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AngaTna. Makana aBTOpiapbl Cy pPeCYpPCTapbhIHBIH IKETKIIIKCI3AIr
MOCeJIeTICpPiHiH MUEICHICYIHIH apTybl *KaFaaibiHaa Ka3sakcTaHHBIH aybuT
[IapyallbUIBIFBIHAA  CYAbl HaiilanaHyIblH SKOHOMHUKAJIBIK  JKOHE
(U3NONOTHSITBIK THIMALTITIHE Oaranay »Kypri3ii.

3epTTey KYMBICHIHBIH ~ ©3ekTimiri Kazakcran PecnyOnukachlHBIH
arpapJibIK CEKTOPBIHBIH CyapMallbl €riCTIKKEe TOYeIAUIITiHIH apTybl, Cy
pecypcTapbIHbIH ayKbIMBI 061 TpaHCIIEKapalblK cunarra 0oJybl, Cy
naiianany THIMAUTITIHIH TOMEH JICHTei1e CaKTaIyBl.

KymbicTbiH MakcaTbl - Ka3akcTaHHbBIH KeiOip 0OJibICTapblHAA ayblil
[IapyallbUIBIFBIHBIH, ~ ©CIMIIK  JaKbUIAAphl  YIIIH Cy HNaijanaHy
TUIMAUITIH Oafranay, Ccy KOpJapblH THUIMII MNaifajaHyAbl apTThIpy
OarpITTapblH  alKbIHAAY. 3epTTey  ojicTeMecl cy  THailjanaHy
tuiMainirinin -~ kepcetkimin — (CIIT)  ecemreyre — Heri3uenres.
Kepcetkimrep aybul IIapyallbUIbIFBIHBIH KYPBUIBIMBIH €cKepirn, Oip
TEeKIIe METp CyFa IakkaHja teHre xoHe AKIL nonmapeiMen ecenTeni.
Tanpgay HoTHKENepl cy mainanany THiMaLTIr kepcerkimrepidiy (CIIT)
allMaKTBIK TYpFblia albIpMALIBUIBIKTAPBIH, aybUl MIApyallbUIbIFbIHBIH
OCIMJIIK JaKbUIIAphl apachIHAAFbl Cy MaianaHy THIMIUTIITT JeHTeHiHIH
YJIKeH ammakThiFblH KepcerTi. Cy maijanaHy THIMAUITIHIH KOFapsbl
MOHJIEpi KOKOHIC JaKbUIIApbIHA, KAPTOIKA, KOIDKBUIIBIK EKIeNepre TOH.
OHTYCTIK, OHTYCTIK-IIBIFBIC ~OHIpJIEpPAE JaMblFaH HWPPHUTALUSIIBIK
MH(QPaKYpbUIBIM MEH aybll IIapyallbUIbIFbl ©HIMIEPIHIH KOFaphbl
HapBIKTBIK KYHBI YiuieciM Tabaapl. JloHI1 Aakpuigap maiiJalaHbLIFaH
CynbIH OipJIiriHe ITaKKaHaa TOMEH SKOHOMHUKAJIBIK KaWTapbIM KOpCeTe/i,
ocipece TamiMIIK (OGorapiiel) eriHmIulik OacklM eHipyeple. 3epTTeydiH
MPAKTUKAIBIK MAHBI3bl AJIBIHFAH HOTHXKENEP/Il OHIPIIK epeKIIeTiKTepre
OarpITTaTFaH Cy  yHemuey casicaThIH azipieyzae, aybul
[IapYaIlbUIBIFBIHBIH  KYPBUIBIMBIH OHTalmaHabIpyaa, TypakTel Jamy
MAaKCaTTBIPBIHBIH 6.4.1 WHIWKATOPBIHA KOJI KETKI3y
MOHUTOPHHITEY/IC TNaljanaHyra OOJAaThIHIABIFBIHAA. TypakThl Jamy
KaFalblHOa OKOHOMHKAJBIK Cy KaHTapeIMBIH  apTTHIpyFa, Cy
KYKTEMECIH a3aiiTyra OaFbpITTaJiFaH Cy KOpJapblH OacKapyablH
capajiaHFaH MOJIEJTIHE KOIy Ka)KeTTIT Typajibl KOPBIThIH/bI Kacall bl
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Tyiiin ce3gep: cy maijgamaHy THIMIUIL]; HUppUTALUs; Cy YHEMAEY; Cy pPeCypcTaphl; aybll
MapYIIBUIBIFBI;, Cyapy JKYHenepi; asbIK-TYJIIK Kayirci3fairi; cy OallaHchl; Cy TMaijanaHy
KOA((PUIIEHTI.

1. Kipicne

Opranslk A3us enaepiHAe Cy pecypcTapblH THIMII MaifanaHy ayblUl HIapyamlbUIbIFbI
CalachIHJAFBl ©3€KTI JKOJIOTHSUIBIK Mocesie. TyIIbl CyHIbIH JKETKUTIKCI3Iri, Cy KOpJIapbIHBIH
Oipkenki OemniHOEyi, SKOHOMUKAHBIH CyapMallbl ETiHIIUIIKKE TOYENIUIrli TaOUFH HKOJOTHSIIBIK
JKy#enepre TYCEeTIH aHTPOIOTEH/II KYKTEMEH1 apTThipyaa. MppuranusibiK ogiCTepIiH THIMCI3IITI,
apHalapJarbl CyIbIH €19yip KOl HIBIFbIHFA YIIbIpaybl MEH KIUMATTBHIK JKaFJaaiIapAblH e3repyl
TONBIpaK KaOaTbIHBIH TO3YbIHA, CY KOpJApbIHBIH Aa3al0blHA, UIOJCHTTeHyre aiblll KeJesi.
leneliTTeHy XargaiibiHaa Cy KOPJApbIH THIMJI MaliJaiaHy TOKIPUOECIHEe KOITy MaHbI3IbUIBIFBI
AKOJIOTHSUIBIK TeNe-TEHAIKTIH CaKTaIybIHA, a3bIK-TYJIIK KayilCi3airiHe, dJIeyMeTTIK-9KOHOMHKAJIBIK
JTaMyFa opi OYKia eHip/iH TYpaKThUIBIFBIHA TIKEIEH ocep eTe.

AybUT mapyallbUIBIFBIHAA Cy KOPJIApblH THIMAL naiganany Kasakcranaa TypakTel Jamy MeH
a3bIK-TYJIIK Kayinci3miriniH 0acTel Ko3raymisl Kymri. Kazakcran — cy Kopiapsl mekteym en. XKep
ycti cymapeiabi 40 %-b1 kepurinec ennepain aymaktapeianarsl (Keitaid, Keipreiscran, Peceid,
O30ekcTan) TpaHCcHIeKapaiblK e3eHaepacH kemeni (Ministry of Ecology, 2024). Enimizneri ceris cy
IapyanibUIbIFbl OacCeHIHIH JKeTeyl TpaHCIIeKapalblK curaThl KasakCcTaHHBIH Cy Kayilci3firia
MEMJIEKETapaIbIK BIHTBIMAKTACTBIKKA TOYEII/Ii €Te .

