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Pl ol jgb (6 dwpaill deball vilil duwes jgaul 3ac huugio Jauw 1wli/jgadl 2ac -

630 Sle dwypai dehis J4J 6)20 100 o digho ddlguie dise gjg Jaouwd @i :(¢) 621 100 yjg -

dwyai debs J4l dslall bl ggpd bys ge asilidl jgadl gjg Jaw :(1-)lids .gb) aunll alsl -
A-jliaa 85 ) jeall oligh digals &l cyabg 620 le

-aJl yyleoll O35 :agloll mleall

ol o5 gl ouliill Joleo plariul af dwgjaall wilanll gl gl wlual
GCV (%) = (Jo?g / X) x 100
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i

danll gl gulidll = o
aanl) plell buwgioll = X
wollisl (s30 ge 6§56 heig o pll bowgiol dwill Gl (bl dwi Joleoll 132 yubsy
dlsleall plasiwl (% PCV) spgboll guliidll Joleo wilwo ai .duwgyaall aanll 6 diljgll jibll
way Ll
:¢uo PCV (%) = (Jo’p / X) x 100

ol gulidl + Gilgll il = (Phenotypic variance) (spgball guliill = o%p

aanl] plell buugioll = X

uiullg auilgll calpilill Joudu Lou .denl) Sl il jlago Joleall 128 yuisy

Sivasubramanian and Madhavamenon, 1973; Burton, 1952))

raylill @aleall plasiwl (GA) gsgiall gl p2aill Ll o

GA =K x op x H?
(Genetic Advance) gégiall iljgll paaill = GA
(%5 lia) diyeo jLisl 624w aic (Selection differential) ulaiill @§lall = K
(Phenotypic standard deviation) denll (sjlusoll Lolpnilll = op
(%) 2wlgll pggaall cugill &oya = H?
piilall WAL go 2019 Ji3 2%y &anll 6 2Bgioll guuaill jlado yaéil GA pasiuj
(Johnson et al., 1955a)
saylill @sleall plasiwl (% GAM) Guuill Giljgll pa8Ul Llws o
GAM (%) = (GA / X) x 100
28giall iljgll paaill = GA
aanl) plall bavgiall = X
Slenl &jlao Jguy lao danll plsll buugiall ijlao psgiall guaill dyglall duwill GAM hs)
:ausliallg ailiill
:li/apadl ausliell 2oc
d&_wgjaall Joall jyb) cli/ayeill aslisll aac da o) Loyl Juaill 2l o Al w
oldg wilii/ayslic 49 1 gu Cuogly 3] wulii/aypaill ayslisll 4o o a8 (0 Wi 5929 (2 Jgaall)

i aabidl e @§oai 269 BaracaxGiza 843-36 jljhll lallclg Hashbenge iljgll jlybll Lglsl
WI11-18-3xEthiopia bulk-54 .GoraxSel.Br/20640-1/2010-1 .BaracaxGiza 843-36 a2 jib
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Logub o (Vicia faba L) Joall o auiljg jyb Lgilighog ayaull dlall aand iligll gulill Jula
(1-15) sLwsl - gjjl Cigay dhany dphall acljll

Kolig et al., 2022; Rehaan ) 0a2g Lo dayiill 03m Jilai (JIgill e wili/auslic 3.3 .4) aus
alill Joleo days glai)l Boil) Los & wgyaall jpbll gy Giligll Lodliall S aflellg (et al., 2020
03m e Ghull wilill galeail I els sjsi of g4oug %26 (spgball gbill Joleog %21 iljgll
Cuygill @a)o Gioyd glaijl o ells @6l 289 auey 30 G| aljgll Lgiligho ge Wpe Gill da ol
szt Cilii/ayslisll 2ac aa o gl gl 288 law (SJlgill le % (62, 33 il Lol pasillg
65 ol jibiall LI Jou Loo arashill wilijgall Job ge 2ilil Giligl wilill | aobsay

‘ay] Jogi bo 20 dayiill 022 (§61gii lgiwal 6

(Ouje et al., 2017; Kolig et al., 2022; Verma et al., 2015).
:oli/ ggpall aae
2awlg Gilig gl 2929 (2 Jgaall) Wb/ ggpall aac aenl Gilool Jubodll 25lii go gy

Sakha 2 x 16159162 aligll jpbll (6 wilii/ggsd 3 o 2gly 31 dwgyaall jybll Cilbwgio gy
GoraxSel.Br/20640-1/2010-3 .Ed-damer x ILB4358 ,Sel.Br/20640-1/2010x52011-111

3) aal il le Lilig Tjlyb 12 @gai 28q BaracaxGiza 843-36 jlybll o wilui/gass 7 I
collisl )l agey @ wlgl bl 1aag Wbl (6 ggpall 23c &8 b (6 dygino Ggpag (li/ jgsd
Kolig et al.,) ala_w lo 2o @slgiy lamg «ulii/ggpéll 2ac @6 b 6 &uiljgll jubll aljgll cuslill
oigll gulill Joleo go J4) deaipe doaus Lgsiliol bl 6 ggpall 2ac da o cyghi (2022
(Mgl e %53 .92 .27 .25) audll cuildg il Siljgll pasillg Cujgill d9)39 spgballg
olg «aslill Giligll Jeall sphyw e Jai il Siljgll pasillg Cuyjgill dyal desijoll dogalls

(Ouje et al., 2017) &anll 03s guuail Iles yady pilall wlaiill

paadllg tyjelll d2)3g (spebrallg ilgll bl Joleog dyflyg jib 6)site J a6l bhwgio .2 Jgaall

Jaall 4o jihl Cili/jgadlg awslisll aac ignd il Giljgll
n—= Mgl it | = ailygll jybll .
ayl
*oli/ gguall L *cilyi/aBlisll gt Lol
7 a baracaxGiza 843-36 3.7a baracaxGiza 843-36 1
GoraxSel.Br/20640- GoraxSel.Br/20640-1/2010- 2
6 ab 3.3ab
1/2010-1 1
WI11-18-3xEthiopia bulk- L 3
6 ab 54 3.3ab | WI11-18-3xEthiopia bulk-54
Eddamerxsel2009lat.620- 4
6 ab 1-2 3 abc Sakha 2 x1G159162
. Eddamerxsel2009lat.620-1- 5
5 bed baracaxGiza 843-34 3 abc 9
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m e m e adyl

o gl T — WL |

5 bed WS11-124-1xsel . 2006 2.7 abed WS11-124-1xsel . 2006 6
latt.(ILB 2583) latt.(ILB 2583)

5 bed Camolina 2.7 abcd Camolina 7

5 bed WS11-51-2xWS11-124-1 2.7 abcd WS11-51-2xWS11-124-1 8

5 bed | WIT1-309-2xWS11-106-40 2.7 abcd WI11-309-2xWS11-106-40 9

5 bed Hudeiba 93xIndia 1-133 2.7 abcd Camolina 10

3i sal - aabadl 2 cde sab - aabadl 11

0.56 0.59 LSD 5% sgizo &6 Jal

8.5 15 CV % wolisdl Joleo

25 21 GCV % iligll uludll Joloo

27 26 PCV % spgbuall quliill Joloo

92 62 H % 2ulgll pggaolly Cuyjgill &953

53 33 GAP il Siljgll pasill

.0.05 aloo] s (sgiuwo e dwgjaall denll adljgll jibll wlbuwgio gu @giso §gpo 3999 *
ailoo| aUs ggiwo e digino Ggpo lgin a0gy U a4y diall ayauill Lop il wils wilbowgiall
.0.05

‘03671934l 22c

J2c dd b (6 dwgjaoll jbll vlbwgio g dygivo §gpd 2999 .2 Jgaall go oI
BaracaxGiza .Eddamer .S 88134-14-1-1 ayiljgll jybll 6 ¢ui)3q g Lo Cuoglyig «p6/5gal
WI11- dgiljgl jbJl 6 jg2u 59 Hudieba93 X Sel.2010TER192 -1//Sel.F7/8975/05 .843-36
Gl jpbll J—esl cuils s gog Hashbenge Hudeiba 93xIndia 1-28 .309-2xWS11-106-65
olaog Lo 20 dnyiill 02 Jiloi (gpell/jgay 3) (salull aml il @56 o jgaull sac 6 63Lj Lusso
gloijl Bouly las .gllall go wlin il alsll vilighol lagiwlys 6 (2003) Tadesse and Bekele
1934l 33 @8 o (%24) il Giligll pasillg (%27) spgballg (%25) Liligll il Joleo aub
loud ou buull @Gjlall giug %43 cisly dbwgio das Cild Cuyjgill a9y ild Laiy (gl 6
il pilil) aio Ji8T iyglt pilill afle ao ol 0am gl w gl (Spgbrallg iljgll guliill Jolso
Ouje ) gpally jgaull 33e gruwnil Lulio pislioll WAL o Jooy Lao apaslill viljgall lgy asaig
et al,, 2017; Kolig et al., 2022
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Logub o (Vicia faba L) Joall o auiljg jyb Lgilighog ayaull dlall aand iligll gulill Jula
(1-15) sLwsl - gjjl Cigay dhany dphall acljll

:wli/jgadl aac

& wgaall jibll tilbwgio (6 gl «(3 Jgaoll) ibi/jgaul ac de o Julad ailii o gl
WI11-18-3xEthiopia jlybll 8)21 12 JI Sakha 2 x 16159162 jlybl) cilii/jga) 8 go cunglyi il
ol odayg (bi/jga 7) salyl cainll aslill e dygizo 1gy6 Wilg Tjlib 18 Jauw 389 .bulk-54
g @& wgjaall jbll dcgasal de wlgll ayilgll 8aclall ) Uil go g—wlgll (s2all 138 (sj=)
Deepak and olla_w bo ell3 Jiloy aslall aris dyphuall aclijll cogyb 6 Gilgll lgusys Lolisl
lgayai Lols il Joall wolinl vilbuugio gu pus gl go (2023) Kumar

Cuygill 42139 (spatallg (ligll il Jolaal dsaijo lagd liill 6 g3l 33c A4 b wusliol
Ul jg3dl sac da o wils 259 (gl Gl %50 .88 .33.1.26.6) wuildg wdll Giljgll pasillg
Lo 2o 2ilidl elli (golgiig .agan0 iy wL db o el Gijgall Jeell de B Gl Lgaiy

Lgilighog Jgall alel aiwlja 6 (Koli et al., 2016)g (2022) ayacluog Dewangan ayl| Jogi

paaillg Lyiglll d2)3g (spgbrallg gl bl Joleog dgtlyg jib 8yshic J sl hwgio .3 Jgazll
Joall go ayilyg jib) wilii/jgaul 2aeg g)6/jgayll sac Gland il Silgll

af 3 Ly P.BJJI
P2—= Sl jhbil | 5/1a5ull el jhbJl
*ali/jgaul 0Jo/)g9L Julwiall
o WI11-309-2xWS11-106- 1
21 a WI11-18-3xEthiopia bulk-54 5a 45
19 ab Eddamerxsel20091at.620-1-2 5a Hudeiba 93xIndia 1-28 2
18 ab baracaxGiza 843-34 5a Hashbenge 3
17 bc Rebeya 40 4 ab baracaxGiza 843-34 4
4 ab S2011- 5
16 bed GoraxSel.Br/20640-1/2010-1
112xSuperaquadulce
. 4 ab Hudeiba 6
16 bed baracaxGiza 843-36
93xsel20091at.620-1-1
4 ab WI11-18-3xEthiopia 7
15 bed S2011-112xSuperaquadulce
bulk-54
4 ab GoraxSel.Br/20640- 8
13 cde WI11-309-2xWS11-106-40
1/2010-0
WS11-124-1xsel . 2006 latt.(ILB 4 ab 9
13 cde Rebeya 40
2583)
. 4 ab WI11-18-3xEthiopia 10
13 cde Nubaria2xSuperaquadolce bulk
ulk-
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(1-15) dlpos clgy / wilgid agow

»—s gl jlpat | gl iyl e
=i/ jgaull - *upo/ygayl - Jubwiall
7i sal - asbadl 3 abc 2l - asbadl 11

1.9 0.99 LSD 5% sgizo &6 Ji

9.7 18.1 CV % wlis Ul Jolso

26.6 25 GCV % iligll gulidll Jolso

33.1 27 PCV % (spgball gulsill Joleo

88 43 H % 2uwlgll pggaall tu)jgill oo

50 24 GAP ouill iljgll paaill

w3 wlbowgiall .0.05 dallno] s sgiwo e duwgyanll de nll adljgll jibll vlbowgio gu digizo §gpd 2g2g *
.0.05 ayilon| &l (sgiwo e digino §gpo lgiy 2og) U aspiinall dyaudll Lol

:abianll il I asdlygll villoleall by

JUall Jaw Gle a@dyandl ailys Il slgaiiw Ul daadl 1as 0 @il pleall 25liG pco o

il cilloleo ol Garden Pea (Pisum sativum L. var. hortense) le cual ébjan dwljs cupghl

adlell quall oi Biogl Las ygadlg ggll 2ac ilen 0 @aijo wils (PCVg GCV) (spgballg iljgll

oiligll pasill dgloll duuillg (GA) eéqiall iljgll pasill dylle vilpasi Lgéslyi (H?) uyyqill ag)al

gl grundl 2ol (6 piloll wlaiidl pladiwl grwaill 85 ailyls gag G puiy Lao (GAM)

Meena) ailjgll pleall wiluod guiall agiall dap 2567g Liby 6 adlball whlwall acai A5l 02a
(et al., 2025; Journal of Advances in Biology & Biotechnology

oigll il wiloleo i (Vicia faba L) Jgo e cuyal dlyas dwlps cughl wells Gl aslo gl
cuils (GAMg GA) uuillg gsgiall Hjgll pasillg (H?) Cuygill dayag (PCVg GCV) (spghallg
@9lgiig il il plasiwl guuaill auls dwgjaall dligll cilanl i 258 Loo Loyl dsaijo
Jgo o @iyanll pilill acai las (Dewangan et al., 2025) cuayl 138 6 dguunall 25l 2o
dassall difljgll vilenll gu g8 blijl agag aslisll e QTL Julai JUs go (\Vicia faba L)
asloiall vilenll go aaell ayiuall bilall pe dbli éljg wlpbdo ani @i duo asll cilighog
gl pasillg (H?) Cuqill dojag gl uldll dwlys awanl Lle abanll 2ilill 0as 258ig olidu
adligll mlsall Wl Walai 6 ango ga Lod Joall gl guuaill aolp o @lss wigals (GA)
:(¢) )21 100 yjqg .(Aguilar-Benitez et al., 2025)
jrbJl Clbuwgio gy @gizo §9i6 3929 4 Jgaall 6 Gilbo Yl Juladll 23l o ity
S2011- Sijgll jibll ¢ 47.3 go gligdl cioglhg .6ya 100 gjg @@ 6 dwgyaall
340 0 WS11-124-1xsel . 2006 latt.(ILB 2583) iljgll jlybl ¢ 78 (| 112xSuperaquadulce
1660 il bl Jeol Rebeya 40g WS11-124-1xsel . 2006 latt.(ILB 2583) glilgll gljlybll gl
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Logub o (Vicia faba L) Joall o auiljg jyb Lgilighog ayaull dlall aand iligll gulill Jula
(1-15) sLwsl - gjjl Cigay dhany dphall acljll

&llg oall aalid) 6523 100 gjge dijlao (Jlgil le .%0.53 .3.7) wualy 6)34 100 yjg 6 6obj
Tadesse and Bekele, 2003; Deepak and Kumar, 2023;) 032g lo 20 doyiill 03 (Jilai .¢ 75.2
.6)24 100 yjg lgiog alll Wiligho 6 wli go (Sharifi, 2014

gl Gl Jolno iags Jlaicl 6133 100 oig dan) awgyaall ol gylill yas 25l o aliiuj
Gl Giligll pasillg Cuygill doja iaws 6 glai)l Boglg (JJlgill e .%13.8.13.6) (spgbuallg
LI Wil ge @aili cujaill Joleo doud abeo gl Gle Jau loo (Sl Sle %27.6 .97)
.(Abo-Hegazy, 2022; Gull et al., 2022) dloJl 032 Jio 06 Uleo pwliall LBIUI ggiyg wulijgall
(29) ayaudl alsll

Cnglyi 3] 2wlg Iljg Wi gag dyyaull dsll dée ol L ool Juadl ailii go Boly
Hudieba93 X Sel.2010TER192-1//Sel.F7/8975/05 gl jibll 1-2.25 313 o dayjadl dsll
ayadl alsll o Lgizo @qaig WI11-18-3xEthiopia bulk-54 Sl jlibl 1-— 2.5 1090 I
.BaracaxGiza 843-34 .Eddamerxsel20091at.620-1-2 .WI11-18-3xEthiopia bulk-54 ji bl
1050 .1054 .1090) Lajlaé o0 asdy GoraxSel.Br/20640-1/2010-1 .BaracaxGiza 843-36
ays sgiwo Gle (1-—2.25 337) (salyl amlill djlao (gl Sle 1-—2.251015.1038
Kosev et al., 2019;) ayayl asll viligho wilgli Gl s sjey ol o4oug (4 Jgaall) %5 dailno|
.(Deepak and Kumar, 2023; Fikere et al., 2020

gl il Joleo @b glaijl &wgaall juball ailgll il bdall yadi oo oii

Loiy (il le %43.3 .39 .29) pusy dyyadl dlsll 4o o 6 will Giljgll paaillg spgbollg
Waly, 2021;) go J% alow Lo 2o doyiill 03 @6lgii %53 dlaiso Cujgill Joleo doud cuils
©261| doy 0 LeLaijl Igang 3l |Joall Sle agigny 6 (Hamza, 2017; Tafere et al., 2013
Il i 0o il lall gl b aslil Gligll Jall plgwl (e Tiisgo Aslg owill Silig!

oiligll pasillg Cuygillg syghrallg iljgll gubiill Joleog ayilyg jub dpirc Jrasl huugio .4 Jgaall
-Joall go alljg jib) dayaul dsllg 6)3y 100 yjg (Aend (il

alsll gi9 3,
“ayayl gl bl | *5,2,100 il jlal o
: = ] = Jualuiall
(2/83) (&)
WI11-18-3xEthiopia bulk- WS11-124-1xsel .
1090 a 78.0 a 1
54 2006 latt.(ILB 2583)
Eddamerxsel2009lat.620-
1054 a 1-2 75.6 ab BPL 5071 2
1050 a BaracaxGiza 843-34 75.2 ab 2l - aaball
1038 a baracaxGiza 843-36 74.6 ab | baracaxGiza 843-36
GoraxSel.Br/20640-
1015 a 74.0 ab S 88134-14-1-1 5
1/2010-1
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alell 0j9 a5l
*ayayl gl jliyall | *5y24100 il jlybll ulusiall
(2/23) (g)
WS11-124-1xsel 2006
929 ab 71.3ab Eddamer 6
latt.(ILB 2583)

Hudieba93 X

789 ab Rebeya 40 70.9 bc Sel.2010TER192- 7
1//Sel.F7/8975/05
Hudeiba 93xIndia 1-

750ab | WS11-51-2xWS11-124-1 70.5 bed 133 8
. . Sel.Br/20640-

733 ab Hudeiba 93xIndia 1-133 68.1 cd 9
1/2010x52011-111
WI11-309-2xWS11-106- GoraxSel.Br/20640-

673 ab 66.9 cde 10
40 1/2010-1

313b 2k - 2Ll 66.7 e-f Camolina 1

300 2.5 LSD 5% (sgizo §po Jbl

27.3 2.8 CV % wolisll Joleo

29 13.6 GCV % iljg)l ubill Joloo

39.8 13.8 PCV % sygholl ulill Joloo

53 97 H % ¢u)jqill Joloo

43.5 27.6 GAP iljgll pasill

.0.05 &iloo] dls (sgiuo le dwgyaall dandl diligll jibll vilbuwgio gu digiso @§9po 1929
ailoo] &l sgiwo e digino §gpo lgin 2ogs U daspdiall danudll Lop il ila vilbwgioall
.0.05
:lgiliga.og ayyayl dlsll danl blijdl wlsdle

Db/ dgpaill ysliell 2ae Wla o 2o Lgivog lulay] aysul dlsll bUijl 5 Jgaall go i
wlslle cuils Laiy (SJlgdl e .r= 0.906 .0.887 .0.790) wlii/jgayl 2aeg wulii/ ggpéll aacg
aacq Wi/ ggpdll oac da b gu ellasg 63 100 gjg da o 2o dyjaull del) éllwg ddre 5 bLijl
Lgizog lul_w 8)31 100 yjg oo cibuijl guo 0 (el Sle r=-0.091 .- 0.091) ypall/jgayll
Golgii ailill 0amg (Jlgill e wr=-0.431 .- 0.801) whi/jgayl 33cg gpall/jgayl 3c wlao 20
.(Peyman (2014g (Ahmad (2016 olaw Lo g0

Joall go auljg jibl Lgilighog ayaul alsall aanl bl cilsile .5 Jgaall

alsll aig 2 ¢
b | c | o2 c | 22 c
iyl 82100 Sbi/ygaull 6/jgadl | cli/ gyl arsbisl Slanll
Ol y b/ g O
(o)) (ouw) L/ )gal gjo/jgal L/g9 oli/agadll
Ay blie ll oo e
wili/apedll
- *0.922 wili/ ggpall ac
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Logub o (Vicia faba L) Joall o auiljg jyb Lgilighog ayaull dlall aand iligll gulill Jula
(1-15) sLwsl - gjjl Cigay dhany dphall acljll

- -0.134 0.190 a3l aac

- *0.406 *0.789 *0.685 cilii/jgaul 2ac

- *-0.431 *-0.801 0.047 0.072 (&) 6100 gjg

- -0.091 *0.906 0.155 *0.887 *0.790 | (a/25) ayadl alsll

.0.05 ayilon| als (sgiuw e duwgyaall danll ailjgll jibll vilbuugio gu digieo §gpd 3979 *
alo i Ll

Wle nll PCV (spgballg GCV Liljgll ulidll loleo 046 (6 dwgyaall Jgall jib cuiglii
bi/jgadl aac Alii/ ggpall sae Lo b o Gl bl pud ‘_,J.cl calaw 3] asludl duwgyanall
el Gilgll 0281lg Cuyygill daps dags uildg (Jgill le %29 .26.6 .25) jlasay dayjayl dolig
.50-88 .53-92) ayjaul alellg .6)ay 100 gjg «ului/jgaudl sac wilii/ ggpéll nac wile nl d=éio
Cugill dajal @aieo doys gp6/)g9adl 2ac @6 b Cil oo o0 (el e %43.5-53 .27.6-97
aal il aploy Ul 256UI Gle 2lvg (Jlgdl Gle % 27.43) il Siligll 0261l doaijo splg
a—waillg dwpill Wliga o Tuld Taae dppill aoliy 6 Lgilighog dyyadl @l grwai wlbi
bl wbiidl Jloeiwl

alsll g0 T_uL:uI wli/jgadl aeq wulii/ ggpell aoeq wlii/dypaill ausliell nac wila o byl
Jopaal dyaull dlsll grwnd 6 ipadl lglaeil wy wlAdl lpaigo d.cm_u.uj Ui lglods Lo .aujaull
.Joall
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Abstract:

The research experiment was carried out at the lzraa Research Station of the Arab
Center for the Studies of Arid Zones and Drylands (ACSAD) in the agricultural season
2024, with the aim of estimating the genetic parameters of the yield trait and some other
plant traits in 28 genotypes of Faba bean, in addition to the local control variety. The
randomized complete block design with three replicates was used in the research. The
results showed that there were significant differences between the studied models in all
the studied traits: number of pods/plant, number of seeds/pod, number of seeds/plant,
weight of 100 seeds, and seed yield. 12 models outperformed the control in the number
of pods/plant and 18 models in the number of seeds/plant, while 5 genotypes showed
significant differences in seed yield over the control at the 5% level of statistical
significance, which are WI11-18-3xEthiopia bulk-54, Eddamerxsel2009lat.620-1-2,
Baraca x Giza 843-34, Baraca x Giza 843-36, and GoraxSel.Br/20640-1/2010-1 with
values (1090, 1054, 1050, 1038, 1015 kg. ha-1, respectively). The studied traits varied in
the values of the genetic variation coefficients (GCV) and phenotypic variation (PCV), as
the highest values of genetic variation were recorded in the traits number of pods/plant,
number of seeds/plant, and seed yield by (25, 26.6, 29%, respectively). The degree of
heritability and relative genetic progression were high for the traits number of
pods/plant, number of seeds/plant, weight of 100 seeds, and seed yield (53-92, 50-88,
27.6-97, 43.5-53%, respectively). The trait number of seeds/pod showed a moderate
value for the degree of heritability and a high value for relative genetic progress (43.27%,
respectively). Seed yield was positively associated with the characteristics of the
number of fruit clusters/plant, the number of pods/plant, and the number of
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seeds/plant, and is considered one of the selection indicators that can be used to
improve seed yield and its components in the studied models through a few breeding
cycles and improvement by direct selection.

Key words: Faba bean, analysis of variance, genotypic and phenotypic coefficient of
variation, broad-sense heritability, genetic advance.
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Landsat-) ciltheo olasiwl slgadl dllbg il clbsll aolell @l apsil daliso villao ac
.(9, Sentinel-2
:ilpdgoll 03 ol oo
clbsll dslis ausil blasiwl ayisly wipbgall gl (NDVI) epbll @l Gilill pbéall
@lbillg (NIR) dwjall clpan)l cini ddbdll guldsil gu Gl Gle iz .@lodl dang illl
Qi et al,, 1994) aanll jgaai gi il slgal Il WLt NDVI dogs (laail puiy (RED) poo I

0 Jrol ailii bsg dyillg (sgall Lol ilpsld duwlus J81 :(EVI) jinall Gilll pidall
(@i et al., 1994) plullg cagall Gilil clbsll oils Gblioll
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Juaill jlasi D dolell @lall &wslio 6 (gayall) @galall pe wiljilbllg asy e jlediw il Oléybi

(16-39) Juaill dwquw asl lbgns

yaodll Gaubll Jlaall dsls wilslbi pasiuy (NDRE) eubll §éll djasll skl pbgo
oo assebll Cilpsill allell aiuwlway jliag cyasll cini dedbdl go dypsllg (Red Edge)
b Ju3ill gy d)lo g plall lgal ge ysall Lainsll (o alaay Lo Ji5giglall sginn
(Paul et al., 2024) agngs aijall galic il jogh 16 in ol lglblyo

e dyo ol &b audi 6 Law ljgs weli (Thermal Indices) dylpall Cilpbgall

@)l aubll Jlaall plasiul Gopall gf Gilall slgal cbill abuw §lp daps 6 Cilpsill
.(El-Refaey & Omar, 2025) yg)all le digdall dylpall wlpoldllg alnell wiliheall 6

Sentinel-2 wlbso pladkwl Jic lgiraslg axarbll Ousleall :(3) Jgaall

caenll blai 6gall blai Sentinel-2 dslseo aon il pogall
&b el 25L& .guw | (NIR - Red) / (NIR + Red) Gl clbsll @68 guus NDVI
U.aylell @64l | Jolpol) Luwlio | NDVI= (BS - B4)/(B8 + B4) wlniol e 2l diang
gl Ladid By4zall wulbailg pondl cgall
Salall - B8 = NIR (842 nm) dyyall clpoall cuai aebdl
* B4 = Red (665 nm)
oo asa Jal | algall vaisy o6 Jidgiglall sgino yuysy | NDRE
dy4uall Jolpall | .31l olill o | (NIR - RedEdge) / (NIR + RedEdge) ULl o aols .@lgdl
Jolpod) cuwlio | NDRE = (B8 - B5)/(B8 + B5) @hadll cils of aaslil
doasioll Aol
« B5 = Red Edge (705 nm)
cqnll 4iliy 135 gulwo | PRI approx. Gignll Jualll 8cles juss PRI
agljllg Fuoll algoll | (B3 - B4)/(B3 + B4) Lol ol oignll slgaylg
ajo Plicl jogb 15
* B3 =Green (560 nm)
3959 wlbiy | o dwwbws 41 | EVI = 2.5 *(B8 - B4)/(B8 + 6 *Bé - 6 NDVI @3 giiny EVI
b Jlao NDVI | 7.5*B2+ 1) ayguall alidll vl Gbliall
Red Edge o)l Ll gl &yllell
« B2 = Blue (490 nm)
(Montero et al,, 2023) :jopwll
r aylpallg dgarbll Cilpwgall Julai

Julnig bilps aujg jlouil dcgaao gl 8jaui J4J (NDVI, NDRE, PRI, LST) cilpiigo wibuos o
obi aolpy plaalwl dlooll jadl 26lgog 63g20ll (Gbliall 2ya0i (sjlpall gulidllg Wilsqgpall
(Paul et al., 2024) ailnall silbeall Juai aolpg (GIS) dwslpeall cilogleall
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:ablpallg yarall Ladiall Josll Jolyog aul

(Landsat-9, Sentinel-) &yjlpallg @bl 83a=iall @iliall jgnll gas JUb go ol auall
.Gugjanll ashioll ablpog b all Julaig (u.Cb_Lulg R 21005) déuuall dalleall Gubig

il @bliall 3305 Loags (LST) (sljall pbrgallg (NDVI, NDRE, EVI) dgdybll Oilpbigoll whwo
ibglgl Luipig @islull j34lg alga sl 3y30ig wilpbgall Julaig plell slgal viloule lgule jgbi
Judll doo bilps ouw)g dsliall

aylle Wilpoldy 8jg20 Jub gy WIPLb elasiul &glglll vl @bliall &g dyga wilbguo clpo]
a1l el bLidl 646 Juls ciilsl 03a jl)ig aildall @sall ayle &g jgog aylpg dueihll
bjauir J4J eubll jilaillg dylpll wilsgpall ayanig wipigall wluog

00 dnlaiuall 2ilill @o go (§6sill douwb dlbpo (ag aloall jlubill gaiig ilaall (gaadll
Bl blid ge wadisll dbigo jlesiiwl 8jgal pladiwl gg)allg 22y ge jlediwll Cilbeo
Aol dlaug ?Jgﬂl

cws dalleall Wilelp] calisi dus dylowall jlaubdl 230ig A5l go 2501 a2y dalleallg J5aill
Jloub il agilsg wilelo] @ubig. ailoall okl gbs (Jjwll auwlioll tlawell gaall) aloJl ds)s
(ol

aled ousi Loag gg)all dbuulgy dyjgall aslpall poiuwi Cuo dalleall 29y dwylially ausill
.62u30 (sg9ac le asuliog Jaail

24 1539l 1 abaall  pladusall Lilasll gollg jlodiwll dlan 02026 posi



Juaill jlaubd dolell @lall dwslyo b (ggyall) @galall pe wiljitbllg asy e jlediwl Sléybi

(16-39) Juaill dwquw asl lbgns

dsyiall dagiall Jgo wlijléall Jglaog duilull pguuyll

sl Llwll 20 ggjallg as e jlosiiwll Glisi g dijléo

5

4

3

2

1

0
aygauill Farall caduall asall aalail aslyall dsilbo|
dcpullg dicgngallg 8yaluall

aalsill L@l W ggjallg 29 oo jlediw il Cilyisy

JSuiy LAl a5 (sl 6 sl gg)allg dclinll Jsdl jgo gy 2021:(2) Sl awll
bgalo
(Yildiz et al., 2025) :janall

Jolgall 4o 33cq doariuall liisill gy ds el ags JUs go Juadl dwgw ge Laiiall bclas jjeii

awliall Logihllg . ilagall auall jljaig o aaiuall Ulilwl ggiig Wlpuiuall 6392 Lgio (6Goll
.(Mendel et al., 2023)
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yaall el a5 e 656all Jolgsll

10

0 -

aaoll caisll @sa e pili
B olediuall $3gy M Gilojll awall 85 dawaall cilibwl gl
W Lilagall @anill B yuabllg sclo gl Logpb

IS

N

alogl ge pauoll Ladsll 863 23327 b 88all Jolgall :(3) il ausyl

2lgal i ;6 39; o ot Cilyiaig dyauladl bl oy dijlao
1auall Laiidllg

g oc yaall Laddisll ayilsall asall il doluo slgall Julai
Juadll

B saulsill ilagoll auall M jub ggau wlfbbll 7 asy e jleiiwdl albseo

IS

w

N

=

slgadll Julai o6 a9y ge lediiwll viliidig Aausil cullwdl gy djlso (4) il el
Jasall Lasdidllg

(El-Refaey & Omar, 2025) :janall

a0 NDVI pii§o Julai aic &yl lll @blio 2)3aig plell algalll @lb 2420 6 bgalo guiini kgl
.Sentinel-2 Whib=2o plaalwl dwai piugall JuUoi 2o dijléo ggjall ge dailill Olbeall
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(16-39) Juaill dwquw asl lbgns

asils vlibeog ((ray) wolibill 633210 Klibso olasiwl (NDVI) pbgoll watb Juoi:(2) Jaull

03 (e Al 48 Cillana plails NDVI ) pall ik a3

Yy

(L) ggyall go axarbll

Sentinel-2 gl (o libY) Baate s aladiuly NDVI Al pdisall cida a3

e 65315 (LST) syljall pisgall 2o lglol4ig (NDVI, NDRE, PRI) gl cilpisgall of afliill cipghl
2liy 2ilil 038 le Jgnall @i o ol Phedll jggb Jub wilnallg agul Juadl gy juodll
il Jgaall 5 asgall ayljallg aydybl cilyisll Gog Cilyiball Julad le

dlodlg slgadl bilp au) (6 doasiwall dylpallg aerbll Cilpugall Oiliic :(4) Jgaall

wiloo Lilo 2g30 o1l pngoll
<0.30 0.30-0.45 0.45-0.65 > 0.65 NDVI
<0.15 0.15-0.25 0.25-0.40 > 0.40 NDRE
<-0.10 -0.10--0.05 -0.05-0.05 > 0.05 PRI
> 37 35-37 32-35 <32 LST (°C)
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dwljall aahio (.5 doaximall (NDVI, NDRE, PRI, LST) aylpallg asaghll cilpibigall :(3) Jauidl
aloyl 2690 3ya0ig yuall Ladisll o wiliisillg Wilpbaall glgil dyles a0 wilpbgall 03 angi
.Delalieux et al., 2023) lglol4ig vilpisgall 035 203 draslg Juaill duwguy

2590) 330l Jsall Lol b ilyaillg Cijbgall elgil ayles (520 i
Juadll dwguy alo Ul
12

paall caiall aloll @blio 2y203 aloJl 620 ausi aoJl jLisii] 2oy

o]

[e)]

N

N

B (LoUb Dl 53210) awarb Cilpigo M (bl ayle) dolb Gilpbéo

dylpo Wlpwgo H Lglol4ig Wlpiigall a0o
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Juaill jlasis D aolell @)l aslyo 6 (ggyall) dealall ue Cililhllg a9y ge jlodiw Ul Cléyh
(16-39) Juaill duwqu asl logns

2690 233059 pauoll Lamdll o whisillg Wipwgall cloil adlesd a0 pasi:(5) Sl pul
Jisill g Glol
b3 6 Cilpbdall ad) ge jilaiy NDRE pisgo of g ailill aahll ciluisgall @ubi J1b go
.(2022 .,Rehman et al) &byl jLiiil apjg albdlg slgoll ge codisll

b il dolell bl ge Laddll dplallg dwarhll Cilpigall d&jlso

pasall caiall (@blio ayani 624l oudi JLidil any plell algadl
aloyl aloyl as

NDRE piio
EVI pisgo
NDVI pbigo

. NDVI psgo W EVI pigo  NDRE pisgo

NDVI, EVI) jlouis il dolell allall ge cadbidlly anlall dbubll wilpisgall dijlao H(6) (il
(NDRE

20gi bilps e Jonallg alol 1§ 32ai e 6j28ll dylallg dxaubll Gilpbgall Judai il cipghl
I J4uidl Lgizy Las 8jgball ciloy
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® Healthy
®  Unttnality

