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THE PERFORMANCE OF SPRAY-IRRIGATED ULVA LACTUCA (ULVOPHYCEAE,
CHLOROPHYTA) AS A CROP AND AS A BIOFILTER OF FISHPOND EFFLUENTS'
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Institute of Marine Sciences, University of Dar es Salaam, P.O. Box 668, Zanzibar, Tanzania

and Amir Neori®

Israel Oceanographic and Limnological Research, National Center for Mariculture, P.O. Box 1212, Eilat 88112, Israel

The seaweed Ulva lactuca L. was spray cultured by
mariculture effluents in a mattress-like layer, held in
air on slanted boards by plastic netting. Air-agitated
seaweed  suspension tanks were the reference.
Growth rate, yield, and ammonia-N removal rate were
11.8% - d', 171 g fresh weight (fwt) - m * - d”", and
5g N-m %-d', respectively, by the spray-cultured
U. lactuca, and 16.9% - d ', 283 g fwt - m > - d', and
7gN-m ?-d’, respectively, by the tank U. lactuca.
Biomass protein content was similar in both treat-
ments. Dissolved oxygen in the fishpond effluent
water was raised by >3 mg - L' and pH by up to half
a unit, upon passage through both culture systems.
The data suggest that spray-irrigation culture of
U. lactuca in this simple green-mattress-like system
supplies the seaweed all it needs to grow and biofilter
at rates close to those in standard air-agitated tank
culture.

Key index words: biofilter; macroalgae; seaweed
culture technology; seaweed production cost;
spray culture

Abbreviations: ANOVA, analysis of variance; DO,
dissolved oxygen; IMTA, integrated multitrophic
aquaculture; NCM, National Centre for Maricul-
ture; SGR, specific growth rate; SRP, soluble
reactive orthophosphate; TAN, total ammonia
nitrogen; TAU, Tel Aviv University; TKN, total
Kjeldahl nitrogen; ToxN, total oxidized nitrogen

Most world mariculture is done in coastal waters
(FAO 2006). Limited sites and various environmen-
tal considerations have raised interest in land-based
mariculture and in effluent treatment by seaweed
biofilters (Vandermeulen and Gordin 1990, Troell
et al. 1999, Neori et al. 2004, FAO 2006). Seaweeds
have large profitable markets as food, feed, cosmet-
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ics, fertilizers, and more (Critchley etal. 2006,
Turan 2009). Seaweed biofiltration is also a key
component in integrated multitrophic aquaculture
(IMTA) (Chopin etal. 2001). Modern land-based
intensive culture of seaweeds consists of shallow
ponds, in which fronds are suspended, and where
water is agitated for homogeneity and for nutrient
diffusion (Ryther etal. 1975, Luning and Pang
2003) by aeration or paddle wheels (Huguenin
1976, Vandermeulen and Gordin 1990, Bolton
2006). However, ponds and agitation devices entail
construction and energy costs (Neori et al. 2004),
which can surpass half of the overall seaweed pro-
duction cost (Huguenin 1976). In nutrientrich
water, seaweeds function well as biofilters with little
water agitation (Msuya and Neori 2008). These con-
siderations have brought us to examine the perfor-
mance of seaweeds in no-pond seaweed spray
culture, with the anticipation that it may provide
economically attractive low-cost biofiltration mod-
ules for land-based IMTA. Documented benefits in
seaweed spray culture were related to construction
and pumping cost, temperature control, gas (COsq
and oxygen) exchange, light field, nutrient uptake,
pests, and epiphytes, with little attention to the
quantitative aspects of Dbiofiltration capabilities
(Pickering et al. 1995, Waaland 2004). Reported
growth rates of the seaweeds in spray culture have
often been low, compared with ponds and tanks.
We examined the performance of U. lactuca in spray
culture with nutrientrich effluents from intensive
fishponds. The deployed design was expected to
make the system simple in construction and opera-
tion, easily scalable, and applicable for less-devel-
oped countries.