2015 xobuabl bipikken ¥arrap ¥iieimel (BY¥¥) Gekitken TypaxTel gamy makcarrapsit (TIM)
Ky3ere acelpynbsiH o3ektimiri 6ap. TIIM — 6 «Taza cy xone canutapus», TAM -12 «KayanTsr
TYThIHY JKoHe eoHgipic» TAM-13 «KnumaTTelH e3repyiMeH Kypec» cy KOpiapblH THIMII
naiiianany el )KoHE CyIbl TYPAKThI MAiAaIany yiAriepiHe Kouryai KaMTaMachl3 eTyre OarpITTaaFaH
(FAO, 2021). Kasakcran PecrmyOiukachl YVIIiH TYpakThl JaMy MakKcaTTapblHA JKETy CyMeH
KaMTaMachI3 €Tyl KaOIbIKTayIbIH THIMIUTITIH apTTRIPY/bI, Cyapy JKYyHelepiH jkaHapTy MEH CYJIbl
YHEM[i TYTBIHYFa MYMKIH/IIK O€peTiH TeXHOJOTUSIIAp bl €HT13YAl KAMTUIBI.

AybUT mapyambUIBIFBl cajachl €JIeri €H ipi cy TYTBIHYIIBI, OFaH cy anyasiH 60 %-man
acTaMbl THeCUTl. AyblI IIapyalbUIBIFbIHIA Cy/Abl Naiinanany TuiMaLtiri TemeH. Cy KOpiapbIHBIH
alfTapibIKTail Oesiri TackiMangay MeH 0eiy MpoIeciH e KoFanabl. EricTiK KypbUIbIMBIHIA €0Y1p
ayKbIMJIbI YJIECTI CyAbl KON TYTHIHATHIH MaKTa MEH KYpill JakplIAapbl anaabl. Makra MeH Kypill
6Cy TajlanTapblH KaHAaFaTTaHIBIPY YIIIH Kem meumepnae cynsl Kaxer eremi (Wang et al., 2020;
Akbayeva et al., 2023). Cyapmaibl JaKbUIIapAbIH 0aCThI MAPYAIIBUIBIKTAPhl OpHATACKAH eTiMI3/IiH
OHTYCTITl MEH OHTYCTIK HIBIFBIC OHIPJEPIHJIE KOIl MOJIIEpAe Cy KaKETTUIIr OTKIp Macenesepain
KarapbiHJa. TypakThl 1aMmyFa Kellly CyAbl THIM/II NaiiiananyIblH FRIIBIMHU JQJIENACHI€H TOCUIIEPiH
KOJIZIaHY/IbI, ©CIMJIIK JaKbULNAPBIHBIH CYy OHIMAUIIIH Oaranayibl, Cy OalaHCBHIHBIH alMaKTBIK
epeKILIeNiKTEePiH 3epTTeY/ Il Tajal eTel.

Enimizne aypln mIapyamsUibIFbl  ©CIMAIKTEPIHIH Cy MaijanaHy THIMAUITIH Oaranay
TaKbIPBIOBIHIAFl 3€PTTEYNEP MKETKUIIKCI3 OOJFaHbIMEH, JKEKeJereH 3epTTeyIIIepAiH eHOeKTepi
ke3neceni. Cy TYTBIHYIBI OHIPIIK capaiay, Cy MaiagaHy/IbIH dKOHOMHUKAJBIK KOHE DKOJIOTHSIIBIK
TUIMJILIITT apachIHaFbl OaiiTaHbICTap bl 3epTTEY KETKUTIKCI3. AybUl HIapyallbUIbIFBI cajalapblHIa
CY YHEMJICUTIH TEXHOJIOTHSIIAP/BI €HT13y KapKbIHBI TOMEH.

XKymbicTeiH MakcaTbl — Ka3zakcTaHHBIH aybll IIapyalIbUIBIFBIHBIH ~ ©CIMAIKTEPIHIH Cy
naijanany TUIMIUIIH Oaranay MEH Cy KOpJIapbhlH THIMII MaiJanaHyabl jKakcapTy OarbITTapblH
aHBIKTAY.

JKyMBICTBIH MIHAETTEPI:

- KazakcTaHHBIH ayblUl MIapyalibUIBIFBIHAA CYyAbl TaiianaHyJIblH aFbIMJaFbl JKaFJdalbiH
Oaranay;

- OHIpIIep/ie aybUI IIapyallbUIBIFBIHBIH ©CIMJIIK TaKbUIIAPBIHBIH CY/bI TYTBIHYBIH Oaranay;

- QNICTEMEIIIK  eCenTeyJep/l KOJJAHBIM, Cy TMaijanaHy THIMIUIITIHE ocep eTeTiH
(bakTopiap/Ibl aHBIKTAY;
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- OHIPJIK EepeKILeNIKTep/l ecKepiln, Cy MaijagaHy THIMIUITIH apTThIpyFa BIKMal €TETiH
YCBIHBIMJIAP 3ipIiey.

Kazakcranga cy mnaiiganaHyAblH THIMIUITIH apTTBIPY PE3EpBTEPIH aHBIKTAY MEH aybul
IIapyalIbUIBIFBIHIA CYy PECYPCTaphIH Naialany bl OHTAMIAHABIPY YChIHBICTAPBIH d3ipIiey 3epTTey
’KYMBICBIHBIH MTPaKTHKAJIBIK MaHbI3AbUIbIFEI (Adamov et al, 2025). Cy maiinanany THIMALIIT Cy aly
KOJIEMIMEH FaHa aHBIKTAJIIMAW/IbI, €TICTIKTIH KYPBUIBIMBI, OHIMIUIIK JIEHICHi, KOJTaHBICTAFbl Cyapy
TEXHOJIOTHSUIAPhI, HHPPpaKYphLIBIMHBIH kai-Kyii eckepineni (Condon et al., 2002; Kinzler et al.,
2012). Ragettli 6acraran 3eprreyiiiep Ccy naiiganany THIMIUTIT calachbIHIAFbl 3€PTTEYJICPIHIE CY
0ayaHChl MEH KaIIBIKTBIKTAH 30H/TAY 9/IiCTepiH Kouaanbin, OpTanbik A3UsHBIH Cy OacceiiHaepinae
aybUl LIapyalllblIBIFBIHIA Cy MaimanaHyabl KemieHai Oaramaynsl Kapacteipran (Ragettli et al.,
2025). Typuni arpokiIMMATTBIK aiMaKTapja cy naijanaHy THIMIUITH Tajljay YIIiH OyJaHy/AbIH
CIYTHHUKTIK JIEPEKTepl MEH Cy OHIMJUIIrHIH KepceTkimTepiHn nanpananasl. Cy maiganaHyIbH
KEHICTIKTET1 OPKENKUIIriT MEH aybll IIapyallbUIbIFbl KYPBUIBIMBIHBIH Cy Maiijanany TUIMAUIITIHE
acepine epekiue Hazap ayaapasl (Ahmadi et al., 2019).

