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R educed fishery  h a rv e sts  a n d  in c reased  c o n su m er d e m a n d  for seafood  have p re c ip ita ted  an  inc rease  in 
in tensive  fish farm ing , p re d o m in a n tly  in  coasta l an d  o p en  ocean  n e t-p e n s . H ow ever, as c u rren tly  p rac ticed , 
aq u acu ltu re  is w ide ly  v iew ed  as d e tr im e n ta l to  th e  en v iro n m e n t an d  typ ica l o p e ra tio n s  a re  vu ln e rab le  to  
e n v iro n m en ta l in fluences, in c lud ing  p o llu tio n  an d  en d em ic  d iseases. H ere w e  re p o r t th e  d e v e lo p m en t o f a 
lan d -b ased , m arin e  rec ircu la tin g  aq u acu ltu re  sy stem  th a t  is fully co n ta in ed , w ith  v irtu a lly  no  en v iro n m en ta l 
im p ac t as  a  re su lt o f h igh ly  e ffic ien t biological w aste  tre a tm e n t a n d  w a te r  recycling. O ver 99% o f th e  w a te r 
vo lum e w as recycled  daily  by  in teg ra tin g  aerob ic  n itrification  to  e lim in a te  tox ic  am m o n ia  and , fo r th e  first 
tim e, s im u ltan eo u s, anae rob ic  d en itrif ica tion  an d  an ae ro b ic  a m m o n iu m  ox idation , to  c o n v ert am m o n ia  an d  
n itra te  to  n itro g en  gas. H ydrogen  sulfide g e n e ra ted  by  th e  sep a ra ted  e n d o g en o u s  o rgan ic  solids w as u sed  as 
an  e lec tro n  source for n itra te  red u c tio n  v ia  a u to tro p h ic  d en itrif ica tio n  a n d  th e  rem a in in g  o rgan ic  solids w ere  
co n v erted  to  m e th a n e  a n d  carbon  d ioxide. System  v iab ility  w as v a lid a ted  by  g ro w in g  g ilth ead  seab ream  
(Sparus aurata) from  61 g to  412 g for a  to ta l o f  1.7 to n s  in  a  reco rd  131 days w ith  99% fish survival. A m m onia  
n itr ite  a n d  n itra te  d id  n o t exceed  an  average daily  co n cen tra tio n  o f 0.8 mg/1, 0.2 mg/1 an d  150 mg/1, 
respectively . Food conversion  va lues w e re  16% lo w er th a n  reco rd ed  levels for n e t-p e n  aq u acu ltu re  an d  
sa ltw a te r usage  o f less  th a n  16 1/every kg  o f fish p roduced . The system  is s ite -in d ep en d en t, b iosecure , devo id  
o f e n v iro n m en ta l c o n tam in an ts  a n d  is n o t re s tric ted  to  a  single species.

P ub lished  by  E lsevier B.V.

1. Introduction

A nthropogenic activities such as intensive fishing, environm ental 
pollution and m arine and coastal h ab ita t destruction , to g eth e r w ith  
global clim ate change, have been  adversely linked to a significant 
decrease in m arine  b iodiversity  (Dulvy e t al., 2003; Halpern e t al., 
2008; Jackson e t al., 2001; Lotze e t al., 2006; Pandolfi e t al., 2003; 
W orm  e t al., 2005). H um an-driven erosion o f m arine b iodiversity  has 
recently  been  projected to lead to th e  collapse o f all curren tly  fished 
taxa by 2048 (W orm  e t al., 2006). Reversing this trend , restoring 
m arine  biodiversity, and m eeting  th e  ever-increasing global dem and 
for seafood will require th e  in tegration  o f fisheries m anagem en t 
(Pauly e t al., 2002), pollution reduction  (Lotze e t  al., 2006), hab ita t 
resto ration  (Lotze e t al., 2006; W orm  e t al., 2006) and, to a large 
extent, developm ent o f  environm entally  sustainable m arine  aqua­
culture. Responding to th e  continuous decline in fishery harvests and 
in an  effort to m ee t seafood consum ption, aquacu ltu re  has becom e the 
w orld 's fastest grow ing sector o f food production, increasing nearly 
60-fold during  th e  last five decades (FAO, 2007). Currently, however, 
farm ed m arine  species account for only 36% (3.2% for finfish) o f the
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global shellfish and finfish aquacultu re  p roduction  (FAO, 2006) and 
provide only 11.5% (1.1% for finfish) o f all seafood products, inclusive of 
fisheries and aquaculture. It is clear th a t  in o rder to ease fishing 
p ressu res on  m arine  stocks, th e  p ro d u c tio n  o f m arine  species 
(especially finfish) th rough  aquacultu re  m ust be accelerated. Two 
prim ary  obstacles im pede th e  ecologically sustainable g row th  of 
m arine  aquaculture: its in teraction  w ith  th e  environm ent, w hich  is 
addressed  in th is study, and th e  use o f fish proteins and oils as 
aquafeed  co m p o n en ts  (G atlin e t al., 2007; G yllenham m ar and 
Hakanson, 2005; Naylor e t al., 1998, 2000). Coastal n e t-p en  and 
pond aquaculture facilities em it nu trien ts  and chem icals into the  
m arine  env ironm en t (G yllenham m ar and Hakanson, 2005; Naylor 
e t al., 2 0 0 0 ) and im pact w ild stocks th rough  in terbreed ing  w ith  
escaped anim als, u ltim ately  leading to reduced fitness (M cGinnity 
e t al., 2003; Naylor e t al., 2005). Additionally, these  aquaculture 
practices pose th e  risk o f  feral stock estab lishm en t (Soto e t al., 2001 ; 
Volpe e t al., 2000), com petition  for resources be tw een  escaped and 
indigenous fish populations (Fleming e t al., 2000; Soto e t  al., 2001; 
Volpe e t al., 2001) and disease transm ission  from  farm ed to wild 
anim als (Krkosek e t al., 2005; Naylor e t al., 2000). The future 
expansion o f m arine  fish p roduction  th rough  aquacultu re  largely 
d epends on  our ability to reduce th e  risk o f  these  environm ental 
in teractions and im pacts. Recirculating aquacultu re  system s (RAS) are 
one o f th e  fu ture  platform s th a t offer a sustainable m ethod  for farm ing
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Fig. 1. Schematic configuration of the novel marine RAS. System components include: (A) 0.3 m3 microscreen drum  filter, (B) 0.4 m3 pump reservoir, (C) 0.9 m3 C02 stripper, (D) 1.5 m3 
protein skimmer, (E) 8 m 3 nitrifying moving bed bioreactor (MBB), (F) 1 m 3 low head oxygenator, (G) 0.6 m3 pump reservoir, (El) 0.15 m3 conical sludge collection tank, (I) 0.5 m3 
sludge digestion tank, (J) 3 m3 denammox fixed-bed up-flow biofilter, (K) 0.02 m3 biogas reactor with gas collection. Tank w ater was used to backwash organic solids from the 
microscreen drum filter (A).

