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BOLUM I

Golf Sahasi Sulamasi

Samet MORAY!
Harun KAMAN?

1. GIRIS

Golf giintimiizde Avrupa’nin bir¢ok iilkesinde profesyonel
diizeyde oynanmaktadir. Avrupa Golf Federasyonunun verilerine
gore en fazla saha (1815) ve lisansli oyuncunun (651571)
Ingiltere’de oldugu gériilmektedir. ikinci sirada, 727 golf sahas ve
640181 lisanshi oyuncu ile Almanya yer almaktadir. Bu iilkeleri
Fransa, iskogya, Isvec, Ispanya, Irlanda ve italya takip etmektedir.

! Akdeniz Universitesi, Ziraat Fakiiltesi, Tarimsal Yapilar ve Sulama
Bolimi, 07058 Kampiis, Antalya, Tirkiye. ORCID 1ID:
https://orcid.org/0000-0002-2133-5593
2 Prof.Dr., Akdeniz Universitesi, Ziraat Fakiiltesi, Tarimsal Yapilar ve
Sulama Bolimii, 07058 Kampiis, Antalya, Tirkiye. ORCID ID:
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Avrupa’daki 17 tilkenin toplam golf sahasi sayis1 6000 nin iizerinde
yer almaktadir (Salman, 2017; Anonim, 1).

Golf oyununun tanimina, tarihine ve Tirkiye’deki durumuna
kisaca deginilecek olursa; golf bir sopa yardimiyla belirli uzaklikla
bulunan delige topu en az atigla sokabilme oyunudur. Golf oyununun
tarihsel siireci incelendiginde, ilk olarak nerede oynanmaya
basladig1 konusunda farkli goriisler vardir. Bir goriise gore 1368 ve
1644 yillar1 arasinda Cin’de Ming Hanedanligi déneminde degnek
sopa ile vurularak oynanan Chuwan oyunu, golfun ilk baslangici
olarak kabul edilmektedir. Oyunun Orta Cagda tiiccarlar tarafindan
Avrupa’ya yayildigi diistiniilmektedir. Diger bir goriise gore de golf
oyunu, Romalilar doneminde Sezar hiikiimdarligi zamaninda
oynandig1 digiiniilmektedir (Salman, 2017). Baz1 kaynaklar ise golf
oyununun 1500°lii yillarda iskogya’da oynanmaya baslandigini
gostermektedir (Karabdcek, 2022). Buradan da goriildiigii tizere golf
oyununun ilk olarak nerede oynandigiyla ilgili net bir fikir birligi
yoktur.

Golf oyunun ilk turnuvasi 1552°de Iskogya’nin St. Andrews
kentinde gerceklesmistir. ik kurallar ise 1744 yilinda Edinburgh
turnuvalar1 i¢in belirlenmistir. Daha sonra bu kurallar 100 sene
boyunca 30’dan fazla kuliip tarafindan kabul edilmistir. 1880’lerde
sporda yonetim organlari olusturulmustur. 1899°da ise Amerika
Birlesik Devletleri Golf Birligi kurulmustur (Alyssa, 2020;
Karabocek, 2022).

Tiirkiye’de ise ilk golf kuliibii Constantinople Golf Clup,
bugiinkii adiyla Istanbul Golf Kuliibii olarak kurulmustur. 1990
yilinda Klassis Golf Kulubii ve Kemer Golf Kuliibii hizmete
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girmistir (Salman, 2017). Tiirkiye’de giiniimiizde toplam 24 adet
golf sahasit vardir. Bu sahalarin ¢ogunlugu Antalya’nin Belek
mahallesinde yer almaktadir (TGF, 2023).

2. GOLF OYUNUN KURALLARI VE CiM SAHASININ
BAKIMI

Golf sahasiin boliimleri ¢esitli isimler ile adlandirilmaktadir.
Ornegin, baslangi¢ noktasina Tee, Parkurda igerisinde engellerin yer
aldig1 diiz alana Fairway, sahanin kenarlarinda yer alan daha az
bakim isteyen alanlara Rough, Fairway igerisinde veya Green
yakinlarinda yer alan i¢i kumla kapli ¢ukurlara Bunker, topun
girecegi deligin bulundugu alana Green, Greenin etrafini kaplayan

alana da Approach isimleri verilmektedir (Watson, 2012; Sekil 1).

Sekil 1. Bir golf sahasinin béliimler ve isimleri (Watson, 2012)



2.1. Green

Green, golf sahalarinin en ¢ok titizlikle bakiminin yapildig:
boliimiidiir (Watson, 2012). Bunun nedeni hem golf topunun girmesi
gerektigi yer olmast hem de yuvarlanma hareketinin herhangi bir
engele takilmadan diiz bir sekilde gerceklesmesi gerekliligidir. Aym
zamanda Greenlerin ¢ok diisiik seviyede bigilmesi de bakimin
zorlastirmaktadir (TGF, 2023). Genellikle iklim sartlarima bagh
olarak 4-5 mm arasinda yiikseklikte bigilmektedir (Salman, 2017).
Bu nedenle Greenlerde kullanilacak ¢im sec¢iminde ¢ok dikkatli
olunmasi1 gerekmektedir. Bu alanlar neredeyse her giin
bicilmektedir. Bigmek i¢in kullanilan Green bigme makineleri
rekreasyon alanlarin1 bigmek i¢in kullanilan ¢im makinesinden
farkliliklar gbéstermektedir (Anonim 2). En 6nemli farkliligi daha
derinden bigebilme 6zelligi olmasidir. Buna ek olarak, her Greende
deligin yerini belirtmek amaciyla bir bayrak bulunmaktadir. Hem
ayni yerde oynamak istenmemesinden hem de aymi yerin stirekli
oyuncu trafigi altinda kalmasini engellemek i¢in bu bayraklarin yeri
her giin degistirilmektedir (TGF, 2023).

Greenlerde dikkat edilmesi gereken diger hususlar soyledir
(TGF, 2023):

¢ Golf ¢antast daima Greenin yaninda birakilmali,

e Topun Green iizerinde iz birakip birakmadig1 kontrol
edilmeli. Gerekirse iz diizeltilmeli.

e Golf topunu cukurdan c¢ikarirken sopalar1 Green
iizerine yaslanmas1 gerekir,



e Bayrak diregini itina ile kullanirken ve Green’i terk
etmeden Once usuliine uygun olarak yerine

konulmalidir.

Greenlerin bakimi olduk¢a zordur. Bu nedenle golf
sahalarinda en ¢ok islem yapilan boliimdiir (Watson, 2012). Cimin
yaylliminin hizlanmasi ekiminde atilan tohumlarin iizerlerinin
kaplanmasi i¢in Greenlere kumlama islemi yapilmaktadir. Bu isleme
Topdress adi verilmektedir. Bu islem diiz bir zemin olusturmak
icinde yapilmaktadir. Serin iklim ¢im tiirlerinde genelde sonbaharda
en az sayida Topdress yapilirken, Bermuda ¢iminin serili oldugu
Greenlerde yaz donemi baslangicinda ¢imin yayilimini hizlandirmak
icin 4 ile 6 hafta araliklarla topdress yapilmaktadir (Giintan, 2009).

Topdress islemi 0Ozel olarak tasarlanmis makineler ile
yapilmaktadir. Bu makinelerin arkasindaki kum doldurma haznesi
bulunmaktadir. Bu hazneye kum doldurulur ve belirlenen seviyeye
gore Green igerisine kumun dagitimi gerceklestirilir (Anonim 2).
Boylece Green’in tiim her yerinde kumlama islemi homojen bir

sekilde dagilmis olacaktir.
2.2. Rough ve Fairway

Golf sahalariin kenarlarinda, ormanlik alanlara ve yollara
simirt olan bolgelere Rough ismi verilmektedir (Giintan, 2009).
Rough’larin  uzunluklar1 genellikle atis sayisina gore farklilik
gostermektedir Roughlarin kapladigi alanin ortasindaki genis alanda
da Fairwayler yer almaktadir (Salman, 2017).

Fairway ve Roughlardaki ¢im bitkileri farkli uzunluklarda
olabilmektedir. Her iki boliimiin ¢im bigme uzunluklar1 farklilik



gostermektedir. Bu nedenle bu alanlar1 farkli milim ayarinda araglar
bigmektedir (Salman, 2017).

2.3. Bunker

Golf sahalarinin  parkurlarinda Fairway veya Rough
boliimlerinin ~ biiylik  boliimiiniin  igerisinde  Bunkerlar yer
almaktadirlar (Ozokan, 2021). Oyunu zorlastirmak ve oyuncunun
kumda oynama becerisini test etmek i¢in kullanilan engellerdir.
Bunkerlar farkli boyutlarda bulunmaktadir (Giintan, 2009). Biiyiik
Ol¢iilere sahip Bunker’lar1 Sanpro ismi verilen aragla diizenlenmesi
yapilmaktadir. Kiiglik Bunkerlar ise her giin saha c¢aliganlari
tarafindan tirmiklanmaktadir. Ayrica oyuncu Bunker’a girdiginde
bozdugu kumu tirmikla diizeltmek zorundadir. Bu nedenle her
Bunker’da belirli sayida tirmik bulunmaktadir (Anonim, 2). Siirekli
olarak Sanpro ve tirmikla diizenlenmesinin nedeni hem dekoratif bir
goriintli elde etmek hem de sahada ortiilii olan ¢im bitkisinin Bunker
icerisine yayilmasini engellemektir.

Bunker bakimi i¢in  uygulanan farkli  yOntemler
bulunmaktadir. Ornegin Bunkerlarin etrafindaki Fairway veya
Rough makinelerinin giremedigi yerlerdeki ¢imin Flymower ismi

verilen ¢im kesme makinesiyle bi¢imi yapilmaktadir (Anonim 2).

Flymower makinesinin kestigi yerlerdeki Bunker igerine giren
¢im atiklar1 kiigiikk alanlarda kullanilan Blower yardimiyla hava
puskiirterek Bunker disina ¢ikartilmaktadir (Anonim, 2).

Golf sahalarinda bigilen ¢im atiklar1 ¢im bigme makinesinin
kovalarina doldurularak saha disinda uygun bir yere bosaltilarak
uzaklagtirilir. Ancak bu yontem c¢ok fazla zaman kaybina neden
oldugu icin bicilen ¢im saha iizerinde birakilir. Daha sonra
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puskiirtme makineleri yardimiyla saha disina uzaklastirilir. Bu
islemi yapan makineye Blower ismi verilmekte ve genellikle genis
sahalardaki ¢imin temizlenmesinde traktoriin arkasindaki kuyruk
miline takilarak calistirilmaktadir ((Anonim, 2).

2.4. Tee (Baslangic noktasi)

Tee’ler golf oyunun baslangic noktasina verilen isimdir (Sekil
2). Golf sahasmin bu bdliimiinde bitis noktasina yani Greendeki
delige olan uzakliklara gore farkli atis noktalari1 vardir. Her atis
boliimii fakli renkte Tee markerlarla gosterilmektedir. Bu renkler
sirastyla beyaz, mavi, sar1, kirmizi seklinde siralanmaktadir. Bu
renklerin bulundugu yerlerin bitis noktasina olan uzaklig1 farklilik
gostermektedir. Green sahasina en uzak mesafede olan yere
profesyonel erkekler atig yapmaktadir. Burada beyaz Tee markerlar
bulunmaktadir. Amatér erkekler sar1 markerlarin  bulundugu
bolgelerden atis yapmaktadir. Mavi Tee marker’lardan profesyonel
kadinlar, kirmiz1 Tee markerlardan amator kadinlar atis yapmaktadir
(Salman, 2017).

Sekil 2. Golf sahalarindaki Tee ve Teemarkerlar

Tee’ler ¢cogunlukla iki giinde bir 10-12 mm’den bicilmektedir
(Salman, 2017). Ancak bulundugu mevsime gore farklilik
gosterebilmektedir. Tee’ler genelde Approachlarla ayni ¢im bigme
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makinesi tarafindan kesilmektedir. Bu makineye Triplex ismi
verilmektedir (Anonim, 2).

Tee’lerde topa vurus esnasinda zarar goren yerlere kumlama
yapilmaktadir. Bu islem Nisan aylarindan sonra yaz doneminde
sadece kumla, eyliil ayindan sonra kig doneminde kum ile tohumu
karigtirlpp  kumlama islemi yapilmaktadir. Bu yapilan isleme
divotlama adi verilmektedir.  Yaz aylarinda sadece kumun
kullanilmasimin nedeni sicak iklim c¢im bitkilerinin 6zellikle
Bermuda ¢iminin kardeslenme sayisinin fazla olmasi ve kumun
icerisinde rahatlikla hareket edebilmesi ve tohum kullanmadan
yayilabilmesini saglamaktadir (A¢ikgdz, 1994).

Divotlama islemi Tee boliimlerine benzer sekilde Fairway
alanlarinda da zarar goren bolgesel yerlere yapilmaktadir. Divotlama
islemi ¢ogunlukla el ile zarar géren yere kum ya da kum-tohum

karisiminin atilmasi yoluyla yapilmaktadir.

3. GOLF SAHALARINDA DiGER BAKIM ARACLARI

Golf sahalarinda tohum ekimi eyliil aylarinin basinda yapilir
(Giintan, 2009). Green, Bunker kenar1 gibi bolgelere atilan tohumu
insan giicliyle kullanilan makineler vardir. Digeri de traktoriin
arkasina monte edilip golf parkurunun genis alanlarinda tohum

atmaya yarayan makineler vardir (Anonim, 3).

Golf parkurlarinin tohumlanmasindan 6nce veya ¢im sahasinin
havalandirilmasina ihtiya¢g duyuldugunda ¢im alanina belirli
derinlikte havalandirma islemleri yapilmaktadir. Bu islemi yapan
makineye Vertidrain adi verilir. Golf sahasinin genis alanlarina
traktoriin arkasina baglanmak suretiyle calistirilirken, Greenlere ise

insan giicliyle calistirilan tiirleri vardir (Anonim, 2).
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4. GOLF SAHASI SULAMASINDA KULLANILAN
YAGMURLAMA BASLIKLARININ OZELLIKLERI VE
TERTIP BICIMLERI

Spor sahalarinda kullanilan yagmurlama bagliklar1 rekreasyon
alanlarinda  kullanilan basliklardan 6zellik olarak farklilik
gostermektedir. Bunun nedeni, daha genis bir sahanin sulanmasi ve
bu sahanin {izerinde spor faaliyetleri ger¢eklestirildigi i¢in miimkiin
olan en az sayida yagmurlama bashiginin kullanilmasi olarak
gosterilebilir. Ayrica kullanilacak olan yagmurlama basligi sayisi
sistem maliyetini de etkilemektedir. Bu nedenle biiyiik 6l¢ekli spor
sahalarinda daha yiiksek basingla ¢alisan ve daha uzak mesafelere
suyu atabilen bagliklar tercih edilmektedir.

Golf sahalarinda  kullanilan  yagmurlama bagliklarin
incelediginde, genellikle uzak mesafelere su atabilen spesifik
ozellikler barindiran basliklardir. Bu basliklarin uzak mesafelere
suyu atabiliyor olmasi ayni zamanda yiiksek basing gereksinimi
dogurmaktadir. Ornegin, Hunter (2015), Rainbird (2017) ve Toro
(2023) gibi sulama firmalarinin teknik kataloglar1 incelendiginde 20
m ile 30 m arasinda atis mesafesi olan bir yagmurlama bagliginin 4.5
ile 7.0 bar arasinda bir basing ihtiyaci olusturdugu goriilmektedir.

Golf sahalarinda kullanilan yagmurlama bashiklarinin atis
acilar1 tam daire ve acgis1 ayarlanabilen yagmurlama basliklar1 olarak
iki tipi bulunmaktadir. Tam daire atig yapan bagliklar fairway yani
sahanin orta kisimlarinda kullanilirken, agis1 ayarlanabilen basliklar
ise ¢ogunlukla golf sahasinin kenarlarinda veya Greenin i¢ini ve
disin1 sulayacak sekilde tertiplenip kullanilmaktadir (Anonim, 4).
Sekil 3’de goriildiigli gibi Green i¢ini ve disini sulayan basliklar ayr1
ayr1 tertiplenir ve ayni1 hatta bagl tertip edilmemektedir (Barrett ark.,
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2003). Agisi ayarlanabilen bagliklarin ¢ift tarafi sulayan ve tek tarafi
sulayabilen olmak iizere iki farkli tipi mevcuttur. Iki tarafi birden
sulayabilen bagliklar genellikle ormanlik alan ve gol kenarlart ile
saha siniria yakin yerlere yerlestirilirken (cogunlukla Roughlara),
tek tarafi sulayabilen basliklar yol kenari ile sahanin siirma
(cogunlukla Tee’lere) yerlestirilir (Barrett & ark., 2003).

Sekil 3. Farkli atis ozellikli yagmurlama baslhiklart

Baz1 yagmurlama basliklarinin nozul uglar belirli agilar ile
yukari ya da agag1 yone dogru hareket ettirilebilir. Eger riizgarin ¢ok
oldugu bir ortam var ise nozul ucu asag1 yone dogru eger basligin
att1ig1 suyun uzak mesafeye ulagsmasi isteniyorsa nozul ucu yukari
yone dogru hareket ettirilebilir (Anonim, 4).

Golf sahalarinda, rekreasyon alanlarinda kullanilan selenoid
vana genellikle kullanilmaz. Dolayisiyla her bir yagmurlama baghigi
ayni zamanda bir selenoid vana gorevi gormektedir.

Bir golf sahasinin sulama programlamasi olusturulurken
yagmurlama bagliklarinin 6zelliklerinin bilinmesi etkin su kullanim
acisindan biiyiik 6nem tasimaktadir. Bu nedenle yukarida bahsedilen
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yagmurlama  bagliklarinin ~ 6zelliklerinin ~ bilinmesi ~ sulama

randimanin arttiracak etkenler arasinda yer almaktadir.

5. GOLF SAHALARINDA KULLANILAN AKILLI SULAMA
SISTEMLERI

Tiirkiye’de kiiresel 1sinmanin etkileri, artan niifus ve
kaynaklarin azalmasi 6zellikle suyun etkin kullanilmasini zorunlu
kilmaktadir. Ozellikle kullanilabilir durumda bulunan toplam su
miktarinim yaklasik %77’si tarim alanlarinda kullanilmaktadir (DS,
2022). Bu nedenle tarim alanlarinda kullanilan su, en az kayipla
optimum fayda saglanmak zorundadir. Ayrica rekreasyon
alanlarinda spor sahalarinda ¢im alanini sulamak ic¢in kullanilan
sudan tasarruf edilecek yontemler tercih edilmelidir. Davis & ark.
(2009)’nin Florida’da yaptiklar: bir arastirmada bitki su tiiketimini
(ET) belirlemek i¢in kullanilan sensorler ile herhangi bir sensor
kullanilmadan sulamasi yapilan uygulamalar karsilastirdiklarinda,
aragtirmanin yapildigi yilin kis déneminde %60, yaz doneminde ise
%09 tasarruf saglandigini saptamiglardir. Buradan da anlasilacag: gibi
rekreasyon alanlar1 veya golf sahasi gibi spor sahalariin
sulanmasinda sensorler ile uzaktan izleme sistemleri kullanilmasi
sulama suyu tasarrufu agisindan biiyiik 6nem tasimaktadir. Touil &
ark. (2022) tarafindan yapilan bir baska calismada akilli izleme
sistemleri olarak toprak nem sensOrli, buharlagsma-terleme
kontrolorleri ve yagmur sensorlerini kullanarak bitki biiyiimesini ve
kalitesini korurken, onemli oOl¢iide su tasarrufu saglamislardir.
Dolayisiyla akilli bir sulama sisteminde toprak nem ile iklim
kosullart ve kullanilacak bitkinin fizyolojik kosullar1 dikkate

alinarak olusturulan izleme ve kontrol mekanizmalariyla sulama
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suyundan Onemli oranlarda tasarruf saplanabilmektedir (Signh &
ark., 2019).

Golf sahalarinin biiyiik 6l¢ekte ¢im ile kapli olmasi oldukca
fazla sayida golf sahasi parkuru bulunmasi sulama yonetiminin ve
izlenmesinin tek bir merkezden yapilmasini zorlastirmaktadir. Bu
nedenle her parkurda bulunan yagmurlama basliklarinin ve
sensoOrlerin kablolar ile bagli oldugu bir sulama kontrol merkezi
(Satellite) kullanilabilmektedir (Barrett & ark., 2003). Bu
Satellite’lerden alinan sinyal kablolar1 bir merkez hatta toplanir.
Merkez kontrol sistemine ulastirilir ve bu sayede sulamanin kontrolii
bilgisayardan programla yardimiyla veya wife yardimiyla cep
telefonlarindan yapilabilir (Anonim, 3).

5.1. Sensorler
a. Yagmur sensorleri

Yagmur sensorleri, yagistan kaynaklanan suyu belirli bir
derinlige kadar biriktikten sonra planlanan sulama programinin ya
iptali ya da ertelenmesi i¢in tasarlanmis cihazlardir. Bu cihazlarin
amaci yagmurlu kosullarda sulamanin devam etmemesini saglayip

fazla su tliketiminin 6niine gegmektir (CBS, 2021).

b. Toprak nemi sensori

Planlanmis bir sulama programinin ¢aligmasina izin vermek
veya ertelemek i¢in sensdrden gelen verileri degerlendirmektedir.
Sensoriin belirledigi nem esik degerinin iizerine ¢ikarsa sulama
programini kapatmaya gore tasarlanmistir. Birden fazla sensor
birden fazla alani kontrol ediyor ise en ¢ok su ihtiyaci olan bolgeye
gore planlama yapilmaktadir. Kontrol cihazi, ¢alisma siirelerini fazla
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sulamay1 sinirlandirmak i¢in bolgelere gore ayarlanabilmektedir
(McCready & ark., 2009).

Sensorler, toprak nemi belirlenen seviyenin iistiine ¢iktiginda
sulamay1 durdurmakta ve altina indiginde de o bolgeye 6zel olarak
sulama programini aktif hale getirmektedir. Boylece fazla ve/veya
eksik su kullaniminin 6niine gegebilmektedir (CBS, 2021). Ancak,
toprak oOzelligine ve nem sartlarina goére 1iyi bir sekilde
kalibrasyonunun yapilmas1 gerekmektedir (Abdelfattah & ark.,
2020).

c. Basing, sulama akisi ve riizgar sensorleri

Rekreasyon alanlarinda tasarlanan sulama sistemleri
cogunlukla toprakaltinda yer almaktadir. Bu sistemlerde olusan
bazen yliksek basingtan bazen de montajin dogru yapilmamasindan
kaynaklanan su sizintilar1 ve/veya patlaklar meydana gelmektedir.
Bu sizintidan ve/veya patlaktan meydana gelen su kayiplart fark
edilene kadar devam etmektedir. Bu durum su kayiplarina neden
olmaktadir. Bu nedenle borulu sistemlerde basing ve sulama akisi
sensoOrleri  kullanilmaktadir. Sensorler, boru igerisindeki basing
arttiginda basinci diizenleyerek su kayiplarinin 6niine gegmektedir.
Sulama akis sensorleri ise sistemdeki su kacagini algilamakta ve
kontrol cihazina sinyal gondermektedir (CBS, 2021). Bdylece
sulama sisteminde olusan yiiksek basing¢ diizenlenebilmekte ve su
kagagindan aninda haberdar olunabilmektedir. Buda su kayiplarim
en aza indirmektedir.

