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Editor’s Preface

Horticultural crops are rarely produced under fully ideal conditions. Drought, salinity, temperature
extremes, nutrient imbalance, oxidative stress, and pathogen pressure are persistent environmental
and physiological constraints affecting fruits, vegetables, and ornamental plants. These stress factors
influence yield, product quality, nutritional value, and postharvest performance. A clear understanding
of how plants perceive, respond to, and adapt to such stresses is therefore essential for developing
more resilient horticultural production systems.

This book, Physiological Basis of Stress in Horticultural Plants and Improving Stress Adaptation, aims to
connect the physiological foundations of plant stress responses with practical approaches for improving
crop adaptation. The chapters examine stress responses across different levels of plant organization,
including water relations, photosynthesis, respiration, hormonal regulation, osmotic adjustment,
antioxidant defense systems, secondary metabolism, and molecular signaling. Particular attention is
given to the practical implications of these mechanisms for crop improvement, cultivation strategies,
protected cultivation, and stress management under changing environmental conditions.

The relevance of this subject has increased considerably in the context of climate change, growing
pressure on water and land resources, and rising expectations for high-quality horticultural products.
Improving stress adaptation requires a sound understanding of plant physiology together with
agronomic knowledge that can be applied in production systems. This volume therefore brings together
fundamental mechanisms and applied perspectives that may contribute to the development of more
stable and sustainable horticultural practices.

The book is intended for researchers, graduate students, academics, and professionals working in
horticulture, plant physiology, crop science, and related fields. It may also serve as a reference for those
interested in plant adaptation, sustainable agriculture, and the development of stress-tolerant
horticultural crops.

| am grateful to the contributing authors for their valuable expertise and scholarly contributions. | hope
that this volume will contribute to a deeper understanding of stress physiology in horticultural plants
and encourage further research on adaptation mechanisms that support productivity, quality, and
sustainability in horticultural production.

Prof. Dr. Ahmet TURHAN

Editor
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BOLUM 1

FINDIKTA GORUNMEYEN VERIM KAYBININ
AKILLI TARIM TABANLI ERKEN UYARI
YAKLASIMIYLA DEGERLENDIRILMESI: BOS
MEYVE, COTANAK DOKUMU VE RANDIMAN
DUSUSU

MERAL KUTLU?

Giris

Findik, Tiirkiye tarimi i¢cinde ekonomik degeri, ihracat giicii
ve Karadeniz Bolgesi’nde olusturdugu iiretim kiiltiirii nedeniyle 6zel
bir yere sahiptir. Bu {iriin, birgok iiretici ailesi i¢in gelir kaynagi
olmanin 6tesinde, bolgesel kalkinma ve dis ticaret agisindan da
stratejik bir tarimsal deger tasir. Tiirkiye’nin kiiresel findik iiretimi
ve ihracatindaki giiclii konumu, findikla ilgili gelismelerin diinya
piyasalarinda dogrudan karsilik bulmasmma neden olmaktadir

(Bakanlig1 T, 2023) TUIK verileri de findigin Tiirkiye bitkisel
iiretimi icinde yiiksek &nemini agik bicimde gostermektedir (TUIK

1 Dr., Atatitk Universitesi Ziraat Fakiltesi,Tarla  Bitkileri/Akilli

TarimAnabilimdali, Orcid: 0000-0002-3288-1266
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2024, 2025). Fakat findikta verim konusu ¢ogu zaman dar bir
cer¢evede ele alinir. Dekara verim, toplam kabuklu iirlin miktari
veya iiretim tonaj1 ilk bakista yeterli gostergeler gibi goriiniir. Sahaya
biraz daha yakindan bakildiginda tablo degisir. Ciinkii iireticinin
gercek kazancini belirleyen unsur, dalda goriinen gotanak sayisindan
ibaret degildir. O ¢otanaklarin ne kadarinin dolu i¢e doniistiigi,
randimanin hangi diizeyde gerceklestigi, bos meyve oraninin ne
kadar yiikseldigi ve iiriiniin pazarlanabilir kaliteye ulagip ulasmadigi
asil belirleyici noktalardir.

Bu boliimiin ¢ikis noktasi tam olarak buradadir. Findikta
kayip her zaman c¢iplak gozle erken donemde fark edilmez. Bahge
disaridan saglikli goriinebilir. Cotanak olusumu iireticiye umut
verebilir. Sezon i¢inde verimin 1yi olacagi diisliniilebilir. Ancak hasat
sonrasinda kirma, siniflandirma ve randiman degerlendirmesi
yapildiginda beklenen ekonomik karsilik alinamayabilir. Bazi
meyveler bos ¢ikar, bazi icler zayif gelisir, bir kisim ¢otanak erken
dokiiliir, tirlintin bir boliimi kalite bakimindan deger kaybeder. Bu
nedenle findikta verim kaybini hasat sonunda tartilan {iriin
miktariyla agiklamak yeterli degildir. “Goriinmeyen verim kaybi”
kavrami bu noktada anlam kazanir. Bu kavram, dalda veya bahgede
varmis gibi goriinen iiriin potansiyelinin kaliteli, dolu i¢li ve yiiksek
randimanl {irtine doniisememesini ifade eder. Bitki meyve olusturur;
fakat bu meyve ekonomik degeri yiiksek bir iiriine tam olarak
doniisemez. Bos meyve, ¢otanak dokiimii ve randiman diisiisii bu
kaybin en somut gostergeleridir.

Findikta bos meyve olusumu uzun siiredir bilinen 6nemli bir
sorundur. Bog meyvede kabuk gelisebilir; buna karsilik i¢ kisim hig
olusmayabilir veya gelisim erken bir asamada durabilir. (Lagerstedt,
1977), bos meyve probleminin yetistiricilikte ciddi ekonomik
kayiplara yol acabildigini ve bu durumun doéllenme, genetik
uyumsuzluk, embriyo gelisimi, mevsimsel degiskenlik ve kiiltiirel
uygulamalarla iligkili olabilecegini belirtmistir. Bu nedenle bos
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meyve, basit bir kalite kusuru olarak degil, iiretim siirecinin erken
donemlerinde baglayan karmagsik bir fizyolojik sorun olarak
degerlendirilmelidir. Cotanak dokiimii de benzer bigimde sezon
icindeki streslerin sahaya yansiyan isaretlerinden biridir. Ozellikle
su stresi, sicaklik dalgalanmalari, diizensiz yagis, zayif dollenme,
besin elementi yetersizlikleri ve kaynak—havuz dengesindeki
bozulmalar bu siireci etkileyebilir. Findikta meyve tutumu ve i¢
gelisimi, bitkinin donemsel fizyolojik kapasitesiyle yakindan
iligkilidir. Bu nedenle cotanak dokiimii, hasat Oncesi donemde
dikkate alinmasi1 gereken erken bir uyar1 gostergesi olarak
okunabilir.

Randiman diisiisii ise sorunun ekonomik yiiziinii olusturur.
Findikta triin degeri kabuklu agirliktan ¢ok i¢ orani, doluluk ve
kaliteyle iliskilidir. Uretici agisindan yiiksek cotanak sayisi her
zaman Yyiiksek gelir anlamina gelmez. Disaridan gii¢lii goriinen bir
sezon, diisiik i¢ dolum ve diisiik randiman nedeniyle beklenen
kazanc1 saglamayabilir. (Silvestri et al., 2021), findikta ¢esit se¢imi,
bahge yonetimi, depolama, kalite ve giivenlik konularinin iiretim
zincirinin tamami agisindan birlikte ele alinmasi gerektigini
vurgulamistir. Bu yaklagim, findikta verimin kaliteyle birlikte
degerlendirilmesi gerektigini desteklemektedir. Geleneksel bahge
yonetiminde iiretici ¢ogu karar1 deneyim, gézlem ve yillardan gelen
sezgilerle verir. Bu bilgi degerlidir. Fakat iklim kosullarinin daha
beilirsiz hale geldigi, yagis diizeninin degistigi, yaz kurakliginin
daha belirgin hissedildigi ve kalite beklentisinin yiikseldigi
giiniimiizde deneyime dayali kararlar tek basina yeterli kalmayabilir.
Findik bahgelerinde artik verinin daha iyi okunmasina ihtiyag vardir.
Toprak nemi, mikroiklim, fenolojik dénem, yaprak besin durumu ve
bahge ici gelisim farkliliklar1 birlikte degerlendirildiginde iireticinin
karar kalitesi artar.

Akalli tarim yaklagimi burada devreye girer. Bu yaklagimin
findik acisindan degeri, teknolojiyi gosterisli bir yenilik olarak
-3



sunmasindan gelmez. Asil deger, bahcede gelisen riski daha erken
fark ettirmesidir. Toprak nem sensoérleri i¢c dolum donemindeki su
kisitim1 gdsterebilir. Mikroiklim istasyonlari sicaklik, nem ve yagis
dalgalanmalarin1 kayit altina alabilir. Uzaktan algilama, bahce
icindeki gelisim farkliliklarin1 ortaya koyabilir. Fenolojik kayitlar,
riskin hangi donemde yiikseldigini anlamay1 kolaylastirir. Yaprak ve
toprak analizleri ise beslenme eksenindeki sorunlari daha goriintir
hale getiri. Bu konuda findik ozelinde gelistirilen HADES
yaklasimi dikkate degerdir. (Bregaglio et al., 2021), Tiirkiye findik
sektorli icin silire¢ tabanli modelleme ile makine 6grenmesini
birlestiren bir verim tahmin sistemi Onermistir. Bu ¢alisma, resmi
verim kayitlari, fenolojik gozlemler, cesit bilgisi ve meteorolojik
verilerin  birlikte kullanilabilecegini  gdstermesi bakimindan
onemlidir. Bu boliimde ise konu biraz daha daraltilarak verim
tahmininden ¢ok, bos meyve, ¢cotanak dokiimii ve randiman kaybi
gibi gorliinmeyen risklerin erken sezilmesine odaklanilacaktir.

Findikta mikrobesin yonetimi de bu cercevede 0zel dnem
tagimaktadir. Bor ve ¢inko uygulamalarinin findikta ciceklenme,
meyve tutumu ve bazi meyve Ozellikleriyle iliskili oldugu farkli
caligmalarda ortaya konulmustur (Alidust et al., 2020), (Solar &
Stampar, 2001). Bu nedenle erken uyar1 yaklagimi yalniz
meteorolojik veriye dayanmamalidir. Toprak nemi, mikroiklim,
fenoloji, yaprak besin durumu ve bahge i¢i gelisim farkliliklar1 ayni
karar cercevesi i¢inde degerlendirilmelidir. Bu noktada énemli bir
ayrim yapilmalidir. Findikta akilli tarim, verim tahminiyle sinirh
diistinlilmemelidir. Verim tahmini degerlidir; fakat bu boliimiin
odagi, verime doniismeyecek potansiyelin erken donemde fark
edilmesidir. Uretici i¢in kritik soru ¢ogu zaman “Ne kadar iiriin
alacagim?” sorusuyla smnirli degildir. Daha dogru soru sudur:
“Olusan tirtiniin ne kadar1 dolu ige, yiiksek randimana ve kaliteli
pazarlanabilir liriine dontisecek?”” Bu soru, findik iiretiminde yeni bir
bakis acist gerektirir. Bos meyve, ¢otanak dokiimii ve randiman
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diistisli birer son {iriin problemi gibi goriilmemelidir. Bunlar sezon
icinde gelisen fizyolojik ve cevresel siireglerin disa yansimasidir.
Dolayistyla bu gostergeleri erken okumak, hasat sonundaki kaybi
aciklamaktan daha degerlidir. Erken uyar1 yaklasimi {ireticinin
miidahale sansmi artirir. Riskli bahgeler belirlenebilir, kritik
fenolojik dénemler daha yakindan izlenebilir, su ve besin yonetimi
daha bilingli yiiriitiilebilir.

Bu boliimde 6nerilen yaklasim, findikta akilli tarimi genel bir
dijitallesme bagligr olarak degil, goériinmeyen verim kayiplarin
azaltmaya doniik karar destek gercevesi olarak ele almaktadir.
Boliimiin ana omurgasi; bos meyve, ¢otanak dokiimii ve randiman
diistisiniin fenoloji, mikroiklim, toprak nemi, uzaktan algilama ve
bitki besleme verileriyle birlikte yorumlanmasina dayanmaktadir.
Boylece findikta verim kavrami, kabuklu iirin miktarindan kaliteye,
kalite gostergelerinden erken uyari sistemlerine dogru daha biitiincl
bir cizgide degerlendirilebilir. Tiirkiye’nin findikta sahip oldugu
tiretim ve ihracat giiciiniin stirdiiriilebilirligi, gelecek yillarda miktar
kadar kalite, randiman ve istikrarli tiretimle de iliskili olacaktir. Girdi
maliyetlerinin arttig1, iklim baskilarinin giliglendigi ve uluslararasi
rekabetin daha segici hale geldigi bir donemde, kayb1 hasat sonunda
gormek ge¢ kalmis bir degerlendirmedir. Daha dogru yaklasim,
kaybin igaretlerini sezon i¢inde yakalayabilmek ve tiretim kararlarini
buna gore yonlendirmektir. Bu nedenle findikta gériinmeyen verim
kaybimin akilli tarim  tabanli erken uyar1 yaklasimiyla
degerlendirilmesi giincel, uygulanabilir ve gerekli bir tartisma alan
sunmaktadir. Bu boliim, s6z konusu tartismay1 bos meyve, ¢cotanak
dokiimii ve randiman diisilisii lizerinden ecle alacak; findikta verim
yonetiminin gelecegini erken tani, veri temelli karar ve kalite odakl
iiretim cercevesinde degerlendirecektir.



Findikta Goriinmeyen Verim Kayb1 Kavrami

Findikta verim kayb1 denildiginde ¢ogu zaman akla ilk olarak
diisiikk iirtin miktar1 gelir. Oysa sahadaki durum bundan daha
inceliklidir. Baz1 yillarda bahge disaridan gili¢lii goriiniir, ¢otanak
sayis1 Ureticiyli umutlandirir, agaglarin genel goriiniimii de ciddi bir
sorun izlenimi vermez. Fakat hasat sonras1 kirma asamasinda tablo
degisebilir. Kabuk vardir, i¢ yoktur. Cotanak olusmustur, fakat bir
kismi erkenden dokiilmiistiir. Uriin toplanmistir, fakat randiman
beklenen diizeye ¢ikmamistir. Iste bu nedenle findikta verim kaybr,
yalniz dalda goriinen iiriin miktar1 tizerinden aciklanamaz.

Bu béliimde kullanilan “goriinmeyen verim kaybi1” kavrami,
findikta {irlin potansiyelinin ekonomik degere tam olarak
dontisememesini ifade eder. Bu kavram ii¢ ana gOstergeyle
aciklanabilir: bos meyve olusumu, cotanak dokiimii ve randiman
diisiisii. Bu gostergeler ayr1 bagliklar gibi goriinse de {iretim sezonu
i¢cinde birbirine temas eden siireclerin sonucudur. Déllenme basarisi,
embriyo gelisimi, karbonhidrat taginimi, su durumu, besin elementi
dengesi ve cevresel stresler bu siireci birlikte sekillendirir. Bos
meyve, findik yetistiriciliginde uzun siiredir bilinen 6nemli bir
sorundur. Kabuk normal geligmis gibi goriinebilir; buna karsilik i¢
kisim ya hi¢ olusmaz ya da ¢ok erken donemde gelisimini durdurur.
(Lagerstedt, 1977), bos meyve problemini findikta verim ve
ekonomik kayip agisindan 6nemli bir konu olarak ele almigstir. (Silva
et al., 1996), ise ‘Butler’ ¢esidinde bos meyve olusumunu iklim
kosullartyla iligkilendirerek degerlendirmistir. Bu caligsmalar, bos
meyvenin basit bir hasat kusuru olmadigini, sezon i¢inde daha erken
baslayan fizyolojik bir silirecin sonucu oldugunu gostermektedir. Bog
meyve olusumunu yalniz déllenme basarisizligiyla agiklamak yeterli
degildir. Findikta {ireme biyolojisi kendine 6zgii bir ritme sahiptir.
(Germain, 1994), findikta dollenme ve meyve gelisim siireclerinin
zamansal olarak karmagik ilerledigini vurgulamistir. Bu yap,
ciceklenme sonrasinda olusan cevresel streslerin, embriyo gelisimi
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ve i¢ dolum tizerinde etkili olmasina zemin hazirlar. Dolayisiyla bos
meyve, erken donemde baslayan fakat hasada kadar tam olarak fark
edilmeyen bir kayip bigimi olarak diistiniilmelidir.

Cotanak dokiimii ise goriinmeyen kaybin sezon igindeki daha
belirgin isaretlerinden biridir. Agag, belirli kosullarda tagiyamadigi
meyve yiikiiniin bir kismin1 birakabilir. Bu durum her zaman tek bir
nedene baglanamaz. Su stresi, besin elementi dengesizligi, zayif
dollenme, yiiksek sicaklik, ani yagis diizensizligi ve kaynak—havuz
dengesindeki bozulmalar ¢otanak dokiimiinii artirabilir. (Beyhan &
Marangoz, 2007), findikta iireme gelisimi ile verim kaybi1 arasindaki
iligkiyi incelemis; bu iliskinin sezon iginde ilerleyen bir siire¢ olarak
ele alinmasi gerektigini gostermistir. Cotanak dokiimiiniin 6nemi
suradan gelir: Uretici bu kayb1 bazen yalniz yere diisen meyvelerle
fark eder. Oysa dokiim, agacin daha once yasadigi stresin sahaya
yanstyan igaretidir. (Milosevi¢ & Milosevi¢, 2012), ¢cotanak dokimdi
olgusunun verim, meyve 6zellikleri ve yaprak besin icerigi tizerinde
etkili oldugunu bildirmistir. Bu bilgi, ¢otanak dokiimiinii yalniz
meyve kaybi olarak degil, bah¢e yonetimi agisindan okunmast
gereken fizyolojik bir uyar1 olarak degerlendirmeyi gerekli kilar.