U. lactuca was brought in from the neighboring
Red Sea (Vandermeulen and Gordin 1990). It was
held on 1 m?* plywood boards with plastic 4 mm
mesh netting, creating flat mattress-like squares
3-5 cm thick. Two triplicate mattresses, inclined
from the horizontal at 5.7° either due north
or due south were placed above six plastic tank
units (1 X 1x0.6 m) (Figs.1 and 2). Duplicate
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F16. 1. The series of spray-irrigation units: a wooden board is
placed slanted over a tank (used as a drain); the board is covered
by a layer of the seaweed Ulva lactuca, held in place by a 4 mm
mesh plastic net; water is sprayed onto the seaweed through a
perforated pipe.
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F1G. 2. A layout of the spray-culture seaweed culture system
used for the experiments (only four units are shown). Seawater
enters the fishpond; nutrient-rich effluent is pumped into a mix-
ing tank, from which, after dilution with seawater, the water is dis-
tributed by a second pump into the eight experimental units.

air-agitated 1 x 1 x 0.6 m culture tank units (as in
Vandermeulen 1989) were the reference.

Water from an intensive gilthead seabream (Sparus
aurata) pond (salinity 40.3-41 ppt) was sprayed onto
the seaweed mattresses by perforated plastlc J)lpes
Each of the eight units received 12 m® - m
(0.5 m* - h™") pond water. The experiment lasted
for 3 weeks in the summer of 2002 in Eilat, Israel.

Two days a week, at 08:00 am. and 02:00 p.m.,
water samples were collected at the inflow to the sys-
tem and at the outflows from each of the eight
units. Total ammonia N (TAN), nitrate and nitrite
N (ToxN), and soluble reactive orthophosphate-P
(SRP) were analyzed as in Krom et al. (1985), Solor-
zano and Sharp (1980), and Glibert and Loder
(1977), respectlvely, with detection limits of 1, 1,
and 1.5 pmol - L™, respectively, after filtration

(Whatman GF/C; Whatman International Ltd.,
Maidstone, England). Nutrient biofiltration rates
and efficiencies for each unit were calculated from
the differences in nutrient concentrations between
the inflow and the outflows.

One kilogram of the fresh biomass was stocked in
each unit each week. The entire seaweed layer was
harvested after each week, centrifuged to remove
excess water, and then weighed. Specific growth
rate: SGR, % - d™" = 100-[In (w/wp)] - "5 wy = 1 kg;

= fresh blomass after ¢ (7) culture days Biomass
yleld (g-m2-d7") is reported for the entire bio-
mass of each mattress and is the difference (w, —
wp) - Dry weight (dwt) content: subsamples from
the harvests were rinsed, shaken dry, and oven-
dried. The surface sublayer and the bottom sublayer
of each of the north- and south-slanting mattresses
were sampled separately; the results are presented
in Table 1 for ‘“‘north surface,” ‘“‘north bottom,”’
“south surface,” and ‘“‘south bottom’ layers. When
not statistically different, both sublayers of each
mattress were reported as ‘‘north-sum’ and ‘‘south-
sum.” TKN (total Kjeldahl N) protein was deter-
mined according to Blaedel and Meloche (1957).
Ash content was determined after incineration of
dried seaweed samples for 24 h at 550°C in a muffle
furnace. Phosphorus content was determined on
the ash by the vanado-molybdate method, with the
resulting color determined at 400 nm relative to
standards. Irradiance was measured above the
tanks, at 8:30 a.m. and at 2:00 p.m., by a calibrated
LI-1000 Data Logger (LI-COR, Lincoln, NE, USA),
equipped with a spherical sensor. Dissolved oxygen
(DO) and temperature of the water were measured
by a Handy Oxygen Meter Mk III (OxyGuard,
Birkergd, Denmark). Air temperature was measured
in the shade by a hand thermometer. Water flow
was measured using a 5 L. beaker and a stopwatch.
The pH of the water was measured with a HI
8424 pH meter (Hanna Instruments, Leval, QC,
Canada).

