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Introduction

Abstract

Seaweeds absorb inorganic nutrient wastes from mariculture and reduce their
undesirable environmental effects. Mariculture in Saudi Arabia is increasing
rapidly, thus, to exploit aquaculture wastes and to reduce coastal pollution
risks, local seaweeds were cultured using mariculture effluents in integration on
the Red Sea coast. The aim of the present study was to test integrated aquacul-
ture of seaweed and marine fish (Oreochromis spilurus) for the first time in
Saudi Arabia and to determine the seaweeds, Ulva lactuca and Gracilaria arcu-
ata, biomass production and inorganic nutrient bioremediation capabilities.
Results showed that G. arcuata grew at a significantly higher rate (2.71%
wet weight day™") than U. lactuca (1.77% wet weight day '). The biomass
yield (42.38 g wet weight m™* day™') and net yield (91.11 g wet weight day™")
of G. arcuata were also significantly higher than U. lactuca (27.39 g wet
weight m™ day™' and 58.89 g wet weight day™', respectively). Gracilaria arcu-
ata removed 0.45 g m~> day”' of total ammonia nitrogen (TAN) with 80.15%
removal efficiency and 1.03 g m™> day™ "' of soluble phosphate with 41.06% effi-
ciency. Ulva lactuca removed 0.42 ¢ m~> day ' of TAN with 83.06% removal
efficiency and 1.07 g m™* day™' of soluble phosphate with 41.11% efficiency.
Total tissue carbon of both species reached 25.1-26.9% and nitrogen content
reached 3.0-3.2% of dry weight. The C/N ratio for both seaweeds was <10,
indicating that nitrogen was not a limiting factor in culture. Both seaweeds are
suitable for integrated aquaculture and bioremediation, but G. arcuata has
relatively higher growth potential.
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because the effluents are rich in inorganic nitrogen (N)
and phosphorus (P) (Kautsky et al. 1997). These nutri-

Aquaculture activities can cause several environmental
impacts including coastal eutrophication and habitat
modification (Read & Fernandes 2003). The discharge of
nutrients produced by fish farming is a problem of con-
siderable concern in many parts of the world (Gowen &
Bradbury 1987; Folke & Kautsky 1989; Ackefors & Enell
1990; Neori et al. 2007). Aquaculture effluents laden with
feed wastage, fish excretion and faeces may significantly
contribute to the nutrient loading of coastal waters
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ents are derived from the bacterial release of inorganic N
and P from non-consumed animal food, and from excre-
tory waste products of the cultured animals (Beveridge
1987; Chopin et al. 2001). The detrimental effects of
eutrophication include blooms of harmful phytoplankton
and unwanted macroalgae (Cuomo et al. 1993; Naylor
et al. 2000), as well as the development of hypoxic and
anoxic conditions (Sfriso et al. 1992; Bonsdorff et al.
2002).
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In this context, the promotion of more sustainable
aquaculture practices for coastal aquaculture has been
strongly emphasized (Naylor et al. 2000; Wurts 2000;
Troell et al. 2003; Neori et al. 2004). The integration of
finfish aquaculture with macroalgal (seaweeds) culture is
one such practice for the bioremediation of the waste-
laden effluents; in this set-up seaweeds are grown down-
stream from the animals (Chung et al. 2002; McVey et al.
2002). Eutrophic inputs of N and P from finfish farming
can be reduced using an integrated approach that com-
bines the aquaculture of marine macroalgae with finfish
(Folke et al. 1994; Krom et al. 1995; Fei et al. 1998;
Chopin et al. 2001; Yang & Fei 2003; Neori et al. 2004).
The marine macroalgae benefit from the co-culture with
finfish because the algae require dissolved N and P, which
are waste products from the finfish aquaculture.

In addition to the ecological aspect, integrated aquacul-
ture also has economic incentives because the nutrients
contained in effluents such as N and P could be chan-
nelled into the production of valuable products that are
otherwise flushed from the system (Chopin et al. 2001).
The use of macroalgae as nutrient strippers in integrated
aquaculture is an excellent example of ecotechnology (e.g.
Neori et al. 2004). Modern integrated mariculture sys-
tems, seaweed-based in particular, are bound to play a
major role in the sustainable development of coastal
aquaculture (Neori ef al. 2004).

The best seaweed to integrate into an animal aquacul-
ture operation is one characterized by rapid growth, the
accumulation of N and P to high levels in tissue, and
some added value (Neori et al. 2004). Species of the genus
Ulva are usually preferred in biofiltration studies owing to
a high biomass production and biofiltering efficiency (e.g.
Neori et al. 1996). The genus Gracilaria (Rhodophyta) has
also been shown to be a most attractive candidate for
intensive culture because of its ability to achieve high
yields and produce commercially valuable products (e.g.
Buschmann et al. 1996). Gracilaria species, being an effi-
cient nutrient pump, offer both high bioremediation effi-
ciency and commercial value in established markets, such
as agar—agar, human consumption and fodder for other
high-valued aquaculture organisms such as abalone
(Chopin et al. 2001; Fei 2004; Neori et al. 2004). Gracilari-
oid species (mainly Gracilaria, but also Gracilariopsis) can
contribute to the efficient removal of dissolved P and N
wastes from intensive fish farms, increasing the economic
output of the activity (Buschmann et al. 1996; Troell et al.
1997; Alcantara et al. 1999; Jones et al. 2001).

Owing to the rapid growth of aquaculture in recent
years on the coasts of Saudi Arabia, there are increasing
concerns with regard to reducing the adverse environmen-
tal impact of aquaculture and environmental aspects are
beginning to receive more attention. As part of an effort
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to develop an environmentally friendly integrated aqua-
culture technology, we have been evaluating a tank-based
integrated system for bioremediation of effluents using the
red alga Gracilaria arcuata and the green alga Ulva
lactuca, which are locally available in the Red Sea off the
Jeddah coast of Saudi Arabia. A possible reduction in
nutrient concentrations in seawater effluents and diversifi-
cation of production in changing market conditions might
be considered to be additional sources of income by aqua-
culture entrepreneurs in Saudi Arabia. This issue is highly
relevant for a growing aquaculture industry in Saudi
Arabia (FAO 2010) to reduce the environmental risk to an
oligotrophic sea that has high biodiversity (Khalil &
Abdel-Rahman 1997; Baars et al. 1998). The overall aim
of this research is to select appropriate species and to test
and develop integrated aquaculture innovations relevant
to local conditions prior to increasing the scale. The pres-
ent study is a small step forward before a thorough assess-
ment of the costs and benefits (financial, economic, social,
environmental) is undertaken as a comparative assessment
of integrated aquaculture relative to other resource uses.