Riizgir sensorleri ise riizgar hizi belirlenen sinir1 astiginda

sulama  programint  kesintiye ugratmakta ve sulamanin
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homojenligini kontrol altina almaktadir. Bdylece rlizgardan
kaynaklanan su kaybindan tasarruf edilmektedir.

5.2. Merkezi kontrol sistemleri

Merkezi kontrol sistemleri, golf sahasinda yerel kontrol
cihazlarindan aldig1 sinyaller sayesinde sahanin sulama yonetimi tek
bir noktadan saglanmis olmaktadir. Bunun yonetimi cep telefonu
veya bilgisayar ile saglanabilmektedir. Bunun igin her iiretici
firmanin gelistirdigi programlar bulunmaktadir. Firmalarin golf
sahalariin sulama yonetimi i¢in iirettigi merkezi kontrol cihazlarini
incelediginde; sulama kontroliinii saglayan cihazlarin ozellikleri
yagisin aktif oldugu anda sulamayi diizenleyerek su tasarrufu
saglamaktadir. Pompa istasyonunun 7/24 izlenerek pompa basing ve
debi degerlerine gbére sulama ihtiyacim1 otomatik olarak
degistirmesini  saglar ve pompa istasyonu verimliligini
arttirmaktadir. Giinliik hava durumu ve ET degerlerine gore sulama
otomatik olarak ayarlanabilmektedir.

Merkezi sulama kontroliiyle ilgili yapilan baz1 arastirmalarda
merkezi kontrol sistemi kullanilan sulama alanlarinda hem enerjiden
hem sudan tasarruf saglandigi ortaya ¢ikmistir (Tastan, 2019). Sudan
ve zamandan tasarruf edilmesi iscilik maliyetlerini de diisiirmiis

olmaktadir. Ayrica yesil alanlar korunmaktadir.

6. SONUC

Bir golf sahasinin boliimleri Green, Fairway, Rough ve
Tee’den olusmaktadir. Golf sahasinin en 6nemli boliimleri oyunun
bitis yeri olan Green ve baslangic yeri olan Tee’lerdir. Kisa
uzunlukta birakilarak derinden bicim yapilmasi ve topun diiz bir
sekilde hareket etmesi istenmektedir. Bu yiizden bir golf sahasinda
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en ¢ok bakim yapilan boliim Greenlerdir. Dolayisiyla bir golf
sahasindaki ¢im sahasinin bakimi; sulama, golf sahasi bigim
makineleri, bitki besleme, ¢im bitkileri bilgisi ve deneyimi olan
yoneticiler tarafindan yapilmalidir.

Bir golf sahasinda kullanilan sulama suyundan tasarruf etmek
icin topraga verilecek sulama suyu miktart toprak nemi dlgtilerek
belirlenmelidir. Ancak golf sahalar1 ¢ok genis bir yesil alan
oldugundan klasik yontemlerle bitki su ihtiyacinin belirlenmesi ¢ok
ciddi zaman ve is kaybina yol agmaktadir. Bu nedenle topraktaki
nemin, hava durumunun ve bitki fizyolojisinin uzaktan
izlenebilecegi ve ihtiya¢ duyulan su miktarini saptayan yontemler
kullanilmalidir. Bununla birlikte, sdzkonusu akilli yOntemlerin
eksikliklerinin saptanip daha 1iyi bir seviyeye getirilmesi
gerekmektedir.

Golf sahas1 gibi genis alanlarda tasarlanan sulama sistemleri,
yiiksek miktarda su tasidiklari i¢in biiyiik ¢apli borular, yiiksek debili
yagmurlama bagliklar1 ve biiyiik pompalar kullanilmaktadir. Bu
noktadan hareketle tasarlanacak sulama sisteminin hidrolik hesabi
cok dikkatli yapilmalidir. Aksi taktirde zaman icerisinde sulama
sisteminde siklikla arizalar yasanabilmektedir. Bu durumda hem
ciddi bir maaliyet yiikii hem de fazla su kullanimima neden
olmaktadir. Dolayisiyla sulama sistemi, uzmani kisiler tarafindan
tasarlanmal1 ve sensorler yardimiyla sistem igerisindeki su stirekli

takip altina alinmalidir.
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BOLUM II

Rekreasyon Alanlarinda Kullanilan Cim Sulamasi

Samet MORAY!
Harun KAMAN?

1. GIRIS

Diinya niifusunun artmasi ve bununla beraber biiyiik sehir
merkezlerine gog, yillar gectikce sehirlerdeki yapi1 stokunun
artmasina neden olmustur. Bu durum tarim ve yesil arazilerin
azalmasina neden olmaktadir. Béylece sehirlerde yesil alan ihtiyaci
ortaya ¢ikmaktadir.

Peyzaj calismalarmin  tarthi ¢ok eski  zamanlara
dayanmaktadir. Ozellikle Mezopotamya’da Babiller donemine ait
Babil asma bahgeleri gilinlimiizde diinyanin yedi harikasi arasinda

1 Akdeniz Universitesi, Ziraat Fakiiltesi, Tarimsal Yapilar ve Sulama Béliimii, 07058
Kampiis, Antalya, Tiirkiye. ORCID ID: https://orcid.org/0000-0002-2133-5593
2 Prof.Dr., Akdeniz Universitesi, Ziraat Fakiiltesi, Tarimsal Yapilar ve Sulama Boliimii,
07058 Kampiis, Antalya, Tiirkiye. ORCID ID: https://orcid.org/0000-0001-9308-
3690
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gosterilmektedir. Antik Misir’daki peyzaj mimarisi incelendiginde
10000 m uzunlugunda kare seklindeki bu alanlarda genellikle
Palmiye ve Incir agaclar1 bulunmaktadir. Rénesans dénemi peyzaj
mimarisinde ise Ronesans bahgeleri olusturulmus ve tepelerin en

hakim noktalarina yerlestirilmistir.

Taskin ve Bilgili (2020)’nin belirttigi gibi ¢im bitkileri,
fonksiyonel, rekreasyonel ve estetik goriiniim gibi islevlerinin yan
sira hava kalitesini arttirma, kirli havay1 filtre etme, karbon
depolama, yagmursuyu yonetimi ile su dengesini saglama, havay1
serinletme, insan saglhigi ve stres iizerine olumlu etki etme,
konutlarin degerlerini arttirma, toprak erozyonu Onleme ve toz
stabilizasyonu saglama, pestisit kullanimini azaltma, biyolojik
cesitliligi koruma gibi islevleri de bilinmektedir.

Cim ortiilerinin rekreasyon amagli olarak ilk kullanimi1 Pers ve
Arap bahgelerinde rastlanmustir. Elde edilen bilgilere gore Iran’da
sanatsal amagli bahce desenli halilarda ve daha sonra Arap kiiltiirtinii
simgeleyen bahgelerde, ¢im dokusunun temel unsur olarak
kullanildigin1 gostermektedir. Daha sonra, Yunanlilar ve Romalilar,
Iran’m ¢im bahgelerini kendilerine uyarlayarak gelistirmislerdir.
XV. yiizyil ile ¢im alanlar1 Ingiltere, Almanya, Fransa, Hollanda,
Avusturya ve diger Kuzey Avrupa iilkelerinde yaygimlagmistir.
XVII. ve XVIII. yiizyillarda ¢im bahgeleri, hobi bahgeleri ve diger
yesil alanlar1 olusturmak amaciyla ilk kez kiiltiire alindig1 dénem
olarak diisiiniilmektedir (Kusvuran, 2012). Eliot vd. (1992)
tarafindan yiiriitiilen calismaya gére ABD’de ilk ¢im bitkileri
aragtirmalar1 1885 yilinda Connecticut’daki Olcott Turf Gardens’da
yapilmistir. Tiirkiye’de de bu alanda 6zel sirketler uzun yillardir
faaliyet gostermektedir. Son yillarda ¢im alanlarindaki akademik
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caligmalarin sayisinda artis goriilmektedir. Bilimsel anlamda ¢im
arastirmalarina 1946 yilinda baslanmistir (Kusvuran, 2012).

Cim bitkileri fonksiyonel agidan faydalari, topragi kapladig:
icin erozyonu engeller ve bunun yaninda toprakta tuttugu su ve besin
elementleri sayesinde verimli bir toprak yapisi olusturmaktadir
(Tagkin ve Bilgili, 2020). Cim bitkileri rekreasyon alanlar1 spor
sahalar1 villa vb. yerlesim yerlerinin bahgelerinde kullanilmaktadir.
Cim sahalarinin yesil bir goriiniim elde edilebilmesi ve basilmaya
kars1 direncli olabilmesi icin kullanilan tohumun ve c¢esidin

bakiminin diizenli yapilmas1 gerekmektedir (A¢ikgdz, 1994).

Cim alanlarinda ¢ogunlukla bugdaygiller familyasina ait tiirler
kullanilmaktadir. Bugdaygiller familyasi (Gramineae) 620 cins ve
10000 tiirii bulunmaktadir. Cim alanlarinin yapiminda ¢ogunlukla
kullanilan bazi serin iklim tiirleri ingiliz ¢imi (Lolium Perenne),
Cayir salkimotu (Poa Preatensis), Kirmizi yumak (Festuca rubra)
ve sicak iklim tiirlerinde ise Bermuda otu (Cynodon dactylon L.
Pers) gibi tiirler kullanilmaktadir (A¢ikgoz, 1994).

Cim bitkisinin rekreasyon alanlari, bazi spor sahalari, park ve
bahceler genel kullanim alanlarim1i  olusturmaktadir.  Spor
misabakalarinin oynandig1r alanlarda her dem yesil kalan ve
basilmaya kars1 direngli olan ¢im tiirleri tercih edilmelidir. Aym
zamanda iklim sartlarina gore secilecek c¢im tiirleri degisiklik
gostermektedir.

Akdeniz ikliminin hakim oldugu sicak bolgelerde kurakliga
dayanikli ¢esitler tercih edilmelidir. Mutlu (2020) tarafindan
Antalya’da yapilan bir calismada Bermuda ¢iminin (Cynodan

dactylon (L) Pers. xC transvaalensis Burtt-Davy), Survivor’in
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Tifway’dan kuraklik stresi altinda yesil dokusunu daha uzun siire
korudugunu ve ilkbaharda da daha erken yesillendigi saptanmistir.
Yilmaz vd. (2022) tarafindan yiiriitiilen bir baska arastirmada ise
Sakarya’da Serin iklim ¢im bitkilerinden Festuca ¢esidinin; Lolium,
Poa, Agrostis cesitlerine gore kurakliga daha toleransli oldugu
saptanmistir. Bu arastirmalardan da anlasildigi gibi ¢im tiirlerinin
kurak sartlara dayaniklilig1 azinliktadir.

Cim bitkisi yiiksek su ihtiyact olan bir bitkidir. Bu nedenle
c¢imin kullanildig1 alanlarda sulama sisteminin teknik detaylara
uygun sekilde tasarlanmasi gerekir. Sulama sistemleri hem tarimsal
hem rekreasyon alanlarinda hem de ¢im bitkisinin kullanildig1 diger
alanlarda  hidrolik  kurallara uygun sekilde tasarlanmasi
gerekmektedir. Cim alanlarin1 sulayan sulama sisteminin teknik
kurallara uygunluk durumunun, uzmani kisiler tarafindan planlamasi
gerekmektedir. Cim sahalarinin genis alanlar1 kapliyor olmasi
nedeniyle tasarlanacak olan sulama sisteminin dogru bir sekilde

belirlenmesi gerekmektedir.

Bu calismada rekreasyon alanlarinda kullanilan ¢im tiirlerinin
genel Ozellikleri ve rekreasyon alanlarinda uygulanan sulama

sistemleri ele alinmstir.
2. SERIN VE SICAK iKLiM CiMININ OZELLIKLERI
2.1. Serin iklim ¢imi

Diinyada serin-yagisli, serin-yar1 nemli ve serin-yart kurak
iklimlerle bunlarin arasindaki gegis iklimlerinde kullanilan ve ekim
yatagindaki sicakligin 15-20 °C oldugu dénemde optimum gelisme
gosteren ¢im tiirleri bu grupta yer almaktadir (Anonim 1). Havalarin
asir1 donlu ve kuru olmadigi kis aylarinda iyi bir bakimla renklerini

--25--



muhafaza edebilmektedir. Soguga olduk¢a dayanikli olan serin iklim
¢im bitkileri karasal iklimin hiikiim siirdligii alanlarda basari ile
kullanilmaktadir (Ozsafak ve Oner, 2013).

Serin iklim ¢im bugdaygilleri kendi tiirleri arasinda iklim
kosullarina uyumlar1 farklilik gostermektedir. Varoglu vd. (2016)
tarafindan Izmir Bornova’da yapilan bir ¢alismada serin iklim ¢im
bugdaygillerinden Festuca arundinaceae ve Lolium perenne’un pek
cok c¢esitleri kaplama derecesi, yaprak dokusu, yaprak rengi,

yenilenme giicii agisindan iyi sonuglar verdigi saptanmustir.

Ingiliz ¢cimi (Lolium perenne):

Ingiliz ¢cimi (Lolium Perenne), rekreasyon alanlarinda en ¢ok
kullanilan tiirlerden birisidir. Yapraklart koyu yesil tiiysiiz ve
parlaktir. Serin iklim ¢im bitkisidir. Kisa omiirlii ¢ok yillik bir ¢im
bitkisi olarak kabul edilmektedir. Hemen hemen tiim ¢esitleri asiri
sicaklik ve kurakliktan olumsuz yonde etkilenmektedir. Golge
alanlara dayanimi zayiftir. Ayrica Akdeniz ikliminin hakim oldugu
sahil kusaginda iyi bir gelisim gostermektedir (Demiroglu vd.,
2010).

Ingiliz ¢iminin (Lolium perenne) en iyi gelisimi, su tutma
kapasitesi yiiksek topraklardadir. Notr veya hafif asidik topraklarda
(pH 6-7) iyi gelismektedir (Anonim, 1). Taban suyu yiiksek
topraklarda iyi bir gelisim gosteremez (Ozsafak ve Oner, 2013).

Cim alanlar1 i¢in 6zel olarak 1slah edilen, birim alanda ¢ok
kardes gelistiren, ince yaprakli ve kisa boylu ¢esitleri basilmaya ve
cignenmeye karsi direnglidir. Bu nedenle spor sahalarinda
cogunlukla tercih edilmektedir (Anonim, 1). Park ve bahgeler, spor
sahalar1 villa bahgeleri genellikle kullanim alanlarimi olusturur.
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Ingiliz ¢imi ile yapilan karisimlarda bi¢im zamani ve bigim
yiiksekligi ¢ok 6nem tasimaktadir. Bi¢imin 2 cm’den daha derinden
yapilmasi Ingiliz ¢iminin seyreklesmesine ve kisa siirede 6lmesine
yol agmaktadir (Anonim, 1).

Cayir salkim otu (Poa pratensis):

Tiim diinyada en fazla kullanilan ¢im bitkilerinden birisidir.
Uzun omiirlii bir ¢im bitkisidir. Cok sik ve ince yapili bir yesil alan
olusturur (Ozsafak ve Oner, 2013). Serin ve nemli bdlgelerde iyi
gelisme gostermektedir. Sicak ve kurak sartlarda biiylimesi
yavaglamaktadir. Sulama suyu ihtiyaci fazladir, sulamanin diizensiz
yapilmasi halinde renk bozukluklari goriilmektedir (Anonim, 1).

Cayir salkim otu (Poa pratensis) kis sartlarina dayaniklidir.
Golgeye dayanikli degildir, basilmaya ve ¢ignenmeye orta derecede
dayaniklidir. En iyi gelisimini nemli su tutma kapasitesi yiiksek
topraklardadir (A¢ikgo6z, 1994). Ayrica drenaji iyi, verimli, ndtr veya
hafif asit (pH 6-7) topraklarda yetismektedir. Drenaji bozuk, fazla
asit topraklarda kisa siirede seyreklesir (Anonim, 1).

Kurak sartlara dayanikli bir ¢im tiiri degildir. Ayrica
basilmaya ve c¢ignenmeye karsi dayamiklilik gostermemektedir
(Acikgdz, 1994). Serin iklim ¢im tiirleriyle karisim bitkisi olarak

veya listten tohumlama amaciyla kis donemlerinde kullanilmaktadir.

Adi salkim otu (Poa trivailis L.):

Anavatan1 Kuzey Avrupa’dir. Nemli ve serin bolgelerdeki ince
yapil1 su tutan topraklarda iyi gelismektedir. Ince yapili, agik yesil
renkli bir ¢im Ortiisii olusturmaktadir. Yatik bir sekilde gelisir ve
stiliikleriyle yayilmaktadir. Kuraga ve sicaga dayanimi ¢ok zayiftir.
Buna karsilik soguklardan zarar gormez. Golgeye kars1 dayaniklidir.
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Basilmaya ve c¢ignenmeye dayanimi ise ¢ok zayiftir. Kirmizi
yumakla birlikte golge alanlara ekimi Onerilmektedir (A¢ikgoz,
1994). Diizenli sulamaya ve giibrelemeyle gelisimini 6nemli dlgiide
etkilemektedir. Kurak sartlar altinda diizenli sulamasinin yapilmasi
gerekmektedir (Giovanni vd., 2017).

Kirmizi Yumak (F. rubra L.):

Rekreasyon alanlarinda yaygin olarak kullanilan bir ¢im
tiiridiir. Ince yaprakl1 ve kisa boyludur. Golgeye kars1 dayaniklidir.
Akdeniz iklim kosullarinda Koksap gelisimi ve kromozom
sayilarina gore ii¢ sinifta incelenmektedir. Bunlar Koksapl Kirmizi
Yumak (Festuca rubra var. rubra), Adi Kirmizt Yumak (Festuca
rubra var. commutata) ve son olarak Narin Kirmiz1 Yumak (Festuca
ovina L.) olarak siiflandirilir (A¢ikgdz, 1994).

Koéksaplt kirmizi yumak (Festuca rubra var. rubra); koyu
yesil renkte ince yapili bir ¢im Ortiisii meydana getirmektedir. Uzun
omirli bir ¢im bitkisidir, nemli ve serin bolgelerde ve golge
alanlarda iyi gelisim gostermektedir. Basilmaya ve ¢ignenmeye karsi
orta derecede dayaniklidir. Birim alanda az kardeslenme olusturur
ve yeniden gelisim yetenegi zayiftir. Bu nedenlerle spor sahalarinda
tercih edilmez (Acikgdz, 1994). Asir1 nemli ve kot drenajh
topraklarda iyi gelisim gostermemektedir. Tuzluluga kars1 dayanimi
cok zayiftir (Alagdz ve Tiirk, 2017). Ertekin vd. (2022) tarafindan
yiiriitiilen bir ¢aligmada Kirmiz1 yumak tiirlerinin tuza dayanimlarin
incelendigi arastirmada Koksaphi Kirmizi yumak (Festuca rubra
var. rubra) tiriinlin tuzluluga daha toleransh oldugu saptanmustir.

Tinl ve asitik topraklarda 1yi gelisim gostermektedir.
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Adi kirmizi yaumak (Festuca rubra var. Commutata):

Yumak seklinde gelisim gostermektedir. Ince yapili dik
gelisen yapraklari narin ve ¢ok kardeslenmesi nedeniyle sik1 bir ¢im
ortlisti olusturmaktadir (Acikgdz, 1994). Kurakliga ve golge sartlara
dayanimi yiiksektir. Asitik, verimsiz ve kumlu topraklarda iyi
gelisim gostermektedir. Basilmaya ve ¢ignenmeye karsi oldukca
dayaniklidir. Serin iklim kosullar1 altinda rekreasyon alanlarinda
Ingiliz ¢cimi (Lolium perenne), Cayir salkimotu (Poa pratentis L.) ile
karigim bitkisi olarak ¢ogunlukla tercih edilmektedir. Genelde olarak
3-5 cm yiikseklikten bigilebilir, daha diisiik seviyelerde bigime de
dayaniklidir (Acikgdz 1994).

2.2. Sicak iklim ¢im tiirleri

Bu gruptaki cimler i¢in optimum yetisme sicakligi 15-27
°C’dir. Cimlenme, siirme, kardeslenme, biiylime ve gelisme
donemlerinde serin iklim c¢im tiirlerinden daha fazla sicakliga
gereksinim duyan ¢im bitkileridir. Bunlarin serin iklim ¢imlerinden
en onemli farklari; toprak yiizeyine daha yakin (algak) gelismeleri,
dipten bigmeye dayanikli olmalari, koklerinin daha derine islemesi,
basilma ve ezilmeye, sicak ve kuraga daha direncli olmalaridir.
Sicak iklim ¢imlerinin ¢ogunlukla vejetatif (yesil organ, vb.)
iiretilmesine karsilik, serin iklim ¢imlerinin tohumla tretilmesi de
dikkate deger bir farkliliktir. Subtropik ve tropik iklim kokenli olan
sicak iklim ¢im bitkileri, Tiirkiye’de Nisan ve Ekim aylar1 boyunca
hiikiim stiren sicak ¢evre kosullarinda iy1 gelisirler. Kasim sonrasi
ilk donlar ile Nisan basina kadar goriilebilen ge¢ donlar arasindaki
stirede uyku halindedir (Anonim, 2).
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Bermuda ¢imi (Cynodon dactylon L.):

Tropik veya subtropik bolgelerdeki ¢im alanlarda yaygin
olarak kullanilmaktadir. Cok yayilici, ince yaprakli, sik bir ¢im
ortiisii  olusturmaktadir. Koksap ve siiliiklerle kisa siirede
yayilmaktadir. Kuraga ve sicaga dayanimi ¢ok iyi soguga dayanimi
ise zayiftir. Bermuda ¢iminin O °C’nin altinda rengi sararmaktadir.
Basilmaya ve ¢ignenmeye dayanimi cok iistiindiir ve kendini
yenileme yetenegi yliksektir. Ancak, golgeye dayanimi zayiftir.
Basilmaya karsi dayanimi yiliksek oldugu icin c¢ogunlukla golf,
futbol, kosu sahalar1 gibi spor alanlarinda kullanilir (Anonim, 2).

