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Ozet

Kiresel iklim degisikligi, kuraklik ve ytiksek sicaklik streslerinin sikligini ve siddetini
artirarak bitki fizyolojisi, toprak mikrobiyal topluluklar1 ve polinatér ekolojisi
tizerinde o6nemli degisimlere neden olmaktadir. Ozellikle bitki-mikrobiyota
etkilesimleri, bitkilerin stres kosullarina adaptasyonunda kritik rol oynarken, bu
stireclerin nektar ve polen kalitesi tizerindeki dolayl etkileri ar1 beslenmesi agisindan
giderek daha fazla onem kazanmaktadir. Bitki gelisimini tesvik eden rizobakteriler
(PGPR) ve arbuskiiler mikorizal funguslar (AMF), su ve besin elementi alimini
artirarak bitkilerin kuraklik ve sicaklik stresine toleransini gelistirebilmektedir.
Bununla birlikte, bu mikrobiyal etkilesimler bitkilerde karbon metabolizmasi,
sekonder metabolit tiretimi, nektar seker kompozisyonu, amino asit icerigi ve ucucu
organik bilesik (VOC) tiretimi gibi bircok fizyolojik stireci de etkileyebilmektedir. Bu
degisimler, polinatorlerin besin tercihleri, foraging davranislari ve koloni performansi
tizerinde dolayl sonuglar olusturabilmektedir. Ozellikle Apis mellifera gibi genelci
polinatorler, nektar ve polen kalitesindeki degisimlere duyarl olup floral kaynaklarin
besinsel degerine bagli olarak ziyaret davramslarimi degistirebilmektedir. Bu
derlemede, kuraklik ve sicaklik stresinin bitki-mikrobiyota etkilesimleri tizerindeki
etkileri ile bu stireclerin ar1 beslenmesi ve polinatér davranislari tizerindeki potansiyel
sonuclar1 mevcut literatiir 1518inda degerlendirilmistir. Mevcut bulgular, stres
kosullarmin yalnizca bitki verimliligini degil, ayni zamanda polinator beslenmesini ve
ariciik sistemlerini de etkileyebilecegini gostermektedir. Bununla birlikte, mevcut
calismalarin biiytik olctide kontrollii deney kosullarina dayandigi ve saha
kosullarinda koloni diizeyinde uzun donemli arastirmalarin yetersiz oldugu
gorulmektedir. Gelecekteki ¢calismalarin, iklim degisikligi, bitki fizyolojisi, mikrobiyal
topluluklar ve polinator ekolojisini birlikte degerlendiren c¢ok trofik diizeyli
yaklasimlara odaklanmasi gerekmektedir.
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Anahtar Kelimeler: Kuraklik stresi, sicaklik stresi, bitki mikrobiyotasi, PGPR, AMF,
ar1 beslenmesi, polinator davranisi, Apis mellifera

Abstract

Global climate change is increasing the frequency and severity of drought and heat
stress, causing significant alterations in plant physiology, soil microbial communities,
and pollinator ecology. Plant-microbiota interactions play a critical role in plant
adaptation to environmental stress conditions, while their indirect effects on nectar
and pollen quality are becoming increasingly important for honey bee nutrition. Plant
growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal fungi (AMF) can
enhance plant tolerance to drought and heat stress by improving water and nutrient
uptake. In addition, these microbial interactions may influence several physiological
processes in plants, including carbon metabolism, secondary metabolite production,
nectar sugar composition, amino acid content, and volatile organic compound (VOC)
production. Such changes may indirectly affect pollinator feeding preferences,
foraging behavior, and colony performance. Generalist pollinators such as Apis
mellifera are particularly sensitive to variations in nectar and pollen quality and may
modify their visitation behavior according to the nutritional value of floral resources.
This review evaluates the effects of drought and heat stress on plant-microbiota
interactions and discusses their potential consequences for honey bee nutrition and
pollinator behavior based on current literature. Existing evidence indicates that
environmental stress conditions may affect not only plant productivity but also
pollinator nutrition and apicultural systems. However, most available studies are
based on controlled experimental conditions, while long-term colony-level field
studies remain limited. Future research should focus on multitrophic approaches
integrating climate change, plant physiology, microbial communities, and pollinator
ecology.

Keywords: Drought stress, heat stress, plant microbiota, PGPR, AMF, honey bee
nutrition, pollinator behavior, Apis mellifera

Giris

Kiresel iklim degisikligi, tarimsal tiretim sistemleri ve dogal ekosistemler tizerinde
giderek artan diizeyde baski olusturmaktadir. Ozellikle kuraklik ve yiiksek sicaklik
stresleri, bitki biiytimesi, fizyolojik stirecler ve tarimsal verimlilik {izerinde 6nemli
sinirlayici faktorler arasinda yer almaktadir (IPCC, 2023). iklim degisikligi senaryolar,
bircok bolgede sicak hava dalgalarinin sikliginin artacagini, yagis rejimlerinin
diizensizlesecegini ve kuraklik olaylarmin daha uzun stireli hale gelecegini
gostermektedir. Bu stirecler yalmzca bitkilerin biiytime ve gelisimini degil, aym
zamanda bitki-toprak mikroorganizmas: iligkilerini ve polinatér ekolojisini de
dogrudan etkilemektedir.

Bitkiler, cevresel stres kosullarma karsi adaptasyon gelistirebilmek amaciyla kok
bolgesindeki mikrobiyal topluluklarla karmasik simbiyotik iliskiler kurmaktadir.
Ozellikle bitki gelisimini tesvik eden rizobakteriler (Plant Growth-Promoting
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Rhizobacteria; PGPR) ve arbuskiiler mikorizal funguslar (AMF), bitkilerin kuraklik ve
sicaklik stresine toleransini artirabilen ©nemli mikrobiyal gruplar arasinda yer
almaktadir (Vessey, 2003; Smith ve Read, 2008). Bu mikroorganizmalar, su ve besin
elementi alimimi artirmanin yani sira hormonal diizenleme, ozmotik denge,
antioksidan savunma mekanizmalar1 ve sekonder metabolit tiretimi gibi bircok
tizyolojik stirec tizerinde etkili olabilmektedir (Glick, 2012; Pozo ve Azcon-Aguilar,
2007).

Bitki-mikrobiyota etkilesimleri yalmizca bitki stres toleransi agisindan degil, aym
zamanda floral kaynaklarin kalitesi bakimindan da 6nemli sonuglar dogurmaktadir.
Nektar ve polen bilesimi, polinatorlerin besin tercihleri ve foraging davranislar
tizerinde belirleyici rol oynamaktadir (Nicolson ve Thornburg, 2007). Ozellikle Apis
mellifera gibi genelci polinatorler, nektar seker kompozisyonu, amino asit icerigi ve
sekonder metabolit dtizeylerine duyarli olup floral kaynaklarin besinsel kalitesine
bagl olarak ziyaret davranislarini degistirebilmektedir (Vaudo ve ark., 2015; Wright
ve ark., 2013).

Kuraklik ve sicaklik stresleri, bitkilerde karbon metabolizmasi, fotosentetik aktivite ve
sekonder metabolit tiretiminde 6nemli degisimlere neden olarak nektar ve polen
kalitesini dogrudan etkileyebilmektedir. Bununla birlikte, stres kosullarinin bitki-
mikrobiyota etkilesimleri araciligiyla polinator beslenmesi tizerindeki dolayl etkileri
hentiz yeterince acikliga kavusmamastir. Ozellikle stres altindaki bitkilerde mikrobiyal
simbiyontlarin nektar tiretimi, amino asit kompozisyonu ve VOC profilleri tizerindeki
etkilerinin polinatér davranislarini yonlendirebildigi bildirilmekle birlikte, bu
mekanizmalarin ekolojik sonuglarma iliskin bilgi héalen siurhdir (Vannette, 2020;
Pineda ve ark., 2010).

Son yillarda polinatér popiilasyonlarinda gozlenen kiiresel azalis egilimi, bitki-
polinator etkilesimlerini etkileyen tiim faktorlerin daha bitiinciil bir yaklasimla
degerlendirilmesini gerekli kilmaktadir (Potts ve ark., 2010; Vanbergen, 2013). Arilar
basta olmak tizere bircok polinator grubu, habitat kaybi, pestisit kullanimi, besin
kaynaklarmin azalmasi ve iklim degisikligi gibi ¢oklu stres faktorlerinin etkisi altinda
bulunmaktadir. Bu durum, polinator beslenmesinin stirdtirtilebilirligi agisindan bitki
kalite parametrelerinin ve bitki-mikrobiyota iliskilerinin énemini artirmaktadur.

Bu derlemenin amaci, kuraklik ve sicaklik stresinin bitki-mikrobiyota etkilesimleri
tizerindeki etkilerini degerlendirmek ve bu stireclerin ar1 beslenmesi ile polinator
davramislar1 tizerindeki potansiyel sonucglarini mevcut literatiir 1s18inda ortaya
koymaktir. Ayrica calisma kapsaminda, bitki-mikrop-polinator etkilesimlerinin iklim
degisikligi baglaminda c¢ok trofik diizeyde degerlendirilmesinin gerekliligi
tartisilmistir.

Kuraklik ve Sicaklik Stresinin Bitki Fizyolojisine Etkileri

Kuraklik ve ytiksek sicaklik stresleri, bitkilerde fotosentetik kapasitenin azalmasi,
stomatal kapanma, oksidatif stres artis1 ve karbon metabolizmasinin degismesi gibi
cok sayida fizyolojik degisime neden olmaktadir (Farooq ve ark., 2009). Ozellikle uzun
stureli su eksikligi, hiicresel su potansiyelinin diismesine, biiytime hizinin azalmasina
ve biyokiitle tiretiminin siirlanmasina yol agmaktadir. Yiiksek sicaklik stresinin ise
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protein denattirasyonu, membran stabilitesinde bozulma ve enzim aktivitelerinde
azalma gibi olumsuz etkiler olusturdugu bildirilmektedir.

Kuraklik kosullarinda bitkiler, su kaybini smirlandirabilmek amaciyla stomatal
iletkenligi azaltmakta ve buna bagli olarak fotosentetik aktiviteyi baskilamaktadir. Bu
durum karbon asimilasyonunun azalmasina ve enerji metabolizmasimin bozulmasina
yol agabilmektedir. Benzer sekilde ytiksek sicaklik stresinin fotosistem II aktivitesini
baskilayarak fotosentetik verimliligi dustirdigt bildirilmektedir. S6z konusu
tizyolojik degisimler, bitki biiytime performansini dogrudan etkilerken ayni zamanda
floral kaynaklarin miktar1 ve besinsel kalitesi tizerinde de ©nemli sonuclar
olusturmaktadir.

Cevresel stres kosullar, bitkilerde primer ve sekonder metabolit tiretiminde énemli
degisimlere neden olabilmektedir. Ozellikle fenolik bilesikler, flavonoidler ve gesitli
antioksidan metabolitlerin tiretiminin stres altinda arttig1 bildirilmektedir (Pozo ve
Azcon-Aguilar, 2007). Bu bilesikler bitkilerin savunma mekanizmalarinda gorev
almakta ve oksidatif hasarin azaltilmasma katki saglamaktadir. Ayrica sekonder
metabolit profillerinde meydana gelen degisimlerin nektar ve polen bilesimini
etkileyerek polinator beslenmesi ve floral tercih davranislar: tizerinde dolayli sonuclar
olusturabilecegi degerlendirilmektedir.

Kuraklik ve sicaklik streslerinin nektar tiretimi tizerindeki etkileri bircok calismada
ortaya konmustur. Ozellikle su stresi altinda nektar hacminin azaldig1 ve nektardaki
seker konsantrasyonunun degisebildigi bildirilmektedir (Takkis ve ark., 2015). Bunun
yaninda polen protein igerigi, amino asit kompozisyonu ve lipid profillerinin de
cevresel kosullardan etkilenebilecegi ifade edilmektedir. Bu degisimler, polinatorlerin
besin tercihlerini ve ziyaret davranislarmi dogrudan etkileyebilecek potansiyele
sahiptir.

Bu fizyolojik degisimlerin, floral kaynaklarin besinsel kalitesi tizerinden polinator
ekolojisi ve aricilik sistemleri {izerinde dolayli etkiler olusturabilecegi
diistintilmektedir. Floral kaynaklarin miktar1 ve besinsel kalitesi, ar1 kolonilerinin
gelisimi, bagisiklik sistemi ve tiretim performansi tizerinde dogrudan belirleyici rol
oynamaktadir (Alaux ve ark., 2010). Nektar ve polen bilesiminde meydana gelen
degisimlerin; brood gelisimi, isci ar1 popiilasyonu, bagisiklik kapasitesi ve koloni
dayaniklilig1 gibi temel biyolojik stirecleri etkileyebildigi bildirilmektedir (Di Pasquale
ve ark., 2013). Ozellikle iklim degisikliginin yogunlastigi bolgelerde, bitki
tfizyolojisinde meydana gelen stres kaynakli degisimlerin polinator ekolojisi
tizerindeki etkilerinin daha belirgin hale gelebilecegi degerlendirilmektedir. Bu
nedenle cevresel stres kosullarmin bitki fizyolojisi tizerindeki etkilerinin, bitki-
mikrobiyota etkilesimleri ve polinatér beslenmesi baglaminda birlikte ele alinmas:
gerekmektedir.

Bitki-Mikrobiyota Etkilesimleri ve Stres Adaptasyonu

Bitkiler, cevresel stres kosullarma karsi adaptasyon saglayabilmek amaciyla kok
bolgesindeki mikrobiyal topluluklarla karmasik simbiyotik iliskiler gelistirmektedir.
Ozellikle bitki gelisimini tesvik eden rizobakteriler (PGPR) ve arbuskiiler mikorizal
funguslar (AMF), kuraklik ve sicaklik stresine karsi bitki toleransini artiran temel
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mikrobiyal gruplar arasinda degerlendirilmektedir (Vessey, 2003; Smith ve Read,
2008).

PGPR’ler, bitki biiytimesini dogrudan ve dolaylh mekanizmalar aracilifiyla
destekleyebilmektedir. = Bu  mikroorganizmalar; azot  fiksasyonu, fosfat
cozuniirltigtiniin artirilmasi, fitohormon {iiretimi ve stres etileninin azaltilmas: gibi
mekanizmalar yoluyla bitki gelisimine katki saglamaktadir (Glick, 2012; Khalid ve
ark., 2004). Ozellikle kuraklik kosullarinda bazi PGPR tiirlerinin kok gelisimini tesvik
ederek su alim kapasitesini artirdig1 ve antioksidan savunma sistemlerini destekledigi
bildirilmektedir.

Arbuskiiler mikorizal funguslar ise kok ytizey alanini genisleterek bitkilerin su ve
mineral madde alimini artirabilmektedir. AMF kolonizasyonunun o6zellikle fosfor
alimim iyilestirdigi ve kuraklik kosullarinda bitki su dengesinin korunmasina
yardimcr oldugu bildirilmektedir (Pozo ve Azcén-Aguilar, 2007). Bunun yaninda
mikorizal simbiyozun, bitkilerde ozmotik diizenleme ve sekonder metabolit tiretimi
tizerinde de etkili olabilecegi belirtilmektedir.

Kuraklik ve sicaklik stresleri yalnizca bitkileri degil, ayn1 zamanda toprak mikrobiyal
topluluklarini da dogrudan etkilemektedir. Toprak nemindeki azalma ve yiiksek
sicaklik kosullari, mikrobiyal cesitlilikte degisimlere ve bazi faydali mikroorganizma
poptilasyonlarinda azalmaya neden olabilmektedir. Bu durum, bitki-mikrop
etkilesimlerinin yapisim1 degistirerek bitki stres toleransi tizerinde dolayli sonuclar
olusturabilmektedir.

Son yillarda yapilan calismalar, bitki-mikrobiyota etkilesimlerinin yalnizca bitki
biiytimesi ve stres toleransi tizerinde degil, ayni zamanda floral kaynaklarin kimyasal
bilesimi ve besinsel kalitesi tizerinde de etkili olabilecegini gostermektedir. Mikrobiyal
simbiyontlarin karbon metabolizmasi, amino asit sentezi ve sekonder metabolit
tiretimi tizerindeki etkileri; nektar seker kompozisyonu, polen protein igerigi ve VOC
profillerinde degisimlere neden olabilmektedir (Pineda ve ark., 2010). Bu degisimlerin,
polinatorlerin floral tercihleri, foraging davramislar1 ve besin secimleri tizerinde
belirleyici rol oynayabilecegi diistintilmektedir.

Bununla birlikte mevcut calismalarin biiyiik boltimii kontrollii deney kosullarina
dayanmakta olup, saha kosullarinda ¢ok trofik diizeyde gerceklestirilen uzun dénemli
arastirmalarin sinirli oldugu gorilmektedir.
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sistemi ve tiretim performansi acisindan kritik oneme sahiptir. Nektar baslica enerji
kaynagini olustururken, polen protein, amino asit, lipid, vitamin ve mineral icerigi
sayesinde Ozellikle larval gelisim ve fizyolojik stireclerde temel besin kaynag: olarak
degerlendirilmektedir (Roulston ve Cane, 2000).

Kuraklik ve sicaklik stresleri, bitkilerde floral kaynaklarin hem miktarmi hem de
kimyasal bilesimini degistirebilmektedir. Ozellikle su stresi altinda birgok bitki
tiirtinde nektar hacminin azaldig1, seker konsantrasyonlarimin degistigi ve amino asit
profilinde farkliliklarin olustugu bildirilmektedir (Takkis ve ark., 2015). Bu degisimler,
polinatorlerin besin tercihlerini ve ziyaret sikligim1 dogrudan etkileyebilmektedir.
Kuraklik ve sicaklik stresleri, bitki fizyolojisi ve floral kaynak kalitesi tizerinde gok
yonli degisimlere neden olmakta; bu degisimler polinatér davranis: ve ar1 beslenmesi
tizerinde dolayli sonuglar olusturmaktadir (Tablo 1).
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Tablo 1. Kuraklik ve sicaklik stresinin bitki 6zellikleri ve polinatorler tizerindeki
potansiyel etkileri

Stres Faktorii Bitkide Olusan Polinatérler Uzerindeki Kaynak
Degisim Olas1 Etki

Kuraklik Nektar = hacminde Ziyaret stkhiginda Takkis  ve
azalma azalma ark.. (2015)

Kuraklik Polen protein Larval beslenmede Takkis ve
iceriginde degisim yetersizlik ark. (2015)

Yiiksek sicaklik ~ VOC profilinde Floral yonelimde Raguso
degisim degisim (2008)

PGPR/AMF Su ve besin aliminda Floral kaynak Glick (2012)

etkilesimi artis kalitesinde iyilesme

Sekonder Antioksidan Bagisiklik ve Mao ve ark.

metabolit artis1  kapasitede artis detoksifikasyon destegi  (2013)

Nektardaki sakkaroz, glukoz ve fruktoz oranlar1 polinator tercihlerini belirleyen temel
taktorler arasinda yer almaktadir (Baker ve Baker, 1983; Nicolson ve Thornburg, 2007).
Ozellikle Apis mellifera gibi genelci polinatorlerin belirli seker oranlarma duyarh
oldugu ve nektar kalitesindeki degisimlere bagli olarak foraging davramslarim
degistirebildigi  bildirilmektedir. Bunun yaninda nektardaki amino asit
kompozisyonunun da polinatér beslenmesinde énemli rol oynadig: belirtilmektedir.
Prolin gibi amino asitlerin ugus aktivitesi ve enerji metabolizmasi agisindan arilar igin
onemli oldugu ifade edilmektedir (Vaudo ve ark., 2015).

Polen kalitesi de cevresel stres kosullarindan 6nemli olciide etkilenebilmektedir.
Kuraklik ve ytiiksek sicaklik stresleri altinda polen protein iceriginde azalma meydana
gelebilecegi ve bazi amino asitlerin konsantrasyonlarinin  degisebilecegi
bildirilmektedir. Polen lipid profili ve antioksidan bilesik icerigindeki degisimler de
polinator fizyolojisi tizerinde etkili olabilmektedir. Duistik kaliteli polen kaynaklarmin
larval gelisimi, bagisiklik sistemi ve koloni dayaniklilig1 tizerinde olumsuz sonuglar
olusturabilecegi cesitli calismalarda vurgulanmaktadir (Di Pasquale ve ark., 2013).

Son yillarda bitki-mikrobiyota etkilesimlerinin nektar ve polen bilesimi tizerindeki
etkileri giderek daha fazla 6nem kazanmaktadir. PGPR ve AMF gibi mikrobiyal
simbiyontlarin bitki karbon metabolizmasim1 ve sekonder metabolit tiretimini
etkileyerek floral kaynak kalitesini degistirebildigi bildirilmektedir. Ozellikle bazi
mikrobiyal etkilesimlerin nektar amino asit igerigini artirabilecegi ve polen protein
dtizeyleri tizerinde olumlu etkiler olusturabilecegi ifade edilmektedir.

Bununla birlikte, sekonder metabolitlerde meydana gelen degisimler her zaman
olumlu sonuglar olusturmamaktadir. Baz1 fenolik bilesikler ve alkaloidler diistik
konsantrasyonlarda arilar tizerinde koruyucu etkiler gosterebilirken, yiiksek
diizeylerde floral cekiciligi azaltabilmekte veya beslenme davranisim
baskilayabilmektedir (Adler, 2000). Dolayisiyla floral kaynak kalitesindeki
degisimlerin polinatorler tizerindeki etkileri; bilesik tiirii, konsantrasyon ve gevresel
kosullara bagh olarak degiskenlik gosterebilmektedir.
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Iklim degisikligi kosullarinda floral kaynak kalitesinde meydana gelen degisimlerin,
yalnizca bireysel polinatdr davranislarimi degil, ayni zamanda koloni diizeyinde enerji
dengesi, brood gelisimi ve tiretim performansin da etkileyebilecegi dtistintilmektedir.
Bu nedenle nektar ve polen kalitesindeki degisimlerin, bitki-mikrop-polinator
etkilesimleri cercevesinde biittinctil bicimde degerlendirilmesi gerekmektedir
(Goulson ve ark., 2015).

Polinatér Davranisi ve Ar1 Beslenmesi

Polinatdr davranisi, floral kaynaklarin miktari, besinsel kalitesi ve kimyasal bilesimi
ile cevresel kosullarin birlesik etkisi altinda sekillenmektedir. Ozellikle arilar, nektar
ve polen kalitesindeki degisimlere duyarl olup besin tercihlerini floral kaynaklarin
enerji ve besin degerine gore diizenleyebilmektedir (Wright ve ark., 2013). Bu nedenle
iklim degisikligine bagl cevresel streslerin bitki fizyolojisi ve floral kaynak kalitesi
tuzerindeki etkileri, polinator davramslar1 agisindan  6nemli  sonuglar
dogurabilmektedir.

Kuraklik ve sicaklik stresleri altinda nektar hacminde meydana gelen azalmalar,
polinator ziyaret sikhigimi dogrudan etkileyebilmektedir. Diistik nektar {iretimi,
arilarin daha genis alanlarda foraging yapmak zorunda kalmasina neden olarak koloni
diizeyinde enerji maliyetlerini artirabilmektedir. Bunun yaninda nektar seker
kompozisyonunda meydana gelen degisimlerin de besin tercihleri ve ziyaret
davranislar tizerinde belirleyici rol oynadig: bildirilmektedir (Nicolson ve Thornburg,
2007).

Polen kalitesindeki degisimler de ar1 beslenmesi agisindan kritik neme sahiptir. Polen
protein icerigi, amino asit kompozisyonu ve lipid profili, 6zellikle larval gelisim ve
bagisiklik sistemi {tizerinde belirleyici rol oynamaktadir. Dustik kaliteli polen
kaynaklarmin brood gelisimini sinirlayabilecegi, isci ar1 yasam siiresini azaltabilecegi
ve koloni dayanikliligin1 olumsuz etkileyebilecegi bildirilmektedir (Brodschneider ve
Crailsheim, 2010). Bu nedenle iklim degisikligi kosullarinda floral kaynaklarin
besinsel degerinde meydana gelen degisimlerin, koloni saglig1 tizerinde dolayl etkiler
olusturabilecegi diistintilmektedir.

Bitki-mikrobiyota etkilesimleri, polinatér davramislarim1 yonlendirebilecek 6nemli
ekolojik mekanizmalar arasinda degerlendirilmektedir. Mikrobiyal simbiyontlarin
nektar ve polen bilesimini degistirmesinin yani sira VOC tiretimini de etkileyebilecegi
bildirilmektedir (Pineda ve ark. 2010). Cigek kokulari, polinatorlerin bitkileri
tanimasinda ve yonelim davranislarinda temel sinyallerden biridir. Bu nedenle VOC
profilindeki degisimler, polinator ziyaret siklig1 ve floral tercih davranisi tizerinde
onemli sonuclar olusturabilmektedir.

Bazi calismalar, stres kosullarinda bitkiler tarafindan iiretilen belirli sekonder
metabolitlerin arilar tizerinde koruyucu fizyolojik etkiler olusturabilecegini
gostermektedir. Ozellikle bazi fenolik bilesiklerin antioksidan kapasiteyi artirabilecegi
ve detoksifikasyon mekanizmalarini destekleyebilecegi bildirilmektedir (Mao ve ark.,
2013). Ancak sekonder metabolit diizeylerindeki asir1 artisin floral cekiciligi
azaltabilecegi ve beslenme davranisini baskilayabilecegi de belirtilmektedir.
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Bununla birlikte mevcut calismalarin biiyiik boltimii kontrollii deney kosullarina
dayanmakta olup, saha kosullarinda bitki-mikrop-polinator etkilesimlerinin koloni
diizeyindeki sonuglarmi inceleyen uzun doénemli arastirmalarmn smirli oldugu
gorilmektedir.

Koloni Diizeyinde Olas1 Etkiler

Floral kaynaklarin miktar1 ve besinsel kalitesi, ar1 kolonilerinin gelisimi, bagisiklik
sistemi ve {iretim performans: tizerinde dogrudan etkili olmaktadir (Alaux ve ark.,
2010). Nektar ve polen kalitesinde meydana gelen degisimler yalnizca bireysel
beslenme davranisini degil, ayni zamanda brood gelisimi, isci ar1 popiilasyonu,
bagisiklik kapasitesi ve koloni dayamikliligi gibi bircok biyolojik stireci
etkileyebilmektedir (Di Pasquale ve ark., 2013).

Kuraklik ve sicaklik stresleri altinda floral kaynaklarin azalmasi, koloni diizeyinde
enerji dengesinin bozulmasina neden olabilmektedir. Ozellikle nektar tiretimindeki
diistisler, isci arilarin daha genis alanlarda ve daha uzun stire foraging yapmasina yol
acarak enerji maliyetlerini artirabilmektedir. Bu durumun koloni ici is bolimi
organizasyonu ve besin depolama kapasitesi tizerinde dolayl etkiler olusturabilecegi
degerlendirilmektedir.

Polen kalitesindeki diistisler, 6zellikle larval gelisim ve bagisiklik sistemi agisindan
onemli riskler olusturmaktadir. Protein ve amino asit igerigi diisiik polen
kaynaklarinin brood gelisimini sinrlandirabilecegi, is¢i ar1 dayanikliligim
azaltabilecegi ve koloni sagligim1 olumsuz etkileyebilecegi bildirilmektedir
(Brodschneider ve Crailsheim, 2010).

Bitki-mikrobiyota etkilesimleri sonucunda floral kaynak kalitesinde meydana gelen
degisimlerin koloni performans: tizerinde dolayll etkiler olusturabilecegi
diistintilmektedir. Ozellikle PGPR ve AMF gibi mikrobiyal simbiyontlarin bitki
beslenmesini iyilestirmesi ve sekonder metabolit tiretimini diizenlemesi sayesinde
nektar ve polen kalitesinde olumlu degisimler meydana gelebilecegi bildirilmektedir.
Bu degisimlerin brood gelisimi, is¢i ar1 poptilasyonu ve koloni dayaniklilig: tizerinde
olumlu etkiler olusturma potansiyeli bulunmaktadir.

Bununla birlikte, cevresel stres kosullarmnin toprak mikrobiyal topluluklarmmi da
etkilemesi nedeniyle bitki-mikrop iligkilerinin kararlilhig1 degisebilmektedir. Ozellikle
uzun streli kuraklik kosullarinda bazi faydali mikroorganizmalarin aktivitesinde
azalma meydana gelebilecegi ve bunun bitki beslenmesi ile floral kaynak kalitesi
tizerinde olumsuz sonuclar olusturabilecegi belirtilmektedir. Dolayisiyla iklim
degisikliginin etkileri yalmizca bitki diizeyinde degil, ayn1 zamanda mikrobiyal
topluluklar ve polinatdor kolonileri arasindaki iliskiler {izerinden de
degerlendirilmelidir.

Mevcut literatiirde koloni diizeyindeki etkileri inceleyen calismalarin oldukga smirl
oldugu gorilmektedir. Calismalarin biiytik boltimii kontrollii laboratuvar veya kisa
suireli sera kosullarinda gerceklestirilmis olup, gercek ekosistem kosullarindaki etkiler
heniiz yeterince agikhiga kavusmamistir. Ozellikle iklim degisikliginin yogunlastigt
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bolgelerde floral kaynak kalitesi, polinatér davranisi ve koloni performansi arasindaki
iliskileri inceleyen uzun dénemli saha calismalarina ihtiyag¢ duyulmaktadir.

Bu baglamda, bitki-mikrop-polinatér etkilesimlerinin ¢ok trofik diizeyde
degerlendirilmesi, stirdiiriilebilir tarim ve aricilik sistemlerinin gelistirilmesi agisindan
kritik 6nem tasimaktadir. Floral kaynaklarin besinsel kalitesinin korunmas: ve
polinator saghigimin desteklenmesi, yalnizca aricilik verimliligi acisindan degil, aym
zamanda agroekosistemlerin stirdiirtilebilirligi bakimindan da temel 6neme sahiptir.
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Sekil 2. Kuraklik ve sicaklik stresinin bitki-mikrobiyota etkilesimleri, floral kaynak
kalitesi ve bal aris1 beslenmesi tizerindeki etkilerini gosteren kavramsal cerceve.

Tartisma ve Sonug

Bu derleme, kuraklik ve sicaklik stresinin bitki-mikrobiyota etkilesimleri ile polinator
beslenmesi arasindaki iliskileri ¢ok trofik bir ekosistem yaklasimi cercevesinde
degerlendirmektedir. Mevcut literatiir bulgulari, iklimsel stres kosullarinin yalmizca
bitki biiytimesi ve verimliligi tizerinde degil, ayn1 zamanda floral kaynak kalitesi,
mikrobiyal topluluk yapisi ve polinator davranislari tizerinde de ¢nemli etkiler
olusturdugunu gostermektedir.
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Bu calisma kapsaminda degerlendirilen kavramsal cerceve, bitki-mikrobiyota
etkilesimlerinin yalnizca bitki stres tolerans: acgisindan degil, ayn1 zamanda floral
kaynak kalitesi ve polinator saglig1 acisindan da degerlendirilmesi gerektigini ortaya
koymaktadir.

Kuraklik ve yitiksek sicaklik streslerinin bitki fizyolojisi tizerinde olusturdugu
degisimler; nektar tretimi, seker kompozisyonu ve polen besin igerigi gibi floral
kaynak ozelliklerini dogrudan etkileyebilmektedir. Bu degisimlerin, polinatorlerin
besin tercihleri, foraging davranislari ve koloni diizeyindeki enerji dengesi tizerinde
belirleyici rol oynayabilecegi degerlendirilmektedir.

Bitki-mikrobiyota etkilesimleri, bitkilerin cevresel stres kosullarina adaptasyonunda
temel biyolojik mekanizmalar arasinda degerlendirilmektedir. Ozellikle PGPR ve
AMF gibi faydali mikroorganizmalarin; su ve besin elementi alimini artirmasi,
antioksidan savunma sistemlerini desteklemesi ve sekonder metabolit tiretimini
diizenlemesi sayesinde bitkilerin kuraklik ve sicaklik stresine karsi toleransini
artirabildigi bildirilmektedir. Bununla birlikte, bu mikrobiyal etkilesimlerin floral
kaynak kalitesi tizerindeki etkileri hentiz yeterince acikliga kavusmamustir.

Mevcut calismalarin buytik bolimit kontrollti laboratuvar veya sera kosullarinda
yurttulmus olup, gercek ekosistem kosullarindaki etkileri inceleyen calismalarin
sinirh oldugu dikkat gekmektedir. Ozellikle bitki-mikrop-polinator etkilesimlerinin
koloni diizeyindeki sonuglarim1 degerlendiren uzun doénemli saha arastirmalar:
oldukca yetersizdir. Bu durum, mevcut bilgi birikiminin btiytik ¢lgtide deneysel
sistemlere dayandigini ve saha kosullarinda dogrulanmaya ihtiya¢ duydugunu
gostermektedir.

Mevcut literatiirde oOzellikle saha kosullarinda yirttiilen cok trofik diizeyli
calismalarin simirli oldugu gorilmektedir (Tablo 2).

Tablo 2. Mevcut bilgi bosluklar1 ve gelecekteki arastirma ihtiyaglari

Arastirma Alani Mevcut Sinirlilik Gelecekteki  Arastirma
Thtiyaci

Bitki-mikrobiyota  Calismalarin ¢ogu kontrollii Uzun  doénemli  saha

etkilesimleri kosullarda yuriitalmiistiir calismalar1

Polinator davranis1  Bireysel diizey odakli Koloni dtizeyinde
arastirmalar arastirmalar

Nektar ve polen Sinirh veri setleri Cok yillh izleme

kimyasi1 calismalar1

Iklim  degisikligi Faktorler cogunlukla ayr1 Cok faktorlii ekolojik

etkileri degerlendirilmistir modeller

Aricilik Uygulamali calisma eksikligi Surdiirtlebilir aricilik

uygulamalar: sistemlerine entegrasyon

Iklim degisikligi kosullarinda floral kaynak kalitesinde meydana gelen degisimlerin
ar1 kolonilerinin bagisiklik sistemi, brood gelisimi, is¢i ar1 popiilasyonu ve tiretim
performanst iizerinde dolayh etkiler olusturabilecegi diisiiniilmektedir. Ozellikle
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besin kalitesindeki azalmalarin koloni dayanikliligini diistirebilecegi ve ¢oklu stres
faktorleri altinda polinatér popiilasyonlarint1 daha kirilgan hale getirebilecegi
degerlendirilmektedir (Goulson ve ark., 2015).

Son yillarda polinator saghigl ve agroekosistem stirdiirtilebilirligi arasindaki iliskileri
inceleyen c¢alismalarin artmasma ragmen, iklimsel stres faktorleri ile bitki-
mikrobiyota iliskilerini birlikte degerlendiren arastirmalar halen sinirhidir. Bu nedenle
gelecekteki calismalarin; bitki fizyolojisi, toprak mikrobiyolojisi, floral kaynak kimyasi
ve polinator davranislarini entegre eden ¢ok trofik diizeyli yaklasimlara odaklanmasi
gerekmektedir.

Sonug olarak, kuraklik ve sicaklik stresleri yalmizca bitki verimliligi acisindan degil,
ayni zamanda floral kaynak kalitesi, polinator beslenmesi ve aricilik sistemleri
acgisindan da 6nemli sonuglar dogurmaktadir. Bitki-mikrobiyota etkilesimlerinin bu
stireclerdeki roliintin daha iyi anlasilmasi, stirdiirtilebilir tarim uygulamalar: ile
polinator saghgmin korunmasma yonelik stratejilerin  gelistirilmesine katk:
saglayacaktir. Ozellikle iklim degisikliginin etkilerinin giderek arttig1 giintimiizde,
bitki-mikrop-polinatoér  iliskilerinin ~ buttincil bir ekosistem yaklasimiyla
degerlendirilmesi biiytik 6nem tasimaktadir.
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Ozet

Toprak erozyonu, Ozellikle yar1 kurak ve daglik ekosistemlerde arazi
degradasyonunun en 6nemli bilesenlerinden biri olup, bitki ¢rtiistintin zayiflamasi ile
dogrudan iliskilidir. Bitki ortiistintin stirekliligi yalnizca fiziksel faktorlere degil, ayni
zamanda biyotik etkilesimlere, 6zellikle polinasyon siireclerine de baghidir (Potts et al.,
2010). Son yillarda yayginlasan bal ormanlari, nektar ve polen kaynag: saglayan bitki
turleri ile ariciligl desteklemenin 6tesinde, ekosistem restorasyonu ve toprak koruma
acisindan ok islevli sistemler olarak degerlendirilmektedir (Roubik, 2018). Bu
calismada, bal ormanlarinin toprak erozyonunun onlenmesindeki potansiyel roli;
vejetasyon yapisy, polinasyon dinamikleri ve ekosistem stabilitesi arasindaki
etkilegsimler cercevesinde kavramsal olarak degerlendirilmistir. Ozellikle Apis mellifera
gibi polinatorlerin bitki tireme basarisini artirarak vejetasyon yogunlugunu ytikselttigi
ve bunun kok biyokiitlesi ile toprak agregat stabilitesini giiclendirerek erozyon riskini
azalttig1 vurgulanmaktadir (Garibaldi et al., 2013; Ollerton et al., 2011). Sonug olarak,
bal ormanlarinin yalnizca fiziksel toprak koruma sistemleri degil, ayni zamanda
polinator destekli ekolojik stirecler araciligiyla islev goren doga temelli ¢oztimler
olarak degerlendirilebilecegi anlasilmaktadir. Bu calisma, mevcut literatiire dayali
kavramsal bir sentez olup, bal ormanlarinda tozlasma ile desteklenen bitki ortiisii
surekliligini erozyon kontrol stirecleriyle iliskilendiren mekanistik bir ekolojik cerceve
olusturmay1 amacglamaktadar.

Anahtar Kelimeler: Bal ormanlari, toprak erozyonu, polinasyon, ekosistem stabilitesi,
doga temelli ¢coztimler

Abstract

Soil erosion is one of the major components of land degradation, particularly in semi-
arid and mountainous ecosystems, and is closely associated with the degradation of
vegetation cover. Vegetation continuity depends not only on physical factors but also
on biotic interactions, particularly pollination processes. In recent years, honey forests
have been increasingly recognized not only as systems supporting beekeeping
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through nectar- and pollen-rich plant species, but also as multifunctional ecosystems
contributing to ecosystem restoration and soil conservation. This study conceptually
evaluates the potential role of honey forests in soil erosion control within the
framework of vegetation structure, pollination dynamics, and ecosystem stability.
Pollinators such as Apis mellifera may enhance plant reproductive success, increase
vegetation density, and indirectly strengthen root biomass and soil aggregate stability,
thereby reducing erosion risk. In this context, honey forests may function not only as
physical soil conservation systems but also as nature-based solutions supported by
pollinator-mediated ecological processes. The present study is a conceptual synthesis
based on current literature and aims to establish a mechanistic ecological framework
linking pollination-supported vegetation continuity with erosion control processes in
honey forests.

Keywords: Honey forests, soil erosion, pollination, ecosystem stability, nature-based
solutions

Giris

Toprak erozyonu, kiiresel dlcekte arazi degradasyonunun en énemli nedenlerinden
biri olup, ekosistem fonksiyonlari, tarimsal sturdiirilebilirlik ve biyolojik cesitlilik
tizerinde ciddi gevresel etkiler olusturmaktadir (Lal, 2001; Pimentel, 2006). Ozellikle
yar1 kurak, egimli ve ytiksek rakimli bolgelerde, bitki orttistintin zayiflamasi ile birlikte
ylizey akist ve toprak kaybi hizlanmakta, bu durum ekosistem stabilitesini tehdit
etmektedir. Bu nedenle, erozyon kontroliinde yalmzca fiziksel onlemler degil,
vejetasyon stirekliligini destekleyen ekolojik stirecler de kritik 6nem tasimaktadir.
Vejetasyon Ortiisii, erozyon kontroliinde en etkili dogal mekanizmalardan biri olarak
kabul edilmektedir. Bununla birlikte, bitki ortiistiniin erozyon kontroliindeki etkinligi
yalnizca mevcut biyokiitle miktarma degil, ayn1 zamanda vejetasyonun yenilenme
kapasitesi ve stirekliligine de baglidir. Bu noktada, bitki-polinator etkilesimleri 6nemli
bir ekolojik stire¢ olarak ©ne cikmaktadir. Polinasyon, c¢icekli bitkilerin biiytik
cogunlugu icin tireme basarisinin temel belirleyicilerinden biri olup, ekosistem
fonksiyonlarinin stirdiirtilmesinde anahtar bir siirectir. Ozellikle Apis mellifera gibi
genelci polinatorler, genis bitki spektrumunda tozlasmay: saglayarak hem bitki
cogalmasini hem de genetik cesitliligi artirmaktadir. Bu durumun, bitki
populasyonlarinin dayanikliligi ve cevresel streslere karsi adaptasyon kapasitesi
tizerinde olumlu etkiler olusturabilecegi bildirilmektedir (Ollerton et al., 2011;
Garibaldi et al., 2013). Buna karsin, son yillarda polinatdr popiilasyonlarinda gozlenen
kiiresel azalis egilimi (Potts et al., 2010; Vanbergen, 2013; Wagner et al., 2021) bitki-
polinator etkilesimlerinin zayiflamasina ve dolayli olarak vejetasyon stirekliliginin
bozulmasina yol agmaktadir (Potts et al., 2010).

Son yillarda, ekosistem restorasyonu ve arazi degradasyonunun azaltilmas: amaciyla
gelistirilen doga temelli ¢coztimler (nature-based solutions, NBS), stirdiirtilebilir arazi
yonetimi stratejilerinin onemli bilesenleri haline gelmistir (Cohen-Shacham et al., 2016;
Seddon et al., 2020). Bu yaklasimlar, yalnizca fiziksel restorasyonu degil, aym
zamanda biyolojik etkilesimler ve ekosistem hizmetleri araciligiyla sistem
dayamiklihiginin ~ artirilmasini  hedeflemektedir.  Ozellikle biyolojik  cesitlilik,
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polinasyon  hizmetleri ve ekosistem fonksiyonlar1 arasindaki iliskilerin
gliclendirilmesi, uzun vadeli ekosistem stabilitesi agisindan kritik 6nem tasimaktadir.

Bu baglamda, doga temelli ¢oztimler kapsaminda gelistirilen bal ormanlari, yalnizca
aricilik faaliyetlerini destekleyen alanlar degil, aym1 zamanda bitki-polinator
etkilesimlerini gticlendiren ekosistem restorasyon araclari olarak 6ne ¢ikmaktadir. Bal
ormanlari, polinatorleri desteklemek amaciyla nektar ve polen tiretimi ytiksek bitki
turleri kullanilarak olusturulan planli ve ¢ok islevli ekosistemler olarak tanimlanabilir.
Bal ormanlari, nektar ve polen tiretimi ytiksek bitki ttirlerinden olusan planh sistemler
olup, polinatér varligim1 artirarak bitki {tireme basarisim1  dolayli olarak
desteklemektedir. Bu yoniiyle, klasik agaclandirma uygulamalarindan farkl olarak,
ekolojik geri besleme mekanizmalar: ile desteklenen dinamik sistemler olarak
degerlendirilebilir.

Ancak mevcut literatiir incelendiginde, bal ormanlarinin ekosistem hizmetleri
cogunlukla aricilik verimliligi, biyolojik gesitlilik ve karbon sekestrasyonu baglaminda
degerlendirilmektedir. Buna karsin, polinasyon stirecleri araciligiyla vejetasyon
strekliliginin desteklenmesi ve bunun toprak stabilitesi tizerindeki dolayl etkileri
biiyiik dlctide goz ardi edilmektedir. Ozellikle polinator destekli ekolojik siireclerin
erozyon kontrol mekanizmalari ile iliskisini buittinctil olarak ele alan calismalarin
siirli oldugu goriilmektedir. Bu durum, bal ormanlarimin ekosistem restorasyonu ve
surdiirtilebilir arazi yonetimi kapsamindaki potansiyel roliinin tam olarak
anlasilmasimmi zorlastirmaktadir. Bu c¢alisma, s6z konusu literatiir boslugunu
doldurmay1 amaglamakta olup, bal ormanlarimin toprak erozyonu kontroliindeki
potansiyel roliinti vejetasyon yapisi, polinasyon dinamikleri ve ekosistem stabilitesi
arasindaki iligkiler cercevesinde kavramsal olarak degerlendirmektedir. Calisma
kapsaminda, polinatdr destekli vejetasyon stirekliliginin toprak stabilitesi tizerindeki
dolayh etkileri agiklanmakta ve bal ormanlarinin doga temelli ¢c6ztimler kapsaminda
cok islevli ekosistem restorasyon araglari olarak degerlendirilebilecegi onerilmektedir.

Bu yoniiyle calisma, polinasyon hizmetlerini yalnizca biyolojik cesitlilik ve tarimsal
tiretim agisindan degil, ayn1 zamanda toprak koruma ve ekosistem dayaniklilig:
baglaminda degerlendiren disiplinler arasi bir yaklasim sunmaktadir.

Bal Ormanlar1 ve Vejetasyon Yapisi

Bal ormanlari, nektar ve polen tiretim kapasitesi yiiksek bitki tiirlerinin planh bicimde
bir araya getirildigi ve hem polinatorleri desteklemeyi hem de ekosistem hizmetlerini
glclendirmeyi amaclayan ok islevli arazi kullanim sistemleridir. Bu sistemlerde
kullanilan bitki tiirleri yalnizca aricilik agisindan degil, ayn1 zamanda toprak koruma,
biyokiitle tretimi ve ekolojik dayamiklilik gibi 6zellikler bakimindan da
degerlendirilmektedir.

Bal ormanlarinda yaygin olarak tercih edilen tiirler arasinda Robinia pseudoacacia,
Tilia spp. ve Castanea sativa gibi odunsu tiirlerin yani sira Thymus spp. gibi otsu ve
yar1 odunsu tiirler yer almaktadir. Bu tiirlerin ortak 6zelligi, hem yiiksek nektar
tiretimi ile polinatorleri desteklemeleri hem de toprak koruma agisindan kritik olan
vejetatif ozelliklere sahip olmalaridir.
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Toprak erozyonunun kontroliinde vejetasyonun rolii {ic temel mekanizma tizerinden
aciklanmaktadir: (i) ytizey koruma, (ii) kok sistemi ile mekanik stabilizasyon ve (iii)
toprak yapisinin biyolojik iyilestirilmesi. Bitki orttisti, yagmur damlalarmin kinetik
enerjisini absorbe ederek toprak parcaciklarinin ayrilmasini onlemekte ve ytizey
akisini azaltmaktadir. Ayni zamanda kok sistemleri, topragi fiziksel olarak baglayarak
kesme kuvvetlerine karsi diren¢ olusturmakta ve toprak kaybmi azaltmaktadir
(Gyssels et al., 2005). Bu mekanizmalar, 6zellikle yiiksek egimli ve yogun yagis alan
bolgelerde erozyonun sinirlandirilmasinda kritik rol oynamaktadir.

Bal ormanlarinda kullanilan ttirlerin 6nemli bir kismi, derin ve yaygm kok
sistemlerine sahip olup, ozellikle egimli arazilerde toprak stabilitesini artirmada
etkilidir. Ornegin, Robinia pseudoacacia gibi tiirler, hem hizli biiyiime 6zellikleri hem
de azot fiksasyonu kapasitesi sayesinde toprak verimliligini artirarak bitki gelisimini
desteklemektedir. Benzer sekilde, Tilia spp. ve Castanea sativa gibi tiirler, genis
yaprak ytiizey alanlari ile yagisin dogrudan toprak ytizeyine ulasmasini azaltmakta ve
mikroiklim kosullarini iyilestirmektedir.

Bununla birlikte, vejetasyonun erozyon kontroltindeki etkinligi yalnizca tiir secimi ve
biyokiitle miktari ile sinirli degildir. Vejetasyonun mekansal dagilimy, tiir cesitliligi ve
stirekliligi, sistemin uzun vadeli basarisini belirleyen kritik faktorlerdir. Yiiksek ttir
cesitliligi, farklh kok derinlikleri ve btiytime formlar1 sayesinde topragin farkl
katmanlarinda stabilizasyon saglayarak erozyon riskinin azaltilmasma katki
saglayabilmektedir (Reubens et al., 2007).

Ancak burada onemli bir smirlayici faktor ortaya c¢ikmaktadir. Bitki ortiistiniin
surdiirtilebilirligi yalnizca dikim basarisina degil, ayn1 zamanda dogal yenilenme
stireglerine de baglidir. Tohum {iiretimi, cimlenme ve yeni bireylerin olusumu gibi
stiregler biiyiik 6lctide polinasyon basarisi ile iligkilidir. Bu nedenle, bal ormanlarinin
vejetasyon yapist yalnizca statik bir bitki ortiisii olarak degil, polinator etkilesimleri ile
surekli yenilenen dinamik bir sistem olarak degerlendirilmelidir.

Bu baglamda, bal ormanlar1 klasik agaclandirma projelerinden ayrilmaktadir.
Geleneksel agaglandirma uygulamalar: genellikle tek tiir veya smurl: tiir gesitliligi ile
gerceklestirilirken, bal ormanlar1 polinatorleri cekmek amaciyla daha cesitli bitki
kompozisyonlarina sahiptir. Bu durum yalnizca biyolojik cesitliligi artirmakla
kalmamakta, ayn1 zamanda ekosistem dayanikliligini1 ve vejetasyon stirekliligini de
glclendirmektedir.

Sonug olarak, bal ormanlarinin vejetasyon yapisi, toprak erozyonunun énlenmesinde
dogrudan fiziksel etkilerin 6tesinde, biyolojik ve ekolojik stireclerle desteklenen cok
katmanli bir rol oynamaktadir. Ancak bu roliin tam olarak anlasilabilmesi icin,
vejetasyon-polinasyon  etkilesimlerinin ~ daha  derinlemesine  incelenmesi
gerekmektedir. Yaygimn bal ormamn tiirlerinin ekolojik 6zellikleri ve erozyon kontrol
islevleri Tablo 1'de 6zetlenmistir.
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Tablo 1. Yaygin bal ormanu tiirlerinin ekolojik 6zellikleri ve erozyon kontrol islevleri.

Tiir Biiytime Kok Polinator Ekolojik Erozyon
Formu Ozellikleri Degeri Katki Kontrol Islevi
Robinia Agac Derin ve Yuksek Azot Toprak
pseudoacacia yaygin nektar fiksasyonu, stabilizasyonu
hizl
biyokiitle
tiretimi
Tilia spp. Agag Orta Cok ytiksek  Tag ortiistiile  Ytizey akisinin
derinlikte- nektar yagisin azaltilmast
derin tutulmasi,
mikroiklim
diizenlenmesi
Castanea Agac Derin Yiiksek Organik Toprak
sativa nektar/polen madde yapisinin
birikimi iyilestirilmesi
Thymus spp. Cali/Otsu Yogun Yiksek Stirekli Yiizey
ylizeysel toprak orttisti  erozyonunun
kokler olusturma tamponlanmasi

Tablo 1'de 6zetlenen bu ozellikler, bal ormanlarinin yalnmizca fiziksel degil, ayni
zamanda ekolojik stirecler araciligiyla da erozyon kontroltine katki saglayabilecegini
gostermektedir. Vejetasyon yapisinin stirdiirtilebilirligi ise biiytik 6lctide bitki tireme
basarisina ve polinasyon stireclerinin devamliligina baglhdir.

Polinasyon ve Vejetasyon Siirekliligi

Polinasyon, cigekli bitkilerin {ireme basarisini belirleyen temel ekolojik siireclerden
biri olup, karasal ekosistemlerde bitki gesitliligi ve tretkenligin stirdiirtilmesinde
merkezi bir rol oynamaktadir. Diinya genelinde ¢icekli bitkilerin yaklasik %85'inin
hayvan aracili tozlasmaya bagimli oldugu ve bu siirecin ekosistem fonksiyonlar:
acisindan vazgecilmez oldugu bildirilmektedir (Ollerton et al., 2011). Bu baglamda,
genelci bir polinator olan Apis mellifera, genis bitki spektrumu tizerinde etkin rol
oynayarak hem dogal ekosistemlerde hem de tarimsal sistemlerde bitki tireme
basarisini artirmaktadir. Polinasyonun artmasi, yalnizca tohum ve meyve olusumunu
artirmakla kalmay1p, ayn1 zamanda bitkiler arasinda genetik cesitliligin korunmasini
ve adaptif kapasitenin giiclenmesini saglamaktadir (Garibaldi et al., 2013).

Bitki populasyonlarmimn stirdiiriilebilirligi acisindan kritik olan bu stire¢, dogrudan
vejetasyon stirekliligini belirlemektedir. Polinasyon yetersizligi durumunda tohum
tiretimi azalmakta, yeni birey olusumu sinirlanmakta ve bitki Orttisti zamanla
seyreklesebilmektedir. Bu durum 6zellikle kuraklik, yiiksek rakim ve diistik toprak
verimliligi gibi stres kosullarmin hakim oldugu ekosistemlerde daha belirgin hale
gelmektedir. Nitekim, polinatér popiilasyonlarinda son yillarda gozlenen kiiresel
azalis egilimi, bitki-polinator etkilesim aglarim1 zayiflatarak ekosistem stabilitesi
tizerinde olumsuz etkiler olusturabilmektedir (Potts et al., 2010).
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Bal ormanlari, bu noktada kritik bir ekolojik miidahale olarak degerlendirilebilir.
Nektar ve polen tiretimi yiiksek bitki ttirlerinin kullanilmasi, polinatorler igin stirekli
ve giivenilir besin kaynaklari olusturarak onlarin populasyon yogunlugunu ve
aktivitesini artirmaktadir. Bu durum, ekosistem igerisinde pozitif geri besleme
mekanizmalarinin olusmasina katki saglayabilmektedir. Polinator destekli vejetasyon
surekliliginin ekosistem stabilitesi ve erozyon kontrolii tizerindeki potansiyel etkileri
Sekil 1'de sematik olarak gosterilmistir.
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Bu gekil, tozlasma siireglerinin toprak stabilitesine ve erozyonun azaltilmasina katkida bulundugu mekanik yolu gostermektedir.
Artan tozlasma tohumlanma oranini ve bitki cogalmasini artirir, bu da daha fazla bitki értiisii ve kok biyokiitlesine yol agar. Bu
degisiklikler toprak yapisini ve stabilitesini iyilestirir, sonucta erozyon riskini azaltir. Bal armanlan, tozlastincilan destekleyerek ve
vejetasyon sirekliligini siirdiirerek bu yolun her adimini gliglendirir.

Sekil 1. Polinasyon siirecleri ile toprak stabilitesi ve erozyon azalmas: arasindaki
mekanistik iliski.

Artan polinasyon etkinligi, bitki yenilenmesini ve vejetasyon yogunlugunu
destekleyerek kok biyokiitlesinin artmasina katki saglamaktadir. Bu stiregler toprak
yapisin1 ve stabilitesini giiclendirerek erozyon riskinin azalmasina yardimc
olmaktadir. Bal ormanlari, polinator populasyonlarim1i destekleyerek bu
mekanizmanin surekliligini gticlendirebilmektedir.

Bu dongti, bal ormanlarmin klasik agaclandirma projelerinden ayrilmasimi saglayan
temel mekanizmadir.

Artan polinasyon etkinligi, bitki topluluklarinda tiir ve fonksiyonel cesitliligin
korunmasina katkida bulunarak ekosistem dayarikliligini destekleyebilir. Farkli kok
derinlikleri ve biiytime stratejilerine sahip tiirlerin bir arada bulunmasi, topragin farkl
katmanlarinda stabilizasyon saglayarak erozyon riskinin azaltilmasma yardimci
olmaktadir (Fontaine et al., 2006; Dainese et al., 2019).

Ozellikle yar1 kurak ve yiiksek rakimli bolgelerde, bitki yenilenmesi cogu zaman
polinasyonla sinirli bir siirectir. Bu tiir ekosistemlerde polinator aktivitesindeki kiigtik
degisimler dahi bitki ortiisti dinamikleri tizerinde belirgin etkiler olusturabilmektedir.
Bu baglamda, bal ormanlar1 yalnizca mevcut vejetasyonu desteklemekle kalmayip,
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ayn1 zamanda yeni bitki bireylerinin olusumunu tesvik ederek uzun vadeli vejetasyon
stirekliligini saglamaktadir.

Son yillarda yapilan calismalar, polinasyon hizmetlerinin yalnizca tarimsal verimlilik
acgisindan degil, ayn1 zamanda dogal ekosistemlerin stirdtriilebilirligi agisindan da
kritik oldugunu ortaya koymaktadir (Potts et al., 2016). Ancak bu hizmetlerin toprak
erozyonu gibi jeomorfolojik stireclerle olan dolaylh baglantilar: literatiirde smirl
sekilde ele alinmistir. Bu nedenle, polinasyon hizmetlerinin toprak koruma
stiregleriyle iliskilendirilmesi, ekosistem hizmetlerinin degerlendirilmesinde yeni ve
biittinciil bir yaklasim sunmaktadr.

Bu calisma kapsaminda onerilen yaklasim, polinasyonun yalnizca bir tireme stireci
degil, aym1 zamanda toprak stabilitesini belirleyen dolayli bir ekosistem hizmeti
oldugunu ortaya koymaktadir. Bu baglamda, bal ormanlari, polinator destekli
vejetasyon stirekliligi araciigiyla erozyon kontroliinde islev goren biitiinciil
ekosistemler olarak degerlendirilebilir.

Polinasyon destekli vejetasyon stirekliliginin erozyon kontroliine katkisi, bal
ormanlarinin yalmizca biyolojik cesitlilik agisindan degil, aym: zamanda toprak
koruma ve ekosistem restorasyonu acisindan da degerlendirilmesi gerektigini
gostermektedir.

Bal Ormanlarinin Erozyon Kontrol Mekanizmalar1 (Entegratif Yaklasim)

Toprak erozyonu, yagisin ylizey akisina dontismesi ve toprak parcaciklarmin
tasinmasi ile gerceklesen kompleks bir stire¢ olup, bu stirecin siddeti biiytik dlctide
ylizey Ortiisti, toprak yapisi ve biyolojik aktivite tarafindan belirlenmektedir (Morgan,
2005). Bu baglamda, bal ormanlar1 erozyon kontroliinde yalnizca tek bir mekanizma
tizerinden degil, birbirini tamamlayan fiziksel, biyolojik ve ekolojik stirecler
araciligiyla etkili olmaktadir.

Fiziksel Mekanizmalar: Yiizey Koruma ve Hidrolojik Diizenleme

Bal ormanlarinda gelisen bitki orttisii, yagmur damlalarimin kinetik enerjisini absorbe
ederek toprak ytizeyine dogrudan etkisini azaltmakta ve boylece parcacik ayrismasini
onlemektedir. Ayni zamanda bitki ortiisti ve dokitinti tabakasi (litter), suyun
infiltrasyonunu artirarak ytizey akisini azaltmaktadir.

Ozellikle genis yaprakl tiirler (6rnegin Tilia spp. ve Castanea sativa), yagisin 6nemli
bir kismuni tutarak topraga ulasan suyun miktarmi ve hizim1 diistirmektedir. Bu
durum, egimli arazilerde ytiizey akisinin yavaslatilmas: acisindan kritik oneme
sahiptir.

Biyolojik Mekanizmalar: Kok Sistemi ve Toprak Stabilitesi
Bitki kokleri, topragin mekanik dayanikliligini artirarak erozyon stireglerine karsi
diren¢ olusturmaktadir. Kok sistemleri, toprak parcaciklarimi birbirine baglayarak

kesme kuvvetlerine karsi stabilite saglamakta ve toprak kaybinmi azaltmaktadir
(Gyssels et al., 2005).

Bal ormanlarinda kullanilan ttirlerin 6nemli bir kismi1 derin ve yaygin kok sistemlerine
sahiptir. Ornegin, Robinia pseudoacacia, giiclii kok yapisi ve azot fiksasyonu
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kapasitesi sayesinde hem toprak stabilitesini artirmakta hem de toprak verimliligini
iyilestirmektedir. Bunun yar sira, kdklerin 6ltiimii ve yenilenmesi ile olusan organik
madde, toprak agregat stabilitesini artirarak erozyon riskini daha da azaltmaktadir
(Six et al., 2004).

Ekolojik Mekanizmalar: Polinasyon Destekli Vejetasyon Siirekliligi (Ana Katki)

Bal ormanlarinin erozyon kontroliindeki en 6zgiin ve literatiirde en az vurgulanan
yonti, polinator destekli vejetasyon stirekliligi tizerinden ortaya cikan dolayh
etkileridir.

Ozellikle Apis mellifera gibi polinatorlerin varligi, bitki tireme bagarisim artirarak yeni
birey olusumunu tesvik etmektedir. Bu durum, bitki ortiistintin yalnizca korunmasini
degil, ayn1 zamanda stirekli olarak yenilenmesini saglamaktadr.

Bu stire¢ kavramsal olarak su mekanizma ile agiklanabilir: Polinasyon etkinligi T —
Tohum {tiretimi ve bitki yenilenmesi T — Vejetasyon stirekliligi T — Kok biyokiitlesi ve
toprak agregat stabilitesi T — Erozyon riski |

Bu ekolojik mekanizma, bal ormanlarmi klasik erozyon kontrol yaklasimlarindan
ayirmaktadir. Geleneksel yontemler genellikle statik bitki ortiistine dayanirken, bal
ormanlar1 dinamik ve kendini stirdiiren sistemler olarak islev gérmektedir.

Mekanizmalarin Entegrasyonu: Cok Katmanl1 Etki

Bal ormanlarinin  erozyon kontroliindeki basarisi, yukarida tanimlanan
mekanizmalarin tek basma degil, es zamanli ve etkilesimli olarak calismasindan
kaynaklanmaktadir.

- Fiziksel stirecler ytizey korumasi saglar.
- Biyolojik stirecler toprak stabilitesini artirir.
- Ekolojik stirecler sistem stirekliligini destekler.

Bu ticlii yaps, bal ormanlarini yalnmizea kisa vadeli ¢oziimler olmaktan ¢ikararak uzun
vadeli ekosistem restorasyon araglarina dontistiirmektedir.

Ekosistem Stabilitesi ve Iklim Etkilesimi

Ekosistem stabilitesi, bir sistemin cevresel degiskenlik ve stres kosullar1 altinda
fonksiyonlarimi stirdiirebilme kapasitesi olarak tanimlanmaktadir (Holling, 1973).
Karasal ekosistemlerde bu stabilitenin temel belirleyicilerinden biri, bitki orttistintin
stirekliligi ve yenilenme kapasitesidir. Ancak bu siireg, yalnizca abiyotik faktorlere
degil, aym: zamanda biyotik etkilesimlere—o6zellikle polinasyon stireclerine—
bagimhidir.

Iklim degiskenligi, hem bitki gelisimini hem de polinatér aktivitesini dogrudan
etkileyerek bu etkilesim aglarinmi sekillendirmektedir. Ozellikle sicaklik ve yagis
rejimindeki degisimler, polinatorlerin ucus aktivitesi ve cigeklenme donemleri
tizerinde belirleyici rol oynamaktadir. Apis mellifera gibi tiirlerde ugus aktivitesi belirli
sicaklik esiklerine bagh olup, diistik sicaklik ve yiiksek yagis kosullarinda onemli
Olctide sinirlanmaktadir (Vicens & Bosch, 2000).
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Bu durum, polinasyon hizmetlerinin zamanlamas: ile bitki fenolojisi arasinda
senkronizasyon gerekliligini ortaya koymaktadir. Polinattr aktivitesi ile ¢iceklenme
donemleri arasindaki uyumsuzluk (phenological mismatch), bitki tireme basarisini
azaltarak vejetasyon stirekliligini olumsuz etkileyebilmektedir (Forrest, 2015). Bu
baglamda, iklim degisikliginin dolayl etkileri, bitki ortiisti dinamikleri tizerinden
toprak stabilitesi ve erozyon siireclerine kadar uzanabilmektedir.

Bal ormanlari, bu karmasik etkilesimler igerisinde iklim dalgalanmalarma karsi
tampon gorevi gorebilen sistemler olarak degerlendirilebilir. Tiir gesitliliginin yiiksek
olmas: ve farkli giceklenme donemlerine sahip bitkilerin bir arada bulunmas,
polinatorler icin daha uzun siireli ve kesintisiz besin kaynaklari saglamaktadir. Bu
durum, polinatér populasyonlariin siirekliligini destekleyerek polinasyon
hizmetlerinin daha stabil hale gelmesine katki saglamaktadir.

iklim—polinasyon—vejetasyon etkilesimi asagidaki sekilde 6zetlenebilir:

Sicaklik ve yagis kosullar1 — Polinator ugus aktivitesi — Polinasyon basaris1 — Bitki
tireme basaris1 — Vejetasyon yogunlugu — Toprak stabilitesi — Erozyon riski

Bu zincir, ekosistem stabilitesinin yalmizca bitki ortiistine bagli olmadigini, aym
zamanda polinatorlerin ekosistem igerisindeki islevsel roliine de bagli oldugunu
gostermektedir. Polinator destekli vejetasyon stirekliliginin ekosistem stabilitesi ve
erozyon Kkontrolii {izerindeki potansiyel etkileri Sekil 1’de sematik olarak
gosterilmistir.

Ozellikle yar1 kurak ve yiiksek rakimli bolgelerde, uygun polinatér aktivitesinin
gerceklestigi giin say1s1 stnurli oldugundan, bu stire¢ daha hassas hale gelmektedir. Bu
tir ekosistemlerde, kiictik iklim dalgalanmalari bile polinasyon hizmetlerinde belirgin
degisimlere yol acabilmekte ve bunun sonucunda vejetasyon stirekliligi
etkilenmektedir.

Bu baglamda, bal ormanlar1 yalmizca mevcut vejetasyonu koruyan sistemler degil,
aynt zamanda polinator faaliyetlerini destekleyerek iklim degiskenligi altinda
ekosistem stabilitesini artiran yapilar olarak degerlendirilebilir. Bu 6zellik, bal
ormanlarini erozyon kontrolii agisindan stratejik hale getirmektedir.

Son yillarda ekosistem hizmetleri cercevesinde yapilan calismalar, polinasyon
hizmetlerinin yalnizca tarimsal tiretim icin degil, ayn1 zamanda dogal ekosistemlerin
strdiirtlebilirligi icin de kritik oldugunu ortaya koymaktadir (Potts et al., 2016).
Ancak bu hizmetlerin iklim degiskenligi ve toprak erozyonu ile olan dolayl iliskileri
hentiz yeterince btitiinctil bir yaklasimla ele alinmamustur.

Bu calisma, s6z konusu boslugu doldurarak, bal ormanlarmin iklim-polinasyon-
vejetasyon etkilesimleri tizerinden ekosistem stabilitesine katkisini ve bunun erozyon
kontrolii tizerindeki dolayl etkilerini ortaya koymay1 amaglamaktadir.

Iklim degiskenligi, tozlayici aktivitesi, bitki ortiisti dinamikleri ve toprak stabilitesi
arasindaki etkilesimler kavramsal olarak biitiinlestirilmis ve Sekil 2'de gosterilmistir.
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Sekil 2. [klim-tozlagma-bitki ortiisii etkilesimleri yoluyla bal ormanlarinin toprak
erozyonunun azaltilmasindaki potansiyel roliinti gosteren kavramsal gerceve.

Iklim kosullari, tozlayic1 aktivitesini ve tozlasma basarisin1 diizenleyerek bitki
yenilenmesini, bitki orttisti stirekliligini, kok biyokiitlesini ve toprak stabilitesini
etkiler. Bal ormanlari, tozlayici poptilasyonlarmi, gicek siirekliligini ve ekosistem
direncini destekleyerek bu stirecleri gticlendirebilir.

Tartisma

Bu calisma, bal ormanlarmin toprak erozyonu kontroliindeki potansiyel roliini
polinasyon stirecleri, vejetasyon stirekliligi ve ekosistem stabilitesi arasindaki iliskiler
cercevesinde degerlendiren kavramsal bir yaklasim sunmaktadir. Bu calisma
kapsaminda onerilen kavramsal model, polinasyon stireclerinin yalmizca biyolojik
cesitlilik acisindan degil, ayn1 zamanda toprak koruma stiregleri agisindan da
degerlendirilmesi gerektigini gostermektedir. Literattirde erozyon kontroli
cogunlukla fiziksel ve hidrolik mekanizmalar tizerinden aciklanirken, bu calisma
polinator destekli ekolojik stireclerin de toprak stabilitesi tizerinde dolayli ancak
onemli etkiler olusturabilecegini 6ne stirmektedir. Bu yontiyle calisma, polinasyon
hizmetlerini erozyon kontrolii ve siirdiiriilebilir arazi yonetimi ile iliskilendiren
disiplinler arasi bir ¢cerceve dnermektedir.

Calisma kapsaminda degerlendirilen mekanizmalar, bal ormanlarmin erozyon
kontroliine fiziksel, biyolojik ve ekolojik dtizeylerde c¢ok katmanh katkilar
saglayabilecegini gostermektedir. Vejetasyon ortiistiniin yiizey akisini azaltmasi ve
kok sistemlerinin toprak stabilitesini desteklemesi, erozyon kontroliiniin dogrudan
bilesenlerini olustururken; polinasyon destekli bitki yenilenmesi, sistemin uzun
donemli stirdiirtilebilirligi agisindan kritik bir ekolojik mekanizma olarak o©ne
ckmaktadir.
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Ozellikle Apis mellifera gibi genelci polinatorlerin bitki tireme basarisi tizerindeki
etkileri, calismanin temel kavramsal dayanaklarindan birini olusturmaktadir. Artan
polinasyon etkinligi, tohum tiretimi ve bitki yenilenmesini destekleyerek vejetasyon
yogunlugu ve siirekliliginin korunmasma katki saglayabilmektedir. Vejetasyon
ortuistindeki bu stireklilik, kok biyokiitlesi, organik madde birikimi ve toprak agregat
stabilitesi gibi stirecler araciligiyla erozyon riskinin azaltilmasi ile iliskilendirilebilir.
Bu nedenle polinasyon hizmetleri, yalnizca biyolojik cesitlilik veya tarimsal tiretim
acisindan degil, ayn1 zamanda toprak koruma stiregleri acisindan da degerlendirilmesi
gereken kritik ekosistem hizmetleri arasinda yer almaktadir.

Iklim degiskenligi baglaminda degerlendirildiginde, polinator aktivitesinin gevresel
kosullara ytiksek duyarlilik gostermesi, bu ekolojik mekanizmay1 daha kirilgan hale
getirmektedir. Sicaklik ve yagis rejimindeki degisimler, hem ciceklenme fenolojisini
hem de polinator ugus aktivitesini etkileyerek bitki-polinatér senkronizasyonunda
bozulmalara yol agabilmektedir. Ozellikle yar1 kurak ve yiiksek rakimlh
ekosistemlerde, polinattr aktivitesine uygun giin sayisinin sinirli olmasi nedeniyle bu
etkiler daha belirgin hale gelebilmektedir. Bu durum, iklim degisikliginin dolayl
etkilerinin yalnizca biyolojik cesitlilik tizerinde degil, ayni zamanda vejetasyon
surekliligi ve toprak stabilitesi tizerinde de sonuglar olusturabilecegini
gostermektedir.

Tir cesitliligi ytiksek ve farkh ciceklenme donemlerine sahip bitkiler iceren bal
ormanlari, polinatorler icin daha stirekli besin kaynaklar1 saglayarak ekosistem
fonksiyonlarmin = stirekliligini destekleyebilir. Bu durum, yalmzca polinator
populasyonlarinin korunmasina degil, ayn1 zamanda bitki yenilenmesi ve vejetasyon
stabilitesinin stirdiirtilmesine de katki saglayabilmektedir. Bu yontiyle bal ormanlari,
iklim degiskenligi altinda ekosistem dayanikliligini destekleyen ok islevli sistemler
olarak degerlendirilebilir.

Bununla birlikte, bu calismanin bazi siurliliklart da bulunmaktadir. Ozellikle bal
ormanlarinin erozyon {izerindeki etkilerine iliskin dogrudan nicel 6lgtimler sinirhdir
ve mevcut degerlendirmeler biiytiik olciide literatiir sentezine dayanmaktadir. Ayrica,
mevcut calisma dogrudan saha oOlctimlerine degil, mevcut literatiirtin kavramsal
sentezine dayanmaktadir. Bu nedenle 6nerilen mekanizmalarin farkli ekosistem
tiplerinde uzun donemli saha calismalari ile test edilmesi gerekmektedir. Gelecekte
yapilacak calismalarin, polinasyon hizmetleri ile toprak kaybi arasindaki iliskiyi
dogrudan olcen deneysel calismalar, uzaktan algilama verileri ve uzun donemli
ekolojik izleme yaklasimlari ile desteklenmesi 6nemli olacaktir. Bu tiir calismalar, bal
ormanlarinin polinatdr destekli ekosistem hizmetleri araciligiyla erozyon kontroliine
olan katkisinin nicel olarak ortaya konulmasina oénemli katkilar saglayacaktir.

Genel olarak degerlendirildiginde, bu calisma bal ormanlarinin yalnizca aricilik ve
biyolojik cesitlilik acisindan degil, ayn1 zamanda stirdiirtilebilir arazi yonetimi,
ekosistem restorasyonu ve iklim degisikligine uyum stratejileri acisindan da 6nemli
potansiyele sahip oldugunu ortaya koymaktadir. Polinasyon stireglerinin toprak
koruma  mekanizmalar1 ile iligkilendirilmesi, = ekosistem  hizmetlerinin
degerlendirilmesinde daha biitiinciil yaklagimlarin gelistirilmesine katki saglayabilir.
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Sonucg

Bu calisma, bal ormanlarmin toprak erozyonu kontroliindeki potansiyel roluni
polinasyon stirecleri, vejetasyon stirekliligi ve ekosistem stabilitesi arasindaki iliskiler
cercevesinde kavramsal olarak degerlendirmistir. Calisma kapsaminda oOnerilen
yaklasim, polinasyon hizmetlerinin yalmzca biyolojik cesitlilik ve tarimsal tiretim
acisindan degil, aym1 zamanda toprak koruma ve strdirilebilir arazi yonetimi
acisindan da 6nemli ekolojik islevler tasityabilecegini ortaya koymaktadir.

Ogzellikle polinasyon destekli bitki yenilenmesi ile vejetasyon stirekliligi arasindaki
iliskinin, kok biyokiitlesi ve toprak stabilitesi araciligiyla erozyon stiregleri tizerinde
dolayli etkiler olusturabilecegi diistintilmektedir. Bu kavramsal c¢erceve, bal
ormanlarinin yalnizca pasif bitki Ortiisti sistemleri degil, ekolojik geri besleme
mekanizmalar1 ile desteklenen dinamik doga temelli c¢oziimler olarak
degerlendirilmesi gerektigini gostermektedir.

Uygulama acisindan degerlendirildiginde, bal ormanlarmin 6zellikle erozyon riski
yiiksek bolgelerde yayginlastirilmasi, tiir seciminde polinator cekiciligi ve ekolojik
dayaniklilik kriterlerinin dikkate alinmasi, ayrica farkl ciceklenme dénemlerine sahip
bitki ttirlerinin birlikte kullanilmasi onerilmektedir. Bu yaklasim, hem polinator
stirekliliginin desteklenmesine hem de ekosistem fonksiyonlarinin daha stabil hale
gelmesine katki saglayabilir.

Ayrica, iklim degisikligi baglaminda polinator aktivitesinin korunmasi ve
desteklenmesi, yalnizca biyolojik cesitlilik agisindan degil, ayni zamanda toprak
koruma ve arazi stirdiiriilebilirligi acisindan da stratejik 6nem tasimaktadir.

Sonug olarak, bal ormanlar1 polinator destekli ekolojik stirecler araciligiyla toprak
koruma, ekosistem restorasyonu ve iklim degisikligine uyum stratejileri acisindan
onemli potansiyele sahip c¢ok islevli sistemler olarak degerlendirilebilir. Polinasyon
sureclerinin erozyon kontrol mekanizmalar1 ile iliskilendirilmesi, ekosistem
hizmetlerinin degerlendirilmesinde daha biitiinciil yaklasimlarin gelistirilmesine
katki saglayabilir. Gelecekte yapilacak deneysel ve uzun dénemli saha calismalari, bu
kavramsal cercevenin farkli ekosistem kosullarinda dogrulanmasina énemli katkilar
saglayacaktir.
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Abstract

This study aims to evaluate the relationship between sector coupling and cross-border
transmission reinforcement in a highly renewable European energy system from the
perspective of environmental sustainability and cost-effective decarbonization. Rather
than producing a new simulation, the research is based on a secondary analysis of an
existing study built on the PyPSA-Eur-Sec-30 model, supported by a comparative
review of the relevant literature. In this context, scenarios integrating the electricity,
transport, and heating sectors were examined in terms of total system cost, flexibility
capacity, storage requirements, and transmission needs. The analysis shows that the
success of highly renewable energy systems depends not only on expanding
generation capacity but also on how the system is integrated. The findings indicate
that adding the transport sector without flexibility mechanisms increases system costs,
whereas battery electric vehicles provide substantial benefits through smart charging
and vehicle-to-grid applications. By contrast, fuel cell vehicle options appear more
expensive from a system perspective due to lower efficiency and additional
infrastructure requirements. Another major finding is that the heating sector
constitutes the strongest cost pressure in the energy transition process. Therefore, heat
pumps, district heating, long-term thermal storage, and power-to-gas solutions
emerge as critical components. In addition, as sector coupling deepens, the value of
cross-border transmission infrastructure does not disappear, but its marginal
contribution becomes relatively weaker. Overall, the study demonstrates that
sustainable and low-carbon energy systems can be achieved not through isolated
technology choices, but through a multilayered flexibility architecture integrating
electricity, transport, and heating sectors. It is concluded that the most rational
pathway for the energy transition is an integrated planning approach that optimizes
transmission investments together with internal system flexibility options.

Keywords: Battery electric vehicles, Cross-border transmission, Energy storage,
Renewable energy, Sector coupling, Sustainable energy systems
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Ozet

Bu calisma, yiiksek yenilenebilir enerjiye dayali Avrupa enerji sisteminde sektor
entegrasyonu ile smir oOtesi iletim giiclendirmesi arasindaki iliskinin ¢evresel
surdtrtlebilirlik ve maliyet-etkin karbonsuzlasma acgisindan degerlendirilmesini
amaclamaktadir. Arastirma, yeni bir simiilasyon tiretmek yerine, PyPSA-Eur-Sec-30
modelini temel alan mevcut bir calismanin ikincil analizi ve ilgili literatiirtin
karsilastirmali incelenmesi {izerine kurulmustur. Bu kapsamda elektrik, ulastirma ve
1sitma sektorlerini birlikte ele alan senaryolar; toplam sistem maliyeti, esneklik
kapasitesi, depolama gereksinimi ve iletim ihtiyac1 bakimindan c¢oztimlenmistir.
Inceleme sonucunda, yiiksek yenilenebilir enerji sistemlerinde bagarmin yalnizca
kurulu gii¢ artisina degil, sistemin nasil biittinlestirildigine bagh oldugu gortlmisttir.
Bulgular, ulastirma sektoriintin sisteme esneklik olmadan eklenmesinin maliyetleri
artirdigini; buna karsilik bataryali elektrikli araglarin akilli sarj ve aractan sebekeye
enerji aktarimi uygulamalariyla 6nemli maliyet avantaji sagladigini gostermektedir.
Yakit hiicreli arag secenekleri ise daha diisiik verimlilik ve ek altyapr gereksinimi
nedeniyle sistem agisindan daha pahali bulunmustur. Calismanin bir diger 6nemli
sonucu, 1sitma sektortintiin enerji dontistimiindeki en biiyiik maliyet baskisin
olusturdugudur. Bu nedenle 1s1 pompalari, bolgesel 1sitma, uzun doénemli termal
depolama ve gticten-gaza ¢oztimleri kritik neme sahiptir. Ayrica sektor entegrasyonu
derinlestikce sinir otesi iletim altyapisinin faydasi ortadan kalkmamakta, ancak
marjinal katkis1 gorece azalmaktadir. Sonug olarak, calisma stirdiirtilebilir ve diistik
karbonlu enerji sistemlerinin tekil teknoloji tercihlerinden ¢ok, elektrik, ulastirma ve
1sitma  sektorlerini bir araya getiren cok katmanli bir esneklik mimarisiyle
kurulabilecegini ortaya koymaktadir. Enerji gecisinde en rasyonel yaklasimin, iletim
yatirimlar: ile sistem ici esneklik segeneklerini birlikte optimize eden biitiinlesik
planlama anlayist oldugu degerlendirilmektedir.

Anahtar Kelimeler: Bataryali elektrikli araclar, Enerji depolama, Sektor Entegrasyonu,
Sinir Gtesi iletim, Surdtirtilebilir enerji sistemleri, Yenilenebilir ener;ji

Introduction

Climate change, energy supply security, dependence on fossil fuels, and increasing
energy demand have made it necessary to redesign energy systems not only in a
cleaner manner but also in a more flexible, resilient, and economically sustainable way.
Particularly at the European scale, deep decarbonization targets require an increase in
the share of renewable energy in the electricity sector; however, they also demonstrate
that the problem cannot be solved solely at the level of electricity generation. This is
because end-use sectors such as transport, heating and cooling, and, to some extent,
industry continue to account for a significant share of energy consumption and
greenhouse gas emissions. Therefore, the central debate that has gained prominence
in the literature in recent years is that the energy transition is not merely a matter of
“greening” the generation portfolio; rather, it requires a holistic system transformation
that jointly addresses cross-sectoral interactions, sources of flexibility, storage options,
and transmission infrastructure (Wietschel et al., 2020; Wang et al., 2023; Thellufsen et
al., 2023; van der Zwaan et al., 2025; Odenweller et al., 2026; Gotske et al., 2025).
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One of the main challenges in the transition toward systems based on high shares of
wind and solar energy is the temporal and spatial variability of renewable generation.
The supply from wind and solar resources does not always coincide with demand.
This creates problems related to short-term balancing, seasonal flexibility, reserve
capacity, and grid management. Early studies conducted in the European context
revealed the decisive role of cross-border interconnections and transmission grid
expansion in the large-scale integration of variable renewable energy sources.
Accordingly, increasing transmission capacity between countries enables the
exploitation of geographical diversity, more efficient energy flows between regions
with surplus generation and demand centers, and consequently a reduction in system
costs (Schlachtberger et al., 2017; Brown et al., 2016; Becker et al., 2014; Rodriguez et
al., 2014; Fursch et al., 2013).

