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SUMMARY: Ulva rigida C. Ag. was cultivated in 750 1 tanks at different densities and flow rates with waste waters irom 
Sparus aurata cultivation systems, to estimate the conditions for optimizing biofiltering efficiency and yield. To maximize 
both characteristics: i) seaweed density should be adjusied to 2.7 g RV 1.l (1.2 kg m.') and ii) NH,+-nitrogen flow should be 
(a[ leasi) 150 mmol m.' d.l. Such condirions will yield 27 g DW m'' d.' wiili uptake efficiencies of 76 % of the daily input 
in our system at 12 volumes d.' ( 1  10 mmol m" d.') at seaweed : fish biomass ratio of 1:4. NH,' removal efficiencies would 
probably be increased if fish were feed as early as possible in ihe morning to provide maximum NH; concentrations during 
[he light period, as uptake efficiencies are higher [han in [he dark. 

Keywords: Ulva rigida. Sparus airrata. biofiltering, ammonia uptake, aquaculiure 

Abb~.ei~iarions: ANE- Apparent Nitrogen Efficiency; RNE= Real Nitrogen Efficiency; PFD= phoronflux densiiy; DW= dry 
weight; FW-jresh weight 

RESUMEN: O P T ~ M ~ Z A C ~ ~ N  DEL RENDlMiEMO Y DE LA EFICIENCIA DE BIoFILTRACI~N DE ULVA RIGIDA C. AG. CULTIVADA EN 
AGUAS E F L U E ~ S  DE CULTIVO DE SPARUS ALIRATA L.- Ulva rigida C. Ag. fue cultivada en tanques de 750 1 a diferentes den- 
sidades y tasas de renovaci6n con efluenies de sistemas de cultivo del pez Sparus aurara L. con la finalidad de determinar 
las condiciones que permitieran opiimizar tanio las eficiencias de biofiltración como la producción de algas. Para opiimizar 
ambas caracrerisiicas: i) la densidad de algas debería ajustarse a 2.7 g R V  1.' (1.2 kg m") y ii) los flujos de amonio deberí- 
an ser de al nienos 150 mmol m.2 d-l. Bajo tales condiciones se podrían obiener producciones de 27 g PS m'2 d.' con efi- 
ciencias de incorporaci6n de amonio del 76% del amonio que entra al sistema a tasas de renovación de 12 vol d.' (1  10 mmol 
m.> d.') a una relación algas:peces de I:4. La eficacia de incorporación de amonio podría incrementarse adelaniando tanto 
conio fuese posible el horario de comida de los peces para obiener Ins mhximas conceniraciones de amonio durante el día, 
coincidiendo con el periodo de mdxima capacidad de incorporación del mismo por las algas. 

P a l a b ~ ~ a s  c l m c  Ulva rigida. Sparus aurara, biofiltración. incorporacicin de arnonio. acuicultura. 
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Waste watcrs resulting from intensive fish culti- organic matter (KROM c i  u l . ,  198.5~1; PORTER PI  (11.. 
vution systerns contain large amounts of dissolved 1987; KROM 2nd V A N  R I J N ,  1089). Animoni:\ ciiii 

increase to toxic levels. iip io 450 plcí. iii I'islipi~iiil~ 

with low or inteiinerliaic wi ic i  cxcl i ; i i igc I ~ I I I .  
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hypereutrophic conditions due to the fertilizing 
effects on rnarine phytoplankton (KROM el al., 
jnoc,.. 1 n o c ~ . i 1 ~ ~ , . . ~ , - 1  > n o n \  ---. L - - - : - . - c  
I70JL1, L 7 0JUi I Y C U K l  el U[., 1707). LIUill L l l C  lJUllll U1 

view of minimurn environmental irnpact, recycling 
or recirculation systems of aquaculture would be 
ideal, as there would be only reduced discharges 
into open water bodies. The developrnent of such 
systems requires [he removal of solid compounds 
and dissolved metaboli tes coniained in outflowing 
water. Solids can be easily removed by filtration or 
otlier mechanical processes but rernoval of dissol- 
ved metabolites requires more cornplex and expen- 
sive pracesses. 