3. REKREASYON ALANLARINDA SULAMA

Tarim alanlarinda yapilan sulama uygulamalari, ¢ogunlukla
bitkisel iiretim amagli ve etkin bir bicimde sulanmasiyla ilgilenir.
Ancak rekreasyon alanlar1 giizel ferahlatici goriintii olusturmak
amacl tasarlanan alanlardir. Dolayisiyla bu tiir alanlar dogrudan
insan ihtiyacina yonelik degil insanlarin zihinsel ihtiyaglarim
ve/veya temiz hava almalarin saglayan yesil alanlardir.

Cim bitkilerinin birgok tiirii ve ¢esidi yiiksek miktarda sulama
suyuna ihtiya¢ duymaktadir. Havanin nisbi neminin ¢ok diisiik
oldugu yaz aylarinda su ihtiyaci 10 mm’yi gegmektedir (A¢ikgoz,
1994). Ogzellikle sicak mevsimlerde sulama suyu ihtiyact
ylikselmektedir. Bu nedenle sulama programlanmasinin konusunun
uzmani miihendisler tarafindan tasarlanmasi gerekmektedir. Cim
bitkisinin bitki su tiiketimi ve bitki su stresi lizerine yapilan
akademik arastirmalar1 incelenecek olursa; Bastug ve Biiyiiktas
(2003) tarafindan Antalya’da golf alanlarinda kullanilan serin iklim
¢im bitkisi ¢esitlerinin karisimi lizerine yaptiklar ¢alismada %25 su
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kisit1 uygulanan konuda en yliksek renk kalitesine ulagilmistir. Bu
konunun bitki su tiiketimi 7.5 mm/giin olarak bulunmustur. Emekli
(2005) Antalya’da Bermuda (Cynodon dactylon L.) ¢iminin su stres
indeksinin degerlendirilmesi lizerine yaptig1 arastirmada A-Sinifi
Buharlagma Kabi’'ndan dlgiilen buharlasma miktarinin = %75
oraninda sulanmasi durumunda, Bermuda ¢iminin mevsim boyunca
kabul edilebilir renk kalitesini siirdiirebilecegi sonucuna ulagmistir.
Ayni ¢alismada Bermuda (Cynodon dactylon L.) ¢ciminin buharlagma
miktarinin %75’ nin sulandig1 konunun bitki su tiikketim degeri 7.45
mm/giin olarak hesaplanmistir. Aydinsakir vd. (2014) Antalya’da
yaptiklart bir ¢calismada Seaspray ve TifBlair g¢esitlerinin bitki su
tiketimi degerleri sirasiyla 6.7 mm/giin ve 6.8 mm/giin olarak
hesaplanmistir. Tam sulama konusu altin en yiiksek gorsel kaliteye
ulasildigi bildirilmistir. S6zkonusu arastirmalarin 1s18inda, Antalya
ili golf sahalarindaki genellikle serin ve sicak iklim ¢im gesitlerinin
bitki su tiiketim degerleri ortalama 7.5 mm/giin civarinda bulundugu
goriilmektedir. Ayrica bazi ¢im c¢esitlerinde kullanilabilir suyun
%75 nin kullanilabilecegi saptanmistir. Ancak bu bilgilerin degisen
iklim sartlar1 diisiiniilerek benzer ¢calismalarin yapilmas: gereklidir.

Rekreasyon alanlarindaki ¢imin sulanmasi i¢in biiyiik
cogunlukla yagmurlama sulama yontemi tercih edilmektedir. Cali
grubunun sulanmast icin ise damla sulama yontemi tercih
edilmektedir. Rekreasyon alanlarinda kullanilan yagmurlama
sulama yoOntemi unsurlari yagmurlama sulama bashgi, selenoid
vanalar, boru hatti, kontrol {initesi ve pompa biriminden
olusmaktadir (Orta, 2017).

Cim alanlarinda uygulanan yagmurlama sulama sisteminin
planlanmasinda en Onemli unsurlarda biri yagmurlama baslig1
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secimidir. Yagmurlama bashigi se¢iminde yagmurlama hizinin,
topragin su alma hizindan diisiik olmasina dikkat edilmelidir. Ayrica
tertip bi¢cimini belirlerken basliklarin birbirlerini 1slatacak sekilde
tasarlanmas1 gerekmektedir. Aksi taktirde homojen bir sulama
saglanmamaktadir (Orta, 2017). Yagmurlama sulama sistemlerinde
ii¢ tip tertip bigimi bulunmaktadir. Bunlar kare, dikdortgen ve iiggen
tertip bi¢imleridir. Yagmurlama bagliklari, tertip araliklar1 ve sistem
kapasitesinin belirlenmesinde 6nemli bir unsuru olusturmaktadir.
Sistem maliyeti ve etkin bir su kullanim1 agisindan da yagmurlama

baslig1 secimi 6nemli bir kriterdir.

Rekreasyon alanlar1 ve spor sahalari birbirlerinden farkli
boyutlarda olmalar1 ve kullanim amaglarinin farkli olmasi nedeniyle
yagmurlama baghigr seciminde farklt Ozellikte bashik tercih
edilmektedir. Ornegin bir rekreasyon alani sulanacaksa arazinin
sekline ve Ol¢iisiine gére 2.5 m ve 5.5 m yar1 ¢apli sprey yagmurlama
basliklar1 veya 6.0 m’den 20 m yaricapa kadar degisen sprinkler
yagmurlama basliklar1 tercih edilmektedir (Orta, 2017). Bir diger
yagmurlama baghg: tirii de diisiik yagmurlama hizina sahip
yagmurlama bagliklaridir. Bu bagliklar bir lateral hattinda daha fazla
baslik kullanilmasini saglar. Bdylece daha az sayida vana
kullanilmis olmaktadir. Diisiik yagmurlama hizi nedeniyle birim
zamanda sprey yagmurlaya gore daha az miktarda su tasidigi icin
daha diistik ¢apta borular kullanilir. Ayrica sprey yagmurlaya gore
daha fazla su tasarrufu saglamaktadir.

Rotorlar (veya doner sprinkler), bir doner basliktan tek bir su
akist uygulamaktadir. Atis mesafeleri ¢ogu tiirde ayarlanabilir.
Baslik yerlesiminde tam ortmeye dikkat edilerek suyun dagilimi
istenen bigimde saglandiginda su homojen ve esit bir bigimde toprak
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ylizeyine dagilmis olmaktadir. Burada asil ikinci 6nemli konu rotor
basliklarda nozul degisimidir. Tam 6rtme ve nozul degisimi, bitkinin
istemis oldugu giinliik sulama suyu miktar1 ve baglik yagmurlama
hiz1 dikkate alinarak hesaplanan basligin ¢alisma siiresinde sulama
suyunun toprak yiizeyine esit miktarda dagilmasi gerekmektedir.
Boylece ¢im ortiisii iizerinde es bir nem dengesi korunmus ve her
daim yesil saglanmis olmaktadir. Ayni zamanda gereksizce
vanalarin fazla ¢alistirilip ¢imde sararma olan yerler giderilmeye
calisilirken, gereksiz yere yapilan su sarfiyati engellenmis
olmaktadir (Orta, 2017).

Sprey yagmurlama basliklar1 ayarlanabilir ag¢1 ayarlari
bulunmaktadir. Su tasarrufu 6zellikleri, sislemeden kaginmak igin
basing ayart igeren modelleri vardir. Bazi sprey yagmurlama
basliklari, suyun sistemdeki en al¢ak basliktan disar1 akmasini
engellemek suretiyle, erozyonu ve su sizintisin1 gideren silecek
contalar1 ve ¢ek valfler gibi yerlesik cihazlara sahiptir. Rotorlarla
oldugu gibi, diisiik yagis hizhi piiskiirtme basliklar1 belirli bir
zamanda daha az su uygulayarak daha iyi toprak penetrasyonuna
imkan vermektedir (Orta, 2017).

Rekreasyon alanlarinda uygulanan yagmurlama sulama
yonteminin uygulanmasindaki en biliylik dezavantaj riizgarh
ortamlarda olusan sulama suyu kayiplaridir. Bu durum onlemler
alinmadigi ve dogru basliklar secilmedigi taktirde sulama
randimaninin diismesine yol agmaktadir. Balct ve Orta (2018)’nin
yaptig1 bir arastirmada riizgarh ve riizgarsiz kosullarda ¢arpmali, MP
rotator, disli rotor ve sprey yagmurlama bagliklarinin su dagitim
desenleri belirlenmistir. Elde edilen sonuglara gore segilen
basliklarin riizgarli kosullarda es su dagilim katsayis1 siralamasi
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yiiksekte diisiige dogru disli rotor, MP rotator, sprey ve ¢arpma
yagmurlama baglig1 bigiminde siralanmastir.

4. SONUC VE ONERILER

Rekreasyon alanlar1 ve spor sahalar iklim degisikliginden en
cok etkilenmesi beklenen alanlar arasindadir. Ciinkii, bu alanlardaki
cim tiirleri yiiksek miktarda sulama suyuna ihtiyag duymaktadir.
Dolayisiyla ilk 6nce rekreasyon alanlarinda kullanilan sulama suyu
miktarindan tasarruf edici Onlemler almmalidir. Rekreasyon
alanlarinda veya spor sahalarinda ¢im bitkisini segerken kullanim
amacina, iklim sartlarina ve bulundugu konuma dikkat edilmelidir.
Su kaynaklarinin kisitli oldugu yerlerde kurak sartlara uygun ¢im
tiirleri tercih edilmelidir. Cim tiirlinii secerken tek bir tiir kullanarak
ekim yapilmamali, kullanma amacina gore ¢im tiirlerinin farklh

oranlarda karigimlar1 hazirlanmalidir.

Cim tiirleri, serin iklim ve sicak iklim olmak iizere iki sinifa
ayrilmaktadir. Tiirkiye’de Akdeniz kosullarinda sicak iklim tiirti
olarak yaz aylarinda Bermuda ¢imi kullanilmaktadir. Bu ¢im
tiiriintin en 6nemli 6zelligi hizli bir sekilde kardeslenip genis alanlara
yayilim saglayabilmesidir. Bakimi da kolaydir. Serin iklim ¢im
tiirlerinden Ingiliz ¢imi (Lolium perenne L.), Cayir Salkim Otu (Poa
pratensis L.), Kirmizt Yumak (F. rubra L.), Siliiklii Tavusotu
(Agrostis Stoloniferea), Adi Salkim Otu (Poa trivialis L.), Cayir
Yumag: (F. pratensis), Narin Tavusotu, Kamiss1 Yumak (F.
arundinacea), Kahverengi Tavusotu (Agrostis tenuis) gibi tiirler en
cok tercih edilen ¢im bitkileri arasinda yer almaktadir.

Cim bitkisi ¢ogunlukla rekreasyon alanlarinda kullanilmakla
birlikte gol, futbol, bowling ve tenis kortlar1 gibi spor alanlarinda da
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siklikla kullanilmaktadir. Ozellikle golf sahalarinda cok genis
alanlar ¢im Ortlisiiyle kaplidir. Golf sahasi ¢ok yesil alani
barindirdig1 i¢in sulama suyu ihtiyaci da ¢ok fazladir. Bu nedenle
sulama yonetimi ¢ok biiyiik bir 6nem tagimaktadir.

Sulama sistemlerinin projelendirilmesi yapilirken kullanilacak
malzemenin 6zellikleri bilinmeli, se¢ilen ¢im tiirliniin iklim sartlari
gozetilerek diisiik bitki su tiiketimine sahip 6zellikte ¢esitler tercih
edilmelidir. Etkin bir su kullanimini1 saglanmasi i¢in sensorler
yardimiyla sulama sistemi ¢im bitkisinin ihtiya¢ duydugu anda
devreye girmesi gerekmektedir. Ayrica sulama sisteminin hidrolik
kurallara uygun bicimde tasarlanmasi gerekmektedir. Tiim bu
konular dikkate alindiginda, bir rekreasyon alaninda ¢im
yetistiriciligi i¢cin sulama projelendirilmesinin uzman sulama

miithendisleri tarafindan tasarlanmasi gerekmektedir.
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BOLUM III

Redefining Water Resources: Innovative Water
Harvesting Strategies In Agricultural Drought
Management

Rohat GULTEKIN!
IlIknur CEBECI?

1. Introduction

Global water resources are increasingly under pressure due to
factors such as population growth, economic development, urban
expansion, and climate change. As global water demand continues
to rise each year, existing water resources are being rapidly depleted.
The agricultural sector, in particular, accounts for approximately
70% of the world’s water consumption, making it the largest water
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user (FAO, 2020). This situation underscores the critical importance
of efficient water management in agricultural production. With the
increasing frequency of drought events due to climate change,
agricultural production and food security are under threat,
necessitating a reassessment of agricultural drought management
strategies (IPCC, 2019).

Drought management in agriculture is of critical importance
not only for the conservation of water resources but also for ensuring
the continuity of sustainable agricultural production. Traditional
water management methods are proving inadequate in the face of
rapid climate change and increasing drought events, which
highlights the growing need for innovative water management
strategies (Mishra and Singh, 2010). In this context, water harvesting
emerges as a significant strategy for evaluating alternative water
resources and reducing the dependency of agricultural production on
water (Rao et al.,, 2017). Water harvesting, which involves the
collection and efficient use of alternative water sources such as
rainwater, surface runoff, and groundwater, is recognized as a crucial
tool in combating agricultural drought. However, for this strategy to
be effectively implemented, regional conditions and agricultural
requirements must be taken into consideration (Falkenmark and
Rockstrom, 2004). Innovative water harvesting strategies not only
ensure the preservation of water resources but also contribute to food
security by improving water efficiency in agricultural production
(Ray and Majumder, 2024; Tamagnone et al., 2020).
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Figure 1. Global water usage by sector (1990-2020)

Globally, water resources are rapidly decreasing due to factors
such as the growing population, industrialization, urbanization, and
especially climate change. Water scarcity poses significant threats,
particularly in the agricultural sector (Figure 1). Agriculture,
accounting for approximately 70% of global water usage, is the
largest consumer of water (FAO, 2020). However, the reduction in
available water resources has emerged as one of the greatest
challenges to maintaining sustainable agricultural production. The
limitation of water resources not only reduces the efficiency of
irrigation systems but also leads to substantial losses in agricultural
production (Foley et al., 2011).

2. Traditional Water Managements

Although traditional water management strategies for
combating agricultural drought have been adopted and applied by
farming communities for many years, they are proving inadequate in
the face of rapidly changing climate conditions and increasing water
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demand. Traditional methods generally rely on irrigation, dam
construction, and groundwater usage. However, these approaches
have led to the depletion of water resources, soil salinization, and
environmental degradation in many regions (Madramootoo, 2012;
Hussain et al., 2019). For example, excessive groundwater use has
resulted in a drop in the water table, causing permanent water
shortages in some areas (Gleeson et al., 2012). This indicates that
traditional methods are not sustainable and are becoming
increasingly risky due to the effects of factors such as climate
change.

Traditional water management strategies, in order to guarantee
water supply during drought periods, often rely on large-scale
infrastructure projects, dams, and water distribution networks. These
projects, however, may fail to ensure the equitable and fair
distribution of water and often require significant costs.
Additionally, such large projects can have negative impacts on
ecosystems and threaten biodiversity (Richter et al., 2010). Rather
than promoting efficient water use, traditional methods have
frequently led to the over-exploitation of resources, causing water to
be depleted rapidly during drought periods.

Another significant limitation is the low capacity of traditional
water management strategies to adapt to the uncertainties brought
about by climate change. Increasing temperatures, changing
precipitation patterns, and more frequent drought events due to
climate change require flexible and adaptive approaches in water
management (Bates et al., 2008). Traditional methods are
insufficient in adapting to these variable conditions, thereby
jeopardizing the security of agricultural production. This clearly
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underscores the need for more innovative and sustainable water

management strategies in agricultural drought management.

In conclusion, traditional water management strategies fail to
provide long-term sustainable and effective solutions for combating
agricultural drought. The pressures these methods place on water
resources, along with their environmental impacts, indicate the need
for more innovative and integrated approaches in water
management. Modern strategies, such as water harvesting and
circular water management, offer more effective and sustainable
solutions for addressing drought, with the potential to ensure the
continuity of agricultural production (Rockstrom et al., 2007).

3. Redefining Water Resources: Expanding the Concept of
Water Harvesting

Traditional water resources are typically defined by rivers,
lakes, groundwater, and water stored in dams. However, these
resources are rapidly depleting due to factors such as population
growth, climate change, over-exploitation of water, and
environmental degradation, rendering them inadequate for
sustainable agricultural production (Falkenmark and Rockstrom,
2004). Water harvesting expands this traditional definition, offering
a new perspective on agricultural water management. By
incorporating methods such as the collection and reuse of rainwater,
surface runoff, and wastewater, water harvesting allows for the
diversification of water resources. This approach provides
alternative solutions for the conservation of water resources and the
sustainability of agricultural production. For instance, rainwater
harvesting is the method of collecting and storing water directly from
the ground surface or from surfaces such as rooftops. This water can
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later be used for irrigation or other agricultural activities. In some
arid regions of India, rainwater harvesting practices have reportedly
led to significant increases in agricultural production (Patode et al.,
2021). This demonstrates that water harvesting not only increases
water resources but also enhances agricultural productivity.

3.1. Evaluation of Alternative Water Resources:

Water harvesting allows for the utilization of alternative water
sources in agricultural water management. In regions where
traditional water resources are inadequate or at risk of depletion, the
use of alternative water sources is of vital importance. Rainwater
harvesting, the collection of surface runoff, and the sustainable use
of groundwater are among these alternative resources. Additionally,
the treatment and reuse of wastewater for agricultural irrigation

contributes to the more efficient use of water resources.

Rainwater harvesting plays a critical role in meeting water
needs, particularly in regions experiencing water scarcity. It is
estimated that the application of rainwater harvesting techniques
globally could collect 80-90 billion cubic meters of water annually
(World Bank, 2016). This amount could make a significant
contribution to agricultural production in countries suffering from
water shortages (Figure 2). Similarly, the collection of surface runoff
prevents the rapid evaporation and loss of water, allowing for more
efficient storage of water for use in agricultural production.

--44--



Without Water Harvesting
| —®— with Water Harvesting

w
IS

w
]

w
=]

2.8r

Yield (tons per hectare)

2000.0 2002.5 2005.0 20075 201I0.O 2012.5 2015.0 2017.5 2020.0
Year

Figure 2. Impact of water harvesting on agricultural yield (2000-
2020)

The sustainable use of groundwater is also an essential
component of water harvesting strategies. Excessive groundwater
use leads to a drop in the water table and threatens the sustainability
of water resources (Gleeson et al., 2012). However, through water
harvesting, groundwater can be naturally recharged, allowing for its
sustainable use. The use of treated wastewater in agricultural
irrigation is another alternative water source. In Israel, more than
50% of the water used for agricultural irrigation is obtained from
treated wastewater, and this practice ensures the uninterrupted
continuation of agricultural production in the country (Shelef, 2010).
This example illustrates how water resources can be expanded
through the recovery and reuse of wastewater.

3.2. The Potential Effects of Water Harvesting on Global Water
Security and Its Role in Providing Solutions to the Water Crisis
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Global water security is under serious threat due to increasing
water demand and diminishing water resources. It is expected that
global water demand will increase by 40% by 2030, necessitating
more sustainable management of water resources (UN Water, 2020).
Water harvesting contributes to water security by enabling the
efficient collection, storage, and reuse of water. This strategy,
particularly in regions facing water scarcity, allows for more
efficient use of water and the creation of agricultural systems that are

resilient to the water crisis.

Water harvesting offers innovative solutions to enhance global
water security. For instance, in the Sahel region of Africa, which
suffers from water scarcity, water harvesting practices have
increased agricultural production and ensured food security for local
communities (Rockstrom et al., 2010). In this region, water
harvesting involves the collection and storage of rainwater and
surface runoff, which is then used for agricultural irrigation during
dry periods. This practice has made significant contributions to local
economies and has emerged as a successful strategy in the fight
against water scarcity.

The impact of water harvesting on global water security is not
limited to the collection and storage of water; it also involves
preserving the natural water cycle and sustainably managing water
resources. Water harvesting strategies support the replenishment of
water in nature and maintain the water cycle, offering long-term
solutions to the water crisis. These strategies not only help conserve
water resources but also improve water efficiency in agricultural
production, thereby supporting food security (Falkenmark and
Rockstrom, 2004).
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In conclusion, water harvesting stands out as an important
strategy that expands the traditional definition of water resources and
offers innovative solutions in agricultural water management. The
utilization of alternative water sources, such as rainwater, surface
runoff, groundwater, and treated wastewater, plays a critical role in
the creation of agricultural systems that are resilient to the water
crisis. In this context, water harvesting holds great potential in
ensuring global water security and developing sustainable solutions

to the water crisis.

4. Innovative Water Harvesting Techniques

Water harvesting, which is based on the use of water collected
after rainfall in various applications, can be classified into micro and
macro systems for agricultural use and rooftop water harvesting for
domestic use. Water harvesting, defined as a method for collecting,
preserving, and storing local surface runoff for agricultural purposes
(Boers and Ben-Asher, 1982), has the following primary objectives:

e Increasing productivity in areas with insufficient
rainfall,

e Supporting afforestation activities to combat
desertification and erosion,

e Providing drinking water for livestock,

e Supplying water for domestic use,

e Combating drought and minimizing its adverse effects,
e Conserving irrigation water in irrigated areas,

e Ensuring the proper use of limited water resources.
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In areas where rainfed agriculture is practiced, changes in
rainfall patterns negatively affect crop yields. Water harvesting
systems are crucial for overcoming irregularities in rainfall. To
increase the effectiveness of water harvesting, mulching is applied.
For this purpose, textile, plastic, straw, and other organic mulch
materials are used.

All water harvesting methods consist of three components: the
water collection area, also known as the surface runoff area, the
storage area, and the target area (Figure 3). The water collection area
can range in size from a few square meters to several square
kilometers. This area is the piece of land that channels part or all of
the rainwater to the target area beyond its boundaries. It can be an
agricultural, rocky, or marginal area, or even a rooftop or asphalt
road. The storage area is where the rainwater is held and collected
until it is used.

Water
catchment area

Runoff " Storage area

Figure 3. Basic components of water harvesting

Storage can occur in surface and subsurface reservoirs, as soil
moisture in the soil profile, or in underground aquifers. The target
area is where the harvested water is used. In agricultural production,
the targets are plants and animals, while for domestic use, the targets
are people and their needs (Oweis and Hachum, 2009).

Water harvesting methods are classified in various ways based
on their purpose, form, or storage method, but the most common
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classification is based on the size of the water collection area: micro-
catchment and macro-catchment water harvesting methods. This
section focuses on the micro-catchment water harvesting methods

most commonly used in crop production.