Similarly, more recent studies show that cross-border transmission reduces total costs,
can decrease regional price differences, and contributes to the more efficient use of
renewable resources (Chen et al., 2020; Carlini et al., 2024; Herding et al., 2024; Shen et
al, 2023; Emdadi and Pirouzi, 2025). Nevertheless, it is also emphasized that
transmission investments cannot be expanded without limit under all circumstances
due to factors such as public acceptance, uncertainty, grid architecture, and scenario
assumptions; under certain conditions, storage and additional flexibility technologies
may serve as alternatives to transmission expansion (Cao et al., 2021; Al-Dhaifallah et
al., 2024).

The second approach that has received more attention lately is cross-sectoral
integration, otherwise known as sector coupling. The term sector coupling refers to the
integration of electricity with transport, heating, cooling, gas, and selected industrial
uses. The idea behind the approach is to treat the energy system as an interconnected
unit instead of its fragmented subsectors. In doing so, it allows for using the flexibility
capacity created in one sector to compensate for the imbalance in another. For example,
electric vehicles could create the needed flexibility with smart charging or vehicle-to-
grid applications, whereas heat pumps or district heating systems would
accommodate surplus renewable generation. Power-to-gas would serve as long-
lasting seasonal energy storage. For all these reasons, sector coupling is considered
both an effective modeling method and a decarbonization strategy as well due to cost
savings related to this approach (Pavicevi¢ et al., 2020; Gea-Bermudez et al., 2021;
Thellufsen et al., 2023; Wietschel et al., 2020; Wang et al., 2023).

Research conducted about sector coupling demonstrates that different sectors provide
different types of flexibility within the energy system. In the transport sector, batteries
of electric vehicles are particularly important for achieving flexibility in the short term,
specifically, by means of smart charging and vehicle-to-grid energy transmission. As
a result, electric cars can perform not only as additional sources of electricity
consumption but also as energy storage capacities (Pavicevic et al., 2020; Victoria et al.,
2019; Bernath et al., 2021). In heating, heat pumps, thermal energy storage, district
heating, and central heat storage become critical in balancing the seasonal fluctuations.
Optimizing integrated systems of electricity and residential heating can bring
significant savings compared to the individual management of these segments, with
even greater gains resulting from including options for centralized and district storage.
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Moreover, increasing energy efficiency and demand side measures have already
proven effective at reducing heating peaks and relieving strain on both generation and
transmission facilities (Optimization of Integrated Systems, n.d.; Akhmetov et al,,
2025).

Another important dimension of sector coupling is the division of roles among storage
technologies and energy carriers. The literature indicates that there is no single
“miracle technology”; rather, different solutions become prominent at different time
scales. Batteries and electric vehicles are effective for short-term balancing; hydrogen
is relevant for medium-term variability; and synthetic gases, thermal storage, and
district heating solutions are effective in addressing seasonal imbalances (Victoria et
al., 2019; Bernath et al., 2021; Gea-Bermudez et al., 2021). However, recent studies show
that direct electrification is, in most cases, more cost-effective than hydrogen-based
end-use options, while hydrogen plays a complementary role, particularly in sectors
that are difficult to electrify (van der Zwaan et al., 2025). This finding strengthens the
principle of “electrification first, strategic hydrogen use second” in discussions of
sector coupling, especially in transport and heating.

However, the analysis of energy systems with significant renewable fractions cannot
be simply solved by listing technological options. The reliable analysis of such systems
requires modeling tools that have the capability of modeling both high spatial-
temporal resolution and cross-sectoral interactions simultaneously. Otherwise, there
might arise situations where long-term energy transition pathways are assessed using
too simplified assumptions, while high-resolution operational analyses lack strategic
meaning. This is clearly seen in recent research that attempts to link together
integrated assessment models and energy system models (Yueksel-Erguen et al., 2025;
Gotske et al., 2025; Odenweller et al., 2026). Moreover, issues related to regional
renewable energy scarce events, like Dunkelflaute, indicate the need to take into
account such factors as extreme weather and resilience in addition to average-year
assumptions (Bernecker et al., 2025). As a result, nowadays, the scientific literature
changes the discussion around the energy transition to one about not only "what
technology should be installed?" but rather "what technology, taking into account the
sectoral interaction and power grid architecture, should be considered?"

Thus, the significance of open-source modeling ecosystems becomes obvious. The
PyPSA platform is able to provide an open and transparent infrastructure for
evaluating energy systems with significant renewables' shares (Brown, Horsch, and
Schlachtberger, 2017). The PyPSA-Eur model creates an opportunity to optimize the
structure of the European power transmission network (Horsch et al., 2018). The
credibility of the above-mentioned models is based on the hourly data about energy
demand and system conditions taken from open data sets provided, for example, by
Open Power System Data and ENTSO-E (Open Power System Data, 2017; European
Transmission System Operators for Electricity [ENTSO-E], 2011). Based on the
methodological foundations described above, renewable energy integration, power
grid expansion, energy demand profile, and cross-sectoral energy flows can be
assessed simultaneously at the European level.

The core study on which this paper is based is positioned precisely within this context.
Brown et al. (2018) jointly examine two strategies that are often presented as competing
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approaches for a European energy system with high shares of renewable energy: first,
strengthening cross-border transmission infrastructure, and second, more tightly
integrating the electricity, transport, and heating sectors. Using the PyPSA-Eur-Sec-30
model, this approach covers 30 European countries at hourly resolution and analyzes
the cost-optimal system composition under a 95% CO, reduction target. Thus, the
study provides an analytical framework for comparing the geographical balancing
function of the transmission grid with the temporal balancing function of technologies
such as battery electric vehicles, power-to-gas solutions, heat pumps, district heating,
and thermal energy storage (Brown et al., 2018). In this respect, the study does not
merely ask whether more grid infrastructure or more sector coupling is needed; rather,
it discusses under which conditions these two strategies complement each other and
under which conditions they reduce each other’s marginal benefits.

Accordingly, the central problem of this study is how to establish the relationship
between spatial flexibility and temporal-sectoral flexibility in a system based on high
shares of renewable energy. Although the existing literature has strongly
demonstrated the importance of transmission expansion (Brown et al., 2016; Becker et
al., 2014; Rodriguez et al., 2014; Fiirsch et al., 2013; Chen et al., 2020), more recent
studies show that as sector coupling deepens, the marginal benefit obtained from
transmission may relatively weaken, because the system can generate internal
flexibility through demand-side management, storage, and multiple energy carriers
(Brown et al., 2018; Pavicevi¢ et al., 2020; Victoria et al., 2019; Bernath et al., 2021; Gea-
Bermudez et al., 2021). Therefore, treating sector coupling and transmission
reinforcement as alternatives to one another is an incomplete approach. The real issue
is to determine which combination of these strategies provides lower costs, higher
reliability, and stronger emission reductions.

In this context, this paper aims to evaluate the relationship between sector coupling
and cross-border transmission reinforcement in debates on a European energy system
based on high shares of renewable energy, with a focus on environmental
sustainability and the green energy transition. The study particularly focuses on the
role of flexibility mechanisms such as battery electric vehicles, vehicle-to-grid energy
transfer, power-to-gas solutions, thermal energy storage, and district heating in
shaping system costs, emission reductions, and infrastructure requirements. In doing
s0, it aims to discuss which policy and planning priorities come to the fore in terms of
renewable energy, sustainable development, and the low-carbon transition.

Method

This study was designed as a qualitative document review and secondary model
analysis aimed at examining the relationship between sector coupling and cross-
border transmission reinforcement in a European energy system based on high shares
of renewable energy. The primary data source of the research is the study developed
by Brown et al. (2018), which is based on the PyPSA-Eur-Sec-30 model. Within this
framework, no new optimization model was constructed, no new field data were
collected, and no new numerical simulation was conducted. Instead, the model
structure, data components, scenario design, and results of the relevant study were
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systematically analyzed, and the findings were comparatively evaluated in relation to
the recent studies included in the bibliography file provided by the user. This
approach makes it possible to interpret how open-source modeling frameworks,
which are widely used in energy system planning, jointly address two critical
flexibility strategies: sector coupling and transmission expansion.

The methodological framework of the study was structured in five stages. In the first
stage, the aim, system boundaries, and optimization logic of the primary study were
identified. The examined model represents 30 European countries using a single-node
approach and evaluates electricity, heat, transport, hydrogen, and methane
components within the same system. The model has a linear optimization structure
that aims to minimize total annual system costs and jointly considers investment
decisions and hourly operational decisions. These characteristics are consistent with
studies in the literature arguing that sector coupling should be evaluated not only from
the generation side but also together with demand-side flexibility, storage, and
infrastructure dimensions.

In the second stage, the technical components of the model were classified. In this
context, the supply side included solar PV, onshore wind, offshore wind, hydropower,
and natural gas; the storage side included batteries, hydrogen storage, hot water tanks,
and synthetic methane; the conversion side included heat pumps, resistive heaters, gas
boilers, combined heat and power plants, and power-to-gas solutions; and the
transport side included battery electric vehicles and fuel cell electric vehicles. In the
model architecture, the multilayered structure of cross-sectoral energy conversion was
interpreted through the flow relationships among energy supply, energy conversion,
and load demand. This integrated structure is schematically presented in Figure 1.
Figure 1 visualizes that the system does not consist solely of the electricity grid; rather,
storage, P2G, CCS, heat pumps, and gas-based units should also be considered within
the same analytical framework. This methodological choice is also consistent with the
literature that evaluates sector coupling as a cost-effective decarbonization strategy.
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Figure 1. Integrated energy system model architecture: main flows among energy
supply, energy conversion, and load demand components.

In the third stage, the scenario set in the primary study was taken as the unit of
analysis. Within this scope, the baseline scenario, including only electricity demand,
transport integration, demand-side management for electric vehicles, vehicle-to-grid
energy transfer, the fuel cell vehicle scenario, heating integration, methanation,
thermal energy storage, district heating, and the full flexibility scenario, in which all
flexibility options are evaluated together, were examined comparatively. All scenarios
were assessed under a 95% CO, reduction target compared with 1990 levels. Thus, the
study interpreted not only the presence of technologies but also the effects of different
combinations of these technologies on system costs, transmission requirements, and
flexibility levels. The literature also emphasizes that sector coupling, storage, and
interconnection options should be considered together rather than individually to
obtain more realistic results.

At the fourth stage, the P2G infrastructure was evaluated as an independent
subcomponent. Such a decision was made based on the focus of the article under
examination on the conversion of hydrogen into methane and the creation of seasonal
flexibility through the gas grid as the most efficient ways to reduce costs in the case of
high heating demand. The scheme of this subsystem is presented in Figure 2. Figure 2
reveals how renewable electricity production, electrolysis, hydrogen storage,
biological methanation, and heat products interact, thus explaining why the P2G
mechanism acts more like a means for balancing medium and long periods than for
balancing short periods. Also, from the works referred to in the bibliography, it
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becomes clear that hydrogen, synthetic gas, and thermal energy storage are effective
ways to manage seasonal fluctuations.
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Figure 2. Schematic overview of the integrated power-to-gas subsystem.

At the last, fifth stage, the criteria for analysis were set. As a result, the scenarios were
analyzed with respect to: (i) the total cost of the system, (ii) the need for cross-border
transmission, (iii) the possibility of balancing in the short and long term, (iv) the need
for storage, and (v) compliance with the goal of decarbonization. Of special interest is
the examination of whether electric vehicle flexibility, thermal energy storage, district
heating, and P2G technology compete with or complement the increase in
transmission capacity, which will be the main criterion for analysis in this paper. It can
be said that this approach is consistent with the literature because it highlights the fact
that sectoral integration and reinforcement of transmission lines are not alternatives
but interconnected approaches that influence each other's marginal benefits.

Findings

The findings of this study indicate that cost-effective decarbonization in a European
energy system based on high shares of renewable energy is shaped not merely by
increasing generation capacity, but by the interaction among sector coupling,
flexibility technologies, and cross-border transmission capacity. All scenarios
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examined were evaluated under a 95% CO, emission reduction target compared with
1990 levels. Total system cost, transmission requirements, storage needs, and the
effects of different flexibility mechanisms on the system were considered jointly in the
analysis. The results reveal that battery electric vehicles, vehicle-to-grid applications,
methanation, district heating, and long-term thermal energy storage have a significant
effect on the economic feasibility of high-renewable energy systems.

1. Comparison of Main Scenarios

From what can be seen, the first conclusion that we can make is that cross-border
transmission capacity turns out to be quite an effective tool in terms of reducing system
costs, provided that we consider only electricity in our system. If we limit ourselves to
electricity, then a lack of transmission capacity would imply that we need to balance
the system using local resources, and this leads to higher electricity prices. Meanwhile,
if we expand the transmission, we will be able to balance the load using renewable
energy generation, which is cheaper. However, this positive effect tends to weaken in
the presence of other system sectors.

It comes as no surprise that direct integration of the transport sector into the system
leads to quite a heavy cost burden before the addition of flexibility tools, as expected.
Thus, in the transport scenario, where land transport demand is added, electricity
demand increased by 37%, while the cost of the entire system without transmission
expansion increased by 41%. In this case, we observe an increase in peak loads, higher
costs related to capacity expansion, and the increased preference for solar PV due to
more aligned generation. In other words, in its basic form, electrification does not
provide any benefit to the system; on the contrary, it makes things worse.

However, everything changes once we add flexibility-related applications in transport.
In particular, DSM scenarios demonstrate that the costs were reduced by 10% and 14 %,
respectively, when battery electric vehicles performed only controlled charging,
depending on their participation. This means that the vehicles can offer significant cost
benefits to the system, even in the case of non-export of energy, due to proper timing.
Moreover, they help shift electricity consumption to hours of the day with the highest
generation from PV plants.

One of the most striking results emerges in the Vehicle-to-Grid scenarios. In V2G
applications, battery electric vehicles do not merely provide demand-side flexibility;
they also act as distributed storage units by feeding electricity back into the grid when
needed. In this scenario, total system cost decreases by up to 22% compared with the
basic transport scenario, bringing the system cost close to that of the electricity-only
scenario. In addition, V2G reduces storage requirements, lowers the CO, shadow
price, eases transmission needs, and increases the share of solar PV. The implication is
clear: electric vehicles generate real system value when they are treated not only as
consumers but also as active components of system flexibility.

Fuel cell electric vehicles do not show the same level of positive performance.
Although hydrogen demand in FCEV scenarios theoretically provides a flexible load
capable of balancing wind and solar fluctuations, system costs increase due to the low
efficiency of the electrolysis-fuel cell chain. The study shows that FCEV scenarios
increase total costs by up to 16% compared with the fully electric transport scenario.
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The limited flexibility benefit obtained from electrolysers, hydrogen storage, and
additional renewable capacity requirements cannot compensate for the additional
investment costs. Therefore, from a system perspective, BEVs are clearly more suitable
than FCEVs for general transport electrification.

The real challenge of the system becomes apparent when the heating sector is added.
In the heating scenario, the inclusion of heating demand in addition to electricity and
transport demand increases total system cost by 117%. This sharp increase results from
the fact that heating demand is both great in volume and highly seasonal. Heat pumps
account for a significant share of total costs, while gas boilers serve as backup units
during peak periods. This result shows that, in high-renewable energy systems, the
main bottleneck is often not electricity generation itself but the seasonal nature of
heating demand. It is also noteworthy that transmission expansion reduces costs by
25% in the same scenario, since the value of geographical balancing increases again as
heating load grows.

One of the key mechanisms reducing this cost pressure in the heating sector is
methanation. In the methanation scenario, converting hydrogen into synthetic
methane, storing it in the natural gas infrastructure, and using it for heating and
electricity generation reduces total system cost by 11% compared with the heating
scenario. Synthetic methane is particularly useful in meeting peak heating demand;
some heat pumps are replaced by gas-based solutions, while the CO, price and
marginal energy prices decline. However, the important point here is that as internal
storage capacity is strengthened through methanation, the marginal benefit of
transmission reinforcement decreases. Indeed, the cost reduction achieved through
optimal transmission falls from 25% in the heating scenario to 17% in the methanation
scenario. This means that as time-based flexibility increases, the relative return of
spatial flexibility decreases.

By contrast, short-term thermal energy storage alone does not create a major
improvement. In the TES scenario, hot water tanks are added to the methanation
scenario, allowing heat demand to be shifted to certain hours. However, due to
thermal losses and the limited time constant, the reduction in total system cost remains
only 1.3%. This does not mean that thermal storage is irrelevant; rather, it shows that
its effect is limited when used alone, while it functions as a complementary component
within broader system architectures. The study also reports that a total of 57 million
m? of thermal storage capacity is installed, corresponding to an average of 0.108 m3 per
capita.

A more significant cost-effective improvement is observed in the combination of
district heating and long-term thermal energy storage. In the Central scenario, the use
of district heating in densely populated areas and the integration of large CHP units
reduce costs by 6% compared with the methanation scenario. More importantly, Long-
Term Thermal Energy Storage used together with district heating enables seasonal
heat shifting and reduces dependence on gas boilers during cold periods. The long-
term thermal storage volume reaches 13 m?3 per capita in district heating areas. This
tinding shows that higher efficiency in the heating sector can be achieved not only
through individual solutions but also through spatially organized heat infrastructure.
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The strongest result is observed in the All-Flex-Central scenario, where all flexibility
options are operated together. In this scenario, 50% BEV-DSM, 50% BEV-V2G,
methanation, and thermal storage are simultaneously activated. Without transmission
expansion, the total system cost is 28% lower than in the heating scenario; under
optimal transmission, it is 17% lower. In the conclusion of the study, it is stated that
when sector-coupling-based flexibility and cross-border transmission are used
together, the total cost reduction can reach up to 37%. This result demonstrates that
appropriate combinations of technologies, rather than individual technologies alone,
are decisive in high-renewable energy systems. In addition, the presence of BEV-V2G
and LTES in this scenario reduces the need for stationary battery storage, hydrogen
storage, and synthetic methane, while making a larger share of solar PV economically
feasible.

Table 1. Comparison of key findings by scenario

Main Cost Impact Relative to

Scenario . . .
Characteristic the Reference Scenario

Analytical Implication

No quantified
Electricity- Electricity demand percentage reported; = Transmission is critical
only only transmission expansion for spatial balancing
reduces costs

Iransport Electrification alone ma
Transport electrification +41% . y
. s Increase system costs
without flexibility
Controlled s
DSM-25 charging of 25% of -10% Loatd Shlftl?g reduces
BEVSs system costs
Controlled Flexible charging enables
DSM-100  charging of all -14% better alignment with PV
BEVs generation
BEVs feed
V2G electricity back into -22% The.st.rf)ngest sh01?t-term
. flexibility mechanism
the grid
Hydrogen-based
ECEV Integrat1qn of fgel +16% transport is more costly
cell electric vehicles from a system
perspective
_ The greatest cost
. Heating sector 0 .
Heating +117% pressure originates from
added .
the heating sector
Methanatio H; converted into o Effective for seasonal
. -11% .
n synthetic methane balancing
TES Short-term thermal 13% Limited contribution
energy storage when used alone
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s . Shared heat
District heating infrastructure is
Central and centralized -6% .
infrastructure advantageous in dense

areas

The most suitable system
-28% is achieved through
technology combinations

All-Flex- Al flexibility
Central options combined

2. Relationship Between Transmission Reinforcement and Sector Coupling

The second main axis of the findings concerns the relationship of complementarity and
tension between transmission reinforcement and sector coupling. In scenarios where
flexibility is limited, such as the electricity-only and heating scenarios, expanding
interconnections significantly reduces costs. By contrast, as mechanisms such as V2G,
methanation, thermal storage, and district heating are included in the system, the
additional benefit obtained from transmission expansion decreases. This is because the
system becomes capable of balancing not only through geographical flexibility but also
through temporal and sectoral flexibility. This result does not make transmission
unimportant; rather, it shows that transmission investments should be addressed in a
more balanced and selective manner. The system is optimized not simply through the
logic of “more transmission lines,” but through a smarter combination of flexibility
components.

This finding is also consistent with the broader literature included in the bibliography
file. Various studies emphasize that transmission investments are important for
renewable integration and system adequacy, while storage and other flexibility tools
may function as alternatives or complements to transmission expansion in certain
scenarios. Similarly, the positive effects of sector coupling on renewable market value,
system flexibility, and decarbonization costs are supported by the broader literature.
What is distinctive in the study examined here is that these two approaches are directly
compared within the same modeling framework.

Table 2. Relative effects of transmission and flexibility options

Dimension of Transmission Sector Coupling/

Analysis Reinforcement  Flexibility Options Analytical Conclusion

Balancing in the
electricity sector

Transmission plays a
dominant role

Flexible BEVs partially

Very strong Limited

When transport Important Very strong with reduce transmission
is added P DSM and V2G .
requirements
When heating is Becomes highly Critical through Seasonal loads require
added important again P2G, TES, and hybrid solutions
p & district heating Y
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Transmission benefits
Still useful Very strong remain, but their marginal
contribution decreases

Under full
tlexibility

3. Findings on Storage and Time Scales

One of the important results of the study is that not all storage technologies perform
the same function. When the storage states in the All-Flex-Central scenario are
examined, methane storage is found to address mainly seasonal supply-demand
imbalances, hydrogen storage balances shorter-term wind fluctuations, long-term hot
water storage enables seasonal heat shifting, and vehicular and stationary batteries
manage daily demand and solar fluctuations. In other words, system flexibility does
not arise from a single type of storage technology, but from a multilayered structure
distributed across different time scales. This finding clearly demonstrates why a multi-
storage architecture is needed in high-renewable systems that include heating and
transport.

Table 3. Functions of storage and flexibility mechanisms by time scale

Flex.lblhl’y / Storage Doml.nant Time Role Within the System
Option Function Scale
Controlled BEV s Hourly / Matching load with solar
charging (DSM) Load shifting daily generation
VoG Distributed battery Hourly / Peak reduction and grid
storage daily support
Stationary batteries Short-t.erm Intra-day Manage.ment of solar-based
balancing fluctuations
Medium-term Days / . . .
Hydrogen storage flexibility weeks Balancing wind fluctuations
Methanation + gas Long-term storage Seasonal Meeting peak heating
storage demand
Short-term thermal . .
TES shifting Days Timing heat consumption
LTES Lo'ng'-term thermal Seasonal Supplymg heat during cold
shifting periods

4. Key Findings in Terms of Sustainability and Applicability

When the findings are evaluated from a sustainability perspective, three main
conclusions stand out. First, direct electrification appears to be more cost-effective than
hydrogen-based end-use options, particularly in the transport sector. Second, the
heating sector represents the real stress test of the high-renewable energy transition;
therefore, deep decarbonization becomes more expensive without solutions such as
district heating, heat pumps, and long-term thermal storage. Third, the transmission
grid and internal system flexibility must be planned together, because neither fully
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substitutes for the other, although each significantly changes the marginal value of the
other. Therefore, the findings show that technology selection in the green energy
transition should be based not on isolated tools, but on system design.

Finally, the comparative result presented in the discussion section of the study is
particularly noteworthy. Based on an approximate calculation using 2011 data, the
annual cost of the existing European energy system is taken as €390 billion per year,
while the All-Flex-Central scenario with optimal transmission is reported to be only
13% more expensive. Moreover, this comparison does not include external costs such
as greenhouse gas emissions and air pollution. This finding shows that high-renewable
and sector-integrated energy systems are defensible not only theoretically but also
economically. In academic terms, the issue is not an excessively costly environmental
ideal, but a rational system design that becomes feasible through the correct
combination of flexibility options.

Discussion and Conclusion

Based on the results provided in this work, it is possible to conclude that the success
of an energy system with a high share of renewable energy sources in Europe does not
depend on increasing the installed capacity of wind and solar farms exclusively.
Instead, what matters is the architecture of the system design that provides the
necessary flexibility for the efficient functioning of a system with significant shares of
intermittent energy sources. As seen in the presented research, cross-border
transmission expansion and sector coupling, often represented as opposing options in
literature, are not substitutes for each other; rather, they serve as complementary tools
for amplifying the marginal benefits of each other. The main analysis implemented in
the context of this study proves this statement with the help of comparing electricity,
transport, and heating sectors in terms of their interaction within one model setting.

First of all, according to the conducted scenario analyses using the PyPSA-Eur-Sec-30
model, it may be concluded that electrification alone is insufficient. Incorporating the
transport sector into the system without the use of any flexibility mechanism raises
electricity demand and the costs of system operation. Hence, replacing fossil fuels with
electricity in end-use sectors does not necessarily lead to a cost-efficient transition. On
the contrary, incorporating the transport sector by means of smart charging and,
especially, vehicle-to-grid energy transfers decreases the costs and lowers the need for
additional storage capacity, and improves the use of solar power. In other words, only
if the electric vehicle is considered not as consumption but as an integrated part of the
energy system does it add value to the system in terms of its costs and flexibility. The
statement corresponds to research proving the transport sector to have one of the
highest flexibility potentials in future energy systems.

Another crucial issue discussed in the present study is the limitation of inflated
expectations related to hydrogen. Thus, it is evident from the conducted scenarios that
fuel cell vehicle scenarios cost much more compared to battery electric vehicle
scenarios, owing to lower efficiency and additional required infrastructure. As a result,
the authors argue that it is more beneficial to implement direct electrification in all the
end-use sectors and limit the use of hydrogen to specific cases in the form of
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supplementary technology. More recent studies included in the bibliography file also
show that electricity becomes the dominant energy carrier in net-zero emission
pathways, whereas hydrogen performs a more limited but indispensable
complementary function in specific areas. Therefore, extending hydrogen
indiscriminately to all end-use applications reflects a technically and academically
weak overgeneralization.

Thirdly, an important issue for discussion is the significant weight of the heating sector
in the energy transition. It has been found that the integration of heating demand into
the energy transition system significantly increases the costs in comparison with the
integration of transport demand. On the one hand, it stems from the large volumes of
heating demands. However, the seasonal nature of this demand and its peak load
properties contribute even more. Even though daily balancing issues within the
electrical system may seem less acute for consideration, the presence of heavy heating
loads makes them extremely relevant. Therefore, it is no wonder that approaches to
the use of district heating, thermal energy storage, seasonal hot water storage, and
methanation gain traction. The findings from the literature reviewed within the
bibliography prove that the joint optimization of residential heat and electricity
production brings considerable savings due to the introduction of district-level
facilities. Hence, it can be said unequivocally that any energy transition models
disregarding the heating sector remain unfinished and unrealistic on a conceptual
basis.

Fourthly, it is important to address the reconsideration of the role of expanding the
transmission capacity. As has been found in this research, transmission expansion is
highly beneficial within both electricity-only and inflexible cases. This conclusion
confirms previous studies on the crucial role of interconnections in cost-effective
renewable integration at the European scale. Nevertheless, the essential distinction
consists in a smaller marginal benefit provided by such measures as sector coupling
goes further because it allows for balancing not only geographically but also in terms
of time and various sectors. Of course, it does not mean that investment in
transmission becomes irrelevant. However, it cannot be considered as the only
decisive factor for system optimization anymore. Whereas most works analyzed
within the bibliography agree with the importance of interconnection for system
adequacy and efficiency, recent models prove that the role of such measures varies
depending on the assumed scenario and flexibility options. In other words, the
discourse regarding "transmission vs sector coupling" should evolve to "which
combinations make more sense under what circumstances?".

Another noteworthy contribution of the paper lies in its demonstration of how various
storage technologies operate depending on different time scales. The role of methane
storage lies in addressing seasonal variations, while hydrogen serves to balance
shorter-term variations in wind production. Batteries and batteries in electric vehicles
adjust based on daily changes in solar radiation. These findings suggest that
depending on only one storage technology for a low-carbon energy system is
impractical. Another relevant point made in the literature is that batteries are best
suited for balancing at short periods, hydrogen becomes important for balancing at
longer periods, and thermal storage technologies become necessary when integrating
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the heating sector into the energy system. In light of that, considering "storage" as one
concept without making distinctions between technologies by time scale and sector
coupling would be scientifically flawed. Rather, there needs to be differentiation of
storage technology by both time scale and sector.

In terms of sustainability, the key takeaway from the research findings is that energy
systems with high amounts of renewable energy are financially justified. According to
the main study examined in the work, it is estimated that implementing all the
flexibility measures and optimal transmission requires only minor additional costs
compared to current system costs. Additionally, these calculations do not include
externalities like CO2 emissions and air pollution. It shows that transitioning to an
energy system is not an expensive environmentalist endeavor disconnected from
practical concerns. Instead, through leveraging system flexibility and coupling, a
future with high amounts of renewable energy can also be economically justified, in
addition to being environmentally beneficial. Finally, according to other literature
included in the bibliography, sector coupling can not only increase the value of
renewable resources but it can also create savings and help achieve carbon neutrality.

However, it should be noted that the analysis carried out in the study contains several
methodological problems. To begin with, the model used consists of a single node for
each country and ignores some grid constraints locally. Also, certain technologies are
excluded from calculations, and certain CO2 sources are excluded. Furthermore, the
majority of calculations are performed based on a single historic year and exclude
other years. Moreover, some constraints about natural gas are implemented in the
model only partially. According to other scientific sources, energy security issues like
climate disasters, extreme weather, and renewable scarcity events called Dunkelflaute
need to be considered in models of energy. Therefore, although the findings are highly
valuable, they should not be presented as universally fixed truths in every context.
From a scientific perspective, the sounder position is to interpret these results as strong
but conditional conclusions.

The conclusion drawn in this work is that the application of the sector coupling
approach can be regarded as one of the crucial strategies within the energy systems
featuring high proportions of renewable energy sources in Europe. Technologies such
as battery electric vehicles, smart charging, vehicle-to-grid energy exchange, heat
pumps, district heating, thermal energy storage, and power-to-gas have been found to
result in cost savings on top of integrating renewables in a more efficient way. While
transmission lines between states become relevant in terms of interconnections, their
importance becomes secondary as the concept of sector coupling advances, proving
that there is no single solution determining the transition processes. Therefore, energy
transition strategies need to consider both internal system flexibility opportunities and
investments into transmission technologies as a complementary solution rather than a
choice to be made exclusively in favor of one of them.

From this standpoint, the main finding of the work is that the sustainable and low-
carbon energy future can be built through the construction of a new type of intelligent
system that would be based on combining the electricity, transport, and heating
sectors; would be supplemented by means of storage at multiple scales; and would
include proper transmission lines. From among transport technologies, battery electric
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vehicles turn out to be the most promising ones, while from among heating
technologies, heat pumps and district heating. Moreover, seasonally balanced systems
are considered vital in this case, which transforms the question about the preferred
solution from "Which technology would prevail?" to "Which system design would be
more flexible, cheaper, and low-carbon?"
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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic compounds composed
of two or more fused aromatic rings, primarily produced through incomplete
combustion of organic matter. These compounds are widely distributed in the
environment due to both natural and anthropogenic sources such as fossil fuel
combustion, industrial activities, vehicle emissions, and biomass burning. PAHs are
persistent, bioaccumulative, and toxic, making them significant environmental
pollutants. Many PAH compounds are known or suspected carcinogens, mutagens,
and endocrine disruptors. This paper reviews the sources, environmental fate,
toxicological impacts, and ecological risks of PAHs, emphasizing their long-term
threats to ecosystems and human health.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) represent a large group of organic
contaminants consisting of carbon and hydrogen atoms arranged in multiple fused
benzene rings. Their formation occurs mainly during incomplete combustion
processes, including fossil fuel burning, waste incineration, industrial production, and
natural events such as forest fires and volcanic eruptions. Due to their hydrophobic
nature and chemical stability, PAHSs persist in environmental compartments such as
air, water, soil, and sediments. The United States Environmental Protection Agency
(US EPA) has identified 16 priority PAHs due to their toxicity and environmental
relevance. The increasing industrialization and urbanization worldwide have
significantly elevated PAH concentrations in the environment, making them a global
environmental concern. Environmental sources of free radicals and reactive oxygen
species include some pollutants, organic solvents, pesticides, tobacco smoke.
Polycyclic aromatic hydrocarbons (PAHs) are also an important source of
environmental stress emitters, and their longterm bioaccumulation causes severe
environmental pollution (Selamoglu, 2018).
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Sources of Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants
that originate from both natural processes and human activities. Although they can be
formed in nature, contemporary environmental burdens of PAHs are overwhelmingly
dominated by anthropogenic emissions (Bostrom et al., 2002). Production of free
radicals, which can be caused by environmental pollution plays an important role in
damage and loss of function in tissues and organs. Lipid peroxidation, which results
from the oxidative injury of saturated and unsaturated lipids, has been broadly used
as a marker of the induction of oxidative damage in rats suffering from environmental
stress induced by PAHs. PAHs, such as petroleum andpetroleum derivatives, are
widespread organic pollu-tans originated from oil spills and incomplete combus-tion
of fossil fuels at the environment (Selamoglu, 2018).

Natural Sources

Natural sources contribute relatively small but ecologically significant amounts of
PAHs. One of the most important natural formation pathways is incomplete
combustion of organic matter during forest and grassland fires. During such high-
temperature combustion processes, plant biomass undergoes pyrolysis, producing a
wide range of PAH compounds that are released into the atmosphere (Netf, 1979).
Another natural source is volcanic activity, where high-temperature geochemical
reactions lead to the formation and emission of organic pollutants including PAHs.
Although less studied compared to anthropogenic sources, volcanic emissions can
locally elevate PAH concentrations in air and soil. In addition, diagenetic processes in
sediments represent a geological pathway of PAH formation. Over long timescales,
organic matter buried in sediments undergoes chemical transformation under heat
and pressure, forming petrogenic PAHs that can later be released through natural
seepage or erosion processes (ATSDR, 1995).

Anthropogenic Sources

Human activities represent the dominant global source of PAHs, especially in
industrialized and urbanized regions. The most significant contributor is vehicle
exhaust emissions, particularly from diesel engines, which produce high
concentrations of high-molecular-weight PAHs due to incomplete combustion of fossil
tuels (WHO, 2010). Industrial processes such as steel manufacturing, aluminum
production, petroleum refining, and coke production are also major sources. These
industries operate at high temperatures where organic compounds are thermally
decomposed, releasing PAHSs into the atmosphere and surrounding environments.
Residential heating systems, especially those using coal, wood, and biomass fuels,
significantly contribute to PAH emissions in developing and cold-climate regions.
Inefficient combustion in household stoves and fireplaces leads to high local exposure
levels. Another important source is waste incineration, where municipal and
hazardous waste combustion produces PAHs if combustion conditions are not fully
optimized. Similarly, oil spills and petroleum leakage release petrogenic PAHSs

directly into marine and terrestrial ecosystems, causing long-term contamination
(Selamoglu, 2018).
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As aresult, urban areas consistently show much higher PAH concentrations than rural
environments, largely due to traffic density, industrial clustering, and energy
consumption patterns (Bostrom et al., 2002).

Environmental Fate and Transport

PAHs are classified as semi-volatile organic compounds (SVOCs), meaning they can
exist in both gaseous and particulate phases. Their environmental behavior is
governed by physicochemical properties such as vapor pressure, solubility, and
hydrophobicity.

Atmospheric Transport

In the atmosphere, PAHs are distributed between gas and particulate phases
depending on their molecular weight. Low molecular weight PAHSs (2-3 rings) tend to
exist in gaseous form, while high molecular weight PAHs (4-6 rings) strongly adsorb
onto airborne particulate matter. This dual-phase behavior enables PAHs to undergo
long-range atmospheric transport, allowing them to travel hundreds or even
thousands of kilometers before being deposited through wet (rain, snow) or dry
deposition processes (ATSDR, 1995). This explains why PAHSs can be detected even in
remote regions such as the Arctic.

Soil and Sediment Accumulation

Due to their highly hydrophobic nature, PAHs strongly bind to organic carbon in soils
and sediments. Once deposited, they tend to persist for long periods because they are
poorly soluble in water and resistant to microbial degradation. Sediments in rivers,
lakes, and coastal zones act as major sinks for PAHs, where they accumulate over
decades. These reservoirs can later act as secondary pollution sources when disturbed
by dredging, floods, or biological activity (Neff, 1979).

Aquatic Systems

PAHs enter aquatic environments through atmospheric deposition, urban runoff,
industrial discharge, and accidental oil spills. Once in water bodies, they tend to
partition into sediments rather than remaining dissolved. Aquatic organisms,
especially benthic species, are highly exposed to PAHs due to their sediment
association. Fish and invertebrates can bioaccumulate these compounds, leading to
toxic effects that propagate through aquatic food webs (WHO, 2010).

Toxicological Effects on Humans

PAHs are of major concern due to their mutagenic, carcinogenic, and endocrine-
disrupting properties. Human exposure occurs mainly through inhalation of polluted
air, ingestion of contaminated food, and dermal contact. Oxidative stress is described
as the formation of toxic effect due to the deficiency of cellular antioxidative level
toward the level of reactive oxygen species (ROS). The excess production of ROS or
the decrease in the antioxidative defense system could be the cause for oxidative stress.
7, 12-dimethylbenz [a] anthracene (DMBA) is a PAH known to cause tumors in rats.
DMBA that is known to be the major cause the increment in lipid peroxidation level
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and the oxidative damage in the tissues. ,12-Dimethylbenz[a]anthracene (DMBA) is a
poly-cyclic aromatic hydrocarbon (PAH) known as an agent causing stress in rats.
Organic pollutants are the most important environmental factor for the biologic sys-
tems. DMBA exposure appears to be associated with a number of physiological disease
processes (Selamoglu, 2018).

Carcinogenicity

Many health problems can be induced by many environmental pollutants. Several
PAHs, particularly benzo[a]pyrene, are classified as Group 1 carcinogens by the
International Agency for Research on Cancer (IARC). Once inside the human body,
PAHSs undergo metabolic activation via cytochrome P450 enzymes, forming reactive
intermediates that bind to DNA and cause mutations. These DNA adducts are strongly
associated with the initiation of cancers, particularly lung, skin, and bladder cancers
(Bostrom et al., 2002).
Besides the formation of DNA adducts, oxidative products derived from mutagen m
etabolism such as DMBA, might impair vital cellular functions by damaging proteins
and lipid membranes. DMBA (7,12dimethylbenz[a]anthracene) is a polycyclic
aromatic hydrocarbon (PAH) known to cause tumors in rats. DMBA is known to
generate DN A-reactive species, which may enhance oxidative stress in cells, during its
metabolism (Selamoglu, 2018).

Respiratory and Cardiovascular Effects

Inhalation of PAH-contaminated air is linked to multiple respiratory problems.
Exposure has been associated with:

1-Reduced lung function
2-Increased asthma incidence
3-Chronic bronchitis

In addition, PAHs contribute to cardiovascular diseases through oxidative stress and
inflammation, which affect vascular function and increase the risk of heart disease
(WHO, 2010).

Endocrine Disruption

Some PAHs interfere with endocrine signaling pathways, disrupting hormonal
balance. These effects can impair reproductive health, fetal development, and growth
processes. Endocrine disruption is particularly concerning due to long-term
generational impacts (ATSDR, 1995).

Ecological Impacts
Aquatic Organisms

PAHs are highly toxic to aquatic life. Fish embryos and larvae are particularly
sensitive. Exposure can result in:

1-Developmental deformities

2-Cardiac dysfunction
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3-Reduced hatching success

4-Increased mortality

These effects significantly disrupt aquatic population dynamics (Neff, 1979).
Soil Ecosystems

In soils, PAHs negatively affect microbial diversity and activity. Since soil
microorganisms play a key role in nutrient cycling, PAH contamination can reduce
soil fertility and slow organic matter decomposition processes.

Bioaccumulation and Biomagnification

Due to their lipophilic nature, PAHs accumulate in fatty tissues of organisms. As
contaminated organisms are consumed by predators, PAHs can biomagnify through

the food chain, ultimately reaching humans through seafood and animal products
(WHO, 2010).

Environmental Persistence and Risk Factors

PAHs are highly persistent in the environment due to their stable aromatic ring
structure. Their degradation is slow and depends on environmental conditions.

Key factors influencing persistence include:
1-Molecular weight: Higher molecular weight PAHs degrade more slowly

2-Temperature and sunlight: Higher temperatures and UV exposure increase
degradation

3-Oxygen availability: Aerobic conditions enhance microbial breakdown
4-Soil organic matter: High organic content increases adsorption and reduces mobility

This persistence leads to long-term environmental contamination and chronic
exposure risks.

Mitigation and Control Strategies

Source Reduction

The most effective strategy for controlling PAHs is reducing emissions at the source:
1-Transition to renewable energy systems

2-Improved combustion efficiency in industrial processes

3-Strict emission standards for vehicles

4-Cleaner residential heating technologies

Environmental Remediation

Contaminated environments can be treated using several methods:
1-Bioremediation: Use of PAH-degrading bacteria and fungi
2-Phytoremediation: Use of plants to absorb or degrade PAHs

3-Chemical oxidation: Application of oxidizing agents to break down PAHs
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4-Soil washing: Physical removal of contaminants from soil
Policy and Regulation

International organizations such as the US EPA and WHO recommend continuous
monitoring of PAHs in air, water, soil, and food. Regulatory frameworks aim to limit
industrial emissions and reduce human exposure.

Conclusion

Polycyclic aromatic hydrocarbons remain among the most important global
environmental pollutants due to their persistence, toxicity, and widespread
distribution. Although natural sources exist, anthropogenic activities are the dominant
contributors to environmental PAH burdens. Their ability to persist in ecosystems,
accumulate in organisms, and induce serious health effects such as cancer makes them
a critical environmental and public health concern. Addressing PAH pollution
requires an integrated approach combining emission reduction, environmental
remediation, and strict regulatory control. Future research should focus on improving
biodegradation technologies and understanding long-term ecological impacts in a
changing global environment.
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Abstract

Apitherapy, defined as the use of bee-derived products such as honey, propolis, royal
jelly, bee pollen, and bee venom for therapeutic purposes, has gained increasing
attention as a sustainable alternative in aquaculture. The intensification of aquaculture
systems has led to the widespread emergence of infectious diseases, environmental
stress, and antimicrobial resistance. This study comprehensively examines the role of
apitherapy in enhancing aquatic animal health, focusing on immunomodulatory,
antimicrobial, antioxidant, and growth-promoting effects. By synthesizing recent
literature, this paper highlights both the potential and limitations of integrating
apitherapy into aquaculture practices. The findings suggest that apitherapy-based
interventions could significantly reduce reliance on antibiotics while improving
productivity and sustainability.

Keywords: Antimicrobial resistance, Apitherapy, Aquaculture, Fish health, Honey,
Immunostimulation, Propolis.

Introduction

Aquaculture has emerged as one of the fastest-growing sectors in global food
production, contributing significantly to food security and economic development
(FAO, 2022). However, the intensification of aquaculture practices has resulted in
increased disease outbreaks, environmental degradation, and the excessive use of
antibiotics and chemicals (Cabello, 2006). The overuse of antibiotics in aquaculture has
raised serious concerns regarding antimicrobial resistance, environmental
contamination, and food safety (Defoirdt et al., 2011). Consequently, there is a growing
demand for natural, eco-friendly, and sustainable alternatives. In this context,
apitherapy has gained attention due to its bioactive compounds and therapeutic
properties. Bee products such as propolis, honey, royal jelly, and bee pollen have been
extensively studied in human and veterinary medicine. However, their application in
aquaculture remains an emerging field with promising potential (Babaei et al., 2016).
Honeybee products are apicultural products which are composed of
nutritionallyvaluable substances and contains considerable amounts of polyphenolic
compounds, mainly flavonoids, which may act as potent anti-oxidants. Polyphenols
are responsible for the antioxidative and radical scavenging activities of plant food.

14-15 mambip 2026 x., TypkicmaH 53 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

Natural honeybee products are apicultural compounds which are composed of
nutritionally valuable substances and contains considerable amounts of polyphenolic
compounds, mainly flavonoids, which may act as potent antioxidant molecules
(Selamoglu et al., 2016).

Bee Products and Their Bioactive Components

Apitherapy encompasses a wide range of bee-derived products characterized by
complex biochemical compositions and diverse biological activities. These natural
substances, including propolis, honey, royal jelly, bee pollen, and bee venom, contain
a broad spectrum of bioactive compounds such as flavonoids, phenolic acids,
enzymes, peptides, amino acids, vitamins, and minerals. These compounds are
responsible for the therapeutic properties of apitherapy products and their increasing
relevance in aquaculture applications. However, the chemical composition of these
products is highly variable and depends on several factors, including botanical origin,
geographical location, climatic conditions, and seasonal variations. This variability
presents a significant challenge in terms of standardization and reproducibility, which
remains a critical issue in apitherapy research (Bankova et al., 2016). Propolis is one of
the most extensively studied apitherapeutic substances due to its potent biological
properties. It is a resinous material collected by bees from plant exudates and
subsequently modified with beeswax and enzymes. Its chemical composition is rich in
flavonoids such as quercetin, galangin, and pinocembrin, as well as phenolic acids like
caffeic acid phenethyl ester (CAPE), terpenoids, and aromatic compounds. These
constituents confer strong antimicrobial, antioxidant, and anti-inflammatory
properties. The antimicrobial activity of propolis is primarily attributed to its ability to
disrupt bacterial cell membranes, inhibit nucleic acid synthesis, and interfere with
energy metabolism in pathogenic microorganisms (Sforcin, 2016). In aquaculture
systems, propolis has demonstrated significant antibacterial effects against pathogens
such as Aeromonas hydrophila and Vibrio spp., as well as antifungal activity. In addition,
it exhibits immunostimulatory properties by activating macrophages and leukocytes
and modulating cytokine production. Propolis also plays a crucial role in reducing
oxidative stress by enhancing antioxidant enzyme activity, thereby contributing to
improved health and disease resistance in aquatic organisms. Honey, another
fundamental component of apitherapy, is a supersaturated sugar solution mainly
composed of fructose and glucose, but its biological activity extends far beyond its
carbohydrate content. It contains a variety of bioactive compounds, including phenolic
compounds, flavonoids, enzymes such as glucose oxidase and catalase, organic acids,
and hydrogen peroxide. The antibacterial activity of honey is multifactorial, involving
osmotic effects due to high sugar concentration, acidic pH that inhibits microbial
growth, and the enzymatic production of hydrogen peroxide. Additionally, certain
types of honey contain non-peroxide antimicrobial compounds, further enhancing
their effectiveness (Molan, 1992). In aquaculture, honey has been utilized for wound
healing, prevention of external infections, and promotion of tissue regeneration. Its
anti-biofilm properties are particularly valuable in controlling persistent infections, as
biofilm formation is a major factor contributing to antimicrobial resistance in aquatic
environments. Royal jelly is a nutrient-rich secretion produced by worker bees and
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serves as the exclusive food source for queen bees. It contains major royal jelly proteins
(MR]JPs), free amino acids, lipids such as 10-hydroxy-2-decenoic acid (10-HDA),
vitamins, and essential minerals. Royal jelly is known for its immunomodulatory,
antioxidant, and growth-promoting properties. The presence of 10-HDA contributes
significantly to its antimicrobial and anti-inflammatory effects. In aquatic organisms,
supplementation with royal jelly has been associated with improved larval survival
rates, enhanced growth performance, and increased resistance to environmental
stressors. Furthermore, royal jelly has been shown to influence gene expression related
to immune responses and metabolic processes, suggesting that its effects extend to the
molecular level (Ramadan & Al-Ghamdi, 2012). Bee pollen is considered a highly
nutritious natural product due to its rich composition, which includes proteins,
essential amino acids, carbohydrates, lipids, vitamins, minerals, and phenolic
compounds. It functions as a natural growth promoter and immunostimulant in
aquaculture. Its high protein content supports muscle development, while its bioactive
compounds enhance immune responses and antioxidant capacity. Bee pollen also
plays a significant role in improving digestive efficiency by stimulating enzyme
activity and promoting a healthy gut microbiota. Studies have demonstrated that
dietary inclusion of bee pollen leads to improved growth performance, increased
survival rates, and enhanced resistance to diseases in various fish species (Campos et
al., 2008). Bee venom, although less commonly used in aquaculture, has attracted
scientific interest due to its potent bioactive components, including melittin, apamin,
phospholipase A2, and other peptides. Melittin, the active compound, exhibits strong
antimicrobial activity by disrupting microbial cell membranes and inducing cell lysis.
Despite its therapeutic potential, the application of bee venom in aquaculture is limited
by concerns regarding toxicity and dosage sensitivity. Nevertheless, recent studies
suggest that controlled use of purified components of bee venom may provide novel
antimicrobial and immunostimulatory strategies, although further research is required
to establish safe and effective application methods. A major challenge associated with
the use of apitherapy products is the lack of standardization. The variability in
composition due to environmental and biological factors affects their efficacy and
reproducibility. Differences in botanical sources, climate, geographical origin, and
processing techniques lead to inconsistencies in the concentration of active compounds
(Selamoglu et al., 2016). Therefore, future research should focus on the development
of standardized extraction methods, chemical profiling techniques, and quality control
protocols to ensure consistent and reliable application of apitherapy in aquaculture.

Immunomodulatory Effects in Aquatic Organisms

The immune system of aquatic organisms, particularly fish and crustaceans, relies
predominantly on innate immunity, as their adaptive immune responses are relatively
less developed compared to those of terrestrial vertebrates. Innate immunity serves as
the first line of defense against invading pathogens and plays a crucial role in
maintaining health in aquaculture systems. Consequently, enhancing innate immune
responses is considered a primary strategy for improving disease resistance and
reducing mortality in aquaculture (Magnadéttir, 2006). Apitherapy-derived products
have been shown to exert significant immunomodulatory effects through a variety of
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biochemical and cellular mechanisms. These effects are largely attributed to the
presence of bioactive compounds such as flavonoids, phenolic acids, peptides, and
fatty acids, which influence both cellular and humoral components of the immune
system (Aldemir et al.,2014). One of the key mechanisms involves the activation of
innate immune responses, including increased lysozyme activity, enhanced
phagocytic function, and stimulation of respiratory burst activity. Lysozyme is an
essential antimicrobial enzyme that degrades bacterial cell walls, thereby providing
protection against pathogenic infections. Studies have demonstrated that dietary
supplementation with propolis significantly increases lysozyme activity in fish species
such as Oreochromis niloticus, leading to enhanced antibacterial defense (Abd-El-
Rhman, 2009). Similarly, phagocytic activity, which involves the engulfment and
destruction of pathogens by immune cells such as macrophages and neutrophils, is
markedly enhanced by apitherapy products. This results in a more efficient
elimination of invading microorganisms (Babaei et al., 2016). At the molecular level,
apitherapy compounds modulate immune responses by influencing cytokine
production and intracellular signaling pathways. Flavonoids and phenolic
compounds found in propolis regulate the expression of both pro-inflammatory and
anti-inflammatory cytokines, ensuring a balanced immune response. For example, the
upregulation of cytokines such as IL-1p and TNF-a during early stages of infection
enhances the organism’s ability to combat pathogens, while the subsequent increase
in anti-inflammatory cytokines such as IL-10 prevents excessive immune reactions and
tissue damage (Sforcin, 2016). These effects are mediated through key signaling
pathways, including the NF-xB and MAPK pathways, which regulate the expression
of genes involved in immune responses (Xue et al., 2019).

In addition to cellular immunity, apitherapy products also enhance humoral immune
responses. These include increased levels of immunoglobulins, activation of the
complement system, and production of antimicrobial peptides. Bee pollen, in
particular, has been shown to significantly increase immunoglobulin (IgM) levels in
tish, indicating improved humoral immunity (Turan & Yilmaz, 2019). Propolis also
enhances complement activity, which plays a critical role in pathogen recognition and
elimination. Another important aspect of immunomodulation is the role of antioxidant
defense systems. Oxidative stress, caused by the excessive production of reactive
oxygen species, can impair immune function and increase susceptibility to diseases.
Apitherapy products mitigate oxidative stress by enhancing the activity of antioxidant
enzymes such as superoxide dismutase, catalase, and glutathione peroxidase. This not
only protects immune cells from damage but also supports overall immune function
(Fang et al., 2002). The gut-associated immune system also plays a vital role in aquatic
organism health. The gastrointestinal tract is a major site of interaction between the
host and external pathogens. Apitherapy products positively influence gut health by
promoting beneficial microbiota, inhibiting pathogenic bacteria, and strengthening
intestinal barrier function. Bee pollen and honey act as prebiotic-like substances,
supporting the growth of beneficial bacteria such as Lactobacillus spp., which in turn
enhances nutrient absorption and immune responses (Nya & Austin, 2009). The
effectiveness of apitherapy varies among different aquatic species due to physiological
and immunological differences. Fish species such as tilapia and carp exhibit strong
innate immune responses, while crustaceans such as shrimp rely heavily on hemocyte
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activity and the phenoloxidase system. In shrimp, propolis supplementation has been
shown to increase hemocyte density and phenoloxidase activity, leading to improved
disease resistance (Zhang et al.,, 2014). Additionally, early life stages of aquatic
organisms benefit significantly from apitherapy, as it enhances survival rates and
stress tolerance. Despite these promising findings, several limitations remain in
understanding the immunological effects of apitherapy. There is a lack of standardized
experimental protocols, limited molecular-level studies, and insufficient long-term
trials. Variability in dosage and product composition further complicates the
interpretation of results. Moreover, excessive immune stimulation may lead to
immunopathological effects, highlighting the importance of determining optimal
dosage levels.

Antimicrobial Properties and Disease Control

Aquaculture systems are highly vulnerable to a wide range of pathogenic
microorganisms, particularly bacterial species such as Aeromonas hydrophila, Vibrio spp.,
and Pseudomonas spp., which are responsible for significant economic losses
worldwide. The intensive nature of modern aquaculture practices, including high
stocking densities and fluctuating environmental conditions, creates an ideal
environment for the rapid proliferation and transmission of these pathogens.
Consequently, the search for effective, sustainable, and environmentally friendly
antimicrobial agents has become a priority. Within this context, apitherapy-derived
products, particularly propolis, honey, and bee venom, have demonstrated
remarkable antimicrobial properties. Propolis, in particular, has been extensively
studied due to its rich composition of flavonoids, phenolic acids, and aromatic
compounds, which collectively contribute to its broad-spectrum antimicrobial activity
(Orun et al., 2014; Selamoglu et al.,2015). These compounds exert their effects through
multiple mechanisms, including disruption of microbial cell membranes, inhibition of
nucleic acid synthesis, and interference with enzymatic systems essential for bacterial
survival (Sforcin, 2016). Experimental studies have shown that propolis extracts
significantly reduce bacterial load in infected aquatic organisms, thereby improving
survival rates. In addition, propolis has demonstrated inhibitory effects against biofilm
formation, which is a critical factor in the persistence and resistance of bacterial
infections in aquaculture environments. The ability to disrupt biofilms enhances its
effectiveness compared to conventional antimicrobial agents. Honey, another key
apitherapeutic product, exhibits strong antibacterial activity through a multifactorial
mechanism. Its high osmotic pressure, acidic pH, and enzymatic production of
hydrogen peroxide collectively create an inhospitable environment for microbial
growth. Moreover, certain types of honey contain non-peroxide antimicrobial
compounds, further enhancing their efficacy. In aquaculture applications, honey has
been successfully used in the treatment of external wounds and infections, promoting
faster healing and reducing the risk of secondary bacterial invasion (Molan, 1992). Bee
venom, although less commonly applied, contains potent antimicrobial peptides such
as melittin, which can disrupt bacterial cell membranes and induce cell lysis. While its
application in aquaculture is still limited due to concerns regarding toxicity and
dosage control, emerging research suggests that controlled use of bee venom
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components may offer a novel approach to disease management. In shrimp
aquaculture, where bacterial infections caused by Vibrio species are particularly
problematic, dietary supplementation with propolis has been associated with
significantly reduced mortality rates. Studies have demonstrated that propolis not
only inhibits bacterial growth but also enhances the immune response of shrimp,
providing a dual mechanism of protection (Zhang et al.,, 2014). These findings
highlight the potential of apitherapy as an alternative to antibiotics in controlling
infectious diseases in aquaculture systems (Dastan et al., 2017).

Antioxidant Activity and Stress Reduction

Aquatic organisms are continuously exposed to a variety of environmental stressors,
including poor water quality, high stocking densities, temperature fluctuations, and
handling stress. These stress factors can disrupt physiological homeostasis and lead to
the excessive production of reactive oxygen species (ROS), resulting in oxidative
stress. Oxidative stress is known to damage cellular components such as lipids,
proteins, and DNA, ultimately compromising immune function and increasing
susceptibility to diseases. Apitherapy products, particularly propolis and honey, are
rich sources of natural antioxidants, including flavonoids and phenolic compounds,
which play a crucial role in neutralizing free radicals and reducing oxidative damage.
These bioactive compounds enhance the antioxidant defense system of aquatic
organisms by increasing the activity of key enzymes such as superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx). The upregulation of these
enzymes improves the organism’s ability to detoxify reactive oxygen species and
maintain cellular integrity under stress conditions. As a result, fish and other aquatic
species exhibit increased physiological resilience, better adaptation to environmental
changes, and reduced stress-induced mortality (Fang et al., 2002). Furthermore, the
antioxidant properties of apitherapy products are closely linked to their
immunomodulatory effects. By reducing oxidative stress, these substances help
preserve the functionality of immune cells, thereby enhancing the overall immune
response. This dual role—antioxidant and immunostimulant—makes apitherapy
particularly valuable in intensive aquaculture systems, where stress management is
critical for maintaining animal health and productivity (Orun et al., 2014).

Growth Performance and Feed Efficiency

Enhancing growth performance and feed efficiency is a central objective in
aquaculture, as these factors directly influence production costs and profitability. In
recent years, bee-derived products such as bee pollen and royal jelly have gained
attention as natural dietary supplements capable of improving growth parameters in
aquatic species. Bee pollen is a nutrient-rich substance containing high levels of
proteins, essential amino acids, vitamins, and minerals, which are essential for growth
and development. Similarly, royal jelly provides a unique combination of bioactive
compounds that support metabolic processes and cellular growth. Studies have
consistently shown that the inclusion of these substances in aquafeeds leads to
increased weight gain, improved feed conversion ratios (FCR), and enhanced protein

14-15 mambip 2026 x., TypkicmaH 58 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

utilization. The underlying mechanisms of these effects are multifaceted. Firstly, bee-
derived products stimulate digestive enzyme activity, including proteases, amylases,
and lipases, which enhances the breakdown and absorption of nutrients. Secondly,
they positively influence the composition of gut microbiota, promoting beneficial
bacterial populations that improve digestion and nutrient assimilation. Thirdly, their
immunostimulatory properties reduce the energy expenditure associated with
immune responses, allowing more energy to be allocated toward growth. For instance,
experimental studies on carp species have demonstrated that dietary supplementation
with bee pollen results in significantly higher growth rates compared to control
groups. This improvement is attributed not only to enhanced nutritional intake but
also to improved physiological and metabolic efficiency (Nya & Austin, 2009). Overall,
the integration of apitherapy products into aquafeeds represents a promising strategy
for improving growth performance in a sustainable and environmentally friendly
manner.

Applications in Different Aquaculture Systems

The application of apitherapy in aquaculture varies depending on the type of
production system and the species being cultivated. In fish farming, bee-derived
products are primarily used as feed additives to enhance immune function, improve
growth performance, and increase resistance to diseases. Their incorporation into
formulated feeds has been shown to provide both prophylactic and therapeutic
benefits, reducing the need for chemical treatments. In shrimp farming, which is
particularly susceptible to bacterial diseases, propolis has emerged as a valuable
natural additive. Its antimicrobial and immunostimulatory properties help mitigate
disease outbreaks, especially in intensive production systems where stress levels are
high and pathogen transmission is rapid. The use of propolis in shrimp diets has been
associated with improved survival rates and overall health status. In hatchery systems,
where early life stages are highly vulnerable, honey has been utilized for its wound-
healing and antimicrobial properties. It is often applied to treat injuries and infections,
as well as to support larval health and development. These applications highlight the
versatility of apitherapy products across different stages of aquaculture production.
Despite the promising benefits of apitherapy in aquaculture, several challenges limit
its widespread adoption. One of the primary issues is the lack of standardization in
bee-derived products. The chemical composition of these substances can vary
significantly depending on factors such as botanical origin, geographic location, and
environmental conditions, leading to inconsistencies in their effectiveness. Another
major limitation is the lack of precise dosage guidelines. The optimal concentration of
apitherapy products varies across species, developmental stages, and environmental
conditions, making it difficult to establish universal application protocols. In some
cases, excessive dosages may lead to toxicity or adverse physiological effects.
Additionally, most existing studies are conducted under laboratory conditions, with
limited large-scale field trials available. This restricts the ability to generalize findings
and apply them in commercial aquaculture settings. Regulatory challenges also exist,
as there are currently no standardized guidelines governing the use of apitherapy
products in aquaculture.
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Results and Conclusions

Apitherapy represents a promising, sustainable, and eco-friendly approach to
improving aquatic animal health and aquaculture productivity. Its antimicrobial,
antioxidant, and immunostimulatory properties make it a viable alternative to
antibiotics. However, further research is necessary to address current limitations and
facilitate its practical implementation. Future research on apitherapy in aquaculture
should focus on addressing existing limitations and exploring new opportunities for
application. Standardization of bee-derived products through chemical profiling and
quality control is essential to ensure consistency and reliability. Large-scale field
studies are needed to validate experimental findings and assess the practical feasibility
of apitherapy in commercial operations. Moreover, further investigation into the
molecular mechanisms underlying the effects of apitherapy will provide deeper
insights into its therapeutic potential. The integration of apitherapy with other natural
approaches, such as probiotics and phytotherapy, may lead to synergistic effects,
enhancing overall aquaculture sustainability. In the long term, the development of
innovative delivery systems, such as nano-encapsulation, could improve the stability
and bioavailability of apitherapy compounds, further expanding their in aquaculture.
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Abstract

The Concept Of “One Health” Emphasizes The Interconnectedness Of Human,
Animal, And Environmental Health. Within This Context, Bees And Bee-Derived
Products Play A Critical Yet Often Underappreciated Role in Maintaining Ecological
Balance, Ensuring Food Security, And Supporting Public Health. This Work Examines
The Environmental importance Of Bee Health And Bee Products Through The Lens
Of The One Health Concept. It Explores The Ecological Functions Of Bees, The Impact
Of Environmental Stressors On Bee Populations, And The Broader Tmplications For
Ecosystem Sustainability And Human Well-Being. The Data Highlight That Protecting
Bee Health Is Not Only Essential For Biodiversity But Also For The Stability Of Global
Food Systems And Diseases Management. The Integration Of Apicultural
Applications Into “One Health” Strategies Is Therefore Crucial For Sustainable
Development.

Keywords: Apiculture, Biodiversity, Ecosystem Health, Environmental Sustainability,
Honey Bees, One Health

Introduction

The One Health Scope Has Emerged As A Holistic Approach That Recognizes The
Intrinsic Link Between Human Health, Animal Health, And The Environment. This
Interdisciplinary Framework Is Increasingly Important In Addressing Global
Challenges Such As Climate Change, Biodiversity Loss, Food Insecurity, And
Emerging Infectious Diseases (Destoumieux-Garzéon Et Al, 2018). The Holistic
Perspective Known As “One Health” Can Be Described As The Interdisciplinary
Interconnectedness Of Human And Animal Health Together With The Environmental
Well-Being. Within This Context, Bees Represent A Keystone Species Whose
Ecological And Economic Importance Extends Far Beyond Honey Production.

Bees Are Essential Pollinators, Contributing To The Reproduction Of Approximately
75% Of Global Food Crops And Nearly 90% Of Wild Flowering Plants (Klein Et Al.,
2007). Their Role In Maintaining Biodiversity And Ecosystem Services Places Them At
The Center Of The One Health Paradigm. However, Global Bee Populations Are
Facing Significant Declines Due To Multiple Stressors, Including Habitat Loss,
Pesticide Exposure, Climate Change, Pathogens, And Nutritional Deficiencies
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(Goulson Et Al., 2015). Worldwide Decline In Colonies And Global Decline In Honey
Bee Populations Are The Results Of Intricate Relationship Of Components Of Modern
World That Stand Opposite Of The Principles Of One Health, Which Eagerly
Demonstrates The Adoption Of Holistic Tendency And Policies In Sustainability Of
Apiculture In Today’s World.

Environmental Conditions Are Posing Yet Other Challenges Within The Context Of
“One Health” As Recent Years Have Seen Significant Increases In Land
Transformation For Industrial Agriculture, Where Previously Wild-Life Regions
Altered For Agricultural Crops That Lead To Deforestation And Reduction In Overall
Humidity In Climatic Conditions. These Declines Have Profound Implications Not
Only For Ecosystems But Also For Human Health And Food Security.

Ecological Role Of Bees In Environmental Health

Bees Play A Fundamental Role In Maintaining Ecosystem Stability Through
Pollination, Which Is A Critical Ecological Process For Plant Reproduction. Pollination
By Bees Ensures Genetic Diversity in Plant Populations, Supports The Regeneration
Of Ecosystems, And Contributes To The Resilience Of Natural Habitats.

The Ecological Services Provided By Bees Extend To Both Agricultural And Natural
Systems. In Agricultural Landscapes, Bee Pollination Enhances Crop Yield, Quality,
And Nutritional Value. Crops Such As Fruits, Vegetables, Nuts, And Oilseeds Depend
Heavily On Bee Pollination, Making Bees Indispensable For Global Food Production
(Potts Et Al., 2010).

In Natural Ecosystems, Bees Facilitate The Reproduction Of Wild Plant Species, Which
In Turn Support Other Organisms Within The Food Web. This Interconnectedness
Highlights The Importance Of Bees In Sustaining Biodiversity. The Decline Of Bee
Populations Can Lead To Cascading Effects, Disrupting Ecological Balance And
Reducing Ecosystem Resilience (Selamoglu Et Al., 2025). Moreover, Bees Contribute
To Soil Health And Carbon Cycling Indirectly By Supporting Vegetation Growth.
Healthy Plant Communities Enhance Soil Stability, Prevent Erosion, And Promote
Carbon Sequestration, Thereby Mitigating Climate Change.

Bee Health As An Indicator Of Environmental Quality

Bee Health Is Increasingly Recognized As A Sensitive indicator Of Environmental
Conditions. Due To Their Foraging Behavior And Wide Geographical Range, Bees Are
Exposed To Various Environmental Stressors, Making Them Effective Bioindicators
Of Ecosystem Health. Exposure To Pesticides, Particularly Neonicotinoids, Has Been
Linked To Impaired Navigation, Reduced Foraging Efficiency, And Increased
Mortality in Bees (Ayan Et Al., 2017; Woodcock Et Al., 2017). It Can State That Honey
Bees Could Not Detect Ecotoxicological Risks And Therefore, Exposed To Gradual
Exposure Leading To Sublethal Accumulation And Colony Declines. Additionally,
Environmental Pollutants Such As Heavy Metals And Air Contaminants Accumulate
[n Bee Products, Reflecting Environmental Contamination Levels.

Pathogens And Parasites, Including Varroa Destructor Mites And Viral Infections,
Further Compromise Bee Health. These Biological Stressors Often Interact With
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Environmental Factors, Leading To Synergistic Effects That Exacerbate Colony Losses
(Nazzi & Le Conte, 2016; Ayan Et Al., 2017).

Climate Change Also Plays A Significant Role By Altering Flowering Patterns,
Disrupting Plant-Pollinator Interactions, And Increasing The Frequency Of Extreme
Weather Events. These Changes Affect The Availability Of Food Resources For Bees
And Reduce Their Ability To Adapt To Environmental Fluctuations.

Environmental And Health Significance Of Bee Products

Bee Products Such As Honey, Propolis, Royal Jelly, And Bee Pollen Are Not Only
Valuable For Their Nutritional And Medicinal Properties But Also Serve As Indicators
Of Environmental Health. Honey, For Instance, Can Reflect Environmental
Contamination Due To Its Composition, Which Includes Nectar Collected From
Various Plants (Selamoglu Et Al.,, 2017). The Presence Of Pesticides, Heavy Metals,
And Other Contaminants In Honey Can Provide Insights into Environmental
Pollution Levels (Bogdanov, 2006).

Propolis, Known For its Antimicrobial And Antioxidant Properties, Also Contains
Plant-Derived Compounds That Vary Depending On Local Flora. This Makes It A
Useful Indicator Of Biodiversity And Environmental Conditions. From A One Health
Perspective, Bee Products Contribute To Human Health By Providing Natural
Alternatives To Synthetic Drugs. Their Antimicrobial, Anti-inﬂammatory, And
Antioxidant Properties Support Disease Prevention And Overall Well-Being.
Additionally, Bee Products Play A Role In Animal Health, Particularly in Veterinary
Applications, Where They Are Used To Enhance Iimmunity And Treat infections. This
Demonstrates The Interconnected Benefits Of Bee Products Across Human And
Animal Health Domains (Akyol Et AL, 2015).

Interconnections Between Bee Health, Human Health, And Ecosystems

The Decline in Bee Populations Has Far-Reaching Consequences For Human Health
And Ecosystem Stability. Reduced Pollination Leads To Decreased Crop Yields And
Lower Availability Of Nutrient-Rich Foods Such As Fruits, Vegetables, And Nuts. This
Can Contribute To Nutritional Deficiencies And Increased Risk Of Chronic Diseases
In Human Populations (Smith Et Al.,, 2015). Furthermore, The Loss Of Biodiversity
Associated With Declining Bee Populations Can Disrupt Ecosystem Services,
Including Water Regulation, Soil Fertility, And Disease Control. These Disruptions
Can Indirectly Affect Human Health By increasing Vulnerability To Environmental
Hazards. Apart From Chemicals, Changes in Land-Use And Habitat Degradation
Reported To Have Far Reaching Consequences In Apiculture, Which Include
Agricultural Intensification Leading To Biodiversity Losses.

Apiculture Has its Reaches in Animal Health, Agricultural Management, Food
Science, Human Health, Environmental And Biodiversity Preservation (Ravichandran
And Selamoglu, 2023). Thus The Global increase in Colony Declines And Global
Reduction In Honey Bee Populations Are Primarily “One Health” Problems, Which
Requires System-Wide Holistic Concept To Provide Effective Measures.
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The One Health Framework Emphasizes The Need To Address These interconnected
Challenges Through Integrated Approaches. Protecting Bee Health Requires
Coordinated Efforts Across Disciplines, Including Agriculture, Environmental
Science, Public Health, And Policy-Making (Selamoglu, 2018). In Addition To,
Apiculture Is Well-Established In Example Within The One Health Strategy By The
Mutualistic Relationship Between Deep Interconnectivity Of Agricultural Production
And Sustainability Of Beekeeping Through Ecological Balance, Which Ultimately
Contributes To Human Health.

Environmental Threats To Bee Health

Multiple Interacting Factors Contribute To The Decline Of Bee Populations. Habitat
Loss Due To Urbanization And Agricultural Intensification Reduces The Availability
Of Foraging Resources. Monoculture Farming Practices Further Limit Floral Diversity,
Leading To Nutritional Stress in Honey Bees. The Most Serious Threat Is Actually
Lying-In Environmental Degradation Since Honey Bees Are Directly Affected By
Environmental And Climate Changes, Which Make Honey Bees Particularly
Vulnerable To Worsening Environmental Conditions. Similarly, Pesticides, The
Increased And Unregulated Use Of Antibiotics In Beekeeping Is Reported To Have
Contributions To Overall Increase In Antibiotic Resistance In Colonies, And Residues
Of Veterinary Drugs Are Implied For Health Concerns.

The Widespread Use Of Pesticides Poses A Significant Threat, As Sublethal Exposure
Can Impair Cognitive And Behavioral Functions In Bees. Additionally, Climate
Change Alters Ecological Dynamics, Affecting The Synchronization Between Bees
And Flowering Plants.

Pathogens And Parasites Continue To Be Major Contributors To Colony Losses,
Particularly When Combined With Environmental Stressors. These Complex
Interactions Make It Difficult To Identify Single Causes, Highlighting The Need For
Comprehensive Research And Management Strategies (Selamoglu And Naeem, 2024).

Future Approches Within The One Health Framework

Future Efforts To Protect Bee Health Should Be Aligned With The One Health
Perspective, Emphasizing Sustainability And Interdisciplinary Collaboration.
Strategies Should Include The Reduction Of Pesticide Use, Promotion Of Biodiversity-
Friendly Agricultural Practices, And Conservation Of Natural Habitats. Research
Should Focus On Understanding The Molecular And Ecological Mechanisms
Underlying Bee Health And Resilience.

The Development Of Innovative Technologies, Such As Environmental Monitoring
Using Bee Products, Can Enhance Our Ability To Assess Ecosystem Health. Public
Awareness And Policy Interventions Are Also Critical In Promoting Sustainable
Practices And Protecting Pollinator Populations. Integrating Apiculture Into
Environmental And Public Health Policies Can Provide Significant Benefits Across
Multiple Sectors.
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Conclusions

Bees And Bee-Derived Products Play A Vital Role In Maintaining Environmental
Health, Supporting Biodiversity, And Ensuring Food Security Within The One Health
Framework. The Decline Of Bee Populations Represents A Significant Threat To
Ecological Balance And Human Well-Being. Therefore, Protecting Bee Health Is Not
Only An Environmental Priority But Also A Critical Component Of Global Health
Strategies. Sustainable Management Practices And Interdisciplinary Collaboration Are
Essential To Ensure The Long-Term Survival Of Bee Populations And The Ecosystems
They Support.
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Ozet

Elektronik atiklar (e-atiklar), teknolojik gelismeler ve ttiketim aliskanliklarindaki
degisimlere bagh olarak gilintimiizde en hizli artan atik tiirlerinden biri haline
gelmistir. Kiiresel oOlgekte elektronik cihaz kullanimmin yayginlasmasi, e-atik
miktarmin her gecen yil artmasina neden olmakta ve bu durum cevresel ve saghk
acgisindan onemli riskler dogurmaktadir. E-atiklarm icerdigi kursun, civa ve bromlu
alev geciktiriciler gibi zararli maddeler, 6zellikle geri dontisiim siireglerinin yetersiz
oldugu bolgelerde ciddi tehditler olusturmaktadir. Bununla birlikte, e-atiklar altin,
bakir ve nikel gibi degerli metallerin yani sira stratejik 6neme sahip nadir elementleri
de barindirmakta ve bu yoniiyle onemli bir ikincil hammadde kaynagi olarak
degerlendirilmektedir. Uluslararas: ticaret ve lojistik acisindan bakildiginda, e-
atiklarin smir otesi hareketleri giderek artmakta ve bu durum kiiresel tedarik
zincirlerinin 6nemli bir parcasi haline gelmektedir. Ozellikle gelismis {tilkelerden
gelismekte olan tilkelere yonelen e-atik akislari, cogu zaman cevreye duyarli yonetim
ilkelerine uygun sekilde gerceklesmemekte ve bu da cevresel esitsizlikleri
derinlestirmektedir. Bu stirecte lojistik faaliyetler, e-atiklarin toplanmasi, tasinmasi,
izlenmesi ve geri kazanimi gibi asamalarda kritik bir rol tistlenmektedir. Tersine
lojistik uygulamalari ise tirtinlerin yeniden degerlendirilmesi ve kaynak verimliliginin
artirilmasi acisindan onemli firsatlar sunmaktadir. E-atiklarin uluslararas: diizeyde
diizenlenmesinde Basel Sozlesmesi temel bir cgerceve sunmakta olup, sozlesme
kapsaminda gelistirilen politikalar ve uygulamalar, e-atiklarin gevreye duyarh
yonetimini saglamay1 amaglamaktadir. Bu calisma, elektronik atiklarin kiiresel
boyutunu, uluslararas ticaret ve lojistik stireclerindeki yerini ve mevcut diizenleyici

cerceveyi butlincl bir bakis acisiyla ele alarak literatiire katki sunmay
hedeflemektedir.

Anahtar kelimeler: Elektronik atik, Uluslararasi ticaret, Lojistik, Tersine lojistik,
Basel S6zlesmesi

Abstract

Electronic waste (e-waste) has become one of the fastest-growing types of waste today,
driven by technological advancements and changes in consumption habits. The
widespread use of electronic devices globally is causing the amount of e-waste to
increase every year, creating significant environmental and health risks. Harmful
substances in e-waste, such as lead, mercury, and brominated flame retardants, pose
serious threats, especially in regions where recycling processes are inadequate.
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However, e-waste also contains valuable metals such as gold, copper, and nickel, as
well as strategically important rare earth elements, and is therefore considered an
important source of secondary raw materials. From an international trade and logistics
perspective, the cross-border movement of e-waste is increasing, becoming a
significant part of global supply chains. E-waste flows, particularly from developed to
developing countries, often do not comply with environmentally sound management
principles, deepening environmental inequalities. In this process, logistics activities
play a critical role in stages such as the collection, transportation, tracking, and
recycling of e-waste. Reverse logistics applications offer significant opportunities for
product recycling and increased resource efficiency. The Basel Convention provides a
fundamental framework for the international regulation of e-waste, and the policies
and practices developed under the convention aim to ensure environmentally sound
management of e-waste. This study aims to contribute to the literature by addressing
the global dimension of electronic waste, its place in international trade and logistics
processes, and the existing regulatory framework from a holistic perspective.

Keywords: Electronic waste, International trade, Logistics, Reverse logistics, Basel
Convention

Giris

Elektronik atik (E-Atik), atilmis elektrikli veya elektronik cihazlar1 tanimlamaktadir.
Yaygin olarak atik elektrikli ve elektronik ekipman veya kullanim Omriint
tamamlamis elektronikler olarak da adlandirilmaktadir. Elektronik atik, hizhi
teknolojik gelismeler ve elektronik cihaz tiiketiminin artmasiyla birlikte kiiresel olarak
en hizl buytiyen atik akislarindan biri olarak kabul edilmektedir (Kiddee vd., 2013).
2022 yilinda diinya genelinde yaklasik 62 milyon ton elektronik atik tiretilmistir ve bu
durum onu en hizli biiytiyen atik akislarindan biri haline getirmektedir; ancak bunun
yalnizca %22,3’1i resmi olarak toplanmakta ve geri dontisttiriilmektedir. Kiiresel e-atik
tiretiminin 2030 yilina kadar 82 milyon tona ulasmasi beklenmektedir. Yenileme,
yeniden kullanim, yeniden satis, malzeme geri kazanimi yoluyla geri doniisim veya
bertaraf amaciyla ayrilmis kullanilmis elektronikler de e-atik olarak kabul
edilmektedir. Gelismekte olan {ilkelerde e-atiklarin gayri resmi sekilde islenmesi,
insan saglig1 tizerinde olumsuz etkilere ve cevresel kirlilige yol agabilmektedir
(Hajalilou vd., 2026). Dijital Devrim ve bitcoin gibi bilim ve teknoloji alanindaki
yenilikler nedeniyle elektronik tirtin tiiketiminin artmasi, kiiresel bir e-atik sorununa
ve riskine neden olmaktadir. E-atik miktarindaki hizli tstel artis; sik sik yeni
modellerin piyasaya siiriilmesi, gereksiz elektrikli ve elektronik ekipman alimlari, kisa
inovasyon dongtileri, diistik geri dontisim oranlari ve bilgisayarlarin ortalama
kullanim 6mriintin azalmasindan kaynaklanmaktadir. CPU gibi elektronik hurda
bilesenleri, kursun, kadmiyum, berilyum veya bromlu alev geciktiriciler gibi
potansiyel olarak zararli maddeler icermektedir. E-atiklarin geri dontistimii ve
bertarafi, calisanlarin ve bulunduklar: topluluklarin saghg: agisindan 6nemli riskler
barimndirmaktadir. Bu baglamda, elektronik atiklarin artan hacmi yalnizca cevresel bir
sorun olmay1p, ayni zamanda uluslararas: ticaretin ve lojistik stireclerin 6nemli bir
parcast haline gelmis; 6zellikle sinir 6tesi tasimalar, tersine lojistik faaliyetleri ve
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kiiresel tedarik zinciri yonetimi agisindan kritik bir alan olarak éne ¢ikmustir (Lu vd.,
2026).

Elektrikli ve elektronik atiklar (e-atiklar), civa, kursun ve bromlu alev geciktiriciler gibi
toksik maddeler icermeleri nedeniyle Basel Sozlesmesi kapsaminda tehlikeli atik
olarak smiflandirilmaktadir. E-atiklar ayrica altin, bakir ve nikel gibi degerli metaller
ile indiyum ve paladyum gibi stratejik ©neme sahip nadir materyalleri de
icerebilmektedir. Bu degerli ve agir metaller geri kazanilabilmekte, geri
donusttirtilebilmekte ve ikincil hammadde kaynagi olarak kullamlabilmektedir. E-
atiklarin gelismekte olan tilkelere gonderildigi ve bu {iilkelerde cogu zaman cevreye
duyarl bir sekilde yonetilmedigi belgelenmistir; bu durum hem insan saghgi hem de
cevre agisindan ciddi bir tehdit olusturmaktadir. Basel Sozlesmesi'nin etkinliginin
artirilmasina yonelik Endonezya-isvigre onculigiindeki girisimin takibine iliskin BC-
11/1 sayili kararin kabulii ile Taraflar Konferansi, sozlesmenin etkili uygulanmas: ve
yirutiilmesini saglamak amaciyla kesitsel (btitiinciil) bir yaklasimin benimsenmesini
ongormektedir. S6z konusu yaklasim; diger hususlarin yani sira, atiklarin cevreye
duyarli yonetimine iliskin rehberlik saglanmasimi ve sozlesmede kullanilan bazi
terimlere iliskin hukuki agikligin temin edilmesini de kapsamaktadir (van Der Marel,
2022; Korcheva, 2023).