Ll das jlali @ 42085 NDVINDRE a5 405 2 5)) 2 pdi eyl @
ean Jts Jati @ o8 aay o At @l phe Jas i yla
Ao dgal e s et @) Al ja () U5 ST B Ol plipe paidie jlad
il e i sk O G o) e By pa s s il 5 s Jlnli @)

dwljall adhio 6 dylollg pbliall wilygs angi bilys :(4) J5aidll

olodll dpui s Wilpsdall ausi :(5) Jgaall

wlboilo plall ansill oo aladll duui oo ol | pigall
ploll algalll o4 oc LamAéll
auwgull

oWl 6 J16g)glall Lilpsi Ladisy 86.5% 85% 88% NDRE
35 gulus 513l

J98b 15 -20lguusll slgatl Ladisy 86% 90% 82% PRI
aypnl Pl dll

alolll @bliog sylyall lgolll caiid 85% 92% 78% LST
alaioall

b 2wl aid) dolsell aidlpoll 34 72.5% 80% 65% NDVI
adlell aolisll

alol gubuo pe aidl woleall aueo 57.5% 75% 40% NDWI
83540l

30 1233l 1 alaall  plaiuall Gilasll golllg jlofiwill &lao 02026 pasgi



Juaill jlaubd dolell @lall dwslyo b (ggyall) @galall pe wiljitbllg asy e jlediwl Sléybi

(16-39) Juaill dwquw asl lbgns

awljall agbio (56 2ol cuw Luws Slpugall auss
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B awgull ge Juall addll B algodl ge jauall caddisll Jol4iall plell ayaill

awljll dahio (46 alaill i wuws Slpbgell aysi (7) il puyll

&wljall dahio (46 &lolg 5Ll sl
dcganns (NDRE + PRI+ LST)culpdigall plariuwl uaall go Juaill dwguw ge ol cadiall
raylill lpsioll §5g (@8l Lle RGB .yl uaybll dails) ggyall tilibeo 2o duwll

Sl bluill Laeng jgnidl sgino gplodil I puy NDRE piugo (ploail e

Gl dlbiwl byipg Jgoll Juiodl dlac dclodg (sgiuo 221 buip PRI pigo gloijl e
ol algol

2illg pudl Plaadl ge aailll aylpll wilpsioll guisy (LST) wbil abuw 6l phgo clai)l o
-2lga gl 2305 (6 acluy OlB] jugo gag

by loo bl slgodl ol alodl ey 2201 ble [pigo as) Wipsiall 03 golj glo aaillg
b330l @shiall 56 Alall go laal Ganillg jloub Dl dylon) dygs dlsg Cilelya] Sl

salill aylyallg dgaubll Cilpisgall go 83laiwl agall go plall illl slgoyl &dlal

albll Gle wdaillg daylpdl Olpsioll éclpdg duoglguus dbsi pogi cuo (PRI + LST + NDVI)
.Glpddall elli aoag Joldi JUs go jluiill dolell

%8.3 s0lall slgall ywi | %5.9 :wljall dabio (6 asll Aoyl dyui
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s Llioll

Jlaub il dolell dllall dublyo &9 091 ig 2=y o< Jleuiwll wliss adles ] o5lill 03s i

Ro6gig @ploisl Pluall Julsi 6 eabuy loo (Jusill dwguw @l alodlg slgadl ge wadiillg

aol aasléng Juaill jloubl dao @slo Jlao 6 adiss 6jgf wlisill 0aa asig .agally Cisgll

ge Laiisllg 42 Juaill jlubly guiluy &8l oI gaall go ol Cuo clpoall JAill dwgu

aunilpiul Jy GiST guad 30 g ol edsll Gle 8)3all 0aag b4uall lglolio 6 wiblol

Giullg Lolaill Cigygall Lle Blaallg ilasll ol @lang dsalall dyalois Ul jlwall Julsl dowls
e W

aolsll adibliollg &lall Juai

olel Gle (sgini anlgll go aybpill anginllg aybpidl @bliall ol algl dbyall ciyghl
8)loJl &) pigog NDREg NDVI Wilpingo go (§olghy Lo gag &yloall jloblll go jy5)5
El-Refaey, M., & Omar, S. (2025). .LST

aili @b Gle Jay oo 6345 aab Wilpigo aypsll allodilg appsll @bliall wiyghl

Olpbgall Gle 2y (adeiio -dbuugio -dsgipo) §)gbs wloyny Gli Wl @blia)l ciein e
-ay)lallg ageybll

il U533 gga wilil) dunglguuall dllall apy dé15a wilgal dwarbhll cilpidoll Jioi e

I aling il Gbliall 333359 dlo Pl @) L jlaub Bl asind (o aussbll Cilpbigall auai
Jole 53

4033 Jio @slall culisdl 6 anls (§jlyall slgatl) Hilo [hgo abuull §)lo claijl 2] o

29guud 2930 algal yo ilei il @bliall 2320 aerbll ilpwdoll 2o LST g0 pi e
Silg

g a6l @36l50 6 ligai lagi jub ggay wipilbllg a2y ge Jleudiw il BLisT 203 Jioy o
uall Laididll @dquun pé Ciljas pogi JUb go Juadll sgp Lle Blaallg clpondl Juadll
.(Wang & Zhang, 2025) @s,62Jl duslpollg

(Sentinel-2) afloall jgnll
&0 diojl wipsil apy 20wy loo jU.Di 10 Yl i asay Glbdll dewlg dyjgs dubi jogi e

Jbudl dap
.aylpallg dwerhll yilpiugoll lghyjg @616s dildo Wilily 62cls cliy 6 pbbll jgoll acku o
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8l 23laillg 6)gball bilpag gjgill bild awanil Croasiul e
0gjall ulibeog Cilyias

(z,.'iJI(gbU.nJIgbanb&bjdﬁtsgjmulc&bﬂlidkaumgmggnggjﬂlidwjn .
Lel Joogl iy

.Lilowo LSTg NDVI wilpigo aby ggjall e dlgano djlpng dueub Gilpold Cuoasiwl e

bl 62cld Cyanig dyildell jgnll o dopiuwall 25Ul dap o (§éaill 6 Croalw
.auilayoll

Wljugaillg wiléalall gron 2o jJub ygu wilbllg 22y e jlobiwl]l GlisT p38i
Juaill g ge il Ladisllg Jiaill ol doo duslyal dllesg 635ik0 Jgls 6)ghiall
.(Boulila et al., 2023) clpasll

dulosll bgusllg Cibiaaill

lja) wlbi wlibyl go doss Wlas 2l ggyllg adlall jgall sl byl pao

3l ale dsllsog

anlall iloopllg Cilaalally gguall dpid adgll daalaill glai)l :ailollg Juebil aalsi o
saall Ll Ualoisl @ano asi ¢l gog éps wijlodiul wibi lbseall 03 Juai
5T ge aoolill luwaly &jlao Jighll

Wlpigoll 483 e J§i 28 bl Jaladlg dpuaill diglillg pguall ;gnll 53g2 Ciglai

«s198)l 3ol 6o 33y Lao ol 10-5 J5 ljgo jogi duclinll jlob Dl (Bes i iopl tyaaill 3G o

&0 o3 wlhiy lapég Landsatg Sentinel gy bl Wlépnid WSl iwilnioll 227 @
.dalleallg auogill

23loi Ll (dygo- ailse) daliso jaloo go Wlily 2u0gi (Gildallg il aoall digen
3Ll gla) doasio

b 2ioj 289 Jgall go asll 6 bl aylod wilbiy gg)aUl i dgaubsiill 2guall e
wlwall Gbliall

JgnJl 83g3g ggjall clal Lle g 8)lpallg jlbodllg oLyl dugall wogubll le slaicll o

wlhiy loo daclinll jlosill @jjléo 63gaso ilblwo ggjall b heill dagaao e
il 18455 Lbyhai

blailll &gljg yedtiuall ggiy LSTg NDVI Jio cilpbgo jili :aaisa suleo I alall e
-2buull Logybg
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winy oo (Clsl -6)1js -clo) 6322i0 Jolge ge Giliill slgall A%y 26 :64§all Jolgell J3la7 o
633010 Cilphgall puuoi

%) ge Jlesdiiw il 6 85 dyljallg dxerbll cilibwl Julai culbiy dnnaiall Cilelosll pai o
a6l2all wilogleall ahig eliboll cl53llg

olle uipiigl of anlouall aungall Lbe Grey @bliall o 5 :Agasyll dgaill Al Laens o
Anandl abibwl Jdai édepull

aylpaiuwl 229y lao diBgo aio e gylitall o pis anisi :9)14ll Jigalll le slacdl o
20dll Jigb anyll

alolall salaiwll ol U] dyelyjll 5jlgall 6)lalg Ll dap &uslyo 6 8)gi Jiad Cliill 03m ol ag)
Guwwgo Wyuwilg doadio dululai 23laig 2o dydy Cilelasg &igb dsad) &yial &b vl lgio
Jles Lauhiig

)b liLw Ul

owuéi (NDVI-NDRE) dwérhll cilpigoll ayii :a8y6s dypoad e ilgal jog asy ge jlediiwlll o
depw g0 wjig cadlsill go Jéy lowo pilo J5ai ] dsbll gga wililill dwnglguwall allall
Aoyl

Landsat) aclin)l jlosdl 1ogi :gléallg gojll pe alolidl &§yl jini adloall jonll o
@blio @slyog drawgall Cilpeill Julais aouwy lao @lhill dewlg dyyga drhsi (2-Sentinel
Lilago Lyl Jgogll Lieny

ayylpog apeub Wilily 2o spuall Cililbl o4l ale &uldo dday ligng Ciliheo ggjall JogT o
.ilaall @anillg Larinill @53 jjsy Lao 63olgll 6yauidl sgiuo e

Sl elbell Wlpngo gy 20l igpsdiudl @53 go ujy aylpllg dwaubll Gilpugall go3 @
aubgigo 18T Jaudy (aglgy -l -,ilo) algall ggi 3anis anuwy abuull 8)lo @929

oo ol Clusill Juai ghoy isliwll buballl acal @87 3lai aroni &yldo] e
polai 16 il aagi 6 ackuy Loo olgayl ol oyl jgbi p8gi go wipbgall
lsuioll
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Ulisill oaa go 6alaiw il jjei oagy Cilipgill

wilgadl Gl Joogll Jrgauil ayjlallg dyarbll wlilwl Julail janall dagiso wilnio pghi e
639220l éuiaill édl vl @blioll of dwolil Jgall 0 Ao alyaill

Jgodl gy by dadleloi wilgalg pe el sl acs abi 6 jalowll 633010 bkl 20> @
A6y Wbail agagil 4oyl wlbodallg ggjall Wlilyg alloall

abi 6 dnpaio duyai poly JUs o dyiyllg duclil Gpall (sa) Wiljasll clug wyyaill pjoi o
-09)l Jreuiig ilpidall Julaig duoli2all vilogloall

oelibodl cl53llg diyllg dchjl pgle gy 202y WlbpAIl 23xio Loubill dinyl grani e
.aolaiuwog dloldio Jglo pghil asy e jlediiwdlg

podl daslho bbi 6 Wlksill 03a glos| pe @il dchil Gl dyibgll Olwlwll ac> @
il cladll Cilpiigay Lghyjg wilo T dwslyog olall 8)lalg

aang Wlill Juloaig wlisill 02a pladiwl Gle 6)ala)l dypall Wilcladll ygbi 6 jlodiwdl o
Jwaill dcljjl plaiuo J18Tuwo cliy 6 dygljll joo

51351 Lole Lobwl j6qi Gilall Juaillg Gilball aoyl gy 20a0i dlolbio ousidoghbiocly o
il algodl dnslhog Juddll doo §)la] O asuss Lljlys

2310l le 2l 1130l aiagig Lplalalg Ul 203 e Loyl @lao Guuis 5339 gusli o
Wbigill 0as go doldll salaiwdl glosd dayguiill

:2olpall

Alsadik, B., Ellsafler, F. J., Awawdeh, M., Al-Rawabdeh, A., Almahasneh, L., Oude Elberink, S., ... & ALAsmar,
Y. (2024). Remote sensing technologies using UAVs for pest and disease monitoring: A review
centered on date palm trees. Remote sensing, 16(23), 4371.

Alsanea, M., Habib, S., Khan, N. F., Alsharekh, M. F., Islam, M., & Khan, S. (2022). A deep-learning model for
real-time red palm weevil detection and localization. Journal of Imaging, 8(6), 170.

Boulila, W., Alzahem, A., Koubaa, A., Benjdira, B., & Ammar, A. (2023). Early detection of red palm weevil

infestations using deep learning classification of acoustic signals. arXiv.
https://doi.org/10.48550/arXiv.2308.15829

Delalieux, S., Hardy, T., Ferry, M., Gomez, S., Kooistra, L., Culman, M., & Tits, L. (2023). Red palm weevil
detection in date palm using temporal UAV imagery. Remote Sensing, 15(5), 1380.
https://doi.org/10.3390/rs15051380

El-Gayar, M., & El-Sayed, A. (2019). Detection of palm tree pests using thermal imaging: A review. In Smart
applications and data analysis (pp. 215-230). Springer. https://doi.org/10.1007/978-3-030-
02357-7_12

El-Refaey, M., & Omar, S. (2025). Deep learning-based spectral-thermal models for red palm weevil
detection under arid conditions. Computers and Electronics in Agriculture, 225, 109934.

1539 1 abaall  plakuall Gil3sll godllg jlodiwdll @ao 2026 pasg 35



(16-39) sl jpjell uc 2l

FAO. (2021). The state of food and agriculture 2021: Making agrifood systems more resilient to shocks and
stresses. Food and Agriculture Organization of the United Nations.

FAO/AQUASTAT. (2023). Water scarcity indicators in the Near East and North Africa. Food and Agriculture
Organization of the United Nations.

Farhan, S. M., et al. (2024). A comprehensive review of LiDAR applications in crop and agricultural
monitoring. Sensors, 24(16), 5409. https://doi.org/10.3390/524165409

Galieni, A., & Ziv, G. (2021). Past and future of plant stress detection: An overview. Frontiers in Plant
Science, 11, 609155. https://doi.org/10.3389/fpls.2020.609155

Hammami, Z., Krizhanovsky, E., Elbattay, A., & Singh, R. K. (2024). Study on the effectiveness of different
control techniques for RPW and monitoring devices. ICBA/Biosaline.

Kagan, D., Fuhrmann Alpert, G., & Fire, M. (2021). Automatic large-scale detection of red palm weevil
infestation using aerial and street view images. Computers and Electronics in Agriculture.
https://doi.org/10.1016/j.isprsjprs.2021.10.004

Kazanskiy, N. (2025). A comprehensive review of remote sensing and artificial intelligence applications.
Sensors, 25(19), 5965. https://doi.org/10.3390/s25195965

Le, T. S., Harper, R., & Dell, B. (2023). Application of remote sensing in detecting and monitoring water
stress in forests. Remote Sensing, 15(13), 3360. https://doi.org/10.3390/rs15133360

Mendel, Z., et al. (2023). Seismic sensor-based management of the red palm weevil in commercial date
palm plantations. Pest Management Science, 79(10), 4562-4571.
https://doi.org/10.1002/ps.7836

Montero, D., et al. (2023). A standardized catalogue of spectral indices to advance Earth system research.
Scientific Data, 10(1), 1-15. https://doi.org/10.1038/s41597-023-02096-0

Paul, S., Getahun, M., & Barbedo, J. G. A. (2024). Evaluation of UAV-based RGB and multispectral vegetation
indices for precision agriculture. ISPRS Archives, 48-G-2025, 163-172.
https://doi.org/10.5194/isprs-archives-XLVIII-G-2025-163-2025

Qi, J., Chehbouni, A, Huete, A. R., Kerr, Y. H., & Sorooshian, S. (1994). A modified soil adjusted vegetation
index. Remote Sensing of Environment, 48(2), 119-126. https://doi.org/10.1016/0034-
4257(94)90134-1

Rehman, T. H., Lundy, M. E., & Linquist, B. A. (2022). Comparative sensitivity of vegetation indices measured
via proximal and aerial sensors for assessing nitrogen status and predicting grain yield in rice
cropping systems. Remote Sensing, 14(12), 2770. https://doi.org/10.3390/rs14122770

Torky, M., & other authors. (2023). Recognizing sounds of red palm weevils (RPW) based on deep
learning methods. Computers and Electronics in Agriculture.
https://doi.org/10.1016/j.compag.2023.108079

UNCCD. (2022). Global land outlook—Regional reports: Middle East and North Africa. United Nations
Convention to Combat Desertification.

Wang, L., & Zhang, H. (2025). Thermal and multispectral data fusion from UAV and Sentinel-2 for early
stress detection in date palms. Remote Sensing of Environment, 320, 115892.

36 1539l 1 abaall  pladusall Lilasll gollg jlodiwll dlan 02026 posi



Juail Jlash ) aolell alall aslyo 6 (ggyl) dgalall pe il 29y ge jladiwl Cléyh
(16-39) Juaill dwquw asl lbgns

World Bank. (2020). Water in the Arab World: Management perspectives and innovations. World Bank

Group.
Yildiz, V., et al. (2025). Comparison and accuracy assessment of unmanned aerial vehicle (UAV)-based
remote sensing in agriculture. Sensors, 25(4), 1087. https://doi.org/10.3390/s25041087

Zarco-Tejada, P. J., Hubbard, N., & Loudjani, P. (2014). Precision agriculture: An opportunity for EU
farmers. Joint Research Centre, European Commission. https://doi.org/10.2791/3266319

1529l 1 alaall  plaiuall Gilasll godllg jlailwll &loo 02026 pasgi

37



(16-39) sl jpjell uc 2l

Remote sensing and drone applications for monitoring the general
condition of palm trees, especially the red palm weevil

Naji Abdul Aziz Asaad
Arab Center for the Studies of Arid and Dry Zones (ACSAD)
Sabboura - Damascus - Syria

Received Date: 23-02-2026 Accepted Date: 12-07-2026

Abstract:

Agriculture in the Arab world ,a pillar of food security and rural livelihoods, faces
interlinked challenges from plant pests, diseases, and climate change. Plant pests and
diseases cause losses of approximately 40% of global agricultural production, costing
more than $220 billion annually for plant diseases alone (FAQ, 2021).

The red palm weevil (Rhynchophorus ferrugineus) alone has caused losses exceeding
$500 million in the Middle East and North Africa. The region also suffers degradation of
more than 26 million hectares of agricultural land, with losses exceeding $9 billion
annually (UNCCD, 2022), while the Arab agricultural sector consumes about 85% of
freshwater resources amid a regional water-stress level of 440% versus a global
average of 68% (World Bank, 2020).

In this context, the importance of remote sensing applications and drones as innovative
tools to enhance the sustainability of the agricultural sector is highlighted, through
monitoring the general condition of plants using spectral indicators such as the Natural
Difference Vegetation Index (NDVI) and the Natural Difference Red Edge Index (NDRE).

e Normalized Difference Vegetation Index (NDVI)

e Normalized Difference Red Edge Index (NDRE)
In addition to LiDAR technology and thermal imaging which enables the early detection
of injuries and physiological disorders before visible symptoms appear.
This study adopted a quantitative descriptive-analytical approach based on Sentinel-2

imagery and UAV data for a study area, computing spectral and thermal indices (NDVI,
NDRE, PRI, LST) and benchmarking them against conventional field methods.
Results showed a clear advantage of remote sensing and drones in speed, coverage,

accuracy, and early detection, with a total infestation rate of 5.9% and a general stress
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rate of 8.3% in the study area. Investing in these smart solutions is therefore a pivotal
step toward more efficient and sustainable agriculture in the arid and semi-arid
environments that characterize most Arab countries.

Keywords:

Remote Sensing, UAV/Drone, Red Palm Weevil, Spectral Indices, Palm Health.
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Abstract:

Gypsum soils present a significant geotechnical challenge, particularly in arid and semi-
arid regions dependent on irrigation projects. Although they possess favorable
mechanical properties in their dry state, they lose their strength and become prone to
collapse upon wetting, threatening the sustainability of hydraulic structures such as
irrigation canals and dams. This research proposes an innovative solution to this
problem using a modern technique based on Cutback Asphalt, aiming to enhance the
soil's bearing capacity and prevent collapse.

Soil samples from two different gypsum regions in Syria were studied. Their physical
and mechanical properties were analyzed by systematically varying the gypsum content.
As aninnovative part of the study, Cutback Asphalt treatment was applied to the soil with
its natural gypsum content, and its effect on key properties was evaluated, including
Unconfined Compressive Strength (UCS), California Bearing Ratio (CBR), and collapse
and swelling potential.

The results indicated that the addition of Cutback Asphalt led to a significant
improvement in soil properties. The Unconfined Compressive Strength peaked at an
optimal content of 6% for sandy soil (SM) and 8% for clayey soil (CH). The CBR value also
improved substantially, reaching optimal values at 8% for sandy soil and 10% for clayey
soil. Furthermore, the collapse potential and swelling susceptibility decreased markedly
with increasing Cutback Asphalt content, confirming the effectiveness of this technique

in enhancing soil durability.
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This research highlights the potential of Cutback Asphalt as an innovative and effective
solution for stabilizing gypsum soils. Its application can contribute to enhancing the
durability and load-bearing capacity of irrigation infrastructure, extending its service life.
We recommend implementing this technique in agricultural and hydraulic projects in
arid regions. We also hope this study will serve as a foundation for future research
exploring other treatment methods and comparing them with our findings.

Keywords:

Gypsum soils, Soil stabilization, Cutback Asphalt, Collapse potential, Agricultural

innovation, Sustainable irrigation technologies.
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Abstract:

This research revisits the concept of Prophetic miracles considering modern scientific
analysis, through the study of the Sidr tree (Ziziphus spina-christ) as a model that
combines a spiritual dimension with scientific innovation in serving human health and
environmental sustainability. The study is based on a vision inspired by Islamic prophetic
heritage in the utilization of natural resources, thereby providing a scientific
interpretation of the therapeutic properties attributed to this blessed tree throughout
history.

The study revealed that Sidr leaves collected from the Al-Leith region in the Kingdom of
Saudi Arabia are rich in active compounds such as phenols, flavonoids, and terpenoids,
which exhibit strong capabilities in inhibiting free radicals, combating inflammation, and
enhancing the body’s natural immune response in a noticeable and effective manner. It
also demonstrated that the ethanolic extract shows the highest antioxidant activity,
making it a promising candidate for the development of natural pharmaceutical and
cosmetic products.

Sidr leaves were also analyzed using advanced chemical techniques, most notably Gas
Chromatography-Mass Spectrometry (GC-MS). This research is distinguished by its
ability to bridge Prophetic guidance with contemporary scientific innovation, presenting
clear scientific evidence of the blessing of the Sidr tree through understanding its
biochemical constituents and utilizing them to achieve health sustainability in alignment
with Saudi Vision 2030 and the United Nations Sustainable Development Goals, while
highlighting its role in supporting the bioeconomy and promoting the sustainable use of
local plant resources.

Keywords: Ziziphus spina-christi, Antioxidants, Health sustainability, Bioactive
compounds.
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Abstract:

Agricultural production in central and southern Iraq faces a serious challenge due to soil
salinity, which arises from a combination of environmental and hydrological factors. A
major cause is the rise of saline groundwater to shallow depths, restricting proper root
development of crops. Conventional reclamation through large-scale drainage projects
is constrained by diverse terrain, extremely high costs, and the shortage of fresh water
required for extensive leaching operations.

To address these limitations, this study introduces an alternative farming system
designed for long-term sustainability. The approach involves cultivating plants in sealed
containers with a lifespan of no less than ten years, ensuring root growth beyond the
direct influence of salinity. Shallow groundwater (0.5-1.5 m depth) is utilized after being
desalinated through an evaporation—condensation cycle powered by flared gas from oil
refineries, thereby converting a wasted by-product into a useful source of irrigation
water.

The research included soil sampling from several locations, estimation of water volumes
required for leaching, evaluation of salinity levels before and after treatment, and
determination of field capacity across soil types. Findings indicate that this system
effectively mitigates the primary obstacles of saline land management, namely the
scarcity of fresh water, high reclamation costs, and the proximity of saline groundwater
to the surface. Moreover, continuous withdrawal of groundwater throughout the
system’s operational period is expected to gradually lower its level, removing it from the
active root zone and enhancing soil productivity on a sustainable basis.

Keywords: salinity, soil leaching, field capacity, Shura soils, Sabakh soils.
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Introduction:

Global Water Scarcity and Soil Salinization: To meet the rising global food
demand, agricultural production must increase by roughly 60% by 2050 [FAOQ. 2012]. The
global population, currently near 7 billion, is projected to reach 10 billion within the next
fifty years [Goswami et al. 2016]. This rapid population growth, combined with
diminishing arable land, constitutes one of the most critical challenges limiting
agricultural productivity and sustainability [Saghafi et al. 2019]. Within this framework,
water availability emerges as a key determinant in meeting these challenges [FAO.
2017]. Therefore, improving agricultural output remains the most feasible strategy to

ensure future food security [Vaishnav et al. 2016].

The surge in population, alongside expanding industrial and agricultural
activities, has intensified the demand for irrigation, worsening water scarcity,
particularly in arid and semi-arid regions [Ma et al. 2020]. Limited rainfall and elevated
evaporation rates have further widened the gap between water supply and demand
[Mohamed et al. 2020], [Gupta & Kumar. 2018]. Water resources in these regions are
scarce, and competition with other sectors restricts the volume of freshwater available
for agriculture. Consequently, water scarcity has become a major constraint on economic
development and human well-being, affecting approximately 40% of the global
population and numerous ecosystems [Oki & Kanae. 2006]. In semi-arid regions,
agriculture accounts for around 80% of current freshwater usage [UN Environment.
2019]. Population growth, rising food demand, and climate change have collectively
increased water demand by elevating temperatures and reducing availability [IPCC.
2013]. As a result, groundwater development and utilization have become common
strategies to address the imbalance between supply and agricultural demand [Huang et
al. 2012].

Soil salinity constitutes a major limitation to crop productivity worldwide. Salt
accumulation in soils arises from primary causes, such as rock weathering, and
secondary causes including excessive fertilizer use, irrigation with low-quality water,
waterlogging, and discharge of industrial saline solutions [Sahab et al. 2021]. Climate
change accelerates soil salinization through altered rainfall patterns, higher

temperatures, and increased evaporation rates [Bannari & Al-Ali. 2020, Corwin. 2021].
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Currently, over 50% of irrigated lands globally are affected by salinity, which impairs
plant growth, development, and survival [Guo et al. 2022]. This situation threatens global
food security, with climate change intensifying the problem [Mukhopadhyay et al. 2021].
The expansion of intensive orchard irrigation in recent decades, coupled with declining
water quality, has worsened soil salinity. By 2050, more than half of arable lands may be
affected by salinization [Jamil et al. 2011]. Anthropogenic activities have already
impacted around 76 million hectares of productive land due to excessive salt

accumulation [Nurbekova et al. 2024].

Soil salinity is closely linked to global issues such as climate change, food
security, and the United Nations Sustainable Development Goals (SDGs). Addressing
salinity is crucial for achieving the SDGs, particularly Goal 2 (“Zero Hunger”), Goal 3
(“Good Health and Well-being”), and Goal 15 (“Life on Land”) [Lal et al. 2021]. Therefore,
enhancing crop productivity on saline lands requires adopting effective management
strategies [Du et al. 2023].

Local Salinization in Central and Southern Iraq: The President of Irag emphasized
that addressing land degradation and water scarcity requires $13 billion for land
reclamation, $12 billion for dam construction, and $3 billion for water resource
development [Abdul Latif 2022] (Climate Conference 2022). Nevertheless, financial
limitations and water scarcity remain significant obstacles to implementing reclamation
initiatives.

Iraq’s Salinity Crisis: Irrigating large tracts of reclaimed land along the Tigris and
Euphrates rivers presents serious challenges, particularly in preventing saline
groundwater from contaminating the Shatt al-Arab waterway. Flood irrigation, poor soil
management, and insufficient drainage have contributed to high salinity levels in Iraqi

soils.

Classification of Saline Soils in Iraq: Iragi saline soils are generally classified into two

main types:

Al-Shura Soil: Exhibits a white, crystalline, non-soluble surface layer that swells upon

wetting.
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Sabkha Soils: Dark brown soils with high concentrations of calcium and magnesium

chlorides.

Typical soil profiles include a dark brown surface layer, a middle layer at approximately
60 cm depth with sodium chloride accumulation, and a lower moist layer below the
groundwater level [Khalaf & Alrijabo. 2006].

Geographic Distribution: The first Iraqgi distribution map [Alrijabo. 1991] revealed
concentrated salinization in central and southern Iraq, particularly within the Tigris and

Euphrates river basins (Figure 1).

Lands Possible to be exposed to salinity
Thepercentage of salted landsisless than S0% of the total
area

The percentage of salinized land is more than 50% of the
totalland

Figure 1: Salinized Land Distribution in Central and Southern Iraq

The Food and Agriculture Organization's map (Figure 2) Soil Salinity Map (FAO, [FAO.

2012]) illustrates Iraq's soil salinity levels:

Salinity Classification: S1: Moderate salinity (4-15 ds.m™), and S2: High salinity (>15

ds.m™).
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Salinization Trends: R1: Moderate increase (2-3 ds.m™.year™'), and R2: Rapid increase

(3-5 ds.m™.year™).

Figure 2: Soil Salinity and Degradation in the Mesopotamian Valley

Recent Soil Salinity Assessment (Ministry of Water Resources, [Al-Mashhadani. 2016]).
The map illustrates soil salinity levels in central and southern Iraq: Salinity Zones: Red:

Extremely saline (>25 ds.m™), and Orange: Moderately saline (16-25 ds.m™).
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SOIL SALINITY MAP OF IRAQ TURKEY
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Figure 3: Salinity Levels in the Iragi Plain

Factors Contributing to Iraqgi Soil Salinity
— First, Low elevation (e.g., Baghdad: 33 m above sea level, 600 km from the sea)
— Second, Excessive irrigation water waste by farmers
— Third, Inadequate drainage systems
— Fourth, Seasonal groundwater level rise due to lack of natural drainage
— Fifth, High temperatures, evaporation, and low precipitation.
These factors cause groundwater to rise to the soil surface, accumulating

dissolved salts and leading to salinity issues [Asaad & Adnan. 2015].

Groundwater Depth and Quality:

Soil salinization in central and southern Iraq is directly related to the depth and
quality of groundwater. In central Iraq, the depth of the groundwater level ranged from
100 to 200 cm during different months of the year, and in southern Iraq, the groundwater
level ranged between 45 cm in February and 200 cm in August, and the salinity of
groundwater in the unreclaimed soil was very high, ranging from 42 to 44 ds.m™", while
the groundwater of the semi-reclaimed and reclaimed soils was medium saline, and
ranged from 8.2 to 10 ds.m™.

The salinity of the groundwater in the low Mesopotamian plain ranged from 10,000
to 60,000 ppm [Qureshi et al. 2013].

Reclamation Challenges: Saline soil reclamation requires substantial water resources
for leaching. Iraq's water resources have significantly declined:

Euphrates River: from 30 billion cubic meters (1933) to 9.5 billion cubic meters (2021).
Tigris River: from 20.5 billion cubic meters (1933) to 9.7 billion cubic meters (2021) [Al-
Jubouri. 2022].

Project Goals and Features:

This innovative project transforms the curse of highly saline groundwater in central and
southern Iraq into a blessing, leveraging vast groundwater resources for agricultural

irrigation.
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The key objectives are: Utilize purified groundwater for irrigation, to eliminate drainage
and leaching needs.

Lower groundwater levels over 10+ years, facilitating negotiation with river source
countries in this period.

Implement sustainable agriculture using natural Iraqi resources. Foster self-sufficiency,

minimizing imports.

Project Highlights:

Water scarcity has emerged as a global maritime issue, with population growth,
industrialization, and pollution all contributing to its challenges. Only 0.014% of the
Earth's total water is available for human use, with 97.5% being saltwater and the
remaining 2.5% consisting of freshwater. Unfortunately, access to this freshwater
remains a challenge, as most of it is trapped in glacial ice and vast forests [Masoud et al.
2023].

For this reason, approximately one-third of the world's population suffers from
freshwater scarcity, particularly in areas experiencing severe freshwater impacts
[Masoud et al. 2019].
Access to clean water is a critical challenge in areas with limited energy resources. Solar
distillation systems have emerged as a popular and sustainable option for obtaining
clean water in these regions. This method utilizes solar energy for heating, which is then
condensed into potable water. This study presents a distillation system that is cost-
effective and energy-efficient, while also ensuring its sustainability.
The average daily production of the proposed distillation system was presented as 1.14
liters/m?, resulting in an annual production rate of 416.54 liters/year. The estimated cost
of producing one liter of distilled water was $0.023 [Jakub et al. 2024].
There are several methods for desalinating seawater, including thermal methods (such
as multi-stage flash distillation and multi-effect distillation) and membrane methods
(such as reverse osmosis and electrolysis) [Taghavian et al. 2022], [Taghavian et al.
2023].

However, most common desalination methods cannot remove all the purified

water from a saline or polluted source and must discard up to 50% of the incoming water.
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This can be harmful to the environment and is also costly [Kandeal. 2021].
Solar distillers are a simpler and more efficient method for small-scale projects due to
their lower cost. Solar water treatment is a practical solution for purifying various water
sources, including seawater, groundwater, surface water, and different types of
wastewater, such as pharmaceutical, industrial, and municipal effluents. There are three
main types of solar desalination and purification systems: solar distillers, solar water
disinfection systems (SODIS), and humidification and dehumidification (HDH) systems.
Among these systems, solar water disinfection systems (SODIS) are considered
one of the simplest and most cost-effective methods for treating contaminated water,
particularly in developing countries where biological contamination is a significant
problem [Masoud et al. 2020].
Desalination via water evaporation/condensation using refinery gas. Legalizing the
burning of natural gas in oil refineries, which is currently being done without benefit, and
using it to evaporate salty groundwater. In addition to the possibility of relying on solar
energy to evaporate and condense groundwater. Locally manufactured plastic
containers and drip irrigation systems. Conservation agriculture using containerized

tree planting. Reduced water scarcity impacts.

Environmental benefits:

Desalinated saline groundwater will be utilized for irrigation, gradually lowering

groundwater levels over 10+ years. This allows many key benefits such as negotiation
opportunities with river source countries for restored Tigris and Euphrates River flows.
Natural soil drainage through rainfall will eliminate the need for drainage projects for
saline soil in the future. In 10 years mature, productive trees with optimized economic
returns.
Iraq's sustainable agriculture project aims to utilize saline groundwater for irrigation,
reducing reliance on river imports. This innovative approach leverages natural
resources, specifically refinery gas, to desalinate water through evaporation and
condensation. Approximately 17 billion cubic meters of refinery gas are available
annually, with less than a third required for nationwide desalination efforts.

Key Project Components
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Desalination Technology: Utilizes refinery gas for water evaporation and condensation.
Conservation Agriculture: It employs locally manufactured containerized tree planting
resistant to physical pressure and saline groundwater. It can be locally manufactured
through the Ministry of Industry's production of polyethylene, which has been re-
produced, according to the statements of the Minister of Industry on 11/15/2022 [Khaled.
2022].

Materials and Methods:

This research represents a design study of a pioneering system for coexisting with
salinity in difficult-to-reclaim soils. These difficulties are due to the interaction of several
factors, such as the scarcity of leaching and irrigation water, the high level of saline
groundwater reaching the plant root zone, and the impact of high temperatures and low
rainfall on the fluctuating groundwater level throughout the year.

Therefore, analytical laboratory studies for some soil traits were conducted on
numerous samples of saline soils, both before and after leaching, including determining
their field capacity. The complete system will be implemented with the plant parts in
subsequent seasons on a continuous and ongoing basis.
The research plan comprised the following components:
— Soil Analysis
— Sampling: Collected soil samples (0-50 cm depth) from Baghdad to Nasiriya.
— Physical and Chemical Properties: Analysed texture, salinity, and chemical
characteristics.
— Saline Soil Leaching Study
— Soil Selection: Used dry soil samples with low, medium, and high salinity. Study
of the leaching of saline soils: one kilogram of selected dry soil (low, mid, and high
soil salinity compared with control soil) was placed in pots perforated from the
bottom to drain the water. The soil was leached with two levels of tap water: (A)
half a liter of water. 1 kg of soil. (B) A liter of water. 1 kg of soil. Soil salinity was
analysed after that, and the salinity of the drained water was tested for each
sample.
— The water used for salty soil leaching was tap water, whose electrical conductivity

EC (ds.m™") was (0.23) and its pH was (7.3). Tap water is better than the Tigris
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River in Mosul, whose electrical conductivity EC (ds.m™") was (0.43) and its pH was
(7.3), and better than the AlKhuser River in Mosul, whose electrical conductivity
EC (ds.m™") was (1.61) and its pH was (7.1) [Al-Jubouri. 2009].