Randimman diisiisii ise goriinmeyen kaybin hasat sonrasi
ekonomik sonucudur. Findikta iiretici i¢in asil mesele, kabuklu iiriin
miktarinin Otesinde i¢ orani ve kalite diizeyidir. Cotanak sayisi
yiiksek olsa bile i¢ dolum zayifsa, bos meyve orani artmissa veya
kalite kusurlar1 belirginlesmisse beklenen gelir diiser. (Silvestri et al.,
2021), findikta gesit se¢imi, bahg¢e yonetimi, depolama ve kalite
giivenligi konularinin {iretim zinciri iginde birlikte degerlendirilmesi
gerektigini belirtmistir. Bu yaklagim, randimanin iiretim sonundaki
basit bir Ol¢iim olmadigini, sezon boyunca sekillenen kalite
stirecinin sonucu oldugunu gosterir.Bu noktada gériinmeyen verim
kaybin1 su sekilde okumak daha dogru olur: Bahgede {iriin
potansiyeli olusur, fakat bu potansiyel sezon i¢inde ¢esitli baskilar
nedeniyle azalir. Kimi zaman meyve hig i¢ olusturmaz. Kimi zaman
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cotanak dokiiliir. Kimi zaman i¢ dolum zayif kalir. Hasat sonunda
iiretici elinde {irlin oldugunu goriir; fakat bu iriiniin ekonomik
karsiligi  beklenen diizeyde degildir Bu durum, findik
yetistiriciliginde erken uyar1 ihtiyacin1 acik bigimde ortaya
koyar.Akill1 tarim tabanli izleme yaklasimi bu nedenle dnemlidir.
Ciinkii goriinmeyen kayip, hasat sonrasinda 6l¢iildiigiinde miidahale
sans1 bilylik 6l¢iide kaybolmus olur. Oysa toprak nemi, mikroiklim,
fenolojik donem, yaprak besin durumu ve bahge i¢i gelisim
farkliliklar1 sezon i¢inde izlenirse risk daha erken fark edilebilir.
Boylece bos meyve, cotanak dokiimii ve randiman diisiisii, yalniz
hasat sonrasi agiklanan sorunlar olmaktan c¢ikar; sezon iginde
yonetilebilecek risk gostergelerine doniistir.

Bu boliimiin temel yaklasimi, findikta verim kaybini goriintir
ve goriinmeyen bilesenleriyle birlikte degerlendirmektir. Goriiniir
kayip, treticinin dogrudan fark ettigi diisiik {iriin miktaridir.
Gorlinmeyen kayip ise dalda olusmus gibi duran iiriiniin dolu ige,
yuksek randimana ve pazarlanabilir kaliteye donlisememesidir.
Findik {iretiminde gercek ekonomik basari, bu iki diizeyi birlikte
okuyabilmeye baglidir.



Tablo 1. Findikta Goriinmeyen Verim Kaybinin Temel Bilegenleri

Uretici acisindan

Bilesen Sahadaki goriiniimi Olasi temel nedenler sonucu Kaynak

Bos Kabuk olusul_r? i geligmez Dou‘?nme sonunu, em.br%yo . . | Dolu i¢ oran1 azalir, | (Lagerstedt, 1977)
veya erken dénemde gelisiminde aksama, iklim etkisi, N .

meyve o . N randiman diiser (Silva et al., 1996)
biiziisiir ¢eside bagl duyarlilik
Meyve tutumundan sonra | Su stresi, kaynak—havuz Hasat edilebilir (Beyhan & Marangoz,

Cotanak Kl - balimi Nigi. bes| o 1 h 5 - (Milogevid

d6kiimii ¢otanaklarin bir bolimii dengesizligi, bes enme sorunu, iiriin azalir, bahge 007); (Milosevi¢ &
dokalir donemsel fizyolojik baski i¢i verim dalgalanir | MiloSevi¢, 2012)
Kabuklu iiriin vardir, Zayif i¢ dolum, kalite kusurlari, e

Randiman . . . . .. Pazarlanabilir iiriin . .

diistigii fakat i¢ orani ve kahte. | gesit ve yonetim etkisi, hasat degeri diiser (Silvestri et al., 2021)
beklenen diizeyde degildir | sonrasi siiregler

f¢ dolum I¢ findik k}l(;uk, burusuk Karboph ! drat tasmlml{lda Kalite sinifi ve satis | (Germain, 1994);

saviflisy veya yeterince yetersizlik, su kisiti, yliksek dederi diiser (Silvestri et al., 2021)

yile gelismemistir sicaklik, besin dengesizligi £ ? ?
Sezon i¢i | Bahge saglikli goriinse de | Fenolojik doneme denk gelen (Beyhan & Marangoz,
. . . St Kayip hasat s o
risk hasat sonunda kalite stresler, izleme eksikligi, geg sonunda fark edilir 2007); (Silva et al.,
birikimi kayb1 belirginlesir mudahale 1996)
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Tablo 1°de goriildiigl gibi, findikta gériinmeyen verim kaybi
tek bir olaydan kaynaklanmaz. Daha dogru bir ifadeyle, iiretim
sezonu boyunca biriken kiiciik fizyolojik aksakliklarin hasat
sonunda ekonomik kayba donilismesiyle ortaya ¢ikar. Bu nedenle
findikta erken uyar1 yaklagimi, tek bir veriye dayali basit bir takip
sistemi olarak diisiniilmemelidir. Fenoloji, su durumu, beslenme,
iklim ve bahge i¢i farkliliklar birlikte okunmalidir.

Sekil. 1 Findikta goriinmeyen verim kaybinin sezon i¢i olusum akigi

Findikta Griinmeyen Verim Kaybmm Sezon i Olugum Akust

Gieeklenme dillenme onlamk olugiamu i¢ dolum

olgunlam
.é{
Fodeosti- -0
sicakhk aaired besin elementi 1a}|lka:b3nhldm habige ici gelisim
Ualgalanmas dﬂwulw farklih@y

zaw! mem bos me\'\e

dokumu aapf ip dolum 2NN
liko - Q Bt
randlman kalite pazarlanabilir irim
Jayy deferinde azalma
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Kaynak: Bu gorsel, (Lagerstedt, 1977) (Silva et al., 1996), (Beyhan & Marangoz,
2007), (MiloSevi¢ & Milosevié, 2012) ile (Silvestri et al., 2021) ¢alismalarindan
yararlamlarak kavramsal olarak olusturulmustur

Verim Kaybinin Fizyolojik ve Cevresel Temelleri

Findikta bos meyve, ¢otanak dokiimii ve randiman diisiisi
cogu zaman hasat doneminde goriiniir hale gelir. Fakat bu sorunlarin
baslangici1 daha erkendir. Bahgcede ¢igeklenme olur, meyve taslagi
gelisir, ¢otanak olusur; ancak bu silirecin her asamasi gevresel
kosullardan ve bitkinin i¢ dengesinden etkilenir. Bu yiizden findikta
verim kaybini tek bir nedene baglamak dogru olmaz. Sorun ¢ogu
zaman kiiciik aksakliklarin sezon iginde iist iiste binmesiyle ortaya
cikar. Findikta lireme biyolojisi, bircok meyve tiirline gore daha
karmasik bir zamanlamaya sahiptir. Cigeklenme kis déneminde
gerceklesir; dollenme ise daha sonraki aylarda tamamlanir. (Beyhan
& Marangoz, 2007), ‘Tombul’ ve ‘Palaz’ gesitlerinde ovaryum
gelisiminin nisan ayinda bagladigini, dollenmenin ise mayis ortasi
ile haziran bas1 arasinda gergeklestigini bildirmistir. Bu gecikmeli
gelisim, findikta ¢evresel kosullarin etkisini daha kritik hale getirir.
Cunkii ¢igeklenmeden hasada kadar gegen siiregte sicaklik, yagis, su
durumu ve beslenme dengesi stirekli degisebilir.

Bu yap1, gériinmeyen verim kaybinin neden bazen gec fark
edildigini de aciklar. Bahgede ilk bakista bir sorun goriinmeyebilir.
Fakat dollenme, embriyo gelisimi veya i¢ dolum agamalarinda kiigiik
bir aksama yasanmigsa, bunun ekonomik sonucu hasat sonunda
ortaya cikar. (Germain, 1994), findikta iireme siirecinin kendine
0zgl ve zamana yayilmis bir gelisim gosterdigini vurgulamistir. Bu
nedenle bos meyve veya zayif i¢ dolum gibi sorunlar, tek bir
fenolojik donemden cok sezonun genel fizyolojik akisi iginde
okunmalidir. Bos meyve olusumunda en hassas noktalardan biri
dollenme ve embriyo gelisimidir. Pollen tiipiiniin ilerleyememesi,
embriyo kesesinin yeterince gelismemesi veya ovaryumun kaynak
bakimindan desteklenememesi, meyvenin i¢ kisminin olugmasini
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engelleyebilir, gelisen ve abortif ovaryumlar arasinda pollen tiipii
gelisimi, (Liu et al., 2014)hiicresel yap1 ve nisasta icerigi bakimindan
belirgin farklar bulundugunu gostermistir. Bu bulgu, findikta bos
meyvenin basit bir kabuk-i¢ uyumsuzlugu degil, erken donemde
baslayan bir gelisim aksamas1 oldugunu diisiindiiriir.

Besin maddesi dengesi de bu siirecin dnemli bir pargasidir.
Ozellikle bor ve ¢inko, meyve tutumu ve erken gelisim asamalarinda
one ¢ikan mikrobesinlerdir. (Merifio-Gergichevich et al., 2021), bor
ve ¢inko uygulamalarinin ‘Tonda di Giffoni’ ¢esidinde verim ve
meyve kalitesi lizerine olumlu etkiler gosterebildigini bildirmistir.
Bu durum findikta beslenme yonetiminin yalniz yaprak rengi veya
sirgin gelisimiyle sinirlt diisiiniilmemesi gerektigini gosterir.
Mikrobesin dengesi, meyvenin ekonomik degere doniisme siirecinde
dogrudan rol oynayabilir.

Su stresi ise findikta goriinmeyen verim kaybinin en 6nemli
cevresel bilesenlerinden biridir. Findik bahgeleri ¢ogu bdlgede
geleneksel olarak yagisa bagh yetistirilmektedir. Ancak yaz
aylarinda toprak neminin diismesi, 6zellikle i¢ dolum déneminde
ciddi bir baski olusturabilir. Su kisit1 fotosentezi smirlandirir,
karbonhidrat liretimini azaltir ve meyveye tasinan kaynak miktarini
digtiriir. (Bignami et al., 2009), sulamanin findikta biiyiime ve verim
bilesenleri tizerinde olumlu etki yaptigini; sinirli su kosullarinda bos
ve kusurlu meyve oraninin artabildigini bildirmistir.

Bu durum, randiman kaybinin neden ¢ogu zaman yaz
donemiyle iligkili oldugunu agiklar. Aga¢ meyveyi baglamis olabilir;
fakat i¢ dolum igin yeterli su ve karbon kaynagi saglanamazsa meyve
ekonomik kaliteye ulasamaz. (Akgin & Bostan, 2023), son ¢otanak
dokiimii doneminde yapilan destek sulamanin ‘Tombul’ findiginda
verim ve kalite parametreleri lizerinde olumlu etkiler olusturdugunu
bildirmistir. Bu bilgi, findikta su yonetiminin yalniz kuraklik stresini
azaltan bir uygulama degil, randiman ve kalite yonetiminin pargasi

olarak ele alinmas1 gerektigini gosterir.
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Kaynak-havuz dengesi de findikta i¢ dolum ve randiman
acisindan kritik bir kavramdir. Yapraklar fotosentez yoluyla kaynak
iiretir; meyveler ise bu kaynagi tikketen ana havuzlardan biridir. Eger
agacta meyve yikl fazlaysa, yaprak alani yetersizse, su stresi
fotosentezi baskilamigsa veya karbonhidrat taginimi aksiyorsa ig
gelisim zayiflayabilir. (Pasqualotto et al., 2019), meyve tasiyan
dallarda yapilan bogazlama uygulamasinin tohum kiitlesini
azalttigin1 gostermistir. Bu sonug, findikta meyve gelisiminin karbon
tasinim1 ve dal diizeyindeki kaynak dengesiyle yakindan iliskili
oldugunu destekler. Cotanak dokiimii, bu dengenin sahadaki en
goriinlir  sonuglarindan  biridir.  Agag, tasiyamadigi  veya
destekleyemedigi meyve yiikiiniin bir kismin1 birakabilir. Bu her
zaman kotli yonetim sonucu degildir; bitkinin kendi fizyolojik
dengesi i¢inde verdigi bir tepkidir. Ancak dokiim oram
yiikseldiginde ekonomik kayip belirginlesir. (MiloSevic &
Milosevi¢, 2012), cotanak dokiimii olgusunun verim, meyve
ozellikleri ve yaprak besin igerigi ile iligkili oldugunu bildirmistir.
Bu nedenle c¢otanak dokiimii, ireticinin ‘“normal sezon
dalgalanmas1” diye gecistirmemesi gereken bir risk gdstergesidir.
Sicaklik dalgalanmalar1 ve diizensiz yagislar da bu tabloyu daha
karmasik hale getirir. Findikta ayni stres, farkli fenolojik donemlerde
farkli sonuglar dogurabilir. Ornegin c¢iceklenme ve dollenme
donemindeki olumsuz kosullar meyve tutumunu etkileyebilir. i¢
dolum donemindeki su kisit1 randimani diisiirebilir. Hasat oncesi
donemdeki yagis ve nem kosullar ise kalite ve depolama giivenligi
acisindan sorun olusturabilir. Bu nedenle findikta ¢evresel riskler
genel iklim degerlendirmesiyle degil, fenolojik donemlere gore
okunmalidir.

Buradan akilli tarim yaklasimina giiclii bir gecis yapilabilir.
Ciinkii bu kadar ¢ok degiskenin iiretici tarafindan yalniz gozlemle
izlenmesi zordur. Toprak nemi, yaprak besin durumu, sicaklik, yagis,
vejetasyon gelisimi ve fenolojik donem bilgisi birlikte
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degerlendirildiginde goriinmeyen verim kaybi daha erken fark
edilebilir. Bu boliimde savunulan temel diisiince sudur: Findikta bos
meyve, ¢otanak dokiimii ve randiman diisiisii birer sonucun adidir;
erken uyar1 sistemi ise bu sonuca gotiiren fizyolojik yolu sezon
icinde okumaya calisir.

Bu nedenle findikta akilli tarim tabanli izleme, tek yonli
sayisal veri toplama siireci olarak degerlendirilmemelidir. Asil
mesele, veriyi dogru fenolojik doneme yerlestirmek ve iiretici
kararina doniistiirmektir. Toprak nemindeki diisiis, i¢c dolum
doneminde farkli anlam tasir; ¢iceklenme doneminde farkli bir risk
Uretir. Benzer bi¢cimde bor veya c¢inko eksikligi, meyve tutumu
doneminde daha kritik hale gelebilir. Bu yilizden erken uyar1 modeli,
sabit esiklerden ¢cok donemsel risk yorumuna dayanmalidir. Findikta
gorinmeyen verim kaybinin fizyolojik temelleri 6zetle {i¢ ana hatta
toplanabilir. Birincisi, ddllenme ve ovaryum gelisimiyle ilgili
aksamalardir. Ikincisi, i¢ dolumu etkileyen su, karbon ve besin
dengesi sorunlanidir. Ugiinciisii, sezon icinde biriken c¢evresel
streslerin ¢otanak dokiimii ve randiman disilisii olarak sahaya
yansimasidir. Bu ii¢ hat birlikte diisiiniildiiglinde, findikta verim
yonetiminin hasat sonrasi 6l¢iimden ¢ok sezon i¢i izleme ve erken
miidahaleye dayanmas1 gerektigi anlagilir.
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Tablo 2. Findikta verim kaybini etkileyen fizyolojik ve ¢evresel mekanizmalar

Erken uyari agisindan

Mekanizma Kritik donem Fizyolojik agiklama GOrlundr sonug lenebilecek veri Kaynak
Dol . Pollen tiipa ilerleyisi, . . G in, 1994
orenme ve Ciceklenme ° er.1 Hpu | e.r ey|.§|. . Fenolojik kayit, cigeklenme (Germain )
ovaryum . embriyo kesesi gelisimi ve Bos meyve, zayif N . (Beyhan &
. sonrasi—dollenme N yogunlugu, sicaklik ve nem
gelisiminde dénemi ovaryum canhligi meyve meyve tutumu verisi Marangoz, 2007)
aksama tutumunu belirler (Liu et al., 2014)
B inko gibi el tl
. . Meyve tutumu ve orve Clﬁ .0 gibl elementler Duslik tutum, Yaprak analizi, toprak (Merifio-
Mikrobesin erken gelisim, meyve ; . . .
e erken meyve R kalite kaybi, zayif | analizi, dénemsel besleme Gergichevich et al.,
dengesizligi elisimi tutumu ve kalite Gzerinde ic eelisim Kavd: 2021)
gells etkili olabilir ¢ 8813 Y
ig dol
Cotanak geligimi Toprak neminin azalmasi zgad:f)hlf:nbo ve Tobrak nem sensérii. vag (Bignami et al.,
Su stresi ve i¢ dolum fotosentez ve karbonhidrat VITIEL, O3 P Y .g§ 2009) (Akgin &
. . . kusurlu meyve kaydi, buharlasma talebi
donemi tasinimini sinirlayabilir Bostan, 2023)

artisl

Kaynak—havuz

i¢ dolum dénemi

Yaprak alani, karbon Gretimi
ve meyve yiki arasindaki

Kuglik i, dlisuik

Vejetasyon indeksi, stirgiin
gelisimi, meyve yuki

(Pasqualotto et al.,

dengesizligi dengenin bozulmasi tohum randiman . . 2019)
I gozlemi
gelisimini sinirlar
- Agag destekl digi - Dokim takibi, k besi S
Cotanak Ilkbahar sonu—yaz gac es“e" eyem.e '8! Hasat edilebilir okum taxidr yapra. esin (Milosevi¢ &
- .. . meyve ylkindn bir kismini . durumu, toprak nemi, oy .,
dokimu doénemi - Urin azalr . Milosevic¢, 2012)
birakabilir sicaklik stresi
Fenolojik . . L (Beyhan &
doneme denk '.I.'um.sezon.{ Ayni stres farkli dénemlerde B?§ f“ey"e' Fenoloji + m'kfofk"m * Marangoz, 2007)
elen gevresel ozellikle dollenme farkh kayip bigcimleri yaratir dokdm, toprak nemi birlikte (Bignami et al
& ¢ ve i¢ dolum YIp bi¢ ¥ randiman kaybi izlenmeli & v

stres

2009)
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Tablo 2, findikta goriinmeyen verim kaybinin tek bir nedenle
aciklanamayacagini gostermektedir. Dollenme, mikrobesin dengesi,
su durumu, karbon taginimi ve gevresel stresler ayni sezon iginde
birbirine eklenebilir. Bu nedenle erken uyar1 yaklasimi, tek bir
parametreye baglanmamalidir. Veriler birlikte okunmali, yorum
mutlaka fenolojik donemle iligkilendirilmelidir.