The use of seaweeds as biofilters to remove dis- 
solved nitrogen from fish pond effluent has been 
reported previously (DE BOER and RYTHER, 1977; 
FRALICK, 1979). Species of tlie genus Gracilaria 
and Ulva have been tested, showing high growth 
rates and high ammonia removal efficiencies 
(HARLIN ef al., 1979). 

Ulvn species not only show a higher N-removal 
capacity [han Gracilaria but also a higher resistan- 
ce to epiphytes. Amrnonia removal efficiencies of 
up to 8.576, independently of light or ternperature 
fluctuations, were obtained with Ulva lacruca L. 
cultivated with effluents of [he rnarine fish Sparus 
auratn at water exchange rates of 8 volumes per day 
and NH,+ concentrations of 10-20 pmol 1" h.[ 
(VANDERMEULEN and GORDIN, 1990). Sustained 
Ulva yields over 30 g DW d'l Iiave been repor- 
ted by severa1 authors (VANDERMEULEN and GORDIN, 
1990; NEOR~ e( al., 199 1 ) .  

Seaweed stocking densities, water exchange 
(NH,+-nitrogen flow through tanks) and fish:seawe- 
ed biomass rates are key factors affecting growth 
rate, yield and biofiltering efficiency. Those vana- 
bles are usually not clearly stated in [he literature. 
Different optimurn densities for rnaximum yield in 
tank cultures have been given for different species 

= 0.8 Kg Fyv' m.?, ? . --...-- J 7 -..--- 
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1981; Graciiaria= 2-3 k g  FW LAPOINTE and 
RYTHER. 1978). f-lowever, higher stocking densities 
[han tliose given for rnaxirnal yield iii Ulva have 
ha-" *O.-,.",l,, Pnn,.<*OA f n v  -?,";,*,,>l "*,-7,,m;,,- 
U b L I I  l L L L l l l 1 , '  I L p , l L L U  LVL l l l ' l l i l l l l r l l  ' l l l l l l l V l l l U l l l  

uptake and tissue nitrogen contenr ( N E O R ~  er al.. 
i99i ) .  

The present study was conductcd to determine 
ihe interaction between NI-i,' flow, seaweed density 
~tnd seaweed:fisli biomass ratio in a co-culture sys- 
iem, to maxirnize biofiltering efficiencies nnd sca- 
wced yield. 

MATERIAL AND METHODS 

Plants of  Ulva rigida collected from [he  east 
coast of the island of Gran Canaria (Canary Islands, 
Spain) were precultivated for one month under con- 
tinuous wastewarer flow. Necrotic or epiphytized 
plants were removed during this period. Preculture 
and experiments were conducted under greenhouse 
conditions in 750 1 (1.75 ni2) semicircular ianks 8 0  
cm deep. Algae were grown suspended i n  the water 
colurnn with the aid o í  air diffusers located ni (he 
botiom of the tank. 

Fishpond effluent was purnped frorn a 1 ni3 
reservoir tank (washout of sediments every two 
weeks) connected to [he output of six 1 niJ ranks 
with approximately 12 kg of Sparus aurala in each. 
The water exchange rate was 8-10 vol d'l per sea- 
weed rank. Water passed ttirough seaweed tanks was 
directly released to [he sea. 

Noon average PFD during experirnents was 7 10 
_+ 80. pmol s.l. with a daily water ternperature 
fluctuation of 25.6 T (a[ noon) to 19.9 T (during 
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the night). Differences in temperature between tanks O m 