— Determining the field capacity: The field capacity of each sample was determined
by immersing one kilogram of dried soil in a liter of water and leaving the sample
for 48 hours until the gravity water exuded from it. Then measuring the weight of
the wet soil to determine the maximum capacity of the soil to hold. Moisture
retention 48 hours after immersion.

— Evaluating the results and presenting a cultivation plan within the data of the soil
and water analysis results.

— As part of the methodology, the academic search engine Google Scholar was used
to identify some relevant studies and peer-reviewed research that support the

objectives of this research.

Results and Discussion:

Soil Physical and Chemical Traits Results

The majority of soil samples tended to be clayey in texture, according to the values
shown in Table (1). Soil values varied in their content of cations and anions, with a general
increase in the index as a result of the effect of the presence of salts in it (Tables 2, 3).
The salinity values in the soil varied from the lowest value (10.90 ds.m™) to the highest
value (16.10 ds.m™).

Table 1. Soil texture analysis.

Sample No. Sand% Silt% Clay % Soil Texture
1 17.05 45.75 37.2 Silt-Clay Loam

2 19.55 48.25 322 Silt-Clay Loam
3 263 29.0 447 Clay

4 12.05 38.25 49.7 Clay

5 17.05 35.75 47.2 Clay

6 52.05 15.75 32.2 Sandy Clay

7 51.3 11.5 37.2 Sandy Clay

8 27.05 33.25 39.7 Clay Loam

9 31.3 29.0 39.7 Clay Loam

10 29.55 38.25 32.2 Clay Loam
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Table 2. Analysis of cations and anions in some soil samples.

SampleNo. Mg% K% Na % N % P % Cl% Hco3% So4%
1 0.081 0.0019 0.0053 0.015 0.00026 0.81 0.23 0.061

2 0.068 0.0022 0.0072 0.047 0.00050 1.88 0.024 0.056
3 0.042 0.0019 0.0045 0.023 0.00050 0.71 0.041 0.078
4 0.067 0.0020 0.0049 0.015 0.00042 0.75 0.25 0.109
5 0.032 0.0024 0.0044 0.039 0.00026 0.80 0.036 0.104
6 0.016 0.0015 0.0051 0.008 0.00036 0.86 0.053 0.050
7 0.032 0.0014 0.0051 0.054 0.00042 0.90 1.03 0.069
8 0.024 0.0019 0.0048 0.031 0.00079 1.04 0.029 0.083
9 0.008 0.0020 0.0022 0.015 0.00079 0.34 0.014 0.021

—_
o

0.015 0.0024 0.0051 0.023 0.00026 0.88 0.12 0.062

The pH values ranged from (7.1 to 8.0), and organic matter was between (2.62
and 4.03) as shown in Table (3).

Table 3. Soil salinity, pH, and percentage of OM. for some soil samples.

Sample No. EC(ds.m™) pH CaCo3;% O.M.%

1 11.30 8.0 49 3.82
2 16.10 7.1 465 3.69
3 10.90 7.5 48 2.79
4 11.30 7.3 49 3.31
5 11.60 7.2 47 3.38
6 12.30 7.3 495 4.00
7 13.01 7.7 47 3.48
8 13.70 7.2 465 2.62
9 13.70 7.5 445 4.03
10 13.40 7.3 485 3.48

The Results of the Salty Soil Leaching Study

It is clear from Table (4) that leaching the soil samples with a volume of 500 ml of
water led to a decrease in salinity in the three samples (10.9, 12.3, 16.1 ds.m™") to a very
low degree (1.90, 2.60 and 2.70 ds.m™"), respectively. The salinity decreased in the same
samples when washed with a volume of 1000 ml of water to percentages (1.30, 0.90, and

1.00 ds.m™), respectively.
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Reducing soil salinity to 2.7 ds.m™", which is the higher limit in soil salinity after
leaching with a volume of 500 ml, means that this degree of soil salinity is suitable for
growing all types of trees [Kumar et al. 20201, grain crops, and vegetable crops [Michael
& Khalid. 2015].

Therefore, the leaching process was very efficient in reducing soil salinity.
Repeating irrigation with tap water will make the soil salinity decrease until it is equal

to the Ec. of irrigation water.

Table 4. Soil salinity (ds.m™") after leaching of (1000 gm.) soil weight.

Soil Samples Soil  salinity Before | After leaching with 500 | After leaching with 1000
leaching ml water ml water

control 1.20 fg 0.60 i 0.50 i

A 10.90 ¢ 1.90e 1.30f

B 12.30b 2.60d 0.90h

c 16.10 a 2.70d 1.00 gh

Mean 10.13a 1.95b 093¢

Similar letters have no significant difference according to Duncan's significance test.

Determination of Field Capacity:

Determine the amount of water required to reach 80% of the field capacity of the
soil container per tree: The average field capacity of 100% for four samples of saline soil
with a weight of 1000 gm. for each sample is very close to = 27.6 + 24.4 + 23.5 + 22.6 =
98.1/4 = 24.5% = 245 ml is sufficient to achieve 100% field capacity for one kilogram of
dry soil.

Volume weight of 1 kg of dry soil = approximately 700 ml (cm3).

Weight of a liter of soil = 1000 x 1000 / 700 = approximately 1430 grams of soil.

100% of the field capacity for the weight of 1000 grams of soil is equivalent to 245 grams
of water; 80% of the field capacity for the weight of 1000 grams of soil is equivalent to
196 grams of water.

That is, 1000 grams of soil + 196 grams of water = 1196 grams, which represents 80%

of the field capacity per kilogram of soil.
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Mathematically, a liter of dry soil (1430 gm) would need (280 gm water) to reach (80%
field capacity).

This means that the water required per one container of 200 liters of soil to reach 80%
of its field capacity is about 56 liters from the multiplying of 200 liters by 280 grams of
water.

It seems that the soil texture controls the field capacity values of the four soil
samples; the results of [Datta et al. 2017] showed that field capacity values that are very
close to the results of this study have a similar soil texture.

The volume of water required to reach 80% of the field capacity of the first irrigation for
an area of one hectare (600 trees) = 56 liters x 600 trees per hectare = 33,600 liters,
which means only 34 cubic meters for (the first irrigation).

The need for traditional irrigation (the irrigation canals 4 X 4 m. distances) for an area of
a hectare is not less than ten times what is consumed per hectare by drip irrigation in
plant containers.

That means: 33,600 * 10 = 330,000 liters of water per one hectare, or 330 cubic meters,
for the first irrigation only.

The evapotranspiration rate of trees in general = 10% in winter and 30% in summer. Due
to the sealing of the upper barrel nozzle, evaporation will be very limited, and only
transpiration will remain, so the loss rate will decrease to 5% in winter and 15% in
summer, approximately.

Irrigation is done until the field capacity reaches 80%. Then it is stopped.

When the field capacity falls below 50%, irrigation is repeated, and so on.

Table 5. Determination of the field capacity of the four sites.

Sample Dry soil Soil weight (gm.) after 36 Soil weight Field
weight gm. hours of immersion difference gm. Capacity %

Control 1000 1276 276 %27.6

A 1000 1244 244 %24.4

B 1000 1235 235 %23.5

C 1000 1226 226 %22.6
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Conclusions and Recommendations:

Through the foregoing, it is clear to us the seriousness of salinity on Iragi soils and
how most of the soils of central and southern Iraq were salinized as a result of irrigation

and turned into salty soils and therefore need reclamation (Figure 4(.

A
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Figure 4. Shows how Iragi soils are salinized and transformed into Shura salt.

Agricultural lands require a great effort in planning and implementing reclamation
projects that the government may not be able to implement; in addition, any reclamation
process requires the establishment of a comprehensive drainage network for central
and southern Iraq to reduce the level of saline groundwater, as well as filtering the soil
with fresh water.

Through the foregoing, it is clear to us that it is impossible to cultivate in such soil
due to the scarcity of water required in the filtration process, in addition to the

establishing of the drainage network that may cost the government its total budget.
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The question now: How can we restore life to these vast lands without opening a
comprehensive network of drains, and without sufficient fresh water for leaching and
reclamation and then for cultivation, and even how to plant the streets and orchards
again without the presence of the most important components of agriculture, which are
water for leaching and irrigation, in addition to drains to lower the level of groundwater

below the level of crop roots or tree roots?

Through the foregoing, and after analysing many soil samples that were brought
from the implementation site, it became clear through the results of testing the samples
that these soils can be leached with small quantities of water according to the degree of
their salinity, but in the end, they turn into suitable soil for planting all kinds of trees and
shrubs, whether pastoral or horticultural plants and, most importantly, this cultivation
will take place in the same salinized sites and will not be affected by soil salinity or

groundwater level according to the idea presented in the following diagrams.

Accordingly, the curse of salty water and the rise in the groundwater level will turn
into a blessing and a water treasure that will enrich Iraq for decades, until the water
returns to the Tigris and Euphrates rivers, and then there will be no concern about return
rising of groundwater level because much of it will have been used in irrigation after

treatment.

The results of the study conducted on the many soil samples of the implementation
site in central Iraq succeeded in reducing the level of salinity in it from 10-16 ds.m™ to
about 1-1.3 ds.m™ only, and the planning and implementation of this project will be
through sustainable agriculture that manages itself, preserves the environment from
pollution, and restores life to Iragi orchards and villages that were abandoned decades

ago.

Summary of Action Steps
— Digging a small pond or well 6 meters deep, connecting an anti-salt water pump
and electrical connection to the pump. The location of the well is chosen in the
middle of the project so that it turns into an outlet for salty groundwater.
— Installing a water desalination plant on these ponds to convert this relatively salty

water into fresh water through an evaporation and condensation system that
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relies on Iraqgi resources only by using refinery gas exhausted by burning, as well

as using evaporation technology by heating with direct sunlight or generating

electricity through solar energy when needed (Proposed Figure 5).
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Fig. 5: Water desalination by gas or solar energy. lllustration chart

- After obtaining fresh water (relatively limited and sufficient for sure), sufficient

salty soil blocks will be leached in limited and studied quantities of fresh water

according to the results of the study and prior analysis of soil and water samples.

- Tree seedlings will be planted in resistant plastic containers (drums) with an

expiration date of not less than 10 years and a volume of 220 liters. This period is

sufficient to eliminate the risk of salinity from the Iraqi soil if the Iraqi plain turns

to the adoption of the drip irrigation technique, and this volume will be sufficient

for the roots of the trees and shrubs whose species will be carefully selected (Fig.

6).
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Figure 6. Container cultivation technique with drip irrigation.

- All planting containers will be connected to a drip irrigation network, and irrigation

will be done with extreme precision after determining the field capacity of all the

soil samples that have been studied.

- Irrigating will be done at a constant rate that does not exceed 80% of the field

capacity of the soil. Then the pumping is resumed for irrigation when the soil
loses 30% of its moisture when it reaches 50% field capacity, and the pumping
continues until the moisture returns to 80% field capacity; this irrigation
management is controlled in a standard and weighing manner by preparing a
field container (or two containers) to determine the field capacity by a field

capacity sensor.

A field capacity sensor was placed in it, and the pointer delivered an electrical signal to

the water pump to operate when the soil moisture reached 50% and to turn off when it
reached 80% (Fig. 7).
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Figure 1. Schematic and Detailed View of the Field-Capacity-Controlled Irrigation System.
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Figure 7. The field capacity sensor for irrigation determines the field capacity.

The method of determining the amount of irrigation is based on measuring the
field capacity by a specific field capacity sensor or using a wireless moisture meter
(Figure 7) to determine soil moisture, and according to its data, the amount of water is
determined for each container to reach the required field capacity.

The device can transmit moisture meter data wirelessly and display it using an
application on the farmer's mobile phone. The watering can be operated remotely using
the same app based on hygrometer readings.

— After burying these containers in the fields at a depth of more than 1.25 meters,
there will be no concern about the problem of the salt water level rising in the
winter to about half a meter from the soil surface, because the containers of trees
are completely impermeable to water. No matter how high the salt column rises
to the surface of the soil to turn into Shura, it will not reach the soil of the
seedlings, since the mouth of the container is slightly higher than the surface of

the soil, as shown in the attached figure (Fig. 7).
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— When we deal with a project to grow trees in agricultural containers, we must
understand the mechanisms by which environmental factors control root traits
within the root zone is crucial for improving fruit tree productivity by regulating
root structure with irrigation [Li et al. 2024].

— Fine roots, the primary organs for water and nutrient absorption in fruit trees, are
densest in the 0-100 cm soil layer (Li et al., 2024). Therefore, choosing a container
depth of more than 120 cm is ideal for planting trees [Li et al. 2024].

— The irrigation water will be controlled so that it does not cause soil waterlogging
through the control system shown in the previous figure. However, if a defect
occurs and the soil of one of the containers becomes waterlogged, the excess
water can be withdrawn through the excess water intake pipe shown in Figure (8)
below.

— This innovation can be used in the implementation of the afforestation of the
roadsides, as this method will be beneficial for all farmers to implement itin their
fields and with the help of the government, as all farmers’ requests for containers
can be met by operating the production line for these containers in the
petrochemical plant in Basra.

— This application will provide great job opportunities for unemployed youth and will
restore life to the Iraqi villages again, with decent and easy means of living.

— Several pastoral shrubs will be planted, the most important of which is the saltbush
to cover plant and animal production.

— The period of ten years, which is the period of container life, is sufficient to leach
salinity by seasonal rainwater from the soil surface to deeper than the root zone;
ten years of rainwater is sufficient for natural leaching of soil salinity,
accompanied by a sharp drop in the groundwater level due to withdrawing
groundwater in high quantities by farmers to purify it and use it to irrigate all

cultivated lands in central and southern Iraqg.
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Figure 8. Controlled Container Agriculture System for Citrus Trees

The estimated cost of intensive tree cultivation per Iragi donum (2500 m?) is (150
trees / donum): its cost is between 9,000 and 10,000 $ in the event that the government
provides desalinated water through a central groundwater desalination project.

Costs include the cost of purchasing 150 tree containers with a capacity of 220 liters
through import now (and the ambition is to locally manufacture containers with a size of
300 liters), the cost of leaching the soil of the container and preparing it for cultivation,
the cost of digging the positions of the containers and filling them with leached soil, the
cost of purchasing tree seedlings and planting them, the cost of the drip irrigation
system for an area of Iragi donums with installation and operation, the cost of the
technique of determining the field capacity by the electronic sensor to control the
irrigation system, in addition to the cost of establishing small stations for desalination of

groundwater to cover their irrigation water needs.

Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026 20




An Innovative System Study for Sustainable Agriculture in the Salinized Lands in
Central and Southern Irag without Reclamation or Drainage Processes (1-24)

Acknowledgment and Approval:

The study was approved by the Iragi Prime Minister, and His Excellency instructed it to
be implemented in an experimental field. It is currently under implementation, and the

study will continue for several years (Appendix).

References:
Al-Jubouri, A. (2022). The water crisis in Iraq and its implications of Security and Politics, article
:November 18, 2022.

Al-Jubouri, A. K. (2009). The effect of irrigation water quality on the leaching of saline soils. Al-Rafidain
Engineering, 17(2).

Al-Mashhadani, A. S. (2016). Soil and water resources in Irag: Problems and solutions. Hawkamah Center.

Alrijabo, A. A. (1991). Studies on the salinity tolerance of four genotypes of wheat (Triticum aestivum L.)
(PhD thesis). University of Baghdad.

Bannari, A., & Al-Ali, Z. A. (2020). Assessing climate change impact on soil salinity dynamics between
1987-2017 in arid landscape wusing Landsat data. Remote Sensing, 12, 2794.
https://doi.org/10.3390/rs12172794

Cahn, M,, & Bali, K. (2015). Managing salts by leaching (Publication 8550). University of California.

Corwin, D. L. (2021). Climate change impacts on soil salinity in agricultural areas. European Journal of Soil
Science, 72, 842-862. https://doi.org/10.1111/ejss.13058

Datta, S., Taghvaeian, S., & Stivers, J. (2017). Understanding soil water content and thresholds for

irrigation management. Oklahoma Cooperative Extension.

Du, Y., Liu, X., Zhang, L., & Zhou, W. (2023). Drip irrigation in agricultural saline-alkali land controls soil
salinity and improves crop yield: Evidence from a global meta-analysis. Science of the Total
Environment, 880, 163226. https://doi.org/10.1016/j.scitotenv.2023.163226

Food and Agriculture Organization (FAQ). (2012a). The state of world fisheries and aquaculture. FAO.

Food and Agriculture Organization (FAO). (2012b). Water resources development and management
service. FAO.

Food and Agriculture Organization (FAO). (2017). Water for sustainable food and agriculture. FAO.

Goswami, D., Thakker, J. N., & Dhandhukia, P. C. (2016). Portraying mechanics of plant growth promoting
rhizobacteria  (PGPR): A  review. Cogent Food &  Agriculture, 2, 1127500.
https://doi.org/10.1080/23311932.2015.1127500

Guo, J., Shan, C., Zhang, Y., Wang, X., Tian, H., Han, G., Zhang, Y., & Wang, B. (2022). Mechanisms of salt
tolerance and molecular breeding of salt-tolerant ornamental plants. Frontiers in Plant Science, 13,
854116. https://doi.org/10.3389/fpls.2022.854116

Gupta, R., & Kumar, G. (2018). Scenario planning for water resource management in semi-arid zone.
Physics and Chemistry of the Earth, 105, 290-299. https://doi.org/10.1016/j.pce.2018.05.003

21 Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026



Alrijabo Abdulsattar Asmair / Islam Abdulsattar Asmair (1-24)

Huang, C. H., Zong, L., Buonanno, M., Xue, X., Wang, T., & Tedeschi, A. (2012). Impact of saline water
irrigation on yield and quality of melon (Cucumis melo cv. Huanghemi) in northwest China. European
Journal of Agronomy, 43, 68-76. https://doi.org/10.1016/j.eja.2012.06.003

Intergovernmental Panel on Climate Change (IPCC). (2013). Climate change 2013: The physical science
basis. Cambridge University Press.

Jamil, A, Riaz, S., Ashraf, M., & Foolad, M. R. (2011). Gene expression profiling of plants under salt stress.
Critical Reviews in Plant Sciences, 30, 435-458. https://doi.org/10.1080/07352689.2011.605739

Kandeal, A. W. (2021). Improved thermo-economic performance of solar desalination. Solar Energy, 224,
1313-1325. https://doi.org/10.1016/j.solener.2021.06.067

Khalaf, A. S., & Alrijabo, A. A. (2006). Seed technology. Mosul University Press.

Kumar, M., Gupta, S. R, Kataria, N., & Patle, G. T. (2020). Bio-management options for ecosystem services
and climate change adaptation in saline environments. International Journal of Environment and
Climate Change. https://doi.org/10.9734/ijecc/2020/v10i730209

Lal, R., Bouma, J., Brevik, E., Dawson, L., Field, D. J., Glaser, B., Hatano, R., Hartemink, A. E., Kosaki, T., &
Lascelles, B. (2021). Soils and sustainable development goals of the United Nations: An International
Union of Soil Sciences perspective. Geoderma Regional, 25, e00398.
https://doi.org/10.1016/j.geodrs.2021.e00398

Li, H., Wang, J., Wang, C., Wang, G., Zhang, X., Cui, B., & Song, B. (2024). Trade-offs among fine-root
phosphorus-acquisition strategies. Agriculture, Ecosystems & Environment, 359, 108743.
https://doi.org/10.1016/j.agee.2023.108743

Li, Y., Li, Z,, Gong, P, He, X, Liu, H., Li, L., Wang, C., Li, P., Wei, J., & Yu, X. (2024). Enhanced irrigation volume
reduces salinity and improves soil nutrients. Agricultural Water Management, 302, 109001.
https://doi.org/10.1016/j.agwat.2024.109001

Ma, T., Sun, S., Fu, G., Hall, J. W., Ni, Y., He, L., Yi, J., Zhao, N., Du, Y., & Pei, T. (2020). Pollution exacerbates
China’'s water scarcity and its regional inequality. Nature Communications, 11, 650.

https://doi.org/10.1038/s41467-020-14298-8

Masoud, S., Javadi, D., Rahbar, A., Majidniya, M., & Salimi, M. (2020). Experimental investigation on solar
still water purification. Desalination, 476, 114146. https://doi.org/10.1016/j.desal.2019.114146
Masoud, S., Norozpour, F., Elsheikh, A. H., & Kabeel, A. E. (2023). Solar desalination in high altitude during
COVID-19. Journal of Hazardous Materials Advances, 10, 100259.
https://doi.org/10.1016/j.hazadv.2023.100259

Masoud, S., Rahbar, A, Koleini, M. H., Javadi, Y. D., & Afrand, M. (2020). Nanofluid-based solar still for
desalination. Desalination, 491, 114592. https://doi.org/10.1016/j.desal.2020.114592

Mohamed, M. M., El-Shorbagy, W., Kizhisseri, M. ., Chowdhury, R., & McDonald, A. (2020). Evaluation of
policy scenarios for water resources planning and management in an arid region. Journal of
Hydrology: Regional Studies, 32, 100758. https://doi.org/10.1016/j.ejrh.2020.100758

Mukhopadhyay, R., Sarkar, B., Jat, H. S., Sharma, P. C., & Bolan, N. S. (2021). Soil salinity under climate
change: Challenges for sustainable agriculture and food security. Journal of Environmental

Management, 280, 111736. https://doi.org/10.1016/j.jenvman.2020.111736
Najm, K. B. (2022). Statement by the Iraqgi Minister of Industry. Mirbad Media.

Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026 22



An Innovative System Study for Sustainable Agriculture in the Salinized Lands in
Central and Southern Irag without Reclamation or Drainage Processes (1-24)

Nurbekova, Z., Satkanov, M., Beisekova, M., Akbassova, A., Ualiyeva, R., Cui, J., Chen, Y., Wang, Z., &
Zhangazin, S. (2024). Strategies for achieving high and sustainable plant productivity in saline soil
conditions. Horticulturae, 10(8), 878. https://doi.org/10.3390/horticulturae10080878

Oki, T., & Kanae, S. (2006). Global hydrological cycles and world water resources. Science, 313, 1068-
1072. https://doi.org/10.1126/science.1128845

Qureshi, A. S., & Al-Falahi, A. A. (2015). Soil salinity in central and southern Irag and reclamation
strategies. Al-Bayan Center.

Qureshi, A. S., Ahmad, W., & Ahmad, A. F. A. (2013). Optimum groundwater table depth and irrigation
schedules for controlling soil salinity in central Irag. Irrigation and Drainage, 62(4), 414-424.
https://doi.org/10.1002/ird.1747

Rashid, A. L. J. (2022). Statement at the climate conference 2022. Al-Ghadeer TV.

Saghafi, D., Delangiz, N., Lajayer, B. A., & Ghorbanpour, M. (2019). An overview on improvement of crop
productivity in saline soils by halotolerant and halophilic PGPRs. 3 Biotech, 9, 261.
https://doi.org/10.1007/s13205-019-1794-9

Sahab, S., Suhani, I, Srivastava, V., Chauhan, P. S., Singh, R. P., & Prasad, V. (2021). Potential risk
assessment of soil salinity to agroecosystem sustainability: Current status and management

strategies. Science of the Total Environment, 764, 144164,
https://doi.org/10.1016/j.scitotenv.2020.144164

Taghavian, H., Cernik, M., & Dvoiak, L. (2022). Super hydrophilic surface modification of membranes. In
Proceedings of the 14th International Conference on Nanomaterials (pp. 91-96).

Taghavian, H., Cernik, M., & Dvorak, L. (2023). Advanced fouling-resistant membrane modification.
Scientific Reports, 13, 11871. https://doi.org/10.1038/s41598-023-38734-5

UN Environment. (2019). Global environment outlook-GEO-6: Healthy planet, healthy people. UN
Environment.

Vaishnav, A, Varma, A,, Tuteja, N., & Choudhary, D. K. (2016). PGPR-mediated amelioration of crops under
salt stress. In D. K. Choudhary, A. Varma, & N. Tuteja (Eds.), Plant-microbe interaction: An approach to
sustainable agriculture (pp. 205-226). Springer.

Wiener, J., Khan, M. Z,, & Shah, K. (2024). Performance enhancement of solar still. Scientific Reports, 14,
5202. https://doi.org/10.1038/s41598-024-5202

23 Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026



Alrijabo Abdulsattar Asmair / Islam Abdulsattar Asmair (1-24)

&ly2ll Liging buugy dalaiall (Bl 6 dolaiuall deljpl Gxdall jairo oS dwl)d
{128l goll Jlao 6 (§jlodiwl ggpiro) Jjul of plloiwill Silgas) aslsll gga

gl prouwl il aue
J.g.muijliudl 2uc ollw)|
&=l .Jogall asols . (C.AFCAR)abslall aclyjilg aslal acljll tigay j4po

2026-05-18 : Jquall 2uli 2025-10-14 :plliwll Ayl

1pAlall

Jelai aoyii Linii illg .yl daglo Luy pub Ciliani @lyell Liging buug @blio 6 acljjll aslgi
ol @llall duogall oliall (sgiwo glajjl vihanill 0as jul gog .632sio draglgjaag dufy Jolge
pe salaill plloiwdl ol las .olill jg32 gai go 23y lao wlilillg jlahiill j9aall dabhio Liys
a32)l olall poig warlsill glaijlg «uuldill ggiill doyii tibgeo aslgy Glbill dewlg Jji 2ujluwo
Jolidl Jusll vildas] dojilll

dcl)j Gle aninyg (sa0ll dygb dolaiwdl acay J1ay elij plbi @287 (] dwljall 03a (2wl
Lgl51> gaill jg 2l ouly Lo whlgiuw pine ge Jéy U OIjisl pas) dogléog ddleo iligb (0 il
lgilai 2%y (jio 1.5-0.5 Gaey) danll dusgall oluoll plasriwl aig il dsglall wili Glbi ojls
ac> &ilso] ge Uns baill Golow ge 2l Ghaall jlell dslby Jasi Leisi-pag 6)93 dbuulg)
ol @8lb doghio

«Jusll dyglboll olall poo pasdig .dalise 2élgo go dill go wlise 2o dioyl diagio Cilow
locloil pe ayill dulsall dswll 3337 I a5l54L aalleall anig J1b dsglall ilgiuo yulidg
Lg16 Loy anllall ol Db abuyipall cibanil jul dalleo e plbill 13w 6526 A5lidl viygblg .dalisall
b go Lall &ogall oball (sgiuo glaijlg o dniwll Lallsi cloijlg .a=ll olall 439200
S9luo 283 Gl plbill Jye iy 64i6 Juls agall olyoll ool cunull (28 of 2591) Las uyill
platuo Jauiy apill sl jiey Loo alleall jg3all dshio ge loalylg Loyyai @yl olioll

Awll g 8yguidl L el dsudl il Jue asglall :auwsliaall cilal4ll

Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026 24



Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026

https//:doi.org/10.68363/jifs.01.01.33

Financing Resilience: Closing the Arab Food Gap through Innovation and

Policy

Rebecca Kurland'

Edwin Wachira?

Cross-Asset Research & Sustainable Investment Group, TCW'

Fixed Income Group, TCW?

Received Date: 09-01-2026 Accepted Date: 09-06-2026

Abstract:

Achieving sustainable food security in the Arab world requires mobilizing financial
resources, advancing agricultural innovation and creating resilient market structures
that reduce the region's dependence on imports. Despite agriculture’s role in
employment and rural livelihoods, the sector remains underfinanced, with SMEs, which
are critical actors in production, processing and distribution, facing systemic barriers to
capital access. Our paper aims to demonstrate that identifying and scaling innovative
financial models, channeling investment into high-impact technologies, and fostering
enabling policies are important steps toward closing the Arab food gap and securing

sustainable agricultural development.

Our paper is structured around three interrelated pillars. First, an examination of
high-impact innovations that can be financed and scaled across Arab economies. These
include strategies and technologies to overcome land and water scarcity, manage pests,
and improve productivity for key commodities in the Arab region. We focus on solutions
where capital deployment can drive both regional food security and broader economic

gains, from employment to trade balance improvements.

Second, an overview of innovative financial models that can unlock agricultural
investment, including blended finance, digital financial tools, and outcome-linked

financing that ties financial characteristics to measurable improvements in agricultural
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production. Such instruments can de-risk investment and align incentives across key

stakeholders, including businesses, policymakers, and investors.

Third, an analysis of enabling systems that encourage adoption and scale. This
involves regulatory frameworks, shock-responsive financing models to mitigate climate
and geopolitical disruptions and public-private partnerships that pool resources while
reducing risk exposure. Comparative lessons, such as Asia’s food security crisis
response framework, highlight how strategic reserves and coordinated supply

management can stabilize prices and supply in times of crisis.

By integrating financial innovation with agricultural modernization, we outline a
pathway that Arab policymakers and financiers can adopt to build resilient food systems,
support SME growth and ensure agriculture becomes a driver of long-term economic

resilience.

Key Words: Food Security, Agricultural Innovation, Climate Resilience, Policy Reform,

Public-Private Partnerships

Introduction:

Food security in the Arab region is increasingly under strain from structural
vulnerabilities, climate change, and global market volatility. The region exhibits
structurally high dependence on imports to meet its dietary needs, with imported grains
representing roughly 40% of dietary energy and 63% of protein (Rahimi et al., 2023).
Long-term empirical evidence confirms that import dependence is not cyclical but
structural, with demand for imported food in Arab economies remaining inelastic to
price and income shocks, reinforcing vulnerability to external supply disruptions
(Mohammed & Almojel, 2025). The human impact of these vulnerabilities is stark. In
2021, an estimated 53.9 million people in the Arab region experienced severe food
insecurity, representing a 55% increase since 2010, while more than half the population,
approximately 162.7 million people, could not afford a healthy diet (FAO, 2024).

Despite these challenges, agriculture remains a cornerstone of rural livelihoods
and employment. Small and medium-sized enterprises (SMEs) account for over 90% of
businesses in the Arab world, serving as a major source of job creation and income

generation (ANND, 2021). Yet the sector is chronically underfinanced. In the Gulf
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Cooperation Council (GCC), SME lending averages just 3% of total bank lending, with an
estimated credit gap of USD 250 billion, while in other emerging markets SME lending
typically accounts for 15-20% of bank portfolios (OECD, 2025; Deloitte, 2022). This
financing shortfall constrains investment in productivity-enhancing technologies and

limits the sector’s ability to adapt to climate and market risks.

The Arab region therefore faces a dual challenge: reducing its structural
dependence on food imports while modernizing agricultural systems to withstand
climate and geopolitical shocks. Climate-driven water scarcity is expected to materially
constrain agricultural productivity, with rising temperatures and shifting precipitation
patterns increasing the incidence of water stress across cropping systems (He & Rosa,
2023). Land degradation compounds these risks, with approximately 46 million hectares
of agricultural land, or two-thirds of the region’s degraded land, affected by salinization,

erosion, and unsustainable farming practices (FAO, 2017).

Addressing these challenges requires an integrated approach that accelerates
the adoption of innovative agricultural technologies, mobilizes both public and private
finance, and strengthens enabling policy and market systems. This paper argues that
aligning capital flows with transformative agricultural solutions, supported by robust
governance, can reduce import dependency, enhance resilience, and unlock broader

socio-economic benefits for the Arab region.

Literature Review

Food security challenges in the Arab region

Historically, the Arab region’'s food security has been shaped by structural
constraints like limited arable land, chronic water scarcity, and rapid urbanization,
combined with policy choices that favored food import reliance over domestic
production. Studies consistently link the region’s limited natural resources and high
import dependence to heightened exposure to external shocks, particularly in grain
markets central to caloric intake (Rahimi et al., 2023; Le Mouél et al., 2023). The 2007-
2008 food price crisis and subsequent volatility exemplified this vulnerability to external
forces, causing a deterioration in household welfare and fiscal balances. The United

Nations Economic and Social Commission for Western Asia (ESCWA) underscores that
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these long-standing constraints, coupled with fragmented value chains and weak
storage and logistics, have kept the region off track on food security and nutrition targets
despite periods of strong economic growth (ESCWA, 2023). Climate stressors, including
heat, drought and erratic rainfall, contribute to reducing yields and straining
groundwater, while salinization and land degradation hinder productivity gains (FAO,
2017; ESCWA, 2019). Recent global shocks, including COVID-19 and the war in Ukraine,
exposed the limits of the import-reliant model, tightening cereal supplies and raising
prices, with measurable impacts on affordability and diet quality across the region (FAQ,
2024; ESCWA, 2023).

The cumulative effect is a persistent vulnerability where global market volatility
translates quickly into domestic food stress, with disproportionate impacts on low-
income communities given the inelastic nature of food demand. Despite policy efforts
such as subsidy reforms, targeted safety nets, and investments in irrigation, progress
has been uneven, and nutrition outcomes have stagnated or worsened for many
populations (FAO, 2024). The literature converges on the need for systemic reforms:
diversified import sources and regional reserves, climate-smart production and water-
saving technologies, stronger storage and logistics, and social protection that cushions
shocks while enabling dietary adequacy (FAOQ, 2017; ESCWA, 2023).

Agricultural Innovation and Climate Resilience

Technological innovation in the Arab region has largely focused on water
efficiency, climate-smart production, and post-harvest management, reflecting
structural constraints of scarce arable land and chronic water stress. Policy frameworks
such as the Arab Strategy for Sustainable Agricultural Development (2020-2030) have
emphasized precision irrigation, drought-tolerant varieties, protected agriculture, and
improved storage and logistics (AOAD, 2020; FAO, 2017). Regional initiatives and
knowledge programs such as webinars, capacity-building, and toolkits have aimed to
create awareness about climate-resilient practices and share best-fit technologies
across contexts (FAO, 2023; ESCWA, 2019). In parallel, global literature on climate-smart
agriculture (CSA) highlights integrated solutions (soil health, water management, pest
control, and digital advisory) as more effective than single interventions, a principle
increasingly reflected in Arab policy discourse (World Bank, 2022; FAO, 2017).
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Several efforts show measurable success when finance, extension, and market
linkages are aligned. Morocco’'s Green Plan paired subsidies for drip irrigation with
concessional finance, expanding micro-irrigation adoption, improving water-use
efficiency, and raising yields in horticulture (FAO, 2017). Jordan, Egypt, and Morocco
have advanced PPPs that improved water efficiency, piloted wastewater reuse for
agriculture, and reduced post-harvest loss through logistics and cold-chain
investments, illustrating the role of private capital and operational know-how in scaling
innovation (IWMI, 2024). More broadly, targeted adoption of protected agriculture
(greenhouses and net-houses), solar-powered pumping, and improved storage has
reduced vulnerability to heat and erratic rainfall, with knock-on benefits for income
stability and food availability (FAQ, 2017; ESCWA, 2019).

Yet the literature also documents a pattern of partial or unsustainable adoption
when enabling systems are weak. Financing constraints, high upfront costs, limited
collateral, and banks’ risk perceptions slow uptake of CSA technologies, especially
among SMEs and smallholders (ESCWA, 2023). Fragmented extension services and
insufficient data (weather, soils, market prices) undermine the return on precision tools,
while energy and maintenance costs limit the viability of greenhouse and irrigation
investments without reliable infrastructure or subsidies (FAO, 2017; ESCWA, 2019).
Climate shocks and conflict disrupt supply chains and service provision, causing projects
to stall once donor support ends, echoing findings that innovation must be bundled with
training, infrastructure, and coherent policy incentives to be durable (World Bank, 2022;
FAO, 2024). Overall, the evidence points to a clear conclusion: successful innovation in
the Arab region depends on integrated packages and long-term financing mechanisms
that de-risk adoption, rather than standalone technologies introduced in isolation
(ESCWA, 2023).

Financing Gaps and Agricultural Investment

Although the financing gap for agricultural SMEs in the Arab region has been well
documented, efforts to address it through targeted investments have produced mixed
results. Donor-backed and multilateral programs have played a central role in
attempting to expand access to credit and strengthen rural livelihoods. For instance, the

International Fund for Agricultural Development’s (IFAD) rural development projects in
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Morocco, Sudan, and Yemen combined microfinance with technical assistance,
improving household incomes and women'’s participation, though their benefits often
diminished once external funding ended (IFAD, 2022). Similarly, World Bank credit lines
in Egypt and Tunisia improved access to irrigation and mechanization but faced uneven
repayment rates, reflecting the high-risk nature of agricultural lending (World Bank,
2020). UNDP’s blended finance pilots further demonstrated the potential to mobilize
private capital, though their success depended heavily on supportive regulatory
frameworks (UNDP, 2025).