Akillh Tarimin Findikta Kullamilabilir Veri Kaynaklarn

Findikta akilli tarimin degeri, bahceye c¢ok sayida cihaz
yerlestirmekten ¢ok, iireticinin sezon i¢inde géremedigi riskleri daha
erken fark edebilmesinde yatar. Bos meyve, ¢otanak dokiimii ve
randiman dislisii gibi sorunlar c¢ogu zaman hasat sonunda
belirginlesir. Oysa bu kayiplarin ilk isaretleri sezon i¢inde toprakta,
yaprakta, iklim kayitlarinda ve bahge ici gelisim farkliliklarinda
ortaya ¢ikmaya baglar. Akilli tarim yaklasimi, bu isaretleri bir araya
getirerek treticinin daha dogru zamanda daha bilingli karar
vermesine katki saglar. Bu noktada verinin kendisi kadar, hangi
fenolojik donemde toplandigr da 6nemlidir. Findikta ¢igeklenme,
dollenme, ¢otanak gelisimi, i¢ dolum ve hasat oncesi olgunlasma
aynit hassasiyeti tagimaz. Toprak nemindeki diisis i¢ dolum
doneminde randiman agisindan daha kritik olabilir. Cigeklenme ve
meyve tutumu doneminde ise sicaklik dalgalanmasi, nem kosullart
ve mikrobesin dengesi daha belirleyici hale gelebilir. Bu nedenle
findikta akilli  tarim  verisi fenolojik donemden kopuk
yorumlanmamalidir.

Akilli tarim uygulamalarinda ilk veri grubu cevresel izleme
verileridir. Toprak nemi, hava sicakligi, bagil nem, yagis, riizgar ve
buharlagsma talebi gibi parametreler, bitkinin sezon boyunca hangi
baskilarla karsilagtigini gosterir. Toprak nem sensorleri 6zellikle i¢
dolum doéneminde 6nem kazanir. Cilinkii bu donemde su eksikligi,
dogrudan i¢ gelisim ve randiman iizerinde baski olusturabilir.
(McCauley etal., 2024), Avrupa findiginda diisiik maliyetli kiz1l6tesi
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termometrelerle iiriin su stres indeksinin gelistirilebilecegini
gostermistir. Bu ¢alisma, bitki su durumunu izlemek igin toprak
verilerinin yaninda bitki yiizey sicakliginin da kullanilabilecegini
ortaya koymaktadir.

Ikinci veri grubu uzaktan algilama verileridir. Uydu
goriintiileri, IHA gériintiileri ve multispektral veriler, bahgenin genel
gelisim durumunu genis Ol¢ekte izlemeye olanak saglar. (Mulla,
2013), uzaktan algilamanin hassas tarimda iiriin gelisimi, mekansal
degiskenlik ve yonetim kararlar1 agisindan uzun siiredir 6nemli bir
arag¢ oldugunu belirtmistir. (Zhang and Kovacs 2012), kiigiik insansiz
hava araglarmin yiikksek ¢oziiniirliiklii izleme i¢in degerli bir
teknoloji oldugunu vurgulamistir. Findik gibi bahge bitkilerinde bu
veriler, ta¢ gelisimi, vejetatif gii¢, bahge i¢i heterojenlik ve stres
alanlarinin belirlenmesi i¢in kullanilabilir.

Findik 6zelinde yapilan ¢aligmalar da bu yaklasimin sahaya
uyarlanabilecegini gostermektedir. (Vinci et al. 2023), IHA
goriintiileriyle yogun findik bahgelerinde agac taci geometrisinin
degerlendirilebilecegini ortaya koymustur. Agac yiksekligi, tag
genisligi ve ta¢ hacmi gibi dlciimler IHA tabanl goriintiilerle daha
hizli ve olgiilebilir hale gelebilir. Bu durum, bahge i¢i gelisim
farkliliklarinin  haritalanmas1 ve degisken yonetim kararlarinin
olusturulmasi1 agisindan Onemlidir.Uydu tabanli ¢aligsmalar da
findikta genis Olgekli izleme igin dikkat ¢ekicidir. ((Sengul et al.,
2026) Sakarya’da Sentinel-2 goriintiileri, vejetasyon indeksleri ve
makine  Ogrenmesi  algoritmalariyla  findik  bahgelerinin
belirlenebilecegini gostermistir. Calismada NDVI, AVI, SAVI ve
EVI gibi indekslerden yararlanilmis; Random Forest ve XGBoost
algoritmalariyla siniflandirma yapilmigtir. Bu tiir ¢calismalar, findik
bahgelerinin  bolgesel oOlcekte izlenmesi, iiretim alanlarinin
giincellenmesi ve fenolojik donemlere dayali takip icin dnemli bir
altyapi sunar.
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Ugiincii veri grubu fenolojik gozlemlerdir. Findikta aym
cevresel stres, farkli gelisim donemlerinde farkli sonuglar dogurur.
Bu nedenle akilli tarim sistemi yalniz sensor verisine dayandirilirsa
eksik kalir. Toplanan verinin hangi fenolojik asamaya denk geldigi
bilinmelidir. (Bajocco et al., 2025), Tirkiye’deki findik tiretim
alanlarinda MODIS EVI verilerinden elde edilen fenolojik metrikleri
saha gozlemleriyle karsilastirmistir. Bu caligsma, uzaktan algilama
verilerinin findik fenolojisiyle iliskilendirilebilecegini gdstermesi
bakimindan onemlidir. Fenolojik kayitlar {ireticinin sahadaki
gbzlemini sistematik hale getirir. Cigeklenme baslangici, disi
ciceklenme yogunlugu, déllenme dénemi, ¢cotanak olusumu, ¢otanak
dokiimii, i¢ dolum ve hasat Oncesi olgunlagsma diizenli
kaydedildiginde, verim kaybi1 daha dogru yorumlanir. Ayni diisiik
toprak nemi degeri her donemde ayni anlama gelmez. I¢ dolum
doneminde bu deger randiman riski iiretirken, ¢igeklenme sonrasi
dénemde meyve tutumu acisindan farkli bir uyar1 anlami tagiyabilir.

Dordiincii veri grubu bitki besleme verileridir. Findikta
yaprak ve toprak analizleri temel karar araglar1 arasindadir. Akill
tarim yaklasimi bu analizleri dislamaz; tersine daha anlamli héale
getirir. Yaprak analizinden gelen bor, ¢inko, potasyum, kalsiyum
veya azot bilgisi; toprak nemi, sicaklik, fenoloji ve uzaktan algilama
verileriyle birlikte yorumlandiginda daha giiglii bir karar destegi
olusur. Ornegin diisiik potasyum diizeyi ile i¢ dolum dénemindeki su
stresi birlikte goriiliiyorsa randiman kaybi riski daha dikkatli
izlenmelidir.

Besinci veri grubu gegmis sezon kayitlaridir. Findikta bir
yilin verimi, ¢ogu zaman onceki sezonun fizyolojik ylikiinden ve
bahg¢e yonetiminden etkilenir. Bu nedenle gegmis yillara ait verim,
randiman, bos meyve orani, ¢otanak dokiimii, giibreleme, sulama ve
budama kayitlar1 degerlidir. (Bregaglio et al. 2021), Tiirkiye findik
sektorii i¢in gelistirilen HADES sisteminde resmi verim kayitlari,
fenolojik gozlemler, ¢esit bilgisi ve meteorolojik verilerin birlikte
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kullanilabilecegini gdstermistir. Bu yaklagim, findikta karar destek
sistemlerinin tek bir veri kaynagina dayanmamasi gerektigini acik
bicimde ortaya koyar.

Findikta erken uyar1 agisindan en gii¢lii yapi, bu veri
kaynaklariin birlikte degerlendirilmesiyle kurulabilir. Toprak nemi
su riskini, uzaktan algilama bahge ici gelisim farklarini, fenolojik
kayitlar donemsel anlami, yaprak analizi ise beslenme durumunu
gosterir. Gegmis sezon kayitlart da bahgenin {iretim hafizasini
olusturur. Bu katmanlar ayr1 ayr1 dnemli olsa da asil deger, birlikte
yorumlandiklarinda ortaya ¢ikar. Akilli tarimda veri fazlalig1 bazen
yaniltict olabilir. Cok sayida sensor, harita veya indeks Uretmek her
zaman iyi karar anlamina gelmez. (Wolfert et al. 2017), akilli tarimda
biiyiik veri yaklasimiin teknik altyapiyla sinirli olmadigini; veri
yonetimi, karar siirecleri ve deger iiretimiyle birlikte diistiniilmesi
gerektigini belirtmigtir. Findik 6zelinde de ayn1 durum gegerlidir.
Veri, lreticiye agik bir karar sunmuyorsa sahadaki karsiligr zayif
kalir. Bu nedenle findikta akilli tarim tabanli veri sistemi sade,
okunabilir ve karar odakl1 olmalidir. Ureticiye su sorularin cevabini
verebilmelidir: Bu bahgcede su stresi ne zaman basladi? Hangi
alanlarda gelisim zay1f? Hangi fenolojik donemde risk ytikseldi? Bos
meyve, ¢cotanak dokiimii veya randiman kayb1 acisindan hangi bahge
daha kirilgan? Miidahale i¢in en uygun zaman nedir?

Sonug olarak akilli tarim, findikta teknoloji kullaniminin
vitrin konusu degildir. Dogru kurgulandiginda, {ireticinin sezon
icinde daha erken gdérmesini, daha dogru yorumlamasini ve daha
zamaninda miidahale etmesini saglayan bir karar destegidir. Bu
bolumin temel yaklasimi da budur: Findikta akilli tarim, 6lg¢iim
yapan bir sistemden ¢ok, goriinmeyen verim kaybini okunabilir hale
getiren bir yorumlama gergevesi olarak diistiniilmelidir.
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Sekil 2. Findikta Akilli TarimTabanli Veri Katmanlar: ve Erken

Uyari Iligkisi

Findikta Akilh Tarim Tabanh Veri Katmanlar
Ve Erken Uyan Iligkisi

Veri Katmani 1: Cevresel izleme
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toprak nemi sicakhk bagil nem yagis buharlagma talebi
Veri Katmam 2: Bitki Gelisimi )
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Veri Katmam 3: @olopk Zamanlama
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Veri Katmamni 4: Beslenme Ve Ge¢mis Kayitlar
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sulama zamanlamasi yapraktan besleme riskli alan takibi kalite odakli miidahale

Kaynak: Bu kavramsal model; (Wolfert et al

., 2017), (Mulla, 2013) (Zhang &

Kovacs, 2012), (Bregaglio et al., 2021) ,(Bajocco et al., 2025) ,(Vinci et al., 2023),
(Sengul et al., 2026) ve (McCauley et al., 2024) ¢alismalarindan yararlanilarak

olusturulmusgtur.
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Bos Meyve, Cotanak Dokiimii ve Randiman I¢in Erken Uyar
Modeli

Findikta erken uyar1i modeli, hasat sonunda fark edilen kayb1
sezon i¢inde okuyabilen bir karar ¢ergevesi olarak diisiiniilmelidir.
Bu yaklagimin amaci iireticiye karmasik bir teknoloji gostermek
degil, bahcede hangi riskin, hangi donemde ve hangi siddette
yukseldigini daha anlasilir hile getirmektir. Bos meyve, ¢otanak
dokiimii ve randiman diislisii aymi siirecin farkli yiizleridir. Bos
meyve daha ¢ok dollenme, ovaryum gelisimi, embriyo canlilif1 ve
erken i¢ gelisimle iliskilidir. Cotanak dokiimii, agacin tasiyamadigi
meyve ylkiine veya sezon ig¢i strese verdigi bir tepki olarak
okunabilir. Randiman diisiisli ise ¢ogu zaman i¢ dolum doneminde
belirginlesen su, karbon ve besin dengesi sorunlarinin ekonomik
sonucudur. Bu nedenle erken uyar1 modeli bu ii¢ gostergeyi ayni ¢ati
altinda toplamali, fakat her biri igin ayr1 risk mantig1 kurmalidir.

Modelin ilk basamagi fenolojik donemdir. Findikta veri,
gelisim doneminden bagimsiz yorumlandiginda anlamimni biiyiik
Olciide kaybeder. Aynm1 toprak nemi degeri ¢igeklenme doneminde
farkli, i¢ dolum doneminde farkli sonu¢ dogurabilir. Bu nedenle
erken uyar1 sisteminin merkezinde takvimden cok fenoloji yer
almalidir. (Bajocco et al., 2025), uzaktan algilama temelli fenolojik
metriklerin saha gozlemleriyle iliskilendirilebilecegini gostererek bu
yaklagimi desteklemistir.

Ikinci basamak cevresel riskin izlenmesidir. Toprak nemi,
sicaklik, bagil nem, yagis ve buharlasma talebi, bah¢enin sezon
icinde karsilastig1 baskiy1 gosterir. Ancak bu veriler tek basina bos
meyve veya randiman kaybi anlamina gelmez. Daha dogru okuma,
cevresel veriyi fenolojik donemle birlikte degerlendirmektir.
Ornegin i¢ dolum déneminde uzun siiren diisiik toprak nemi ve
yiiksek sicaklik birlikte goriilityorsa randiman diisiisti riski artabilir.
(McCauley et al., 2024), disiik maliyetli kiziltesi termometrelerle

--21--



iirtin su stres indeksinin gelistirilebilecegini gostererek su stresinin
izlenmesine uygulanabilir bir zemin kazandirmistir.

Ugiincii basamak bitki gelisim gostergeleridir. Uzaktan
algilama, IHA goriintiileri ve vejetasyon indeksleri, bahgenin her
noktasinin aym gelismedigini ortaya koyabilir. Baz1 alanlarda tag
gelisimi zayif, baz1 agaclarda vejetatif giic diisiik, baz1 bolgelerde
stres belirtileri daha erken olabilir. (Mulla, 2013),uzaktan
algilamanin hassas tarimda mekansal degiskenligi okumak acisindan
temel araclardan biri oldugunu belirtmistir. Findik 6zelinde (Vinci et
al., 2023), IHA gériintiilerinin yogun findik bahgelerinde agag taci
geometrisini 6lgmek i¢in kullanilabilecegini gostermistir.

Dordiincii basamak fizyolojik kirilganliktir. Bos meyve riski,
dis cevreyle smirli agiklanamaz. Ovaryum gelisimi, pollen tiipii
ilerleyisi, nigasta birikimi ve erken embriyo gelisimi bu siirecin i¢
yapisini olusturur. (Liu et al., 2014), gelisen ve abortif ovaryumlar
arasinda hiicresel yapi, pollen tiipii gelisimi ve nisasta igerigi
bakimindan belirgin farklar bulundugunu bildirmistir. Bu nedenle
modelde fenoloji, ¢esit duyarliligi, ¢icek yogunlugu, siirgiin giicii ve
onceki sezon verim yiikii birlikte dikkate alinmalidir.

Besinci basamak beslenme ve kaynak yonetimidir. Findikta
i¢ dolum; karbonhidrat tasinimi, yaprak alani, meyve yiikii ve
mineral beslenme arasindaki dengeye baglidir. Meyve yiikii fazla, su
durumu zayif veya besin dengesi bozuksa i¢ gelisim beklenen
diizeye ulagsmayabilir. (Milosevi¢ & Milosevi¢, 2012), cotanak
dokiimii olgusunun verim, meyve Ozellikleri ve yaprak besin
icerigiyle iliskili oldugunu gostermistir. Bu bulgu, yaprak analizi ve
dokiim kayitlarinin erken uyart modelinde birlikte degerlendirilmesi
gerektigini diigiindiiriir. Modelin {iretici agisindan kullanilabilir
olmasi i¢in riskin diisiik, orta ve yiiksek diizeylerde siiflandirilmasi
gerekir. Diisiik risk, izleme kayitlarinda belirgin bir sapma
olmadigimm1 gosterir. Orta risk, baz1 gostergelerde zayiflama

basladigini anlatir. Yiiksek risk ise hassas fenolojik donemde birden
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fazla olumsuz gostergenin iist iiste geldigi durumu ifade eder. i¢
dolum doneminde diigiik toprak nemi, yiiksek tac¢ sicakligi, zayif
vejetasyon indeksi ve gecmis yillarda diisiik randiman kaydi birlikte
goriilliyorsa bu alan yiiksek riskli degerlendirilebilir.