did nat exceed 0.5 T in each experimental set. - - 
0 m 

Experimental design O 

Three sets of experiments ( 1 ,  2 and 3, Table 1 )  
each in triplicate were conducted during a two week 
period to estirnate the effects of: i )  stocking densi- 
ties ( 1 ,  2 and 4 g FW.' 1") and i i )  wastewater 
exchange rates (4, 8 and 12 vol d.!) on: i )  NH,+- 
removal efficiency (N-efficiency) and ii) seaweed 
yield. Two control experiments were carried out 
sirnultaneously to estirnate i )  yield in tanks under 
continuous flow of seawater with weekly pulse-fee- 
ding (expt. 4) and ii) NH,' losses of aerated culturc 
ianks (expi. 5 ) .  i n  enperinieni 4, waier supply was 
turned off once a week and tnnks wcre supplied witti 
animoiiiuni chloride a n d  sodiiitii oriliopliosphate to 
a final concentra[iori of ¿.O riihf NI-[,,+ and 0.15 rnM 
nn 3. frn~~,.,,,;..,, ,l.- ,. , * m , :  -..- . . - A  A : -  , ,... 1 -  ,.,, I 
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tures of Ulva lacrucu by I)r : .uus~ cl al.. 1986). Aficr 
24 h, thc waier supply was turned on and adjusicd [o 
a flow rate of 8 vol d l 

h n o w  and outllow 01' NI¡,* W C K  I I I C ; ~ W I . L ~  .t. 

follows: i) evcry iIircc Iio~ii.\ (3-1 11 pcr'iotl~ ilic L 1 . ~ , .  
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TABLE I .- Effect of siocking densiiy and NH,'flow on amrnonia rernoval efficiencies, growih raie and yield o í  Ulva rigjdo. 

Exp. Exch. Density NH,' inflow (rnrnol m'' d. ')  i SE NH;outflow N U R  NUE (90) Growth Yield 
n-raie g FW 1'' (rnrnol m" d'l) rate g DW m'd.' 

(4.1) !m! L' D. *SE ,_,-I ,u,q, 
A.., + t.' u "*l l 

L*= light period; Dt= dark period; '= % of ilie [oral NH,' (100%) wliich enters ilie system during ihe respective periods. 

Harvesting and  growth rate detcrmination 

Ulva r-igida plants were harvested weekly, spin- 
ned at 2.800 rprn in a domestic clothes centnfuge 
(Miele WZ268) for 30 s and re-stocked to the initial 
density. Specific growth rates (p) were calculated 
according to the equation (p = 100 Ln(W/Wo)/r) by 
D ~ E L I A  and DEBOER (1978), where Wo= initial fresh 
weight; W,= final fresh weight: and t= time (days). 
A sample of 10 g was removed and dried at 8 0  'T to 
constant weight to obtain the wet weight/dry weight 
ratios. Yields were calculated according to the equa- 
tion (Y =[ ( N I - N J t  * (DWFW)] / A) by DEBOER 
and RYTHER (1977), where N,= initial fresh weight, 
N,= final fresh weight and A= area in rn2. 

Analytical rneasurernents 

Ammonia analysis was carried out using a Flow 
Injector Analyzer (FIAstar 5010 Analyzer, Tecator, 
Sw&cri), iiiiougii iiic gas diffusioñ ñieii iod 

(RONNESTAD and KNUTSEN, 199 1 ) .  PFD was measu- 
red witli a LI-COR LI-1000 Datalogger usin; a 
splierical quantum sensor to estimate [he decrese of 
PFV in:u :he :atlhs, U: half Uei;:l; (?O cm: zinc! a: :he 
bottom (80 cm). A plane quantum sensor \vas used 
to nleasure the irradiation just above [he surface of 
[he tanks. The pH and temperature values were mea- 
sured with a 131 9025 rnicrocomputer pH meier 
(Hanna Instrunients). 

Nitrogen uptake efficiencies ( N U E )  shows i l ic 

average reduction (%) in ammonia concentration. 
Nitrogen uptake rate (NUR) shows the amount of 
arnmonium removed per unit of time. The light 
period for the calculation of NUE. NUR and NUR 
per unit of biomass was from sunrise (7:30) to sun- 
set (20:30). 

RESULTS 

Stocking density 

According to the results of several authors for 
Ulva spp. (LAPOINTE and TENORE, 1981), rnaximum 
Ulva rigida yields were obtained at an initial stoc- 
king density of 2 g FW' 1' (0.86 kg FW m'), with 
declining yields at both lower and higher stocking 
densities at any water exchange rate (Table 1). 
Densities of 1 ,  2 and 4 g FW 1 '  reduced PFD by 
58.3, 75.6 and 95.490 at half depih of [he tank (40 
cm) 2nd by 62.2, 93.3 and 100% al tlic bottorn of the 
iiink (89 cmj, rcbpecrively. 

