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LIST OF ACRONYMS:
ASW-Artificial Sea Water

AU-artificial upwelling

CMPBR- closed macro algae photo bioreactor system
DW-dry weight (gram biomass)

DM- dry matter

DGR- Daily growth rate (%)

DO-Dissolved oxygen (mg/L)

FW-fresh weight (gram biomass)

CHNS- carbon hydrogen nitrogen sulfur

HNS-high nutrient supply

LNS-low nutrient supply

IOLR-Israel oceanographic and limnological research
PAM- Pulse Amplitude Modulation

PBR-photo bioreactor

QY- quantum yield (®)
TAN-Total Ammonia nitrogen

TEA- techno economic analysis

WW-wet weight (biomass)
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Table 5. Elemental composition in Gracilaria salicornia and Ulva lactuca (mg 100 g~ dry weight)

Foodstuff (USDA®)

Mineral G. salicomia U. lactuea Lettuce Cabbage Carrots Broccoli Spinach
Potassium 11380.06 = 73.45° 2414.02 + 26.890 956.42 19311 3747.2 33812 4798.8
Calcium 948.45 + 7.7° 278213 +£ 11028 17748 368.95 38643 5029 8514
Sodium 1035.92 + 61.480 1805.44 + 58.6° 138.04 141.3 807.99 3531 6794
Iron 67.35 £ 7.77¢ 199.45 + 5.867 423 463 351 7.81 23.3
Manganese 416 £+ 0.052 21140238 123 1.24 1.64 2184 N
Mickel 0.92 +0.032 0.76 £ 0.012 - - - - -
Copper 0.57 £ 0.07° 1.45+0.212 014 018 052 052 L1
Cobalt 0.2440.05* 0.15 +0.03" - - - - -
Total cations 13438 £ 1432 7205.51 + 1020 - - - - -

Results are given as the means of triplicate determinations £ 5D.
Values in columns with different superscripts are significantly different (P = 0.05).
b Means in columns with different letters are significantly different (P < 0.05).
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JPT2 009 600 Y P 7YY 3 'on RN2 AWRNNT P72 2% 19NN SW NYHnirnan Mnaaw Tva

o1 2%MITIWNT 11990 4.10

MNON2 WY YXIA M MPINT YW NNP1NT Mnd DY 220w 0°°10°12 2pynm pnng TR0
.8 'om 177202 NIAXIN PR MIRXIN NI DPIPOR MY TWT NI
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"Red Sea”” nman Y mn nonma UM NITOOR 25T 11997 NINIIN 8 hab

Salinity Silicate | Ammonium | Nitrate Nitrite Phosphat
[9/1] [uM] [UM] [LM] [LM] e [uM]
30 1.10 1.64 2.07 0.09 0.16
37 1.19 1.73 2.28 0.10 0.19
39 1.35 1.89 2.35 0.09 0.19

DPMIKRYA 01 NIDT NAW? OMIAW M9 W2IW MAIN MPIN-0001701 2w MTT7 937y 20330 8 'on 172212
995 .(parts per million) PPT m7m2 30,37,39 :mR27 nmona nind 12y 172p00 0230 0°7wi
-2 77 R PPT 39.32 59 199 Y 0750 mimeonan 779 WRD 2173 0172 NIDA2 WX 7 Ipnn2 NrrIniod

2719172 710037 MIREIN 0 By ,39[g/1] nn1% wenIw v nbhnm 207y By odani ,72°0% .PPT 38.75

NIAXIN PR NMIRXIN (PPM) NSO MTMPA O3 Y12 MIW NIIFHR Mn? W7 NN Non2 Wiy
.9 'on 753ma

"Red Sea" NMam 9w m9 NOMTA ppm MTOMR DOIWT IO NIRIIN 19 b

Salinity [ Silicate-Si | Ammonium-N | Nitrate-N | Nitrite-N | Phosphate-P
[9/1] [Ppm] [Ppm] [Ppm] [Ppm] [Ppm]
30 0.03 0.02 0.03 0.001 0.005
37 0.03 0.02 0.03 0.001 0.006
39 0.04 0.03 0.03 0.001 0.006

DI MIIPR NRHINIDR A JPan e 4.11

952 (290127 D0V AR 1917 DMN2IT T AT 2°2Y) 99107 AT 1PANT 112°0 NvoD
PIVIADRT APRIR TN 25D AT 11000 MR, 10 "o 79aRa 0OIRINK WY 200

XN 11297 N2WTY 2% I 1A 190 110 haw

1999 NonY b1 1199 b1 1199 PRSI
RAbirh] b MR AN D MMWNA
VRDOID (uUM)
(HM)
11.99% 24.21 640.44 yop-1
13.15% 28.61 724.04 a7m-2
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13.35% 1.48 1813.82 2°R-3
5.57% 2.86E-01 7.24 "10°1) -4
(o> noonn RY7
9.71% 9.48E-05 3.25E-03 D01 "0%-5
(avm)

NN 270 NI T 7712 JWT 02197 @3V 2UORPW 2PN 2°°10°17 9D DY @R v 10 17203 1w P1m
112 Y. fasciata 1577 M2y mTw 53 ,112%m7 12150 N3wRR 5.59 Mvpoa 99031 JPInn 7Y .M0%1 9

NIZR DDA DWW NILIRDR TPIR NINZIN TN 4.12

X027 X X .nP02 RPN YW A0 92 MR IRAIW 99D 12717 237V DX MRAY 1001 21 'on X2
12 Pr2M 9727 2y MTYn MREINT " T-test" 17an 0 HY v A0 DR Xvan Y Y w2’ min 1o
"2 P72 9727 HY 30 w0 Ao ,(t(4)=-2.837,P- value=0.046) T11°n1 9700 NNY? A0 N
IRYNI R? DONWA 220187 WY 12 .(1(4)=-3.398, ,P- value=0.027) 7rmnan qnmm yopn naw
YXIMn .(N=12) 7279 23 M2V 220w YXIANT T A3 Y5 21 7732 .00 oopnam 009730
.(S.D% 0.33) 4.87 :mxr¥IN7 995 Hw

