NO1�

3 ) by Brucine method (EPA 352.1, 1971), Nitrite
Nitrogen (N� NO2�

2 ) by Griess reaction method (Strickland
and Parsons, 1972) and Orthophosphate � Inorganic
phosphorus (PO3�

4 ) by the ascorbic acid method (EPA
365.3, 1978). Unfiltered water (0.1 L) was used for total
phosphorus measurements by the ascorbic acid method (EPA
365.3, 1978). Nutrient reduction efficiency was calculated as
the average reduction (%) in nutrient concentration from water
samples collected, as follows: (a) for Ulva= (tank inlet-tank
residual (UW)/tank inlet and (b) for bacterial biofilter =
(biofilter inlet-biofilter outlet)/biofilter inlet (Fig. 1).

2.4 Chemical composition analyses

Analyses of proximate composition were performed for
fish, feed and Ulva samples. If not used immediately, samples
were kept in �20 °C until analysis. Fish fasted for 48 h before
sampling, were collected for proximate composition analyses
at the beginning and at the end of the feeding trial. From each
fish tank, 20 individuals (whole body) were minced and
pooled. Ulva samples were collected from wild specimens and
after bi-week culture (n= 5). Ulva was air dried for 3–4 h and
water was completely removed by mechanical rotation and
adsorbent paper before weighting.

Moisture was determined immediately after sampling by
air drying at 110 °C for 16 h until constant weight (AOAC
950.46). Ash content was determined by combustion in
furnace (550 °C/16 h) according to AOAC 938.08. Nitrogen
content was determined by the Kjeldahl method with FOSS
DigestorTM 2520 and FOSS Kjeltec 8200 distillation unit,
according to AOACOfficial Methods 981.10 and 2001.11 with
Cu as catalyst. Crude protein was expressed as nitrogen
content (%N)� 6.25. Total lipid was extracted with the
Soxhtec/Submersion method including hydrolysis in a
SoxCapTM 247 hydrolysis unit (Foss) and extraction of
lipids in Foss Soxtec 243, according to AOAC Official method
991.36. Folch extraction was used for the determination of
crude lipid content of Ulva samples as well as for lipid
extraction to be used in fatty acid determination (Folch et al.,
1957). Carbohydrates were calculated by subtracting from 100
the sum of moisture, ash, protein and lipid (Terpstra, 2015).

The quality and utilisation of protein and lipid from fish
were estimated by the protein efficiency ratio (PER) and lipid
efficiency ratio (LER), which are the ratio of weight gain to the
quantity of protein or lipid fed, respectively. Protein productive
value (PPV) and Lipid productive value (LPV) evaluate the
protein or lipid retained in fish total body by the dietary protein
or lipid fed, respectively. They are generally expressed as a
percentage of the protein or lipid retained from the feed fed and
are calculated by the following formulas:

PER ¼ Wet weight gain � Protein fed�1

PPV ¼ final body protein� initial body proteinð Þ
� protein intakeð Þ�1 � 100

LER ¼ Wet weight gain � lipid fed�1
Page 4 o
LPV ¼ final body lipid� initial body lipidð Þ
� lipid intakeð Þ�1 � 100

Gross Energy (kJ g�1) for fish or diet was calculated as
total carbohydrate (g)� 17.5þ protein (g)� 23.65þ lipid
(g)� 39.6 (Terpstra, 2015).

Fatty acid composition of fish, feed andUlva samples were
determined via gas chromatography (GC) and flame ionization
detector (FID). Fatty acids of lipid samples are derivatized to
methyl esters with BF3 (FAMEs). Prepared methyl esters were
analysed by GC instrument (Agilent 6890) equipped with
fused silica column coated with bonded polyglycol liquid
phase (Supelco Omegawax 320 L: 30m, ID: 0.32mm, DF:
0.25mm column) according to AOAC 991.39 and AOCS Ce
1i-07 (2009) methods, TAG as internal standard and He as
carrier gas (constant flow rate, 2.4mLmin�1). Temperature
programming was from 170 to 225 °C at 1 °Cmin�1. FAME
identification was performed by comparison to known
standards and reference material (Supelco 37 Components
FAME mix, Menhaden Fish Oil), in Chemstation (G1701DA
Rev.01.02 SP1). Selected fatty acid composition (% total fatty
acids) is presented in Table 8.

Phosphorus (P) levels were determined by the molybdo-
vanadate method after ash drying: for feed (AOAC 965.17),
fish (Sajjadi and Carter, 2004) and Ulva (Villares et al., 1999)
samples.

Photosynthetic pigments were extracted from fresh Ulva
samples in 80% acetone and their absorbance were measured at
645 and 663 nm measured (Vimala and Poonghuzhali, 2015).
The content of chlorophyll a and b was calculated:

Chlorophyll a mg ml�1
� � ¼ 12:7 A663ð Þ � 2:69 A645ð Þ

Chlorophyll b mg ml�1
� � ¼ 22:9 A645ð Þ � 4:68 A663ð Þ

where, A =Absorbance at respective wavelength.
2.5 Statistical analyses

Statistical analyses were performed using STAT-
GRAPHICS (Centurion XV). Comparison of means was
conducted by student’s T test and by one-way ANOVA for
water analyses. Data were subjected to Duncan’s multiple
range test when applicable and significant differences were
considered at p < 0.05 after being tested for homogeneity of
variance by the Levene’s test. The compliance of data with
normality was tested using the Kolmogorov–Smirnov test, and
in the cases where the data were heteroscedastic or non-
normal, a nonparametric test (Kruskal–Wallis) was performed
or data were ln transformed prior to analysis. No significant
differences were found among replicates of each group for
somatometric measurements and chemical analyses. All data
are reported as mean ± standard error (SE).