As obscrved from Fig. 1 B, incrcriients in stoc- 
kirig dcnsities can also be related io reductions in 
iriorganic carbon conceritrations or high pW, caused . ~ 

t ; j  pl;u;usyn:hc:ic curboii ~ssiíriiliiii~íi, spccial l iii 

low water excliange rate culture Ianks 

Growth ra te  and  Yield 



Time (h) 

FIG. l.-A: Dailv ammonia concentrarion in the water o f  the 
fishpond e f f l~en t ' f l ow in~  into the tanks. Bars represeni standard 

deviaiions (n=3). B: Daily pH evolution in: fish pond effluenis (*) 
seaweed culture tanks ai densiiies o f  I g 1'' (m). 2 g 1'' (w )  and 
4 g 1" (A )  at 4 (closed symbols) and 12 (open syrnbols) daily 

water excliange rates. 

(Table 1). However, growth rate and yield at 8 and 
12 vol d.' were quite similar. Similar growth rates 
and yieids were obtained between weekly-pulsed 
cultures with continuous flow of wastewarer (Table 
1 ) .  Disintegration of the plants and decrease in 
weigtit were observed in mnning through seawater 
tanks (non-fertilized cultures, data not shown). 

Effcct of water cxcliangc ratcs 

One of the main effects of tlie increase ir1 water 
exchange rates were the increment in the amount of 
NH,+ and inorganic carbon provided to tlie plants 
per unit of time. Flow rates of 4 and 8 vol d. '  pro- 
duced strong Fluctuntions in pH at densities of 2 and 
4 g FW,' l . ' ,  higlier warer exchange rates (1 2 vol d ' 1  
liad n stabilizing effect ori pH ot al1 densities (Fig. 
1 13) and on [cmperaturc. 

vol d .' 

FIG. 2.- NUR during light (open syrnbols) and dark (closed sym- 
bols) periods at 4, 8 and 12 vol d.' and densities of 1 g 1'' (e), 

2 g 1,' ( i ) n d  4 g 1' '  ( A ) .  Bars represeni standard deviution (n=3). 

vol d " 

FIG. 3.- NUR per unii o f  biomass during lighi (open syrnbols) and 
dark (closed synbols) periods at 4 , 8  and 12 vol d" and dcnsiiies 
of 1 g 1'' (e), 2 g 1 '  ( m )  and 4 g 1.' (A). Bar$ represent standard 

deviarion (n=3). 

Ammonia levels i n  the fishpond eSnuent sliowed 
marked daily oscillations, with maximurti concen- 
trations durinp tlie "dark" period 2nd minimum 
during h e  "light" period (Fig. IA). Daily NH,+ flow 
was quite stabie ciuring [he experimentai perioci. 
NH,+ losses due to the system (by watcr recirculu- 
[ion and aerrition of tanks withnut .;c;iwcctl~ wcrc 
insigniricnni (Icss thari 1 ..i%). 

N U E  wcrc irivcrsely i.cl;iictl i o  \ \ , I I L . I  c\cli;iii~!c 
I . ; I ~ c ~  and il~rcc~l!, ~cI:i~cil \ \ l \ l i  \ I O L , A I I I ~  L I ~ I I ~ I I >  

(*l';il~lc 1 )  I liiwc\,~.i. NI  I I <  ivci.c tlii.c~.il\ rcl;ilctl 1 0  
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FIG. 4: Yield (disconiinuous line) and N U R  (con~inuous line) ai  
[he ihree densities ( l .  2 and 4 g 1 l )  and water exchsnge raies oí 4 

( O ) ,  8 (m) and 12 ( A )  vol d l. 

both flow rate and stocking densities (Table 1). NUE 
during the light period were higher than during the 
dark pet-iod (Table 1). However, non significant dif- 
ferences in NUR (p > 0.05 ANOVA) were detected 
between light and dark periods a[ lowest water 
exchange rates (4 and 8 vol d-1) (Fig.2). At higher 
arnmonia flows (achieved by higher water exchange 
rates) NUR were higher during the light period at al1 
densities (p < 0.05 ANOVA) (Fig.2). 