6 P<0.05 /l\ |
P<0.05 \ } I

5 / =

hydrogen content (% DM)
w

Seasonality
B Winter B Summer Spring special Winter

1% APen noTwst :21 AR

9907 ,NPTAI ANY 1 PIY IRAWA 2077 AP IRENIW 1277 937 KW 0100 00T 21NN 0B8N 7 11 ahawna
D917 MIRYINT °27W 117981 1INAN 9123 YRIMAY A0 1117 ,1PN MY PN NY00 NIREING VXD NOXNT
F na%ona? 7w F 9wn .12 mava xen: ANOVA mnel .0»hm00pna 2o ,(A1w) *10°1 NX1ap RS
NP AR ARYINTL(0.05 7W) 5%-n 1A (significance) sig-n wro1 ,(ANOVA) »111%0 11 mnw min®ia
1N°1 12 79202 MIRYING 172 ,79°07 SMynwn) SPnR 9727 2Py XYY PR 19X 12200 229720 190 1
X903 N7 T A N L(F(3,8)=4.101, p<.05) mnwn mnt1a npim ARXIN 173NN %3 MRT?

.O°RN2 D NOoMN R9? 170

45



NINR2 7% 2D7-NIRON TPOwevue (11 abaw

Descriptives
H o)
?50 Confidence Interval far
M Mean SFd'. Std. Error pcan Minimum | Maximum
Deviation Lower Upper
Bound Bound
Winter 3 4.6 2 1 3.9 5.2 4.3 4.9
Summer 3 4.6 .0 s} 4.5 4.8 4.6 4.7
Spring 3 4.9 i2 1 4.1 5.6 4.6 5.2
Special Winter 3 5.2 2 1 4.5 5.9 4.9 54
Total 12 4.8 3 0 4.6 5.0 4.3 5.4

.(significance) sig > mw (F) mix?on °57y ooaxn 12 abava

MER2 72972 2597-(ANOVA) nuane mina :12 mhaw

ANOYA
Hog)
Sum of Mean .
Squares a Square 7 2.
Between Groups 7 3 2 4.101 .049
Within Groups 4 8 0
Total 1.2/ 11

:DOR27T MIAYT 1°2 2°P21 0°97277 12301 LSD 32 °9% qwni saman nnan
M AN AN .
PR AN PR .

XU2D Y ¥, w20 M7 11977 Rvan X X PRIN0 929 Anpaa 1RI0 00 IR MY 100122 'on TrRa
AT AN NNYY AR DY P2 PRI 9727 DY MTyn mRng "T-test” jman 0o By Lawn 20 DX
DW XYY P2 YW 73 ,5%-2 20 ,nwo 4.87% Sw prawa 77a0] L(1(4)=2.801, P- value=0.048)
t(4)=-2.64, P-) 2% m21p ARG IR NPT 722p00 KD 2ARD PR N P L [pramn-Kon
XM 25 22 R .NPVOHLD DOPAAM 0°9727 IRINI R? DNWH 2201RT IR 12 .(value=0.057

(S.D£ 0.40) 2.01 :mxxINT 995 5w ¥ .(N=12) 7239 5 M2y Lapnnw yXmng JIvn
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25

15

05

nitrogen content (% DM)

H Winter

N Summer

Seasonality

Spring

NIXNR2 PN NP0 NPT i22 MR

special Winter

q90R ,NPTAI AW T2 DRAWD 1207 RPN IRIAIY JPINN 230V YW 2V00u0N vNNIT aven 13 abava
DO 1M MIRXINT 227 117997 1INAN 2123 YX0n? TR0 A0 ,TpN N0 LJpN 1700 MIRXINT YXINn  N10xn;
4Yom0pna 021 ,(F11Y) 10°1 NXI2P AMRD

MITR2 P — NIMINN TPOLDLD 13 ahav

Descriptives
]
9506 Confidence Interval far
N M Std. Std.E Mean ik e
ean Deviation Lerrar T ower Upper inimum aximum
Bound Bound

winter 3 2.0 31 18 1.2 2.8 1.7 2.3
Summer 3 2.1 .02 .01 2.0 2.1 2.0 2.1
Spring 3 2.3 17 10 1.9 2.8 2.2 2.5
Special Winter 3 1.5 48 28 3 2.7 1.0 1.9
Total 12 2.0 40 11 17 2.2 1.0 2.5

sig-n1 WX ,(ANOVA) *111°5 71 maw mneia F navona? 7w F 7w .14 abava vyom ANOVA minn
K21 2P 1982 17207 029737 1907 123 ,Npaaw AP AR¥INTL(0.05 1Y) 5%-n 79175 (significance)
MR IR MPIam X2 MRIN 172p07 N-7 12y 2 MRS 10°1 9295 14 77930m ,72°07 "Myawn) "Nk 9727 2pY
W MPRMT N2 2PN DR 0°97277 WK 03 03 1085 wn ,nxt ay L(F(11)=3.94, p=0.054) mpnamn?
.5.4% X7 A92pNIw MIPIRNANT DR 1w — 5%-n T2 2P0 PR 01 ,5%

47



MER2 377 — (ANOVA) miawe minsa 114 abaw

ANOYVA
N
Sum of Mean .
Squares of Square 3 9d.
Between Groups 1.1 3 3 3.940 .054
Within Groups 7 8 .0
Total 1.8 11