Materials and methods

Integrated aquaculture system

An integrated coastal aquaculture system using fibreglass
tanks was installed at the Fish Farming Center of the
Ministry of Agriculture, Obhur (Jeddah), Saudi Arabia, as
per the design depicted in Figure 1. The system was com-
posed of three components: a fish culture tank, followed

Sedimentation
tank

Fish culture tank

<

Seaweed culture
tanks

5

Figure 1 Diagrammatic presentation of the layout of the integrated
tank-based aquaculture system for the marine fish and seaweed cul-
ture experiments. The figure at the base indicates the water-sampling
points in the culture system (see Table 1). Water sampling points
3 and 4 correspond to paired samples for each seaweed culture tank.
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by a sedimentation tank and then seaweed culture tanks.
The fish culture tank was round with a conical bottom
(3.1 m in diameter, 1.65 m depth in the centre and 1.4 m
depth on the periphery; total volume approximately
11 m®). The sedimentation tank was round with a conical
bottom (1.3 m in diameter, 1.25 m depth in the centre
and 1 m depth on the periphery; total volume approxi-
mately 1.44 m®). There were six oval round bottom sea-
weed culture tanks (each with a total length of 1.85 m, a
width of 1.24 m and filled to a total water volume of
1 m® with a surface area of 2.15 m? per tank). Moderate
aeration was provided to the aquaculture tanks using
polyethylene tubes (2.5 cm in diameter) placed at the
bottom of the seaweed tanks and connected to an air
blower. Holes measuring 2.5-3 mm were spaced at 10-cm
intervals along the pipes, so that the bubbles produced
stirred and moved the seaweed inside each culture unit.

Experimental set-up

To test the suitability of local seaweeds in integrated
aquaculture, two local seaweed species, Ulva lactuca and
Gracilaria arcuata, were selected to test their biofiltration
capacity and growth. Seaweeds were collected from a
common habitat in shallow water off the Jeddah coast
and taken to the experimental site in buckets. The inocu-
lums were washed and cleaned of debris and associated
algae or any possible epiphytes before stocking.

The experimental fish culture tank received 10 m™ sea-
water from a well located adjacent to the coast and was
stocked with 200 kg (at a stocking density of 200 fish m~>
and a rate of 20 kg m™>) of Oreochromis spilurus with an
average weight of 101.29 + 4.03 g. The fish were fed twice
daily (at 08.00 and 13.00 hours) with a 30% protein diet
(derived from fish meal) at 2% of the biomass (1% at
each feeding) and the total feed given per day was
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recorded. A centre drain was used to remove solids from
the cone-bottom tank. Fish effluents from the sedimenta-
tion tank were allowed to flow by gravity to the six sea-
weed culture tanks. Three seaweed tanks were stocked
with 3 kg of U. lactuca per tank and the other three tanks
were stocked with 3 kg of G. arcuata; that is, each sea-
weed species was stocked in three replicated tanks. The
water flow in each tank was set to approximately
225 L h™', which was equivalent to 3.75 L min~", so that
each seaweed tank had 5-6 water turnovers per day. The
airflow was adjusted to be strong enough to allow the
rotation of seaweed at a rate of three to fourfold per min-
ute in the tanks. The experiment was designed to run for
30 days and every 10 days the seaweed biomass were
re-stocked to the initial density in each tank; thus, the
experiment was repeated three times.

Water quality and other parameters

The water-quality parameters of temperature, pH, dis-
solved oxygen and salinity were measured using a WIW
multiline P4 multimeter (WTW, Weilheim, Germany) and
ammonia-N, nitrite-N, nitrate-N and phosphate-P were
analysed using a Hach spectrophotometer (DR2800; Hach,
Disseldorf, Germany) from samples collected at four
different points in the system at different frequencies as
shown in Table 1 and Figure 1. Light irradiance was deter-
mined with a quantum scalar irradiance meter (QSL-101;
Biospherical Instruments, San Diego, California, USA).
Fresh weights of the seaweeds were determined after
removing any visible epiphytes or other undesired algae
at the initial point and after every 10 days using drainage
procedure (i.e. by taking all of the seaweed from one tank
and letting the water trickle for 5 min, then shaking the
seaweed up and down 3-5 times and then measuring the
total wet weight. The seaweed stocking was adjusted in

Table 1 Summary of the variables that must be monitored during the seaweed culture experiments using fish effluents

Variables Measurement points

Frequency

Seaweed biomass Seaweed tanks

Every 10 days

Temperature Points 1, 3 and 4 Daily — early morning, noon and late afternoon
Salinity Points 1, 3 and 4 Daily at noon
Dissolved oxygen Points 1, 3 and 4 Daily at noon

pH Points 1, 3 and 4
Nutrient concentration Points 1, 3 and 4
Organic material Points 1, 2 and 3

Sludge Point 2

Carbon, hydrogen, nitrogen Seaweed tissues

Water flow Point 3 Daily
Seaweed aeration control Seaweed tank Weekly
Fish feeding Point 1 Daily
Fish biomass and density Fish tank

Daily — early morning, noon and late afternoon

Days 2, 5 and 9 of each experiment — early morning, noon and late afternoon
Days 2, 5 and 9 of each experiment and taken at noon

At the completion of each experiment (every 10 days)

At the start (day 1) and end (day 10) of each experiment

Every 10 days
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triplicate for both seaweeds to the original 3 kg in each
tank every 10 days by taking out any excess seaweed.

Fish growth

The daily weight gain (DWG) expressed as g fish day ',
net production (NP) expressed as kg m™—> day~"' and feed
conversion ratio (FCR) were calculated using the follow-
ing formulae:

DWG = (final weight — initial weight)/no. fish/time (days)
NP = (final biomass (kg m ) — initial biomass (kg m "))

FCR = total dry feed fed (kg)/(final fish biomass (kg)
— initial fish biomass (kg)).

Seaweed growth

The seaweed specific growth rate (SGR) (% wet weight
day™), biomass yield (Y) (g wet weight m™ day™') and
net yield (NY) (wet weight day™') were determined
according to Evans (1972) and calculated as:

SGR (%) = 100 x [In W, — In W,)]/¢
Y (g wet weight m™* day ™) = [(W, — W) /t]/SA

NY (g wet weight day ")

= [final biomass (m®) — initial biomass (m®)]/time (days)

where W, and W, are the initial and final wet weights in
grams, t is the time in days and SA is the surface area of
each seaweed tank.