m arine and fresh w ater fish. RAS ability to effectively m anage, collect 
and tre a t n u tr ien t w astes th a t accum ulate during  th e  fish grow th, is a 
key factor in th e ir future developm ent as m ainstream  env ironm en­
tally sound fish p roduction  system s (Piedrahita, 2003; van Rijn, 1996).

Here w e rep o rt th e  developm en t o f a viable, fully contained, land- 
based, m arine RAS. The system  discharges only a negligible am o u n t of 
w astew ater, approaching near-zero discharge. Moreover, it is biose- 
cure and devoid o f con tam inants. It in tegrates aerobic and anaerobic 
m icrobial processes, including a novel com bination  of denitrification, 
anaerobic am m onium  oxidation (anam m ox), and m ethanogenesis, to 
elim inate toxic inorganic n itrogen  com pounds and organic solids. As 
proof o f system  viability, a com m ercial species, g ilthead seabream  
(Sparus aurata) has been  produced a t g row th  rates, food conversion 
values and production  o u tp u t beyond previously reported  levels in 
com m ercial n e t-p en  system s.

2. Materials and methods

2.1 System configuration

A schem atic o f th e  m arine RAS used  in this study  and som e o f its 
characteristics are show n in Fig. 1 and Table 1. The system  consists of 
tw o 1 2  m 3  fish tanks connected  to an  in tegrated  m odular filtration 
(IMF) m odule (W ater M anagem ent Technologies, Baton Rouge, LA, 
USA) as th e  p rim ary  w ater trea tm e n t com ponent. The IMF m odule 
in tegrates th e  life su p p o rt com ponents including a C0 2  stripper, 
p ro tein  skim m er, nitrifying m oving bed bioreactor (MBB) and low 
h ead  oxygen g e n e ra to r (LHO) for oxygen d e liv e ry  (Fig. 1C-F, 
respectively). The nitrifying MBB w as filled w ith  4  m 3  o f polyethylene 
beads, 1cm  in d iam eter and surface to volum e ratio o f 500 m 2 /m 3. 
Ozone produced by an  ozone genera to r (Pacific O zone Technology, CA, 
USA) was injected directly  into th e  p rotein  skim m er a t a ra te  o f 10- 
2 0  1/m in  to  d isinfect th e  w ater and im prove w a ter quality  param eters, 
including w a ter turbidity. W ater flow th rough  th e  IMF m odule w as set 
a t a ra te  o f 45 m 3 /h, allow ing approxim ately  2 cycles o f tan k  w ater 
th rough  th e  IMF m odule every  hour.

The m ain aerobic w a ter stream  was connected  to th e  anaerobic 
side loop, w hich  w as com posed of tw o sludge tanks, an  up-flow  fixed- 
bed denam m ox biofilter and a biogas reactor (Fig. 1H-K, respectively). 
Sludge was collected w ith  a m icroscreen d ru m  filter (60 pm screen 
m esh; Hydrotech, Model 801, Vellinge, Sw eden) and backw ash system  
th a t used  tan k  w a ter (Fig. 1A). Sludge and backw ash w a ter w ere 
collected in th e  first sludge tank  (Fig. 1H) and overflow  w ater in the  
second (Fig. 11). The second sludge tan k  contained 0.3 m 3  polyethylene 
beads (as described above) to prom ote  solids re tention , and serve as a