SR AT 22AX (RIT N P2 2P 0°97a0 we LSD jnan o

11977 Rvan X X 7002 7PEIN°0 HW A0 92 R IREAIW 293 112900 227y DR MR 1001 23 "o 1rRa
202X NN 12 P2 2720 5y Myn MR "T-test" 172n 0 5y .a1va M0 IR Xvan Y X w2 min
T IR ,5%-7 2170 .mvw 4.87% v pram 972an] ,(1(4)=2.801, P- value=0.048) 1rmnan 41nn nnv®
t(4)=-) 722 721 IRYINT TR NP 772PN0 KD AR? ORI NNW 172 [P K0 W XY pramn Yw
TV %I 9732 .NPLDVLD DA 079727 XA R? MW 22011ET WY 172 .(2.64, P- value=0.057
(S.D+2.28) 11.27 :mR¥IN7I 923 YW vx¥van .(N=12) 721w 93 M2y 23pnaw yymng

o p<0.0s|  P<0.05)
14
I
12
10

protein content (% DM)

=T A -]

Seasonality
B Winter ™ Summer Spring special Winter

1% AR NPT :23 MR

P71 AW PR%D DRAWA 2077 .nP02 IRXRIW PNADT 207V DY 0200000 2°INIT QA% 15 ahaus
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IR PRYT — NOINON PhweauD (15 ahaw

Descriptives
Val
950 Confidence Interval for
N Mean oAl Std. Error Mean Minimum | Maximum
Deviation ' Lower Upper )
Bound Bound

Winter 3 112 1.7 1.0 6.7 15.6 9.6 13.1
Summer 3 11.8 1 0 114 12.2 116 11.9
Spring 3 13.3 9 5 10.9 15.8 12.3 14.3
Special Winter 3 8.6 2.7 1.5 1.8 15.4 5.5; 10.6
Total 12 112 2.2 b 9.8 12.7 5.5 14.3

sig-1 R ,(ANOVA) *111°0 71 mnw mnra F navona® 1w F 77w .16 ahawa vom ANOVA mn
X21 2P 1982 17207 222727 190 090 , NP2 ArR aREINg L(0.05 1Y) 5%-n 79175 (significance)
Mpa2m? MAp IR MPA 82 MIREIN 172p07 ,N-7 MIRKING 721721 ,79°07 "Myawn) "nmaR 9730 2pY
W MPHAM NP2 PR PR 22972 WK 03 03 1987 2w 18D x0T v 5(F(3,8)=3.94 , p=0.054)

.5.4% X071 92PN MPrann I — 5%-n 72 0PI ark an ,5%

1abn- ANOVA miw mins :16 mhav

ANOVYA
Val
Sum of Mean .
Squares a Square 7 2.
Between Groups 34.3 3 11.4 3.940 .054
Within Groups 232 8 2.91
Total 57.6 11

SR AT 22X (RITN P2 2P 0°97a0 we LSD jnan o

T 1577 K2R X 1Y LHR02 X210 DWW A0 DI R IRYAIW DI 1AND 7Y NR MR 1001 24 'SR 1R
NNV 97N DWW 1°2 2P 270720 DY MTYn MRS "T-test" 1722 0 HY.anva M0 IR Rvan Y X ,wa
Ny 1a,(t(4)=-7.01, P- value=0.002) 2°2x7 y°pn 1w 12 ,(1(4)=-3.61, P- value=0.022) 7n1oni3 nn

t(4)=-3.93, P-) 7nvna aminn v 20axa nw 1 ,(1(4)=-7.19, P- value=0.001) 7mni 7o yopn
TV A 2V 23 5732 .00 0P 0972 INENI K7 DO 2°O11ET N 172 .(value=0.017
(S.D£ 2.63) 25.90 :mxxni 595 Hw yxIn L(n=12) 71y 95 M2y Lapnnw yxmnn
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carbon Seasonality
= = ) ] w
[%a] [=] (%3] [=] w =2

=]

H Winter

P<0.05

|

P<0.0

P<0.05

B Summer

Seasonality

Spring

P<0.05 - rM \\ N

special

1m0 NN N2 24 R

Winter

9907 NPT AN IPH7 DRAWD D207 P02 WA 1AMDT 237V DY 2°°00°WU0T 2ONNIT 203X 17 abana
029017 MIRYINT 22,1199 INAN 2123 YIMAY 10 M LIPN MY PN D100 ,MIREING VXD ,NoXNT
.07oR0pPnR 097 ,(F1W) M0 DX TNIRD

TAMD — NYMINON ApvueweD 17 ahaw

Descriptives
C
9500 Confidence Interval for
N Mean Deilt:ﬁon Std. Error Tower Mea Uoper Minimum | Maximum
Bound Bound

winter 3 232 2.6 1.5 16.8, 29.7 214 26.2
Summer 3 24.4 4 23 232 25.6 23.8 24.7
Spring 3 26.7 2 16 26.0 274 26.4 27.0
Special Winter 3 29.1, 1.0 58 26.6 31.6 28.1 30.1
Total 12 25.9 2.6 76 24.2, 27.5 214 30.1

LANOVA) >17°3 11 mnw min*1a F nionn® 7w F 77w .18 mbawa 3001 1ano °57w may ANOVA mn
22PN 229727 190 M2 ,Npaam PR aRng L(0.05 7W) 5%-»n 717 (significance) sig-n wR
NPR2M ARXIN NP2PNN 3 NIRID DY 18 779ana NIRTING ,T2°07 *Mmynawn) “NPnR D725 2pY XD 09pn 19IRA
.(F(11)=9.87, p<.01) mnw:n mineaa

12r2-ANOVA maw minss :18 m7oaw

ANOVTA
C
Sum of Mean ,
Squares a Square Z S1g.
Between Groups 60.1 3 20.0 9.870 .005
Within Groups 16.2 8 2.0:
Total 76.3.. 11
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DRI M 172 2P 0°9727 12301 P 1A Y
I A2 AN .