Complementary mechanisms such as credit guarantees have also been
introduced to reduce banks’ exposure to agricultural lending. The African Guarantee
Fund and regional development banks piloted such schemes in North Africa, modestly
expanding SME loan portfolios. However, uptake was slower than anticipated, as
financial institutions continued to perceive agriculture as a high-risk sector despite the
presence of risk-sharing instruments (ESCWA, 2024). These experiences highlight the
structural reluctance of banks to engage with agriculture, even when innovative

financing tools are available.

The outcomes of these initiatives underscore a consistent lesson: finance alone
is insufficient. Programs that integrated credit with training, infrastructure, and policy
reform achieved more durable results, while credit-only schemes often collapsed once
donor support ended. Morocco’'s Green Plan (2008-2020) is frequently cited as a
successful example, combining subsidies for drip irrigation with concessional loans to
significantly improve water-use efficiency and yields (FAO, 2020). By contrast, initiatives
in fragile states that lacked complementary support mechanisms struggled to achieve
lasting impact. Together, these findings suggest that closing the financing gap requires
not only innovative financial models but also systemic reforms that strengthen the

enabling environment for agricultural SMEs.

Methodology:

This study presents analysis of available research structured around a three-pillar

framework:
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1. High-Impact Agricultural Innovations - focusing on technologies and practices
that address land and water scarcity, improve yields, and reduce post-harvest
losses.

2. Innovative Financial Models - including blended finance, digital financial tools,
and outcome-linked financing to de-risk investment and align incentives among
stakeholders.

3. Enabling Policy and Market Systems - examining regulatory reforms,
shock-responsive financing, and public-private partnerships to accelerate

adoption and scale.

Through desk research, case studies, and comparative analysis, the paper provides
policymakers, investors, and development actors with a practical roadmap for financing

resilience in Arab agriculture.

Results:

This paper finds that closing the Arab food gap requires a multi-pronged strategy
that integrates high-impact agricultural innovations, tailored financing, and enabling
policy frameworks. Controlled Environment Agriculture (CEA), solar-powered
greenhouses, and traditional irrigation techniques demonstrate strong potential for
resource-efficient food production in arid climates, though scalability remains
constrained by capital intensity and regulatory barriers. Financial instruments such as
use-of-proceeds bonds, blended finance, and outcomes-linked credit show promise in
mobilizing private investment, especially when paired with public guarantees and
concessional capital. Policy reforms that reduce collateral requirements, promote
strategic reserves, and expand public—private partnerships are essential to build

resilient, inclusive, and climate-smart food systems across the Arab region.
Discussion:

High-Impact Agricultural Innovations

i) Agricultural Innovations for Arid Climates

A key solution to addressing food security challenges is to increase domestic
agricultural production. Doing so would reduce price volatility driven by transit and

foreign exchange costs, as well as decrease the risks associated with exogenous
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geopolitical shocks involving exporting countries. However, the Arab world faces unique
challenges in promoting domestic agricultural production. Paramount among those
challenges is the region’s arid climate. Water scarcity, extreme heat, and poor soil quality

create barriers to food production endemic to the desert ecosystems of this region.

Over the past several years, technological advancements have unearthed
promising solutions to these problems. Many of these solutions were incubated in the
Arab region itself, demonstrating their viability in this specific environment. These
solutions exist along a spectrum of technical maturity and commercial viability. Some
are in nascent stages of development, requiring patient and often concessionary capital,
while others have proven track records and are more suitable for institutional-grade or
market-rate investors. Chart 1 presents a stylized representation of key agricultural

innovations with potential to address Arab food insecurity mapped against these spectra.

Conventional

Traditional CEA

Agriculture

Practices Hydropomcs

Solar

Greenhouses = Polymer-
based

Greenhouses

Technical Maturity

v

Commercial Viability

Chart 1: Spectrum of Agricultural Innovations

Source: TCW Research
ii) Controlled Environment Agriculture (CEA)
The most mature technologies are those associated with CEA, which refers to the use

of enclosed structures such as greenhouses or glasshouses to create optimized growing

conditions for plants. These systems allow for precise control over environmental
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factors like temperature, humidity, light, and water, enabling cultivation in regions or

seasons where traditional agriculture would be impractical or inefficient (Lefers, 2020).

Though CEA systems were originally developed for cold climates, they are showing
increased applicability to hot and arid regions. Water conservation is particularly
important in the Arab world, where 80% of the region’s freshwater resources are used
for agriculture. Hydroponic production systems, a subset of CEA in which plants are
grown without soil in nutrient-rich water solutions, can reduce water usage by up to
90% relative to field agriculture depending on the system and crop (Regmi, 2024). In
hydroponic systems, water use efficiency may be enabled by vertical farming
techniques, in which plants are stacked on top of one another so excess water from one
plant is used to water plants below it. Likewise, the ability to capture excess water

enables a closed-loop system allowing for water reuse.

From an economic perspective, CEA's costs are front-loaded, requiring significant
upfront investment outlays. Upfront costs are needed to build facilities and procure the
technologies for calibrating the environment. Though, with appropriate operational
modifications this agricultural technique not only enables cultivation of various crops, it
also provides cost savings over time relative to traditional field agriculture, particularly

in inhospitable climates.

At the operational stage, gains in water use efficiency are often counterbalanced by
increased electricity and labor costs (Pomoni et al., 2023). Electricity and labor are the
two greatest costs associated with CEA, driven by the need for round-the-clock
temperature, humidity, and light regulation, as well as the technical skills needed to
operate the facility (Wang, 2025). Though investments in CEA have proven to achieve
positive NPVs and IRRs, their significant upfront costs and long payback periods are key

barriers to scaling these techniques in regions heavily reliant on smallholder farmers.

A World Bank study of climate-smart agriculture (CSA) in Jordan found that
investments to transform open-field cultivation of vegetables to hydroponic systems
achieved an 11% IRR with a payback period of 10.3 years (World Bank, 2021). In the
Jordanian context, initial investment to set up a hydroponic greenhouse with
sophisticated sensors and ventilation cost JD 44 per square meter. Though this

investment cost is a one-time outlay and enables profitability as soon as the second year
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of operation, the initial cost is so high that it requires a decade to recover the initial
investment (World Bank, 2021).

iii) Leveraging Desert Ecosystems for Agricultural Innovation

Reframing region-specific challenges, such as high solar irradiation and heat stress,
as opportunities to adapt and advance proven agricultural innovations offers solutions
unique to the Middle East and North Africa. For CEA to be successful in the desert
ecosystem, operators must rely heavily on cooling, ventilation, and artificial lighting.
These requirements directly conflict with the regional climate, and their energy
intensiveness often increases the greenhouse gas (GHG) emissions associated with CEA

relative to traditional agriculture practices.

iv) Solar Greenhouses

More nascent technologies in the renewable energy and materials sciences fields
offer promising remedies that leverage the region’s consistent and high solar irradiation
to provide natural sunlight and energy to CEA facilities. Solar greenhouses, for example,
use high-transparency photovoltaic modules mounted on rooftops and windows to
capture sunlight for electricity generation while transmitting sufficient light for plant
growth (Luo, 2025). These custom-designed panels redirect ultraviolet, violet-blue, and
infrared radiation toward PV cells, while maintaining visible light transmission of around
60-70%.

A research-scale solar greenhouse constructed at Murdoch University in Australia
using solar panels from ClearVue Technologies piloted this approach. The study found a
reduction in energy and water consumption by 57% and 29%, respectively, relative to
traditional greenhouses (Luo, 2025). Resource savings were enabled by both energy
conservation from reduced reliance on artificial lighting and cooling, and energy
generation from the solar panels. Yields for common horticulture crops, such as tomato,
beans, lettuce, and bell pepper, were comparable in solar versus conventional rooms.
Several crops showed increased productivity, and soil moisture content was higher in

the solar greenhouse versus conventional greenhouses (Luo, 2025).

v) Materials Science Solutions

A lower-tech innovation developed by researchers at King Abdullah University of Science
and Technology (KAUST) targets similar results with specialized greenhouse cover films
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that reduce resource usage while maintaining or improving yields in arid environments.
Use of nanoparticle-enhanced covers can reduce heat loads by blocking near-infrared
radiation while maintaining photosynthetically active light, enabling passive cooling in
arid climates. KAUST-supported field trials found that a combination of cover and ground

film reduced soil temperatures by as much as 25.1 degrees Celsius (Tian et al., 2025).

While results show meaningful promise, these technologies are still
commercially immature. One company, lyris, was spun out of the KAUST research effort
with backing from investors including the Dubai Future District Fund, Aramco, and Future
Investment Initiative. Commercial success of innovative products across a spectrum of

technological complexity requires incubation and patient capital.

Greenhouses with transparent solar panels have higher upfront investment costs
than traditional CEA facilities, exacerbating economic barriers to scale. Over time,
however, studies suggest that solar greenhouses can become 100% self-sustainable and
achieve positive ROI (Luo, 2025). Nevertheless, the issues of high upfront costs and long
payback periods persist, suggesting that scalability is dependent on significant public or

venture investments.

Polymer-based greenhouse enclosures, for their part, require less upfront cost,
but have a shorter lifespan than solar modules. Ultimately, farmers must conduct their

own cost-benefit analyses to identify the most attractive solutions for their needs.

Traditional Agriculture Solutions

Any discussion of agricultural innovation in the Arab world would be incomplete
without consideration of traditional techniques long practiced in the region. Ancient
water channeling and irrigation practices like ganats/aflaj, jessour systems, and terrace
irrigation provide lessons on low-technology sustainable water management (Hassen,
2025). These systems leverage gravity and the natural landscape to channel water from
underground aquifers or fluvial or pluvial sources to farmlands. Though these practices
are economical, sustainable, and engrained in cultural heritage, they face threats from
urbanization, climate change, and policy decisions. Typically, the domain of smallholder
and community farmers, these practices also lack the scale required to meaningfully

address the region’s food security challenges.
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Urbanization has led to significant land use change, while climate change
continues to alter rainfall patterns. Concurrently, public support for the widespread
implementation of modern agricultural techniques, sometimes maladapted to arid
ecosystems, has reduced the prominence of traditional practices within Arab agriculture
and increased the agricultural sector’s energy usage. Over time, generational knowledge
of traditional techniques has waned, contributing to agricultural resource overuse, and

land and water degradation.

Despite these challenges, beneficial features of traditional techniques can be
found in some of the most promising new technologies. For example, gravity-based
irrigation systems are reflected in vertical farming practices, which don't require
energy-intensive sprinkler systems. Advanced sensing and soil nutrient monitoring,
common in CEA, recognize the importance of soil health and moisture levels in
maintaining and enhancing yields, while limiting resource depletion. Though industrial-
scale agriculture is critical to Arab food security, sustainability tenets of ancient farming

practices should be retained as the sector evolves.
Innovative Financial Models

Blended Finance

Mobilizing private capital at scale for climate-aligned agriculture in MENA
remains difficult due to structural and policy barriers. Blended finance, strategically
combining public and concessional capital to attract private investment, offers a pathway

to advance agricultural finance solutions.
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Chart 2: Blended Finance: Structure

Adapted from the Network for Greening the Financial System Technical Document on
‘Scaling up Blended Finance for Climate Mitigation and Adaptation in Emerging Market
and Developing Economies (EMDEs), December 2023

To be effective, blended finance requires an integrated ecosystem: lending
instruments, risk-sharing mechanisms, standardized frameworks, and project
preparation facilities that help de-risk agricultural investments. The Arab region has a
foundation upon which to build. Its track record of government collaboration with
Development Finance Institutions (DFls) and Multilateral Development Banks (MDBs)

provides effective models of mobilizing capital for agriculture solutions.

Country-Specific Programs

Country-specific blended finance programs offer tailored solutions to unique
national government, sectoral, environmental, and market ecosystems. These facilities
involve a multilateral institution or provider of concessional capital that works in
collaboration with national governments and relevant ministries to harmonize sectoral
strategies at a national level. They deploy capital to crowd in private sector investment
to fund implementation of these strategies.

The Green Climate Fund (GCF), for instance, was established in 2015 under the
United Nations Framework Convention on Climate Change (UNFCCC). It is the largest
multilateral climate fund dedicated to helping developing countries reduce greenhouse
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gas emissions and adapt to climate change. The facility deploys a variety of financial
instruments, including grants, concessional loans, equity investments, guarantees, and
outcomes-based investments, to advance its objectives. It partners with national
governments through its country platforms to adapt National Decarbonization and
National Adaptation Plans into investment pipelines, ensuring that national priorities are
centered in capital mobilization efforts.

The GCF's Private Sector Facility (PSF) has catalyzed billions of dollars in private
sector investment to advance climate-smart agriculture alongside economic
development.

For example, the Jordan Agaba-Amman Water Desalination and Conveyance
Project (AAWDCP) is a large-scale infrastructure project designed to address Jordan’s
acute water scarcity by desalinating seawater from the Red Sea and transporting it to
Amman (Green Climate Fund, 2025). The project involves constructing a solar-powered
desalination plant in Agaba and conveyance infrastructure to transport the treated water
over 300 km inland. By improving water security in the country, this project indirectly
supports the agriculture sector by developing more extensive and effective water
infrastructure with multiple possible end uses. While it is a government-led initiative, the
AAWDCP is highly dependent on GCF concessional funding to improve the economics of
the project.

USD 6.3b

Co-financing 95.3%
Co-Financing Co-Financing  Co-Financing
1.0b Loan 775.0m Loan 727.0m Loan

Co-Financing
825.0m Equity

Co-Financing
814.0m Grant

GCF financing 4 7%

Chart 3: AAWDCP Financing Structure

Source: Green Climate Fund. https://www.greenclimate.fund/project/fp288.
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Region-Specific Programs

Regional blended finance programs operate similarly to country-specific
programs, but they are also able to leverage the diverse capabilities and resources
within the region to support a more resilient multinational ecosystem. In addition, they
provide common frameworks and measurement systems to enable more effective

cross-boundary collaboration on shared challenges.

The Islamic Organization for Food Security (IOFS) epitomizes this type of regional
program. The multinational funding mechanism is designed to mobilize capital for food
security across Organization for Islamic Cooperation (0IC) member countries. Like
country-specific blended finance facilities, the IOFS leverages concessional capital from
MDBs and DFIs and public sector contributions from member countries to catalyze
private co-investment. The facility segments member countries by food system maturity
to tailor interventions and facilitate targeted knowledge sharing (Islamic Organization
for Food Security, 2021).

0IC Member Country Segmentation by Level of Food System Stability

e Group A1 - Established agrifood processors (e.g., Turkey, Indonesia)
e Group B1 - Food secure, import dependent (e.g., Bahrain, Qatar, Saudi Arabia)
e Group A2 - Lagging, high-potential exports (e.g., Afghanistan, Kazakhstan, Niger)

e Group B2 - Least developed, food insecure (e.g., Yemen, Irag, Somalia)

Green Financing

MDBs/DFIs have played an outsized role in channeling grants, loans, and
concessionary capital to climate-resilient agriculture. The World Bank’s Roadmap for
Climate Action in the Middle East and North Africa plans to mobilize $10 billion in Bank
and IFC funding to climate projects and aims to catalyze an additional $2 billion in private
capital (Ezzeldin, 2023). Food systems, climate-smart agriculture, water security, and
biodiversity are one of four pillars targeted under this plan, which runs from 2021 to
2025. Likewise, the European Bank for Reconstruction and Development (EBRD) and the
French Development Agency (AFD) are each active players in the region with dedicated

financing facilities for climate resilience and agriculture.

These multilateral and bilateral development banks have pioneered the use of

green and ‘climate resilience bonds’ in the region. As with blended finance structures,
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investment-grade issuances with proceeds allocated to emerging and frontier markets
can catalyze private investment into sustainability projects that otherwise would have
been too risky for participation from institutional investors. Not only do such
development-oriented investments mobilize needed green financing, but they are often
structured to include technical assistance to local banks, governments, and agriculture
firms. Such capacity-building increases the investments’ effectiveness in achieving

agricultural productivity improvements.

Use-of-proceeds bonds, such as green bonds and novel ‘climate resilience bonds’,
ensure that proceeds raised are allocated to projects with measurable non-financial
outcomes. In the sustainable agriculture space, bond proceeds often target yield
improvements alongside resource efficiency, training in regenerative farming practices,
and ecological conservation efforts. For example, the EBRD issued the world's first
climate resilience bond in 2019, with Morocco’s Saiss water conservation project as one

of its beneficiary projects.

Outcomes-Linked Instruments

Whereas development finance and blended mechanisms channel capital at scale
to large agriculture projects, such as industrial vertical farming operations, outcomes-
linked financing can be tailored for earlier-stage ventures. These financing mechanisms,
well-established in impact investing and formalized more broadly with sustainability-
linked loans and bonds, tie financial characteristics, such as interest rates, to contractual
outcomes. In the agricultural sector, borrowers are rewarded based on their
achievement of targets such as carbon footprint, adoption of cover crops, and soil and

water health improvements.

These outcome-linked instruments can be tailored to the specific needs of
borrowers based on the maturity of their business and capital requirements. For
example, operating loans can include terms to support transition to regenerative
agriculture practices, providing both needed bridge financing and technical support to

support the adoption of climate-smart agriculture.

Likewise, sustainability-linked insurance products recognize the long-run risks,
such as soil degradation and water depletion, related to many conventional agriculture

practices. These products help farmers mitigate income volatility while encouraging
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adoption of sustainable farming techniques by tying premium pricing or period

extensions to eligible counterparties.
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Chart 4: Outcomes-Linked Instruments: Structure

Adapted from Financing for Regenerative Agriculture supported by the Rockefeller

Foundation, Transformational Investing in Food Systems, and Pollination. June 2024.

Enabling Policy and Market Systems

Achieving sustainable food security in the Arab region requires more than
innovative financing and technological breakthroughs; it depends critically on the policy
and market systems that determine whether such innovations can be adopted, scaled,
and sustained. Policy frameworks, shock-responsive financing mechanisms, and
effective public—private partnerships (PPPs) are essential to reduce systemic
vulnerabilities and build resilience. Comparative lessons from Asia’s food security crisis
responses further highlight the importance of coordinated reserves, supply

management, and price stabilization.

Policy Frameworks for Agricultural Resilience

The Arab region’s agricultural sector is constrained by fragmented regulatory

environments, limited incentives for sustainable practices, and weak institutional
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capacity. Regulatory reforms are therefore central to enabling resilience. The Arab
Monetary Fund and World Bank (2019) note that agricultural lending in the region
averages only 7% of total bank lending, compared to 14% in other emerging markets,
reflecting high perceived risks and a lack of tailored products. Reforms that reduce
collateral requirements, expand the use of non-traditional collateral (e.g., warehouse
receipts, crop insurance), and promote branchless banking could ease SME financing

and technology adoption.

Incentives for sustainable practices are also critical. Morocco's Green Morocco
Plan (2008-2020) demonstrated the effectiveness of targeted subsidies for drip
irrigation. Empirical studies of Morocco’s irrigation transition show that drip irrigation
adoption improved farm-level yields and water productivity, although aggregate water
savings may be offset by expanded irrigated area (Assouli et al., 2018). Similar incentive
structures could be scaled across the region to encourage adoption of climate-smart

technologies.

At the regional level, the Arab Strategy for Sustainable Agricultural Development
2020-2030 emphasizes harmonizing agricultural trade and investment policies, rural
development, and knowledge sharing (AOAD, 2020). However, implementation remains
uneven, underscoring the need for stronger governance and institutional alignment.
ESCWA (2019) and FAO stress that secure land tenure, improved storage and logistics,
and market-oriented agriculture are prerequisites for resilience. Without such reforms,

financial and technological innovations will struggle to achieve scale.
Shock-Responsive Financing Models

The Arab region is highly vulnerable to climate shocks, geopolitical disruptions,
and global commaodity price volatility. Shock-responsive financing models are therefore
essential to provide rapid liquidity and risk-sharing mechanisms. The African Risk
Capacity (ARC) has pioneered sovereign insurance pools that disburse funds quickly
after droughts, reducing reliance on slow humanitarian aid. Similar regional
mechanisms could be developed for Arab states to insure against droughts, floods, or

supply chain disruptions.
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Emergency credit lines, preapproved by central or development banks, could
prevent liquidity crises from cascading into bankruptcies and food shortages. Mobilizing
climate finance is equally critical: ESCWA (2025) estimates that $127 billion is needed to
address water scarcity alone, yet the Arab region receives only a small fraction of global
climate finance. Accessing funds such as the Green Climate Fund and channeling them
into agriculture and water management would strengthen resilience. Risk transfer
instruments, including weather-indexed insurance and catastrophe bonds, could further

diversify risks across global capital markets.
Public—Private Partnerships (PPPs)

PPPs are indispensable for mobilizing capital, sharing risks, and coordinating
investments in agriculture. The Arab Authority for Agricultural Investment and
Development (AAAID) provides a model, with investments in 45 agricultural companies
across 12 Arab countries, generating over 107,000 jobs (AAAID, 2025). By pooling
resources from member states and private investors, AAAID demonstrates how PPPs

can scale agricultural production and processing.

PPPs have also supported infrastructure development. In Jordan and Egypt,
partnerships with international donors and private firms have expanded solar-powered
irrigation and cold-chain facilities, reducing post-harvest losses and improving export
competitiveness (IWMI, 2024). Moreover, circular economy partnerships in Jordan,
Egypt, and Morocco have improved water efficiency and soil health while creating new
business opportunities. To maximize impact, PPPs should be structured with clear
risk-sharing arrangements, transparent governance, and measurable performance

indicators.
Comparative Lessons: Asia’'s Food Security Crisis Response

The Arab region can draw valuable lessons from Asia’s experience in managing
food security crises. During the 2008 global food crisis, Asian countries pursued
strategies to enhance self-sufficiency while maintaining trade integration. Academic
analyses of ASEAN+3's Emergency Rice Reserve (APTERR) identify regional stockpiling
mechanisms as an effective institutional tool for crisis response and food security

coordination (Kim, 2021). APTERR pooled rice reserves from member states to provide
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emergency supplies during crises, stabilizing prices and ensuring availability.
Indonesia’s recent reforms, including a US$8.6 billion allocation for food security in its
2025 budget, highlight the importance of strategic reserves, diversified staples, and

investments in irrigation and logistics (East Asia Forum, 2025).

For Arab economies, adapting these lessons could involve establishing regional
grain reserves for wheat and barley, coordinating supply management policies to avoid
export bans, investing in logistics networks, and embedding food security strategies into
broader development and climate adaptation plans. Such measures would not eliminate
import dependence but would reduce vulnerability to external shocks and stabilize

domestic markets.

Conclusion and Policy Implications:

The Arab region’s food security challenges are deeply rooted in structural
vulnerabilities, climate stressors, and financial constraints. While technological
innovations offer promising solutions, their success hinges on integrated approaches
that combine finance, policy reform, and market development. The path to resilience
lies in aligning capital flows with high-impact agricultural technologies, fostering
enabling environments, and learning from global best practices. Only through
coordinated efforts across public and private sectors can the Arab world reduce its
import dependency and build sustainable, shock-resilient food systems. Effective
initiatives will integrate the following policy recommendations that focus on
strengthening existing resources, establishing new practices, and channeling capital

flows to proven solutions.
Phase 1 (0-12 months): Policy alignment and capacity-building for local institutions

a. Embed food security into national development plans: Align agricultural
modernization with climate adaptation strategies and broader economic
goals.

b. Reform agricultural finance regulations: Remove barriers to financial
access by lowering collateral requirements, expanding the use of
warehouse receipts, and promoting branchless banking and fintech tools
for rural SMEs.
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c. Strengthen domestic institutions: Invest in data infrastructure, extension
services, and technical training to support precision agriculture and

durable adoption of climate-smart practices.

Phase 2 (12-36 months): Pilot blended finance models in priority countries

d. Mobilize climate finance: Tap MDB, DFI, and blended finance structures to
attract institutional investments. Leverage mechanisms, such as green
and climate resilience bonds, that offer accountability and reporting for
sustainability outcomes.

e. Deploy outcomes-linked financing: Tailor financing to business maturity
and sustainability objectives by linking financial terms and insurance
premia to climate-smart practices and yield improvements.

f. Scale public-private partnerships: Employ PPPs to finance large-scale
infrastructure, such as solar-powered irrigation, cold storage, and

industrial-scale vertical farms.

Phase 3 (36+ months): Advance regional knowledge-sharing and monitoring
frameworks

g. Establish regional monitoring frameworks: Track progress across
countries using harmonized metrics and reporting systems to evaluate
impact and guide future investment.

h. Preserve and integrate traditional practices: Leverage indigenous
techniques like gqanats and terrace irrigation to enhance sustainability and
embed cultural heritage into modern systems.

i. Facilitate cross-border collaboration: Promote regional grain reserves,
supply coordination, and shared logistics to stabilize markets and reduce

vulnerability to external shocks.
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Abstract:

The research aimed to evaluate farm-level sustainability because decisions made at the
farm level—such as specialization, resource allocation, and production process
management—are crucial and essential for achieving sustainability. Fostering strong
communities requires a balance between economic, environmental, and social aspects.
A survey was conducted on 72 farms in Baghdad province for the year 2023, in addition
to other data obtained from relevant authorities. The RISE (Response-Inducing
Sustainability Evaluation) tool was used, which is a comprehensive tool for assessing the
sustainability of agricultural production at the farm level. Eight indicators were
calculated, with each indicator comprising more than four criteria, covering economic,
environmental, and social aspects. These indicators include: energy consumption, water
consumption, soil care, biodiversity, emission potential, plant protection, waste and
residue production, cash flow, farm income, investments, contribution to the local
economy, social status of farm families and farm employees, and farm management. The
water use indicator achieved 56 points, which is a critical sustainability indicator,
influenced by water supply, which scored 27 points, indicating a difficult situation.
Performance was weak for air use and environmental protection, achieving only 25
points due to poor material supplies and fertilization. Meanwhile, working conditions
indicators were unsustainable through labor management and the wage and income
level, which scored 27 points and was critical in terms of working hours and work safety
indicators. The economic viability indicator achieved 57 points, which is critical in terms
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of sustainability and was weak in terms of liquidity (only 6 points) and livelihood security
(18 points). However, it was sustainable through the profitability indicator. The farm
management criterion was critical at 48 points, influenced by risk management, which
was unsustainable. Other indicators within the sustainability polygon were also critical:
animal husbandry achieved only 50 points and soil use 54 points. Overall, it can be
concluded that sustainability at the farm level in Baghdad province was unsustainable
and failed to balance economic, environmental, and social indicators. Sustainable
agriculture is a challenging and highly complex undertaking, requiring individualized,
farm-specific solutions. Therefore, farm sustainability analysis should contribute to
capacity building.

Keywords: Sustainability Polygon, Water Supply, Environmental Protection, RISE (This
is an acronym, so it remains the same), Farm Management

Introduction:

Sustainable agriculture is a strategic issue within the Sustainable Development
Goals. Continuous population growth exacerbates food demand, placing pressure on the
supply side. This has led to an expansion of measures to boost food production.
Sometimes, agricultural development is perceived as solely focusing on increasing
output without considering its impact on ecosystems and soil quality. Consequently, this
could lead to future food scarcity and food insecurity, threatening the sustainability of
food production. A sustainable food system, in particular, is one that "provides food and
nutritional security for all, in a way that does not compromise the economic, social, and
environmental bases required for achieving food security and nutrition for future
generations.” Therefore, the ability of socially equitable and resilient food systems to
provide nutritious food without exceeding Earth's environmental capacity lies at the
heart of sustainable development and is closely linked to all Sustainable Development
Goals. Given that agriculture drives many global environmental and social challenges,
farm-level decisions—such as specialization, resource allocation, and production
process management—are crucial in determining the food system's impacts on
communities and the environment (Foley et al., 2011).

Therefore, "sustainable agriculture” involves developing agricultural systems
focused on advancing agricultural techniques and projects that: (a) do not negatively
affect the environment (as the environment is a vital resource for agriculture); (b) are
accessible and effective for farmers; and (c) lead to increased food productivity and have
a positive impact on environmental goods and services. Sustainability in agricultural
systems integrates the concepts of resilience (the system's ability to withstand shocks
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and pressures) and sustainability (the system's ability to persist over time), and broadly
discusses its impact on the economy, society, and environment. This ensures the
presence of sustainable food production systems and the application of flexible
agricultural practices that enhance productivity and output, help preserve ecosystems,
and boost adaptive capacity to climate change, extreme weather, droughts, floods, and
other disasters, while gradually improving land and soil quality.

Measuring sustainable agriculture through various indicators is essential for monitoring

goal achievement, especially to determine if the currently implemented agricultural
system is sustainable. This allows for identifying whether current agricultural practices
truly reflect sustainable agriculture or if further efforts are needed to promote it. These

indicators can also empower policymakers to identify

necessary policies for achieving the goal. As rural communities evolve, it has

become more crucial than ever for agricultural industries, governments, and
researchers to possess effective frameworks for sustainability assessment. This
determines the feasibility of applying farm-level sustainability indicators to measure
and identify societal issues in an agricultural area. While agricultural sustainability
indicators exist to standardize and guide assessment, not all can be easily applied at a
regional scale. As development extends into rural communities, practical sustainability
assessments to evaluate the social, environmental, and economic impacts of
development on local communities become increasingly important each year.
Agriculture has always been the cornerstone of rural communities, and a robust
agricultural sector is essential for achieving sustainability.
Fostering strong communities requires a balance among environment, culture, and
development. Sustainability assessment for agriculture should include accessible
indicators that monitor the interactions between society, environment, and development.
As development expands the boundaries between rural and urban communities, tracking
change is paramount. However, the necessary tools to track these changes are currently
insufficient.

For tracking developments and supporting evidence-based policymaking,
accurate measurement is the cornerstone of transitioning to a sustainable food system.
To monitor progress toward this transition, adequate measurement is a critical research
and policy priority for both the private and public agricultural and food sectors.
Consequently, sustainability indicators have gained importance across all scales.
Indicators that embody, enable, and provide transparency regarding sustainability's key
characteristics are particularly significant in a context where perspectives on this
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concept vary among different stakeholders. Thus, the use of indicators to measure
sustainability in agriculture has become common practice, with numerous literature
reviews conducted on the topic (Foley et al., 2011).

Sustainability indicator frameworks showcase a wide variety of approaches.
Regardless of the chosen approach, the specific framework and indicators selected to
represent aspects of sustainability strongly influence the outcomes of sustainability
assessments. However, the basis for indicator selection is rarely explicit in research.
Even when indicator selection criteria are explicitly defined, significant limitations often
exist in indicator construction, such as measurability and practical applicability,
particularly regarding data availability. Specifically, data-driven sustainability
assessments require readily available, relevant, and reliable data for indicator
construction, and a lack of appropriate data severely limits analysis. In the literature on
sustainability indicators in agriculture, little attention has previously been given to the
potential consequences of this fundamental role of data availability for indicator
construction and sustainability assessment results. Since the selection of sustainability
assessment indicators is inevitably based on available data, the data sources for
indicator construction and their implications for the explanatory power of the indicators
warrant further research (Latruffe et al., 2016). Sustainability is a fundamental element
toward a profitable future for agriculture. Therefore, there is growing recognition of the
need to establish procedures for measuring sustainability within an integrated farm-
level framework. Farm-level sustainability indicators have been developed here,
encompassing the four aspects of sustainability: economic, environmental, social, and
innovative, within an integrated framework to measure the current sustainability of
agriculture. Indicators were chosen based on their general relevance within the socio-
economic context.

Indicators are quantitative measures that allow for the assessment of farm
sustainability performance. According to the European Commission, sustainability
indicators should help evaluate the extent to which sustainability concerns are
integrated into the Common Agricultural Policy, and thus should meet specific criteria.
The limitations of the production-focused agricultural model, based on simplifying
production systems and intensive use of non-renewable resources, are observable
worldwide. These environmental, economic, and social limitations challenge this model
and necessitate a transition to more sustainable agriculture. For transitions to be
effective, they must be adapted to farmers’ motivations and their diverse operational
contexts. To improve the economic and environmental performance of agricultural
systems, it is essential to understand and account for how farmers perceive their
operating context and transform it to better achieve sustainable development
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(Fairweather et al., 2011). However, only a few studies have explored farmers'
perceptions of their farms' sustainability or how they translate these perceptions into
productive strategies. Studies generally focus on specific topics, such as soil
degradation, plant health risk management, biodiversity management, or groundwater
management. The few studies that holistically explore how farmers perceive
sustainability examine farmers' values concerning the concept of sustainability, the
impact of the socio-economic context on their perceptions, or what motivates farmers to
integrate the concept into their practices. These studies have been conducted in contexts
where farmers are generally aware of the concept of sustainability. Given that the
concept of "sustainability” and the word itself can mean many different things, there is a
widening gap between the discourse and actions of individuals (farmers, extension
services, politicians, scientists) involved in sustainability discussions, programs, and
policies. Therefore, many authors have chosen to focus on how farmers design and
implement farm-level sustainability strategies to ensure their income and the continuity
of their farms across generations in a changing context (Suess-Reyes, 2016). Despite all
this, currently developing agricultural sustainability measurement tools tend not to
involve farmers in their interpretation, focusing more on measurement at spatial and
temporal levels (Frater, Poppy & Jeremy Franks, 2013). Simultaneously, farmers/farm
households are a crucial element in achieving a sustainable agricultural system.
Therefore, measuring sustainable agriculture indicators at the farm household level is
vital.

Various methods for measuring farm-level sustainability have been developed in
recent decades. Among the methods developed by the Food and Agriculture Organization
(FAQ) is the Sustainability Assessment of Food and Agriculture systems (SAFA), which
can measure sustainable agriculture based on three or four hierarchical levels. Here,
"dimensions” represent the core pillar, while the highest and most general level
describes sustainability. Furthermore, global sustainability goals are translated into
“themes" (and in some cases, more clearly formulated into "sub-themes"). The lowest
level of sustainability measurement is an indicator in the form of a measurable variable
to assess the sustainability performance of the relevant theme or "sub-theme" (FAO,
2014). The SAFA method uses three main dimensions to measure sustainability at the
smallest scale (farm households): the economic dimension, the social dimension, and
the environmental dimension.

Another method developed to measure sustainable agriculture at the
farm/household level is the Indicators of Sustainable Agricultural Exploitations (IDEA).
The IDEA method defines the concept of sustainable agriculture by (a) incorporating
viability, in the economic sense, i.e., the efficiency of the production system and the
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securing of income sources in the agricultural production system in the face of market
changes and unstable funding sources; (b) livability, focusing on analyzing whether
agricultural activities provide a decent life for farmers and their families; and (c) the
environmental reproducibility of agricultural ecosystems, which can be analyzed using
agro-environmental indicators, especially those that characterize the impact of
agricultural practices on the environment (Zahm, Frederic & Lionel Vilain, 2008). The
IDEA method uses three scales, ten components, and 41 indicators to address 16
objectives describing farm-level sustainability. Other methods used to measure
agricultural sustainability at both macro (country, spatial) and micro (farm/household)
levels include the Public Goods (PG) tool developed by Gerrard et al. (2012), and the
Response-Inducing Sustainability Evaluation (RISE 2.0) developed by Héni et al. (2003).
RISE, an instrument known as "Response-Inducing Sustainability Evaluation,” is an
indicator-based method for assessing the sustainable economic, social, and
environmental performance of agricultural production at the farm level. The purpose of
RISE is to contribute to promoting the sustainability of agricultural production by
supporting knowledge-based processes based on voluntary, confidential participation
and capacity building. The steps of RISE analysis include defining the objective and
scope, selecting and contacting farmers, collecting and interpreting data, discussing
farmers' feedback, and preparing reports. The use of the RISE methodology contributes
to achieving more sustainable agriculture by translating the sustainability model to the
farm level, making sustainability more measurable, communicable, and tangible. By
identifying deficiencies and potential related to sustainability, economically oriented
farm management is complemented by environmental and social dimensions. It is also
noted that RISE is neither a control method nor a certification protocol; rather, it is
designed to contribute to education and advisory schemes aimed at knowledge-based
and self-motivated sustainable development of agricultural production at the farm level.
The questionnaire-based interview with the farm manager is the primary source of
information, and the model relies on the Microsoft Access database management
program. This database, which grows with each farm assessment, will allow for...