Ragettli 1.6. 3epTTeynepine reOKeHICTIKTIK Talay MEH OHIPIIK epeKIIeNIiKTep/i Oaranay bl
KoJaHFaH. 3epTTeyAiH epekmieniri KazakcTaHHBIH aiiMakThIK JeHTedinae (U3NOIOTUSIIBIK KOHE
HSKOHOMHKAJIBIK KOPCETKIIMTEPl ecKepil, cy maiganaHy THIMIUIITIH Oaranay apKbUIbl KEHICTIKTIK
AHAJIMTUKAIIBIK TaJayIblH MYMKIHIIKTepiH apTThipyra OarsiTTanranaeirbl (Ragettli., 2025). Apan
TEHi3IHAE SKOJOTHUSAIBIK anaT TyAbIpraH maceine, OpTanblk A3usna Cyabl IamMaaaH ThIC €TiCTIK
cyapyra maiinanany. OcblFaH OailllaHBICTBI OHIpJIEpP/AE OPTaK Cy KOPJIAPBIH TUIMII MaiiJanaHyabl
XKaKcapTy KaKeTTiniri maiaa 6omasl. CyapMabl TakbpUl TYpJIEpiHe Cyapy oMiCTepiH JYphIC TaHIay
Cy Maiiianany/bIH MOJIIIEPITiK dpi SKOHOMUKAIIBIK THIMIUTITH akcapTa anazpl (Lee et al., 2018).

Chen MODIS (Moderate Resolution Imaging Spectroradiometer) croyTHHUKTIK IepeKTep
apkpUIbl OpTanblk A3us enepl YIIiH Cy MHaijanaHy THIMAUIITIHIH JepeKTep KUHAFBIH 93ipiei.
3eprreynepae cy NaijgaiaHy TUIMAUNTIHIH Y3aK Mep3iMIi TEeHISHIUSUIAphl MEH KCHICTIKTIK
e3repicTepiH Oaranmayra MYMKIHAIK OepeTiH alrbl 0acTamKbl ©HIMIUIIK HEMEcCe eriH TYCIMiHIH
OynaHyra KAaTbIHAChl KapacThIPbUIAAbl. AWMaKTap MEH aybUl MIapyallbUIBIFBIHBIH ©CIMIIK
JaKbUIIapbl  apachlHAAFbl  aMbIPMAIIBUIBIKTAPBl  AHBIKTAN, Cy OHIMAUINIHE KIMMATTHIK
dbaxrTopmapasie oacepin 3eprrere (Chen et al., 2022).

JKYMBICTBIH epeKIeNiri 3KOHOMUKAJIBIK THIMAUIIK KOPCeTKIIITEpiH MaiilanaHbll, 3epTrey
HOTIDKEJIEPiHIH MPAKTHKAIBIK MaHBI3ABUIBIFBIH apTTHIPHIN, KOJIIaHOAB! 3epTTeyiepre Oaca Hazap
aynapy. Cy TanmbUIBIFBIHBIH Ce311yiHe, KIMMATTBIH ©3repyiHe, a3bIK-TYJIK Kayilci3firia
KaMTaMachl3 €Ty KaXeTTUIIriHe OalllaHBICThI, eNiMi3fle aybul IapyallbUIbIFbIHAA Cy NaiianaHy
THIMIUTIT Macesesiepine KbI3bIFyIIbUIBIK apTKan (Akhmetov et al., 2022).

AybUl mIapyallbUIBIFBIHBIH ©CIMIIK JaKbUIJApbIHBIH Cy MaijanaHyblH Oaranayfra, cyapy
MHOPAKYPbUIBIMBIHBIH JKaf/laiiblH TajjayFa, LIEKTEYIl pecypcrap KafaalblHIa Cy KaWTapbIMbIH
apTTHIPY KypalapblH a3ipiaeyre apHaiaran seprreyiep ke3aeceai (Meymankhozhayev et al., 2025).
I'maponoHukasa <okachul TEXHOJOTHsIAp» OAICIMEH Kypill ecipy MeH KypIlITiH calachlH
YKaKCcapTyFa OailIaHBICTHI CY KOPJIAPBIH YHEMJIEY, IKOJOTHSIIBIK Ta3a OHIM ajy, *KbUT ME3TIIACpiHe
Toyenni Oonmay MacesenepiH miemryre OonaTbiHbl KaszakcTaHABIK FaJbIMAAPABIH €HOEKTepiHzae
kesmeceni (Akbayeva et al.,, 2022). Arpapnblk cekTopaa Cy MaifagaHy THIMIUTT QIeMIiK
CTaHJApTTapMEH CaJbICTBIPFaHJla TOMEH eKEHIH OTaHIbIK 3epTTeyiep aHblKTanbl. Kaszak cy
[IApYallbUIBIFBl  FBUIBIMH-3€PTTEY  WMHCTUTYTHIHBIH  JIepeKTepi  KeiOip  aiimMakTapaarsl
MarucTpalb/IbIK JKEIJIep MEH IapyallblUIbIK 1IIUTIK cyapy >kyienepinzeri cy bicbipadbl 40-60 %-ra
JKETIT, cyapMallbl JKEpJIEpJiH >Kajmbl OHIMIUII TOMEHIEHTIHIH KepceTTi. bactel cebGenrtepi —
KaHanJapJblH (U3UKANBIK TO3YbI, CyIbl aBTOMATTaHJIBIPBUIFAH €CEIKEe alyJablH >KOKTBIFBI, CY
KOPJApbIHBIH aybUl MIapYallbUIBIFBIHBIH OCIMJIIK JaKbUIIApPhl apachIHIAaFbl YTHIMCBHI3 OeiHyi
(Akhmetov et al., 2022).