IR AN PR o

DRI M 172 2P 009727 17301 79 AR oY
IR AN AN )

YR N TR .

:0°R27T NN P2 221 209720 a1 LSD jman o

.2°2RY 77N o
I AN AN o
PR AN 7R .

11977 Rvan X X .7mp02 E2I2°0 W A0 90 KD IREAIW DI NPIDIAT 237V IR MR 1001 25 'on N2
2°2RT NIW P2 P 9727 Y MTYn MIRYINT "T-test" jman 00 Dy, 0 DR Xpan Y Y w2 nn
t(4)=4.41, ) nnn qnna nNYL YR DN Pa paam 9727 9 L(1(4)=6.667, P- value=0.002) y>pi nnwo
TR M 2°FH 24 7732 .0OVDPLLD 2PN 27727 WX KD 2 NWwR 20171780 XY 12 .(P- value=0.005
(S.D+ 0.92) 4.38 :mxxni 995 5w v¥mn L(n=12) a1y 93 May Kapnaw yxinni

~J

P<0.05
P<0.05

=2

9]

sulphur content (% DM)
= [2®] w E=Y

o

Seasonality
B Winter B Summer Spring special Winter

N3 NPI5N NPT 25 R

9907 ,NPTAI MW PR PRAWA 2077 NP2 IRXAIW NP9 937 KW 0LDLLDT 2°1INIT X 19 hava
D290 NIRYINT 22,1199 1INAN 2123 YXIMNY 10 M LIPN MY PN D100 ,MIREING YYD ,NroXna

.D7HR0pnT 29 ,(F1W) 1071 NXIAP ANIRD
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nvI8IA — M MmNt 19 baw

Descriptives
S
9508 Confidence Interval for
N Mean Std. Std. Error Mea Mini Maximum
ea Deviation .Error Tower Upper inimum | Maximul
Bound Bound

Winter 3 4.4 4 25 6.2 3.7 5.1
Summer 3 55 2 1 4. 6.3 5.2 5.7
Spring 3 4.0 2 1 3.3 4.7 38 4.3
Special Winter 3 34 6 3 1.¢ 4.9 3.0 4.1
Total 12 4.3 9 2 3.7 4.9 3.0 5.7

1D T MW M2 F onaana® pow Fo7wa (20 meava axm nona noon ay ANOVA mina

0°9727771 190 M3 ,NPAn AR ARYINT L,(0.05 77Y) 5%-n 72172 (significance) sig-n1 wxo1 ,(ANOVA)

IRZIN NYaPNR 02 MR YR 20 9awa NIREING 72707 TMVAwAY NPAR 2737 2pY K91 PR 1DIN2 173p07

.(F(3,8)=8.849, p<.01) muwn mn®1a npham

N9 — (ANOVA) minw mins: :20 moaw

ANOVTA
S (%)
Sum of Mean .
Squares 9 Square 7 S1g.
Between Groups 71 3 2.3 8.849 006
Within Groups 2.1 8 27
Total 9.3 11

ST Caman Nnan
DINTT P2 2P 009727 12AN1 P AR 902

IR 7R .

PR 9NN TR )

M P2 2P 27727 19301 A9 7an 207

IR 7R .

PR 9NN TR )

:0°R27T NN P2 22 209720 19an1 LSD jman vob

YR Am .
20RO 7R o
PR AN PR o
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7o 91798 NINXIN 4.14

NMIRXINIT DY QY 719°51 MW ,MINW 71277 W ORI NPE2IN0 2w 727707 011 MIRXIN I8N 21 1R
NI 377 Y1, TIRD MITAR 770 NPX21°0 2w 17937 NMIRXIN NI ARYNI 72 DAY ,2°2RT N1XIM°0)
nMEIM02 72 3-7 A9°7A7 YYD L20ARD 9TINT 1°2 Paw 2720 PRI NNV IRYY RN NI
NP0 2o 3-2 A907A0 VRN ;20.42 5V 7Y 3P0 D200 7 79.93% -2 DY 1Y 29287 ORI
[N NP0 oo 3-7 90T vRan ;24.32 5y Ty 1pn nvvwuo 7w ,103.27% -3 700 vOpn ORIn
DOINIT HW O P02 NNW Yaxa MR NY L7.36 DY Ay 1w 1Pn Do) 63.26%-2 By Ty
(DGR) 14.01% -1 15.42 >rmwa N y¥Iimnam DIMIX MIRXIN NW NDPWR 970 NX1°0 230
(-12.50%) n°9%w nonra DGR 79w %va maw 7o 1301 3mMT a7 102n2 .MTI01 M2 22pnaw
X7 1991 ,0700°000:7 022 WM 79901 K7 1 ARXIN L(7PX1190) RN 270 TN M27na 7°han Hwa
NI NI PRI W DOAXON DOWATINT 2INWa 2P . "boX plots'-1 7732 A0 AR L7000

R nih]

(%) Growth after 3 days

.
=
r
] M

T T T

Spning ST Wintar

ORI Y DW 001 2-121 7R 70 NNYY 210 3-1 MIRXING N *

NI NIEDIASD NI AYITAT IR NAPENT "hox plots” 59x 126 TN

T T 1IN AT NN DNV X100 MIRXING T 17282 2 TAn 0°1N1T DY 00 v MmNl

1970 ,(77°X71790) X210 270 I M0N0 YA (-12.50%) N hw nonra DGR Ty Hya

15.42-14.01% >rmwva snnwa yXmnam NMAX MIREIN Nw MSpwH 9737 2w 11050 pon2 mmpan "nw
DWW RXAW INRA NP9NRMI D295 DONNITW RYAI ,NP0UO°WBD .MTI91 MmN 2apnaw (DGR)