RISE aims to conduct a comprehensive assessment of the sustainability of
agricultural production at the farm level. lts vision is to contribute to more sustainable
agricultural production by helping to disseminate the philosophy and practice of
sustainable agriculture. This will be achieved by making sustainability more measurable
and communicable at the farm level. By identifying sustainability potential and deficits,
farm management focused on classical economics is complemented by the
environmental and social dimensions. Our target group includes all stakeholders in
agriculture, society, management, and business who share this vision. Previous versions
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(RISE 0.x, RISE 1.x, and RISE 2.0) have been applied in diverse contexts. From 2000 to the
end of 2010, 750 farms were analyzed in 22 countries, including dairy, vegetable, arable,
and mixed farms, as well as coffee, cocoa, tea, and smallholder farms. Figure 3
illustrates the countries where the indicator was used, and with the 2025 update, Iraq
will be added to the program family after the completion of our study. The RISE model is
based on twelve indicators of economic, environmental, and social status: energy
consumption, water consumption, soil care, biodiversity, emission potential, plant
protection, waste and residue production, cash flow, farm income, investments,
contribution to the local economy, and social status of farm families and farm employees.
Spatial analysis is determined by farm area and temporally by a one-year period. A key
feature of the model is the evaluation of both "state" (S) and "driving force" (D) for each
indicator. This allows for a combination of systems and analytical approaches: the
calculated “"sustainability score" (D-S = DS) considers both the actual state (S) and the
pressure (D) on the specific indicator. A high D is likely to lead to a low S over time. D
allows for long-term trends and risks to be considered, which are crucial for the concept
of operational sustainability, while S can serve as an analytical database for the actual
situation; DS also includes systemic trends (see Vester, 1983). The tool allows for the
identification of strong and weak aspects of the farm and can thus prompt steps to
improve sustainability (a decision-oriented and response-inducing approach). The
research aims to assess sustainability at the farm level in Baghdad province for the year
2024 using the RISE method and to measure the sustainability polygon.

Materials and Methods:

Response-Inducing Sustainability Evaluation (RISE) was utilized for this
assessment, following communication and collaboration with Bern University of Applied
Sciences, School of Agricultural, Forest and Food Sciences (HAFL). We obtained the RISE
3.0 program with a student account under the name RuaEsk2025. We were the first to
use RISE in Irag and the region, necessitating the creation of a new, previously non-
existent regional designation within the program, and our inclusion in the RISE family.
Our sample farm was assigned the number 33615. The program and the analysis
process required a significant amount of data and calculations. Over 390 complex and
diverse questions and items were entered, covering all environmental, economic, and

social aspects. These included, for example, the nature and quality of water, soil details,
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animal life and health, feed, lighting, grazing, various types of labor, consumption, living

conditions, air quality, pollution, wages, income, irrigation, costs, revenues, and more.

The analysis required some data obtained from various sources. For instance, data
related to humidity, temperature, and rainfall were acquired from Al-Raid station. Data
concerning inflation and exchange rates were obtained from the Ministry of Planning.
Information related to the nature of agriculture in the governorate and biodiversity was
procured from the Ministry of Agriculture. Additionally, some technical data specific to
cattle farming and methane emissions were added in consultation with the Animal
Production Department at the College of Agricultural Engineering Sciences (Prof. Dr.
Hussam Hussein Bananah, Dr. Huda Qasim Al-Hamdani). Some questions related to the
security and political situation of the region were answered with estimations. It should
be noted that some questions or items were not answered, either because they did not
serve the objectives of our study or due to the difficulty of data availability. We strived to
maintain a good balance between a set of universally applicable sustainability topics and
indicators on one hand, and a sufficiently specific analysis on the other, which presented
a significant challenge. A total of 72 survey forms were collected from farms in Baghdad

province for the year 2024.

Results and Discussion:

After data input, sorting, and regional classification within the software, a
Sustainability Polygon (as depicted in Figure 1) was generated. This polygon, illustrating
ten sustainability indicators, presents the results of the sustainability assessment for
the study sample. This evaluation reflects the current reality, and these findings may not

be typical for many farms operating in Baghdad Governorate.

The overall sustainability index was low due to the low scores of all indicators
calculated within the polygon. The economic status can be considered acceptable,
achieving approximately 57 points, as the sample demonstrated good economic
performance indicators. However, a critically severe issue was identified with the labor
indicator, which scored a low 36. This weakness stems from poor working conditions,

long working hours, low wages, and the presence of child and female labor, with some
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aspects representing disguised unemployment. A significant number of the farms are

small, with few cattle, relying heavily on family labor.

The water use indicator within the polygon achieved 56 points. While cattle farms
generally don't require extensive water, the primary challenges identified were the year-
round availability and the quality of the available water. The biodiversity indicator also
scored 56 points. Although no specific measures or actions were taken to conserve

biodiversity, agricultural projects inherently possess a certain degree of spontaneous

Soil use (54)

Farm management (48) Animal husbandry (50)

Economic viability (57) Water use (56)

Working conditions (36) Biodiversity (56)
biodiversity. Furthermore, the animal indicator achieved 50 points, the soil indicator 54

points, while the farm management indicator scored 48 points.

Degree of sustainability

° Indicators

_ Medium performance Good performance

Figure 1: Sustainability Polygon and Sustainability Score. Source: Developed by the

researchers using RISE software.
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Soil Use
Soil Management

Fertile soil is a finite and easily degradable resource, fundamental to life and
production. This indicator reflects the soil's condition on the farm and how it is influenced
by agricultural practices. The results of this topic answer the following questions for the
farmer: How is their soil fertility assessed? And what is the impact of their agricultural

practices on soil fertility?

Within this indicator, soil management is addressed, with the sustainability
objective being the active application of knowledge and technology to facilitate
productive and site-adapted soil use and conservation. An assessment is conducted to
determine whether soil analyses, nutrient and organic matter balances, and changes in
soil carbon content are calculated and considered, and if any agricultural land has been
lost in the past ten years. A score of 100 points is awarded if all relevant analyses have
been performed and no agricultural land has been lost. The score for this indicator was
25 points, which is very low. This indicates that not all analyses were performed, and
carbon levels are high. Furthermore, due to climate change and inadequate soil

management, agricultural areas have been lost in recent years.
Crop Productivity

The sustainability objective we aim to measure through this indicator is that,
through appropriate yields per unit area, the farm contributes quantitatively and
qualitatively to meeting the demand for agricultural products and ensures its economic
competitiveness. The yield per unit area for all crops cultivated on the farm is compared
against regional benchmarks for very high, medium, and very low productivity. Product
quality is also assessed based on regional or farm-specific standards. The three
benchmark yields correspond to 100 RISE points (very high yield), 67 RISE points
(average regional yield), and 34 RISE points (low yield), with 0 RISE points awarded for
no yield, with a +/- 20-point correction for product quality. Linear interpolation is used
to bridge the gaps between the three defined points. Crop productivity scored 75 points,

indicating medium productivity within the study sample.
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Soil Organic Matter

The sustainability objective through this indicator is that arable soil on the farm
is characterized by good organic matter supply, ensuring that the topsoil organic matter
content remains at least stable. The organic matter content of arable soil is assessed
directly, or a simple soil organic matter balance is calculated and evaluated based on
rotation and agricultural practices. For simplification, the RISE model assumes a high
and stable soil organic matter content for permanent pastures, permanent crops, and
forests (Kuntze et al., 1994). There are two options for assessing the situation in arable
land (mineral soils). If reliable analysis data are available, the organic matter content in
the topsoil is assessed based on elevation and soil type. Reference data were obtained
through a comprehensive analysis of Bavarian farms (Capriel, 2010), although they are
not valid for peaty and black soils. If reliable data are not available, a simple soil organic
matter balance is calculated and assessed, differentiating between organic and
conventional farms. Soil organic matter balance coefficients are derived from the "site-
adapted STAND method" (Kolbe, 2008). The goal is a stable soil organic matter content
capable of ensuring an adequate nutrient supply while preventing nutrient inefficiency
and high greenhouse gas emissions (Kolbe, 2012). The evaluation functions for both
procedures used in RISE are only valid for the temperate climate zone. For areas outside
this zone, RISE uses coefficients that have not yet been scientifically validated. This
indicator scored 100 points, as the soil had good organic matter content capable of

supplying nutrients to plants.
Soil Reaction

The sustainability objective here is that soil reaction falls within the optimal range
for crop growth, and soil use does not lead to salinization or acidification outside this
range. Soil pH is assessed in terms of crop requirements, and the risk of salinization or
acidification is evaluated (Figure 11). Soil acidity and salinity are assessed using a single
indicator in the RISE system, as both are related to soil pH. 100 points are awarded if the
farm'’s soil pH ranges between 5.5 and 7.0. Points are deducted when the pH is too high
or too low. Additional points are deducted when acidic fertilizers are used without proper
soil treatment. 25 points are deducted if the amount of physiologically acidic fertilizers

(e.g., urea, ammonium sulfate) exceeds 100 kg/ha annually. In dry climates, good soil
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drainage is essential, and soil pH should not exceed 7.0. This criterion received 0 points
because we were unable to measure soil acidity and crop requirements for acidic

fertilizers.
Soil Erosion

The sustainability objective here is that the amount of soil lost due to water and
wind erosion does not exceed tolerance levels, even in the most vulnerable areas. Details
regarding the frequency and severity of all erosion events that occurred on the farm over
the past five years are required. Additionally, climate, slopes, soil type, vegetation cover,
and agricultural practices are used to calculate the risk of water and wind erosion in the
most vulnerable areas. 100 points are awarded if no soil erosion was observed and the
erosion risk does not exceed soil loss tolerance levels, even in the most vulnerable areas.
This indicator scored 75 points, which is a good score and indicates no significant

erosion, as most of the land in the study sample is cultivated and has vegetative cover.
Soil Compaction

The sustainability objective we aim to measure through this indicator is that crop
growth and soil life are not negatively affected by excessive compaction of the topsoil
layer. The risk of excessive soil compaction is assessed based on risk factors (wheel
load, soil moisture, soil type, tillage) and protective factors (compaction reduction,
improved soil stability). 100 points are awarded if no excessive compaction was
observed, the soil is not susceptible to compaction or tillage, and the maximum wheel
load is 2.5 tons or less. This indicator scored 50 points, which suggests that the soil in
the study sample is exposed to excessive compaction and tillage, and in some instances,

tillage was not optimal.
Animal Husbandry

Animal husbandry is an integral part of many agricultural production systems.
Livestock must be raised in a manner that ensures their welfare and does not harm the
environment. Animal welfare practices encompass the "Five Freedoms": freedom from
hunger or thirst; freedom from discomfort; freedom from pain, injury, or disease;

freedom to express normal behavior; and freedom from fear and distress (FAWC, 1979).
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Simultaneously, high performance and resource use efficiency should be pursued. This

topic addresses the following:

e Whether livestock performance is at a high level.

e Whether the animal husbandry system allows for species-appropriate behavior.
o Whether the physiological needs of the animals have been met.

e Whether the animals are in good health.

Herd Management

The sustainability objective of herd management is that livestock numbers on the
farm are managed in a long-term, site-adapted manner to improve animal health,
welfare, and sustainability. An assessment is conducted to determine whether
information related to livestock is collected and utilized in a targeted manner for
breeding and care to improve animal welfare. 100 points are awarded if there is
systematic monitoring and documentation of animal husbandry (health and
performance), and balanced criteria for selection and breeding. This indicator scored 50
points, confirming that cattle rearing is still largely traditional and family-based, with
insufficient consideration of scientific methods in management and breeding to improve

animal performance and health.
Livestock Productivity

The sustainability objective through this indicator is to achieve appropriate
livestock performance on the farm. The annual performance of all livestock categories
on the farm is compared against regional benchmarks for very high, medium, and very
low performance. Product quality is also assessed based on regional or farm-specific
standards. The three reference performance values are 100 RISE points (very high yield),
50 RISE points (average regional yield), and 0 RISE points (very low yield), with a +/- 20-
point correction for product quality. Linear interpolation is used to bridge the gaps
between the three defined points. This indicator scored only 18 points, indicating low

productivity compared to regional or area productivity. This is attributed to reliance on
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low-yielding local breeds, the absence of a systematic veterinary program, and the non-

optimal use of feed in terms of quantity and quality.
Opportunity for Species-Appropriate Behavior

The RISE system, through this indicator, aims to achieve the sustainability
objective of providing an animal husbandry system that ensures the freedom for animals
to engage in their natural social behaviors, movement, rest and sleep, feeding, outdoor
access, reproduction, and exploration. An assessment is conducted to determine
whether animals enjoy sufficient time outside the enclosure and contact with
conspecifics, and whether their environment allows them to behave as naturally as
possible. 100 points are awarded if, based on current knowledge, the conditions in which
animals are kept allow for species-appropriate behavior for all behavioral categories
listed in RISE. The sample achieved 65 points, which is a good indicator, suggesting
ample space in the enclosures, allowing animals to move and go outside comfortably.
Furthermore, a good portion of their time is spent in pastures, facilitating contact and

exposure to natural light.
Living Conditions

The sustainability objective here is to meet the physiological needs of the animals,
where they live in a suitable environment. An assessment is conducted to determine
whether temperature, lighting, air quality, noise level, and feeding arrangements meet
the needs of the respective species. 100 points are awarded if all animals live under
species-appropriate conditions. There was an increase in temperatures and also relative
air quality pollution, though with improved lighting, which resulted in an indicator score

of 55, indicating a relatively moderate degree of suitable environment for animal rearing.
Animal Health

The sustainability objective is for animals to live free from pain and disease, and
for the number of unintended losses to be as minimal as possible. An assessment is
conducted on the number of unintended losses, veterinary treatments, animal
interventions, and the external condition of the animals. 100 points are awarded if no

veterinary treatments are needed, no deaths due to disease, injury, or accidents, and no
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deformed animals. A score of 63 points for this indicator means that veterinary

treatments are needed, especially with the recent spread of diseases.
Materials Use & Environmental Protection

Sustainable agricultural production relies on natural nutrient cycles, maintaining
a good nutrient balance even at high productivity levels while minimizing environmental
pollution and material consumption. This section indicates: whether tight cycles and
sustainable sourcing are considered when acquiring materials (fertilizers, feed, etc.);
and whether environmental harm is avoided during the storage, use, and disposal of

materials.
Material Flows

Our sustainability objective for material flows is to encourage the sustainable
production of consumables, machinery, infrastructure, feed, and fertilizers through
responsible sourcing. Targeted material selection and optimal resource utilization
contribute to waste reduction. An assessment is conducted to determine: (a) whether
priority is given to using nutrient sources (especially feed and fertilizers) that are either
produced on the farm itself or at least sourced locally (within a region-specific radius);
(b) whether the acquisition of materials and equipment considers sustainability criteria,
especially circular economy principles; and (c) finally, whether unproductive losses are

prevented. This indicator integrates information on the following components:
Feed self-sufficiency (calculated): N self-sufficiency, P self-sufficiency.
Fertilizer self-sufficiency (calculated): N self-sufficiency, P self-sufficiency.
Regionality of feed supply.
Regionality of fertilizer supply.
Losses from crop production ("food loss").
Degree of implementation of recycling potential.

100 points are awarded if all materials are sourced locally and sustainably, and

unproductive losses are minimized. However, this indicator scored 29 points, clearly
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indicating low performance. This suggests that feed, especially concentrated feed, is
imported or purchased from outside the farm. Similarly, fertilizers are purchased from
markets at high prices, and there is no self-sufficiency in feed, fertilizers, or food.
Furthermore, there is waste in resource use, and sustainability and circular economy

principles are not observed.
Fertilization

The sustainability objective we aim to measure through this indicator is to facilitate
balanced crop nutrient supply and good productivity while preventing environmental
harm and soil nutrient deficiencies. Available farm nutrients are optimally utilized, and
external nutrient sources are only supplemented when necessary. Nitrogen and
phosphorus balances are calculated at the farm level (supply and demand balance;
reference values for the scoring function can be adjusted to regional data). Nutrient
surpluses are evaluated more rigorously than deficits in surplus areas. The tolerance
limit for surpluses is only raised in cases of poor phosphorus supply, but not for poor
nitrogen supply. The extent to which fertilizer use is rationalized according to best
practices is also assessed. This indicator integrates information on the following

components:

Fertilization management.
Farm-Llevel nitrogen balance.
Farm-level phosphorus balance.

100 points are awarded if fertilizers are used only when necessary, based on relevant
analysis results. The farm has a stable nitrogen and phosphorus balance, meaning the
difference between supply and demand does not exceed 10%. The precise details of the
evaluation function can be regionally defined for both nitrogen and phosphorus. As a
general rule, more points are deducted for surpluses compared to deficits of similar
maghnitude. Figure 14 illustrates some examples of evaluation functions. This indicator
scored 21 points, indicating poor and unsustainable performance. This suggests that
organic fertilizers from crop residues are not utilized, and nitrogenous and a

considerable amount of phosphorus fertilizers are used at unrecommended dosages

Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026 b6



Sustainability Assessment at Farm Level Using the RISE Method (Baghdad
Governorate Case Study) (51-84)

and quantities, causing environmental harm, and there is no balance between supply

and demand.
Plant Protection

The sustainability objective is that plant protection on the farm relies on integrated
plant protection principles. Environmentally harmful hazardous substances are used
only when absolutely necessary, and their environmental impact is minimized through
careful selection and application. An assessment is conducted on (a) the extent to which
plant protection problems are managed according to integrated plant protection
principles, (b) the toxicity and persistence of any plant protection products used, and (c)
whether measures are in place to reduce any unintended side effects from the use of
genetically modified organisms (GMOs). This indicator integrates information on the

following components:

Management of plant protection challenges according to integrated plant protection

principles.
Due diligence in GMO cultivation.

100 points are awarded if plant protection practices are fully compliant with
integrated principles, or if no plant protection products or GMOs are used. This indicator
scored zero, indicating the absence of integrated plant protection management. It also
suggests that site-adapted production systems, variety selection based on pest and
disease resistance, reliable species identification before chemical treatments,
application of damage thresholds, use of biological and mechanical means instead of
chemical plant protection, and measures to maintain the effectiveness of the plant
protection program (e.g., herbicide rotation) were not considered. Furthermore, farmers
did not comply with relevant legislation, measures to prevent unwanted spread or gene
flow, maintenance of specific GMO traits (e.g., herbicide tolerance, pest resistance), and

the development of GMO product use since GMO adoption.
Air Pollution

RISE aims to achieve the sustainability objective that the storage, use, and disposal

of materials do not lead to gaseous emissions that threaten or harm human or animal
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health or the environment (air, soil, water, and natural ecosystems). This indicator
addresses gaseous emissions that may harm human health or ecosystems. It integrates

information on:

Ammonia: Risk of ammonia emissions from animal production.
Exhaust gases, smoke, and odor.

The future risk of such incidents is also assessed. The indicator scores 100 points in
the absence of pollution incidents and risks. The indicator scored 21 points, indicating
unsustainable use and low performance. This suggests a significant risk of ammonia
emissions from animal production, as well as ammonia emissions from organic
fertilizers, and smoke and odor emissions in the area, leading to soil and water pollution.

Additionally, proper storage facilities for feed and fertilizers are lacking.
Soil and Water Pollution

The sustainability objective we aim to measure through this indicator is that the
storage, use, and disposal of materials do not lead to liquid or solid emissions that
threaten or harm human or animal health or the environment (air, soil, water, and natural
ecosystems). This indicator addresses liquid and solid emissions that may harm human

health or ecosystems. It integrates information on:
Nutrients (nitrogen and phosphorus).
Pollutants in fertilizers: Heavy metals, radioactive isotopes, organic substances.
Plant protection products.
Pollutants in waste, residues, and wastewater.

This indicator scores 100 points in the absence of pollution incidents and risks. It
scored 56 points, which is a relatively low indicator due to the storage and disposal of
problematic materials, risks from domestic and agricultural wastewater, the proportion
of appropriately treated wastewater, pollution from livestock entering water bodies, and
other risks related to soil and water pollution. This is also due to the improper disposal

of toxic materials (plant protection products, veterinary medicines, dyes and paints, etc.),
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as well as other materials that may be harmful to humans, animals, or the environment.
Furthermore, the absence of buffer strips (a 6-meter-wide vegetative buffer strip,
permanent vegetation along field margins, prevention of siltation, maintenance of high
water retention capacity = prevention of runoff), drift prevention, and the lack of buffer

strips for manure storage, silt, and temporary storage of organic fertilizers on bare soil.
Water Use

Clean fresh water is essential for human life and the production of crops and
livestock. The farmer's production system affects the quantity and quality of water

available to other users. This indicator addresses:

e The quality and quantity of the farm's water supply.
e The intensity and efficiency of water use in production.
e The sustainability of irrigation practices on the farm.

Water Management

The sustainability objective we aim to measure through this indicator is the active
application of knowledge and technology to ensure efficient, site-adapted, and resource-
conserving water use. This indicator is calculated only if "blue” water (sourced from
aquifers or surface water bodies) is used on the farm (as opposed to only "green” water,
i.e., rainwater naturally absorbed by plants). It scores 100 points if water consumption
is monitored, and potential water-saving measures are identified and fully implemented.
This indicator scored 56 points, which is a good score, meaning average performance.
There is no major water problem, and water is available for many days a year. However,
the main reason for the lower score is the reliance on blue water and inefficient water

use.
Water Supply

The sustainability objective is that the quantity and quality of the farm's water
supply are secure in the short and long term. The current situation, trends, and potential
conflicts regarding water supply quantity and quality are assessed (Figure 17). 100

points are awarded if there are no problems on the farm. This indicator scored 27 points,
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which is weak and indicates unsustainable water use. This may be attributed to farm
problems such as the need to deepen wells, water-related conflicts, deterioration in
water quality, reduced water availability, and declining groundwater levels. This is
coupled with a low level of regional water stress as defined by the WBCSD Global Water

Tool.
Water Use Intensity

Our objective with this indicator is that the quantity of water used in agricultural
production is adapted to local conditions through crop selection and planting times. The
farm does not rely on externally supplied water and minimizes its irrigation needs. The
water demand for the farm's crops and livestock is calculated based on standard
regional coefficients and compared to water supply determined by climatic conditions
throughout the year. Water needs are estimated considering the timing and duration of
crop cultivation. 100 points are awarded if the farm's total water needs are less than the
annual rainfall on its land. The sample achieved a full score of 100 points, indicating
sustainable water use intensity, as the cultivated areas are small and not cultivated year-

round.
Irrigation

The sustainability objective for this indicator is that efficient irrigation methods
enable high material and human returns. An assessment is conducted to determine (a)
whether irrigation is targeted and efficient, (b) whether irrigation is financially viable,
and (c) whether there are any irrigation-related problems. The indicator scores 100
points if irrigation is implemented in a targeted and efficient manner, is financially
sensible, and is problem-free. The indicator scored 41 points, clearly indicating that
irrigation in the study sample achieves low financial returns and is not efficient. This is
due to the reliance on traditional irrigation methods, the deterioration of rivers and
reduced water quantities, and the erosion of irrigation canals, leading to waste and

inefficient water use.
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Biodiversity

The diversity of living organisms is closely linked to the health of ecosystems. In fact,
agricultural production and human life can only be achieved through the regulation of
water, nutrient, and gas balances; pollination; soil formation; and other functions

performed by ecosystems. This indicator addresses:

e What is being done to promote the diversity of species, varieties, and breeds on

the farm.

e The extent to which natural ecosystems and their connectivity within the

agricultural landscape are maintained.
e The quality of plant protection management.

o Whether substances toxic to humans and nature were used to protect crops and

livestock.

Biodiversity Management

The objective here is that the farm has a biodiversity management system that
includes a strategic and systematic approach to planning, decision-making,
implementation, and monitoring of activities aimed at species protection and ecosystem
conservation. The indicator scores 100 points for providing comprehensive biodiversity
advice. The indicator scored 2 points, indicating unsustainable biodiversity management.
This suggests that the farm does not receive comprehensive biodiversity advice or is not
aware of the current situation. Farmers have not taken necessary measures to protect

species or agricultural measures to promote biodiversity in the agricultural area.
Ecological Infrastructures

The sustainability objective we aim to measure through this indicator is that the
farm includes many areas with high biodiversity potential that provide habitat for rare
and specialized plants and animals. 100 points are awarded if 17% of the farm has high
biodiversity potential. This figure is based on the UN Convention on Biological Diversity
(Nagoya, Aichi), which states that 17% of terrestrial areas should be managed for nature.

This threshold can be adjusted at the regional level. This indicator achieved a full score
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of 100 points, indicating the presence of a high proportion of agricultural land with high
ecological value (level, linear, and punctiform structures). This is because the sample
consists of large agricultural areas with a significant proportion of pastures, among

others, which allowed it to achieve this percentage.
Distribution of Ecological Infrastructures

The ecological landscape is well-connected, allowing mobile animal species to
move from one ecological starting point to another. There is no "erosion” of ecological
structures. 100 points are awarded if 100% of arable land has ecologically valuable
features within or near it (less than 50 meters), and if the development of these features
is moving in a positive direction (+/- 20 points). The optimal value for the ecological
quality of landscapes can be adjusted at the regional level. This indicator scored 98
points, indicating the presence of arable land and nearby ecological facilities. This is also

dependent on the preceding indicator.
Intensity of Agricultural Production

Production intensity is low enough to provide habitats for a variety of plants and
animals. 100 points are awarded if there is no nitrogen fertilization (0 kg N/ha), no use
of pesticide substances, and low stocking density (one large animal unit per hectare).
These values can be adjusted at the regional level. Any sprays used should have low
toxicity to non-target organisms (including beneficial insects and aquatic organisms) and
low persistence (half-life less than one month). The indicator scored 50 points, which is
half the maximum score, indicating intensive use of fertilizers, especially nitrogen, and
the use of agricultural pesticides. It also suggests inadequate measures to promote

biodiversity in the agricultural area.
Diversity of Agricultural Production

To achieve the objective which states: "Through the diversity of agricultural
production and the use of genetically diverse crops and livestock on the farm, the farm
contributes to the survival and development of plant and animal genetic resources. This
helps ensure the availability of a wide variety of primary genetic material for future

generations for breeding purposes. By cultivating different types of crops, the farm
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contributes to creating a more diverse agricultural environment.” This indicator, which
scored 39 points, was calculated by assessing various aspects of production diversity:
the number of different land use types, the number of arable and permanent crops
cultivated, and the number of livestock breeds on the farm (with additional points
awarded for old or endangered varieties and breeds); for permanent grasslands, the

frequency of use and yields are assessed; and beekeeping is positively rated.

This indicator is assessed as follows: 100 points are awarded if there are 5
different land use types (this figure may be regionally adjusted), 6 different livestock
breeds, 3 rare and/or old varieties and/or breeds, and bees kept on the farm. A high
proportion of diverse permanent grasslands (assessment based on frequency of use and
yield) and 10 different arable and permanent crops (for more than 10 hectares of arable
and permanent crops, a maximum of 10 crops; for less than 10 hectares of arable and

permanent crops, one crop per hectare).
Working Conditions

A committed and productive workforce is a prerequisite for the success of any farm.
These two characteristics are strongly influenced by working conditions on the farm.
This indicator assesses the objective working conditions of farm employees and self-
employed workers. It addresses the following aspects:

e Occupational health and safety / physical working conditions.

Work organization.

Respect for fundamental rights.
. Wages.
e Fairness.

Personnel Management

The sustainability objective for this indicator is that good personnel management
ensures the farm has sufficient staff in the short, medium, and long term, who are
satisfied, motivated, and adequately trained. Transparent and fair employment terms

and conditions also reduce the likelihood of disputes. An assessment is conducted to
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determine whether the farm has a professional personnel management system and
whether working conditions comply with decent work standards stipulated in relevant
human rights conventions and agreements. This indicator scored only 6 points, which is
very low and indicates unsustainable low performance. This is because employee
requirements are unknown, arrangements for replacing workers leaving the farm due
to age are absent, there is no professional training program, employment contracts are
not written, there are no payrolls, no work permits for all employees, and no measures
have been taken to motivate the workforce (e.g., incentive systems and praise) /
protection against unfair dismissal / adequate income protection in case of accidents,

illness, or maternity, etc., and child labor is present.
Working Hours

The sustainability objective here is that everyone working on the farm has
sufficient free time to recover physically and mentally, so they can remain healthy and
productive in the long term. Daily, weekly, and annual working hours, and annual leave
were recorded and assessed according to regional standards. 100 points are awarded
for 5 days a week, 40 hours a week, 6 weeks of paid annual leave, and paid overtime.
These values are regionally adjustable. The indicator scored 60 points, indicating a good
and acceptable level given the production conditions, and that the work is not inherently

arduous, with the understanding that family labor is not directly paid.
Safety at Work

The sustainability objective we aim to measure through this indicator is:
"Appropriate measures are taken to ensure that work-related accidents and illnesses on
the farm are minimized. Children are not harmed by any work they perform on the farm.”
An assessment was conducted on the frequency of work-related accidents and illnesses
on the farm, the measures taken to prevent them, and whether there is a risk of illegal
child labor. The indicator in the study sample scored 40 points, indicating low
performance, meaning a lack of safety at work due to child and female labor without
safety measures, leading to work-related accidents or illnesses. Additionally, direct

handling of some highly toxic pesticides occurs.
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Wage and Income Level

The sustainability objective aims for individuals working on the farm to earn an
hourly wage that allows them to live comfortably above the poverty line when working
normal hours. The indicator scored only 27 points. This means that workers earn wages
that place them below the poverty line, as workers need to earn at least 34 points to live
at the poverty line. 100 points are awarded if the hourly wage is twice the poverty line
wage for an average family. For self-employed workers (unpaid family labor working on
the farm), the same calculation was based on the figure derived by dividing private
consumption plus all non-cash benefits enjoyed by the family by the total number of
working hours of all self-employed workers. Relevant threshold values (poverty line,
100-point factor, family size, normal working hours) can be regionally adjusted.

Additional points are awarded or deducted (+/- 50) based on the farm's financial results.
Economic Viability

A farm is, first and foremost, a business venture that seeks to achieve economic
objectives while considering relevant environmental and social constraints. The goal is
to ensure the project's profitability in the short and long term, and to maintain or even
improve productivity, ensuring its stable and self-directed growth, thereby securing the
farmer's family livelihood and the income of its workers. This criterion addresses the
following aspects of the farm's economic sustainability: liquidity and stability,

profitability, indebtedness, and livelihood security.
Liquidity

The sustainability objective here is: "The farm's liquid assets are sufficient to
meet its financial obligations at all times.” An assessment was conducted on the ratio of
cash reserves (liquid assets plus available credit lines) to average weekly expenditure
(annual expenses divided by 52 weeks), i.e., the number of weeks the farm can sustain
itself from its cash reserves. The farm's reserves are considered sufficient if, at any point
in its production cycles, it can pay wages and salaries, accounts payable to suppliers,
loan installments, and interest payments from its own reserves. 100 points are awarded

if it can cover 40 weeks from cash reserves. However, for the sample, the indicator

scored only 6 points, meaning the sample can cover only 2.4 weeks. This is attributed to
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weak performance and low liquid assets, and sometimes farmers are forced to purchase

inputs on credit, incurring higher costs.
Profitability

The sustainability objective is that the farm achieves financial profit in both the
short and long term. In other words, its profits enable it to meet its financial obligations,
invest, and achieve a return equivalent to the capital invested in the project. The
operating cash flow to sales ratio was assessed. The return on equity, i.e., the ratio of
profits (cash flow minus depreciation) to invested capital, was also assessed. The
judgment was based on the following rule: if the cash flow to sales ratio is 20%, 100
points are awarded; if it is 10%, 67 points are awarded. As for the return on equity, if its
ratio is 5%, 100 points are awarded / 0% = 0 points. For the sample, the cash flow ratio
was 20%, and thus the indicator scored 100 points, meaning the sample generates
profits and has the ability to meet its financial obligations. This is consistent with what

was stated in the first section of this chapter.
Stability

The sustainability objective we can ascertain through this indicator is that the
farm enjoys financial stability, meaning its ability to regularly achieve financial break-
even over several years with a normal level of family consumption, and that the future
of farm production is secure in the long term. It scores 100 points if the farm's
infrastructure is in good condition, the farm has many customers in all its main activity
areas, its primary source of income represents less than 20% of total business revenue
(no risk), access to all land is guaranteed in the long term, and it has a high equity ratio.
The sample scored 67 points on this indicator, meaning the sample has diverse
expertise, maintains modern infrastructure, and thus does not rely entirely on market
price trends or individual customers. Access to land ensures planning capability and
long-term production continuity, while a high capital ratio allows farmers to make their

own decisions on how the business develops.
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Indebtedness

The sustainability objective we aim to understand through this indicator is that the
farm's level of indebtedness is not problematic and is proportionate to its financial
resources. There is room to incur more debt when needed, for example, to overcome a
period of funding shortfall. The financing ratio was calculated as a ratio between net debt
and operating cash flow. This allows calculating the number of years required to fully
repay the farm's debts using its current cash flows. The judgment was based on the

following rule:

o Debt-to-Equity Ratio: 100 points if the farm would need 5 years to repay its debts

using its operating cash flows / 0 points for 20 years.

e Debt Service Coverage Ratio: 100 points for a debt service coverage ratio of 0% /

67 points for 50% / 0 points if 100% of cash flow is used for debt service.

The sample scored 98% on this indicator, meaning it needs 5 years to cover its debts
using its operating cash flows. In reality, debt was not a significant figure, and it was zero
in some categories of the sample, which is consistent with what was stated in the RC

indicator in the first section of this chapter.
Livelihood Security

The sustainability objective we aim to understand through this indicator is that
the farm's income is sufficient to secure the economic livelihood of the family (unpaid
family members). An assessment was conducted on the ratio of private expenditure to
the adjusted minimum subsistence level. The minimum subsistence level is adjusted
proportionally to the size of the farmer's family, and any in-kind payments received by
the farm are deducted. The private expenditure of unpaid family members (farmer's
family) should clearly exceed the minimum subsistence level. The indicator was judged

based on the following rule:

Between 34 and 66 points maximum are awarded for household expenditure
ranging between 100% and 200% of the poverty line (yellow, critical). If the household
income is twice or up to three times the poverty line, the farm is awarded between 67

and 100 points maximum (green, sustainable). The sample achieved a low livelihood
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security level, less than critical, as it scored only 18 points, indicating that the farm's

income is insufficient and does not secure a decent economic life.
Farm Management

It may be entirely worthwhile to manage a farm using traditional methods, even in
the long term. However, changes will be necessary if poorly designed management
coincides with clear unresolved challenges. In this case, it is essential to adjust the

farm's strategy by implementing:

e Measures that integrate sustainability into management systems, operations, and

culture.
e Sustainable farm management.

e Achievement of goals and strategies that align with stakeholders’ personal values
and consider the natural, human, animal, environmental, financial, and societal

constraints.
e Access to necessary knowledge for informed decision-making.

e Regular assessment of internal and external risks so that proactive measures

can be taken and resources used productively, safely, and profitably.

e Promotion of sustainable relationships, ensuring that interactions with people
and stakeholders inside and outside the farm are characterized by respect and

fairness.

Business Goals, Strategy, Implementation

The sustainability objective we aim to measure through this indicator is whether
those responsible for farm management consciously set goals, develop strategies to
achieve them, and implement the necessary actions. In this context, "conscious” means
alignment with individuals' personal values and the farm's surrounding conditions. The
chosen strategy should have a positive impact on economic, social, and environmental
sustainability. The sample scored 63 points for this indicator, which indicates a critical

situation. This relatively means that the farmer does not have well-considered goals and
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an appropriate strategy for the farm, and has not implemented them regularly.
Furthermore, social and environmental aspects were not considered, and their work

goals were not consistent with sustainability goals.
Availability of Information

Here, we aim to achieve the following sustainability objective: When necessary,
those responsible for farm management have access to sufficient information and
reliable planning tools so they can manage the farm systematically and professionally.
An assessment was conducted to determine whether the farm has access to sufficient
information and reliable planning tools necessary for systematic farm management, and
whether these tools are actually used if necessary. The indicator scored 33 points,
indicating unsustainable and low performance. This means that the farmer does not
have access to all necessary information and reliable planning tools, or does not use

them as needed to facilitate sustainable farm management.
Risk Management

Through this indicator, we try to achieve the sustainability objective that states:
Those responsible for farm management are aware of the risks and impacts that may
threaten the farm’'s livelihood and do their utmost to mitigate them. This indicator
assesses how those responsible for farm management deal with risks that threaten
their livelihoods. An assessment was conducted on the freedom of action available to
farm management internally, especially regarding risk prevention, as well as minimizing
the negative impacts of any adverse events. The application of quality assurance
measures is essential to ensure healthy and marketable production. The sample's
performance was unsatisfactory, unsustainable, and low, as it scored only 13 points,
indicating the farm's inability to confront and manage risks. This is especially relevant

given the high and inherent risk and uncertainty in agricultural production.
Resilient Relationships

Sustainability objective: The farm's internal and external relationships are
managed in a way that provides a solid foundation for its long-term success. The farm

cooperates with colleagues and neighbors whenever appropriate. Disputes are resolved
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by consensus, not by coercion. The indicator scored 83 points, indicating sustainable and
acceptable performance. This confirms the existence of stable relationships
successfully built within and outside the farm, forming a solid foundation for its success.
The farm engages in wise and productive cooperation with other farms and individuals.
Disputes within or related to the farm are resolved by consensus rather than coercion.