FouibiMu  3eprreynepne cy mnaiijjanaHyaarbl alMakThIK €peKIIeTiKTepre KeHUT OemiHAl.
KazakcTaHHBIH OHTYCTIII MEH OHTYCTIK-IIbIFbIC aiiMakTapsl (Anmatel, Typkicran, Xericy
OOJIBICTAaphl) CY TANIIBUIBIFBIHBIH OaiiKalybiMeH cumnarTagagsl. Cyasl KOl TYTBIHATBIH KYPIII,
MaKTa, yrepi, KOKOHICTep HIOFbIpJIaHFaH aifMaK OOJFaHIBIKTaH Cy pecypcTapblHa KbICHIM KeIl.
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OpTYpili Ccyapy opicTepiH KojimaHy cy tuimainirin temenaereni (Ministry of Ecology., 2024;
Olzhabayeva et al., 2016).

OcimaikTepne Cy maigalaHyablH (U3HOJOTHSIIBIK THIMAUIITT JaKbU1 TYypiHE OaillaHBICTHI
e3repeni (Abdullaev et al., 2004). TemeH Cy IIBIFBIHBI KYpIlll IT€H MaKTaja, KapTONl CyIbl a3
TYTBIHYMEH JKOFaphl THIMAUTIK Kepcereni. Cy maiananyablH SKOHOMUKAIBIK THIMIUTITT OapiibIK
Karmaina (pU3NONOTHSIBIK THIMIUTIKIICH coiikec kene Oepmeiiai. JKorapbl HapbIKTBHIK KYHBI Oap
naKkpUiap (KekeHictep, Oakima MaKbUIAApbl, KapTOI) >KOFApbl Cy TYTHIHY Ke3iHJE alTapibIKTan
HYKOHOMHUKAIIBIK KAaUTapbIMJIbI Oepe aabl.

Anmvatel MeH TypkicTan oOJBICTapbIHIA JKYPTi3iIreH TKIpHOemiK-KoaAaHOabl 3epTTeyep
TaMIIBUIATHITN JKOHE JKaHOBIPJATHIN Cyapy oAiCTepiH KoimaHy cy mbiFbiHBIH 30-40 %-ra a3zaiita
OTBIPBII, aybUI IIAPYAIIbUIBIFBIHBIH ©CIMIIK JaKbUIAApBIHBIH eHiMAUlriH 20-35 %-Fa apTThIpyFra
OonaTeIHBIH Kepcereni (Smanov et al.,, 2025). MaiibacoBa T.6. 3eprreynepinae KazakcTaHHBIH
OHTYCTIT1 MEH OHTYCTIK-IIBIFBICHIHIA KYPIII TIEH KAHT KBI3BUIIIACHIH TAMIIBUIATHIN Cyapy JKOFaphl
THiMAUTIK KepceTkeH (Maibasova et al., 2023). CyapynblH OHIAl TOCUIAEPIHIH THIMIUIITIHE
KapamacTaH, KOJIJIJaHbUIATBIH TEXHUKAHBIH 0acTanKbl KYHBIHBIH OFapbl 0OJybl MEH IIapyalllbUIbIK
JeHreiinae MEeMIIEKETTIK KOJAAayAblH >KeTKUIIKCI3iri MyHnail TtexHonorusuiapasl Kaszakcranra
€HTi3y ayKbIMbIH IeKkTen oTblp. Cybl maiiaananyaarsl KEHICTIKTIK €peKIIeTKTepAl Tajaay YIIiH
KAIIBIKTBIKTAH 30HATay MEH CHYTHUKTIK TycCipitiMaep Heri3iHae OynaHyael Oaranay OiCTEpiH
KeOipek KoijaHa Oacranpl. baramayra HeTi3IenreH oicTep aWMakTBIK JICHIeiae aybul
[IapyallbUIBIFBIHBIH,  OCIMAIK JaKbUIIAPBIHBIH Cy OHIMIUINH Oaranayra, >XOFapbl THIMILIIK
aiiMakTapbiH aHbIKTayFa MyMKiHaik oeperni (FAO., 2021; Chen et al., 2022; Roy et al., 2023; Safi et
al., 2023; Turk et al., 2023; Ahmad et al., 2025).

Emimi3aiH CONTYCTITT MEH CONTYCTIK-IIBIFBIC aWMaKTapbIHBIH ©OCIMIIK JaKbUIIapbIHBIH
cyapyra Tsyenﬂiniri a3. Tomimuik (Oorapiibl) eriHIIUTIKTIH OaChIMBIFbIHA OAMIAHBICTHI TYPAKTHI CY
KUHAY KOPCETKIMTEPIMEH CHITATTANA bl 3ePTTEY KYMBICHI KOJIeM/Ii OOJIFaHBIMEH, KOIIILTIT JKeKe
JaKpUIIap MeH Oenrinl  allMaktapra OaFbITTalFaH. bip wMe3riige  (QU3HOJIOTHSIBIK — dpi
SKOHOMHKAJIBIK KOPCETKIIITEepAl eCKepin, CyIasl TaijaiaHy THIMIUNTIH KeIIeHIi Oaranay,
KEHICTIKTIK ©3repy Macenenepi xkeTkinikei3 3eprrenreH (Ragettli et al., 2025).

KonpmaHbIcTarel  3epTTEyiiep alblHFAH HOTWDKeNepAai TypakThl JaMy MaKCaThIHBIH
WHIMKATOPJIAPMEH CaJbICTHIPY apKbUIBI YITTHIK CYy CasicaThlH KaJbIITACTBHIPYABIH MPAKTHKAIBIK
MaHBI3AbUTBIFBIH TICKTCH]TI.

3amaHayu ojicTeMesNiep MEH TIeOaKMapaTThlK Kypaiaapabl naiinanansin, KazakcTaHHBIH
OHIPJIEPIHIET] aybUl MIAPYalIbUIBIFBl OCIMIIIK JaKbULIAPBIHBIH CYy MalalaHy THIMIUITH KEIIeH Il
Tanmay kKaxer. Kemiennai Tangaynmap apKbUIbl Cy TYTBIHYABIH KEHICTIKTIK 3aHBUTBIKTAPbIH
aHbIKTayFa, Cy XMHAY alMaKTapblH TIpKeyre MYMKIHJIK Oosaibl. EnfiH aybll mapyaribUIbIFbI
CEKTOpBIHJIA CYy PECYpPCTapbhlH THIMJI MaiiaiaHydbl >KaKkcapTyFa KaThICTHI FBUJIBIMU HETi3/IENreH
YCBIHBICTapIbl TYKBIPbIMIayFa MyMKiHIik 6ap (Pena-Arancibia et al., 2025; Vadez et al., 2023).