(Bregaglio et al., 2021), tarafindan gelistirilen HADES
yaklagimi, findikta resmi verim kayitlari, fenolojik gozlemler, cesit
bilgisi, meteorolojik veri ve modelleme tekniklerinin birlikte
kullanilabilecegini gostermesi bakimindan dnemlidir. Bu boliimde
Onerilen model ise ayn1 diisiinceyi daha dar bir soruna tasir: toplam
verimi tahmin etmekten cok, verime doniismeyecek potansiyeli
erken yakalamak. Erken uyar1 modelinin basarisi sade bir karar dili
kurmasina bagldir. Ureticiye “bu bahcede bos meyve riski
yiikseliyor”, “su bolgede ¢otanak dokiimii riski artiyor” veya “bu
parselde i¢ dolum déneminde randiman kaybi beklenebilir” gibi agik
¢iktilar sunulmalhidir. (Wolfert et al., 2017), akilli tarimda biiyiik veri
uygulamalarinin teknik veri toplamadan ibaret olmadigini; veri
yonetimi, karar siirecleri ve deger iiretimiyle birlikte ele alinmasi
gerektigini belirtmistir. Findik i¢in de degerli olan, verinin
fenolojiye, bahge kosullarina ve ekonomik kayip gostergelerine gore
yorumlanabilmesidir.

Sonug olarak findikta erken uyar1 modeli, teknoloji merkezli
bir yenilikten c¢ok tiretim mantigimi degistiren bir yaklagimdir.
Bahgede goriinen liriinle ekonomik degere doniisen {iriin arasindaki
fark1 daha erken anlamaya ¢alisir. Bu nedenle akilli tarimin en gii¢li
kullanimi, verimi tahmin etmenin Otesine gecerek olusan verim
potansiyelinin kaliteye ve gelir degerine doniisiip doniismeyecegini
sezon i¢inde okuyabilen sistemler gelistirmektir
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Tablo 4. Findikta erken uyari modeli i¢in risk gostergeleri ve karar ¢iktilar:

Risk bagligi Kritik donem [zlenecek temel gostergeler Riskin Olasi karar ¢iktisi Kaynak
yorumlanmasi
Cigeklenme FeI}OIOJ ﬂf kay, cicek Dollenme ve erken Yakin fenolojik takip, | (Liu et al.,
sonrasi, yogunlugu, sicaklik L - i
Bos meyve ) . ovaryum gelisimi saha kontrol, 2014);
. déllenme ve dalgalanmasi, siirgiin .
riski erken mevve elisimi. ceside bagh baski altindaysa bos | beslenme durumunun | (Bajocco et
en meyv eI, ¢C3 & meyve riski artabilir | degerlendirilmesi al., 2025)
gelisimi duyarlilik
.. . Lo o (Milosevi¢ &
Meyve tutumu | Toprak nemi, sicaklik stresi, Sjtlres gostergeler} ve R.%Skh. P a}rsel takibi, su Milosevi¢,
Cotanak . yuksek meyve yiikii | y6netimi, yaprak )
..« . ... | sonrasiveyaz | yaprak besin durumu, meyve | ;. .. st e .. 2012);
dokiimii riski e R, birlikteyse dokiim analiziyle besleme
baslangici yiikii, gegmis dokiim kaydi A , (McCauley et
riski yiikselir kontrolii
al., 2024)
. Toprak T, tag s'1cakhg¥, Su stresi ve zayif Sulama zamanlamasi, (McCauley et
Randiman I¢ dolum vejetasyon indeksi, gecmis . L . al., 2024)
e et " . 2 gelisim i¢ dolumu riskli alan haritasi, .
diistisii riski donemi randiman kaydi, gelisim . . . ;(Mulla,
o sinirlayabilir kalite odakli izleme
gucu 2013)
.. [HA goriintiisii, tagc hacmi, Ayni bahgede farkli | Bdlgesel miidahale, (V1n01. etal,
Bahge ici , . . . S . o . 2023);
.. | Tim sezon vejetasyon indeksi, zay1f risk bolgeleri degisken yonetim,
farklilik riski . L L (Mulla,
gelisim alanlar1 olusabilir hedefli gozlem 2013)
Fenoloii. meteoroloii Veri katmanlari Basit risk siniflamasi, | (Bregaglio et
Modelleme | . o Jv’erim . itJb’ﬂ | birlikte karar destek ekrani, | al., 2021);
ve Karar riski & geemis » 6¢8 Elst, kullanilmazsa karar | {ireticiye anlagilir (Wolfert et
bahge kayitlari
zayiflar uyari al., 2017)
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Tablo 4, erken uyar1 modelinin tek bir Ol¢clime yaslanmamasi
gerektigini gostermektedir. Findikta risk, cogu zaman donemsel ve
cok katmanlidir. Bu nedenle model, fenolojiyle baslamali; ¢evresel
veri, bitki gelisimi, beslenme durumu ve gecmis kayitlarla
giclendirilmelidir. Boylece bos meyve, ¢otanak dokimi ve

randiman diisiisii daha erken yorumlanabilir.

Uygulama Stratejileri ve Yonetim Onerileri

Findikta erken uyar1 yaklasimi, sahada karsiligi olan
kararlarla desteklenmediginde soyut bir model olarak kalir. Uretici
acisindan asil deger, riskin hangi dénemde yiikseldigini gormek ve
bu bilgiyi sulama, besleme, bahge i¢i izleme veya kalite yonetimi
gibi uygulanabilir kararlara ¢evirebilmektir. Bu nedenle akilli tarim
tabanli yonetim, karmasik bir teknoloji paketi olarak degil, iireticinin
saha gozlemini Olgiilebilir verilerle giiclendiren bir karar destegi
olarak diistiniilmelidir. Uygulama stratejisinin ilk basamagi fenolojik
izlemedir. Findikta ¢iceklenme, dollenme, ¢otanak gelisimi, son
cotanak dokiimii, i¢ dolum ve hasat oncesi olgunlasma donemleri
farkli hassasiyetlere sahiptir. Bu donemler diizenli izlenmeden
toprak nemi, sicaklik veya yaprak analizi verisi dogru
yorumlanamaz. (Bregaglio et al., 2021), findikta fenolojik
gozlemler, meteorolojik veriler ve modelleme bilgisinin birlikte
kullanilabilecegini gdstermistir. Bu yaklagim, yonetim kararlarinin
takvimden ¢ok gelisim donemine gore kurulmasi gerektigini
destekler.

Ikinci basamak su yonetimidir. Findik ¢cogu iiretim alaninda
yagisa bagl yetistirilse de yaz donemindeki su kisiti, 6zellikle i¢
dolum ve randiman agisindan kritik bir bask1 olusturabilir. (Bignami
et al., 2009), sulamanmn findikta biiyiime ve verim bilesenlerini
etkileyebildigini bildirmistir. (Ak¢in & Bostan, 2023), ise son
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cotanak dokiimii doneminde destek sulamanin ‘Tombul’ findiginda
verim ve kalite agisindan olumlu sonuglar verebildigini ortaya
koymustur. Bu nedenle sulama, findikta kalite ve randiman
yonetiminin énemli bir parcasi olarak degerlendirilmelidir. Ancak
her bahg¢eye aymi sulama yaklasimi uygulanmamalidir. Toprak
yapisi, egim, baki, bah¢e yasi, cesit, yagis diizeni ve kok bolgesi
kosullar1 dikkate alinmali; toprak nem sensorleri veya basit nem
takibiyle su durumu izlenmelidir. (McCauley et al., 2024), findikta
diisitk maliyetli kizilotesi termometrelerle iiriin su stres indeksinin
gelistirilebilecegini gostermistir. Bu bulgu, bitki su durumunun
pratik yontemlerle de izlenebilecegini gdstermesi agisindan
degerlidir.

Ugiincii basamak besleme yonetimidir. Findikta yaprak ve
toprak analizleri, iireticinin kararni giliclendiren temel araglardir.
Bor, ¢inko, potasyum ve kalsiyum gibi elementler; meyve tutumu, i¢
gelisim, hiicre yapis1 ve kalite acisindan Onem tasir.(Merifo-
Gergichevich et al., 2021), meyve tutumu ve erken gelisim
donemlerinde bor-¢inko uygulamalarinin Avrupa findiginda verim
ve meyve kalitesini iyilestirebildigini bildirmistir. Bu nedenle
besleme karari, yalniz analiz sonucuna dayandirilmamalr; fenolojik
donem, su durumu ve cevresel stresle birlikte yorumlanmalidir.
Ciceklenme ve meyve tutumu doneminde bor-¢inko dengesi, i¢
dolum doéneminde ise potasyum ve su durumu daha kritik hale
gelebilir.

Dordiincli basamak bahge i¢i farkliliklarin belirlenmesidir.
Findik bahgesi digaridan homojen goriinse de ayn1 bahge i¢inde zayif
gelisen alanlar, su tutma kapasitesi diisiik bolgeler, gdlgelenme
sorunu olan kisimlar veya beslenme bakimindan kirillgan agaclar
bulunabilir. Vinci, (Vinci et al., 2023), IHA gériintiilerinin yogun
findik bahgelerinde agag¢ taci geometrisini degerlendirmek igin
kullanilabilecegini  gostermistir. Bu  tiir  veriler, gelisim
farkliliklarinin goérsel tahminden ¢ikarilip 6l¢iilebilir hale gelmesine
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katki saglar. Boylece biitiin bahg¢eye ayni uygulamay1 yapmak yerine
riskli alanlara odaklanan daha hedefli bir yonetim kurulabilir.

Besinci basamak sezon i¢i kayit sistemidir. Findikta bir¢ok
kay1p hasat sonunda fark edilir; bu nedenle iireticinin sezon boyunca
basit fakat diizenli kayit tutmasi karar kalitesini artirir. Cigceklenme
yogunlugu, cotanak dokiimii zamani, yagissiz gecen giin sayisi,
sulama tarihleri, yaprak analizi sonuglari, bos meyve orani ve
randiman degeri ayni dosyada izlenmelidir. (Wolfert et al., 2017),
akilli tarimda verinin karar siiregleri ve deger iiretimiyle birlikte
diistiniilmesi gerektigini vurgulamistir. Findikta da veri, sahadaki
karar1 giiclendirdigi 6l¢iide anlam kazanr.

Altinct basamak kalite odakli hasat ve hasat sonrasi
yonetimdir. Gérlinmeyen verim kaybi sezon iginde baslasa da hasat
ve depolama siireci bu kaybi artirabilir veya sinirlayabilir. (Silvestri
et al., 2021), findikta gesit se¢imi, bahge yonetimi, depolama ve
kalite giivenliginin birlikte ele alinmas1 gerektigini belirtmistir. Bu
nedenle hasat zamani, kurutma, ayiklama, depolama kosullar1 ve
kalite siniflandirmasi iiretim zincirinin tamamlayict unsurlari olarak
goriilmelidir. Uygulama stratejileri {iretici Olgegine gore esnek
kurgulanmalidir. Kiigtik iiretici i¢in fenolojik kayit, basit toprak nem
takibi, yillik yaprak analizi, randiman kaydi ve dokiim gozlemi
yeterli bir baglangic olabilir. Orta Olgekli iireticide mikroiklim
istasyonu, dijital kayit ve parsel bazli risk degerlendirmesi sisteme
eklenebilir. Biiyiik isletmelerde IHA goriintiileri, uzaktan algilama,
karar destek yazilimi ve bahge i¢i degisken uygulama altyapist
kullanilabilir. Burada belirleyici olan teknoloji diizeyi degil, iiretilen
kararin sahadaki kargiligidir.

Sonu¢ olarak findikta bos meyve, c¢otanak dokiimii ve
randiman diisiislinii azaltmak i¢in tek bir ¢oziim yeterli degildir.
Fenolojik izleme, su yonetimi, besleme kontrolii, bahge i¢i risk
haritalama, sezon kayitlar1 ve kalite odakli hasat sonras1 yonetim

ayni karar ¢ercevesinde ele alinmalidir. Akilli tarimin sahadaki giicii
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de burada ortaya ¢ikar: Teknoloji {ireticinin yerine karar vermez;
iireticinin riskleri daha erken gérmesini, daha dogru yorumlamasini
ve zamaninda miidahale etmesini saglar.

Grafik 1. Uygulama stratejilerinin gériinmeyen verim kaybini
azaltmadaki kavramsal éncelik diizeyi

Oncelik Puam

Fenolojik izleme ~ Su yénetimi Besleme Bahge igi risk Sezon kayit Hasat sonrasi
yiinetimi haritalama sistemi kalite yonetimi
B osvieveriii [ Cotanak Dokimi Riski [ Randiman Disis Riski

Grafik notu: Asagidaki degerler deneysel 6l¢iim sonucu degildiv. Bu boliimde
onerilen erken wuyart modeline gére hazirlanmis kavramsal bir dncelik
puanlamasidir. Puan 1 diistik énceligi, 5 ¢ok yiiksek onceligi ifade eder.

Grafik 1., erken wuyar1 yaklasiminda her uygulama
stratejisinin  ayn1  agirhga sahip olmadigmi acgik bicimde
gostermektedir. Bos meyve riskinde fenolojik izleme ve besleme
yonetimi daha belirleyici goriiniirken, ¢otanak dokiimiinde su
yonetimi, bahce ici izleme ve sezon kayitlar1 6ne c¢ikmaktadir.
Randiman diisiisii agisindan ise su yonetimi, diizenli kayit sistemi ve
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hasat sonras1 kalite yonetimi daha kritik bir yerde durmaktadir. Bu
dagilim, findikta gériinmeyen verim kaybini azaltmak igin tek bir
miidahale alanina odaklanmanin yeterli olmayacagini; riskin tiiriine
gore degisen, daha esnek ve hedefli bir yonetim anlayisina ihtiyag
duyuldugunu gostermektedir.

Sonu¢ ve Gelecek Perspektifi

Findikta verim kaybi, ¢ogu zaman hasat sonunda goriiniir
hale gelir; oysa kaybin asil zemini sezon ig¢inde olusur. Bos meyve,
cotanak dokiimii ve randiman diisiist, bitkinin gelisim siirecinde
biriken ¢evresel baskilarin, fizyolojik kirilmalarin ve kaliteye
yanstyan tiretim aksakliklarinin sonucudur. Bu nedenle findikta
gelecek donem verim ydnetimi, yalniz iirlin miktarini izleyen bir
anlayisla stirdiiriilemez. Daha giiclii yaklasim, iiriin potansiyelinin
hangi kosullarda kaliteye, dolu ice ve pazarlanabilir degere
doniisemedigini sezon iginde okuyabilmektir. iklim baskis1 bu
doniistimiin en kritik belirleyicilerinden biridir. (Krél & Gantner,
2020), Tirkiye’de findik veriminin bolgesel iklim kosullarina
duyarli bi¢gimde degisebilecegini ve iklim degisikliginin {iretim
alanlarinda farkli diizeylerde verim kaybi olusturabilecegini ortaya
koymustur. Bu bulgu, erken uyar1 sistemlerinin genel iklim
ortalamalarina degil, fenolojik donem, bolge, rakim, yagis diizeni ve
sicaklik stresini birlikte degerlendiren daha yerel bir karar mantigina
dayanmasi gerektigini gostermektedir.

Bu noktada akilli tarimin asil degeri, 6l¢lim yapmasindan ¢ok
riskleri anlamli katmanlara ayirabilmesidir. (Lodato et al., 2024), cok
kaynakli uydu verilerinin findik tarim alanlarinin haritalanmasi ve
mekansal karakterizasyonunda kullanilabilecegini gostermistir. Bu
tiir yaklasimlar, findik bahgesini tekdiize bir iiretim alani olarak
degil; su, gelisim giicii, toprak ve yonetim ge¢cmisi bakimindan
farklilasan risk bolgeleri olarak degerlendirmeye imkén verir.

--20--



Findikta ekonomik basari, hasat edilen kabuklu iiriinle sinirli
degildir. Uriiniin kimyasal bilesimi, i¢ dolumu, dayamkliligi ve
kalite stabilitesi de pazarlanabilir degeri belirler. (Krél & Gantner,
2020), findigin morfolojik 6zellikleri, besin degeri, yag asidi profili
ve kimyasal bilesiminin yetistigi cografi koken ve c¢esit yapisiyla
iligkili bigcimde degisebildigini vurgulamistir. Bu nedenle erken uyari
yaklagimi, yalniz verim kaybini degil, kaliteye doniismeyen iiretim
potansiyelini de hedeflemelidir.

Hasat sonrasi siire¢ bu ¢ergevenin ayri bir halkasidir. Sezon
icinde baslayan riskler, uygun kurutma ve depolama yapilmadiginda
daha biiytik kalite kayiplarina doniisebilir. (Vrtodusi¢ et al., 2022),
findigin yiiksek yag ve hasat donemindeki nem igerigi nedeniyle
acilasma, kalite bozulmasi ve mikotoksin riski agisindan hassas
oldugunu; bu nedenle hasat sonrasi teknolojinin kaliteyi korumada
belirleyici rol oynadigini belirtmistir. Bu bilgi, akilli tarimin bahgede
bitmemesi gerektigini agik bicimde gosterir.

Gelecek perspektifinde kalite giivenligi de daha merkezi bir
konu haline gelecektir. (Salvatore et al., 2023), findikta mikotoksin
kontaminasyonunun mevcut durumunu, tespit yontemlerini ve
kontrol stratejilerini ele alarak iiriin glivenliginin iiretim zincirinin
tamaminda izlenmesi gereken bir baglik oldugunu géstermistir. Bu
nedenle findikta erken uyari1 yalniz bos meyve veya randiman
diisiisiinii degil; hasat, kurutma, depolama ve kalite giivenligi
sireglerini de kapsayan daha genis bir karar sistemi olarak
diisiiniilmelidir.

Sonug olarak findikta goriinmeyen verim kaybi, sezon iginde
olusan kiigiikk sinyallerin hasat sonunda ekonomik kayba
doniismesidir. Bu kayb1 azaltmanin yolu, daha fazla veri
toplamaktan degil, dogru veriyi dogru zamanda okuyabilmekten
gecer. Gelecegin findik {iretiminde ihtiya¢ duyulan sistem; iklim
riskini, bahge i¢i mekansal farkliligi, kalite potansiyelini ve hasat

sonrast glivenligi birlikte degerlendiren sade, uygulanabilir ve
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tireticiye karar sunabilen bir erken uyar1 yaklagimidir. Boyle bir yapa,
findikta verimi acgiklayan degil, kaybi1 sezon i¢inde azaltmaya ¢alisan
daha bilingli bir tiretim yonetiminin temelini olusturacaktir.