The relationship between the weight (W) and length (L) of
fish was expressed by the equation W= aLb, where W: body
weight (g), L: length (cm), a: coefficient related to body form
and b: value providing information on fish growth. This
equation was estimated for the relation of W to total (TL),
standard (SL) and fork length (FL). When b= 3 in W-TL
f 13



Table 1. Mean values (±SE) of temperature (°C), salinity, pH, dissolved oxygen and carbon dioxide from daily measurements during the
12-week trial, as well as mean values (mg L�1) of total ammonia, nitrite, nitrate, orthophosphates and total phosphorus for samples collected
twice per week.

CW CF UW UF p

T 23.24 ± 0.10 23.21 ± 0.08 22.97 ± 0.10 22.85 ± 0.08 NS

S 34.31 ± 0.10 34.28 ± 0.10 34.11 ± 0.19 34.11 ± 0.12 NS
pH 6.77 ± 0.02b 6.69 ± 0.02a 7.02 ± 0.03c 6.98 ± 0.02c ***

O2 6.41 ± 0.03c 5.77 ± 0.03a 6.49 ± 0.04d 5.94 ± 0.03b ***

CO2 23.87 ± 3.03b 28.72 ± 3.27b 13.78 ± 1.71a 14.86 ± 1.58a **

N-NO2
2− 0.02 ± 0.00a 0.04 ± 0.01b 0.06 ± 0.01c 0.08 ± 0.01d ***

TAN 0.37 ± 0.05a 0.70 ± 0.06b 0.40 ± 0.06a 0.73 ± 0.07b ***

N-NO3
1− 0.64 ± 0.02 0.62 ± 0.01 0.64 ± 0.02 0.65 ± 0.01 NS

PO3�
4 4.82 ± 0.07 4.84 ± 0.08 4.72 ± 0.54 4.77 ± 0.15 NS

Total P 4.88 ± 0.10 4.94 ± 0.09 4.74 ± 0.15 4.81 ± 0.14 NS

CW: water tanks in control-RAS, CF: fish tanks in control-RAS, CW:Ulva tanks in Ulva-RAS and UF: fish tanks inUlva-RAS, T: temperature,
S: salinity, O2 dissolved oxygen, CO2: Carbon dioxide (n = 60), TAN: total ammonia, N� NO2�

2 : nitrite, N� NO1�
3 : nitrate. PO3�

4 :
orthophosphates, P: total phosphorus (n= 24), NS: non-significant.
Mean values at the same line with different letter in superscript are significantly different.
*p < 0.05, **p < 0.01, ***p < 0.001
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relationship, increase in weight is isometric (Froese, 2006),
whereas when the value of b is other than 3, weight increase is
allometric (positive allometric if b > 3, negative allometric if
b < 3). Regression analysis was conducted for estimating a
linear regression model to describe body weight � length
relationship (after ln transformation of data) of both fish groups
studied (CF and UF) and the corresponding two separate lines.
Comparison of regression lines was performed for testing
statistically significant differences between the slopes and/or
intercepts (p < 0.05). The Durbin-Watson (DW) test was
applied to determine that there is no indication of serial
autocorrelation in the residuals at the 95.0% confidence level.
R2 adjusted for degrees of freedom was calculated for
evaluating the percentage of variability in the dependent
variable that is explained by the fitting model. The null
hypothesis of the isometric growth (H0: b = 3) was tested by
t–test, using the statistic: ts = (b�3) Sb

�1, where Sb is the
standard error of the slope (Sangun et al., 2007).

3 Results

3.1 Water quality

The levels of temperature and salinity were similar among
tanks in both RAS-units during the 12-week experimental
period (Table 1). Significant differences (p < 0.001) were
observed in pH and dissolved oxygen (O2) measured in light
period, that were higher in Ulva-RAS compared to control-
RAS. Specifically, for both parameters, mean values were
higher in UW compared to CW tanks and in UF compared to
CF tanks, as shown in Table 1. Conversely, CO2 mean values
were significantly (p < 0.01) lower in Ulva-RAS compared to
control-RAS, that is, lower in UW than in CW tanks and in UF
than in CF tanks.

Μean values of nitrogen, measured as total ammonia
(TAN), nitrite and nitrate, and of phosphorus, measured as
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orthophosphates and total phosphorus, are presented in Table 1.
Nitrite levels were significantly (p < 0.001) higher in Ulva-
RAS than in control-RAS, particularly when comparing fish
group tanks. On the contrary, TAN and nitrate levels did not
differ significantly between UF and CF, nor between UW and
CW. As a general observation, values of nitrites and TAN were
lower on Mondays compared to those obtained on Thursdays
in both RAS units. On the other hand, nitrate values were kept
approximately at the same level in both RAS units.

For orthophosphates and total phosphorus, no significant
differences were found among tank groups, although their
mean values were slightly higher in control-RAS compared to
Ulva-RAS, and slightly higher in fish tanks compared to the
respective water tanks, being lowest in those with Ulva culture
(Table 1). However, when comparing P levels throughout the
experimental period (Figs. 2 and 3), PO3�

4 values were
significantly lower (p < 0.001) in Ulva-RAS than in control-
RAS during the first month, but phosphates accumulated over
time and showed significantly (p < 0.001) higher levels in
Ulva-RAS compared to control-RAS during the third month.

Bacterial biofilter demonstrated a high reduction efficiency
(Fig. 4) for TAN (57%) and nitrites (59%), but for
orthophosphates, total phosphorus and nitrates was negligible.
Ulva biofilter showed a two-fold reduction efficiency for TAN
(6%) compared to that of nitrites (2.5%) and nitrates (3%).
3.2 Growth performance and proximate composition

No significant differences were observed in body weight
and length values of sea bass between UF and CF groups at all
samplings throughout the rearing period as shown in Table 2.
However, final condition factor (K) was significantly
(p < 0.05) higher in sea bass of UF compared to CF group.