2. MaTtepuanaap MeH dicrep

3epTTey KYMBICBIHBIH OficT€Meci aybll [IapyallblIbIFbl calachlHOa Cy MainanaHybIH
SKOHOMUKAJIBIK THIMJIUTITIH KemieH i Oaranmayra apHanraH. TJIM 6-«Ta3a cy »xoHe caHWTapusy,
SFHU SKOHOMHUKAHBIH OapibIK CEKTOpBIHIA Cy/Abl MaijjanaHy THIMAUITIH apTThIpyFa OarbITTalFaH
6.4. HblcaHanbel KepcerkinriHe coiikec keneal. KP ¥NTTBIK cTaTucTHKa OIOPOCBIHBIH pPEecMU
CTaTUCTHUKAJIBIK JEPEKTEPIHIH 1IIIHAE aybul HIapyallbUIbIFbIHBIH JKaIIbl ©HIMI, €TICTIK, CyapMabl
ankanrap, 2023 KbUIFa apHaJIFaH Cybl aianany nepexkTepi naigananpuiasl. Ecenteynep ecimaik
[IapyalIbUIBIFbI JaKbUIIAPhl MEH OHIPJIEPiH epeKIIeTiKTepiH ecKepil Kypri3iii.

2.1. Cy naudanany muimoiniein ecenmey aodicmemeci

3eprreyaiH 6actel kepceTkimi — cy naiganany tuimaunri (CIIT), on tekme metp cyra
mrakkaunarsl Tenre (Tr/m°) skome AKII pommapeiven (USD/M®) kepcerineni. Kepcerkim aybu
[IapyallbUIbIFBIHIA CY KOpJIAPbIH MaiJalaHylaH ajJbIHATBIH SKOHOMHKAJBIK KaHTapbIMIIbI
oinaipeni.

10
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2.1.1. Cyapmanvl scepaepoe sHaninvl KOCvlI2aH KYHObL ecenmey
Cyapmaitsl sxepiiepae Oenrisi 0ip qakei1 yiriH xannsl Kocbuiran KyH (OKKK) con nakeiiibia
KAJITIbI €TICTIK ayMaFblHA KaparaHJIaFbl CyapMallbl JKepJiep MPOMOPLHICHIHIA eCenTeNe Il

sprpeTe . 5 BEF sanmme
KK em = ———— 1)

MYH/IaFbI:

KKK xammm — aybUl IIapyalibUIbIFBl ©HIMIHIH JAAKbUI TYPIHIH OOJIBICTAFbl JKaJIIbl KOCBUIFAH
KYHBI, TT;

S — Oenrim Oip AaKbUIFa apHAJIFAH CyapMaJibl JKEpJIep/IiH ay/IaHbl, Ta;

Sscanmer — OOJIBICTAFBI JAKBUIBIH KAJIIbI €TIiC ayAaHbl, Ta.

2.1.2. Cyapmanwi sncepnepOiy yaecin anbikmay
JlakpUIIIBI ©CIPY/IIH JKaIIbl ayAaHbIHIAFbl CyapMallbl KEpJIEPAiH MPONOPIHOHAIIBI Yieci
Keseci (hopMyaMeH aHBIKTaIabl:

=1
x = @

MYH/IaFbI;
Kex-cyapMmansl sxepiepaiy yieci.

2.1.3 Tanimoik (boeapavt) eciHwinikmiy yaecin ecenke auy

CyapMaJibl eriHIIUIK TeH TAMiMIiK (0orapiipl) eriHIIUTK apachlHIAFbl albIPMAIbLIBIKTAp
ecenke anbplHAnbpl. Ecemke amy yorH TomiMIaik (Oorapibl) ETiHIIUIK KEpJIEpPiHiH KOCAIKBI
CEKTOPBIH/Ia KAJIBINITACATHIH KNIl KOCBUIFAH KYHHBIH YJeciH KepcereTiH K -Kod(uueHri
KOJIIaHbLIA b

Ecenrey ke3inme cy mnaijganaHy THIMAUNTIH OarajayJblH OJICTEMECIH/IE YCHIHBUIFaH
cyapMmallbl KoHE TomiMIIK (Oorapibl) eriHIIUNKTIH eHiMAUIiri apacbiHaarel 0,375 TuOTIK
apaKaThIHACH! KOJIAHBLIA/IbI:

K= — 3)

1+—2-0,375
_—a.u

2.1.4 Jlakwinoapovl cyapyza apraneau cy natoaiamy Keiemin ecenmey
AybUT MIapyalllblIbIFbl CaJAChIHA O©CIMAIK JaKbUIIAPBIHBIH Cy MaijagaHy KeJjeMi CyapMalbl
KepJepiH ayJaHbl MEH Cy NaiiaJaHy HOpMachIHbIH KOOEUTIHIAICIMEH ecenTeneIl:

CITKau=S'h (4)
M¥HJIaFI)I:

CIIKaw — cy naiianany kesnemi, M
h-naKeIBIH Cy Mafinanany HOpMAckl, Mo/Ta.

3.

2.1.5 Ayvin wapyawsiniwiesl canacelhoa nauoailanblIean cyobly YAecii aHbIKmay
3epTTeNneTiH  AAaKpll  YOIIH ~ aybll  [IApyallbUIbIFBIHAA  MalJalaHbUIFaH  CY/AbIH
MPONOPIMOHAIIABI YiIeci Keneci GopMynaMeH aHbIKTalabl:

__ CTlEam
COY,, = o ©)
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MYHJAFbl:
CHKxame: —OHIp OOHBIHINIA aybUT IIAPYaIIbUIBIFBIHAA TYTHIHBUIATHIH CYIBIH KaJIbl KeJeMi,

M,

2.1.6. Cyapmanvl e2inuinikmiy KOCAIKbl CEKMOPbIHOA Cy NAUOAIAHY MUIMOINICIH ecenmey
Cyapmarsl eriHIIUTIKTIH KOCAIKBI CEKTOPBIHAA Cy MaijanaHy THIMALIIT Keneci popMmynaMeH
ecenrene/ni:

_ BFFpm-(1-35)
T ClKam (6)

CX
MYH/IaFbI:
CXenr — CyapMalibl eTiHIITIKTIH Cy naiiaanany THiMILTir, Tr/m°,

2.1.7. Cy natioanrany muimOinieiniy KopblimviHObl KOPCEMKIUIH AHbIKMAY
OHipnepreri Typial MAaKpULAApABIH Cy NaiianaHy THIMIUIN aybul IapyanlbUIbIFBIHIA
MaiJalaHbUTFAH CYIBIH YJIECIH €CEIKe aa OTBIPHIN aHBIKTAIAIbI:

CIT=CXcr-CITY (7)

OJicTeMe OHIpJeperi aybUIIIapyallbUIbIFbl JaKbUIIAPBIHBIH Cy TNaigalaHy THIMIUIITIH
CAJIBICTBIPYFa, CyapMaJbl KoHE TONMIMIIK (Oorapibl) eriHIIUNK apachblHAaFbl albIPMAIIbUTBIKTAP/IbI
eckepyre, TJIM 6.4.1 unauKaTOpIapbIMEH COMKECTIKTI KAMTaMachl3 €Tyre MyMKIHAIK Oepei.