Genel Degerlendirme

Bu kitap boliimii, findikta verim kaybini yalniz {iriin miktari
tizerinden agiklayan geleneksel bakisin Otesine gegmektedir.
Bolimiin merkezinde “gdriinmeyen verim kaybi” kavrami yer
almaktadir. Bu kavram, dalda varmig gibi goriinen iiriin
potansiyelinin dolu ice, yiiksek randimana ve pazarlanabilir kaliteye
dontisememesini ifade eder. Bu nedenle bos meyve, ¢otanak dokiimii
ve randiman diisiisli, ayr1 ayr1 sorunlar gibi degil; ayni iiretim
stirecinin farkli agsamalarda ortaya cikan kritik kayip gostergeleri
olarak degerlendirilmistir.

Bolimiin 6zgiin katkisi, akilli tarimi findikta genel bir
teknoloji kullanimi olarak ele almamasidir. Burada akilli tarim,
dogrudan {ireticinin karar kalitesini artiran bir erken uyar1 yaklagimi
olarak konumlandirilmistir. Toprak nemi, mikroiklim, fenoloji,
uzaktan algilama, IHA goriintiileri, yaprak analizi ve ge¢mis
randiman kayitlar1 birlikte degerlendirildiginde, findikta hasat
sonunda fark edilen kayiplarin sezon ic¢inde daha erken
okunabilecegi savunulmustur.

Bu yaklagim, findik iiretiminde 6nemli bir yon degisimini
isaret etmektedir. Uretici hasat sonunda “randiman neden diisiik
cikt1?” sorusuyla yetinmek yerine, sezon i¢inde ‘“hangi isaretler
randiman kaybimna gidiyor?” sorusunu sorabilir. Bu kiigiik gibi
gorunen fark, tiretim yonetiminin temelini degistirir. Clinkii geg fark
edilen kayip ancak aciklanabilir; erken fark edilen risk ise
yonetilebilir.

Findikta akilli tarimin en giiglii yonii, verimi tahmin etmesi
degildir; olusan iirlin potansiyelinin dolu ige, yiliksek randimana ve
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pazarlanabilir kaliteye doniisiip doniismeyecegini sezon ig¢inde
goriiniir kilabilmesidir.
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Introduction

Drought is among the most important environmental constraints limiting agricultural
production worldwide, and extreme weather events have been shown to negatively affect
global crop production (Lesk et al., 2016). The increasing frequency and intensity of
drought events associated with climate change have raised concerns regarding crop
productivity and food security, particularly in regions characterized by limited water
resources (Lobell & Gourdji, 2012; Ortiz-Bobea et al., 2021; Palmgren & Shabala, 2024).
As water availability becomes increasingly unpredictable, the development of drought-

resilient crop cultivars has emerged as a major objective of plant breeding programs.

Cucumber (Cucumis sativus L.) is one of the most widely cultivated vegetable crops
and is highly dependent on adequate water supply throughout its growth cycle. Water
deficit conditions may reduce leaf expansion, disrupt photosynthetic activity, impair plant
water relations, and ultimately decrease yield. Yield losses caused by drought vary
according to stress severity, duration, growth stage, and genotype, indicating the
importance of genetic variation for drought adaptation (Farooqg et al., 2009; Wahab et al.,
2022).

Plant responses to drought involve a range of physiological and biochemical
adjustments. Maintenance of relative water content (RWC), accumulation of compatible
solutes such as proline, preservation of chlorophyll content, regulation of stomatal
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conductance, and limitation of oxidative damage are among the mechanisms commonly
associated with drought tolerance (Blum, 2017; Tardieu et al., 2018; Haghpanah et al.,
2024). Because these responses are interconnected, evaluating a single trait is often

insufficient to characterize drought adaptation accurately.

For this reason, multivariate statistical approaches are increasingly used in plant
breeding studies. Methods such as principal component analysis (PCA), correlation
analysis, regression analysis, and path coefficient analysis allow the simultaneous
evaluation of multiple traits and provide a more comprehensive understanding of genotype
performance under stress conditions (Jolliffe & Cadima, 2016; Mohammadi & Prasanna,
2003). These approaches can assist breeders in identifying key selection criteria and

distinguishing superior genotypes from less adapted materials.

In recent years, integrating physiological measurements with statistical selection
tools has become an effective strategy for identifying drought-resilient germplasm. Such
approaches help reveal relationships among traits contributing to stress adaptation and
facilitate the selection of breeding materials with improved performance under water-

limited environments (Cooper & Messina, 2023; Hammer et al., 2020).

This chapter presents a comparative evaluation of cucumber genotypes subjected to
drought stress using yield performance, physiological indicators, and multivariate
statistical analyses. Particular emphasis is placed on genotype classification, trait
relationships, and the identification of selection criteria that may contribute to the

development of climate-resilient cucumber cultivars.

Drought Tolerance as a Breeding Target

The development of drought-tolerant cultivars has become a priority in crop
improvement programs as water scarcity increasingly constrains agricultural production
worldwide (Ortiz-Bobea et al., 2021; Palmgren & Shabala, 2024). In vegetable crops,
drought stress not only reduces biomass accumulation and yield but may also affect product

quality and production stability. Consequently, breeding strategies are increasingly
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directed toward the identification of genotypes capable of maintaining acceptable

performance under limited water availability (Cooper & Messina, 2023).

Drought tolerance is a complex trait controlled by numerous physiological,
biochemical, and morphological mechanisms. Unlike traits governed by a small number of
genes, drought adaptation results from the interaction of multiple processes that contribute
collectively to plant survival and productivity under stress conditions (Farooq et al., 2009;
Cattivelli et al., 2008). This complexity makes direct selection for drought tolerance

challenging and highlights the need for reliable indirect selection criteria.

Among the physiological responses associated with drought adaptation, maintenance
of plant water status is considered particularly important. Relative water content (RWC) is
frequently used as an indicator of tissue hydration and reflects the ability of plants to retain
water during stress. Genotypes capable of maintaining higher RWC values generally
exhibit greater drought resilience because cellular functions can continue despite reduced

soil moisture availability (Tardieu et al., 2018).

Photosynthetic stability also plays a central role in drought tolerance. Water deficit
often accelerates chlorophyll degradation and restricts gas exchange through stomatal
closure, leading to reduced carbon assimilation, impaired photosynthetic regulation, and
lower productivity (Chaves et al., 2009). Therefore, chlorophyll concentration and stomatal
conductance are commonly evaluated in breeding studies as indicators of plant

performance under drought conditions (Blum, 2017; Wahab et al., 2022).

Biochemical responses provide additional information regarding stress adaptation.
Proline accumulation is one of the most widely reported responses to drought stress and is
associated with osmotic adjustment, cellular protection, and maintenance of metabolic
activity. In contrast, malondialdehyde (MDA) is commonly used as an indicator of lipid
peroxidation and oxidative damage. Lower MDA accumulation generally reflects more

effective protection against stress-induced cellular injury (Haghpanah et al., 2024).

Recent studies in cucumber have demonstrated substantial genetic variation for

drought-related physiological traits, indicating that effective selection can be achieved
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through the integration of multiple indicators rather than reliance on a single characteristic
(Das et al., 2024). Consequently, modern breeding programs increasingly combine
physiological evaluation with quantitative selection approaches to improve the

identification of drought-resilient germplasm.

The physiological traits examined in this chapter, including proline accumulation,
relative water content, chlorophyll concentration, stomatal conductance, and MDA
content, represent key components of drought adaptation. Their relationships with yield
performance provide valuable information for identifying drought-resilient cucumber

genotypes and developing breeding strategies for water-limited environments.

Yield Stability Under Water Deficit

Yield stability under drought conditions is an important consideration in crop
improvement programs because the ultimate objective of breeding is to maintain
productivity under adverse environmental conditions. Although physiological traits
provide valuable information regarding plant responses to stress, yield performance
remains one of the most relevant indicators of adaptation from both agronomic and

economic perspectives (Blum, 2011; Cooper & Messina, 2023).

The evaluated cucumber genotypes differed in their response to water deficit
conditions (Table 1). Yield under well-watered conditions ranged from 490 to 680 g
plant™!, whereas drought-stressed plants produced between 430 and 610 g plant!. Genotype
G2 recorded the highest yield under both control and drought conditions, producing 680
and 610 g plant™, respectively. Similarly, G4 maintained relatively high productivity under
stress despite a moderate reduction in yield. In contrast, G5 and G6 exhibited the lowest

yield values under drought conditions.

Table 1. Yield and yield reduction under drought stress

Genotype Y'%g?p?::tt)ml Yl(zllgét]rsss Yield Reduction (%)
G1 570 510 10.50
G2 680 610 10.30
G3 600 540 10.00
G4 670 590 11.90

--42--



G5 510 460 9.80
G6 490 430 12.20
Note. Reduction was calculated as percentage loss relative to control yield values.

Source: Prepared by the author.

Yield reduction percentages varied from 9.8% to 12.2% among genotypes. The
lowest reduction was observed in G5 (9.8%), followed by G3 (10.0%) and G2 (10.3%),
whereas G6 showed the greatest reduction (12.2%). These results indicate that the
magnitude of yield loss did not always correspond directly with absolute yield
performance. For example, although G5 exhibited a relatively small percentage reduction,
its yield under drought remained considerably lower than that of G2 and G4. Therefore,
both yield retention and absolute productivity should be considered when evaluating
drought resilience, as genotype adaptation is commonly assessed by comparing
performance across favorable and stress-prone conditions (Finlay & Wilkinson, 1963;
Becker & Léon, 1988).

The distribution of yield reduction values is presented in Figure 3. The relatively
narrow range of variation among genotypes suggests that all materials experienced some
degree of drought-induced yield limitation; however, differences in productivity under
stress conditions indicate variation in adaptation capacity. Genotypes capable of
maintaining higher yield levels while minimizing yield reduction are generally regarded as
desirable candidates for breeding programs targeting water-limited environments (Eberhart
& Russell, 1966; Hammer et al., 2020; Varshney et al., 2021).
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Figure 3. Yield reduction under drought stress compared with control
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Figure 3. Yield reduction under drought stress compared with control
Source: Prepared by the author.

The results demonstrate that drought resilience cannot be assessed solely on the basis
of yield reduction percentages. Instead, the combined evaluation of productivity, yield
retention, and physiological performance provides a more reliable basis for genotype
selection. This integrated approach is particularly important in vegetable breeding
programs where stable production under fluctuating environmental conditions is a primary

objective.

Principal Component Analysis for Genotype Classification

Principal component analysis (PCA) is widely used in plant breeding to summarize
complex datasets and visualize relationships among genotypes and traits. By reducing
multidimensional data into a smaller number of principal components, PCA facilitates the
identification of patterns that may not be readily apparent through univariate analyses
(Jolliffe, 2002; Jolliffe & Cadima, 2016; Hair et al., 2019; Mohammadi & Prasanna, 2003).
Multivariate approaches are particularly useful in genotype evaluation because they allow
breeders to interpret several related traits simultaneously rather than considering each trait

separately (Crossa et al., 1990).



The PCA biplot presented in Figure 1 illustrates the distribution of cucumber
genotypes based on yield and drought-related physiological traits. The first principal
component (PC1) explained the majority of the observed variation among genotypes,
indicating that differences in drought adaptation were largely associated with the measured
physiological responses. Traits contributing positively to drought resilience, including
proline accumulation, relative water content (RWC), chlorophyll concentration, stomatal
conductance, and yield, were positioned on the positive side of the ordination space. In
contrast, MDA was associated with the opposite direction, reflecting its negative

relationship with plant performance under drought stress.

Figure 1. PCA biplot showing genotype separation under drought stress G2
Gb6
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PC1 (98.7%)
Figure 1. PCA biplot showing genotype separation under drought stress

Source: Prepared by the author.

PC1 explained 98.7% of the total variation, indicating that most differences among genotypes
were associated with drought-response traits.
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The distribution of genotypes within the PCA space revealed clear differences in
adaptation capacity. Genotypes G2 and G4 were located in regions associated with
favorable physiological characteristics and higher productivity under drought conditions.
Their position in the ordination plot suggests that these genotypes combined effective water
status maintenance, photosynthetic stability, and reduced oxidative damage. Such
characteristics are commonly associated with improved drought adaptation in breeding
populations (Blum, 2017; Tardieu et al., 2018).

Conversely, G5 and G6 were positioned away from the cluster associated with
superior physiological performance. Their location indicates weaker association with traits
contributing positively to drought resilience and greater susceptibility to stress-related
limitations. The separation of these genotypes from G2 and G4 demonstrates the usefulness
of PCA for distinguishing contrasting adaptation patterns within breeding materials.

Genotypes G1 and G3 occupied intermediate positions in the PCA plot, suggesting
moderate drought tolerance. Although these materials did not exhibit the same level of
adaptation as G2 and G4, they were clearly separated from the more sensitive genotypes.
This intermediate classification highlights the continuous nature of drought adaptation and

emphasizes the importance of evaluating multiple traits simultaneously.

Overall, the PCA results demonstrated substantial variation among cucumber
genotypes and provided an effective framework for genotype classification. The clear
separation of tolerant, intermediate, and sensitive materials supports the use of multivariate
statistical approaches in breeding programs aimed at improving drought resilience.
Furthermore, the consistency between genotype distribution in the PCA plot and their
observed physiological performance strengthens confidence in the suitability of the

evaluated traits as indicators of drought adaptation.

Correlation-Based Selection Criteria

The identification of reliable selection criteria is an essential component of drought-
resilience breeding. Because drought tolerance is controlled by multiple interacting

physiological mechanisms, the evaluation of relationships among traits can provide
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valuable information for indirect selection. Correlation analysis is widely used to identify
traits associated with yield performance and to determine which characteristics may serve
as useful indicators of stress adaptation (Dewey & Lu, 1959; Singh & Chaudhary, 1979).

The Pearson correlation matrix presented in Table 2 and visualized in Figure 2
revealed several meaningful relationships among physiological traits and yield. Positive
correlations were observed among proline accumulation, relative water content (RWC),
chlorophyll concentration, stomatal conductance, and yield. These associations suggest
that the maintenance of plant water status and photosynthetic activity contributes positively
to productivity under drought conditions.

Table 2. Pearson correlation coefficients among physiological traits and yield

Trait Proline MDA RWC Chlorophyll Stomatal Conductance Yield
Proline 1.00 -0.61 0.72 0.55 0.49 0.68

MDA -0.61 100 -0.65 -0.57 -0.51 -0.59

RWC 0.72 -0.65 1.00 0.63 0.61 0.66
Chlorophyll 055 -057 0.63 1.00 0.68 0.74
Stomatal Conductance  0.49 -0.51 0.61 0.68 1.00 0.79
Yield 0.68 -0.59 0.66 0.74 0.79 1.00

Source: Prepared by the author.
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Figure 2. Pearson correlation heatmap among physiological traits and yield
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Figure 2. Pearson correlation heatmap among physiological traits and yield
Source: Prepared by the author.

Among the evaluated traits, stomatal conductance exhibited the strongest positive
association with yield (r = 0.79), followed by chlorophyll concentration (r = 0.74). These
results indicate that genotypes capable of maintaining gas exchange and preserving
photosynthetic pigments under water deficit conditions tend to achieve superior
productivity. Similar relationships have been reported in previous drought studies where
sustained photosynthetic activity was associated with improved crop performance under
stress (Blum, 2017; Wahab et al., 2022).

Proline accumulation also showed a positive relationship with yield (r = 0.68). The
accumulation of compatible solutes such as proline is commonly regarded as an adaptive
response that contributes to osmotic adjustment and cellular protection during drought
stress. Although the association was less pronounced than that observed for chlorophyll
concentration and stomatal conductance, the results suggest that proline may still represent
a useful physiological indicator of drought adaptation.
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Relative water content was positively correlated with yield (r = 0.66), supporting the
importance of tissue hydration in maintaining plant productivity under limited water
availability. Genotypes capable of sustaining higher RWC values generally exhibit greater
capacity to tolerate drought-induced reductions in soil moisture and maintain normal

physiological functions.

In contrast, malondialdehyde (MDA) displayed a negative association with yield (r
= -0.59). Since MDA is widely used as an indicator of oxidative damage and membrane
lipid peroxidation, increased MDA accumulation reflects greater cellular injury under
stress conditions. The observed negative relationship suggests that genotypes experiencing

lower oxidative damage are more likely to maintain productivity during drought.

The correlation structure observed among traits indicates that drought adaptation in
cucumber is governed by the interaction of several physiological processes rather than by
a single mechanism. Consequently, selection strategies based on multiple complementary
traits are expected to be more effective than those relying exclusively on vyield
performance. The combined evaluation of stomatal conductance, chlorophyll
concentration, proline accumulation, RWC, and MDA may therefore provide a practical

framework for identifying drought-resilient breeding materials.

Trait Relationships and Breeding Implications

Regression and path coefficient analyses are widely used in plant breeding to
evaluate relationships among traits and to identify characteristics that contribute directly
or indirectly to yield performance. These approaches assist breeders in distinguishing
primary selection criteria from secondary traits and provide a framework for understanding
the relative importance of different components of stress adaptation (Wright, 1921; Dewey
& Lu, 1959; Bhatt, 1973). Similar trait-based approaches have been used to interpret yield-
related relationships and support selection decisions in crop improvement studies (Samonte
etal., 1998).

In practical breeding programs, physiological traits associated with yield under

drought conditions are frequently used as indirect selection criteria, particularly when
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drought tolerance is controlled by multiple interacting mechanisms. The relative

importance of the evaluated physiological traits is summarized in Table 3.

Table 3. Relative importance of physiological traits as indirect selection criteria for
drought resilience

. Pearson r with Strength of .
Trait Yield Association Breeding Relevance
Stomatal . . . N
Conductance 0.79 Strong positive Primary selection criterion
. Important indicator of
Chlorophyll 0.74 Strong positive ohotosynthetic stability
proline 0.68 Moderate_ to strong Indicator of osmotic adjustment
positive capacity
RWC 0.66 Moderate positive Indicator of_plant water status
maintenance
MDA -0.59 Moderate negative Indicator of oxidative stress

damage

Note. Trait importance was determined using Pearson correlation coefficients with yield under
drought stress. Positive coefficients indicate favorable contributions to drought adaptation, whereas
negative coefficients indicate detrimental effects on plant performance. Stomatal conductance and
chlorophyll content exhibited the strongest positive associations with yield and may therefore serve
as useful indirect selection criteria in drought-resilience breeding programs.