The variation in sea bass body weight values was greater in
CF than in UF group at the end of the rearing period
f 13



Fig. 2. Mean values (±SE) of orthophospates (PO3�
4 ) measured every Monday (M) and Thursday (T) CW: water tanks in control-RAS, CF: fish

tanks in control-RAS, CW: Ulva tanks in Ulva-RAS and UF: fish tanks in Ulva-RAS.

Fig. 3. Mean values (±SE) of orthophosphates (PO3�
4 ) measured in

Ulva-RAS and control-RAS during each month (M) of the
experiment. * denotes significantly statistical differences between
the two systems for the same month.

Fig. 4. The N-nutrients reduction efficiency was calculated for Ulva
and gravel biofilter in Ulva-RAS, expressed as percentage of the
difference of nutrient concentration in water.

Table 2. Mean values (±SE) of body weight (W), total length (TL), standard length (SL), fork length (FL) and Fulton’s condition factor (K) of
sea bass at different time periods in CF (fish group in control-RAS) and UF (fish group in Ulva-RAS) (n = 144–150).

Fish farming
time (weeks)

W (g) TL (cm) SL (cm) FL (cm) K

0 CF 35.57 ± 0.67 15.34 ± 0.09 13.07 ± 0.08 14.51 ± 0.08 1.14 ± 0.01

UF 35.29 ± 0.68 15.31 ± 0.09 13.03 ± 0.08 14.47 ± 0.09 1.14 ± 0.01
p NS NS NS NS NS

4 CF 44.18 ± 0.93 16.47 ± 0.10 14.00 ± 0.09 15.52 ± 0.10 1.16 ± 0.01
UF 44.69 ± 0.85 16.60 ± 0.10 14.07 ± 0.09 15.66 ± 0.10 1.16 ± 0.01
p NS NS NS NS NS

8 CF 63.78 ± 1.42 18.26 ± 0.12 15.70 ± 0.11 17.23 ± 0.12 1.21 ± 0.01
UF 64.72 ± 1.18 18.29 ± 0.11 15.71 ± 0.10 17.32 ± 0.11 1.23 ± 0.01
P NS NS NS NS NS

12 CF 83.64 ± 2.03 19.94 ± 0.15 17.18 ± 0.13 18.86 ± 0.14 1.21 ± 0.01a

UF 83.82 ± 1.54 19.89 ± 0.12 17.14 ± 0.11 18.82 ± 0.11 1.24 ± 0.01b

p NS NS NS NS *

Mean values at the same column and week with different letter in superscript are significantly different.
*p < 0.05, **p < 0.01, ***p < 0.001, NS: non-significant.
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Table 3. Coefficients (a: intercept. b: slope) of body weight (g)� length (cm) linear regression lines (after ln transformation of data) for CF (fish
group in control-RAS) and UF (fish group in Ulva-RAS), adjusted R2 of the model estimated at different time periods of sea bass farming.

Fish farming time (weeks) CF UF R2 pa pb
a b a b

Weight (lnW) � Total Length (lnTL) relationships
0 �5.30422 3.24374 �5.01647 3.13718 92.68 NS NS
4 �5.59144 3.33915 �4.35441 2.89589 88.89 NS ***

8 �5.92633 3.46068 �4.61629 3.01710 93.04 ** ***

12 �5.90181 3.44055 �4.55872 3.00069 93.93 *** ***

Weight (lnW) � Standard Length (lnSL) relationships
0 �4.28199 3.04893 �3.94339 2.91710 92.52 NS NS
4 �4.37995 3.08482 �3.43461 2.72771 87.68 NS **

8 �4.45626 3.11989 �3.46734 2.76668 92.45 * ***

12 �4.73555 3.21193 �3.43411 2.76145 92.74 *** ***

Weight (lnW) � Fork Length (lnFL) relationships
0 �5.09568 3.23315 �4.78254 3.11611 92.23 NS NS
4 �5.12548 3.24185 �3.97465 2.81939 88.41 NS **

8 �5.26751 3.30033 �4.25378 2.94750 91.93 NS **

12 �5.41514 3.33991 �4.14708 2.91638 94.12 *** ***

pa: p for differences in intercepts, pb: p for differences in slopes, NS: non-significant. n = 144–150.
*p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 5. Weight (W) � total length (TL) relationships for sea bass in
control RAS (CF) and Ulva-RAS (UF) groups at the end of the
experimental period.

E. Chatzoglou et al.: Aquat. Living Resour. 2020, 33, 19
(coefficient of variation 29.01% vs 22.02%). This difference
was observed from the second month of rearing (coefficient of
variation 27.11% vs 22.14%). Similarly, the variation in sea
bass final total length values was greater in the CF compared to
UF group (coefficient of variation 8.70% vs 7.15%), as well as
after the second month of farming (coefficient of variation
8.10% vs 7.28%).

Highly significant (p < 0.0001) body weight � length
linear relationships were estimated from logarithmically
transformed data obtained at different time periods during
sea bass farming (Tab. 3). Comparison of regression lines
showed significant differences between CF and UF groups for
the slopes of the lines ln(W) vs ln(TL), ln(SL) or ln(FL) after 4
weeks of rearing. Differences in the intercepts (a) of the
aforementioned regression lines were also detected after 8 or
12 weeks of rearing, with intercept being higher in UF than in
CF group. Moreover, the slope of final weight � total length
regression line for UF group (b= 3.00069, Sb = 0.06558) did
not differ significantly from 3, indicating that the increase in
weight was isometric. On the other hand, the slope of the
respective line for CF group (b = 3.44055, Sb = 0.07222)
showed a positive allometric growth (b> 3). As it is illustrated
in Figure 5, most small specimens in CF group were thinner
than large specimens.