(D911 223950 10INAY D»WwAY) 0-7 NIYWR DR 22937 1K 1991,0.05-n M2 p value v

-7 J72n DR OYXAY W2 P9 (2RI DY) N IR 0aTan D7 permutation jmanh wpna

21 'on 19202 yom apwn MRYING Y Y0 vs L(ANOVA) “"permutation”
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TR 0.05-n 9173 7w oXY L,paam 9720 v 0.05-n up "p value" T7avn arw 7% 0 21 nhaun
I II2NT NINEIN D 7Y 9727 TR 1991 ,2173 T 2028 9700 DWW P2 P 2070 T .PR2m 2720

(MNYA RWA P2 IDINA INW PRI PY) 0ARY YORYLYORY A0 MINYT P2 002727 IRXA1 0D NIRTD
[ [orh

DGR nIR2IN M2p Tukey Jrank mReIn :21 maw

diff Iwr upr p adj (p
value)
Summer-Spring 23.3 4.53 421 P<0.05,(0.01)
Winter-Spring -16.6 -35.7 2.3 P>0.05,(0.09)
Winter-Summer -40.0 -57.1 -22.9 P<0.05,(0.00)

DOAXIN NRY EIN0 31X 2105 (1-5) oW 0ORN2 DX 99 D°017RNT SW 0°Hpwna 097w

.22 'on 177302 0710717 230 90 71y

NRHIAOTA BITOXT NIRTIN 21990 122 TRan

biomass biomass biomass biomass biomass

weight weight weight weight weight
Number of (Before and | (Before and | (Before and | (Before and | (Before and
experiment | after the after the after after after
and type of experiment) | experiment) | experiment) | experiment) | experiment)
simulation: incell 1: in cell 2: in cell 3: in cell 4: in cell 5:
Winter, A14 | 0.19 0.184 0.184 0.196 0.191

0.305 0.161 0.294 0.301 0.314
Winter, A15 | 0.198 0.197 0.197 0.195 0.197

0.351 0.327 0.324 0.308 0.323
Winter, A16 | 0.199 0.197 0.199 0.198 0.2

0.309 0.352 0.327 0.308 0.328
summer, A17 | .198 0.2 0.198 0.199 0.2

0.382 0.384 0.414 0.339 0.499
Summer, A8 |g.2 0.189 0.145 0.192 0.197

0.445 0.462 0.316 0.352 0.444
Summer, A19 ]g.2 0.198 0.197 0.192 0.196
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0.413 0.375 0.358 0.36 0.346
spring, A20 0.201 0.2 0.197 0.2 0.198
0.295 0.382 0.344 0.395 0.328
spring, A21 0.197 0.2 0.199 0.186 0.199
0.307 0.359 0.35 0.387 0.407
A special
experiment,
without water
exchange/flow | 0.197 0.2 0.2
0.228 0.234 0.305

o3I (017 YRIAN W MI2TY) O°°10°37 TR 992 0°RN2 DRIV 9D DOVINANT 777747 D

BITOAT NIRSIN DWW RIL0IuD 123 ahav

.23 'on 1%3va

Number of | Percent | Percent | Percent | Percent | Percent | Average
experiment | growth growth growth | growth | growth | DGR for
and type of in in in in in | the
simulation: colva colva colva colva colva | experiment:
1: 2: 3: 4: 5:
60.5%
Winter,
Al4
-12.5% 59.7% 53.5% 64.4% 59.5%
77.2%
Winter,
Al5
65.9% 64.4% 57.9% 63.9% 65.9%
55.2%
Winter,
Al6
78.6% 64.3% 55.5% 64.0% 63.5%
92.9%
Summer,
Al7
92.0% | 109.0% 70.3% | 149.5% 102.7%
Summer,
A18
122.5% | 144.4% | 117.9% 83.3% | 125.3% 118.7%
106.5%
Summer,
A19
89.3% 81.7% 87.5% 76.5% 88.3%
46.7%
spring, A20
91.0% 74.6% 97.5% 65.6% 75.1%
spring, A21 55.8%
pring, 79.5% | 75.8% | 108.0% | 104.5% 84.7%
A special 15.7%
experiment 17.0% 24.7% 44.2% 52.5% 30.8%

.0 NIN/MRIT RPD IR NDWNA YA TR oo

NIXNT 5w 293191979 s 4.15

DR DPORIY TIARY 2722 NRTY PRDY ,°X902°0:7 2199 Y12 IpnnT 1721w 2O017R0Y 01908 TV
.24 'on 19202 Y01 TN (RN 939) 0HRITTIR X100 299N IR OO TN 28
mg 200) Ulva 1xx-11pRn 5w 0301780 (°197) MXRT 2w 2702110 27000 22811 23 77202 nnna

MDA MAPYA EINO0 92970 DPR-R/D1P W nan (P10 CNRY 219%) mamna A 029720 (

MIXR 4 °19 HY 111101 10X MWR ,0ITR YA 7Y1AXT T0DODR NTIX2 NMIIN0N AYOWT Q2N N0
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A0 ,YOP ORIN A1R°T WK T M0%12 MIXK 2 °19 HY ANOXI WD AYOW A7 ORIN 20T WK T M10°12

D°RIN 7277 WK *10°1 INRY NTTI2 IEKR °1D O¥ ARY ,2°ART NNY ORIN 72°TW T M0%12 MK 4 010 HY

D3TA2 1BNNWIY DO01PRNT H2on 24.4% DY nhn (MW MANT2) Ayownn 0 A0 DY YW 22N

il
DI TRnRa Ulva NER2 T2 MW 2pyn MR 124 han
Experime | season before the simulation after the simulation
nt No.
1(Al14) | winter P ( 2 . 2
3 a 5 s 4 5

1 (A15) | winter 1 2

3 B 5
1(A16) | winter ". é 1 2

3 4 5 3 4 5

2 (A17) | summer
2 (A18) | summer




2 (A19) | summer

"..