Biofiltration efficiency of the seaweeds

Twice per week, water samples were taken at the inflows
and outflows of the seaweed tanks to measure TAN, and
to analyse nitrite and nitrate. The average reduction in
TAN concentration between the inflows and the outflows
of the tanks
expressed as a percentage and defined as TAN uptake effi-
ciency or TAN removal efficiency. The amount of TAN
removed per unit of time per unit of area by the seaweeds
represented the nitrogen uptake rate or TAN removal rate
and was calculated using a formula adapted from Evans
and Langdon (2000):

(n=3 for each culture condition) is

TAN uptake efficiency (%) = (S — So)/Si x 100
TAN uptake rate (g m 2 day™ ') = Q(S; — So)/A/T

where Q is the flow rate, S; is the TAN inflow (g L™,
S, is the TAN outflow (g LY, A is the tank surface (m?)
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and T is time. The same formulae were used to calculate
phosphate uptake efficiency and phosphate uptake rate.

Seaweed tissue composition

At the end of each experimental repetition, seaweed tis-
sues from each tank in the integrated system were ground
to a fine powder to determine the percentage of carbon
(C) and nitrogen (N) present in the seaweed tissues. Fresh
tissue (50 g) from both seaweed species was collected at
the start and end of each of the three culture trials. The
tissues were dried at 65°C for 24 h and then stored in a
dry place until C and N determinations at King Abdulaziz
City for Science and Technology’s Environment Technol-
ogy Laboratory. Samples were kept in the oven (40°C) for
24 h to eliminate any residual moisture, ground to make
a powder and analysed for total C and N tissue content
using a Perkin Elmer Model 240c CHN analyser (Perkin
Elmer; Waltham, Massachusetts, USA).

Statistical analysis

The growth, daily variations in nutrient uptake and
uptake efficiency, and C and N contents of the two spe-
cies of seaweeds over the culture period (30 days) were
compared using a two-way ANOVA after assessing normal-
ity and homogeneity using Shapiro-Wilk’s and Levene’s
tests, respectively. One-way ANovas were used to test the
significance of differences among means of the biomass
parameters after assessing the normality and homogeneity
of the data. All statistical tests were carried out using
IBM SPSS Statistics version 19 (SPSS 2009).

Results and discussion

Culture conditions

Daily daylight irradiance ranged from 950 to 1200
pmol photon m™> s~ with almost all days sunny during
the experiment. Water temperature, dissolved oxygen,
pH, total ammonia nitrogen (TAN), nitrite (NO,—-N),
nitrate (NO5-N) and phosphate (PO,—P) values in the
fish culture tank are listed in Table 2 and in the inflows
and outflows of the seaweed culture tanks in Table 3.
Seawater temperature fluctuated during the experiment
and ranged between 20.5 and 30.6°C; however, salinity
showed no fluctuations and was always approximately
42 g L. Dissolved oxygen (DO) in the fish tank ranged
from 0.85 to 6.2 mg L', whereas the values of DO in the
inflow and the outflow of the seaweed tanks was 2.92 and
5.59 mg L™', respectively. The mean pH value in the fish
culture tank was 7.57 and in the seaweed tanks it was
8.04, showing additional CO, available for photosynthesis
as a result of fish respiration. In the fish culture tank,

Reviews in Aquaculture (2012) 4, 21-31
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Table 2 Water quality in the system in the morning, afternoon and evening at fish culture tank supply (point 1)

Parameters Fish culture tank
Morning Afternoon Late afternoon Mean

Range Mean (SD) Range Mean (SD) Range Mean (SD) Range Mean (SD)
Water temperature (°C) 20.5-30 28.13 (2.61) 21.8-30.6 29.00 (2.51) 21-29.8 28.22 (2.41) 20.5-30.6 28.45 (2.51)
Dissolved oxygen (mg L™") 0.85-6.2 271 (1.71) 0.85-6.2 2.71(1.71)
pH 7.03-7.81 7.54 (0.19) 7.26-7.85 7.57 (0.18) 7.22-7.98 7.60 (0.18) 7.03-7.98 7.57 (0.18)
Salinity (g L") 42 42 42
Ammonia-N (mg L 0-0.01 0.001 (0.003) 0-0.05 0.006 (0.017) 0-0.13 0.018 (0.04) 0.01-0.13 0.008 (0.02)
Nitrite-N (mg L 0-0.6 0.08 (0.02) 0-2.8 0.36 (0.92) 0-1.7 0.27 (0.56) 0.001-2.8 0.45 (0.50)
Nitrate-N (mg L 0-1.8 0.3 (0.62) 0-0.3 0.06 (0.11) 0-2.2 0.57 (0.93) 0.001-2.2 0.48 (0.55)
Phosphate-P (mg L™") 0.13-1.4 0.79 (0.45) 0-1.5 0.81 (0.61) 0.03-1.21 0.75 (0.42) 0.03-1.5 0.89 (0.49)

SD, standard deviation.

TAN values ranged between 0.01 and 0.13 mg L™, nitrite
ranged from 0.001 to 2.8 mg L™', nitrate fluctuated
between 0.001 and 2.2 mg L' and phosphate ranged
from 0.03 to 1.5 mg L™'. Mean values of TAN, nitrite,
nitrate and phosphate were 0.23, 0.69, 0.77 and
0.75 mg L', respectively, in the inflow of the seaweed
tanks (Table 3). The mean values of the same parameters
in the outflow of the seaweed tanks were 0.72, 0.81, 0.74
and 0.58 mg L', respectively, showing a threefold incre-
ment in TAN and a slight increment in nitrate owing to
fish excretion and feed decomposition.

Fish growth

Fish growth data are summarized in Table 4. The
initial and final average weights for the fish during the
experiment in the integrated system were 101.3 and
146.1 g fish™', respectively. Initial biomass in the fish-
rearing tank was 197 kg and the final fish biomass was
265 kg. The daily weight gain was 1.55 g fish day™' and
the total weight gain and net production were 68 kg and
6.8 kg m~>, respectively. The value for FCR was found to
be 1.85 and survival was 92.97% during the experimental
period of 1 month.

Marine tilapia, O. spilurus, was chosen because of its
hardiness, good growth rate and ease of culture, in addi-
tion to the tolerance of this species to seawater. Commer-
cially, fish weighing 30-120 g are reared at a stocking rate
of 200-300 fish m ™, fed a 30-34% protein diet and pro-
duction is reported to be 30-40 kg m™ (FFC 2007). Sim-
ilar stocking rates and feeding were used in our study to
indicate the relevance and reality of the outcome. Preli-
minary work on this species by Al-Amoudi (1987) indi-
cated the potential of this species for marine culture in
Saudi Arabia based on its tolerance to seawater. Vine
(1980) also reported culture of O. spilurus in seawater
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cages in the Red Sea in Saudi Arabia and recommended
it for commercial farming.