substra te  for bacterial colonization. W ater re ten tion  tim e in th e  tw o 
sludge tanks w as d ep en d en t on th e  frequencies o f backw ashing the  
d ru m  screen filter, bu t averaged 2.5 h. W ater overflowing from  th e  
second sludge tank  was pum ped  sim ultaneously  w ith  tan k  w ater to 
th e  up-flow  fixed-bed denam m ox biofilter. This configuration p ro ­
vided th e  denam m ox biofilter w ith  n itra te-rich  w ater from  th e  m ain 
w a ter loop, as well as sulfide, am m onia  and dissolved organic 
com pounds from  th e  sludge collection and d igestion tanks. The 
d en am m o x  b io filter co n ta in ed  1.5 m 3  po lye th y len e  b ead s (as 
described above) for solids re ten tion  and bacterial colonization. The 
flow rate in th e  denam m ox filter was 0.44 m 3/h  for an  average w ater 
re ten tion  o f 6 . 8  h, or one volum e o f tan k  w ater recycled every 2  days. 
Liquid oxygen was dissolved in a low  head  oxygenator (Fig. IF) and 
sa tu rated  w ater w as m ixed w ith  w a ter flowing back to th e  fish tanks. 
Oxygen concentra tions in th e  system  w ere  continually  m onitored 
w ith  a dissolved oxygen analyzer (M odel 9100, Royce Technologies, 
NC, USA) and m ain tained  a t a m in im um  value of 5 mg/1. Redox 
potential (ORP) was m onito red  in th e  fish tanks by an  online ORP 
analyzer (M odel 5000, Royce Technologies, NC, USA) and ozone was 
autom atically  supplied to th e  protein  sk im m er a t ORP values below  
350 mV. System  pH was m ain tained  a t 7.2 ±0.3 by au tom ated  addition  
o f 20% (v/v) solution o f sodium  hydroxide (Black Stone pH Controller

Table 1
Characteristics of different components of the marine RAS

Compartment Volume
(m3)a

Flow rate 
(m3/h)

Retention time 
(h)

Fish tanks’3 24 45 0.53
Nitrifying moving bed biofilterc 8 45 0.17
Denammox fixed-bed up-flow biofilterd 3 0.44 6.8
Sludge digestion tanks6 0.65 0.2 2.5
Pilot UASB reactorf 0.02 0.00008 250
Microscreen drum  filter (60 pm)8 0.3 45 N.D
C02 stripper chamber11 0.9 45 0.02
Protein stómmer1 1.5 45 0.03
Low head oxygenator-1 1 45 0.02

a Actual w ater volume. 
b Dimensions: diam eter 3.65 m, height 1.7 m.
c Two identical chambers with dimensions of: width 1.2 m, length 1.8 m, height 1.9 m. 
d Dimensions: diam eter 1.2 m, length 2.75 m.
e Two tanks w ere used: (1) diam eter 0.5 m, height 0.8 m  (2) w idth 0.85 m, length 

1.2 m, height 0.5 m. 
f Dimensions: diam eter 0.15 m, height 1.15 m. 
s Dimensions: w idth 0.6 m, length 0.8 m, height 0.5 m. 
h Dimensions: w idth 0.4 m, length 1.3 m, height 1.8 m.
1 Dimensions: w idth 0.4 m, length 1.3 m, height 2.1 m.
J Dimensions: w idth 0.45 m, length 1.7 m, height 1.3 m.
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Table 2
Major microbial processes and location in the RAS anaerobic water treatm ent loop

Microbial processes Process equation Location

Sulfate reduction SOI"+ 10H++8e"—>H2S+4H20 Sludge tank (Fig. 11)
Autotrophic 5H2S+8NO¡ -► 5SOI"+4N2 +4H20 + Denammox (Fig. 1J)

denitrification 2H+
Heterotrophic 5CH3COO"+8NO¡+3H+ —► 10HCO¡+ Denammox Sludge tanks

denitrification 4N2+4H20 (Fig. 1H-J)
Anammox NH4+N02 —► N2 +2H20 Denammox (Fig. 1J)
Methanogenesis 4H2+H++HCO¡ -► CH4+3H20 Biogas reactor (Fig. IK)

and Pum p, H anna Instrum ents, MA, USA). The system  tem p era tu re  
was m aintained a t 26±1  °C. The system  w as filled w ith  artificial 
seaw ater p repared  by m ixing th e  required  salts from  individual 
ingredients according to a form ulation developed by scientists from  
th e  Center o f M arine Biotechnology (Zohar e t al„ 2005); salinity was 
m ain tained  be tw een  15 and 17 g/1. W ater lost to  evaporation  was 
replaced w ith  freshwater.

2.2. System stocking and fish growth

5000  seabream  fingerlings w ith  an  average w eigh t o f  0.5 g w ere 
shipped via air freight from  M agan-M ichael Hatchery, Israel. After 
g row th  to  an  average w eigh t o f  61 g in a nursery  system , 4230 fish 
w ere transferred  to th e  m arine RAS and divided equally be tw een  the  
tw o 12 m 3  tanks. Fish g row th  w as d e te rm ined  by averaging th e  w eight 
o f 50 fish from  each tan k  every  2 w eeks during  th e  course o f  the  
experim ent. Fish w ere  fed w ith  seabream  d ie t produced by EWOS, 
Canada (w w w .ew os.com ), contain ing 45% protein, 18% fat and 1.8% 
phosphorus. Pellet size w as gradually  increased according to fish size, 
starting  w ith  crum ble feed for fingerlings and ending w ith  7 m m  
pellets for th e  final g row th  period. Feeding rate w as gradually  
increased  using  tim er-con tro lled  shaking feeders (Sw eeney, TX, 
USA) in d istinc t p re -set intervals from  6:00 AM to 4 :00  PM. System 
photoperiod w as se t a t 16 h daylight.