Analysis of variance (ANOVA) of the data com-
pared the effect of the treatments on the measured
parameters. Pearson correlation coefficient and
regression analyses were used to test relationships
between variables that were assumed to have direct
effects on each other, from the biotic and abiotic
variables measured. Data that were measured as per-
centage (biofiltration efficiency), which were out of
the range of 30%—70%, were arcsine transformed to
ensure normality before statistical tests were per-
formed on them. The data were analyzed using
SPSS (SPSS 11.0 for Windows, SPSS Inc., Chicago,
IL, USA), XLSTAT (Addinsoft, New York, NY,
USA), and Excel (Microsoft Corp., Redmond, WA,
USA).

Air temperature varied from 29°C at 8:00 a.m.
(average 32.7 + 2°C) to 49°C (average 43.8 + 2.3°C)
at 2:00 p.m., with a mean daily temperature of
38.3 + 2.2°C (data not shown). Water temperature
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TasLE 1. Abiotic factors, specific growth rate (SGR), fresh yield, and protein content of the seaweed Ulva lactuca.

Parameter
Yield Protein content

Treatment T (°C) DO (mg - L7 pH SGR (% - d™") (g-m2-d™) (% in dwt)
Inflow water 282 +1.34 a 5.7+0.33 a 8+0.18 a
Mattress spray irrigated 28.7+0.07a 88+0.32b 0+119a 118=+1ba 171 £ 29 a 241 +45a

(south + north)
Aeration (reference) 29.5 + 1.66 a 9.3+ 053 b 8.2+022b 16.9 + 0.2 b 283 + 33 b 24.7 + 6.6 a
Spray, south inclined, sum 158 + 32 a 20.6 + 6.1 a
Spray, north inclined, sum 183 + 25 a 235 +5.1 a
Spray, south inclined, bottom 25.9 +0.03 b
Spray, south inclined, surface 153+ 0.8 a
Spray, north inclined, bottom 270+ 1.1b
Spray, north inclined, surface 20.0 £ 5.3 a
Spray, surface, sum 185 +48a

of north + south
Spray, bottom, sum 26.6 + 1.0 b

of north + south

South, thalli on south-slanted board; north, thalli on north-slanted board; surface, thalli on the surface of the seaweed mat-
tresses, next to the netting; bottom, thalli on the bottom of the seaweed mattresses, next to the board; T, temperature; DO,

dissolved oxygen; dwt, dry weight.
All values in Tables 1-3 are averages with SD.

ANOVA results: means with the same letters represent significant differences at P < 0.05. Separate analyses were made in

each subsection (separated by blank lines).

averaged ~28.2°C in the inflow from the fishpond,
and 28.7°C-29.5°C in the outflows of the eight units
(Table 1). The temperature variation (in the inflow
and the eight outflows) was insignificant (P> 0.05).
Daily variation of temperature in the inflow water
was between 0.5°C and 3.5°C.

Irradiance on top of the units varied between 1,958
and 2,922 pmol photons - m™® - 5! during midday
(average 2,445 + 57 umol photons - m=2- s_l, data
not shown). Morning and afternoon irradiance inten-
sities averaged 2,045 + 90 pmol photons - m™ - s,
and 2,845 + 43 pmol photons - m™ 2 - s™', respectively.

All eight culture units significantly raised the DO
concentrations in the water from ~6 mg - L' at the
inflow to ~9 mg - L™ at the outflow (P< 0.01), as
the result of photosynthetic oxygen production
(Table 1). The photosynthetic process also raised
the pH of the water from 7.7-8.0 to 8.1-8.4
(Table 1). The increase was an insignificant
(P> 0.05) 0.2 of a pH unit in the six mattress units,
but a significant (P < 0.01) 0.4 of a pH unit in the
two tanks.

The fresh yield and SGR data for the north- and
south-facing mattress treatments were combined,
since they were similar (P> 0.05). The average yield
and SGR in the mattress treatment were 30%
and 40%, respectively, lower (P< 0.01, Table 1)
than in the tanks. Biomass yield in all tanks did not
correlate strongly with inflow nutrients, maximum
temperature, and irradiance levels (Pearson’s corre-
lation r<0.12; linear correlation R®<0.02) but
correlated strongly with the minimum irradiance
and minimum air temperature (r < 0.48).