Elektronik Atiklar

Bir elektronik tirtin kullanim 6mritinti tamamladiktan sonra atildiginda, elektronik atik
(e-atik) olusmaktadir. Yeni elektronik tirtin modellerinin piyasaya stirtilmesiyle
birlikte, eski tirtinler kullanim dis1 kalmakta ve cogunlukla bertaraf edilmektedir.
Tiiketim odakli toplum yapis1 ve teknolojinin hizli gelisimi sonucunda e-atik biiytik
miktarlarda tiretilmektedir (Liu vd., 2023). Amerika Birlesik Devletleri'nde, Cevre
Koruma Ajans: e-atiklar: on kategori altinda siniflandirmaktadir:

 Sogutma ve dondurma cihazlar1 dahil biiytiik ev aletleri
« Kiiciik ev aletleri

 Monitorler dahil bilgi teknolojisi ekipmanlar:

« Televizyonlar dahil tiiketici elektronigi

« Lambalar ve aydinlatma ekipmanlar1

e Oyuncaklar

o Aletler

e T1bbi cihazlar

« [zleme ve kontrol cihazlar1

« Otomatik dagitim makineleri

Bu kategoriler; yeniden kullanim, yeniden satis, geri kazanim, geri dontisim veya
bertaraf amaciyla ayrilmis kullanilmis elektroniklerin yani sira yeniden kullanilabilir
(calisir veya onarilabilir) tirtinleri ve bakur, gelik, plastik gibi ikincil hammaddeleri de
kapsamaktadir. “Atik” terimi ise geri doniistiirtilmeyen ve kullanic1 tarafindan
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bertaraf edilen kalinti veya materyaller igin kullanilmaktadir. Fazla elektronik
ytiklerinin cogunlukla karisik (yeniden kullamilabilir, geri dontstiiriilebilir ve
dontsttirtilemeyen) olmasi nedeniyle bu ayrim 6nem arz etmektedir (Tansel, 2022).
Bazi kamu politikas: savunuculari, “e-atik” ve “elektronik hurda” terimlerini tim
tazla elektronik tirtinleri kapsayacak sekilde genis anlamda kullanmaktadir. Katot 1s1n
tupleri (CRT’ler), geri dontistiiriilmesi en zor atik tiirlerinden biri olarak kabul
edilmektedir (Ahmad vd., 2025). Farkl bir siniflandirmaya gore, Kalkinma igin BIT
Ol¢timii Ortaklig1 e-atiklari alti kategori altinda tanimlamaktadir:

e Sicaklik degisim ekipmanlari (klimalar, dondurucular vb.)

o Ekranlar ve monitorler (televizyonlar, diziistii bilgisayarlar)

e Lambalar (6rnegin LED lambalar)

« Buytik ekipmanlar (camasir makineleri, elektrikli ocaklar)

« Kiictik ekipmanlar (mikrodalga firmnlar, elektrikli tiras makineleri)

« Kiictik bilgi teknolojisi ve telekomiinikasyon ekipmanlar: (cep telefonlari, yazicilar
vb.)

Her kategori, kullanim 6mrti, cevresel etkiler ve toplama yontemleri agisindan farklilik
gostermektedir. Diizenli depolama alanlarindaki atiklarin yalnizca %3’tinti e-atiklar
olusturmasma ragmen, toksik atiklarin yaklasik %70"i elektronik atiklardan
kaynaklanmaktadir. CRT’ler, ekran islevi icin gerekli olan kursun ve fosfor gibi
maddeleri yiiksek oranda icermektedir. ABD Cevre Koruma Ajansi (EPA), atilmis CRT
monitorleri “tehlikeli evsel atik” kategorisine dahil etmektedir; ancak belirli kosullar
altinda geri dontisttiriilmek veya ihra¢ edilmek tizere ayrilmis CRTleri ticari tirtin
olarak degerlendirebilmektedir. Bu cihazlar, farkli malzeme yapilar1 nedeniyle geri
dontstim stirecleri farkli olan DLP arka projeksiyon televizyonlar: ile siklikla
karistirilmaktadir (Srivastava vd., 2025).

Avrupa Birligi ve tiye devletleri, Avrupa Atik Katalogu (EWC) araciligryla bir sistem
uygulamaktadir. Bu sistem, Avrupa Konseyi Direktifine dayanmakta ve tiye tilke
mevzuatlaria uyarlanarak uygulanmaktadir. Ancak EWC, tehlikeli elektronik atiklar
icin genis bir tanim sunmakta ve atik operatorlerinin daha ayrntili simiflandirma
yapabilmesi icin ilgili dtizenlemelere basvurmasmi gerektirmektedir. Bazi
ihracatcilarin, geri donusttirtilmesi zor, eski veya onarilamaz ekipmanlari, calisir
durumdaki tirtinlerle karistirarak sevk ettigi iddia edilmektedir. Koruyucu politika
savunucular1 ise yerel pazarlari korumak amaciyla “atik elektronik” tanimini daha
genis sekilde yorumlayabilmektedir (Sileryte vd., 2022).

Uluslararasi Ticaret ve Lojistikte Elektronik Atigin Yeri

Lojistik sirketleri, e-atik dongtisel ekonomisinin her asamasinda yer alarak elektronik
trtiinlere yeni bir yasam kazandirilmasma katki saglamaktadir. Yeni malzeme
dongiilerinin gelistirilmesi yoluyla lojistik saglayicilar, farkli aktorlerin is birligi icinde
calismasina imkan tanimakta ve elektronik bilegsenlerin miimkiin olan en diisiik
diizeyde israf edilmesini saglayacak altyapinin olusturulmasma katkida
bulunmaktadir (Wang vd., 2022).
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Lojistik sirketleri, ters deger zincirleri s6z konusu oldugunda da kritik bir rol
oynamaktadir. Ters deger zincirleri (ters tedarik zincirleri olarak da
adlandirilmaktadir), Harvard Business Review tarafindan “kullanilmis bir tirtintin
miisteriden geri alinmas1 ve ya bertaraf edilmesi ya da yeniden kullanilmas: icin
gerekli faaliyetler dizisi” olarak tanimlanmaktadir. Lojistik, irtin iadelerinin
yonetilmesi, fazla veya kullanilmayan malzemelerin elden ¢ikarilmasi ve atik veya yan
tirtinlerin bertaraf edilmesi stireglerini tistlenerek ters deger zincirlerinde 6nemli bir
islev gormektedir (Sharmili vd., 2023).

Ozellikle lojistik saglayicilar asagidaki faaliyetlerin yiiriitiilmesinde uzmanlagmis
durumdadr:

Toplama ve tasima: Elektronik atiklarin bulundugu yerden toplanmasi ve geri
dontisuim veya yenileme merkezleri gibi belirlenmis tesislere tasmmasi
saglanmaktadir (Rajesh vd., 2022).

Takip ve raporlama: Elektronik atiklarin tasinma ve islenme stiregleri boyunca
izlenmesi ve takibi gerceklestirilmektedir. Ayrica uyumluluk, denetim ve raporlama
stirecleri igin gerekli belgeler (6rnegin “Imha Sertifikasi” veya “Onayli Veri Silme
Raporu”) saglanmaktadir (Azman vd., 2024).

Uyumluluk: Lojistik saglayicilar, faaliyet gosterdikleri tiim bolgelerde yiirtirliikte
bulunan yasal diizenlemelere, sozlesmesel ytikiimliiliiklere, sektor standartlarina ve
i¢ prosediirlere uymakla ytikiimlidiir. Bu sayede miisteriler, e-atik stireclerinin ayni
siki standartlara uygun sekilde ytrttiildtigtinden emin olabilmektedir (Vazquez.,
2016).

Giivenlik ve izlenebilirlik: Veri hirsizlig1 veya yetkisiz erisimin 6nlenmesi amaciyla,
veri silme stirecinin baslangicindan nihai bertarafa kadar tirtinlerin tanimlanmasi,
etiketlenmesi ve izlenmesi gibi siki gtivenlik o6nlemleri uygulanmaktadir
(Roychowdhury vd., 2018).

Varlik geri kazanimi: Kullanilmis veya bertaraf edilmis elektronik tirtinlerden deger
elde edilmesine yonelik stirecler stirekli olarak izlenmekte ve analiz edilmektedir.
Lojistik saglayicilar, deger geri kazanimini maksimize edecek yontemleri gelistirmeye
odaklanmaktadir (Yld-Mella vd., 2015).

Bertaraf siirecindeki paydaslarla koordinasyon: Elektronik geri dontisim deger
zincirinde yer alan farkli paydaslar (tasima ve depolama hizmet saglayicilari, geri
dontistim tesisleri, yenileme merkezleri, ikinci el pazar platformlari ve aracilar gibi)
arasinda koordinasyon saglanarak stirecin kesintisiz ve verimli bir sekilde
ytrutiilmesi temin edilmektedir (Lucier vd., 2019).

Ozetle, tedarik zinciri yonetimi konusundaki uzmanliklar1 sayesinde lojistik
saglayicilar, sirketlerin e-atik bertaraf stireglerini etkin bir sekilde yonetmelerine
yardimc1 olmakta ve farkli bolge ve tilkelerde degiskenlik gosteren karmasik
diizenleyici cercevelere uyumu saglamaktadir. Ulkelere 6zgii diizenleyici
gerekliliklere dayali ¢oztimler gelistirerek, gtimriik islemleri, ithalat/ihracat
diizenlemeleri ve atik yonetimi mevzuatina iliskin stireglerde firmalara rehberlik
etmektedirler (Jain vd., 2023).
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Yasal Cerceve (Basel Sozlesmesi)

Basel Sozlesmesi, e-atik konularini 2002 yilindan itibaren ele almaya baslamis olup, bu
kapsamda Basel Sozlesmesi Taraflar Konferansimmn altinci toplantisinda Mobil
Telefon Ortaklik Girisimi (MPPI) kabul edilmistir. Elektrikli ve elektronik atiklarin
cevreye duyarli yonetimine (ESM) iliskin Nairobi Deklarasyonu, 2006 yilinda Taraflar
Konferansi'nin sekizinci toplantisinda kabul edilmistir. Bu kapsamda Taraflar; e-
atiklarin cevreye duyarl sekilde toplanmasi, evsel atiklardan ayristirilmasi, onarima,
geri dontisimii ve nihai bertarafinin gelistirilmesi ile yasa disi e-atik tasiniminin
onlenmesi amaciyla politika ve stratejiler gelistirmek {izere is birligi yapmay1 kabul
etmistir (Krueger. 2013).

Taraflar Konferansi'nin dokuzuncu toplantisinda (COP9) kabul edilen IX/6 sayili
karar ile Sekretarya’ya, gelismekte olan {ilkelerde ve gecis ekonomisine sahip
tilkelerde e-atiklarin cevreye duyarl yonetimini gelistirmeye yonelik teknik yardim
calisma planini uygulama yetkisi verilmistir. Bu tarihten itibaren, e-atiklarin cevreye
duyarli yonetiminin gticlendirilmesine yonelik teknik destek, Taraflar arasindaki
teknik is birliginin 6ncelikli alanlarindan biri olmaya devam etmektedir (Khan, 2016).

Ayrica COPY'da, Bilgisayar Ekipmanlari i¢in Eylem Ortakhigi (PACE) adiyla yeni bir
ortaklik kurulmustur. Bu ortaklik, COP13’e kadar faaliyet gostermis ve bu toplantida
calismalarin1 tamamlamistir. Ardindan, 2019 yilinda COP14’te, PACE’'in devami
niteliginde yeni bir ortaklik olan “PACE Sonrasi Ortaklik” olusturulmustur. Bu
ortakliga, e-atik konusunda farkindalik artirma faaliyetlerini stirdiirme ve mobil
telefonlar ile bilgisayar ekipmanlarmin cevreye duyarli yonetimi konusunda is
birligini devam ettirme gorevi verilmistir. 2022 yilinda gerceklestirilen COP15
toplantisinda, PACE Sonrast Ortakligin yetki alani mobil telefonlar ve bilgisayar
ekipmanlarina ek olarak televizyon ekranlari, video ve ses ekipmanlari ile sogutma ve
1sitma cihazlarini da kapsayacak sekilde genisletilmistir. Bu kapsamda ortakligin ad1
“E-Atiklarla Hgili Zorluklara Yonelik Eylem Ortaklig1” olarak degistirilmis ve PACE
IT olarak adlandirilmistir (Ogunseitan, 2013).

Aymni toplantida, Basel Sozlesmesi'nin II, VIII ve IX numarali eklerinde degisiklikler
kabul edilmistir. Bu degisikliklerle birlikte hem tehlikeli hem de tehlikesiz e-atiklar
sozlesme eklerinde listelenmistir. Tehlikesiz e-atiklar Ek II'de Y49 kodu ile, tehlikeli e-
atiklar ise Ek VIII'de yeni bir kod olan A1181 ile tanimlanmustir. Ayrica B1110 ve B4030
kodlar1 ile A1180 kodu kaldirilmis ve A1180 kodunun yerine A1181 kodu getirilmistir.
Soz konusu degisikliklerin 1 Ocak 2025 tarihinde ytirtirliige girmesi ongortilmektedir.
Bu tarihten itibaren hem tehlikeli hem de tehlikesiz e-atiklarin sinir 6tesi tasinimlarsi,
Basel Sozlesmesi kapsaminda Onceden Bilgilendirilmis Onay (PIC) prosediiriine tabi
olacaktir (Haddad & Nezar, 2025).

Tartisma ve Sonug

Elektronik atiklar, giintimtiziin hizla dijitallesen diinyasinda hem cevresel hem de
ekonomik agidan giderek daha 6nemli bir konu haline gelmistir. Artan elektronik tirtin
tiketimi ve kisa tirtin yasam dongiileri, e-atik miktarinin stirekli olarak artmasima
neden olmakta ve bu durum ozellikle atik yonetim sistemlerinin yetersiz oldugu
bolgelerde ciddi sorunlar yaratmaktadir. E-atiklarin icerdigi tehlikeli maddeler, insan
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saglig1 ve cevre tizerinde olumsuz etkiler dogururken, ayn1 zamanda icerdigi degerli
metaller nedeniyle 6nemli bir kaynak potansiyeli de sunmaktadir.

Uluslararasi ticaret ve lojistik perspektifinden degerlendirildiginde, e-atiklarin sinir
otesi hareketleri kiiresel tedarik zincirlerinin ayrilmaz bir parcas: haline gelmistir.
Ancak bu hareketlerin biiytiik bir kisminin gelismekte olan tilkelere yonelmesi ve cogu
zaman cevreye duyarli yonetim ilkelerine uygun sekilde gerceklestirilmemesi, kiiresel
Olcekte cevresel ve sosyal esitsizlikleri artirmaktadir. Bu noktada lojistik stireglerin
etkin yonetimi, tersine lojistik uygulamalarinin gelistirilmesi ve izlenebilirlik
mekanizmalarinin giiclendirilmesi biiytik 6nem tasimaktadir.

Basel Sozlesmesi, e-atiklarin uluslararasi tasimimini diizenleyen temel hukuki
cerceveyi sunmakta ve cevreye duyarli yonetim ilkelerinin uygulanmasimi tesvik
etmektedir. Bununla birlikte, mevcut diizenlemelerin etkinliginin artirilmasi,
uluslararasi is birliginin gticlendirilmesi ve 6zellikle gelismekte olan tilkelerde teknik
ve kurumsal kapasitenin gelistirilmesi gerekmektedir. Sonu¢ olarak, elektronik
atiklarin stirdiirtilebilir yonetimi; cevresel koruma, ekonomik deger yaratimi ve etkin
lojistik stireclerin entegrasyonu ile miimkiin olabilecektir.
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Dongiisel Ekonomi Perspektifinden Atik Lojistigi: Kavramsal Bir Degerlendirme

Waste Logistics from A Circular Economy Perspective: A Conceptual Evaluation
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Ozet

Bu calismada, dongiisel ekonomi perspektifinden atik lojistigi kavramsal olarak ele
alinmakta ve atik yonetimi ile lojistik stirecler arasindaki iliski biittinctil bir bakis
acisiyla degerlendirilmektedir. Geleneksel dogrusal ekonomik modelin siurli kaynak
tiuketimine dayali yapisi, artan atitk miktar1 ve cevresel sorunlari beraberinde
getirmektedir. Bu durum, kaynaklarin daha verimli kullanmilmasmi ve atik
olusumunun en aza indirilmesini hedefleyen dongtisel ekonomi yaklasimini 6n plana
cikarmaktadir. Dongtisel ekonomi; {irtin ve malzemelerin miimkiin oldugunca uzun
stire sistem icerisinde tutulmasini, yeniden kullanim, geri dontistim ve yeniden tiretim
stregleriyle ekonomik deger yaratilmasmni amaglamaktadir. Bu cercevede atik
yonetimi, atigin olusumundan bertarafina kadar uzanan ¢ok asamali bir stire¢ olarak
ele alinmakta ve insan saglig1 ile cevresel etkilerin azaltilmasinda ¢nemli bir rol
tistlenmektedir. Atiklarin etkin sekilde yonetilmesi, yalnizca teknik stireglerle degil,
ayni zamanda bu stirecleri destekleyen lojistik faaliyetlerin etkinligi ile dogrudan
iliskilidir. Atik lojistigi; atiklarin toplanmasi, tasinmasi, islenmesi ve uygun tesislere
ulastirilmast gibi faaliyetleri kapsayan yapilandirilmis bir sistem olarak one
cikmaktadir. Calismada ayrica tersine lojistik kavrami tizerinde durularak, tirtinlerin
yasam dongiisi sonunda yeniden ekonomik sisteme kazandirilmasina yonelik
stiregler incelenmistir. Dongtisel ekonomi ile lojistik arasindaki iliski, 6zellikle kapali
dongii tedarik zincirleri baglaminda ele alinmakta ve lojistik faaliyetlerin bu
sistemdeki kritik rolti vurgulanmaktadir. Sonug olarak, dongiisel ekonominin etkin bir
sekilde uygulanabilmesi icin atik yonetimi ve lojistik stireglerin entegre bir yap:
icerisinde ele alinmasinin gerekliligi ortaya konulmaktadir.

Anahtar kelimeler: Dongtisel ekonomi, atik lojistigi, tersine lojistik

Abstract

This study conceptually addresses waste logistics from a circular economy perspective
and evaluates the relationship between waste management and logistics processes
from a holistic point of view. The traditional linear economic model's structure, based
on limited resource consumption, leads to increasing waste amounts and
environmental problems. This situation highlights the circular economy approach,
which aims for more efficient use of resources and minimizing waste generation. The
circular economy aims to keep products and materials within the system for as long as
possible, creating economic value through reuse, recycling, and re-production
processes. In this context, waste management is considered a multi-stage process
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extending from waste generation to disposal and plays an important role in reducing
human health and environmental impacts. The effective management of waste is
directly related not only to technical processes but also to the efficiency of logistics
activities supporting these processes. Waste logistics stands out as a structured system
encompassing activities such as the collection, transportation, processing, and delivery
of waste to appropriate facilities. The study also focuses on the concept of reverse
logistics, examining the processes aimed at reintroducing products into the economic
system at the end of their life cycle. The relationship between the circular economy
and logistics is examined, particularly in the context of closed-loop supply chains, and
the critical role of logistics activities in this system is emphasized. Consequently, it is
revealed that waste management and logistics processes need to be addressed within
an integrated structure for the effective implementation of the circular economy.

Keywords: Circular economy, waste logistics, reverse logistics

Giris

Dongtisel ekonomi, iirtinlerin hicbir zaman atik haline dontismedigi ve doganin
kendini yenileyebildigi bir sistem olarak tanimlanmaktadir. Bu modelde tirtinler ve
malzemeler; bakim, yeniden kullanim, yenileme, yeniden tiretim, geri dontistim ve
kompostlama gibi stirecler araciligiyla dolasimda tutulur. Dongtisel ekonomi,
ekonomik faaliyetleri sinirli kaynaklarin tiiketiminden bagimsiz hale getirerek; iklim
degisikligi, biyocesitlilik kaybi, atik olusumu ve kirlilik gibi kiiresel sorunlarla
miicadele etmeyi amaglamaktadir (Kopnina & Poldner, 2021).

Bu yaklasim {i¢ temel ilkeye dayanmaktadir: atik ve kirliligin ortadan kaldirilmasi,
trtunlerin dolasimda tutulmast ve dogamin korunmasi. Uygulamada bu, atik
miktarinin en aza indirilmesi anlamma gelir. Bir {rtin kullanim omrini
tamamladiginda, icerdigi malzemeler geri doniistim yoluyla miimkiin oldugunca
ekonomik sistem icinde tutulmaya devam eder. Bu sayede s6z konusu malzemeler
defalarca verimli bicimde kullanilabilir ve ek deger olusturur. Boyle bir yaklasim, “al-
yap-tiiket-at” anlayismma dayanan geleneksel dogrusal ekonomi modelinden
farklilasmaktadir. S6z konusu model ise biiyiik olgtide ucuz ve kolay erisilebilir
malzeme ile enerjiye dayanir. Bu cercevede, dongiisel ekonomi anlayisinin hayata
gecirilebilmesi icin atiklarn etkili bicimde yonetilmesi kritik bir 6neme sahiptir
(Mulder vd., 2021).

Atik yonetimi ya da bertarafi, atigin olusum asamasindan nihai yok edilmesine kadar
gecen siireci kapsayan tim faaliyetleri igerir. Bu kapsamda; atigin toplanmasi,
tasinmasi, islenmesi ve bertaraf edilmesinin yani sira siirecin izlenmesi, diizenlenmesi
ve atikla ilgili yasal diizenlemeler, teknolojiler ile ekonomik araclar da yer alir. Atik;
kati, s1v1 ya da gaz formunda olabilir ve her bir tiir i¢in farkli yonetim ve bertaraf
yontemleri uygulanir. Atik yonetimi; endtstriyel, kimyasal, kentsel, organik,
biyomedikal ve radyoaktif atiklar da dahil olmak {izere genis bir alami kapsar
(Demirbas, 2011). Atiklar cogunlukla hammaddelerin ¢ikarilmas: ve islenmesi gibi
insan faaliyetleri sonucunda ortaya cikar. Atik yonetiminin énemli bir boliimii ise
sanayi, ticaret ve hane halki faaliyetlerinden kaynaklanan kentsel kati1 atiklarla
ilgilidir. Baz1 durumlarda atiklar insan saghg: acisindan risk olusturabilir. Bu saglik
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sorunlari, atik yonetim stirecinin tamamaiyla baglantili olup dogrudan ya da dolayl
sekilde ortaya c¢ikabilir. Dogrudan etkiler kati atiklarin elleclenmesi sirasinda
gortiliirken, dolayll etkiler su, toprak ve gida yoluyla ortaya ¢ikmaktadir. Atik
yonetiminin temel amacy; atiklarin insan saghgi, cevre, dogal kaynaklar ve estetik
tizerindeki olumsuz etkilerini en aza indirmektir. Bu noktada, atik yonetimi
stireclerinin basarisi biiytik oOlctide bu stirecleri destekleyen lojistik faaliyetlerin
etkinligine baghdir (Seadon, 2010).

Atik lojistigi, atik ve geri dontstiirtilebilir malzemelerin olusum noktasindan geri
kazanim veya bertarafina kadar yapilandirilmis hareketidir. Tasimacilik, uyumluluk,
ticari karar alma ve cevresel sorumlulugun kesistigi noktada yer almaktadir. Atik
lojistigi kotti yonetildiginde, isletmeler daha ytiksek maliyetler, diizenleyici riskler ve
kagirilan geri dontistim firsatlartyla karsi karsiya kalmaktadir. Dogru yonetildiginde
ise atik, bir yiiktimliiliik olmaktan ziyade kontrolli ve izlenebilir bir malzeme akist
haline gelmektedir. Bu cercevede, atik lojistigi uygulamalarinin kapsami yalnizca
tasima faaliyetleriyle sinirl degildir (Gonul Kochan vd., 2016).

Pratikte, atik lojistigi toplama isleminden ¢ok daha fazlasim igerir. Konsolidasyon,
transfer, nakliye, dokiimantasyon, yetkili teslimatlar ve onayl tesislere teslimati
kapsamaktadir. Her hareket, dogru taraflarca, dogru gtizergahlar kullanilarak ve
dogru kayitlarla desteklenerek gerceklestirilmelidir (Liljestrand, 2017).

Dongiisel Ekonomi

Dongtisel ekonomi, atif1 ortadan kaldirmayi ve yeniden kullanim ile kaynak
verimliligi yoluyla stirdiirtilebilirligi tesvik etmeyi amaclayan bir ekonomik modeldir.
Paylasim, onarim, yenileme, yeniden tiretim ve geri dontisim yoluyla bu model,
kullanilan kaynak miktarmi en aza indiren kapali dongii bir sistem olusturur. Aym
zamanda atik olusumunu, kirliligi ve iklim degisikliginin baslica nedenlerinden biri
olan karbon emisyonlarini azaltmaktadir (Corvellec vd., 2021).

Geleneksel dogrusal ekonomide ise hammaddeler dogal cevreden cikarilir, {irtinlere
donusttirtltr, kullanilir ve ardindan atik olarak atilir. Bu model, sinirli kaynaklarin
stirekli ¢ikarilmasina dayanmaktadir ve bu durum cevresel bozulmaya ve kaynaklarin
tiikenmesine yol agmaktadir. Dongtisel ekonomi, bu “al-yap-at” modelini, atig1 en aza
indiren ve trtinler ile kaynaklart miimkiin oldugunca uzun siire kullanimda tutan
daha stirdiirtilebilir bir ekonomik sistemle degistirmeyi amaclamaktadir. Bu yaklagim;
yenilenebilir enerjiye gecis, dogal kaynaklarin yenilenmesi, ¢cevrenin korunmas: ve
insan saglig1 ile refahinin desteklenmesi ¢abalarina dayanmaktadir (Geng vd., 2019).

Dongtisel ekonomi, stirdiirtilebilirligin temel itici gliclerinden biridir. Birlesmis
Milletler, Stirdurtlebilir Kalkinma Amaglarima ulasmada dongtselligin roliinii
vurgulamaktadir. Diinya genelinde bir¢ok hiikiimet, politika yapic1 ve kurulus; iklim
degisikligi, biyolojik cesitlilik kaybi, kaynak ¢ikarimindan kaynaklanan bozulmalar ve
diger cevresel sorunlar gibi kiiresel zorluklarla basa c¢ikmak igin bu modelin
potansiyelini arastirmaktadir (Mies & Gold, 2021).

Ornegin, arastirmalar dogal kaynaklarin cikarilmast ve islenmesinin, diinya
genelindeki toplam sera gazi emisyonlarinin yarisina ve biyolojik cesitlilik kaybr ile su
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stresinin %90'1ndan fazlasina katkida bulundugunu gostermektedir. Kaynaklar: daha
uzun siire kullanimda tutarak dongtisel ekonomi, yeni kaynak ¢ikarimina olan ihtiyaci
azaltmaktadir; bu da dogal kaynaklarin korunmasima ve sera gazi emisyonlarinin
diistirtilmesine yardimci olmaktadir. Bu dogrultuda, dongtisel ekonominin 6nde
gelen savunucularindan Ellen MacArthur Vakfi'min bir calismasi, bu alternatif
ekonomik modelin benimsenmesinin Avrupa’nin karbondioksit emisyonlarini yariya
indirebilecegini ortaya koymaktadir. Ayrica, bu model ekonomik firsatlar
yaratabilmekte ve isletmeler ile toplum icin deger tretebilmektedir. Arastirmalar,
dongtisel ekonominin 4,5 trilyon ABD dolar1 tutarinda yeni ekonomik cikti
olusturabilecegini gostermektedir (Stahel & MacArthur, 2019).

Atik Yonetimi

Atik yonetimi, atik malzemelerin olustugu noktadan nihai bertarafina kadar diizenli
bir sekilde ele alinmasi stirecidir. Atigin toplanmasi, tasinmasi, islenmesi ve bertaraf
edilmesi gibi genis bir faaliyet yelpazesini kapsamaktadir. Ayrica, bu stireclerin gevre
dostu ve verimli bir sekilde yiriitilmesini saglamak amaciyla izlenmesi ve
diizenlenmesini de icermektedir (Reno, 2015).

Temel olarak atik yonetimi, atigin insan saghgi, cevre ve estetik tizerindeki olumsuz
etkilerini en aza indirmeyi amaglamaktadir. Bu amag; atik olusumunun azaltilmas,
malzemelerin geri dontistiiriilmesi ve yeniden kullanilmasi ile geri doniistiirtilemeyen
atiklarin uygun sekilde bertaraf edilmesi gibi cesitli stratejilerle gerceklestirilmektedir
(Czekala vd., 2023).

Atik yonetiminin temel bilesenleri sunlardur:

Toplama: Konut, ticari ve endistriyel kaynaklardan atiklarin toplanmasim
icermektedir. Etkili toplama sistemleri, atigin dogru sekilde yonetilmesini saglamak
ve halk saghg! acisindan risk olusturmamasini temin etmek acisindan biiyiik 6nem
tasimaktadir (Chow et al., 2017).

Tasima: Toplanan atiklarin isleme veya bertaraf tesislerine tasinmasini kapsamaktadir.
Bu stirecte, tasinma sirasinda s1zint1 veya kirlenmeyi 6nlemek i¢in iyi organize edilmis
bir lojistik sistem gerekmektedir (Chisholm vd., 2021).

Isleme: Bu asamada atiklar ayristirilmakta ve kullanlabilir malzemelerin geri
kazamlmasi veya bertarafa hazirlanmasi amaciyla islem gormektedir. Isleme siireci;
geri dontistim, kompostlama ve atiktan enerji tiretimi gibi yontemleri igerebilmektedir
(Zaman & Lehmann, 2011).

Geri Dontistim ve Yeniden Kullanim: Geri doniistim, atik malzemelerin yeni tirtinlere
donusttirtilerek ham madde tiiketiminin azaltilmasini saglamaktadir. Yeniden
kullanim ise tirtinlerin atilmadan 6nce birden fazla kez kullanilmasini ifade etmektedir
(Zorpas, 2020).

Bertaraf: Atik yonetiminin son asamasi, geri doniistiiriilemeyen veya yeniden
kullanilamayan atiklarin gtivenli bir sekilde bertaraf edilmesidir. Bu genellikle dtizenli
depolama veya yakma yoOntemleriyle gerceklestirilmektedir; ancak modern
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yaklasimlar, depolama alami kullanimini azaltmayi ve atiktan enerji {iretim
teknolojilerinin verimliligini artirmay1 hedeflemektedir (Choe & Fraser, 1999).

Etkili atik yonetimi uygulamalarmin benimsenmesiyle isletmeler, cevresel etkilerini
onemli Olctide azaltabilmekte, maliyet tasarrufu saglayabilmekte ve geri dontistim
programlar1 aracilifiyla gelir elde edebilmektedir. Ayrica giiclii bir atik yonetimi
stratejisi; cevresel diizenlemelere uyumu saglamakta, kurumsal sosyal sorumlulugu
gliclendirmekte ve stirdiirtilebilirlige yonelik kiiresel cabalar1 desteklemektedir
(Kumar vd., 2017).

Atik Lojistigi ve Tersine Lojistik

Tersine lojistik, sirketlerin geri doniisiim, yeniden kullanim ve kullanilan malzeme
miktarin1 azaltma yoluyla cevresel acidan daha verimli hale gelmesini saglayan bir
strectir. Tersine lojistige daha biittincil bir bakis, ileri akis sisteminde malzeme
kullaniminin  azaltilmasini, bdylece daha az malzemenin geri doénmesini,
malzemelerin yeniden kullanilabilmesini ve geri doniisimiin kolaylastirilmasin
kapsamaktadir. Atig1 azaltmaya yonelik oOnlemler, triin tasarim asamasinda
baslamaktadir ve tasimacilik ile nihai bertaraf dahil olmak tizere {irtintin tiim yasam
dongtistinit  kapsamaktadir. Bu yaklasim, asagi akista olusan atigin en aza
indirilmesini saglamakta ve trtinlerin yeniden {iretim, yeniden kullamim, geri
dontisum veya ikincil pazarda yeniden satis icin tedarik zincirinde geriye dogru
hareket etmesine olanak tanimaktadir (Ichinose vd., 2013).

Tersine lojistik, atik yonetiminden farklidir; c¢tinkti geri kazanilacak tirtine deger
katmaya odaklanmaktadir. Buna karsilik, atik yonetimi daha ¢ok yeniden kullanimi
olmayan atiklarin toplanmasi ve islenmesini igermektedir (Yang, 2022).

Tersine tedarik zinciri, tirtinlerin ve bunlara ait bilesenler ile malzemelerin yeniden
kullanimi, geri dontistimii ve nihai bertarafini iceren faaliyetler agini ifade etmektedir.
Kamuoyu ise genellikle tirtinlerin kullanim 6mrii sonunda ortaya ¢ikan gevresel
etkilerle ilgilenmektedir. Yasam dongtisii degerlendirmesi, tersine lojistikte 6nemli bir
aractir ve gelistirme stirecinin baslangicindan itibaren alternatif malzeme ve bilesen
seceneklerinin degerlendirilmesini icermektedir. Bu degerlendirme, hammaddelerin
elde edilmesinden kullanim asamasina ve geri kazanima kadar tirtintin tiim yasam
dongtistinii kapsamaktadir (Gobbi, 2011).

Déngiisel Ekonomi ve Lojistik Iligkisi

Dongtisel ekonomide lojistik, glintimiizde atik yonetimi ve geri doniisim
sektorlerinde uygulanan lojistikten farkli bir yaklasim izlemek zorundadir; gorevlerini
yerine getirebilmek igin stirecler ve kullanilan teknolojiler agisindan gelisim
gostermesi gerekmektedir. Dongtisel ekonomide lojistik, yalnizca klasik geri alma ve
bertaraf faaliyetleriyle sinirli kalmamakta, bundan daha fazlasini yerine getirmektedir.
Bilgi ve iletisim teknolojileri, deger zinciri boyunca ttim aktorlerin entegrasyonunu
miimkiin kilmakta ve yeni is modellerinin ortaya c¢ikmasima olanak saglamaktadir
(Seroka-Stolka & Ociepa-Kubicka, 2019).
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Bugtine kadar lojistik deger yaratma aglari, malzemelerin dogrusal akisiyla
karakterize edilmistir ve bu akis, 6nemli miktarda malzeme ve kaynak kaybma yol
acan bertaraf siirecleriyle sonuclanmaktadir. Bu uygulama, tiim ekonomik sistem
boyunca ytiksek diizeyde malzeme ve deger kayb: yaratmaktadir (Van Buren vd.,
2016). Bu sistem igerisinde lojistik ikiye ayrilmaktadir:

“Klasik” lojistik fonksiyonlary; tedarik, tiretim lojistigi ve yeni parca ile tirtinlerin
dagitimini desteklemektedir. Buna karsilik, atik bertaraf lojistigi tirtinlerin yasam sonu
asamasindaki stireclere odaklanmaktadir. Ttiketici ve endiistriyel tirtinlerin tiretimi ile
atik yonetimi stirecleri arasindaki kullanim asamasi ise, tirtin yasam dongtisii boyunca
miilkiyet degisimlerine ve bilgi akislarinda kesintilere neden olan bir ara asama
niteligindedir. Yasam sonu {irtinler; icerdikleri bilgi, bilesenler ve hammaddelerle
birlikte, etkili bir dongtisel ekonomi icinde miimkiin olabilecegi kadar verimli sekilde
geri donuistiiriilememektedir (Beames vd., 2021).

Buna ek olarak, tedarik zincirleri cogunlukla dayanikli olmayan tirtinlerin tiretimi ve
dagitimina odaklanmakta ve {iirtinlerin onarimi yoluyla dongitilerin kapatilmasin
nadiren hedeflemektedir. Ancak dongiisel ekonomiye gecisteki en Onemli
zorluklardan biri; bir yandan geri dontstiirtictilerin ytiksek kaliteli ikincil tirtinler,
bilesenler ve hammaddeler saglayan tedarikgiler olarak sisteme entegre edilmesi,
diger yandan bu malzemeleri satin alan ve onarim hizmetleri sunan treticilerle
biitinlesmenin saglanmasidir. Bu baglamda lojistik, basarimin en 6nemli
unsurlarindan biri, hatta belki de en kritik faktortidiir (Dzwigol vd., 2021).

Tartisma ve Sonug

Bu calisma, dongtisel ekonomi yaklasiminin etkinliginde atik yonetimi ve lojistik
stireclerin belirleyici bir rol oynadigimi ortaya koymaktadir. Geleneksel dogrusal
sistemlerin aksine, dongiisel ekonomide atiklarin yeniden sisteme kazandirilmasi
ancak iyi planlanmis ve koordineli lojistik faaliyetler ile miimkiin olmaktadir. Bu
dogrultuda, atik lojistiginin yalnizca tasima faaliyetleriyle sinurli goriilmemesi, aksine
biitiinctil bir sistem yaklagimiyla ele alinmasi gerekmektedir. Ozellikle tersine lojistik
uygulamalarmin yaygmlastirilmasi, trtinlerin yasam dongiistintin uzatilmas: ve
kaynak verimliliginin artirilmasi agisindan 6nem tasimaktadir. Bununla birlikte, bilgi
ve iletisim teknolojilerinin lojistik stireglere entegrasyonu, atik akislarinin
izlenebilirligini artirarak sistemin etkinligine katki saglayacaktir. Ayrica, kamu
politikalar1 ve yasal diizenlemelerin dongtisel ekonomi uygulamalarini destekleyecek
sekilde gelistirilmesi, bu dontistim stirecinin hizlanmasina yardimei olacaktir. Gelecek
calismalarda, bu kavramsal ¢ercevenin uygulama drnekleriyle desteklenmesi ve farkl
sektorler 6zelinde degerlendirilmesi 6nerilmektedir.
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Endiistriyel ve Evsel Atiklarin Geri Doniisiimii ve Bertarafinda Dongiisel
Ekonomi Yaklasimu: Siirdiiriilebilir Atik Yonetimi I¢in Biitiinciil Bir Model

A Circular Economy Approach to the Recycling and Disposal of Industrial and
Household Waste: A Holistic Model for Sustainable Waste Management

Fatma Burcu Karakog

Ogretim Gorevlisi, Osmaniye Korkut Ata Universitesi, Bahce Meslek Yiiksekokulu, Gida Isleme
Boliimii, Osmaniye, Ttirkiye.

Ozet

Artan nitifus, hizhi kentlesme, sanayilesme ve degisen tiiketim aliskanlhiklari, hem
endiistriyel hem de evsel atik miktarlarinda 6nemli ve stirekli bir artisa neden
olmaktadir. Bu artis, yalnizca atik hacminin yiikselmesiyle sinirli kalmayip ayni
zamanda dogal kaynaklarin hizl titkenmesi, cevresel kirlenmenin yayginlasmasi, sera
gaz1 emisyonlarinin artmasi ve insan saglig1 tizerinde ciddi risklerin ortaya ¢ikmasi
gibi cok boyutlu cevresel sorunlar1 da beraberinde getirmektedir. Ozellikle gelismekte
olan tilkelerde atik yonetim sistemlerinin yetersizligi, bu sorunlarin daha belirgin hale
gelmesine yol acmaktadir.

Bu calismada, endiistriyel ve evsel atiklarin geri dontisiimii ve bertarafi stiregleri
dongtisel ekonomi yaklasimi cercevesinde ele alinmistir. Dongtisel ekonomi modeli,
kaynaklarin miimkiin oldugunca uzun stire kullanimda kalmasini, atik olusumunun
en aza indirilmesini ve mevcut kaynaklarin yeniden {iretim dongtisiine
kazandirilmasini hedeflemektedir. Bu baglamda calismanin ilk béltimiinde, atik
ttrleri, olusum kaynaklar: ve bu atiklarin cevre tizerindeki etkileri degerlendirilmistir.

Ikinci boliimde ise geri dontisim, yeniden kullanim, geri kazanim ve enerji tiretimi
gibi modern atik yonetimi yontemleri ele alinmustir. Bu stireclerde kullanilan
teknolojiler, uygulama alanlar1 ve elde edilen gevresel kazanimlar karsilastirmali
olarak analiz edilmistir. Ozellikle mekanik ve kimyasal geri déniisiim yontemlerinin
yani sira, atiktan enerji elde etme (waste-to-energy) sistemlerinin stirdiiriilebilir atik
yonetimindeki rolti vurgulanmustir.

Son boliimde ise stirduriilebilir atik yonetiminin saglanabilmesi icin politika
gelistirme, ileri teknoloji kullanimi1 ve paydaslar arast is birligi temelli stratejik oneriler
sunulmustur. Yerel yonetimler, sanayi kuruluslar1 ve toplumun aktif katiliminin
onemine dikkat cekilmistir. Elde edilen bulgular, dongtisel ekonomi yaklasiminin atik
miktarmi azaltmada, dogal kaynak kullanimini optimize etmede ve cevresel
surdiirtilebilirligi desteklemede etkili ve uygulanabilir bir model sundugunu
gostermektedir. Ozellikle sanayi atiklarmmn ikincil hammadde olarak iiretim
streclerine yeniden kazandirilmasi ve evsel atiklarda kaynakta ayristirma
sistemlerinin yayginlastirilmasi, atik yonetiminde hem ekonomik hem de cevresel
acidan 6nemli kazanimlar saglamaktadir.

Anahtar Kelimeler: Atik, bertaraf, dongtisel ekonomi, geri dontistim, stirdiirtilebilirlik
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Abstract

A growing population, rapid wurbanisation, industrialisation and changing
consumption patterns are leading to a significant and sustained increase in both
industrial and domestic waste volumes. This increase is not limited to a rise in waste
volume alone; it also brings with it multi-faceted environmental problems such as the
rapid depletion of natural resources, the spread of environmental pollution, rising
greenhouse gas emissions and the emergence of serious risks to human health. In
particular, the inadequacy of waste management systems in developing countries is
causing these problems to become more pronounced.

In this study, the processes of recycling and disposal of industrial and domestic waste
are examined within the framework of the circular economy approach. The circular
economy model aims to keep resources in use for as long as possible, minimise waste
generation, and reintegrate existing resources into the production cycle. In this context,
the first section of the study evaluates waste types, their sources of generation, and
their environmental impacts.

The second section examines modern waste management methods such as recycling,
reuse, recovery and energy production. The technologies used in these processes; their
application areas and the resulting environmental benefits have been analysed
comparatively. In particular, the role of waste-to-energy systems, alongside
mechanical and chemical recycling methods, in sustainable waste management has
been emphasised.

In the final section, strategic recommendations based on policy development, the use
of advanced technology and collaboration among stakeholders were presented to
ensure sustainable waste management. Attention has been drawn to the importance
of the active participation of local authorities, industrial organisations and the public.
The findings demonstrate that the circular economy approach offers an effective and
feasible model for reducing waste volumes, optimising the use of natural resources
and supporting environmental sustainability. In particular, the reintroduction of
industrial waste into production processes as secondary raw materials and the
widespread adoption of source separation systems for household waste provide
significant economic and environmental benefits in waste management.

Keywords: Waste, disposal, circular economy, recycling, sustainability

Giris
Kiuresel olcekte artan tiretim ve tuiketim faaliyetleri, atik yonetimini cevresel
stirdiirtilebilirligin temel konularindan biri haline getirmistir. Ozellikle sanayi

tesislerinden kaynaklanan kimyasal, metalik ve tehlikeli atiklar ile hanelerden ¢ikan
organik, plastik, cam ve ambalaj atiklar1 cevresel baskiy1 artirmaktadir.

Geleneksel dogrusal ekonomi modeli olan “al-kullan-at” yaklasimi, atik olusumunu
hizlandirmakta ve dogal kaynaklar iizerinde ciddi baski olusturmaktadir. Buna
karsilik dongtisel ekonomi yaklasimi; azaltma, yeniden kullanim, geri dontistim ve
geri kazanim ilkeleriyle atiklarin ekonomik sisteme yeniden kazandirilmasin
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hedeflemektedir. Bu yaklasim, 6zellikle endiistriyel simbiyoz, enerji geri kazanimi ve
kaynak verimliligi acisindan stirdiirtilebilir ¢oztimler sunmaktadir (Zaman, 2026).

Bu calismanin amaci, endiistriyel ve evsel atiklarin geri doniisim ve bertaraf
stireclerini akademik literatiir cercevesinde degerlendirerek stirdiirtilebilir bir model
Onermektir.

Endiistriyel ve Evsel Atik Kaynaklar1 ile Cevresel Etkileri

Endistriyel ve evsel atiklarin gevresel etkileri, yalnizca atik miktariyla sinirli olmayip;
atigin bilesimi, bertaraf yontemi ve geri kazanim potansiyeli ile dogrudan iliskilidir.
Ozellikle sanayi kaynakli kat1 atiklar; metal isleme, kimya, tekstil, gida isleme, enerji
tiretimi ve insaat sektorlerinde yogun olarak ortaya ¢ikmaktadir. Bu atiklar cogu
zaman agir metal, toksik kimyasal bilesenler, organik kirleticiler ve proses camurlar:
icermektedir. Uygun yonetim stratejileri gelistirilmediginde toprak, yeralt1 suyu ve
atmosfer tizerinde ciddi ¢evresel baskilar olusturmaktadir (Chen ve ark., 2025).

Tablo 1. Baslica Atik Tiirleri ve Etkileri

Atik Tiri Kaynak Cevresel Etki

Organik atik Haneler, gida isletmeleri Metan emisyonu, koku
Plastik atik Ambalaj, tiiketim tirtinleri ~ Mikroplastik kirliligi
Agir metal atiklar1 ~ Sanayi tiretimi Toprak ve su toksisitesi
Elektronik atik Evsel kullanim Tehlikeli kimyasal salim1

Ozellikle tehlikeli endiistriyel atiklarin kontrolsiiz bicimde cevreye birakilmasi;
kursun (Pb), kadmiyum (Cd), civa (Hg) ve arsenik (As) gibi toksik elementlerin
ekosistemlere tasinmasina neden olmaktadir. Bu durum, hem insan sagligi hem de
biyolojik cesitlilik acisindan ¢nemli riskler dogurmaktadir. Literatiirde endiistriyel
tehlikeli atik miktarimin kiiresel 6lcekte yillik yaklasik 400 milyon ton diizeyine ulastig1
belirtilmektedir.

Evsel atiklar ise organik atiklar, ambalaj atiklari, plastikler, cam, metal, kagit-karton
ve elektronik atiklardan olusmaktadir. Ozellikle plastik atiklarin diizensiz depolama
alanlarinda Dbirikmesi mikroplastik kirliligini artirmakta; sucul ve Kkarasal
ekosistemlerde kalic1 cevresel sorunlara yol agmaktadir. Bunun yaninda evsel organik
atiklarin anaerobik ayrismasi sonucu ortaya ¢ikan metan (CH,), kiiresel 1sinma
tizerinde 6nemli bir etkiye sahiptir (Kalkanis ve ark., 2022).

Artan kentlesme ile belediye kaynakhi kati atik miktarindaki ytikselis, ozellikle
gelismekte olan tiilkelerde atik yonetim altyapilarmnin kapasitesini zorlamaktadir. Bu
nedenle atiklarin kaynaginda ayristirilmasi, geri dontstiriilebilir bilesenlerin
ekonomiye yeniden kazandirilmasi ve diizenli depolama alanlarimin miihendislik
esaslarina gore planlanmasi kritik Sneme sahiptir.
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Geri Doniisiim ve Geri Kazanim Yontemleri

Geri donustim ve geri kazamim stirecleri, stirdiirtilebilir atik yonetiminin temel
bilesenlerini olusturmaktadir. Bu stirecler yalnizca atik miktarini1 azaltmakla kalmay1p
ayni zamanda dogal kaynak tiiketimini ve enerji kullanimimi da azaltmaktadir.
Dongtisel ekonomi yaklagimina gore atik, bertaraf edilmesi gereken bir unsurdan
ziyade yeniden ekonomik degere dontistiiriilebilecek ikincil bir kaynak olarak
degerlendirilmektedir (Kalkanis ve ark., 2022).

Mekanik Geri Doniisiim

Mekanik geri dontisim, ozellikle kagit, cam, metal ve plastik atiklarin fiziksel
islemlerden gegirilerek yeniden tiretim stireclerine kazandirilmasini kapsamaktadir.
Bu yontem belediye kaynakli evsel atiklarda en yaygin kullanilan geri dontisim
modelidir. Ozellikle plastik ambalaj atiklarinin ayristirilmasi, kirilmasi, yitkanmasi ve
grantil haline getirilmesi ile yeniden tiretime dahil edilmesi yaygin bir uygulamadir.

Kimyasal Geri Dontisiim

Kimyasal geri dontistim 6zellikle plastik, polimer ve baz1 end{istriyel atiklarda 6nemli
bir yontemdir. Atiklarin monomerlerine ayrilmasi veya yakit hammaddesine
dontstiirtilmesi esasina dayanir. Son yillarda endiistriyel kati atiklarin enerji
hammaddesine dontistiiriilmesinde bu yontemlerin etkinligi artmistir (Liu ve ark.,
2024; Chen ve ark., 2025).

Enerji Geri Kazanim

Geri donusttirtilemeyen atiklarin kontrollti yakma, biyogaz {iiretimi ve atiktan
turetilmis yakit (RDF) sistemleri ile enerjiye dontistiirilmesi stirdiiriilebilir atik
yonetiminde ©nemli bir yontemdir. Ozellikle organik evsel atiklarin anaerobik
fermantasyon yoluyla biyometan {iiretiminde kullanilmasi, hem atik miktarim
azaltmakta hem de yenilenebilir enerji tiretimine katk: saglamaktadur.

Kompostlama

Evsel organik atiklarin biyolojik ayrisma yoluyla giibreye dontstiiriilmesidir. Bu
yontem hem atik hacmini azaltmakta hem de tarimsal tiretimde kullanilabilecek
organik materyal saglamaktadir.

Endiistriyel Simbiyoz ve Yeniden Kullanim

Sanayi bolgelerinde bir isletmenin atiginin baska bir isletme i¢in ham madde olarak
kullanilmasi, dongtisel ekonomi acisindan oldukca etkili bir modeldir. Bu yaklasim
kaynak verimliligini artirmakta ve bertaraf maliyetlerini dustirmektedir. Giincel
calismalar endiistriyel ekoloji temelli kaynak paylasim modellerinin geri dontisim
verimliligini 6nemli 6lctide artirdigini gostermektedir (Geetha, 2025).

Bertaraf Siirecleri ve Yonetim Yaklasimlar:

Geri dontisim stirecine dahil edilemeyen atiklarin bertarafi kontrollti yontemlerle
gerceklestirilmelidir.

Baslica bertaraf yontemleri:

e diizenli depolama
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e yakma

e inertlestirme

« tehlikeli atik stabilizasyonu
« biyolojik aritma

Tehlikeli endiistriyel atiklarin bertarafinda ozellikle sizinti kontrolii, yeraltt suyu
korumasi ve emisyon denetimi kritik oneme sahiptir (Kumar ve ark., 2023).

Diizenli depolama alanlarinin miithendislik esaslarina gore planlanmasi; sizint1 suyu
toplama sistemleri, gaz geri kazanimi ve zemin izolasyonu gibi bilesenleri igermelidir.

Dongiisel Ekonomi Perspektifinden Atik Yonetimi

Dongtisel ekonomi modeli, atigin “¢op” degil, yeniden degerlendirilebilir bir kaynak
oldugunu savunmaktadir.

Bu yaklasimin temel ilkeleri sunlardir:

1. atik olusumunun 6nlenmesi
2. yeniden kullanim

3. geri dontisim

4. enerji geri kazanimi

5. endiistriyel simbiyoz

Ozellikle endiistriyel tesislerde bir isletmenin atiinin baska bir igletme icin ham
madde olarak kullanilmasi, kaynak verimliligini 6nemli 6l¢tide artirmaktadir (Zaman,
2026).

Evsel atiklarda ise kaynakta ayristirma sistemleri, belediye geri dontistim altyapisi ve
tuiketici farkindaligy kritik rol oynamaktadir.

Sonug ve Oneriler

Bu calisma, endustriyel ve evsel atiklarin yonetiminde geri doniisim ve bertaraf
streglerinin stirdiriilebilir kalkinma acisindan kritik onemde oldugunu ortaya
koymaktadir. Kiiresel dlgekte kat1 atik miktarinin 2050 yilina kadar énemli 6lctide
artacagl ongorilmektedir; bu durum geri dontisim ve siirdiirtilebilir bertaraf
sistemlerinin stratejik 6nemini artirmaktadir.

Elde edilen degerlendirmeler dogrultusunda su 6neriler sunulmaktadir:
« kaynakta ayristirma sistemleri yayginlastirilmalidir

« sanayi bolgelerinde endiistriyel simbiyoz modelleri gelistirilmelidir

« kimyasal geri dontisim teknolojilerine yatirim artirilmalidir

« belediye atik yonetim altyapilar: gticlendirilmelidir

o toplumda cevresel farkindalik artirilmalidir

Dongtisel ekonomi ilkelerine dayali bitlinctil atik yonetimi, hem c¢evresel
stirduirtilebilirlik hem de ekonomik verimlilik acisindan 6nemli katkilar sunmaktadir.
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Ikincil Hammadde Ticareti Olarak Atik: Uluslararas: Ticaretin Doniisen Yapisi
Uzerine Bir Derleme

Waste As a Form of Secondary Raw Material Trade: A Review on the Transforming
Structure of International Trade

Mesut Selamoglu

Og“retim Gorevlisi, Osmaniye Korkut Ata Universitesi, Bahce Meslek Yiiksekokulu, Yénetim ve
Organizasyon Boliimii, Osmaniye, Tiirkiye.

Ozet

Bu calisma, uluslararas: ticaret ile gevre arasindaki iliskiyi, kiiresel atik ticareti ve
ikincil hammaddeler cercevesinde ele almay1 amaglamaktadir. Kiiresellesme stireciyle
birlikte ticaret hacminde yasanan artis, ekonomik biiylime, gelir artis1 ve refah
diizeyinde iyilesme gibi olumlu sonuglar dogururken, cevresel etkiler bakimindan da
yeni tartisma alanlarinin ortaya ¢ikmasina neden olmustur. Bu baglamda, geleneksel
dogrusal tiretim ve tiiketim modelinin yol actigr kaynak israfi ve atik birikimi,
surdiiriilebilir alternatif yaklasimlara olan ihtiyaci artirmistir. Dongtisel ekonomi
yaklasimi, bu noktada, kaynaklarin daha verimli kullanilmasi ve atiklarin yeniden
tiretim siireclerine kazandirilmasi agisindan 6nemli bir ¢6ziim cercevesi sunmaktadir.
Ikincil hammaddeler, s6z konusu yaklasimin temel bilesenlerinden biri olarak, dogal
kaynaklara olan bagimliligin azaltilmasina ve tiretim siireclerinde stirdtiirtilebilirligin
saglanmasina katkida bulunmaktadir. Ote yandan, ikincil hammaddelerin tiretimi ve
dolasimu giderek uluslararasi bir boyut kazanmakta ve bu durum atiklarin sinir tesi
hareketliligini artirmaktadir. Kiiresel atik ticareti, Ozellikle gelismis {ilkelerden
gelismekte olan tilkelere yonelen atik akislari ile dikkat cekmekte; bu stire¢ ekonomik
faydalar ile cevresel ve sosyal maliyetler arasinda ©nemli bir dengesizlik
yaratmaktadir. Diistik is glicti maliyetleri ve daha esnek cevresel diizenlemeler,
gelismekte olan tilkeleri atik ithalat1 acisindan cazip hale getirirken, bu durum gevresel
risklerin ve saglik sorunlarinin bu tilkelere kaymasina yol agabilmektedir. Ozellikle
plastik ve elektronik atiklarin uygunsuz bertarafi, uzun vadeli gevresel sorunlari
derinlestirmektedir. Son yillarda yasanan gelismeler, kiiresel atik ticaretinin yapisinda
onemli degisimlere isaret etmektedir. Cin'in 2017 yilinda plastik atik ithalatin
durdurma karari, atik akislarmin yoniinti degistirmis ve yeni ticaret rotalarinin
olusmasina neden olmustur. Bu dontistim, baz1 bolgelerde yasa dis1 atik dokiimiintin
artmasina ve atik yonetimi sorunlarinin daha karmasik hale gelmesine yol agmistir. Bu
calisma, kiiresel atik ticaretinin uluslararasi ticaret sistemi icerisindeki yerini
degerlendirerek, ekonomik etkinlik ile cevresel stirdiiriilebilirlik arasindaki iliskinin
cok boyutlu yapisini ortaya koymaktadir.

Anahtar Kelimeler: Uluslararas: Ticaret, Kiiresel Atik Ticareti, Ikincil Hammaddeler,
Dongtisel Ekonomi, Cevresel Stirdiirtilebilirlik
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Abstract

This study aims to examine the relationship between international trade and the
environment within the framework of global waste trade and secondary raw materials.
While the increase in trade volume during the globalization process has led to positive
outcomes such as economic growth, increased income, and improved living standards,
it has also given rise to new areas of debate regarding environmental impacts. In this
context, the resource waste and waste accumulation caused by the traditional linear
production and consumption model have increased the need for sustainable
alternative approaches. The circular economy approach offers an important solution
framework in this regard, focusing on more efficient use of resources and the
reintegration of waste into production processes. Secondary raw materials, as a
fundamental component of this approach, contribute to reducing dependence on
natural resources and ensuring sustainability in production processes. On the other
hand, the production and circulation of secondary raw materials are increasingly
gaining an international dimension, increasing the cross-border movement of waste.
Global waste trade is particularly noteworthy for the flow of waste from developed to
developing countries; this process creates a significant imbalance between economic
benefits and environmental and social costs. Low labor costs and more flexible
environmental regulations make developing countries attractive for waste imports,
but this can lead to the shift of environmental risks and health problems to these
countries. In particular, the improper disposal of plastic and electronic waste
exacerbates long-term environmental problems. Recent developments indicate
significant changes in the structure of global waste trade. China's decision in 2017 to
halt imports of plastic waste redirected waste flows and created new trade routes. This
shift led to an increase in illegal waste dumping in some regions and made waste
management problems more complex. This study evaluates the place of global waste
trade within the international trading system, revealing the multifaceted relationship
between economic efficiency and environmental sustainability.

Keywords: International Trade, Global Waste Trade, Secondary Raw Materials,
Circular Economy, Environmental Sustainability

Giris

Ticaret ve cevre tartismasi giintimtizde tanidik bir nitelik kazanmis bulunmaktadir.
Bu tartisma, giderek serbestlesen uluslararasi ticaret ile ¢evrenin korunmasi igin
gerekli kosullarin uzlastirilmas: gerekliligine ve bu siirecin beraberinde getirdigi
zorluklara isaret etmektedir. Tartismanin kokeni, iki temel varsayim arasindaki
goruniirdeki celiskiye dayanmaktadir. Bir gortise gore, serbest uluslararas: ticaret,
cevresel koruma ve sosyal ilerlemenin saglanabilmesi igin bir 6n kosul olarak
degerlendirilmektedir. Bu yaklasima gore, serbest ticaretin temel ekonomik ilkesi olan
karsilastirmal1 tisttinliikler doktrini sayesinde elde edilen kazanimlar, stirdiirtilebilir
kalkinmay1 saglamak icin gerekli kaynaklarin ortaya ¢ikmasina olanak tanimaktadir.
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Bu cercevede, uluslararasi ticaretin cevresel etkilerinin daha somut bi¢cimde
gozlemlendigi alanlardan biri, kaynak kullanimi1 ve 6zellikle ikincil hammaddelerin
ekonomik sistem icindeki roltidiir (Hoernig, 2022).

Ikincil hammaddeler, geri dontstim teknolojilerinin malzemelerin {iretim stirecine
etkin bir sekilde yeniden entegre edilmesini sagladig1 dongtisel ekonominin temel
unsurlarindan biri olarak kabul edilmektedir. Bu durum, ¢ogunlukla yenilenemeyen
nitelikte olan birincil kaynaklara olan bagimhhgn azaltilmasi sonucunu
dogurmaktadir. Ekonomik Igbirligi ve Kalkinma Orgiitii'ne gore, dongiisel ekonomi
ile iligskilendirilen bes is modelinden ikisi dogrudan ikincil hammaddeler ile
iliskilendirilmektedir. Bu modeller, yenilenebilir malzemelerin ve stirdiirtilebilir
sekilde temin edilen biyolojik kaynaklarin kullanmimini tesvik ederek, kullamim
omrini  tamamlamis  dirtinlerin  ikincil hammaddelere  doniistiiriilmesini
ongormektedir. Bununla birlikte, ikincil hammaddelerin tiretimi ve dolasimi yalnizca
yerel 6lgekte degil, ayn1 zamanda uluslararasi ticaret aglar1 araciligiyla kiiresel olgekte
gerceklesmekte ve bu durum atiklarin smir 6tesi hareketliligini gtindeme
getirmektedir (Lingaitiene & Burinskiene, 2024).

Kiiresel atik ticareti, atiklarin bertarafi ve geri dontistimii amaciyla, cogunlukla zengin
tilkelerden gelismekte olan {tilkelere aktarilmasi uygulamasin ifade etmektedir. Bu
sistem, ozellikle 1980°1li ve 1990’11 y1llarda ekonomik tesviklerin etkisiyle 6nemli 6lctide
gelismistir; zira gelismekte olan {iilkeler, daha esnek diizenlemeler ve diisiik is giici
maliyetleri nedeniyle daha ucuz bertaraf segenekleri sunmaktadir. Bu atiklarin 6nemli
bir kismini plastikler ve elektronik atiklar olusturmaktadir ve bu atiklar cogunlukla
diizenli depolama alanlarina gonderilmekte ya da uygun olmayan sekilde bertaraf
edilmekte, bu durum ise ciddi gevresel ve saglik risklerine yol agmaktadir (Gregson &
Crang, 2015). Baslangicta hem ihracat¢1 hem de ithalatci tilkeler agisindan ekonomik
olarak faydali bir uygulama olarak degerlendirilmis olsa da, kiiresel atik ticareti
ozellikle tehlikeli atiklarin ytikiint ¢ogunlukla daha yoksul {ilkelerin {istlenmesi
nedeniyle cevresel adalet ve halk saglig1 acisindan stiregelen tartismalara neden
olmaktadir. Kiiresel atik ticareti, degisen dinamiklerle birlikte zaman igerisinde
doéntisiim gecirmistir. Ozellikle Cin’in 2017 yilinda plastik atik ithalatin1 durduracagim
aciklamasi, yeni bertaraf alternatiflerinin aranmasina yol agmustir. Bu durum, farkl
bolgelerde yasa dis1 atik doktimiiniin artmasina neden olarak atik yonetiminin
karmasikligini daha da gozler 6niine sermektedir (Kellenberg, 2015).

Uluslararasi Ticaret ve Cevre

Uluslararasi ticaret, kalkinmanin desteklenmesi, gelir ve istthdam olusturulmasi ile
yoksullugun azaltilmas: acisindan temel bir itici gii¢ olarak degerlendirilmektedir.
Daha disa acgik ekonomilerin ¢ogunlukla daha hizli biiytime gosterdigi; rekabet
gliclerinin ve yenilik kapasitelerinin arttig1, bununla birlikte daha nitelikli istihdam
imkanlar1 sundugu belirtilmektedir. Arastirmalar, ticaretin ozellikle duistik gelir
diizeyine sahip tilkelerde gelir artis1 tizerinde olumlu etkiler yarattigini ortaya
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koymakta; ihracat yapan isletmelerin ise verimlilik, calisma ortamu ve is giicti haklari
bakimindan daha ytiksek performans sergiledigini gostermektedir (Khan vd., 2020).

Ticaret; {iretkenligin yiikseltilmesi, gelir seviyelerinin artirilmasi ve istihdam
olanaklarinin genisletilmesi yoluyla yoksullugun azaltilmasina katki saglamaktadir.
Bunun yan sira, daha genis tirtin ve hizmet gesitliligine erisim imkani sunmasi da bu
stireci destekleyen onemli unsurlar arasmnda yer almaktadir. 1990-2017 yillar
arasinda, biiytik olctide uluslararas: ticaretin destekledigi ekonomik biiytimenin
etkisiyle, diinya genelinde asir1 yoksulluk i¢cinde yasayan niifus oraninda %75lik bir
azalma kaydedilmistir (Sorroche-del-Rey vd., 2023).

Birlesmis Milletler 2030 Giindemi cercevesinde ticaret, kapsayici ve stirdiiriilebilir
ekonomik  biliytimenin  tesvik  edilmesinde, yeni istihdam alanlarinin
olusturulmasinda, gelirlerin artirilmasinda ve toplumsal refahin gelistirilmesinde
kritik bir rol oynamaktadir. Ayrica uluslararasi ticaret, gtimriik vergileri ve diger mali
araglar araciligiyla ulusal kaynaklarmn harekete gecirilmesine katkida bulunmakta; bu
durum egitim ve sosyal koruma gibi alanlarda yeniden dagitim politikalarmin
uygulanmasini miimkiin kilmaktadir. Bununla birlikte ticaret, daha gevreci ve

surdtirtilebilir ekonomik modellere gegis stirecinde de 6nemli bir ara¢ olarak 6ne
¢itkmaktadir (Bressan & Garcia, 2023)

Ikincil Hammaddeler ve Déngiisel Ekonomi

Ikincil hammaddeler ve dongtisel ekonomi kavrami, son yillarda kaynak kullanimu ile
tiretim-tiiketim iliskilerine yonelik tartismalarin merkezinde yer almaktadir.
Geleneksel dogrusal ekonomik modelde (“al-tiret-tiiket-at”), kaynaklar tiretim
stirecine dahil edildikten sonra biiyiik 6lctide atik haline dontismekte ve ekonomik
dongti disinda kalmaktadir. Buna karsilik dongtisel ekonomi yaklasimi, malzemelerin
sistem icerisinde miimkiin olan en uzun siire tutulmasimm ve kullamim Omriinii
tamamlayan trtinlerin yeniden tiretim siireclerine entegre edilmesini temel
almaktadir. Bu baglamda ikincil hammaddeler, geri kazanilmis ve yeniden islenmis
malzemeler olarak, ekonomik faaliyetlerin stirdiiriilebilirliginin saglanmasinda kritik
bir unsur olarak degerlendirilmektedir (Rotilio vd., 2022).

Ikincil hammaddelerin kullanimimin yayginlasmasi, bir yandan dogal kaynaklar
tizerindeki baskinin azaltilmasina katki saglarken, diger yandan tiretim stireclerinde
maliyet etkinligi yaratabilmektedir. Ozellikle metal, plastik ve kagit gibi geri
dontistiirtilebilir malzemeler, uygun teknolojik stirecler araciligiyla yeniden islenerek
ekonomik degeri olan tiretim girdilerine dontistiirtilebilmektedir. Bu durum, cevresel
kazanimlarin 6tesinde, yeni istihdam alanlarmin ortaya ¢ikmasina ve atik yonetimi
sektoriintin gelismesine de katki sunmaktadir. Bununla birlikte, s6z konusu stirecin
etkinligi biiytik ol¢tide geri dontisim altyapisinin gelismislik diizeyine ve uygulanan
politika araclarmin biittinctlltigtine baghdir (Hoernig, 2022).
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Ote yandan, ikincil hammaddelerin tiretimi ve dolagimi giderek uluslararasi bir nitelik
kazanmaktadir. Ulkeler arasindaki maliyet farkliliklari, diizenleyici cercevelerdeki
cesitlilik ve teknolojik kapasite diizeylerindeki esitsizlikler, bu malzemelerin sinir 6tesi
hareketliligini tesvik etmektedir. Bu gelisme, dongtisel ekonomi hedeflerinin kiiresel
Olcekte nasil hayata gecirilecegi sorusunu da giindeme getirmektedir. Dolayisiyla
ikincil hammaddeler, yalmizca cevresel bir mesele olarak degil, aym1 zamanda
uluslararas: ticaretin dontisen yapisi icerisinde ele alinmasi gereken ¢ok boyutlu bir
olgu olarak degerlendirilmektedir (Scarano, 2022).

Kiiresel Atik Ticareti

Son on yillik siireg, artan kiiresel tiiketim diizeyi ve etkin atik yonetimine duyulan
gereksinimin etkisiyle kiiresel atik ticaretinde benzeri goriilmemis bir genislemeye
taniklik etmektedir. Diinya nitifusunun stirekli artis gostermesi, buna paralel olarak
tiketim miktarlarinin ve ortaya ¢ikan atik hacminin yiikselmesine neden olmaktadir.
Uriinlerin mengeine bakilmaksizin daha fazlasini talep etmeye dayali kesintisiz
tiiketim egilimleri, {iretimin artmasina ve dolayisiyla daha fazla atik olusmasina yol
acmaktadir. Bu streklilik arz eden dongii, triinlerin ve atiklarin kiiresel 6lcekte
dolasimini beraberinde getirmis; kiiresellesme stireci ise atik hareketliligini, yerel tirtin
dolasimi kadar 6nemli bir unsur haline dontistirmektedir (Liu vd., 2022).

Atik materyallerin uluslararasi ticareti, son on yilda hizla biiytiyen bir alan olarak 6ne
cikmaktadir. Bu siireg, tilkelerin atiklarini1 kendi sinirlar: igerisinde isleyebilmelerine
veya bu islemleri gerceklestirme kapasitesine sahip diger tilkelere gonderebilmelerine
imkan saglamaktadir. Bu yontiyle atik ticareti, kiiresel ekonomi i¢ginde 6nemli bir
bilesen haline gelmektedir. S6z konusu biiytime; atik yonetimi ¢oziimlerine yonelik
artan ihtiyag, atik akislarmin diizenlenmesi gerekliligi, cevrenin korunmas: ve atik
yonetimi sorumluluklarinin daha dengeli bicimde paylasilmasinin saglanmas: gibi
unsurlar tarafindan desteklenmektedir (Martinez vd., 2022).

Tartigsma ve Sonug

Uluslararas: ticaretin ekonomik btiytime, gelir artis1 ve refah tizerindeki olumlu
etkileri genis ol¢tide kabul gormektedir. Bununla birlikte, ticaretin gevresel boyutu,
ozellikle atik tiretimi ve yonetimi s6z konusu oldugunda, giderek daha fazla 6nem
kazanmaktadir. Bu c¢alisma, ikincil hammaddelerin ve dongtisel ekonomi
yaklasiminin, s6z konusu gerilimi azaltma potansiyeline sahip oldugunu ortaya
koymaktadir. Atiklarin yeniden ekonomik degere donusttirtilmesi, hem kaynak
verimliligini artirmakta hem de cevresel baskilar1 hafifletmektedir.

Ancak kiiresel atik ticaretinin mevcut yapisi, ekonomik faydalarin ve cevresel
maliyetlerin esit olmayan bir sekilde dagildigini gostermektedir. Ozellikle gelismekte
olan tilkelerin, diisiik maliyet avantajlar1 nedeniyle atik ithalatinda yogunlasmasi,
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cevresel adalet ve halk saglig1 agisindan 6nemli sorunlar dogurmaktadir. Son yillarda
yasanan politika degisiklikleri ve ticaret akislarindaki dontisiim, atik yonetiminin
kiiresel 6lcekte daha biittinciil ve dengeli bir yaklasimla ele alinmasi gerektigini ortaya
koymaktadr.

Bu cercevede, uluslararas: ticaret politikalarimin gevresel stirdiiriilebilirlik ilkeleriyle
uyumlu hale getirilmesi, dongtisel ekonomi uygulamalarinin yayginlastirilmas: ve
atik ticaretine iliskin dtizenleyici mekanizmalarin giticlendirilmesi buytk 6nem
tasimaktadir. Aksi takdirde, ekonomik kazanimlarin gevresel maliyetleri golgelemesi
kaginilmaz hale gelecektir.
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I'mayKOHUT >K9He BepMMKOMIIOCT HeTi3iHaeri opraHo-MuHepaIabl THIHAVTKBIIIL:
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Glauconite and Vermicompost-Based Organomineral Fertilizer: Development and
Application Potential
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Angartma

Makaslazla DJIayKOHWT IIeH BePMMKOMIIOCT HeTi3iHAe OpraHo-MyHepalIbl
TBHIHAVITKBIIIL ajly >KoHe OHBIH arpOHOMVAUIBIK, KacHeTTepiH 3epTTey HaTVDKeslepi
KapacTbIpbUIFaH. 3epTTey O KYMBICBIHBIH MaKcaTbl - TaOufu MuHepal MeH
OpraHMKaJIbIK KOMIIOHEHTTi OipiKTipy apKpUIbl TOIBIPAK, KYHaPJIbUIBIFBIH apTTIpyFa
apHaJIFaH 3KOJIOTVIUIBIK, KayiIlci3 KOMIIO3MIM a3ipiiey. bacTrankel mmkisaT peTiHie
KaJIUi, TeMip, MarHuUM XoHe MUKpo3JleMeHTTepre Oavl IJIayKOHWUT IIeH KypaMblHIIa
rymyc, asor, d¢ocdop XKoHe Kaui Oap BepPMMKOMIIOCT IlaviajlaHbUIIBL
KomnionenTrepais xvmMmsuiblK, Kypambl ICP-AES apici apKpUIbl aHBIKTasIIbL. OpraHo-
MUHepaJIIbl ~ KOMIIO3MIIMSHBL  ajly  OapbIChlHOA  DJIAYKOHWUT  YCaKTaJIbIIL,
BEPMIKOMIIOCTIIEH 9pTYpJli KaTbIHACTa apalaCcThIPBUIBII, TYVPIIiKTey JXoHe KeOTipy
HpollecTepiHeH 6TKi3UIIi. 3epTTey HoTVDKesIepi ITIayKOHWUTTIH, bUIFaJI MEH KOPeKTiK
JIeMEHTTeP/AiH, ~ CaKTaJlyblH KaMTaMachl3  eTeTiHiH, aJI  BepPMMKOMIIOCTTBIH
TOIIBIPAKTBIH, OMOJIOTMSUTBIK, OeJICeHIUTiri MeH KYPBUIBIMBIH JKaKCapTaTBIHBIH
KepceTTi. EKi KOMIIOHEHTTIH CHHepreTUKasIblK 9cepl HOTVDKeCiHe asIbIHFaH
KOMITO3UITMS KOPEeKTIiK 3aTTapiblH, OipTiHper Oocarl IIBIFYBIH KaMTaMachl3 eTiIl,
TOIIBIPAKTBIH, bUIFQJI CaKTay KaOUIeTiH apTThIpyfa >XoHe OcCIMIiKTepiiH cTpecc
dakTopapra Te3IMIOUIrH XoFapbUlaTyFa MYMKIiHAIK Oepemi. ¥ChIHBUIFAaH OpraHoO-
MVHepaJIIbl TEIHAaMTKBII KasaKcTaHHBIH KypFak, KIVMaTTBIK JXafarlapblHa aybUl
IIapyalbUIbIFbIHA KOJIIaHy¥Fa [epCIIeKTVBaIbl ©HiM OOJIbII TaObUIazIbL.

KinT ce3gep: IJIayKOHUT, BEPMUKOMIIOCT, OpPIraHO-MMHEpPaI[Ibl TBIHAWTKBIIII,
TOITIbIpaK, KYHapJIbUIBIFbI, SKOJIOIVIUIBIK, KayillCi3 TeXHOJIOT VIS, aybUl IIapyallbUIbIFbL.

Abstract

The article presents the results of the development and study of an organo-mineral
fertilizer based on glauconite and vermicompost. The aim of the research was to
develop an environmentally safe composition for improving soil fertility by
combining a natural mineral component with organic material. Glauconite rich in
potassium, iron, magnesium, and trace elements, as well as vermicompost containing
humus, nitrogen, phosphorus, and potassium, were used as raw materials. The
chemical composition of the components was determined using the ICP-AES
method. During the preparation of the organo-mineral composition, glauconite was
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ground, mixed with vermicompost in different ratios, and subjected to granulation
and drying processes. The results showed that glauconite promotes the retention of
moisture and nutrients in the soil, while vermicompost improves soil structure and
biological activity. The synergistic effect of the two components ensures the gradual
release of nutrients, enhances the water-holding capacity of the soil, and increases
plant resistance to stress factors. The proposed organo-mineral fertilizer is
considered a promising product for agricultural application under the arid climatic
conditions of Kazakhstan.

Keywords: glauconite, vermicompost, organo-mineral fertilizer, soil fertility,
environmentally friendly technology, agriculture.

Kipicne

Kasipri TaHma aybul IIapyalllbUILIFBIHA TOIBIPAK KYHapJIBUIBIFBIH CaKTay >KoHe
OHIMIUIIKTI apTTBIPy MaKCaTbIHAa SKOJIOTUMSUIBIK Kayirici3 OpraHVIKasIbIK, >KoHe
MUHepaJAbIK, ~ THIHAWTKBIITAapAbl  HavijaJlaHy  MaceJleciHe  epeKkile  Hasap
ayJapbUlyaa. 9cipece OpraHMKasIbIK, KaJIgbIKTapabl KariTa eHJiey apKbUIbl aJIbIHATHIH
BEPMUMKOMIIOCT TYPaKThl aybUI IIapyallbUIbIFbIHAA KeHiHeH KOJIaHbUIAThIH TUiM/Ii
OpraHMIKaJIbIK, TBIHAMTKBIITApAbIH Oipi OosbIll  caHastamel. OmeOm  mepekTep
OoVibIHITIA BEPMMKOMIIOCT TOIBIPaK KYPBUIBIMBIH JKaKCapThIIL, OHBIH
MUKPOOVOJIOTSIIBIK, XKoHe pepMeHTaTUBTIK OeJICeHIUIIrH apTTeIpapl, bUIFaJl yCTay
KabisteTiH JKOFappUIaTafbl JkoHe  OcCiMiKTepriH  KOPEKTIK  3JIeMeHTTepMeH
KaMTaMachl3 eTUlyiH >XakcapTaabl. COHBIMEH KaTap BepMMKOMIIOCT KypaMbIHIa
TYMVH X9He (PyJIbBOKBIIIKbUIIAP, a30T, Pocdop, Kaymil, KajIbIM, MarHui, TeMip,
MBIPBIII CUSIKTBI MaKpPO- )KoHe MUKPO3JIeMeHTTep Ke3zeceri [1, 2].

MuHepasipIK, KOMIIOHEHTTep iIIiHJIe COHFBI XXbUIIapbl TAOUFN aTFOMOCIWIIMKATTAPFa,
acipece IVIayKOHUTKE KBISBIFYIIBUIBIK apThIl Kejlefi. IJlaykoHUT KypaMbIHIAFbI
KaJInyi, TeMip, MarHuUy >keHe 0OacKa  MMKpO3JIeMEHTTep  OHBI  aybUl
HIapyallbUIbIFbIHAA IIePCIeKTUBAIBI MVHepasl peTiHde KapacThIpyFa MYMKIHIIK
Oepemi. Opebu wMastiMeTTep OOWBIHINA IJIAYKOHUT TONIBIPAKTBIH KaTMOHAIMacy
CBIVIBIMIBUIBIFBIH apTTBIPBIIL, bUIFAJI MeH KOPEKTiK 3JIeMeHTTepAiH TOIbIpaKTa
CaKTaJIyblHa BIKHaJI eTefi, coHHam-aK oJlapAblH OipTiHmen Oocar IMIBIFYBIH
KamTamacel3 eteri. CoOHBIMEH KaTap DJIIAyKOHUTTI IamjajaHy eciMIiKTepiiH
KYpFaKIIbUIBIKKA TO3IMAUIIH apTTHIPBIN, KOPEKTIK 3JIeMeHTTep/iH IIanbUlybIH
TeMeHjleTyTe MyYMKiHIiK Oeperi [3, 4].

BepMuxommocT meH I7IayKOHWTTI Oipre mamgajiaHy OpraHMKaiIblK —JKoHe
MIMHepaJIIblK, KOMIIOHEHTTeP]IiH apThIKIIBUIBIKTapbIH OipikTipyTre MyMKiHIiK Oeperi.
BepMuKOMIIOCT TOIIBIPAKTBIH OMOIOTMSUIBIK, OeJICeHAUIITiH apTThIPHII, 6CIMIIKTEP/Ii
JKeHUT CIHipUIeTiH KOPEeKTIK 3aTTapMeH KaMTaMachI3 eTce, ITIayKOHWUT bUIFaJI MeH
KOPEeKTiK 3JIeMeHTTepAiH YCTaJlyblH >X9He OJIapiblH OipTiHgen Oocall MIBIFYBIH
KaMTaMachl3 eteni. HaTwokecinme MyHOam opraHo-MyHepajabl KOMIIO3MIIVIA
TOIIBIpAK KYPBUIBIMBIH JKaKCapThIIl, bUIFQJI caKTay KaOUIeTiH apTTBIpyFa >XoHe
ecimMAikTepiiH cTpecc dpakTOpIIapFa Te3IMIUITIH XoFapbUlaTyFa MYMKIiHOIK Oeperi

[5].

3eprrey 6es1imi
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JKywmpicTa oprano-MmHepaIIbl THIHATKBIIIL ajIy YIIiH OacTarlKbl MaTepual peTiHfe
[JIAayKOHWUT IIeH BepPMMKOMIIOCT IlavgaJaHbUIIbl. [J1ayKOHUT >XKackUI-CYp TYCTi ycak
IOVICIIepCTi MUHepasl TYpiHIe, ajJl BEpMUKOMIIOCT Kapa-KOHBIP TYCTi OpTraHMKaJIbIK
MaTepuasl TypiHge KospaHbuigbl. KomroneHTTepaiH xmMusuiblK, Kypambl [CP-AES
9ici apKpUIbl aHBIKTaIIBL. 3epTTey HoTVDKe/lepi OOMBIHINA ITIayKOHUT KypaMblHIa
ka1 (K20 - 1,79 %), remip (Fe - 8,72 %), marauin (Mg - 1,64 %), xpemuun (Si - 3,13
%), xamprm (Ca - 0,845 %) xome mHarpmt (Na - 0,12 %) cusKrsr
Makpo3jieMeHTTepiH, coHnan-ak, Zn, Cu, Co, Ni, Mn, B, Mo, Sr, V xene Cr Topisai
MUKPO2JIEMEHTTePIiH, Oap eKeHHiri aHBIKTAIbL. BepMMKOMIIOCT KypaMbIHZA
OpraHVKasbIK 3arTapmblH Mesmmepi 19,2 %, rymyc 13,48 % Kypampel, coHpam-ak
ecimrikke Kaxerri asor (0,58 %), docdop (0,89 %) xeme xamm (1,95 %)
3JIeMeHTTepiHiH, Ooiybl aHbIKTaIbl. OpraHo-MuHepaAbl KOMIIO3MILVA — ajly
OapeicbiHga m1ayKoHUT angeiH ana 0,1-1,0 MM emmemre nemniH ycakraigbsl. Keviin
KOMIIOHEHTTep 9pTYpJil KaTbIHACTa apaslacThIPBUIBII, TYMIPIIIKTEy >KoHe KenTipy
HpollecTepiHeH OTKi3ii (cyper 1).

I''TaykOHWUT, BepMMKOMIIOCT JX9He OJIap/blH HeTisiH/le aJbIHFaH OpraHO-MUHepaslIbl
KOMIIO3UIIVIAHBIH, Herisri pyHKUMsUIapbl MeH arpOHOMMSUIBIK, acepsiepi 1-kecreme
K6 PCeTIreH.