2.3. Chemical and physical analyses

Oxygen and tem p era tu re  w ere m onito red  using a YSI tem p era tu re/ 
oxygen probe (M odel 57, Yellow Springs Instrum ents, Yellow Springs, 
OH, USA). Salinity was m onitored  via refractom eter (M odel S-10E, 
Atago, Japan). Total am m onia  (TAN — NH3  and  NH4 ) w as de te rm ined  
by th e  hypochlorite oxidation reaction (Scheiner, 1976). Nitrite, sulfide 
and phosphorus w ere d e te rm ined  according to Strickland and Parsons 
(Strickland and Parsons, 1972). Sulfide concentra tion  in th e  gas phase 
of th e  m ethane  reactor was m easured  by dissolving 1  m l gas collected 
from  th e  reactor gas trap  in 1 0  ml o f anaerobic distilled w a ter in a 
10 ml sealed glass tube. N itrate was m easured  by ion exchange 
chrom atography using a Dionex DX600 IC system  w ith  UV detection  
(D ionex UVD170). Total n itrogen , to ta l p h o sp h o ru s , and  to ta l 
suspended  solids in th e  organic sludge w ere d e te rm ined  by M artel 
Laboratories, Inc. (Baltimore, MD) according to EPA m ethods 351.3, 
365.2, and 160.3 respectively. Alkalinity was m easured  by titra tion  
w ith  hydrochloric acid (Strickland and Parsons, 1972). Total am m onia 
and n itrite  w ere  m easured daily. Sulfide, n itra te  and alkalinity  w ere 
m easured weekly. M ethane analysis w as perform ed by gas ch rom ato ­
graphy (H ew lett Packard 5890A) using a flam e ionization de tector 
(Sowers and Ferry, 1983). All o th er gas analyses w ere  perform ed by gas 
chrom atography using a th erm al conductivity  d e tecto r in series w ith  a 
m ethan izer (M odel 510, SRI Instrum ents, Inc., Las Vegas, NV) and 
flame ionization detector. The colum n was 0.32 by 457 cm  stainless 
steel th a t con ta ined  Carboxen 1000 (60/80 m esh; Supelco). The 
colum n oven w as operated  a t 130 °C and N2  was th e  carrier gas. All 
m easurem ents w ere  carried  ou t in duplicate or trip licate w ith  a 
m axim um  average deviation  of 5%.

2.4. Anam m ox and denitrification activity assays

Anam m ox activity  o f th e  bacterial com m unity  in th e  denam m ox 
biofilter, was assayed by inoculating polyethylene beads ( n = 2 0 0 ) from  
th e  biofilter, into 500 ml glass conical flasks w ith  400  ml o f autoclaved 
15 pp t seawater. The flasks w ere supplied w ith  am m onia, and n itrate  
a t final concen tra tions o f 15 mg/1 and 35 mg/1 respectively, sealed 
u n d e r  n itro g en  gas w ith  g a s-tig h t bu ty l ru b b e r stoppers, and 
incubated  in th e  dark  w ith  shaking (150 rpm ) a t 37 °C. Sam ples 
(5 ml) w ere  periodically collected and analyzed for am m onia, n itrite  
and nitrate. Total m oles o f n itra te  reduced by au to trophic  denitrifica­
tion  w ere  estim ated  from  th e  total daily am o u n t o f hydrogen sulfide 
rem oved by th e  denam m ox biofilter using th e  sto ichiom etric equation  
(Table 2). This estim ate  w as sub tracted  from  th e  total m oles o f n itrate  
rem oved to estim ate  daily n itra te  rem oval by th e  hetero troph ic  
pathw ay.

3. Results and discussion

3.1. System design

The an aero b ic  loop (Fig. 1H-K; Table 1 ) th a t  is p a r t o f th e  m arine  
RAS d escribed  h e re in  in teg ra ted  c o m p lem en ta ry  m icrobial p ro ­
cesses (Table 2) th a t  p rov ided  h ighly  e ffic ien t tre a tm e n t o f  toxic
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n itro g en  w aste  p ro d u c ts  and  organ ic  c arbon  w aste  p ro d u ced  du ring  
th e  fish g ro w th  cycle. It includes co m p a rtm e n ts  for th e  anaerob ic  
d ig es tio n  o f o rgan ic  so lids co llected  from  th e  fish tanks, coup led  to 
su lfa te  re d u c tio n  (Fig. 1H, 1), h e te ro tro p h ic  a n d  a u to tro p h ic  
d en itrifica tio n  using  organ ic  co m p o u n d s and  sulfide as e lec tro n  
d o n o rs  for n itra te  reduction , as w ell as th e  an am m o x  process (Fig. 1 ). 
C oupling an am m o x  an d  d e n itr if ic a tio n  p ro cesses in th e  sam e 
reac to r re su lted  in th e  s im u ltan eo u s u p tak e  o f sulfide, am m onia  
and  n itra te  (Fig. 2A-C) u n d e r  an aero b ic  cond itions, c rea tin g  a 
p rocess te rm ed  d en am m o x  (P athak  and  Kazama, 2007 ; van  d e r Star 
e t  al., 2007). M oreover, th e  o rgan ic  sludge g en era ted  by  th e  system  
w as c o n su m ed  p a rtia lly  as an  en d o g en o u s  c a rb o n  source  for 
d en itrifica tio n  and  th e  rem ain in g  sludge w as conv erted  to biogas 
in a m eth an o g en ic  b io reac to r (Fig. IK). The com bined  p rocesses 
u ltim a te ly  red u ced  th e  to ta l vo lum e o f  d ischarged  o rgan ic  so lids by 
m ore th an  96% and  re su lted  in th e  p ro d u c tio n  o f  m e th a n e  th a t  m ay 
be h a rv ested  and  used  d irec tly  as an  en erg y  source. Since sa lt-lad en  
sludge g en era ted  by th e  RAS c an n o t be u sed  as fertilizer o r  landfill, 
th e se  system  co m p o n en ts  a re  essen tia l for reducing  th e  solid w aste  
g en era te d  by a m arin e  RAS. The u n iq u e  configu ra tion  o f th e  w a te r 
tre a tm e n t  system  p ro m o tes th e  fo rm atio n  o f th re e  d is tin c t redox 
zones th a t  su p p o rt th e  c o m p lem en ta ry  m icrobial p rocesses n eces­
sary  for co m p le te  w a te r  recovery  (Fig. 3A); th e  a e ra ted  cen tra l fish 
cu ltu re  tan k s and  n itrifica tion  b io filter w ere  a t  th e  h ig h est redox 
p o ten tia l (4 0 0 ± 1 0 0  mV) w hile  th e  sludge d ig es tio n  tan k s  w ere  a t 
th e  low est ( -5 0 0 ± 1 0 0  mV), g en era tin g  a redox  g ra d ie n t w ith in  th e  
w a te r t re a tm e n t system  o f  a lm o st IV.