4.1. Micro-Catchment Water Harvesting

Micro-catchment water harvesting involves collecting water
within a smaller area or within the root zone of the plant, as
compared to the larger water collection area (Table 1). In this
method, the collected water is used as soil moisture for irrigation in
the cultivation area located directly next to the surface runoff area,
or it is stored for later use. In a severely dry year with no rainfall, an
effective water harvesting system will support plant growth for much
of the year. When selecting micro-catchment water harvesting
methods, factors such as topography, climate conditions, and the
crop to be cultivated are considered. In water harvesting techniques
applied for crop production, mulching is used to enhance the
effectiveness of rainfall harvesting and thereby increase yields. To
collect more surface runoff, organic or inorganic mulching can be
applied in the water collection area within the micro-catchment.
Some commonly used water harvesting techniques in agriculture are
illustrated in Table 1.

Table 1. Some water harvesting techniques and application

methods

Water Harvesting Technique Application Features

--49--



a) Small flow catchments
(Negarim) (Critchley and
Siegert, 1991)

This method is preferred for tree
cultivation in areas with slopes of up
to 5%, where a smooth topography
is not required (Critchley and
Siegert, 1991).

b) Semi-circular bunds
(Bardin, 2012)

It is commonly used in grasslands,
pastures, shrub plants, vegetable
farming, and tree cultivation. This
method is preferred in areas with flat
topography, where the slope ranges
from 0.5% to 5%. A limiting factor
of this method is the difficulty of
using machinery (Critchley and
Siegert, 1991).

¢) Contour bunds (Critchley
and Siegert, 1991)

This method, used for trees, is a
simplified version of micro-
catchments. It can be constructed
using machinery and is therefore
suitable for larger areas. This
method is preferred in areas with flat
topography and slopes of up to 5%.
It is not suitable for uneven or
erosion-prone areas (Critchley and
Siegert, 1991).
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) Inter-row systems (Cebeci
et al., 2024)

It is the most suitable method for
lands with a smooth topography. It
is used for high-yield crops such as
vegetables, row crops, and fruit trees
(Oweis et al., 2001).

¢) Small holes (Malesu et al.,
2007)

This method, primarily used in
pastures, is also suitable for annual
plants. It is particularly well-suited
for improving low-water-retaining,
infertile soils (Oweis et al., 2001).
Its main advantages are the ease of
application in the field and the
simplicity of maintenance
(Anschuetz et al., 2003).

f) Surface flow strips

It is suitable for gently sloping
areas. In arid regions with low
yields, it is used to support the
growth of field crops. This method
is mechanized and requires minimal
labor (Oweis et al., 2001).

5. The Strategic Importance of Water Harvesting in
Agricultural Dought Management

Drought, in its simplest definition, is when precipitation falls

below normal levels. Meteorological drought is defined as a natural

event where precipitation significantly drops below recorded normal

levels, leading to negative impacts on land and water resources and
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causing disruptions in the hydrological balance (GDM, 2024). The
key characteristics of drought are its uncertain onset and end,
cumulative increase, simultaneous impact on multiple sources, and
its high economic cost. Drought brings numerous economic,
environmental, and social effects, including crop and production
losses, delays in economic development, reductions in food
production and stocks, difficulties in obtaining financial resources,
losses in the contribution of rivers and canals to shipping, the high
cost of developing new and additional water resources, the expense
of water transport, losses in farmers' incomes, unemployment,
depletion of energy resources, losses in industries directly dependent
on agricultural production, soil and wind erosion, degradation of
water quality, impacts on livestock quality and natural habitats, and
ultimately food shortages, increased poverty, migration, social

unrest, and a decline in living standards in rural areas.

The impact of drought in agriculture is different from other
sectors. This is because the effects of drought are first observed in
agriculture, as crops require rainfall not just over the entire year, but
specifically during their growth periods. Agricultural drought is
defined as the lack of sufficient water in the soil during the period
when the plant requires it.

Drought is a silent disaster, and by the time it arrives, it may
already be too late to act. Therefore, it is crucial to prepare for
drought rather than waiting for it to occur. In this regard, practices
that minimize the risk of drought in agriculture should be prioritized.
Some of these practices include the use of drought-resistant varieties,
mulching to preserve soil moisture, direct seeding into stubble, and
water harvesting. In regions where rainfed agriculture is practiced,
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micro-catchment water harvesting systems are vital for mitigating
the effects of agricultural drought and compensating for irregular
rainfall during periods when crops have the greatest need for water.
The water collected through harvesting can be utilized during critical
periods when plants are most sensitive to water shortages.
Additionally, combining water harvesting with mulching in crop
production minimizes evaporation losses. This way, even with
limited rainfall, the collection of available rainwater through water
harvesting ensures plant growth during dry periods.

Due to global climate change, rising temperatures, changes in
rainfall patterns, loss of surface water, and increasing drought
periods are threatening the availability of water resources. While the
natural and agricultural water requirements of plants will increase,
the reduction in water resources demonstrates the necessity of more
effective water management in the future. In this context, there is a
recognized need to integrate climate change adaptation into water
resource management policies, including basin-level water
management, inter-sectoral water distribution, water conservation,
monitoring water use, expanding observation networks, and
increasing large-scale artificial storage structures (Anonymous,
2024). The benefits of water harvesting, which has been applied for
centuries using traditional methods in arid and semi-arid areas, are
now supported by scientific research. In this regard, water harvesting
is increasingly included in climate change policies and is one of the
recommended practices for combating drought.

6. Successful Innovative Water Harvesting Projects and
Practices
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Water harvesting, an important technique for addressing the
risks to agricultural production posed by drought and insufficient
water resources, has been the subject of numerous studies and field
applications in many countries, yielding significant results (Table 2).
The contribution of various water harvesting practices applied under

different land conditions to increasing crop yields is noteworthy.

Table 2. Some successful water harvesting practices

Country  Crop Water Harvesting Effectiveness of  Reference
Method Method

South Corn Surface runoff strips 3 times increase Tesfuhuney

Africa (1-1.5-2-3 m) and in surface runoff et al. (2013)
mulch (bare, 12%, efficiency for Im
39%, 64% and 96% strip width
organic mulch)

Kenya Wheat Plastic and straw 60-163% Wang et al.
mulch with inter-row increase in wheat  (2016)
systems yield in all

mulched water
harvesting
applications

China Wheat Inter-row systems (3 Yield increase at  Ren et al.
different ridge widths)  aridge width of  (2016)
with plastic mulch 40 cm: 11.8%-

13.6%, at a ridge
width of 60 cm:
20.6%-23%, at a
ridge width of 80
cm: 4.5%-3.4%.
Tiirkiye Melon Inter-row systems (3 30.5%-66% Cebeci et al.

different ridge widths)
with plastic and straw
mulch

increase in soil
moisture

(2017)
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Tiirkiye Squash Inter-row systems (3 18.8%-209.3% Unliikara et
different ridge widths)  increase in crop al. (2021)
with plastic mulch yield.

China Potato Inter-row systems (3 158.6-175.0% Wang et al.
different ridge widths)  increase in crop (2008)
with plastic mulch yield.

Tiirkiye Melon Plastic mulch with 84.5%-111.8% Cebeci et al.
inter-row systems increase in crop (2024)

yield.

Libya Australian  Contour ridges and 2.3%-11% Razzaghi

Atriplex negarim increase in (2011)
biomass

Nigeria Citrus Negarim Surface runoff Ayanshola

coefficient 0.48 and Dauda
(2019)
Iran Pasture Negarim and bankette ~ 20% increase in ~ Dastorani et
soil moisture al. (2017)

7. Future Perspectives: Sustaining and Expanding Innovation

The development of future water harvesting technologies is of
great importance for agricultural drought management and the
sustainability of water resources. The integration of technologies
such as artificial intelligence (AI), machine learning (ML), and the
Internet of Things (IoT) into water harvesting processes can enable
more efficient use of water resources. For example, Al-based models
integrated into water management systems can predict agricultural
water demand and ensure the optimal distribution of water based on
these predictions. According to a report by McKinsey Global
Institute, Al and ML-based solutions can achieve up to 20% water
savings in agricultural water use (McKinsey Global Institute, 2021).
This is a critical development, particularly for regions experiencing
water scarcity. Blockchain technology, on the other hand, emerges

as an important innovation for monitoring water resource usage and
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increasing transparency in water management. By facilitating the
tracking and management of water usage, this technology ensures
that water harvesting processes are more secure and efficient
(Janssen et al., 2021).

The continuation and widespread adoption of innovation are
directly linked to the development of policies that support water
harvesting. Incentives and regulatory frameworks for water
harvesting can accelerate the adoption of these technologies. For
example, 30% of the funds allocated to water management projects
within the European Union's Horizon 2020 program have been
directed towards the development of water harvesting and recovery
technologies (European Commission, 2020). Such policies
encourage the broad application of water harvesting technologies
and support innovation in water management. Similarly, the
encouragement of water harvesting projects by local governments
helps promote the wider use of these technologies in agriculture.
Policymakers can increase the adoption of these strategies by using
tools such as tax reductions, subsidies, and technical support to
promote water harvesting (OECD, 2021).

Water harvesting strategies also have the potential to offer
sustainable solutions to climate change. Climate change is causing
significant shifts in the water cycle and complicating the
management of water resources. For example, the IPCC (2021)
report predicts deviations of 15-20% in global precipitation patterns
due to the effects of climate change. While this makes water resource
management more complex, it also highlights the importance of
water harvesting strategies. By enabling the local storage and reuse
of water, water harvesting can enhance water security and help
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mitigate the negative impacts of climate change. For instance,
innovative water harvesting projects implemented in the Rajasthan
region of India have resulted in water savings of up to 30% in areas
facing water scarcity and a 20% increase in agricultural production
(Wani et al.,, 2021). Such examples demonstrate how water
harvesting strategies can support sustainability in the context of

climate change and their potential to provide long-term solutions.

In the future, the sustainability and widespread adoption of
water harvesting strategies will depend on the integration of
technology, policy, and climate change factors. This process will
play a crucial role in ensuring more efficient use of water resources
and in achieving global water security and agricultural sustainability
goals. The large-scale adoption of innovative water harvesting
strategies has the potential to become an effective tool in combating
climate change, and innovations in this field are expected to make
agricultural production systems more resilient and sustainable in the

future.

8. Conclusion

Water harvesting has emerged as a vital strategy in addressing
the increasing challenges posed by water scarcity, agricultural
drought, and climate change. As global demand for water continues
to rise, driven by population growth, urbanization, and shifting
climate patterns, traditional water management approaches are
proving inadequate. In response, innovative water harvesting
strategies offer a sustainable alternative for improving water
efficiency, enhancing agricultural productivity, and contributing to
global water security.
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By expanding the concept of water resources to include
alternative sources such as rainwater, surface runoff, and treated
wastewater, water harvesting has demonstrated its potential to
alleviate the stress on conventional water supplies. In regions
suffering from irregular rainfall and drought, micro-catchment
systems and other innovative techniques have enabled the storage
and use of water in critical periods, ensuring the continuity of
agricultural production even in adverse climatic conditions.

The integration of advanced technologies like artificial
intelligence, machine learning, and blockchain into water harvesting
practices offers further opportunities for enhancing efficiency and
transparency in water management. These innovations, supported by
policy frameworks and government incentives, will be crucial in
promoting the widespread adoption of water harvesting techniques

and ensuring their long-term sustainability.

As the effects of climate change intensify, the need for resilient
agricultural systems becomes more urgent. Water harvesting, with
its ability to improve water use efficiency, mitigate drought impacts,
and support food security, holds the potential to play a key role in
the global effort to adapt to and combat the water crisis. Going
forward, the continued development and dissemination of water
harvesting technologies will be instrumental in achieving sustainable
agricultural practices and securing water resources for future
generations.
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BOLUM IV

Etlik Pili¢ Kiimeslerinde Tiinel Havalandirma: Etkili
Tasarim Kiriterleri ve Uygulamalari

Ali CAYLI!

Giris

Modern kanath yetistiriciliginde, tiinel havalandirma
sistemleri, i¢ ortam iklimini yonetmede kritik bir bilesen olarak
onem tagimaktadir. Bu sistemler, hayvanlarin 1s1 stresini minimize
etmek ve yiiksek sicakliklarin {iretkenlik {izerindeki olumsuz
etkilerini azaltmak i¢in gelistirilmistir. Tamamen kapali kiimeslerde
hava hareketinin etkili bir sekilde saglanmasi, 6zellikle sicak
havalarda, tavuklarin saglhigini ve performansini dogrudan etkiler
(Boyac1, 2018; Biiyiiktas, Atilgan, & Tezcan, 2016; Hellickson &
Walker, 1983; Lindley & Whitaker, 1996). Bu sistemde, egzoz

fanlar1 kiimesin bir ucuna, hava girisleri ise diger uca yerlestirilir.

1 Doc. Dr., Kahramanmaras Siitcti imam Universitesi, Ziraat Fakiiltesi, Biyosistem Mithendisligi Bolimi,
Kahramanmaras/Turkiye, Orcid: 0000-0001-8332-2264, alicayli@ksu.edu.tr
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Hava, bu agikliklardan ¢ekilerek ve sistem boyunca yonlendirilerek
hareket eder. Tiinel havalandirma sistemi, hayvanlarin seviyesindeki
hava hizin1 nispeten sabit tutarak, kiimes boyunca tekdiize bir hava
hareketi saglar. Bu tekdiize hava hareketi, hayvanlar sogutma etkisi
olusturarak sicaklik stresini azaltir. Yapilan calismalar, hayvanlarin
nispeten yliksek hava sicakliklarinda bile hava hareketi yoluyla etkili
bir sekilde sogutulabilecegini gostermistir (Bucklin, Jacob, Mather,
Leary, & Naas, 2009; Bustamante, Garcia-Diego, Calvet, Torres, &
Hospitaler, 2015; Drury, 1966)

Drury (1966), yiiksek ortam sicakliklarinda artan hava
hareketinin pili¢lerde kilo alimin1 iyilestirdigini, bu iyilesmenin hava
hizinin  karekokiiyle neredeyse orantili oldugunu kesfetmistir.
Wilson, Albright, and Walker (1983), tarafindan yapilan bir
arastirma, kapali kiimeslerdeki hava hizi, yan duvar girislerinden
kiimes merkezine dogru hareket ettikce genlesme nedeniyle yiizde
50’den fazla azaldigini ortaya koymustur. Ayrica hava hareketinin
sagladig1 faydalar hava sicakligi yaklagik 40°C’ye ulasana kadar
belirgindir. Hava sicakligi 40°C’nin iizerine ¢iktiginda, artan hava
hareketi aslinda 1s1 stresini artirabilir, ¢iinkii hava sicaklig1 hayvanin
viicut sicakligindan daha yiiksek olmaktadir (M. Czarick & Tyson,
1990). Ayrica tlinel havalandirma en yliksek kademedeyken, kiimes
boyunca sicaklik fark: 2.8°C’y1 asmamalidir (Aviagen, 2019).

Tiinel havalandirmanin otomasyon ile kontrol edilmesi
durumunda, kontrol sistemleri, kiimes ortaminin uygunlugunu
degerlendirmek i¢in tek basma yeterli olmamali ayni zamanda
kanathlarin davraniglart da gozlemlenmelidir. Ortam c¢ok soguk
oldugunda, hayvanlar bir araya toplanir ve {islidiiklerini belirten
giirtiltili, stresli sesler ¢ikarirlar. Uygun ortamda ise, kanathilar esit
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dagilim gosterir ve ¢ikardiklari sesler memnuniyetlerini ifade eder.
Ortam asir1 sicaksa, hayvanlar 1s1 kaynagindan uzaklasir ve bitkin
gorlniirler. Ayrica sessizleserek, hizli soluk alip vermeye baglarlar.
(Aviagen, 2019).

Tiinel havalandirma sistemleri, c¢evresel kontrol agisindan
geleneksel kiimeslere gore Oonemli bir avantaj sunsa da sistemin
etkinligi biiyiik Ol¢iide tasarim ve isletim kalitesine baghdir.
Geleneksel kiimeslerde, hava degisimi ve dagitimi genellikle kontrol
edilemezken, tiinel havalandirmali bir kiimes, isletmecisine ¢evre
iizerinde yliksek diizeyde kontrol imkami saglar. Ancak,
havalandirma sistemi uygun sekilde tasarlanmazsa veya kurulumda
hatalar yapilirsa, iireticilerin ¢evresel kosullar1 kontrol etme yetenegi
siirli kalabilir ve bu da iiretim kalitesini olumsuz etkileyebilir.
Tiinel havalandirma sistemlerinin avantajlarin1 tam anlamiyla
kullanabilmek i¢in, bu sistemlerin detayli bir sekilde tasarlanmasi,
uygulanmasi ve bakiminin yapilmas: gerekmektedir.

Bu calisma, etlik pili¢ kiimeslerinde tiinel havalandirma
sistemlerinin kullaniminin performans ve kiimesin ¢evre kosullarina
etkilerini incelemeyi amaclamaktadir. Literatiir arastirmasi yoluyla
mevcut bilgileri ve uygulama Orneklerini degerlendirerek, bu
sistemlerin verimlilik lizerindeki etkilerini kapsamli bir sekilde
inceleyecektir. Caligmanin hedefi, tiinel havalandirma sistemlerinin
avantajlarini, potansiyel zorluklarin1 ve bu teknolojinin en etkili
sekilde nasil kullanilabilecegine dair bilgi saglamaktir.

Hava Hizx

Tinel havalandirma sistemlerinde hava hizi, kanath

hayvanlarin konforu ve sagligi agisindan kritik bir parametredir.
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Kiimesin bir ucundan diger ucuna ilerleyen hava, sogutma etkisi
yaratarak hayvanlarin hissettigi sicakligi dogrudan etkiler. Uygun
hava hizi saglanamadiginda kanatlilar sicaklik stresi veya lislime
etkisi ile olumsuzluklar yasayabilirler, bu da iiretim performanslarini
olumsuz yonde etkileyebilir. Ozellikle hava hiz1 diisiik oldugunda,
sogutma etkisi yetersiz kalir ve hayvanlar sicaklik stresine maruz
kalir. Diger taraftan, hava hiz1 ¢ok yiiksek oldugunda ise kanatlilar
gereginden fazla soguyarak iisiime riskiyle karsilasabilir. Bu
nedenle, hava hizinin diizenli olarak Olclilmesi ve izlenmesi,
havalandirma sisteminin verimliligini degerlendirmenin yam sira
olast sorunlarin onceden tespit edilmesine olanak tanir. Boylece,
kiimes ortamindaki hava kosullarinin kontrolii saglanarak
kanathilarin optimum sicaklik seviyesinde tutulmasi miimkiin olur
(Boyaci, 2018; Drury & Siegel, 1966; Furlan, Macari, Secato,
Guerreiro, & Malheiros, 2000; Lott, Simmons, & May, 1998; May,
Lott, & Simmons, 2000; Yahav, Straschnow, Vax, Razpakovski, &
Shinder, 2001).

Tiinel havalandirma sistemleri belirtilen hava hizi ve hava
degisim oranini karsilamak t{izere tasarlanmistir. Ancak, gerekli hava
hiz1 s6z konusu kanatli sinifina baghdir. Cizelge 1°de, ¢esitli kiimes
hayvani siiflarinin yetistirilmesi i¢in 6nerilen hava hizi verilmistir
(Daghir, 2008).

Cizelge 1. Tiinel havalandirmali kiimesler igin tavsiye edilen hava

hizlart
Kanath Tipi Hava Hiz1 (m s™)
Etlik Pili¢ 2.5-3
Yarka 1.75-2.25
Damizlik Broyler 2.25-3
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| Hindi | 2.5-3

Cizelge 1’deki veriler, farkli kiimes hayvani siniflart i¢in
onerilen hava hizlarinin degistigini gostermektedir. Etlik pili¢ ve
hindi gibi bliyiik kiitlelere sahip tiirler i¢in Onerilen hava hizlar

! arasindadir; bu da bu hayvanlarin viicut

genellikle 2.5-3 m s’
sicakligini optimum seviyede tutmak icin bir sogutma etkisi saglar.
Bu hiz, piligler (1.75-2.25 m s™) gibi daha kii¢iik kanatlilar i¢in daha
diisiik tutulur, ¢linkii bu siniftaki hayvanlar daha diisiik hava akisinda
uygun bir 1s1 dengesini koruyabilirler. Damizliklar i¢in de benzer bir
hava hiz1 aralig1 (2.25-3 m s') 6ngériilmektedir. Bu farkliliklar, her
hayvan smifinin havalandirma  gereksinimlerinin  biyolojik
ozelliklerine gore farkli oldugunu ve tiinel havalandirma
sistemlerinin bu gerekliliklere gore dikkatlice ayarlanmasi
gerektigini  gostermektedir.  Tiinel havalandirmali  yapilar
tasarlanirken en az 1.8 m s hava hizzmin kullanilmasi tavsiye
edilmektedir (Drury, 1966). Bununla birlikte tiinel havalandirmali
bir kiimesteki hava hizi, herhangi bir kesitte hareket ederken,
sirtinme nedeniyle kesit diizlemin her noktasinda ayni degildir

(Sekil 1).
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Sekil 1. Tiinel havalandirmali bir kiimeste hiz profili

Hava hiz, kesitin merkezinde en ytiksek olup, duvarlar, zemin
ve tavana yaklastik¢a siirtiinme etkisiyle azalmaktadir. Kanatlilarin
bulundugu seviyede yeterli hava hareketini saglamak i¢in, zemine
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yakin hizdaki bu diisiis dikkate alinmali ve ortalama hava hizi,
hedeflenen hizdan en az %10 daha yiiksek olmalidir. Eger ortalama
hava hiz1 bu gereksinimi karsilamiyorsa, egzoz fanlarinin sayisinin
artirnlmas1 ya da hava akisini yonlendiren deflektorlerin
kullanilmastyla hiz arttirilabilmektedir (M. Czarick & Tyson, 1990).

Tiinel Fan Kapasitesi ve Hava Hizinin Hesaplanmasi

Tiinel havalandirmali bir kiimesin minimum fan kapasitesi,
girig havalandirmali kiimeslerde oldugu gibi 1s1 dengesi yontemiyle
belirlenir. Bu yontem, pili¢lerin kesim agirligina ulagtiginda en sicak
giinde, klimesin tiinel girisi ile tiinel fanlar1 arasinda 2,8°C’den fazla
bir sicaklik farki olmamasini saglar. Bu durumda hava hizi, toplam
fan kapasitesinin kiimesin en kesit alanina bdliinmesiyle
belirlenebilir. En kesit alan1 ise kiimesin genisligi ile ortalama
yiiksekliginin c¢arpilmasiyla hesaplanabilir (M. Czarick, I &
Fairchild, 2008; Olgun, 2011; Tekinel, Kumova, Alagéz, & Demir,
1988).

Q 1h
V=—X
A 3600s

Esitlikte, V hava hiz1 (m s™), Q fan kapasitesi m> h!, A kesit

alan1 (m?) gostermektedir.