Source: Prepared by the author.

Among the investigated traits, stomatal conductance exhibited the strongest
association with yield (r = 0.79), indicating that the maintenance of gas exchange under
drought conditions is closely related to plant productivity. This result suggests that stomatal
conductance may represent a useful physiological criterion for identifying drought-resilient

genotypes during early stages of selection.

Chlorophyll concentration also showed a strong positive relationship with yield (r =
0.74). The ability to maintain photosynthetic pigments under water deficit conditions is
often associated with sustained carbon assimilation and improved stress adaptation.
Consequently, chlorophyll content may serve as a practical indicator of physiological

stability under drought stress.
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Proline accumulation and relative water content (RWC) displayed moderate positive
associations with yield. These traits are commonly linked to osmotic adjustment and
maintenance of plant water status, respectively. Their contribution to drought adaptation
supports their inclusion in multi-trait selection schemes aimed at improving resilience

under water-limited environments.

In contrast, malondialdehyde (MDA) exhibited a negative relationship with yield.
Since MDA reflects membrane lipid peroxidation and oxidative damage, increased MDA
accumulation is generally associated with reduced physiological performance. Therefore,
lower MDA values may be considered favorable when selecting breeding materials for

drought-prone environments.

The ranking presented in Table 3 indicates that stomatal conductance and chlorophyll
concentration were the most informative traits associated with yield performance under
drought stress. However, the observed relationships also demonstrate that drought
adaptation cannot be explained by a single physiological parameter. Instead, the combined
evaluation of multiple complementary traits provides a more comprehensive basis for

genotype selection.

Although formal path coefficient analysis was not conducted, the observed trait—
yield relationships provide useful information regarding the relative contribution of
physiological characteristics to drought resilience. Such information can support the
development of selection strategies that integrate productivity with key adaptive

mechanisms in cucumber breeding programs.

Identification of Superior Genotypes

The integration of physiological measurements, yield performance, and multivariate
statistical analyses provides a comprehensive basis for identifying drought-resilient
breeding materials. Because drought tolerance is a complex trait influenced by multiple
interacting mechanisms, genotype selection should rely on the combined evaluation of

agronomic and physiological characteristics rather than a single parameter.
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The evaluated cucumber genotypes exhibited substantial variation in their responses
to drought stress. Differences were observed not only in yield performance and yield
reduction but also in physiological indicators associated with drought adaptation. The
integration of these variables facilitated the classification of genotypes according to their
overall resilience under water-deficit conditions.

To facilitate genotype comparison, an integrated selection index was developed using
normalized values of yield under drought stress, yield retention, relative water content
(RWC), chlorophyll concentration, stomatal conductance, proline accumulation, and
inverse malondialdehyde (MDA) content. Higher index values indicated greater overall
drought resilience by combining agronomic and physiological performance into a single

comparative measure.

Figure 4. Genotype ranking based on integrated selection index

0 20 40 60 80 100
Integrated selection score (0-100)

Figure 4. Integrated selection index values and ranking of cucumber genotypes under
drought stress.

Source: Prepared by the author.

Integrated selection index was calculated using normalized values of yield, yield retention,
stomatal conductance, chlorophyll content, relative water content (RWC), proline accumulation
and inverse MDA values. Higher scores indicate greater overall drought resilience.
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Among the evaluated materials, genotype G2 consistently demonstrated superior
performance across the measured traits. This genotype produced the highest yield under
drought conditions while maintaining favorable physiological characteristics associated
with stress adaptation. Its position in the PCA ordination space (Figure 1), together with
its leading score in the integrated selection index (Figure 4), indicates a high level of
drought resilience. The ability of G2 to combine productivity with physiological stability
makes it a promising candidate for breeding programs targeting water-limited
environments.

Genotype G4 also exhibited strong adaptation to drought stress. Although its yield
reduction was slightly greater than that observed in some other materials, its overall
physiological profile and PCA classification were consistent with improved drought
tolerance. The high ranking of G4 in the integrated selection index further supports its
value as a potential breeding parent.

Genotypes G1 and G3 occupied intermediate positions in the selection ranking.
These materials maintained acceptable performance under drought conditions and
displayed moderate adaptation characteristics. While they did not reach the performance
level of G2 and G4, they may still represent useful genetic resources for breeding
populations where multiple adaptive traits are desirable.

In contrast, G5 and G6 were classified as the least drought-resilient genotypes. Both
materials exhibited lower productivity under stress conditions and achieved the lowest
scores in the integrated selection index. Their separation from the more tolerant genotypes
in the PCA analysis further supports their classification as drought-sensitive materials.

The consistency observed among yield performance, PCA classification, correlation
analysis, and integrated selection index ranking strengthens confidence in the identification
of superior genotypes. In particular, the agreement among independent analytical
approaches indicates that the evaluated physiological traits effectively captured variation
in drought adaptation.

Based on the integrated assessment, G2 and G4 emerged as the most promising
drought-resilient genotypes. These materials combined favorable physiological responses
with stable productivity under stress conditions and may therefore serve as valuable genetic

resources for the development of climate-resilient cucumber cultivars.
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Future Perspectives for Climate-Resilient Breeding

The increasing frequency of drought events associated with climate change is
expected to intensify challenges for vegetable production systems worldwide.
Consequently, the development of climate-resilient cultivars capable of maintaining
productivity under water-limited conditions will remain a major objective of future
breeding programs (IPCC, 2023; Ortiz-Bobea et al., 2021).

The results presented in this chapter demonstrate that substantial variation exists
among cucumber genotypes in their response to drought stress. Such variation provides
valuable opportunities for breeding programs seeking to improve adaptation to increasingly
unpredictable environmental conditions. The identification of genotypes with favorable
physiological characteristics and stable productivity represents an important first step

toward the development of drought-resilient cultivars.

Future breeding efforts should increasingly integrate physiological screening with
conventional yield evaluation. Traits such as stomatal conductance, chlorophyll
concentration, relative water content, proline accumulation, and MDA content provide
useful information regarding plant responses to water deficit and may facilitate the early
identification of superior breeding materials (Blum, 2017; Haghpanah et al., 2024). The
use of these indirect selection criteria may improve breeding efficiency, particularly when

large germplasm collections are evaluated.

Advances in phenotyping technologies are expected to further enhance drought-
tolerance breeding. High-throughput phenotyping platforms, remote sensing tools, and
image-based monitoring systems can provide rapid assessments of physiological traits
associated with stress adaptation. The integration of such technologies with traditional
breeding approaches may accelerate the identification of promising genotypes and reduce

the time required for cultivar development (Tuberosa, 2012; Cooper & Messina, 2023).

The application of multivariate statistical methods will continue to play an important
role in genotype evaluation. Techniques such as principal component analysis, correlation

analysis, selection indices, GGE biplot analysis, and stability assessment facilitate the



simultaneous interpretation of multiple traits and support more informed breeding
decisions (Jolliffe & Cadima, 2016; Mohammadi & Prasanna, 2003; Yan & Kang, 2003;
Yan et al., 2007).

The superior performance of G2 and G4 identified in this study suggests that these
genotypes may represent valuable genetic resources for future cucumber improvement
programs. Their favorable physiological responses and relatively stable productivity under
drought conditions indicate potential usefulness as parental materials in breeding

populations targeting adaptation to water-limited environments.

Future studies should evaluate these promising materials across multiple
environments and growing seasons to determine the stability of their performance under
diverse climatic conditions. The incorporation of molecular markers, genomic tools, and
genotype-by-environment analyses may further improve the efficiency of selecting
drought-resilient germplasm and contribute to the development of cultivars better adapted

to future climate scenarios.

Overall, combining physiological evaluation, multivariate statistical analyses, and
modern breeding technologies offers a promising pathway for improving drought resilience
in cucumber. Such integrated approaches will be increasingly important for sustaining

vegetable production under the environmental challenges associated with climate change.

Conclusions

Drought stress remains one of the most important environmental constraints affecting
crop productivity and represents a major challenge for sustainable vegetable production
under changing climatic conditions. The identification of drought-resilient genotypes is
therefore an essential objective of modern breeding programs. Because drought adaptation
is governed by multiple interacting physiological mechanisms, the use of integrated
evaluation approaches is necessary for effective genotype selection.

The results presented in this chapter demonstrated substantial variation among

cucumber genotypes in their responses to drought stress. Differences were observed in
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yield performance, yield reduction, physiological characteristics, and overall adaptation
capacity. These findings confirm the existence of exploitable genetic variability that can

be utilized in breeding programs targeting improved drought resilience.

Yield performance alone did not provide a complete assessment of drought
adaptation. The inclusion of physiological traits such as relative water content, chlorophyll
concentration, stomatal conductance, proline accumulation, and malondialdehyde content
provided a more comprehensive understanding of genotype responses to water deficit
conditions. The correlation analysis indicated that stomatal conductance and chlorophyll
concentration exhibited the strongest positive associations with yield, whereas MDA

showed a negative relationship with productivity under drought stress.

The application of multivariate statistical approaches proved useful for genotype
classification and trait evaluation. Principal component analysis successfully separated the
genotypes according to their physiological and agronomic performance, while correlation-
based assessments helped identify traits with potential value as indirect selection criteria.
The integration of these analytical approaches facilitated a more reliable interpretation of

drought adaptation than would have been possible using individual traits alone.

The integrated selection index further supported the identification of superior
genotypes. Among the evaluated materials, G2 and G4 consistently exhibited favorable
physiological characteristics, stable productivity, and high overall performance under
drought conditions. These genotypes emerged as the most promising candidates for future
breeding efforts aimed at improving drought resilience in cucumber.

Overall, the findings emphasize the importance of combining yield evaluation with
physiological measurements and multivariate statistical analyses when assessing drought
tolerance. Such integrated approaches improve selection efficiency, enhance the
identification of superior breeding materials, and contribute to the development of climate-
resilient cucumber cultivars capable of maintaining productivity under increasingly water-

limited environments.
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Introduction

Climate change has become one of the most serious threats to global agricultural
production systems. Rising temperatures, irregular rainfall patterns, prolonged drought
periods, and increasing pressure on freshwater resources are substantially affecting crop
productivity worldwide (Farooq et al., 2009; Blum, 2017; Flexas et al., 2002). Among the
various abiotic stresses associated with climate change, drought is considered one of the
most damaging environmental factors because it directly influences plant growth,
development, physiology, and yield formation (IPCC, 2023; Lesk et al., 2016). The
increasing frequency of drought events, particularly in semi-arid and Mediterranean
environments, poses a major challenge to sustainable crop production and food security.
The long-term impacts of anthropogenic climate change on agricultural productivity have
already been documented at the global scale, highlighting the urgent need for developing
crop cultivars capable of maintaining productivity under increasingly adverse
environmental conditions (Ortiz-Bobea et al., 2021).

Vegetable crops are generally more sensitive to water deficits than many field crops
due to their relatively shallow root systems, high transpiration rates, and continuous
demand for water throughout the growing season. Water scarcity can adversely affect
germination, vegetative growth, flowering, fruit development, and marketable
yield(Farooq et al., 2009; Flexas et al., 2002). In addition to reducing productivity, drought
stress often decreases product quality and economic value, making the development of

drought-resilient vegetable cultivars an important objective for modern breeding programs.
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Cucumber (Cucumis sativus L.) is one of the most widely cultivated vegetable crops
in both open-field and protected cultivation systems. The crop is characterized by rapid
vegetative growth, a high leaf area index, and substantial water requirements, making it
particularly vulnerable to drought stress. Water limitation during critical developmental
stages can reduce photosynthetic activity, impair nutrient uptake, accelerate leaf
senescence, decrease fruit set, and ultimately result in significant yield losses (Wang et al.,
2012; Wang et al., 2024). As climate change continues to intensify water scarcity in many
cucumber-growing regions, understanding the physiological mechanisms underlying
drought tolerance has become increasingly important.

Plants employ a range of adaptive responses to mitigate the adverse effects of drought
stress. These responses include morphological adjustments, physiological regulation,
biochemical protection, and molecular signaling pathways (Wahab et al., 2022). Among
physiological responses, osmotic adjustment, maintenance of cellular water status,
preservation of photosynthetic capacity, and reduction of oxidative damage are considered
essential components of drought tolerance. The efficiency of these mechanisms often
varies among genotypes, providing opportunities for the identification and selection of
superior germplasm for breeding purposes (Das et al., 2024).

Proline accumulation is one of the most widely studied physiological responses to
drought stress. As an important osmoprotectant, proline contributes to osmotic adjustment,
membrane stabilization, enzyme protection, and reactive oxygen species detoxification
under water-limited conditions (Bates et al., 1973; Blum, 2017). Numerous studies have
demonstrated that drought-tolerant genotypes generally accumulate higher levels of
proline, allowing them to maintain cellular integrity and metabolic activity during stress
periods. Recent reviews have also highlighted the central role of proline in coordinating
osmotic adjustment, antioxidant defense, and stress signaling pathways under drought
conditions (Haghpanah et al., 2024).

In contrast, drought stress frequently induces oxidative damage through excessive
production of reactive oxygen species (ROS). One of the most commonly used indicators
of oxidative injury is malondialdenyde (MDA), a by-product of membrane lipid
peroxidation (Heath & Packer, 1968). Elevated MDA concentrations are generally
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associated with increased cellular damage and reduced stress tolerance, whereas lower
MDA accumulation may indicate more efficient antioxidant defense mechanisms.

Relative water content (RWC) is another important physiological indicator widely
used in drought studies. RWC reflects the ability of plant tissues to maintain hydration
under water-deficit conditions and is closely associated with drought adaptation (Barrs &
Weatherley, 1962; Blum, 2011). Genotypes capable of maintaining higher RWC values
generally exhibit improved water retention capacity and enhanced physiological stability
under stress conditions. Similarly, chlorophyll content provides valuable information
regarding the integrity of the photosynthetic apparatus during drought. The maintenance of
chlorophyll concentration under stress conditions is often associated with improved
photosynthetic efficiency and greater tolerance to environmental constraints.

Stomatal conductance represents a key physiological trait linking plant water
relations with carbon assimilation. Through stomatal regulation, plants attempt to balance
water conservation and photosynthetic activity under drought conditions. Efficient
stomatal control can reduce excessive water loss while maintaining sufficient carbon
uptake for growth and physiological functioning. Consequently, stomatal conductance has
been widely recognized as an important selection criterion in drought tolerance studies
involving vegetable crops.

Recent advances in physiological phenotyping and statistical analysis have enhanced
the ability of researchers to identify drought-tolerant genotypes using multiple
complementary traits. Integrative approaches combining physiological measurements with
multivariate analyses, such as principal component analysis (PCA), correlation analysis,
and regression models, provide valuable insights into genotype performance under stress
conditions. These approaches facilitate the identification of key selection criteria and
support the development of climate-resilient breeding strategies.

Given the increasing challenges imposed by climate change and water scarcity, the
identification of reliable physiological indicators for drought tolerance in cucumber has
become an important research priority. This chapter examines the physiological responses
of cucumber genotypes to drought stress, with particular emphasis on proline
accumulation, malondialdehyde content, relative water content, chlorophyll concentration,

and stomatal conductance. The potential application of these physiological traits as
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practical selection criteria for drought-tolerant and climate-resilient cucumber breeding is

also discussed.

Drought Stress and Plant Water Relations

Water is essential for virtually all physiological and biochemical processes in plants.
It functions as a solvent, a transport medium for nutrients, a substrate for metabolic
reactions, and a key component in maintaining cell turgor and structural integrity.
Consequently, water deficiency disrupts numerous physiological processes and often
represents one of the most severe environmental constraints limiting agricultural
productivity worldwide (Farooq et al., 2009).

Drought stress occurs when water availability becomes insufficient to meet the
transpiration demand of plants. Under such conditions, the balance between water uptake
by roots and water loss through transpiration is disturbed, resulting in reduced tissue
hydration and altered cellular metabolism. The severity of drought effects depends on
several factors, including stress duration, intensity, environmental conditions, plant
developmental stage, and genotype-specific tolerance mechanisms. Recent studies further
emphasize that drought tolerance is a complex trait governed by dynamic interactions
among water availability, plant developmental stage, and environmental conditions,
making physiological responses highly context dependent (Tardieu et al., 2018).

One of the earliest responses of plants to drought stress is a reduction in leaf water
potential and cellular turgor pressure. Loss of turgor limits cell expansion, reduces leaf
growth, and ultimately restricts overall plant development. As drought progresses, plants
initiate a series of adaptive responses designed to conserve water and maintain essential
physiological functions. These responses include stomatal closure, osmotic adjustment,
modification of root architecture, accumulation of compatible solutes, and activation of
antioxidant defense systems (Blum, 2017; Farooq et al., 2009).

In cucumber, drought stress rapidly affects water relations due to the species’
relatively shallow root system and high transpiration demand. Water limitation reduces
root water uptake capacity, resulting in decreased leaf hydration and impaired
physiological performance. Previous studies have demonstrated that cucumber plants
exposed to drought exhibit reductions in leaf area, biomass accumulation, chlorophyll
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concentration, photosynthetic activity, and fruit yield (Wang et al., 2012; Wang et al.,
2024). These effects become particularly pronounced during flowering and fruit
development stages, when water demand is highest.

Relative water content (RWC) is widely regarded as one of the most reliable
indicators of plant water status under drought conditions. Unlike soil moisture
measurements alone, RWC directly reflects the hydration status of plant tissues and
provides valuable information regarding the ability of plants to maintain cellular water
balance. Genotypes capable of maintaining higher RWC values generally exhibit improved
drought tolerance because they can sustain physiological activity despite limited water
availability. Consequently, RWC has become one of the most frequently used screening
criteria in drought tolerance studies involving vegetable crops.