As indicated in Table 4, SGR, BWI, TGC and FCR did not
differ significantly between CF and UF groups. However, feed
intake per fish was significantly (p < 0.001) higher in UF
compared to CF group, particularly during 5th–9th week of sea
bass farming, when the highest body weight increase occurred.
Mortality did not differ significantly between the fish groups
(CF: 4.67 ± 3.71%, UF: 4.00 ± 1.15%). Initial fish density
(g L�1) was similar in the tanks of both RAS-units. The final
density was more than doubled from the initial, without
significant difference between the two RAS units.

Although slightly higher, PER in CF than UF and PPV in
UF than CF, the differences observed were no significant
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between the two fish groups (Tab. 5). LER was slightly lower
in UF than CF, but LPV was significantly (p < 0.05) higher in
UF compared to CF group.

Proximate composition of feed and fish is summarized in
Table 6 and for seaweed in Table 7. After 12 weeks of feeding
sea bass with the VO-diet, significant differences were
observed in proximate composition between UF and CF fish
groups. Specifically, protein (p< 0.001), lipid (p< 0.001) and
ash (p < 0.01) levels were significantly higher, but moisture
(p< 0.05) content was significantly lower, when UF compared
to CF group. N (p< 0.05) and P (p< 0.01) content in fish were
significantly higher in UF than in CF group. The N/P ratio was
similar in both groups, although slightly higher in CF than UF.

Analyses of proximate composition showed no significant
differences between cultivated and wildUlva for moisture, ash
and lipids. However, bi-weekly cultivated Ulva showed
significantly (p < 0.05) higher protein levels, but lower
carbohydrate and energy content, compared to wild seaweed.
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Table 4. Growth performance of sea bass reared in RAS with (UF) or without Ulva (CF) during different time periods of the experiment (n=3).

Fish farming duration (weeks) 1–4 5–8 9–12 1–12

SGR (% day�1)

CF 0.78 ± 0.01 1.31 ± 0.01 0.97 ± 0.062 1.02 ± 0.02
UF 0.84 ± 0.03 1.32 ± 0.03 0.92 ± 0.02 1.03 ± 0.01
p NS NS NS NS

BWI (%)

CF 24.22 ± 0.31 44.36 ± 0.32 31.32 ± 2.27 135.50 ± 4.51
UF 26.63 ± 1.02 44.85 ± 1.22 29.51 ± 0.56 137.52 ± 1.49
p NS NS NS NS

TGC

CF 4.38 ± 0.04 9.79 ± 0.07 10.67 ± 0.81 8.25 ± 0.28
UF 4.85 ± 0.19 10.19 ± 0.19 10.31 ± 0.22 8.43 ± 0.10
p NS NS NS NS

Feed intake (g fish�1 day�1)

CF 10.23 ± 0.03 19.52 ± 0.14a 21.25 ± 0.30 51.01 ± 0.19a

UF 10.31 ± 0.02 20.93 ± 0.27b 22.19 ± 0.26 53.43 ± 0.19b

p NS ** NS ***

FCR

CF 1.19 ± 0.01 1.00 ± 0.01 1.07 ± 0.06 1.06 ± 0.03
UF 1.10 ± 0.04 1.05 ± 0.03 1.16 ± 0.03 1.10 ± 0.02
p NS NS NS NS

Fish density (kgm�3)

CF 12.10 ± 0.04 15.03 ± 0.02 21.40 ± 0.44 27.12 ± 0.97
UF 12.00 ± 0.06 15.20 ± 0.28 21.72 ± 0.34 27.37 ± 0.73
p NS NS NS NS

SGR: Specific growth rate, BWI: Body weight index, TGC: Thermal growth coefficient, FCR: Feed conversion ratio, NS: non-significant.
Mean values at the same column with different letter in superscript are significantly different.
*p < 0.05, **p < 0.01, ***p < 0.001.

Table 5. Mean values (±SE) of PER (Protein efficiency ratio), PPV
(Protein productive value), LER (Lipid efficiency ratio), and LPV
(Lipid productive value) estimated in CF (fish group in control-RAS)
and UF (fish group in Ulva-RAS) (n=3).

CF UF p

PER 2.21 ± 0.07 2.13 ± 0.05 NS

PPV (%) 34.72 ± 1.70 37.13 ± 1.00 NS
LER 4.83 ± 0.15 4.65 ± 0.07 NS
LPV (%) 66.52 ± 0.06a 81.92 ± 5.12b *

Mean values with different letter in superscript are significantly
different.
*p < 0.05, **p < 0.01, ***p < 0.001, NS: non-significant.
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The N and P content was significantly (p< 0.05) higher for bi-
week cultivated Ulva compared to wild seaweed, whereas the
N/P ratio was significantly (p < 0.05) higher for wild algae.
Regarding pigments, cultivated Ulva showed significantly
(p < 0.001) higher chlorophyll a (p < 0.05) and b content
compared to the wild specimens.

The content (% total fatty acids) of individual fatty acids as
well as of main group categories was calculated for feed, sea
bass and Ulva (Tab. 8). Significant differences (p < 0.05) in
fatty acid profile between UF and CF fish groups were
observed. The levels of total monounsaturated and total n-6
polyunsaturated fatty acids were significantly higher, while the
levels of total saturated, total n-3 polyunsaturated and n-3
HUFAwere significantly lower, in UF compared to CF group.
Total polyunsaturated and n-6 HUFA did not show significant
differences. The n-3/n-6 ratio was significantly lower in
UF than CF fish group. Fatty acid profile between wild and
bi-weekly cultivated Ulva showed significant differences
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(p< 0.01) only in 16:0 content. As a result, total saturated fatty
acids were significantly (p < 0.05) higher in wild than in
cultivated Ulva.