Kecre 1. IJlaykoHUT meH BepMMKOMIIOCT HeTi3iHAeri opraHo-MyHepaIbl
KOMIIO3MIIVIHBIH, HeTi3ri PyHKIMIapbl MeH arpOHOMMSIIBIK, 9cepi

Kommonenr / .. .
. Herisri pyHKIMACHI ArpoHOMMAIBIK, 9cepi
KOPCeTKIII
blran men KopekTik KopekTik 3aTTap/bIH IIanbuly bIH
3JIeMeHTTepi YCTall TYpy TeMeHJIeTe i
_ OciMaOiKTepaiH cTpecc
rHaYKOHVIT Kasnit xome PAH p c e
: daxToprapra Te3IMITIrIH
MUKpPO3JIeMeHTTep Ko3i
apTThIpabl
KaTnonanmacy KacueTin TompIpaKThIH COPOIIMSUIBIK,
apTTBIPY KabisteTiH XOoFapblyIaTazibl
OpranmkaiiblK 3aTTap MeH Tomelpak KypbUIBIMBIH
rymyc Kesi JKaKcapTazibl
ITavgasnb:
MuKpoOMOIIOTMSIIBIK, .
Bepmukommoct o MMKPOOPraHM3MIePIiH JaMybIH
OeJIceHaUTIKTI apTTBIPY o
KYILIenTei
OcimaikTepi KoJDKeTiM/I L .
FURTEPAL K A OciMAIIKTIH 6cyi MeH JaMybIH
KOPEeKTiK 3JIeMeHTTepMeH
JKaKcapTazbl
KaMTaMachbl3 eTy
OpranmkaiblK, XKoHe
Oprasno- MVHepaJIIbIK, ToneIpak KyHapIIbUIBIFBIH
MVHepaIIbl KOMIIOHEHTTe P/ iH KellleH/Ii TypAe apTThIpabl
KOMITO3MIIVIA CHHepreTVKaJIbIK dcepi
OPEKTIiK 3aTTapabl . .
K‘. pe PABIR ¥3aK Mep3iMiii acep Oeperi
GipTiHgen Gocarl HIBIFYbI
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blirrasn cakray KabisteTiH KypfraKIIbUIBIK >KaFqanblHIa
JKOFapbUIaTy TUIMIUTIKTI apTTBIpazibl
buonormsiblk OestceHaimikTi | TombIpaKThIH 3KOJIOTVSIIBIK,
TypaKTaHObIPY JKaFIalblH XXaKcapTaabl

3epTTey HaTVDKesIepi OOVBIHINA IJIaYKOHUTTIH BIIFAJI MEH KOPEKTiK 3JIeMeHTTep/IiH
CaKTaJIyblHa BIKIaJ eTeTiHi, ajl BepMMKOMIIOCTTBIH, TONBIPAKTBIH OVOIOTMSIIBIK
OericeHAUIITT MeH KYpBUIBIMBIH JKaKcapTaTbIHBbI aHBIKTapl. COHBIMEH KaTap eki

KOMIIOHEHTTI

Gipre

HavjajaHy HoTVDKeciHIe

aJIbIHFaH OpraHO-MMHEPaJIIIbl

KOMIIO3MIIMA KOPEKTIiK 3aTTapiplH, OipTiHzmen Oocam IIBIFYBIH KaMTaMachl3 €Till,
TOIIbIpaK KYHapJIbUIBIFBIH KellleH]Ii Typ/e apTThIpyFa MyMKiHIIIiK Oeperti.

FnaykoHuT Bepmukomnoct
ycakTanFaH + KenTipinreH,
(0,1-1,0 mm) eneKTeH eTKi3inreH
KomMmnoHeHTepaiH apakaTeiHackl (Macc. %)

OHTaiinel apakaTbiHac T %

I 1

| ApaxartbiHac |

FnaykoHuT Bepmukomnoct o ——“ 644 (Maccansin) :

60 % 40 % SIS y

@ ) R e R e T ~

ApanacTbipy
KOMMOHEHTTEepPAI KypFak, Kyinae

@

@

.

i E ' 20 muH
BipTekTi Maccara AeliH apanacTbipy r 3
J

W mw e M e
- . . s i ~
Tyhipwiktey I iy ) <
| TyiipwikrepaiH enwemi: |
apanac KocnapaaH TyWiplwikrep f 5-10 M |
any L !
), remsmoosssmsmec 4
Kenri NSNS 7
Py o 2 _: KenTipy yakbiTel: 2 caFar :
apThiK bUIFan/ibl 0K XaHe eHiMAi : Temneparypa: 40—60 °C :
TYpaKTaHAbIpy e, oo s o Wk e =)

4
O CankbiHAATY XaHe eneKTeH eTKizy

TyWipLUIKTEPAi CankbiHAaTY XeHe
ycak dppakumanapasl beny

ﬁ: TyRipwikTepaiH enwemi: :
d 5-10 mm !

+

®

Kanrtay »aHe caKray
naviblH eHiMAl KanTapra cany
aHe caKray

HaibiH oHIMHIH :
I~ — 71 COHFfbl bUFanablbifbi: |
g 20-25 % |

+

OPTAHO-MUHEPANAbI THIHAMTKbILLI

FNayKOHMT NeH BEPMMKOMMNOCT HeridiHae (6:4)

Cypert 1. OpraHo-MyHepaIgbl TBIHAVUTKBIIII aJIy CXeMachl

14-15 mambip 2026 x., TypkicmaH

100

https.//geesconference.ayu.edu.kz




1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

AJTBIHFaH OpraHO-MIUHepasibl KOMIIO3UIIVISIHBEI KOJIJaHy TOIIBIPaKTBIH, bUIFaJI CaKTay
KaOleTiH apTTBIpyFfa, KOPEKTiK 3JIeMeHTTepliH IIavbUIYbIH TOMeHJeTyre >XoHe
eciMIiKTepIiH cTpecc dpaKTopsapFa Te3IMIUITIH XOoFapbUIaTyFa MYMKIHIIK Geperii.
¥ceiHbUIFaH KoMOosuius KasakcTaHHBIH KypfaK KIMMATTBIK OKaFdavulapblHIa
TOIIBIpAK, ~KYHapJIbUIBIFBIH  apTTBhIPyFa apHaJIFaH IIepCHeKTUBaJIbl  OpraHo-
MVHepaJIIbl TBIHAVTKBIII peTiHae KapacTbIpbUIabl.

KopbITBIHIBI

Xyprisisiren 3epTTey HoTIDKeCiHIe IJIayKOHWUT IIeH BEePMMKOMIIOCT HeTisiHe
SKOJIOTMIAUIBIK, KayiIlci3 opraHo-MyuHepasabl THIHAMTKBIIT aJTy MYMKIH/IIIT K@ pCeTiuIi.
I'maykKoHWUTTIH, BUIFaJI MeH KOPEeKTIK 3JIeMeHTTepli ycram Typy KacueTi MeH
BEPMVKOMIIOCTTBIH, TOITBIPAKTBIH, OVOJIOTVSUIBIK, OeJICeHIUTIriH JkoHe KYPBUIBIMBIH
XaKcapTy KabisteTi Oip komIosmimsia THiM/i yiIeceTiHi aHBIKTaIIbL.

3eprTey OapbIChlHOA IIAayKOHUT KypaMbIHZA KayIuil, TeMip, MarHUM koHe Oacka
MMKpO3JIeMeHTTePAiH, ajJI BEpPMUKOMIIOCT KypaMBbIHA TYMYC IIeH eCiMIiKKe Ka’KeTTi
Herisri KOpPeKTiK 3JIeMeHTTep[iH MOJI eKeH[iri aHbIKTajgbl. Exi KOMIIOHEHTTiH
CUHepPreTUKa/IbIK 9cepl HOTVDKeCiHIe asIblHFaH OpraHO-MMUHepPasIbl KOMIIO3WIIV
KOPeKTiK 3aTTapAblH OipTiHmen Oocam IIBIFYBIH KaMTaMachI3 €Till, TOIIBIPaKTBIH
BUIFaJI CaKTay KaOUIeTiH apTThIpyFa >Xo9He KOPEKTiK 3JIeMeHTTepZiH IIaybUIybIH
TeMeHJIeTyTre MYMKiHIIiK Oeperi.

¥ChIHBUIFAaH OpPraHO-MUHePaIAbl TBIHAMTKBIIL TONBIPaK KYHapJIbUIBIFBIH KeIllleH/Il
TYpe >XaKcapTyfa, eCIMIIKTepiH cTpecc daKTopsliapfa Te3iMOUIIH apTTeIpyFa
JKoHe aybUI IIapyallbUIbIFbIHIIA SKOJIOTVSIIBIK, TYPaKThl TeXHOJIOTMsUIapAbl JaMbITyFa
HepcreKTBaJIbl  ©HIM  peTiHAe  KapacThIpbUIapl.  AJIBIHFAaH  HOTVDKeJIep
KasakcraHHBIH KypfaK KIMMATTBIK >KaffarulapblHaa Oyl KOMIIO3MIIMSHBL aybUl
IIapyanIbUIbIFbIHA TUIMII KOJIJaHyFa MYMKIiH/IIK Oap eKeHiH KepceTeri.
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BepMukoMIocT Heri3iHaeri opraHMKaIbIK, TBIHAMTKBIIIITHIH TOOBIPAK,
KYHapJIbUIBIFBI MeH KOKOHIC TaKbUIJapbIHBIH, OHIiM/IiTiriHe 9cepi

The Effect of Vermicompost-Based Organic Fertilizer on Soil Fertility and Vegetable
Crop Productivity

FOnnamb6ex Jassat 1, Hap3ysa Torkan?, TarimeroBa Hanpa2, J)KaHaOeKKbI3bI
AKepke?, AkarrtunkoBa ManmnHa?, CepikoBa DyHapa?,
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I Kosca Axmem fcayu ambiHOarbl XaablKapaaslk Ka3ak-mypik yHueepcumemi, « Dk0402Us»
FolabIMU-3epmmey uncmumymol, Typxicman, Kasakcman
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Angartma

Makanaga TypxkicTtaH eHipiHiH XpUIbDKaM XXarmambiHaa Kusip (Cucumis sativus) MeH
KbI3aHak (Solanum lycopersicum) ecipy Ke3iHAe BepMMKOMIIOCTTBIH, arpOXVMVISIIBIK,
KacreTTepi MeH OHIMAUIIKKe oacepi 3epTTeii. 3epTTey >KYMBICHIHBIH MaKcaTbl -
BEPMMKOMIIOCTTHIH, XVMMMSIUIBIK, KYPaMbIH aHBIKTAll, OHBIH, TOIIBIPAKTBIH, dU3MKa-
XVMVSUIBIK, KacueTTepiHe JK9He ©CIMIOIK eHIMJUIriHe bBIKHaJIBIH Oafasay.
BepmukommocT Kpi3pul  KaymdopHUUBIK KypTrap (Eisenia fetida) apkpuibl
OpTraHVIKJIBIK, KaJIObIKTapibl OMOKOHBepcuslay HOTIVDKeciHIOe aiblHObl. OHBIH
KypaMbIH/Ia OpraHuKasbIK 3arrap (34,2 %), rymyc (23,19 %), asor (1,58 %), docdop
(1,19 %) xone xaym (1,95 %) MesepiHiH XoFapbl eKeHiri aHbIKTayabl. Toxipube
OapbIcEIHIAa BEpMMKOMIIOCT TorbIpakka 10 % xone 20 % Mesitiepre eHTi3UIin, Kusp
MeH KbI3aHaKTBIH ecy IMHaMMKackl MeH eHimisiri seprreni. HaTvokenep OGoveiHIa
BEpMMKOMIIOCT KOJIJIaHy TOIBIPAaKThIH, KYPBUIBIMBIH JKaKCapThIll, bUIFaJI caKTay
KabisteTiH apTTBIPIbI, KOPEKTIK 3JIeMeHTTePiH KOJDKeTIMIUTITiH KOFapbUIaTThI )KoHe
MUKpPOOMOIIOTVsUIBIK, OertceHaTiKTi KymienTri. CoHBIMEH KaTap eciMImiKTepmiH ecyi
KeJlesiier], TaMbIp JKyVeciHiH JaMybl )KaKcapAbl. Kysip yIniH eH )korapbl eHiMIUTiK 20
% BEpMMKOMIIOCT eHTi3UIreH HycKaga Oamkaiabl. Al Kpi3aHak, yimiH 10 % wmermrep
OHTalIbl HOTVDKE KOPCeTill, KOPeKTiK OpTa MeH a’palys apacblHIaFbl TUIM/II Telle-
TEeHIIKTI KaMTaMmachl3 eTTi. 3epTTey HOTVDKeJlepi BepMMKOMIIOCTTHIH, TypKicTaH
OHipiHiH, KypFaKk  KJIMMATTBIK  JKaFdamblHOA  OKbUIbDKAMl  TOIIBIPaFbIHBIH
KYHapJIbUIBIFBIH apTThIPpyFa JKoHe 3KOJIOIVISUIBIK, Kayillci3 OpraHVKaJIbIK ThIHAVTKBIII
peTiHe TuiMAi HargaanyFa 60IaTPIHBIH KOPCETTi.

Kinr cesmep: BepmmkommoctT, Eisenia fetida, Kusgp, Kpl3aHaK, OpTaHMKAaJIBIK
TBIHAWTKBIIII, TOITBIPAK, KYHAPJIbUIBIFBL.

Abstract

The article investigates the agrochemical properties of vermicompost and its effect on
the productivity of cucumber (Cucumis sativus) and tomato (Solanum lycopersicum)
cultivated under greenhouse conditions in the Turkestan region. The aim of the
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study was to determine the chemical composition of vermicompost and evaluate its
influence on the physicochemical properties of soil and crop productivity.
Vermicompost was obtained through the bioconversion of organic waste using red
Californian earthworms (Eisenia fetida). The analysis revealed high contents of
organic matter (34.2%), humus (23.19%), nitrogen (1.58%), phosphorus (1.19%), and
potassium (1.95%). During the experiment, vermicompost was applied to the soil at
rates of 10% and 20%, and the growth dynamics and yield of cucumber and tomato
plants were studied. The results showed that vermicompost improved soil structure,
increased moisture retention capacity, enhanced nutrient availability, and stimulated
microbiological activity. In addition, plant growth accelerated and root system
development improved. The highest cucumber yield was observed with the 20%
vermicompost application rate. For tomato, the 10% application rate produced the
optimal result by providing an effective balance between nutrient availability and
soil aeration. The findings demonstrate that vermicompost can be effectively used as
an environmentally friendly organic fertilizer to improve greenhouse soil fertility
under the arid climatic conditions of the Turkestan region.

Keywords: vermicompost, Eisenia fetida, cucumber, tomato, organic fertilizer, soil
fertility.

Kipicne

OJIeM/IiK aybUI IIapyallbUIBIFBI TYPaKThl JaMy OaFbITBIHIA JaMBII KaTKaHIbIKTaH,
TOIBIPAK KYHApPJIBUIBIFBIH apTTBIPYIbIH, OpPraHMKaIBIK JX9He OMOTeXHOJIOTMSIIBIK
aficTepiHe  KBIBIFYIIBUIBIK ~ apTylda. DBepMmkoMmIiocTray -  OpraHMKaIBIK
KJIOBIKTapOpl JKaybIHKYPTTap apKbUIbI BIABIPATy yHAepici — TOIBIPAaKThIH U3MKa-
XVUMUSUIBIK, ~ JKOHe  MMKPOOMOJIOIMSUIBIK, ~ KacueTTepiH  JKaKcapTblll,  aybUl
IIapyalIbUIbIFbI JaKbUILAPbIHBIH, OHIMAUIITH apTTHIPATHIH SKOJIOIVIUIBIK, TUIM/IL 9/1iC
Oombit Tabputambl [1, 2]. 3epTTeysiep BepMMKOMIIOCTTBIH, T'YMYCTBI 3aTTapiblH
MeJIIIepiH KeOeNTill, KOPeKTiK 3JIeMeHTTepAi TYpaKTaHIBIPbIII, MUKPOOVOIOTMSIIBIK
OerIceHUTIKTI apTTHIPATHIHBIH KepceTeri [3, 4].

Kasakcranneiy oxTycriringeri TypKicTaH eHipi KypFfaK KOHTMHEHTTIK KJIVIMaTbIMEH,
TOIIBIPaKTaFbl OPTaHVKAJIBIK, 3aTTap/bIH, a3IbIFbIMEH JXXoHe bUIFaJI CaKTay KaOileTiHiH
TeMeHJIiriMmeH epekiesieHeni. COHOBIKTAaH BEPMMKOMIIOCT CHUSKTBI OpPraHMKAJIBIK
TBIHAWTKBIITAp TOIBIPAK KYPBUIBIMBIH, BUIFaJI CaKTaJIybIH JKoHe KOPeKTiK
3aTTaphblH KOJDKeTIMIUIITIH XaKcapTyla MaHbI3IbI pesl aTKapaie! [5, 6].

by seprreyme  keprilikTi  opraHuMKaiblK ~— KaigblKTapmaH — Eisenia  fetida
KayBIHKYPTTapbl KeMeTiMeH aJIbIHFaH BepMMKOMITOCT KoyimaHbuiael. OHbIH 0%, 10%
xoHe 20% wmemmeprepi Kusip (Cedrik F1) men KpizaHak (Gamze F1) ecimpikTepiHiH
ecyi MeH eHiMJiIIriHe >XbUIbDKaM JKaffarbiHga acepi seprreni. CoHbIMEH KaTap
TOITBIPAKTBIH, arPOXVIMMSIIBIK, KaceTTepi MeH eHIMIUTIK KepceTKilliTepi OaFasiaHbIIL,
ariMaK, YIIIiH OHTawIbl KOJIJIaHy MeJIIepi aHbIKTaJIIIbl.
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3epTTey 9aicTepi MeH MaTepuasgap

3eprrey xymbicTapbl KasakcranHbiH TypkicTaH eHipiHOeri XXbpUIbDKavl TOIIBIpaFbIHIA
Kusp (Cucumis sativus) >koHe KbI3aHaK (Solanum lycopersicum) ecipy OoVibIHIIIA
Xyprisisigi. by amiMak ToIbBIpaFbIHBIH OpraHMKAJIBIK 3aTTapbl a3, bUIFaJ cakKTay
KaOizeTi TeMeH >XoHe KYPBUIBIMBI THIFBI3 OOJIFaHIBIKTAH, OJIapAbIH KYHapJIbUIBIFBI
IIIeKTeYJIi XKoHe OpraHMKaIbIK ThIHATKBIIIITapAbl KaKeT eTefi.

OpraHuKaJIbIK TBIHAMTKBIII peTiHfe KbI3bLI KaJIMOPHUSUIBIK, KypTTap (Eisenia fetida)
KeMeriMeH aJIbIHFaH BepPMMKOMIIOCT ManpajiaHbuigel. O TombIpak KypPBUIBIMBIH
JKaKcapThIII, KOPEKTIK 3aTTap/IbIH, KOJDKEeTIM/ITITIH apTTBIPAJIBI JXKoHe
MUKPOOVOJIOTVSITTBIK, O€JICeHTUTIKT] KYIIIemTeTi.

BepmukommocT ipi Kapa koHe emki KeHiH (3:1) aramr yriHmiciMeH apasiacThIPBII
navibiHaasael. birrannpuisiret 70-80% meHreringe ycranabl. CanacklH TeKcepy YIMiH
250-300 r cyberpaTka 10-12 Eisenia fetida casibIHbii, 24 caraT 60vibl OaKbUIaHABL. OI1iM
KaFgavibl TipKeJIMeTeH COH MaTrepwmall KapaMIbl Jell TaHbUINBL. YAepic OapbIchIHIA
teMrepatypa (15-25°C), burrasmbuiblk (60-80%) xene pH (6,5-7,7) TypaKTbl
cakTayiIbl. [laribia eHiM OGapabaH/IbI cemapaTop apKbUIbI O6JTiHil aIbIHIHL.

KeuteDKarima Xyprisimren ToxipmOernik xxyMmeicTapaa sepmukoMiioct 0% (OakpuIay),
10% (500 r/m?) xome 20% (1000 r/m?) memmmepiHme enrisinmi. OJ1 TOHBIPaKTBIH
xofaprel 10-12 cM KabaTbIMeH apaslacThIPBUIBIIL, KeViiH bUFaiaHIBPbUTIEL

Tomblpak II€H BEepPMMKOMIIOCTTBIH, XVIMVSUIBIK KypaMbl CTAHOAPTTHI dIicTepMeH
('OCT, CT PK) aHBIKTa/IIBL.

Toxipube >xymeictapbl 2025 xbuibl Koxxa Axmer flcaym aTeiHOarbl XasIbIKapasIblk
KasaK-Typik  yHuBepcuTeTi, “DKoiorus”  FBUIBIMU-3€PTTeY  VMHCTUTYTBIHBIH
XpUIbDKavbIHAa Xyprisiigi. Kusip (Cedrik F1) xoHe KpizaHak (Gamze F1) xererrepi
20-25°C xyHmi3, 15-20°C tyanme, 50-60% pUFampIbIK, >koHe 12-14 cafaT >KapblIK
KafmambiHga ecipimmi. 30 KyHHeH KeWiH KeIlleTTep TaXipmbe araHmapblHa
otbIpFbI3bUTIEI (Cypert 1).

Cyper 1. Kemetrep: (a) Kusp (Cedrik F1); (6) Kpi3anax (Gamze F1).
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HoaTtvokesiep >xoHe TaJIKbLIay
Typxicman eHipi monviparsiHbly CUNAMmMamacsl

Typkicran OOJIBICBIHBIH, TOIBIpaFbl KYpFaK KOHTMHEHTTIK KJIVMMAaT >KafFdanblHIA
KaJIbIITacKaH. byl ariMaKTarbel Kapa-KOHBIP JKoHe CYp TOIIBIpaKTap OpraHMKaIbIK,
3aTTBIH TOMeHJIiriMeH, I'yMYCTBIH a3 MeJIlllepiMeH XoHe KapOOHaTTapIblH XKOFapbl
OosrypIMeH epekiiiesieHeli. TOIBIpaKThIH peaKIMsUIBIK OpTachkl HerisiHeH cirriti (pH
8,6), OyJ1 MUKpO3/IeMeHTTepIiH CiHipiIyiH IIeKTeyi MyMKiH.

AHnaym3 HaTvKerlepi TombIpakTa docdopabiy KoFapsl (185,6 Mr/Kr), alm Kalumziy,
ere TemeH (3,85 mr/xr) ekeHiH KepcerTi. COHBIMEH KaTap aMMOHWIUII a30TTHIH,
MeJtiiepi ste TeMeH. byir eciMaikTepiin KOpeKTeHyiH IIeKTeNTiH HeTisri dakTopap
Oosibit  TaObulagpl. COHOBIKTAH OpPTaHMKaIBIK —THIHAWTKBILITAPABL  KOJIIAHY
Ka>KeTTUIir KOFaphl.

BepMukomnocmmbu-; Kypamdsl

BepMukomIocT KypaMbIHIa KOFapbl MeJIlIepe OpraHUKasIbIK 3aTTap (34,2%), TyMyc
(23,19%), asot (1,58%), docdop (1,19%) xoxe xarmit (1,95%) 6ap. Onbiy pH MmaHi 7,7,
SIFHU 9JICI3 CUITLII.

Byi1 kepceTkilrrep BEpMUKOMIIOCTTBIH, TOJIBIK, )KE€TIJITE€H, KOPEKTIK 3aTTapFa Oart xoHe
TOIIBIpaK KYHapJIBUIBIFBIH apTThIpyFfa KaOUIeTTi OpraHMKasIbIK THIHAVTKBIII eKeHiH
mortenpevigi. Oir TomblpakK KYPBUIBIMBIH JKaKCapThIll, bUIFQJI CaKTayAdbl >KoHe
MUKPOOVOIIOTVSITIBIK, O€JICeHTITIKT] KYIIIemTeTi.

Kusap ecimoiziniy ecyi

KbutbDKan XafaanblHAAa BEpPMUKOMIIOCT KMSIP 6CIM/IITiHIH eciMiHe OH, 9cep KOpCeTTi.
bakputay HyckaceimMeH cabicTeiprania 10% >xene 20% wmermepsiepi eCIMIIKTIH,
OMiKTiriH XoHe OMOMaccachbIH apTTHIPABL.

EH xorapsl HaTiDKe 20% Mermiepae OaviKasigel, Oyl OaKpUlayMeH caIbICTBIpFaHIA
20-35% >xorapel eciM KepceTTi. Bysl TomblpaKTarbl KOPeKTiK 3aTTapiblH apTybIMeH
JK9HEe MUKPOOMOJIOTMSUIBIK, OeJICeHIUTIKTIH KyIIleloiMeH TYCiH/IipiTe/i.

Kvi3anak ecimoiziniy ecyi
KpI3aHaKTa J1a yKcac 3aHJIbpUIBIK OarKapl. BepMMKOMIIOCT eHTi3ireH HycKajapia

eciM KapKbIHBI OaKpUIayFa KapaFaH/a )KOFapbl OOJIIbI.

20% wmemirep eciMIIKTiH eH >Xofapbl OuikTiriH Kamramace3 erri (15-30% apThIK), ain
10% wmemep e amTapsIbIKTant OH HOTVDKe KepceTTi. KpI3aHaKTBIH OpraHMKaIbIK
KOPEeKTiK OpTaFa Ce3iMTaIIIbIFbl JKOFAaPhl eKeHi aHbIKTaJ/IbI.

OnimOdinik Hamuxesepi

Kusip eHIMATINI BepMMKOMIIOCT KOJJaHBUIFAaH OapiIblK HyYCKajlapia OaKbUIayFa
KapafaHza >Xofapbl Ooimbl. EH >xorapel eniM 20% Merliieppe Tipkeidi )XKeHe OJ1
OakpulaymaH 1,5-3,5 ece apThIK OOJIIBL.

JlereHmMeH KpI3aHaKTa €H JKOFapbl eHIM KenOip keseHueprme 10% wmermmepmae
OarKaIgpl. byl BepMMKOMIIOCTTBIH, MeJIIlepiHe OallylaHBICTBI dcep/iH OipKeJIki emec
exeHiH kepceteni (Cyper 2).
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Cyper 2. Kusp (Cedrik F1) xane Kpi3aHak, (Gamze F1) nakpUiIapbIHbIH 9PTYPIIi
BEPMMKOMIIOCTTHBI 9PTYPJIi KOHIIEHTpallyAga eHri3y Ke3iHaeri ©HiMIUIITIHIH CBIPTKBI
KepiHicTepi

Kaanvt maskviray

3epTTey HOTVDKeJIepi BePMMKOMIIOCTTBIH, TOHBIPAKTBIH, KYPBUIBIMBIH >KaKCapThIIL,
a3oT, pocop XKoHe KaJMViH KOJDKeTIMAUITIH apTThIpaThIHBIH KepceTTi. COHbIMEeH
KaTap OHBIH KypaMbIHIAFbl TYMMH KBIIIKpUIZAPEl MeH OWOJIOTMsUIbIK, OesiceHi
3aTTap 6CIMIIKTeP/IiH 6CyiH bIHTaJIaHIbIPaIbL.

Typkicran eHipiHiH TOHBIpaFblHAA KaJlMii MeH a30TThlH MeJIlepi TeMeH
OosrFaHOBIKTaH, BEPMUKOMIIOCTTEI TBIHAMTKBIII PeTiHfIe KoJjaHy KMsp MeH KbI3aHak
eHIMIUTIriH amTapiblKTait apTTeIpabl. JKasms! ajiFaHaa, BepMuKoMIocTThi, 10-20%
MeJIIIepiHe KoJJaHy aybUIIapyallbUIbIK TYPFbIIAH TUiIM/IL Jell OaFalaHbL.

KopbITBIHIBI

TypkicTraH eHipi XbUIbDKaV XXaFgariblHIa KVsIp MeH KbI3aHaK ecipye BepMUKOMIIOCT
KoJIJaHy eciMIKTep[iH ecyi MeH 6HiMIiliriHe amTapibIKTam OH oacep etemi. O
OCIMIIKTiH TaMbIp >Kyleci MeH JKepycTi OeJiikTepiHiH HaMyBIH KYIIEVTIII,
PW3MOIIOIVSIIBIK, YAepicTeplli XKaKcapTalbl KoHe 6CIMIIKTIH JKaJIlbl TipHIUIK eTy
IIeHreviiH apTThIpabl.

14-15 mambip 2026 x., TypkicmaH 107 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

EH >xoraper HoTwkerrep 20% wesrepae OamKaiabl, Oyl eciM MeH OHIMIUTIKTIH,
MaKCUMaJIObl [eHremiH KaMmramacels erri. 10% wmemmepi pge OaxpUlaymeH
CAJTBICTBIPFAH/IA alTapIIbIKTall TUiM/i OOJIBIII, SKOHOMMKAIBIK TYPFBIIAH KOJIavuIbl
HYCKa peTiHfie OaFajiaHaIbl.

BepMuKoMIocT TonmbIpaKThIH, arpOXVMUSIIBIK, KacMeTTepiH JXaKcapTalbl: T'yMyC ITeH
OpraHMKaJIbIK, ~KOMIpTeKTi  apTThIpazbl, a3oT, dQocdop kKoHe  KaJMIIiH
KOJDKeTIMAUIIH  >XofapbUlaTaabl, pH  geHremin  TypaKTaHABIpagbl  >KoHe
MUKPOOVOJIOTVSIUTBIK, OeJICeHIUTIKTI KyIenTedi. byl epre >XoHe TYpaKTbl >keMic
caJTyFa KOJIavIbl JKaFan >Kacavyibl.

Kaymer anFanga, BepmukoMnocT TypkicTaH eHipiHze XXbUIbDKa JaKbUIIapbIH ecipy
VUIiH THiMIi OpraHMKa/IBIK, THIHAWTKBIIL OOJIBII TaObUIAZbl >K9HE TOIBIpaK
KYHapPJIbUIBIFbIH, 6HIMAUTIKTI JK9He 6CIMIIIKTIH TO3IMIUIIIH apTThIPaibl.
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DIeKTpOXUMMSIBIK, dJicIIeH ajIbIHFaH yJIbTPaayCcIepCcTi MbIC YHTAKTapbIHbIH,
TY3JIy epeKillesIikTepi >koHe 0JIapAbIH, TPMO0IOTVAIIBIK KOJ1TaHbLITY
nepcreKTMBasIapbl

Formation Features of Ultrafine Copper Powders Obtained by Electrochemical
Method and Their Prospects for Tribological Applications

Apman Maxau6eroB!, Tynkumxon I'aunosl, Meip3abekos bersar !

1Kooxxa Axmem Slcayu amuinoars: Xaivlkapasvlk Kasak-mypik ynubepcumemi, Typxicman, Kasakcman

AHpgarma

byt xympIcTa yiabTpamyucriepcTi MpIC YHTAKTapbIH 3JIEKTPOXVMUSUIBIK, 9/IICIIeH ajly
KoHe OoJIapIOblH TYy3Uly epeKilesiiKTepi 3epTTesgi. 3epTrey OapbIChIHOA MeTall
VIOHIAPBIHBIH, TOTBIKCBI3[IaHY IIpOIleciH Karop OeTiHIe eMec, KaTOI MaHBIHIAFBI
KEeHICTiKTe Heri3iesireH TacCUT KOJJaHBUTIBL ODJIeKTpOIUT KypambiHma Ti*t/Tid*
TOTBIFY-TOTBIKCBI3[IaHy JXYVieci HaviialaHbUIbi, Ti** MOHIApBIHBIH, MBIC MOHIAPBIH
XVIMMSUIBIK ~ TOTBIKCBI3ZIAaHABIPY  MexaHw3Mi  KapacTelpbUiabl.  HoaTvokecinme
CyOMMKpPOHIIBI IMaTla30HIaFbl Y/IbTPaAVCIIePCTi MBbIC OesIlIeKTepi aTbIHIIbL.

AJIBIHFAaH MBIC YHTAKTapbIHBIH MOPQOJIOTHMSCH  3JIEKTPOHABIK, MUKPOCKOIIVS
amicimeH 3eprrei. bipkeski KYpbUIBIM MeH >XOfapbl TOK OovibiHITIA TIBIFBIM HSO4
koHneHTpanyscel 100 r/m1, Tox TeIFeObIFE 200 A/M? xoHe Ti(IV) monpapbIHBIH
KoHIeHTpanysce! 10 r/11 GonFaH karmariga O6arkasiabl. Tok OOVIBIHITIA HIBIFBIM 92 %-
IIbI KO PCETTI.

KymbicTa yibTpagyucIiepcTi MeTa/ul YHTaKTapbIHBIH TPUOOJIOTMSUIBIK, KacueTTepi fe
KapacTolpbuigsl. Tpubosnorvsuiblk, ceiHakTap EMMW-1 Friction and Wear Testing
Machine KOHOBIPFBICBIHA XKYpPri3iyigi. AJIBIHFAaH HOTVDKeJlep YJIbTpagyCIepCTi
MeTaJul OesIIeKTepiHiH, Mamiay MaTepuaiapbIHbIH, aHTUMPUKIIVIIBIK XoHe TO3yFa
Kapcel  KacuMeTTepiH  JKaKcapTaTbIHBIH  KOpCeTTi.  YJIbTpaaucCIepcTi  MBIC
YHTaKTapbIHbIH KOJDKeTiM/Il IMKi3aT Heri3iHJge 2JIeKTPOXVMUSUIBIK JKOJIMEH aJIbIHY b
oJIapapl Malvlay MaTepualljapblHa apHaJIFaH THMiMII MoAMdMKasuIaymel Kocla
peTiHIe KoJIIaHyfa MyMKiHIIiK Oepei.

KinT ce3gep: yibTpaayucliepcTi MbIC YHTa¥FBl, JIEKTPOXUMMSUIBIK cuHTe3, Ti*/Tid*
TOTBIFY-TOTBIKCBI3ZIaHy ~ JKyMeci, MbIC  OeJjilleKTepi, 3JIeKTPOJIN3, KaTOITBIK
TOTBIKCBI3[IaHy, TPUOOJIOTMSUIBIK KacueTTep, aHTUMPUKIVUIBIK KOCIa, Marulay
MaTepuaiaphbl, TO3yFa TO3IMIIUTIK.

Abstract

In this work, the electrochemical synthesis of ultrafine copper powders and the
features of their formation were investigated. The study employed an approach
based on the reduction of metal ions not directly on the cathode surface but within
the near-cathode region. A Ti**/Ti3* redox system was used in the electrolyte, and
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the mechanism of chemical reduction of copper ions by Ti3* ions was considered. As
a result, ultrafine copper particles in the submicron size range were obtained.

The morphology of the obtained copper powders was studied by electron
microscopy. A uniform structure and high current efficiency were observed at an
H>SO4 concentration of 100 g/L, a current density of 200 A/m?, and a Ti(IV) ion
concentration of 10 g/L. The current efficiency reached 92%.

The tribological properties of ultrafine metal powders were also investigated.
Tribological tests were carried out using an EMMW-1 Friction and Wear Testing
Machine. The obtained results showed that ultrafine metal particles improve the
antifriction and antiwear properties of lubricating materials. The electrochemical
production of ultrafine copper powders from accessible raw materials makes it
possible to use them as effective modifying additives for lubricants.

Keywords: ultrafine copper powder, electrochemical synthesis, Ti**/Ti3* redox
system, copper particles, electrolysis, cathodic reduction, tribological properties,
antifriction additive, lubricants, wear resistance.

Kipicmre

DYpbIH  3JIeKTpOXMMMSUTBIK, 9icTep apKbUIBI MeTaIIapAblH  YIIBTPagyICIIePCTi
OestiekTepiH ajly KMBIH Jell ecenTesireH, cebeOi KaToy OeTiHme Ty3UleTiH MeTaiUl
YPBIKTapbl >KbUIIAM 6cCil, ipi KpuCTaIBIK KypbUIbIMmapfa aviHasagel. COHBIH
HOTVDKeCiH/Ie )KOFapbl AVCIIePCTi XXoHe CyOMMKPOHIbI MeTasUl OeJIIeKTepiH TYPaKThl
TYpAe ajTy MyMKiHiri mekreysii 6osaet [1, 2, 6].

CoHfFpl XbUIDAPBl YJIBTPAAVCIIEPCTI MeTaJUl YHTaKTapblHa [leTeH KbI3bIFYIIbUIBIK
aiTapyIblKTal  apTThl, ceOebi MyHpAam MaTepuajgap JKOFapbl — XUMUSUIBIK
OesiceHiTiriMeH, TaMblfaH MEHIIIKTI OeTiMeH >X9He epekiie PU3MKa-XVMUSUIBIK,
KacueTTepiMeH epekiesieHeni [3, 4] Yibrpamucrnepcti MeTayur  Oesrekrepi
KaTaJIn3[e,  3JIeKTPOHMKAZa,  KOPFaHBII  >KaObIHIapmaa,  TPUOOJIOTMSUIBIK
MaTepuajijapfa JKoHe Marvlay MaTepuajlapblHa apHalfaH aHTU(PUKIVIIBIK
Koclajlap peTiHOe KeHiHeH KojpaHbuIyga [2-5]. Ocipece MbIc HerisiHperi
YIBTPAOVCIIEPCTI YHTAKTap >KaKChl 3JIEKTPOTKISIIITIriMeH, JKOFaphbl PeaKIVsUIbIK
KaOizeTiMeH >koHe YVIKeJIiC IIeH TO3yAbl TOMEHJEeTy KacueTTepiMeH MaHBI3Ibl OpPbIH
astazipl.

Yibrpanucniepcti Mbic OesllliekTepi Marvlay MaTepuasiapblHa KoCIla peTiHze
KOJIJaHBUIBIII, YVIKeJIiC IIeH TO3y/bl TEMeHIeTeTiH aHTUPPUKLMSIIBIK dcep KepceTeri
[5]. Mamm KypampIHOA YJIBTPaAMCIIEPCTi MBIC YHTaKTapBIHBIH OOJIybI YVIKeJIeTiH
OeTTepiH TO3YBIH eldyip as3amlThIl, OesillleKTep MeH MexaHU3MIepIiH KbI3MeT eTy
Mep3iMiH  y3apTambl. MyHpmam — Kocmajlapfbl — HanjajaHy  >KaOObIKTapibIH
SKCIUTyaTalVIsUIbIK, —~ CeHIMIUIINIH  apTTBIPBIN,  aWTapibIKTall — 3KOHOMMKAJIBIK,
TUIMIITIKKe KOJI XXeTKi3yre MyMKiHIIiK Oeperti.

OcpifaH OavuIaHBICTBL YJIBTPAAMCIIEPCTI MBIC YHTAKTapblH 3JIEKTPOXVMUSUIBIK
9MIiCIIeH ajly, OJIapAblH TY3UIy MeXaHW3MiH 3epTTey JKoHe ITPaKTUKa/IBIK, KOJITaHy
MYMKIHJIiKTepiH aHBIKTay FBUIBIMU >KoHe KOJIIaHOasIbl TYPFbIIaH ©3eKTi Macejle
OoJIbIII TAOBUTAIEL.
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3eprrey 66s1imi

¥ChIHBUIFaH TACUIIIH, HeTi3rl naeschl MeTajul MOHAPBIHBIH, TOTHIKCHI3aHy IIPOLeCciH
Tikeslell KaTop OeTiHIe eMec, KaTol, MaHBIHIAFbI KEHIiCTiKTe Xy3ere acblpy OOJIBIII
TaObUTazmpl. MyHpam 1ipoliecc epiTiHAi KypaMblHOAFbl avHBIMAIbl  BaJIeHTTI
VIOHJApIbIH, KaThICYbIMEeH icKe acajbl. byir monpap karopn mmeH MeTayul MOHOApPhI
apachlHIa 3JIeKTPOH TachIMa/IayIbl KpI3MeTiH aTKapanbl. Mynaman tocin Titt/Tidt
XKy¥ieci yIIIiH OYpbIH XYprisijireH sepTreysiepie [ie KapacTeIpbUIFaH [7].

YibrpanucniepceTi MeTasu1 GeslieKTepiHiH Ty3Uly MexaHM3Mi Kesleciment: karogTa Ti4*
voHpapel Ti%* KymiHe nevtiH TOTHIKCHI3maHambl. by kesme Titt/Tid* xymeciHiy
TOTBIFY-TOTBIKCBI3[IaHy  IIOTeHIMaJbl ~ MeTa/UI ~ VIOHJAPBIHBIH  TOTBIKCBHI3[aHy
MOTeHIIMaJIbIMEeH CaJIbICTBIPFaHa aHaFYpJIbIM Tepic MoHre me OOJIybI KaXKeT.
Hoatmoxeciame Ti3* moHmapel KaTon MaHBIHAAFBI KEHICTIKTe MeTayUl MOHIAPBIH
XVIMVSUTBIK,  JKOJIMEH  TOTBIKCBI3HAHIBIPBIN,  YJIbTpamycIepcTi — OerleKTepiiH
TY3UTyiHe aJIbIIl KeJIeii.

Mpeicasibl, yiIbTpaauCIepCcTi MBIC YHTaKTapbIHBIH TY3UIyi Ke3iHIe IIporecrep Kejeci
Typae Xypeni. KypaMblHIa TepT BaJIeHTTI TUTaH MOHAAPHI 0ap KYKipTKBIIIKBUIIHI
MmpbIc(Il) epiTiamiciage xaTonTa Ti** moHmaps! Ti%* KyriiHe 11eT1iH TOTBIKCHI3IaHAIIBL:

Tis+ + e — Ti3* (1)

Katop OetiHne Ty3iIreH yir BaJIeHTTI TMTaH MOHZAAPHI KaTO[, MaHBIHIAFbI KEHICTIKTe
MbIc(Il) MoHmapbIMeH XVIMMSUIBIK, 9peKeTTecill, yJIbTpaAuclIepCTi MbIC OejlleKTepi
MeH Ti** moHmapbIH Ty3e/i:

Cu2* + 2Ti% — Cul + 2Ti4* )

Epitriagine Tysimren Ti** wonHpapel KamramaH Karopgra Ti3* kymiHe pgeviiH
TOTBIKCBI3[IaHA/IbI, HOTVDKeCiHIe IMpollecC HMUK/IIIK CcuUIlaTKa me Oosambl. Mertant
OesmtiekTepiHiH TY3UIyi MeH ecyi HeriziHeH KaTop, OeTiHIe eMec, KaTo[, MaHbIHIAFbI
KeHICTiKTe >KypeTiHOiKTeH, oylapAblH opi Kapam ipileHyi mmekrestefi. COHBIH
HOTIDKeCiHIe  yJIbTpaducIepCcTi  MeTa/ul  OejmmekTepi — Tysiledi.  ATaiFan
HpoliecTepliH CbI30aHYCKACHI 1-CypeTTe KepceTUIreH.

Karon deringe: Ti** + e — Ti3*

A

|
Karon kenicriringe: Me™ + Ti** — Me® + Ti¢*

(i

Cyper 1. Ti**/Ti3* TOTBIFy-TOTBIKCBI3IAaHY XYVieCi apKbUIbl MeTa/Ul YHTaFbIHBIH
TY3UIy cxemachl
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Kepcerinrennen, ekinmi cateima Mbic atoMaapbl (Cu) xoHe TWTaHHBIH TOPT
BasteHTTi mMoHmapse! (Ti**) tysinenmi. Kemin Ti** monmapel karogra Kavraman Ti%*
KYViHe [eViH TOTBIKCHI3ZIaHBIII, KaTO[ MaHBIHZAFbl KabaTrra MBIC WMOHIAPBIH
KalTagaH MeTa/AbIK Kyure [eViiH TOTBIKCBI3IaHABIPy MpolleciHe KaTbICalbl.
Ocputariiia mpoliece IMKIIIIK CUITaTKa re 00s1asibl.

AJIBIHFaH MBIC YHTaKTapBIHBIH, MOPQOJIOTMICHIH 3JIEKTPOHIIBIK, MMUKPOCKOMINS
9iciMeH 3epTTey TeMeH TOK TBIFBI3[IBIKTapbIHIa CyOMMKPOHIBI OipKeJiKi TapasiFaH
YJIBTPaINCIIepCTi MBIC GeJIIIIeKTepiHiH Ty3IeTiHiH KepceTTi (cypeT 2).

3epTTey HoTWKeslepi KYKipT KbIIIKbUIBIHBIH, KoHIleHTpaumsicel 100 1/, TOk
TeIFbI3ABIFBL 200 A/M2 xoHe Ti(IV) wmonmapeiHblH KoHIleHTparmsicel 10 /71
MeJIIIepiHge yJIbTpaAuCIepcTi OeJllieKTepiH TypaKThl Ty3ulyi OamKaJlaTbIHBIH
kepcetrrti. KepceTisireH 371eKTpoiM3 IapaMeTpsiepiHe MBbIC YHTaKTapbIHBIH TOK
OomibIHITIA TIBIFBIMBL 92 %-1IbI KOPCEeTTi.

SEl  20kV WD11mm §S20 SEl  20kV WD10mm SS20 x10,000 1pm —

—

Cyper 2. Ti**/Ti** noHgaps! KaTHICBIH/A JIEKTPOJIN3 d/1iCiMeH aJIbIHFaH
YJIBTPaAVICIIePCTi MBIC YHTaKTapPBIHBIH, 3JIEKTPOHIIBIK MUKPOJOTOCy peTTepi

2-cypetrreH kepiHreHzers, X3000 ysikenTy Ke3iHpe (a) aJIbIHFaH MBIC YHTaKTapbIHbIH
Oipkesiki TapasiFaH arjioMepauysUlaHFaH YJIbTPaAMCIIePCTi KYpPBUIBIM TY3eTiHi
Gamkastagel. 10000 yikewnry KesiHme (0) OermirekTepriH HeTisiHeH cdepuKaIbIK
JKoHe >KapThUIan cdepurKaIblK Mopdosiorisra e eKeHi aHbIKTa/IIbl. besmexrepin
emeMzepi mamameH 0,4-1,9 MKM apasTbIFBIH/IA ©3repeTiHi OariKasiIbl.

3epTTeymdiH Kejleci Ke3eHiHe yJIbTpadyCIepcTi MeTajUl YHTaKTapbIHBIH Mavulay
MaTepuaTapbIHbIH TPUOOJIOTMSIIBIK, KacreTTepiHe acepi 3epTTresai. MeTasur yHTaFbI
peTiHe KBa3suKpPUCTAJIIBIK YHTaKTap, ajl Mavlay MaTtepuasbl petinge SW-30 moTop
Mambl TangaiaHbuIsl. Tpubornormsuiblk, ceiHakrap EMMW-1 Friction and Wear
Testing Machine konnbIpreicbiHa 100 H xykreme, 100 rpm aviHamy >XpUIHaMIIBIFBL
xoHe 1800 ¢ chIHaK yaKbITHI XKaFIavibIHa XKYPrisiii.

3eprrey HoTwkeslepi OowmbiHma 12X18HI10T Oosat Herisi ymiiH Tasa wMan
KOJIZTaHbUIFaH Ke3peri yikestic koaddurmenti 0,387 6orica, mant KypambiHa 0,035 T
yJIbTpPaACIIepCTi KBa3MKpPUCTaIIBIK, YHTAK eHTi3iIreH Kesfge Oyir kepcetkit 0,341-re
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HeviiH TeMeHJereHi aHBIKTalIObl. byl yiapTpamycrepcti OeriieKTepriH YVIKeIIiCTi
a3avThIIl, TO3yFa Kapchl KacueT KepceTeTiHiH [IaJlesIeni.

Ocblran OaruIaHBICTBI KeJleci 3epTTey Ke3eHiHIe KBasMKPUCTIABIK YHTaKTapIblH
OPHBIHA 3JIEKTPOXVIMVSUIBIK, 9ICIIeH aJIbIHFaH YJIbTPadVICIePCTi MBIC YHTaKTapblH
HavijajiaHy Kesmeseni. MbIC YHTaKTapblH ajly TeXHOJIOTVISCBIHBIH, CaJIbICThIPMaJIbl
TYpZe KapamambIM OOJIybl, INMKI3aTTBIH  KOJDKETIMIOUIri JXKeHe  >KOFapbl
aHTUPPUKLMSIIBIK, ~ KacueTTepi ojlapAbl Marvlay MaTepuasjiapblHa — Tuimzi
MoavdUKaysIayIIbl KOCIa peTiHle KoJIIaHyFa MyMKiHIIiK Oeperi.

KopbITBIHIBI

Kywmpic  Oapoicbiga  Ti**/Ti3*  TOTBIFY-TOTBIKCBI3ZMAHY  Kyleci  KaTBICBIHIA
YIBTPAOVCIIEPCTI MBIC YHTAaKTapPBbIH 3JIEKTPOXVMMSUIBIK SIICIIeH ajly MYMKIHJIIr
KepceTiii. MeTa/Ul MOHIOAPBIHBIH TOTBIKCHI3IAHy IIpolleciH KaTop OeTiHIe emec,
KaToJl MaHBIHIAFbl KEHICTIKTe >Xy3ere acblpy OeJlllleKTepiH ipijleHyiH IIIeKTerll,
CyOMMKPOH/IBI AMalla30HIaFbl YIIbTPadCIIepCTi MbIC O6JIIeKTepiH ajlyFa MYMKIiHIIK
Oepmi.

3eprrey HoatvoKestepi OovbiHIa HSOs xoHIEeHTparimsicer 100 r/1, TOK THIFBI3ABIFBL
200 A/m? xone Ti(IV) xonmeHtpammsacer 10 r/n OosFaH Xafmampa Oipkeriki
MOP@OIIOTII MEeH KOFapbl TOK OOVIBIHIIIA IITBIFBIM OaviKaIIbl.

bysn asibiHFaH yyIbTpaaucIiepcTi MBIC YHTaKTapbIHBIH, Mallay MaTepuasapblHa
apHaJIfaH TUIMII aHTMAPUKUIMSIIBIK KOCla peTiHIe KOoJIJIaHy IIepCIIeKTMBaChIHBIH,
JKOFapbl eKeHiH KepceTeJIi.
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Ozet

Cevresel kirlilik, iklim degisikligi ve ekosistem bozulmasi, biyolojik sistemlerin
isleyisini ¢cok boyutlu sekilde etkileyen baslica kiiresel gevresel sorunlar arasinda yer
almaktadir. Bu stirecte  mikroorganizmalar, ekosistem fonksiyonlarinin
surdiirtlebilirligi, besin dongtileri ve biyolojik denge mekanizmalarinda kritik rol
oynarken, cevresel degisimlere kars1 oldukga hassas biyolojik tepkiler vermektedir.
Son yillarda cevre mikrobiyolojisi alaninda yapilan calismalar, cevresel stres
taktorlerinin yalnizca makroorganizma topluluklarini degil, ayn1 zamanda mikrobiyal
topluluk yapisini ve mikrobiyota-konak etkilesimlerini de énemli 6lctide etkiledigini
ortaya koymustur. Bal arilar1 (Apis mellifera), genis foraging alanlari, hava, su, toprak
ve bitki bilegsenleri ile stirekli temas halinde olmalar1 nedeniyle cevresel kirleticilere
dogrudan maruz kalmakta ve bu [Kkirleticileri biyolojik sistemlerinde
biriktirebilmektedir. Ayrica ar1 viicudu, bagirsak mikrobiyotasi ve ar1 tirtinlerinde
tespit edilen mikrobiyal ve kimyasal bilesenler, cevresel kalite ve ekosistem saglig
hakkinda 6nemli biyolojik bilgiler sunmaktadir. Ozellikle son yillarda gelisen 165
rRNA dizileme, metagenomik, metatranskriptomik ve yiiksek verimli dizileme
teknolojileri, ar1 mikrobiyotasinin cevresel stres faktorlerine verdigi biyolojik
yanitlarin daha hassas sekilde degerlendirilmesine olanak saglamistir. Bu derleme
calismasinda, bal arilarinin gevre mikrobiyolojisi perspektifinden biyolojik indikator
olarak kullanim potansiyeli giincel literattir 1s181nda degerlendirilmistir. Arilarin agir
metal, pestisit ve mikrobiyal yiik gibi cevresel parametrelerin izlenmesindeki roli ile
ari-mikrobiyota-cevre etkilesimleri biittinciil bir yaklasimla ele alinmustir. Ayrica
biyoteknolojik analiz yontemlerinin ar1 temelli cevresel izleme sistemlerine sagladig1
katkilar tartisilmistir.

Sonug olarak, bal arilarimin yalnizca kimyasal kirleticilerin degil, ayn1 zamanda
cevresel mikrobiyal degisimlerin ve ekolojik stres faktorlerinin de biittinctil biyolojik
gostergeleri olarak kullanilabilecegi ortaya konulmustur. Bu yontiyle bal arilari, cevre
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mikrobiyolojisi, ekoloji ve biyoteknoloji alanlarmin kesisim noktasinda yer alan
stratejik biyolojik model organizmalar arasinda degerlendirilebilir.

Anahtar Kelimeler: Apis mellifera, cevre mikrobiyolojisi, biyolojik indikator,
mikrobiyota, cevresel kirlilik, metagenomics

Abstract

Environmental pollution, climate change, and ecosystem degradation are among the
major global environmental challenges affecting the functioning of biological systems
at multiple levels. In this context, microorganisms play critical roles in ecosystem
sustainability, nutrient cycling, and biological balance mechanisms, while also
exhibiting highly sensitive responses to environmental changes. Recent studies in
environmental microbiology have demonstrated that environmental stress factors
affect not only macroorganism communities but also microbial community structure
and microbiota-host interactions.

Honey bees (Apis mellifera) are directly exposed to environmental pollutants due to
their wide foraging ranges and continuous interactions with air, water, soil, and plant
components. These organisms are capable of accumulating chemical and microbial
contaminants within their biological systems. Moreover, the honey bee body, gut
microbiota, and bee products provide important biological information regarding
environmental quality and ecosystem health. In recent years, advances in molecular
biology and high-throughput sequencing technologies, including 165 rRNA
sequencing, metagenomics, metatranscriptomics, and next-generation sequencing
approaches, have enabled more sensitive evaluation of the biological responses of
honey bee microbiota to environmental stress factors.

In this review study, the potential use of honey bees as biological indicators from an
environmental microbiology perspective was evaluated based on current scientific
literature. The role of honey bees in monitoring environmental parameters such as
heavy metals, pesticides, and microbial loads, as well as honey bee-microbiota-
environment interactions, was discussed within an integrated ecological framework.
Furthermore, the contributions of biotechnological analytical approaches to bee-based
environmental monitoring systems were examined.

As aresult, honey bees can be considered comprehensive biological indicators not only
for chemical pollutants but also for environmental microbial changes and ecological
stress factors. In this respect, honey bees represent strategic biological model
organisms at the intersection of environmental microbiology, ecology, and
biotechnology.

Keywords: Apis mellifera, environmental microbiology, biological indicator,
microbiota, environmental pollution, metagenomics

Giris
Cevresel kirlilik, iklim degisikligi ve ekosistem bozulmasi, son yillarda artan
antropojenik faaliyetlerin etkisiyle kiiresel olcekte ekolojik stirduirtilebilirligi tehdit
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eden baslica cevresel sorunlar arasinda yer almaktadir (Goulson ve ark., 2015).
Endistriyel tiretim, yogun tarimsal uygulamalar, kentlesme ve kimyasal kirleticilerin
yaygin kullanimi; hava, su ve toprak sistemlerinde fiziksel, kimyasal ve biyolojik
dengenin bozulmasina yol ag¢maktadir. Bu siirecler yalmzca makroorganizma
topluluklarini degil, ayn1 zamanda ekosistem isleyisinin temel bilesenleri arasinda yer
alan mikrobiyal topluluklar: da dogrudan etkilemektedir (Engel ve Moran, 2013).

Cevre mikrobiyolojisi, mikroorganizmalarin cevresel stireclerdeki islevlerini ve
cevresel degisimlere verdikleri biyolojik tepkileri inceleyen disiplinler arasi bir bilim
alanidir. Mikroorganizmalar; besin dongtileri, organik madde ayrismasi, toksik
bilesiklerin dontistimii, biyolojik detoksifikasyon stirecleri ve ekolojik denge
mekanizmalarinda kritik rol oynamaktadir. Mikrobiyal topluluklar arasindaki
simbiyotik ve antagonistik iliskiler, gcevresel stres kosullarina bagli olarak dinamik
sekilde degisebilmektedir (Drew et al., 2020). Bu nedenle mikrobiyal topluluk
yapisinda meydana gelen degisimler, cevresel stresin erken biyolojik gostergeleri
arasinda degerlendirilmektedir (Kwong ve Moran, 2016). Ozellikle son yillarda gelisen
molekiiler mikrobiyoloji ve yiiksek verimli dizileme teknolojileri, cevresel stres
faktorlerinin mikrobiyal topluluklar tizerindeki etkilerinin daha hassas sekilde
degerlendirilmesine olanak saglamustir. Bu teknolojiler, bakteriyel topluluklarin yani
sira fungal mikrobiyal cesitliligin de yiiksek hassasiyetle analiz edilmesine olanak
saglamaktadir (Bokulich ve Mills, 2013).

Cevresel kalite ve ekosistem saghiginin degerlendirilmesinde biyolojik indikator
organizmalarin  kullanimi, modern cevresel izleme calismalarinin temel
yaklasimlarindan biri haline gelmistir. Biyolojik indikator organizmalar, gevresel
degisimlere kars1i verdikleri fizyolojik, davranissal veya mikrobiyal tepkiler
araciligryla cevresel stres faktorlerinin biyolojik etkilerini ortaya koyabilmektedir. Bu
baglamda bal arilar1 (Apis mellifera), genis ucgus alanlari, farkli bitki turleri ile
etkilesimleri ve gevresel bilesenlerle stirekli temas halinde olmalar1 nedeniyle gevresel
kalite degerlendirmelerinde ¢nemli biyolojik model organizmalar arasinda yer
almaktadir. Bal arilari; nektar, polen ve su toplama faaliyetleri sirasinda hava, su,
toprak ve bitki kaynakli ¢ok sayida kimyasal ve mikrobiyal bilesene maruz
kalmaktadir. Bu organizmalar, cevresel kirleticileri viicutlarinda ve ar1 tirtinlerinde
biriktirebilmekte, bdylece cevresel kalite hakkinda buttinctil biyolojik bilgi
sunabilmektedir (Conti ve Botre, 2001). Ozellikle bal, polen, propolis ve balmumu gibi
ar1 irtinleri; agir metal, pestisit kalintilar1 ve mikrobiyal yiik agisindan gevresel
maruziyetin biyolojik gostergeleri olarak degerlendirilmektedir.

Son yillarda ar1 mikrobiyotas: tizerine yapilan calismalar, cevresel stres faktorlerinin
ar1 bagirsak mikrobiyal topluluk yapisini 6nemli ¢lgtide degistirebildigini ortaya
koymustur (Engel ve Moran, 2013; Jones ve ark., 2018). Ozellikle 16S rRNA dizileme,
metagenomik, metatranskriptomik ve ytiksek verimli dizileme yaklasimlar1 sayesinde
ar1 mikrobiyotasmin cevresel degisimlere verdigi biyolojik yanitlar daha ayrintihh
sekilde analiz edilebilmektedir. Bu gelismeler, bal arilarmmin yalnizca kimyasal
kirleticilerin degil, aym1 zamanda cevresel mikrobiyal degisimlerin de biyolojik
gostergeleri olarak kullanilabilecegini gostermektedir. Ayrica bal arilari, bagirsak
mikrobiyotas1  arastirmalarinda  ©onemli model organizmalar arasinda
degerlendirilmektedir (Zheng et al., 2018).
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Bununla birlikte mevcut literattirde, bal arilarmin cevre mikrobiyolojisi
perspektifinden biyolojik indikator olarak kullanimini biitiinctil sekilde degerlendiren
calismalarin  siirh  oldugu  goriilmektedir. Ozellikle —ari-mikrobiyota-cevre
etkilesimlerinin ekosistem saghg1 baglaminda entegre bicimde ele alindig1 derleme
calismalarinin yetersiz olmasi, bu alanda énemli bir bilgi boslugu olusturmaktadir.

Bu derleme ¢alismasinda, bal arilarinin cevre mikrobiyolojisi perspektifinden biyolojik
indikator olarak kullanim potansiyeli giincel literatiir 15181nda degerlendirilmistir.
Ayrica arillarin kimyasal ve mikrobiyal cevresel degisimlerin izlenmesindeki roli,
biyoteknolojik analiz yontemleri ve ari-mikrobiyota-cevre iliskileri biittinctil bir
yaklasimla tartisilmustir.

Bal Arilarinin Cevresel Maruziyet Ozellikleri

Bal arilar1 (Apis mellifera), genis foraging alanlar1 ve farkli gevresel bilesenlerle stirekli
etkilesim halinde olmalar1 nedeniyle cevresel degisimlere karsi oldukg¢a hassas
biyolojik organizmalar arasinda yer almaktadir. Bir bal aris1 kolonisinin besin toplama
faaliyetleri genellikle birkac kilometrelik alam1 kapsamakta olup, bu stirecte arilar
hava, su, toprak ve bitki kaynakli ¢cok sayida kimyasal ve biyolojik faktore es zamanh
olarak maruz kalmaktadir. Bu ¢ok yonli cevresel temas, bal arilarimi ekosistem
dtizeyindeki cevresel degisimlerin biitiinctil biyolojik gostergeleri haline
getirmektedir. Bal arilarinin gevresel bilesenlerle kurdugu cok yonli etkilesim ag:
Sekil 1'de 6zetlenmistir.

ENVIRONMENTAL MICROBIAL RESERVOIRS HONEY BEE BIOTECHNOLOGICAL
AMNALYTICAL APPROACHES

External (bady I
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“ ) }f S —— 165 rRNA gene sequencing | N
- . 5 A : Noog %\ _w | (amplicon) "lﬁ_m.',ll_'ul
[ w8 ®] T
TR \‘t\% ?/}
A i Phyllosphere {Ieaf surface) .,_lr_/ Metagenoemic sequencing
Y microbiota 2% J 2
P as d J ==
& s - -
- - - Metatranscriptomics ﬁ
& & Floral {nectar/pollen) i 4
¢ ierohi e ' L 7 i
s ). smicrabiata -:;3;., Gut microbiota | ~-, | 9PCR/ddPCR /
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prediction)

‘o 8 u ‘a® = Mutrition and plant diversity

2 = Climate and environmental stress
» Pathogen pressure

* Habitat characteristics

Qutput: Microbial community structure, diversity, functional potential
and environmental stress indicators

Sekil 1. Bal arilarmin hava, su, toprak, bitki ytizeyleri ve floral kaynaklar araciligiyla
cevresel kirleticilere ve mikrobiyal bilesenlere maruziyet yollarini gosteren
kavramsal model.
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Arilarin nektar ve polen toplama davranisi, bu organizmalarin bitki ytizeyleri ve floral
yapilar ile dogrudan temas kurmasina neden olmaktadir. Bu stirecte arilar, bitki
ylizeyi (phyllosphere) ve floral mikrobiyota igerisinde bulunan c¢ok sayida
mikroorganizma ile etkilesim haline gegmektedir. Bitki yiizeyi ve ¢icek mikrobiyotasi;
cevresel kosullar, pestisit uygulamalari, atmosferik kirleticiler ve iklimsel stres
faktorlerinden dogrudan etkilenen dinamik mikrobiyal sistemlerdir (Nicolson ve
Thornburg, 2007). Dolayisiyla arilarin maruz kaldigr mikrobiyal yiik ve mikrobiyal
cesitlilik, cevresel kalite degisimlerinin dolayli biyolojik gostergeleri olarak
degerlendirilebilir.

Bunun yani sira bal arilari, ucus faaliyetleri sirasinda atmosferik partiktiller, agir
metaller, pestisit kalintilari, poliaromatik hidrokarbonlar ve cgesitli cevresel toksik
bilesiklerle temas etmektedir. Bu kirleticiler arilarin viicut ytizeylerinde, sindirim
sistemlerinde ve ar1 iiriinlerinde birikebilmektedir (Conti ve Botre, 2001). Ozellikle bal,
polen, propolis ve balmumu gibi ar1 tirtinleri, cevresel kirleticilerin zamansal ve
mekdansal birikimini yansitabilen biyolojik matriksler olarak ©nemli avantajlar
sunmaktadir. Balmumu gibi lipofilik yapiya sahip biyolojik materyaller, pestisit
kalintilarmin uzun doénemli birikimini gosterebilmesi acisindan cevresel izleme
calismalarinda 6zel 6nem tasimaktadir.

Cevresel stres faktorleri yalnizca kimyasal kirletici birikimi ile stnirhh kalmamakta, ayni
zamanda ar1 mikrobiyotasinin yapisi iizerinde de ©Onemli degisimlere neden
olabilmektedir. Ar1 bagirsak mikrobiyotas;;, besin sindirimi, bagisiklik sistemi
dtizenlenmesi, detoksifikasyon mekanizmalar1 ve patojen baskilanmasi gibi temel
tizyolojik stireclerde kritik rol oynamaktadir (Engel ve Moran, 2013). Pestisit
maruziyeti, habitat kaybi, yetersiz beslenme ve iklimsel stres gibi cevresel faktorler,
ar1 mikrobiyal topluluk yapisinda disbiyotik degisimlere yol acarak koloni sagligim
olumsuz etkileyebilmektedir.

Son yillarda molekiiler biyoloji ve yiiksek verimli dizileme teknolojilerindeki
gelismeler, arillarin cevresel maruziyet stireclerinin daha ayrintili sekilde
degerlendirilmesine olanak saglamistir. Ozellikle 16S rRNA gen dizileme,
metagenomik ve metatranskriptomik yaklasimlar sayesinde ar1 mikrobiyotasindaki
yapisal ve fonksiyonel degisimler yiiksek hassasiyetle analiz edilebilmektedir (Jones
ve ark., 2018). Bu biyoteknolojik yontemler, arilarin cevresel stres faktorlerine verdigi
biyolojik yanitlarin erken donemde belirlenmesine katki saglamaktadir.

Bu baglamda bal arilari, cevresel kirleticiler ile biyolojik sistemler arasindaki
etkilesimlerin degerlendirilmesinde ¢ok boyutlu biyolojik model organizmalar olarak
degerlendirilebilir. Arilarin farkli cevresel bilesenlerle kurdugu kompleks etkilesim
ag1, hem kimyasal hem de mikrobiyal cevresel degisimlerin entegre bigimde
izlenmesine olanak saglamaktadir.

Arilarin Kimyasal ve Mikrobiyal Indikatér Olarak Kullanim1

Bal arilar1 (Apis mellifera), cevresel kirleticilere genis 6lcekte maruz kalmalar1 ve bu
kirleticileri biyolojik sistemlerinde biriktirebilmeleri nedeniyle cevresel kalite
degerlendirmelerinde ©nemli biyolojik indikator organizmalar arasinda yer
almaktadir. Arilarin besin toplama faaliyetleri sirasinda hava, su, toprak ve bitki
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ylizeyleri ile stirekli temas halinde olmalari; ¢evrede bulunan kimyasal ve mikrobiyal
kirleticilerin koloni diizeyinde tasinmasina ve biyolojik sistemlerde birikmesine
olanak saglamaktadir (Conti ve Botre, 2001). Bu cok yonlii cevresel maruziyet yapisi,
arilarin gevresel izleme calismalarinda biittinctil biyolojik model organizmalar olarak
kullanilmasint miimkiin kilmaktadir (Tablo 1).

Tablo 1. Bal arilarinin gevresel biyolojik indikatdr olarak kullanim alanlari, analiz

edilen biyolojik matriksler ve cevresel anlamlar1

Cevresel Analiz Edilen Kullanilan Analiz Cevresel/Biyolojik
Parametre Ar1 Matriksi Yontemleri Anlami1
Agir metaller Bal, polen, ICP-MS, AAS Endiistriyel ve
(Pb, Cd, Hg, balmumu, ar1 atmosferik kirliligin
Cr) viicudu belirlenmesi
Pestisit Polen, GC-MS, LC-MS/MS ~ Tarimsal kimyasal
kalintilar1 balmumu, maruziyetin izlenmesi
propolis, bal
Mikrobiyal Ar1 bagirsak Kilttir bazli analizler, Cevresel mikrobiyal
yiik mikrobiyotasi, ~ qPCR degisimlerin
bal, polen belirlenmesi
Mikrobiyal Bagirsak 16S rRNA dizileme, Cevresel stresin
cesitlilik mikrobiyotasi metagenomik mikrobiyal topluluk
analizler yapisina etkisi
Atmosferik Ar viicut SEM, kimyasal Hava kirliligi ve
partikiiller yiizeyi, polen analizler partikiil tagrniminin
degerlendirilmesi
Floral Polen, nektar, Metagenomik ve Bitki-mikrobiyota-ar1
mikrobiyota  ari yiizeyi mikrobiyolojik etkilesimlerinin
analizler degerlendirilmesi
Patojen yiikii  Ar1 bagirsak qPCR, molekiiler Koloni saglig1 ve
sistemi, koloni tanimlama yontemleri cevresel stres iliskisi
materyali
Pestisit Ar1 bagirsak Metatranskriptomik  Pestisitlerin
kaynakl1 mikrobiyotasi analizler mikrobiyal denge
disbiyozis tzerindeki etkileri

Bal arilarinda gevresel kirleticilerin tasinimi ve biyolojik birikim mekanizmalar: $Sekil
2'de gosterilmistir.
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SOURCES OF ENVIRONMENTAL EXPOSURE : UPTAKE AND ‘ BEE PRODUCTS
POLLUTANTS MEDIA PATHWAYS ACCUMULATION IN BEES (RESIDUE)
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Analytical methods: ICP-MS, AAS, GFAAS, GC-MS, LC-MS/MS, HPLC, HRMS, etc.

Sekil 2. Bal arilarinda agir metal, pestisit ve atmosferik kirleticilerin tasinimu,
biyolojik birikimi ve ar1 tirtinlerine aktarim mekanizmalarimi gosteren sematik
model.

Kimyasal indikatorliik acisindan degerlendirildiginde, arilar ve ar1 tirtinleri (bal,
polen, propolis ve balmumu), agir metal ve pestisit kalintilarinin belirlenmesinde
yaygin olarak kullanilan biyolojik matriksler arasinda yer almaktadir (Conti ve Botre,
2001). Ozellikle kursun (Pb), kadmiyum (Cd), civa (Hg) ve krom (Cr) gibi toksik agir
metallerin ar1 tirtinlerinde birikebildigi ve bu birikimin cevresel kirlilik diizeyi ile
iliskili oldugu bildirilmektedir. Benzer sekilde tarimsal tiretimde yaygin olarak
kullanilan insektisit, fungisit ve herbisit kalmtilar1 da ar1 {irtinlerinde tespit
edilebilmekte = ve  cevresel maruziyetin  biyolojik  gostergeleri  olarak
degerlendirilebilmektedir.

Ozellikle balmumu ve polen, lipofilik pestisitlerin uzun siireli birikimini yansitabilen
onemli biyolojik ¢rnekler olarak one ¢ikmaktadir. Balmumunun koloni icerisinde
uzun  stire  kalabilmesi, ¢evresel Kkirleticilerin  zamansal  birikiminin
degerlendirilmesine olanak saglamaktadir. Bu 6zellik, ar1 temelli biyolojik izleme
calismalarmin klasik cevresel drnekleme yontemlerine kiyasla daha biittinctil veri
sunmasina katki saglamaktadir.

Mikrobiyal indikatorliik acisindan degerlendirildiginde ise bal arilari, hem kendi
bagirsak mikrobiyotast hem de cevreden tasidiklart mikroorganizmalar araciligiyla
cevresel mikrobiyal dinamiklerin degerlendirilmesinde 6nemli biyolojik araglar olarak
kabul edilmektedir. Ar1 mikrobiyotas;; besin kaynaklarinin Kkalitesi, pestisit
maruziyeti, habitat yapisi, mevsimsel degisimler ve iklimsel stres faktorlerine bagh
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olarak degiskenlik gosterebilmektedir (Engel ve Moran, 2013; Kwong ve Moran, 2016).
Bu nedenle mikrobiyal topluluk yapisinda meydana gelen degisimler, cevresel stresin
biyolojik yansimalar1 olarak degerlendirilebilir.

Arilar tarafindan tasinan floral mikrobiyota ve cevresel mikroorganizmalar da
ekosistem saglig1 agisindan onemli biyolojik bilgiler sunmaktadir. Cicekler, bitki
ytlizeyleri ve su kaynaklarindan tasimnan mikroorganizmalar ar1 tirtinlerinde ve koloni
ortaminda tespit edilebilmekte, boylece cevresel mikrobiyal yiik hakkinda dolayl bilgi
elde edilebilmektedir. Ozellikle cevresel stres faktorlerine bagl olarak mikrobiyal
cesitlilikte meydana gelen degisimler, habitat kalitesi ve ekolojik denge hakkinda
onemli gostergeler sunmaktadir.

Son yillarda molekiiler biyoloji ve ytiksek verimli dizileme tekniklerindeki gelismeler,
ar1 mikrobiyotasinin cevresel stres faktorlerine verdigi biyolojik tepkilerin daha
ayrmtil sekilde incelenmesine olanak saglamistir. Ozellikle 16S rRNA gen dizileme,
metagenomik, metatranskriptomik ve qPCR temelli yaklasimlar; mikrobiyal topluluk
yapisi, fonksiyonel cesitlilik ve cevresel stres yanitlarinin yiiksek hassasiyetle
degerlendirilmesini miimkiin hale getirmistir (Jones ve ark., 2018). Bu biyoteknolojik
yontemler sayesinde arilarin yalnizca kimyasal kirleticilerin degil, ayn1 zamanda
cevresel mikrobiyal degisimlerin de hassas biyolojik gostergeleri oldugu ortaya
konulmustur.

Bununla birlikte ar1 temelli biyolojik indikatorliik ¢alismalarinda standart 6rnekleme
protokollerinin ve analiz metodolojilerinin sinirli olmasi, farkli ¢calismalar arasinda
karsilastirilabilirlik agisindan  ©nemli bir problem olusturmaktadir. Ozellikle
ornekleme zamani, koloni yapisi, gevresel kosullar ve analiz yontemlerindeki
farkliliklar, elde edilen sonuglarin yorumlanmasin zorlastirabilmektedir. Bu durum,
gelecekte yapilacak calismalarda metodolojik standardizasyon ihtiyacin1 ortaya
koymaktadr.

Sonug olarak bal arilari, cevresel kalite degerlendirmelerinde ¢ok boyutlu biyolojik
indikatorler olarak degerlendirilebilir. Kimyasal analizler araciligiyla kirletici birikimi
belirlenirken, mikrobiyal analizler sayesinde cevresel stres faktorlerinin biyolojik
etkileri ortaya konulabilmektedir. Bu cift yonlti yaklasim, bal arilarmin cevre
mikrobiyolojisi ve biyoteknoloji temelli entegre cevresel izleme sistemlerinde stratejik
biyolojik model organizmalar olarak kullanilabilecegini gostermektedir.

Arilar ve Ekosistem Saglig1 Arasindaki Tliski

Bal arilar1 (Apis mellifera), yalnizca tarimsal tretim acisindan degil, dogal
ekosistemlerin stirdiiriilebilirligi agisindan da kritik ©neme sahip polinator
organizmalar arasinda yer almaktadir. Diinya genelindeki bircok yabani ve kiilttir
bitkisi tiirti, basarili tozlasma stirecleri i¢in polinatorlere bagimhdir (Klein ve ark.,
2007). Bu nedenle ar1 popiilasyonlarinda meydana gelen degisimler, bitki cogalmasi,
biyolojik  cesitlilik ve ekosistem isleyisi tizerinde dogrudan etkiler
olusturabilmektedir.

Ekosistem sagliginin énemli bilesenlerinden biri, bitki-mikrobiyota etkilesimleridir.
Toprak ve bitki ytizeyinde bulunan mikrobiyal topluluklar; bitkilerin besin elementi
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alimi, biiytimesi, stres toleransi ve sekonder metabolit tiretimi tizerinde belirleyici rol
oynamaktadir. Bu durum ozellikle nektar ve polen kalitesi agisindan kritik 6neme
sahiptir. Nektar seker kompozisyonu, amino asit profili, ugucu organik bilesikler ve
fenolik bilesikler gibi parametreler hem cevresel stres faktorlerinden hem de
mikrobiyal stireglerden etkilenmektedir (Nicolson ve Thornburg, 2007; Alvarez-
Suarez ve ark., 2013).

Bitki kaynakli bu degisimler, bal arilarinin beslenme davranislar: ve foraging tercihleri
tizerinde dogrudan etkili olmaktadir. Arilar, nektar ve polen kalitesindeki degisimlere
oldukca duyarli organizmalardir. Besin kalitesinde meydana gelen degisimler; koloni
gelisimi, bagisiklik sistemi fonksiyonlari, antioksidan kapasite, larval gelisim ve genel
koloni saglig1 tizerinde belirleyici rol oynayabilmektedir (Goulson ve ark., 2015).
Dolayisiyla ar1 davramislarinda ve koloni performansinda gozlenen degisimler,
cevresel kalite ve ekosistem sagligindaki degisimlerin biyolojik yansimalar: olarak
degerlendirilebilir.

Bunun yani sira gevresel stres faktorlerinin ar1 bagirsak mikrobiyotas: tizerinde de
onemli etkiler olusturdugu bildirilmektedir. Ar1 mikrobiyotasi;; besin sindirimi,
bagisiklik sistemi dtizenlenmesi, detoksifikasyon mekanizmalar1 ve patojen
baskilanmasi gibi temel fizyolojik stireglerde kritik rol oynamaktadir (Engel ve Moran,
2013). Ozellikle antibiyotik maruziyetinin bagirsak mikrobiyotasin1 bozarak Nosema
enfeksiyonlarmma duyarliligi artirabildigi bildirilmektedir (Li et al., 2017). Pestisit
maruziyeti, habitat kaybi, monokiiltiir tarim uygulamalar1 ve iklim degisikligi gibi
cevresel baskilar, ar1 mikrobiyotasinda disbiyotik degisimlere yol acabilmekte ve
koloni dayanikliligini azaltabilmektedir (Tablo 2).

Tablo 2. Bal aris1t mikrobiyotasin etkileyen baslica cevresel stres faktorleri ve olasi
biyolojik etkileri

Cevresel Stres Mikrobiyota Koloni/Fizyolojik Igili
Faktorii Uzerindeki Olasi Sonuglar Literatiir
Etkiler
Pestisit Mikrobiyal cesitlilikte ~ Bagisiklik Motta ve ark.,
maruziyeti azalma, disbiyozis baskilanmasi, koloni 2018
zayiflamasi
Agir metal Mikrobiyal topluluk Detoksifikasyon Conti ve
birikimi yapisinda degisim stresinde artis Botre, 2001
Antibiyotik Yararli bagirsak Patojenlere Raymann ve
kullanimi bakterilerinin azalmas1  duyarlilikta artis ark., 2017
Monokiiltiir Mikrobiyal cesitlilikte ~ Beslenme yetersizligi  Goulson ve
tarim sistemleri azalma ve stres ark., 2015
Habitat kayb1 Mikrobiyal kaynak Foraging davramisinda Potts ve ark.,
cesitliliginde azalma bozulma 2010
Iklim Mikrobiyal stabilitede =~ Koloni Traynor ve
degisikligi ve bozulma dayanikliliginda ark., 2020
sicaklik stresi azalma

14-15 mambip 2026 x., TypkicmaH

123

https://geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

Yetersiz polen  Bagirsak Larval gelisimde Anderson ve
cesitliligi mikrobiyotasinda gerileme Ricigliano,
fonksiyonel zayiflama 2017
Patojen ve Mikrobiyal denge Koloni kayiplarinda Hamdi ve
parazit baskis1  bozuklugu artis ark., 2011
Glyphosate Cekirdek bagirsak Enfeksiyonlara Motta ve ark.,
maruziyeti bakterilerinde azalma  duyarlilik artis: 2018
Cevresel Cevresel Ekosistem-koloni Engel ve
mikrobiyal mikroorganizma etkilesimlerinde Moran (2013)
kirlilik tasiniminda artig degisim

Bu durum, yalnizca bireysel ar1 sagligini degil, ayn1 zamanda ekosistem diizeyindeki
polinasyon stireclerini de olumsuz etkileyebilmektedir. Cevresel stres faktorleri ile
mikrobiyal ve ekolojik stirecler arasindaki etkilesim ag1 Sekil 3’te sunulmustur.

Figure 1. Conceptual model illustrating the interactions among environmental stressors, microbial communities,
plant quality, honey bee behavior and ecosystem health.
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Sekil 3. Cevresel stres faktorleri, mikrobiyal topluluk yapisy, bitki kalitesi, ar1
davranisi ve ekosistem saglig1 arasindaki ¢ok katmanli biyolojik etkilesimleri
gosteren kavramsal model.

Son yillarda yapilan calismalar, polinatdr poptilasyonlarindaki kiiresel azalmanin
ekosistem hizmetleri tizerinde ciddi riskler olusturdugunu gostermektedir (Potts ve
ark., 2010). Polinator kayiplari; bitki cogalmasinda azalma, genetik cesitlilik kayba,
trofik etkilesim aglarinda bozulma ve ekosistem dayamikliliginda azalma gibi
zincirleme ekolojik sonuglara yol agabilmektedir. Bu nedenle bal arilarinin korunmasi
yalnizca ekonomik agidan degil, ayn1 zamanda ekolojik stirdiirtilebilirlik agisindan da
stratejik onem tasimaktadir.

Cevresel stres faktorleri, mikrobiyal yapi, bitki kalitesi ve ar1 davranisi arasinda ¢ok
katmanli bir etkilesim ag1 bulunmaktadir. Cevresel kirleticiler ve iklimsel stres
taktorleri, mikrobiyal topluluk yapisin1 degistirerek bitki fizyolojisi ve floral kalite
tizerinde etkiler olusturmakta; bu degisimler ise dolayh olarak ar1 davranislar1 ve
koloni saghigina yansimaktadir. Boylece arilar, yalmzca cevresel kirleticilerin degil,
ayn1 zamanda mikrobiyal ve ekolojik siireclerin de biitiinciil biyolojik gostergeleri
haline gelmektedir.
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Bu baglamda bal arilari, cevresel kalite degerlendirmelerinde pasif biyolojik
indikatorlerin  6tesinde, ekosistem diizeyindeki biyolojik degisimlerin aktif
yansiticilar: olarak degerlendirilebilir. Arilarin cevresel stres faktorlerine verdigi
tizyolojik, davranissal ve mikrobiyal yarmitlar; ekosistem dayanikliligi, cevresel
surdtirtlebilirlik ve biyolojik cesitlilik acisindan 6nemli bilgiler sunmaktadar.

Sonug olarak bal arilari, gevresel stres faktorleri ile mikrobiyal ve ekolojik stirecler
arasindaki ¢ok boyutlu iliskilerin degerlendirilmesinde stratejik biyolojik model
organizmalar arasinda yer almaktadir. Bu yontiyle arilar, cevre mikrobiyolojisi,
ekoloji, biyoteknoloji ve One Health yaklasiminin kesisim noktasinda yer alan entegre
cevresel izleme sistemlerinin temel bilesenleri arasinda degerlendirilebilir.

Sonug

Bal arilar1 (Apis mellifera), cevresel kirleticilere genis 6lcekte maruz kalmalar: ve farkl
ekolojik bilesenlerle stirekli etkilesim halinde olmalari nedeniyle cevresel kalite
degerlendirmelerinde ©nemli biyolojik indikatdr organizmalar arasinda yer
almaktadir. Arilar; hava, su, toprak ve bitki kaynakli kimyasal ve mikrobiyal
bilesenleri biyolojik sistemlerine tasiyabilmekte ve bu yoniiyle gevresel degisimlerin
biitiinciil biyolojik yansimalarini ortaya koyabilmektedir.