3. Hotukenep

3eprrey  Oapbichinga — KazakcTaHHBIH Keuoip 00JIBICTaPBIHBIH HEri3ri aybl1
[IapYyalIbUIBIFBIHBIH  ©CIMIIK JaKbUIIaphl YIIiH Cy NaiJanaHyaslH (U3UOIOTHSIIBIK THIMILIIT
(t/M*®) MeH skoHoMuKanblK THiMaLTri ($/m3) ecemrenmi. Ecenrey wHoTmkenepi 1l-kecrtene
KOPCETUITeH.

ATNBIHFAaH  MOHJEP  KIMUMATTBIK  KaFJaljiapra, CyIbIH  KOJDKETIMIUIITIHE,  cyapy
TEXHOJIOTUSCHIHA, JAaKbl KYpbUIbIMBbIHA OaillaHBICTBI aiiMakapasiblK €peKIIETIKTep/l KepceTel.
Enimi3 iy 3epTreyre albIHFaH OHIPJIEPIHIH aybUIapyallbUIbIFBIHBIH OCIMIIK JaKbUIapbIHBIH CY/IbI
naiiiananybIHbIH SKOHOMMKAIIBIK THIMIUTII Oaranannael. KepceTkimrep Tekiie MeTpiHe TeHreMeH
(tr/m®)  wome AKII  nommapeimen  (USD/mM®)  6Gepinmi. 3eprrenreH  eHipaep  MeH
aybUILIapyallbUIbIFbIHBIH eCIMIIKTEpI apachIH/Iarbl Cy  maifianany  THIMAUITIHAE
allpIpMallbUIBIKTap O0ap €KeHIH AepeKTepal Tanjay HoTuxkenepl kepcerti. XKorapel cy maiijanany
TUIMAUIITIHIH MOHJEpl JKallbl KOCBUIFAaH KYHBI JKOFapbl Jakpulgapia (KekeHicTep, Oakxiia
JAKbUIIAPhI, KOTDKBULIBIK €KIesep) TIpKeIIi.

AnmMatbl OONBICBIHAA KOKOHIC ecipyle cy MaiifanaHy THIMIUII eNiMi3/iH COJTYCTIr MeH
6aThic eHipiepiHzeri kepcerkimrepaed ackm 717 tr/™® (1,425 USD/M®) kypams. Mynnaii
KOPCETKIIITIH TipKeTyl KapKbIHJIbI CyapyAblH KOJIAHIbI arpOKIMMATTHIK >KaFJaiaapbl MEH ©HIMHIH
HapBIKTHIK KYHBIHBIH JKOFaphbl YilJieciMiMeH OalljIaHbICTHI.

AxMoJ1a 06IBICHIHAA TOHI NAKBUIAAp ocipyie cy maimanany tuimainiri 1,809 tr/m3, Akrebe
obmpickHAa 1,645 Tr/M° Kypamsl. ANBIHFAaH KOPCETKIINTEp eTiCTiK alKaNTaphbIHBIH ayJaHbl MeH
Cyapy/Abl KOJIJaHYABIH IIEKTEYJITiH €CKepil, Cy pecypcTapblHbIH OipiiriHe IIakKaHIaFrbl TOMEH
SKOHOMUKAJIBIK TaOBICTHI KOPCETTI.
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Kecre 1. Kazakctan PecniyOnukachiHaa ©CIMAIK MApyalIbUIbIFBl JAKbUIIAPBIHBIH CY MaiaaiaHy THIMIUTIT

Ne | Takpl1abIH Ka3zakcran Pecny0jnKkacbIHbIH 00JIBICTapPbI
araybl AKMoJ1a AKTO0€ AJMaTbl BKO I1aBaogap Kericy
/M | USD/mM® | tr/m® USD/m® /™M | USD/m® /M | USD/M3 /™ | USD/M3 /™M | USD/m®

1 | Kekenictep | 2,248 | 0,0044 21,4 0,042 717 1,425 28,63 0,056

2 | Houni 1,809 | 0,0035 1,645 0,0032
JaKbL11ap

3 | Kapron 6,717 | 0,0133 | 0,00104 2,06 0,913 0,0018 4368 8,678 0,0867 1,7

4 | Kemerrep 2,1195 | 0,0042 721,2 1,432

5 | Kemxpuigsix | 0,969 0,002 3,602 0,0071 2553 5,072 1453 2,88 333,45 0,66
eKIesep

6 | XKyrepi 0,131 2,60

7 | bakma 2279,3 4,528 5,81 0,011
JAKbLUI1/Iaphl

8 | XKunekrep 222,85 0,442

9 | HdoHunik 18,6 0,037 6,245 0,0248 8,9 0,018
Kyrepi

10 | Ky3nix 322,5 0,640 0,205 0,00041
JAKbU11ap

11 | XKazawik 164,7 0,327 232,2 0,47
JaKbU11ap

12 | Cos 0,899 0,0017
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Kapron makpUIBIHBIH Cy NaifanaHy THIMAUIT OapiblK eHipiepnae Oipkenki OoImasbl.
[TaBogap o6awiceinga CIIT moni 4368 r/™M° (8,678 USD/M3) 6oisca, Akreoe obibickiHAa 0,00104
tr/M3 (2,06 USD/M®) Kypansl. AHbIpMAIIBLIBIKTAp AAKBUIIAPIBIH TYCIMALTIriMEH, S5KOHOMHUKAJIBIK
KYHJIBUIBIFBIMEH, CY TYTHIHY KOJIEMIMEH, CyapMalbl >Kepliepil MaifallaHylblH JeHIeilIepiMeH
TYCIHIIpiTe L.

KeInkbuibIK eKIenep MEH KOIIeTTEp JKOFapbl THIMIUIIK KOpCeTTi. AMaThl OOJBICHIHIA
KOIDKBUIIBIK eKNelep/iH Cy Haimamany tuimaimiri 2553 tr/m® (5,072 USD/M®) xerri. 3eprrey
HOTHOKEJIEpl Cy pecypCcTapbhlH THIMJII MaiJaNaHFaH/ia JaKbUIIapIblH alTapiIbIKTall S9KOHOMUKAIBIK
oneyeTiHiH Oap ekeHiH kepcerTi. JKeTicy oONBICHIHAA YKCAC TCHIEHIUs OalKaJIIbl, KOITKBUIIBIK
exnenep 33,45 tr/m (0,66 USD/M®) THiMAiTIK KepceTTi.