Protein constituted ~24% of dwt in all units
(Table 1). Protein content varied significantly
(P<0.01) between biomass in the surface and the
bottom of the green mattresses. The low-protein sur-
face seaweed was light green, while the bottom sea-
weed was dark green. The surface biomass, however,
made only a small fraction of the biomass, and
therefore, the overall protein content of the yield
was similar (P> 0.05) in all units (Table 1). Con-
tents of dry matter and ash (Table 2) also did not
vary. Phosphorus content (Table 2) was similar in

TaBLE 2. Chemical parameters of the seaweed Ulva lactuca, cultured in fishpond effluents.

Nutritional parameters of the biomass

Treatment, source of the biomass DW (% in fwt) Ash (% in dwt) P content (% in dwt) N:P (molar)
Spray, south inclined, surface layer 11.2+ 08 a 206 +0.3 a 0.18 + 0.02 a 3l.1+21a
Spray, south inclined, bottom layer 106 + 1.4 a 199 +03 a 0.31 £0.01 b 209 +0.7a
Spray, north inclined, surface layer 11.6 1.6 a 21.3+20a 0.25+0.12b 304 +56a
Spray, north inclined, bottom layer 10.0 £ 0.4 a 214+09a 0.37+0.10 b 26.6 + 6.4 a
Aeration suspended, air agitated (reference) 109 £ 0.1 a 22.1+0.1 a 0.31 £+ 0.11 b 28.3+09a

DW, dry weight content; N:P, N to P molar ratio in the biomass; fwt, fresh weight; dwt, dry weight.

ANOVA results: see Table 1 for an explanation.
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the north-facing mattresses and the air-agitated
tanks, but 42% lower in the south-facing mattresses.
The molar N:P ratio in the biomass (Table 2) was
between 26.6 and 31.1 with no significant differ-
ences (P> 0.05). The low content of N and P in the
south-inclined surface biomass, similar to the obser-
vations in desiccated or bleached Gracilaria chilensis
(Pickering et al. 1995), is related to metabolic stress
under the heat and the high irradiance, to the rup-
ture of cellular membranes, with the consequent
exudation of cellular content, and also to the lim-
ited supply of nutrients due to the desiccation
(Malta et al. 2003, Figueroa et al. 2009).

The uptake rate per unit area (areal uptake rate)
of TAN was 5.1 and 6.8 ¢ N-m™ - d™" for the spray
irrigation and the tanks, respectively (Table 3;
P> 0.05). The biofiltration rates correlated with the
inflow TAN concentration (P < 0.05, P = 0.95,
detailed data not shown). Biofiltration efficiency
(Table 3) was 63% in the mattresses and 83% in the
tanks, with a high variability (P> 0.05). Biofiltration
of ToxN was low (Table 3), as this Ulva species, and
most other algae, cease ToxN uptake in the pres-
ence of TAN sufficiency (Neori 1996). SRP, on the
other hand, was undetected in the system most of
the time. Once, SRP was detected in the system at
~2 pmol - L™, too low to detect uptake (Table 3).

The ‘‘green mattress’” spray-irrigation seaweed
culture approach functioned better than in Hagl-
und and Pedersen (1988) and Haglund et al.
(1991). Yield and SGR in the mattress units, even
though lower than in the tanks, were comparable to
yields in air-agitated tanks as reported by DeBusk
etal. (1986) and Shpigel and Neori (1996).
Whereas nutrients, maximum temperature, and irra-
diance did not individually influence growth, mini-
mum irradiance and air temperature did. Nutrient
sufficiency can reduce the impact of and accelerate
recovery from stresses induced by light and high
temperature in this species (Figueroa et al. 2009).

TABLE 3. Nutrient concentrations, removal rates, and
efficiencies (% of inflow) by Ulva lactuca biofilter.