The desig n  o f th e  m arin e  RAS also  p ro v id ed  a u to n o m o u s 
m ain tenance o f optim al w ater alkalinity  and pH. Aerobic nitrification 
and fish respiration  reduced alkalinity  (as bicarbonate) and pH, 
w hereas th e  anaerobic solids d igestion and denitrification, increased 
a lkalin ity , u ltim a te ly  balancing  th e  sy s tem  pH (Fig. 3B). This 
phenom enon  has been  described previously (van Rijn e t al., 2006) 
and em phasizes th e  self-sustaining nature  o f th e  system .

Denammox 
biofilter /

Fish

42.8

'7.7% Sludge

Water

B

column

Anammox

Fish

Sludge

7.2% I W ater 
i colum n

65.1

D énitrification

Fig. 4. Total phosphate (A) and nitrogen (B) mass balance during the complete fish 
growth trial (131 days). The total am ount of P and N in the feed (32.5 kg and 130.1 kg 
respectively) that was used during the growout trial was considered as 100% of each 
n u trien t 97.7% of the total P and slightly over 100% of the total N could be accounted for 
via the different compartments and microbial processes.
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Fig. 5. Fish growth curve. The growout experiment in the marine RAS started a t day 118 
(A) with an average post-nursery fish weight of 61 g and extended for 131 days to day 
249 (B) with an average weight of 412 g. Flarvesting extended from day 249 to day 274 
(C) of fish growth.

In addition  to th e  levels o f organic and inorganic n itrogenous w aste 
in th e  system , accum ulation  o f phosphate  in troduced th rough  fish feed 
was also investigated. A lthough it is a m ajor env ironm ental pollutant, 
phosphate  toxicity to fish is m inim al even in high concentrations 
(Iwama, 1991 ). It has been  reported  th a t only 29% of total phosphate  in 
fish feed is assim ilated by fish (Lupatsch and Kissel, 1998). In the  
cu rren t study  only 7.7% of th e  in troduced phosphate  accum ulated  in 
th e  w a ter (Fig. 3F), w ith  th e  rem ainder sequestered  in organic solids 
th a t w ere  collected in th e  sludge d igestion  tanks (18.2%) and the  
denam m ox biofilter (42.8%) (Figs. 2, and 4A). Thus, periodic rem oval o f 
th e  inorganic solids th a t accum ulate in th e  denam m ox biofilter, 
followed by full d igestion o f sludge in th e  biogas reactor, allow ed for 
th e  collection and safe disposal o f phosphate  as p a rt o f th e  negligible 
am o u n t o f inorganic solids th a t leave th e  system.

3.2. System performance

A grow out trial w ith  gilthead seabream  (S. aurata) w as conducted  
using th e  above land-based m arine RAS to tes t its ability to produce 
m arine fish in a sustainable and efficient m anner. A popular high- 
value m arine  fish species w ith  declining landings (FAO, 2006), sea­
bream  is com m only produced in n e t-p en  farm s across th e  M editerra­
nean  Sea. In North America, seabream  is a non-native  species th a t can 
be grow n only in biosecure system s such as th e  RAS. As a resu lt o f  this 
restriction, th ere  is no com m ercial p roduction  o f seabream  curren tly  
in th e  US. Two 12 m 3  cu lture  tanks w ere se t to an optim al tem p era tu re  
o f 2 6 ± l  °C, salinity  o f  15±1 p p ta n d  oxygen concentra tion  o f >5 mg/1. 
The tanks w ere  stocked w ith  4230 post-nu rsery  fish w ith  an  average 
w eigh t o f  61 g. Harvesting began after 131 days a t an  average w eigh t o f 
412 g, m axim um  fish density  o f 73 kg/m 3  and  fish survival rate o f 99%. 
The fish reached an  average m arket size o f450 g after 153 days and the

Table 4
Nitrogen removal parameters for the different water treatm ent compartments

Compartment Areal removal rate Hydraulic loading Daily removal rate
(g/m2/day) rate (m3/m 2/day) (g/day)

Nitrifying moving bed 0.6 ±0.05 (TAN) 316 1200±100 (TAN)
biofilter

Denammox fixed-bed 0.7 ±0.2 (NO¡-N) 9.3 530±130 (NOi-N)
up-flow biofilter 0.25 ±0.1 (TAN) 200±60 (TAN)