This aligns with the social environment of rural areas and their adherence to social

values and principles within an ethical framework.
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Table 2: Indicators, Standards, and Points Achieved
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4.1 Water management 54
42 |Water supply 27 3.1 Material flows 29
4.3 | Water use intensity 100 32 |Fertilization 21
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3.5 | Soil and water pollution 56
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6.1 Personnel management 8 5.1 Biodiversity management 2
6.2 | Working hours 60 5.2 | Ecological infrastructures 100
6.3 | Safety at work 49 5.3 Distribution of ecological 88
6.4 |Wage and income level 27 infrastructures
5.4 | Intensity of agricultural production 50
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[o Jrarmmansgement  [us | 57
8.1 Business goals, strategy, 63 7.1 Liquidity 6
implementation 7.2 | Profitability 100
8.2 | Availability of information 33 7.3 | Stability 63
8.3 | Risk management 12 R T 98
8.4 | Resilient relationships 83 7.5 |Livelihood security 18
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Source: The researchers’ work, based on RISE3.
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Conclusion

Sustainability at the farm level is crucial; it's the bedrock for achieving
sustainability across the entire agricultural sector. Balancing economic, social, and
environmental goals is paramount for farmers to ensure their practices and decisions
are sustainable. It's important for sustainability indicators to be more than just target
numbers. They should be adaptable over time and across different scales to reflect
changing conditions. Ultimately, ensuring the sustainability of the agricultural

community depends on effectively measuring and adapting to change as needed.

It's essential to determine whether sustainability commitments, from farm to
national levels, translate into tangible results. Local communities act as the link between
these levels. Without robust and accessible evaluation mechanisms, accountability
might be lost, or tracking efforts could become impossible. A lack of accountability
doesn’'t necessarily imply ill intent; it might simply stem from a shortage of the

necessary tools for verification.

RISE can be a valuable tool for assessing farm sustainability. It provides a solid
foundation for further verifying farm-level sustainability by calculating economic, social,
environmental, and energy indicators. These include metrics for water, soil, biodiversity,
emission potential, plant protection, waste and residues, cash flow, farm income,

investments, local economy, and the social status of each farm.

The sustainability standing of the study sample was critical in terms of the seven
polygon indicators and low in terms of sustainability degree. This was influenced by farm
management points, which shifted the situation from critical to low. The farmers were
not sustainable in their practices and did not balance economic, social, and

environmental goals.
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Abstract:

This scoping review examines the agricultural investment strategies of Gulf Cooperation
Council (GCC) countries in North and East Africa, focusing on their implications for food
security and economic development. The review is guided by four research questions
that address the motivations, outcomes, challenges, and gaps in the literature
associated with these investments. Following PRISMA-ScR guidelines, a systematic
search of Scopus, Web of Science, and JSTOR, supplemented by grey literature,
identified 34 sources for full review. The GCC's pursuit of agricultural investments is
primarily driven by the need to secure stable food supplies and diversify the economies
of countries heavily reliant on oil revenues. Three dominant investment models are
identified: government-to-government agreements, long-term land leases, and state-
backed financing through sovereign wealth funds. The review finds that while these
investments have contributed positively to agricultural exports and food supply
diversification, they also pose significant risks, including land displacement,
infrastructure inequities, and geopolitical vulnerabilities. Five key gaps in the literature
are identified: comprehensive risk analysis, innovative financing mechanisms, the role
of technology in sustainable agriculture, market forecasting, and policy analysis. The
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review concludes with evidence-based recommendations for investors and

policymakers to conduct risk assessments, explore blended finance models, and
leverage technology for sustainable outcomes.

Keywords: GCC Investments, African Agriculture, Food Security, Economic Growth,
Sustainability

Introduction:

The nations that comprise the Gulf Cooperation Council (GCC), Bahrain, Kuwait,
Oman, Qatar, Saudi Arabia, and the United Arab Emirates (UAE), are characterized by
their desert climates, limited water resources, and restricted arable land (FAO, 2017b;
GCC Stat, 2020; Woertz, 2015). The countries in this region are further characterized by
their wealth, primarily derived from fossil fuels and natural gas, which fosters rapid
economic growth (Zaidan et al., 2019). However, these countries faced a significant
challenge in ensuring food security as defined by the World Food Summit in 1996
indicating that “food security, at the individual, household, national, regional and global
levels is achieved when all people, at all times, have physical and economic access to
sufficient, safe and nutritious food to meet their dietary needs and food preferences for
an active and healthy life” mainly due to arid climates and scarce water resources (Ben
Hassen & EL Bilali, 2019; Saif et al., 2014). The GCC's food industry is highly reliant on
imports, making it vulnerable to disruptions in those imports (Devesh et al.,, 2023). That
can secure long-term food supplies and reduce dependency on volatile global markets.
As a result, these nations have increasingly turned their attention towards agricultural
investments in more fertile regions, particularly in North and East Africa. Countries like
Sudan and Ethiopia were early targets due to large tracts of fertile land and lower costs
(Woertz, 2020). This strategic move aims to secure a stable food supply while also
contributing to economic development in the host countries (Woertz et al., 2008).

In general, the GCC countries are among the wealthiest nations due to their
abundant oil resources. However, they have been unable to invest sufficiently in
domestic agriculture to achieve food security, primarily due to their harsh climate. So
far, four main models have been pursued by the Arab world in general, and by the GCC
countries in particular, to ensure food security in the region. The first model involved
investing in agriculture in Europe and the United States, primarily due to the political
stability of those regions. The second approach focused on investing in domestic
agriculture, as seen in countries such as the United Arab Emirates and Saudi Arabia,
which have allocated substantial capital and deployed advanced technologies. The third
model centers on the Arab Authority for Agricultural Investment and Development
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(AAAID), which aims to establish a common fund to finance agricultural investment and
development across the Arab world. The fourth strategy involves country-led initiatives
to invest in geographically accessible African nations, such as Sudan, Ethiopia, and
Kenya.

Diverse social, economic, and environmental effects might result from foreign
agricultural investments. When properly managed, these investments can serve as a
tool for development, creating job opportunities, enhancing rural infrastructure,

connecting smallholder farmers to international markets, introducing
productivity-boosting technologies, and facilitating access to financing for farmers
(Grote, 2018). The rationale behind the GCC's agricultural investments in Africa was
multifaceted. Agricultural investment in Africa and other regions, initiated by GCC
countries, was planned in response to the “food self-sufficiency” initiative, which relied
on unsustainable groundwater use. These resources proved unsustainable during the
1975-1976 world food crisis (Woertz, 2020). Primarily, it serves as a hedge against food
supply risks and global market price volatility. Additionally, it offers GCC countries an
opportunity to diversify their economies, which are heavily reliant on oil revenues. The
investments also align with the broader goals of enhancing bilateral relations and
fostering economic cooperation with African nations (Alnafissa et al., 2022).

However, these investments are not without their complexities. They raise
questions about the sustainability of such practices, the impact on local communities,
and the geopolitical implications. Moreover, the investments must navigate the intricate
landscape of African agricultural policies, market dynamics, and infrastructure
challenges (Africa Development Bank, 2021). Studies affirmed that displacement of local
communities and accusations of “land grabbing” led to reputational risks for GCC
investment in African countries (Kohnert, 2023).

Despite the growing scale of GCC agricultural investments in Africa, the literature
remains fragmented. Studies tend to focus on individual countries (particularly Sudan
and Ethiopia), specific investment models, or narrow dimensions such as food security
or land tenure, with few attempts to synthesize the full landscape of motivations,
outcomes, and challenges across North and East Africa as a whole. This gap in
consolidated, regionally comprehensive analysis constitutes the core problem this
review addresses. The following objectives guide the study: (1) to document the
historical evolution and current state of GCC agricultural investments in North and East
Africa; (2) to analyze the motivations, investment models, and strategies employed by
GCC countries; (3) to evaluate the documented economic, social, and environmental
outcomes of these investments; (4) to identify critical gaps in the existing literature; and
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(5) to provide evidence-based recommendations for investors and policymakers to
enhance the sustainability and equity of these investments.

The review is structured to provide a systematic analysis of the literature,
beginning with an overview of the current state of GCC agricultural investments and then
discussing the methodologies employed in the studies. It then presents the key findings,
outlines the gaps in the literature, and concludes with recommendations for investors
and policymakers. The study's contributions and significance are highlighted, along with
potential avenues for further research to enhance the body of knowledge on this subject.

Methodology:

This study employs a scoping review methodology, following the PRISMA-ScR
(Preferred Reporting ltems for Systematic Reviews and Meta-Analyses extension for
Scoping Reviews) guidelines (Tricco et al., 2018). A scoping review is appropriate here
because the primary aim is to map the existing literature, identify key concepts and
research gaps, and synthesize evidence across a broad and heterogeneous body of work
on GCC agricultural investments in Africa, rather than to answer a single narrow clinical
or empirical question. This approach ensures transparency, replicability, and scholarly

rigor.

The following research questions guide this review: (1) What are the primary
motivations driving GCC countries to invest in agricultural land and production in North
and East Africa? (2) What economic, social, and environmental outcomes have been
documented in the literature? (3) What challenges and risks are associated with these
investments? (4) What gaps remain in the existing literature that warrant further
investigation? These questions frame the scope of the review and anchor the subsequent
synthesis, gap analysis, and recommendations.

Literature Search and Selection:

A systematic search was conducted across three major academic databases,
Scopus, Web of Science, and JSTOR, supplemented by grey literature sources including
FAO reports, World Bank publications, IFPRI policy briefs, and reports from regional
investment authorities. The search was conducted between January and July 2024,
covering publications from 2000 to 2024, with seminal works from the 1990s included
where directly relevant to the historical context. The following keyword combinations
were used: (“GCC” OR “Gulf Cooperation Council”) AND (“agricultural investment” OR
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“agri-investment” OR “farmland acquisition” OR “land grab”) AND (“Africa” OR “East
Africa” OR “North Africa” OR “Sudan” OR “Ethiopia” OR “Morocco” OR “Egypt”). Additional
terms included “food security,” “foreign direct investment,” “sovereign wealth fund,” and
“land lease.” Sources were included if they: (a) directly addressed GCC or Arab Gulf state
agricultural investment in Africa, (b) examined food security policies of GCC countries
with an external investment dimension, or (c) analyzed socioeconomic or environmental
impacts of large-scale land acquisitions in the study region. Sources were excluded if
they focused solely on domestic Gulf agriculture without an external investment
dimension, or addressed African agriculture without reference to Gulf or Arab
investment. The initial search returned over 200 records; after screening titles and
abstracts for relevance and removing duplicates, 34 sources were retained for full-text
review and synthesis.

Data Extraction and Synthesis:

For each included source, the following data were extracted and recorded in a
standardized form: author(s), year of publication, country/region of focus, methodology
employed, key findings, and relevance to the four guiding research questions. Sources
were then grouped thematically into five categories: (1) motivations and drivers of GCC
agricultural investment, (2) historical evolution and investment models, (3) economic
and food security outcomes, (4) social and environmental impacts and risks, and (5)
policy frameworks and future trajectories. This thematic synthesis enabled cross-
source comparison and the identification of converging and diverging perspectives in the
literature.

Critical Appraisal

Each included source was critically appraised for methodological quality,
reliability, and relevance. Peer-reviewed articles and book chapters were assessed
using standard academic quality indicators (clarity of methodology, validity of
conclusions, and rigor of evidence). Grey literature sources, including industry reports
from Fitch Solutions, Alpen Capital, and the African Development Bank, were assessed
for institutional credibility, data transparency, and currency. Sources that relied heavily
on anecdotal evidence without verifiable data were noted as lower-confidence inputs
and treated as contextual rather than evidentiary. This tiered appraisal approach
ensures that the review’s conclusions are grounded in the strongest available evidence.
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Analysis and Interpretation
The synthesized data were analyzed to identify recurring patterns, areas of
agreement and disagreement, and understudied dimensions. The analysis proceeds
deductively from the four research questions and inductively from themes that emerged
from the literature. Where quantitative data on investment volumes, land areas, and
trade flows were reported in multiple sources, these were cross-referenced to assess
consistency. Discrepancies between sources are noted and discussed. The analysis
culminates in a structured identification of five key gaps in the literature (presented in
Table 2), each linked to a specific research question and a proposed future research

direction.

Literature Review:

The following literature review table (Table 1) encompasses a diverse range of scholarly
works that explore the multifaceted aspects of agriculture in the Gulf Cooperation
Council (GCC) region and its broader interactions with the African continent. The table
presents a synthesis of key findings from various authors who have explored topics
ranging from the impact of foreign direct investment on agricultural exports to strategic
measures for enhancing food security and agricultural productivity. The methodologies
employed in these studies vary, encompassing empirical analyses, industry reports,
policy reviews, and market forecasts, reflecting the comprehensive nature of research
in this domain. The publications' time frame spans from 2008 to the projected data of
2024, offering both historical insights and a future outlook. This curated collection of
literature serves as a critical resource for understanding the dynamic interplay among
economic policies, technological advancements, and agricultural practices in shaping
the GCC's agricultural landscape and its global linkages.
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Table 1. Agricultural Dynamics in the GCC and Africa: An Empirical and Policy-Oriented

Review
Author(s) Title Key Findings Methodology Year
Marzocchi & Land Grabbing and This study assesses the The authors utilized 2025
Arribas Development: impact of land grabbingon  data and narratives
Cédmara The Case of Ethiopia Ethiopia's development from published
(2025) targeting the economic, articles and
environmental, and quality- unpublished reports
of-life  dimensions. The of governmental and
negative impacts of Saudi nongovernmental
Star Agriculture organizations, as
Development PLC's well as personal
development, including observations.
forced relocations of rural
populations, land loss, and
water shortages, have been
reported. Additionally,
environmental problems
such as  deforestation,
severe flooding, decreased
soil quality, and soil
compaction were severe.
However, land grabbing
demonstrated positive
aspects regarding
employment and
technology transfer.
Hallam International High local farmer It summarizes the 2011
(2011) investment in displacement; limited existing known facts
developing country spillover effects in  from different
agriculture—issues technology transfer and sources (literature,
and challenges local food security; adverse investors, and other
environmental impacts stakeholders).
such as chemical
contamination, land
degradation, and depletion
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Author(s) Title Key Findings Methodology Year
of water resources; and
limited labor rights and
poor working conditions.
CIRS (2014) GCC  States' Land The findings concluded that The research was 2014
Investments  Abroad: acquiring agricultural land done by using data
The Case of Ethiopia. in Ethiopia and Cambodiais from fieldwork in
CIRS Summary Report. a poor and risky strategy for Ethiopia.
securing food supplies for
the GCC states.
Alnafissa et Impact of Gulf Analyzed the positive Empirical analysis 2022
al. (2022) Cooperation Countries’ impact of the GCC's FDI on using Sustainability
Foreign Direct Sudan’s agricultural metrics
Investment on Sudan’s exports, highlighting the
Agricultural Exports role of exchange rates.
Africa Raising Africa’'s Discussed strategies for Policy review 2021
Development agricultural increasing agricultural
Bank (2021)  productivity productivity in Africa to
ensure food security.
BMI-  Fitch GCC Food Security: The Explored the UAE's Market analysis 2023
Solutions UAE Seeks to Mitigate approach to enhancing food
company Food Supply Risks security through
(2023) through Land international land
Acquisitions, Trade acquisitions and
Deals, and Domestic technology.
Agtech.
Mapanje et Financing Sustainable Reviewed policies  for Policy analysis 2023
al. (2023) Agriculture in  Sub- financing sustainable
Saharan  Africa: A agriculture, with a focus on
Review of Policies sub-Saharan Africa.
Oyelami et ICT and agricultural Examined the impact of ICT Empirical evidence 2022
al. (2022) sector performance: on agricultural review
empirical evidence performance in sub-
from sub-Saharan Saharan Africa.
Africa
Odusola Policies and Investigated policies and Policy analysis 2021
(2021) Programmes for an programs aimed at
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Author(s) Title Key Findings Methodology Year
Agricultural transforming Africa into an
Powerhouse in Africa agricultural powerhouse.
Statista Agriculture Market Provided forecasts for the Market forecast 2024
(2024) Forecast in the GCC agriculture market in the
GCC region.
Woertz et al. Potential for GCC Agro Assessed the potential for Descriptive analysis 2008
(2008) investments in Africa GCC agricultural
and Central Asia investments in Africa and
Central Asia.
Lindsay Compulsory Analyzed the implications of  Policy analysis 2012
(2012) Acquisition of Land and  land acquisition for

Compensation in

Infrastructure Projects

infrastructure projects on

agriculture.

History of GCC Countries’ Agricultural Investments:

The Gulf Cooperation Council (GCC) countries have long recognized the strategic
importance of securing food supplies, given inherent constraints such as limited arable
land and water scarcity (Woertz et al., 2008). This has led to a concerted effort to invest
in agricultural sectors abroad, particularly in regions with which they share historical
and sociopolitical ties. Countries such as Sudan, Ethiopia, Kenya, Uganda, and Tanzania
were early targets due to their large tracts of fertile land and lower costs (Alnafissa et
al., 2022; CIRS, 2014; Tanyeri-Abur & Hag Elamin, 2011).

Following the 1972-1975 world food crisis, some GCC countries, including Saudi
Arabia and the United Arab Emirates, began investing heavily in domestic agricultural
production to ensure food self-sufficiency, often utilizing unsustainable aquifers.
However, this proved impossible during the 2007/2008 food crisis, when the aquifers
were almost running out (Woertz, 2020). Post the 2008 global food crisis, there was a
marked strategic shift in the investment approach of GCC countries. The crisis
highlighted the vulnerabilities inherent in food supply chains and the risks associated
with excessive reliance on global markets for essential food commodities. In response,
GCC countries intensified their efforts to secure food by making direct investments and
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acquiring agricultural land, primarily in North and East African nations (Aldhaheri, 2023;
Benazza, 2024; Woertz et al., 2008).

These investments have been diverse, encompassing a range of crops and
leveraging various technologies to optimize agricultural output. The primary motivation
behind these investments has been to bolster food security in the GCC region, which is
geographically closest. However, the investments have also been driven by economic
considerations, aiming to capitalize on the agricultural potential of recipient countries
while fostering closer economic ties (Alnafissa et al., 2022).

Sudan, in particular, has been a significant recipient of GCC agricultural
investments. The country’s agricultural sector, pivotal to its economy, has historically
accounted for a substantial share of Sudan’s foreign exchange earnings through the
export of field crops, livestock, and forest products. Investments from GCC countries
have been found to boost Sudan's agricultural exports, with the exchange rate playing a
critical role in investment decisions (Alnafissa et al., 2022). Other countries, such as
Ethiopia, Morocco, and Tanzania, among others, were also receiving foreign direct
investment in agricultural areas from GCC countries (Benazza, 2024).

These investments have had varying impacts on regional agricultural
development and food security. According to some studies, GCC investments have
increased agricultural exports from countries such as Ethiopia and Sudan. However,
concerns remain about the broader socioeconomic implications, particularly regarding
land grabbing and community displacement (Alnafissa et al., 2022; CIRS, 2014).
Furthermore, the living conditions of local inhabitants are not always improved when
foreigners acquire land and agricultural resources. Local food producers, such as small-
scale farmers and herders, often lose access to their land, leaving them vulnerable to
hunger and food insecurity (Aab™ & Kring, 2012). In certain countries, such as Sierra
Leone and Mozambique, foreign investors have disregarded the rights of landowners
and failed to fulfil their obligations to construct infrastructure for the local community
(Aab™ & Kring, 2012). Furthermore, the local communities' nomadic group is frequently
disregarded. Therefore, the majority of disputes and public protests caused by foreign
agricultural investments in African nations are similar to those that occurred in Sudan
(McGinnis & Fredrick, 2019). Furthermore, the impact of foreign agricultural investment
on natural resource depletion, such as fresh water and soil, shall not be ignored
(Rakotoarisoa, 2011).
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Although the GCC states rank higher in the food security index than nations known
for their food production, such as Brazil and India, the relevance and sustainability of
this ranking remain questionable. Hence, the food security issue remained a viable
agenda item in these states. Following the COVID-19 pandemic, various states initiated
diverse strategies to address the problem, utilizing both domestic and foreign
investment. Saudi Arabia, Qatar, and the United Arab Emirates continued to invest in
food, focusing on both domestic and international markets (Economist Impact, 2022). For
instance, the UAE government launched the National Food Security Strategy in 2018,
aiming to increase production of strategic food products by 100,000 tonnes by 2051. This
strategy encompasses both domestic investment in vertical farming, which primarily
focuses on fruit and vegetable production, and contract farming and the acquisition of
arable land from East African countries such as Sudan and Ethiopia, among other
countries (BMI- Fitch Solutions company, 2023; Nowacka, 2022; U.AE, 2024). Similarly,
the Kingdom of Saudi Arabia is taking action by investing in domestic agriculture,
particularly in dairy production and other agricultural products (El-Dukheri, 2024).

Ethiopia

Egypt

Ken | Ta
a 2

B Sudan ® Ethiopia ® Egypt ® Kenya ® Tanzania ¥ Uganda

Figure 1: Estimated GCC Agricultural Investment by Host Country (Cumulative
Commitments, 2000-2024)

Research Gaps in GCC-Africa Agricultural Development
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Table 2 presents a critical examination of the existing gaps in the literature
regarding the development of the agricultural sector within the GCC and its investment
footprint in Africa. This analysis underscores the areas where further research could
significantly enhance our understanding and operational strategies. The table identifies
five key areas where the current body of literature falls short: comprehensive risk
analysis, financing mechanisms, the role of technology, market forecasts, and policy
analysis. Each gap is described, along with the potential impact of addressing it on the
agricultural sector. By highlighting these areas, Table 2 serves as a roadmap for future
research endeavours, aiming to fill the identified voids with robust empirical evidence
and analytical rigor. Addressing these gaps holds the promise not only of advancing
academic discourse but also of providing actionable insights for investors, policymakers,
and practitioners seeking to foster sustainable agricultural development and food
security in the GCC and Africa.

Table 2. Gap in Literature

Gap in Literature

Description

Potential Impact of Addressing the Gap

Comprehensive Limited studies provide a comprehensive risk A thorough risk analysis could help

Risk Analysis analysis of GCC agricultural investments in Africa, investors and policymakers make
including geopolitical and transport security risks1. informed decisions and mitigate potential

investment risks.

Financing There is a need for more research into innovative Understanding financing mechanisms

Mechanisms financing mechanisms, particularly given the could unlock new investment
multibillion-dollar ~ financing gap in  African opportunities and drive sustainable
agribusiness. agricultural growth.

Role of Technology The impact of FinTech and other technologies on Insights into technology's role could lead

sustainable agriculture financing in sub-Saharan

Africa remains poorly documented.

to more efficient agricultural practices and

improved food security.

Market Forecasts

Projections and forecasts for the agriculture market
in the GCC are scarce, with limited data available for

future planning.

Accurate market forecasts are crucial for
strategic planning and ensuring food

security in the GCC region.
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Gap in Literature Description Potential Impact of Addressing the Gap

Policy Analysis There is a lack of detailed analysis of policies and Policy analysis could guide the
programs aimed at transforming Africa into an development of effective strategies for

agricultural powerhouse. agricultural investment and growth.

Types of investment models by GCC countries in Eastern African countries

There are three types of major investment models implemented by GCC
countries, which are discussed as follows:
Government-to-government deals involve strategic partnerships that include long-term
leases and infrastructure development. It is a strategic investment partnership in which
a GCC government directly signs agreements with another sovereign government, often
involving long-term land leases, joint infrastructure projects, and resource access
agreements. The primary objective is to mitigate market risks and secure political
backing for sensitive investments, particularly in agriculture and energy. Many GCC
countries have increasingly pursued government-to-government investment models in
the agriculture sector.

Sudan (Saudi Arabia-Sudan Agricultural Land Lease in 2009), the United Arab
Emirates—Sudan (Al Ain Farms, 2012), and Kenya, which hosts the Qatar-Kenya Food
Security Deal (2010), are the most notable East African nations that have attracted
investments. Furthermore, there are government-to-government investments in
Ethiopia from Saudi Arabia and the United Arab Emirates, such as those from Al Dahra
Agriculture of the United Arab Emirates and Saudi Star Agricultural Development PLC of
Saudi Arabia (Lavers, 2012; Marzocchi & Arribas Camara, 2025). These models are
particularly prevalent in resource management, food security, and strategic land
acquisition (El-Dukheri, 2024).

Long-term leases, typically ranging from 20 to 99 years, are a common tactic
employed by GCC nations to acquire land in Eastern Africa for food production to meet
their domestic needs. Even though these deals are intended to benefit both parties
financially, they are often contentious due to concerns about sustainability, fairness, and
local impacts. Saudi Star Agricultural Development (Ethiopia), which is supported by
Saudi investors and has long-term leases for rice cultivation, and Emirates Investment
Group (in Sudan and Ethiopia) are two examples of such arrangements (The Oakland
Institute, 2011).
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Infrastructure Joint development model

This refers to the construction of roads, irrigation systems, storage facilities, and
transportation networks in the host nation as part of GCC foreign agricultural
investments, particularly under government-to-government (G2G) agreements. In
addition to meeting the investor's needs for agricultural output, these facilities
frequently support regional growth. Usually, the investor, the GCC government, or state-
backed businesses share or finance the expense, occasionally in return for production
rights or land leases. Saudi Star in Ethiopia, Al Dahra Agriculture of the United Arab
Emirates in Egypt, and the port and agricultural agreement between Qatar and Kenya,
proposed in 2010 to develop Lamu port in exchange for 40,000 hectares of farmland, but
not finalized due to local opposition, are examples of such investments (Aldhaheri, 2023;
Hartley, 2009).

State-backed financing model

This is a model in which GCC governments channel investments into agriculture
abroad through sovereign wealth funds (SWFs), government-controlled investment
agencies, or state-owned enterprises, to achieve strategic objectives such as food
security, geopolitical influence, and economic diversification. Across the documented
cases, government-to-government agreements and long-term land leases together
account for the majority of investment activity, with SWF-backed equity, off-
take/contract farming, and PPP/joint-venture arrangements making up the remainder
(Figure 2). Table 3 summarizes investors from GCC countries, hosting countries, major
focus crop types, and the types of models followed.

u Govt-to-Govt

Agreements
m Long-term Land

Lease
SWF-backed Equity

m Off-take / Contract
Farming

Figure 2. Distribution of GCC Agricultural Investment Models in North and East Africa
(% of documented investments). Source: Authors' synthesis based on reviewed
sources.
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Table 3. GCC countries' investment model with their host countries in East Africa

GCC Investor Host Product Model Reference
Country Country
Saudi SALIC Sudan, Rice, Wheat SWF-backed (The Oakland
Arabia Ethiopia investments Institute, 2011)
UAE Al Dahra Sudan, Forage, State-owned (Aldhaheri, 2023)
Egypt Wheat enterprise
Qatar Hassad Sudan Grain, SWF-backed (Hartley, 2009)
Food Livestock projects

In addition to the above-mentioned models, there are also other types of investment
models followed by GCC countries in East African countries, such as the mutual strategic
interests (e.g., food security for the GCC, economic development for the host country),
private-sector-led investments (such as agribusiness firms and sovereign wealth funds
of Qatar Investment Authority, Saudi Agricultural and Livestock Investment Company -
SALIC), and public-private partnerships (PPPs), which are a blend of state support with
private sector efficiency. SALIC of Saudi Arabia was established in 2011 by the
government to invest in agriculture worldwide. However, its journey proved most fruitful
in East African countries like Sudan and Ethiopia, where it controlled rice production,
and the Kingdom has doubled its investment in Sudan. In doing so, Saudi companies
developed the ability to manage the supply chain and shield the nation from exogenous
shocks (El-Dukheri, 2024).

Status of GCC countries’ agricultural FDI in East African countries

There is no precise and up-to-date information on the amount of agricultural FDI
flowing into East African nations, despite past investments and current agreements. The
UAE's ADQ portfolio companies, including Al Dahra, have documented investments
across farming operations in Sudan, Ethiopia, Egypt, and Serbia, though consolidated
country-specific figures for Ethiopia alone are not publicly available (Calabrese, 2024).
In a similar vein, GCC nations have contributed at least $53 billion to Sudanese
agriculture in the last decade. Saudi Arabia has invested $35.7 billion, primarily to
support 250 agricultural projects. With additional instalments to follow, Saudi Crown
Prince Mohammed Bin Salman pledged to provide $3 billion to the Sudan Investment
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Fund projects (Middle East Monitor, 2023). With billions of dollars in government-
sponsored investments, such as those from SALIC, Saudi Arabia has expanded its scope
by purchasing or leasing large tracts of land not only in East Africa but also globally for
agricultural production. Diversifying the nation's food supply is the primary goal to
ensure food security. While the program’s negative impact is a rise in food prices, it has
been acknowledged for its good impact in increasing food security and reducing reliance
on domestic production (El-Dukheri, 2024).

Status of GCC Countries’ Agricultural FDI in North African Countries

North Africa represents a strategically distinct but equally important arena for
GCC agricultural investment, yet it remains significantly underrepresented in the
existing literature relative to its actual investment footprint. The region’s proximity to
the Arabian Peninsula, well-developed port infrastructure, and large expanses of
irrigable land, particularly in Egypt, Morocco, and Sudan’s northern Nile corridor, make
it a natural complement to East African investment strategies. Unlike the more frontier-
market character of Ethiopian and Kenyan investments, North African engagements
tend to involve more established institutional frameworks, stronger bilateral diplomatic
ties, and greater integration into GCC food supply chains.

Egypt is the most prominent North African recipient of GCC agricultural
investment. Unlike in Sudan and Ethiopia, much of this investment is concentrated in two
long-running desert land-reclamation schemes: Toshka, in Egypt's Western Desert, and
Sharg El-Oweinat. On the Toshka scheme, the UAE’s Al Dahra Agriculture holds
approximately 120,000 acres, while Saudi Arabia’s Al-Rajhi Investments and Kingdom
Holding Company (the latter subsequently reduced) hold substantial additional acreage;
on Sharq El-Oweinat, the UAE's Jenaan and Al Dahra, alongside Saudi Arabia’s Jannat,
hold further large tracts (Henderson, 2021). These holdings are used primarily to
cultivate alfalfa and, to a lesser extent, wheat, for export back to Gulf livestock and food
supply chains. More recently, Al Dahra and the Abu Dhabi Exports Office (ADEX) signed
a separate $500 million, five-year wheat trade-finance agreement with the Egyptian
government in 2023 to supply Egypt with imported milling wheat, a transaction distinct
from the earlier land-based investments, illustrating a parallel and growing emphasis
on trade finance alongside land acquisition (Suwaidi, 2024). Morocco’s relationship with
GCC countries in agriculture is, by contrast, documented primarily as a trade relationship
rather than direct investment: Saudi Arabia, the UAE, and Qatar are established
importers of Moroccan citrus, tomatoes, and olive oil, but the literature reviewed for this
study did not surface confirmed instances of GCC equity investment in Moroccan
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farmland or agri-processing infrastructure comparable to the Egyptian or Sudanese
cases. Tunisia presents a smaller-scale but verifiable example of GCC private equity
entering North African agriculture: Gulf Capital, an Abu Dhabi-based private equity firm,
invested in CHO Group, Tunisia’s largest olive oil exporter, to support the expansion of
its olive groves and the integration of exports. Libya, despite holding substantial
groundwater reserves and underutilised arable land, has attracted little documented
GCC agricultural investment; the literature attributes this primarily to the prolonged
political instability following 2011, which has deterred the kind of large-scale, long-
horizon capital commitments seen in Egypt and Sudan.

A key distinguishing feature of North African investments compared to their East
African counterparts is the longer time horizon of the land-based holdings, several of
which date to the early 2000s and predate the wave of Sudanese and Ethiopian deals
documented in this review. Egypt’s case in particular shows GCC investors operating on
two parallel tracks: direct land ownership for export-oriented fodder and grain
production, and separate government-to-government trade finance agreements for
wheat imports, a combination not clearly documented elsewhere in the region. Table 4
below summarizes the documented GCC agricultural investments in North Africa by
country, investor, product focus, and investment model; entries are limited to cases for
which a specific, attributable source could be identified during the review.

Table 4. GCC Agricultural Investment in North Africa: Selected Examples

Host Country GCC Country  Investor / Entity Product / Investment Model Reference
Focus
Egypt (Toshka) UAE / Saudi Al Dahra; Al-Rajhi; Alfalfa, Wheat Direct land (Henderson,
Arabia Kingdom Holding ownership 2021)
(=120,000+ acres)
Egypt (national) UAE Al Dahra / ADEX Wheat Govt-backed trade (Suwaidi, 2024)
(imported finance ($500M, 5-
milling wheat)  yr)
Egypt (Sharg UAE / Saudi Jenaan; Al Dahra; Fodder, Wheat Direct land (Henderson,
El-Oweinat) Arabia Jannat ownership 2021)
(groundwater-
irrigated)
Tunisia UAE Gulf Capital Olive oil (CHO Private equity stake (Mubasher Info,
(private equity) Group) (~$22M) 2023)
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Host Country GCC Country  Investor / Entity Product / Investment Model Reference
Focus
Morocco Saudi Arabia N/A—importers, Citrus, Trade relationship (HAC Team,
/ UAE / Qatar  not investors Tomatoes, only; no confirmed 2026)
Olive oil GCC equity
investment
identified
Libya - No confirmed N/A (potential No documented GCC Authors’
investor identified  cereals, per deals; political synthesis
general instability cited as
literature) barrier

Future Trends of Investments:

The trajectory of agricultural investments by the Gulf Cooperation Council (GCC)
countries is poised to undergo significant evolution in the coming years. The overarching
goal remains the same: securing food supplies for the GCC countries. However, the
strategies to achieve this objective are becoming increasingly diverse. There is a
discernible shift towards investments that go beyond primary agriculture to encompass
trading houses and logistical infrastructure (BMI- Fitch Solutions company, 2023). In
general, GCC agricultural investment abroad is diversifying, becoming more strategic,
sustainable, and tech driven. Moreover, future focus is likely to be on climate-resilient
agriculture, digital platforms, and biosecurity, ensuring both food security and return on
investment.

Internal demographic and economic factors are also shaping the GCC's
investment landscape. The region’'s population continues to grow, and with it, the
demand for food. Concurrently, domestic agricultural productivity is facing challenges
due to natural constraints, such as water scarcity and limited arable land (Alpen Capital,
2023). These factors are expected to contribute to an increase in agricultural
investments abroad as GCC countries seek to ensure their food security (Statista, 2024).

Moreover, recent shocks to global agricultural trade flows, such as the COVID-19
pandemic, the Russia-Ukraine war, and India’s rice export restrictions, have highlighted
the GCC's external vulnerabilities and reinforced the importance of food security on the
policy agenda (BMI- Fitch Solutions company, 2023). In response, the GCC countries are
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exploring ways to mitigate these risks through land acquisitions, trade deals, and the
adoption of domestic agricultural technologies (BMI- Fitch Solutions company, 2023).