The total content (g in 100 g fat) of EPA and DHA was
significantly (p < 0.001) higher in CF (5.59 ± 0.07) than in UF
(5.15 ± 0.08) group. However, when estimating the total
content of EPA and DHA as g in terms of 100 g wet weight of
total body, it was significantly (p < 0.05) higher in UF
(0.76 ± 0.02) than in CF (0.70 ± 0.01) group.
4 Discussion

The levels of dissolved oxygen (O2) and pH were
significantly lower in fish tanks than in water tanks, being
highest in those with Ulva culture, during light periods. On the
other hand, the levels of carbon dioxide (CO2) were lower in
Ulva-RAS than in control-RAS and did not differ significantly
between fish tanks andUlva tanks. Moreover,Ulva chlorophyll
content increased significantly after a bi-weekly culture,
indicating that Ulva absorbed CO2 and released O2 through
photosynthesis. Thus, Ulva culture may have an important
complementary role in regulating oxygen and pH in RAS. It is
well known that seaweed aquaculture contributes to CO2

sequestration, pH elevation and O2 supply to the waters
(Chopin et al., 2001).

As a result of higher feed intake, nitrite levels were highest
in fish tanks of Ulva-RAS, but ammonia levels were similar in
fish tanks of both RAS-units, which could be attributed to
ammonia uptake by Ulva. It is well known that N-limited
seaweeds can take up large quantities of ammonia in a short
time and that in continuous cultures both N-content and
N-uptake are related to ammonia flux (Cohen and Neori,
1991). Nitrogen concentration in tissues of wild Ulva (1.6% d.
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Table 6. Proximate composition (%w.w.), gross energy (kJ g�1), N, P (%w.w.) and N/P of sea bass at the beginning (initial) and after 12 weeks
of rearing (final) in CF (fish group in control-RAS) and UF (fish group in Ulva-RAS).

VO-diet Initial fish Final fish

CF (n = 3) UF (n = 3) p

Water 7.05 ± 0.14 69.19 ± 0.16 67.32 ± 0.46 65.02 ± 0.71 *

Ash 8.48 ± 0.06 3.90 ± 0.17 3.33 ± 0.20 4.31 ± 0.20 **

Crude lipid 19.62 ± 0.11 10.80 þ 0.11 12.51 ± 0.24 14.89 ± 0.58 ***

Crude protein 42.73 ± 0.09 16.23 ± 0.13 15.93 ± 0.17 16.95 ± 0.20 ***

Carbohydrate† 22.12 ± 0.13
Gross energy 21.75 ± 0.24 8.12 ± 0.03 8.72 ± 0.082 9.86 ± 0.28 *

N 6.84 ± 0.02 2.60 ± 0.02 2.55 ± 0.027 2.71 ± 0.03 *

P 1.20 ± 0.02 0.42 þ 0.00 0.43 ± 0.025 0.48 ± 0.01 **

N/P 5.70 ± 0.02 6.19 ± 0.06 5.93 ± 0.367 5.65 ± 0.12 NS

Means (±SE) and p values for the significance of differences between control-RAS and Ulva-RAS fish groups, are presented.
Mean values at the same line with different letter in superscript are significantly different.
*p<0.05, **p<0.01, ***p<0.001, NS: non-significant. † total carbohydrate.

Table 7. Proximate composition (%w.w.), gross energy (kJ g�1), N,
P (%w.w.), N/P and chlorophyll (mg g�1) of wild and bi-weekly
cultivated Ulva.

Wild (n=5) Cultivated (n=5) p

Water 75.52 ± 1.25 76.88 ± 1.28 NS

Ash 6.82 ± 0.53 6.85 ± 0.35 NS
Crude lipid 0.25 ± 0.03 0.20 ± 0.02 NS
Crude protein 2.33 ± 0.10 3.72 ± 0.16 *

Carbohydrate† 15.08 ± 0.77 12.3 ± 0.81 *

Gross energy 3.28 þ 0.01 3.13 þ 0.01 *

N 0.37 ± 0.02 0.60 ± 0.02 *

P 0.02 ± 0.00 0.13 ± 0.02 *

N/P 17.78 þ 0.34 4.66 ± 0.14 *

Chlorophyll a 11.35 ± 0.88 22.84 ± 3.14 *

Chlorophyll b 8.05 ± 0.59 18.16 ± 1.57 *

Means (±SE) and P values for the significance of differences between
wild and cultivated Ulva, are presented.
Mean values at the same line with different letter in superscript are
significantly different.
*p < 0.05, **p < 0.01, ***p < 0.001, NS: non-significant. † total
carbohydrate.
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w.) was at low levels according to literature (Duarte, 1992;.
Villares et al., 1999; Pedersen et al., 2010; Breure, 2014). In
U. lactuca grown in marine fishpond effluents and stocked at
1 kgm�2, N content (% d.w.) showed hyperbolic correlation
with ammonia flux through the outdoor tanks, reaching a
maximum of 4.07 (% d.w.) (Cohen and Neori, 1991). In the
present experiment, Ulva was stocked at a similar density, but
this maximum in N content was not reached. The N-content of
cultivated Ulva was found to be 2.7% d.w., indicating that it
was N-limited and able to retain ammonia. Although the
bacterial biofilter reduced TAN and nitrite flux,Ulva could also
uptake TAN, nitrates and nitrites from the water, therefore
playing a role as an additional biofilter with a significant
contribution to nitrate bioremediation in RAS.