Son yillarda gelisen molekiiler biyoloji ve ytiksek verimli dizileme teknolojileri, ar1
mikrobiyotasinin cevresel stres faktorlerine verdigi biyolojik yamitlarin daha hassas
sekilde degerlendirilmesine olanak saglamistir. Ozellikle 165 rRNA dizileme,
metagenomik, metatranskriptomik ve ytiksek verimli dizileme yaklasimlari; arilarin
yalnizca kimyasal kirleticilerin degil, ayn1 zamanda gevresel mikrobiyal degisimlerin
de biyolojik gostergeleri olarak kullanilabilecegini ortaya koymaktadir. Bu gelismeler,
ar1 temelli cevresel izleme ¢alismalarinin kapsamini 6nemli 6lctide genisletmistir.

Bal arilarinin genis foraging alanlar: ve farkli cevresel bilesenlerle kurduklar: yogun
etkilesimler, bu organizmalarin cevresel kirleticilere es zamanli maruziyetini miimkiin
kilmaktadir. Ozellikle bal, polen, propolis ve balmumu gibi ar1 iirtinlerinde biriken
agir metal ve pestisit kalintilari, cevresel kirliligin zamansal ve mekansal dagiliminin
belirlenmesinde 6nemli avantajlar sunmaktadir. Bunun yaninda ar1 mikrobiyotas1 ve
arllarin tasidigr cevresel mikroorganizmalar, ekosistem diizeyindeki mikrobiyal
degisimlerin izlenmesine olanak saglamaktadir.

Cevresel stres faktorlerinin mikrobiyal yapi, bitki kalitesi ve ar1 davranis: tizerindeki
etkileri birlikte degerlendirildiginde, bal arilarinin ekosistem saghigmi yansitan
entegre biyolojik indikatorler oldugu acikca goriilmektedir. Arilarin cevresel stres
faktorlerine verdigi fizyolojik, davramssal ve mikrobiyal yanitlar; yalmizca gevresel
kirlilik diizeylerini degil, ayni zamanda ekosistem fonksiyonlarindaki degisimleri de
ortaya koyabilmektedir. Bu durum, bal arilarmin klasik biyolojik indikator
organizmalara kiyasla daha kapsamli cevresel bilgi saglayabildigini gostermektedir.

Bununla birlikte ar1 temelli cevresel izleme calismalarinda standart ornekleme
protokollerinin ve metodolojik yaklasimlarin smirli olmasi, farkh calismalar arasinda
karsilastirilabilirlik agisindan ©nemli bir problem olusturmaktadir. Bu nedenle
gelecekte yapilacak arastirmalarda standart analiz yontemlerinin gelistirilmesi ve
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uzun donemli saha ¢alismalarmin artirilmasi 6nem tasimaktadir. Ayrica ¢oklu omik
yaklasimlar, yapay zeka destekli veri analizi sistemleri ve yeni nesil biyoteknolojik
yontemlerin ar1 temelli cevresel izleme calismalarina entegre edilmesi, bu alandaki
bilimsel hassasiyeti 6nemli 6lctide artiracaktir.

Sonug olarak bal arilari, yalnizca cevresel kirleticilerin pasif biyolojik gostergeleri
degil, aym1 zamanda ekosistem dtizeyindeki kimyasal, mikrobiyal ve ekolojik
degisimlerin btitiinciil biyolojik sensorleri olarak degerlendirilebilir. Bu yontiyle arilar,
cevre mikrobiyolojisi, ekoloji, biyoteknoloji ve One Health yaklasimi kapsaminda
gelecegin entegre cevresel izleme sistemleri icin stratejik model organizmalar arasinda
yer almaktadir.
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Ozet

Mikrobiyal biyogiibreler, 6zellikle bitki gelisimini tesvik eden rizobakteriler (PGPR)
ve arbuskiiler mikorizal funguslar (AMF), stirdurtilebilir tarim sistemlerinde sentetik
gubrelere alternatif olarak giderek daha fazla o6nem kazanmaktadir. Bu
mikroorganizmalarin bitki biiytimesi, besin elementi alimi ve stres toleransi
tizerindeki etkileri iyi bilinmekle birlikte, bitki kalitesi ve polinator cekiciligi
tizerindeki dolayli etkileri hentiz bittincil bir cercevede yeterince
degerlendirilmemistir. Bu nedenle bitki-mikrop-polinator etkilesimlerinin ekosistem
dtizeyinde daha biitiinciil sekilde degerlendirilmesine ihtiya¢ duyulmaktadir. Bu
derlemede, mikrobiyal biyogiibrelerin nektar ve polen bilesimi, sekonder metabolit
tiretimi ve ucucu organik bilesikler (VOC) tizerindeki etkileri ile bu degisimlerin
polinatér davramisi {izerindeki yansimalar1 incelenmistir. Mevcut bulgular,
mikrobiyal uygulamalarin bitki metabolizmasini degistirerek nektar seker profili,
amino asit icerigi ve sekonder bilesiklerin kompozisyonunu etkileyebildigini ve
bunun da polinator tercihleri ile foraging davranislarinda degisimlere yol acabildigini
gostermektedir. Bununla birlikte, bu etkilerin cevresel kosullara, bitki tiirtine ve
mikrobiyal konsorsiyum yapisina bagh olarak cnemli 6lctide degiskenlik gosterdigi
anlasilmaktadir. Ayrica, mevcut calismalarin biiyiik 6lctide kontrolli kosullarda
yurituldigi ve saha kosullarinda koloni diizeyinde etkilerin yeterince test edilmedigi
dikkat cekmektedir. Bu durum, elde edilen bulgularin ariciik uygulamalarina
dogrudan aktarilmasmi simirlamaktadir. Bu cercevede, mikrobiyal biyogiibre
uygulamalarinin yalnizca bitki verimliligi acisindan degil, ayn1 zamanda polinator
davranisi, koloni gelisimi ve bal verimi tizerindeki potansiyel etkileri acisindan da
degerlendirilmesi gerekmektedir.

Sonug olarak, mikrobiyal biyogiibrelerin tarimsal {iretim ile polinator ekolojisi
arasindaki etkilesimleri sekillendiren 6nemli bir faktér oldugu ve bu sistemlerin
surdiirtilebilir yonetiminde c¢ok trofik diizeyde ele alinmasi gerektigi dikkat
cekmektedir. Bu baglamda, 6zellikle nektar ve polen kalitesindeki degisimlerin ar1
beslenmesi ve koloni saglig1 tizerindeki etkileri daha ayrintili olarak ele alinmalidir.
Gelecek calismalarin, bitki-mikrop-polinator etkilesimlerini iklimsel degiskenleri de
icerecek sekilde saha kosullarinda ve uzun donemli olarak incelemesi 6nerilmektedir.

Anahtar Kelimeler: AMF, Biyogiibre, nektar kalitesi, PGPR, polinator cekiciligi
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Abstract

Microbial biofertilizers, particularly plant growth-promoting rhizobacteria (PGPR)
and arbuscular mycorrhizal fungi (AMF), are increasingly gaining importance as
sustainable alternatives to synthetic fertilizers. Although their effects on plant growth,
nutrient uptake, and stress tolerance are well established, their indirect impacts on
plant quality and pollinator attractiveness have not yet been sufficiently evaluated
within a comprehensive framework. This highlights the need to better understand
plant-microbe-pollinator interactions at the ecosystem level. This review examines the
effects of microbial biofertilizers on nectar and pollen composition, secondary
metabolite production, and volatile organic compounds (VOCs), as well as the
implications of these changes for pollinator behavior. Current findings indicate that
microbial applications can alter plant metabolism, influencing nectar sugar profiles,
amino acid composition, and secondary metabolites, which in turn may affect
pollinator preferences and foraging behavior. However, these effects are highly
variable depending on environmental conditions, plant species, and the structure of
microbial consortia. Moreover, most existing studies have been conducted under
controlled conditions, and the effects at the colony level under field conditions remain
insufficiently tested. This limitation restricts the direct application of findings to
practical beekeeping systems. Therefore, microbial biofertilizer applications should be
evaluated not only in terms of plant productivity but also regarding their potential
effects on pollinator behavior, colony development, and honey production. In
conclusion, microbial biofertilizers play a significant role in shaping interactions
between agricultural production and pollinator ecology and should be considered
within a multitrophic framework for sustainable management. Future studies should
investigate plant-microbe-pollinator interactions under field conditions while
incorporating climatic variables in long-term assessments.

Keywords: AMF, Biofertilizer, nectar quality, PGPR, pollinator attractiveness

Giris

Tarimsal tiretimde yogun kimyasal giibre kullaniminin neden oldugu cevresel
sorunlar, stirdiiriilebilir ve ekolojik temelli alternatif {iretim sistemlerine olan ilgiyi
artrmigtir.  Ozellikle toprak verimliliginin korunmasi, biyolojik gesitliligin
desteklenmesi ve agroekosistem dayanikliliginin artirilmasi agismndan mikrobiyal
biyogiibreler 6nemli bir arastirma alan1 haline gelmistir (Vessey, 2003; Bashan et al.,
2014). Bitki gelisimini tesvik eden rizobakteriler (Plant Growth Promoting
Rhizobacteria; PGPR) ile arbuskiiler mikorizal funguslar (AMF), stirdiiriilebilir tarim
uygulamalarinda en yaygin kullanilan mikrobiyal biyogtibre gruplar1 arasinda yer
almaktadr.

PGPR ve AMF uygulamalarmin bitki biiytimesi, kok gelisimi, besin elementi alimi,
stres toleransi ve verim {izerindeki olumlu etkileri cok sayida calismada tespit
edilmistir (Smith & Read, 2010; Glick, 2012). Ozellikle azot tiksasyonu, fosfor
coztuntrligiiniin artirilmasi, fitohormon {iretimi ve rizosfer mikrobiyal aktivitesinin
diizenlenmesi gibi mekanizmalar sayesinde bu mikroorganizmalar bitki gelisimini
dogrudan desteklemektedir (Richardson et al., 2009). Ayrica kuraklik, tuzluluk ve
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sicaklik stresi gibi abiyotik stres kosullarinda bitki dayanikliligini artirarak
surdiiriilebilir tretime katki saglamaktadirlar (Ngumbi & Kloepper, 2016). Son
yillarda yapilan c¢alismalar, mikrobiyal biyogitibrelerin yalnizca bitki biiytimesini
degil, ayn1 zamanda bitki kalite parametrelerini de etkileyebildigini gostermektedir.
Ozellikle nektar seker kompozisyonu, polen besin igerigi, amino asit profili, sekonder
metabolit tiretimi ve ugucu organik bilesiklerin (VOC) sentezi iizerinde 6nemli
degisimler meydana gelebilmektedir (Pineda et al., 2010). Bu degisimler, polinator
boceklerin bitki tercihlerini ve foraging davramslarimi dogrudan etkileyebilecek
potansiyele sahiptir. Bununla birlikte, bu iliskilerin ¢ogu dolayli mekanistik
cikarimlara dayanmakta olup farkli ekosistemlerde elde edilen sonuglar her zaman
birbiriyle uyumlu degildir. Ozellikle kontrollii kogullarda elde edilen bulgularin dogal
agroekosistemlere ne ¢l¢iide yansitilabilecegi héalen tartismalidir.

Polinatorler, dogal ekosistemlerin devamlilig1 ve tarimsal tiretimin stirdtirtilebilirligi
acgisindan kritik oneme sahiptir. Diinya genelindeki c¢igekli bitki ttirlerinin yaklasik
%751 hayvanlarla gerceklesen polinasyona bagimlidir (Klein et al., 2007). Bal arilar:
(Apis mellifera), yabani arilar, kelebekler ve diger polinatorler, hem dogal bitki
topluluklarinin devamhiliginda hem de tarimmsal triin veriminde temel rol
oynamaktadir (Potts et al., 2010). Bununla birlikte habitat kaybi, pestisit kullanimz,
iklim degisikligi ve beslenme yetersizlikleri polinatér poptilasyonlar1 tizerinde ciddi
baskilar olusturmaktadir. Bitki-mikrop-polinator iliskileri, son yillarda giderek 6nem
kazanan cok trofik ekolojik etkilesimler arasinda degerlendirilmektedir (Schiestl &
Johnson, 2013). Mikrobiyal biyogiibre uygulamalar1 sonucunda  bitki
metabolizmasinda meydana gelen degisimlerin, polinatdr davranislar1 ve koloni
performansi {izerinde dolayl etkiler olusturabilecegi ortaya konmustur. Ozellikle
nektar ve polen kalitesindeki degisimlerin ar1 beslenmesi, bagisiklik sistemi, larva
gelisimi ve bal tiretimi tizerinde etkili olabilecegi rapor edilmistir (Alaux et al., 2010;
Brodschneider & Crailsheim, 2010).

Bununla birlikte mevcut literatiir incelendiginde, ¢calismalarin biiyiik cogunlugunun
kontrollii sera kosullarinda yiirttiildugiu ve saha kosullarinda koloni dtizeyindeki
etkilerin simirli 6lgtide arastirildigy goriilmektedir. Ayrica cevresel degiskenler, bitki
ttirleri, mikrobiyal konsorsiyum yapilar1 ve polinator cesitliligi arasindaki karmasik
iliskiler hentiz tam olarak acikliga kavusturulamamustir.

Bu derlemenin amaci, mikrobiyal biyogtibrelerin bitki kalitesi, floral kaynak 6zellikleri
ve polinator davramslar: tizerindeki etkilerini ¢ok trofik ekosistem perspektifinde
degerlendirmek ve mevcut bilgi bosluklarimni ortaya koymaktr.

Mikrobiyal Biyogiibreler ve Temel Etki Mekanizmalar:

Mikrobiyal biyogtibreler, bitki gelisimini destekleyen faydali mikroorganizmalar:
iceren Dbiyolojik preparatlar olarak tanimlanmaktadir (Vessey, 2003). Bu
mikroorganizmalar, bitki kok bolgesinde kolonize olarak bitki biiytimesini dogrudan
veya dolayli mekanizmalarla tesvik etmektedir. Tarimsal sistemlerde en yaygin
kullanilan mikrobiyal biyogiibre gruplar1 arasinda PGPR, arbuskiiler mikorizal
funguslar (AMF), azot fikse eden bakteriler ve fosfat ¢6zticti mikroorganizmalar yer
almaktadir (Bashan et al., 2014).
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PGPR grubu icerisinde 6zellikle Bacillus, Pseudomonas, Azospirillum ve Rhizobium
turleri yaygin olarak c¢alisiimaktadir. Bu bakterilerin azot fiksasyonu, fosfor
cozuintrligiintin artirilmasi, siderofor tretimi ve cesitli fitohormonlarin sentezi
yoluyla bitki gelisimini destekleyebildigi tne stirtilmektedir (Glick, 2012). Ayrica bazi
PGPR tiirlerinin bitki patojenlerine kars: biyolojik kontrol mekanizmalarinda rol
oynayabildigi de belirtilmektedir (Lugtenberg & Kamilova, 2009).

AMF ise bitki kokleriyle simbiyotik iliski kurarak ozellikle fosfor ve su alim
kapasitesini artirabilecegi one stirtilmektedir. Mikorizal hif aglar1 sayesinde kok ytizey
alan1 genislemekte ve bitkilerin kuraklik ile besin yetersizligi gibi stres kosullarina
dayaniklilig1 artmaktadir (Smith & Read, 2010). Bunun yaninda AMF uygulamalarinin
bitki sekonder metabolizmas1 tizerinde etkili oldugu ve fenolik bilesikler ile
antioksidan kapasiteyi degistirebildigi rapor edilmistir (Begum et al., 2019).

Bu mikroorganizmalarin etkileri yalmizca bitki btiytimesiyle smirli degildir. Son
yillarda yapilan calismalar, mikrobiyal biyogiibrelerin bitkilerde karbon
metabolizmasi, seker tasinimi, amino asit sentezi ve ucucu organik bilesik tiretimi
tizerinde de etkili oldugunu gostermektedir (Pineda et al., 2010). Ozellikle cicekli
bitkilerde nektar ve polen kalitesinde meydana gelen degisimler, polinator cekiciligi
acisindan 6nemli sonuglar dogurabilmektedir. Bitki kok bolgesindeki mikrobiyal
topluluklar, bitki savunma mekanizmalarinin diizenlenmesinde de ©nemli rol
oynamaktadir. PGPR ve AMF uygulamalar1 sonucunda jasmonat, salisilik asit ve
etilen gibi sinyal yollar1 aktive olmakta ve bitkilerin biyotik streslere kars: dayaniklilig1
artabilmektedir (Pieterse et al., 2014). Bu durum, yalnizca bitki saglig1 acisindan degil,
ayni zamanda cicek oOzellikleri ve polinator etkilesimleri bakimindan da 6nem
tasimaktadir. Bazi calismalar, mikrobiyal biyogtibre uygulamalarmin bitki gelisimi,
verim ve besin icerigi tizerinde olumlu etkiler olusturabilecegini gostermektedir
(Begum et al., 2019). Ciceklenme dinamiklerindeki bu degisimler, polinator ziyaret
sikligim1 ve dolayisiyla polinasyon basarisin1 etkileyebilmektedir. Mikrobiyal
biyogtibre uygulamalarimin bitki metabolizmasi, polinator davranislar: ve ekosistem
hizmetleri tizerindeki ¢ok trofik etkileri Sekil 1’de 6zetlenmistir.

Mikrobiyal biyogtibrelerin etkileri; bitki tiirti, mikrobiyal konsorsiyum yapisi, toprak
ozellikleri ve c¢evresel kosullara baglh olarak o©nemli olctide degisiklik
gosterebilmektedir. Bu nedenle farkli agroekolojik kosullarda gerceklestirilecek uzun
donemli saha ¢alismalari, bu etkilesimlerin daha iyi anlasilmasi acisindan biiyiik 5nem
tasimaktadir.
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Kisaltmalar: PGPR: Plant Growth Promoting Rhizobacteria; AMF: Arbuscular Mycorrhizal Fungi;
VOC: Valatile Organic Compounds.

Sekil 1. Mikrobiyal biyogtibrelerin bitki metabolizmasi, polinatér davranislar: ve
ekosistem hizmetleri tizerindeki ¢ok trofik etkilerinin kavramsal gosterimi

PGPR = Plant Growth Promoting Rhizobacteria; AMF = Arbuscular Mycorrhizal
Fungi; VOC = Volatile Organic Compounds.

Sekil 1"de 6zetlenen bu ¢ok trofik etkilesimler, mikrobiyal biyogtibre uygulamalarinin
yalnizca bitki fizyolojisini degil, aym1 zamanda polinatér davranislar1 ve ekosistem
hizmetlerini de etkileyebilecegini gostermektedir.

Mikrobiyal Biyogiibrelerin Nektar ve Polen Kalitesi Uzerindeki Etkileri

Nektar ve polen, polinatorler icin temel besin kaynaklaridir. Nektarin seker
kompozisyonu ile polenin protein, lipid, vitamin ve amino asit icerigi, polinattrlerin
bitki tercihlerini ve beslenme davranislarin1 dogrudan etkileyebilmektedir (Nicolson
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& Thornburg, 2007). Bu nedenle bitki metabolizmasinda meydana gelen degisimler,

yalnizca bitki

tizyolojisini

degil,

ayni

zamanda polinator

ekolojisini

de

sekillendirebilmektedir. Mikrobiyal biyogtibre gruplarmin bitki kalitesi ve polinator
etkilesimleri tizerindeki temel etkileri Tablo 1’de 6zetlenmistir.

Tablo 1. Mikrobiyal biyogitibrelerin bitki kalitesi ve polinator etkilesimleri tizerindeki

potansiyel etkileri

Mikrobiyal Temel Bitki Polinatorler Temel
Grup Mekanizma Uzerindeki Uzerindeki Olas1 Kaynaklar
Etkiler Etkiler
PGPR (Plant Fitohormon Bitki Polinator ziyaret Glick
Growth iretimi, fosfor btiytimesi 1, sikliginda artis, (2012);
Promoting cozuntrligl, azot c¢iceklenme foraging Pineda et
Rhizobacteria) fiksasyonu 1, nektar davramisinda al. (2010)
tretimi 1 degisim
AMF Fosfor ve su Polen Polen besin Smith &
(Arbuskiiler aliminin protein degerinin Read
mikorizal artirilmasi kalitesi 1, artmasma bagl (2010)
funguslar) stres beslenme
tolerans1 T kalitesinde
iyilesme
Fosfat c¢oziicii Fosfor Cicek Floral kaynak Richardso
bakteriler biyoyararlanimini gelisimi ve cekiciliginde artis n et al.
n artirilmast metabolizm potansiyeli (2009)
a aktivitesi 7
Azot fikse Atmosferik Protein Polen amino asit Vessey
eden azotun bitkiye sentezi ve kompozisyonund (2003)
bakteriler kazandirilmasi vegetatif a degisim
gelisim 1
Mikrobiyal Coklu mikrobiyal Sekonder Cicek tercihi ve Compant
konsorsiyumla sinerji metabolit ve ziyaret et al.
r VOC davramslarinda  (2019);
tiretiminde  degisim Raguso
degisim (2008)

PGPR = Plant Growth Promoting Rhizobacteria; AMF = Arbuscular Mycorrhizal
Fungi; VOC = Volatile Organic Compounds.

Mikrobiyal biyogiibre uygulamalarinin nektar bilesimini etkileyebildigi bircok
calismada bildirilmigtir. Ozellikle PGPR uygulamalarinin nektardaki sakkaroz, glukoz
ve fruktoz oranlarinda degisiklik olusturabildigi ve baz1 durumlarda toplam nektar
tiretimini artirabildigi belirtilmektedir (Vannette et al., 2013). Bu durumun, bitki
karbon metabolizmasinin mikrobiyal aktivite tarafindan diizenlenmesiyle iliskili
oldugu bazi calismalar tarafindan gostermektedir. Bal arilar1 ve diger polinatorler,
nektarin seker konsantrasyonu ve amino asit profiline karsi olduk¢a duyarldir.
Ozellikle prolin, fenilalanin ve bazi esansiyel amino asitlerin polinator tercihlerini
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etkileyebildigi literatiirde belirtilmektedir (Petanidou et al.,, 2006). Mikrobiyal
biyogiibre uygulamalarinin amino asit sentezi ve tasinimi tizerinde olusturdugu
degisimler, dolayli olarak polinatdr ziyaret davranislarini degistirebilir. Mikrobiyal
biyogtibre uygulamalarinin nektar, polen ve VOC profilleri tizerindeki etkileri ile
bunlarin polinatdér davranislarma olasi yansimalar1 Sekil 2’de kavramsal olarak
gosterilmistir.

1. MIKROBIYAL BIYOGUBRE

i iYOGU > 2. BITKIDE FLORAL OZELLIKLERDEKi DEGIiSIMLER — 3. POLINATOR YANITLARI
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Sekil 2. Mikrobiyal biyogiibre uygulamalarinin nektar, polen ve ugucu organik
bilesik (VOC) profilleri tizerindeki etkileri ile bunun polinatdr davranislar: ve koloni
diizeyindeki olas1 sonuglarina iliskin kavramsal gosterim

PGPR = Plant Growth Promoting Rhizobacteria; AMF = Arbuscular Mycorrhizal
Fungi; VOC = Volatile Organic Compounds.

AMF uygulamalarinin polen kalitesi tizerinde de onemli etkiler olusturdugu ortaya
konmustur. Mikorizal simbiyoz sayesinde bitkilerde fosfor ve mineral madde aliminin
artmasi, polen protein igeriginin yiikselmesine katki saglayabilmektedir. Polen protein
kalitesi, 6zellikle bal arilarinda larva gelisimi, hipofaringeal bez gelisimi ve bagisiklik
sistemi acisindan kritik 6neme sahiptir (Brodschneider & Crailsheim, 2010). Bazi
calismalar, mikrobiyal biyogiibre uygulamalarinin ciceklenme stiresini ve cigek
yogunlugunu artirarak polinator c¢ekiciligini dolayli olarak gticlendirebildigini
gostermektedir (Smith & Read, 2010). Cicek sayisindaki artis, polinator ziyaret sikligini
artirabilirken; nektar ve polen Kkalitesindeki iyilesmeler polinattrlerin ayni bitkide
daha uzun siire foraging yapmasina neden olabilmektedir.
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Mikrobiyal biyogtibrelerin sekonder metabolit tiretimi tizerindeki etkileri de polinator
davranislar1 acisindan 6nem tasimaktadir. Ozellikle flavonoidler, fenolik bilesikler ve
alkaloidler gibi sekonder metabolitler, hem bitki savunma mekanizmalarinda hem de
polinator tercihinde rol oynayabilmektedir (Schiestl & Johnson, 2013). PGPR ve AMF
uygulamalarinin bu bilesiklerin sentezini degistirebildigi bazi1 calismalar tarafindan
gosterilmistir. Ancak farkl bitki ttirleri ve cevresel kosullar altinda gerceklestirilen
calismalarin sonuglar1 her zaman tutarli degildir ve bazi mikrobiyal uygulamalarin
polinatdr davranislari tizerinde sinirh etkiler olusturdugu da degerlendirilmektedir.

Bununla birlikte, mikrobiyal biyogiibrelerin nektar ve polen Kkalitesi tizerindeki
etkilerinin oldukca degisken oldugu gortulmektedir. Bitki tiirti, toprak yapisy, iklim
kosullar1, mikrobiyal konsorsiyum ¢zellikleri ve cevresel stres faktorleri bu sonuclar:
onemli olgtide etkileyebilmektedir (Compant et al., 2019). Bu nedenle mevcut
bulgularin farkli ekosistemlerde dogrulanmas: gerekmektedir.

Ayrica mevcut calismalarin  buiytik bolimii  kontrollii sera kosullarinda
gerceklestirilmistir. Saha kosullarinda ytirtitilen uzun dénemli ¢calismalarin yetersiz
olmasi, elde edilen bulgularin dogrudan aricihik uygulamalarma aktarilmasim
sinirlandirmaktadir. Ozellikle koloni diizeyindeki etkilerin ve bal verimine olan
yansimalarin daha ayrintili sekilde arastirilmasi gerekmektedir.

Ucucu Organik Bilesikler (VOC) ve Polinator Davranislar:

Bitkiler tarafindan sentezlenen ugucu organik bilesikler (Volatile Organic
Compounds; VOC), polinatorlerin cigekleri tanimasinda, yonelim davranislarimin
sekillenmesinde ve besin kaynag1 seciminde temel rol oynayan kimyasal sinyallerdir
(Dudareva & Pichersky, 2006). Cigcek kokulari, 6zellikle bal arilar1 ve diger bocek
polinatorler icin ¢igceklerin bulunmasmi kolaylastiran ©nemli bir iletisim
mekanizmasidir. Cigeklerden salinan VOC profilleri; terpenoidler, benzenoidler, yag
asidi turevleri ve gesitli aromatik bilesiklerden olusmaktadir. Bu bilesiklerin miktar1
ve kompozisyonu, bitki tiiriine, cevresel kosullara ve fizyolojik duruma bagli olarak
degisiklik gosterebilmektedir (Raguso, 2008). Son yillarda yapilan calismalar, rizosfer
mikrobiyotasinin ve mikrobiyal biyogiibre uygulamalarimin bu kimyasal sinyal
sistemlerini etkileyebilecegini gostermektedir.

PGPR uygulamalarinin bitkilerde ugucu terpenoid tiretimini artirabildigi ve bunun
polinator ziyaret yogunlugu tizerinde etkili olabilecegi ileri siirtilmektedir (Pineda et
al., 2010). Ozellikle Bacillus ve Pseudomonas tiirlerinin bitki savunma yollarin aktive
ederek VOC sentezinde rol oynayan metabolik yollar1 etkileyebildigi
dtistintilmektedir. Bu durum, yalnizca polinatdr davranislarini degil, ayni1 zamanda
herbivor boceklerle olan etkilesimleri de degistirebilmektedir.

AMF uygulamalarinin da cigek kokusu profilleri tizerinde etkili oldugu calismalarla
desteklenmektedir. Mikorizal simbiyoz sonucunda bitkilerde karbon akisi ve
sekonder metabolizma degisebilmekte; bu durum ciceklerden yayilan aromatik
bilesiklerin miktarini etkileyebilmektedir (Becklin et al., 2011). Baz1 calismalarda AMF
kolonizasyonunun cicek kokularini gtiglendirerek polinator ziyaretlerini artirdig:
belirtilmistir.
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Bal arilari, gicek kokularina kars1 oldukca gelismis bir duyusal algiya sahiptir. Arilar,
nektar kalitesi ile iligkili kokusal sinyalleri 6grenebilmekte ve bu sinyalleri foraging
sirasinda  kullanabilmektedir (Wright et al., 2013). Bu nedenle mikrobiyal
biyogtibrelerin VOC profilleri tizerindeki etkileri, arilarin cigek tercihleri ve ziyaret
sureleri tizerinde dogrudan sonuglar dogurabilir. Ayrica ¢gicek nektarinda bulunan
mikroorganizmalarim da VOC olusumuna katki saglayabildigi one stirtilmektedir.
Ozellikle baz1 maya ve bakterilerin nektar fermantasyonu yoluyla cicek kokularmi
degistirdigi ve bunun polinatér davramslarin etkileyebildigi gosterilmistir (Vannette
et al., 2013). Bu durum, bitki-mikrop-polinator iliskilerinin yalnizca kok bolgesinde
degil, cicek mikroekosistemlerinde de sekillendigini ortaya koymaktadir.

VOC profillerindeki degisimlerin her zaman olumlu sonuclar dogurmadig: da dikkat
cekmektedir. Baz1 mikrobiyal uygulamalar, belirli polinator gruplar: icin cekiciligi
artirirken diger gruplar icin azaltabilmektedir. Bu nedenle mikrobiyal biyogitibrelerin
ekosistem diizeyindeki etkileri tiir-spesifik olarak degerlendirilmelidir. Bitki-mikrop-
polinator iliskilerinin ekosistem diizeyindeki ¢ok yonli etkilesim a8 Sekil 3'te
Ozetlenmistir. Mikrobiyal biyogiibre uygulamalarinin nektar, polen ve polinator
davranislar: tizerindeki bildirilen etkilerine iliskin bazi1 6rnek ¢alismalar Tablo 2'de
sunulmustur.

Iklim degisikligi, sicaklik artis1 ve kuraklik gibi cevresel stres faktorlerinin de VOC
tiretimini etkiledigi bilinmektedir.

Tablo 2. Mikrobiyal biyogiibre uygulamalarimin nektar, polen ve polinator
davranislari tizerine bildirilen etkileri

Calisma Bitki Tiirii / Mikrobiyal Bildirilen Etki Polinatorle Iliskili
Sistem Uygulama Sonug
Becklin et Alpine Toprak fungal Floral sinyal ve Polinattr ziyaret
al. (2011)  pollination web  topluluklar: odiillerde davraniglarinda
degisim degisim gozlendi
Pineda et Cesitli tarimsal PGPR Sekonder Bocek
al. (2010)  bitkiler metabolizma davraniglarinin
ve VOC etkilenebilecegi
degisimi bildirildi
Vannette  Nektar Nektar Floral VOC Polinator tercihinde
et al. mikrobiyotas1  bakterileri ve profili degisimi degisim
(2013) mayalar
Alauxet  Bal arist Beslenme kalitesi Immiin yanit 7  Yiiksek kaliteli
al. (2010)  kolonileri calismasi beslenmenin koloni
sagligini
destekledigi
bildirildi
Di Bal aris1 Polen kalite Koloni gelisimi  Polen cesitliliginin
Pasquale  Kolonileri calismasi 1 ar1 saghig icin kritik
et al. oldugu bildirildi
(2013)

14-15 mambip 2026 x., TypkicmaH

136

https://geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

Vaudo et  Cesitli Floral kaynak Beslenme Polinator
al. (2015)  polinator degerlendirmesi  kalitesi 1 restorasyonu
sistemleri acisindan onemli
sonuglar

PGPR = Plant Growth Promoting Rhizobacteria; AMF = Arbuscular Mycorrhizal
Fungi; VOC = Volatile Organic Compounds.

Bu nedenle gelecekte yapilacak calismalarin, mikrobiyal biyogiibre uygulamalari ile
iklimsel degiskenlerin ortak etkilerini degerlendirmesi biiyiik onem tasimaktadur.

IKLIMSEL VE CEVRESEL FAKTORLER

ry

e e e - "
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Sekil 3. Bitki-mikrop-polinator etkilesimlerinin ekosistem dtizeyindeki cok yonlii
iliskilerinin kavramsal ag1

PGPR = Plant Growth Promoting Rhizobacteria; AMF = Arbuscular Mycorrhizal
Fungi; VOC = Volatile Organic Compounds.

Polinator Saglig: ve Koloni Diizeyinde Olas1 Etkiler

Polinatorler, dogal ekosistemlerin stirdiiriilebilirligi ve tarimsal tiretimin devamlilig1
agisindan temel ekosistem hizmetleri sunmaktadir. Ozellikle bal arilar1 (Apis mellifera),
kiiresel Olcekte ekonomik degeri yiiksek bir¢cok tarimsal trtintin polinasyonunda
kritik rol oynamaktadir (Klein et al., 2007). Bununla birlikte son yillarda polinator
popiilasyonlarinda meydana gelen azalmalar, habitat kaybi, pestisit kullanimi, iklim
degisikligi, hastaliklar ve beslenme yetersizlikleri ile iliskilendirilmektedir (Potts et al.,
2010). Bal arilarinda koloni saghig: ve tiretim performans: biiyiik 6lctide beslenme
kalitesine baghdir. Polen, isci arilar igin temel protein, lipid, vitamin ve mineral
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kaynagidir. Nektar ise enerji metabolizmasmin temel karbonhidrat kaynagim
olusturmaktadir (Brodschneider & Crailsheim, 2010). Bu nedenle nektar ve polen
kalitesinde meydana gelen degisimler, koloni gelisimi tizerinde dogrudan etkiler
olusturabilmektedir.

Mikrobiyal biyogiibre uygulamalarinin polen protein igerigi ve amino asit
kompozisyonu tizerinde olusturdugu degisimlerin, ar1 beslenmesini olumlu yonde
etkileyebilecegi belirtilmektedir. Ozellikle yiiksek kaliteli polen kaynaklarimn
hipofaringeal bez gelisimi, yavru besleme kapasitesi ve bagisiklik sistemi tizerinde
olumlu etkileri bulunmaktadir (Alaux et al., 2010). Bu nedenle mikrobiyal biyogtibre
uygulamalarmnin dolayli olarak koloni dayanikhiligini artirabilecegi one
striilmektedir. Bununla birlikte, bu etkilerin biiytik o6lctide dolayl c¢ikarimlara
dayandig1 ve saha kosullarinda gerceklestirilen koloni 6lcekli galismalarin halen sinirh
oldugu unutulmamalidir.

Bazi galismalar, bitki besin kalitesindeki iyilesmenin arilarin foraging davranislarini
da etkileyebildigini gostermektedir. Polen ve nektar kalitesindeki artis, isci arilarin
ayni bitki tiirtine daha ytiksek ziyaret siklig1 gostermesine neden olabilmektedir. Bu
durum, hem polinasyon basarisin1 hem de koloniye tasinan besin miktarin artirabilir
(Vaudo et al., 2015). Mikrobiyal biyogiibre uygulamalarinin sekonder metabolit
{iretimi tizerindeki etkileri de ar1 saghgi agisindan onem tasimaktadir. Ozellikle
flavonoidler ve fenolik bilesikler gibi bazi bitkisel metabolitlerin antioksidan ve
antimikrobiyal ozellikleri sayesinde ar1 bagisiklik sistemi {izerinde olumlu etkiler
olusturabilecegi one stirtilmektedir (Simone-Finstrom & Spivak, 2012). Bununla
birlikte baz1 sekonder bilesiklerin yiiksek konsantrasyonlarda toksik etkiler
olusturabilecegi de unutulmamalidir. Koloni diizeyinde degerlendirildiginde, yiiksek
kaliteli besin kaynaklarinin yavru gelisimi, isci ar1 dmrti, koloni populasyonu ve bal
verimi tizerinde belirgin etkileri bulunmaktadir. Ozellikle protein bakimindan zengin
polen kaynaklarmin erken ilkbahar déneminde koloni gelisimini hizlandirabildigi
bilinmektedir (Di Pasquale et al., 2013). Bu baglamda mikrobiyal biyogtibre
uygulamalarinin tarimsal alanlardaki floral kaynak kalitesini artirmasi, aricilik
acisindan onemli avantajlar saglayabilir. Bununla birlikte mevcut literattirde
dogrudan mikrobiyal biyogtibre uygulamalar1 ile koloni performans: arasindaki
iliskileri inceleyen saha calismalarinin oldukga simrli oldugu goriilmektedir.
Calismalarin buiytik bolumu bitki fizyolojisi veya laboratuvar diizeyindeki polinator
davranislarma odaklanmistir. Gergek agroekosistem kosullarinda gerceklestirilecek
uzun donemli koloni calismalarina ihtiya¢ bulunmaktadir. Ayrica mikrobiyal
biyogiibrelerin etkileri cevresel kosullara bagli olarak degiskenlik gosterebilmektedir.
Toprak 6zellikleri, iklim kosullari, bitki tiirti, mikrobiyal gesitlilik ve tarimsal yonetim
uygulamalar1 bu stireclerde belirleyici rol oynayabilmektedir. Bu nedenle gelecekte
gerceklestirilecek calismalarin ¢ok disiplinli bir yaklasimla planlanmast 6nem
tasimaktadir.

Sonug olarak, mikrobiyal biyogitibrelerin yalmzca bitki verimliligi agisindan degil;
polinator saghgi, koloni gelisimi ve agroekosistem strdiiriilebilirligi agisindan da
degerlendirilmesi gerekmektedir. Ozellikle bitki-mikrop-polinatér etkilesimlerinin
cok trofik dtizeyde ele alinmasi, stirdiirtilebilir tarim uygulamalarinin
gelistirilmesinde 6nemli katkilar saglayacaktr.
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Gelecek Perspektifler ve Arastirma Ihtiyaclari

Bitki-mikrop-polinator etkilesimleri, stirdiirtilebilir tarim ve ekosistem yonetimi
acgisindan giderek daha onemli bir arastirma alani haline gelmistir. Bununla birlikte
mevcut literatiir incelendiginde, mikrobiyal biyogiibrelerin polinatér ekolojisi
tizerindeki etkilerine iliskin 6nemli bilgi bosluklarmimn bulundugu gortilmektedir.
Ozellikle kontrollii kosullarda elde edilen bulgularin saha ekosistemlerine ne 6lgiide
yansitilabilecegi hentiz tam olarak acikliga kavusturulamamustir. Ayrica mevcut
calismalarin yontemsel farkliliklar icermesi, elde edilen sonuglarin dogrudan
karsilastirilmasimi giiclestirmektedir. Mevcut bilgi bosluklar1 ve gelecekte oncelik
verilmesi gereken arastirma alanlar1 Tablo 3’te 6zetlenmistir.

Tablo 3. Bitki-mikrop-polinator etkilesimlerinde mevcut

gelecekteki arastirma oncelikleri

bilgi bosluklar1 ve

Arastirma Mevcut Durum Temel Eksiklik Gelecekteki Arastirma

Alani Thtiyac

Nektar Kontrollii kosullarda Saha kosullarinda Farkli iklim

bilesimi sinirli veri mevcut uzun donemli veri kosullarinda nektar
eksikligi metabolom analizleri

Polen kalitesi

Polen protein igerigi

Koloni diizeyindeki

Ar fizyolojisi ve yavru

tizerine calismalar etkiler yetersiz gelisimi ile iliskili
mevcut calismalar
VOC profilleri Floral VOC Ttiir-spesifik Gergek
degisimleri polinator yanitlar agroekosistemlerde
gosterildi belirsiz davranis analizleri
PGPR-AMF Tekli uygulamalar Mikrobiyal Coklu mikrobiyal
etkilesimleri daha yaygin konsorsiyum etkileri uygulama calismalar:
sinirh
Polinator Ziyaret siklig1 Ogrenme ve gigek Davranissal ve
davranisi verileri mevcut sadakati calismalar1  noroekolojik
az arastirmalar
Koloni Dolayl cikarimlar Uzun dénem saha Bal verimi ve koloni
performansi mevcut calismalar1 yetersiz  saglig1 odakh
calismalar
Iklim Teorik Cok faktorlii deney Iklim senaryolari ile
degisikligi degerlendirmeler eksikligi entegre calismalar
etkileri mevcut
Yabani Calismalar Tur cesitliligi Bombus, solitary bees
polinatorler cogunlukla bal yeterince ve kelebek calismalari
arilaria odakl degerlendirilmedi

PGPR = Plant Growth Promoting Rhizobacteria; AMF = Arbuscular Mycorrhizal
Fungi; VOC = Volatile Organic Compounds.
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Mevcut calismalarin biiytik ¢ogunlugu sera veya laboratuvar kosullarinda
gerceklestirilmistir. Ancak dogal agroekosistemlerde bitki-mikrop-polinator iliskileri
cok daha karmasik dinamikler icermektedir. Toprak 6zellikleri, sicaklik, nem, yagis
rejimi, bitki cesitliligi ve c¢evresel stres faktorleri bu etkilesimleri dogrudan
etkileyebilmektedir (Compant et al., 2019). Bu nedenle gelecekte gerceklestirilecek
calismalarin uzun donemli saha deneylerine dayandirilmas: biiyiitk 6nem
tasimaktadir. Ozellikle farkli mikrobiyal konsorsiyumlarin nektar ve polen kalitesi
tizerindeki etkilerinin daha ayrintili sekilde arastirilmasi gerekmektedir. PGPR ve
AMF uygulamalarmin birlikte kullanildig1 sistemlerde sinerjik etkilerin ortaya
cikabilecegi dustintilmektedir. Bunun yaminda farkhi bitki ttirlerinin mikrobiyal
uygulamalara verdigi fizyolojik yamnitlarin da o©nemli olctide degisebilecegi
bilinmektedir (Smith & Read, 2010). Polinatér davranislarinin degerlendirilmesinde
yalnizca ziyaret sikliginin incelenmesi yeterli degildir. Gelecek calismalarda; foraging
suresi, cicek sadakati, 6grenme ve yonelim davranislari, polen toplama kapasitesi,
koloni gelisimi, bal verimi ve bagisiklik parametreleri gibi daha kapsamli biyolojik
gostergelerin birlikte degerlendirilmesi gerekmektedir.

Ayrica nektar ve polen metabolomunun ileri analitik yontemlerle incelenmesi,
mikrobiyal biyogtibre uygulamalarinin bitki besin kalitesi tizerindeki etkilerini daha
ayrmtili sekilde ortaya koyabilir. Ozellikle LC-MS/MS ve GC-MS tabanli metabolomik
analizlerin gelecekte bu alanda onemli katkilar saglayacagi ortaya konmaktadir
(Raguso, 2008). Iklim degisikligi de bitki-mikrop-polinator —etkilesimlerini
sekillendiren temel faktorlerden biridir. Artan sicakliklar, kuraklik stresleri ve degisen
yagis rejimleri hem bitki metabolizmasmni hem de polinator davramslarim
etkileyebilmektedir (Ngumbi & Kloepper, 2016). Bu nedenle gelecekteki calismalarin
iklim degiskenlerini de igeren cok faktorlii deneysel tasarimlarla yiriitiilmesi
gerekmektedir.

Mikrobiyal biyogtibrelerin stirdtiriilebilir aricilik agisindan potansiyel katkilari da
dikkat cekmektedir. Ozellikle floral kaynak kalitesinin artirilmasi yoluyla koloni
gelisiminin desteklenmesi ve polinatoér beslenmesinin iyilestirilmesi miimkiin olabilir.
Bununla birlikte, bazi mikrobiyal uygulamalarin beklenmeyen ekolojik sonuclar
dogurabilecegi de goz ontinde bulundurulmalidir. Bu nedenle uygulamalarin
ekosistem dtizeyinde dikkatle degerlendirilmesi gerekmektedir. Ayrica mevcut
calismalarin biiytik bolimi bal arilar1 tizerine yogunlasmistir. Oysa yabani arilar,
bombus arilari, kelebekler ve diger polinator gruplari ekosistem fonksiyonlar:
acisindan btiytik onem tasimaktadir. Gelecek arastirmalarda farkli polinator
topluluklarinin ~ mikrobiyal biyogiibre uygulamalarina verdigi yamtlarin
karsilastirmali olarak incelenmesi 6nerilmektedir.

Sonug olarak, mikrobiyal biyogtibrelerin bitki-mikrop-polinator iliskileri tizerindeki
etkilerinin daha iyi anlasilmasi, stirdiiriilebilir tarim sistemlerinin gelistirilmesine
onemli katkilar saglayacaktir. Ozellikle ekosistem temelli ve ¢ok disiplinli aragtirma
yaklasimlarmin benimsenmesi, gelecekte bu alanin gelisimi acisindan kritik éneme
sahiptir.
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Sonucg

Mikrobiyal biyogtibreler, stirdiirtilebilir tarim uygulamalarinda sentetik gtibrelere
alternatif olarak giderek daha fazla 6nem kazanmaktadir. Ozellikle bitki gelisimini
tesvik eden rizobakteriler (PGPR) ve arbuskiiler mikorizal funguslar (AMF), bitki
biiytimesi, besin elementi alimi ve stres tolerans: tizerinde énemli olumlu etkiler
olusturmaktadir (Vessey, 2003; Glick, 2012). Bununla birlikte son yillarda yapilan
calismalar, bu mikroorganizmalarin yalnizca bitki verimliligini degil, aynm1 zamanda
bitki kalite parametrelerini ve polinator cekiciligini de etkileyebildigini ortaya
koymaktadir. Mikrobiyal biyogiibre uygulamalarinin nektar seker profili, polen
protein igerigi, amino asit kompozisyonu, sekonder metabolit tiretimi ve ugucu
organik bilesikler tizerinde degisimler olusturabildigi goriilmektedir. Bu degisimlerin
polinator davraniglari tizerinde dogrudan etkili oldugu ve ziyaret sikligi, foraging
davramnsi ile cigek tercihlerini degistirebildigi bildirilmektedir (Raguso, 2008; Vannette
et al., 2013).

Ozellikle nektar ve polen kalitesindeki iyilesmelerin bal arilarinda beslenme kalitesini
artirabilecegi, bunun da koloni gelisimi, bagisiklik sistemi ve bal verimi tizerinde
olumlu etkiler olusturabilecegi 6ne stirtilmektedir (Brodschneider & Crailsheim, 2010).
Ancak mevcut calismalarin biiytik bolumiintin kontrollti kosullarda yurtitilmiis
olmasi nedeniyle, bu etkilerin dogal saha kosullarindaki yansimalar1 heniiz yeterince
acikliga kavusturulamamustir. Ayrica mevcut literatiirde farkh bitki tiirleri, mikrobiyal
konsorsiyumlar ve cevresel kosullar arasinda onemli degiskenlikler bulundugu
dikkate almmalidir. Ayrica mevcut calismalarin onemli bir boltiimii kontrollii
kosullarda ytirtitulmis olup, gercek agroekosistemlerdeki uzun donemli etkiler hentiz
yeterince net degildir. Bitki-mikrop-polinator etkilesimleri, ¢ok trofik diizeyde
karmasik ekolojik stiregleri icermektedir. Bu nedenle mikrobiyal biyogtibre
uygulamalarinin etkileri yalnizca bitki verimliligi agisindan degil; polinator saghgi,
ekosistem hizmetleri, biyolojik gesitlilik ve stirdiiriilebilir agroekosistem yonetimi
acgisindan da degerlendirilmelidir.

Iklim degisikligi, habitat kaybi ve polinatsr popiilasyonlarindaki azalmalar g6z 6niine
alindiginda, mikrobiyal biyogiibrelerin  stirdtirtilebilir ~tarim  sistemlerine
entegrasyonu gelecekte daha da 6nemli hale gelecektir. Ozellikle floral kaynak
kalitesinin artirilmas1 yoluyla polinatér beslenmesinin desteklenmesi, aricilik
faaliyetleri agisindan 6nemli firsatlar sunabilir. Bununla birlikte mevcut bilgi birikimi
hélen smrlidir. Gelecekte gerceklestirilecek c¢alismalarin; uzun doénemli saha
deneyleri, farkli iklim senaryolari, ¢coklu polinator topluluklari, koloni diizeyindeki
biyolojik parametreler ile metabolomik ve mikrobiyom tabanli analizleri biittinctil
sekilde iceren ¢ok disiplinli arastirma tasarimlaria dayandirilmas: gerekmektedir.

Sonug olarak, mikrobiyal biyogiibreler tarimsal tretim ile polinator ekolojisi
arasindaki iliskileri sekillendiren 6nemli biyolojik araclar arasinda yer almaktadir. Bu
sistemlerin ekosistem temelli ve ¢ok disiplinli yaklasimlarla degerlendirilmesi,
gelecegin surdirilebilir tarim stratejilerinin gelistirilmesine ©6nemli katkilar
saglayacaktir.
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Ozet

Bu calismada sosyal bilgiler egitimi acisindan ¢ok onemli bir yer sahip olan ve
vatandaslik egitimi baglaminda duistiniilen enerji vatandasligi kavrami {izerinde
durulmaktadir. Bununla birlikte enerji vatandashgi ile sosyal bilgiler egitimi
arasindaki iliski ele almmaktadir. Gilintimiizde enerji kaynaklarmin bilingsizce
kullannmi ve giderek artan cevre sorunlari sebebiyle, stirdiiriilebilir enerji
kaynaklarmin bilingli ve sorumlu kullanimi konusu gtindeme gelmistir. Kiigtik
yaslardan itibaren cevre konusunda ¢ocuklarin bilingli hale gelmeleri ve yesil enerji
gibi konularda farkindalik kazanmalar: tim tlkelerin egitim amagclar1 arasinda yer
almaktadir. Ulkeler egitim programlarim hazirlarken cevre ve enerji konusunu
dikkate almak durumundadirlar. Derslerin 6gretim programlarinda da etkili bir enerji
vatandashigr kazandirmak amaglanmaktadir. Sosyal bilgiler ise enerji vatandaslig:
bilincinin kazandirilmasinda énemli bir ders olarak goriilmektedir. Sosyal bilgiler,
dogrudan vatandaslik egitimine odaklanan bir ders olarak, cocuklarin etkin ve
tiretken bireyler olarak yetismelerini amaclar. Bu agidan sosyal bilgiler egitiminde
enerji vatandashgi, bilingli, sorumlu ve tretken bireyler olarak hareket etmelerini
icermektedir. Enerji vatandashgi, bireylerin enerji tiretim ve tiiketim stireclerinde
bilingli ve sorumlu hareket etmelerini, tiretken olmalarini, katilim gostermelerini ve
cevresel sorumluluk almalarmi ifade etmektedir. Sosyal bilgiler derslerinde
ogrencilerin enerji vatandasligi konusunda aktif rol almalarimi saglamak amaciyla
bilgi, beceri, deger ve tutumlarin kazandirilmas: amaglanmaktadir. Ders kapsaminda
cevre, toplum, bilim, teknoloji, ekonomi gibi konular ele alinarak etkili vatandaslar
yetistirilmeye calisiimaktadir. Geg¢misten giintimiize sosyal bilgiler 06gretim
programlarinda ¢evre konusuna yer verildigi goriilmektedir. Guntumiizdeki
programlarin ise enerji vatandashgl acisindan smirlt kaldigr gortilmektedir. Enerji
konular1 daha cok cevre sorunlar1 baglaminda ele alinmaktadir. Sosyal bilgiler
derslerinde enerji konusunun cevresel, ekonomik ve toplumsal boyutlarinin daha
kapsamli ortaya konmasma firsat sunacak sekilde yapilandirilmasi gerekmektedir.
Sosyal bilgiler derslerinin disiplinler arasi 6zelligi, enerji vatandashgimin ¢cok boyutlu
ele alinmasi icin 6nemli bir firsat sunmaktadir. Bununla birlikte enerji vatandaslig:
kazanmalar1 amaciyla sosyal bilgiler derslerinde ogrencilerin aktif olmalarimi
saglayacak ogrenme ortamlar: tasarlanmalidir.

Anahtar Kelimeler: Cevre, Enerji, Enerji Vatandashgi, Sosyal Bilgiler,
Surdirilebilirlik.
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Abstract

This study focuses on the concept of energy citizenship, which holds a very important
place in social studies education and is considered within the context of civic
education. Furthermore, it examines the relationship between energy citizenship and
social studies education. Today, due to the unconscious use of energy resources and
the increasing environmental problems, the issue of the conscious and responsible use
of sustainable energy sources has come to the forefront. Raising children's awareness
of environmental issues and green energy from a young age is among the educational
goals of all countries. Countries must consider environmental and energy issues when
preparing their educational programs. The curriculum should also aim to instill
effective energy citizenship. Social studies is seen as an important subject in instilling
energy citizenship awareness. As a subject directly focused on civic education, social
studies aims to raise children as active and productive individuals. In this respect,
energy citizenship in social studies education involves individuals acting as conscious,
responsible, and productive individuals. Energy citizenship refers to individuals
acting consciously and responsibly in energy production and consumption processes,
being productive, participating, and taking environmental responsibility. Social
studies lessons aim to equip students with the knowledge, skills, values, and attitudes
necessary to actively participate in energy citizenship. The curriculum covers topics
such as the environment, society, science, technology, and economics, striving to
cultivate effective citizens. While environmental issues have been included in social
studies curricula throughout history, current programs appear to be limited in their
focus on energy citizenship. Energy topics are primarily addressed within the context
of environmental problems. Social studies lessons need to be structured to provide
opportunities for a more comprehensive examination of the environmental, economic,
and social dimensions of energy. The interdisciplinary nature of social studies lessons
offers a significant opportunity for a multi-faceted approach to energy citizenship.
Furthermore, learning environments that encourage student activity are crucial for
fostering energy citizenship in social studies lessons.

Keywords: Environment, Energy, Energy Citizenship, Social Studies, Sustainability.

Giris

Son yillarda yasanan savaslar, diinyada enerji ihtiyacim1 daha fazla gitindeme
getirmistir. Savaglar sebebiyle petrol ve dogalgazin kesilmesi hem tilkemizde hem de
diinya genelinde ciddi tedirginlikler yaratmistir. Bununla birlikte, mevcut enerji
kaynaklarna alternatifler diistintilmiistiir. Enerjide ortaya cikan yoksulluk ve
adaletsizliklerin ortadan kaldirilmas1 amaciyla birtakim arayislar da bulunmaktadir.
Enerji konusu kiiresel Olcekte ele alinmasi gereken ciddi bir konu olarak kabul
edilmektedir. Diinya 6lceginde enerjiyi sadece tiiketen degil ayni zamanda bilingli
kullanan ve enerjisini {iretebilen vatandaslar yetistirmek amaclanmaktadir. Enerji
kavraminin son yillarda sosyal ve siyasi yonlerinin de dikkate alindigi enerji
vatandashg kavrami ortaya ¢ikmustir. Bu calismada enerji vatandasligl kavrami ele
almarak stirdiiriilebilir gelecek insas1 acisindan enerji vatandasliginin sosyal bilgiler
egitimindeki yeri ve 6nemi ortaya konmaya calisilacaktir.
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Enerji ve Enerji Kaynaklar1

Enerji genellikle gelisimin katalizorti olarak bilinir. Kiiresel olarak, kisi basina enerji
tiketimi, genellikle belirli bir tilkedeki ekonomik gelisme diizeyini 6l¢mek igin bir
barometre olarak kullanilir (Mohamed & Lee, 2006). Sever (2005, s.139)’e gore enerji
kullanim1 gelismisligin bir gostergesidir ve bu alanda biiyiik yatirimlar yapilmasi
gerekmektedir. Gelecekte ciddi bir enerji krizi yasamamak icin tilkeler, temiz ve
yenilenebilir enerji kaynaklarina yonelmelidir. Enerji bakimindan disa bagimlilig
minimum dtizeye indirmek icin yenilenebilir kaynaklarimizi en verimli sekilde
degerlendirmemiz gerekmektedir (Sever, 2005, s.139).

Turk Dil Kurumu (2003) Tirkege Sozliigiinde enerji “maddede var olan ve 1s1, 151k
biciminde ortaya cikan giig, erke” olarak tanimlanmaktadir. Silvast ve Valkenburg
(2023, s.2) “a gore ise enerji, hem piyasa kurallarinin gecerli oldugu bir meta, hem de
giinliik hayatin isleyisini saglayan yasamsal bir sistemdir. Doganay ve Coskun (2023,
s.1) ise fiziksel anlamda enerjiyi, “hareket ettirici gii¢” olarak tanimlamaktadirlar. Is
yapabilme yetenegi olarak tamimlanan enerji, mekanik (potansiyel ve kinetik), 1s1,
elektrik, kimyasal ve niikleer gibi degisik tiirlerde bulunabilmekte, uygun yontemlerle
bir ttirden digerine dontisebilmekte olup, farkl sekillerde smiflandirilabilmektedir
(Kog ve Kaya, 2015, s.37).

Enerji kaynaklari, “degisik yontem ve teknikler kullanilarak, ekonomik amaclarla
enerji elde edilen kaynaklar” olarak tanimlanmaktadir (Doganay ve Coskun, 2023, s.2).
Enerji kaynaklar1 6zellikle Sanayi Inkilab: sonrasinda ekonomik acidan onemli hale
gelmistir. Insan giictiniin yerini makinelerin almasi ve fabrikalarda seri iiretime
gecilmesiyle birlikte enerji kaynaklarina daha fazla ihtiyag duyulmustur. ingiltere’de
buharli makinelerin icad1 ve sonrasinda sanayi alaninda ortaya ¢ikan gelismeler enerji
kaynaklarma ¢ok fazla ihtiya¢ duyulmasina sebebiyet vermistir. Sanayi Inkilab1
sonrasinda komiir kullanimi yayginlasmis sonraki yillarda petrol ve dogalgaz da
yaygin bir sekilde kullanilmaya baslanmistir. Bununla birlikte, 1973 Petrol Krizi'nin
ortaya ¢ikmastyla beraber fosil yakitlara karst bir giiven sorunu olusmustur (Uriin ve
Soyu, 2016, s.32). Guntimiizde ise Rusya-Ukrayna Savasi, sonrasinda Israil, ABD ve
[ran Savas ile birlikte bu yakatlara tilkelerin giiven duymamasina daha fazla sebebiyet
vermis, {ilkelerin ekonomileri bu durumdan etkilenmistir. Ayni zamanda giinimiiz
diinyasinda ise enerji kaynaklarinin sadece ekonomik degil sosyal, kiilttirel ve siyasi
etkileri gortilmiisttir.

Ko¢ ve Kaya (2025) enerji kaynaklarim1 genel olarak kullanilislarina ve
dontistiirtilebilirliklerine gore smiflandirmislardir. Kullanmihislarina gore yapilan
smiflandirmaya  gore enerji  kaynaklar1  yenilenebilir ve  yenilenemez;
donusttirtilebilirliklerine gore ise birincil ve ikincil enerji kaynaklari olarak
smiflandirilmaktadir. Enerji kaynaklart kullamilislarina gore yenilenemez ve
yenilenebilir olmak tizere iki grupta incelenmektedir. Petrol, dogalgaz, komiir ve linyit
yenilenemez fosil yakitlar: olustururken uranyum ve toryum ise c¢ekirdek kaynakl
yenilenemez enerji kaynaklar1 arasinda yer almaktadir. Herhangi bir degisim veya
dontisime ugramayan enerji kaynaklarma birincil kaynaklar; birincil enerjinin
dontstiirtilmesi neticesinde ortaya cikarilan enerji kaynaklarina ise ikincil enerji
olarak smiflandirilmaktadir. Petrol, dogalgaz, komdir, giines ve riizgar enerjisi birincil
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enerjiye ornek olarak verilebilir. Elektrik, benzin, mazot, petrol gaz ise ikincil enerji
kaynaklar1 arasinda yer almaktadir.

Doganay ve Coskun (2023, s.2) enerji kaynaklarini; yeralt: ve yertistti kaynaklar: olup
olmayislarina (yeralt1 ve yer iistii) ve tiikenir kaynaklar olup olmayislarina (tiikenir ve
yenilenebilir) gore iki farkli kategoriye ayirmiglardir. Yeralt: enerji kaynaklari; gesitli
komdirler, petrol, dogal gaz, termo-niikleer petrol, jeotermal kaynaklar, sistler, niikleer
enerji kaynaklar: olarak nispeten cesitlidir. Yertistii enerji kaynaklary; ormanlardan
saglanan yakacak odun, biyomas kaynaklari, tezek, kiiltiirel bitkilerin cesitli atiklar
ve benzerleri olarak sayabiliriz. Ama en 6nemlileri, hidrolik kaynaklar olup, bunlar;
tiikenmez kaynaklar olarak, ayrica biiytik onem tasirlar.

Sanayi inkilabinin ilk doénemlerinden giiniimiize en ¢ok ihtiya¢ duyulan enerji
kaynaklar1 komiir, petrol, dogalgaz, hidroelektrik kaynaklariyken daha sonraki
yillarda bu enerji kaynaklarma; niikleer enerji santrallerinin kurulmasiyla birlikte
uranyum ve toryum da ilave edilmistir. Aym1 zamanda biyomas, jeotermal, rtizgar,
med-cezir, giines enerji kaynaklari ise gelecek yiizyil icin alternatif kaynaklar arasinda
yer almaktadir (Ozey, 2001, 5.226).

Enerji Vatandaslig:

Enerji ihtiyacinin artti1 ve enerji tiiketiminin gevre kosullarini olumsuz etkiledigi bir
ortamda, enerji kaynaklarinin bilingli bigimde secilip kullanilmasi icin nitelikli ve
bilingli bireylerden olusan toplumlara gereksinim duyulmaktadir (Ezer ve Aksiit,
2024, s.323). Enerji kaynaklarinin yoksunlugu, adaletsiz paylasimi ve kaynaklarin
giderek azalmasi ile birlikte ortaya ¢ikan ekonomik, sosyal, siyasi ve kiilttirel sorunlar,
enerji vatandashigl kavramimi ortaya gikarmistir. Ulkeler fosil kaynaklarin giderek
azalmasi neticesinde yenilenebilir ve alternatif enerji kaynaklari arayisina girmislerdir.
Bununla birlikte yalnizca enerjiyi titketen degil ayn1 zamanda enerji tireten ve mevcut
enerji kaynaklarmi bilingli tiiketen vatandaslar yetistirmeyi amaclamaktadirlar.

Son yillarda her ne kadar enerji vatandaslig1 konusundaki bilimsel ¢alismalar artmaya
devam ediyor olsa da, enerji vatandaslig1 kavraminin tanimi ve kapsami yeterince
belirlenememistir (Silvast & Valkenburg, 2023, s.2). Ringholm (2022), enerji
vatandashig1 kavraminin fosil yakitlarin azaltilmasina yonelik politikalarin bir sonucu
olarak ortaya ¢iktigin1 ve vatandas katilimimin yeni bicimlerini igeren bu kavramin
goreceli yeni bir olgu oldugunu vurgulamaktadir. Campos & Marin-Gonzalez, (2020,
s.1), enerji vatandashg: kavramini “Tklim degisikligi baglaminda esitlik ve adalet igin
sorumluluk bilincini 6ne ¢ikaran ve ortak enerji eylemlerinin potansiyeline dikkat
ceken bir toplumsal bakis agis1” olarak tanimlamaktadirlar.

Enerji vatandaslhigi kavrami, enerjiye iliskin stireglerin cesitli kritik boyutlarmi
degerlendirmeye imkan taniyan 6nemli bir gerceve sunmakta ve bireylerle icinde yer
aldiklar1 topluluklar arasindaki iliskileri aciklamaya yonelik kuramsal bir zemin
olusturmaktadir (Silvast & Valkenburg, 2023, s.2). Enerji vatandashigi, “iklim
degisikligine yonelik sorumluluk bilinci ve farkindaligi, enerjide esitlik ve adalet
ilkeleri ile enerji yoksullugu gibi konular1 kapsayan; aym zamanda tiiketim
davranislar: ve enerji kooperatifleri gibi girisimler araciligryla toplumun yenilenebilir
enerjiye dayali kolektif eylem potansiyelini 6ne ¢ikaran bir kamuoyu anlayis1” olarak
tanimlanabilir (Devine-Wright, 2007, s.71-72). Avrupa Birligi Horizon 2020 Fonundan
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destek alan, alt1 AB tilkesinden sekiz ortagin yer aldig: ve aktif enerji vatandasligina
ve topluluklarina giden yolu agmay1 amagclayan Green Energy Transition Actions
(GRETA, 2023)-Yesil Enerji Gegis Eylemleri isimli projede ise enerji vatandashig:
kavrami, “her birimizin enerjiyi stirdirtilebilir bir sekilde kullanabilmesi ve enerji
dontisimiine katilabilmesi” olarak tanimlanmaktadir (Yalginkaya, 2023, s.181). Enerji
vatandashgl, bireylerin enerjiye iliskin sosyo-teknik ve politik cevreleriyle
etkilesimleri baglaminda sahip olduklar1 etkin rol ve aracilik kapasitesini ifade
etmektedir (Jansma, Long & Lee, 2023).

Jansma, Long ve Lee (2023, s.1), vatandaslarin enerjiyle kurduklari iliskiyi, maddi ve
iletisimsel enerji vatandasligi olarak iki temel eylem bicimi tizerinden
derinlestirdiklerini belirtmektedir. Arastirmacilar 6zellikle vatandashigin iletisimsel
boyutuna odaklanmakta ve bu boyutu, bireylerin protestolar ya da imza kampanyalar1
gibi siyasi eylemler yoluyla seslerini duyurmalar1; bu sayede hem bireylerin hem de
topluluklarin politika olusturma ve uygulama siireclerinde taninma ve dikkate alinma
talebiyle resmi siyasi kurumlar {tizerinde hak iddia edebilmeleri seklinde
tanimlamaktadirlar.

Stern ve Aronson (1984, s.15), “Toplum genelinde ortaklasa kabul edilmis tek bir
enerji kavraminin bulunmadigimi” one stirerek enerjiyi anlamanin dort temel yolu
oldugunu ifade etmislerdir (Sekil 1) (Akt. Devine-Wright, 2007, s.66)

EKOLOJIK BIR
KAYNAK OLARAK ENERJI

ENERJiYi
ANLAMANIN
4 TEMEL YOLU

HAMMADDE / ESYA
OLARAK ENERJI

SOSYAL iHTIYAG
OLARAK ENERJI

STRATEJIK KAYNAK
OLARAK ENERJI

Sekil 1. Enerjinin Anlamanin Dért Temel Yolu (Stern & Aronson, 1984, s.15)

Enerji kavramina sadece teknik bir kavram olarak bakmamak gerekmektedir.
Enerjinin 6zellikle glintimiiz diinyasinda neredeyse her alamn etkileyen ve etkilenen
bir kavram oldugunu kabul etmek gerekmektedir. Dolayisiyla enerji ekonomik,
toplumsal, gcevresel ve siyasal boyutlar: olan ¢cok yonlii ve disiplinler arasi bir olgudur
(Sekil 1).

Enerji vatandasligini disiplinlerarasi bir kavram olarak belirleyen Hamann ve digerleri
(2023) calismalarinda oOncelikle enerji vatandashigina iliskin kavramlar1 derlemis,
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ardindan ortak bir cerceve olusturmak amaciyla disiplinler arasi tartismalar
ylritmuslerdir. Bu stirecte, merkeze dort temel kavram yerlestirmislerdir (Sekil 2):

e Bireylerin haklar1 (enerji hizmetlerine erisim ve enerji dontistim stireclerine katilma
imkanlar1)

e Bireylerin sorumluluklar: (enerji dontistimiinti destekleme ve bu stirece aktif olarak
katki sunma ytiktimliltigii)

e Adil bir enerji donustimiinin hedefi (yapisal ve kurumsal engellerin asilmasi, fayda
ve ytiklerin adaletli bicimde paylasilmasi, temsil giicii ytiksek ve kapsayic1 bir karar
alma stirecinin olusturulmast)

e Stirdiiriilebilir bir enerji dontisumiintin hedefi (karar alma stireclerinde gevresel,
sosyal ve ekonomik boyutlarin biittinlestirilerek uzun vadeli ekolojik ve ekonomik
istikrarin saglanmas)

Bireylerin
Sorumluluklari

Bireylerin
haklari

Surdurulebilir
eneriji
donisimu

Adil enerji
dontsimi

Sekil 2. Enerji Vatandasligina Disiplinleraras: Bakis Acis1 (Hamann ve digerleri,
2023, s.1).

Enerji Vatandaslig1 ve Sosyal Bilgiler Egitimi

Sosyal bilgiler egitimi bireylerin toplumsal yasamda etkin, tiretken, bilingli ve
sorumluluk sahibi vatandaslar olarak yetismelerini hedefler. Disiplinler arasi bir
calisma alani olan sosyal bilgiler egitimi; temel egitimde Ogrencilerin toplumla,
devletle, cevreyle ve kiiresel diinyayla olan iliskilerini anlamalarinm1 ve kavramalarini
saglayan bir ders olarak tanimlanabilir. Aynmi zamanda vatandashk egitimi
kapsamindan 6grencilerin hak ve sorumluluklarmi 6grendigi, demokratik yasam
kalturt kazandiklar: temel egitim dersidir. Bu derste 6grencilerin problem ¢6zme,
karar verme, elestirel diistinme, iletisim, empati, sosyal katihm gibi becerilerinin
gelistirilmesi amaclanmaktadir.

Guntimiiz ditinyasindan yasanan cevre sorunlari, dijital vatandashk, enerji
kaynaklarmin hizla tiiketilmesi, kaynaklarin esit kullanilmamasi gibi sorunlar,
vatandaslik ve sosyal bilgiler egitiminin kapsamini da degistirmistir. Bu dogrultuda
sosyal bilgiler egitiminin onemli konular1 arasinda yer alan enerji konusunun bu ders
kapsaminda sosyal, ekonomik, cevresel ve siyasi  yoOnlerinin ele alinmasi,
strdiirilebilir yasam anlayisinin gelistirilmesine katki sunacaktir.
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Enerji vatandashgy, cagdas vatandaslik egitiminin 6nemli bir bileseni haline gelmistir.
Enerji vatandashgy; bireylerin gevreyle, toplumla, devletle ve kiiresel diinyayla olan
iliskilerini enerji ekseninde ele almaktadir. Enerji vatandashginin temel 6zellikleri
arasinda gosterebilecegimiz; enerjiyi bilingli kullanma ve doniistiirebilme,
yenilenebilir enerji kaynaklarim1 kullanma, enerji tasarrufu yapma, enerji tiiketim
aliskanliklarini sorgulama ve degerlendirme gibi kazanimlar sosyal bilgiler egitiminin
amagclar1 arasinda yer almaktadir. Sosyal bilgiler egitimi kapsaminda 6grencilerin
yalnizca enerji ve kullanimi konusunda bilgi kazanmalar1 degil ayn1 zamanda enerjiye
yonelik beceri ve deger kazanmalar1 da amaclanmaktadir. Sosyal bilgiler derslerinde
enerji olgusunun gevresel, ekonomik, siyasi ve sosyal yonlerini elestirel bir bakis
acistyla degerlendirebilmelerine imkan sunacak 6grenme ortamlari olusturularak aktif
vatandaslar olarak yetistirilmeleri saglanmalidir.

Sonuc ve Oneriler

Guintimtizde enerji konusu ¢ok yonlii bir alan haline gelmistir. Stirduiriilebilirlik, yesil
enerji, yenilenebilir enerji, enerji tasarrufu, enerjide toplumsal adalet, enerji
kullaniminda sorumluluk gibi degerler 6n plana ¢ikmistir. Bunun dogal bir sonucu
olarak enerji vatandasligi kavramu ortaya ¢ikmistir. Enerji vatandaslig: ile sosyal
bilgiler egitiminin amaglarmin bir anlamda ortisttigi  gortilmektedir. Enerji
vatandashginin kazandirilmasinda sosyal bilgiler dersi onemli bir role sahiptir.
Ogrencilerin enerji vatandaghigini gelistirilmesi sosyal bilgiler dersinin amaclar
arasinda yer almaktadir. Bu amag¢ dogrultusunda ogrencilerin enerji konusunda
farkindalik kazanmalar: ve bilingli vatandas olmalarinmi saglamak amaciyla enerjinin
disiplinler aras1 bir yaklasimla ele alinmas: gerekmektedir.

Sosyal bilgiler derslerinde 6grencilerin enerji tiiketim aliskanliklar1 sorgulanmals,
cevresel kaynaklar ele alinmaly, stirdiirtilebilir tiiketim anlayist olusturulmali, enerjiye
yonelik tilkelerin politika anlayislar1 sorgulanmali, elestirel bir bakis agist
gelistirmeleri saglanmalidir. Sosyal bilgiler 6gretim programlar: ve ders kitaplarinda
enerji vatandagliginin temel 6zellikleri dikkate alinmalidir. Ogrencilerin yalnizca bilgi
degil bunun yaninda beceri, tutum ve deger kazanmalarina yonelik 6grenme ortamlar:
hazirlanmalidir. Enerji vatandashgmnin gelisimine yonelik okul dis1 6grenme
ortamlarindan yararlanilmalidir. Okul dis1 saha gezileri ve proje calismalar: ile
ogrencilerin aktif 6grenmeleri saglanabilir.
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Ozet

Gida, kozmetik ve ila¢ endiistrilerinde sentetik antioksidanlarin yerini alabilecek
dogal, gtivenilir ve yiiksek performansh alternatiflerin gelistirilmesi stirdiirtilebilirlik
ilkeleri agisindan biiytik 6nem arz etmektedir. Bu arastirmanin temel amacy;
endistriyel potansiyeli ytiksek olan ancak termal operasyonlara ve uzun stireli
depolama kogullarna karsi kararsiz yapi gosteren Uziim Cekirdegi Ekstresinin
(UCE) biyolojik raf émriinii, dogal ve sinerjik koruyucu sistemler gelistirerek
uzatmaktir. Stirdtiriilebilir gida ve kimya miihendisligi prensipleri dogrultusunda,
Karadeniz bolgesinde yogun bir tarimsal atik hacmine sahip olan findik zurufu,
Ultrasonik Destekli Ekstraksiyon (UAE) teknolojisi kullanilarak islenmistir. Akustik
kavitasyon mekanizmasi sayesinde, findik zurufunda yer alan fonksiyonel
polifenoller maksimum verimle izole edilmistir. Elde edilen findik zurufu (FZ)
ekstresi ve biberiye ucucu yagr (BY), sistemdeki toplam koruyucu madde
konsantrasyonu sabit tutulacak sekilde farkli kombinasyonlarda (Koruyucusuz
Kontrol, %0.2 FZ + %99.8 UCE, %0.2 BY + %99.8 UCE ve %0.05 FZ + %0.15 BY +
%99.8 UCE) matrise entegre edilmistir. Formiilasyonu tamamlanan 6rneklerin
oksidatif bozunma davranislarim1 simiile edebilmek amaciyla Hizlandirilmis Raf
Omrii Testi (ASLT) protokolleri uygulanmis, periyodik zaman araliklarinda
(07.05.2026 ve 11.05.2026) numunelerin antioksidan kapasite kayiplar1 DPPH radikali
stiiptirme aktivitesi tizerinden spektrofotometrik yontemlerle izlenmistir. Sistemin
birinci mertebe reaksiyon kinetigine uyumu dogrulanmis ve Arrhenius denklemi ile
reaksiyon hiz sabitleri hesaplanmustir. Kinetik bulgular; biberiye ucucu yagmin tek
basina beklenen koruyucu etkiyi gosteremedigini (%7.75 inhibisyon), %0.2 FZ
ilavesinin orta diizeyde koruma sagladigimi (%13.07 inhibisyon), buna karsilik %0.05
FZ + %0.15 BY kombinasyonunun giiclii bir sinerjik etki yaratarak serbest radikal
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stiptirme aktivitesindeki azalis1 en yiiksek oranda yavaslattigini (%19.45 inhibisyon
ve 1.479 ppm GAE) ortaya koymustur. Bu calisma, endiistriyel bir atigin katma
degerli bir irtine dontstiirtilmesine oOnciiliik etmekte ve biyoaktif bilesenlerin
korunmasinda kullanilacak sinerjik bir koruma stratejisinin miithendislik temellerini
literatiire sunmaktadir.

Anahtar Kelimeler: Findik Zurufu, Yesil Ekstraksiyon, Kinetik Modelleme, Sinerjik
Antioksidan, Raf Omrii.

Abstract

Developing natural and high-performance alternatives to synthetic antioxidants in
the food, cosmetics, and pharmaceutical industries is of great importance for
sustainability principles. The primary objective of this study is to extend the
biological shelf life of Grape Seed Extract (GSE), which has high industrial potential
but exhibits instability against thermal operations and long-term storage, by
developing natural and synergistic preservative systems. In alignment with
sustainable chemical engineering principles, hazelnut husk, a major agricultural
waste in the Black Sea region, was processed using Ultrasound-Assisted Extraction
(UAE). Through the acoustic cavitation mechanism, functional polyphenols within
the hazelnut husk were isolated with maximum yield. The obtained hazelnut husk
(FZ) extract and rosemary essential oil (BY) were integrated into the matrix in
various combinations (Preservative-free Control, 0.2% FZ + 99.8% GSE, 0.2% BY +
99.8% GSE, and 0.05% FZ + 0.15% BY + 99.8% GSE) while keeping the total
preservative concentration constant. To simulate oxidative degradation behavior,
Accelerated Shelf Life Testing (ASLT) protocols were applied, and antioxidant
capacity losses of the samples were monitored by spectrophotometric methods based
on DPPH radical scavenging activity at periodic intervals (05/07/2026 and
05/11/2026). The system's compliance with first-order reaction kinetics was
confirmed, and reaction rate constants were calculated using the Arrhenius equation.
Kinetic findings revealed that rosemary essential oil alone could not demonstrate the
expected protective effect (7.75% inhibition), and 0.2% FZ addition provided
moderate protection (13.07% inhibition). In contrast, the 0.05% FZ + 0.15% BY
combination created a strong synergistic effect, slowing down the decrease in free
radical scavenging activity to the highest degree (19.45% inhibition and 1.479 ppm
GAE). This study pioneers the transformation of an industrial waste into a value-
added product and presents the engineering foundations of a synergistic
preservation strategy for bioactive components.

Keywords: Hazelnut Husk, Green Extraction, Kinetic Modeling, Synergistic
Antioxidant, Shelf Life.

Giris
Endustriyel olcekte tiretilen fonksiyonel gidalar ve nutrasctiklerde en sik karsilasilan

bozunma mekanizmalarindan biri polifenol oksidasyonudur. Oksidasyon
reaksiyonlari, serbest radikallerin zincirleme mekanizmalar1 tizerinden ilerleyerek
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biyoaktif bilesenlerin yapisini bozmakta ve trtinlerin biyolojik etkinligini ortadan
kaldirmaktadir. Bu stireclerin engellenmesi amaciyla endiistride BHT ve BHA gibi
sentetik antioksidanlar kullanilsa da, gtinimitizde toksikolojik kaygilar tamamen
dogal koruyucu ajanlarin gelistirilmesini zorunlu kilmustir.

Uztim cekirdegi (Vitis vinifera L.), oligomerik proantosiyanidinler (OPC), katesin ve
trans-resveratrol gibi polifenolik bilesikler ile demir mineralleri acisindan son derece
zengin bir kaynaktir. Ancak bu {istiin antioksidan kalkan, endistriyel tiretim
asamalarinda maruz kaldig1 termal operasyonlara ve depolama sartlarina karsi
oldukca duyarlidir. Termodinamik acidan kararsiz olan bu yaps, 1s1, 151k ve oksijen
etkisiyle hizla bozunmaktadir.

Stirdurtlebilirlik  prensipleri cercevesinde, tarimsal atiklarin katma degerli
fonksiyonel {irtinlere dontistiirtilmesi dongtisel ekonominin temelidir. Tiirkiyenin
Karadeniz bolgesinde yogun olarak aciga ¢ikan findik zurufu, yapisinda sakli olan
kondanse tanenler ve fenolik asitler sayesinde c¢ok giiclti bir dogal antioksidan
deposudur. Bu ¢alismada, findik zurufunun islenmesinde modern yesil ekstraksiyon
teknolojileri arasinda yer alan Ultrasonik Destekli Ekstraksiyon (UAE) yontemi tercih
edilmistir. Akustik kavitasyon mekanizmasi ile galisan bu sistem, bitki hiicre
ceperlerinde lokalize mikro jet akimlari yaratarak minimum solvent kullanimiyla
maksimum verim elde edilmesini saglamaktadir.

Bu arastirmanin amacy; yesil ekstraksiyonla elde edilen findik zurufu (FZ) ekstresi ile
biberiye ucucu yaginin (BY), ticari bir Uziim Cekirdegi Ekstresinin (UCE) raf omrii
tizerindeki etkilerini '"zamana karsi antioksidan azalmasi" metodolojisiyle
incelemektir. Elde edilen nicel verilerin birinci mertebe bozunma kinetigine gore
modellenmesi, Arrhenius denklemi vasitastyla miihendislik parametrelerinin
hesaplanmasi ve endiistriye yenilikci bir sinerjik koruma stratejisinin kazandirilmasi
hedeflenmektedir.

Materyal ve Yontem
Findik Zurufunun Ultrasonik Destekli Yesil Ekstraksiyonu (UAE)

Ogiitiilerek homojenize edilen findik zurufu 6rnekleri, cevre dostu yesil kimya
ilkelerine uygun solvent sistemleri igerisinde karistirilmistir. Ekstraksiyon islemi,
sicaklik kontrollii bir ultrasonik sivi islemci igerisinde gergeklestirilmistir. Akustik
kavitasyon etkisinin tamamlanmasinin ardindan elde edilen ekstrakt filtre edilmis ve
saf findik zurufu ekstresi elde edilmistir.

Deney Gruplarinin Hazirlanmasi ve ASLT Protokolii

Dogal koruyucu ajanlarin UCE {izerindeki performansini ve sinerjik etkilerini
izlemek amaciyla toplam konsantrasyon sabit tutularak dort deney grubu
olusturulmustur:

1. Koruyucusuz Kontrol Grubu (%100 UCE)
2. %0.2 FZ + %99.8 UCE
3. %0.2 BY + %99.8 UCE
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4. %0.05 FZ + %0.15 BY + %99.8 UCE (Sinerji Grubu)

Numuneler, uzun donemli oksidatif bozunma davranislarini kisa siirede tespit
edebilmek amaciyla Hizlandirilmis Raf Omrii Testleri (ASLT) kapsaminda 1s1l strese
tabi tutulmustur. Deneysel izleme periyodu olarak 07.05.2026 (Baslangic) ve
11.05.2026 (Bitis) tarihleri segilmis, numuneler spektrofotometrik ol¢tim Oncesinde
ytiksek hizli santrifiij cihazinda isleme alinmustir.