During the 29 days of rearing in the integrated sys-
tem, fish were fed daily with 2% body weight following
Al-Ahmad et al. (1988) who studied growth and produc-
tion of O. spilurus in seawater tanks, raceways and cages
in Kuwait and determined a daily feed ration of 2% body
weight to be optimum for fish ranging in size from 70 to
130 g. According to Al-Ahmad et al. (1988), the growth
rate of O. spilurus in seawater tanks was 1.28 g fish day '
with a production of 6.1 kg m™ month™", feed conver-
sion ratio of 1.37 and survival ranging from 93.0% to
98.7%. These results are comparable to our results, except
that daily weight gain (1.55 g fish day™') is much better
in our integrated system; however, their FCR is superior.
Cruz et al. (1990) also reared O. spilurus in flow-through
seawater tanks and reported much higher daily weight
gain, ranging from 2.07 to 3.49 g day ', with a feed con-
version ratio ranging between 1.47 and 2.13 and survival
rates from 94.99% to 97.71%.

Seaweed growth and production

The red seaweed G. arcuata showed a significantly
(Fii, = 9.294, P<0.01) higher SGR (2.71 % wet
weight day™') compared with the green seaweed U. lac-
tuca (mean SGR = 1.77% wet weight day™') (Fig. 2;
Table 5). There was no significant change in growth
between the three series of 10 days each (F,;, = 0.249,
P > 0.78). In addition, the interaction of species and time
did not show any significant differences (F,, = 0.291,
P > 0.752), indicating that at all times G. arcuata main-
tained a higher growth rate than U. lactuca. The biomass
yield (42.38 g wet weight m ™ day™") of G. arcuata also
showed a significantly (F; ;6 = 10.632, P < 0.005) higher
value than U. lactuca (27.39 g wet weight m™> day™").
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Table 3 Water quality of the effluents from the sedimentation tank (inflow to the seaweed tanks) (point 3) and the effluents (outflow) from the seaweed tanks (point 4) in the morning, after-

noon and evening

Outflow from the seaweed tanks

Inflow to the seaweed tanks

Parameters

30 day
Mean (SD)

30 day

Range

Late afternoon

30 day 30 day Morning Afternoon
Mean (SD)

Range

Late afternoon

Afternoon

Morning

Mean (SD)

Mean (SD)

Mean (SD)

Mean (SD) Mean (SD)

Mean (SD)

27.86 (2.45) 25.9 (2.54) 27.09 (2.09) 26.63 (2.02) 18.4-29.8 26.54 (2.28)

20-30.4

28.31 (2.51) 27.79 (2.41)

27.48 (2.61)

Water temperature (°C)

5.59 (1.52)
8.06 (0.26)

7.56 (0.39)

2.92 (1.29)
7.60 (0.19)

Dissolved oxygen (mg L™")

pH

8.04 (0.3)

42

7.27-8.9

8.07 (0.19)

7.97 (0.39)

7.57 (0.27)

42

7.1-8.1

7.55 (0.14)

Salinity (g L™")

0.07 (0.06)
0.81(1.76)
0.74 (0.95)
0.58 (0.66)

0.0-0.3

0.03 (0.16)
0.42 (3.5)

0.03 (0.2)
0.49 (3.4)
0.58 (3.9)
0.66 (2.63)

0.07 (0.29)
0.52 (3.3)
0.60 (3.7)

0.23(0.17)
0.69 (1.05)
0.77 (0.89)
0.75(0.51)

0.01-0.6

0.21 (0.57)
0.47 (2.7)

0.21 (0.48)
0.59 (5.9)
0.86 (4.5)

0.20 (0.51)
0.56 (3.7)

0.44 (2. 3)

Ammonia-N (mg L™")
Nitrite-N (mg L™")

0.0-3.5

0-0.6
0-4

0.0-3.9
0.06-2.6

0.34 (1.6)

.5

0.48 (2.7)

Nitrate-N (mg L")

0.51(1.24) 0.56 (1.33)

0-2.6

0.70 (2.64)

0.84 (1.9)

0.62 (1.27)

Phosphate-P (mg L™")

SD, standard deviation.

Table 4 Fish (Oreochromis spilurus) stocking and growth data in the
integrated system

Parameters Mean =+ standard deviation
Average initial fish weight (g) 101.3 £ 4.03
Total initial fish biomass (kg) 197
Total initial fish number 1950
Average final fish weight (g) 146.1 £ 4.9
Total final fish biomass (kg) 265
Total final fish number 1813
Fish survival rate (%) 92.97
Culture period (days) 29
Weight gain (g fish day™") 1.55
Total gain (kg) 68
Net production (kg m~3) 6.8
Feeding rate (%) 2
Total feed consumed (kg) 125.2
Feed conversion ratio 1.84
4

ISE

<

8 27

14

O 14

(2]

0 T T T ,
0 10 20 30 40

Days

Figure 2 Mean (z standard deviation; n = 3) of the specific growth
rates (SGR) of Ulva lactuca (O) and Gracilaria arcuata (@) during the
30 day experiment.

These production values allowed us to obtain a net yield
of 91.11 g wet weight day ' for G. arcuata that was also
significantly (F; 6 = 10.637, P < 0.005) higher than the
yield for U. lactuca (58.89 g wet weight day™') (Table 5).
Although the growth rate of G. arcuata in the present
study is less than that reported in previous studies (e.g.
Ryther et al. 1975 for G. foliifera), the biomass produc-
tion value of G. arcuata (91.11 g wet weight day™') is in
the range of previous studies in Florida (62.2 g wet
weight day™'; Hanisak 1987) and in Chile (70.6 g wet
weight day™'; Ugarte & Santelices 1992). As these first
experimental trials have a longer term to be optimised
and with the technological developments described by
Neori et al. (2004), we expect to increase these values in
future, reaching above 150 g wet weight day™' as found
in some previous studies (Lapointe et al. 1976).

Nutrient uptake rate and removal efficiency

Gracilaria arcuata removed a significant amount of
TAN, ranging from 0.34 to 0.55 g m > day ', which is
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Table 5 Specific growth rate, biomass yield, net yield, nutrient uptake rates, nutrient uptake efficiencies and nutrient removal efficiencies
(+ standard deviation) of the seaweeds Gracilaria arcuata and Ulva lactuca

Parameters G. arcuata U. lactuca F-values (df) P-values
Biomass yield (g wet weight m™=2 day™") 42.38 + 7.95 2739+ 11.26 10.632 (1,18) 0.0049
Net yield (g wet weight day™") 91.11 £ 171 58.89 + 24.21 10.637 (1,18) 0.0049
TAN uptake rate (g m™2 day”)f 0.45 + 0.37 0.42 £ 0.34 0.062 (1,27) 0.8040
TAN uptake efficiency (%)t 80.15 + 28.17 83.06 + 30.38 0.118 (1,27) 0.7334
Phosphate uptake rate (g m=2 day™")f 1.03 £ 0.37 1.07 £ 0.34 0.010 (1,27) 0.9197
Phosphate uptake efficiency (%)t 41.06 + 25.5 4111 £ 27.72 <0.001 (1,27) 0.9960

TAN, total ammonia nitrogen.