Usually in outdoor integrated sea bream (Sparus aurata)�
Ulva farms there is an increase in Ulva biomass (Schuenhoff
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et al., 2003; Ben-Ari et al., 2014; Favot et al., 2019). Previous
experiments in laboratory conditions showed that U. lactuca
was able to grow at very low photon flux densities, although its
growth rate increased with incident light (Sand-Jensen,
1988a). Maximum efficiencies of light utilization for Ulva
growth occurred at intermediate light levels (8.8mmolm�2

s�1), corresponding to the optimum photosynthetic perfor-
mance (Sand-Jensen, 1988b). In the present study, intermedi-
ate levels (6.07mmolm�2 s�1), were used forUlva cultivation.
Ulva thalli after 2-week cultivation obtained a dark green color
and chlorophyll pigments were duplicated, which could be
attributed to increased photosynthesis compared to its wild
counterpart collected from the oligotrophic Saronic Gulf. Duke
et al. (1986) commented that chlorophyll pigment levels in U.
curvata increased at low light, while tissue N concentrations
varied inversely with light and positively with N-supply. In this
study, cultivated Ulva presented an increased N-content when
compared to wild samples, which could be attributed to an
augmentation in the concentration of key photosynthetic
enzymes of the chloroplast photosynthetic membranes
(Hotimchenko, 2002), following the increased N-supply in
RAS than in the oligotrophic Saronic Gulf. Gómez-Pinchetti
et al. (1998) observed that chlorophyll levels increased in
parallel to photosynthetic rates during N-enriched recovery
period of U. rigida and its growth rate was improved.
However, in this study, a loss inUlva biomass was estimated as
large thalli were weighed after bi-weekly cultivation, while
small suspended fragments, produced by air bubbling,
remained unaccounted for. Thus, an approximately 25% loss
in Ulva biomass was estimated, indicating that Ulva growth
rate was not enough to compensate for drifting.

The levels of phosphorus (P) content in wild Ulva (0.09%
d.w.) were among the lowest reported in the literature for Ulva
(Duarte, 1992; Villares et al., 1999; Pedersen et al., 2010;
Breure, 2014), as they were collected from the oligotrophic
Saronic Gulf. In contrast, P-content of the cultivated Ulva
(0.5% d.w.) was among the highest measurements mentioned
for U. lactuca grown under controlled conditions (Pedersen
et al., 2010; Breure, 2014). Pedersen et al. (2010) found that
Ulva is a thin and fast-growing alga that takes up
dissolved inorganic P much faster than thicker and slower
f 13



Table 8. Selected fish fatty acid profile (% total identified fatty acids) of sea bass fed the VO-diet in CF (fish group in control-RAS) and UF (fish
group in Ulva-RAS), as well as of wild and bi-weekly cultivated Ulva.

Fatty acid VO-diet CF (n = 3) UF (n = 3) p Wild Ulva (n = 5) Cultivated Ulva (n = 5) p

14:0 1.34 ± 0.02 1.85 ± 0.02 1.83 ± 0.02 NS 2.20 ± 0.05 2.44 ± 0.21 NS

14:1n-5 N/D 0.04 ± 0.00 0.03 ± 0.00 * 0.56 ± 0.09 0.69 ± 0.09 NS
15:0 0.14 ± 0.00 0.20 ± 0.00 0.20 ± 0.00 NS 0.36 ± 0.06 0.67 ± 0.09 NS
15:1 N/D 0.04 ± 0.00 0.02 ± 0.00 * 0.53 ± 0.03 0.70 ± 0.17 NS
16:0 19.01 ± 0.06 17.66 ± 0.07 17.84 ± 0.04 * 23.71 ± 0.89 20.19 ± 0.29 **

16:1n-9 0.09 ± 0.00 0.38 ± 0.00 0.38 ± 0.00 NS 0.49 ± 0.00 0.80 ± 0.16 NS
16:1n-7 1.34 ± 0.03 2.82 ± 0.04 2.73 ± 0.03 NS 2.24 ± 0.15 3.18 ± 0.58 NS
16:2 0.08 ± 0.01 0.15 ± 0.01 0.15 ± 0.00 NS 0.78 ± 0.07 0.89 ± 0.05 NS
16:3n-4 0.10 ± 0.00 0.12 ± 0.00 0.12 ± 0.00 NS 2.62 ± 0.50 2.68 ± 0.36 NS
16:4n-3 0.02 ± 0.01 0.06 ± 0.00 0.06 ± 0.00 NS N/D 0.30 ± 0.00
18:0 3.20 ± 0.01 3.71 ± 0.04 3.65 ± 0.03 NS 14.13 ± 0.25 13.24 ± 0.53 NS
18:1n-9 44.67 ± 0.22 37.47 ± 0.08 37.77 ± 0.10 * 16.50 ± 1.37 17.49 ± 2.11 NS
18:1n-7 N/D 2.60 ± 0.02 2.68 ± 0.01 *** 6.37 ± 0.61 6.00 ± 0.86 NS
19:0 0.07 ± 0.00 0.12 ± 0.00 0.12 ± 0.00 NS 0.44 ± 0.01 0.41 ± 0.00 NS
18:2n-6 14.87 ± 0.02 12.78 ± 0.08 13.02 ± 0.08 * 5.51 ± 0.29 5.98 ± 0.65 NS
18:3n-3 3.97 ± 0.01 2.86 ± 0.02 2.91 ± 0.01 * 2.03 ± 0.13 2.35 ± 0.64 NS
18:4n-3 0.46 ± 0.01 0.53 ± 0.00 0.52 ± 0.01 NS 1.67 ± 0.26 1.99 ± 1.21 NS
18:4n-1 0.01 ± 0.01 0.05 ± 0.00 0.05 ± 0.00 NS 0.67 ± 0.35 0.44 ± 0.13 NS
20:0 0.43 ± 0.02 0.31 ± 0.00 0.33 ± 0.00 ** 1.09 ± 0.35 1.09 ± 0.07 NS
20:1n-9 1.05 ± 0.07 2.31 ± 0.02 2.31 ± 0.02 NS 1.86 ± 0.73 1.67 ± 0.33 NS
20:1n-7 0.06 ± 0.05 0.11 ± 0.00 0.11 ± 0.00 NS 0.58 ± 0.17 0.48 ± 0.07 NS
20:4n-6 0.22 ± 0.01 0.36 ± 0.01 0.33 ± 0.00 * 0.58 ± 0.19 0.60 ± 0.16 NS
20:5n-3 (EPA) 2.10 ± 0.06 2.59 ± 0.02 2.56 ± 0.03 NS 1.10 ± 0.05 1.27 ± 0.12 NS
22:0 0.24 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 NS 1.14 ± 0.33 1.29 ± 0.13 NS
22:1n-11 0.85 ± 0.02 0.96 ± 0.02 0.97 ± 0.02 NS 1.29 ± 0.25 1.24 ± 0.30 NS
22:5n-3 0.25 ± 0.07 0.56 ± 0.00 0.54 ± 0.01 * 0.93 ± 0.05 1.02 ± 0.54 NS
22:6n-3 (DHA) 3.00 ± 0.10 4.40 ± 0.05 4.13 ± 0.06 ** 1.06 ± 0.04 1.16 ± 0.11 NS
24:1n-9 0.19 ± 0.02 0.33 ± 0.01 0.36 ± 0.01 * 1.01 ± 0.40 0.72 ± 0.00 NS
Total SFA 25.32 ± 0.11 25.38 ± 0.09 25.09 ± 0.07 * 54.10 ± 1.09 49.76 ± 0.46 *