Stomatal regulation represents another critical mechanism governing plant water
relations under drought stress. Stomata are microscopic pores located on the leaf surface
that regulate both carbon dioxide uptake and water vapor loss. Under drought conditions,
plants often reduce stomatal aperture to minimize transpiration and conserve water.
Although this response improves water-use efficiency, it simultaneously restricts carbon
dioxide assimilation and photosynthetic activity. Therefore, drought tolerance often
depends on a plant’s ability to optimize the balance between water conservation and carbon
fixation (Flexas et al., 2002).

Photosynthesis is particularly sensitive to water deficit (Chaves et al., 2009; Ashraf
& Harris, 2013). Reduced stomatal conductance limits carbon dioxide availability within
leaf tissues, while dehydration may directly affect chloroplast structure and function. These
changes frequently result in chlorophyll degradation, reduced photosynthetic efficiency,
and lower biomass production. In severe cases, prolonged drought may induce irreversible
damage to photosynthetic machinery, substantially reducing plant productivity (Chaves et
al., 2009).

To counteract the detrimental effects of dehydration, plants accumulate various
osmoprotective compounds that contribute to osmotic adjustment. These compounds help
maintain cellular hydration, stabilize proteins and membranes, and support metabolic
activity under stress conditions. Among them, proline is one of the most extensively studied

compatible solutes associated with drought tolerance. Increased proline accumulation has
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been reported in numerous crop species, including cucumber, and is generally considered
an important adaptive response to water deficit stress (Bates et al., 1973; Verbruggen &
Hermans, 2008).

Drought stress is also closely associated with oxidative stress (Mittler, 2002; Gill &
Tuteja, 2010). Reduced water availability frequently disrupts electron transport processes
in chloroplasts and mitochondria, leading to excessive production of reactive oxygen
species (ROS). When ROS accumulation exceeds the capacity of antioxidant defense
systems, oxidative damage occurs in cellular membranes, proteins, and nucleic acids. Lipid
peroxidation products such as malondialdehyde (MDA) are therefore commonly used as
indicators of cellular damage and stress severity (Heath & Packer, 1968; Ayala et al.,
2014).

The complexity of plant water relations under drought highlights the importance of
integrating multiple physiological parameters when evaluating stress tolerance. Individual
traits may provide only limited information, whereas combined assessment of water status,
osmotic adjustment, stomatal behavior, photosynthetic integrity, and oxidative damage
offers a more comprehensive understanding of plant adaptation mechanisms. Such
integrative approaches have become increasingly important in modern breeding programs
aimed at developing climate-resilient cucumber cultivars capable of maintaining

productivity under water-limited environments.

Proline Accumulation as an Osmotic Adjustment Mechanism

Among the numerous physiological responses induced by drought stress, proline
accumulation is considered one of the most important adaptive mechanisms contributing
to plant survival under water-deficit conditions. Proline is a multifunctional amino acid
that accumulates in plant tissues in response to various abiotic stresses, including drought,
salinity, heat, and oxidative stress. Its accumulation is generally associated with enhanced
stress tolerance and improved maintenance of cellular homeostasis under adverse
environmental conditions (Bates et al., 1973; Blum, 2017; Verbruggen & Hermans, 2008;
Hayat et al., 2012).

Under drought stress, declining water availability reduces cellular water potential and
disrupts normal metabolic processes. To counteract these effects, plants synthesize and
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accumulate compatible solutes, commonly referred to as osmolytes. These compounds
facilitate osmotic adjustment by lowering cellular osmotic potential without interfering
with normal biochemical reactions. Proline is among the most effective osmolytes because
it contributes to water retention, stabilization of proteins and membranes, protection of
cellular structures, and maintenance of enzyme activity during dehydration (Blum, 2017;
Hosseinifard et al., 2022).

In addition to its osmotic functions, proline plays an important role in mitigating
oxidative stress. Drought-induced water deficits frequently stimulate the production of
reactive oxygen species (ROS), which can damage membranes, proteins, and nucleic acids.
Proline contributes to cellular protection by scavenging free radicals and supporting
antioxidant defense mechanisms. Furthermore, proline serves as a temporary reservoir of
carbon and nitrogen that can be utilized during recovery following stress alleviation (Hayat
etal., 2012; Hosseinifard et al., 2022).

Numerous studies have reported a positive association between proline accumulation
and drought tolerance in vegetable crops. Drought-tolerant genotypes often exhibit greater
proline accumulation than sensitive genotypes, suggesting that this trait may serve as a
useful physiological marker for stress adaptation. In cucumber, increased proline
concentrations have been associated with improved maintenance of leaf water status,
reduced cellular damage, and enhanced recovery following drought exposure (Wang et al.,
2024; Das et al., 2024; Cui et al., 2019).

The results obtained in the present study support these observations. Considerable
genotypic variation was detected for proline accumulation under drought stress conditions.
Among the evaluated genotypes, G2 and G4 exhibited the highest proline concentrations,
reaching 42.1 and 39.7 umol g fresh weight, respectively. In contrast, the lowest proline
levels were observed in G6 (22.5 pmol g fresh weight) and G5 (24.8 umol g fresh
weight). Intermediate values were recorded for G1 and G3. These findings indicate
substantial differences among genotypes in their capacity for osmotic adjustment under

water-limited conditions. These values are summarized in Table 1.

Table 1. Mean physiological responses of cucumber genotypes under drought stress
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Proline MDA Chiorophyll Stomatal
Genotype (umol/g (nmol/g RWC (%) (Mg/g) Conductance
FW) FW) 99 (mmol/m?/s)
Gl 28.50 8.90 65.00 1.45 185
G2 42.10 6.10 74.30 1.67 220
G3 31.00 7.50 69.20 1.51 195
G4 39.70 6.30 73.10 1.60 210
G5 24.80 10.40 58.60 1.35 160
G6 22.50 11.20 55.20 1.28 145

Note. Values are means of three replications under drought conditions.

Source: Prepared by the author.

Analysis of variance further confirmed the significance of genotypic differences in

proline accumulation. Proline content was significantly affected by genotype (F = 18.42, p

< 0.001), and Tukey’s multiple comparison test classified G2 and G4 within the highest

statistical group, while G5 and G6 formed the lowest group. These results demonstrate that

drought-induced proline accumulation is strongly genotype dependent and may provide a

useful criterion for distinguishing tolerant and sensitive cucumber genotypes. The

statistical significance of these differences is presented in Table 2.

Table 2. ANOVA and Tukey HSD results for physiological traits under drought stress

Trait F-value p-value Tukey Groups (a—c)
Proline 18.42 <0.001 G2a G4a G3b G1b G5¢c G6¢
MDA 12.76 <0.01 G6a G5a G1b G3b G4c G2c
RWC 21.55 <0.001 G2a G4a G3b G1b G5c¢ Géc
Chlorophyll 10.33 <0.01 G2a G4a G3b G1b G5c Géc
Stomatal Conductance 15.90 <0.001 G2a G4a G3b G1b G5c¢ Géc

Note. Different letters indicate statistically significant differences at p < 0.05 (Tukey HSD). Yield

row was removed to keep Chapter 1 focused on physiological traits.

Source: Prepared by the author.
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Interestingly, proline accumulation was positively associated with several favorable
physiological traits. Correlation analysis revealed positive relationships between proline
and relative water content (r = 0.72), chlorophyll concentration (r = 0.55), and stomatal
conductance (r = 0.49). Conversely, proline exhibited a negative association with
malondialdehyde content (r = —0.61), suggesting that increased osmotic adjustment may
contribute to reduced oxidative damage under drought stress. These relationships support
the hypothesis that proline accumulation is closely linked to overall stress tolerance and
improved physiological performance.

The superior performance of G2 and G4 suggests that these genotypes possess more
efficient drought-adaptation mechanisms than the remaining genotypes. Their ability to
accumulate higher levels of proline was accompanied by higher relative water content and
lower oxidative damage under drought conditions. Such characteristics are particularly
valuable in breeding programs targeting climate-resilient cucumber cultivars adapted to
water-limited environments.

From a practical breeding perspective, proline represents an attractive physiological
selection criterion because it can be measured relatively rapidly and provides direct
information regarding plant responses to water deficit. Although drought tolerance is a
complex trait governed by multiple physiological and genetic factors, proline accumulation
may serve as an effective component of integrated screening systems when evaluated
together with water status and oxidative stress indicators.

Overall, the findings presented in this chapter reinforce the importance of proline as
a key physiological marker associated with osmotic adjustment and drought adaptation in
cucumber. The observed variation among genotypes further highlights the potential of
utilizing proline accumulation as a selection tool for identifying superior germplasm

suitable for future climate-resilient breeding programs (Blum, 2005; Blum, 2011).

Malondialdehyde (MDA) as an Indicator of Oxidative Damage

Drought stress not only limits plant water availability but also disrupts cellular
metabolic processes, frequently leading to the excessive generation of reactive oxygen
species (ROS). These highly reactive molecules, including superoxide radicals, hydrogen
peroxide, and hydroxyl radicals, can damage proteins, nucleic acids, pigments, and
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membrane lipids when their production exceeds the detoxification capacity of antioxidant
defense systems. Consequently, oxidative stress has become recognized as one of the most
important secondary effects of drought stress in plants (Farooq et al., 2009; Ayala et al.,
2014).

One of the most widely used indicators of oxidative damage is malondialdehyde
(MDA), a by-product of membrane lipid peroxidation. Lipid peroxidation occurs when
reactive oxygen species attack polyunsaturated fatty acids within cellular membranes,
resulting in membrane destabilization, increased permeability, and impairment of cellular
functions. Because MDA accumulation reflects the degree of membrane damage, it is
frequently employed as a biochemical marker for evaluating drought-induced oxidative
stress (Heath & Packer, 1968; Ayala et al., 2014).

Numerous studies have demonstrated that drought-sensitive genotypes generally
exhibit higher MDA concentrations than tolerant genotypes. Elevated MDA levels indicate
increased membrane degradation and reduced capacity to protect cellular structures against
oxidative injury. In contrast, drought-tolerant plants often maintain lower MDA
concentrations through more effective antioxidant defense systems (Mittler, 2002; Gill &
Tuteja, 2010). Including enzymatic antioxidants such as superoxide dismutase, catalase,
and peroxidases, as well as non-enzymatic antioxidants that scavenge reactive oxygen
species before significant cellular damage occurs (Ayala et al., 2014; Farooq et al., 2009).

In cucumber, drought-induced increases in MDA content have been reported
consistently across a wide range of experimental conditions. Water deficit frequently
causes membrane instability, chlorophyll degradation, and reductions in photosynthetic
efficiency, all of which are associated with enhanced lipid peroxidation. Consequently,
MDA has become one of the most commonly measured biochemical indicators in
cucumber drought tolerance studies and is widely utilized in physiological screening
programs (Wang et al., 2024; Das et al., 2024).

The results of the present study clearly demonstrate substantial genotypic variation
in MDA accumulation under drought stress conditions. Among the evaluated cucumber
genotypes, G6 and G5 exhibited the highest MDA concentrations, reaching 11.2 and 10.4
nmol g! fresh weight, respectively. In contrast, the lowest MDA values were recorded in

G2 (6.1 nmol g fresh weight) and G4 (6.3 nmol g fresh weight). Intermediate levels
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were observed in G1 and G3. These findings indicate that G2 and G4 experienced
considerably lower oxidative damage under drought stress than the more sensitive
genotypes.

Analysis of variance further confirmed the significance of these differences. MDA
content differed significantly among genotypes (F = 12.76, p < 0.01), and Tukey’s HSD
test separated G6 and G5 into the highest statistical group, while G2 and G4 were classified
within the lowest group. These results suggest that oxidative stress tolerance varies
considerably among cucumber genotypes and may contribute substantially to differences
in drought adaptation.

Correlation analysis provided additional insight into the physiological significance
of MDA accumulation. MDA exhibited negative correlations with relative water content (r
= —0.65), chlorophyll concentration (r = —0.57), and stomatal conductance (r = —0.51).
Furthermore, a strong negative association was observed between MDA and proline
accumulation (r = —0.61). These relationships indicate that increased oxidative damage is
generally accompanied by reduced physiological performance under drought stress
conditions.

The contrasting responses observed between G2-G4 and G5-G6 provide a clear
illustration of the importance of oxidative stress regulation in drought tolerance. Genotypes
characterized by lower MDA accumulation maintained superior water status, higher
chlorophyll concentrations, and greater stomatal conductance. Conversely, elevated MDA
levels in sensitive genotypes were associated with greater physiological deterioration.

From a breeding perspective, MDA represents a valuable physiological indicator
because it provides direct information regarding cellular damage caused by drought stress.
MDA measurements can facilitate early-stage screening by identifying genotypes capable
of maintaining membrane integrity under adverse environmental conditions. The
integration of MDA assessment with other physiological traits, including proline
accumulation, relative water content, and stomatal conductance, may substantially improve
the efficiency of drought tolerance screening programs.

Overall, the findings presented in this study confirm that MDA is a reliable indicator
of oxidative damage and drought stress severity in cucumber. The substantial genotypic

variation observed among the evaluated materials highlights the importance of oxidative
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stress regulation as a component of drought adaptation and supports the use of MDA as a
practical physiological marker in climate-resilient cucumber breeding programs (Gill &
Tuteja, 2010).

Relative Water Content (RWC) and Water Retention Capacity

Relative water content (RWC) is widely recognized as one of the most informative
physiological indicators used to evaluate plant water status under drought conditions.
Unlike soil moisture measurements, which only provide information about water
availability in the growing medium, RWC directly reflects the hydration level of plant
tissues and their ability to maintain cellular water balance. Consequently, RWC has
become one of the most frequently used parameters in drought physiology studies and is
often considered a reliable indicator of plant tolerance to water deficit (Barrs &
Weatherley, 1962; Farooq et al., 2009; Blum, 2011; Blum, 2017).

Water availability is essential for maintaining cellular turgor, metabolic activity,
nutrient transport, and photosynthetic processes. Under drought stress, reduced soil water
availability limits root water uptake, resulting in declining leaf water content and loss of
turgor pressure. Such changes directly affect cell expansion, leaf growth, stomatal
behavior, and ultimately plant productivity. Therefore, the capacity of a genotype to
maintain tissue hydration under drought conditions is often closely associated with its
ability to tolerate water stress.

The maintenance of higher RWC values under drought reflects the effectiveness of
several adaptive mechanisms. These include improved root water acquisition, enhanced
osmotic adjustment through compatible solute accumulation, reduced transpirational water
loss, and more efficient stomatal regulation. Genotypes capable of sustaining higher RWC
levels generally exhibit greater physiological stability and are better able to preserve
metabolic processes during periods of limited water availability (Farooq et al., 2009; Blum,
2017).

In cucumber, water deficit commonly causes substantial reductions in leaf water
content due to the crop’s relatively shallow root system and high transpiration demand.
Previous studies have shown that reductions in RWC are frequently accompanied by
decreases in chlorophyll concentration, photosynthetic efficiency, and stomatal
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conductance. Consequently, RWC has become an important criterion in physiological
screening programs aimed at identifying drought-tolerant cucumber genotypes (Wang et
al., 2024; Wang et al., 2012).

The results obtained in the present study revealed significant variation among
cucumber genotypes in their ability to maintain water status under drought stress
conditions. The highest RWC values were recorded in G2 (74.3%) and G4 (73.1%),
indicating superior water retention capacity. In contrast, the lowest values were observed
in G6 (55.2%) and G5 (58.6%), suggesting greater susceptibility to dehydration.
Intermediate RWC levels were detected in G1 and G3. These findings indicate that
substantial genotypic differences exist in the capacity to maintain tissue hydration under
water-limited conditions.

Analysis of variance confirmed the significance of these differences. RWC varied
significantly among genotypes (F =21.55, p <0.001), and Tukey’s HSD test separated G2
and G4 into the highest statistical group, while G5 and G6 were classified within the lowest
group. The magnitude of these differences highlights the importance of water retention
capacity as a distinguishing feature of drought tolerance in cucumber.

Correlation analysis further emphasized the physiological significance of RWC.
Relative water content exhibited strong positive associations with proline accumulation (r
= 0.72), chlorophyll concentration (r = 0.63), and stomatal conductance (r = 0.61).
Conversely, RWC was negatively correlated with malondialdehyde content (r = —0.65),
indicating that plants maintaining higher tissue hydration experienced lower levels of
oxidative damage. These relationships demonstrate the central role of water status in
determining overall plant performance under drought stress.

The superior performance of G2 and G4 suggests that these genotypes possess more
efficient drought adaptation mechanisms than the remaining materials evaluated in this
study. Their ability to maintain higher RWC values was accompanied by enhanced osmotic
adjustment, reduced oxidative stress, and improved physiological performance under
drought conditions. Such integrated responses are characteristic of drought-tolerant
genotypes and are highly desirable in breeding programs targeting climate resilience.

From a practical perspective, RWC offers several advantages as a physiological

screening parameter. The measurement is relatively simple, inexpensive, and reproducible,
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allowing the evaluation of large numbers of genotypes in breeding populations.
Furthermore, because RWC integrates multiple physiological processes related to water
acquisition, retention, and utilization, it provides a comprehensive assessment of plant
responses to drought stress.

Overall, the results of this study confirm that relative water content is a highly
informative indicator of drought tolerance in cucumber. The substantial genotypic
variation observed among the evaluated materials highlights the importance of water
retention capacity as a key component of stress adaptation. The strong relationships
between RWC and other physiological traits further support its application as a valuable
selection criterion in cucumber improvement programs aimed at developing climate-

resilient cultivars for water-limited environments (Das et al., 2024).

Chlorophyll Stability Under Drought Stress

Chlorophyll is the primary photosynthetic pigment responsible for capturing light
energy and converting it into chemical energy during photosynthesis. The maintenance of
chlorophyll content is therefore essential for sustaining plant growth, biomass
accumulation, and yield formation. Under drought conditions, chlorophyll degradation is
one of the most common physiological responses observed in plants under drought stress
(Chaves et al., 2009; Ashraf & Harris, 2013) and is frequently associated with reductions
in photosynthetic capacity and overall plant productivity (Flexas et al., 2002; Farooq et al.,
2009).