+Values recorded 1 h after the second feeding (14.00 hours). The water flow was approximately 5.4 m® day™' tank™ (5-6 water turnovers

per day).

Table 6 Daily variation in uptake rates (g m~? day‘1) and uptake efficiencies (%) of the seaweeds Gracilaria arcuata and Ulva lactuca in the

morning, afternoon and late afternoon

Parameters G. arcuata

U. lactuca

Morning Afternoon

Late afternoon

Morning Afternoon Late afternoon

80.15 + 27.22°
41.06 + 29.32°

66.47 + 35.62°
29.99 x 23.9°

TAN uptake efficiency (%)
Phosphate uptake efficiency (%)

86.92 + 16.66°
31.65 + 23.68°

84.74 + 27.58°
30.97 + 24.13?

83.06 + 16.26°
41.11 £ 28.37°

58.13 + 37.40°
35.24 + 28.99°

TAN, total ammonia nitrogen.

Values represent mean =+ standard deviation and different superscript letters indicate statistically significant differences (post-hoc Tukey's honestly

significant difference test; P < 0.05).

equivalent to a removal efficiency of 66.47-86.92%. This
amount was not statistically significantly different to the
other algal species tested (U. lactuca), which showed val-
ues ranging from 0.28 to 0.42 ¢ m™> day”', equivalent
to 58.13-84.74% of removal efficiency (Table 5). In the
case of soluble phosphate an average uptake of 1.03
g m 2 day”' was achieved for a removal efficiency of
41.06% for G. arcuata, values that were not statistically
different from those achieved by U. lactuca (Table 5).
These results indicated that both seaweeds are equally
suitable as a seaweed/fish integrated mariculture system
model for bioremediation. Previous studies using U. lact-
uca have shown a mean ammonia-N removal rate of
49-56%, and fluxes of 4.8-5.2 g m > day ' using marine
fishpond effluents (Cohen & Neori 1991). An abalone
and macroalgae culture system removed 55% of ammo-
nia-N at a flux of 4 g m™> day_1 (Neori et al. 1998). The
TAN removal efficiency (64%) in the present study is
similar to that reported by Schuenhoff efal. (2003)
for an integrated fish and seaweed (U. lactuca) system.
In the case of Gracilaria vermiculophylla, removal of
2.01 g m~* day” " of nitrogen and a removal efficiency of
80% have been reported (Abreu et al. 2011). The removal
efficiency of orthophosphate in our macroalgae biofilter
tank was similar to that reported in other studies (Cohen
& Neori 1991; Neori et al. 1998; Schuenhoff et al. 2003).
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Nevertheless, as G. arcuata produced a higher biomass
than U. lactuca under the environmental conditions pro-
vided in the existing study area it might be possible to
get higher economic revenue by using this red alga.

The daily variations in the removal efficiencies of
TAN and phosphate are presented in Table 6. For the
case of the TAN removal efficiencies, no significant
(F175 = 0.149, P > 0.700) differences between the species
were found; however, TAN removal efficiencies varied sig-
nificantly over time (F,;5 = 4.297, P < 0.015), showing
lower values in the early morning for both species
(Table 6). No significant variations in time or between
species were found for phosphate uptake efficiencies
(Table 6).

The seaweed cultivated in our tank systems appeared to
be able to remove 1.8 g of ammonia per day, representing
75% of the ammonia produced by the fish. In addition,
this study also showed a high maximum nitrate removal
efficiency of 40% and a total nitrate removal efficiency of
17%. Therefore, the seaweed tanks were able to remove
1.8 g of ammonia per day, roughly 75% of the ammonia
produced by O. spilurus. Evidently, nitrogen concentra-
tions in a recirculating system can be maintained at low
levels, but the control of phosphate concentration by
seaweed is less efficient than that recorded in previous
studies (e.g. Neori et al. 1991; Buschmann et al. 1996).
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Carbon and nitrogen storage

The carbon content in the tissues did not vary signifi-
cantly over time or between species (F; ;6 = 2.487,
P>0.098 and F;;6=0.132, P > 0.721, respectively),
showing values of approximately 20-22% of the dry
weight (Fig. 3a). In the case of N, there was no significant
difference between the species (F ;s = 0.134, P > 0.719),
but there was a significant (F;;6 = 9.403, P < 0.001)
change in time (Fig. 3b). Tukey’s HSD (Honestly Signifi-
cant Difference) test showed that the N content was sig-
nificantly (P < 0.05) lower and the initiation (1-2%) of
the culture experiment with respect to the three later
culture intervals were the nitrogen reached values above
3%. The C/N ratio showed significantly (Fs 4 = 7.236,
P < 0.002) higher values at the beginning of the experi-
ment (varied between 15 and 20 on average) and reached
average values of eight by the end of the experiment
(Fig. 3c). No significant (F; 5 = 0.022, P > 0.883) differ-
ences were found between U. lactuca and G. arcuata
(Fig. 3¢). As C/N ratios are an indication of the nutrient
uptake capacity of seaweeds they show whether or not the
seaweeds are limited by N (Hanisak 1990). The results
found in the present study indicate that the U. lactuca
and G. arcuata plants collected in nature were N limited
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Figure 3 Mean (x standard deviation; n = 3) of the percentage val-
ues of (a) carbon and (b) nitrogen in the tissues [based on dry weight
(DW)] and (c) the C/N ratio of Ulva lactuca (O) and Gracilaria arcuata
(W) during the 30 day experiment.
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because their C/N values were above 15 (Fig. 3c). The
C/N ratio inversely correlates with N-enriched fish efflu-
ents that allowed reducing the C/N values down to 8,
which are similar to those obtained for U. lactuca by
Neori et al. (1991). In the case of Gracilaria, it has been
shown that C/N values below 10 will not influence the N
uptake rate (D’Elia & DeBoer 1978; Abreu et al. 2011).
The fact that both studied species showed a linear incre-
ment in N in the tissues when cultivated using fish efflu-
ents appears to be an indication of improved growth
conditions, including high water movement and a contin-
uous supply of ammonia without temperature and light
limitation (Hurd 2000; Harrison & Hurd 2001; Abreu
et al. 2011).