Ornegin 3.0 m yiikseklige ve 16.0 m genislige sahip bir
kiimeste 35,000 m* h! kapasiteli 4 fanin ¢alismasi durumunda hava
hizz;
4x(35000 m3/h) 1h

V=
3mxlém 3600 s
hesaplanabilir.

= V =081m/s olarak

Tiinel havalandirmal1 bir pili¢ kiimesindeki hava hizi, genisligi

ve yiiksekligi de dahil olmak {izere kesit alanindan 6nemli Slgiide
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etkilenir. Daha biiyiik kesit alanlar1 genellikle daha diisiik hava
hizlar1 ve azaltilmis konvektif sogutma ile sonuglanir. Bir kiimes,
uygun hava degisimi i¢in yeterli fan kapasitesine sahip olabilirken,
biiyiik bir kesit alant sogutma i¢in yeterli hava hizina ulagmay1
engelleyebilir. Bu nedenle, tlinel kiimeslerinin daha diisiik
yiikseklikte tavanlara sahip olmasi tercih edilir. Ek olarak, belirli bir
taban alani i¢in, uzun ve dar bir tasarim, kisa ve genis bir tasarimdan
daha etkilidir, ¢linkii bu kesit alani ile ilgilidir. Ayn1 taban alanina
sahip iki kiimes —biri uzun ve dar, digeri kisa ve genis—hava degisimi
icin ayn1 fan kapasitesine ihtiya¢ duyacaktir. Hesaplanan minimum
tiinel fan kapasitesi, istenen hava hizina ulasmak igin yetersizse, fan
kapasitesini artirmak gerekecektir. Asagidaki denklem, istenen hava
hizina ulagsmak i¢in gereken tiinel fan kapasitesini belirlemek i¢in
kullanilabilir (M. Czarick, III & Fairchild, 2008).

Q=V XA X 3600

Esitlikte, Q fan kapasitesi m* h'!, V kiimeste istenen hava hiz1
(m s, A kesit alan1 (m?) gostermektedir.

Ornegin 3.0 m yiikseklige ve 16.0 m genislige sahip bir
kiimeste hava hizinmn 2 m s olmas: isteniyorsa, kiimesteki fan
kapasitesi;

Q= z?x (16.0 m x 3.0 m) x 3600 %
Q = 172800 m3 h™! olarak hesaplanabilir.
Fanlarin ve Hava Girislerinin Yerlesimi

Fan ve hava giriglerinin yerlesimi, uygun hava sirkiilasyonu ve
sicaklik kontroliinii saglamak agisindan kritik Oneme sahiptir.
Uzunlugu 150 metreye kadar olan kiimeslerde, havanin yalnizca bir
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uctan cekilmesi en uygun yontemdir. Ciinkii bu yaklasim ile
maksimum hava hiz1 saglanabilmekte ve 6lii hava noktalar1 en aza
indirilebilmektedir (Sekil 2).

=
//;E

[==ili=—i=——]

=1 gy

Sekil 2. Esit hava akist

Ancak, uzunlugu 150 metreyi asan kiimeslerde, fanlarin
sadece kiimesin kisa kenar duvarlarina yerlestirilmesi, asir1 yiiksek
hava hiz1 ile 6n ve arka taraflar arasinda 6nemli sicaklik farklarina
yol agabilir. Bu durumlarda, fanlarin kiimesin merkezinde, yan
duvarlara yerlestirilmesi ve girislerin kiimesin uglarinda olacak
sekilde tasarlanmasi1 daha uygun olacaktir (Sekil 3).

Sekil 3. Cift yonlii tiinel havalandirma sistemi

Cift yonlii tiinel havalandirmada, tlinel girisi ortada, fanlar ise
binanin yan duvarin uglaria yerlestirilmelidir. Bu durumda her iki
yondeki hava hizi ihtiya¢ duyulan hizin yarisina diisecektir. Egzoz
fanlarinin kiimesin uglarina simetrik olarak yerlestirilmesi gerekir.

Eger fanlar yalnizca bir tarafa yerlestirilirse, fanlarin tam kars
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kosesinde bir 6lii hava noktasi olusur. Bu, havanin disar1 atilmadan
hemen 6nce fanlara dogru hareket etmesinden kaynaklanir. Kiimesin
arka kisminda genellikle hava sicaklig1 daha yiiksek oldugundan, bu
bolgedeki yetersiz hava hareketi, 6liim oranlarimi artirabilir. Bu
nedenle, bazi egzoz fanlarmin u¢ duvara yerlestirilmesi avantaj
saglar. Yan duvarlara fan yerlestirildiginde, u¢ duvara yakin liggen
seklinde minimal hava hareketi olan bir bolge olusur (Sekil 4). Tim
fanlar calisiyorsa bu bolge kiiclik olmakta, ancak daha az fan
calistirildiginda bu bolge 6nemli dlgiide biiyiimektedir (M. Czarick
& Tyson, 1990).

=T ===

\& 77
z =

—T—

Sekil 4. Egzoz fanlarimin yakininda olii hava noktasi
Tiinel Hava Giris Alani

Tiinel havalandirma sisteminin basarili bir sekilde ¢alismasi
icin dogru miktarda hava giris alani olusturmak ¢ok énemlidir. Fazla
ya da yetersiz giris alanm1 hem {iiretim hem de fan performansi
iizerinde olumsuz etkiler olusturabilmektedir. Sogutma i¢in sisleme
nozullar1 kullanilan kiimeslerde, giris alaninin genellikle kiimesin en
kesit alanina esit olmas1 tavsiye edilir. Ornegin, genisligi 16 metre
ve ortalama yan duvar yiiksekligi 3 metre olan bir kiimes, 48 m? bir

en kesit alanina sahiptir.
En Kesit Alani = Ortalama Yan Duvar Yiksekligi X Kiimes Genisligi
Bu durumda, tiinel havalandirma i¢in yaklasik 48 m? bir giris
alan1 gereklidir. Giris alani, kiimesin en kesit alanina esitse, kiimese
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giren havanin hizi, kiimes boyunca ilerleyen hava hizina yakin olur.
Giris hiz1 ¢ok diisiikse, girislere yakin olan kanatlilar yeterli
sogutmay1 alamaz. Diisiik giris hiz1 ayrica giris yakininda iiretilen
sisin askida kalma siiresini azaltir, bu da yataklik neminde artisa ve
evaporatif sogutma verimliliginde azalmaya yol acabilmektedir. Ote
yandan, girig hizi, kiimes boyunca ilerleyen hava hizindan énemli
Olciide yiiksekse, hayvanlar daha fazla soguma saglamak amaciyla
girislere dogru yonelebilir. Gittikge daha fazla hayvanin girislere
yakin toplanmasi, yemlik ve suluk alani basina diisen hayvan
sayisini artirmakta ve bu durum, hayvanlarin gerekli yem ve suya
ulagmasii zorlastirarak iiretim verimliliginin azalmasina yol
acabilmektedir. Ayrica, bazi raporlara gore bu tiir kiimelenmeler,
olim oranlarinda artisa neden olabilmektedir (M. Czarick, III &
Fairchild, 2008; M. Czarick & Tyson, 1990; Lacy & Czarick, 1992).

Evaporatif Sogutma Pedleri

Evaporatif sogutma, kurak ve/veya yar1 kurak iklimler i¢in
enerji agisindan verimli bir sogutma ¢oziimii olarak yaygin olarak
kullanilmaktadir. Buharlastirici sogutma pedleri, hava basinci
diisiisiinii en aza indirmek amaciyla biiyiikk bosluklara sahip
genellikle lifli malzemelerden veya seliilozik esasli malzemelerden
yapilmaktadir (Boyac1 & Akytiz, 2019). Pedler, bina hava girisinin
tizerine dikey olarak monte edilir. Pedin alt kismi bir tahliye olugu,
tist kisminda ise esit araliklarla delikleri olan bir su dagitim borusu
bulunur. Suyu, oluktan pedin iistiindeki dagitim borusuna aktarmak
icin bir sirkiilasyon pompas1 kullanilir (Sekil 5).
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Sekil 5. Etlik pili¢ kiimesinde direkt evaporatif sogutma sistemi

Ticari evaporatif sogutma pedleri, malzeme ve yap1
ozelliklerinde farklilik gostermektedir. Pedlerin performansi
genellikle doygunluk etkinligi, basing diisiisii, sicaklik diisiisii ve
islenmis havadaki nem artisi, su buharlagmasi ve tiikketimi, sogutma
kapasitesi, performans katsayisi ile 1s1 ve kiitle transfer katsayilariyla
karakterize edilmektedir (Tejero-Gonzalez & Franco-Salas, 2021).
Soguma etkisi, suyun doymamis havayla temas etmesi ile olustugu
icin buharlastirict sogutma dogal bir olgudur ve ¢ogu hayvan ve bitki
tarafindan sicakliklarini kontrol etmek i¢in uygulanmaktadir. Antik
medeniyetlerden beri, insanlik ortam sicakligini konfor kosullarina
diistirmek i¢in bu basit ve ekonomik sogutma teknigini kullanmistir
(Boyac1 & Akyiiz, 2019; Watt, 2012).

Evaporatif sogutma pedleri, enerji agisindan verimli,
ekonomik, kompakt boyutlu ve hafiftir. Oluklu kagitlarla tiretilen
pedlerin bu avantajlari, tarimda, endiistride, ev aletleri gibi ¢ok
cesitli uygulamalarda kullanilmaktadir (Malli, Seyf, Layeghi,
Sharifian, & Behravesh, 2011). Bu pedleri kullanilirken, ped
alaninin dogru miktarda belirlenmesi, tiinel havalandirma sisteminin
etkin calismasi agisindan ¢ok Onemlidir. Fazla veya yetersiz ped
alan1 hem tiretim hem de fan performansi iizerinde olumsuz etkiler

yaratabilir. Tiinel havalandirmali bir kiimes i¢in gerekli ped miktari,
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fan kapasitesine ve ped kalinligmma baghdir. Daha kalin pedler
sicaklik diisiisiinii ve dolayisiyla doygunluk etkinligini ve sogutma
kapasitesini artirsa da basinc1 diisiirmekte dolayisiyla fan
gereksinimini artirmaktadir (Jakubowski, Boyaci, Kocigcka, &
Atilgan, 2024; Tejero-Gonzélez & Franco-Salas, 2021). Ornegin 10
cm kalinhigindaki bir ped igin, her 450 m? h'! hava akis kapasitesine
0.1 m? ped alam1 hesaplanmaktayken, eger ped 15 cm kalinliginda

2

ise her 700 m® h' hava akis kapasitesine 0.1 m? ped alani

hesaplanmalidir (M. Czarick & Tyson, 1990).

Ayrica evaporatif sogutma pedleri, kiimesin her iki tarafina
yerlestirilmelidir. Karsilikl1 iki hava akiminin kiimese girmesi, gelen
havanin daha iyi karigmasini saglar. Pedlerin yalnizca bir tarafta yer
aldig1 bazi1 kiimeslerde, gelen havanin pedlerden gegip kiimesin karsi
tarafinda kaldig1 ve neredeyse kiimesin yarisina kadar ilerlememis
oldugu gozlemlenmistir (Sekil 6). Bu durum, kiimesin iki tarafi
arasinda  %50’ye varan bir hava hareketi dengesizligi
olusturmaktadir (M. Czarick & Tyson, 1990; Drury, 1966; Wilson et
al., 1983; Zimmerman & Snetsinger, 1975).

—
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Sekil 6. Evaporatif sogutma pedlerinin yakininda 6lii hava noktast

I
{
l
)
x

=

Evaporatif sogutma sistemlerinde sogutma verimliligini

asagidaki esitlikle hesaplanabilir.

n= (tout,db - tin,db)/(tout,db - tout,wb) x 100
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Esitlikte, n sogutma verimliligidir (%), toyueqp dis kuru
termometre sicakhigidir (°C), t;, gp hava girisinin hemen oniinde
olgiilen kuru termometre sicakligi (°C) ve t, ,,, dis ortam havasinin
1slak termometre sicakligidir (°C) (ASHRAE, 2011).

Ornegin dis ortam sicakligi 38°C, pedlerden kiimese giren
hava sicakligi 28°C ve dis ortam 1slak termometre sicakligi 24°C ise
serinletme etkinligi;

_38°C—28°C

= Sevc—zac < 100 == 1 = %?71.4 olarak hesaplanir.

Hava saptiricilar

Hava saptiricilar1 (deflektor), geleneksel olarak yalnizca agik
tavanli binalar i¢in Onerilmis olsa da ek fan kapasitesi olmadan yer
seviyesinde hava hizint artirmak ve kiimes genelinde hava hizi
iiniformitesini iyilestirmek ic¢in kullanilmaktadir. Ancak, hava akisi
onlindeki bu ek kisitlamalar statik basinci artirmakta ve fan
performansinmi diigiirebilmektedir (Purswell, Luck, & Davis, 2014).
Hava saptiricilar genellikle perde malzemesinden yapilmakta ve
tavandan yan duvarlarin iist kismina kadar monte edilmektedir. Kesit
alanindaki saglanan bu azalma, saptiricinin ¢evresindeki hava hizini
artirmaktadir (Sekil 7). Hizdaki artis, genellikle saptiricinin
oniindeki bir agiklik yiiksekligi kadar mesafeden, saptiricinin riizgar
yoniinde dort agiklik yiikseklik mesafesine kadar goriilebilir (M.
Czarick & Tyson, 1990). Eger saptiricilar sik sik, yani 12 metre veya
daha kisa araliklarla yerlestirilirse, hava hizindaki artis kiimesin her
yerinde daha tutarli hale gelebilmektedir (Ward & Eng, 2013).
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Sekil 7. Kiimeste hava saptirict etkisi

Hava saptiricilar, ozellikle biiyiik kesit alanina sahip
kiimeslerde daha etkili olmaktadir. Asma tavan olmayan kiimesler
de asma tavan olan kiimeslerle ayn1 hava degisim hizina ihtiyag
duyar; ancak, kesit alan1 yaklasik olarak %?20 daha biiyiik
oldugundan, elde edilen hava hizi 6nemli Olclide daha diisiiktiir
olacaktir.

Hava saptiricilari, etkili kesit alanini azaltarak ve hava hizini
artirarak, minimal maliyetle ek bir avantaj saglayabilmektedir.
Ayrica hava saptiricilart 122 metreden daha kisa kiimeslerde hava
hizin1 artirmak i¢in de kullanilabilir. Bu tiir kiimeslerde genellikle
havalandirma sisteminin kapasitesi, 1s1 yiikii diisiik oldugundan,
daha azdir ve kiimesteki hava hiz1 genellikle minimal diizeydedir.
Hava saptiricilar1 ile daha fazla egzoz fanina ihtiya¢ olmadan,
hayvanlarin tizerindeki hava hizin1 artirabilmektedir. Ancak hava
saptiricilarinin - kurulumu  sirasinda  dikkatli  olunmalidir. Eger
saptiricinin altindaki hava hizi yiiksek olursa, iiretim sorunlarina
neden olabilir. Ayrica, saptiricilar arasindaki statik basing diisiist,
fan performansini etkileyebilecek kadar biiyiik olabilir. Bu
sorunlardan kaginmak i¢in, saptiricilarin altindaki hava hizinin 3 m
s’nin altinda tutulmas1 gerekmektedir (Albright, 1990; M. Czarick
& Tyson, 1990).

Sonuc¢

--79--



Kanatlilarda konveksiyon, radyasyon ve iletim yoluyla 1s1
kaybi, yalnizca gevre sicakligl hayvanin termonoétr bolgesinin altinda
veya i¢indeyse etkilidir. Caligmalar, havanin hacmi ve hiz1
arttirildiginda hayvanlarin konveksiyon yoluyla 1s1 kaybinin arttigin
gostermektedir. Ayrica, bina yonii, cat1 egimi, ¢at1 ¢ikintisi, peyzaj,
bina yiiksekligi, bina genisligi, bina uzunlugu vb. gibi mimari
unsurlarin uygun sekilde dikkate alinmasinin, kanatlilarda optimum
iretim icin gerekli oldugu bildirilmistir. Ek olarak kiimes
tasarimlarina, tiinel havalandirmali evaporatif sogutma sistemlerinin
dahil edilmesi, hayvanlarin genel olarak performanslarini optimize
etmede olumlu sonuglar vermektedir. Sonu¢ olarak, c¢evre
sicakliginin hayvanlar i¢in asir1 yiiksek oldugu durumlarda tiinel
havalandirma sistemi, sicak iklim bolgelerindeki kiimeslerde tiretim
performansini olumlu etkilemektedir. Ancak, etkili bir havalandirma
sistemi tasarlamak ic¢in hayvanlarin tirettigi 1s1, giris acikliklarinin
boyutlar1 ve egzoz faninin konumu ile kapasitesinin dogru bir

sekilde hesaplanmasi biiyiik 6nem tagimaktadir.
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BOLUM V

Artificial Intelligence Applications in Livestock
Farming

Miige ERKAN CAN!

Introduction

Artificial intelligence (AI) has become a key technology in the
promotion of sustainable farming, providing creative answers to the
economic, social, and environmental problems that modern
agriculture faces. Al can improve precision agriculture by enabling
real-time decision-making for effective animal farming by
improving efficiency, animal welfare, and sustainability using data
analytics, machine learning, and predictive modeling. Al-powered
systems, such as machine learning algorithms and computer vision,
enable precise monitoring of animal health, behavior, and well-being
in real-time. Through sensor networks, wearables, and automated

! Dr. (")gr. Uyesi., Cukurova Universitesi, Ziraat Fakiiltesi, Tarimsal Yapiar ve Sulama Bolimi,
Adana/Tutkiye, Orcid: 0000-0002-0744-1496 metkan@cu.edu.tr
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data collection, Al can track vital signs, detect early signs of illness,
and predict outbreaks, allowing for timely interventions and
reducing the need for antibiotics. The incorporation of Al into
autonomous machinery can save labor costs and boost operational
effectiveness, thereby encouraging sustainable farming practices in
both large-scale and smallholder farms. Through the reduction of
greenhouse gas emissions, water conservation, and biodiversity
preservation, these technologies assist in lessening the
environmental effects of conventional agriculture. However, there
are issues with data accessibility, digital literacy, and financial
constraints for farmers in developing nations that come with the
extensive use of Al in farming.

Al systems can monitor crop growth, soil health, and weather
conditions by utilizing sensors, drones, and satellite imagery.
Through better nutrition management, weight increase monitoring,
and feeding schedule optimization, Al is also improving the
efficiency of feed management and resource utilization. The
economic sustainability of livestock operations is enhanced by the
productivity gains and labor cost reductions brought about by
robotics and automation in tasks like milking, cleaning, and herding.
Al also aids in the creation of environmentally friendly farming
techniques that minimize greenhouse gas emissions, conserve water,

and enhance waste management.

Critical issues facing agriculture today include water scarcity,
climate change, environmental degradation, and reliance on non-
renewable energy sources. Extensive landscaping and alteration can
endanger the health of people and animals, diminish biodiversity,
and contaminate air and water sources (Betts & et al., 2017, Qi & et
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al., 2018). Therefore, a global agricultural mutation is required to
move from traditional methods to contemporary mechanized ones
(Godfray & et al., 2014). These methods view agricultural farms as
factories and regard plants and animals as units of production (Juhola
& etal., 2017, Pardey & et al., 2014).

With an emphasis on environmental, social, and economic
sustainability, various nations have taken an interest in the
development of sustainable agriculture (Lu & et al., 2015, Helander
& Delin, 2004). To make the shift to a more sustainable and
intelligent agriculture sector, clever inventions will be required
(Mana, 2023). The goal of Al is to create tools and systems that can
think and act like human intelligence (Lu & et al., 2018, Parekh & et
al., 2020). AI has recently been demonstrated to be crucial for data
and services in a number of industries, including trade (Keshta,
2022), education (Zheng & et al., 2023), and health (Zhou & Lund,
2023, Mana & et al., 2024).

Specific studies conducted on this topic examined crop, water,
soil, and livestock optimization as well as the application of Al and
machine learning in agriculture (Benos & et al., 2021). Key
components of promoting intelligent and sustainable farming are the
preservation of ecosystems, the adoption of contemporary
technology, efficient resource management, and the provision of
strong services in Al-based agriculture (Lampridi & et al, 2019,
Mana & et al., 2024).

In order to maintain agricultural sustainability and increase
crop yields while protecting the environment, farming practices must
be enhanced, optimized, and modernized (Zecca& et al., 2019).
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Aspects of sustainable agriculture such as crop recognition
(Waldchen & et al., 2018, Pushpanathan & et al., 2021), crop disease
diagnosis (Abade & et al., 2021, Yuan & et al.,), weed detection
(Wang & et al., 2019, Su, 2020), water management (Virnodkar &
et al., 2020, Sun & Scanlon, 2019), animal health (Garcia & et al.,
2020, Li & et al., 2020), and livestock production (Ellis & et al.,
2020, Lovarelli & et al., 2020) have all benefited from the use of
machine learning techniques (Mana & et al., 2024).

Rather than in livestock production, the past 20 years have
seen a major dissemination of smart farming technology in arable
farming (Walter & et al., 2017, Borchers & Bewley, 2015, Rutten &
et al., 2018). On the other hand, there is a significant possibility for
smart livestock technology to be distributed in the future (Umstétter
& et al., 2020).

This paper discusses both the opportunities and obstacles for
Al in the livestock sector and the potential of Al-driven tools and
techniques to optimize farming practices, as well as the use of
branches of artificial intelligence (machine learning, deep learning,
and fuzzy logic etc.).

1. Artificial Intelligence, Smart Technologies, Machine
Learning and Livestock Farming

Artificial intelligence subsets such as machine learning and
deep learning are essential in many sectors, including livestock
farming. In machine learning, models that can map inputs to outputs
utilizing algorithms are created using training data. These models,
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are then applied to produce outputs based on new inputs (Siisli,
2020).

Deep learning has not been widely used yet in livestock
farming; instead, data analytics has been the main Al use to far. The
majority of current technology receives data from various sensors
and processes it using statistical models, analytical models, and
computation automation to produce meaningful information. Using
camera systems to analyze animal feces and send an alert if
droppings are becoming unhealthy in the barn, calculating predicted
water consumption for an animal based on the previous three days,
planning feed orders so that they are placed at the right time to allow
for enough space in the feed silos, controlling the ventilation system,
sending data to customers, keeping records, sharing data with
veterinarians, monitoring pulleys, and shining a laser to prevent any
clumps in the barn to prevent smothering are some examples of these
kinds of situations.