NUR per unit of biornass was inversely related to 
density, both in dark and light periods (Fig. 3). 
Nitrogen uptake capacity by Ulva rigida plants in 
tlie light period seems to becorne saturated at NH,+ 
flow rates of 18.8 prnol NH,+ g FW-l h-l . However, 
during the dark period plants are nearly saturated at 
11.8 prnol NH,' g FW-1 h-1 (Fig.3). Increments in 
yield shows a very high correlation (a= 0.999) with 
increments in NUR per unit of biornass per day. 

DISCUSSION 

Daily arnmonia oscillations are due to tlie fisli 
rccding p e r i ~ d  ( h ~ t w e e n  9:QQ 2nd !A :QO h )  w!>icl? 
produce a peak of ammonia 7 hours latcr (Fig. i A) 
duc [o fish excretion and microbial degradation of 
leftover food. Differences in the tirning of peak 
nnirnonia levels reported by PORTER e /  u/. ,  (1987) 
(4.5 hours after fceding) mighi bc rclaied [o diffe- 
rences in fish age and feed. 

Thc decrease in growrh rate by [he increase in 
density in our culturcs is probably due to self-slia- 
ding according [o DUKE F /  al., (19x6); ( I 9 8 9 ~ 1 ) :  

L A P O ~ E  and TENORE, ( 198 1 ), but may also depend 
on carbon limitation according to DEBUSK ct al., 
(1986). 

Even though inoreanic carbon concentrations in 
wastewater inflow have been increased by hetero- 
trophic breakdown of dissolved organic substances 
(KROM and NEORI, 1989) and fish respiration 
(PIEDRAHITA, 1990) which results in a decrese of the 
pH, our results indicate that cultures over 
2 g FW 1-1 (0.86 kg m.*) might be carbon limited 
(Fig. 1B). At 15:OO hours, [he rise in pH, especially 
with lower exchange rate (4 vol d.') indicate tliat the 
buffering capacity of [he carbonate systern is decre- 
asing, and photosynthesis causes the pI4 rise. 
According to VANDERMEULEN and GORDIN (1990), 
the higher pH values recorded under such condi- 
tions would indicate carbon lirnitation. Moreover, 
yield doubling (a[ the three densities), when dou- 
bling (8 vol d-l) or tripling (12 vol d.') exchange 
rates (Table l ) ,  fits well with similar increases in the 
arnount of carbon provided to the plants per unit of 
time. The similar pH values of 1 g EW 1.1 at 4 water 
exchanges per day and 4 g FW 1.' at 12 vol d. '  
(Fig. 1) shows that photosynthetically assimilable 
carbon can be rnaintained at the sarne levels at four 
fold higher densities by a three fold increase in ílow 
rate, which in tum produces almost 2.5 times more 
biornass and 3 times more NUR (Fig.3). However, 
NUE are lower than at 1 g FW 1 - 1  and 4 vol d.1 
(Table 1). 

NUE are similar to those described by 
VANDERMEULEN and GORDIN (1990) and COI-IEN and 
NEORI (L991) for Ulva Iac~uca. The higher yields 
and NUR obtained by COHEN and NEORI (1 99 1) at 
similar arnrnonia fluxes probably depends on the 
higher (alrnost double) irradiation in thcir experi- 
rnents. Regarding the variable to maxirnize, efforts 
to maximize NUE and NUR values in biofiliering 
experiments resembie growth rate and yicici values 
applied to production. Considerations bxcd  on only 
NUE will lead to wrong conclusions ori iis npplica- 
[ion as a biofilicr (as growih rate on biorn:iss pro- 
dx t ion )  (Figs. 2 ~d 3). 