Applicability of this research

The Kingdom of Saudi Arabia is rich in marine resources
with 1600 km of coastline along the Red Sea and 500 km
along the Arabian Gulf; this coastline includes sheltered
bays, mangrove swamps, mud flats and onshore plains
that provide suitable sites for either land-based farms or
for cage and pen culture. The Kingdom has untapped
potential to exploit this valuable resource with the devel-
opment of a marine aquaculture industry. The Red Sea
coast, in particular, has stable salinity (42—44 p.s.u.) and
warm sea temperatures (21-31°C) that are more suitable
for marine aquaculture than those of the Arabian Gulf
(42-55 p.s.u. and 12-35°C). Stable salinity and warm
temperatures throughout the year on the Red Sea coast
present a promising proposition for diversifying and aug-
menting the aquaculture industry. Growing the marine
aquaculture industry in the Kingdom must leverage mod-
ern scientific knowledge and engage in diligent monitor-
ing in order to avoid the ecological pitfalls that have
plagued conventional fish farms around the world (e.g.
Naylor et al. 2000; Tett 2008; Buschmann et al. 2009;
Burridge et al. 2010; Hargrave 2010). There is a strong
possibility that the research work presented in this paper
may have significant application in diversifying and devel-
oping sustainable aquaculture in Saudi Arabia.

Marine fish farms on the Red Sea coast are land based
to produce marine fish and shrimp with essentially open
systems with large volumes of effluent discharged to the
sea. There are three main types of facilities used for
marine finfish farming on the Red Sea coast: (i) large
extensive ponds; (ii) semi-intensive ponds; and (iii) semi-
intensive hatchery—nursery systems. Downstream from the
rearing ponds, sedimentation ponds and long zigzag fash-
ioned canals are used to reduce particulate matter expor-
tation. These settling tanks or sedimentation basins
readily collect particulate matter in effluents, but for
dissolved material (organic and mineral nitrogen and
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phosphorus), mechanical filtration is not efficient. Best
management practices and policies are going to be increas-
ingly restrictive for nitrogen and phosphorus discharge.

New technologies contributing to sustainable aquacul-
ture development are nevertheless emerging around the
globe including integration of seaweed culture with finfish
farming. Hussenot and Lejeune (2000) developed a sys-
tem of physical water treatment by foam fractionation
adapted to open-air systems in France, to be put directly
into canals or discharge ponds. A phytoplankton produc-
tion system converting fishpond wastewater into nutrients
for diatoms (Lefebvre et al. 1996; Hussenot et al. 1998) or
seaweeds (Neori et al. 2004) can reduce inorganic dis-
solved nutrients in aquaculture effluents. Results from
our research indicate that seaweed is a good candidate for
seaweed/fish integrated mariculture for bioremediation
and economic diversification. The integration can benefit
the economy and environment in a sustainable manner in
coastal waters of Saudi Arabia. As has been experienced
in the present study, seaweed growth was very encourag-
ing with biomass doubling in <2 weeks and bioremedia-
tion of significant amounts of nutrient wastes from the
aquaculture effluents. It will be interesting to apply the
results of this research at a larger scale to realistically
report the ratios for the commercial application of inte-
grating seaweed culture to traditional fish/shrimp aqua-
culture in coastal Red Sea farms.

Conclusions

The suitability of seaweed species for integrated aquacul-
ture may differ depending on the type of culture opera-
tion and the local environmental conditions. Nelson et al.
(2001) found that in Hawaii, G. parvispora was well sui-
ted to culture in pond effluent in extensive production
systems: it became established in the effluent ditches and
persisted as a dominant species without direct manage-
ment. However, Neori et al. (1996) found that for treat-
ing fish culture effluent with tank-cultured seaweeds, the
Chlorophyte Ulva was highly effective, but the Rhodo-
phyte Gracilaria performed poorly. Various strategies for
integrating seaweed cultivation with fish culture have
been successful. Buschmann et al. (1994) found that efflu-
ents from intensive tank cultures of salmon in Chile were
effective in the production of G. chilensis in tank cultures.
In Sweden, Haglund and Pedersén (1993) found that
G. tenuistipitata worked well in co-cultivation with rain-
bow trout, particularly during the warmer months of the
year. In Israel, the green alga U. lactuca was found to
be an attractive candidate for production with effluent
from the culture of the gilthead bream Sparus aurata
(Vandermeulen & Gordin 1990). According to Nelson
et al. (2001), results obtained from one aquaculture
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system may not be applicable in different environments.
In Israel, Friedlander et al. (1991) found that the result of
fertilization on the growth of G. conferta varied consider-
ably among seasons. Although seasonal variations in envi-
ronmental conditions are much less pronounced on the
Saudi Arabian Red Sea coast the improvement and opti-
misation of this integrated aquaculture culture unit will
move into an optimisation phase in the near future.

In the present study, we have shown how the concept
of integrated production can be applied in the manage-
ment of commercial aquaculture systems in Saudi Arabia.
As has been shown in many studies (Cohen & Neori
1991; Neori et al. 1991; Schuenhoff et al. 2003), seaweeds
used for human consumption have relatively high eco-
nomic value and can contribute substantially to the
economic viability of integrated aquaculture systems. The
integration of U. lactuca and G. arcuata farming with
land-based aquaculture offers similar opportunities for
the Saudi Arabian Red Sea coast and other areas with
similar environmental conditions, which are particularly
relevant for maintaining the oligotrophic conditions of
this sea by reducing the environmental impacts of a
growing local aquaculture industry.

Acknowledgements

The authors acknowledge financial support from King
Abdulaziz City for Science and Technology, Riyadh, and
the facilities provided by the Fish Farming Center of the
Ministry of Agriculture, Jeddah, which enabled this
research to be conducted.

References

Abreu MH, Pereira R, Yarish C, Buschmann AH, Sousa-Pinto
I (2011) IMTA with Gracilaria vermiculophylla: productivity
and nutrient removal performance of the seaweed in a land-
based pilot scale system. Aquaculture 312: 77-87.

Ackefors H, Enell M (1990) Discharge of nutrients from Swed-
ish fish farming to adjacent sea areas. Ambio 19: 28-35.

Al-Ahmad TA, Ridha M, Al-Ahmed AA (1988) Productive and
feed ration of the tilapia Oreochromis spilurus in seawater.
Aquaculture 73: 111-118.

Al-Amoudi MM (1987) Acclimation of commercially cultured
Oreochromis species to seawater — an experimental study.
Aquaculture 65: 333-342.