Total MONO 48.82 ± 0.19 47.64 ± 0.14 48.15 ± 0.08 * 32.85 ± 1.63 34.34 ± 1.97 NS
Total PUFA 25.94 ± 0.21 26.87 ± 0.10 26.71 ± 0.07 NS 16.01 ± 1.08 17.36 ± 2.27 NS
Total n-3 PUFA 10.31 ± 0.19 11.81 ± 0.10 11.44 ± 0.09 * 7.04 ± 0.51 7.88 ± 2.43 NS
Total n-6 PUFA 15.24 ± 0.03 14.23 ± 0.07 14.47 ± 0.08 * 6.01 ± 0.42 6.59 ± 0.54 NS
n-3 HUFA 5.71 ± 0.18 8.68 ± 0.05 7.80 ± 0.09 * 3.34 ± 0.15 3.46 ± 0.62 NS
n-6 HUFA 0.32 þ 0.03 1.22 ± 0.02 1.20 ± 0.02 NS 0.67 ± 0.14 0.60 ± 0.16 NS
n-3/n-6 0.68 ± 0.01 0.83 ± 0.01 0.79 ± 0.01 * 1.19 ± 0.15 1.25 ± 0.43 NS

SFA: Saturated fatty acids, MONO: Monounsaturated fatty acids, PUFA: Polyunsaturated fatty acids, HUFA: Polyunsaturated fatty acids with
number of C > 20, NS: non-significant, N/D: not detected.
Mean values at the same line for each species with different letter in superscript are significantly different.
Values are given as mean ± SE. *p < 0.05, **p < 0.01, ***p < 0.001.
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growing species, but also has much higher P-demands per
unit biomass and time, as well as lower storage capacity.
Pedersen et al. (2010) suggested that the critical tissue
P-concentration for maximum growth of U. lactuca is
65.5mmol P g�1 dw (0.20% d.w.), while the maximum tissue
P-concentration is 125mmol P g�1 d.w. (0.39% d.w.). Present
results demonstrate that P does not appear to be a limiting
factor forUlva growth in RAS, with the continuous availability
of phosphorus through fish waste in RAS. The concentrations
of phosphates were slightly lower in water tanks than in fish
tanks, especially in those with Ulva culture, indicating that
Ulva takes up inorganic P from the water and resulted in a
5-fold elevation in P-content. Lubsch and Timmermans (2018)
referred that despite the quickly filled internal storage capacity
Page 10
(2 days) and the corresponding declines in P-uptake rates of
∼90% in saturating concentrations, saturated state uptake rates
in U. lactuca can significantly contribute to the absorption of
P, leading to less eutrophic waters and production of valuable
biomass for food, feed, and energy.

It is also known that there is a significant positive
correlation between N and P concentrations in macroalgae, and
that N and P tend to be present at a ratio of about 12 in the
tissues of aquatic plants (Duarte, 1992). The levels of N/P
estimated in wild Ulva were relatively high, most likely due to
phosphorus limitation. In cultured Ulva, N/P ratio decreased
when compared to its wild counterpart, as P increased more
than N. Villares et al. (1999) found that there is a parallelism
between the evolution of the growth rate and nutrient contents
of 13
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inUlva sp., especially where tissue P is concerned. The culture
conditions of the present experiment improvedUlva quality, as
protein content (60%), P content and chlorophyll pigments
increased. GrowingUlva in effluent media increases its protein
content (>40%) and turned it out to be a valuable feed for
macroalgivores species with high commercial value (Favot
et al., 2019), such as abalone (Shpigel et al., 2018) and sea
urchin (Neori et al., 2000, 2004).