Kyrepi, Oakma IakbULAApHI, KUIACKTEP CYMEH >KaOIbIKTay >KYHenepiHe, arpOoTeXHOJIOTHUS
JeHreiepine ce3iMranapirbiHa OaimanbicThl Kepi CIIT monaepin kepcetti. AamaThl 0OJIBICHIHIA
0aKma JaKpUIAAPBIHBIH Cy Maigaiany TuiMauriri 2279,3 /™3 (4528 USD/M3) JKeTTl, Oacka
OHIpJIepie TOMEH HeMece MYJiieM koK. JKeTicy oOMBIChIHAA Ka3abIK Jakbuiaap (232,2 TF/MS) MEH
KOIDKBLILIBIK exrenepe (333,45 tr/m®) cy maiianany THiMIIITiHIH 5KOFapbl MOHAEP] TipKeIi.

ATNBIHFAaH MOHJCDP OHIPJAIH TaOWFU-KIMMATTHIK JKarjaiyiappiHa OCHIMIENTeH TaKbLI
KYPBUIBIMBIH, CyapyFa apHajJfaH CyAbl THIMII maimanmanyasl kepcereni. Kysnmik makeuimap yimiH
CIIT Temen monzepi (0,205 tr/m°) Tipkenni. Cy pecypcTapbIHBIH IIEKTEYIiri Mocenenepi Ky3mik
JTaKbUIIAPIbI ©CIPYIiH SKOHOMHUKAIBIK THIMIUIITH KalTa Kapayabl alKbIH/IAI OTHIP.

3epTTey JKYMBICHIHAH aJbIHFaH HOTIOKENEp Cy NaijanaHy THIMAUIT TYTBIHBUIATHIH CYJIbIH
KOJEMIMEH FaHa €eMeC, aybUIIIapyallbUIBIFBIHBIH ~ JKOHOMHKAIBIK  KYPBUIBIMBIMEH, €TiH
OHIMIUTITIHIH TYCIMIMEH, OHIMHIH HApBIKTHIK KYHBIMEH aHBIKTAJIATBIHBIH KepceTTi. JKammsl
KOCBUIFaH KYHBI )KOFaphl TaKbUIIAP €A0yip IKOHOMHUKAIBIK TAOBIC oKeledil. OHIMHIH Oarachkl TOMECH
SKCTEHCUBTI JAKbUIAAp Cy NaiianaHy TUIMIUIITIHIH TOMEHITIMEH CUTIaTTallaIbl.

Typakrer namy makcatel 6 (TIM 6.4.1) KOHTEKCTiIHJE aHBIKTAJIFaH EPEKIICTIKTEp ericTikK
YIriaepiH OHTAWNIaHABIPY, CY YHEMICHTIH TEXHOJOTHSUIapAbl €Hri3y, Cy pecypcTapbiH
HSKOHOMHKAJIBIK THIMIUIITT JKOFaphl aybUl HIAPYalIbUIBIFBIHBIH ©CIMIIK JaKplIIapbiHa OarbITTay
apKbUIBI Cy Maiiiaiany TUIMAUIITIH apTTRIPYAbIH dJI€yeTiH KopceTei.

KP oprypnai aiiMakTapblHIaFbl aybul [IAPYallbUIBIFBIHBIH OCIMIK JaKbUIIAPBIHBIH CYIbI
naiganany THIMIUTITIHIH KapTacsl kacanasl (Cyper 1).

Kaprorpadusipik Busyanuzamus Herizinge KazakcTaHHBIH aybUl IapyallbUIBIFBIHIAFBI CYIbI
naifanaHy THIMIUITIHIH & KEHICTIKTIK Tajjaybl TaOWFU-KIMMATTBIK >Karjaiapra, eriCTiK
yJiIrizepine, cyapy TEXHOJOTUsIapblHa OaillaHBICThI Oipa3 aiMaKTHIK ailbIpMalllbUIBIKTapIbIH Oap
eKeHIH Kepyre OoJapl.

Kapra cy pecypcrapblHBIH THIMAUIITIH KaH-KaKThl OarajiayFa MYMKIHJIK O€peTiH eliMi3/IiH
HEri3ri aypll I[apyallbUIBIFBl  OHIPJIEpIHAETI AaKpUIAApABIH CyObl MalganaHy THIMILIITI
JEHTeiNiepiHiH TapanyblH kepcereni. Cyapl maimanaHy THIMIUIITT jKOFapbl aMakTap, KapTaaa
KkepceTinrenell Ka3akcTaHHBIH MIBIFBICKI ME@H OHTYCTIK-LIBIFBIC Oodmirinae (Anmatsl, [1aBmonap)
LIOFbIpJIaHFaH. AWMaKTapAblH €pEeKILIeir arpoKINMAaTThIK KarJaiinapaAblH KOJalIbIFbIMEH, Cyapy
MH(PaKYPBUILIMBIHBIH JaMybIMEH, OHIMAUIIr JKOFapbl Jakbuigapra (KOKeHic, KapToll, JOHII
JTaKpUIIAp) Ha3ap ayJapyMeH CHMarTajiaabl. TaMIIbIIaThIl KOHE apanac cyapy apKbLIbI CYJIbI
YHEMIICHTIH TEXHOJOTUSIAP/bl TMalJaNaHy CYAbIH IIBIFBIHBIH a3alTyFa, CyAbl MainagaHyIbIH
(hU3UOTIOTHSITBIK )KOHE YKOHOMUKAIIBIK TUIMJIUTITIH apTThIpyFa KOMEKTECE/Il.
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Cyper 1. Omwnipiepaeri aybul IIapyallbUIBIFBIHBIH OCIMIK JaKbUIIAPBIHBIH Cy Maijanany
taiMaimiri  (ABTOpiapabiH 3epTTey HoTIKenepi Herisinge ArcGIS 10.4. GarmapnamachiMeH
»Kacaibl)

Cynpl naiianaHyplH KaJbIITHl HEMECE OpTallla TUIMIUIII apajac eriHIIUIK MeH MIeKTeyl
cyapy OacbiM OosiraH OaTbic eHipiepae ke3zaeceai. Cyapl maiiianaHy THIMALIIT Kell >Karjaija
TaOMFU KaybIH-IIAIIBIH MEH €TiCTIK aJIKaNTAPbIHbIH KYPhUIBIMbIHA OaliIaHBICTHI.