The future of GCC agricultural investments is also likely to be influenced by
advancements in food security. Leveraging technology for precision agriculture and
optimizing supply chains will play a pivotal role in shaping the industry’s future (Alpen
Capital, 2023). There is growing interest in plant-based and alternative protein products
that cater to health-conscious consumers, reflecting a broader trend towards
sustainability and health (Alpen Capital, 2023). In a lump-sum approach, GCC countries
are adopting a forward-looking approach to agricultural investment and food security,
with an emphasis on advanced value-chain management. This approach focuses on
strengthening control over the entire agri-food supply chain, from production to
distribution, to enhance efficiency, reduce risks, and secure a consistent supply. Second,
food diplomacy and multilateral cooperation emphasize active engagement and the
fostering of multilateral partnerships to safeguard global trade frameworks and ensure
uninterrupted food flows amid geopolitical uncertainties. Thirdly, addressing
malnutrition and food-related health issues involves tackling both undernutrition and
overnutrition (such as obesity) through comprehensive food policies, public health
initiatives, and responsible food production strategies. Lastly, ensuring food
accessibility for vulnerable populations: implementing inclusive policies and investment
strategies to guarantee affordable, nutritious food access for vulnerable and low-income
groups within and outside the GCC.

Guidelines for Positive Contributions

Agricultural investments, particularly in the context of the Gulf Cooperation
Council (GCC) countries’ direct investment in North and East Africa, must be designed to
ensure positive contributions to food security and agricultural development. The focus
on smallholder agriculture is pivotal, as it plays a central role in food security and
nutrition. Smallholder farmers, who often form the backbone of rural economies, require
support through enabling policies, effective governance structures, and access to
markets, as well as training, research, technology, and farm support services to thrive
(Osabuohien, 2020).

Enabling Policies and Governance: Creating an enabling environment for
agricultural investments involves formulating policies that support sustainable farming
practices, climate-smart agriculture, and equitable market access. These policies
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should aim to mitigate market risks and address market power imbalances, thereby
fostering a more inclusive agricultural sector (Lindsay, 2012).

Access to Markets and Training: Access to markets is crucial for smallholder
farmers to sell their produce at fair prices. Investments should facilitate this access by
improving infrastructure, reducing transaction costs, and providing farmers with the
necessary business skills. Training programs are essential for enhancing farmers'’
ability to meet market standards and adopt new technologies (Africa Development Bank,
2021).

Research and Technology: Investments in research and technology can help
address challenges related to land management, climate change, resource depletion,
and biodiversity. The introduction of drones, satellite photography, loT-based sensors,
biotechnology, artificial intelligence, big data, and blockchain can revolutionize the
agricultural landscape, making it more resilient and productive (Oyelami et al., 2022).

Farm Support Services: Farm support services, including advisory services,
capacity building for adaptation, and regional food market integration, play a crucial role
in enhancing food security. These services should be tailored to the needs of smallholder
farmers, ensuring that they contribute to both food security and ecosystem services
(Wiggins & Keats, 2014).

Designing Investments for Maximum Benefits: Investments should be carefully
designed to maximise benefits for food security and nutrition while minimising
associated risks. This involves planning, monitoring, and evaluating investment
incentives for responsible investment in agriculture and food systems. The design
process should consider the trade-offs and synergies between ecosystem services and
agricultural productivity (FAO, 2014, 2017a).

Conclusion and Recommendations:

The literature review indicates that GCC countries’ direct agricultural
investments in North and East Africa have the potential to contribute to food security and
economic growth significantly. However, challenges such as geopolitical risks, financing
gaps, and the need for sustainable practices must be addressed. In addition to these,
there are other challenges, such as land acquisition controversies, where the
displacement of local communities and accusations of “land grabbing” have led to
reputational risks. Furthermore, operational difficulties that arise from poor
infrastructure, political instability, and limited local expertise hinder productivity in
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some target countries. Investors in the GCC must take a calculated, risk-averse, and
cooperative strategy to guarantee long-term, win-win results, such as:

Conduct Comprehensive Risk Assessment: To examine the operational, financial,
environmental, and sociopolitical risks associated with African agriculture, GCC
investors should conduct a comprehensive risk assessment. This entails being aware of
market volatility, climatic concerns, political stability, and land tenure systems. Effective
risk reduction techniques will improve long-term viability and investment security.

Innovative Financing Mechanisms: GCC nations should explore cutting-edge financial
options, such as impact investing, blended finance, concessional loans, and public-
private partnerships, to close the funding gap in African agribusiness. These systems
can attract a range of funding sources and foster sustainable agriculture.

Leveraging Technology for Sustainability and Productivity: Numerous opportunities
exist to enhance sustainability and productivity through advanced agricultural
technologies, including digital platforms, supply chain innovations, precision farming,
and climate-smart practices. Initiatives to increase capacity and adopt technology that
empowers regional farmers and agribusinesses should be given top priority by GCC
investors.

Market Intelligence and Forecasting: Making well-informed investment decisions
requires the development of reliable market analysis tools and precise forecasting
systems. To comprehend demand patterns, price fluctuations, and regional trade
dynamics, GCC investors are increasingly investing in market research, data analytics,
and predictive modeling.

Advocacy and Policy Interaction: To create investment frameworks and agricultural
policies that are supportive, active interaction with African officials and regional
organizations is crucial. To promote a favorable business climate, GCC investors should
collaborate to formulate policies, advocate for clear laws, and participate in multi-
stakeholder discussions.

Contributions and Significance of the Study

This study makes several distinct contributions to the existing body of knowledge.
First, it provides the first regionally comprehensive scoping review that explicitly covers
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both North and East Africa together, a geographic pairing that has rarely been treated
as a unified analytical unit in prior literature. Most existing studies focus on a single
country (typically Sudan or Ethiopia), leaving the comparative and regional dynamics
underexplored. Second, this review synthesizes three distinct types of evidence: peer-
reviewed empirical studies, institutional policy reports, and investment industry
analyses, offering a more complete picture than reviews that rely solely on academic
literature. Third, by applying a structured five-category framework (motivations,
investment models, economic outcomes, social and environmental impacts, and policy
trajectories), this review provides an organizing schema that future researchers can
build upon. Fourth, the identification of five specific literature gaps, comprehensive risk
analysis, financing mechanisms, the role of technology, market forecasting, and policy
analysis, provides a concrete roadmap for future empirical and policy-oriented
research. The significance of this study lies in its capacity to serve as a reference point
for investors designing entry strategies, policymakers crafting bilateral agricultural
agreements, and researchers scoping new studies in this rapidly evolving field.

Avenues for Further Research

The following topics could be investigated in future studies to fill in the gaps in

the literature and improve the body of knowledge for agricultural investment and policy:
Comprehensive Risk analyses:
Conduct in-depth risk analyses that account for geopolitical instability, climate
variability, environmental degradation, and market volatility. These studies would
provide a thorough grasp of the various risks affecting agricultural investments,
particularly in regions vulnerable to natural and geopolitical changes.

Case Studies for Creative Financing Models in Action: Analyze cutting-edge, effective
financing techniques used in African agriculture, including digital microlending
platforms, blended finance, and impact investing. Documenting their idea,
implementation, and measurable outcomes would offer concrete guidelines for
replication or adjustment in similar circumstances.

The Role of Emerging Technologies: An analysis of how cutting-edge technologies can
enhance the efficacy, accountability, and scalability of agricultural finance and
investment. Precision agriculture technologies, artificial intelligence for predictive
analytics, and blockchain for supply chain transparency are a few examples.
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Long-term Market Forecasts: Develop robust forecasts for the Gulf Cooperation Council
(GCC) agricultural industry that account for anticipated impacts from demographic
shifts, policy changes, and climate change. Policymakers, investors, and development
organizations should use these projections as a reference when creating future-proof
plans.

Comprehensive Policy Analyses: Conduct thorough assessments of current agricultural
policies to identify best practices for replication and gauge the success of ongoing
projects. Policy frameworks would be improved by such assessments, ensuring they
remain flexible in the face of new opportunities and challenges.
Future studies could yield practical insights and evidence-based recommendations by
addressing these research areas, empowering stakeholders, from private investors to
policymakers, to make more resilient, impactful, and informed decisions in the
agricultural sector.
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Abstract:

Food security remains a critical challenge in the Arab world, where population growth,
climate change, import dependency, conflicts, and limited natural resources exert
unprecedented pressure on food systems. In this context, novel approaches should be
implemented to transform existing systems, guarantee sustainability, catalyze
economic growth, and meet consumer needs. In this study, a scoping review
methodology is employed to map relevant literature on recent advances in green
technologies and innovative practices. Data are categorized based on eco-friendly
innovations, local or ferroir products valorization, and green policies. This review
investigates the role of local products in the Arab region and how the application of green
technologies can strengthen sustainable food security. Particular attention is given to
circular economy approaches, technological advances in food processing, and
community-driven initiatives that reduce food waste and enhance nutritional availability.
Findings show that local products and by-products constitute a natural reservoir of
valuable bio-resources. However, many of these resources remain underutilized due to
insufficient marketing, limited compliance with quality standards, limited processing
capabilities, and the digital divide. To resolve these issues, it is essential to pave the way
for functional green innovations and establishment of Arab policies that bolster
creativity, environmental preservation, and economic growth. By drawing attention to
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food tourism, organizations are encouraged to support ferroirproducts valorization and
deploy sustainable practices. Green technologies, including the Internet of Things (loT),
Artificial Intelligence (Al), and data analytics, play a pivotal role in mitigating carbon
emissions and minimizing environmental impact. The combined integration of eco-
friendly innovations, local product valorization, and food tourism offers a promising
pathway to empower communities, strengthen regional economies, and build resilient
food systems across the Arab world. Furthermore, multidisciplinary alliances,
stakeholder involvement, and policy coherence are vital for promoting equitable and
significant development and investment in Arab food systems.

Keywords: Arab region, food system, local product, eco-friendly innovation,
valorization, food tourism.

Introduction:

Global population growth is driving a significant rise in food demand (FAO, 2018).
With the world’s population expected to surpass 9.8 billion by 2050, the global food
system is under increasing pressure (FAO, 2017a), which could result in an increase of
approximately 0.5 °Cin global temperature only due to a high demand for food (lvanovich
et al., 2023). Consequently, the growing demand for food is constrained by resource
scarcity, climate change, food waste, conflicts, and environmental degradation, making
it essential to develop resilient, responsible, and sustainable food systems (Bell et al.,
20178). In this regard, several national and international policies have been established
to achieve food security and sustainability, like geographical origin and ferroir products
labels for local products whose quality is linked to their origin (Seyfang, 2006).
Consequently, strengthening sustainable and diversified food systems is fundamental
for safeguarding food security, particularly in regions which are rich in local and
traditional products. Accordingly, food security is often defined in terms of food
availability, utilization, and access (FAQ, 1996). For food access, it is ensured when all
individuals within a household have adequate income to obtain appropriate products
(Rivera and Qamar, 2003). In the Arab world, local products valorization and by-products
upcycling offer a promising pathway to enhancing the sustainability of food systems,
empowering small-scale actors such as cooperatives, reconciling tradition with
modernity, satisfying consumer needs, ensuring economic growth, and aligning
community livelihoods with the principles of the circular economy and eco-friendly
innovations.
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Indeed, the Arab region encompasses a wide range of local products that reflect
its agro-ecological diversity and cultural heritage. Building on this diversity of local
products, it is important to note that the Arab countries are a group of 22 countries that
fall under the umbrella of the Arab League. These countries extend over an approximate
area of 13.13 million square kilometres, with an aggregate population of around 356.8
million. Geographically, these countries extend from the northern and eastern parts of
Africa to the Middle East in Asia (Wilson, 2017). They exhibit a remarkable diversity of
local products. These products — such as traditional dairy derivatives, olive oil, dates,
aromatic and medicinal plants, and other products — are not only emblematic of
geographical identities but also serve as vectors for sustainable development. These
terroir products are distinguished by intrinsic natural attributes that underscore their
close linkage to the territory. Their production is further characterized by the reputation
and expertise mobilized in the process, drawing upon historical, cultural, and innovative
references. Moreover, the family-based dimension remains predominant in their
elaboration (Harrak, 2018). Despite their recognized value, Arab local products and their
eco-friendly valorization have received relatively limited attention in the scientific
literature and research, particularly when compared to the extensive diversity present
within each country. Few studies have explored the link between local Arab products
and their considerable potential in fostering sustainability, boosting green innovations,
and scaling by-products upcycling. Therefore, this review highlights the importance of
advancing discourse on Arab food systems by examining the interconnectedness
between eco-friendly innovations and local products valorization, while exploring
circular economy approaches, technological advances in food processing, and
community-driven initiatives that reduce food waste, stimulate economic growth, and
upgrade product quality. It further identifies key challenges — namely the digital divide,
low awareness of marketing strategies, and branding — while also seizing potential
opportunities, including food tourism. The research questions that this review seeks to
address are:

What obstacles and opportunities arise when integrating sustainable technologies into
Arab local product valorization?

How does digitalization contribute to the valorization of local products while integrating
eco-friendly innovations and cultural heritage in Arab food systems?

In what ways can food tourism enhance the competitiveness of Arab local products while
promoting sustainability?
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(4) How do green practices, local product valorization, and food tourism collectively
contribute to Arab food security?

Methods:

A scoping review approach was employed to map relevant literature on recent
advances in green technologies and innovative practices. This methodology was chosen
to provide a comprehensive overview of research, identify key opportunities, and point
out gaps in the field. The literature search was conducted using the following databases:
Scopus, Web of Science, ScienceDirect, PubMed, Google Scholar.

The search covered publications from 2010 to 2025 to collect recent
developments in sustainable food systems, eco-friendly innovations, green
technologies, local product valorization, and food tourism. The review included scientific
reports, books, research articles, and online resources. Keywords and Boolean
operators were used to extract the intersection of key themes.

The collected information was classified according to the criteria outlined in Figure
1. These criteria represent the key dimensions used to organize and analyze the data in
the scoping review. They include:

— Economic impact: Assessing how local products and circular economy practices
contribute to economic growth, job creation, and market development.

— Environmental sustainability: Evaluating the use of green technologies, waste
reduction, resource efficiency, and overall ecological benefits.

— Product valorization: Considering the processes that enhance the value of local
products, such as innovation, processing, quality improvement, labeling, and the
implementation and application of quality standards.

— Social and cultural relevance: Accounting for local traditions, community
engagement, and promotion of regional identity.

— Technological integration: Examining the role of digital tools and technologies in
promoting, tracking, and improving local products.

These criteria were designed to retrieve high-quality, peer-reviewed publications and
literature that directly highlight the role of green practices and eco-friendly innovations
in ensuring sustainability and economic growth. Studies focusing on the potential of local
products, food tourism, and by-products valorization were also considered. Preference
was given to studies employing clear methodological frameworks, including empirical
research, case studies, systematic and scoping reviews, for ensuring pertinence of
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findings. In parallel, exclusion criteria were established to refine the scope of the review,
whereby publications that focused solely on innovations — without reference to green
practices, sustainability impacts, or direct relevance to Arab food systems — were not
considered. Studies were excluded if they lacked full-text availability, consisted of
editorials or opinion papers, were duplicate records, or addressed food systems issues
without considering environmental, social, economic, or sustainability dimensions.

Circular economic

growth Arab food systems

Eco-friendly

Green /_ tnovations \ Local Food
practices \ Post-It ) _/ products toursim
ost-harves

valorization

Green policies and
practices

Figure 1. Criteria of data selection for the review study.

By applying these criteria, the review sought to highlight the interconnections between
eco-friendly innovations, food tourism, and local products valorization, emphasizing
their collective contribution to the sustainability of Arab food systems and the
advancement of circular economic growth.

Results and Discussion:

Green Innovation: A Pathway to Sustainable Food Valorization

The findings suggest that innovation serves not only as a mechanism to satisfy
consumer needs but also as a fundamental pillar in strengthening circular economy
systems and promoting the development and attractiveness of tourism regions.
Innovations are generally defined as new or improved products, processes and services,
or policy and institutional arrangements that intend to produce value (Nagji and Tuff,
2012). They can be of a technological nature (new machine, new product, new process,
new seed variety, digital tool, or device, etc.) or a non-technological nature (capacity
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development approach, policy, business model, changing gender norms, etc.) (Geldes
Felzensztein and Palacios-Fenech, 2017). It is often the combined availability and use of
technological and non-technological innovations that allow for change or transformation
to happen, which is referred to as an innovation package (Sartas et al, 2020) or
innovation bundle (Barrett ef a/, 2022). Many innovations undergo a maturation process,
evolving from an initial idea into a fully developed product or service. Maturation often
happens as a result of basic research, design, rigorous testing, and adaptation in both
controlled and uncontrolled environments. Once there is sufficient confidence that an
innovation is proven to work, there is usually an aspiration to make it available to more
clients or in other geographies. This is also referred to as innovation scaling — an
important precondition for achieving impact (Woltering et al, 2019; Schut et al,, 2020).

Over the past few years, a global innovation paradigm has evolved to respond to
food demand and consumer needs while simultaneously preserving the environment
and promoting economic growth. This approach is commonly referred to as green or
eco-friendly innovation. This innovation is an element that leads to green innovative
products (e.g., products made from recycled or plant-based materials) (Widodo and
Wabhid, 2020), which is an organizational strategy that emphasizes the development and
production of new products that consider aspects of technologies and sustainability.
While green products refer to the production process designed to reduce resources and
recycle them at the end of their life cycle, green innovative products take a broader
environmental perspective throughout every step of the production, making the process
more sustainable worldwide (Dagher and Itani, 2012; Widodo and Wahid, 2020). The
results clearly demonstrate that green technologies are critical to promoting
environmental resilience and sustainability. They offer original answers to
interconnected issues of climate change, environmental degradation, and resource
scarcity. By utilizing green technologies, societies can lessen their impact on the
environment and become more resilient to shocks from it (van Zanten and van Tulder,
2021).

Studies have pointed out that the application of green technologies is crucial for
managing, reducing, and upcycling food waste in a sustainable manner. Green
technology also goes under the names environmental technology and clean technology
(Madaleno et al, 2022). It is reasonable to define “green technology” as the creation and
implementation of tools, machinery, and systems meant to preserve the environment
and natural resources while minimizing and reducing the negative impacts of human
activity. Another way to define “green technology” is technology that meets present
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needs without compromising the ability of future generations to meet their own (Islam,
2023).

Food Waste: Impacts and Opportunities for Sustainable Development

Globally, food waste accounts for about 8-10% of greenhouse gas emissions
(Mbow et al, 2019), necessitating its reduction (FAO, 2017b). In this situation,
developments driven by global technological advancements and a competitive
environment can enhance innovations in products, processes, and services in the food
industry (Albertsen et al., 2020; Talwar et al.,, 2020). One type of innovation is upcycling,
which is transforming food lost during the production process into new products,
thereby reducing food waste (Aschemann-Witzel ef al., 2022).

From this perspective, the adoption of green technology becomes particularly
relevant for addressing food loss and waste. Indeed, food waste has become a major
concern and a top priority at both the global and Arab levels. Food waste occurs at
various steps within the food supply chain, including production, processing,
distribution, and consumption (Raak et al, 2017). Such losses not only waste resources
like water, energy, and labor but also contribute significantly to greenhouse gas
emissions, worsening climate change. Countries like Egypt, Pakistan, Sri Lanka, and Iraq
have the highest food waste levels, indicating inefficiencies in their consumption and
waste management systems. The transition to sustainable Arab food systems depends
heavily on effective innovative approaches, green practices such as waste management
policies that encourage the transformation of by-products and agro-industrial residues.
In contrast to the traditional “linear economic model” of “take, make, and dispose,” the
circular economy emphasizes resource efficiency, waste minimization, and the
continuous use of materials and products (Pal et al., 2024).

The valorization of agricultural waste is critical to environmental sustainability,
and multiple strategies can be followed for obtaining value-added products from food
waste, such as animal feed, composting/vermicomposting, anaerobic digestion, and
thermal treatments to produce charcoal, oils, and gases. Alternatively, novel valorization
techniques include the extraction of bioactive compounds, the production of enzymes,
exopolysaccharides, the synthesis of bioplastics, biopolymers, and the production of
biofuels with significant potential in critical economic sectors such as food,
pharmaceuticals, chemicals, fuels, and medicine (Esparza et al., 2020).

Plant-derived waste and by-products, such as peel, leaves, seeds, bran, kernel,
pomace, and oil cake, can be obtained from a wide variety of fruit, vegetables, cereals,
oil crops, roots and tubers, and other legumes during the primary production and the
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subsequent processing and distribution stages (Jin et al, 2018; Difonzo ef al, 2021;
Pathania and Kaur, 2022). Growing research shows that such waste and by-products can
be valorized by the extraction of valuable nutrients and compounds, such as proteins,
vitamins, fatty acids, amino acids, dietary fibers, flavonoids, and phenolic compounds,
among others (Ali et al,, 2021; Joshi et al, 2022; Nirmal et al., 2023; Hadidi et al., 2024).

Local Products: Driving Sustainable Consumption Trends

Food is one of the three main consumption areas that contribute the most to the
environmental impacts in the household context (European Environment Agency, 2023),
and several studies have highlighted the need to change to more sustainable food
consumption patterns (Reisch, 2013; Willett ef a/, 2019). Thus, when developing new
products from a sustainable perspective, it is important to know which ingredient,
technique, or process is the most convenient to apply from an environmental point of
view. Considering this, the valorization and promotion of local products constitute a key
element in enhancing the sustainability and resilience of Arab food systems. Findings
highlighted that the consumption of local or terroirproducts emerges as a pivotal factor
in promoting global sustainability, strengthening regional economies, and preserving
cultural identities (Bannor and Abele, 2021; Emile ef al,, 2021; Vargas et al, 2021). This
trend toward geographical origin has also generated positive environmental impacts by
reducing fuel use and minimizing the environmental impact linked to global food
transport (La Trobe, 2002; Seyfang, 2006; Karner et al, 2010; Isik et al, 2024). This
paradigm shift becomes even more relevant when we consider that exports have been
identified as a crucial factor in environmental pollution patterns (Isik, 2010). Both energy
and natural resources used in the various stages of the production of internationally
traded goods can cause environmental pollution (Isik, 2013; Isik and Turk, 2018;
Chaturvedi et al., 2024). Moreover, unsustainable consumption and production patterns,
particularly prevalent in industrialised economies, represent one of the main drivers of
continued environmental degradation on a global scale (Sijtsema et al/, 2020).
Consumers, through their food choice decisions, have a central role in the transition
toward a more sustainable food system. Thus, for an effective change, it is essential to
understand the demands and expectations of consumers when promoting local products
or developing new products or services that seek to contribute to more sustainable
consumption patterns (Martinez et af, 2010; Guiné et al., 2020).

Consumer demand for sustainable, nutrient-rich, and clean-label products is
rapidly increasing, which is driving the need for innovative eco-friendly formulations.
Within this framework, the Arab world region has the potential to invest smartly in the
promotion and valorization of its diverse local products as a strategy to ensure food

119 Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026



Alami Khaoula / Chentouf Mouad /
Harrak Hasnad (112-132)

security. This approach enhances availability and access to diverse, nutritious foods by
reducing reliance on imported or industrially processed products, thus improving
dietary quality. Additionally, valorization fosters economic empowerment of local
producers and cooperatives, ensuring stable livelihoods that reinforce local supply
chains and reduce vulnerability to market shocks. Based on the selected studies, a key
barrier impeding the promotion and expansion of local products is the limited use of
appropriate marketing strategies and digital tools to enhance product quality and
increase market visibility. The review revealed that consumers who consider both
quality and environmental impact are inclined to invest more in locally produced food.
Several studies have explored consumer preferences for locally produced food. Motives
for “buying local” include perceived quality and freshness of local food and support for
the local economy. Consumers who are willing to pay higher prices for locally produced
foods place importance on product quality, nutritional value, sensory attributes (aroma,
flavor, texture, etc.), production methods, their effects on the environment, and support
for local farmers and cooperatives (Caro et al., 2018).

Digital Transformation as a Catalyst for Local Product Promotion and Food Security

To satisfy consumer needs, guarantee sustainable Arab food systems, and
respond effectively to these challenges, the Arab countries can leverage digital
transformation to bridge existing gaps. Findings demonstrated that digitalization offers
opportunities through e-commerce platforms, social media marketing, and digital
storytelling, which can expand market reach and strengthen consumer awareness of the
cultural, historical, and ecological significance of local products. For instance,
blockchain technology helps to solve problems of traceability, food safety, and quality,
thereby benefitting the “Farm to Fork” strategy in the context of globalisation and
multiple intermediaries (Zeng et al, 2017; Kamilaris et al, 2019). The use of social
networks and digital platforms to share information expedites contact between actors.
In this regard, e-commerce constitutes an important digital service that contributes to
cost reduction, market access, and demand stimulation, principally for small farmers
and cooperatives (Zeng et al., 2017).

Green products, places, and promotions significantly influence green purchase
intentions. In several intriguing ways, environmental attitude modifies this connection.
Customers’ education level and income affect their desire to make green purchases
(Kaur et al., 2022). Consumers’ environmental consciousness and awareness levels may
vary, influencing their sensitivity and reactivity to green marketing methods. Personal
benefits, such as health and safety, may be more motivating for certain consumers than
environmental benefits (Sharma, 2021). However, consumers’ views and expectations of
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green products and marketing promises may differ, influencing their trust and
satisfaction. Some customers may need clarifications about the legitimacy and reliability
of green labels, certifications, and promotions (Sharma, 2021; Kaur et al,, 2022). Digital
transformation is a prerequisite and enabler for improving local products, as well as the
management of operations, making them more efficient. It also offers the potential to
boost food tourism, which represents an asset for Arab countries.

Context-specific training, tailored support programs, eco-friendly initiatives such
as agrotourism, and practical affordable methods play an indispensable role in bridging
the gaps related to digitalization, boosting the awareness concerning green practices,
and enhancing the cooperatives’ performance and market integration. Accordingly,
strong collaboration among stakeholders, including public institutions, researchers,
consultants, and cooperatives, in parallel with establishing digital support hubs is
fundamental to guarantee access to effective support, knowledge-sharing, and scalable
solutions (Alami et al., 2025).

Food Tourism: A Channel to Strengthen Economic Growth and Enhance the Visibility of
Local Products

Studies suggested that growing demand for authentic culinary experiences has
fuelled the growth of this sector within the tourism industry. This trend does not only
attract tourists but also stimulates local economies in various ways (Badu-Baiden et al.,
2022; Putri and Wijoyo, 2023). It emphasizes that one crucial aspect of food tourism is
its ability to showcase local or terroir products through events, fairs, festivals, and
culinary tours. It serves as a platform to present eco-friendly local products produced
by local farmers and cooperatives (Badu-Baiden et al., 2022). Such experiences provide
tourists with immersive opportunities to engage with the local culture and traditions
(Yiiksel, 2017). When combined with green practices, it contributes to the economic
growth of local communities. It must be noted that Italy stands out as a prime example
of a country renowned for its culinary offerings and food tourism experiences (Banerijee,
2015; Yiksel, 2017). This European country attracts food enthusiasts from around the
world with its diverse and flavorful cuisine, including iconic dishes like pasta, pizza, and
gelato (Ylksel, 2017). If Arab countries prioritize their authentic local products,
strategically invest in gastronomy as well as natural landscapes, and integrate these
efforts into policies promoting food security and sustainability, they can accelerate the
transformation of food systems and maximize their potential. By focusing on food
tourism, they can promote local products and implement strategies to enhance market
visibility and regional economic development. Food tourism is increasingly recognized
as a key contributor to both travel experiences and economic development worldwide.
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Illustrating the Interplay between Food Tourism and Sustainable Promotion of Arab
Local Products

An exemplary case of how the intersection of valorization of local products, green
practices, and food tourism contributes to regional economic growth is argan oil.
Whereas argan oil has been traditionally used for nutritional purposes in Central-West
Morocco, nowadays, it is particularly prized by the cosmetic industry because of its
broad spectrum of functional properties including skin hydration, hair revitalizing,
antioxidant, anti-aging, and antiradical (Guillaume and Charrouf, 2011). Argan oil is the
first Moroccan terroir product to benefit from the Protected Geographical Indication
(PGI), a label obtained in accordance with the Moroccan law No. 26-05 of Distinctive Signs
of Origin and Quality (SDOQ). When ingested, argan oil is endowed with pharmacological
properties such as blood-cholesterol stabilization, hypertension, and diabetes
prevention; moreover, it possesses antibacterial activity (El Monfalouti et al, 2010).
Preparing argan oil involves the elimination of the external parts of the fruit (pulp and
nutshell), to free cold-pressed argan kernels. Through eco-friendly innovations, these
by-products can be used and generate income for the cooperatives. Biorefining of argan
biomass can help reduce waste and create jobs in rural areas, a key factor given that the
unemployment rate is currently 19.7% in the Sous Massa region, where the argan tree
mainly grows (Charrouf and Guillaume, 2018; MEQ, 2024). It can also increase the added
value of argan by-products, particularly for women’s cooperatives. Qil, proteins, fibers,
and other useful components could be extracted from the argan oil by-products and
recycled or utilized in various industries, including food, cosmetics, and
pharmaceuticals. In this context, digitalization and food tourism act as strategic allies in
promoting local products and strengthening food systems, without overlooking the
crucial role of product labeling and quality certifications. Currently, Morocco has 84 local
products labeled under SDOQ1. These products have been labeled under three
distinctive signs: Protected Geographical Indications, Protected Appellations of Origin,
and Agricultural Labels. These labeled products mainly include local ferroir products
such as olive and argan oils, fresh and dried fruits (including dates and almonds),
aromatic and medicinal plants (e.g., rosemary, rose, and saffron), as well as animal-
origin products (e.g., honey and cheese) (MAMFRDWF, 2019). The establishment of such
labels and protective legislation is essential for the recognition and valorization of Arab
local products. They not only preserve traditional know-how but also promote
sustainable and equitable economic development for local communities. Moreover,

! Personal communication. Labeling Division, Ministry of Agriculture, Maritime Fisheries, Rural Development,
and Water and Forests, March 12", 2026.
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these initiatives strengthen the competitiveness of products in national and international
markets, ensuring consumers the authenticity and quality of the products they purchase.
The example of argan oil illustrates the importance of legal protection for ferroir
products in supporting their development and long-term sustainability. This model can
be extended to other Arab local products, taking into consideration their diversity.

The studies included in the scoping review indicate a substantial growth in
scientific publications, highlighting the interrelated roles of economic growth, green
technologies, and the valorization of local products within the framework of the circular
economy. As illustrated in Figure 2, the interconnectedness between eco-friendly
innovations, green technologies, local product valorization, and food tourism contributes
to the development of sustainable Arab food systems. This figure also demonstrates the
pivotal role of the circular economy, which aims to establish closed-loop systems where
materials and products remain in continuous circulation within the economy. When
integrated into the value chain of local products and their valorization, it contributes to
extending product lifespan. Eco-friendly products are intentionally designed to be
durable, reusable, and repairable, thereby reducing the need for new resource
extraction. At the end of their lifecycle, components are recovered and reintegrated into
the production process, preventing them from becoming waste. Green technologies and
digitalization further enhance the system'’s circularity while simultaneously creating
new business and employment opportunities in sectors such as remanufacturing, repair,
resource recovery, and upcycling. In addition, this model decreases reliance on virgin
resources, minimizes waste and pollution, and plays a vital role in mitigating climate
change. By maintaining materials in circulation, it reduces dependence on volatile global
supply chains and alleviates pressures linked to the scarcity of finite resources.
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Figure 2. Interconnected Pathways Toward Sustainable Arab Food Systems.

Conclusions:

This review has made a key contribution by illustrating the challenges and
opportunities at the intersection of eco-friendly innovations, green technologies, local
product valorization, and food tourism. Building on these insights, it has further explored
the essential components required for the sustainability and transformation of Arab food
systems, linking them directly to the opportunities identified above and applying them
specifically to the local food sector. To advance sustainability of Arab food systems and
mitigate environmental impact related to food, a potential solution lies in the valorization
of local products and their by-products, supporting eco-friendly innovations and
empowering cooperatives to adopt digitalization and green technologies. These two
tools play a capital role in improving the quality of local products and strengthen their
visibility in the market. The goal is to build resilient sustainable Arab systems that satisfy
consumer needs, protect the environment, honour territorial heritage, and develop local
economies. To fasten this switch, food tourism emerges as a catalyst. It leverages
traditional know-how, opens opportunities for locals — including cooperatives — to
access new markets, and encourages them to step out of their comfort zones and
innovate sustainably. This review concludes that by adopting a system thinking
perspective, digitalization benefits the entire organization by improving workflows,
reducing costs, and enhancing customer experiences. This approach considers long-
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term sustainability, scalability, and collaboration with partners and stakeholders to
create a networked digital ecosystem. It also allows organizations to remain agile and
adaptable, responding quickly to market changes and technological advancements.

Recommendations:

This review lays the baseline for the future debate by recommending a system or
ecosystem approach towards merging eco-friendly innovations with local products
valorization while using food tourism and green technologies as strategic allies and
resilient tools to ensure sustainable success of Arab food systems. These concepts
provide Arab countries with opportunities to promote their local products and enhance
their competitiveness. It is important to strengthen the link between terroirs and
cooperatives by increasing awareness of the value and potential of local products and
by integrating them into tourism services through the development of compelling
storytelling narratives. In addition, leveraging digitalization can support the
documentation, promotion, and traceability of local products, while also facilitating
market access, enhancing visibility, and enabling more efficient communication between
producers and consumers within sustainable food and tourism systems.

These opportunities can position local products as catalysts for green innovation,
sustainability, and socio-economic growth within Arab food systems. Indeed, bolstering
the adoption of labels linked to the geographical origins and quality certifications is
essential to protect local products and improve their quality, enhance their credibility,
and facilitate their access to diverse markets. In this regard, implementation and
training on relevant standards are crucial. Moreover, collaborations among researchers,
cooperatives, local chefs, food artisans, and restaurateurs constitute a cornerstone for
advancing food tourism, fostering the valorization of local products, and promoting
innovative sustainable formulations. Additionally, strategic alliances between public and
private structures establish a concrete connection between knowledge, resources, and
practical implementation of eco-friendly solutions, enriching the overall promotion of
local products. Furthermore, the transition toward sustainable resilient Arab food
systems requires a seamless integration of creativity, innovation, cultural elements, and
collective intelligence supported through cooperation among Arab countries.
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Abstract:

The red palm weevil (R. ferrugineus) is one of the most destructive pests of date palm (P.
dactylifera L.), causing substantial economic losses and threatening the sustainability of date
palm production worldwide. The extensive use of synthetic insecticides has accelerated the
evolution of insecticide resistance while raising serious concerns regarding environmental
contamination, non-target effects, and food safety. Consequently, the development of
effective botanical alternatives has become a priority for sustainable pest management. This
study evaluated the insecticidal potential of Rosmarinic acid, a naturally occurring plant
phenolic compound, against R. ferrugineus under laboratory and field conditions. Laboratory
bioassays assessed acute toxicity and sublethal physiological effects using an artificial diet
incorporation method. Toxicity was determined by estimating LCso values, whereas nutritional
indices, including the efficacy of conversion of ingested food (ECI) and digested food (ECD),
were used to evaluate physiological disruption. In addition, the molecular mechanism of
action was investigated by analyzing the expression of key detoxification genes, including
cytochrome P450, glutathione S-transferase (GST), and general esterases. Field trials
conducted during 2022-2023 in Baltim, Kafr El-Sheikh, Egypt, evaluated trunk injection of
Rosmarinic acid at 3, 4, and 5 mL L™", with Deltamethrin (0.25 mL L™) serving as the reference
insecticide. Treatment performance was assessed through destructive sampling, Palmear®
acoustic detection, and residue analysis of palm tissues and fruits. Rosmarinic acid exhibited
clear dose-dependent toxicity, with LCso values of 2.041, 2.230, and 2.575 mL L™ against
fourth-instar larvae, eighth-instar larvae, and adults, respectively. It also significantly reduced
nutritional efficiency and suppressed detoxification-related gene expression, indicating a
multi-target mode of action. The highest field recovery rate (93.33%) was achieved with
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Rosmarinic acid at 5 mL L™, exceeding both Rosmarinic acid at 4 mL L™ and Deltamethrin
(86.67%). Furthermore, no Rosmarinic acid residues were detected in palm tissues or fruits,
whereas Deltamethrin residues remained detectable. These findings highlight Rosmarinic acid
as an effective, environmentally compatible, residue-free botanical insecticide suitable for
integration into sustainable management programs against the red palm weevil.

Keywords: Rosmarinic acid, Red palm weevil, Rhynchophorus ferrugineus, Date palm,
Sustainable pest management.