Machine learning is being used not only for wildlife
monitoring but also for many other elements of livestock farming,
such as precision agriculture, yield prediction, and disease diagnosis.
Machine learning algorithms are able to recognize patterns and
trends in data from sensors, satellite photos, and historical records.
This allows for proactive decision-making and optimal resource
allocation. Developments in machine learning have great potential
to make livestock farming a more productive, sustainable, and
ecologically friendly sector as this field of study develops. Through
the utilisation of data-driven insights, stakeholders can effectively
tackle the intricate issues confronting the agriculture industry and
create novel avenues for innovation (Dilaver & Dilaver, 2024).
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One area where artificial intelligence is being used more and
more is the milk booth in animal husbandry. Using smart sensors
with Al capabilities, the automated milking equipment can assess the
quality of the milk and highlight any irregularities in the product
(Costa & et al., 2012).

Dairy is combining cow, milk, and herd intelligence with their
sensors and artificial intelligence technology. They provide a range
of sensors, including the Sense Time Solution sensor, which tracks
everyday behaviors including ruminating, eating, and walking
patterns, as well as those that track a cow's health and identify heat
and calving. With the use of a range of easily accessible sensors,
farmers can now keep an eye on changes in animal movements, food
intake, sleep cycles, and even air quality in animal shelters. This
sensor, when paired with artificial intelligence software, provides
users with early, proactive answers to problems. In addition to
collecting data on diet, health, and reproduction, the sensor provides
farmers with solutions tailored to each individual cow (Néés & et al.,
2010).

Monitoring livestock health is crucial to contemporary
agriculture since it ensures animal welfare and yields high-quality
goods. Modern artificial intelligence methods eliminate the need for
conventional training by using cameras and sensors to continuously
assess the health of animals. Al-based solutions provide a number of
benefits over traditional techniques, including the ability to spot
trends and possible health issues before they worsen. (38, 39). These
systems can be built using a variety of models and technologies,
including Distributed Ledger Technology, edge computing, and the
Internet of Things (Lovarelli & et al., 2020).
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Internet of Things (IoT) sensors, in particular as a component
of smart farming technologies, are anticipated to play a significant
role in livestock production with respect to efficiency and animal
welfare (29, 41). IoT connects the physical and virtual worlds,
concentrating on wireless communication via intelligent devices like
sensors. These loT-based sensors usually make use of both local and
global network infrastructures, which makes wireless
communication possible and allows IoT systems to function
completely autonomous (Rutten & et al., 2018, Akbar & et al., 2020,
Iwasaki & et al., 2019, Langer & et al., 2024).

IoT-based sensors are used in dairy farming in a variety of
ways. For instance, collar sensors monitor the behavior of individual
animals, lameness detectors identify lameness in cows in real time,
and rumen sensors track temperature, movement, and digestive
activity. These IoT technologies are intended to monitor animal
behavior and health, maximize milk supply, and optimize resource
utilization (Rutten & et al., 2018, Yeates, 2017, Langer & et al.,
2024). It has been demonstrated that these technologies are more
accurate at detecting lameness than farmers are (Taneja & et al.,
2020) and as a result, they could serve as a valuable source of
information for farmers, veterinarians, and farm consultants alike
regarding the health of their animals (Rojo-Gimeno & et al., 2019,
Langer & et al., 2024).

As mentioned before, a vital component of livestock
productivity is animal health. An effective and economical method
of tracking animal well-being is to use sound analysis that can
potentially be mechanized for large-scale farming (Mcloughlin & et
al., 2019). Machine learning algorithms, such as convolutional
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neural networks for face-to-face recognition, have become
extensively employed. For instance, the review (Benjamin & Yik,
2019) listed pertinent sensors for measuring animal health, including
accelerometers, thermistors, microphones, and 2D and 3D cameras,
and it demonstrated how these technologies can be utilized to
enhance pig health, benefiting the animals as well as the industry. In
conclusion, this research demonstrates how cutting-edge technology
can enhance livestock production efficiency and promote animal
welfare (Mana & et al., 2024).

A number of studies have been explored on the use of energy
in dairy farms, emphasizing the value of prediction models for
analyzing energy use and assessing the results of changes to
management techniques and infrastructural equipment. Adoption of
grazing-based dairy systems is generally associated with a 35%
reduction in energy consumption, according to the research (Shine
& et al., 2020, Mana & et al., 2024). Energy usage in dairy farming
has been predicted using a variety of techniques, such as support
vector machines, random forest ensembles, artificial neural
networks, and CART decision trees (Shine & et al., 2020, Shine &
etal., 2019).

Fuzzy logic is the use of relevant information to control and
decision-making systems that closely resembling human thought
patterns (Chen & Pham, 2020). It is frequently utilized in automatic
control systems, information systems, image recognition,
optimization (Altag, 1999). Numerous applications of fuzzy logic in
the field of animal husbandry have been examined in literature. In
these researchs, suggested a system to classify mastitis disease in
cows entering the automatic milking system using fuzzy logic
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classification Cavero & et al., (2024), described a fuzzy logic-based
decision support system called Sustainable Pantanal Farm to assess
the sustainability of cattle farms, developed a new fuzzy logic model
to observe the mammary health of goats (Zaninelli & et al., 2015),
and proposed a fuzzy logic-based system that evaluated health
conditions and milk quality using online electrical conductivity data
from sensors (Zaninelli & et al., 2015).

Robotic system integration is transforming conventional
agricultural methods in the livestock husbandry industry by
increasing productivity, boosting sustainability, and improving
animal welfare. For example, robotic feeders ensure more accurate
and economical use of resources by optimizing feed distribution
based on real-time data about the nutritional demands of individual
animals. Artificial intelligence (Al) and sensor-equipped automated
milking systems allow for continuous monitoring of milk quality,
yield, and cow health. This reduces the need for manual work and
gives farmers valuable information into how to increase

productivity.

Robotic systems improve animal wellbeing by enabling
continuous health monitoring through wearables, sensors, and
machine vision technologies, in addition to optimizing resource use.
These systems monitor behavior patterns, assess vital signs, and
identify early illness indicators. By doing so, they enable prompt
interventions and slow the progression of disease without overusing
antibiotics. Additionally, robotic herding devices are being
developed to automate animal movement and lessen the stress that
comes with using conventional methods. Robotic cleaning systems
contribute to better environmental conditions and a reduced risk of
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disease transmission in barns and animal enclosures by maintaining

hygiene.

Al applications in livestock farming will be able to expand into
the fields of machine learning, deep learning, and sensor data
analysis as more data becomes available. Al in livestock
management is not a luxury or an extravagance; rather, it is a
necessity to productive and sustainable agriculture. It guarantees the
welfare of animals, maximizes the use of resources, and gives
farmers the ability to make decisions that have an impact on the
whole agricultural ecosystem. The use of Al in cattle management
will be crucial as we move toward a future where innovation and
quantifiable excellence coexist and form the basis of more

intelligent, resilient, and sustainable livestock sector management.
2. Precision Livestock Farming

"Individual animal management by continuous real-time
monitoring of health, welfare, production/reproduction, and
environmental impact" is the definition of Precision Livestock
Farming (PLF) (Berckmans, 2014). The combined use of one or
more tools in integrated systems is included in PLF. Over the past
20 years, there have been technological advancements in areas
including wireless communication networks, Internet access
availability, internet of things, and information and communication
technologies that have made this possible (Terrasson & et al., 2017).
From its early uses for electronic milk meters to innovative wearable
sensors and integrated systems capable of reliably detecting an
animal's physiological and reproductive status through behavior

analysis, rumination monitoring, and online real-time data
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harvesting, the PLF sector has rapidly changed over the last few
decades (Halachmi & et al., 2019). In order to help farmers better
manage one or more production inputs or detect and intervene before
the start of clinical sickness, the information gathered is expanded
upon and made available to end users on laptops and smartphones
(Andonovic & et al., 2018). PLF is currently primarily designed for
intensive farming systems, particularly those that operate indoors. In
these situations, farm structures and facilities are well adapted to the
demands of modern digitization, including restricted space, easy
access to electricity, control over environmental conditions, and
information and communication technologies. But PLF could also
be very helpful in pasture-based systems, particularly during
seasonal grazing, when the physical size, unpredictability, feed base
density, and remoteness of pasture-based systems can make it
challenging for farmers to regulate their animals (Aquilani & et al.,
2022).

Precision livestock farming is emerging as a result of
expanding study and applications of technology. Images, noises, and
movements captured by sensors (cameras, microphones, and
accelerometers) are merged with algorithms to monitor animals in a
non-intrusive manner in order to assess their well-being and forecast
their productivity. This remote livestock monitoring can offer
quantifiable and timely warnings of low welfare conditions that need
a stockperson's attention (Benjamin & Yik, 2019).

Precision livestock farming is the automated remote detection
and monitoring of identifiable individuals for the purpose of
ensuring the health and wellbeing of the animals through real-time
analysis of tracking data, photos, sounds, body condition, weight,
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and biological metrics in livestock (Berckmans, 2014, Neethirajan,
2017, De Montis & et al., 2017). This allows for the possibility of
early disease or physiological condition identification at the farm
level. Precision livestock farming is not a new science (DeShazer &
et al., 1988) but thanks to advancements in computer science, low-
cost off-label sensors from the video game industry, and growing
computer capacity for data processing and capture, its knowledge,
applications, and availability have expanded significantly
(Nasirahmadi & et al., 2017, Berckmans, 2014, Banhazi & et al.,
2012).

To gain a deeper comprehension of the potential effects of
contemporary technology on precision livestock farming, one must
possess a fundamental understanding of remote monitoring sensors,
algorithm development, and machine learning. Remote sensors that
monitor or record data from groups or individual animals include
cameras, microphones, thermometers, accelerometers, and heat
sensors. Algorithms are then used to process the sensor data that has
been saved on external storage or transferred straight to a processing
node (much like when you transfer images from a digital camera to
a computer). A formula or sequential series of actions used to solve
a particular problem or class of problems is called an algorithm. An
algorithm is a computer procedure that uses inputs to determine
outputs and informs a computer exactly what to do to solve a
problem. The first step in the process is for programmers to write the
algorithm, which tells the computer what to do in order to solve a
problem. The ability of an algorithm to convert sensor data, or
"feature variable," into a biological output determines how valuable
the algorithm is to farmers (Benjamin & Yik, 2019).
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3. Concerns About Al

Al adoption in animal husbandry confronts obstacles despite
its potential, such as ethical worries about data privacy and
surveillance and the cost of these technologies for small-scale farms.

New farming techniques made possible by smart farming
technologies are expected to increase productivity while improving
farming efficiency (Tullo & et al., 2019, Lovarelli & et al., 2020,
Walter & et al., 2017). In addition, they should reduce the amount of
manual labor and resource inputs while concurrently improving
animal welfare (Griepentrog, 2021). While digitalization's
fundamental importance for agriculture is widely acknowledged,
there is still some uncertainty regarding its actual effects and
implications for a more sustainable and efficient production, for
example, because of errors or unintended effects on farmers,
animals, and society (Kehl & et al., 2021, Van der Burg & et al.,
2019, Klerkx & et al., 2019, Visser & et al., 2021). Furthermore,
rather than in animal production, the past 20 years have seen a major
dissemination of smart agricultural technology in arable farming
(Walter & et al., 2017, Borchers & Bewley, 2015, Rutten & et al.,
2018). On the other hand, there is a significant possibility for smart
livestock technology to be distributed in the future (Umstétter & et
al., 2020, Langer & et al., 2024).

Langer & et al. (2024) conducted an online survey among 212
German dairy farmers identify prevailing acceptance barriers and
examine whether cognitive and affective influencing factors,
combined into a single behavioral model, can explain the
acceptance, and therewith precondition for adoption, of Internet of
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Things (IoT)-based animal sensors. The findings indicate that there
are differences in acceptability barriers between IoT-based sensor
users and non-users. Nonetheless, the two parties believe that the
biggest obstacle is the high cost of investment. Moreover, the
findings suggest that acceptance decisions are influenced by positive
expected emotions as well as cognitive variables. The willingness to
employ loT-based animal sensors is positively influenced by attitude
and behavioral control, which are the primary determinants of the
idea of planned behavior. The findings highlight the importance of
emotional aspects for dairy farmers' acceptance of [oT-based animal
sensors, in addition to technical specifications and cognitive
attitudes. Researchers emphasize that these findings are important
for manufacturers, policymakers, and agricultural and digital

associations.

Many stakeholders anticipate that loT-based animal sensors
will enhance dairy production since sustainable milk output, cow
welfare, and good animal health are essential to dairy farms' long-
term survival (Akbar & et al., 2020, Unold & et al., 2020). But little
is still known about the true effects of digital technology use on
animal welfare and the true value to farmers of these advantages.

To improve data transfer and decision-making, the necessity
of developing similar standards in large-scale livestock farming
systems has been discussed recently. Adoption of farm-integrated
techniques and farmers alike was encouraged, as was agreement on
the conditions for data sharing (Bahlo & et al., 2019). Farmers and
other regional stakeholders would be able to realize the rewards of
efficient data sharing in this way (Mana & et al., 2024).
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There are a number of possible worries associated with
implementing Al systems, such as the initial cost, the need for
specialized equipment and technical skills, ethical issues, and
uncertainty over job migration (Stahl, 2021). Notwithstanding these
difficulties, using Al in precision livestock farming systems can
greatly improve both the process of making decisions and the
wellbeing of the animals. Al assists farmers in streamlining their
livestock management systems by offering data on animal behavior,

nutrition, and surroundings.

Robotic technology adoption in animal husbandry also tackles
important environmental issues. These technologies contribute to
lessening the environmental impact of cattle production by cutting
down on waste, decreasing overfeeding, and improving resource
efficiency. Methane emissions and water use are especially reduced.
However, there are several obstacles to the widespread use of
robotics in livestock management. These include high initial costs,
complicated technology, and worries about animal privacy and data
security. Important factors to take into account include the possible
labor relocation in rural areas and the digital divide between
smallholders and large-scale industrial farms.

It is anticipated that robotic technology and artificial
intelligence will be widely used in livestock farming in the future.
The livestock farming industry will achieve increased sustainability
and efficiency with the rise of automated and intelligent farms.
However, in order to use these technologies successfully, more
research and development work is required. Artificial intelligence
applications and robotic systems in cattle farming are potential
technology for the industry's future (Dilaver & Dilaver, 2024).
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Conclusions

Livestock farming is not an exception to the way artificial
intelligence (AI) has emerged as a game-changing technology in
several industries. Traditional agricultural methods are changing as
a result of the advances and efficiency brought about by the
incorporation of Al into livestock management systems. Al
technologies, including computer vision, machine learning, and data
analytics, have shown great promise in addressing some of the long-
standing issues in livestock farming, including sustainability,
resource management, animal health monitoring, and productivity
improvement.

One of the most noticeable effects of Al in livestock
production is the boost of productivity. Al-powered automated
feeding systems are capable of calculating the best feed schedules
and quantities depending on the requirements of individual animals.
By using precision agriculture techniques, feed is used more
effectively, minimizing expenses and waste, and guaranteeing that
animals get the nourishment they need for healthy growth. Herd
production can be increased by using Al-based herd management

systems, which can monitor animals in real-time and provid

Another crucial area where Al solutions have demonstrated
great potential is animal health monitoring. Movement patterns,
habits, and vital signs can be continuously tracked thanks to
technologies like wearables and Al-driven sensors. Predictive
algorithms can be used to identify illnesses, stress, and other health
issues early on, allowing farmers to take immediate action. This

lowers death rates, raises animal care standards, and makes livestock
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farming more financially viable overall. Preventing the transmission
of contagious diseases within a herd is crucial in large-scale farming,
and it is made easier with the ability to recognize abnormalities in
behavior or physical conditions. e individualized care.

Additionally, AI is essential to enhancing environmental
sustainability in cattle ranching. Because of its substantial impact on
water use, land degradation, and greenhouse gas emissions, livestock
raising is frequently criticized. By improving resource management,
Al-driven solutions are assisting in the mitigation of these problems.
Al systems, for instance, may monitor energy, water, and soil
conditions. By doing so, they can provide farmers with information
that helps them make decisions that will have the least negative
influence on the environment. Artificial intelligence (Al) can
contribute to more sustainable farming methods by anticipating the
optimal feed-to-yield ratios and grazing patterns, which can help
reduce resource waste. Additionally, there is growing interest in the
function Al plays in livestock genetic improvement. Farmers may
choose the finest breeding pairs to improve desired qualities like
disease resistance, growth rates, and milk production with the aid of
Al-powered genetic data analysis. This accelerates the breeding
process and provides healthier, more productive animals while
retaining biodiversity within herds.

The application of Al in livestock production is not without its
difficulties, despite these encouraging advancements. The high
initial expenditures of technology, farmers' lack of technical
expertise, and privacy and ownership issues are a few of the things
preventing its wider adoption. Moreover, acquiring and employing
these cutting-edge technology may be difficult for small-scale
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farmers, particularly those in developing nations, which could widen

the digital divide in agriculture.

In conclusion, by increasing output, encouraging
sustainability, and improving animal welfare, Al applications in
livestock farming have the potential to transform the industry. Even
though there are still difficulties, implementing Al-driven solutions
has considerably more advantages in the long run than
disadvantages. The livestock farming industry is expected to adopt
these advances more widely due to the continuous advancements in
Al technology and improved accessibility. This will ultimately result
in a food production system that is more resilient, sustainable, and
efficient. Al's incorporation into livestock farming is more than just
a technical advancement; it signifies a fundamental change in the

way we view and conduct animal agriculture.
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BOLUM VI

Nutrient Management in Vertical Farming Systems:
Innovations and Challenges

Meri¢ BALCI!

1. INTRODUCTION

Vertical farming is the practice of growing crops in vertically
stacked layers or other vertical arrangements, often incorporating
controlled-environment agriculture (CEA) technologies (Benke &
Tomkins, 2017; Chole et al., 2021; Engler & Karti, 2021; Vatistas et
al., 2022). This method allows for agricultural activities in urban
settings with limited space, offering potential solutions to challenges
such as food security and sustainability (Despommier, 2010; Oh &
Lu, 2023). Research emphasizes the importance of vertical farming
in urban agriculture, food security, and sustainability. Particularly,
the efficiency in water and soil usage makes vertical farming
increasingly relevant in the face of global challenges like climate
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change and population growth (Januszkiewicz & Jarmusz, 2017;
Kozai, 2018; Kozai et al., 2019; Maheshwari, 2021; Joensuu et al.,
2024).

Nutrient management is a critical factor that directly affects
crop yield and quality in vertical farming systems. The precise
formulation of nutrient solutions is essential to provide plants with
the necessary macro and micronutrients in appropriate amounts. In
vertical farming systems such as hydroponics, aeroponics, and
aquaponics, where plant roots are directly exposed to nutrient
solutions, careful adjustment of nutrient management is mandatory.
The success of nutrient management not only determines plant
growth but also influences the overall sustainability of the system
(Hosseini et al., 2021; Jones, 2014).

The purpose of this review is to examine the current literature
on nutrient management in vertical farming systems, focusing on
innovations and challenges in this field. This review will analyze
studies that explore the interactions between different plant species
and nutrient management strategies, and based on these findings,
recommendations for optimal nutrient management in vertical
farming systems will be provided. Additionally, potential areas for
future research will be identified to contribute to the scientific
knowledge base in this area.

2. METHODOLOGY AND LITERATURE REVIEW
APPROACH

The methodology for this review is based on a systematic
literature review approach. Initially, peer-reviewed journal articles,
conference papers, and academic theses on vertical farming and
nutrient management were searched. The research focused on
publications from 2010 to 2024, using widely recognized academic

databases such as Web of Science, Scopus, and Google Scholar.
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Among the selected studies, those addressing innovative nutrient
management strategies and their associated challenges in vertical
farming systems were prioritized. Furthermore, opinions from
leading academics in the field have been included and integrated into
the overall flow of the review.

3. OVERVIEW OF VERTICAL FARMING SYSTEMS
3.1. History and Development of Vertical Farming

The concept of vertical farming has evolved over the past few
decades, driven by the need to address food security challenges and
urbanization. The early idea of vertical farming was introduced by
Dr. Dickson Despommier in the early 2000s, who envisioned multi-
story buildings dedicated to growing crops in urban areas
(Despommier, 2010). His work highlighted the potential for vertical
farming to reduce the environmental footprint of agriculture by
minimizing land use and reducing transportation costs. Since then,
vertical farming has undergone significant technological
advancements, with innovations in controlled-environment
agriculture (CEA) and the integration of advanced systems for
lighting, climate control, and nutrient delivery (Benke & Tomkins,
2017; Al-Kodmany, 2018; Kozai, 2018; Kozai et al., 2019; Chole et
al., 2021; Engler & Karti, 2021; Vatistas et al., 2022).

3.2. Types of Vertical Farming

Vertical farming systems can be broadly categorized based
on the method of plant cultivation. The three primary types are
hydroponic, aeroponic, and aquaponic systems, each offering unique
advantages and challenges (Birkby, 2016).

3.2.1. Hydroponic Systems

Hydroponic systems are an efficient vertical farming method
that allows plants to grow in nutrient-rich water solutions instead of
-116--



soil. With precise control over nutrient levels and water use, they are
particularly suitable for urban areas. By providing high yields with
minimal water and space usage, hydroponic systems are widely
preferred in vertical farming. (Jones, 2014). Sharma et al. (2019)
described hydroponics as a suitable technique for high-density urban
farming systems, while Van Gerrewey et al. (2021) emphasized its
role in enabling year-round production within the vertical farming
model. Resh (2022) discussed the advantages of hydroponics in
producing high-quality food with minimal resources in both home
and commercial settings. Safeyah et al. (2023) examined verticulture
hydroponics, highlighting its role in enhancing agricultural
knowledge and skills, especially in resource-limited urban areas.

As vertical farming continues to expand, hydroponic systems
stand out as a key approach for sustainable, high-yield food
production in urban landscapes.

3.2.2. Aeroponic Systems

Aeroponic systems suspend plant roots in the air and mist
them with nutrient solutions, taking hydroponics a step further; this
increases oxygen access to the roots, promoting faster growth and
higher yields. Lacckireddy et al. (2012) highlighted the advantages
of aeroponics in commercial food production, emphasizing resource
efficiency and high crop potential, while He (2015) reported that
these systems can maximize production with minimal water usage in
space-limited urban environments. Despommier (2017) noted that
aeroponics in vertical farming reduces soil-borne diseases and the
need for pesticides, making it a sustainable option, while Eldridge et
al. (2020) found that precise misting in aeroponic systems optimizes
nutrient delivery and root development. Fasciolo et al. (2023)
introduced an intelligent aeroponic system designed for sustainable
indoor farming, emphasizing the need for advanced monitoring to
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maintain the precise conditions required by aeroponics. Highly
water-efficient, these systems use 95% less water than traditional
soil-based farming but require proficient management and
monitoring systems to ensure optimal performance (AlShrouf,
2017).