3 (A20) | Spring 1

3 (A21) Spring j‘ 2
3 4 8 4
4 (A22) | Decembe | 1 2
r -without *
water ‘

exchange

&
‘a
~
¥ @ & - B- —’“ %.- ’“‘d
'a
- ¢ 5-0 g-9 8- %

NOUBIE-1WID MY 4.16

,72737 "ancova" jnan Sw minana 17y X2 quantum yield v37vw Tm%n 2°1n1T W ouotuuo mn
p shapiro wilk jman ,n°%n791 NMA%oNAR OR P72 92 DTN YW 2wa DY Y WX
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Dependent Variable: Heg

JAsR-TwRaT S1an:4 novl
Multiple Comparisons

Mean 9500 Confidence Interval
() Season W) Season Difference | Std.Error Sig. Lower Upper
- Bound Bound

Tukey HSD ~ Winter Summer -0 7 987 -7 5
Spring -2 2 539 =9 3

Special Winter =6 2 .052 -1.2' 0

Summer Winter 0 2 087 -5 ord
Spring -2 2 .720 -8 4

Special Winter -5 2 082 1.2 0

Spring Winter 21 2 539 =3 9
Summer 2 2 720 -4 .8

Special Winter -3 2 344 1.0 2

Special Winter  Winter b 2 052 -0 1.2
Summer 5 2 .082 -.0 1.2

Spring 3 2 344 -2 1.0

Scheffe Winter Summer -0 2 000 -7 &
Spring -2 2 .609 -9 4

Special Winter -6 2 .075 -1.3 e

Summer Winter 0 2 900 - 7
Spring -2 2 77 -9 4

Special Winter -5 2 115 -1.2 ]!

Spring Winter 2 2 609 -4, .9
Summer 2. 2 i -4 9

Special Winter -3 2 416 -1.0 .3

Special Winter  Winter b 2 075 -0 1.3
Summer 5 2 115 -1 1.2

Spring 3 2 416 -3 1.0

LSD Winter Summer -0 2 754 -5 4
Spring -2 2 .202 =7 1

Special Winter -6 2 .013 -1.1 -1

Summer Winter 0 2 754 -4 5
Spring -2 2 319 -6 2

Specialwinter | .5 2 021 1.0 =1

Spring Winter i 2 202 -1 ¥y
Summer 2 2 319 -2! b

Special Winter -3 2 111 -8 1

Special Winter  Winter 6 2 013 1 1.1
Summer 5 2 .021 1 1.0

Spring 3 2 111 -1 8!

+ The mean difference is significant at the 0.05 level
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Dependent Variable: N

IPAN-TRAT SIan S ool
Multiple Comparisons

Mean 9500 Confidence Interval
) Season W) Season Difference | Std.Error Sig. Lower Upper
(-J Bound Bound
Tukey HSD  winter Summer -1 2 969 -9 b
Spring -3 2 459 -1.1 4
Special Winter 4 2 .328 =3 1.2
Summer winter 1 2 P69 =6 .9
Spring -2 2 01 -1.0 5
Special Winter 5 2 184 -2 1.3
Spring winter 3 2 459 -4 1.1
summer 2 2 701 =5 1.0
Special Winter 8 2 .040 .0 1.6
Special Winter  winter -4 2 328 -1.2 .3
Summer -5 2 184 -1.3 2
Spring -.8 2 .040 -1.6 -0
Scheffe winter Summer -1 2 K -9 7
Spring -3 2 532 -1.2 4
Special Winter 4 2 399 -4 1.3
Summer winter 1 2 977 -7 9
Spring = 2 .756 -1.1 5
Special Winter 5 2 .240 -3 14
Spring winter 3 2 532 -4 1.2
Summer 2 2 756 -5 1.1
Special Winter 8 2 .05¢9 -0 1.7
Special Winter  winter -4 2 .399 -1.3 4
Summer -5 2 240 -1.4 3
Spring -8 2 .05¢9 -1.7 .0
LSD winter Summer = 2 LE9 -6 4
Spring -3 2 162 -9 1
Special Winter a4 2 105 -1 1.0
Summer winter 1 2 469 -4 6
Spring -2 2 304 -8 3
Special Winter .5 2 .053 -0 1.1
Spring winter 3 2 162 -1 .9
Summer 2 2 304 -3 8
Special Winter 8 2 010 2 14
Special Winter  winter -4 2 105 -1.0 1
Summer -5 2 .053 -1.1 .0
Spring -8 2 .010 -1.4 -2

= The mean difference is significant at the o.05 level
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PaBA-TRT vAan 16 novl
Multiple Comparisons