Sludge digestion -4.1 ±0.8 (NOi-N) 2.1 620±110 (NOI-N)
tanks

overall fish g row th  cycle from  0.45 to 450 g, including th e  nursery  
phase, w as 274 days (Fig. 5, Table 3). These grow th  rates are up  to 85% 
faster th an  th e  14-17 m on ths necessary, depend ing  on  location and 
strain, to  reach a sim ilar size in n e t-p en  system s th a t are considered 
th e  industry  standard  (Theodorou, 2002). During th e  131-day grow th 
trial period in th e  m arine RAS system , th e  average food conversion 
ratio (FCR) was 1.2 (Table 3). FCR reflects th e  relative efficiency at 
w hich  fish assim ilate feed (a w eigh t un it o f feed required to produce a 
w eigh t un it o f  fish). In com parison, th e  accepted FCR value for 
seabream  grow n in coastal ne t-p en s is 1.8 (Theodorou, 2002). The 
high g row th  rate and low  FCR values o f th e  seabream  in this study 
reflect th e  fact th a t  w a ter param eters including inorganic nitrogen, 
oxygen, tem pera tu re, and salinity w ere tailored and contro lled  to 
m ee t optim al requ irem ents o f seabream  th ro u g h o u t th e  g row th  cycle. 
Moreover, th e  continuous long day photoperiod  regim en (16 h light) 
im plem ented  during  th e  g row th  cycle is know n to delay  th e  o nse t o f 
sexual m atu ration  and gonadal grow th, resulting  in g reater fish yields 
(Kissel e t  al., 2001; Norberg e t al., 2001). As m uch as 1000 kg o f the  
produced fish w as d istribu ted  to  elite seafood restau ran ts in the  
Baltim ore-W ashington D.C. area. Feedback on fish quality  param eters 
including tex tu re  and flavor was positive from  all participating  
restau ran ts w ith o u t exception. Polychlorinated biphenyls (PCBs) and 
m ercury  analyses (Lancaster Laboratories, PA) show ed no detectable  
accum ulation  o f m ercury  (<0.05 m g/kg) o r PCBs (<8.4 pg/kg) in the  
fish tissues. Despite th e  high biom ass o f fish (73 kg/m 3), over 99% of 
th e  cu ltu re  w a ter volum e of 40  m 3  w as recycled per day. A total o f 
2 2  m 3  o f salt w a ter w as lost due to system  leaks and fish handling 
(0.36% daily), w hich m ay be reduced further w ith  system  im prove­
m ents, and 2.35 m 3  w as lost due to sludge rem oval (0.05% daily). The 
26.2 m 3  freshw ater lost due to evaporation  (0.5% daily), w hich does 
no t pose an  env ironm ental hazard, w as replaced by m unicipal (fresh) 
water, th u s adding only negligible cost to  th e  operation . Despite the  
high degree o f w ater re-use and th e  high fish biom ass, w ater quality 
p a ram ete rs th ro u g h o u t th e  fish g row th  cycle w ere  well below  
concentra tions considered stressful to m arine fish. A m m onia and 
n itrite  did no t exceed an  average daily concen tra tion  o f 0 . 8  m g / 1  and 
0.2 mg/1, respectively, th ro ughou t th e  g row out period (Fig. 3C,D).

Table 3
Fish performance parameters during 131-day growth trial in the marine RAS

Day Total fish number Average weight 
(g)

Total fish weight 
(kg)

Average fish 
density (kg/m3)

Daily feed intake 
(kg)

% of daily feed from fish 
body weight

aGR g/day bSGR %/day-1 cFCR

1 4230 61 258 10.8 5 2.0
14 4230 93 393.4 16.4 8 2.0
26 4230 120 507.6 21.2 11 2.2
46 4230 154.5 653.5 27.2 12 1.8 2.03 2 1.05
62 4230 199.9 845.6 35.2 15 1.8
77 4230 247.1 1045.2 43.6 17 1.6
92 4230 280.5 1186.5 49.4 18 1.5 2.74 1.3 1.20
112 4230 338.4 1431.4 59.6 20 1.4
131 4230 412 1742.8 72.6 22 1.3 3.37 1 1.35

a GR — Growth Rate. 
b SGR — Specific Growth Rate. 
c FCR — Food Conversion Ratio.
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Fig. 6. Nitrate removal through autotrophic (♦) and heterotrophic (d) dénitrification in 
the denammox biofilter during the 131 -day experiment (Fig. 4). Autotrophic nitrate 
removal was calculated according to the stoichiometric denitrification equation with 
hydrogen sulfide as an electron donor (see Materials and methods).