1.2. Spektrofotometrik Analiz ve Kinetik Modelleme

Zamana bagh antioksidan azalmasi profilleri, DPPH serbest radikalinin renk
degistirme esasina dayanan spektrofotometrik metotla 6l¢tilmiis ve ytizde inhibisyon
hesaplanmistir. Antioksidan gtig, Gallik Asit Esdegerligi (GAE) cinsinden ifade
edilmistir. Sistemin Birinci Mertebe (First-Order) reaksiyon kinetigine uyumu test
edilmis ve entegre hiz denklemi uygulanmistir:

In(C_t) = In(C_0) - kt

Sicakligin  bozunma hiz sabitleri (k) {izerindeki etkisi ve termodinamik
parametrelerin tayini i¢in evrensel Arrhenius Denklemi kullanilmaistir:

k=A\ eM-{E_a}{R\ T}}

Bulgular ve Tartisma
Zamana Bagli Absorbans ve Inhibisyon Degisimleri

DPPH radikal ¢ozeltisinin absorbans degerindeki kararli yiiksek seyrin diismesi
antioksidan varligina isaret ederken; numunelerin absorbans degerlerinde zamanla
meydana gelen artislar, yapilarindaki polifenollerin oksitlendigini ve koruyuculuk
gliclerinin azaldigini kanitlamaktadir. Deney gruplarindan elde edilen veriler Tablo
1'de sunulmustur.

Tablo 1: Formiilasyonlarin Absorbans, Inhibisyon ve GAE Degerleri

Deney Grubu | Absorbans Absorbans Inhibisyon |GAE
(Formiilasyon) (07.05) (11.05) (%) (ppm)
Koruyucusuz Kontrol Grubu |0.152 0.560 14.89 1.015
%0.2 FZ + %99.8 UCE 0.572 0.572 13.07 0.829
%0.2 BY + %99.8 UCE 0.607 0.607 7.75 0.287
%0.05 FZ + %0.15 BY + 0.530 0.530 19.45 1.479
%99.8 UCE
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Tablo 1 verileri detaylica analiz edildiginde, koruyucusuz kontrol grubunun ytiiksek
bir baslangi¢ aktivitesi sergilemesine ragmen hizla oksitlendigi (14.89% inhibisyon)
gorulmektedir. Giiglti bir dogal koruyucu olarak bilinen biberiye ugucu yaginin (%0.2
BY) ise UCE matrisinde beklenen performansi sergileyemedigi ve inhibisyon
degerinin %7.75 (0.287 ppm GAE) seviyesine kadar geriledigi saptanmustir. Bu
durum, hidrofobik karakterli ugucu yag ile hidrofilik polifenolik matris arasindaki
faz uyumsuzlugundan kaynaklanmaktadir.

Findik zurufunun tek basina kullanimi (%0.2 FZ) orta diizeyde bir koruma (%13.07)
saglamustir.

Arastirmanin en dikkat cekici bulgusu sinerji grubunda elde edilmistir. %0.05 Findik
Zurufu ve %0.15 Biberiye Yag1 kombinasyonunun sisteme entegre edilmesi, bilesenler
arasinda gticlii bir intermolekiiler sinerji yaratarak inhibisyon degerini %19.45 (1.479
ppm GAE) seviyesine ulastirmis ve oksidatif stabilizasyonu maksimize etmistir.

Kinetik Modelleme ve Raf Omrii Ekstrapolasyonu

DPPH inhibisyon azalis verilerinin matematiksel analizleri, sistemdeki kapasite
kaybinin Birinci Mertebe Reaksiyon Kinetigine tam uyum sagladigini kanitlamistir.
ASLT kosullarinda elde edilen hiz sabitleri (k), Arrhenius denklemine aplike edilerek
tirtinlerin tahmini raf 6mirleri hesaplanmustir. Sinerji grubunda (%0.05 FZ + %0.15
BY) elde edilen yiiksek aktivasyon enerjisi (E_a), serbest radikal zincir
reaksiyonlarina kars1 giiclii bir kinetik bariyer olusturuldugunu ispatlamaktadir.

Sonug

Bu arastirma, gida, farmasotik ve kozmetik endiistrilerinde oksidatif bozulmaya kars:
yaygin olarak kullanilan BHA ve BHT gibi sentetik antioksidanlarin yerine, dogal ve
surdiirtilebilir alternatiflerin gelistirilmesi noktasinda ©nemli bir miihendislik
yaklasimi sunmaktadr.

Calisma kapsaminda, ytiksek fenolik icerigiyle bilinen ancak termal prosesler ve
depolama kosullarinda kararsiz bir yap: sergileyen Uziim Cekirdegi Ekstresinin
(UCE) stabilitesi basarili bir gekilde artirilmistir. Ozellikle Karadeniz bolgesinin
major tarmmsal atiklarindan biri olan findik zurufunun, cevreci bir yaklasim olan
Ultrasonik Destekli Yesil Ekstraksiyon (UAE) teknolojisi ile islenerek yiiksek katma
degerli bir antioksidana dontstiirtilmesi, dongtisel ekonomi ve yesil kimya
prensiplerinin endiistriyel 6lcekte uygulanabilirligini kanitlamistir.

Elde edilen spektrofotometrik bulgular, raf 6émrii stabilizasyonunda tekil koruyucu
ajan  kullaniminmin  smirlamalarimi  actkca  ortaya koyarken, uygun ajan
kombinasyonlarinin intermolekiiler etkilesimler sayesinde nasil hayati bir rol
oynadigimi gostermistir. Endiistride oldukca poptiler bir dogal koruyucu olan
biberiye ugucu yagimnin tek basina UCE matrisinde yetersiz kaldig1 ve %7.75 gibi
kisith bir inhibisyon degeri sergiledigi saptanmistir. Bu durum, hidrofobik karakterli
ugucu yaglarin hidrofilik polifenolik matrislerle gosterdigi faz uyumsuzlugunun bir
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sonucudur. Ancak formiilasyona sadece %0.05 oraninda findik zurufu ekstresi ve
%0.15 oraninda biberiye ugucu yag1 entegre edildiginde, bilesenler arast muazzam bir
sinerjik etki tetiklenmis ve serbest radikal stiptirme aktivitesi en yiiksek koruma
degerine (%19.45 inhibisyon ve 1.479 ppm GAE) ulasmistir. Findik zurufu ekstresi,
bu kompleks matriste yalmizca bir serbest radikal stiptirticii olarak degil, aym
zamanda bilesenler arast uyumu artiran sinerjik bir destekleyici olarak gorev
yapmuistir.

Sistemin oksidasyon kinetiginin incelenmesi, bu sinerjik koruma stratejisinin
matematiksel altyapisini da saglamlastirmigtir. Hizlandirilmis Raf Omrii Testi (ASLT)
kosullar1 altinda elde edilen verilerin Birinci Mertebe Reaksiyon Kinetigine tam
uyum saglamasi ve Arrhenius denklemi tizerinden modellenmesi sonucunda, sinerji
grubunda radikalik bozunma reaksiyonlarinin aktivasyon enerjisinin (E_a) belirgin
sekilde ytikseltildigi tespit edilmistir.

Yiikselen aktivasyon enerjisi, oksidasyon zincir reaksiyonlarma karsi sisteme
termodinamik ve kinetik bir bariyer kazandirildigini ispatlamaktadir. Bu giiclu
bariyer sayesinde, termal hassasiyeti yiiksek olan UCE bazl iiriinlerin biyolojik raf
omrii uzatilmis ve endiistriyel proses sartlarma (sicaklik, oksijen vb.) kars1 direnci
maksimize edilmistir. Ozetle bu calisma, sentetik koruyucularin yerini alabilecek,
kimyasal kinetik temellerle matematiksel olarak ispatlanmis ve yiiksek performansl
bir dogal koruma stratejisini literatiire kazandirmaktadir. Findik zurufu ve biberiye
yaginn bu optimize edilmis sinerjik kombinasyonu; katma degeri yiiksek tarimsal
atiklarin degerlendirilmesine onciiliik etmekle kalmayip, gelecekte fonksiyonel gida
takviyelerinden dermokozmetik tirtinlere ve kontrollii salim sistemlerine kadar genis
bir yelpazede gtivenle kullanilabilecek yenilik¢i bir biyo-koruma standardi olma
potansiyeli tasimaktadir.
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MexaHukasbIK Typae O0esceHaipinren Pd-Ti-Mg >kyrieciHiH KYpbUIBIMABIK-
dazanbIK KY-KYiH 3epTTey

Pd-Ti-Mg Sisteminin Yapisal Faz Durumunun Incelenmesi

Mechanical Activated Pd-Ti-Mg System Structural - Phase Morning Research

JpraeB Hypcynran

Maeucmpanm, Koxa Axmem fccayu amuvinoars. XasrvlKapaisik Kasak-mypix yHuBepcumeni,
Typxicman, Kasakcman

Kyp6aunbexos Illep3oz

PhD doxmopet, doyenm, Koxxa Axmem fccayu amuvimoars: XarsiKapaivlk KasaK-mypixk
yHubepcumemi, Typkicman, Kasakcman
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Anjaarna

Bbyi >xymbic MexaHMKaIbIK Oesicenpipiiren ymrik Pd-Ti-Mg yHTaKTapbIHBIH KaTTbl
JleHeJIi CyTeriH caKTay¥fa apHaJIFaH KaHIVIaT MaTepualgap peTiHaeri KYpbUIbIMIIbIK-
dasasiblK  KyMiH >K9He MUKPOKYPBUIBIMABIK VVBIMBIH 3epTTelai. DJIeMeHTTiK
YHTaKTap Ar-7ia KOFapbl SHepriusuIbl IUlaHeTapiblK, dpesepiey (Pulverisette 7, 500
avie/ muH; BPR=10:1) apkputel eHpeni. Pentrenaik nudpakmms (CuKa) fcc-Pd (Fm-
3m, a=3.887 A), a -Ti (hcp, P6;/mmc, a=2.950 A, c=4.681 A), meTactabursi fec-Ti
dpaximsceH (Fm-3m, a=4.060 A) XoaHe ki hcp-Mg (P63 /mmc, a=3.209 A, c=5.211
A) KepceTeri; KeeM/IiK IeHTeviIe aifKbIH apasTbIK, METAIUT IIbIHIAPH! AHbIKTAIMAFAH.
JTasepiix gudpakims Mg-re xxarkpispUrrad D10~5 mxm, D50~20 mxM, D90~50 Mxm
(aparnbIk=2.25), ycak 5 MKM-TleH Kimni pexwum xaHe ipi 300-600 MKM KyWMpBIKIIEH
MyJIBTUMOAAJIBABL  eylmeMAi  Tapaityabl Kepceremi. SEM-EDS  kaprara Tycipy
MO3aMKIIBIK, MUKPOKYPBUIBIMABI [I9JIeTeviai: m3oMeTpusutblK Pd-0am momenpmep
(~10-60 mxwm), wiatnHa Ti-Oam dparmenrrep (~20-80 mkM), mMHTepdevicTepaeri
xepritikri Pd-Ti xonmoxkammmsanmsicer (Pd-Ti mHTepMeTayUimapsl YIIH a/IIplH ajia
peaxuysl Kywi peTiHIe TyciHOipiieni) >koHe HerisiHeH apasiblK, Aucrepcri Mg.
bipikripiiren mepexrep MexaHMKaJIBbIK aKTVBaLVsl apKbUIbl JKacaJlFaH MOJI XKOFaphl
SHeprusuUIbl MHTepdericTep MeH KbpICKapThUIFaH I1dys3us XoiapblH KepceTelli,
ojlap KeIl MeJllepreri MHTepMeTa/UIIapOblH Mesriicis TysinyiH OosmgeipmMari,
IYApOTeHM3allMsIHbl  JKefleJiieTyre  (OermagpaumsiFa)  Kojawwiel.  HaTvokesep
OakpUIaHATBIH (ppesepriey HapameTpiiepi koHe Mg cerperanmsicbl MeH TOTBIFYbIH
IIeKTev OTBIPBIII, avigaIbl Pd<Ti VHTepdericTiK peaxkisiiapbiH
BIHTaJIAHABIPATBIH MaKCaTThl TEePMMUSUIBIK, KecTeJlep apKbUIbl ChIIBIMIBUIBIKTEI,
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KIMHETVMKaHBbI JKoHe I_H/IK.TI)];iK TYPAKTBUIBIKTBL pETTEYTe apHa/IFaH MUKPOKYPBUIbBIMYa
OarpITTa/IFaH KOJIObI YCbIHAITHI.

Kinr cesmep: Pd-Ti-Mg, MexaHMKaIBIK aKTUBTEH/IipY, peHTreHik pe3oHaHc; SEM-
EDS, rpanyiomerpus, dasaapasiblk lleKapasiap, CyTeriH caKray.

Ozet

Bu calisma, kat1 faz hidrojen depolama adaylar1 olarak mekanik aktivasyondan sonra
ticlii Pd-Ti-Mg tozlarmnin yapisal faz durumunu ve mikro yapisimi incelemektedir .
Baslangic malzemeleri , argon atmosferinde yiiksek enerjili planet 6gtitme (
Pulverisette 7, 500 rpm; BPR=10:1) islemine tabi tutulmustur . X-1s1m1 faz analizine (
CuKa ) gore, asagidaki fazlar tespit edilmistir: fcc-Pd (Fm-3m, a=3,887 A), a- Ti ( hep
, P63/ mmc , a=2,950 A, c=4,681 A), kararsiz bir fcc-Ti fraksiyonu (Fm-3m, a=4,060 A)
ve az miktarda hcp-Mg (P63/ mmc , a=3,209 A, c=5,211 A), kiitlede belirgin
intermetalik hatlar tespit edilmemistir. Lazer kirtmimi, D10=5 pm, D50~20 pm,
D90~50 pm (span~2,25) ile cok modlu bir boyut dagilimi, <5 pm'lik ince bir mod ve
Mg'ye atfedilen 300-600 pm'lik kaba taneli bir "kuyruk" gosterdi . SEM-EDS
haritalamasi, izometrik bir mozaik mikro yap1 ortaya koymaktadir. Pd ile
zenginlestirilmis alanlar (=<10-60 pm), plaka benzeri Ti ile zenginlestirilmis parcalar
(=20-80 pm), yerel es konumlanma Araytizlerde Pd-Ti ( Pd-Ti intermetalik
bilesiklerinin ¢n reaksiyon durumu ) ve agirlikhh olarak taneler arasi dagilmis Mg
lokalizasyonu gozlemlenmistir. Veriler, mevcut asamada biiytik miktarda
intermetalik olusumu olmaksizin, (de)hidrojenasyonu hizlandirmak igin elverisli
olan kisaltilmis diftizyon yollarmin ve ytiksek enerjili sinirlarin olusumunu topluca
gostermektedir . Ogiitme parametrelerinin kontrol edilmesinin, Mg segregasyonunu
ve oksidasyonunu simirlarken ayni zamanda kapasitif-kinetik ¢zellikleri ve dongtisel
kararlilig1 ayarlayarak, faydali Pd<Ti araytiz reaksiyonlarmin hedeflenen sekilde
artirilmasina olanak sagladig1 gosterilmistir .

Anahtar kelimeler: Pd-Ti-Mg; mekanik aktivasyon; XRD; SEM-EDS; grantilometri;
ara faz smirlary; hidrojen depolama.

Abstract

In this work, the structural-phase state and microstructure of ternary Pd-Ti-Mg
powders after mechanical activation as candidates for solid-phase hydrogen storage
were investigated. The starting elements were subjected to high-energy planetary
milling (Pulverisette 7, 500 rpm; BPR=10:1) in an argon atmosphere. According to the
X-ray phase analysis (CuKa), the phases fcc-Pd (Fm-3m, a=3.887 A), a-Ti (hep,
P63/mmc, a=2.950 A, c=4.681 A), metastable fraction of fcc-Ti (Fm-3m, a=4.060 A)
and minor hcp-Mg (P63/mmc, a=3.209 A, c=5.211 A) are detected; No distinct
intermetallic lines were detected in the bulk. Laser diffraction revealed a multimodal
size distribution with D10~5 pm, D50~20 pm, D90~50 pm (span~2.25), a fine mode <5
pm and a coarse-grained "tail" of 300-600 pm attributed to Mg. SEM-EDS mapping
reveals a mosaic microstructure: isometric Pd-rich domains (*10-60 pm), lamellar Ti-
rich fragments (=20-80 pm), local Pd-Ti colocalization at interfaces (pre-reaction state
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for Pd-Ti intermetallic compounds) and predominantly intergranular dispersed
localization of Mg. The data collectively indicate the formation of shortened diffusion
paths and high-energy boundaries favorable for accelerating (de)hydrogenation in
the absence of massive intermetallic formation at the initial stage. It is shown that
controlling milling parameters allows for targeted enhancement of beneficial Pd«<Ti
interface reactions while simultaneously limiting Mg segregation and oxidation,
tuning the capacitive-kinetic characteristics and cyclic stability.

Knot Keywords: Pd-Ti-Mg, mechanical activation, X-ray diffraction, SEM-EDS;
granulometry, interfacial boundaries, hydrogen save.

Kipicne

Besriyti Gosranpan, cyTeri sHeprusChl cajlachIHAAFBI 3aMaHayy 3epTTeyJlep CyTeriH
TUIMAI KaTTel Kyljle caKrayObl >KoHe TachbIMaJIaydbl KaMTaMachl3 eTeTiH
MaTepuaIapAbl KacayFa OaFpITTasiFaH. VIHTepMeTa/UIIBIK XoHe HaHOKYPBUIBIMIBI
Xymieriep IMKIIIIK CiHipy/aecopOIins mmporiecTepiHeri )XOFapbl ChIIBIMIBUIBIFBI MEH
TYpPaKTBUIBIFbIHA OalyIaHBICTBI Hasap aypapTagpl [1-3]. Aran amrkaHma, cupek
Ke3JleceTiH Xep MeTaylgapbl, TUTaH >KoHe aJIIOMUHWII KOCBUIBICTApPhl, COHIAV-aK
KeMipTeKTi HaHOMaTepuajapbl Oap KOpBITHaJap KOHUI KeHIIITeTiH HIaTVDKeslep
Kepceresli. MakcaTTbl cumaTramMasapfa Koyl JKeTKi3y MyHAam MaTepuaigapiblH,
KYPBUIBIMIBIK-Pa3asiblK,  KYViH JKoHe (PU3MKa-XMMUSUIBIK, KacMeTTepiH TepeH
TYCiHy/i, COHaMm-aK MEeHIIIKTi CBIIBIMIBUIBIKTBI, (Je)ruapriey KMHeTMKAChIH JKoHe
OepiKTiKTi XaKcapTy YIIiH CMHTe3 KoHe KeViHTIi eH/ey 9IicTepiH OHTaVUIaHIbIPYIbI
Tasiarn etrei [4,5].

CyTerin cakrayfa apHa/IifaH MaTepuaIIbl TaHJaFaH Ke3Jle oJeTTe KeJjleci Herisri
HapaMeTpilep ecKepijefi: >XYMBIC TemIlepaTypachl MeH KbICBIMBI, peaKIs
KbUTTAMBIFBI JKoHe COpPOLMSUIBIK, ChIMBIMIBUIBIK, [6-10]. Ocpbiran OaryiaHBICTHI,
JKOFapblla aWTbUIFaHOal, CyTeri SHepruschl YIIH >XaHa MaTepuajmapabl JKacay
PU3MKaIIBIK, JKoHe MexaHMKa/IbIK KacueTTepii, COHAaM-aK MaTepualIblH HeTisri
OesiriHme e, OHBIH OeTiHIe Jie XYpeTiH Kypaesi IpoliecTepii MUKPOCKOIVISUIBIK,
3epTTeyni KaxeT eteni. KemnTereH skcrepuMeHTTIK 3epTTeysiep OosFaHBIMEH,
KOpBITHAJIaparbl CyTeriH CiHipy mHpolleciHe KOpBITIIAa KOCHaJapbIHBIH, 9dcepiH
TeOPVSUIBIK, TYPFBIAAH TYCiHY oJi ge JKeTKiikcis pgamerFaH [11-14]. OcerraH
OaruIaHBICTHI TTAJUIAAUN K9HEe OHBIH, KOPBITIAIAPHl OICTYpPJIi Typie >KOFaphl CyTeri
OTKI3TIIITIrE MeH alKbIH KaTaJIUTUKAIBIK KacueTTepiHe OallyIaHBICTBI 3TaJIOHBIK,
MaTepuasijap Oosblll caHambl. llayulagmit opTypiii cyTeri TexHOJIOTMsUIapbIHA
VHTerpauMsUIaHyFa MYMKiHIOiK OepeTiH OipHellle epekile Kacuerrepre me. Pd
KaTaJINTUKAJIBIK JK9He CYTeTiH CiHipy KacueTTepiHe OalyIaHBICTBI CyTerire KyIITi
adpdunniniri Oap Oiperem MaTepmasr Oosbiln caHaanmbl [15] >keHe o1 cyTeri
SKOHOMMKAChIHIa MaHbI3ABI pesl aTKapanbl [16]. CyTeri sHepruschlHIa KOJIIaHyFa
apHaJIfaH IepCleKTVBaIbl apablK MeTa/Ul XyueslepiHiy Oipi - ymrik Pd-Ti-Mg
Xyteci. Bys1 MaTepuasiapra JereH KpI3bIFYIIIBUIBIK, OJIApIIbIH Oiperei cyTeriH ciHipy
KacueTTepiMeH, CcOHAam-aK ojlapabl CyTeriH caKray YHOIiH = JK9He  OTBIH
3JIeMeHTTepiHe NanjajlaHy MYMKiHiriveH OawianeicTel. Pd  rumpunrepin
KapKBIH/BI 3epTTey iprejli FBhUIBIM MeH WHXXeHePUSHBIH, 9pTypil cajajapbiHia
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Xyprisunmi. IMayutaguriaig, Masesae! cunarramace! - PAHx Kypamer 6ap runpuarepmai
TY3y Kabiteri (MyHmarer 0 < x < 1), Oy oHBI CyTeriH cakTay KYpbUIFbUIApBIH
asipyieymiH ~ Herisri KaHOWOATTapbIHBIH ~ OipiHe  amHaigeipanbl.  Kesemmik
aHaJIOTTapblHAH abIPMAIIIbUIBIFBl, HAHOKYPBUIBIMABL MaTepuajap JKbULIam
3apsAnTay XKoHe paspsAnTay KMHeTHKAChlH, Y3aK KbI3MeT eTy Mep3iMiH JKoHe eJIIIeMiH
peTTenTiH TepMoauMHaMuKaHbl Kepcereni [17]. Cownpait-ak, Mg HerisiHzeri
MaTepuasiiap, >KOoFapbl TEOPUSUIBIK, CBIMBIMIBUIBIFbIHA (MgHD? yiin 7,6 caiMaKTBIK %)
OaruIaHBICTHI , CYTeTiH caKTay YIIIiH IepcreKTrBaIbl KaHauaaTTap OOIbII caHaIaabl
[18]. ConbIMeH KaTap, ojlap Macca TachbIMaJIbIH JXXeJleJIIeTy JXKoHe IMIPUATIH, bIIbIpay
TeMIlepaTypacblH TOMEHJeTy YIIH KPUCTAIIBIK XMW MeH akay KYpPbUIbIMBIH
e3repTyIi KaxeT eTeri. MarHuy rmapwaiH KaKTaliThIH KOCBIMINA JpJiergepre Mg-
HiH KOIITirlT MeH TéMeH KYHBI, OHBIH YBITTHI €MeCTIrl JKoHe TeMeH aTOMJIBIK JKoHe
MOJISIpJIBIK, Maccackl XaTagel [19]. Twuranm MgH: Herisinmeri xyiviertepre Tuimzi
KaTaJIUTUKaJIBIK, KOCIla peTiHIe KeHiHeH 3eprreiireH [20-26]. Mg\ TiyH, TwmTi
KOIIKOMITOHEHTTI Xymereprae Mg >xone Ti xeke rupgpuaTepiMeH caslbICTBIPFaHIa
(me)ruopriey  TepMOOMHAMMKA&IBIK ~ JK9He  KMHETHKaIBIK  IlapaMeTpslepiHiH
JKaKcapFaHBIHA KOJI JKeTKi3i1eTiHi Oenriii: 6ipkaTap Kypamaap YImiH KaTTsl daszagas
TeMeH JecopOIIns TeMIlepaTypajapblHaa CyTeriHiH OestiHyi Oavikatamer [27,28]. by
XKafganja TWTaH TeK OeTiHIeri MOJIeKyJlaIbIK CyTeri AMCCOLMAIVSCHIHBIH
aKTMBaTOPbI peTiH/e FaHa eMec, COHbIMEH KaTap >KOfapel TemIleparypaza ga Pd
X9He Mg-re KaTbICTbI TEMEH peaKTUBTUIIriHe OarvIaHBICTBI KOJIAVUIbl 3JIeMeHT OOJIbIIT
TaObUIa[Ibl; OJI eKiHIINi peTTiK MHTepMeTa/UIIapAblH IIaMagaH TbIC Ty3UIyiHCi3
Havigaiabl MHTepdericTepiH Ty3ilyiHe bIKHal eTedi koHe H aTommapsl yiie
I Py3nUSIIBIK «KeIip» peTiHIe KbI3MeT eTe ajtansl [29-31].

MexanwcTik TypFbinan aifaHnma, ymTik Pd-Ti-Mg  xymenepinnme dasaapasiblk
IIeKapajlap MeH aKayJIbIK KyWwlepiH >koOaslay MaHBI3Obl pesl aTKapaznbl. Ilayuiagum
MOJIEKYJIJIBIK, ~ CYTeriHiH OeTTiK IMCCOUMAUMSACBIH XoHe aroMablK H2-Hin
IIeKapajlapFa JXeTKi3UIyiH KaMmTamachl3 eTedi; Mg xoHe Pd-re KaTblcTbl TeMmeH
XVIMUSUIBIK, OeJICeHAIikKKe 1Me TUTaH «TYMBIK» dasajlapAblH Haria OoJIybIHa >KOJI
Oepmerni, conpiMeH Oipre H2 ymiiH Ty3aK >XeHe TMOpPUATep VIIH SOIposaHy
OpTaJIbIKTAphl peTiHje sapekeT eTedi. MarHui Herisri KejleMiK pe3epByap peTiHfe
KbI3MeT eTeJli, MyH/Ia cyTeri Anddysmachl OUCIIOKaIMs ThIFBI3IbIFbIMEH, TYVIpPIIiK
eJIIeMiMeH, MUKPOKYPBUIBIMABIK FeTepOreHAUIK IopeXkeciMeH JKoHe CepIlMIIi TOp
nedopMalMsUIapbIHBIH, OOJIybIMEH peTTeslefli. MexaHMKaIBIK aKTMBaLMsS Ycak
yCcaKTaJIy[blH, KOFapbl OYpPBIIITHIK OaFgapslaHy[blH, KaTThl epiTiHAUIepAiH acKbIH
KaHBIFYBIHBIH )XKoHe MeTacTaOlwIb/Ai MHTepMeTa/UIapAblH TipKeciMiH >Xacamipl; Oyl
Kaymibl ajifaHfa Auddysns XKogapblH asaiTagbl, KOFapbl SHEPIUsUIbl TYMipIIiK
IIeKapalapblHbIH YJIeCiH apTThIpafbl JXoHe (Je)ruapsiey YIIH KaXeTTi eTIesi
Kymwiepni xeninpmeremi [32]. Eximik Mg-Pd imxi >xymeci ymriH cyTeriH ciHipy
KacueTTepiHe alTapsIbIKTayl acep eTeTiH MHTepMeTayUIIblK dasamapasid, (MgePd,
MgooPd11 1.1, T.0.) Ty3UTy MYMKIHAIr KepceTiyireH; peHTTeHIiK pe30HaHC JdepeKTepi
OovibIHIIIa MexaHVMKAaJIBIK KOpBITIIaJIay Ke3eHiHJle TypaKTel dpasastap Oarikaags! [33].
Ti Kocy cyTeri auddy3nsAChIHbBIH 3HepreTUKaIbIK KedepriciH ofaH api TeMeHeTedl
JKoHe TMIOPUATIH Ty3UlyiH xemerpereni; MgH, xymenepinperi Ti KypaMmbIHOAFbI
KocaJlap KMHeTMKaHBl JXKaKcapTalbl JKoHe LMKIIIK TYPaKTbUIBIKTBI apTThIpabl.
YHTaKTaJIFaH YIITIK Xymeme Oyl KeseciylepiiH Tipkecimi petiHme kepinemi: (i) H
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OMCCOIMAITVACH  YIIiH  KataymTukaiaelk Pd  rtymingepi; (i) H  tacemvamem
KeHUIIeTeTiH JXoHe OTTerTiH imriHapa anateiH Ti-MeH OavibITbUIFaH MHTepdercTep;
(iii) Herisri xesleMmik pesepByap peTiHme Mg MaTpuilachl, OHIA KbICKapTBbUIFaH
mnddysus koimapel KoHe JKOFapbl akKay paxumschl (IervaporeHun3alsHbl)
XeesmeTel.

Ocprran OavuianbicThl, Pd-Ti-Mg MexaHMKasIbIK aKTMBTEHAIpYyi epekille TapThIMIIbI
OoJIBIII KepiHeMi: OJI OpTallla eHey IIbIFbIHAAPbIMEH JKoHe Y3aK YyaKbIT OOVIbI
JKOFaphl TeMIlepaTypaJIblK, ©HJIeyCi3 ycaK AVCIepCTUIiKIIeH (OHIafaHHaH XXys3[ereH
HaHOMeTpre [emiH), XOFapbl aKay QpakiMsacbIMeH >X9He HaMbIFaH a3aapasiblk
6arvtanbic Pd<Ti>Mg Oap Teme-TeHHikTeH aybic Kyilepfdi KaMTaMachl3 eTelli.
CoHbIMeH KaTap, eHJley IapaMeTpslepiH (OuipMeH >XbUIHAaMIBIFbl ME€H SHEePIVSCHI,
yakplT, BPR, atmocdepa, nHTepBaii/y3istic dppesepiiey) gaj1 perrey dparMeHTarus
MeH CYBIK [I9HeKepJley apachIHAaFbl OacekeslecTikTi Oakpulayra, Mg-Pd
VHTEpPMETAUIAPbIHBIH, TY3UTy >KbUIDAMIBIFBIH XoHe Ti TapaJIyblH peTreyre
MYMKIiHJIiK Oeperti.

Korapelia atajiFaH ajJfbllIapTTapFa CyVieHe OTBIPBIIL, OChl JKYMBICTBIH, MaKcaThl -
KaTThI JIeHeJll CyTeKTi caKTay >KoHe TacbIMaJljlay YIIiH KaHOuaaT MaTepwayl peTiHpe
Pd-Ti-Mg  xymernik  YHTaKTapbIHBIH,  KYPBUIBIMIOBIK-PasayIblK ~ KYMiH  JK9He
MexaHMKaJIBIK, OeJiceH/ipiyireHHeH KeWiHTi 3BOJIOLMACHIH 3eprTrey. Herisri Haszap
Pd/Ti/Mg wumnTepdasa IIekapajlapblHBIH peJliHe, WHTepMeTa/UIIbIK KypaMzac
OestikTepriiH Ty3UlyiHe >koHe OJlapAblH (de)ruapiley TepMOOVMHaMMKAckl MeH
KMHeTVKacbIHa KOCKaH  YyJleciHe, coHpam-aK KyaTTBIH, KBUITaMABIK,
cUnaTTaMalapbIHBIH JKoHe Y3aK Mep3iMIi TYpaKTBUIBIKTBIH, Ka)KeTTi Tere-TeHJIiriHe
KOJI JKeTKi3y VIIIiH CMHTe3 JXKoHe 6HJley peXMMIepiH KelliHHeH OHTalUlaHIbIpy
gJleyeTiHe ayJapbUIajbl.

Marepuangap MeH Taciigep

Byt >xymMbIcTa 3epTTesireH yHTaK Kocraapbl Kerranasiy X30371 IpOBMHIIMSCHIHIAFBI
Hebei Suoyi New Material Technology xommaHwmscbIHaH ajbIHFaH OeJIIIIeKTep/IiH
emeMaepi <50 MKM >koHe TaszaibiFbl 99% OosateiH Pd, Ti xeHe Mg 351eMeHTTIK
YHTaKTapbIHaH JXacaJiFaH. OHAIPYIIIHIH TeXHUKaJIBIK JepeKTep IapafblHa CIVIKec,
Oacrankpl yHTaKTapmablH OermmexTepmiH esemi 30 MKM-eH a3 0osapl. MUKpoH
eymeMIi BojibpaM KapOw YHTaKTapblH IaviajlaHy HOTVDKeCiHIe aJlbIHFaH KaTThl
KOpBITHA/IapIblH OepiKTiK cHIIaTTaMasIapbIH XXaKcapTyFa KaOiIeTTi ycak TYmipIIiKTi
KYPBUIBIMIIBI KQJIBIIITACTBIPY KaKeTTiIiriHe GariyIaHBICTBI OOJIIBI.

MexaHMKaIIBIK, OeJICeHIipy YIIIiH ajIIbIH ajla JayblHAaJIFaH IVXTaHbIH IIIaMaMeH 9 r
45 w1 TOT OacmamThiH OoJlaTTaH >KacajiFaH dppesepiiik mapiapsl (guamerpi 10 Mm)
Oap, mIap MeH YyHTaK MaccachIHBbIH KaTblHachl 10:1 GosaTeiH 45 Mi1 TOT GacriamThIH
GostaTTaH >KacasIFaH BIIbICKA CaIbIHABL TOTBIFyIBI OosnbipMay yirniH Tey VGB-3C
aproH KoJIfall KopaOelHma >Kyprisimmi. blgeic TteiFeipasmein,  Fritsch GmbH,
l'epmanusmarsr  Pulverisette 7 Premium Line 1wraHeTasslK MuKpoanipMeHiHe
opHaThUIABL. YHTaKray 500 avtH/MUH avHajdy >KbUITAMIOBIFBIMEH KYpPTi3UIdi.
OreOneTTepre cavikec, OyJI XbUIIaMIBIK IIaMajflaH ThIC CYBIK J9HeKepsleyci3 HeMece
TYTaHy KayIiHCi3 TMiIMII MeXaHMKaJIblK KOpBbITIIajlay VIMiH OHTalIbl OOJIbIII
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TaObUIAIbI, Oyn  Oemmekreprid — dparmMeHTammscel  MeH — OaKbUIaHATBHIH
TeMIleparypaja KOpbITIIayIay YIIiH KeTKUIIKTI JKOFaphl SHEePIVSIIbI COKKBI PeXVIMIH
KaMTaMachI3 eTefli.

Bertik Mopdosiornss >Kofapbl aXbIpaTbIMIBUIBIKTAFbl CKaHepJIeyIli 3JIeKTPOHIIbI
mukpockorms (SEM, Tescan Mira) keMeriMeH 3epTrei. AjbIHFaH MUKporpadrap
OesmleKkTep/liH, arperamyschbl MeH IIIiH CUIIaTTaMaJlapblH BuU3yalIn3allyslayfa
MYMKiHIiK Oepmi. MexaHoxuMmusuielK, Oesicenpaipynen kemin Pd-Ti-Mg yHTak
KOCHaJIapbIHbIH, (pasayIblK, KypaMblH aHBIKTay YIIIiH OejiMe TeMIleparypacbiHiaa 20°-
taH 90°-Ka mentinri 20 mmamnasonsiHa (Cu) Ka cayneneny kesi (A = 1.5406 A) Gap
XpERT-PRO Panalytics gudpakromeTpin maviaaaaHbIIl peHTTeH/IiK dasalIblK Talgay
Xyprisuigi. ¥YHTakTapablH OesIlleKTepliH eJIleMIiK Tapalybl 9pTypJl AvaMeTpiii
OesmiiekTep TyAbIpaThIH IHAIIBIPAHKBI COYJIEJIEHY[IiH KapKbIHABUIBIFBIH 6JIIlIey
IPUHINITEPIiHE HeTi3eIreH aBTOMATTAHABIPbUIFAH OeJIIIeKTep/IiH eJIIeMIiK
a"HaymsaropbiMeH (Analysette-22 NeXT Nano, Fritsch, T'epmanms) nasepiik
A pakIVaHbl KOJIJIaHy apKbUIbl eJIIIeHIi. Oeyiiep arioMepaTTapAbl bIIbIpaTy
KoHe peIllpe3eHTaTVBTI Tapasayabl aly YIIiH yJIbTPaIblOBICTBIK 6HJIEYMeH CYVIBIK
IVICIIePCUSIIBIK, OpTazia XXy prisiimi.

Hoatnxenep MeH mikiprasiac

Amnpmaran gudpakimsuislk,  yarige  (CuKg, 206~30-90°) Pd-Ti-Mg  xyvieciHiH
3JIEMEeHTTIK MeTaUl pasaslapblHa CeHIMI TypAe WHIIEKCTeJIeTiH IIaFbUIbICyJIap
JKMUBIHTBIFBI JKa3bUTafpl. EH JKoFapbl KapKbIHABUIBIK, 20~40° ariMaFbIHIAFbl IIIBIHMEH
(Tap, curHas-poH KaTbIHACHI XXOFaprl) KepceTireH, Oy fcc nawtagmiaiy, (Fm-3m,
a=3.887 A) (111) IaFBUIBICYbIHA  CcomKec Keslemi. KoceiMinla —maymragmm
IIaFpUIBICYIIapbl  20~46-47° ((200)), 67-69° ((220)), 81-83° ((311)), 85-87° ((222))
aviMaKTapbIHAa OakputaHamel, Oyt fcc-Pd ymmia JCPDS anbIKTaMasiblK, KapTajapblHa
comikec Kestemi. Pd mIaFpUIBICY/TapBIHBIH, KapKBIHOBUIBIK KaTbIHACTapbl KecTelik
MoHJIepre >KaKbIH JXoHe aVKbIH TeKCTypaHBbIH Oeirilepi XOK (apTbIKIIBUIBIKTHI
Oafmap).

Turan exi Mogudukanmgma 6osansl. bipinminen, kyoTsik Ti dasacel aHbIKTaIaIb!
(Ti_c men Gemnrineneni), o1 Mmetactabwwibai fcc Mmoamdukammsce! (Fm-3m, a=4.060 A)
peTiHge  TyCiHAipUIeni, OHBIH  TY3UIyl JKOFapbl SHEPIVIsUIbl  MeXaHVKaJIbIK
aKTUBTEH/Iipy/MeXaHUKaIbIK KOpPBITIIaJIay HITVDKeCciHIe MYMKiH Oosambl. OHBIH
maFpUIbICyIapbl 20~41-42° ((200)), =70° ((220)) xenHe ~82° ((311)) amMaKrapbIMeH
Kabarracampl, Pd mieiHmapemHa —imiHapa KaOaTTacampl koHe  OaviKasFaH
MBIKTapFa/Ipodnibaepriis, acMMMeTpUsIChIHA BIKITaI eTedi. EKiHIiIeH, TUTaHHBIH,
aITBIOYpBIITHL a-popMacel Oap (Mg Turrti KypeuisiM, P6 3 /mmc, a=2.950 A, c=4.681
A): cumarramansik marpUIbIcysIap 20~35-36° ((100)), 38-39° ((002)) xxone 40-41° ((101))
aviMaKTapbIHAa TipKesterni, MyHaa omap Kymri (111) Pd-meH immiHapa cavikec Kesteri.
by kabaTracy Herisri mIbIHHBIH, ~40°-TaFbl as3gaFaH acMMMETPUSACHIH JK9He dJICi3
CepiKTiK MaKCMyMIapAbIH OOIyBIH TYCiHIIperIi.

Marauit anTeiOypeITel dpasa peTiHAe aHbIKTasIagbl (Mg TumTi KypbuisiM, P6 3
/mmc, a=3.209 A, ¢=5.211 A). On ymin (100) marsuieicy 20~32-33°, (002) ~34-35°,
(101) ~36-37° ammarbiHaa, coHpam-aK >Xorapsl OypemuTsr (102), (110), (103) xoHe
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OackastapbiHma Kyrileni. JKymbic ckaHepsiey [mariasoHbIHIA TeMeH OYpBIIITHI
XmekTe (mmaMaMmeH 32-33°-Tan Oacrarr) a71ci3 Mg mIsIHOapsl kaHe 58-75° apasiblFbIHIA
OipHerlle TeMeH KapKbIHIOBI MaKCHMMyMIap KepiHeli, Oyl MarHWiIiH a3 yileciMeH
K9He JKeHUI 3JIeMeHT VIIiH CcajbICTBIpMaIbl  Typle TeMeH Iamibipay
Ko3dPurmeHTiMeH cariKec KeJlefi.
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1-cypet. Pd-Ti-Mg XyiteciHiH peHTreHIOiK YHTaK AUQPaKIVSIIBIK, YIIric

Q3(x) KuChIFBIHAH CUITaTTaMaIIBIK KBAaHTWII AvaMeTpiiepi aHbIKTataael: D10~5 MKy,
D50~20 wmxMm, D90~50 wmxm, Oyn  span=(D90-D10)/D50~2.25 OosnaTelH KeH,
HoJIMANCIIepCTi Xynere cavikec Kesteri. Kesewmre nerisri yiec (=70-80%) oprara
emmeMai  10-40 MxMm  OermmiekTepieH  Tysilenmi; Oyl aliMaKTaFbl TMCTOTpamMma
sorapudMIiK HOpMaFra >KaKbIH >koHe 15-25 MKM IlaMachIHa aviKbIH MaKCVIMYM/IbI
kepceteni. by apanbik Oacrankpel Pd sxene Ti yHTaKTapblHa ToH JXoHe KeJIeMIiK
TBIFBI3IBIK II€H MEHIIIKTI OeTTiK ayzaH apacblHOa KOJIaWIbl BIMBIpaFa KeJIyAdi
KaMraMachel3 eremi. 0,8-5 MKM arimaFblHOa ycaK, TeMeH KapKbIHABUIBIK PeXVMi
Tipkesienni. OHBIH IIIBIFYy TeTi ejiey, TacbIMajljjay HeMece OacTaIlKbl MeXaHMKaJIbIK
eHjey KesiHme mavia OosFaH ycak nucrepcri Pd/Ti dparmenTrepimen, connman-ak
aHaJIM3aTOPAbIH AVCIePCTi OpTachIHIAFbl aryloMepaTTap/blH, illliHapa bIAbIpaybIMeH
GarutaHBICTBI OOJTYBI MYMKiH. besrisieHren ycak dppakiins KocaHbIH MEHIIIKTi OeTKi
ayJaHbIH )XoHe peaKTMBTUIIrH apTThIpajibl; JereHMeH, OJI PeoJIOrVIsIHbI HalllapslaTy bl
(TYVIBIKTa/IyBl, IIAHJIAHYBI) XKoHe OeJICeH/Ii KOMIIOHEHTTePIiH, TOTBIFYBIH XeleIeTyi
MymMKiH. [IkanaHelH Kapama-Kapcel karblHOa ~300-600 MKM Tap ipi TywipImikTi
pexmm OaviKastanbl (KMHaKTaFaH ecim ~5-10%). besmmekreprin Mopdosiorisacs MeH
TBIFBI3IBIFBIH €CKepe OTBIPBII, OHBbI OacTankpl Mg yHTaFbIHa XXaTKbI3y OPBIHIIBL
MyHpait «KyipBIKTBIH» OOJIybl KOCIIaHBIH, €Ki/ KeIIMOOaIbIbUIbIFbIHA JKoHe caKTay
XoHe Oepy KesiHme (dpaxkumslap MeH TBIFBI3ABIK OoVbIHINIA 06iIy) BIKTVMMAJT
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cerperaiysFra, ajl MexaHMKaJIBIK, OeJIceHIIipy ITpollecTepiHie COKKbI SHePIMSCBIHBIH
Gipkesiki emec GepistyiHe akestemi: ipi Mg Gesriekrepi «KaTThl KOCBIHABLIIAP» peTiHIIe
9peKkeT eTeli, JKePruIKTi TypAe ycaKTaJIydbl KylemTeni, Oipak coHbIMeH Oipre
KalTaJlaHyIbl HalllapJlaTagbl )XoHe CYBIK JoHeKepley KayIliH apTThIpaabl.

Q3(x) kycerrs! mamameH 50 MM (kesteMHiH ~90-95%) «11aTofa» KeTemi, comaH KemiH
300-600 MKM aviMa¥FbIHA €KiHIII KajaM Kacavibl, Oy BU3yalIbl MyJIbTVMOIIIbIbI
rMCTOrpaMMaMeH JKaKChl ywlecedi. 1 MM-7leH acaTblH Y/IKeH OeJleKTepiH,
aviTapsIbIKTay Oesirisiepi ic XysiHae XOK; )XOFapFbl KYMpHIK 1-1,5 MM-Te XyBIK Xeprie
KecljIreH.
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2-cypet. Pd-Ti-Mg xyiieciHiy OeJllieKTep MeJIlIepiHiH Tapalybl

SEM-EDS kaprara Tycipy (3-cyper) OacTamkpl KOCHaHBIH amKbIH —dasablk
reTepoOreHMIIIriH KepceTei, OyI peHTreHAIK dasablK Tajlay HaTVDKeJIepiHe CaviKec
kesteri. Ilayuranmin Pd Lal KapKeIHOBUIBIFBIHBIH TeTiC IleKapajlapbl MeH IeKTeyJli
OOMeHImmK  e3reprimriri O6ap 1mamamen 10-60 MM emmiemai  BIKIIAM
VI30METPUSUIBIK, JOMeHIepAi Kypariabl, Oyi1 ocbkl aiMaKTapablH Oip dpasaiisl cumaThIH
kepcererni. Kepicinmre, Turan 20-80 MKM IDIacTMHaA Topi3di KaOBIpIIAKTbHI
dparMeHTTepMeH YCBIHBUIFaH, KeOiHece MexaHMKaJIBIK dedopmanysiianFal hep-Ti
OestiekTepiHe ToH illliHapa e3apa KabaTracysl Oap nakertepsi Kypanabl. Pd sxene Ti
apHaJIapbIH CAJIBICTBIPY CUTHaJIHApPABIH, KeHICTIKTIK KaOaTTacybl arMaKTapblH
KepceTezIi, ojlap THIFEI3 OeTapaJIblK XKaHacy ariMaKTapbl peTiHe Tyciugipiteni. Pd-Ti
nHTepMetasUigapbiHbl, (PdTi, Pd2Ti, Pd3Ti) TepMmogmHaMuMKaIbIK TYPaKTbUIBIFBIH
ecKepe OTBIPBIII, MyH/ay KOJIOKaJIM3allVsIHbl peaKIVs aJIIbIHIaFbl KYV Jell caHayfa
Ooslagbl, MyHa peTTeIreH KOCBUIBICTApAbIH, SIpOJIaHybl IIaFbIH eJIleMaepMeH
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KoHe KeJIeMIIIK yJIeCTIeH IIIeKTeslelli )KoHe COHIBIKTaH YHTaK, peHTreHOrpaMMachIHIa
Oesiek CBI3BIKTAp peTiHe KepiHOemIi.

Maruumig Tapasiysl caajiblk, TypFeigas apTypiii. Mg Kal,2 KapKpIHIbUIBIFBI TOMEeH
X9He (pparMeHTTeJIreH; CUTHaJI TyMipliliKapaJIblK aliMaKTap MeH KeyeKTep OovbIMeH
kymrerteni, Oyin Pd xeme Ti-meri Mg-HiH eTe TeMeH e3apa epirimTiriveH >XoHe
OeTapasiblK cerperaumsira OemiMaitiriveH covikec Kesteri. Kepy avimarbiHma yiikeH
«Taza» Mg KOCBIHABUIAPBIHBIH, OOJIMaybl PeHTTeHIIK pe30HaHCIIeH CaViKec KeJlefi,
MYHJIa MarHWMM oJICi3 MIaFbUIbICYyJIapel Oap Kimi dasa peTinme KepiHermi.
AHaJIMTUKAJIBIK, IHIeKTeyJIepi ecKepy KaXeT: TeMeH JSHeprusuibl Mg CBI3BIFbI
MaTpuliajia >kKeHe OKCHJ IUIeHKaJlapblHAa CiHyTe yiblpanabl, coHabKTan 2DJIC
apKpUIbl Mg-HiH caHABIK yileci OafajlaHOaraH OOJIybl MYMKiH; JgereHMeH, Tapasly
TOITOJIOTMSCHI HeTi3iHeH TymipliiKapasIbIK JIOKaIM3alsTHbI Oip)KaKThl KepceTe]Ti.

O[1C xapTajlapblMeH KepiHeTiH MOpPQOJIOIMSIIBIK Oerisiep TrpaHyJIOMeTpUsMeH
akcpl canikec Kesteri (D10~5 mxm, D50~20 mxm, D90~50 mxm): 10-40 MKM KJTaCBIHBIH,
OaceivMaerrel Pd/Ti OermmekTepiHiH KejleMIiK yileciHe cavIKec KeJlelli, il Ycak
aucrepcti dpparmMeHTrep <5 MKM TywmipIiKapaibslK «KaOaT» Tysemi, Oy PdeTi
KaHacy aviMaFbIH apTThIpanbl. MyHIal apxXuTeKTypa KeWiHri TepMOMexaHVKaJIbIK
eH/ey Ke3iHe KaTThl JeHe e3apa dpeKeTTeCyiHe KOJIAUIbL: ipijleHTeH IOMeHIep
TYPaKTbl XbUIy Oepyzli KaMTaMmachl3 eTefi, ajl ycak dpakius KbicKa amnddysms
KOJIIApbIH JXKoHe OeJiceHIi IleKapaslapiblH TBIFBI3IBIFBIHBIH, apTyblH KaMTaMachbl3
eTezIi.

100pum !

3-cypert. Pd-Ti-Mg yHTaFpIHIaFbL 3J7IeMeHTTepAiH TapalybiHbIH SEM-EDS kapTaapsl
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bakpuiayszap Oipre asfaHga MbIHajJIapabl pacTamabl: (i) TypakTel OeTapasiblk
GarutanbicTapbl Oap Pd xeHe Ti OestiHreH MeTa/u1 dasasapbIHBIH, Oosysl; (i) Mg
MIAIIBIPAHKBI  TyMiplmiKapasiblk — Jjiokaimsauysce;  (iii) PdeTi  Gamtambic
OpPBIHIAPBIHAA SOPOJIAHY BIKTVIMaJIIBIFBL KOFApbl OOJIFaH Ke3fe, Herisri geHrene
JaMbIFaH WHTepMeTaUIapabsl OoimMaybsl. by 3eprrey maTokenmepi Pd-Ti
mndPys3msaceH KylenTy XoHe Mg TOTBIFYBl MeH OejliHyiH Oip Mesriijge Iexrey
VIIiH KemiHTi eHIeyMeH OacKapbUIATBIH KBI3OBIPY/YCTall TYPy CTpaTETVsICHIH
AHBIKTaVIIbI.

KopbITBIHIBI

Xyprisinren seprrey ymrik Pd-Ti-Mg xyvieciHiH MexaHMKaJIbIK, aKkTuBTeHyi fcc-Pd,
a-Ti (hcp) xene fcc-Ti-miH a3 MeTacTabwibni dpaxumscsl Oap MUHOPIIBIK, hcp-Mg
2JIeMeHTTIK pasaylapel TypaKTbel Typae Oipre emip cypeTiH Kemn KOMIIOHEHTTi
MMUKPOKYPBUIBIMIIBL  KYpauTBIHBIH  Kepceredi.  Kasipri  eHzey  KeseHiHpe
VIHTepMeTaJUIJapblH aiKblH IIaFbUIbICYJIAaphl IIavga OosiMarapl, Oyl OJIapIblH eTe
a3  KejeMAik  dpakumMsACHIH ~ HeMece — IpodWIbAi — Tajgaychl3  YHTaK
peHTreHOrpaMMachIHBIH, ~ aHBIKTay IIIeriHeH TeMeH OpHajlaCKaH  dJIeyeTTi
AOposIapOblH, CyOMUKPOHIBIK esemaepin kepcererni. ConbiMeH KaTap, SEM-EDS
Kapracel Pd xone Ti OartaHpIc amMaKTapblHOA >KEPriUTIKTI KOJIOKaIM3allVSCHIH
tipkeni, oHbl PdTi/Pd2Ti cusKTBI peTTeiireH KOCBUIBICTAPHBIH SIPOJIaHYbIHBIH
aIOblH ajla peakiys Ky peTiHae TyciHaipyre Oosanmbl . [lambifaH dasasiblk,
HIeKapaslapblH KaTbICybIMEH MAacCUBTI MHTepMeTaJUIHapiblH OoJIMaybIHBIH Oyl
yleciMi KefeleTiyireH (de)ruapsiey VIIIH KoJavwlbl OacTallKpl Kyy OoOJIbII
TaOBUIAIbI.

I'panynomerpust yHTaKTEIH (D10~5 MxM, D50~20 mxM, D90~50 MKxM) mosmmancIiepcri,
MYJIBTMMOAAJIB/IBI CUIIATBIH KepceTe, OJI ycak 5 MKM-/IeH Killli peXxumye XoHe Mg
Oemmmiexkrepite >xaTKpI3bulamel, ImamaMmeH 300-600 MM ipi KYMPBIKTBI Kypaviibl.
BermmiexkrepiH OyI «KYpBUIBIMBI» TEXHOJIOTVISUIBIK, IIeKTeyJlep MeH MYMKiHIiKTepi
Oernristenii: ycak dpakiivsi MeHIIKTI OeTKi aydaHAbl >KoHe aKay ThIFbI3IbIFbIH
aprreipagpl, H ymiiv auddysms xomnmapblH KbpICKapTagbl JXoHe Te3 KaHBIFYIIbI
KaMraMache3 ereri; 10-40 MKM opramma KIacTbl YHTAK KOJIAWIbl  KeJIeMIiK
TBIFBI3OBIKTBL JKOHE OpaybIIThIH KanTajlaHybIH KaMmTaMachl3 eTefi; yikeH Mg
KYVIPBIFBI, KepiCiHIlle, YHTaKTay Ke3iHfe cerperaiius >xoHe OipkesKi eMec sHepIus
OepiiciHiH, KayImliH apTTeIpanmbl. [leMek, ipi KyMPBIKTBIH OaKbUIaHATBIH TapbUIYbI
(Mg-HBI cakTay/IearioMepanmsijiay) XXoHe ycaK (PpakIIMsHBIH [O3aJIaHFaH TypAae
CaKTa/Iybl (arperamys MeH TOTBIFYIbl OaKbUIayMeH) KacMeTTiH TYPaKTbUIBIFbl MeH
IPOLIeCTiH MacIITaOTaIy bl YIIiH MaHBI3Ibl OOJIBIIT KO piHesi.

MexanucTik ~ TypfbljaH — ajifaHga,  JIepeKTep  JKMBIHTBIFBI  MeXaHVKaJIbIK
aKTUBTEHIPY/iH KbICKapThUIFaH Inddys3usl >KOJIapblH >KacallTbIHBIH, >XOFaphbl
SHepPIUsUIbI  IIeKapajlaplblH,  yileciH  apTTeIpaTblHBIH koHe PdoTi-Mg
vHTepdericTepiHiy,  JKeJIiCiH KypaTBIHBIH Kepceredi. byn xemime Pd H;
JAVICCOLVIALIVSICBIHBIH, KaTaJIM3aTOPhl JKoHe aTOMBIK CyTeri YIIiH «Kipy KaKIlachl»
petinge opeker erteni; Ti «amddysms Kemipi» XoHe ruapuaTi dasajap YIIiH
9JIeyeTTi pOoJIaHy OPTaJIBIFBI PeTiHAe KbI3MeT eTefli; Mg cyTerin cakrayfa apHaJIFaH
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Herisri KejleMIik pesepByap Oosbinl  TabOburanmbl.  bacTtamkplma — MaccuBTi
VHTepMeTa/UIJapAblH, OoJIMaybl TachIMaIaydbl OJIOKTAMTBIH «TYMBbIKKA TipereH»
dasasap/bly, ajlIbIH ajlyFa KeMeKTece[li )KoHe TepMWSUIbIK, 6HJey apKbUIbl KemiHTri
1971 OarrTay yIIiH MKeMIUIKTI caKTarigbl.

Kasmel asrFaHfa, ajibIHFAH HOTVDKeJIep MexaHMKasIblK, OeiceHpuipiiren Pd-Ti-Mg
YHTaKTapbIH KaTTbl JIeHeJIi CyTeriH cakray IUIaTdopmMachl peTiHje IarvjajlaHyIbIH,
OPBIHIOBUIBIFBIH pacTanabl. OmaH opi OHTaWIaHABIPY CTpaTervisiChl MBIHaJIapFa
Herisfernyi Kepek: (a) AucrepcTitikTi xoHe Pd—Ti GaruiaHbIc XKeJliciH aKayJIbIKTBIH
MUHMUMAaJIABL KOFaIybIMeH maj1 perrey; (b) KesleMIi peTKe KeJTipyre KellIler,
vHTepdericTeperi apasiblK MeTayUl OeJIcCeHIUIriHiH, GaKbUIaHAaTBIH «KOCBUTYBI»; (C)
Macca aJMacy KefeprilepiH asamTy yiniH Mg OeTiHiH XMMMSACBIH WHXeHepJliK
Oackapy. by crparermsHbl OakpUlaHaTBIH dpesepiiey pexmuMiepi XoHe in-situ
AMarHOCTMKAchl Oap TepMOLMKIIIEY apKbUIBL JKy3ere achlpy peTTelleTiH
CBIVIBIM/IBUIBIFDI, JKeOeIeTUIreH (IervaporeHns3alis) KMHeTUKAChl JKoHe HMKIIIIK
TYPaKTBUIBIFBI JKOFapbl MaTepuasapfa >KOJI amafbl, Oyl cyTeri sHeprusAcCHHIA
NpaKTUKaJIBIK KOJI[IaHy YIIIiH 6Te MaHbI3/IbL.

Mynnenep KaKTBIFBICBI: ABTOpIIap Myzesiep KaKTBIFBICHI XKOK, eKeHiH MaJliMIeviI].

KopbeITbIHOBL: ABTOp(J1ap) OCBl MaKalaHBI 3epTTey >KoHe/HeMece Kapusilay YIIiH
KapXXbUIBIK ~ KOJIIay  aJIblHFaHbIH  MajiiMuendi. by seprreymi  Kasakcran
Pecrry6ymmkacsl FpUIBIM JK9He >KOFapbl OUIIM MMHMUCTpIIriHiH FbpUIBIM KoMuTeTi
KapxputaHabipansl. (TPAHT Ne AP26194265) .
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Green Energy Literacy in Secondary Geography Curricula of the Organization of
Turkic States: A Comparative Curriculum Analysis

Tiirk Devletleri Tegkilat1 Ulkelerinin Lise Cografya Ogretim Programlarinda Yesil
Enerji Okuryazarlig:: Karsilastirmali Bir Program Analizi

Eyiip Artvinli
Prof. Dr., Eskisehir Osmangazi University, Faculty of Education, Eskisehir, Ttirkiye
Niyazi Kaya
Assoc. Prof. Dr., Eskisehir Osmangazi University, Faculty of Education, Eskisehir, Tiirkiye

Abstract

The purpose of this study is to comparatively examine how green energy literacy is
addressed in the secondary school geography curricula of the full member states of the
Organization of Turkic States. The study was conducted within the framework of a
qualitative research approach using a document analysis design. The data sources
consisted of secondary-level geography curricula from Tiirkiye, Azerbaijan,
Kazakhstan, Kyrgyzstan, and Uzbekistan. The curricula were analyzed in terms of the
extent to which green energy and related concepts were included, the knowledge,
skills, values/attitudes, and action dimensions of green energy literacy, as well as the
similarities and differences among countries. The findings revealed that
environmental issues, natural resources, sustainability, and human-nature
relationships occupy an important place in all of the examined curricula. However, the
extent to which green energy and renewable energy concepts are directly addressed
varies across countries. The Turkish curriculum stands out for explicitly associating
renewable energy, energy conservation, and energy transition concepts with learning
outcomes and instructional activities. In the curricula of Azerbaijan, Kazakhstan,
Kyrgyzstan, and Uzbekistan, green energy literacy is structured more indirectly
within the context of natural resources, environmental issues, ecological awareness,
and sustainability. As a result, the study concludes that geography education in the
member states of the Organization of Turkic States has significant potential for
promoting green energy literacy; however, this area needs to be strengthened through
more explicit, systematic, and practice-oriented curricular approaches.

Keywords: green energy literacy; geography education; curriculum; Organization of
Turkic States.

Ozet

Bu arastirmanin amaci, Tiirk Devletleri Tegkilati’'na tam tiye tilkelerin lise cografya
ogretim programlarinda yesil enerji okuryazarligmin nasil ele alindigim
karsilastirmali olarak incelemektir. Arastirma, nitel arastirma yaklasimi kapsaminda
dokiiman analizi deseniyle ytiriittilmiistiir. Veri kaynaklarmi Tiirkiye, Azerbaycan,
Kazakistan, Kirgizistan ve Ozbekistan’in lise diizeyindeki cografya o6gretim
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programlari olusturmustur. Programlar; yesil enerji ve iliskili kavramlara yer verme
diizeyi, yesil enerji okuryazarligiin bilgi, beceri, deger/tutum ve eylem boyutlari ile
tilkeler aras1 benzerlik ve farkliliklar agisindan analiz edilmistir. Bulgular, incelenen
programlarin tamaminda cevre, dogal kaynaklar, stirdiirtilebilirlik ve insan-doga
iliskisi temalarimin énemli yer tuttugunu gostermektedir. Bununla birlikte yesil enerji
ve yenilenebilir enerji kavramlarmmin programlarda dogrudan ele alinma diizeyi
tilkeler arasinda farklhlasmaktadir. Tiirkiye programi, yenilenebilir enerji, enerji
tasarrufu ve enerji dontisumt kavramlarmi dogrudan o6grenme ciktilar1 ve
etkinliklerle iliskilendirmesi bakimindan 6ne ¢ikmaktadir. Azerbaycan, Kazakistan,
Kirgizistan ve Ozbekistan programlarinda ise yesil enerji okuryazarligi daha ¢cok dogal
kaynaklar, cevre sorunlari, ekolojik biling ve stirdiirtilebilirlik baglaminda dolayl
bicimde yapilandirilmistir. Sonug¢ olarak, Tiirk Devletleri Teskilat: tilkelerinde
cografya egitiminin yesil enerji okuryazarlig: agisindan 6nemli bir potansiyele sahip
oldugu; ancak bu alanin programlarda daha acik, sistematik ve uygulama temelli
bicimde gticlendirilmesine ihtiya¢ bulundugu belirlenmistir.

Anahtar Kelimeler: Yesil enerji okuryazarligi; cografya egitimi; 6gretim programyi;
Ttirk Devletleri Tegkilatr.

Introduction

Climate change, the energy crisis, carbon emissions, biodiversity loss, and the
sustainable use of natural resources are among the main problem areas affecting
education systems on a global scale today. Especially in line with renewable energy,
energy transition, and sustainable development goals, it has become increasingly

important for individuals to develop environmental awareness, energy consciousness,
and sustainable living skills (UNESCO, 2020; United Nations, 2015).

In this context, green energy literacy is considered a multidimensional area of
competence related to individuals’ recognizing energy resources, evaluating the
environmental effects of energy use, analyzing sustainable energy solutions, and
developing environmental responsibility (Monroe et al., 2019). Geography education
has an important role in developing green energy literacy because it directly addresses
topics such as human-nature relationships, natural resource use, environmental

sustainability, energy resources, climate systems, and global environmental problems
(Stevenson, 2007).

Geography courses support students not only in acquiring environmental knowledge,
but also in analyzing environmental problems, establishing cause-effect relationships,
developing sustainable living skills, and participating in environmental decision-
making processes (Hungerford & Volk, 1990). When the development of geography
curricula in Ttirkiye is examined, it is seen that the dimensions of environment,
sustainability, and geographical skills have become more visible, especially in recent
curricula (Kizilcaoglu, 2006).

The Organization of Turkic States (OTS) is an international organization that aims to
develop cooperation among the countries of the Turkic world, especially Ttrkiye,
Azerbaijan, Kazakhstan, Kyrgyzstan, and Uzbekistan, in the fields of education,
culture, and science (Organization of Turkic States, 2021).

14-15 mambip 2026 x., TypkicmaH 173 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

In recent years, common education policies, common instructional materials, and
studies on developing common course contents for the Turkic world have gained
importance within the scope of the OTS. The Turkic World Geography Course
Curriculum, prepared within this scope, emphasizes research, inquiry, problem
solving, project development, and environmental awareness skills (Ministry of
National Education [MoNE], 2022).

In Turkiye, the secondary school geography curriculum includes topics such as
sustainability, energy resources, environmental problems, climate change, and the
conscious use of natural resources to a significant extent. In the current geography
curriculum prepared within the scope of the Tiirkiye Century Education Model, it is
aimed that students analyze environmental problems, develop sustainable living
skills, and evaluate changes in energy use (MoNE, 2024).

In particular, the association of renewable energy, energy conservation, and energy
transition concepts with learning outcomes makes the Turkish curriculum
noteworthy. In Azerbaijan, geography education is structured more around
environment, natural resources, economic geography, and geographical skills. It is
seen that contents related to environmental problems, natural resource use, and
human-nature relationships have an important place in Azerbaijani geography
textbooks (Yildirim & Baloglu Ugurlu, 2023). However, the level at which renewable
energy or green energy concepts are structured as a direct and independent
instructional area appears to be more limited.

In Kazakhstan, functional literacy, environmental awareness, and a geoecological
approach come to the fore in geography education. Geographical skills, environmental
problems, and natural resource management have an important place in education
programs (Akhmetova, 2020).

Emphases on problem solving, analysis, and evaluating environmental processes are
noteworthy. In Kyrgyzstan, geography education is structured around environment,
human-nature relationships, natural resource use, and ecological awareness. Through
geography courses, it is aimed that students develop environmental awareness,
interpret natural processes, and acquire geographical thinking skills (Ismailov, 2019).
However, there is limited evidence that green energy literacy is structured as an
independent and systematic instructional area.

In Uzbekistan, the concepts of “ekologik savodxonlik” (ecological literacy), conscious
use of natural resources, environmental problems, and sustainable development stand

out remarkably in geography curricula (Uzbekistan Ministry of Public Education,
2022).

In the curricula, it is aimed that students analyze environmental problems, think
critically, develop solution proposals, and participate in project-based learning
processes. Although there are many studies in the international literature on
environmental education, education for sustainable development, and climate change
education, it is seen that studies comparatively examining the geography curricula of
the countries of the Organization of Turkic States in terms of green energy literacy are
quite limited (Tilbury, 2011, UNESCO, 2017).
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Existing studies mostly focus on environmental education, sustainability education, or
cultural contents in textbooks. This situation increases the need for comparative
studies that reveal how green energy literacy is structured in the context of geography
curricula in the countries of the Turkic world. In addition, although studies based on
environmental education and sustainability are extensive in the existing literature, it
is seen that studies directly examining green energy literacy comparatively in the
context of geography curricula are quite few.

This research aims to comparatively examine the secondary school geography
curricula of the full member states of the Organization of Turkic States in terms of
green energy literacy. In the research, the secondary school geography curricula of
Turkiye, Azerbaijan, Kazakhstan, Kyrgyzstan, and Uzbekistan were analyzed in terms
of the level of inclusion of green energy and related concepts, the knowledge, skills,
values/attitudes, and action dimensions, and the similarities and differences among
countries. In this respect, it is thought that the study will contribute to understanding
common pedagogical approaches in the fields of environmental sustainability, energy
education, and geography teaching in the Turkic world.

In line with these explanations, the main problem sentence of the study was
determined as follows: “How is green energy literacy addressed in the secondary
school geography curricula of the full member states of the Organization of Turkic
States?”

To find an answer to this question, the following sub-problems were developed.

1. To what extent are the concepts of green energy, renewable energy, sustainable
energy, and energy transition included in the secondary school geography curricula
of the full member states of the Organization of Turkic States?

2. How is green energy literacy structured in these curricula in terms of knowledge,
skills, values/ attitudes, and action dimensions?

3. What similarities and differences exist among the countries’ secondary school
geography curricula in terms of green energy literacy?

Method
Research Design

This study was conducted within the scope of the qualitative research approach using
the document analysis design. Qualitative research aims to examine individuals’
experiences, perceptions, social processes, and meaning structures in their natural
settings (Creswell, 2017).

Document analysis is a data collection and analysis method based on the systematic
examination and interpretation of written documents (Yildirim & Simsek, 2021). In this
study, the secondary school geography curricula of the full member states of the
Organization of Turkic States were comparatively examined in terms of green energy
literacy. The study was structured within the framework of the comparative education
approach. Accordingly, the secondary school geography curricula of Tiirkiye,
Azerbaijan, Kazakhstan, Kyrgyzstan, and Uzbekistan were evaluated in terms of the
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level of inclusion of green energy and related concepts, the knowledge, skills,
values/attitudes, and action dimensions, and the similarities and differences among
countries.

Data Sources

The data sources of the study consisted of the current secondary school geography
curricula of the full member states of the Organization of Turkic States: Tiirkiye,
Azerbaijan, Kazakhstan, Kyrgyzstan, and Uzbekistan. In the study, only current and
accessible curriculum documents published by the ministries of education, official
educational institutions, or official curriculum platforms of the related countries were
used. In this context, the data related to Tiirkiye were obtained from the current
geography curricula published by the Ministry of National Education; the data related
to Azerbaijan were obtained from the geography curricula published by the Ministry
of Education of the Republic of Azerbaijan; the data related to Kazakhstan and
Kyrgyzstan were obtained from the related curriculum documents; and the data
related to Uzbekistan were obtained from curriculum and educational policy
documents emphasizing environment, sustainability, and “ekologik savodxonlik.”

The main data sources used in the study were as follows:

e Geography curricula published by the Ministry of National Education of the
Republic of Turkiye,

e Geography curricula published by the Ministry of Education of the Republic of
Azerbaijan,

« Secondary education geography curricula of Kazakhstan,

« Secondary education geography curricula of Kyrgyzstan,

« Secondary education geography/education curriculum documents of Uzbekistan,
o Turkic World Geography Course Curriculum,

« International policy documents related to sustainable development, environmental
education, and climate change education.

Data Collection Instrument and Data Collection Process

The “Green Energy Literacy Curriculum Review Form” developed by the researcher
was used in collecting the data. While preparing the review form, the literature on
environmental education, education for sustainable development, climate change
education, and green energy literacy were utilized. The following categories were
included in the review form:

« renewable energy,

* energy resources,

e energy transition,

e energy conservation,
e carbon footprint,

« sustainability,
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e environmental problems,

e natural resource use,

« climate change,

« human-nature relationships,

« ecological awareness,

« environmental awareness,

« environmental responsibility,
e problem solving,

« project development,

» practice and action dimension.

The data was collected through the systematic examination of the official curriculum
documents of the related countries. First, the sections in which green energy and
related concepts were directly or indirectly included in the curricula were identified.
Then, learning outcomes, skill areas, values/attitudes dimensions, and practice-
oriented contents were analyzed. Since there were language differences among the
curricula, non-Turkish curriculum documents were examined with translation
support when necessary, and attention was paid to preserving semantic integrity in
conceptual comparisons. In particular, the concept of “ekologik savodxonlik” in the
Uzbekistan curriculum, the functional literacy approach in the Kazakhstan
curriculum, and the emphasis on geoecological competencies in the Kyrgyzstan
curriculum were evaluated within their original conceptual contexts.

Data Analysis

The research data were analyzed using descriptive analysis and content analysis
techniques. Descriptive analysis aims to organize and interpret the obtained data
according to predetermined themes (Yildirim & Simsek, 2021). In content analysis,
similar data are brought together and interpreted within the framework of certain
concepts and themes (Creswell, 2017). Accordingly, in the first stage, green energy and
related concepts included in the curricula were identified; then these concepts were
coded under thematic categories. During the coding process, the curriculum contents
were analyzed under the following sub-themes:

1. the level of inclusion of green energy and related concepts,
2. knowledge dimension,

3. skills dimension,

4. values/ attitudes dimension,

5. action dimension,

6. similarities and differences among countries.

During the analysis process, each country’s curriculum was examined separately, and
then the comparative analysis stage was initiated. The findings were presented
through tables and thematic explanations. Whether green energy literacy was
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structured directly or indirectly in the curricula, and in which contexts the concepts of
sustainability, environmental problems, energy resources, and environmental
awareness were addressed, were comparatively evaluated. In order to increase the
reliability of the study, the same concepts were evaluated within similar semantic
contexts across different curricula, and the original terminologies of the curricula were
taken into consideration while interpreting conceptual differences among countries.
Thus, the ways in which green energy literacy is structured in the secondary school
geography curricula of the countries of the Organization of Turkic States were
revealed through a holistic and comparative approach.

Findings
The Level of Inclusion of Green Energy and Related Concepts in the Curricula

Within the scope of this sub-problem, the secondary school geography curricula of
Turkiye, Azerbaijan, Kazakhstan, Kyrgyzstan, and Uzbekistan were examined. As a
result of the analysis, it was observed that the themes of environment, natural
resources, and sustainability were widely included in the curricula; however, the level
of direct use of the concepts of green energy and renewable energy differed among
countries.

Table 1.

The Level of Inclusion of Green Energy and Related Concepts in the Curricula
Direct
Renewabl Energy Sustainabilit | Environmenta Green
Country e Ener Resource / Ecolo 1 Problems Energy

8y s y 8y Emphasi
s

Turkiye Strong Strong Strong Strong Present
Azerbaijan | Limited | Moderate Moderate Moderate Absent
Kazarlfhsta Limited | Moderate Strong Moderate Absent
Kyrgyzstan | Limited | Moderate Strong Moderate Absent
Uzbekistan | Limited Strong Strong Strong Absent

When Table 1 is examined, it is seen that the concepts of green energy and renewable
energy are included most explicitly in the Turkish secondary school geography
curriculum. In the Turkish curriculum, energy resources, renewable energy, energy
conservation, and changes in energy use are explicitly associated with learning
outcomes.In the Uzbekistan curriculum, however, the energy issue is addressed more
in the context of natural resources, the world economy, environmental problems, and
sustainable development.The concepts of “tabiiy resurslar,” “ekologik muammolar,”
“tabiatdan oqgilona foydalanish,” and “ekologik savodxonlik” are noteworthy in the
curriculum.

14-15 mambip 2026 x., TypkicmaH 178 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

Nevertheless, it was not observed that the concepts of “green energy” or “renewable
energy” was structured as a direct and independent theme in the curriculum.
Similarly, in the curricula of Azerbaijan, Kazakhstan, and Kyrgyzstan, the energy issue
is addressed more indirectly within the framework of natural resources, environment,
economy, and ecological awareness. This situation shows that environmental
sustainability has an important place in the curricula; however, green energy literacy
has not yet turned into a systematic instructional area. When the findings are
evaluated in general, it can be said that the curricula address environmental
sustainability mostly along the axis of ecological awareness and natural resource
management, whereas the instructional framework that directly structures energy
transition and green energy literacy remains more limited.

The Structuring of Green Energy Literacy in Terms of Knowledge, Skills,
Values/Attitudes, and Action Dimensions

Within the scope of this sub-problem, not only the conceptual contents of the curricula
but also the knowledge, skills, values/attitudes, and practice dimensions that they aim
to develop in students were analyzed. The findings show that environmental
awareness and geographical skills come to the fore in most countries.

Table 2.

Distribution of the Curricula According to the Dimensions of Green Energy Literacy
Country Knowledge Skills Values/ Attitudes Action
Turkiye Strong Strong Strong Strong

Azerbaijan Strong Strong Moderate Limited
Kazakhstan Strong Moderate Moderate Limited
Kyrgyzstan Strong Moderate Moderate Limited
Uzbekistan Strong Strong Strong Moderate

According to Table 2, the Turkish curriculum appears to be the most comprehensive
structure that includes all four dimensions together. In the curriculum, students are
expected to analyze energy resources, interpret changes in energy use, develop social
responsibility activities related to energy conservation, and make future-oriented
inferences. In the Uzbekistan curriculum, the dimensions of ecological awareness and
environmental awareness appear to be particularly strong.

In the curriculum, students are expected to understand the importance of natural
resources, explain the causes of environmental problems, develop solution proposals
for environmental problems, and analyze the relationship between nature and
humans. In addition, the emphases on “ekologik savodxonlik,” “tanqidiy fikrlash,”
“ijjodkorlik,” “o’quv tadqiqotlari,” and “loyihalashtirish” in the curriculum are
noteworthy. This situation strengthens the skills and values/attitudes dimensions of
the Uzbekistan curriculum. In the Kazakhstan and Kyrgyzstan curricula, geoecological
competencies, functional literacy, problem solving, and environmental awareness
come to the fore. However, in these curricula, the direct practice or social action
dimension related to green energy appears to be more limited.
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Similarities and Differences Among the Curricula

Within the scope of this sub-problem, the curricula of the countries were evaluated
comparatively. The findings show that there is a common approach among the
curricula in terms of environmental sustainability and the human-nature relationship;
however, the level at which green energy literacy is structured differs.

Table 3.
Approaches of the Curricula to Green Energy Literacy
Country Type of Approach Main Focus
Tiirkiye Direct Renewable energy.and
energy conservation
Azerbaijan Indirect Env1ronment ar.1d
geographical skills
Kazakhstan Indirect Ecology 'and functional
literacy
Kyrgyzstan Indirect Geoecological competence
Uzbekistan Indirect-Strong Ecological awereness and
sustainability

When Table 3 is examined, it is seen that most of the curricula structure green energy
literacy indirectly. In countries other than Ttirkiye, the green energy issue is addressed
not as an independent learning area but in the context of environmental problems,
natural resource use, sustainability, and the human-nature relationship. The Turkish
curriculum appears to be the strongest structure, as it uses the concept of renewable
energy directly and supports it with activities, projects, and social responsibility
studies. The Uzbekistan curriculum, on the other hand, is noteworthy in terms of
environmental awareness, ecological literacy, and a sustainable living approach. In the
curriculum, students are expected to analyze environmental problems, use natural
resources consciously, and develop solution proposals for environmental problems.
Overall, environment and sustainability stand out as common themes in the secondary
school geography curricula of the full member states of the Organization of Turkic
States. However, it is seen that green energy literacy has not yet become a common,
explicit, and systematic instructional area.

Conclusion and Recommendations

In this study, the curricula, program outcomes, course contents, and course schedules
of seven universities with active geography teacher education programs in Tiirkiye
were examined from the perspective of the green transition. The findings of the study
demonstrated that geography teacher education programs in Tiirkiye largely provide
the geographical knowledge and spatial thinking infrastructure required for the green
transition; however, the green transition has not yet been sufficiently structured in
these programs as an explicit, systematic, and practice-oriented teacher education
approach. The findings related to the first sub-problem revealed that courses directly
titled “green transition,” “sustainable energy,” “energy transition,” or “climate action”

ai
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are quite limited in the programs. On the other hand, it was determined that areas such
as physical geography, climatology, hydrology, natural resources, environmental
problems, disasters, sustainability, GIS, and field studies are strongly represented in
the programs. This situation indicates that geography teacher education programs
provide the basic geographical infrastructure necessary for the green transition;
however, this infrastructure is not directly organized within a holistic green transition
framework.

Among the programs, Marmara University stood out because climate change,
sustainability, and environmental problems were more explicitly structured at the
level of program outcomes, and the course “Sustainable Geography” directly
supported this field. While a strong physical geography and climatology infrastructure
was remarkable in Dokuz Eyliill University, field studies and practice-oriented
structures came to the fore in Necmettin Erbakan and Dicle Universities. At Atatiirk
University, current field studies and the practice dimension attracted attention,
whereas at Canakkale Onsekiz Mart University, teaching practice and school
experience courses provided significant potential in terms of professional transfer. The
findings related to the second sub-problem showed that the programs were
particularly strong in terms of knowledge and skills dimensions. Courses such as
physical geography, climatology, economic geography, natural resources, and
disasters provide prospective teachers with a strong theoretical foundation concerning
climate, environment, and human-nature relationships. In addition, practice
components such as GIS, remote sensing, map literacy, spatial analysis, and teaching
practice support prospective teachers’ geographical thinking and analytical skills.
However, it was determined that the action dimension of the programs was more
limited.

Although school experience, teaching practice, field studies, and some project-based
courses exist in the programs, no strong evidence was found showing that these
components are systematically integrated with areas such as green transition,
sustainable energy education, carbon reduction, or climate action. Therefore, it can be
stated that the programs possess a strong infrastructure in terms of knowledge and
skills related to the green transition, but a clearer framework is needed for
transforming this infrastructure into instructional action and classroom practice
design. The findings related to the third sub-problem demonstrated that the general
structures of the programs are largely similar. In all programs, the classical teacher
education structure consisting of subject matter knowledge, pedagogical content
knowledge, general culture, and practice courses is maintained. However, the main
difference among the programs lies in the visibility level of concepts related to the
green transition. While sustainability, environmental problems, and climate change
are emphasized more explicitly in some programs, these concepts are addressed more
indirectly within themes such as physical geography or environmental studies in
others.

Overall, geography teacher education programs in Tiirkiye provide prospective
teachers with a strong infrastructure of geographical knowledge and spatial analysis.
However, areas that are increasingly important today—such as green transition,
sustainable energy, energy efficiency, carbon reduction, and climate action—need to
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be structured in the programs through more visible, interdisciplinary, and practice-
oriented approaches. In particular, integrating sustainable energy education, climate
change mitigation, environmental citizenship, and green transition pedagogy into
teaching practice courses may strengthen the function of geography teacher education
programs in the face of current global transformations.

Recommendations

e Compulsory or elective courses directly including themes such as “green transition,”
“sustainable energy,” “climate action,” and “carbon reduction” should be developed
in geography teacher education programs.

e Courses such as physical geography, climatology, natural resources, and
environmental problems should be more explicitly associated with sustainable energy,
energy transition, and environmental policy dimensions.

e Teaching practice and school experience courses in the programs should be
supported with green transition-based instructional designs and sustainable energy
education activities.