Alcantara LB, Calumpong HP, Martinez-Goss MR, Menez EG,
Israel A (1999) Comparison of the performance of agaro-
phyte, Gracilariopsis bailinae, and the milkfish, Chanos
chanos, in mono- and biculture. Hydrobiologia 398/399:
443-453.

Baars MA, Schalk PH, Veldhuis MJW (1998) Seasonal fluc-
tuations in plankton biomass and productivity in the

29



Y. S. Al-Hafedh et al.

ecosystems of the Somali Current, Gulf of Aden, and South-
ern Red Sea. In: Sherman K, Okemwa E, Ntiba M (eds)
Large Marine Ecosystems of the Indian Ocean: Assessment,
Sustainability, and Management, pp. 143-174. Blackwell
Science, Oxford.

Beveridge MCL (1987) Cage Aquaculture. Fishing News Books,
Farnham, UK.

Bonsdorff E, Romberg C, Aarnio K (2002) Some ecological
properties in relation to eutrophication in the Baltic Sea.
Hydrobiologia 475/476: 371-377.

Burridge L, Weis JS, Cabello F, Pizarro ], Bostick K (2010)
Chemical use in salmon aquaculture: a review of current
practices and possible environmental effects. Aquaculture
306: 7-23.

Buschmann AH, Mora OA, Gomez P, Bottger M, Buitano S,
Retamales C et al. (1994) Gracilaria chilensis outdoor tank
cultivation in Chile: use of land-based salmon culture
effluents. Aquacultural Engineering 13: 283-300.

Buschmann AH, Troell M, Kautsky N, Kautsky L (1996) Inte-
grated cultivation of salmonids and Gracilaria chilensis
(Gracilariales, Rhodophyta). Hydrobiologia 326/327: 75—
82.

Buschmann AH, Cabello F, Young K, Carvajal ], Varela DA,
Henriquez L (2009) Salmon aquaculture and coastal ecosys-
tem health in Chile: analysis of regulations, environmental
impacts and bioremediation systems. Ocean and Coastal
Management 52: 243-249.

Chopin T, Buschmann AH, Halling C, Troell M, Kautsky N,
Neori A et al. (2001) Integrating seaweeds into marine
aquaculture systems: a key toward sustainability. Journal of
Phycology 37: 975-986.

Chung I, Kang YH, Yarish C, Kraemer G, Lee J (2002) Appli-
cation of seaweed cultivation to the bioremediation of nutri-
ent-rich effluent. Algae 17: 187-194.

Cohen 1, Neori A (1991) Ulva lactuca biofilter for marine fish-
pond effluents. I. Ammonia uptake kinetics and nitrogen
content. Botanica Marina 34: 475-482.

Cruz EM, Ridha M, Abdullah MS (1990) Production of the
African freshwater tilapia Oreochromis spilurus (Gunther) in
seawater. Aquaculture 84: 41-48.

Cuomo V, Merrill ], Palomba I, Perretti A (1993) Systematic
collection of Ulva and mariculture of Porphyra: biotechnol-
ogy against eutrophication in the Venice Lagoon. Interna-
tional Journal of Environmental Studies 43: 141-149.

D’Elia CF, DeBoer JA (1978) Nutritional studies of two red
algae: II. Kinetics of ammonium and nitrate uptake. Journal
of Phycology 14: 266-272.

Evans GC (1972) The Quantitative Analysis of Plant Growth,
Blackwell Scientific Publications, Oxford.

Evans GC, Langdon CJ (2000) Co-culture of dulse Palmaria
mollis and red abalone Haliotis rufescens under limited flow
conditions. Aquaculture 185: 137-158.

FAO/Regional Commission for Fisheries (2010) Report of the
fifth meeting of the Working Group on Aquaculture. Doha,
the State of Qatar, 27 October 2010. FAO Fisheries and

30

Aquaculture Report. No. 954. Food and Agriculture Organi-
zation, Rome.

Fei XG (2004) Solving the coastal eutrophication problem
by large scale seaweed cultivation. Hydrobiologia 512: 145—
151.

Fei XG, Lu S, Bao Y, Wilkes R, Yarish C (1998) Seaweed culti-
vation in China. World Aquaculture 29: 22-24.

Fish Farming Center (2007) Brochure for Oreochromis spilurus.
Ministry of Agriculture, Jeddah, Kingdom of Saudi Arabia.
Folke C, Kautsky N (1989) The role of ecosystems for a sus-
tainable development of aquaculture. Ambio 18: 234-243.
Folke C, Kautsky N, Troell M (1994) The cost of eutrophica-
tion from salmon farming: implications for policy. Journal

of Environmental Management 40: 173-182.

Friedlander M, Krom MD, Ben-Amotz A (1991) The effect of
light and ammonium on growth, epiphytes and chemical
constituents of Gracilaria conferta in outdoor cultures.
Botanica Marina 34: 161-166.

Gowen RJ, Bradbury NB (1987) The ecological impact of sal-
monid farming in coastal waters: a review. Oceanography
and Marine Biology: An Annual Review 25: 563-575.

Haglund K, Pedersén M (1993) Outdoor pond cultivation of
the subtropical marine red alga Gracilaria tenuistipida in
brackish water in Sweden. Growth, nutrient uptake, co-culti-
vation with rainbow trout and epiphyte control. Journal of
Applied Phycology 5: 271-284.

Hanisak D (1987) Cultivation of Gracilaria and other macro-
algae in Florida for energy production. In: Bird K, Benson P
(eds) Seaweed Cultivation for Renewable Resources, pp. 191—
218. Elsevier, Amsterdam.

Hanisak MD (1990) The use of Gracilaria tikvahiae (Gracilari-
ales, Rhodophyta) as a model system to understand the
nitrogen nutrition of cultured seaweeds. Hydrobiologia
204/205: 79-87.

Hargrave BT (2010) Empirical relationships describing benthic
impacts of salmon aquaculture. Aquacult. Environ. Interact.
1: 33-46.

Harrison PJ, Hurd CL (2001) Nutrient physiology of seaweeds:
application of concepts to aquaculture. Cahiers de Biologie
Marine 42: 71-82.

Hurd CL (2000) Water motion, marine macroalgal physiology,
and production. Journal of Phycology 36: 453—472.

Hussenot J, Lejeune A (2000) Use of foam fractionation to
improve water quality in ponds: a new experimental equip-
ment. In: Flos R, Crewell L (eds) Responsible Aquaculture in
the New Millenium, 2—6 May, Nice, France. Spec. Publ. Eur.
Aquacult. Soc., Vol. 28. Oostende, Belgium [Abstract].