Dependent Variable: Val

Mean 9506 Confidence Interval
() Seasan ) Seasan Difference Std. Error Sig. Lower Upper
(-J Bound Bound
Tukey HSD  Winter Summer -6 1.3 969 -5.0 3.8
Spring -2.1 1.3 459 -6.61 2.3
Special Winter 2.5 1.3 328 -1.9 7.0
Summer Winter b 1.3 969 -3.8 5.0
Spring -1.5 1.3 701 -5.9 2.9
Special Winter 31 1.3 184 -1.2 7.6
Spring Winter 2.1 1.3 459 2.3 6.6
Summer 1.5 1.3 701 -2.9 5.9
Special Winter 4.4 1.3 040 23 9.1
Special Winter  Winter 2.5 1.3 328 -7.0 1.9
Summer -3.1 1.3 .184 -7.6 1.2
Spring 4.6 1.3 .040 -9.1 -2
Scheffe Winter Summer -6 1.3 977 54 4.2
Spring -2.1 1.3 532 =70 2.7
Special Winter 25 1.3 .399 2.3 7.4
Summer Winter & 1.3 977 4.2 5.4
Spring -1.5 1.3 756 -6.3 3.3
Special Winter 31 1.3 240 -1.7 8.0
Spring Winter 2.1 1.3 532 2.7 7.0
Surmmer 1.5 1.3 756 -3.3 6.3
Special Winter 4.6 1.3 .05¢9 =17 9.5
Special Winter  Winter 25 1.3 390 -7.4 2.3
Summer -31 1.3 240 -8.0 1.7
Spring 4.6 1.3 059 -9.5 .1
LSD Winter Summer -6 1.3 669 -3.8 2.5
Spring 2.1 1.3 162 5.3 1.0
Special Winter 25 1.3 108 -4 5.7
Summer Winter .61 1.3 669 -2.5 38
Spring 1.5, 1.3 .304 4.7 1.6
Special Winter 31 1.3 .053 -C 6.3
Spring Winter 2.1 1.3 162 -1.0 5.3
Summer 15 1.3 .304 1.6 4.7
Special Winter 4.6 1.3 .010 1.4 7.9
Special Winter  Winter 2.5 1.3 105 5.7 b
Summer -3.1 1.3 .053 -6.3 .0
Spring -4.6 1.3 010 -7.9 -1.4

« The mean difference is significant at the o.05 level.
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Dependent Variable: C

Multiple Comparisons

MR- Saman :7 neol

Mean 9500 Confidence Interval
() Season ) Seasaon Difference | Std.Error |  Sig. Lower Upper
() Bound Bound
Tukey HSD  winter Summel -1.1 11 756 4.8 2.5
Spring -3.4 1.1 .070 -7.1 2
Special Winter 5.8 1:3 005 95 2.1
Summer winter 14 151 .756 2.5 4.8
Spring 2.2 1.1 274 -6.0 14
Special Winter 4.6 1 016 8.4 =9
Spring winter 34 19 070 -2 7.1
Summer 22 1) 274 -14 6.0
Special Winter 2.3 11 247 -6.1 1.3
Special Winter  winter 5.8 = 1.1 .005 2.1 9.5
Summer 4.4 1:1 .016 L) 8.4
Spring 2.3 1.1 247 -1.3 6.1
Scheffe winter Summer -1.1 13 804 -5.2 2.9
Spring -34 1.1 100 -7.5 .61
Special Winter 5.8 1.1 007 9.8 -1.7
Summer winter 11 1.1 804 2.9 52
Spring 2.2 151 341 -6.3 1.7
Special Winter 4.¢ 1.1 .025 -8.7 -6
Spring winter 34 1.1 100 -6 7.5
Summer i) 1.1 341 -1.7 6.3
Special Winter 2.3 1.1 311 -6.4 1.6
Special Winter  winter 58 i 1.1 007 1.7 9.8
Summer 4.6 1.1 .025 b 8.7
Spring 2.3 11 311 -1.6 6.4
LSD winter Summer Sl 141 .349 -3.8 1.5
Spring -34 1.1 .018 -6.1 =Y
Special Winter 5.8 1.1 .001 -8.5 -3.1
Summer winter 1.1 1.2 349 =15 3.8
Spring 2.2 1.1 .084 4.9 3
Special Winter 4.6 1.1 .004 -7.3 -1.9
Spring winter 3.4 11 018 7 6.1
Summer 2.2 19 .084 =3 4.9
Special Winter 23 1.1 074 -5.0 2
Special Winter  winter 5.8 1Ko ] .001 3.1 8.5
Summer 4.6 1.1 004 1.9 7.3
Spring 2.3 1.1 074 -2 5.0

« The mean difference is significant at the 005 level
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NIDA-TRAT saan :8 noes
Multiple Comparisons

Dependent Variable: S

Mean 9500 Confidence Interval
) Season W) Season Difference | Std.Error Sig. Lower Upper
=) Bound Bound
Tukey HSD  Winter Summer -1.1 4 .104 -2.4 2
Spring 4 4 767 =9 1.7
Special Winter 9 4 182 -3 2.3
Summer Winter 1.1 4 104 -2 24
Spring 15 4 026 1 2.9
Special Winter 2.1 4 005 7 34
Spring Winter -4 4 .Y -1.7 9
Summer -1.5 4 026 2.9 -1
Special Winter 5 4 .584 -8 1.9
Special Winter  Winter -9 4 182 2.3 3
Summer 2.1 4 .005 -3.4 -7
Spring -5 4 584 -1.9 8
Scheffe Winter Summer 1.1 4 143 2.6 3
Spring 4 4 .813 -1.0 1.8
Special Winter 4 237 -5 2.4
Summer Winter 1.1 4 143 -3 2.6
Spring 1.5 4 .040 .0 3.0
Special Winter 2.1 4 .008 .6 3.5
Spring Winter -4 4 813 -1.8 1.C
Summer -1.5 4 040 -3.0 -0
Special Winter 5 4 51 -9 2.0
Special Winter  Winter -9 4 237 2.4 5
Summer 2.1 4 008 -3.5 -6
Spring -5 4 .651 2.0 9
LSD winter Summer -1.1 4 028 2.1 -1
Spring 4 4 358 3 1.3
Special Winter 9 4 052 -0 1.5
summer Winter 1.1 ) 4 028 1 2.1
Spring 1.5 4 006 5 2.5
Special Winter 2.1 4 001 1.1 3.C
Spring Winter -4 4 358 -1.3 5
Summer -1.5 4 004 -2.5 -5
Special Winter 5 4 228 -4 1.5
Special Winter  Winter -9 4 .052 -1.9 .0
Summer 2.1 4 .001 -3.0 -1.1
Spring -5 4 228 -1.5 4