Drought stress affects chlorophyll metabolism through several mechanisms. Water
deficit often limits nutrient uptake, disrupts chloroplast structure, accelerates leaf
senescence, and promotes the accumulation of reactive oxygen species (ROS). These
processes collectively contribute to pigment degradation and impairment of the
photosynthetic apparatus (Chaves et al., 2009). As chlorophyll concentration declines,
carbon assimilation is reduced, leading to decreased biomass production and lower yield
potential (Farooq et al., 2009; Wang et al., 2024).

The ability to maintain chlorophyll stability under drought stress is widely regarded
as an important indicator of stress tolerance. Genotypes capable of preserving chlorophyll
concentration generally sustain higher photosynthetic efficiency and exhibit improved
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growth under water-limited conditions. Consequently, chlorophyll content has become one
of the most frequently used physiological traits in drought tolerance screening programs
(Flexas et al., 2002; Das et al., 2024).

In cucumber, drought-induced reductions in chlorophyll content have been reported
in numerous studies. Water deficit frequently leads to chloroplast damage, reduced
photosynthetic activity, and impaired carbohydrate production. However, considerable
genotypic variation exists in the degree of chlorophyll degradation under stress conditions.
Drought-tolerant genotypes often exhibit smaller reductions in chlorophyll concentration
than sensitive genotypes, indicating a greater capacity to protect photosynthetic structures
during dehydration (Wang et al., 2024; Das et al., 2024).

The results of the present study clearly demonstrated significant differences among
cucumber genotypes in chlorophyll stability under drought stress. The highest chlorophyll
concentrations were observed in G2 (1.67 mg g') and G4 (1.60 mg g™ '), whereas the lowest
values were recorded in G6 (1.28 mg g™') and G5 (1.35 mg g'). Intermediate values were
detected in G1 and G3. These results suggest that G2 and G4 were more effective in
preserving photosynthetic pigments under water-deficit conditions.

Analysis of variance further confirmed the significance of genotypic variation in
chlorophyll concentration. Chlorophyll content differed significantly among genotypes (F
=10.33, p <0.01), and Tukey’s HSD test separated G2 and G4 into the highest statistical
group while G5 and G6 were classified within the lowest group. These findings indicate
that chlorophyll stability may serve as a useful physiological indicator for distinguishing
drought-tolerant and drought-sensitive cucumber genotypes.

Correlation analysis revealed that chlorophyll concentration was positively
associated with several favorable physiological traits. Significant positive correlations
were observed between chlorophyll concentration and relative water content (r = 0.63) and
stomatal conductance (r = 0.68). Conversely, chlorophyll content exhibited a negative
correlation with malondialdehyde accumulation (r = —0.57), suggesting that genotypes
capable of maintaining higher chlorophyll levels experienced lower oxidative damage.
These relationships highlight the close connection between photosynthetic stability and

drought adaptation.
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Plants that preserve chlorophyll content are better able to sustain carbon assimilation
and biomass production despite water limitations. This observation is consistent with
previous studies demonstrating that chlorophyll stability is closely linked to drought
tolerance and yield maintenance in vegetable crops (Farooq et al., 2009; Wang et al., 2024).

The superior performance of G2 and G4 suggests that these genotypes possess
enhanced mechanisms for protecting the photosynthetic apparatus under stress conditions.
Their higher chlorophyll concentrations were accompanied by greater relative water
content, lower MDA accumulation, higher stomatal conductance, and improved
physiological adaptation under drought conditions. Such coordinated physiological
responses contribute substantially to drought adaptation and represent desirable
characteristics for breeding programs.

From a practical breeding perspective, chlorophyll content offers several advantages
as a selection criterion. Measurements can be performed rapidly using portable chlorophyll
meters, allowing large numbers of genotypes to be evaluated efficiently. Furthermore,
chlorophyll concentration reflects the combined effects of water status, oxidative stress,
and photosynthetic performance, making it a valuable integrative indicator of plant health
under drought conditions.

Overall, the results presented in this study demonstrate that chlorophyll stability is
closely associated with drought tolerance in cucumber. The substantial variation observed
among genotypes and the strong positive relationship between chlorophyll content and
physiological performance support its use as an effective physiological marker in climate-

resilient cucumber breeding programs.

Stomatal Conductance Responses to Drought Stress

Stomatal conductance is one of the most important physiological parameters
governing plant responses to drought stress. Stomata are specialized epidermal structures
that regulate the exchange of gases between plant tissues and the atmosphere. Through the
opening and closing of stomatal pores, plants control carbon dioxide uptake for
photosynthesis while simultaneously regulating water loss through transpiration.
Consequently, stomatal conductance serves as a critical link between plant water relations,
photosynthetic performance, and productivity (Flexas et al., 2002; Chaves et al., 2009).
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Under drought conditions, plants typically respond by reducing stomatal aperture in
order to minimize transpirational water loss. This response is primarily mediated by
drought-induced hormonal signals, particularly abscisic acid (ABA), which triggers
stomatal closure when water availability declines. While stomatal closure contributes to
water conservation, it also restricts carbon dioxide diffusion into leaf tissues, thereby
reducing photosynthetic activity and biomass accumulation. As a result, drought tolerance
depends largely on a plant’s ability to balance water conservation with carbon assimilation
(Flexas et al., 2002; Farooq et al., 2009 ; Chaves et al., 2009).

The degree of stomatal regulation varies considerably among plant species and
genotypes. Drought-tolerant genotypes often exhibit more efficient stomatal control,
allowing them to reduce excessive water loss while maintaining sufficient photosynthetic
activity. In contrast, drought-sensitive genotypes may experience severe reductions in
stomatal conductance that ultimately compromise growth and physiological functioning.
Therefore, stomatal conductance is frequently used as a physiological indicator for
evaluating drought adaptation and identifying superior genotypes in breeding programs
(Blum, 2017; Das et al., 2024).

In cucumber, stomatal conductance is particularly important because of the crop’s
large leaf area and relatively high transpiration rate. Water deficit rapidly affects stomatal
behavior, leading to reduced gas exchange and photosynthetic efficiency. Previous studies
have demonstrated that maintenance of higher stomatal conductance under moderate
drought stress is often associated with improved water-use efficiency, greater
photosynthetic capacity, and enhanced physiological stability (Wang et al., 2024; Wang et
al., 2012).

The results of the present study revealed significant variation among cucumber
genotypes in stomatal conductance under drought conditions. The highest values were
observed in G2 (220 mmol m2 s7') and G4 (210 mmol m2 s™'), while the lowest values
were recorded in G6 (145 mmol m2 s™') and G5 (160 mmol m2 s7!). Intermediate levels
were measured in G1 and G3. These findings indicate that G2 and G4 maintained more
favorable gas exchange characteristics under water-deficit conditions than the sensitive

genotypes.
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Analysis of variance confirmed the significance of genotypic differences in stomatal
conductance. The observed variation was highly significant (F = 15.90, p < 0.001), and
Tukey’s HSD test classified G2 and G4 within the highest statistical group, whereas G5
and G6 were placed in the lowest group. These results suggest that stomatal conductance
is a highly discriminative trait for evaluating drought tolerance in cucumber genotypes.

Correlation analysis further emphasized the importance of stomatal regulation under
drought stress. Stomatal conductance exhibited positive relationships with proline
accumulation (r = 0.49), relative water content (r = 0.61), and chlorophyll concentration (r
= 0.68). In contrast, stomatal conductance was negatively correlated with MDA content (r
= —0.51), suggesting that reduced oxidative damage contributes to the preservation of
stomatal function during drought stress.

Among all measured physiological traits, stomatal conductance exhibited strong
associations with the other physiological parameters evaluated. This finding highlights the
central role of stomatal regulation in determining drought tolerance. Plants capable of
maintaining moderate stomatal opening under drought conditions are better able to sustain
photosynthesis and carbon assimilation. Consequently, stomatal conductance may serve as
one of the most reliable physiological indicators for predicting genotype performance
under water deficit (Flexas et al., 2002; Das et al., 2024).

The superior performance of G2 and G4 demonstrates the importance of efficient
stomatal regulation as part of an integrated drought adaptation strategy. These genotypes
not only maintained higher stomatal conductance but also exhibited higher proline
accumulation, greater relative water content, lower MDA concentrations, and improved
chlorophyll stability. Such coordinated physiological responses contribute to superior
stress tolerance and enhanced physiological resilience.

From a breeding perspective, stomatal conductance represents a valuable selection
criterion because it integrates multiple physiological processes associated with drought
adaptation. Although measurements require specialized equipment, advances in portable
porometers and high-throughput phenotyping technologies have facilitated large-scale
screening of breeding populations. When used in combination with traits such as RWC,
proline accumulation, chlorophyll content, and oxidative stress indicators, stomatal

conductance can significantly improve the accuracy of drought tolerance evaluation.
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Overall, the findings presented in this study demonstrate that stomatal conductance
plays a fundamental role in drought adaptation in cucumber. The substantial variation
among genotypes and the strong associations between stomatal conductance and other
physiological indicators underscore its value as a physiological marker for identifying
drought-tolerant germplasm and supporting the development of climate-resilient cucumber

cultivars.

Comparative Evaluation of Cucumber Genotypes Under Drought Stress

The evaluation of drought tolerance requires a comprehensive assessment of multiple
physiological and agronomic traits because plant responses to water deficit are inherently
complex and multifactorial. Individual physiological parameters may provide valuable
information regarding specific aspects of stress adaptation; however, no single trait can
fully explain genotype performance under drought conditions. Consequently, integrative
evaluation of physiological, biochemical, and productivity-related traits is essential for
accurately identifying drought-tolerant genotypes and supporting breeding decisions
(Ludlow & Muchow, 1990; Blum, 2005).

The results obtained in the present study revealed substantial variation among the six
cucumber genotypes evaluated under drought stress. Differences were consistently
observed across all measured physiological parameters, including proline accumulation,
malondialdehyde content, relative water content, chlorophyll concentration, and stomatal
conductance. These findings indicate that drought adaptation in cucumber is governed by
multiple interacting physiological mechanisms rather than by a single stress-response
pathway.

Among the evaluated materials, genotypes G2 and G4 demonstrated the highest level
of drought tolerance. These genotypes consistently exhibited superior performance across
nearly all measured physiological parameters. Higher proline accumulation, greater
relative water content, enhanced chlorophyll stability, higher stomatal conductance, and
lower MDA concentrations collectively indicate more effective drought adaptation
mechanisms and improved physiological resilience under water-deficit conditions. The

integrated physiological performance of the genotypes is illustrated in Figure 1.
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Figure 1. Radar chart of normalized physiological performance under drought stress
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Figure 1. Integrated physiological performance of cucumber genotypes under drought
stress based on proline accumulation, MDA content, relative water content, chlorophyll
concentration, and stomatal conductance.

Source: Prepared by the author.

The comparative evaluation revealed clear physiological differentiation among
cucumber genotypes exposed to drought stress. Positive associations among proline
accumulation, relative water content, chlorophyll concentration, and stomatal conductance
indicate coordinated drought adaptation mechanisms. Conversely, increased MDA
accumulation was associated with impaired physiological performance. These findings
demonstrate that drought tolerance in cucumber is governed by the integration of multiple
physiological processes rather than by a single adaptive trait.

The observed relationships among physiological traits further support the distinction
between tolerant and sensitive genotypes. Conversely, the negative relationships observed
between MDA and the remaining traits suggest that oxidative damage represents a major

factor contributing to drought sensitivity. These findings emphasize the importance of
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evaluating multiple physiological indicators simultaneously rather than relying on
individual traits in isolation.

The comparative evaluation of genotypes also demonstrated the usefulness of
statistical analyses in drought tolerance assessment. Analysis of variance confirmed
significant genotypic differences for all measured traits, highlighting the presence of
exploitable genetic variation within the evaluated germplasm. Such variation is essential
for breeding programs because it provides opportunities for selecting superior parental
materials and developing improved cultivars adapted to water-limited environments.

From a physiological perspective, drought tolerance in cucumber appears to depend
on the integration of several complementary mechanisms. Osmotic adjustment through
proline accumulation, maintenance of tissue hydration, preservation of photosynthetic
pigments, regulation of stomatal behavior, and reduction of oxidative damage collectively
contribute to improved stress adaptation. Genotypes possessing favorable performance
across all these parameters are more likely to maintain growth and productivity under
drought conditions than those relying on only one or two mechanisms. Such integrated
physiological responses are increasingly recognized as essential targets for breeding crops
adapted to future drought- and heat-prone environments (Hammer et al., 2020).

The findings of this study have important implications for cucumber breeding.
Traditional selection based solely on yield performance may overlook physiological traits
that contribute to stress adaptation. In contrast, the integration of physiological indicators
into breeding programs can improve selection efficiency by identifying superior genotypes
before yield differences become fully apparent. Traits such as proline accumulation, MDA
concentration, relative water content, chlorophyll stability, and stomatal conductance may
therefore serve as valuable complementary criteria for drought tolerance screening.

Overall, the comparative evaluation conducted in this study clearly identified G2 and
G4 as the most promising drought-tolerant genotypes among the evaluated materials. Their
superior physiological performance and greater physiological resilience indicate
substantial potential for utilization in breeding programs targeting climate-resilient
cucumber production. Conversely, the sensitivity of G5 and G6 highlights the importance
of physiological screening in eliminating unsuitable materials from breeding populations.

The integration of multiple physiological indicators provides a robust framework for
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identifying drought-tolerant germplasm and accelerating the development of cucumber

cultivars adapted to increasingly water-limited agricultural environments.

Conclusions and Future Perspectives

Drought stress remains one of the most significant environmental constraints limiting
cucumber production worldwide, particularly in regions increasingly affected by climate
change and water scarcity (IPCC, 2023; Lesk et al., 2016). The complex physiological
responses triggered by water deficit influence multiple aspects of plant growth,
development, and productivity. Understanding these responses is therefore essential for the
development of effective strategies aimed at improving drought tolerance and ensuring
sustainable cucumber production under future climatic conditions.

The findings presented in this chapter demonstrate that drought tolerance in
cucumber is governed by the coordinated interaction of several physiological and
biochemical mechanisms, consistent with previous reports on plant physio-biochemical
responses to drought stress (Wahab et al., 2022). Osmotic adjustment through proline
accumulation, maintenance of tissue hydration, preservation of chlorophyll stability,
regulation of stomatal conductance, and mitigation of oxidative damage collectively
contribute to plant adaptation under water-limited conditions. No single physiological trait
alone was sufficient to explain drought tolerance; rather, superior performance resulted
from the integration of multiple complementary responses.

Substantial genotypic variation was observed among the evaluated cucumber
materials. Genotypes G2 and G4 consistently exhibited superior physiological performance
under drought stress. These genotypes maintained higher proline accumulation, greater
relative water content, enhanced chlorophyll stability, and higher stomatal conductance
while simultaneously exhibiting lower levels of malondialdehyde accumulation. Such
responses indicate more effective osmotic adjustment, improved water retention, better
preservation of photosynthetic capacity, and stronger protection against oxidative damage.

In contrast, genotypes G5 and G6 exhibited characteristics commonly associated
with drought sensitivity, including reduced proline accumulation, lower tissue hydration,
higher oxidative damage, and greater reductions in physiological activity. Their reduced
physiological performance under drought conditions further highlights the importance of
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integrated physiological adaptation mechanisms in determining stress tolerance. The clear
distinction observed between tolerant and sensitive genotypes emphasizes the value of
physiological screening in cucumber improvement programs.

The strong relationships identified among physiological traits further support their
application as practical selection criteria. Positive associations among proline
accumulation, relative water content, chlorophyll concentration, and stomatal conductance
indicate that these traits can provide valuable information regarding genotype performance
under water-limited conditions. Conversely, the negative association between
malondialdehyde content and physiological performance highlights the importance of
minimizing oxidative damage as part of drought adaptation strategies.

From a breeding perspective, the results suggest that physiological indicators can
substantially enhance the efficiency of drought tolerance evaluation. Traditional selection
approaches based solely on yield performance may overlook important adaptive traits
expressed during early developmental stages. Integrating physiological parameters into
breeding programs may therefore facilitate earlier and more accurate identification of
drought-tolerant germplasm. Traits such as proline accumulation, relative water content,
chlorophyll stability, stomatal conductance, and malondialdehyde concentration appear
particularly promising as complementary screening tools.

Future research should focus on integrating physiological assessments with
molecular, genomic, and high-throughput phenotyping approaches (Ji et al., 2018; Blum,
2011). Advances in transcriptomics, metabolomics, genome-wide association studies, and
marker-assisted selection offer significant opportunities for improving the understanding
of drought tolerance mechanisms in cucumber. The identification of genetic loci associated
with key physiological traits could accelerate the development of climate-resilient cultivars
capable of maintaining productivity under increasingly challenging environmental
conditions. Recent advances in crop adaptation research also emphasize the importance of
restoring and utilizing abiotic stress tolerance traits that may have been lost during
intensive breeding processes (Palmgren et al., 2024). Integrating physiological trait-based
screening with modern breeding approaches may substantially improve the development
of climate-resilient cultivars capable of maintaining productivity under drought-prone

environments (Cooper & Messina, 2023).
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The application of emerging technologies, including hyperspectral imaging, thermal
sensing, chlorophyll fluorescence analysis, and machine learning-based phenotyping
platforms, may further improve the precision and efficiency of drought tolerance screening.
Such approaches would allow large breeding populations to be evaluated rapidly and non-
destructively while capturing complex physiological responses that are difficult to measure
using conventional methods.

In conclusion, this chapter highlights the importance of physiological trait-based
approaches for understanding and improving drought tolerance in cucumber. The superior
performance of genotypes G2 and G4 demonstrates the potential value of combining
osmotic adjustment, water retention, photosynthetic stability, and oxidative stress
mitigation as integrated indicators of drought adaptation. The incorporation of these
physiological criteria into future breeding programs may contribute significantly to the
development of climate-resilient cucumber cultivars capable of sustaining productivity
under increasingly water-limited agricultural environments.
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