Although th resho ld  lim its m ay be species- o r stage-specific and m ay 
vary due  to tan k  system  influences, m arine species such as seabream  
can safely to lerate  am m onia  levels as high as 1.7-2.5 mg/1 unionized 
am m onia  (3 9 -5 7  mg/1 TAN; Person-Le Ruyet e t al., 1995) and n itrite  
levels up  to 200  mg/1 (200  ppm ; Parra an d  Yufera, 1999) if 
env ironm ental conditions a re  o therw ise  optim al. N itrate concen tra­
tions increased during  th e  first 50 days and stabilized a t an  average 
value o f 150 mg/1 for th e  rem ainder o f th e  experim ental period 
(Fig. 3E). E lim ination o f n itra te  occurred in th e  sludge tank  and 
denam m ox biofilter (Table 4). Production o f sulfide by sulfate-reducing 
bacteria  in th e  sludge d igester tank  (Fig. II) w as m itigated  by 
stim ulating  au to troph ic  denitrification  activity  using th e  sulfide as 
an  electron  donor for n itra te  reduction  (Fig. 2B). The su lfide-dependent 
au to troph ic  denitrification  in th e  denam m ox reactor dom inated  the  
he tero trophic  denitrification  during  th e  low  feeding rate period from  
day 1 to day 50, reducing a daily average o f nearly 60% of th e  total 
n itra te  produced. In contrast, during th e  high feeding ra te  period from 
day 50 to day 130, th e  organic carbon -d ep en d en t hetero trophic  
den itrification  dom inated  th e  au to trophic  pathw ay  (Fig. 6 ). This 
p a tte rn  dem o n stra ted  th e  com plem entary  n a tu re  o f th e  tw o processes, 
w hich  to g eth e r stabilized th e  system  n itra te  concen tra tion  associated 
w ith  increased feeding rates during fish grow th. A m m onia rem oval 
processes occurred sim ultaneously  w ith in  th e  aerobic m oving bed 
biofilter via nitrification and w ith in  th e  anaerobic d enam m ox biofilter 
via th e  an am m o x  reac tion  (Table 4). W e p rev iously  iden tified  
anam m ox bacteria  as pa rt o f th e  m icrobial com m unity  associated 
w ith  th e  m arine  d en itrifica tio n  b iofilter (Tai e t  al., 20 0 6 ) and 
dem o n stra ted  in tegration  and activity  o f anam m ox as an  im portan t 
pa thw ay  for nitrogen rem oval in th e  m arine  RAS. Incorporating the  
anam m ox process into th e  anaerobic w a ter loop enables th e  trea tm e n t 
o f  am m onia  produced during  th e  degradation  of organic sludge 
w ith o u t th e  need  for increasing th e  capacity o f th e  m ore energy­
consum ing aerobic nitrification biofilter. Lab-scale sh o rt-te rm  incuba­
tions o f m icrobial consortia  taken  from  th e  denam m ox biofilter
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Fig. 7. Anaerobic incubation of 100 biofilm-covered polyurethane beads removed from 
the denammox biofilter, demonstrating anammox activity by simultaneous ammonia 
(♦ ) (TAN) and nitrate (♦ ) removal w ith no nitrite (0) accumulation. Control incubation 
w ith only ammonia showed no ammonia uptake (data not shown).
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Fig. 8. Methane production by the pilot scale biogas reactor throughout the growth trial 
(A) and an analysis (B) of the biogases collected from the head space of the reactor.

confirm ed th e  co n cu rren t consum ption  o f am m onia  and n itra te  
(Fig. 7). Recent studies have d em onstra ted  th e  sim ultaneous activity 
o f anam m ox and den itrify ing  bacteria  in n a tu ra l o r m an-m ade 
env ironm ents (Trim m er e t al., 2005). These studies suggest th a t 
som e of th e  in te rm ed iary  com pounds in th e  denitrification  pathw ay 
m ay “leak" ou t from  th e  cell into th e  surrounding  env ironm en t and 
provide a substrate, i.e. n itrite, for th e  anam m ox process. Thus, the  
parallel up take o f am m onia  and n itra te  in th e  denam m ox biofilter 
strongly supports th is concept and d em onstra tes th e  dependence  and 
coexistence o f th e  tw o processes in th e  anaerobic environm ent. The 
nitrogen budget for th e  en tire  g row out experim en t (Fig. 4B) indicated 
th a t 1 1 .6 % o f nitrogen in troduced to th e  system  th rough  fish feed was 
rem oved by th e  anam m ox process w hile th e  m ajority  w as rem oved by 
denitrification  processes.

The 1807 kg of fish feed used th roughout the  experim ent consisted of
130.1 kg nitrogen (7.2% N) and 32.5 kg phosphorus (1.8% P). Of th e  total 
nitrogen in th e  feed, an  estim ated 28.6 kg was retained in fish (Lupatsch 
and Kissel, 1998), 4.2 kg w as recovered in th e  sludge and 9.3 kg 
accum ulated in the  w ater colum n. Approxim ately 85.4 kg of th e  nitrogen 
was rem oved by denitrification processes and 15.1 kg by th e  anam m ox 
process (Fig. 3B). Of the  total phosphorus in the  feed, 9.4 kg was retained 
in the  fish, 5.9 kg in the  sludge, 2.5 kg in the  w ater colum n and 13.9 kg 
accum ulated in the  denam m ox biofilter sequestered in organic particles 
and bacterial biom ass (Fig. 3A). The total recovered nitrogen exceeded 
the  estim ated  nitrogen in the  feed (142.6 kg/109.6%) and the  total 
recovered phosphorus was slightly less th an  th e  estim ated total (31.7 kg/ 
97.7%).