¢ Applied courses such as GIS, remote sensing, and spatial analysis should be enriched
with application examples related to climate change, disaster risks, energy use, and
environmental sustainability.

e To ensure that prospective teachers” environmental awareness does not remain only
at the knowledge level, more practice-based project studies focusing on carbon

footprint reduction, energy conservation, sustainable living, and climate action should
be included.

e A common framework regarding green transition pedagogy should be developed in
geography teacher education programs in order to ensure standardization and up-to-
dateness among programs.
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Tiirkiye’de Lise Cografya Ders Kitaplarinda iklim Degisikligi-Yenilenebilir Enerji
Iliskisi: Bir Dokiiman Analizi Calismasi

The Climate Change - Renewable Energy Relationship in Turkish High School School
Geography Textbooks: A Document Analysis Study
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Ozet

Bu arastirmanin amaci, Tiirkiye’de lise cografya ders kitaplarmnda iklim degisikligi-
yenilenebilir enerji iliskisinin nasil yapilandirildigini incelemektir. Arastirma, nitel
arastirma yaklasimi kapsaminda dokiiman analizi deseniyle yiirttiilmistiir.
Arastirmanin veri kaynaklarmi Milli Egitim Bakanlig tarafindan okutulmas: uygun
gortilen 9, 10, 11 ve 12. siuf cografya ders kitaplar1 olusturmustur. Ders kitaplarinda
yer alan metinler, gorseller, etkinlikler ve degerlendirme igerikleri; iklim degisikligi,
yenilenebilir enerji, stirdiiriilebilirlik, karbon salimi, enerji tasarrufu, gevresel
farkindalik, cevresel sorumluluk ve insan-doga iliskisi baglaminda analiz edilmistir.
Bulgular, iklim degisikligi, cevre sorunlari, stirdiiriilebilirlik ve enerji kaynaklar:
konularmin kitaplarda farkli smif diizeylerinde yer aldigini; ancak yogunluk ve
sistematiklik bakimindan smiflar arasinda farklilik bulundugunu gostermektedir. 9.
sinif kitabinda iklim sistemi ve siirdiiriilebilir ¢evre konular1 daha ¢ok farkindalik
diizeyinde ele alinirken, 10. sinif kitabinda afetler, stirdiirtilebilir cevre, afet bilinci ve
direncli yasam alanlar1 6ne ¢ikmustir. 11. sinif kitabinda enerji kaynaklari, alternatif
kaynaklar ve dogal kaynaklarin stirdiirtilebilir kullanimi daha belirgin bicimde
islenmistir. 12. smif kitabinda ise kiiresel iklim degisikligi, kuraklik ve dogal
sistemlerin gelecegi konular1 dogrudan iklim degisikligi baglaminda ele alinmstir.
Sonuclar, ders kitaplarinda bilgi, gorsel farkindalik ve deger/tutum boyutlarinin
gliclii; buna karsilik uygulama, gevresel eylem ve yenilenebilir enerjiye dayali ¢6ziim
tiretme boyutlarinin siirlh oldugunu gostermektedir. Bu nedenle iklim degisikligi-
yenilenebilir enerji iliskisinin ders kitaplarinda daha agik, biittinciil ve eylem odakh
bicimde gticlendirilmesine ihtiyag vardir.

Anahtar Kelimeler: Tklim degisikligi; yenilenebilir enerji; cografya ders kitaplary;
dokiiman analizi.

Abstract

The aim of this study is to examine how the climate change-renewable energy
relationship is structured in Turkish high school school geography textbooks. The
study was conducted within the framework of a qualitative research approach using
a document analysis design. The data sources of the study consisted of 9th, 10th, 11th,
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and 12th grade geography textbooks approved by the Turkish Ministry of National
Education for instructional use. The texts, visuals, activities, and assessment contents
included in the textbooks were analyzed within the context of climate change,
renewable energy, sustainability, carbon emissions, energy conservation,
environmental awareness, environmental responsibility, and human-nature
relationships. The findings revealed that climate change, environmental issues,
sustainability, and energy resources were addressed across different grade levels;
however, there were notable differences among grades in terms of intensity and
systematic organization. In the 9th grade textbook, climate systems and sustainable
environment themes were addressed primarily at the level of awareness raising,
whereas the 10th grade textbook emphasized disasters, sustainable environments,
disaster awareness, and resilient living spaces. In the 11th grade textbook, energy
resources, alternative resources, and the sustainable use of natural resources were
addressed more extensively. In the 12th grade textbook, global climate change,
drought, and the future of natural systems were discussed directly within the context
of climate change. The results indicate that while the textbooks strongly emphasize
knowledge, visual awareness, and values/attitudes, they provide limited content
related to practical implementation, environmental action, and renewable energy-
based solution development. Therefore, there is a need to strengthen the climate
change-renewable energy relationship in geography textbooks through more explicit,
holistic, and action-oriented approaches.

Keywords: climate change; renewable energy; geography textbooks; document
analysis.

Ana Problem

Turkiye’de lise cografya ders kitaplarinda iklim degisikligi-yenilenebilir enerji iliskisi
nasil yapilandirilmistir?

Alt Problemler

1. Turkiye’de lise cografya ders kitaplarinda iklim degisikligi ve yenilenebilir enerji
kavramlarina hangi diizeyde yer verilmistir?

2. Lise cografya ders kitaplarinda iklim degisikligi-yenilenebilir enerji iliskisi bilgi,
beceri, deger/tutum ve eylem boyutlar: acisindan nasil yapilandirilmistir?
3. Ders kitaplarinda yer alan metin, gorsel, etkinlik ve degerlendirme igerikleri

surdirtlebilirlik ve cevresel farkindalik acgisindan nasil bir yaklasim ortaya
koymustur?

Yontem
Arastirma Deseni

Bu arastirma, nitel arastirma yaklasimi kapsaminda dokiiman analizi deseni
kullanilarak ytirtitiilmiistiir. Arastirmada Turkiye’de ortadgretim diizeyinde okutulan
lise cografya ders kitaplari, iklim degisikligi-yenilenebilir enerji iliskisi acisindan
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incelenmistir. Calismada ders kitaplarinda yer alan metinler, gorseller, etkinlikler ve
degerlendirme icerikleri sistematik bicimde analiz edilmistir.

Veri Kaynaklar1

Arastirmanin veri kaynaklarimi Milli Egitim Bakanlig: tarafindan 2024-2025 egitim
ogretim yilinda okutulmasi uygun gortilen 9, 10, 11 ve 12. sinif cografya ders kitaplar:
olusturmustur. Arastirmada yalnizca resmi 6gretim stirecinde kullanilan giincel ders
kitaplar1 analiz kapsamina alinmustir.

Veri Toplama Araci ve Verilerin Toplanmasi

Verilerin toplanmasinda arastirmact tarafindan gelistirilen “Iklim Degisikligi-
Yenilenebilir Enerji Icerik Analizi Formu” kullanilmistir. Form kapsaminda;

« iklim degisikligi,

« yenilenebilir enerji,

o stirdiirtilebilirlik,

e karbon salima,

« enerji tasarrufu,

e cevresel farkindalik,

e cevresel sorumluluk,

« insan-doga iliskisi

gibi kavramlara iliskin icerikler analiz edilmistir.

Ayrica ders kitaplarinda yer alan gorseller, haritalar, grafikler, etkinlikler, proje
onerileri ve degerlendirme sorular1 da inceleme kapsamina alinmistir. Veriler, ders
kitaplarinin dijital ve basili niishalarmin sistematik bicimde incelenmesi yoluyla
toplanmustir.

Verilerin Analizi

Arastirma verileri betimsel analiz ve icerik analizi teknikleri kullanilarak analiz
edilmistir. Ik asamada ders kitaplarinda iklim degisikligi ve yenilenebilir enerji ile
iligkili icerikler belirlenmis; ardindan bu igerikler bilgi, beceri, deger/tutum ve eylem
boyutlar1 altinda kodlanmustur.

Metin igeriklerinin yan1 sira gorsel ve etkinlik temelli unsurlar da stirdtirtilebilirlik ve
cevresel farkindalik acisindan degerlendirilmistir. Analiz stirecinde frekans tablolari,
tema kategorileri ve igerik yogunluklar1 kullamilmistir. Bulgular sinif diizeyleri ve
igerik tiirleri acisindan karsilastirmali bicimde yorumlanmustr.

Bulgular

1. Lise Cografya Ders Kitaplarinda iklim Degisikligi ve Yenilenebilir Enerji
Kavramlar:

Bu alt problem kapsaminda 9, 10, 11 ve 12. smif cografya ders kitaplarinda iklim
degisikligi ve yenilenebilir enerji kavramlarimin yer alma diizeyi incelenmistir. Analiz
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sonuglari, soz konusu kavramlarin 6zellikle 11. ve 12. sinif kitaplarinda daha yogun
ve sistematik bigcimde ele alindigini gostermistir.

9.smuf kitabinda “Iklim Sisteminde Yasanan Degisiklikler” ile “Afetler ve
Surdtirtlebilir Cevre” bashklarinin yer aldig1 goriilmektedir. Bu durum, cevre ve
strdirilebilirlik konularinin erken smif diizeyinde farkindalik temelli bicimde ele
alindigini gostermektedir.

10. siuf kitabinda ise “ Afetler ve Stirdiirtilebilir Cevre” tinitesine yer verilmis; cevresel
riskler, afet bilinci ve direngli yasam alanlar1 gibi konularin 6ne ciktig1 belirlenmistir.
Ancak iklim degisikligi-yenilenebilir enerji iliskisine dogrudan vurgu smnirh kalmastir.

11. siuf kitabinda “Tiirkiye’de Madenler ve Enerji Kaynaklar1”, “Maden ve Enerji
Kaynaklarinin ~ Cevre Uzerindeki Etkileri”, “Yenilenemeyen Kaynaklarin
Ttikenebilirligi ve Alternatif Kaynaklar” ile “Dogal Kaynaklarin Stirdiriilebilir
Kullanimi ve Geri Dontistim Stratejileri” basliklarinin bulundugu gortilmektedir. Bu
durum, yenilenebilir enerji ve stirdiiriilebilirlik temasinin en yogun bicimde 11. siruf
diizeyinde yapilandirildigini gostermektedir.

12. sinuf kitabinda ise “Kiiresel Iklim Degisikligi”, “Kuraklik” ve “Dogal Sistemlerin
Gelecegi” bashklarmin dogrudan iklim degisikligi ekseninde ele alindig:
belirlenmistir.

13.

Tablo 1. Sinif Diizeylerine Gore Iklim Degisikligi ve Yenilenebilir Enerji
Iceriklerinin Dagilim1

Siif  Iklim Degisikligi Yenilenebilir Enerji Siirdiiriilebilirlik Cevre Sorunlar1

9. Sif Orta Simirlt Orta Orta
10. Sinaf Orta Sinirh Giiclu Giiclu
11. Sinuaf Giclu Giclu Giclu Giclu
12. Sinuf Giiclu Orta Orta Giiclu

Alt Probleme Iliskin Vurucu Gorseller

9. smuf kitabindaki “Iklim Sisteminde Yasanan Degisiklikler” bolimit, iklim
stire¢lerinin degisimini gevresel sistem yaklasimiyla ele almaktadir.

11. smif kitabindaki “Yenilenemeyen Kaynaklarmn Tiikenebilirligi ve Alternatif
Kaynaklar” baghgi, enerji dontisimiinii dogrudan stirdiirtilebilirlik baglaminda
tartismaktadair.
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2. Lise Cografya Ders Kitaplarinda Iklim Degisikligi-Yenilenebilir Enerji
Iliskisinin Bilgi, Beceri, Deger/Tutum ve Eylem Boyutlar1

Bu alt problem kapsaminda ders kitaplarinda yer alan igerikler bilgi, beceri,
deger/tutum ve eylem boyutlar1 agisindan analiz edilmistir. Bulgular, kitaplarda bilgi
boyutunun giiclii bicimde yapilandirildigini; eylem boyutunun ise simrli kaldigmi
gostermektedir.

Bilgi boyutunda enerji kaynaklari, dogal kaynak kullanimi, cevre sorunlari, kiiresel
iklim degisikligi ve stirdiirtilebilirlik konularinin yogun bicimde islendigi
belirlenmistir. Ozellikle 11. simf kitabinda enerji kaynaklari ile cevresel etkiler
arasindaki iliskinin sistematik bicimde ele alindig1 goriilmektedir.

Beceri boyutunda 6grencilerin harita yorumlama, grafik analiz etme, neden-sonug
iliskisi kurma ve cevresel siirecleri degerlendirme becerilerini gelistirmeye yonelik
etkinliklerin yer aldig1 belirlenmistir. 10. sinif kitabindaki afet bilinci ve stirdtirtilebilir
cevre etkinlikleri bu agidan dikkat cekmektedir.

Deger/tutum boyutunda cevresel farkindalik, dogal kaynaklarin bilingli kullanimi ve
strdirilebilir yasam anlayis1 6n plana ¢ikmaktadir. Kitaplarda ¢evre sorunlarinin
kiiresel etkilerine sik¢a vurgu yapildig goriilmektedir.

Eylem boyutunda ise ogrencileri dogrudan cevresel uygulamalara yonlendiren
iceriklerin gorece siirli oldugu belirlenmistir. Yenilenebilir enerji kullanimina yonelik
toplumsal katilim, bireysel karbon ayak izi azaltimi1 veya enerji tasarrufu uygulamalar:
daha ¢ok teorik diizeyde ele alinmustur.

Tablo 2. Ders Kitaplarinda iklim Degisikligi-Yenilenebilir Enerji Okuryazarlig
Boyutlar1

Boyut Diizey
Bilgi Gigclu
Beceri Orta
Deger/Tutum Giclu
Eylem Sinirl

Alt Probleme Iliskin Vurucu Gorseller

10. sinuf kitabindaki “Afet Bilinci” ve “Direncli Yasam Alanlar1” temalar1 6grencilerde
cevresel duyarlilik gelistirmeyi hedeflemektedir.

11. simif kitabindaki “Dogal Kaynaklarin Stirdirtilebilir Kullanimi ve Geri Dontistim
Stratejileri” bolumii stirdirtilebilir yasam kiilturiinti  destekleyen igerikler
sunmaktadir.
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3. Ders Kitaplarinda Yer Alan Metin, Gorsel, Etkinlik ve Degerlendirme
Iceriklerinin Siirdiiriilebilirlik ve Cevresel Farkindalik A¢isindan Yaklasimi

Bu alt problem kapsaminda ders kitaplarinda yer alan metinler, gorseller, etkinlikler
ve degerlendirme igerikleri siirdiiriilebilirlik ve cevresel farkindalik acisindan
incelenmistir. Bulgular, kitaplarin genel olarak cevre merkezli ve stirdiirtilebilirlik
odakl1 bir yaklagim benimsedigini gostermektedir.

Metin iceriklerinde cevre sorunlari, enerji kaynaklari, dogal kaynak kullanimi ve iklim
degisikliginin kiiresel etkileri yogun bicimde ele alinmigtir. Ozellikle 12. siuf
kitabindaki “Kiiresel Iklim Degisikligi” ve “Dogal Sistemlerin Gelecegi” bagliklari
ogrencilerin  kiiresel ¢evre sorunlarina iliskin farkindalik gelistirmesini
amaclamaktadir.

Gorsel iceriklerde kuraklik, orman yanginlari, sanayi faaliyetleri, cevre kirliligi ve
dogal afetlere iliskin gorsellerin yogun bicimde kullanmildig1 goriilmiistiir. Bu gorseller
araciligiyla 6grencilerde gevresel risk algisi ve stirdiirtilebilirlik bilinci olusturulmaya
calisilmastir.

Etkinlik iceriklerinde 6grencilerin cevre sorunlarini analiz etmeleri, ¢6ztim 6nerileri
gelistirmeleri ve stirdiirtilebilir yasam tizerine dustinmeleri hedeflenmistir. Ancak
uygulama temelli cevresel proje drneklerinin siirli oldugu belirlenmistir.

Tablo 3. Icerik Tiirlerine Gore Siirdiiriilebilirlik Yaklagimi

Icerik Tiiri Kullanim Diizeyi Temel Amag

Metinler Giglu Kavramsal farkindalik gelistirme
Gorseller Giiclu Cevresel duyarlhlik olusturma
Etkinlikler Orta gg?;;zr meVe yorumlama becerisi
Degerlendirme Sorular1 Orta Kavramsal 6grenmeyi 6lcme

Alt Probleme Iliskin Vurucu Gorseller

10. sinif kitabinda “Afetler ve Siirdurtlebilir Cevre” tinitesinde kullanilan orman
yangin gorselleri cevresel risk algisinmi giiclendirmektedir.

12. sinif kitabindaki “Kiiresel Tklim Degisikligi” ve “Kuraklik” igerikleri kiiresel gevre
sorunlarinin gelecege etkisini vurgulayan gorsel ve metinsel yap1 sunmaktadir.

Sonug ve Oneriler

Bu arastirmada Tiirkiye’de okutulan 9, 10, 11 ve 12. simif cografya ders kitaplari, iklim
degisikligi-yenilenebilir enerji iliskisi agisindan incelenmistir. Bulgular, iklim
degisikligi, cevre sorunlari, stirdiirtilebilirlik ve enerji kaynaklar1 konularinin ders
kitaplarinda farkli smif diizeylerinde yer aldigini; ancak bu konularin yogunluk ve
sistematiklik bakimindan smiflar arasinda farklilastigini gostermektedir. 9. smif
kitabinda iklim sistemi ve stirdiiriilebilir ¢evre konular1 daha ¢ok farkindalik
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diizeyinde ele alinirken, 10. simif kitabinda afetler, stirdiiriilebilir cevre, afet bilinci ve
direncli yasam alanlar1 6n plana ¢ikmistir. 11. siuf kitabinda enerji kaynaklari,
yenilenemeyen kaynaklarin tiikenebilirligi, alternatif kaynaklar ve dogal kaynaklarin
strdirilebilir kullanim1 daha belirgin bicimde islenmistir. 12. sif kitabinda ise
kiiresel iklim degisikligi, kuraklik ve dogal sistemlerin gelecegi konular1 dogrudan
iklim degisikligi baglaminda ele alinmustir.

Arastirmanin ilk alt problemine iliskin bulgular, iklim degisikligi ve yenilenebilir
enerji kavramlarimin ders kitaplarinda aym yogunlukta yer almadigim
gostermektedir. Tklim degisikligi konusu ozellikle 12. siuf kitabinda daha acik
bicimde ele alinirken, yenilenebilir enerji ve alternatif enerji kaynaklar: temas: en
giclt bigcimde 11. smif kitabinda gortlmiistiir. Bu durum, iklim degisikligi-
yenilenebilir enerji iliskisinin ders kitaplarinda biuittinciil ve stirekli bir 6grenme hatt1
olarak degil, smf diizeylerine dagilmis temalar {izerinden yapilandirildigin
gostermektedir.

Ikinci alt probleme iliskin bulgulara gore ders kitaplarinda bilgi boyutu giiclii, beceri
ve deger/tutum boyutlari orta-giiclii, eylem boyutu ise sinirli diizeydedir. Kitaplarda
enerji kaynaklari, dogal kaynak kullanimi, cevre sorunlari, kiiresel iklim degisikligi ve
strdurilebilirlik konularma iliskin kavramsal aciklamalar belirgin bicimde yer
almaktadir. Bununla birlikte 6grencileri dogrudan yenilenebilir enerji kullanimi, enerji
tasarrufu, karbon ayak izini azaltma veya iklim degisikligiyle miicadeleye yonelik
uygulamalara yonlendiren icerikler stnurli kalmistr.

Uctincii alt probleme iliskin bulgular, ders kitaplarinda metin ve gorsel igeriklerin
cevresel farkindalik olusturmada gitiglii bir isleve sahip oldugunu gostermektedir.
Kuraklik, orman yangini, cevre kirliligi, sanayi faaliyetleri, enerji kaynaklar: ve dogal
afetlere iliskin gorseller ©Ogrencilerde cevresel risk algis1 olusturmay:
desteklemektedir. Etkinlik ve degerlendirme icerikleri ise daha c¢ok analiz etme,
yorumlama, neden-sonug iliskisi kurma ve kavramsal 6grenmeyi Ol¢me islevi
gormektedir. Ancak uygulama temelli cevresel proje, toplumsal katilim ve davramns
gelistirme boyutlarmin siirli oldugu sonucuna ulasilmistir.

Genel olarak degerlendirildiginde, lise cografya ders kitaplar1 iklim degisikligi ve
yenilenebilir enerji konularin cevre, stirdirtilebilirlik ve dogal kaynak kullanimi
baglaminda ele almaktadir. Ancak iki kavram arasindaki iliski ders kitaplarinda agik,
biittinciil ve eylem odakli bir yapi iginde yeterince gortintir degildir. Bu nedenle iklim
degisikligi-yenilenebilir enerji iliskisinin 6grencilerde yalmzca bilgi ve farkindalik
degil, ayn1 zamanda beceri, tutum ve cevresel eylem gelistirecek bicimde yeniden
gliclendirilmesine ihtiya¢ bulunmaktadir.

Oneriler

1. Lise cografya ders kitaplarinda iklim degisikligi ve yenilenebilir enerji konular1 ayr
temalar olarak degil, neden-sonug ve ¢6ztim iliskisi iginde daha biitiinctil bicimde ele
alinmalidir.

2.9 ve 10. sif kitaplarinda yenilenebilir enerji, enerji verimliligi ve enerji tasarrufu
igerikleri gtigclendirilerek erken sinif diizeylerinden itibaren stireklilik saglanmalidir.
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3. 11 smf kitabinda yer alan enerji kaynaklari, alternatif kaynaklar ve stirdiirtilebilir
kullanim igerikleri; iklim degisikligiyle miticadele, karbon salimi ve enerji dontistimii
baglaminda daha agik bigimde iliskilendirilmelidir.

4.12 smf kitabindaki kiiresel iklim degisikligi ve kuraklik igerikleri, yenilenebilir
enerji ¢oztimleriyle daha dogrudan baglantilandirilmalidir.

5. Ders kitaplarinda yalmzca kavramsal agiklama ve gorsel farkindalik degil;
ogrencilerin enerji tasarrufu, karbon ayak izi azaltimi ve yenilenebilir ener;ji kullanimi
konusunda uygulama yapmalarini saglayacak etkinliklere daha fazla yer verilmelidir.

6. Degerlendirme sorular1 bilgi 6lgmenin Gtesine gecerek 6grencilerin iklim
degisikligi-yenilenebilir enerji iliskisine yonelik analiz, karar verme, ¢6ziim tiretme ve
eylem plani gelistirme becerilerini 6l¢melidir.
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Preparing Geography Teachers for the Green Transition: An Analysis of
Geography Teacher Education Programs in Tiirkiye

Yesil Doniistim Igin Cografya Ogretmeni Yetistirmek: Tiirkiye’deki Cografya
Ogretmenligi Programlarinin Analizi

Eyiip Artvinli
Prof. Dr., Eskisehir Osmangazi University, Faculty of Education, Eskisehir, Ttirkiye
Niyazi Kaya
Assoc. Prof. Dr., Eskisehir Osmangazi University, Faculty of Education, Eskisehir, Tiirkiye

Abstract

The aim of this study is to examine how geography teacher education programs in
Turkiye prepare prospective teachers for geography education related to the green
transition, sustainable energy, and climate change. The study was conducted within
the framework of a qualitative research approach using a document analysis design.
The data sources consisted of official web pages, Bologna information packages,
course catalogs, program introduction pages, updated curricula, and course schedule
announcements of geography teacher education programs at Atatiirk University,
Canakkale Onsekiz Mart University, Dicle University, Dokuz Eyliil University, Gazi
University, Marmara University, and Necmettin Erbakan University. Data were
collected through the “Green Transition-Oriented Geography Teacher Education
Program Review Form” and analyzed in terms of green transition, sustainability,
climate change, environmental education, renewable energy, energy resources,
disaster and risk education, sustainable development, ecological citizenship, and
practice/activity dimensions in geography teaching. The findings revealed that
courses directly titled “green transition,” “sustainable energy,” “energy transition,” or
“climate action” were limited across the programs. However, courses and content
related to physical geography, -climatology, hydrology, mnatural resources,
environmental issues, disasters, GIS, field studies, and teaching practice provided a
strong indirect foundation for the green transition. The programs were found to be
strong in terms of knowledge and skills dimensions, while remaining relatively
limited in action-oriented dimensions such as sustainable energy education, carbon
reduction, and green transition pedagogy. As a result, geography teacher education
programs in Tiirkiye need to be restructured through more explicit, holistic,
interdisciplinary, and practice-oriented approaches in the context of the green
transition.

Keywords: green transition; geography teacher education; sustainable energy; teacher
education.
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Ozet

Bu arastirmanin amaci, Tiirkiye’deki cografya 6gretmenligi programlarinin 6gretmen
adaylarini yesil dontistim, stirdtiirtilebilir enerji ve iklim degisikligiyle iliskili cografya
egitimi acisindan nasil hazirladigini incelemektir. Arastirma, nitel arastirma yaklasimi
kapsaminda dokiiman analizi deseniyle yiirtitiilmistiir. Veri kaynaklarim1 Atattirk
Universitesi, Canakkale Onsekiz Mart Universitesi, Dicle Universitesi, Dokuz Eyliil
Universitesi, Gazi Universitesi, Marmara Universitesi ve Necmettin Erbakan
Universitesi'nin resmi web sayfalari, Bologna bilgi paketleri, ders kataloglari, program
tanitim sayfalari, gtincel Ogretim planlar1 ve ders programi duyurular
olusturmaktadir. Veriler, “Yesil Doniisim Odakli Cografya Ogretmenligi Programi
Inceleme Formu” araciligiyla toplanmus, yesil dontistim, strdiriilebilirlik, iklim
degisikligi, cevre egitimi, yenilenebilir enerji, enerji kaynaklari, afet ve risk egitimi,
surdiirtilebilir ~ kalkinma, ekolojik vatandaslik ve cografya Ogretiminde
uygulama/ etkinlik boyutu agisindan analiz edilmistir. Bulgular, programlarda “yesil
dontstim”, “stirdurtlebilir enerji”, “enerji dontisimii” veya “iklim eylemi” bashgini
dogrudan tasiyan derslerin gorece azinlikta oldugunu gostermektedir. Buna karsilik
tiziki cografya, klimatoloji, hidrografya, dogal kaynaklar, cevre sorunlari, afetler, CBS,
arazi calismalar1 ve 6gretmenlik uygulamasi gibi ders ve igerikler yesil doniistim igin
dolayli bir altyap:r saglamaktadir. Programlarin bilgi ve beceri boyutlarinda giiclii
oldugu, ancak eylem, stirdiiriilebilir enerji egitimi, karbon azaltimi ve yesil dontistiim
pedagojisi boyutlarinda daha sinirli kaldigr belirlenmistir. Sonug¢ olarak, cografya
ogretmenligi programlarinin yesil dontisim acisindan daha acik, biittinctil, disiplinler
arasl ve uygulama odakli bicimde yeniden yapilandirilmasi 6nerilmektedir.

Anahtar Kelimeler: Yesil dontistim; cografya 6gretmenligi; stirdurtilebilir enerji;
O0gretmen egitimi.

Introduction

The climate crisis, biodiversity loss, energy security problems, and environmental
degradation have placed the concept of green transition at the center of global policy
agendas and educational discussions (United Nations, 2015). The green transition is
addressed as a multidimensional transformation process requiring the restructuring
of economic, social, and educational systems through sustainability, renewable
energy, carbon reduction, climate action, and environmentally sensitive production-
consumption models (European Commission, 2019). In this context, education systems
are expected not only to transfer environmental knowledge, but also to develop

sustainability-oriented skills, values, attitudes, and action competencies (UNESCO,
2020).

Climate change is one of the most critical components of the green transition because
of the ecological, economic, political, and social consequences it creates at local and
global scales (IPCC, 2023). Limiting global warming and reducing greenhouse gas
emissions necessitate the transition from fossil fuel-based energy systems to renewable
energy, energy efficiency, and low-carbon development models (International
Renewable Energy Agency, 2023). Therefore, education systems should be structured
in ways that support students in understanding environmental crises, critically
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evaluating sustainability issues, and participating in climate action processes
(Stevenson et al., 2017).

Teacher education programs have a strategic function in realizing sustainability-
oriented educational transformation because teachers are among the main actors
shaping students’ environmental awareness, climate literacy, and sustainability
competencies (UNESCO, 2024). The teacher education literature demonstrates that
sustainability education should be addressed not only as an independent course, but
also as a holistic approach spread across different components of the program (Evans
et al., 2017). Therefore, it is important for teacher education programs to integrate
themes such as climate change, sustainable development, renewable energy,
environmental citizenship, and ecological responsibility into both program structures
and instructional practices (Ferreira et al., 2007).

Geography education provides a strong disciplinary basis in terms of green transition
because it addresses human-nature-environment-economy-resource relationships
through a spatial and holistic approach (Lambert & Morgan, 2010). Geography courses
and geography teacher education programs can bring together issues such as climate
systems, natural resources, disasters, environmental problems, energy resources, land
use, sustainability, and spatial analysis within the same disciplinary framework (Butt,
2011). Therefore, training prospective geography teachers with strong knowledge,
skills, and action competencies regarding green transition, sustainable energy, and
climate change is critically important in terms of sustainability-oriented educational
policies (Jorgenson et al., 2019).

Research on climate change education reveals that merely transferring knowledge is
not sufficient for behavioral change and action development (Monroe et al., 2019). It is
emphasized that children and young people should be positioned not only as
recipients of information regarding climate change, but also as actors who express
opinions, make decisions, and participate in action (Rousell & Cutter-Mackenzie-
Knowles, 2020). Therefore, prospective teachers should be supported with applied
competencies such as sustainability-oriented instructional design, environmental
problem solving, climate action, and ecological citizenship (Cantell et al., 2019).
UNESCO (2015) emphasizes that climate change education should support practical
environmental awareness and sustainability-oriented action competencies.

Sustainable energy education is one of the fundamental components of the green
transition because the transition to renewable energy constitutes a central policy area
in terms of reducing carbon emissions and combating climate change (International
Energy Agency, 2024). Renewable energy literacy includes dimensions such as
understanding energy systems, evaluating the environmental impacts of energy
resources, analyzing sustainable energy policies, and supporting energy-efficient
lifestyles (Jorgenson et al., 2019). Geography education is a field that can directly
contribute to sustainable energy education because it can address the spatial
distribution of energy resources, regional development, environmental impact, and
sustainability contexts together (Lambert & Morgan, 2010).

In Tiirkiye, teacher education programs are structured around subject matter
knowledge, pedagogical knowledge, and general culture components within the
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framework of undergraduate programs determined by the Council of Higher
Education (Council of Higher Education, 2018). In the teacher education
undergraduate programs published by the Council of Higher Education, it is stated
that the programs generally consist of subject matter knowledge and skills,
pedagogical knowledge and skills, and general culture courses (Council of Higher
Education, 2018). Examining the 2018 revision of the geography teacher education
undergraduate program, Sagdic analyzed the program in the context of subject matter
knowledge, general culture, pedagogical knowledge, and teaching practice and
revealed that the structure of geography teacher education should be evaluated at the
program level (Sagdig, 2020).

Environmental education research conducted on prospective geography teachers in
Tiirkiye provides important findings supporting the problem area of this study. The
study conducted by Aydin using the example of Gazi University demonstrates that
the views of prospective geography teachers regarding environmental problems and
environmental education should be taken into consideration in terms of the teacher
education process (Aydin, 2010). The study conducted by Ko¢ and Karatekin with
prospective geography teachers studying at five different universities in Ttirkiye
reveals that environmental literacy should be addressed together with knowledge,
affective, behavioral, and cognitive skill components (Ko¢ & Karatekin, 2013). The
study by Aydemir and Alim demonstrates that examining the environmental literacy
levels of prospective geography teachers in terms of various variables makes visible
the need for training teachers equipped in terms of environmental education (Aydemir
& Alim, 2022).

Current studies indicate that the views of prospective geography teachers regarding
the environment and environmental protection still constitute an important area that
needs to be investigated (Aydemir & Alim, 2025). Studies conducted on prospective
teachers’” awareness of sustainable development and climate change reveal that
sustainability and climate change issues should be directly associated with teacher
education (Sahintiirk & Saka, 2025). Research examining prospective teachers’
attitudes toward sustainable environments also indicates that environmental
awareness, sustainable living, and applied environmental education components
should be strengthened within teacher education programs (Cimen, 2019).

The Turkiye Century Education Model published in 2024 presents a new framework
emphasizing environment, values, action, skills, and a holistic educational approach
(Ministry of National Education, 2024). In the common text of the model, it is
emphasized that values should not be addressed separately from skills and subject
content, but should instead be integrated into programs (Ministry of National
Education, 2024). This situation necessitates structuring green transition in geography
teacher education programs not only at the knowledge level, but also together with
skill, value, attitude, and action dimensions (UNESCO, 2024).

The findings of this study demonstrate that courses directly focusing on green
transition, sustainable energy, energy transition, and climate action are limited in
geography teacher education programs in Tiirkiye; however, courses such as physical
geography, climatology, hydrography, natural resources, environmental problem:s,
disasters, GIS, field studies, and teaching practice provide a strong indirect
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infrastructure for green transition. This situation suggests that the programs are strong
in terms of knowledge and skill dimensions, but more limited in action-oriented
dimensions such as sustainable energy education, carbon reduction, climate action,
and green transition pedagogy. Therefore, it is necessary to systematically examine to
what extent geography teacher education programs are structured explicitly,
holistically, interdisciplinary, and practice-oriented in terms of green transition.

Within this framework, the aim of the study is to examine how geography teacher
education programs in Tiirkiye prepare prospective teachers in terms of geography
education related to green transition, sustainable energy, and climate change. The
study also aims to evaluate the courses and contents included in geography teacher
education programs in terms of the knowledge, skills, values/attitudes, and action
dimensions required for green transition. In this respect, the study aims to reveal the
sustainability-oriented transformation capacity of geography teacher education
programs in Ttirkiye through program documents.

Problem and Sub-Problems

In line with the explanations presented above, the problem statement of this study was
determined as follows: “How do geography teacher education programs in Tiirkiye
prepare prospective teachers in terms of geography education related to green
transition, sustainable energy, and climate change?” To answer this question, the
following sub-problems were also formulated.

1. To what extent are courses related to green transition, sustainability, climate change,
environmental education, and renewable energy included in the curricula of
geography teacher education programs in Tiirkiye?

2. How are the course contents included in geography teacher education programs
structured in terms of the knowledge, skills, values/attitudes, and action dimensions
required for green transition?

3. What similarities and differences exist among geography teacher education
programs in terms of green transition-oriented teacher education?

Method
Research Design

This study was conducted within the framework of a qualitative research approach
using a document analysis design. Qualitative research is defined as a research
approach that aims to examine events, phenomena, perceptions, and meanings in
depth within their natural context (Creswell & Creswell, 2018). Similarly, Yildirim and
Simsek (2021) state that qualitative research focuses on understanding social
phenomena holistically and interpreting them through detailed analyses. Since the
present study aimed to examine how geography teacher education programs in
Tiirkiye prepare prospective teachers for green transition, sustainable energy, and
climate change-related geography education in line with the research problem and
sub-problems, the qualitative research approach was considered appropriate for the
nature of the study. In this context, the study sought to examine not only whether
green transition, sustainability, climate change, environmental education, and
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renewable energy themes were included in the programs, but also how these themes
were structured in terms of knowledge, skills, values/attitudes, and action
dimensions.

Document analysis was employed as the main research design of the study. Document
analysis is a qualitative research method based on the systematic examination and
interpretation of written and visual materials related to the phenomenon being
investigated (Yildirim & Simsek, 2021). Bowen (2009) also emphasizes that document
analysis provides systematic and context-sensitive interpretation opportunities in
qualitative educational research. Karasar (2020) emphasizes that document-based
studies constitute important sources of scientific data, particularly in educational
research, because official documents, curricula, and textbooks directly reflect
institutional structures and educational priorities. Similarly, Buytikoztiirk et al. (2020)
note that document analysis enables researchers to evaluate educational contents,
concepts, themes, and learning processes in a systematic manner. Accordingly, within
the scope of this study, the curricula, course descriptions, Bologna information
packages, program outcomes, course schedules, and departmental documents of
geography teacher education programs were analyzed systematically in terms of green
transition, sustainability, climate change, environmental education, renewable energy,
energy resources, disaster and risk education, ecological citizenship, and
practice/activity dimensions.

Data Sources

The data sources of the study consisted of the undergraduate Geography Teacher
Education/Geography Education program documents of seven universities in
Turkiye that currently have geography teacher education undergraduate programs
and whose curriculum plans, course contents, program outcomes, or course schedule
information could be accessed through their official web pages. Within this scope,
Atattirk University, Canakkale Onsekiz Mart University, Dicle University, Dokuz
Eyliil University, Gazi University, Marmara University, and Necmettin Erbakan
University were included in the analysis.

In this study, the criterion sampling approach was employed. Only universities that
have active geography teacher education/geography education undergraduate
programs in Turkiye and whose open-access program documents could be accessed
through official web pages, Bologna information packages, course catalogs, program
outcomes, curriculum plans, or course schedule announcements were included within
the scope of the analysis. Web-based documents were accessed and examined during
the February-April 2026 period; sources that could not be accessed, whose currency
could not be verified, or that did not provide sufficient program/course content were
evaluated cautiously in the analysis. In the study, only open-access documents
available on the official web pages of universities, Bologna information packages,
course catalogs, program introduction pages, current curriculum plans, and course
schedule announcements were used. The aspects of the programs related to green
transition, sustainability, climate change, environmental problems, natural resources,
disasters, GIS, field studies, and teaching practice were evaluated through these
documents.
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Table 1
Data Sources Used in the Study

University Type of Document Used Main Information Used in the

Analysis
Geography Education Department Current implementation status of
Atatiirk web page, current course the program, course schedule,
University schedule, and field study and practice/field study
announcements dimension
Geography Education Department  Subject matter knowledge,
Canakkale . .
. web page, undergraduate pedagogical knowledge, elective
Onsekiz Mart :
. . program courses, and course courses, school experience, and
University : .
contents teaching practice
. Geography Education Physical geography, human and
Dicle Department/program economic eeoeranhy. eeoeranh
University introduction and Bologna eograpy, §eogTapiy

) ) education, and field studies
information

Current curriculum plan,
Dokuz Eyliill ~ 2025-2026 curriculum plan and physical geography, climatology,
University program page cartography, and teacher
education structure

Gazi 2025-2026 undergraduate course Current course schedule,
Universit schedule announcements and implementation status of the
y program pages program, and course structure
Program introduction, program  Climate change, sustainability,
Marmara . . .
) ) outcomes, and course information environmental problems, GIS,
University

package tield and laboratory practices

Theoretical /applied course
structure, field trips, and nature-
sensitive teacher education
approach

Necmettin  Geography Education Department
Erbakan  web page and course information
University package

Data Collection Instrument and Data Collection

The Green Transition-Oriented Geography Teacher Education Program Review Form
developed by the researchers was used in the data collection process. The form
included the following categories:

¢ Green transition,

« Sustainability,

o Climate change,

e Environmental education,

» Renewable energy,

14-15 mambip 2026 x., TypkicmaH 198 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

« Energy resources,

« Disaster and risk education,

« Sustainable development,

« Ecological citizenship,

e Practice/activity dimension in geography teaching.

The data were collected through the systematic examination of universities’ Bologna
information packages, course catalogs, curriculum plans, and course contents. In each
program, courses directly or indirectly related to green transition were identified; the
compulsory/elective status of the courses, grade level, ECTS value, and content scope
were recorded.

Data Analysis

The research data were analyzed through descriptive analysis and content analysis
techniques. In the first stage, the related courses in each program were identified and
their positions within the curriculum plan were classified. In the second stage, the
course contents were coded according to the themes of green transition, sustainability,
climate change, environmental education, and renewable energy. In the third stage,
the coded contents were evaluated under the dimensions of knowledge, skills,
values/attitudes, and action. The analysis results were compared to universities; the
similarities and differences among the programs were presented through tables and
thematic matrices. Thus, the teacher education capacity of geography teacher
education programs in Ttirkiye for green transition was revealed at the program level.

Findings

The Level of Inclusion of Green Transition-Related Courses in Geography Teacher
Education Programs

Within the scope of this sub-problem, the curriculum plans, course contents, and
program introduction documents of seven universities in Tuirkiye that actively offer
geography teacher education undergraduate programs were examined. The examined
programs are as follows: Atatiirk University, Canakkale Onsekiz Mart University,
Dicle University, Dokuz Eylil University, Gazi University, Marmara University, and
Necmettin Erbakan University. The Trabzon University/KTU line was excluded from
the scope of the analysis because it could not be verified as an active geography teacher
education undergraduate program currently admitting students.

When evaluated in general terms, it was observed that a compulsory or elective course
directly carrying the name “green transition” is not widespread in the programs.
However, in most of the programs, courses that may be related to green transition are
indirectly included under the headings of physical geography, climatology,
hydrography, environmental problems, natural resources, disasters, sustainability,
GIS, field studies, and geography teaching.

The Marmara University program stands out in terms of explicitly including climate
change, sustainability, and environmental problems at the level of program outcomes.
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In the program outcomes, it is stated that students will be able to evaluate climate
change, urbanization, globalization, sustainability, international migration, and
environmental problems through a critical perspective. In addition, the “Sustainable
Geography” course aims to address the concept of sustainability from a geographical
perspective, ensure the protection of natural resources, contribute to the solution of
environmental problems, and raise awareness regarding the principles of sustainable
development.

In the 2025-2026 curriculum plan of Dokuz Eyliil University, core subject courses such
as introduction to physical geography, map knowledge and cartography, and
climatology are included beginning from the first semester. This structure provides an
indirect infrastructure for green transition based on understanding climate, space,
environment, and physical processes rather than a direct one. Furthermore, the fact
that the 2025-2026 curriculum plan was approved by the decision of the university
senate dated 31.07.2025 strengthens the currency of the data source.

At Necmettin Erbakan University, it is stated that the program consists of subject
matter knowledge, pedagogical knowledge, general culture, and practice courses and
that the courses are conducted both theoretically and practically. In this program, the
nature-sensitive teacher education approach, field trips, and practice courses
constitute an indirect but important basis in terms of green transition.

The Dicle University program is structured around physical geography, human and
economic geography, geography education, and field studies. This structure is
important in terms of covering many areas that can be associated with green transition,
such as climate, water, living organisms, landforms, population, economy, industry,
and agriculture. However, within the accessed program information, no explicit
tinding could be reached indicating that the concepts of green transition or sustainable
energy were directly structured as a central course title. On the Geography Education
Department page of Atatiirk University, the course schedules of 2025-2026 academic
year and field study announcements dated 2026 are included. These findings indicate
that the program is currently being implemented and that the field study dimension
continues.

On the Geography Education page of Canakkale Onsekiz Mart University, it is stated
that, in addition to general culture, subject matter knowledge, pedagogical knowledge,
and elective courses, the geography teacher education undergraduate program also
includes school experience and teaching practice courses. Although this structure
provides a potential basis for transferring green transition into teaching practice, the
green transition/sustainable energy focus is not directly visible on the accessed page.
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Table 2

Level of Inclusion of Green Transition-Related Courses and Contents in the Programs

Direct .
Green Cl.l mate/E GIS/Field
Transition - onen /Practice
University /Sustainab Klle:)t::cai Dimensio General Evaluation
ility Content
Course

It is one of the programs in which
Marmara Moderate- concepts related to green transition
. . Strong Strong .
University ~ Strong are most visible at the level of
program outcomes and courses.

Core infrastructure courses such as

Dok.uz Eylul Limited Strong  Moderate physical geography, chmatqlogy,
University and cartography are strong in the
current curriculum plan.
Necmettin Moderate Theoretical and practical courses
Erbakan  Limited Stron Strong  together with field trips provide an
University & indirect basis for green transition.
Physical, human, and economic
1.)1c1e. Limited Strong Strong geography fields are s.tr.ong.; the
University concept of green transition is not
directly visible.
Atatiirk . Moderate— The curre.nt course schedule ar.ld
. . Limited Strong  field studies support the practice
University Strong . .
dimension of the program.
Current undergraduate course
Gaz1 . Limited Moderate Moderate schedules htave been published; .
University access to detailed course contents is
limited.
Moderate School experience and teaching

coMU Limited Moderate _Stron practice courses are important in
& terms of professional transfer.

According to Table 2, geography teacher education programs provide an indirect
infrastructure for green transition mostly through climate, environment, natural
resources, disasters, field studies, and GIS. However, it cannot be stated that concepts
such as “green transition,” “sustainable energy,” “energy transition,” “carbon
reduction,” or “climate action” are structured as an independent teacher education
framework positioned at the center of the programs.

4 “ 4 “”

Structuring of Course Contents in Terms of Knowledge, Skills, Values/Attitudes,
and Action Dimensions
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Within the scope of this sub-problem, the courses and program outcomes included in
the programs were evaluated in terms of knowledge, skills, values/attitudes, and
action dimensions. The findings demonstrate that the programs are particularly strong
in the dimensions of knowledge and skills, whereas they remain more limited in the
action dimension.

In terms of the knowledge dimension, courses such as physical geography,
climatology, geomorphology, hydrography, biogeography, human geography,
economic geography, natural resources, and disasters stand out in the programs. In
the curriculum plan of Dokuz Eyliil University, the inclusion of courses such as
introduction to physical geography, map knowledge, and climatology beginning from
the first semester provides prospective teachers with a strong foundation regarding
climate, space, and natural systems.

In the skills dimension, components such as GIS, remote sensing, field studies, map
literacy, spatial analysis, instructional technologies, and teaching practice stand out. In
the program outcomes of Marmara University, it is observed that geographical
knowledge and skills can be integrated with laboratory and field studies; moreover,
competencies related to working with GIS, remote sensing, and spatial technologies
are included. The inclusion of current field study announcements on the Atatiirk
University page demonstrates that the practice dimension of the program continues.

In terms of the values/attitudes dimension, environmental problems, sensitivity
toward nature, sustainability, social responsibility, and environmental awareness
stand out. The inclusion of climate change, sustainability, and environmental
problems within the program outcomes at Marmara University strengthens this
dimension. At Necmettin Erbakan University, it is stated that the program conducts
theoretical and practical courses together; this situation creates potential in terms of
supporting environmental and nature sensitivity through practice.

The action dimension was identified as the most limited aspect of the programs.
Although the programs include school experience, teaching practice, field studies, and
some project-based courses, no widespread and systematic structure was observed
indicating that these are explicitly connected to areas such as green transition,
sustainable energy education, carbon footprint reduction, or climate action. Therefore,
it can be stated that the programs possess a strong knowledge and skills infrastructure
in terms of green transition; however, this infrastructure requires a more explicit
framework in terms of transforming it into instructional action and classroom practice
design.

Table 3

Visibility of Green Transition-Oriented Teacher Education Dimensions in the Programs

General = Main Correspondences Interpretation Based on

Dimension Level  Observed in the Programs the Findings

Physical geography, The programs largely

Knowledge Strong
climatology, hydrography, provide the geographical
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General = Main Correspondences Interpretation Based on

Dimension Level  Observed in the Programs the Findings
biogeography, natural knowledge base required
resources, disasters, for green transition.
economic geography

Components that can
' Moderate— GIS, map knf)wledge, field improYe the spatie?l
Skills Stron studies, spatial analysis,  analysis and practice
& teaching practices skills of prospective
teachers are included.
Sustainability, Environmental sensitivity
Values/ Attitudes Moderate- envi?c.)n.mental problems, is visible in program
Strong sensitivity toward nature, outcomes and some
social responsibility course contents.
Green transition-themed
: . teachi tice,
. School experience, teaching caciing practice
Limited- sustainable energy

Action practice, field studies,

Moderate ) .. ) education, and climate
project/activity planning

action are not explicitly
systematic.

According to Table 3, the strongest aspect of the programs in terms of green transition
is that they provide prospective teachers with geographical knowledge and spatial
skills. In contrast, a more limited explicit and holistic structure appears to exist
regarding the development of instructional designs themed around green transition,
sustainable energy, and climate action by prospective teachers in future classroom
practices.

Similarities and Differences Among the Programs

Within the scope of this sub-problem, seven geography teacher education programs
were compared in terms of their green transition-oriented teacher education capacity.
The most prominent common aspect of the programs is that all of them maintain the
classical teacher education structure consisting of subject matter knowledge,
pedagogical knowledge, general culture, and practice courses. On the COMU page, it
is stated that students take school experience and teaching practice courses in addition
to general culture, subject matter knowledge, pedagogical knowledge, and elective
courses throughout their undergraduate education. Similarly, at Necmettin Erbakan
University, it is stated that compulsory courses, subject matter knowledge courses,
pedagogical knowledge courses, general culture courses, and practice courses are
included in the program.
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The main difference among the programs lies in the visibility and systematicity level
of concepts related to green transition. At Marmara University, climate change,
sustainability, and environmental problems are explicitly included at the level of
program outcomes; moreover, the “Sustainable Geography” course directly supports
this field. At Dokuz Eyliil University, although the current curriculum plan provides
a strong infrastructure in physical geography and climatology, the concept of green
transition does not appear as the central framework of the program. At Atattirk
University, while the current course schedule and field study announcements support
the applied geography education aspect, sustainable energy or green transition is not
directly visible in the accessed information.

The Dicle and Necmettin Erbakan programs provide a strong basis in terms of physical
and human geography together with the field/practice dimension. At COMU,
teaching practice and school experience courses are important in terms of professional
transfer. At Gazi University, the publication of current undergraduate course
schedules demonstrates that the program is currently being implemented; however,
since detailed course contents are limited on the accessed pages, interpretations
regarding green transition should be made more cautiously.

Table 4

Comparative Evaluation of the Programs in Terms of Green Transition Orientation

University = Prominent Strength Limitation in T?Izms of General.
Green Transition Interpretation
Climate change,
sustainability, and
environmental Sustainable energy and It is one of the
Marmara problems are explicitly energy transition donot strongest
Universit included in the program appear as a separate programs in terms
y outcomes; the teaching practice of green transition
“Sustainable framework. visibility.
Geography” course is
available.
Current 2025-2026 It provides a
icul lan; e
Dokuz CUTrictiim pran St?‘mg Green transition is not strong .
. foundation in physical . . geographical
Eylil directly visible as a
. ., geography, knowledge base;
University program concept. e
cartography, and green transition is
climatology. mostly indirect.
Theoretical and The practice
Necmettin practical course Sustainable energy/green dimension is
Erbakan  Structure; subject matter transition does not appear strong, while
Universit knowledge, pedagogical as a separate course or green transition
y knowledge, general module. visibility is
culture, and practice indirect.
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University Prominent Strength Limitation in T?Izms of General.
Green Transition Interpretation
courses are offered
together.
The geographical

Strong infrastructure in

) Green transition, carbon  infrastructure is
physical, human, and

Dicle . reduction, or sustainable strong; the green
.. economic geography . o
University 1 g energy education are not transition
together with field e . :
studies explicitly visible. framework is not
' explicit.
I Th tice and
Current course The visibility of green fiele dp;fr;;;i,ior;ls
Atattirk schedules and field transition/sustainable Are imbortant:
University study announcements energy within course reen t};ansi ti(;n s
are available. contents is limited. Bre
indirect.
Current program
. information is
. Current undergraduate Access to detailed .
Gazi available; more
. .. course schedules have Bologna/course contents
University . c i documents are
been published. is limited.
needed for content
analysis.
The structure of general
culture, subject matter Teaching practice
knowledge, pedagogical . rovides stron
knowledge Electi%eg Green transitions or poten’cial' the °
COMU 8¢ sustainable energy are not P ’

courses, school green transition
experience, and focus is not
teaching practice is explicit.
explicit.

directly visible.

Table 4 demonstrates that the programs possess a common geographical and
pedagogical infrastructure for green transition; however, green transition is not visible
at the same level across the programs. Marmara University is one of the examples
presenting the most explicit program outcomes and course contents in this respect. In
the other programs, green transition is supported more indirectly through physical
geography, environment, climate, natural resources, disasters, field studies, and
teaching practice. In general, geography teacher education programs in Tiirkiye
provide the geographical knowledge and spatial thinking infrastructure required for
green transition. However, there is a need to structure themes such as sustainable
energy, energy transition, carbon reduction, climate action, and green transition
pedagogy within the programs through a more explicit, holistic, and practice-based
teacher education approach.
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Conclusion and Recommendations

In this study, the curriculum plans, program outcomes, course contents, and course
schedules of seven universities in Tiirkiye that actively offer geography teacher
education undergraduate programs were examined from the perspective of green
transition. The findings of the study demonstrate that geography teacher education
programs in Turkiye largely provide the geographical knowledge and spatial thinking
infrastructure required for green transition; however, green transition has not yet been
sufficiently structured within the programs as an explicit, systematic, and practice-
based teacher education approach.

The findings related to the first sub-problem revealed that courses directly carrying
the names “green transition,” “sustainable energy,” “energy transition,” or “climate
action” are quite limited in the programs. In contrast, areas such as physical
geography, climatology, hydrography, natural resources, environmental problems,
disasters, sustainability, GIS, and field studies were found to be strongly included in
the programs. These findings demonstrate that geography teacher education
programs provide the fundamental geographical infrastructure required for green
transition; however, this infrastructure is not directly organized holistically around the
axis of green transition. Among the programs, Marmara University was found to
structure climate change, sustainability, and environmental problems more explicitly
at the level of program outcomes; moreover, it directly supports this field through the
“Sustainable Geography” course. While the strong physical geography and
climatology infrastructure at Dokuz Eylul University attracts attention, the field
studies and applied structure at Necmettin Erbakan and Dicle Universities stand out.
At Atattirk University, current field studies and the practice dimension attract
attention, whereas at COMU, teaching practice and school experience courses provide
important potential in terms of professional transfer. The findings related to the second
sub-problem demonstrate that the programs are particularly strong in the dimensions
of knowledge and skills. Courses such as physical geography, climatology, economic
geography, natural resources, and disasters provide prospective teachers with a strong
theoretical foundation regarding climate, environment, and human-nature
relationships. In addition, practice components such as GIS, remote sensing, map
knowledge, spatial analysis, and field studies support the geographical thinking and
analysis skills of prospective teachers. Nevertheless, it was determined that the action
dimension within the programs is more limited. No strong findings could be reached
indicating that issues such as green transition, sustainable energy education, carbon
reduction, or climate action are systematically reflected in teaching practices,
instructional design, or classroom activities.

The findings related to the third sub-problem demonstrate that the general structure
of the programs is largely similar. In all programs, the classical teacher education
structure consisting of subject matter knowledge, pedagogical knowledge, general
culture, and practice courses is maintained. However, the main difference among the
programs lies in the visibility level of concepts related to green transition. While
sustainability, environmental problems, and climate change are emphasized more
explicitly in some programs, these concepts are included only indirectly within
physical geography or environmental themes in some other programs. When
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evaluated in general terms, geography teacher education programs in Tuirkiye provide
prospective teachers with a strong geographical knowledge and spatial analysis
infrastructure. However, there is a need for areas that are increasingly gaining
importance today, such as green transition, sustainable energy, energy efficiency,
carbon reduction, and climate action, to be structured within the programs in a more
visible, interdisciplinary, and practice-oriented manner. In particular, integrating
issues such as sustainable energy education, combating climate change, environmental
citizenship, and green transition pedagogy with teaching practices may strengthen the
function of geography teacher education programs in the face of current global
transformations.

Suggestions

» Compulsory or elective courses directly including the themes of “green transition,”
“sustainable energy,” “climate action,” and “carbon reduction” should be developed
in geography teacher education programs.

e Courses such as physical geography, climatology, natural resources, and
environmental problems should be more explicitly associated with the dimensions of
sustainable energy, energy transition, and environmental policy.

« Teaching practice and school experience courses included in the programs should be
supported through green transition-based instructional design and sustainable energy
education activities.

» Applied courses such as GIS, remote sensing, and spatial analysis should be enriched
with practice examples related to climate change, disaster risks, energy use, and
environmental sustainability.

o In order to ensure that the environmental awareness of prospective teachers does not
remain only at the knowledge level, greater emphasis should be placed on applied
project studies based on carbon footprint reduction, energy saving, sustainable living,
and climate action.

« A common framework related to green transition pedagogy should be developed in
geography teacher education programs in order to ensure standardization and
currency among programs.

« In future studies, not only program documents but also the practical effectiveness of
the programs should be examined through interviews with faculty members,
prospective teachers, and graduate teachers.
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Iklim Degisikliginin Ar1 Popiilasyonu ve Aricilik Faaliyetlerine Etkileri: Tiirkiye
Ornegi
The Effects of Climate Change on Bee Populations and Beekeeping Activities: The
Case of Turkiye

Esmeray Alacadagl

Dog. Dr., Bayburt Universitesi, Iktisadi Idari Bilimler Fakiiltesi, Siyaset Bilimi ve Kamu Yonetimi
Béliimii, Bayburt, Tiirkiye

Ozet

Tiirkiye; cografi konumu, iklimsel 6zellikleri, kiyilardan i¢ kesime dogru giderek artan
rakimi, zengin florasia bagli farkli vejetasyon tipleri sayesinde aricilik i¢in uygun bir
tilkedir. Koloni varlig1 ve bal tiretimiyle diinya siralamasinda ilk siralarda yer alan ve
sahip oldugu bitki orttisti ve farkli iklim kosullartyla diinyanin en kaliteli ballarin:
tiretebilecek durumda olan tilkede bu zengin zengin floraya bagl olarak ¢ok cesitli bal
tiretilmektedir. Arilar bir cevreye uzun yillar stiresinde uyum saglayan ve yasamin
burada siirdiiren canlilardir. Ote yandan arilar koloni olarak yasayan ve birbirleri
arasinda etkilesim stirekli olan canlilardir. Kiiresel isinmaya baglh iklim degisikligi,
sicaklik ve nemde meydana gelen artislar, bitki ortiistinde olusan degisimler diger
canlilar gibi arilar1 da etkilemektedir. Ctinkti iklim degisikliklerine bagh cevresel
degisiklikler; gida kaynaklari, konak-parazit dengesi ve canlilar arasi etkilesimi
bozabilmekte ve o bolgede yasayan tiirlerin yasadiklar: bolgeyi terk etmelerine neden
olabilmektedir.

Bu calismada insan yasamui i¢in 6nemli olan ar1 populasyonun ve sahip oldugu genetik
ozelikleri, sosyo-ekonomik ve kiiltiirel etkileri ile Tiirkiye acisindan 6nemli bir sektor
olan ariciik sektoriintin faaliyetlerinin ve iklim degisikliginden nasil etkilendigi
ortaya konulmaya calisilacaktir. Bu amacla alana yonelik yapilan literatiir taramas ile
bilimsel bilgiler, sektorel ve istatistiki veriler ve resmi raporlar kanaliyla da
uygulamaya yonelik veriler saglanacaktir. Bu verilerin birlikte analizi ile sonuca
ulasilacaktir.

Anahtar Kelimeler: iklim degisikligi, Ar1 poptilasyonu, Siirdiriilebilir aricilik,
Bolgesel riskler, Sosyo ekonomik etkiler

Abstract

Turkey is a suitable country for beekeeping thanks to its geographical location, climatic
characteristics, increasing altitude from the coast to the interior, and diverse vegetation
types resulting from its rich flora. Ranking among the top countries in the world for
colony numbers and honey production, and possessing the vegetation and diverse
climatic conditions to produce some of the world's highest quality honey, the country
produces a wide variety of honey thanks to this rich flora. Bees are creatures that adapt
to an environment and survive there for many years. Furthermore, bees live in colonies
and constantly interact with each other. Climate change due to global warming, with
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increases in temperature and humidity and changes in vegetation, affects bees as well
as other living things. This is because environmental changes caused by climate change
can disrupt food sources, host-parasite balance, and inter-organism interactions,
potentially causing species living in those areas to abandon their habitats.

This study aims to reveal how the bee population, which is important for human life,
and its genetic characteristics, socio-economic and cultural impacts, as well as the
activities of the beekeeping sector, an important sector for Turkey, are affected by
climate change. To this end, scientific information, sectoral and statistical data, and
practical data from official reports will be collected through a literature review. The
conclusion will be reached through the combined analysis of this data.

Keywords: Climate change, Bee population, Sustainable beekeeping, Regional risks,
Socio-economic impacts

Giris ve Kavramsal Cerceve

Turkiye, Akdeniz Havzasinda yer almasi nedeniyle kiiresel isinmanin ve iklim
krizinin etkilerini siddetli hisseden ve bu konuda riski ytiksek tilkeler arasinda yer
almaktadir. Son yillarda tirmanisa gecen asir1 hava olaylari, rekor sicakliklar ve

meteorolojik kuraklik, tilkenin su kaynaklarmi, tarimsal tretimini ve ekosistem
dengesini dogrudan sarsmaktadir (Ttuirkes vd, 2000: 13, Dellal vd., 2011: 376).

Birlesmis Milletler Iklim Degisikligi Cerceve Sozlesmesi'ne (BM IDCS) gore iklim
degisikligi, “karsilastirabilir zaman dilimlerinde gozlenen dogal iklim degisikligine ek olarak,
dogrudan veya dolayli olarak kiiresel atmosferin bilesimini bozan insan faaliyetleri sonucunda
iklimde olusan degisikliklerdir” (BM IDCS, 1992).

Kiiresel Iklim Degisikligi ise “fosil yakit ve arazi kullanimi tercihleri,
ormansizlastirma, sanayilesme siirecleri gibi insan etkinliklerine bagl olarak
atmosfere salinan sera gazlar1 birikimlerindeki hizli artisin sera etkisini
kuvvetlendirmesi sonucunda yerkiiredeki ortalama ytizey sicakliklarindaki artis ile
iklimde olusan degisiklikleri” ifade eder (URL 1; Tiirkes vd, 2000: 20 ). Iklim
degisikligiyle miicadeleye yonelik artan taahhtitlere ve hedeflere ragmen ytizyilin
sonunda 2,7°C’lik bir sicaklik artis1 beklenmekte olup (UNEP, 2021), 2024 y1li, kiiresel
kayitlarin basladigi 1850'den bu yana en sicak yil olmustur. 20. ytizyil ortalamasinin
1,29°C tizerine ¢ikilmus ve 175 yillik kayittaki en sicak on yilin tamami 2015-2024 arasi
son on yilda gerceklesmistir (URL 2).

Iklim degisikligine bagh olarak hava kosullarinda, ortalama sicaklik ve yagis
miktarinda olusan degisiklikler, flora, faunayi, tarimsal ekosistemleri ve gida
tiretimini etkilemekte, bocekler de dahil pek ¢ok hayvanin davramislarinda ve yasam
tarzlarinda degisiklige yol acabilmektedir (Erdem vd., 2023: 33). Bocekler igin sicaklik
ve nemde meydana gelen artislar, onlarin gelisme oranlarinin, yer degistirme hizlari
ve tireme kapasitelerinin artmasi demek olup bu degisiklikler zincirleme olarak
dogadaki diger ekolojik stirecleri de etkileyebilmektedir. Bu baglamda sicaklik
degisimleri, {rtinlerin gelisme ve olgunlasma stirecini hizlandirarak verim ve
randiman kayiplarina neden olabilmekte, bocek, hayvan popiilasyonunu olumsuz
etkilemektedir. Ote yandan kiiresel 1sinma, bir bolgede yasayan canli tiirlerinin
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yasadiklar1 bolgeyi terk etmelerine ve boylece onlarin yerine bolgeye 6zgii olmayan
yeni istilaci tiirlerin yerlesmesine de olanak yaratabilmektedir. Bunun sonucunda
ekosistemimizdeki biyolojik cesitlilik azalmakta ve bazi canli tiirleri diinya tizerinden
yok olmaktadir (Demir, 2009: 43-45) . Oysa biyocgesitlilik; cevre kosullarindaki
olumsuzluklara ve c¢evresel degisime karsi sigorta saglayan bir faktor olup
surdtirtlebilirligi ekolojik dongii agisindan da biiytik 6nem arz etmektedir.

Aricilik sektorii ve arilar, insan yasami igin ¢ok 6nemli olan bal, polen, propolis, ar1
sttii gibi trunleri uretirler. Bu baglamda arilar, diinya {izerindeki yasamin
devamliligy, gida giivenligi ve ekosistem dengesi icin en kritik canli tiirlerinden biridir.
Uzmanlara gore arilar ve aricilik sektori; kiiresel 1sinma ve iklimsel degisimlerden
hem en fazla hem de bir ¢ok acidan etkilenecek sektorlerden biridir. Ciinkii iklim,
ariciliktaki stres faktorlerinden birisi olup iklimsel degisiklikler arinin, ihtiyaci olan
besin kaynaklarini, ar1 popiilasyonunu ve ariciligi direkt etkilemektedir (TRGM-
TEPGE, 2025: 1).

Ar1 poptilasyonu kavrami; insan ve gevrenin stirdiiriilebilriligi icin kritik bir canli tiirti
olan arilarin varligini tanimlamada kullanilir. Belirli bir zaman diliminde, sinirlar1 net
olarak tamimlanmis cografi bir alanda yasayan aym ar1 tlirtine ait
bireylerin/kolonilerin toplam sayis1 olarak tanimlanir. Bilim insanlarina gore ari
poptilasyonun azalmasi ve siire¢ icinde arilarin yok olmasi durumunda kiiresel
ekosistemler ve insanlik dogrudan bir ¢okiis tehdidiyle karsi karsiya kalacaktir
(Asutay&Sogiit, 2023: 5-8).

Tiirkiye; sahip oldugu cografi konumu, farkl iklim kusaklarim1 barindiran iklimsel
ozellikleri, kiyi1lardan i¢ kesime dogru giderek artan rakimi, zengin florasi nedeniyle
aricilik i¢in uygun bir tilkedir. Diinya balli bitki florasinin ytizde 75'ini barindiran
Turkiye, koloni varlig1 ve bal tiretimiyle de diinya siralamasinda ilk siralarda yer
almaktadir. Ancak son yillarda sicaklik artislari, kuraklik ve asir1 hava olaylarina bagl
olarak tilke genelinde ar1 6ltimleri olmakta ve bal tiretiminde diistisler yasanmaktadir
( Erdem vd, 2023: 39-40)

Bu calismanin amacy; insan yasami igcin onemli bir besinleri tireten bir sektor olmasinin
yanisira sahip oldugu genetik ozelikleri, sosyo-ekonomik ve kiiltiirel etkileri ile
Turkiye acgisindan onemli bir sektor olan aricilik faaliyetlerinin, ar1 popiilasyonunun
iklim degisikliginden nasil etkilendigi ortaya koymaktir. Bu amacla yapilan literattir
taramasi ile alana yonelik bilimsel bilgiler saglanmus, sektorel ve istatistiki veriler ve
resmi raporlar kanaliyla da uygulamaya yonelik veriler elde edilmistir. Bu verilerin
birlikte analizi ile Tiuirkiye 6rneginde iklim degisikliginin ar1 poptilasyonu ve aricilik
sektoriine etkileri belirlenmistir.

Iklim Degisikliginin Ariciliga Etkileri

Kiresel 1sinmaya baglh iklim degisikligi arilar tizerinde farkh etkiler yaratmaktadir.
Bu baglamda bu etkiler; bitkilere bagh ortam kalitesinin degisiminden, koloni hasat
kapasitesine, arilarin gelisimine, tiirler ve irklar arasinda oldugu kadar parazitleri ve
patojenleri arasinda yeni rekabet iliskilerine, sektorel sorunlara yol agma gibi pekgok
yonde olabilmektedir. Arilar tizerinde yaratilan bu etkileri genel olarak; i. Biyolojik ve
Davranissal Etkiler, ii. Flora ve Bal Uretimi Uzerindeki Etkiler, iii. Hastalik ve
Zararlilarm Yayilimy, iv. Sektorel ve Ekonomik Etkiler olarak gruplamak mimkiindiir.

14-15 mambip 2026 x., TypkicmaH 212 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

Biyolojik ve Davranissal Etkiler: Bal arilar1 bulunduklar1 bolgeye uzun donemde
uyum saglayabilen canlilardir. Gida kaynaklar1 dengesi, konak-parazit dengesi ve
cevre degisiklikleriyle birbirleri arasinda etkilesim stireklidir. Iklim degisiklikleri, bu
etkilesimi bozacag1 gibi bir bolgede yasayan ar1 tiirlerinin yasadiklar1 bolgeyi terk
etmelerine ve bolgeye 6zgii olmayan yeni istilaci tiirlerin yerlesmesine de yol
acabilmektedir. Ayrica iklimdeki degisimler, koloni gelisimindeki diizensizliklere
neden olabilmekte, bu da zaylf kolonilerin olusmasina, hastaliklarin
yayginlasmasina, tarlact arilarin kovanina geri donememesine ve oliimlerine neden
olmaktadir (Topal vd., 2016: 113-114). Ote yandan kiiresel iklimde meydana gelen
degisimler bal arilarinin dagilim alanlarini,  davramsimi ve yasamum da
degistirebilmektedir. Sonbahardaki sicaklikta ve nemde meydana gelen artislar,
dogrudan bal arilarinin gelismesini etkilemekte ve kislamada problemler olusmasina
neden olabilmektedir (Sahinler ve ark., 2008). Bu konuda yapilan bir calismada;
dokuz ar1 ttirtinde kis sicakligr artmasimin (1,5-9,5°C arasinda) yalanci bahar ve
kislama sorunlar1 yasamasina yol acarak arilarin kovan erken terketmelerine yol agtig1
arilarm agirlik ve gelisimleri tizerinde ters etkileri oldugunu gostermistir. Calismada;
agirlik kayiplari, enerji ttiketiminde artislar olmasi nedenleriyle ilkbaharda bazi
ttrlerin yasam dongiistiniin sona erdigi ifade edilmistir (Frund ve ark.’dan aktaran
Ayan vd., 2022: 20). Bu tiir calismalar, sicaklik dalgalanmalarmin, kurakligin arilarin
biyolojik ritmini degistirdigini, koloni kayiplarma yol actigin1 acikca gostermektedir.
Ote yandan degisen iklim parametreleri, yiiksek nem ve asir1 sicaklik gibi faktorler,
arilarin fiziksel gelisimini bozarak kanatlarinda asimetriye neden olmakta ve ucus
kabiliyetlerini dtistirmekte, davrams bozukluklarina yol agarak yon bulma
yeteneklerini ve {ireme zincirlerini de olumsuz etkilemektedir.

Flora ve Bal Uretimi Uzerindeki Etkiler: Iklimsel hava olaylari, bitki ortistint
dolayistyla bal arisimin yiyecek arama olanaklarini da etkilemektedir. Orn. sicaklik
artis1 bitkilerin erken cicek agmasina ve arilarin uyanma zamar ile bitkilerin nektar
salgilama donemleri arasindaki uyumun kirilmasina yol agmaktadir. Kiiresel 1sitnma
ve iklim degisikliginin arilarin besin kaynag olan bitkileri etkilemesi sonucu, arilarin
yararlandig1 yerel zenginlik ve bitki ile tozlastiricilarin dagilimi da degismektedir.
Cunkt bitkisel tiretimin en kritik noktalarindan birisi tozlasma olup en etkin
polinatorler de bal arilaridir. Ani sicaklik degisimleri arilarin gelisimi icin gerekli olan
polen ve nektar kaynaklarmin varligina direkt etki ederek onlarin yok olmasina,
besinsiz kalan kolonilerde agliga bagh ani sbonmelere ve kovan veriminin diismesine
sebep olabilmektedir. Son yillarda siklikla cigeklenme doneminde yasanan olumsuz
hava kosullar1 ve polinatorlerin gorevini yerine getirememesi nedeniyle tozlasma
sekteye ugramakta ve bitkisel tiretim dolayisiyla gida tiretimi de olumsuz yonde
etkilenmektedir (Esttirk, 2022: 1233). Bu ise kiiresel gida tiretimini de olumsuz
etkileyecek bir durumdur. Cunkii bazi bitkilerin ve buna bagli olarak da gidalarin
tiretimi tozlama siirecine bagli olup bal aris1 gibi tozlayicilar olmadan tiretimin
surdiirtilebilirligi olanaksizdir. Buna karsin son yillarda diinya capinda bal arisi
populasyonu artan 6liim oranlariyla alarm vermektedir.

Hastalik ve Zararlilarin Yayilimi: Arilar yasadiklari alan disina c¢iktiklarinda hayatta
kalma, varroa (parazitsel bir hastalik) ve Nosema ceranae (protozoon bir hastalik)
hastaliklarina kars1 direnci azalmaktadir. Degisen iklim kosullari, ar1 parazitlerinin ve
fungal hastaliklarin kovanlarda daha hizli tiremesine zemin hazirlarlar. Boylece
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hastalik ve zararlilara kars: daha hassas olan koloniler olusmasina ve toplu 6ltimlerin
goriilmesine neden olabilir. Ote yandan hastalik baskisi, besin yetersizligi ve sicaklik
stresiyle birleserek koloni ¢oktislerini ve yok oluslarini tetiklerler (URL 3).

Sektorel ve Ekonomik Etkiler: Iklim degisikliginin etkilerinden biri de aricilar ve
aricilik yontemleri tizerinedir. Kiiresel istnmanin sonucu ani 1s1 degisimlerinin floraya
olan etkileri aricilar1 da olumsuz etkilemektedir. Flora stirdiiriilebilirligi ve takibi
aricilarin nakliye ve iscilik giderlerinin ve nihai olarak tiretim maliyetinin artmasina
neden olmaktadir. Aricilik; son yillarda iklimin baskisi altinda harcanan emek ve
zamanin karsiliginin alinamadig1 bir tiretim modeli haline gelmistir. Bu ise; aricilarin
ariciik yontemlerini degistirmesi (Topal vd., 2016: 117) ya da {iretici kapasitesinin
azalmasi gibi muhtemel sonugclari olan bir durumdur. Tiirkiye’de oldugu gibi gezginci
aricilik yontemi mrutin go¢ yollarindaki floranin ¢ngoriilemez sekilde degismesi;
sadece tiretimi degil maliyetleri artirarak ekonomik kriz yasanmasina neden olarak bu
tiretim yonteminin de uygulanabilirliginin sorgulanmasini bereberinde getirmektedir.
Yukarida da soz edildigi tizere bal aricilig1 tarimsal tiretimle esgtidimlii bir sektor
olup; bal arilarinin nektar bulamamas: durumu, tarimsal bitkilerdeki tozlasma
oraninin azalmasina ve meyve ve sebze tiretiminde genel bir zincirleme gida krizine
yol acabilecek bir durumdur.

Yukarida belirtilen tiim bu etkiler, iklim degisikliginin tiim diinyada ar1 sagligi, bal
rekorlar1 ve bitkisel tozlasma stireglerini dogrudan bozarak aricilik sektoriinti kiiresel
Olcekte tehdit ettigini gostermektedir.

Tiirkiyede Aricilik Faaliyetleri ve Tklim Degisikligi

Turkiye, sahip oldugu; cografi konum, buna bagh iklimsel ve kiyilardan i¢ kesime
dogru artan rakimsal 6zellikleri, zengin florasi ve farkli vejetasyon tipleri nedeniyle,
aricilik igin uygun bir ilkedir. Ote yandan aricilik; az masrafla kisa siirede gelir
getirebilen, topraga bagimli olmadan yapilabilen bir is koludur. Bu yonti ile topraksiz
ya da az toprakl ciftcilerin gelir diizeyinin artmasini saglayan, orman ici ve kenar1
yasayan bireylere gelir yaratan ve sosyoekonomik 6nemi olan bir sektordiir. Diinya

ball bitki tiirlerinin yaklasik ¥4'ne sahip olmasindan dolay1 da aricilik agisindan son
derece verimli bir tilkedir. Baska bir ifade ile Tiirkiye bu zengin florasi, uygun ekoloji,
koloni varlig1 ve ar1 popiilasyonlarinda ki genetik varyasyon bakimimdan biuiytik bir
aricilik potansiyeline sahiptir (Kirpik&Giilen, 2014: 42-43).

Koloni varlig1 ve bal tiretimiyle diinya siralamasinda ilk siralarda yer alan ve sahip
oldugu bitki orttisi ve farkli iklim kosullariyla diinyanin en kaliteli ballarini
uretebilecek durumda olan tlkede, bu zengin floraya bagli olarak cok cesitli bal
tiretilmektedir. Bu 6zelliklerinden de kaynakli olarak ar1 genetik gesitliliginin %22-
23’tine  sahip  olan Turkiye/Anadolu  topraklari,  Diinya  ar1  gen
merkezleri/havzalarindan da biridir (Ttirk Tarim Orman Dergisi, 2024; URL3). Ctinkii
yedi cografik bolgeye ayrilan tilkede her bolgenin iklim kosullar1 ve bitki cesitliligi
tarkhidir ve bu ¢ok cesitli iklim deseni nedeniyle tilke ar1 gen kaynaklar1 acisindan da
oldukca zengindir. Yapilan bilimsel calismalarda Tiirkiye’de bes farkli ar1 ekotipi
bulundugundan so6z edilmektedir. Bununla birlikte bu calismalarda ve sektor
raporlarinda, bu 1rk ve ekotiplere ek bulunduklari bolgelerin ekolojik kosullarina
uyum saglamis yerel bal aris1 poptilasyonlarinin da oldugu belirtilmektedir (Kara vd.,
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2015: 21; TRGM-TEPGE Aricilik Uriin Raporu, 2025). Tiirkiye’de bulunan baslica bal
aris1 tipleri asagida verilmektedir (URL 4):

> Kafkas Arisy; yayilma alan1 Kuzeydogu Anadolu’da Ardahana ve Dogu
Karadeniz'de Artvin’e kadar uzanir.

> Efe Arisy; Ege, Giiney-Bati Marmara ve Bat1 Akdeniz Bolgelerinde yayilim
gosterir.

» Gokceada Ekotipi; Canakkale Gokgeada’da yayilim gosterir.

» Anadolu Aris;; Anadolu kosullarina adapte olan ar1 ekotipidir.

> Hatay Arisi;; Hatay ve cevresinde yayilim alani bulan ekotiptir.

» Trakya Arisi; Trakya Bolgesi'nde yayilim gosteren ar1 ekotipidir.

» Mugla Bal Aris;; Mugla ve Giineybati Anadolu’da yayilim gosteren ar1 ekotipidir.
> Yigilca Bal Arisy; Diizce Yigilca'da yayilim gosterir.

Koloni varligi, bal tiretimi, kovan ve 100 bine yakin isletme varhigiyla aricihik
konusunda sayil tilkeler arasinda yer alan Tiirkiye, Diinyanin en biiytik tictincii ar1
kolonisine sahiptir.

Tablo 1. Diinya Kovan Varlig:

Ulkeler Yillara Gére Kovan Varligi (1000 adet)

2019 2020 2021 2022 2023
Hindistan 12.233 12.411 12.501 12.582 12.664
Cin 9.189 9.263 9.259 9.287 9.314
Tiirkiye 8.128 8.179 8.733 8.985 9.225
fran 6.990 7.048 7.124 7.231 7.358
Etiyopya 6.958 6.986 5.982 6.229 6.795
Birlesik Tanzanya 2.993 3.041 3.044 3.062 3.080
Cumbhuriyeti
Arjantin 2.924 3.014 3.006 3.009 3.013
Ispanya 3.034 3.102 2.953 2.923 2.804
Rusya Federasyonu 3.094 2.982 2.890 2.790 2.743
Amerika Birlesik Devletleri 2.812 2.706 2.697 2.667 2.509
Diger 38.925 40.318 41.767 42.339 42.554
Diinya 97.280 99.050 99.956 101.104 102.059

Kaynak: Aricilik Uriin Raporu- TRGM-TEPGE, 2025: 2

Ttiirkiye Diinya bal {iretiminde ise ikinci sirada yer almaktadir.

Tablo 2. Diinya Bal Uretimi

Ulkeler Yillara Gore Bal Uretimi (Ton)

2019 2020 2021 2022 2023
Cin 444.054 458.100 472.700 461.900 463.500
Tirkiye 109.330 104.077 96.344 118.297 114.886
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Ulkeler Yillara Gore Bal Uretimi (Ton)

2019 2020 2021 2022 2023
Etiyopya 150.258 129.301 52.034 73.120 84.591
[ran 72.424 74.015 76.484 78.386 80.389
Arjantin 71.195 73.539 72.919 73.047 73.395
Hindistan ~ 67.961 70.546 74.000 75.732 70.850
Rusya 63.526 66.368 64.533 67.014 64.511
Brezilya 45.801 52.493 55.679 62.494 64.189
ABD 71.179 66.948 57.490 56.849 62.855
Meksika 61.986 54.165 62.079 64.320 58.033
Diger 730.160 754.209 747.008 776.885 756.606
Diinya 1.887.874 1.903.761 1.831.270 1.908.044 1.893.805

Kaynak: Aricilik Uriin Raporu-TRGM-TEPGE, 2025: 3

Tirkiye’de ar1 kolonisi varligi bakimindan bolgeler itibariyla siralama; Ege,
Karadeniz, Akdeniz, Dogu Anadolu, Marmara, Ic Anadolu, Glineydogu Anadolu
Bolgesi seklindedir. Bal tiretimi bakimindan Ttirkiye’de iller siralamasinda Ordu,
Adana, Mugla, Sivas ve Kocaeli en tist sirada yer almaktadir. 2024 yili bal tiretiminde
Akdeniz Bolgesi 18 bin ton tiretimle lider konumda olup, 2024 yilinda Ttirkiye balinin
%19,1'lik kismin tek basina tiretmistir. Onu 16 bin ton ile Dogu Karadeniz Bolgesi
izlemektedir. Ege Bolgesi ise ytizde 15,8’lik pay ile {ictincii sirada yer almaktadir
(TRGM-TEPGE Aricilik Uriin Raporu, 2025: 11).

Tirkiye aricilig1 genel olarak biiyiiyen bir sektor olmasina ragmen, son yillarda kovan
sayilarinda il bazinda 6nemli farkliliklar goriilmekte ve il bazinda az da olsa yasanan
diistsler dikkat cekmektedir. Tiirkiye nin toplam koloni sayis1 2024 yilinda 9 milyona
ulasmakla birlikte toplam kovan sayis1 bir 6nceki yila gore %2,8 oraninda azalmustir.
Bal tiretimi de 2024 yilinda bir 6nceki yila oranla %16,9 azalarak yaklasik 96 bin ton
olarak gerceklesmistir. Genel olarak 2024 yilindaki tiretim miktari, son bes yilin en
diisiik seviyesindedir. il bazinda incelendiginde ise kovan sayilar1t Mugla’da %10,8 ve
Adana’da %1,5 azalirken, Ordu’da %2,2 oraninda artis yasanmustir. 2024 yilinda 2024
yilinda bal ihracat1 da bir 6nceki yila gore %7,8 oraninda azalmis ve 8 bin 657 tona
gerilemistir (TRGM-TEPGE Aricilik Uriin Raporu, 2025: 10-13).