= The mean difference is significant atthe 0.05 level
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Abstract

Israel is a densely populated country that encourages a long-term process of population
growth. At the same time, the country maintains a stable economy that yields a growing
domestic product (GDP) at a rate exceeding the population growth. While Israel's
population grows, and the GDP per capita and the per capita income increase, there is also
a steady increase in the demand for food and in the import of oil for transport, as well as
for the production of energy and chemicals. In addition, the demand for residential areas
and workplaces consistently increases. Therefore, in order to fulfill these demands and
maintain the country's development, it is recommended to find innovative solutions beyond
the traditional agricultural areas. The potential of Israel's maritime zone to be used for algal
aquaculture can reduce the pressures on soil resources. The country's exclusive economic
zone (EEZ) area, which is ~'24% larger than its terrestrial area, has not yet been explored

and exploited.

In spite of the above-mentioned potential and advantages, implementation of the maritime
cultivation of algae poses many challenges. First, the continuous research of open-water
algal cultivation is a difficult task, since it involves various logistic aspects and requires
many infrastructures (adjusted vessels, marinas, equipment, and growing cages), and others
that do not yet exist. In addition, the high financial expenses, including the cost of many
work hours and manpower, are a major obstacle. Therefore, based on current monitoring
data, the optimal conditions for growing Ulva macroalgae offshore (where and during
which season?) remain unknown, as well as whether the existing environmental conditions,
both physical and biochemical, allow for high biomass growth rates in the epipelagic zones
of the Mediterranean Sea. Another challenge to be overcome is the substantially low
macronutrient concentrations in the Mediterranean, mainly in the upper water column,
which is a limiting factor in the cultivation of macroalgae. These and other factors render
the maritime zone a complex system and an area with a variable potential for promotion of
a blue economy. Since it is hard and complex to study the maritime zone, it is not yet being

used to supply a sustainable source of infrastructure for macroalgal cultivation.

"Maritime zone potential, as assessed by the Natural Resources Administration (Israeli Ministry of Energy)



The main aim of this study was to find a solution for the above-mentioned challenges and
to conduct a small-scale growth assessment according to the conditions found in the
Mediterranean Sea. Thus, a local strain of the Ulva macroalgae (Chlorophyta), which
inhabits the Mediterranean, was used in the current study. To simulate Mediterranean Sea
conditions, a novel in-situ photobioreactor was developed as part of this thesis project, and
used to inspect how Influence of different light intensities and macro-nutrient
concentration (relevant to the Mediterranean region) affects daily growth rates (DGR),
algae biochemical composition (CHNS), and other physiological parameters such as tracer
visibility monitoring, and photosynthetic efficacy. In this study, we hypothesize that it will
be possible to perform AU (artificial upwelling) of deep nutrient-rich water to the surface;
therefore, these conditions will be implemented in the simulations in order to exploit the
high concentrations of macronutrients in the depths for best algal growth and to reduce

fertilization costs.

Main findings:

A total of nine three-day simulations were performed using the photobioreactor developed
by us. These simulations provided growth rates (DGR), with a maximum of 34+24%
during summer (averagex SD), with the use of fertilizers from a depth of 500 m; and
nitrogen and phosphorus concentrations of 5.82 and 0.22 (umol/l), respectively after
simulation lighting level of 259 PAR umol of photons m2 s, Median data yielded 26+20
during spring, with surface water conditions; and nitrogen and phosphorus concentrations
0f 92.86 and 1.93 (umol/l), respectively after simulation lighting level of 259 PAR pumol
of photons m? s, Minimal data of approximately 21+7% were achieved during winter,
with the use of fertilizers from a depth of 460 m; and nitrogen and phosphorus
concentrations of 6.58 and 0.26 (umol/l), respectively after simulation lighting level of 112

PAR pmol of photons m?2 s,

Pulse-amplitude modulation (PAM) measurements revealed a predicted reverse correlation
between increasing light intensity in darkened leaves and quantum yield values, though no
significant effect of the various treatments on photosynthetic efficacy quantum yield (QY)
was found. The maximum values of the photosynthetic efficiency (&) obtained, ranged
from 0.4 to 0.49.



The relative protein content of algae following simulations (averagex SD), was 8.67+2.72,
11.22+1.78, 11.83+0.15, and 13.36+0.98 (% of DW) with the following median values:
9.7, 10.8, 11.8, 13.3, for the seasons special winter (Without circulation), winter, summer,

and spring, respectively.

The nitrogen concentrations in the final dry biomass were estimated to be 1.55+0.48,
2.00£0.31, 2.11+0.02, and 2.39+0.17 (% of DW) with the following median values: 1.7,

1.9, 2.1, 2.3, for the seasons special winter, winter, summer, and spring, respectively.

After examining the effects of all conditions on seaweed in the reactor, we estimate that
seaweeds were not limited to available nitrogen concentrations for growth (except for the
simulation in which there was no water circulation). In the spring-season simulation, the
nitrogen absorption rate was found to be most efficient, since the initial nitrogen

concentration was 15 times higher than in the winter-season simulation.

In summary, in order to investigate how much marine biomass we can grow offshore, we
developed a method for growing seaweed in a laboratory, Combined with certain sea
conditions for a defined season, with emphasis on limiting nutrient data (based on values
at different depths far offshore). In the future, it will be possible to raise the nutrient-rich
deep water by the AU and, thus, overcome the challenge of low nutrient concentrations.
The results of this work present a new method and tools for assessing the potential of

marine space for the growth of biomass for food, chemical, and biofuel purposes.
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