3.3. Utilization o f  organic solids

The co llection  and  d ig es tio n  o f o rgan ic  solids (u n e a te n  feed and 
fish feces) as p a r t  o f  th e  w a te r  t re a tm e n t  sy s tem  is o n e  o f th e  
u n iq u e  ch arac te ris tic s  o f th is  m arin e  RAS. This fea tu re  no t only 
prov ides an  en d o g en o u s  carb o n  source  for d en itrifica tio n , b u t also 
excess o rgan ic  ca rb o n  rem ain in g  a fte r  th e  d en itrific a tio n  process 
is co n v erted  to  m e th a n e  gas as th e  final p ro d u c t o f  th e  sludge 
d ig es tio n  process. The p ilo t b iogas reactor, fed w ith  p a rtia lly
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d ig ested  m ate ria l from  th e  tw o  sludge tanks, m a in ta in ed  re la tively  
c o n s tan t (Fig. 8 A) and  effic ien t p ro d u c tio n  o f biogas, ach iev ing  
g re a te r  th a n  60% (v/v) co n v ersio n  to  m e th a n e  th ro u g h o u t th e  fish 
g ro w o u t phase  (Fig. 8 B). M oreover, g re a te r  th a n  80% (v/v) o f  th e  
solid w aste  in tro d u ced  in to  th e  b iogas reac to r w as d ig es ted  to 
gaseous p ro d u c t (p red o m in an tly  m e th a n e  an d  carb o n  d ioxide), 
significantly  reducing  th e  vo lu m e o f  sludge from  th e  system . 
A lthough  m eth an o g en ic  w aste  d ig es tio n  has b een  w ell ch a rac te r­
ized  in n o n -m a r in e  sy s tem s su c h  as f re sh w a te r  se d im e n ts , 
m un ic ipal d ig es to rs and  ru m in an ts , th e re  a re  few er re p o rts  on  
m arin e  m e th a n o g e n e s is . T his is la rg e ly  d u e  to  th e  g e n e ra l 
m isco n cep tio n  th a t  m e th an o g en esis  does no t have a significant 
role in seaw ate r  due  to  c o m p e titio n  from  faste r g row ing  su lfa te - 
reducing  bacteria , w h ich  have a low er Ks for th e  sam e e lec tro n  
donors. H ow ever, m arin e  m eth an o g en s  co m p ete  successfu lly  in 
h ab ita ts  p ossessing  excess su b s tra te , i.e. an  o rg an ic  carb o n  source 
(Sow ers an d  Ferry, 2002). It is gen era lly  p re su m ed  th a t  a COD/SO^- 
ra tio  h ig h er th a n  1 0  w ill e lim in a te  th e  in h ib ito ry  effect o f su lfa te - 
reducing  b ac teria  on  m e th an o g en esis  (H u lshofiP o l e t  al„ 1998; Pind 
e t  al„ 2003). In th e  c u rre n t study, th e  COD/Sl“ ra tio s ran g ed  from  
2 5 -5 5 , w h ich  is m uch  h ig h er th a n  th e  re p o rte d  th re sh o ld  level for 
inh ib ition . As a resu lt, th e  RAS b io reac to r y ie ld ed  effic ien t p ro d u c ­
tio n  o f m e th a n e  from  th e  sa line  sludge. T h ro u g h o u t th e  en tire  
ex p erim en t, 2.61 m 3  o f  sludge co n ta in in g  3% solids (w /v) accu m u ­
lated  in th e  tw o  sludge tanks. The 2 0 -lite r  b en ch -sca le  b iogas 
reac to r d ig es ted  on ly  0 .26 m 3  o f th e  to ta l sludge g en era te d  by  th e  
system  and  p ro d u ced  an  average o f  40  m m ol m e th a n e /d ay  ( Fig. 8 A). 
Based on  o u r da ta , a fu ll-scale  o p e ra tio n  th a t  w ill a llow  full 
t re a tm e n t o f  th e  n e t accu m u la tin g  sludge a fte r  den itrifica tio n  
rem oval w ill req u ire  a 1 0 0 - lite r b iogas reac to r g e n era tin g  26 m ol 
o f m e th a n e  gas for ev ery  1000 kg o f fish p ro d u ced . Based on  th e  
tech n o lo g y  d esc ribed , on ly  10.5 kg o f d ry  organ ic  solids w ill n eed  to 
be rem oved  from  th e  system  for ev ery  1000 kg o f  fish p roduced . This 
is only 2.8% o f th e  e s tim a te d  375 kg o f d ry  organ ic  solids g en era ted  
from  th e  sam e a m o u n t o f  fish p ro d u ced  in  a RAS using  c u rren tly  
available technology, based  o n  FCRof 1.5 and  75% feed u p tak e  by th e  
fish (T im m ons e t  al„ 2002). In a d d itio n  to its low  organ ic  o u tp u t, th e  
system  also m in im izes sa ltw a te r usage. D uring 131 days o f fish 
g row th , on ly  16.4 1 o f  15 p p t sa ltw a te r  w as lo st for ev ery  k ilogram  of 
fish p roduced . T hese n u m b ers a re  ex trem e ly  low  co m p ared  to 
com m erc ial o r even  lab-scale  RASs th a t  d isch arg e  h u n d red s  and 
th o u sa n d s  o f lite rs for ev ery  k ilogram  o f  fish p ro d u ced  (P ied rah ita , 
2003 ; Suzuki e t  al„ 2003).

4. Conclusions

Integrating an  array  o f aerobic and anaerobic m icrobial-m ediated 
processes w ith in  a com m ercially available platform  provided efficient 
production  o f high densities o f m arine  fish in a system  th a t is 
biosecure, w ith  negligible inpu t to  th e  environm ent. This system  is 
also generic, con tam inan t- and pathogen-free. Moreover, because the  
system  does no t rely on  th e  availability o f a natural sa ltw ater source, 
its location can instead be de term ined  by econom ic considerations 
such as proxim ity to  m arkets, fu rther reducing th e  carbon foo tprin t o f 
th e  operation . Considered together, th e  described system 's superior 
perform ance and m ultiple benefits will drive its econom ic feasibility 
as a v iable a lternative  for th e  p roduction  o f high quality  seafood w ith  
m inim al env ironm ental im pact. This advancem en t in th e  develop­
m en t o f a fully contained land-based m arine  production  system  
provides an  a ttractive  alternative  to  cu rren t aquacu ltu re  practices th a t 
is bo th  biosecure and ecologically sustainable.
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