Gómez-Pinchetti et al. (1998) observed that under N-
enrichment of U. rigida, the content in fiber, energy and 16:0
decreased as photosynthetic rate increased. In our experiments,
Ulva cultivated in indoor RAS showed reduced energy budget
and carbohydrate content, as well as 16:0 levels (% total fatty
acids), compared to its wild counterpart. High levels of
saturated FA, especially 16:0, are typical for green seaweeds.
This fatty acid is considered a storage product, contributing to
the synthesis of triacyglycerol, indicating that it was utilized as
an energy source to compensate the effects of the limited
lighting in cultivated Ulva (Floreto et al., 1993, 1994). Fatty
acids that increase at low light intensity are associated with
chloroplast membranes, which are primarily made up of
PUFAs (Fuller and Nes, 1987). Floreto et al. (1994) found
increased levels of 14:1 and 16:4n-3 inU. pertusa cultivated at
low light intensity, suggesting that these fatty acids may be
related to photosynthetic membranes. In this study, there was a
trend of increased PUFA levels, 14:1n-5 increased slightly and
16:4n-3 was not detected in wild samples, whereas low
concentrations were recorded in cultivated Ulva. This
complies with the observation that cells maintain a high rate
of pigment-protein synthesis at low light intensity to increase
light absorption and light utilization efficiency for photosyn-
thesis (Sukenik et al., 1989) under nitrogen availability
(Gómez-Pinchetti et al., 1998).

Body-weight relationships proved an isometric growth
(b= 3) for sea bass in Ulva-RAS, but a positive allometric
growth (b > 3) with increased variance in body weight and
length in control-RAS. Final condition factor (K), lipid content
and lipid productive value were significantly higher in sea bass
of UF when compared to CF groups. As condition factor is
considered as an index of fish physiological status (Seher and
Suleyman, 2012), it is important that sea bass in Ulva-RAS
overcome better the nutritional stress imposed by the fish oil
substitution with vegetable oils. It has been demonstrated that
fish fed algae may obtain storage lipids that are active and
readily mobilized to energy prior to muscle protein degrada-
tion in response to energy requirements, resulting in a
suppression of body weight loss (Nakagawa and Kasahara,
1986; Nakagawa et al., 1993). In this study, sea bass in Ulva-
RAS showed a significantly higher crude protein content, and a
trend to increased protein productive value and growth rate,
when compared to the control fish groups. This could be
explained either by the increased feed intake of fish in Ulva-
RAS, and/or by Ulva induced protein breakdown suppression,
under the nutritional stress caused by replacing fish oil with
vegetable oils. The results of sea bass growth and proximate
composition, in this study, were similar to that of specimens
that had been fedUlva, although it was not incorporated as feed
additive. Although Ulva was cultured in separated tanks, the
ventilation that was used for thalli to remain suspended for
light absorption, facilitated the formation of Ulva detritus. Sea
bass appeared to be able to consume Ulva detritus or soluble
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extracts that passed from seaweed cultivation to fish rearing
tanks through the water flow in RAS.

It is well known that dietary fatty acid composition greatly
affects that of the reared fish (Turchini et al., 2009). Fatty acid
profile of sea bass followed that of the feed provided.
However, sea bass reared in Ulva-RAS showed significantly
lower levels (% total fatty acids) of n-3 HUFA and saturated
compared to fish in control-RAS, as a result of their higher
growth rate. However, the levels of essential fatty acids EPA
and DHA, in terms of g per 100 g wet weight of total body,
were found higher in sea bass reared in Ulva-RAS when
compared to control-RAS, as a result of the increased lipid
content. The nutritional quality (high protein and n-3 HUFA)
gives added value to sea bass reared in seaweed integrated
aquaculture.

Sea bass reared in Ulva-RAS showed increased
phosphorus retention when compared to fish in control-
RAS, which may be associated to the relatively increased
lipid content that fish obtained when co-cultured with Ulva,
thus requiring higher levels of phosphorus incorporated to
phospholipids. If fish retain P more than N (high P/N
retention ratio), they are in a P-deficient state and the reverse
suggests that they are in a P-excess or malnutrition state
(Sugiura et al., 2000). Sea bass in control-RAS showed a
P/N retention ratio (0.17) similar to that of the final P/N ratio
of the whole body (0.17) and it seems to be in a P-efficient
state. Sea bass in Ulva-RAS showed an increased N-content
and an elevation in P-content resulting to a P/N retention
ratio (0.19) higher to the P/N ratio of the whole body (0.18),
indicating that fish were in a P-deficient state. Retention of
dietary P by fish used to be about 20% in typical commercial
aquaculture feed and most dietary P (69–86%) is excreted in
the effluent (Lazzari and Baldisserotto, 2008). Specifically,
the dietary P that was excreted by sea bass in Ulva-RAS was
61.53%, whereas in control-RAS was 67.12%. There is a
threshold concentration of dietary P, above which P-
sufficient fish excrete excess portions of dietary P linearly
with dietary P levels, while P-deficient fish continue to retain
dietary P even after the point at which they start to excrete P
(Sugiura et al., 2000).

Despite the increased P retention by sea bass in Ulva-RAS
and the absorption of P byUlva, the final concentration of total
phosphorus in water tanks was higher in Ulva-RAS compared
to control-RAS. It seems that detritus from Ulva decomposi-
tion, that were not removed from the system, enriched water
with P, which was accumulated over time in Ulva-RAS. It has
been found that the decomposing green algae released
considerable amounts of ammonium and phosphate into the
surrounding seawater, where the nutrients could support red
tides (Wang et al., 2012).

It is concluded that Ulva ameliorates both quality and
growth of sea bass fed diets containing vegetable oils. Ulva in
multitrophic systems exerts positive integration effects on
fish fed alternative diets, thus contributing to aquaculture
sustainability. The quality of IMTA-Ulva was upgraded, in
terms of protein, phosphorus and chlorophyll content, being a
valuable feed resource. Moreover, Ulva may optimize water
quality in integrated aquaculture by supplying O2, reducing
CO2 and controlling pH, ammonia and nitrates. Ulva in
integrated aquaculture improves system efficiency, as well as
fish robustness. However, further research is required
of 13



E. Chatzoglou et al.: Aquat. Living Resour. 2020, 33, 19
concerning the effects of Ulva culture on phosphorus
accumulation in the aquatic environment.
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