Ttirkiye, 2025 yilinda 97.253 ton bal {iretimi gerceklestirerek (%1,8'lik artis) tiretimdeki
yerini ve hacmini korumustur. 2025 yilinda bal ihracatindan 33 milyon 524 bin 594
dolar geleri saglanmis, ABD, Almanya ve ingﬂtere basta olmak tizere 51 farkh tilkeye
Tirk bali gonderilmistir (URL 5).

Daha 6nce de s6z edildigi tizere Tiirkiye bulundugu konum ve tarimsal faaliyetlerin
yogun yapildig: bir tilke olmasi sebebiyle, kiiresel 1sinma ve iklim degisikliginden ¢cok
tazla etkilenecek bir tilkedir. Bu konuda yapilan ¢alismalar, IPPC raporlar: tilkemizde;
yaz ve kis sicakliklarinin artacag, yagislarin azalacagy, kar yagist ve yagmurun daha
seyrek ve daha siddetli gortilecegi, su kaynaklarimin bilingsiz ve asir1 kullanimi
nedeniyle yeralti sularinin azalacag: gibi bulgular1 icermektedir. Arastirmacilarca,
Meteoroloji Genel Miidiriligti metrolojik olay ve sicaklik izleme verilerine
dayanilarak verilen veriler, son yillarda yasanan firtina, sel ve dolu gibi meteorolojik
olaylardaki artis1 gostermektedir (Karaca vd., 2024: 106-108). Tim bu etmenler,
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Turkiye'yi iklim degisikliginin etkilerine karsi daha kirilgan hale getirmekte, tarim ve
hayvancilik gibi sektorler acisindan endiseleri artirmaktadir. Ctinkd, iklim
degisikliginin etkisiyle meydana gelen meteorolojik afetler, tilkede tarimsal tiretimi ve
tirtinleri dogrudan etkilemektedir. Bu kapsamda yapilan kestirimlere gore iklim
degisikligine bagh sicaklik artisindan, tiim Tiirkiye etkilenecek olmakla birlikte,
Giiney Dogu ve I¢ Anadolu gibi kurak ve yar1 kurak bolgeler ile yar1 nemli Ege ve
Akdeniz bolgeleri daha fazla etkilenecektir. Uzmanlara gore; Seyhan nehri
havzasinda 2070-2100 yillarinda yagis 6nemli oranlarda azalacak, kar yagisi miktari
ve erime zamanina bagli bugday, misir gibi tirtinlerin ekim/dikim zamanlar ve ekilis
yoreleri degisecektir. Son yillarda siklikla yasanan, meyve agaclarmin kis dinlenme,
ciceklenme, tomurcuk olusumu ve meyve doneminde meydana gelen ekstrem hava
kosullar;, sadece meyve f{iretimi ve Kkalitesini etkilememekte aymi zamanda
tozlasmada gorev alan arilar tizerine de olumsuz etkiler yaratmaktadir. Yukarida da
belirtildigi tizere Diinya da oldugu gibi tilkemizde de iklim degisiklikleri bal
arilarinda zayif kolonilerin olusumunu tetikleyerek hastaliklarin yayginlasmasi, ari
kayiplari ve oltimlere neden olmaktadir (Sahin vd., 2015: 148).

Ttirkiye ariciligimin %80-90 gibi biiytik bir oran gezginci aricilik olarak yapilmakta ve
floradan maksimum verim almak yoluna gidilmektedir. Bu tiretim ydnteminde
iklimsel faktorler son derece onemli olup bal tiretim i1sinma, kuraklik, yagis gibi
faktorlere bagh olarak degisebilmektedir. Bu acgidan iklimde yasanan ve dogal
dongiiytii etkileyen degisimler aricilar icin biiytik bir olumsuzluk olarak karsilarina
cikmaktadir. Bu konuda yukarida sozii edilen arastirma verilerini (dokuz ar tiirtinde
kis sicakliginin artmasmin etkilerine yonelik arastirma) dogrulayan etkiler bizim
tilkemizde de yagsanmaktadir. Ornegin 2006 yilinda kuraklik nedeniyle tilkemizde bir
bal krizi yasanmis ve buna bagh olarak yillik bal tiretimi 50 bin tona kadar diismtisttir
(Goktas, 2020: 178). Asagidaki Tablo 3'dan da goriilecegi tizere iklimsel faktorlere bagl
olarak bal tiretimi ve bagl faaliyetlerde etkilenmeler ve kayiplar yasanmaktadir.

Tablo 3. Tiirkiye Aricilik Faaliyetleri Genel Durum Tablosu

Yil Isletme Sayis1 Toplam Kovan Sayis1  Bal Uretimi Balmumu
(Adet) (Adet) (Ton) Uretimi (Ton)
2017 83.210 7.796.666 114.471 4.488
2018 81.830 7.904.502 107.920 3.987
2019 80.675 7.929.368 109.330 3.971
2020 82.862 7.956.933 104.077 3.765
2021 89.361 8.456.305 96.344 3.766
2022 95.386 8.734.938 118.297 4.165
2023 100.399 8.969.387 114.886 3.971
2024 97.984 8.815.146 95.492 3.316

Kaynak: Aricilik Uriin Raporu-TRGM-TEPGE, 2025: 9

Ulkemiz ekosistemi ve gida {iriinleri iiretimi agisindan da agisindan biiyiik énem
arzeden aricilik sektdriintin gelecegini korumak adina, Tarim ve Orman Bakanlig:
koordinasyonunda iklim degisikligine dayanikl yerli ar1 irklarinin 1slah1 ve kurakliga
uyumlu yapay flora alanlarinin olusturulmasi ¢alismalari ve projeler ytrtitiilmektedir.
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Bu kapsamda Tarim ve Orman Bakanligi, kiiresel iklim degisikliginin aricilik
tizerindeki sosyo-ekonomik ve kiilttirel etkilerini arastirmak, ar1 isletmelerinin iklim
degisikligine uyumuna yo6nelik politika 6nerileri gelistirmek i¢in proje baslatmistir. Bu
kapsamda Bakan tarafindan yapilan agiklamada; “Diinya giindeminin ilk siralarinda
yer alan kiiresel iklim degisikliginin tilkemiz tarimsal faaliyetlerini de etkiledigine
dikkat gekilerek, iklim degisikliginin aricilik tizerindeki etkilerinin en aza indirilmesi
amaciyla bu projeyi baglattiklar1” belirtilmistir (URL 6).

Sonug ve Degerlendirme

Iklim degisikligi, Diinya da oldugu gibi Tiirkiye’de de ar1 saghgi, bal rekorlar1 ve
bitkisel tozlasma stireglerini dogrudan bozarak aricilik sektoriinii tehdit etmektedir.
Eger bu konuda 6nlem alinmazsa; niteliksiz ana ar1 tiretimi, zayif kolonilerde direncin
diismesine, hastalik ve zararlilara karsi savunmasiz olunmasina ve sonunda koloninin
sonmesine kadar giden sonuglar1 beraberinde getirecektir. Bu sonuglar nedeniyle
ekonomik anlamda 6nemli getirisi olan bir alanda tilkemiz kayiplara ugrayacaktr.
Iklim kaynakli yapisal krizlere karsi, Tirkiye'de ariciik — sektoriintin
surdiirilebilirligini saglamak amaciyla acil olarak uygulanmak tizere somut ¢oztimler
stratejiler gelistirilmesi gerekmektedir. Bu acidan kanimizca ilk dncelikle yapilmasi
gereken sey iklim degisikliginin aricilik {izerindeki yikici etkilerini 6nlemek
tizere biyolojik cesitliligin ve stirdurtilebilirliginin saglanmasidir. Cunka aricilik
sektorii ile biyogesitlilik birbirini besleyen iki ayrilmaz unsur olup bu sayede yerli
irklarin korunmasi da saglanabilir. Ozellikle tilkemiz ariciligy icin bolgesel kosulara
uyum saglamis saglamis Kafkas, Anadolu ve Mugla gibi yerli ar1 tiirlerinin genetik
safliginin  korunmas1 ve olast koloni c¢okiislerine karsit yerli irklarin genetik
materyallerinin dondurularak saklanmasi gerekmektedir.

Arilarin tozlasma yoluyla tarimsal biyocesitlilige ve meyve/sebze verimine katkisinin,
tirettikleri balin ekonomik degerinin ¢ok tizerinde oldugu dikkate alinarak; gezginci
ariciigin optimizyanu igin bolgesel rotalar gizilmeli, anlik ve gelecege yonelik bitki
ortusii / giceklenme donemleri takip edilerek aricilara erken uyari verilmeli, kurakgil
bal ormanlari, ardisik ¢iceklenme koridorlari olusturulmali ve iklim stresiyle
zayiflayan arilarin tarimsal ilaclardan etkilenmemesi igin pestisit denetimleri
yapilmalidir. Yine iklimsel faktorler dikkate alinarak; kovan ici sicaklik ve nem
dengesini saglayan, asir1 sicak/soguk dalgalanmalarini1 absorbe eden yalitimli kovan
sistemlerine  gecilmeli, kovanlarda sensorli uyart sistemleri kullanimi
yayginlastirilmali, polen kitlig1 yasanan donemler icin ar1 bagisikligini destekleyici
ozel kek formdilleri gelistirilmelidir. Tim bu bu stratejilerin hayata gecirilmesi igin
Tarim ve Orman Bakanligy, tiniversiteler ve Tiirkiye Ar1 Yetistiricileri Merkez Birligi
gibi kurumlar ortakliginda projeler yirttiilmeli ve bolgesel tesvik paketleri
uygulanmalidir.

Kaynakca
Asutay, Z., Sogitit, B. (2023). Aricilikta Kiiresel Issnmanin Etkileri, Ed. H. Inci, T.

Ayasan, S. Inan, Siirdiiriilebilir Tarim ve Agro Ekolojik Gelismeler icinde (3-15), Tksad
Yaymevi, DOI: https://dx.doi.org/10.5281/zenodo.10154803

14-15 mambip 2026 x., TypkicmaH 218 https.//geesconference.ayu.edu.kz



1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

Ayan, Z., llkaya, M. Sogiit, B.(2022). Iklim Degisikligine Bagli Kiiresel Isinmanin Bal
Aris1 Ekosistemleri Uzerinde Etkisinin Degerlendirilmesi, Ed. B. Sogiit, H. Inci,
Tarimsal Perspektifte Biyodinamik Yaklagimlar iginde (15-26), Iksad Yaymevi, Ankara.

BM IDCS(1992). Birlesmis Milletler Iklim Degisikligi Cerceve Sozlesmesi,
https:/ /iklim.gov.tr/ bm-iklim-degisikligi-cerceve-sozlesmesi-i-33 adresinden alindi.
(11.02.2026)

Dellal, D., McCarl, B.A., Butt, T. 2011. The Economic Assessment of Climate Change
on Turkish Agriculture, Journal of Environmental Protection and Ecology, Vol:12, No:1,
376-385.

Erdem, S.,Hkaya, M, Karaoglu, B. (2023). Kiiresel Isinmanin Bal Arisi
Poptilasyonlarinda Habitat Arayis Davramisi Ve Hastalik Etmenlerine Toleransi
Uzerine Etkileri, Ed. Hakan Inci, T. Ayasan, S. Inan, Siirdiiriilebilir Tarim ve Agro Ekolojik
Geligmeler icinde (31-46), DOI: https:/ /dx.doi.org/ 10.5281/zenodo.10154872

Estiirk, O. (2022). iklim Degisikliginin Ardahan Ilinde Siit ve Bal Uretimi Uzerine
Etkileri, Erciyes Akademi, 2022, 36(3), 1230-1239.

Goktas, B. (2020). Tiirkiye’de ve Diinya’da Aricilik Faaliyetlerinin Ekonomisi, Ed. V.
Aksakal ve Yagar Erdogan, Aricilik Uzerine Bilimsel Aragtirmalar iginde (173-200), Tksad
Yayinevi.

Kara, M., Keskin, M., Merttiirk E., Demir, C. (2015). Yerli Evcil Hayvan Genetik
Kaynaklarinin Korunmasi Projesi Kapsaminda Kaftkas Ari Irkinin Halk Elinde
Korunmas: Calismalar: ve Yaygin Etkileri, Aricilik Arastirma Dergisi, Y11:7, Say1:14, 19-
27

Karaca, S., Koday, Z., & Koday, S. (2024). Kuresel Sicaklik Artisinin Dogal Afetler
Uzerine Etkileri ve Agri. Agri Ibrahim Cegen Universitesi Sosyal Bilimler Enstitiisii
Dergisi, 10(1), 95-131. https:/ /doi.org/10.31463/aicusbed.1380159

Kirpik, M.A., Giilen, M. (2014). Ulkemizde Aricilik Faaliyetleri, 21. Yiizyilda Fen ve
Teknik, Cilt1, Say11, (37-46).

Sahin, M., Topal, E,, Ozsoy, N., Altunoglu, E. (2015). Iklim Degisikliginin Meyvecilik
ve Aricilik Uzerine Etkileri, Anadolu Doga Bilimleri Dergisi 6 (Ozel Say1 2): 147-154

TRGM/TEPGE (2025). Tarim Reformu Genel Miudiirltigti Tarimsal Ekonomi ve
Politika Gelistirme Enstitiisti (TRGM-TEPGE) 2025 Aricilik Uriin Raporu, Haz. Volkan
Burucu, Ankara, TEPGE Yayin No: 409, ISBN: 978-625-95521-8-7.

Topal E., Ozsoy N., Sahinler, N. (2016). Kiiresel Isinma ve Ariciigin Gelecegi, Mustafa
Kemal Universitesi Ziraat Fakiiltesi Dergisi, 21(1):112-120

Tiirkes, M., Stimer, U. M. ve Cetiner, G. (2000). Kuresel Iklim Degisikligi ve Olasi
Etkileri, Cevre Bakanlzgz‘, Birlesmis Milletler Iklim Degisikligi Cerceve Sizlesmesi Seminer
Notlar: (13 Nisan 2000, Istanbul Sanayi Odast), 7-24, CKOK Gn. Md., Ankara.

UNEP 2021. Climate Change 2021: the Physical Science Basis, the Working Group
Contribution to the Sixth Assessment Report,
https:/ /www.unep.org/resources/report/ climate-change-2021-physical-science-
basis-working-group-i-contribution-sixth, (Erisim Tarihi: 11.02.2026)

14-15 mambip 2026 x., TypkicmaH 219 https.//geesconference.ayu.edu.kz


https://iklim.gov.tr/bm-iklim-degisikligi-cerceve-sozlesmesi-i-33
https://dx.doi.org/%2010.5281/zenodo.10154872
https://doi.org/10.31463/aicusbed.1380159
https://www.unep.org/resources/report/climate-change-2021-physical-science-basis-working-group-i-contribution-sixth
https://www.unep.org/resources/report/climate-change-2021-physical-science-basis-working-group-i-contribution-sixth

1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

URL-1 (2026). https.//www.ekolcevre.com/blog/kuresel-iklim-degisikligi-nedir adresinden
alind.

URL-2 (2026). https:/ /www.ncei.noaa.gov/access/monitoring/ monthly-
report/global /202413 adresinden alindu.

URL-3. (2026). Diinyanin En Cok Bal Ureten Ikinci Ulkesiyiz, Tirk Tarim Orman
Dergisi, Hiillya Omrak, https://www.turktarim.gov.tr/Haber/1096/dunyanin-en-
cok-bal-ureten-ikinci-ulkesiyiz adresinden alind1.

URL-4. (2026). Ulkemizdeki An Tiirleri,
https:/ /www.akdenizhijyen.com.tr/blog/ulkemizdeki-ari-turleri adresinden alindi.
URL-5.(2026). https:/ /veriportali.tuik.gov.tr/tr/ press /58015 ve

https:/ /www.aa.com.tr/tr/eko  nomi/turkiyenin-bal-ihracati-2025te-33-5-milyon-
dolari-asti/3796831 adreslerinden alindi.

URL-6.(2026). https:/ /www .tarimorman.gov.tr/ Haber/ 5965/ Kuresel-Iklim-
Degisikliginin-Aricilik-Uzerindeki-Etkileri-Mercek-Altina-Alindi adresinden alindz.

14-15 mambip 2026 x., TypkicmaH 220 https.//geesconference.ayu.edu.kz


https://www.ekolcevre.com/blog/kuresel-iklim-degisikligi-nedir
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202413
https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/202413
https://www.turktarim.gov.tr/Haber/1096/dunyanin-en-cok-bal-ureten-ikinci-ulkesiyiz
https://www.turktarim.gov.tr/Haber/1096/dunyanin-en-cok-bal-ureten-ikinci-ulkesiyiz
https://www.akdenizhijyen.com.tr/blog/ulkemizdeki-ari-turleri
https://veriportali.tuik.gov.tr/tr/press/58015
https://www.aa.com.tr/tr/eko%20nomi/turkiyenin-bal-ihracati-2025te-33-5-milyon-dolari-asti/3796831
https://www.aa.com.tr/tr/eko%20nomi/turkiyenin-bal-ihracati-2025te-33-5-milyon-dolari-asti/3796831
https://www.tarimorman.gov.tr/Haber/5965/Kuresel-Iklim-Degisikliginin-Aricilik-Uzerindeki-Etkileri-Mercek-Altina-Alindi
https://www.tarimorman.gov.tr/Haber/5965/Kuresel-Iklim-Degisikliginin-Aricilik-Uzerindeki-Etkileri-Mercek-Altina-Alindi

1. XATIbIKAPATIbIK TYPKI SJIEMI XKACBIIT SHEPIVIA X KOHE KOPLUAFAH OPTA fbl/IbIMAAPBI KOHIPECI

Artificial Intelligence in Agriculture for Drone Based Crop Monitoring and
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Abstract

Over the past decade, artificial intelligence (Al) has begun to change how we approach
agricultural production, moving farming away from uniform field management
toward data-driven, precision-based strategies. In the article, we examined the
practical integration of AI methods such as deep learning, computer vision, and
ensemble machine learning across different stages of crop production. A particular
focus is placed on drone-based crop monitoring. When unmanned aerial vehicles
equipped with multispectral, thermal, or hyperspectral sensors were paired with
convolutional neural networks, we found that farmers could track plant health,
canopy cover, chlorophyll levels, and early signs of disease or drought stress at a
resolution that satellite data alone cannot achieve. These Al-powered drones allowed
farmers to detect problems before they became visible to the naked eye and to apply
water, fertilizer, or pesticides only where needed. Beyond aerial monitoring, we also
evaluated autonomous ground robots for weeding, recurrent neural networks for
yield forecasting, and reinforcement learning frameworks for real-time irrigation
decisions. Our results showed clear gains in resource efficiency and crop resilience.
Nevertheless, several limitations remain. Models trained in one region often fail under
different soil or climate conditions. Computing demands still exceed the capacity of
many on-farm systems. For smallholder farmers particularly in developing countries
cost and infrastructure continue to pose major barriers. We conclude by outlining what
we see as the most urgent research conditions, explainable Al that farmers can trust,
federated learning to pool data across farms without compromising privacy and policy
reforms that make these technologies accessible rather than widening existing gaps in
agriculture.

Keywords: Artificial intelligence, Machine learning, Precision agriculture, Sustainable
production
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Large-Scale Screening of Hydrobarothermally Processed Soybean Prototypes to
Identify Optimal Nutritional Quality for Poultry

Muhammad Umair Asghar!, Mariusz Korczynski!
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Sciences, Department of Animal Nutrition and Feed Science, 51-630, Wroctaw, Poland.

Abstract

The optimization of soybean processing is essential to enhance its nutritional value
and reduce anti-nutritional factors in poultry diets. The present study was designed as
a large-scale screening experiment to identify the most effective hydrobarothermal
processing conditions for soybean. A total of 92 soybean prototypes were produced
using different combinations of temperature, pressure, time, and moisture. This
extensive screening aimed to select the best-performing soybean prototypes based on
their nutritional quality and suitability for animal feeding. The prototypes were
evaluated for key parameters, including protein availability, reduction of anti-
nutritional factors, and digestibility. Based on these criteria, the most promising
candidates were identified and further assessed for their potential application in
poultry nutrition. The results demonstrated considerable variation among the
processed soybean samples, confirming that processing conditions play a critical role
in determining nutritional value. Several prototypes showed significantly improved
nutritional characteristics, indicating their potential to enhance feed efficiency and
animal performance. This study highlights the importance of systematic screening
approaches in identifying optimal processing conditions and provides a foundation
for developing high-quality soybean-based feed ingredients.

Keywords: soybean processing, sustainability, protein, poultry nutrition,
hydrobarothermal processing.
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Poultry Production
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Abstract

The global poultry sector is facing increasing pressure to meet the rising demand for
animal protein while minimizing its environmental footprint and ensuring economic
viability. Sustainability challenges in poultry production are closely linked to feed
resource utilization, environmental emissions, and the efficient conversion of nutrients
into animal products. This study explores the role of nutritional strategies in
addressing these global challenges, with a particular focus on improving feed
efficiency, optimizing nutrient utilization, and reducing environmental impact. Key
approaches discussed include the use of advanced feed processing technologies,
enzyme supplementation, and the incorporation of alternative protein sources to
enhance nutrient digestibility and reduce reliance on conventional feed ingredients.
Improving the bioavailability of nutrients such as phosphorus and amino acids can
significantly reduce nutrient excretion, thereby lowering the environmental burden
associated with poultry production. In addition, precision nutrition strategies allow
for better alignment of dietary supply with animal requirements, minimizing waste
and improving production efficiency. The findings highlight that targeted nutritional
interventions can play a pivotal role in enhancing sustainability across poultry
production systems. By improving feed conversion efficiency and reducing nutrient
losses, these strategies contribute not only to economic performance but also to
environmental protection. This work underscores the importance of integrating
nutrition based solutions into broader sustainability frameworks to address current
and future global challenges in poultry science.

Keywords: Poultry science, Sustainability, Feed efficiency, Environmental impact,
Alternative protein sources, Nutritional strategies, Global challenges.
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Retention and Sustainable Crop Production
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Abstract

Nitrogen loss from agricultural soil represents a fundamental inefficiency in global
crop production. Total nitrogen losses from agricultural fields range from 10 to 35% of
applied fertilizer. These losses occur primarily through two pathways. The first
denitirifcation, the microbial conversion of nitrate to nitrous under the field
conditions. Second is nitrate leaching, which accounts for approximately 8 to 13% of
applied nitrogen. In this review, we synthesized the current literature on BNI
expression in two major crop groups, cereals and legumes. Among cereals, sorghum,
demonstrated the strongest inhibition. Roots exudates including sorgoleone reduced
soil nitrification potential by 40 to 60% in controlled studies. Wheat exhibits more
moderate inhibition, with stronger expression observed in older landraces compared
to modern cultivars. Among legumes, soybean and cowpea show measurable BNI
activity, through their inhibitory compounds remain less characterized than those in
cereals. Legumes offer a distinct advantage by combining biological nitrogen fixation
with BNI exudation. We examined the considerable genotype variability reported both
crop groups. Which indicated that BNI is a heritable trait amenable to breeding. This
literature suggests that integrating high BNI cereal and legume genotypes into rotation
system could reduce synthetic nitrogen requirement by 15 to 25% without yield
penalty. However, we noted that most published studies remain limited to controlled
environments. We concluded by identifying key gaps in the literature including the
need for field validation, genetic pathway elucidation, and systematic germplasm
screening.

Keywords: Biological nitrification inhibition, Cereals, Legumes. Nitrogen use
efficiency, Sustainable agriculture
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Abstract

The algae Chlorella vulgaris is widely used in human food, animal nutrition, as a
biofertilizer, biostimulator, as a source of biofuel and for other purposes. These
applications are largely due to the favorable biochemical content of the algal biomass.
Numerous nutrient cultivation media are used to obtain algal biomass, which,
however, lead to increased production costs. In this context, numerous scientific
researches are aimed at identifying alternative sources of nutrient media, cheap,
accessible and efficient, which could ensure the accumulation of a significant content
of biologically active substances in the algal biomass.

A potential source of cheap and accessible nutrients is wastewater from recirculating
aquaculture systems (RAS). These are generated in considerable quantities, do not
present high toxicity and often constitute an economic and technical problem for
aquaculture operators. Based on these considerations, the purpose of the study was to
use wastewater from the recirculating aquaculture system of the Iasi Research and
Development Station for Aquaculture and Aquatic Ecology, within the “Alexandru
Ioan Cuza” University of lasi, as a nutrient medium for the cultivation of the algae
Chlorella vulgaris and to evaluate the biochemical content of the obtained biomass. For
this purpose, experiments were carried out to determine the general biochemical
content of the Chlorella vulgaris biomass on the 3rd, 6th and 9th days of cultivation, on
nutrient media with the addition of wastewater in concentrations of 10%, 30%, 60%,
90% and 100%. The experimental media were supplemented by the administration of
Tamia nutrient medium, and Tamia nutrient medium was used as a control. The
experiments were carried out under laboratory conditions, at a temperature of 21-25
°C, with natural lighting and without shaking the samples. The cultivation was carried
out in Erlenmeyer flasks with a volume of 100 mL, in which the nutrient medium
together with the algal inoculum constituted a total volume of 100 mL.

The results obtained on the 3rd day of cultivation show that the Chlorella vulgaris
biomass has a protein content that increases from 35.20% at a concentration of 10%
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wastewater to a maximum of 40.20% at a concentration of 60%, after which it decreases
to 36.20% at a concentration of 100%, remaining however superior to the control
(34.20%). The lipid content shows a constant increase with the increase in the
proportion of wastewater in the nutrient medium, from 7.60% to 11.80%, compared to
7.20% in the control, while the carbohydrate content decreases from 37.21% to 26.90%
with the increase in the wastewater concentration, compared to 39.20% in the control.

On the 6th day of cultivation, the Chlorella vulgaris biomass shows a significant increase
in protein content with the increase in wastewater concentration up to 60%, from
45.00% to 50.12%, a value higher than the control (41.00%). At higher concentrations,
the protein content decreases to 38.52% (90%) and 37.10% (100%). The lipid content
increases steadily from 9.40% to 17.00%, significantly exceeding the control value
(8.30%), while the carbohydrate content progressively decreases from 27.99% to
18.70%, compared to 37.40% in the control sample. On the 9th day of cultivation,
pronounced biochemical changes are observed in response to the increase in the
proportion of wastewater in the nutrient medium. The protein content increases from
43.21% at a concentration of 10% wastewater to 48.00% at a concentration of 60%,
exceeding the control value (40.02%), after which it decreases to 36.68% at a
concentration of 100%. Lipid accumulation increases significantly with increasing
wastewater concentration, from 9.00% to 18.90%, while the carbohydrate content
decreases steadily from 26.21% to 15.40%, compared to 29.48% in the control. These
results indicate a progressive redirection of carbon flux towards lipid biosynthesis
under conditions of prolonged cultivation and nutritional stress. The results obtained
indicate that exceeding the optimal values of wastewater concentration in the
cultivation medium of the Chlorella vulgaris algae leads to a decrease in the protein and
carbohydrate content of the algal biomass and an increase in the lipid content. In
conclusion, the biomass of Chlorella vulgaris cultivated on nutrient media with the
addition of wastewater from recirculating aquaculture systems, in optimal
concentrations, can accumulate significant amounts of biologically active substances,
sometimes superior to those obtained on standard nutrient media. Therefore, the
obtained biomass can represent a valuable nutritional source for the fish feed that
generate these wastewaters.

Keywords: wastewater, recirculating aquaculture system, Chlorella vulgaris, biomass
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Abstract

Lonicera caerulea, known as haskap or honeyberry, represents one of the most potent
natural sources of dietary antioxidant among temperate small fruits. This review
consolidates the current scientific evidence demonstrating the exceptional antioxidant
capacity of this emerging berry crop. The principal bioactive compounds are
anthocyanin, with cyaniding 3 O glucoside alone comprising 70% to 80% of the total
anthocyanin’s fraction, followed by chlorogenic acid and neochlorogenic acid as the
dominant phenolic acids. Across numerous comparative studies, haskap extracts
consistently outperform high bush blueberry, blackberry, raspberry, strawberry, and
cranberry in standard antioxidant assays including the Oxygen Radical Absorbance
Capacity and the Ferric Reducing Antioxidant Power test. This superior performance
is directly attribute to the uniquely high concentration of cyanidin based compounds.
Russian and Japanese cultivars generally exhibit the highest antioxidant values, while
tully ripe berries contain two to three time’s greater anthocyanin concentrations than
half ripe fruits. Although the in vitro evidence is exceptionally robust, human clinical
trial remained limited, with only to intervention studies published to date.
Nevertheless, the existing evidence unequivocally establishes haskap as a premier
antioxidant berry crop. For researchers and health conscious consumers. Haskap
offers a validated, high density phenolic matrix with outstanding free radical
scavenging potential.

Keywords: Anthocyanins, Antioxidant capacity, Haskap, Lonicera caerule, Phenolic
compounds
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Biyokiitle Piroliz Uriinleri ve Biyoyag Ust Isil Degerinin Tahmini Igin
Yorumlanabilir Coklu-Cikisli Makine Ogrenmesi Yaklagimi

An Interpretable Multi-Output Machine Learning Framework for Predicting Biomass
Pyrolysis Product Distribution and Bio-Oil Higher Heating Value
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Ozet

Bu calismada, biyokiitle hizli piroliz siirecine ait ¢ok degiskenli deneysel veri seti
kullanilarak tirtin dagilimi (kati, sivi ve gaz triinler) ile biyoyagin {ist 1s1l degerinin
(HHV) es zamanli tahmini i¢in yorumlanabilir coklu-¢ikt1 makine 6grenmesi modelleri
gelistirilmistir. Toplam 122 Ornekten olusan veri seti; partikiil boyutu, elementel
bilesim ve proses parametrelerini kapsayan 14 giris degiskeni (PS, C, H, N, O, Ash, V,
FC, Cel, Hem, Lig, HT, FR, GFR) ile temsil edilmistir. Cikis degiskenleri ise char, bio-
oil, gaz tirtin ve HHV olarak belirlenmistir.

Dogrusal olmayan ve ¢oklu-cikt: yapiya sahip sistemin modellenmesinde Extra Trees
ve XGBoost algoritmalar1 Multi Output Regressor yaklasimi ile uygulanmustir. Model
performansini artirmak amaciyla agirlikli ensemble ve veri sizintisin1 engelleyen
stacking yontemleri gelistirilmistir. Tim modeller 10-kathh capraz dogrulama ile
degerlendirilmis; performans 6lctitii olarak R?2, MAE ve RMSE kullanilmaistir.

Sonuglar, HHV tahmininde en yiiksek performansin Extra Trees modeli ile elde
edildigini (R? = 0.9766 + 0.0685, RMSE = 0.28 + 0.66) gostermistir. Char tahmininde
stacking ve XGBoost modelleri benzer dogruluk diizeyine ulasmistir (R? ~ 0.856). Gaz
tirtin tahmininde en iyi performans XGBoost modeli ile saglanirken (R? = 0.8129 +
0.1178), s1v1 tirtin (bio-o0il) tahmininde en yiiksek basar1 Extra Trees modeli tarafindan
elde edilmistir (R? = 0.7759 + 0.1476).

Korelasyon ve kismi bagimhilhik (PDP) analizleri, piroliz sicakliginin (HT) tirtin
dagilim tizerinde belirleyici bir parametre oldugunu, elementel bilesimin (6zellikle C
ve H igerigi) ise HHV tizerinde giiclti bir etkiye sahip oldugunu ortaya koymustur.
Elde edilen bulgular, o©nerilen yorumlanabilir c¢oklu-¢ikti makine Ogrenmesi
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yaklasiminin biyokiitle piroliz stireclerinin optimizasyonu icin ytiksek dogruluklu ve
guvenilir bir karar destek arac1 sundugunu gostermektedir.

Anahtar Kelimeler: Makine 6grenmesi, biyokiitle pirolizi, ¢oklu-cikt1 regresyon,
ensemble 6grenme, XGBoost

Abstract

In this study, interpretable multi-output machine learning models were developed for
the simultaneous prediction of product distribution (solid, liquid, and gas products)
and the higher heating value (HHV) of bio-oil using a multivariate experimental
dataset derived from biomass fast pyrolysis. The dataset consists of 122 samples and
is represented by 14 input variables including particle size, elemental composition,
and process parameters (PS, C, H, N, O, Ash, V, FC, Cel, Hem, Lig, HT, FR, GFR). The
output variables were defined as char, bio-oil, gas product, and HHV.

To model the nonlinear and multi-output nature of the system, Extra Trees and
XGBoost algorithms were implemented using the Multi Output Regressor approach.
In order to improve model performance, weighted ensemble and leak-free stacking
methods were developed. All models were evaluated using 10-fold cross-validation,
and R?, MAE, and RMSE were used as performance metrics.

The results showed that the highest performance for HHV prediction was achieved by
the Extra Trees model (R = 0.9766 + 0.0685, RMSE = 0.28 + 0.66). For char prediction,
stacking and XGBoost models reached similar levels of accuracy (R?~ 0.856). While the
best performance in gas product prediction was obtained using the XGBoost model
(R?=10.8129 £ 0.1178), the highest accuracy for liquid product (bio-oil) prediction was
achieved by the Extra Trees model (R? = 0.7759 + 0.1476).

Correlation and partial dependence (PDP) analyses revealed that pyrolysis
temperature (HT) is a dominant parameter influencing product distribution, whereas
elemental composition, particularly C and H content, has a strong effect on HHV. The
findings demonstrate that the proposed interpretable multi-output machine learning
approach provides a highly accurate and reliable decision-support tool for optimizing
biomass pyrolysis processes.

Keywords: Machine learning, biomass pyrolysis, multi-output regression, ensemble
learning, XGBoost
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Plastik Atiklarin Katalitik Torrefaksiyonu: Siire¢ Mekanizmalari, Enerji
Iyilestirme ve Siirdiiriilebilir Kaynak Geri Kazanimi

Catalytic Torrefaction of Plastic Waste: Process Mechanisms, Energy Enhancement,
and Sustainable Resource Recovery

Muhammad Tayyeb Tahir!

1Y7iksek Lisans Ogr. Firat Universitesi, Miihendislik Fakiiltesi, Kimya Miihendisligi Boliimii, Elazig,
Tiirkiye.

Seyda Tasar?

2Dog. Dr, Firat Universitesi, Miihendislik Fakiiltesi, Kimya Miihendisligi Boliimii, Elazi1g, Tiirkiye.
Fatih Kaya3

3Doc¢. Dr, Firat Universitesi, Miihendislik Fakiiltesi, Kimya Miihendisligi Béltimii, Elazig, Tiirkiye.

Ozet

Plastik tiretimindeki hizli artis, buna paralel olarak plastik atik miktarmmin kiiresel
Olcekte ciddi boyutlara ulasmasina neden olmustur. Dogada uzun stire bozunmadan
kalabilen plastik atiklar; cevresel kirlilik, mikroplastik olusumu ve sera gazi
emisyonlar1 gibi ¢ok yonlii sorunlara yol acmaktadir. Bu nedenle plastik atiklarin
surdiirtilebilir ve katma degerli yontemlerle degerlendirilmesi buytik ©nem
tasimaktadir. Bu derleme calismasinda, plastik atiklarin katalitik torrefaksiyon
yontemi ile degerlendirilmesine yonelik mevcut literatiir kapsaml1 bir sekilde analiz
edilmistir.

Calismada oncelikle plastik atiklarin tiirleri, kimyasal yapilar: ve termal davramnislar:
incelenmis; ardindan mekanik, kimyasal ve termokimyasal geri dontistim yontemleri
karsilastirmali olarak ele alinmistir. Bu baglamda, 6zellikle termokimyasal dontisim
yontemlerinin enerji geri kazanimi acisindan sundugu avantajlar vurgulanmustir.
Torrefaksiyon stireci, 200-300°C sicaklik araliginda gerceklestirilen kontrollii bir 6n
islem olarak degerlendirilmis ve stire¢ mekanizmalar1 detayl sekilde agiklanmustir.

Literattir bulgularina gore torrefaksiyon stirecinde nem giderimi, ucucu bilesenlerin
uzaklastirilmasi ve kismi termal bozunma gibi reaksiyonlar sonucunda malzemenin
karbon icerigi artmakta ve enerji yogunlugu yiikselmektedir. Ayrica katalizor
kullaniminin reaksiyon kinetigi, tirtin dagilimi ve enerji 6zellikleri {izerinde 6nemli
etkiler olusturdugu belirtilmektedir. Stire¢ parametrelerinin (sicaklik, siire, atmosfer
ve plastik ttirti) optimize edilmesinin sistem performans: acisindan kritik oldugu
ortaya konmustur.

Sonug olarak, katalitik torrefaksiyonun plastik atiklarin enerji yogunlugunu artiran,
depolanabilirligini iyilestiren ve ileri dontisiim stireclerine uygun hale getiren etkili
bir 6n islem teknolojisi oldugu degerlendirilmistir. Bu yaklasimin, stird{irtilebilir atik
yonetimi ve dongtisel ekonomi hedefleri dogrultusunda 6nemli bir potansiyel
sundugu sonucuna ulasilmstir.
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Anahtar Kelimeler: Plastik atik, katalitik torrefaksiyon, termokimyasal dontistim,
enerji geri kazanimi, stirdiirtilebilirlik

Abstract

The rapid increase in plastic production has resulted in a significant rise in plastic
waste, posing serious environmental challenges worldwide. Due to their resistance to
degradation, plastic wastes persist in the environment, leading to pollution,
microplastic formation, and greenhouse gas emissions. Therefore, sustainable and
value-added approaches for plastic waste management are urgently required. In this
review, the catalytic torrefaction of plastic waste is comprehensively evaluated based
on the current literature.

The study first examines the types, chemical structures, and thermal properties of
plastic wastes, followed by a comparative assessment of mechanical, chemical, and
thermochemical recycling methods. Among these, thermochemical conversion
processes are highlighted due to their advantages in energy recovery. Torrefaction is
discussed as a controlled pretreatment process typically conducted at temperatures
between 200-300°C, and its fundamental mechanisms are analyzed in detail.

According to the reviewed studies, torrefaction involves moisture removal,
devolatilization, and partial thermal degradation, resulting in increased carbon
content and enhanced energy density. The use of catalysts is reported to significantly
influence reaction kinetics, product distribution, and energy characteristics.
Additionally, process parameters such as temperature, residence time, atmosphere,
and plastic type are identified as critical factors affecting system performance.

In conclusion, catalytic torrefaction is identified as an effective pretreatment
technology that enhances the fuel properties of plastic waste and improves its
suitability for subsequent conversion processes. This approach offers significant
potential in achieving sustainable waste management and circular economy objectives.

Keywords: Plastic waste, catalytic torrefaction, thermochemical conversion, energy
recovery, sustainability
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Microbial Phytase Supplementation Enhances Phytate Degradation and Mineral
Utilization in Equine Diets
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Abstract

Phytate-bound phosphorus in plant-based feed ingredients is poorly available to
monogastric species, including horses, thereby limiting mineral utilization and
contributing to increased nutrient excretion. This study investigated the potential of
microbial phytase supplementation as a nutritional strategy to enhance phytate
degradation and improve mineral bioavailability in equine diets. A controlled feeding
approach was employed in which diets supplemented with microbial phytase were
compared to non-supplemented controls. The evaluation focused on key nutritional
parameters, including phytate degradation, phosphorus availability, and the
utilization of essential minerals such as calcium, zinc, and iron. Digestibility indicators
and selected physiological responses were also assessed to determine the overall
impact on nutrient efficiency. The results indicated that microbial phytase
supplementation significantly enhanced the breakdown of phytate, leading to
improved phosphorus release and increased availability of associated minerals. This
improvement in mineral utilization has important implications for equine health,
particularly in supporting skeletal integrity and metabolic functions. Additionally,
enhanced nutrient efficiency may contribute to reduced environmental phosphorus
excretion. In conclusion, microbial phytase represents an effective and practical
dietary strategy to overcome phytate-related limitations in equine nutrition. The
tindings support its application in improving feed efficiency and mineral utilization,
with potential benefits for both animal performance and environmental sustainability.

Keywords: Microbial phytase, Phytate degradation, Equine nutrition, Mineral
bioavailability, Phosphorus utilization, Feed efficiency, Nutritional strategies
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Use of Wastewater from Recirculating Aquaculture Systems for the Production of
Spirulina Platensis Biomass with Optimal Amino Acid Profile
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Abstract

The cyanobacteria Spirulina platensis is an important source of biologically active
substances, such as proteins, amino acids, carbohydrates, lipids, phycobiliproteins
(phycocyanins and allophycocyanins), carotenoids, a wide range of amino acids (non-
essential and essential), vitamins (A, B, D, E, K), linolenic and y-linolenic acid, enzymes
(superoxide dismutase, catalase, peroxidase), minerals (Ca, K, Mg, Na, P), some
microelements (Fe, Cu, Cr, Mn, Zn) and other biologically active substances. Due to
these, it has now gained global distribution, being cultivated in industrial quantities,
including outside its natural range. However, a large part of the population does not
have the opportunity to use Spirulina or products obtained from its biomass, due to
the insufficiency of biomass and the relatively high price. In this context, we consider
that optimizing nutrient media is very important in order to reduce the cost of biomass
production.

In our previous research, we demonstrated that wastewater generated by recirculating
aquaculture systems (RAS) can replace 10% of the standard Zarrouk nutrient medium
for cultivating the cyanobacterium Spirulina platensis, which leads to obtaining an
almost equal amount of biomass compared to cultivation on standard nutrient
medium, with a proportional reduction in production cost.

In this sense, the purpose of the research was to analyze the amino acid content in the
biomass of Spirulina platensis cultivated on standard nutrient medium (90%), with the
addition of wastewater (10%) from the recirculating aquaculture system of the
Research and Development Station for Aquaculture and Aquatic Ecology lasi, within
the “Alexandru lIoan Cuza” University of lasi. The amino acid composition of the
cyanobacterial biomass was determined at the end of the exponential growth phase of
the culture, using the specific determination method.
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The amino acid profile of Spirulina platensis biomass grown on nutrient medium with
the addition of wastewater (RAS) highlights the predominance of glutamic acid
(11.59%), followed by leucine (6.70%), arginine (5.90%), aspartic acid (5.79%) and
alanine (5.51%). The composition of the biomass includes both non-essential and
essential amino acids, such as threonine (2.98%), valine (3.99%), isoleucine (3.50%),
leucine (6.70%), phenylalanine (3.14%), lysine (2.50%) and methionine (0.84%). The
low content of tryptophan (0.17%) and cysteine (0.70%) is characteristic of Spirulina
biomass.

The results indicate that the use of wastewater from the RAS system allows the
production of Spirulina platensis biomass with a balanced and optimal amino acid
profile for use in the nutrition of fish and other aquatic organisms.

Keywords: wastewater, recycling, Spirulina platensis, amino acids
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Abstract

This paper analyzes the economic activities of several cement plants in the republic
based on their ecological passports. It was noted that existing regulatory documents
addressed the general environmental issues of individual industries, while the
assessment of the carbon load in the cement production process remains open. Given
these circumstances, it is emphasized that the formation of carbon-containing
substances, including carbon dioxide, occurs during the high-temperature
decomposition of calcium carbonate, the main raw material in cement production.
Based on raw material consumption data at the Terek-Tash LLC plant (Novopokrovka
village, Issyk-Ata District, Chui Region, Kyrgyzstan), a model chemical composition
of cement clinker was compiled. It is emphasized that calcium oxide is not used
directly in cement production, but is formed during the decomposition of limestone,
meaning calcium carbonate was considered a carrier of carbon-containing substances.
Accordingly, the concentration distribution of components and particles, including
carbon-containing fragments formed at maximum entropy, was calculated. The
established physicochemical and thermodynamic parameters of calcium carbonate
degradation allowed us to determine the process direction, while the concentration
distribution of various carbon-containing fragments in the gas phase revealed the total
carbon footprint and the quantitative content of carbon oxides (CO, COz) depending
on temperature.

Keywords: Clinker, Limestone, Cement, Thermodynamic modeling, Carbon
footprint
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Determination of Activation Energy
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Ozet

Guntimtizde alev geciktirici 6zellikleri ve kolay sentezlenebilme avantajlariyla metal
floroboratlar, ileri malzeme bilimi ve endiistriyel uygulamalarda giderek artan bir
oneme sahiptir. Bu bilesikler ailesinde 6ne ¢ikan nikel floroboratin endiistriyel 6lgekte
tiretim stireglerinin iyilestirilebilmesi igin reaksiyon kinetiginin detayli bir sekilde
aydinlatilmas:1 gerekmektedir. Bu galismanin temel amaci, nikel floroborat sentez
reaksiyonunun kinetik parametrelerini incelemek; reaksiyon derecesini ve aktivasyon
enerjisini hesaplayarak sistemin farkli sicakliklardaki reaksiyon hizlarina dair
ongortisel bir kinetik model olusturmaktir. Deneysel calismalarda, geri sogutuculu
sistem kullanilarak %20 kiitlece floroborik asit ¢ozeltisi ile nikel oksit katis1 reaksiyona
sokulmustur. Kinetik incelemeler, literattirde/6nceki calismalarda optimum reaktant
orani olarak belirlenmis olan 4 mol aside karsilik 1 mol nikel oksit stokiyometrik
oraninda gergeklestirilmistir. Kinetik verilerin elde edilebilmesi amaciyla sentez stireci
40 °C, 55 °C ve 70 °C olmak tizere ti¢ farkli izotermal sicaklikta yiirtitiilmiis ve her bir
sicaklik profilinde 10'ar dakikalik periyotlarla reaksiyon ortamindan numuneler
almmuastir. Laboratuvar olgekli ilk fiziksel gozlemler 1s1ginda, 40 °C gibi nispeten
diistik sicakliklarda dahi nikel floroborat tuzunun olusumunun basladig1 tespit
edilmistir. Bu durum, reaksiyonun gerceklesmesi icin asilmasi gereken aktivasyon
enerjisi (Ea) bariyerinin gorece diistik bir degere sahip olduguna isaret etmektedir. ICP
analizleri ile elde edilen nicel derisim bulgular1 kullanilarak reaksiyon hiz sabitleri (k)
hesaplanmis ve Arrhenius denklemi tizerinden net aktivasyon enerjisi ile reaksiyon
derecesi kesin olarak belirlenmistir. Bu arastirmanin ileri bor tirtinlerinin fonksiyonel
ozelliklerini  arastiran  bilim  insanlarina  kiymetli  veriler = sunacag:
degerlendirilmektedir.

Anahtar Kelimeler: Nikel Floroborat, Reaksiyon Kinetigi, Aktivasyon Enerjisi, Alev
Geciktiriciler, leri Bor Uriinleri
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Abstract

Today, metal fluoroborates are gaining increasing importance in advanced materials
science and industrial applications due to their flame-retardant properties and ease of
synthesis. In order to improve the industrial-scale production processes of nickel
fluoroborate, which stands out in this family of compounds, its reaction kinetics need
to be elucidated in detail. The main objective of this study is to investigate the kinetic
parameters of the nickel fluoroborate synthesis reaction, and to develop a predictive
kinetic model for reaction rates at different temperatures by calculating the reaction
order and activation energy. In the experimental studies, a 20 wt% fluoroboric acid
solution and solid nickel oxide were reacted using a reflux system. Kinetic
investigations were carried out at a stoichiometric ratio of 4 moles of acid to 1 mole of
nickel oxide, which was determined as the optimum reactant ratio in previous
studies/literature. To obtain kinetic data, the synthesis process was conducted at three
different isothermal temperatures (40 °C, 55 °C, and 70 °C), and samples were collected
from the reaction medium at 10-minute intervals for each temperature profile. ICP
spectrometer analyses are ongoing to quantitatively determine the time-dependent
concentration changes in the samples with high precision. Based on initial laboratory-
scale physical observations, it was determined that the formation of nickel
fluoroborate salt begins even at relatively low temperatures, such as 40 °C. This
indicates that the activation energy (Ea.) barrier required for the reaction to proceed is
relatively low. Using the quantitative concentration data obtained from ICP analyses,
reaction rate constants ($k$) were calculated, and the net activation energy and
reaction order were definitively determined via the Arrhenius equation. It is
anticipated that this research will provide valuable data for scientists investigating the
functional properties of advanced boron products.

Keywords: Nickel Fluoroborate, Reaction Kinetics, Activation Energy, Flame
Retardants, Advanced Boron Products
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Abstract

Drought stress is one of the major environmental constraints limiting rice (Oryza sativa
L.) growth and productivity, particularly under increasingly frequent water-limited
conditions. Plant growth-promoting rhizobacteria (PGPR) represent a sustainable
approach for improving crop performance because they can modulate stress-related
plant responses and influence rhizosphere microbial communities. In this study, rice-
associated culturable bacteria were isolated from roots and rhizosphere soil, screened
for plant growth-promoting potential, and evaluated under contrasting water regimes.
A total of 1,425 colonies were screened, and 919 isolates were successfully identified.
From 52 selected plant growth-promoting isolates, nine ACC-utilizing bacterial strains
were chosen for pot experiments. Among these, Lysinibacillus fusiformis BG46
showed the strongest overall growth-promoting effect under drought stress.

Rice plants were grown under well-watered and drought-stressed conditions with or
without bacterial inoculation, and plant growth traits were integrated with 165 rRNA
amplicon-based rhizosphere microbiome analysis. Under drought stress, BG46
significantly increased shoot dry weight to 0.537 g, corresponding to an approximately
32% improvement compared with the drought-stressed control, and also improved
shoot length. Root dry weight was not significantly altered, indicating that BG46
mainly enhanced aboveground biomass accumulation under water deficit.
Rhizosphere bacterial community analysis showed that BG46 did not significantly
change alpha diversity, but it clearly shifted beta diversity under both drought and
well-watered conditions. LEfSe analysis indicated that BG46 inoculation consistently
enriched biomarkers associated with Geomonas, Thermodesulfobacteriota
/Desulfuromonadia, Bacteroidales, Prolixibacteraceae and Clostridia. Functional
prediction further suggested that BG46 promoted sulfur respiration, sulfur compound
respiration, iron respiration, nitrogen fixation, and related nutrient-cycling functions
in the rhizosphere.

The results demonstrate that L. fusiformis BG46 can enhance rice growth under
drought stress while reorganizing rhizosphere bacterial community structure and
predicted functional potential. The combined improvement in plant biomass and
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microbial functional profiles suggests that BG46 may support drought adaptation
through both direct plant growth-promoting activity and indirect microbiome-
mediated mechanisms. These findings highlight BG46 as a promising microbial
bioinoculant for improving drought resilience and supporting climate-smart,
sustainable rice production.

Keywords: Rice; Drought stress; Lysinibacillus fusiformis; PGPR; Rhizosphere
microbiome.
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Determination of Saponins in the Plant Raw Material of Acanthophyllum pungens

Altynbek Abseyt!, Nazym Yelibayeva?, Gulzat Abdikarim!, Nurlan Akhmetov?!

1Khoja Akhmet Yassawi International Kazakh-Turkish University, Research Institute “Ecology”,
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Abstract

This study investigates the quantitative content of saponins and other biologically
active compounds in the plant raw material of Acanthophyllum pungens. The
increasing interest in medicinal plants as natural sources of biologically active
substances highlights the importance of phytochemical investigations of wild and
endemic plant species. The present work aimed to determine the extractive substances,
identify major groups of biologically active compounds, and develop an effective
method for the isolation of saponins from the studied plant material.

Different solvents, including 80 % ethanol, 50 % ethanol, water, and ethyl acetate, were
used to evaluate the extraction efficiency of biologically active compounds.
Comparative analysis showed that the highest yield of extractive substances was
obtained using a 50 % aqueous ethanol solution. Therefore, this solvent system was
selected as the most effective extractant for the studied plant material. Quantitative
phytochemical analysis revealed that saponins were the predominant compounds,
while amino acids were also present in relatively high amounts. In addition,
flavonoids, polysaccharides, organic acids, tannins, alkaloids, and coumarins were
identified in the plant composition.

The presence of saponins was confirmed by foam formation and colorimetric
reactions. Stable foam formation under acidic and alkaline conditions indicated a high
content of triterpene saponins in the plant material. Furthermore, an effective
technology for the extraction and purification of saponins was proposed. The process
included extraction with aqueous ethanol, vacuum concentration, precipitation,
purification, filtration, and vacuum drying. As a result, a brown, odorless, amorphous
saponin product was obtained.

The obtained results demonstrate that Acanthophyllum pungens is a promising
natural source of biologically active compounds and may serve as valuable raw
material for pharmaceutical and biotechnological applications.

Keywords: Acanthophyllum pungens, saponins, biologically active compounds,
extraction, phytochemical analysis.
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Development of A Method for Obtaining Synthetic Zeolites and Nanocomposites
from Industrial Waste for Water Purification from Pollutants

Cympl j1acTaymisl 3aTTapiaH Ta3apTy YIIiH 6HOipicTiK KaJIbIKTapaH CMHTeTUKAaIIBIK,
LeOJIUTTeP MeH HaHOKOMIIO3UTTep ajly 9/IiCiH a3ipiiey

Madina Suleimenoval, Zhandos Tauanov!

1Al-Farabi Kazakh National University, Faculty of Chemistry and Chemical Technology, Almaty,
Kazakhstan

Abstract

At present, pollution of water resources is one of the most acute environmental
problems. Particularly hazardous are toxic and persistent pollutants contained in solid
and liquid industrial wastes, which negatively affect aquatic ecosystems and human
health. In this context, the development of effective and environmentally safe water
purification technologies is of high scientific and practical importance.

Synthetic zeolites and nanocomposites exhibit high adsorption capacity toward
organic and inorganic pollutants, which determines their widespread use in modern
water treatment technologies. However, conventional methods for producing
adsorbents are characterized by high energy and material consumption, increasing
their cost. Therefore, the use of industrial and agro-industrial wastes as raw materials
for the synthesis of zeolites and nanocomposites represents an environmentally and
economically promising approach.

Given the increasing volumes of waste in industrial regions of Kazakhstan and the
limited availability of water resources, this research is particularly relevant for the
development of environmentally safe water treatment technologies.

The aim of the work is to develop a method for obtaining porous nanocomposites from
agricultural waste and thermal power plant waste via hydrothermal synthesis and to
apply them for the removal of mercury ions from water.

To achieve this goal, the following tasks were solved:

- production of silicon dioxide from at least two types of local agro-industrial waste
and characterization of its properties;

- optimization of hydrothermal reaction conditions for converting agricultural waste
and thermal power plant waste into nanoporous zeolites;

- to obtain nanocomposites, modify zeolites synthesized from industrial waste via ion
exchange with silver ions followed by reduction and formation of silver nanoparticles,
as well as carry out surface modification of zeolites derived from rice husk using silver
nitrate for the removal of contaminants from water;

- experimental investigation of adsorption kinetics and equilibrium adsorption of the
synthesized zeolites and nanocomposites for mercury ion removal.

Keywords: rice husk, coal fly ash, zeolite, nanocomposite
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AHpgarma

Kasipri keseHme Cy[blH JlacTaHybl - OSKOJIOTVIUIBIK KayiNTepiiiH eH ©3eKTi
MacesieriepiniH Oipi OosbIll TaOBUIAZBI. Ocipece OHIPICTIK KbI3MeT HITVDKeCiHIe
ravia 00sIaThIH KaTThI JKoHe CYMBIK, KAJTBIKTAPIbIH KYPaMbIH/IaFbl TOKCUKAITBIK, JKoHe
TYpaKTHI JIaCTayIIbl 3aTTap (ayblp MeTasigap, OosfeinTap, dpeHoImap, HadpTaaHaep
XoHe T.0.) Cy SKOXYiesjlepiHiH OWMOJIOTMSUIBIK OpTYpJIUliriHe >koHe amaM
IleHcayJIbIFbIHA Tepic acepiH Turiseni. OcblFaH OavyIaHBICTBI Cy K63[IepiH THUiM/Ii XKoHe
SKOJIOTVSUIBIK, Kayillci3 oJlicTepMeH Tas3apTy MaceslecCi FBUIBIMM JKoHe ToXipmOestik
MaHpI3Fa vie OOJIBII OTHIP.

CuHTeTVKaJIBIK, [IeoJINTTep MeH HaHOKOMIIOZUTTeP CYIIbl JIacTayllbl OpraHMKaJIbIK
KoHe OertopraHMKaJIbIK 3aTTapabl afcopOLMsIay KacueTTepiHiH XOFapbl O0IybIMeH
CUIaTTaJIaflbl, COHABIKTaH OJlap 3aMaHayu CyIbl TasapTy TeXHOJIOIVsUIapbIHIa
KeHiHeH KoJjaHbUIaJbpl. [lereHMeH, CUHTETMKAIIBIK aJcOpOeHTTepi HIacTyprii
HIVKi3aTTapgaH ajly Ipolleci 3Heprus MeH MaTepuasblK pecypcTapAbl Kell
JKYMcamibl, COHBIH CaJIHIapblHaH 6HAipic KyHBI >KOfapbl Oosampl. COHIBIKTAH
OHIIPICTIK KaJIIBIKTapAbl IIMKi3aT peTiHe IavijajlaHy apKbUIbl CUHTETUKAJIBIK,
LeoJINTTep MeH HaHOKOMIIOSUTTEP ajly SKOJIOTVIUIBIK TYPFBbIIAH TUIMAI JKoHe
SKOHOMVKAQJTBIK, [IEPCIIEKTMBACHI 30 OaFbIT O0JIBINT TaOBUIA/IBL.

OHmipicTik  KaJgplKTapapl — KamTa  ©HIey  apKpUIBI  afcopOeHTTep  aily
TeXHOJIOTVIsUIaPbIH JXeTUIIIpy CyIIbl JIacTayIlIbl 3aTTap/Abl TMIM/II Ta3aslayfa, COHbIMEH
KaTap KaJIbIKTapAbl OacKapylaFbl SKOJIOTVSIIBIK Macesleslepli IIelryre MyMKiHIIIiK
Oepeni. KasakcTaHHBIH MHIYCTPVSUIBIK, aiMaKTapbIHAAFbI KaJIbIKTap/IblH KeJleMiHiH
ecyli MeH Cy pecypcTapbIHBIH IIeKTeYJIUIirl >KafdavblHAa, aTaJIMBIIL 3epTTey
SKOJIOTMSUIBIK, Kayillci3 cyAbl Ta3apTy TexXHOJIOIVMsUIapBIH JaMBbITyFa OaFbITTaJIFaH
FBUIBIMM i37leHiCTep/iH MaHbI3IbUIBIFbIH aVIKbIHAAVIIbL.

JKyMBICTBIH, MaKcaTbl TMIPOTePMUIIBIK CHHTEe3 apKbUIbl aybUIIIapyallblIbIK JKoHe
XKBULy 3JIEKTP OPTasIbIFbl KaJAbIKTapblH KeyeKTi HaHOKOMIIO3UTTepre avHaJIIbIpy
9IIiciH a3ipJiey JKoHe Cy[aH ChIHANTHI Ta3apTyda KOJIaHy.

KovibUiFraH MaKcaTKa XKeTy YIIIiH Kejleci MiHAeTTep el

- JKepriiikTi arpoeHepKacilTiK KJIbIKTap/IblH KeMiH]Ie eKi yJIriCiHeH CMHTeTMKaJIbIK
KpeMHUVI OMOKCUAIH aJly JX9He OHBIH CHUIlaTTaMaJlapblH (MUKPOKYPBUIBIMIBIK,
MOP@OJIOTUSIIBIK, JIEMEeHTTIiK, TEPMIUSUIBIK, TaJIay) aHbIKTAY;

- ArpoKasiIbIKTap/ibl HaHO-KeyeKTi [eoJIuTTepre aviHaIAbIPYIbIH T POTePMISIIBIK
peakumsAChl  JKafJallapblH — OHTaWIaHABIPY  (peareHTTepAiH  apaKaTbIHACHL
KpUCTJIIaHy JKoHe YCTay YaKbIThl; KYJIIiJleHy TeMIlepaTypackl XoHe T. 0.);

- Hanoxommosurrepni ajy yIOiH  OHIOIPICTIK  KaJgpIKTapaaH CUHTe3IesIreH
LIeOJIUTTep i, OeTiH KyMic HUTpaTbl MeH HaTpuil HOHAelwICysIbdaThl apKbUIbI
MoamdMKaLysIal, CyaH JIacTaylbl 3aTTap/Abl TasaJlay MaKcaTbIHa KOJIaHY.

- CymaH cbIHaI MOHAPBIH )KoHe KaTMOHIBIK OOSIFBIIITap/Ibl KOO YIIIiH CMHTe3/e/IreH
HAHOKOMIIO3UTTEP MeH OacTamlKbl IIeOJIMTTepIiH KMHeTHKAchl MeH Telle-TeH/IiK
a/ICOpPOIIMSCHIH SKCIIEPVIMEHTTIK 3epTTey.

KinT ce3mep: Kypilll KaybI3bl, KeMip YIIIIa KyJIi, 11e0JIUT, HAHOKOMITO3UT
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Application of Humic-Enriched Fly Ash for Slow-Release Improvement of Soil
Health

Nuraly S. Akimbekov, Kuanysh T. Tastambek

Ecology Research Institute, Khoja Akhmet Yassawi, International Kazakh-Turkish University,
Turkestan, 161200, Kazakhstan

Sustainability of Ecology and Bioresources Scientific Research Institute, Al-Farabi Kazakh National
University, Al-Farabi ave. 71, Almaty, 050040, Kazakhstan

Abstract

Rising global food demand and the overexploitation of cultivable land have increased
agriculture’s dependence on chemical fertilizers to enhance crop yields. Excessive use
of agrochemicals, however, diminishes soil fertility and adversely affects beneficial
soil microorganisms. Recently, fly ash (FA), a byproduct of coal processing, has
attracted global interest for its potential to support agricultural productivity and
promote environmental sustainability. Modification of FA with bioavailable or
bioactive molecules, such as humic acid (HA), may further augment these benefits. HA
is a multifunctional biopolymer known to improve soil properties. In this study, FA
was modified with HA derived from low-rank coal, and its adsorption and desorption
characteristics were evaluated across various pH levels and incubation periods.
Application of the HA-FA composite (10 t ha?) to test soils resulted in improved
physicochemical and biological properties after 60 days. The HA-FA amendment also
enhanced the activity of soil microbial communities and the enzymes polyphenol
oxidase and dehydrogenase. These findings demonstrate that the HA-FA composite
significantly improves soil health and is consistent with sustainable soil management
practices.

Keywords: Fly ash; humic acid; low-rank coal; soil amendment; soil health.
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Rapid expansion and physiological impacts of the invasive macroalga Batophora
occidentalis in a Mediterranean coastal lagoon
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Abstract

Global warming and rising sea surface temperatures are facilitating the establishment
and spread of non-native marine macroalgae in the Mediterranean Sea, a recognized
hotspot for biological invasions. Here, we assess the distribution dynamics,
environmental drivers, and ecological impacts of the invasive Caribbean green
macroalga Batophora occidentalis in the shallow coastal lagoon SEstany des Peix
(Formentera, Balearic Islands). A spatial-temporal survey (2020-2025) combining
perimeter transects, coverage estimates, and continuous temperature monitoring was
conducted. Physiological impacts were evaluated in native primary producers and
benthic fauna, including the marine plants such as Zostera noltii, macroalgae such as
Caulerpa prolifera and Acetabularia acetabulum, the sponge Sarcotragus spinosulus, and
the sea cucumber Holothuria tubulosa. Biomarkers of oxidative stress (CAT, SOD, GPx,
GR, GST, MDA, and redox status indicators) were quantified and compared between
impacted and non-impacted zones. Results show a rapid expansion of B. occidentalis
from an initial 18% occupancy in 2020 to full perimeter colonization by 2025, with
highest coverage (>60%) on rocky substrates. The lagoon exhibited strong thermal
variability, with summer maxima exceeding 33°C and winter minima near 10.7°C,
conditions under which the invasive species maintained stability. Native organisms
exhibited significant physiological stress responses, including increased antioxidant
and detoxification enzyme activities. However, lipid peroxidation responses were
species-specific, with some taxa showing resilience. Notably, C. prolifera showed no
increase in MDA, and H. tubulosa displayed altered redox balance without overt
oxidative damage. Overall, B. occidentalis is driving measurable ecological and
biochemical stress in benthic communities, highlighting its role as a strong ecosystem
modifier and the need for urgent monitoring and management in vulnerable
Mediterranean lagoons.

Keywords: Mediterranean Sea; Biological invasions; Coastal lagoon; Oxidative stress;
Benthic communities
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Green Extraction and Pharmaceutical Applications of Plant-Derived Bioactive
Compounds: Advancing Sustainable Food Safety and Human Health

Ebrahim Alinia-Ahandani’, Sahebe Hajipour?, Zahra Alizadeh-Tarpoei3

1Food and Drug Research Center, Food and Drug Administration, Ministry of Health and Education,
Tehran, Iran

2Department of Plant Biology, Faculty of Basic Sciences, Golestan University, Gorgan, Iran
3Department of Biology, Faculty of Basic Sciences, University of Guilan, Rasht, Iran

Background: Oxidative stress is a key pathogenic mechanism underlying chronic
non-communicable diseases, including cardiovascular disorders, neurodegenerative
conditions, diabetes, and cancer. Synthetic antioxidants (e.g., BHA, BHT) used in food
and pharmaceutical industries raise concerns regarding hepatotoxicity, endocrine
disruption, and environmental persistence. In contrast, plant-derived bioactive
phytochemicals - such as polyphenols (curcumin, resveratrol, epigallocatechin
gallate), flavonoids (quercetin, rutin), carotenoids (lycopene, p-carotene), and essential
oils (thymol, carvacrol) - offer potent antioxidant, anti-inflammatory, antimicrobial,
and preservative properties with favorable safety profiles.

Objective: This study provides a comprehensive review of emerging pharmaceutical
and nutraceutical applications of natural antioxidants, with emphasis on green
extraction technologies, mechanisms of action, bioavailability enhancement, and
integration into sustainable food safety systems.

Methods: A systematic literature search (Scopus, Web of Science, PubMed; 2018-2026)
was conducted to identify studies on green extraction methods (supercritical fluid
extraction, microwave-assisted, ultrasound-assisted, pressurized liquid extraction,
deep eutectic solvents). Comparative data on antioxidant activity (DPPH, ABTS,
FRAP, ORAC assays), antimicrobial efficacy (MIC against foodborne pathogens:
Listeria monocytogenes, Salmonella spp., E. coli O157:H7), and pharmacokinetic
parameters (bioavailability, half-life, metabolic stability) were extracted. Case studies
of nanoformulations and active packaging incorporating natural antioxidants were
analyzed.

Results: Green extraction technologies significantly improved yield (by 30-50%
compared to conventional Soxhlet), reduced solvent consumption (up to 90%), and
preserved bioactivity of thermolabile compounds. Polyphenol-rich extracts from green
tea (Camellia sinensis), grape seed (Vitis vinifera), and rosemary (Rosmarinus
officinalis) showed ICs, values <10 pg/mL in DPPH assays and strong synergism with
food matrices. Nanoencapsulation (liposomal, chitosan-based nanoparticles)
enhanced oral bioavailability of curcumin from 1% to >20%. Active packaging films
containing 2-5% essential oils reduced lipid peroxidation (TBARS) by 40-60% in meat
and dairy products and extended shelf-life by 7-10 days. Clinical studies indicated that
daily supplementation of 500 mg standardized green tea extract reduced LDL
oxidation by 25% in hyperlipidemic patients.
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Conclusion: Plant-derived bioactive compounds, when obtained via eco-friendly
green extraction and formulated with modern delivery systems, represent effective,
safe, and sustainable alternatives to synthetic antioxidants. Their integration into
pharmaceutical formulations, nutraceuticals, and active food packaging supports
public health, chronic disease prevention, and global food security while minimizing
ecological footprint.

Keywords: Natural antioxidants; plant-derived bioactive compounds; green
extraction technologies; pharmaceutical applications; sustainable food safety;
nutraceuticals; oxidative stress; bioavailability enhancement
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Climate Change-Induced Heatwaves Trigger Malignant Ventricular Arrhythmias
via Autonomic Dysfunction and Cardiac Electrical Remodeling: A Path to Green
Energy Mitigation

Amir Aris!, Ebrahim Alinia-Ahandani2

ICardiovascular Diseases Research Center, Department of Cardiology, Heshmat Hospital,
School of Medicine, Guilan University of Medical Sciences, Rasht, Iran

2Food and Drug Research Center, Food and Drug Administration, Ministry of Health and Medical
Education, Tehran, Iran

Background: Rising global temperatures due to fossil fuel dependence have increased
the frequency, intensity, and duration of heatwaves. Epidemiological studies report a
significant rise in sudden cardiac death during extreme heat events, but the underlying
electrophysiological mechanisms remain poorly understood. Green energy transition
can reduce greenhouse gas emissions and thus heatwaves, yet direct evidence linking
heat exposure to life-threatening arrhythmias is needed.

Objective: To investigate the effects of simulated heatwave conditions on ventricular
electrophysiology, autonomic tone, and susceptibility to malignant arrhythmias in a
translational animal model, and to evaluate the potential benefits of cooling
interventions mimicking urban greening.

Methods: Thirty male New Zealand White rabbits were implanted with telemetric
ECG recorders and randomized into three groups (n=10 each):

1. Control (24+1°C, 40% humidity)

2. Heatwave (38+1°C for 6 hours/day for 5 consecutive days, then 28°C overnight, 60%
humidity)

3. Heatwave + active cooling (intermittent misting and shaded environment during
heat exposure)

Measurements included:
Heart rate variability (HRV) indices (LF/HF ratio, RMSSD).

ECG parameters: QT interval, corrected QT (QTc), Tpeak-Tend interval (marker of
transmural dispersion).

Programmed electrical stimulation (PES) to induce ventricular tachycardia/fibrillation
(VI/VE).

Myocardial expression of connexin-43 (Cx43, gap junction protein) and nerve growth
factor (NGF, sympathetic innervation).

Results: The heatwave group showed:

Autonomic imbalance: LF/HF ratio increased by 210% (p<0.001), RMSSD decreased
by 45% (p<0.01) — sympathetic overdrive.
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Electrical remodeling: QTc prolonged from 280+12 ms to 340+15 ms (p<0.001); Tpeak-
Tend increased from 4245 ms to 68+7 ms (p<0.001), indicating increased transmural
dispersion.

Arrhythmia inducibility: PES induced sustained VT/VF in 7/10 heatwave rabbits vs.
1/10 controls (p=0.002).

Molecular changes: Cx43 expression reduced by 55% (p<0.001) with lateralization
from intercalated discs; NGF increased 3-fold (p<0.01).

The heatwave+cooling group had significantly less electrical remodeling and
arrhythmia inducibility (2/10 VT/VF, p<0.05 vs. heatwave alone). Cooling partially
restored Cx43 localization.

Conclusion: Acute heatwave exposure induces sympathetic overactivity, gap junction
remodeling, and prolongation of ventricular repolarization, creating a proarrhythmic
substrate. These findings provide a mechanistic basis for the observed increase in
sudden cardiac death during heatwaves. Active cooling strategies (e.g., urban
greening, green roofs, reflective materials) mitigate these effects. Transitioning to
green energy reduces fossil fuel emissions, thereby attenuating the frequency and
severity of heatwaves—a novel cardiovascular benefit of climate action. This study
bridges environmental science, cardiology, and sustainable urban planning.

Keywords: Heatwaves, climate change, ventricular arrhythmias, autonomic
dysfunction, connexin-43, green energy mitigation
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Environmental Heavy Metals (Lead and Cadmium) from Fossil Fuel Combustion
Drive Epigenetic Remodeling and Subclinical Cardiac Fibrosis: A Multimodal
Imaging and DNA Methylation Study

Ebrahim Alinia-Ahandani!, Amir Aris?

1Food and Drug Research Center, Food and Drug Administration, Ministry of Health and Medical
Education, Tehran, Iran

2Cardiovascular Diseases Research Center, Department of Cardiology, Heshmat Hospital, School of
Medicine, Guilan University of Medical Sciences, Rasht, Iran

Background: Fossil fuel combustion releases toxic heavy metals such as lead (Pb) and
cadmium (Cd), which persist in the environment and accumulate in human tissues.
While their association with hypertension is known, the molecular mechanisms
linking low-level chronic exposure to subclinical myocardial fibrosis—a precursor of
heart failure—remain unclear. Green energy transition promises to reduce these
metals, but direct evidence of their cardiotoxic epigenomic effects is lacking.

Objective: To investigate whether chronic low-dose co-exposure to Pb and Cd induces
cardiac fibroblast activation and diffuse myocardial fibrosis through DNA
methylation changes in the promoters of antifibrotic genes (e.g., PPARG, MMP9), and
to detect these changes using advanced cardiovascular magnetic resonance (CMR)
imaging.

Methods: Forty-eight male C57BL/6] mice were randomly assigned to four groups
(n=12 each):

Control (vehicle)

Pb acetate (10 pg/L in drinking water)
Cd chloride (5 pg/L in drinking water)
Pb + Cd combined (same doses)

Exposure lasted 16 weeks, simulating human environmental levels. Primary
outcomes:

1. Epigenetic analysis: Methylation-specific PCR and bisulfite sequencing for PPARG
and MMP9 promoter regions in cardiac fibroblasts.

2. Imaging: Cardiac magnetic resonance with extracellular volume (ECV) mapping
and late gadolinium enhancement (LGE) to quantify diffuse and focal fibrosis.

3. Molecular: Hydroxyproline assay for total collagen, qPCR for COL1A1, TGF-f1, and
immunohistochemistry for a-SMA (fibroblast activation).

4. Functional: Echocardiography for diastolic function (E/ A ratio, E/e").

Results: The Pb+Cd group showed significant hypermethylation of PPARG promoter
(68% vs. 22% in control, p<0.001) and hypomethylation of MMP9 promoter (p<0.01),
leading to reduced PPARY and increased MMP9 expression. These changes correlated
with a 3.2-fold increase in cardiac fibroblast activation (a-SMA positivity, p<0.001) and
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a 2.8-fold rise in collagen content (p<0.01). CMR revealed diffuse myocardial fibrosis
with elevated ECV (31+2% vs. 24+1% in control, p<0.001) without focal LGE. Diastolic
dysfunction (E/ A reversal, E/e' >15) was present in 75% of Pb+Cd mice. Notably, Pb
alone caused primarily epigenetic changes, while Cd contributed more to oxidative
stress, and their combination had synergistic effects.

Conclusion: Chronic low-dose exposure to Pb and Cd —emitted largely from fossil
fuel combustion—induces an epigenetically driven myocardial fibrosis phenotype
characterized by fibroblast activation and diffuse extracellular matrix expansion,
detectable by CMR ECV mapping. These findings provide a mechanistic link between
environmental pollution and heart failure with preserved ejection fraction (HFpEF).
Transitioning to green energy sources (wind, solar, hydro) would drastically reduce
Pb and Cd emissions, potentially preventing this subclinical cardiac remodeling. This
study supports the integration of environmental cardiology and green energy policy
under the One Health framework.

Keywords: Heavy metals, epigenetic remodeling, cardiac fibrosis, extracellular
volume mapping, green energy transition, fossil fuel pollution
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Engineered Microbial Consortia for Bioleaching of Critical Metals from Spent
LIBs: A Green Circular Economy Approach

Ebrahim Alinia-Ahandani!, Arian Mirzapour-Pahmedani?

1Food and Drug Research Center, Food and Drug Administration, Ministry of Health and Medical
Education, Tehran, Iran

2Chemical Engineering Department, Faculty Of Engineering, University Of Isfahan

Background: Spent lithium-ion batteries (LIBs) are a rapidly growing environmental
liability, yet they contain high-value metals (Li, Co, Ni, Mn). Conventional recycling
methods are energy-intensive and polluting. Bioleaching using acidophilic bacteria
offers a sustainable alternative, but wild-type strains lack efficiency and tolerance.

Objective: To develop an engineered microbial consortium with enhanced metal
solubilization kinetics, higher pulp density tolerance, and reduced acid consumption
for green recycling of spent LIBs.

Methods: A synthetic consortium was constructed from three genetically modified
strains: Acidithiobacillus ferrooxidans (overexpressing rusticyanin and porins for
improved electron transfer), Sulfobacillus thermosulfidooxidans (engineered for
siderophore and biosurfactant secretion), and Leptospirillum ferriphilum (equipped
with a heavy metal resistance operon). Bioleaching was performed in a continuous
stirred-tank bioreactor cascade with cell retention and online pH/ORP control at 10-
20% pulp density, pH 1.5-2.0, 35-40°C, and 0.5 vvm aeration.

Results: The consortium achieved >95% recovery of Co, Li, Mn, and Ni within 72-96
hours, with 40% lower acid consumption and zero organic solvents compared to
chemical leaching. Life cycle assessment showed a 60% reduction in carbon footprint.
The system tolerated pulp densities up to 20% without performance loss.

Conclusion: This hybrid biological-chemical engineering platform provides an
industrially scalable, selective, and non-toxic pathway for critical metal regeneration
from spent LIBs, directly supporting circular economy and green energy goals (UN
SDGs 9, 12, 13).

Keywords: Bioleaching, spent lithium-ion batteries, engineered microbial consortia,
synthetic biology, green circular economy
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Honey Bees as Bio-indicators in the One Health Continuum: Bridging
Environmental Monitoring, Pharmaceutical Toxicology, and Public Health
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Background: Environmental pollution from anthropogenic activities introduces
complex mixtures of heavy metals, pesticides, pharmaceutical residues, and industrial
chemicals into ecosystems. These contaminants not only degrade environmental
quality but also pose direct and indirect risks to human and animal health. Within the
One Health framework, the health of humans, animals, and ecosystems is inextricably
linked. Biological indicators, particularly honey bees (Apis mellifera), offer a unique,
cost-effective, and integrative approach for real-time environmental surveillance due
to their extensive foraging range, high mobility, and ability to accumulate xenobiotics
in their bodies and hive products.

Objective: This study aims to critically evaluate the role of honey bees as sentinel
organisms for monitoring environmental contamination and to explore how such
bio-indicator data can inform pharmaceutical safety, antimicrobial resistance (AMR)
surveillance, and public health policy within a One Health context.

Methods: A systematic synthesis of peer-reviewed literature (2015-2025) was
conducted, focusing on studies that quantified pollutant loads (heavy metals,
organophosphates, neonicotinoids, fluoroquinolones, and other pharmaceutical
residues) in honey bee matrices (whole bees, pollen, honey, and wax). Correlations
between pollutant levels and ecological parameters (proximity to agricultural or
industrial zones, wastewater discharge) as well as public health data (local AMR
trends, incidence of pesticide-related illnesses) were analyzed using comparative risk
mapping and meta-analytical approaches.

Results: Honey bees consistently reflected local and regional pollution gradients.
Elevated concentrations of neonicotinoids (>5 pg/kg in pollen) and lead (>0.5 mg/kg
in bees) were strongly associated with intensive agricultural and industrial areas.
Notably, detection of fluoroquinolone and tetracycline residues in honey correlated
with higher prevalence of resistant E. coli isolates in nearby water sources.
Furthermore, regions with high pesticide residues in bee products showed increased
reports of acute poisoning incidents in humans and livestock, establishing a direct
ecological-to-clinical link.

Conclusion: Integrating honey bee-based biomonitoring into national One Health
surveillance networks provides an early warning system for emerging environmental
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toxicological risks. This approach enables proactive regulatory interventions, supports
sustainable pharmaceutical development, and strengthens preventive healthcare
strategies. Policy recommendations include routine bee-hive sampling as a mandatory
component of environmental impact assessments and AMR action plans.

Keywords: One Health; honey bees; biological indicators; environmental toxicology;
pharmaceutical residues; antimicrobial resistance; sustainable ecosystems; public
health surveillance
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	1. To what extent are courses related to green transition, sustainability, climate change, environmental education, and renewable energy included in the curricula of geography teacher education programs in Türkiye?
	2. How are the course contents included in geography teacher education programs structured in terms of the knowledge, skills, values/attitudes, and action dimensions required for green transition?
	3. What similarities and differences exist among geography teacher education programs in terms of green transition-oriented teacher education?
	Method
	Data Sources
	In this study, the criterion sampling approach was employed. Only universities that have active geography teacher education/geography education undergraduate programs in Türkiye and whose open-access program documents could be accessed through officia...
	Table 1
	Data Sources Used in the Study
	Data Collection Instrument and Data Collection

	 Green transition,
	 Sustainability,
	 Climate change,
	 Environmental education,
	 Renewable energy,
	 Energy resources,
	 Disaster and risk education,
	 Sustainable development,
	 Ecological citizenship,
	 Practice/activity dimension in geography teaching.
	The data were collected through the systematic examination of universities’ Bologna information packages, course catalogs, curriculum plans, and course contents. In each program, courses directly or indirectly related to green transition were identifi...
	Data Analysis
	The research data were analyzed through descriptive analysis and content analysis techniques. In the first stage, the related courses in each program were identified and their positions within the curriculum plan were classified. In the second stage, ...
	Findings
	The Level of Inclusion of Green Transition-Related Courses in Geography Teacher Education Programs
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	Table 2
	Level of Inclusion of Green Transition-Related Courses and Contents in the Programs
	According to Table 2, geography teacher education programs provide an indirect infrastructure for green transition mostly through climate, environment, natural resources, disasters, field studies, and GIS. However, it cannot be stated that concepts su...
	In terms of the knowledge dimension, courses such as physical geography, climatology, geomorphology, hydrography, biogeography, human geography, economic geography, natural resources, and disasters stand out in the programs. In the curriculum plan of ...
	In the skills dimension, components such as GIS, remote sensing, field studies, map literacy, spatial analysis, instructional technologies, and teaching practice stand out. In the program outcomes of Marmara University, it is observed that geographica...
	In terms of the values/attitudes dimension, environmental problems, sensitivity toward nature, sustainability, social responsibility, and environmental awareness stand out. The inclusion of climate change, sustainability, and environmental problems wi...
	The action dimension was identified as the most limited aspect of the programs. Although the programs include school experience, teaching practice, field studies, and some project-based courses, no widespread and systematic structure was observed indi...
	Table 3
	Visibility of Green Transition-Oriented Teacher Education Dimensions in the Programs
	According to Table 3, the strongest aspect of the programs in terms of green transition is that they provide prospective teachers with geographical knowledge and spatial skills. In contrast, a more limited explicit and holistic structure appears to ex...
	The Dicle and Necmettin Erbakan programs provide a strong basis in terms of physical and human geography together with the field/practice dimension. At ÇOMÜ, teaching practice and school experience courses are important in terms of professional transf...
	Table 4
	Comparative Evaluation of the Programs in Terms of Green Transition Orientation

	Suggestions

	 In future studies, not only program documents but also the practical effectiveness of the programs should be examined through interviews with faculty members, prospective teachers, and graduate teachers.
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