The maxiniuni yields obiained ar 2 p FCV I (0.86 
kg FW m.2) at any excliangc rate. are i n  accordancc 
with the optimum density to maxirriizc production 
in Ulva described by LAI~OIN.~E iincl TENORE ( IC)I( I ) 
and RYTWER c t  i1l.,(I9X4). Tlic ;ibsencc ol' coi~cl ; i -  
[ion between yield antl NlJK riiiglii Iic cupl;iiiictl I l ! .  
i )  o Iiigher excrciion oI'org:inic I I I ; I I I C I .  ~ ~ i . i ~ ~ ~ i i i ~ c c I  111 

ilic stress (Hrii.~.i:iiiw. 107.11 1 1 1  l i t ~ I i f \  tlciisc ~ i i l i i i  
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dense cultures (as reponed by DUKE el al., 1989b; 
VANDERMEULEN and GORDIN, 1990; COHEN and 
NEORI, 1991). From these results, and in accordance 
with DUKE el ai. (i986; i989aj it seems evident that 
amrnoniurn uptake by Ulva is less lirnited by light 
than growth. However, the conclusion is just the 
opposite when analysing [he data per unit of bio- 
mass in light and dark periods (discussed below). 

Contrary to results obtained by VANDERMEULEN 
and GORDIN (1990) (sarne NUE during day and 
night periods) our data shows differences in NUE 
during light and dark periods (Table 1). These appa- 
rent contradictory results rnight be explained by the 
low ammonia flow in [he experiments of those aut- 
hors. In agreement with (he data reported by COHEN 
and NEORI (1991) with Ulva lactuca, differences in 
NUE during light and dark periods are shown at 
high amrnonia fluxes. 

Higher NUR dunng dark period at low water 
exchange rates (4 vol d-1) (Fig. 2) rnight be explai- 
ned by the lower NH,+ fluxes during the light 
period. Higher NUR in light at the highest water 
exchange rates (12 vol d-1) at al1 densities (Fig. 2) 
can be explained by the increase in arnmonia (achie- 
ved by higher water exchange rates) and inorganic 
carbon flows. Sirnilanties of NUR (and NUR per 
unit of biornass) in the dark at 12 and 8 vol d-' (Figs. 
2 and 3) indicate that dark cultures are N-saturated 
21 8 rxchangr rates (!Q? rn.1 d-i), k r i r  nnt lioht ""' ""' "O"' 

cultures at any density. Frorn Fig. 3, i t  seems that N- 
saturating flow rate in light lies around 18.8 pmol 
NH,+ g FW-1 h-1. As the N-saturating threshold flow 
per unit of  biornass varies significatively between 
ihe three densities (higher uptakes in plants grown 
at lower densities = lower selfshading) (Fig. 3), cle- 
arly shows that light has a strong infiuence in N- 
efficiency of the plant, rnasked by opposite efficien- 
cies of the system (Table 1). 

HARLIN el al. (1979) used Gracilaria sp to rerno- 
ve the ammoniurn produced by tlie fish F~cndul~cs 
Iicreroclitus, removing lightly more arnmonium 
(30 - 54 mmoi kg.' FW d.') tiian was produceci by an 
equ" biornass of fish. Similar results were reported 
by HAGLUND and PEDERSEN (1993) in a co-culture 
system of Gracilaria rcriiustipirara Zhang et Xia 
,,,:,L po:..t.,.,., nm:i<, k r u  + , . - + m ~ o  - - te"  * f  ~n 
w i i i i  i u i i i uuw L ~ U U L .  u u i i y  1 1 1 ~ ~  UOLUAL i a r k a  ui -w 

rnrnol kg.' FW d.' were obtained at a seaweed:fish 
biornass ratio of / : l .  Our results, indicate ihat at 
leas( two times higher (91.6 rnrnol kg.' FW d.l) upia- 
ke rate efficiencies [han that of Cracilaria teni~rsli- 
pirata can be obtained at four times higher fish con- 
centration. 

To maximize biofiltering efficiency of the waste- 
water from Sparus aurflto hatcheries and seaweed 
yield, the fish should be feed as early in the morning 
as possibie jin oraer to provide rnaxirnurn NH,+con- 
centrations during the light period), the density of  
seaweeds should be adjusted to 2.7 g FW 1.' (1.2 kg 
FW m-2) and water exchange rates should be (a[ 
Ieast) 12 vol d.' (150 rnmol d.'). Such conditions 
(at a seaweed:fish biornass ratio o f  1 :4 in our expe- 
rimental system), will yield 27 g DW d-l and a 
daily ammonia uptake rate of 110 rnmol m-2 d-l (76 
% of iiie daily input at 12 vol d.'). 
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