Hussenot J, Lefebvre S, Brossard N (1998) Open-air treatment
of wastewater from land-based marine fish farms in exten-
sive and intensive systems: current technology and future
perspectives. Aquatic Living Resources 11: 297-304.

Jones AB, Dennison WC, Preston NP (2001) Integrated treat-
ment of shrimp effluent by sedimentation, oyster filtration
and macroalgal absorption: a laboratory scale study. Aqua-
culture 193: 155-178.

Reviews in Aquaculture (2012) 4, 21-31
© 2012 Blackwell Publishing Asia Pty Ltd



Kautsky N, Troell M, Folke C (1997) Ecological engineering
for increased production and environmental improvement
in open sea aquaculture. In: Etnier C, Guterstam B (eds)
Ecological Engineering for Waste Water Treatment, 2nd edn,
pp- 387-393. Lewis Publishers, Chelsea.

Khalil MT, Abdel-Rahman NS (1997) Abundance and diversity
of surface zooplankton in the Gulf of Aqaba, Red Sea,
Egypt. Journal of Plankton Research 19: 927-936.

Krom MD, Ellner S, Van Rijn J, Neori A (1995) Nitrogen and
phosphorus cycling and transformations in a prototype A
non-polluting integrated mariculture system, Eilat, Israel.
Marine Ecology Progress Series 118: 25-36.

Lapointe BE, Williams LD, Goldman JC, Ryther JH (1976)
The mass outdoor culture of macroscopic marine algae.
Aquaculture 8: 9-21.

Lefebvre S, Hussenot ], Brossard N (1996) Water treatment of
land-based fish farm effluents by outdoor culture of marine
diatoms. Journal of Applied Phycology 8: 193-200.

McVey JP, Stickney R, Yarish C, Chopin T (2002) Aquatic
polyculture and balanced ecosystem management: new para-
digms for seafood production. In: Stickney RR, McVey JP
(eds) Responsible Aquaculture, pp. 91-104. CAB Interna-
tional, Oxon.

Naylor RL, Goldburg RJ, Primavera JH, Kautsky N, Beveridge
MCM, Clay J et al. (2000) Effect of aquaculture on world
fish supplies. Nature 405: 1017-1024.

Nelson SG, Glenn EP, Conn J, Moore D, Walsh T, Akutagawa
M (2001) Cultivation of Gracilaria parvispora (Rhodophyta)
in shrimp-farm effluent and floating cages in Hawaii: a two-
phase polyculture system. Aquaculture 193: 239-248.

Neori A, Cohen I, Gordin H (1991) Ulva lactuca biofilters for
marine fishpond effluents II. Growth rate, yield and C:N
ratio. Botanica Marina 34: 483—489.

Neori A, Krom MD, Ellner SP, Boyd CE, Popper D, Rabinov-
itch R ef al. (1996) Seaweed biofilters as regulators of water
quality in integrated fish—seaweed culture units. Aquaculture
141: 183-199.

Neori A, Ragg NC, Shpigel M (1998) The integrated culture of
seaweed, abalone, fish and clams in modular intensive land-
based systems: II. Performance and nitrogen partitioning
within an abalone (Haliotis tuberculata) and macroalgae cul-
ture system. Aquacultural Engineering 17: 215-239.

Neori A, Chopin T, Troell M, Buschmann AH, Kraemer GP,
Halling C et al. (2004) Integrated aquaculture: rationale,
evolution and state of the art emphasizing seaweed biofiltra-
tion in modern mariculture. Aquaculture 231: 361-391.

Neori A, Troell M, Chopin T, Yarish C, Critchley A, Busch-
mann AH (2007) The need for a balanced ecosystem

Reviews in Aquaculture (2012) 4, 21-31
© 2012 Blackwell Publishing Asia Pty Ltd

Integrated aquaculture Saudi Arabian Red Sea Coast

approach to blue revolution aquaculture. Environment 49:
37-44.

Read P, Fernandes T (2003) Management of environmental
impacts of marine aquaculture in Europe. Aquaculture 226:
139-163.

Ryther JH, Goldman JC, Gifford CE, Huguenin JE, Wing AS,
Clarner JP et al. (1975) Physical models of integrated waste
recycling—marine polyculture systems. Aquaculture 5: 163—
177.

Schuenhoff A, Shpigel M, Lupatsch I, Ashkenazi A, Msuya F,
Neori A (2003) A semi-recirculating, integrated system for
the culture of fish and seaweed. Aquaculture 221: 167-181.

Sfriso A, Pavoni B, Marcomini A (1992) Macroalgae, nutrient
cycles and pollutants in the Laoon of Venice. Estuaries 15:
517-528.

SPSS (2009) SPSS Base 10.0 for Windows User’s Guide. SPSS,
Chicago, IL.

Tett P (2008) Fish farm wastes in the ecosystem. In: Holmer
M, Black K, Duarte CM, Marba N, Karakassis I (eds) Aqua-
culture in the Ecosystem, pp. 1-46. Springer, Heidelberg,
Germany.

Troell M, Halling C, Nilson A, Buschmann AH, Kautsky N,
Kautsky L (1997) Integrated marine cultivation of Gracilaria
chilensis (Gracilariales, Rhodophyta) and salmon cages for
reduced environmental impact and increased economic out-
put. Aquaculture 156: 45—61.

Troell M, Halling C, Neori A, Buschmann AH, Chopin T,
Yarish C et al. (2003) Integrated mariculture: asking the
right questions. Aquaculture 226: 69-90.

Ugarte R, Santelices B (1992) Experimental tank cultivation
of Gracilaria chilensis in central Chile. Aquaculture 101:
7-16.

Vandermeulen H, Gordin H (1990) Ammonium uptake using
Ulva (Chlorophyta) in intensive fishpond systems — mass
culture and treatment of effluent. Journal of Applied Phycol-
ogy 2: 363-374.

Vine PJ (1980) Cultivation of fishes in the family Cichlidae in
the Red Sea. In: The Coastal and Marine Environment of the
Red Sea, Gulf of Aden and Tropical Western Indian Ocean.
Proceedings of a Symposium, 9-14 January 1980, Khartoum,
Sudan, pp. 389-399. The Red Sea and Gulf of Aden Envi-
ronmental Program, Jeddah (ALECSO).

Wurts WA (2000) Sustainable aquaculture in the twenty-first
century. Reviews in Fisheries Science 8: 141-150.

Yang YF, Fei XG (2003) Prospects for bioremediation of
cultivation of large-sized seaweed in eutrophic mariculture
areas. Journal of Ocean University of Qingdao 33: 53-57
(in Chinese with an English abstract).

31