Concentration Concentration Biofiltration
in inflow in outflow Biofiltration rate  efficiency
(umol - L) (umol - L1 (g -m?2-d™"h (%)
Treatment (north and south mattresses, combined)
TAN 49 + 10 18 £ 17 5.1 +28 63
ToxN 9.3+04 89714 0.10 4
SRP 2.00* 2.75% Negligible  Negligible
Reference (air-agitated culture)
TAN 49 + 10 8+7 6.8 + 1.1 83
ToxN 9.3+04 8.2+ 21 0.18 11
SRP 2.00* 2.26" Negligible ~ Negligible

TAN, total ammonia N; ToxN, nitrate and nitrite N; SRP,
soluble reactive orthophosphate-P.

Water flow through each tank was 500 L - h™"; daily nutri-
ent loads to each tank were ~82+0.3g TAN, 1.6+0.1g
ToxN, and 0.3 g or less SRP.

“A single entry; the rest were undetectable.

In turf algae, which are physically similar to the
green mattresses, selfshading and nutrient limita-
tion related to biomass seem to limit photosynthesis
and impact chemical composition more than tem-
perature, except during the extreme low tempera-
ture and light in midwinter, while dense biomass
reduced photoinhibition in high light (Copertino
et al. 2009). Thus, the dense biomass and nutrient
sufficiency enjoyed by the green mattresses may
allow them to perform better than tank systems
under extremes of temperature and irradiance that
are outside the range examined here. Protein con-
tent of the mattress seaweed was close to compara-
ble studies that used Ulva spp. (e.g., Neori et al.
2000, 28%; and Boarder and Shpigel 2001, 32%).
Oxygenation of the water and pH elevation by the
green mattresses was also comparable with the air-
agitated tanks in Neori et al. (2000) and Schuenhoff
et al. (2003). Similar to Cohen and Neori (1991),
TAN uptake depended on TAN flux. In addition,
the biofiltration rate and efficiency obtained in this
regime are similar to those reported from air-agi-
tated tanks. Cohen and Neori (1991), Shpigel et al.
(1993), and Shpigel and Neori (1996) used TAN
loadings of 4-8 g - m™ - d™" and obtained biofiltra-
tion efficiencies of 40%-56% and biofiltration rates
of up to 5.6 g - m™ - d”"in U. lactuca. Little damage
was observed in the green mattress Ulva, even when
exposed to irradiance levels and drying rates that
were possibly comparable only to exposed seaweeds
during low tide (cf. Beer and Eshel 1983, Friedland-
er and Ben-Amotz 1991, Scrosati and DeWreede
1998, Bjork et al. 1999). Apparently, Ulva coped
with the adverse conditions, thanks to protection by
the top layer and to its good recovery from dehydra-
tion. The main body of the seaweed thickness was
kept moist by the underneath thalli for most of the
day. Minor differences associated with the slanting
relative to the sun were probably related to the
exposure to excessive irradiances and temperatures
(Bjork et al. 1999).

In conclusion, the growth rate, biomass yield, bio-
mass quality, and biofiltration performance by the
green mattresses were a little lower than in the air-
agitated reference tanks. Apparently, wet U. lactuca
in spray culture can take up nutrients, complete all
the necessary processes needed for growth, and per-
form as an efficient biofilter. This finding suggests
that the design is useful, where cost, technical com-
plexity, water volume, and labor limit the practical-
ity and the economics of seaweed biofiltration
ponds, since in air-agitated seaweed farms, aeration
energy constitutes about half of the operating cost
(Huguenin 1976, A. Neori, unpublished data).

It is most probable that in a properly engineered
system, the advantage of this spray-irrigation
approach over air-agitated seaweed ponds will be
expressed in a much higher ratio of production to
cost. Therefore, large-scale spray-irrigation seaweed
systems can be commercially attractive for low-cost
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seaweed biofilters and for the production of sea-
weed biomass as a source of food, feed, phycocol-
loids, and biomass fuel.
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