3.2.3. Aquaponic Systems

Aquaponic systems create a sustainable model by combining
hydroponics with aquaculture, allowing fish and plants to coexist
symbiotically. In this system, fish waste serves as a nutrient source
for plants, while plants filter and purify the water for the fish,
maintaining ecological balance. Love et al. (2015) suggested that
profitability and maintenance requirements are major challenges to
the commercial sustainability of aquaponic systems, while
Wongkiew et al. (2017) highlighted that nitrogen cycling and water
quality are crucial for supporting sustainable plant growth, despite
the management complexities involved. Khandaker and Kotzen
(2018) emphasized the importance of substrate selection in
aquaponic systems to enhance nutrient retention, noting that optimal
choices could boost productivity in vertical farming applications.
Goddek et al. (2019) focused on the scalability of aquaponic
systems, concluding that large-scale applications require careful
attention to technical and logistical aspects, suggesting that
aquaponics could become a strong model for future food production.
Lastly, Maryam (2023) evaluated the viability of aquaponic vertical
farming in urban areas in Oslo, asserting that this approach holds
substantial potential for sustainable urban agriculture based on
environmental and economic factors.

3.3. Advantages and Disadvantages of Vertical Farming

Vertical farming offers numerous advantages, particularly in

addressing the challenges of urban food production. Van Gerrewey
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et al. (2021) argue that vertical farming presents significant potential
as a sustainable solution, especially in densely populated urban
environments. Key advantages include efficient land use, reduced
water consumption, and the ability to grow crops year-round in
controlled environments, which Kozai (2018) describes as a
hallmark of the “next generation indoor farm.” By enabling local
production within cities, vertical farming can also reduce the carbon
footprint associated with food transportation. Additionally, Birkby
(2016) highlights that vertical farms can conserve resources and
bring fresh produce closer to consumers, enhancing food security.

However, there are also considerable disadvantages. These
systems often involve high initial capital costs and significant energy
consumption for artificial lighting and climate control. Moreover,
they require technical expertise for effective operation, a challenge
noted by Kalantari et al. (2017; 2018) in their discussions on
sustainability. Khalil and Wahhab (2020) point out that while
vertical farming has advantages over traditional horizontal farming
in terms of sustainability, the financial and technical demands
remain a barrier to broader adoption.

The economic viability of vertical farming is still a topic of
debate. Banerjee and Adenaeuer (2014) examined the economic
implications, suggesting that achieving cost-efficiency at scale is
challenging. de Oliveira (2023) developed a decision support system
to assess the economic viability and environmental impact of vertical
farms, highlighting areas where improvements could enhance
profitability and sustainability. Benke and Tomkins (2017) suggest
that while vertical farming holds significant promise, its success will
ultimately depend on continuous innovation and strategic
investments in sustainable practices.
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4. NUTRIENT MANAGEMENT
4.1. Plant Nutrient Requirements

Nutrient management in vertical farming is critical for
optimizing plant growth and achieving high yields. Plants require a
balanced supply of essential nutrients, which can be categorized into
macro and micronutrients (Marschner, 2012).

Macronutrients are the primary nutrients required in large
quantities for plant growth. These include nitrogen (N), phosphorus
(P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S).
Nitrogen is essential for vegetative growth and chlorophyll
synthesis, while phosphorus is crucial for energy transfer and root
development. Potassium plays a significant role in water regulation
and enzyme activation (Marschner, 2012; Taiz & Zeiger 2015). In
vertical farming systems, the availability of these macronutrients
must be carefully managed to avoid deficiencies or toxicities, which
can significantly impact plant health and productivity (Jones, 2014).

Micronutrients, although required in smaller amounts, are
equally important for plant health. These include iron (Fe),
manganese (Mn), zinc (Zn), copper (Cu), boron (B), molybdenum
(Mo), and chlorine (Cl). Each of these elements plays a specific role
in plant physiological processes, such as enzyme function,
photosynthesis, and hormone regulation (Marschner, 2012; Taiz &
Zeiger, 2015). In controlled-environment agriculture (CEA) like
vertical farming, the precise control of micronutrient levels is
essential to prevent imbalances that can lead to disorders like
chlorosis or stunted growth (Resh, 2022).

4.2. Preparation and Optimization of Nutrient Solutions

The preparation and optimization of nutrient solutions are
essential in vertical farming, as they must provide balanced macro-
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and micronutrient concentrations tailored to each crop's specific
needs. A universal method for achieving precise compositions,
initially developed by Steiner (1961), serves as a foundation for
modern nutrient management. Optimization involves controlling
factors like pH to ensure nutrient availability, with cost-effective pH
measurement tools playing a crucial role in efficient monitoring
(Hinojosa-Meza et al., 2022).

Another key parameter is electrical conductivity (EC), which
indicates the concentration of dissolved salts and directly impacts
nutrient uptake. Maintaining optimal EC levels is essential to
improve yield and plant health, with adjustments tailored to growth
stages in vertical farming systems for enhanced efficiency (Hosseini
et al., 2021; Sulaiman et al., 2021; Van Quy et al., 2018).

Advanced nutrient management systems often utilize
automated dosing and real-time monitoring to maintain consistent
nutrient availability. Luna Juncal et al. (2020) developed a mobile
nitrate monitoring station, enabling high-frequency data collection
for precise nutrient adjustments, which supports continuous and
tailored nutrient management. Fan et al. (2022) reviewed the benefits
of real-time monitoring in maintaining optimal soil and nutrient
conditions in controlled environments, highlighting how these
technologies enhance plant productivity. Swathy et al. (2024)
emphasized that real-time nitrogen monitoring can improve nitrogen
use efficiency and support ecosystem sustainability. Silva et al.
(2024) further emphasized the need for advanced sensing tools that
accurately measure key nutrients like nitrogen, phosphorus, and
potassium, essential for precision fertilization and sustainable
agriculture.

These studies collectively underscore the critical role of
precision in nutrient solution preparation and optimization,
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highlighting how advanced monitoring and control systems enable
consistent, high-quality crop production while enhancing
sustainability in vertical farming.

4.3. Nutrient Delivery Systems

In vertical farming, nutrient delivery systems are designed to
efficiently supply the nutrient solution to the plant roots. The most
common systems include drip irrigation, nutrient film technique
(NFT), and deep water culture (DWC). According to Mohammed
and Sookoo (2016), the NFT system is particularly popular for
commercial production due to its continuous flow of nutrient
solution, which enhances oxygen availability to the roots. De Castro
Silva et al. (2021) provided a global overview of the NFT system,
emphasizing its adaptability for a range of crops and vertical setups.
Rozilan et al. (2021) described the design and fabrication of NFT
systems, underscoring the importance of careful construction to
ensure even nutrient distribution in vertical farms. Longkumer et al.
(2022) examined the effects of nutrient levels in NFT systems for
lettuce, highlighting its efficiency in controlled environments.
Gillani et al. (2023) compared the energy-use efficiency of NFT and
DWC, finding that NFT is particularly suited for high-density setups
due to its reduced water and nutrient usage.

Carrasco et al. (2024) explored the integration of NFT
systems and automation in container-based vertical farming, noting
that automation can further optimize nutrient delivery and enhance
leafy green production. Vought et al. (2024) analyzed the dynamics
of nutrient composition in NFT systems, emphasizing the need for
precise nutrient management to maintain healthy plant growth.
According to Jones (2014), the NFT system’s continuous flow of
nutrient solution reduces the risk of nutrient stagnation, while
Mohammed and Sookoo (2016) pointed out its benefit of improving
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oxygen availability to the roots. However, maintaining consistent
nutrient levels across all plants in a vertical system requires careful
design and regular maintenance of the delivery system (AlShrouf,
2017).

Deep water culture (DWC) is another nutrient delivery
system used in vertical farming, allowing plants to grow with roots
fully submerged in nutrient-rich water. Jiittner et al. (2022)
developed an indoor farming cultivation process using DWC and
other methods, finding it effective for plants like Rhodiola rosea in
controlled environments. Sahoo et al. (2022b) implemented an IoT-
integrated DWC system, demonstrating how real-time monitoring
can enhance nutrient efficiency in indoor farms.

Each of these nutrient delivery systems offers unique
advantages in optimizing plant health and productivity within
vertical farming environments. Selecting the right system and
implementing it carefully are critical to maximizing the efficiency of
vertical farms in sustainable food production.

4.4. Nutrient Recycling and Reuse

Nutrient recycling and reuse are essential practices in
sustainable vertical farming systems. Given the high resource
efficiency goals of vertical farming, the ability to recycle nutrient
solutions can significantly reduce input costs and environmental
impact. According to Maucieri et al. (2018), hydroponic systems that
incorporate nutrient recycling techniques in aquaponics demonstrate
both environmental and economic benefits by conserving water and
nutrients. Kozai (2018) and Kozai et al. (2019) emphasized that
nutrient reuse is crucial for achieving the sustainability objectives of
smart plant factories, where precision control of nutrient flows
minimizes waste.
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Techniques such as recirculating hydroponic systems allow
for the reuse of nutrient solutions by filtering and rebalancing
nutrient concentrations before returning them to the plants. Savvas
and Gruda (2018) noted that this approach, common in soilless
culture, conserves water and minimizes environmental impact by
reducing the need for fresh nutrient inputs. Bugbee (2003) discussed
that while recirculating systems are effective in maintaining nutrient
balance, they require precise management to ensure plants are
consistently supplied with essential nutrients.

Bittsanszky et al. (2016) addressed a specific challenge in
nutrient recycling: overcoming ammonium toxicity, which can arise
when certain nutrients accumulate over time. Rufi-Salis et al. (2020)
conducted an environmental assessment on nutrient recovery in
urban agriculture, highlighting the importance of nutrient recycling
in reducing the overall footprint of vertical farms. Halbert-Howard
et al. (2021) evaluated recycled fertilizers for hydroponic tomato
cultivation, noting that while these fertilizers reduce greenhouse gas
emissions, careful management is needed to maintain nutrient
quality and prevent any negative impact on crop growth.

However, effective nutrient recycling requires careful
monitoring to prevent the buildup of unwanted compounds or
pathogens in the system. Miller et al. (2020) found that nutrient
deficiencies can occur when recycling solutions, necessitating
routine testing and adjustment to ensure optimal plant health.
Asaduzzaman et al. (2022) discussed the challenges and
opportunities in nutrient recycling within hydroponics, stressing that
advanced monitoring systems are key to balancing nutrient levels
and promoting sustainable crop production in controlled
environments.
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5. INNOVATIONS
5.1. Advanced Nutrient Delivery Systems

Innovation in nutrient delivery systems is crucial for
optimizing plant growth in vertical farming. These systems ensure
that plants receive the right amount of nutrients at the right time,
reducing waste and improving efficiency.

5.1.1. Automation and Robotics

Automated climate control is another vital technology in
vertical farming, maintaining optimal temperature and humidity for
year-round production and enhancing efficiency, especially in large-
scale operations (Chole et al., 2021; Anand et al., 2022; Ahamed et
al., 2023). Hedley (2015) highlighted that precision agriculture
technologies allow for accurate nutrient application, which can
enhance crop yields while reducing environmental impact. Benke
and Tomkins (2017) emphasized that controlled-environment
agriculture, including automated nutrient management, holds
potential to address food production challenges, though economic
and technological barriers still limit widespread adoption. Antille et
al. (2018) provided an overview of sensor-based nitrogen
management technologies, noting that these sensors enable precise
nitrogen application, which can improve crop performance and
sustainability. Contreras et al. (2020) evaluated the effectiveness of
automated fertigation systems using electrotensiometers to enhance
water and nutrient productivity in horticultural crops. Similarly, Cho
et al. (2020) presented an automated nutrient solution management
system that allows real-time control of macronutrient concentrations
to support optimal plant health. Mahadevaswamy et al. (2021)
discussed an automated system for soil nutrient measurement and
irrigation control, which they found useful for optimizing resource
use and maintaining consistent nutrient levels in the soil.
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Robotics also play a significant role in handling repetitive
tasks in vertical farming, such as nutrient mixing, distribution, and
plant care, thereby reducing labor costs and minimizing human error.
Kushwaha et al. (2016) examined the potential of robotics in
agriculture, noting that robotic technology can assist in automating
complex tasks and increasing operational efficiency. Vakilian and
Massah (2017) developed a farmer-assistant robot for nitrogen
fertilization management in greenhouse crops, which supports
precise nutrient application to promote crop growth. Sahoo et al.
(2022a) provided a comprehensive review of robotics applications
in agriculture, emphasizing the role of robotics in addressing labor
shortages and improving precision across farming processes.
Finally, Nadafzadeh et al. (2024) designed and tested a robot for
monitoring specific nutrient levels, such as iron, in greenhouse-
grown spinach, demonstrating its potential to enhance precision in
nutrient management and support sustainable practices.

5.1.2. Sensor and Monitoring Technologies

Sensor and monitoring technologies are an integral part of
advanced nutrient delivery systems, providing real-time data on
various parameters to optimize plant growth in vertical farming. Brar
and Kaur (2016) highlighted the significant contributions of region-
specific nutrient adjustments in improving crop productivity,
emphasizing the positive impact of precision nutrient management
on efficiency. Similarly, Cho et al. (2018) developed an on-site ion
monitoring system that enables real-time nutrient adjustments in
hydroponic nutrient management, thereby enhancing plant health
and increasing efficiency. Likewise, Ban et al. (2020) demonstrated
the development of a nutrient solution management system aimed at
optimizing nutrient distribution in plant factories, showcasing how
this technology can improve production efficiency with precise
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nutrient allocation. Verma et al. (2020) advocated for the adaptation
of region-specific nutrient management techniques to align with crop
requirements, suggesting that this approach enhances resource use
efficiency and improves product quality.

The integration of these technologies with IoT platforms
allows for remote monitoring and management, enhancing the
efficiency and reliability of vertical farming systems (Brar and Kaur
2016; Balducci et al., 2017; Cho et al., 2018; Chuah et al., 2019; Ban
et al., 2020; Verma et al., 2020; Abhay et al., 2021; Mate, 2021,
Ahmad et al. 2022; Anand et al. 2022; Hasan & Manohar, 2022;
Rathor et al., 2024; Sasmal et al., 2024)

5.2. Smart Nutrient Management

Smart nutrient management involves the use of advanced
technologies such as [oT and Al to optimize the nutrient delivery
process. These technologies enable more precise control, reducing
resource use while maximizing crop yields.

5.2.1. IoT and Data Analytics

The Internet of Things (IoT) has enabled large-scale data
collection and analysis in vertical farming, providing real-time
insights into plant growth conditions, nutrient levels, and
environmental factors that are crucial for crop health. By combining
IoT with data analytics, farmers can identify patterns and make data-
driven decisions to optimize nutrient distribution and enhance
system efficiency. For instance, Chuah et al. (2019) implemented a
smart monitoring system in vertical farming that integrates IoT to
manage environmental and nutrient parameters, enabling precise
adjustments that support healthy plant growth. Similarly, Kumar et
al. (2020) examined an Arduino-based automated hydroponic
system, demonstrating IoT’s potential to effectively manage nutrient
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levels through real-time monitoring, thus improving nutrient
application accuracy.

Continuous monitoring of these factors allows farmers to
make informed decisions and quickly respond to deviations from
optimal conditions. IoT-based platforms also enhance remote
monitoring and management capabilities in vertical farming
systems, as illustrated by Abhay et al. (2021), who showcased IoT's
role in simplifying crop monitoring for small-scale home vertical
farms. Likewise, Mate (2021) explored an IoT-based irrigation and
soil nutrient management system that automates nutrient
distribution, which in turn has the potential to boost crop
productivity by ensuring consistent nutrient supply. Chin and Audah
(2017) developed an IoT-based monitoring system for vertical
farming, enabling remote and automated control of essential
parameters. Further, Ahmad et al. (2022) introduced a solar-powered
IoT fertigation system designed to improve water and nutrient
efficiency, highlighting 1oT’s sustainability benefits. In urban and
vertical farming contexts, Anand et al. (2022) discussed the use of
Agro-IoT systems to meet urban food demands sustainably,
underlining the role of IoT in enhancing efficiency. Hasan &
Manohar (2022) also emphasized the importance of a site-specific
[oT nutrient management system, which tailors nutrient distribution
to crop requirements and thus optimizes overall resource use.

Moreover, Rathor et al. (2024) provided a comprehensive
review of IoT and Al-driven technologies in vertical farming,
underscoring their potential to streamline nutrient and environmental
management. Sasmal et al. (2024) further explored advances in [oT
and machine learning, noting that these tools can enhance plant care
and nutrient efficiency in controlled environment agriculture.
Together, these studies highlight [oT’s transformative role in vertical
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farming by enabling precise nutrient and environmental
management, fostering sustainable practices, and improving
productivity through real-time, data-informed decision-making.

These innovations highlight the potential of IoT to enhance
sustainability and efficiency in vertical farming.

5.2.2. Al-Assisted Optimization

Artificial Intelligence (AI) is increasingly being employed to
optimize nutrient management in vertical farming by analyzing data
from sensors and historical records to accurately predict nutrient
needs and adjust delivery systems. Saad et al. (2021) reviewed
automation systems in urban smart vertical farming, highlighting
both the advanced Al-driven technologies used in nutrient
management and solutions to address the associated challenges,
emphasizing AID’s potential to enhance efficiency in nutrient
delivery. Similarly, Son et al. (2021) explored advancements in
nutrient management modeling and concentration prediction for
soilless culture, demonstrating how Al-based systems can improve
precision in nutrient application and contribute to more stable crop
yields.

In their examination of precision management techniques,
Hasan et al. (2022) focused on Al applications for nutrient delivery
optimization, aligning with Siropyan et al. (2022), who introduced
an Al-driven management system specifically for vertical farming
that refines nutrient management for enhanced productivity. Siregar
et al. (2022) further emphasized Al's role in supporting precision
agriculture within vertical farming, underscoring its capacity to
maintain optimal nutrient and environmental conditions, which is
essential for sustainable growth.
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Kabir et al. (2023) examined technological trends in vertical
farming, noting that Al and automation are pivotal in overcoming
engineering challenges and enhancing operational efficiency. In line
with this, Bhamare and Bansal (2024) discussed Al and computer
vision applications, emphasizing their role in promoting
sustainability and precision in nutrient management. Rathor et al.
(2024) provided a comprehensive review of IoT and Al-driven
technologies, illustrating their potential to streamline nutrient
delivery and increase the resilience of vertical farming systems.

Together, these studies highlight Al's transformative impact
on vertical farming by enabling precise, data-informed nutrient
management, ultimately fostering sustainability and efficiency
across the system.

5.3. Sustainable Nutrient Solutions

Sustainability is a key focus in the development of nutrient
management systems for vertical farming. Innovations in nutrient
recycling and the use of organic and natural nutrient sources are
central to creating more sustainable farming practices.

5.3.1. Nutrient Recycling Technologies

Nutrient recycling is essential for reducing waste and
enhancing the sustainability of vertical farming systems. Closed-
loop systems, for instance, enable the recapture and reuse of
nutrients, reducing dependency on synthetic fertilizers and
conserving resources. These systems filter and purify nutrient
solutions before reapplying them to plants, which minimizes
environmental impact. Birkby et al. (2016) highlighted the
significance of nutrient management systems that prioritize resource
conservation, emphasizing the need for sustainable approaches in
vertical farming. In line with this, Savvas and Gruda (2018)
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examined soilless culture technologies in greenhouse systems,
underlining the role of advanced nutrient management strategies as
crucial for sustainable agricultural practices.

Miller et al. (2020) examined the recycling of nutrient
solutions in hydroponic systems, noting that while this process
conserves resources, it may lead to nutrient deficiencies if not
carefully managed. Similarly, Rufi-Salis et al. (2020) assessed the
environmental benefits of nutrient recovery in urban hydroponics,
showing that nutrient recycling plays a key role in enhancing
sustainability within urban farming environments. Halbert-Howard
et al. (2021) focused on the application of recycled fertilizers in
hydroponic tomato cultivation, finding that these practices not only
improve resource efficiency but also reduce greenhouse gas
emissions, thereby supporting sustainable production.

Van Gerrewey et al. (2021) examined nutrient management
practices in vertical farming, noting how effective recycling
strategies can significantly boost both sustainability and crop yield.
Asaduzzaman et al. (2022) reviewed the opportunities and
challenges of nutrient recycling in hydroponic systems, underscoring
its essential role in maintaining sustainable, controlled
environments. Shenoy et al. (2023) expanded on this by exploring
innovative phosphorus recovery technologies from sewage sludge,
demonstrating their potential for nutrient recycling applications in
hydroponic farming systems.

Collectively, these studies highlight the transformative
impact of nutrient recycling technologies in vertical farming,
emphasizing their ability to promote sustainable practices, reduce
resource consumption, and mitigate environmental impact.
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5.3.2. Organic and Natural Nutrient Sources

The use of organic and natural nutrient sources is gaining
popularity in vertical farming as a sustainable alternative that not
only supplies essential nutrients but also enhances overall system
health. Organic fertilizers, compost teas, and biochar are widely used
to support nutrient needs while providing benefits like soil health
improvement in soil-based systems or adding beneficial microbes in
soilless systems. Pant et al. (2012) highlighted the biochemical
properties of compost tea, noting its positive impact on pak choi
yield and demonstrating how compost quality directly influences
nutrient management effectiveness.

These organic solutions are frequently combined with
nutrient recycling technologies to promote a more integrated,
sustainable approach to nutrient management. Barber et al. (2018)
examined biochar’s dual role as a filter and a fertilizer, showing how
it helps close nutrient cycles and supports nutrient reuse in vertical
farming systems. Likewise, Huang et al. (2019) emphasized the
importance of nutrient recovery from organic waste as part of
sustainable soil management strategies, focusing on the benefits of
recycling organic materials for enhanced nutrient availability.
Alternative nutrient sources are also being explored to broaden the
range of sustainable inputs. Ashraf (2020) investigated the use of
human liquid bio-waste as a fertilizer in urban indoor agriculture,
finding it effective in promoting Swiss chard growth within vertical
systems, thus presenting a viable organic nutrient solution.
Similarly, Syaranamual et al. (2024) studied mustard plants'
response to various media compositions, such as topsoil, biochar,
and manure, illustrating the potential of diverse organic materials in
providing sustainable nutrient solutions for vertical farming.
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Together, these studies underscore the role of organic and
natural nutrient sources in creating more sustainable nutrient
management practices, enhancing resource efficiency, and
supporting overall system health in vertical farming..

5.4. Energy Efficiency and Resource Use

Energy efficiency and resource use are critical considerations
in vertical farming, where the need for artificial lighting and
controlled environments can lead to significant energy consumption.
Innovations in this area focus on reducing energy use while
maintaining optimal growing conditions.