Introduction:

Date palm (Phoenix dactylifera L.) is one of the most important fruit crops
cultivated in arid and semi-arid regions worldwide. Global date production reached
approximately 9.66 million metric tons, harvested from around 1.29 million hectares
worldwide, with an average productivity of 6.84 tons ha™' (FAO, 2023). Egypt is the
leading global producer of dates, contributing approximately 1.71 million metric tons
annually from nearly 14.63 million productive palms cultivated over 78.21 thousand
hectares, with an average productivity of 116.38 kg palm™" (MALR, 2021). The economic
importance of date palm production makes the protection of this crop from destructive

pests a major priority.

The red palm weevil (Rhynchophorus ferrugineus Olivier) represents one of the
most damaging insect pests affecting date palm production worldwide. The cryptic
feeding behavior of larvae inside the trunk often results in delayed detection, extensive
tissue destruction, and, in severe cases, palm death (Al-Dosary et al., 2016). Pest-related
losses contribute substantially to reductions in date palm productivity, with A.
ferrugineus considered among the primary biological constraints affecting date palm
cultivation (El-Juhany, 2010). In Egypt, economic losses associated with red palm weevil
infestations have been estimated at approximately 4 billion Egyptian pounds between
1992 and 2000 (Abbas, 2019), highlighting the urgent need for effective and sustainable

management approaches.

Management of R. ferrugineus has traditionally depended on repeated
applications of synthetic insecticides. However, intensive reliance on chemical control

has raised concerns related to environmental contamination, effects on beneficial
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organisms, pesticide residues, and the development of insecticide resistance (Al-Ayedh
et al., 2016). Reports of reduced susceptibility to commonly used insecticides, including
pyrethroids, further emphasize the limitations of conventional control strategies and the
need for alternative approaches compatible with integrated pest management (IPM)

programs.

Plant-derived bioactive compounds have received increasing attention as potential
alternatives to synthetic insecticides because of their diverse biological activities and
generally favorable environmental characteristics. Essential oils, botanical extracts, and
plant secondary metabolites have demonstrated insecticidal, antifeedant, and growth-
regulating effects against several agricultural pests (Piri et al., 2020; Darrag et al., 2022).
Among these compounds, phenolic metabolites have attracted considerable interest due
to their antioxidant, antimicrobial, and insecticidal properties (Darrag et al., 2022; Guan
et al., 2022).

Rosmarinic acid (C;gH160g) is a naturally occurring phenolic ester widely
distributed in numerous plant species, particularly members of the Lamiaceae family
(Guan et al., 2022). Owing to its broad spectrum of biological activities, Rosmarinic acid
has attracted increasing attention as a plant-derived bioactive compound with potential
applications in sustainable pest management. Previous studies have demonstrated that
purified Rosmarinic acid, as well as Rosmarinic acid-enriched plant fractions, can
adversely affect insect survival, development, feeding behavior, and physiological
performance. Insecticidal activity has been reported against several economically
importantinsect pests, including the pea aphid (Acyrthosiphon pisum), lesser grain borer
(Rhyzopertha dominica), citrus mealybug (Planococcus citr)), and oriental fruit fly
(Bactrocera dorsalis) (Khan et al., 2016; Mughees et al., 2021). Moreover, evidence from
lepidopteran and hemipteran insects suggests that Rosmarinic acid may disrupt
oxidative homeostasis and alter detoxification-related pathways, including cytochrome
P450 monooxygenases and glutathione S-transferases, thereby contributing to its
insecticidal activity (Khan et al., 2019; Kashyap and Reddy, 2025).

Despite these promising findings, current knowledge remains largely limited to

laboratory-based evaluations involving a relatively narrow range of insect species.
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Information regarding the efficacy of purified Rosmarinic acid against the red palm
weevil (R. ferrugineus), one of the most destructive pests of date palm, remains scarce,
particularly under field conditions. Furthermore, the relationships among insecticidal
activity, physiological disruption, detoxification responses, field performance, and
residue behavior in treated palms have not yet been comprehensively investigated.
Recent advances in formulation technologies, including nanoemulsions and
biodegradable delivery systems, have further highlighted the potential of Rosmarinic
acid as a botanical insecticidal candidate while emphasizing the need for comprehensive

biological evaluation before practical application (Naveed et al., 2023).

Therefore, the objective of the present study was to comprehensively evaluate
the insecticidal potential of purified Rosmarinic acid against R. ferrugineus using an
integrated laboratory-to-field approach. Specifically, the study aimed to (1) evaluate the
insecticidal activity of Rosmarinic acid against different developmental stages of A.
ferrugineus under laboratory conditions by determining lethal concentrations (LCs); (2)
assess the sublethal effects of Rosmarinic acid on larval feeding performance and
nutritional utilization through determination of nutritional indices, including approximate
digestibility (AD), efficiency of conversion of ingested food (ECI), and efficiency of
conversion of digested food (ECD); (3) investigate potential molecular responses
associated with Rosmarinic acid exposure by analyzing the expression patterns of major
detoxification-related genes, including cytochrome P450 monooxygenases, glutathione
S-transferases (GSTs), and esterases; (4) evaluate the field efficacy of Rosmarinic acid
applied through trunk injection against naturally infested date palms and compare its
performance with Deltamethrin using destructive assessment and Palmear® acoustic
detection technology; (5) characterize the residue behavior of Rosmarinic acid and
Deltamethrin in palm tissues and date fruits following trunk injection to provide

preliminary information regarding residue persistence and food safety considerations.

Materials and Methods.
Rosmarinic acid isolation, purification, and quantification

Fresh aerial parts of Origanum vulgare L., Melissa officinalis L., Salvia officinalis
L., Rosmarinus officinalis L., and Thymus vulgaris L. were collected during the 2022
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growing season. Plant materials were authenticated, shade-dried at room temperature
(25 = 2 °C), and finely ground. The powdered samples were subjected to Soxhlet
extraction using n-butanol as the extraction solvent for 6 h, following the procedure
described by Sik et al. (2020). The obtained extracts were concentrated under reduced
pressure using a rotary evaporator at 40 °C and stored at 4 °C until further analysis.

Rosmarinic acid was subsequently isolated from the obtained extracts using
appropriate purification procedures. The isolated fractions were subjected to
chromatographic and spectrometric analyses to confirm the identity of the target
compound. High-performance liquid chromatography coupled with mass spectrometry
(HPLC-MS) was used for qualitative and quantitative determination of Rosmarinic acid.
Compound identification was based on comparison of retention time and mass spectral

fragmentation patterns with those of an authentic Rosmarinic acid standard.

Chromatographic separation was achieved using a C18 reversed-phase column
(250 mm x 4.6 mm, 5 ym) with a gradient mobile phase consisting of water containing
0.1% formic acid and acetonitrile at a flow rate of 1.0 mL min~". Detection was performed
at 330 nm. Quantification was carried out using an external calibration curve generated
from authentic Rosmarinic acid standards.

The Rosmarinic acid content was calculated based on the amount of compound
recovered relative to the initial dry plant material used for extraction and expressed as
mg g~" dry weight (DW). This approach enabled accurate comparison of Rosmarinic acid
yield among the evaluated plant species. For subsequent biological assays, the isolated
Rosmarinic acid fraction was used as the tested active compound, rather than crude
plant extracts, to minimize the potential influence of other co-extracted phytochemicals
on biological responses.

Insects

The red palm weevils (R. ferrugineus) used in this study were obtained from
laboratory colonies originally established from adults collected in date palm-infested
fields between October and December 2022. The adults were maintained in mesh cages
(57.5 x 29 x 58 cm) containing pineapples to facilitate mating and oviposition under
controlled environmental conditions of 30 + 1°C, 75 + 5% relative humidity (RH), and a
16 h light:8 h dark photoperiod. Newly hatched larvae were initially reared on
pineapples, while second-instar larvae were transferred individually to an artificial diet
and kept in 400 mL perforated plastic cups under the same temperature, humidity, and
photoperiod conditions (Hussain et al., 2016).
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Laboratory Bioassays

Laboratory bioassays were conducted during 2022-2023 at the Plant Protection
Research Laboratory, Agricultural Research Center (ARC), Dakahlia, Egypt. Laboratory
colonies of R. ferrugineus were maintained under controlled environmental conditions
(30 £ 1 °C, 75 + 5% relative humidity, and a 16:8 h light:dark photoperiod). Fourth-instar
larvae, eighth-instar larvae, and adults were used for toxicity evaluation.

Rosmarinic acid obtained from the isolated active fraction and confirmed by
HPLC-MS analysis was used in all biological assays. Insects were exposed to artificial
diets supplemented with Rosmarinic acid at concentrations of 3, 4, and 5 mL L™".
Deltamethrin (Decis® 25 EC) at 0.25 mL L™' was used as the reference insecticide, while
untreated insects receiving the same artificial diet without Rosmarinic acid or insecticide
served as the control.

For each developmental stage, 100 individuals were evaluated per treatment. The
experiment consisted of five independent replicates, with 20 insects per replicate.
Larvae and adults were continuously exposed to treated diets for 10 days. Mortality was
recorded daily, and mortality percentages were corrected for control mortality using
Abbott’s formula (Abbott, 1925).

Corrected mortality data were subjected to probit analysis to estimate median
lethal concentrations (LCso) using POLO-PC software (LeOra Software LLC, Berkeley, CA,
USA) according to Russell et al. (1977). Cumulative mortality data at different exposure
periods were analyzed using repeated-measures ANOVA after angular transformation.
Treatment means were separated using Fisher’s least significant difference (LSD) test
(SAS Institute, 2017).

Growth Inhibition and Nutritional Indices

The effects of Rosmarinic acid on larval feeding performance and nutritional
utilization were evaluated using fourth- and eighth-instar larvae of R. ferrugineus. These
developmental stages were selected because they allow accurate measurement of
larval biomass gain, food consumption, and frass production.

Artificial diets were prepared by incorporating Rosmarinic acid at the previously
determined LCs, concentrations for each larval instar. The untreated control diet
contained no Rosmarinic acid. Twenty-five larvae of each instar were individually placed

in aerated plastic containers containing treated or untreated diets. Five independent
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biological replicates were established for each treatment, with five larvae considered as

one replicate.

Larvae were maintained under controlled laboratory conditions (30 + 1 °C, 75
5% relative humidity, and a 16:8 h light:dark photoperiod). After three days of continuous
feeding, larval weight gain, food consumption, and frass production were measured
using an analytical balance.

Nutritional indices were calculated according to standard procedures:
e Approximate digestibility (AD):
AD (%) = [(food ingested - frass weight) / food ingested] x 100
e Efficiency of conversion of ingested food (ECI):
ECI (%) = [weight gained / food consumed] x 100
e Efficiency of conversion of digested food (ECD):
ECD (%) = weight gained / (food ingested - frass weight)
Data were analyzed using one-way ANOVA, and treatment means were compared using

Fisher's LSD test (SAS Institute, 2017).

Detoxification-Related Gene Expression Analysis

The molecular response of R. ferrugineus larvae to Rosmarinic acid exposure
was investigated by analyzing the expression patterns of major detoxification-related
gene families, including cytochrome P450 monooxygenases, glutathione S-transferases

(GSTs), and esterases.

Fourth- and eighth-instar larvae were fed artificial diets containing Rosmarinic acid at
their respective LCsy concentrations. Control larvae received untreated diets. Five
biological replicates were established for each treatment, with five larvae pooled per

replicate.

After 72 h of exposure, larvae were dissected under sterile conditions in ice-cold
physiological saline. Midgut tissues were collected, immediately frozen in liquid

nitrogen, and stored at -80 °C until RNA extraction.
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Total RNA was extracted using the RNeasy® Universal Mini Kit (Qiagen, Hilden,
Germany). Complementary DNA synthesis was performed using the PrimeScript First
Strand cDNA Synthesis Kit (TaKaRa Clontech, Paris, France). Quantitative real-time PCR
was conducted using a CFX96 Touch™ Real-Time PCR System (Bio-Rad, UK) with SYBR®
Premix Ex Tag™ II.

The expression levels were normalized using B-actin (GenBank accession no.
KM438516) as an internal reference gene. Relative expression changes were calculated
using the 2"AACt method (Livak and Schmittgen, 2001). Statistical differences among
treatments were determined using one-way ANOVA followed by Fisher’s LSD test.

Field Evaluation:

Field experiments were conducted during the 2023 growing season in a
commercial date palm orchard naturally infested with R. ferrugineus in Baltim, Kafr El-
Sheikh Governorate, Egypt. Two economically important cultivars, ‘Barhi’ and ‘Hayani’,
were selected for evaluation.

Experimental Design and Trunk Injection Application

The experiment was arranged as a completely randomized design (CRD).
Treatments included Rosmarinic acid at 3, 4, and 5 mL L™ and Deltamethrin (Decis® 25
EC) at 0.25 mL L™". Water-injected palms served as untreated controls.

Each treatment consisted of three replicates, with each replicate represented
by one naturally infested palm. Palms were selected based on comparable infestation
symptoms and similar infestation severity before treatment.

Trunk injection was performed using a Syngenta® injection device following a
standardized procedure. Four downward-angled holes (30 cm depth and 1.2 cm
diameter) were drilled uniformly around the trunk above the soil surface. Rosmarinic
acid solution was injected at 15 mL per hole (60 mL palm™ total), whereas Deltamethrin
solution was applied at 25 mL per hole (100 mL palm™" total). After injection, holes were
sealed with moist clay to reduce leakage and facilitate systemic movement of the
injected solutions.

Evaluation of Treatment Efficacy

The efficacy of the insecticide treatments was evaluated 60 days after trunk injection
using three complementary assessment methods to improve the reliability of field
evaluation.
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1)

3)

Visual assessment of external symptoms: Each treated palm was visually
inspected for the presence of characteristic symptoms of Rhynchophorus
ferrugineus infestation, particularly the exudation of yellowish-brown viscous
sap from trunk tissues. The absence of these symptoms was considered an initial
indication of palm recovery.

Destructive assessment: Following visual inspection, the infested trunk tissues
were carefully dissected to determine the survival status of R. ferrugineus
individuals. Palms were scored according to the presence of living insects as
follows:

e 0=No living R. ferrugineusindividuals detected (recovered palm).
e 1=0ne or more living R. ferrugineus individuals detected (non-recovered

palm).

Acoustic assessment: Trunk infestation was also evaluated using the Palmear®
acoustic detection system, which integrates acoustic sensing technology with
artificial intelligence to detect internal feeding activity of R. ferrugineus. Detection
results were interpreted according to the manufacturer’'s recommendations and
converted into numerical scores as follows:

e 0 =Green signal (no detectable infestation).
« 0.5 =0range signal (uncertain detection).

o 1 =Red signal (active infestation detected).

The final assessment of treatment efficacy was based primarily on the destructive

examination, while visual symptom assessment and acoustic detection were used as

complementary methods to support the diagnosis and improve the accuracy of field

evaluation.

Collection of Plant Samples for Residue Analysis:

To evaluate residue persistence and systemic distribution, palm frond bases and

fruits were collected after treatment. Frond bases were collected one month after trunk

injection. Four fronds from different directions around each palm were sampled, and

basal sections were combined to form one composite sample per palm.
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Fruit samples were collected at two developmental stages: Bisr (early ripening)
one month after treatment and Tamr (fully ripe stage) two months after treatment.
Approximately 250 g of fruits were collected from each direction of the palm, pooled into
a composite sample (approximately 1 kg per palm), and transported under refrigerated
conditions for residue analysis.

Rosmarinic Acid and Deltamethrin Residue Determination

Residue analyses were performed at the Central Laboratory for Analysis of
Pesticide Residues and Heavy Metals in Food (QCAP), Agricultural Research Center, Giza,
Egypt. The laboratory is accredited according to ISO/IEC 17025:2017 by the Egyptian
Accreditation Council (EGAC) and the American Association for Laboratory Accreditation
(A2LA).

Sample extraction was performed using the validated QUEChERS procedure.
Rosmarinic acid residues were quantified using LC-MS/MS, whereas Deltamethrin
residues were analyzed using GC-MS according to validated analytical protocols.

The analytical method showed a limit of quantification (LOQ) of 0.01 mg kg™".
Quality control procedures, including calibration, recovery tests, and analytical
validation, were performed according to laboratory accreditation requirements.

Field data were analyzed using analysis of variance (ANOVA). Treatment effects
were considered significant at p < 0.05. Mean comparisons were performed using
Fisher's LSD test (SAS Institute, 2017).

Results and Discussion:

Purification and quantitative profiling of rosmarinic acid from Lamiaceae plant sources.

Rosmarinic acid was isolated and purified from the aerial parts of Origanum
vulgare L., Melissa officinalis L., Salvia officinalis L., Mentha piperital., Thymus vulgaris
L., and Rosmarinus officinalis L. using Soxhlet extraction followed by purification
procedures. The extracted compound was obtained separately from each plant source
and was not applied as a crude botanical extract in subsequent bioassays. Instead,
purified Rosmarinic acid was used as the active compound in all toxicity, physiological,

biochemical, and molecular experiments.

Journal of Investment & Sustainable Food Security, Volume 1, No.1 November 2026 142



Rosmarinic Acid as a Promising Biopesticide Against Rhynchophorus
Ferrugineus in Date Palm (133-158)

The extraction process was performed using different solvents, and n-butanol
exhibited the highest recovery efficiency, which is consistent with its suitable polarity for
extracting phenolic compounds (Sik et al., 2020). The identity and purity of the isolated
compound were confirmed by high-performance liquid chromatography coupled with
mass spectrometry (HPLC-MS), based on the characteristic retention time and mass
spectral profile of authentic Rosmarinic acid. The quantitative content of Rosmarinic acid
was calculated based on the amount of compound recovered per gram of dry plant

material (mg g™" dry weight), allowing direct comparison among different plant sources.

Quantitative analysis revealed significant variation in Rosmarinic acid content
among the examined species. 0. vulgare showed the highest concentration (46.7 + 2.0
mg g~' dry weight), followed by M. officinalis (32.0 + 0.1 mg g~' dry weight), whereas
lower concentrations were detected in S. officinalis, M. piperita, T. vulgaris, and R.
officinalis (Table 1). These differences may reflect species-specific variation in genetic
background, enzymatic regulation, and environmental factors affecting the
phenylpropanoid biosynthetic pathway (Sik et al., 2020). The obtained results indicate
that O. vulgare and M. officinalis represent efficient natural sources for Rosmarinic acid
production and provide suitable starting materials for further development of botanical

insecticidal formulations.

Table 1.Yield and quantitative profiling of purified rosmarinic acid isolated from different
Lamiaceae plant species based on HPLC-MS analysis.

Plant species *Rosmarinic acid content (mg g~' DW # SE)
Origanum vulgare L. 46.7+2.0
Melissa officinalis L. 32.0+0.1
Salvia officinalis L. 20.6 £ 0.1
Mentha piperita L. 18.2+0.3
Thymus vulgaris L. 16.1+£1.1
Rosmarinus officinalis L. 10.3+0.3

“Values are expressed as mean + standard error (SE) of three independent extractions.
DW = Dry Weight.

Laboratory Toxicity of Rosmarinic Acid Against Adults and Larvae of the Red Palm Weevil

The mortality responses of different developmental stages of R. ferrugineus
exposed to purified Rosmarinic acid and Deltamethrin are presented in Figure 1 (a—d).
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Both compounds induced detectable toxic effects under laboratory conditions, with
mortality increasing progressively throughout the exposure period, indicating a time-
dependent response to treatment.

The susceptibility of R. ferrugineus varied among developmental stages. Fourth-
instar larvae exhibited the highest sensitivity to Rosmarinic acid, followed by eighth-
instar larvae, whereas adults showed relatively lower susceptibility. In addition,
Rosmarinic acid produced a concentration-dependent response, as increasing the
concentration from 3 to 5 mL L™" resulted in increased mortality across all tested stages.

The cumulative mortality results (Figure 1d) showed that Rosmarinic acid at 5 mL
L™ resulted in 100% mortality of fourth-instar larvae. For eighth-instar larvae, mortality
reached 95% and 90% following exposure to Rosmarinic acid at 5 and 4 mL L™,
respectively. In comparison, Deltamethrin at 0.25 mL L™" caused mortality rates of 87%,
84%, and 77% in fourth-instar larvae, eighth-instar larvae, and adults, respectively.
These results demonstrate that Rosmarinic acid exhibited significant insecticidal activity
against different developmental stages of R. ferrugineus, with greater effectiveness
observed at higher concentrations and against larval stages.

The differences in susceptibility among developmental stages may be related to
developmental variation in physiological characteristics, feeding behavior, or other
stage-specific factors that influence insect response to toxic compounds. Similar
variations in susceptibility among insect stages have been reported for several botanical
compounds and synthetic insecticides, where differences in insect development and
metabolic capacity may affect toxicity outcomes.

Previous studies have also reported the insecticidal activity of Rosmarinic acid
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Figure 1. Mortality responses of R. ferrugineus to Deltamethrin (Decis® 25 EC) at 0.25 mL L™’
and Rosmarinic acid at three concentrations of 3, 4, and 5 mL L™ under laboratory conditions:
(a) fourth-instar larvae, (b) eighth-instar larvae, (c) adults, and (d) cumulative mortality of the
three developmental stages.

The toxicity of purified Rosmarinic acid differed among the developmental stages
of R. ferrugineus, although all tested stages exhibited susceptibility to the compound
(Table 2). Fourth-instar larvae were the most sensitive stage, with an LCs, value of 2.041
mL L™ (95% Cl: 1.487-2.594 mL L"), followed by eighth-instar larvae (LCso = 2.230 mL
L™" 95% Cl: 1.717-2.743 mL L™"). Adults exhibited the lowest susceptibility, with an LCs,
value of 2.575 mL L' (95% CI: 2.030-3.119 mL L™"). The approximately 26.2% increase
in LCso from fourth-instar larvae to adults indicates a reduction in sensitivity with
advancing developmental stage under the experimental conditions.

The probit slope values varied among developmental stages, with values of 1.16
+ 0.24, 0.81 £ 0.13, and 0.60 £ 0.10 for fourth-instar larvae, eighth-instar larvae, and
adults, respectively. The higher slope value observed in younger larvae suggests a more
consistent concentration—-mortality response within this developmental stage, whereas
the lower slope values in older larvae and adults indicate greater variability in individual
responses to Rosmarinic acid exposure. These differences may reflect developmental
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variation in physiological characteristics affecting insect susceptibility; however, further
investigations are required to clarify the underlying mechanisms.

The goodness-of-fit analysis indicated that the probit model adequately described the
concentration—-mortality relationships for all tested stages. The calculated x* values
were 0.3250, 1.6652, and 3.3362 for fourth-instar larvae, eighth-instar larvae, and
adults, respectively, with no significant deviations between observed and expected
mortality values (p > 0.05). These results confirm the suitability of the fitted probit
models and support the reliability of the estimated LCs, values.

Previous studies have reported insecticidal activity of Rosmarinic acid against other
insect species. For example, Rosmarinic acid exhibited toxicity against the stored-
product pest Rhyzopertha dominica, with an LCso value of 42.4 ug mL™" (Mughees et al.,
2021). Additionally, Rosmarinic acid has shown biological activity comparable to some
conventional insecticides in laboratory assays against different insect pests, including
Bactrocera dorsalis, suggesting its potential as a botanical insecticide candidate.
However, further studies addressing formulation development, non-target effects, and
field-scale performance are required before practical implementation.

Table 2. Dose mortality and probit analysis of different developmental stages of A.
ferrugineus treated with pure Rosmarinic acid.

Stage LCso (mLL™") 95% CI (low — high) Slope + SE X

4™ larval instar 2.041 1.487 - 2.594 1.16 £0.24 0.3250
8" larval instar 2.230 1.717 - 2.743 0.81+0.13 1.6652
Adult 2.575 2.030-3.119 0.60+£0.10 3.3362

LDso values were calculated after three days of feeding. LDso, values were not
determined at 10 days because all treatments produced mortality exceeding 50% before
the end of the experimental period.

Larval Growth- and Development-Retarding Effects of Rosmarinic Acid at LCsg
Concentrations

The effects of Rosmarinic acid on larval nutritional performance and growth-
related parameters of R. ferrugineus were evaluated using LCs, concentrations
previously estimated for the fourth- and eighth-instar larvae (2.041 and 2.230 mL L™",
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respectively). After 72 h of continuous feeding on Rosmarinic acid-treated artificial diets,
significant differences were observed in the nutritional indices, including efficiency of
conversion of ingested food (ECI), efficiency of conversion of digested food (ECD), and
approximate digestibility (AD) (Table 3).

Fourth-instar larvae exposed to Rosmarinic acid at their corresponding LCs,
concentration (2.041 mL L") exhibited a significant reduction in ECD compared with
eighth-instar larvae treated with 2.230 mL L™ (p < 0.0001). Similarly, ECI values were
significantly reduced in fourth-instar larvae, indicating a lower efficiency in converting
ingested food into larval biomass following Rosmarinic acid exposure. These results
suggest that Rosmarinic acid affected food utilization efficiency, particularly in younger
larvae, under the tested experimental conditions.

In contrast, AD values showed a different response pattern, with significant
increases observed following Rosmarinic acid exposure in both larval stages (p <
0.0001). The fourth-instar larvae treated with 2.041 mL L™" exhibited a 25.39% higher AD
value compared with eighth-instar larvae treated with 2.230 mL L™". The increase in AD,
accompanied by reductions in ECI and ECD, indicates that although larvae were able to
digest a greater proportion of consumed food, the conversion of digested nutrients into
body biomass was reduced.

The observed alterations in nutritional indices demonstrate that Rosmarinic acid
exposure influenced larval feeding efficiency and nutrient utilization, with stronger
effects recorded in fourth-instar larvae. Differences between larval stages may be
related to developmental variation in feeding behavior, metabolic activity, or
physiological requirements; however, further biochemical investigations are required to
clarify the mechanisms underlying these responses.

Similar effects of Rosmarinic acid on insect growth and nutritional performance
have been reported in other insect species. Khan et al. (2019) observed growth inhibition
in Acyrthosiphon pisum following exposure to Rosmarinic acid, suggesting that this
phenolic compound may interfere with physiological processes involved in insect
development. Together with the present findings, these results support the potential role
of Rosmarinic acid in disrupting insect growth and feeding performance and highlight its
relevance for further evaluation as a botanical insecticidal compound.
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Table 3. Nutritional indices (mean + SE) of 4" and 8" larval instars of R. ferrugineus fed
on artificial diets incorporated with Rosmarinic acid at LDso (2.041 mL L™" and 2.230 mL
L', respectively) compared with control diets.

Larval
Treatment instar "AD ECI ECD
Control (untreated) 4 65.02 £ 0.15b 19.03 £ 0.30a 35.04 £ 0.74a
gth 63.45+0.28b 17.91 £ 0.10b 32.19£0.31b
Rosmarinic acid
(2,041 mL L) 4 74.01 £ 0.352 5.75 +0.53d 7.76 £ 0.71d
Rosmarinic acid m
(2.230 mL L) 8 59.02 + 0.44c 16.01 £0.11c 27.13+0.20c

AD = approximate digestibility; ECI = efficacy of conversion of ingested food; ECD =
efficacy of conversion of digested food. Means + SE values having the same letter(s)
within the column are not significantly different (Fisher's LSD test, a = 0.05).

Physiological Impacts of Rosmarinic acid at LC5o on the Host Detoxification Defense
Mechanism

Figure 2 illustrates the relative expression of three major detoxification gene
families, namely Cytochrome P450, Glutathione S-transferase (GST), and Esterase, in the
4™ and 8"-instar larvae of R. ferrugineus following exposure to Rosmarinic acid at their
respective LCso concentrations (2.041 and 2.230 mL L™"). Detoxification-related gene
expression was generally higher in the 8th instar than in the 4th instar. The greatest
transcriptional response was observed for GST, followed by Cytochrome P450, indicating
that these enzymes constitute the primary metabolic response to Rosmarinic acid
exposure. In contrast, Esterase expression remained relatively low and showed no
significant variation between larval instars, suggesting a limited contribution to the
detoxification process under the experimental conditions (Figure 2).

Cytochrome P450 monooxygenases, glutathione S-transferases (GSTs), and
esterases represent the principal detoxification enzyme families in arthropods and play
fundamental roles in the metabolism of xenobiotics and insecticide resistance. GSTs
catalyze the conjugation of reduced glutathione with electrophilic compounds, producing
more water-soluble metabolites that can be readily eliminated (Xu et al., 2015).
Esterases hydrolyze ester-containing compounds into their corresponding acids and
alcohols, thereby contributing to the detoxification of a wide range of xenobiotics (Bhatt

et al., 2021). Cytochrome P450 enzymes catalyze oxidative reactions that facilitate the
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metabolism and clearance of both endogenous metabolites and foreign chemicals (Scott
et al,, 1998). Increased expression of these detoxification genes is widely recognized as

an adaptive response that enhances insect tolerance to toxic compounds.

Despite the induction of detoxification-related genes, Rosmarinic acid produced
high mortality in both larval instars, indicating that the induced detoxification response
was insufficient to counteract its toxic effects. These findings suggest that Rosmarinic
acid disrupts essential metabolic defense pathways in AR. ferrugineus, thereby

contributing to its pronounced insecticidal activity.

The precise mode of action of Rosmarinic acid in insects has not yet been fully
elucidated. However, plant-derived phenolic compounds are known to interfere with
multiple physiological targets involved in insect survival. Previous studies have
demonstrated that these compounds can inhibit detoxification enzymes, including GSTs
and acetylcholinesterase, and modulate key neurophysiological targets such as y-
aminobutyric acid (GABA)-gated chloride channels and octopamine receptors, ultimately
leading to neurotoxic effects (Yu and Abo-Elghar, 2000; Enan, 2005). Therefore, further
investigations integrating biochemical, molecular, and neurophysiological approaches
are required to elucidate the precise mechanism by which Rosmarinic acid exerts its

insecticidal activity against R. ferrugineus.
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Figure 2. Expression pattern of detoxification genes of 4™- and 8™-instar red palm weevil
larval midguts in response to Rosmarinic acid LDso (2.041 mL L™ and 2.230 mL L ™). Bars
(means =+ SE) followed by different letters are significantly different (Fisher’s LSD test, a
=0.05).

Trunk infestation experiment

Trunk injection treatments significantly improved the recovery of date palms
naturally infested with R. ferrugineus 30 days after application (Table 4). All Rosmarinic
acid treatments and the reference insecticide, Deltamethrin (Decis® 25 EC), resulted in
significantly higher recovery rates than the water-injected control (p < 0.0001), in which
no palm recovery was observed and all weevils remained alive. The highest recovery
rate (93.33%) was achieved with Rosmarinic acid at 5 mL L™", where 14 out of 15 treated
palms showed complete recovery. Rosmarinic acid at 4 mL L™" and Deltamethrin at 0.25
mL L™" each produced an identical recovery rate of 86.67% (13 of 15 palms), whereas
the lowest Rosmarinic acid concentration (3 mL L™") resulted in 80.0% recovery (12 of 15

palms).

The efficacy of Rosmarinic acid increased with concentration, demonstrating a
clear dose-dependent response under field conditions. The highest concentration (5 mL

L™") produced the greatest recovery among all treatments and numerically exceeded
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that obtained with Deltamethrin. However, this difference should be interpreted
cautiously unless supported by a direct statistical comparison between treatments.
Overall, these findings indicate that Rosmarinic acid is highly effective in suppressing
red palm weevil infestations and has strong potential as a botanical component of

integrated pest management programs.

The slightly higher recovery observed with Rosmarinic acid than with
Deltamethrin may be associated with the increasing occurrence of pyrethroid resistance
in some R. ferrugineus populations, including reduced susceptibility to deltamethrin, as
previously reported (Wakil et al., 2018). Although resistance was not directly evaluated
in the present study, this explanation is consistent with previous reports and further
supports the need to develop alternative control strategies that reduce reliance on

conventional synthetic insecticides.

In addition to its insecticidal activity, Rosmarinic acid possesses well-documented
antioxidant and antimicrobial properties (Petersen and Simmonds, 2003). These
biological activities may contribute to limiting secondary microbial infections and
promoting tissue recovery following larval damage. Although these mechanisms were
not investigated in the present study, they may partially explain the favorable field
performance of Rosmarinic acid and warrant further investigation under commercial

production conditions.

Table 4. Effect of Deltamethrin and Rosmarinic acid injected into date palm trunks on the
number of trees recovering from red palm weevil infestation.

Concentration Number of palm | Palm recovery (%)
Treatment
(mLL™") recovery after 30 days
Control (distilled water) 0 0 0.0¢
Deltamethrin (Decis® 25 EC) 0.25 13 86.67°
3 12 80.0°
Rosmarinic acid 4 13 86.67°
5 14 93.33?
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*Values having the same letter(s) within the column are not significantly different
(Fisher’'s LSD test, a = 0.05).

Residue Analysis of Rosmarinic Acid and Deltamethrin in frond bases and date palm
fruits

Residue analysis was conducted using palm frond bases collected one month
after trunk injection and date fruits harvested at the Bisr (early ripening) and Tamr (fully
ripe) stages two months after treatment. No detectable residues of Rosmarinic acid were
found in any of the analyzed tissues collected from Rosmarinic acid-treated palms.
Likewise, no pesticide residues were detected in samples obtained from the water-
injected control. In contrast, residues of the reference insecticide Deltamethrin were
detected in all analyzed tissues from treated palms, with mean concentrations of 0.55
mg kg~' in palm frond bases, 0.27 mg kg~" in Bisr fruits, and 0.15 mg kg™" in Tamr fruits
(Table 5).

These findings indicate clear differences in the persistence of the two compounds
following trunk injection. Under the sampling conditions of the present study, Rosmarinic
acid declined to concentrations below the analytical detection limit within one month in
palm frond bases and within two months in date fruits, whereas measurable
Deltamethrin residues remained detectable in both vegetative and reproductive tissues.
This behavior is consistent with the reported fate of many plant-derived phenolic
compounds, which are readily metabolized by endogenous plant enzymes and soil
microorganisms into naturally occurring metabolites, resulting in relatively low
environmental persistence (Isman, 2020; Lengai et al., 2020). Consequently, botanical
pesticides generally exhibit shorter persistence and lower residue burdens than many
conventional synthetic insecticides, including pyrethroids (Isman, 2020).

Although the absence of detectable Rosmarinic acid residues suggests a low
potential for residue persistence under the conditions evaluated in the present study,
these findings should be interpreted within the limits of the experimental design and the
analytical detection method employed. Residue dissipation may vary according to
formulation, application rate, environmental conditions, and plant physiological status.
Therefore, additional studies investigating residue dissipation kinetics, metabolite
identification, and multi-location field validation are required to comprehensively
characterize the environmental fate and food safety of Rosmarinic acid under

commercial production conditions. Nevertheless, the present results indicate that
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Rosmarinic acid exhibits a favorable residue profile compared with the reference
synthetic insecticide Deltamethrin, supporting its potential as a botanical insecticide for

integration into sustainable integrated pest management (IPM) programs.

Table 5. Rosmarinic Acid and Deltamethrin residues in frond bases and fruits (Bisr and
Tamr) of injected date palms.

Residue concentration (mg kg™")
Treatment Concentration
(mLL™) Palm frond | Bisr (early | Tamr (fully
bases ripening) ripe)
Control (distilled water) 0 NO NO NO
Deltamethrin (Decis® 25 EC) | 0.25 0.55 0.27 0.15
3 NO NO NO
Rosmarinic acid 4 NO NO NO
5 NO NO NO

Conclusions:

Rosmarinic acid was effectively extracted from O. vulgareand M. officinalis, which
exhibited the highest yields. Laboratory and field evaluations demonstrated strong
insecticidal activity of Rosmarinic acid against R. ferrugineus, with the highest
concentration providing efficacy comparable to or exceeding that of Deltamethrin. The
fourth larval instar was the most susceptible developmental stage (LCso = 2.041 mL L™").
Rosmarinic acid significantly impaired larval growth and nutritional performance and
modulated the expression of detoxification-related genes, particularly GST and
Cytochrome P450, indicating disruption of the insect’'s metabolic defense mechanisms.
Field application resulted in 93.33% recovery of infested date palms. Moreover, residue
analysis revealed no detectable Rosmarinic acid residues in palm frond bases one
month after trunk injection or in Bisr and Tamr fruits two months after treatment,
whereas Deltamethrin residues remained detectable, confirming the superior
environmental compatibility and food safety profile of Rosmarinic acid. Collectively,
these findings demonstrate that Rosmarinic acid is a promising botanical insecticide and
support its future commercial development as an eco-friendly component of integrated
management programs against the red palm weevil.
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