5.4.1. Energy-Efficient Systems

The success of vertical farming relies heavily on advanced
technologies, with LED lighting playing a crucial role by providing
the optimal light spectrum for plant growth (Wong et al. 2020). LED
systems not only improve plant productivity and growth quality but
also contribute to energy efficiency and pathogen control in
hydroponic environments. Massa et al. (2008) reported that LED
lighting significantly enhances plant productivity by allowing
control over light spectra and intensity, optimizing plant growth in
controlled environments. Kim et al. (2020) demonstrated that
ultraviolet (UV) LED light sources can be effectively used to
sterilize harmful microorganisms in hydroponic systems. They
argued that UV LED technology is an efficient, sustainable method
for managing microbial contamination, thereby supporting plant
health and productivity in controlled environments like vertical
farms. Nguyen et al. (2021) investigated the effects of white LED
lighting with specific shorter blue and green wavelengths on the
growth and quality of lettuce cultivars in a vertical farming system.
They found that tailored LED light spectra can enhance both the
growth and quality of lettuce, suggesting that adjusting wavelengths
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can be a beneficial strategy in vertical farming to optimize crop yield
and nutrient content. Furthermore, Olvera-Gonzalez et al. (2021)
proposed pulsed LED lighting as an energy-saving technique for
vertical farms, maintaining plant productivity while reducing energy
consumption. Najera et al. (2022) also noted that LED lighting in
vertical farming systems enhances the bioactive compound content
and productivity of vegetable crops, making it ideal for sustainable
crop production.

Additionally, advances in HVAC (heating, ventilation, and
air conditioning) systems allow for more precise climate control with
lower energy consumption. Graamans et al. (2017) compared
resource use efficiency between plant factories and traditional
greenhouses, with a particular focus on energy and climate control
requirements, including HVAC systems. The study highlighted that
while plant factories offer year-round production with precise
environmental control, they tend to consume more energy than
greenhouses, primarily due to artificial lighting and HVAC
demands. The authors concluded that, although plant factories are
efficient in land and water use, optimizing HVAC and energy
systems is essential to improve their overall resource efficiency and
sustainability.

5.4.2. Water Management Innovations

Innovation in water management is crucial for maximizing
the efficiency and sustainability of vertical farming systems.
Although these systems are designed to use water more efficiently
than traditional farming, there is always room for improvement.
Technologies like fogponics, which delivers water and nutrients
through a fine mist, represent a significant advancement in reducing
water consumption. Uddin and Suliaman (2021) emphasized that
their smart fogponics system not only optimizes nutrient delivery but
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also minimizes water use, making it an energy-efficient choice for
indoor agriculture.

To further enhance water sustainability, recycling systems
that capture and purify water for reuse have become increasingly
integrated into vertical farming operations. Germer et al. (2011)
introduced the concept of “Skyfarming,” showcasing how water
recycling and other innovations in vertical farming can increase food
production in urban areas with limited resources. Building on this,
Suwastika et al. (2022) developed a fogponics system that utilizes
IoT and fuzzy logic, demonstrating its potential for precise control
over water and nutrient distribution in vertical farms. Sinha and
Kumar (2024) expanded on fogponics applications, presenting a
framework suited to compact urban spaces, which emphasizes
efficient water use in indoor gardening. Similarly, Suganob et al.
(2024) explored the integration of artificial intelligence with
fogponics, suggesting its applicability for controlled environments
such as space farming, where precise water and nutrient management
is vital.

Collectively, these advancements in water management
demonstrate the potential for sustainable and efficient practices in
vertical farming, setting a foundation for future innovations in
resource conservation and optimized food production.

6. CHALLENGES
6.1. Optimization of Nutrient Solutions

Optimizing nutrient solutions is a critical challenge in
vertical farming, where precise nutrient management is essential for
ensuring plant health and maximizing yield.
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6.1.1. pH and EC Control

Vertical farming systems face significant challenges in
maintaining optimal pH and electrical conductivity (EC) levels in
nutrient solutions to ensure effective nutrient uptake by plants. pH
fluctuations can critically impact nutrient solubility, leading to
deficiencies or toxicities that inhibit plant growth (Jones, 2014).
Despite the availability of pH measurement tools, Hinojosa-Meza et
al. (2022) highlighted the need for cost-effective, precise pH
monitoring instruments specifically suited to vertical farming, where
consistent accuracy is essential for maintaining nutrient stability.

Similarly, managing EC levels poses its own set of
challenges, as EC measures the concentration of dissolved salts in
nutrient solutions. High EC levels may induce osmotic stress, while
low EC can result in insufficient nutrient availability, both affecting
plant health. Marschner (2012) discussed the delicate balance
required for EC to support nutrient availability, while Hosseini et al.
(2021) found that even slight deviations from optimal EC levels
could significantly impact the growth and yield of crops like lettuce
and basil in vertical systems. Sulaiman et al. (2021) emphasized that
temperature variations further complicate EC management,
necessitating precise control to maintain stability across growth
cycles.

In vertical hydroponic systems, achieving consistent EC
adjustments is particularly challenging due to the need for high
precision in a densely packed, controlled environment (Van Quy et
al., 2018). Resh (2022) underscores the importance of continuously
monitoring and adjusting these parameters, noting that even minor
inconsistencies can disrupt nutrient absorption and adversely impact
plant productivity. Overall, maintaining optimal pH and EC levels
remains a persistent challenge in vertical farming, requiring
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innovative solutions and advanced monitoring tools to overcome
these obstacles effectively.

6.1.2. Maintaining Nutrient Balance

Maintaining a balanced supply of macro- and micronutrients
is a significant challenge in nutrient solution optimization for
vertical farming. Imbalances in nutrient levels can cause competitive
inhibition, where an excess of one nutrient interferes with the uptake
of others, potentially leading to deficiencies or toxicities (Savvas &
Gruda, 2018). Precise nutrient formulation and continuous
monitoring are essential to manage these nutrient interactions,
particularly in recirculating systems where nutrient levels fluctuate
over time, posing additional challenges for stability.

To address these issues, real-time monitoring technologies
offer potential solutions by enabling continuous tracking of nutrient
levels. For example, Luna Juncal et al. (2020) highlighted that
mobile nitrate monitoring supports frequent data collection, making
nutrient management more responsive. Fan et al. (2022) and Swathy
et al. (2024) underscored the importance of real-time monitoring,
particularly for nitrogen, in enhancing nutrient use efficiency and
preventing excess buildup, which supports a balanced nutrient
environment. Silva et al. (2024) expanded on this by reviewing
sensing technologies for nitrogen, phosphorus, and potassium,
emphasizing their role in maintaining precise nutrient balance and
preventing competitive inhibition.

Together, these studies reveal that ensuring nutrient balance
in vertical farming is not only technically complex but also requires
advanced, responsive monitoring systems to avoid imbalances that
could compromise plant health and productivity.
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6.2. Disease and Contamination Management

Disease and contamination control is a significant challenge
in vertical farming, where the closed and controlled environments
can sometimes favor the proliferation of pathogens if not managed

properly.

Microbial contamination, including bacteria, fungi, and
viruses, threatens crop health in high-density and recirculating
systems by facilitating the rapid spread of pathogens. Bittsanszky et
al. (2016) highlighted ammonium toxicity as a factor that weakens
plant resistance, increasing susceptibility to microbial threats.
Effective microbial control strategies in vertical farming include
using biocontrol agents, monitoring microbial populations, and
implementing strict hygiene protocols (Sharma et al., 2019).
Advanced technologies also support early disease detection;
Jayasekara et al. (2021) proposed an automated system for growth
and disease monitoring, while Anubhove et al. (2020) and Bakar and
Audah (2021) demonstrated the potential of machine learning and
image processing for detecting microbial infections in real-time.

Sterilization of equipment and nutrient solutions is essential
to prevent pathogen introduction and spread. Techniques such as UV
sterilization, ozonation, and chemical disinfection are widely used to
maintain a pathogen-free environment. UV radiation, in particular,
has shown effective results for disinfecting recirculating water and
nutrient solutions in hydroponic systems, helping to inactivate
pathogens (Runia & Boogert, 2005; Sutton et al., 2000). Pantanella
et al. (2010) explored UV sterilization in aquaponics, demonstrating
its effectiveness in reducing total coliforms and enhancing food
safety in integrated systems, while Moriarty et al. (2018) further
highlighted UV's reliability as a microbial control method by
successfully controlling coliforms and Escherichia coli in aquaponic
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lettuce. Tsunedomi et al. (2018) and Kim et al. (2020) highlighted
the energy-efficient potential of UV LED technology for microbial
control. Similarly, ozonation has been shown to reduce microbial
loads in hydroponic setups, thus enhancing crop resilience (Zheng et
al., 2020). However, these sterilization methods may also impact
beneficial microorganisms, requiring a balanced approach to
maintain a healthy microbial community (Savvas & Gruda, 2018).

6.3. Cost and Resource Efficiency

The high costs of establishing and operating vertical farming
systems present significant challenges, as advanced technology,
infrastructure, and maintenance demands create financial barriers,
particularly for small-scale farmers and new entrants (AlShrouf,
2017). Initial capital investments required for LED lighting, HVAC
systems, and automation technology are substantial, with added
logistical and financial challenges in urban environments, making
broader accessibility difficult (Kalantari et al., 2017; Graamans et
al., 2017).

In addition to startup costs, operational expenses pose
ongoing challenges. While technologies like LED lighting and
climate control are critical for maintaining optimal growth
conditions, they also increase recurring expenses, particularly in
urban settings with high energy costs (Kozai, 2018). As such, cost-
effective solutions for energy and resource use are essential for
economic sustainability. Graamans et al. (2017) and Kozai et al.
(2019) noted that minimizing costs associated with specialized
lighting and climate control could improve the financial viability of
vertical farming, particularly in high-density urban areas.

Mir et al. (2022) pointed out that both high initial and
operational costs restrict vertical farming’s accessibility, though the

system’s potential to meet future agricultural demands remains
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promising. Reducing infrastructure and resource-related expenses is
therefore key, as highlighted by Benke and Tomkins (2017) and
Panotra et al. (2024), to making vertical farming a sustainable and
scalable solution for the future. Moreover, while monitoring and
sensor systems contribute to growth optimization, their costs can
impact profitability, underscoring the need for balanced investment
in technology to support long-term sustainability (Morella et al.,
2023).

6.4. Scalability and Commercial Applications

Scaling vertical farming operations and ensuring their
commercial viability are critical challenges that need to be addressed
for the widespread adoption of this farming method.

6.4.1. Managing Large-Scale Systems

Managing large-scale vertical farming systems involves
complexities in maintaining uniform environmental conditions,
nutrient distribution, and disease control across all levels of the farm.
Kalantari et al. (2017) reviewed the opportunities and challenges in
scaling vertical farming for sustainability, highlighting the
difficulties in achieving consistent environmental control and
efficient resource use in larger systems. They noted that as scale
increases, maintaining system efficiency and sustainability becomes
more complex. The integration of automation and advanced
monitoring systems can help, but they also add to the complexity and
cost of scaling operations. Jensen and Malter (1995) discussed
similar challenges in protected agriculture globally, pointing out that
managing large-scale systems requires significant investment in
technology and infrastructure, which may be challenging for
widespread adoption.
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6.4.2. Market and Supply Chain Issues

Vertical farming products need to compete with
conventionally grown produce in terms of price and quality.
Establishing efficient supply chains and market access is essential
for the commercial success of vertical farming. Al-Kodmany (2018)
discussed the challenges of integrating vertical farms into urban
environments, noting that streamlined supply chains are vital to
making vertically farmed products accessible and competitively
priced within city markets. However, the current market for
vertically farmed products is still limited, and consumer awareness
and acceptance are crucial for expanding this market. Benke and
Tomkins (2017) emphasized that while vertical farming has
potential, its success depends on public acceptance and creating a
reliable market for these products, which may require educational
efforts and strategic marketing to build consumer trust and demand.

6.5. Technological Limitations and Adaptation

Technological advancements have enabled the growth of
vertical farming, but there are still limitations and challenges in
adapting these technologies.

6.5.1. Technology Integration

Integrating various technologies, such as automation, IoT,
and Al into a cohesive vertical farming system can be challenging.
Ensuring that these technologies work seamlessly together and are
easily managed by farm operators requires significant expertise and
ongoing maintenance. Kumar et al. (2020) developed an IoT-based
automated hydroponic system using Arduino, illustrating how IoT
can optimize nutrient delivery but also highlighting the technical
knowledge required for successful operation. Van Delden et al.
(2021) reviewed the current state and future challenges of scaling
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vertical farming systems, emphasizing the complexities involved in
integrating multiple advanced technologies and the expertise needed
to maintain system efficiency at larger scales. Moreover,
technological failures or incompatibilities can lead to significant
disruptions in production. Kabir et al. (2023) discussed emerging
technological trends and engineering challenges, pointing out that
inconsistencies between systems can hamper smooth operations and
cause costly downtimes.

6.5.2. Lack of Training and Expertise

The rapid development of vertical farming technologies has
created a knowledge gap, where many farmers and operators lack the
necessary skills and expertise to effectively manage these systems.
Sharma et al. (2019) provided an overview of hydroponics,
highlighting that as advanced cultivation techniques become more
widespread, there is an increasing need for specialized training to
bridge the skill gap in managing these systems. Providing adequate
training and education is essential for the successful adoption and
operation of vertical farming systems. Bradley and Marulanda
(2000) argued that simplified hydroponics training can reduce global
hunger by empowering individuals with the skills to grow food in
limited spaces. Van Henten et al. (2006) emphasized the complexity
of managing artificial lighting in horticultural environments, noting
that adaptive control requires technical knowledge that is often
lacking among new adopters of vertical farming. Nugroho (2019)
demonstrated that introductory training on hydroponic systems helps
participants gain foundational skills necessary for managing
hydroponic plants effectively. Lubna et al. (2022) discussed how the
lack of awareness and expertise about vertical farming systems can
hinder its adoption and efficiency, suggesting that structured
education programs are essential. Pambudi et al. (2022) conducted
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hydroponic training programs aimed at improving food security,
community economy, and environmental quality, underscoring the
role of hands-on training in building community knowledge.
Safeyah et al. (2023) focused on verticulture hydroponics,
illustrating how knowledge and skill development in vertical
farming can be enhanced through targeted training initiatives.

7. SUCCESS STORIES AND APPLICATIONS
7.1. International Success Stories

Vertical farming has seen remarkable success in various parts
of the world, with several projects standing out for their innovation,
scalability, and impact. One of the most prominent examples is the
Singapore-based company Sky Greens, which operates the world's
first low-carbon, hydraulic-driven vertical farm. This project has
significantly contributed to Singapore's food security by producing
fresh vegetables within the city-state, reducing reliance on imports
(SkyGreens Canada 2022; SkyGreens, 2024;). Another noteworthy
project is AeroFarms in the United States, which has pioneered the
use of aeroponic technology to grow leafy greens in an urban setting.
AeroFarms' patented technology uses 95% less water than traditional
farming, making it a model of sustainable urban agriculture
(Despommier, 2010; Aerofarms, 2024;).

In Japan, the Mirai Plant Factory has become a global leader
in vertical farming, using advanced LED lighting and climate control
technologies to produce high-quality crops year-round. This project
has been particularly successful in addressing food supply
challenges in disaster-prone regions, demonstrating the resilience
and adaptability of vertical farming systems (Kozai et al., 2015;
Mirai Plant Factory, 2024). These international projects highlight the
potential of vertical farming to address global food security

challenges through innovative, sustainable practices.
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7.2. Local and Regional Success Stories

In addition to international examples, there are numerous
local and regional success stories that demonstrate the versatility of
vertical farming across different contexts. In the Middle East, where
arable land and water resources are scarce, companies like Badia
Farms in Dubai have successfully implemented vertical farming to
produce fresh greens using minimal water and space. This project
has not only provided a local source of fresh produce but also
contributed to the region's food security and sustainability goals
(AlShrouf, 2017; Badia Farms, 2024;).

In Europe, the Nordic Harvest vertical farm in Denmark is
one of the largest of its kind, utilizing renewable energy sources to
power its operations. The farm's commitment to sustainability and
efficiency has made it a leading example of how vertical farming can
be integrated into a region's broader environmental strategy (Al-
Kodmany, 2018). Similarly, in the Netherlands, the Urban Farmers
project in The Hague has successfully combined aquaponics and
vertical farming to produce fresh vegetables and fish in an urban
environment, showcasing the potential of integrated farming systems
(Goddek et al., 2019; YesHealthGroup, 2024).

7.3. Analysis of Best Practices

The success of these projects can be attributed to several best
practices that have been identified across different vertical farming
operations. First, the use of advanced technologies, such as LED
lighting and automated nutrient delivery systems, has been crucial in
optimizing crop growth and reducing resource use (Kozai, 2018;
Kozai et al., 2019). Second, the integration of sustainable practices,
such as water recycling and the use of renewable energy, has helped
to reduce the environmental footprint of vertical farms while
improving their economic viability (Benke & Tomkins, 2017).
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Another key factor in the success of these projects is their
ability to adapt to local conditions and market demands. For
instance, vertical farms in arid regions have focused on water-
efficient practices, while those in urban areas have prioritized space
optimization and local food production (Kalantari et al., 2017).
Furthermore, successful vertical farms often engage in continuous
innovation and improvement, regularly updating their technologies
and practices to stay competitive and meet the evolving needs of
consumers (Graamans et al., 2017).

8. FUTURE PERSPECTIVES AND RESEARCH NEEDS
8.1. Emerging Technological Developments

The future of vertical farming is closely tied to advancements
in technology, which are expected to drive improvements in
efficiency, productivity, and sustainability. Emerging technologies
such as advanced robotics, artificial intelligence (Al), and machine
learning are poised to revolutionize nutrient management, plant
monitoring, and automation within vertical farms. For instance, Al-
driven systems can analyze vast amounts of data to optimize growing
conditions and predict crop needs in real-time, leading to more
precise and efficient farming practices (Cai et al., 2019; Chatterjee
et al., 2020; Van Delden et al. 2021, Siregar, 2022; Siropyan, 2022;
Bhamare & Bansal, 2024; Rathor et al., 2024; Suganob, 2024).
Additionally, innovations in lighting technology, such as the
development of tunable LEDs that can adjust the light spectrum
according to the plant's growth stage, are expected to further enhance
productivity (Massa et al., 2008).

Research is also needed to explore the integration of these
technologies into existing vertical farming systems and to address
the challenges of scalability and cost-effectiveness. As these

technologies evolve, it will be essential to ensure that they are
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accessible and affordable for a broader range of users, including
small-scale farmers and startups (Van Henten et al., 2006).

8.2. Sustainability and Environmental Impacts

Sustainability remains a central concern in the development
of vertical farming systems. While vertical farming has the potential
to reduce land and water use compared to traditional agriculture,
there are ongoing challenges related to energy consumption and
waste management (Graamans et al., 2017). Future research should
focus on enhancing the sustainability of vertical farming by
developing energy-efficient systems, exploring renewable energy
sources, and improving nutrient recycling processes (Savvas &
Gruda, 2018).

Additionally, the environmental impact of vertical farming
on urban ecosystems should be carefully assessed. Studies are
needed to evaluate the long-term effects of large-scale vertical farms
on local biodiversity, air quality, and resource use (Benke &
Tomkins, 2017). Addressing these concerns will be critical for
ensuring that vertical farming contributes positively to both food
security and environmental sustainability.

8.3. The Role of Policy and Regulations

The expansion of vertical farming will require supportive
policies and regulations that encourage innovation while ensuring
safety and sustainability. Governments and regulatory bodies have a
crucial role to play in establishing standards for vertical farming
practices, including guidelines for food safety, environmental
protection, and resource use (Kalantari et al., 2017; Van Delden et
al. 2021, Akintuyi, 2024).

Future research should explore the development of policy
frameworks that support the growth of vertical farming, particularly
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in urban areas. This includes examining the potential for incentives,
such as tax breaks or subsidies, to encourage investment in vertical
farming technologies (Al-Kodmany, 2018). Additionally, the role of
international cooperation in sharing best practices and knowledge
across borders should be considered, as vertical farming has the
potential to address global food security challenges (Despommier,
2010).

8.4. Multidisciplinary Approaches and Collaborations

The complex nature of vertical farming necessitates a
multidisciplinary approach, involving experts from agriculture,
engineering, environmental science, economics, and urban planning.
Collaborative research efforts are essential to address the diverse
challenges facing vertical farming and to develop holistic solutions
that consider the social, economic, and environmental aspects of the
practice (Kozai, 2018; Kozai et al. 2019).

Future research should focus on fostering collaborations
between academia, industry, and government to drive innovation and
knowledge sharing in vertical farming. Partnerships with technology
companies can help integrate cutting-edge tools into vertical farming
systems, while collaboration with policymakers can ensure that
regulations keep pace with technological advancements (Goddek et
al., 2019). Additionally, engaging with local communities and
stakeholders is crucial for ensuring that vertical farming initiatives
are aligned with the needs and values of the populations they serve.

9. CONCLUSION

The integration of advanced technologies into vertical
farming has greatly enhanced the precision and efficiency of nutrient
management. Innovations such as automated nutrient delivery
systems, sensor technologies, and Al-driven optimization have
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allowed for more accurate control over nutrient concentrations,
ensuring that plants receive the precise amounts of nutrients they
need at each growth stage. These advancements have not only
improved crop yields and quality but also contributed to the
sustainability of vertical farming by reducing resource use and
minimizing waste. The development of energy-efficient systems,
such as LED lighting and advanced HVAC systems, has played a
key role in reducing operational costs, making vertical farming more
economically viable. Additionally, the ability to recycle and reuse
nutrient solutions has minimized the environmental impact of
vertical farming operations.

However, several challenges remain in nutrient management.
Optimizing nutrient solutions to maintain a balanced supply of
macro and micronutrients while preventing the buildup of unwanted
compounds is still an issue. Ongoing research is needed to develop
more sophisticated nutrient formulations and real-time monitoring
systems that can adjust nutrient delivery based on the specific needs
of plants. Furthermore, managing disease and contamination in the
controlled environments of vertical farms presents another
challenge. Advanced sterilization techniques and the integration of
biocontrol agents can help, but further improvements are necessary
to develop more effective and sustainable solutions. Additionally,
reducing the high initial capital investments and operational costs
remains critical for the wider adoption of vertical farming.
Innovations in automation, renewable energy integration, and
resource management will be essential in overcoming these financial
barriers.

As vertical farming continues to evolve, nutrient
management will remain a critical factor in its success. The future of
vertical farming is likely to see even greater integration of
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technology, with Al and IoT optimizing every aspect of the farming
process. Precise control over nutrient delivery and environmental
conditions will enable vertical farms to produce high-quality crops
year-round, regardless of external factors. With the growing global
population and the increasing demand for sustainable food
production, vertical farming will play an essential role in ensuring
food security. Effective nutrient management will be central to this
effort, allowing vertical farms to maximize productivity while
minimizing their environmental footprint. Continued advancements
in nutrient management practices will be crucial for the future of
vertical farming, ensuring that it meets the challenges of feeding a
growing global population in a sustainable manner.
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