Cynpl anyablH TOMEH KeJleMiHe KapaMai, ayblUl MIapyallbUIbIFBIHBIH SKCTEHCUBTI CUIIATHl MEH
arpoOTEXHOJOTUSIIAPABl KOJTAHY/IBIH MIEKTEY 1 OOJybIHA OalIaHBICTBI CY/IBIH OHIMIUIII KAJIBITITHI
KYHJIe KaJblll OTHIp. TaMIIBUIATHIN KOHE apaiac cyapy Cy YHEMJIEY TeXHOJOTHSUIAPBIH KOJIIaHy Cy
IIBIFBIHBIH  Q3alTalbl, Cy TMaijanaHy TUIMAUITIHIH (U3UOJOTUSIIBIK JKOHE HSKOHOMHUKAIIBIK
KOPCETKIIITEPiH apTThIPaibl.

Cy mnaiijanany THIMIUIITT TOMEH OHTYCTIK IEH OHTYCTIK-OaThic ailMakTapja cyabl KeInl
TYTBIHATBIH JaKbUIAap (Kypill, MakTa, >kyrepi) OaceiM. [lakpiimap mocTypii *kep YCTI cyapy
omictepimeH ecipineni. CyMeH KaMTaMachl3 €TYJIH KOFapbl KapKbIHBI CyJIbl TachIMajaay Ke3iHe
BICBIPANTHIH OPBIH ATYBIMEH, THICTI TEXHUKAJBIK >KaOABIKTaTyMeH Oipre Cy UIBIFBIHBI MEH
SKOHOMUKAJIBIK THIMJILTIKTIH TOMEHeyiHe okeneni. OHTYCTIK TeH OHTYCTIK-0aThIC ailMakTapaa cy
pecypcTapbiHa Kol KbIChIM Tyceli, oHiMaUTiK ToMeH Oonaabl (Akbayeva et al., 2023).

AyBUT TIapyamIbUIBIFBIHBIH, OCIMIIK JIAKBUIIAPBIHBIH TapadyblH TaJlay HOTHIKEICpIHEH
cyapy/sl 0acKapy *akChl JaMbIFaH aiiMakTapa KOKOHICTep MEH KapToll Cy NaiaanaHy/IbIH KOFaphl
THIMJIUTITIH KOPCETTi. ACTHIK JaKbUIIAPHI CY CHIMBIMABLIBIFBIHBIH TOMEHIITIHE KapamMacTaH, TOMEH
HApBIKTHIK KYHbIHA OalIaHBICTBI OpTallla Cy OHIMAUIITIMEH cumnaTtTanajsl. Kypill meH MakTa Cyibl
a3 YHEMJCHUTIH Jakpuigap OOJFaHABIKTAH, Cy TANIIBUIBIFBI Oap aillMakTapia eTiCTIKTep.l KaiTa
Kapay KaxeTTuririd kepcereni (Akbayeva et al., 2023).
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Kazakcranma cynasl maiijanaHy  THIMIUNNT — TYTBIHBUIATBIH Cy  KOJIeMIMEH FaHa
anpikTasiamaiinel. Cy pecypcrapblH Oackapy camachl, TEXHOJOTHSUIBIK KaOIbIKTay JICHIeHi,
aiiMaKTapablH SKOHOMUKAJIBIK MaMaHJAHYbl aJbIHFaH KapTOrpausUIbIK HOTIIKENIEPIEH KOpiHiC
TankaH. TUIMIUTIK KOPCETKIMTEPiHIH KEHICTIKTIK capallaHybl aybll IIapyallbLIbIFBIHBIH ©CIMJIIK
JTAaKbUINAPbIH OHTAWIAHABIPY MEH CyIbl YHEMACY TEXHOJIOTHSUIAPBIH EHTI3yre HeTi3IeNreH.
AWMAaKTBIK €peKIIeTIKTepl €CKepEeTiH Cy Naijanany cascarblHa KOmyaiH KakeTTiairi 6ap. Cymabl
naiianany THIMAUIT KapTackl MpoOJeMalblK aMaKTap/bl, UPPUTALUSIIBIK UHPPAKYPBUTBIMIBI
YKAHFBIPTY/IBIH OachbIM OaFbITTapbIH aHBIKTaWAbl. Ka3aKCTaHHBIH aybll MAPYalIbUIBIFBIH TYPAKThI
JaMBITY/IaFbl 0acKapy IIEHIM/IEPiH HeTi3IeyAiH aHATUTUKAIBIK KYpaJlbl.

4. Tanpay

Kazakcran PecnyOnukachlHBIH aybll IIapyallbUIBIFBl  OHIPJIEPIHAET] JaKbULIAPIABIH CY
naiinanany THIMZIUIITIHE KemeHai Oaranay >xypri3inai. JKanmsl KOChUIFaH KYH MEH Cy Naiijanany
KOJIEMIH €CeNTeyre apHajlfaH dJiCHaMalbIK Tocl KongaHeuiabl. T[IM 6.4.1 TamanTtapbiHa coiikec
kenetTin TeHre/M° xoHe AKII nmommapel/m® TypiHme KepceTinreH cy maiijamaHy THIMIUTITiHIH
KOPCETKIIITepl aHBIKTANABL. 3epTTEYAIH HOTHKEJIepl Ccy MHailianaHy THIMIUTITIHIE alMaKapalbIK
XKOHE JAKbUIAPAIIBIK alBIPMAIIBUIBIKTApAbIH OonaTeiHbIH KepceTTi. CIIT eH jxorapbl MoHIEpi
eMMI3MIIH OHTYCTIIT MEH OHTYCTIK-IIBIFBIC alMaKTapbIHIAFbl JKaIIbl KOCBUIFAH KYHBI KOFaphI
JaKpUIIapra (KapTor, Oakmia JaKbUIIaphl, KOKOHICTep, KOIDKBUIIBIK ekmnenep) ToH. CONTYCTIK IeH
Oarpic aiiMakTapja KeH TapajfaH [oHJAl JaKbUIJap NaiiiaiaHbUIFaH cy OipiiriHe NIaKKaHIarbl
TOMEH SKOHOMHKAIBIK TAOBICTBI KOPCETE/I].

Cynpl naiiianany THIMIUIIT T€K TYTHIHBUIATBIH CY PECYPCTApPBIHBIH KOJIEMIMEH €MecC, aybll
IApyalIbUIBIFBIHBIH ~ KYPBUIBIMBIMEH, ©OCIMIIK JaKbUIIAPBIHBIH OHIMILIITIMEH, KOJJIAHBUIATHIH
arpoOTEXHOJIOTHUSJIAPMEH OHIMHIH HAPBIKTHIK KYHBIMEH aHBIKTAJIA IbI.

ANBIHFAaH HOTIDKENEp Cyabl MaijagaHy THIMAUITIH apTTBIPYABIH MaHBI3AbI  QJICYeTiH
KepceTe/i:

- ETICTIK KA TapbIHBIH KYPBUIBIMBIH )KaKCapTy;

- Cy YHEMEHUTIH cyapy TEXHOJIOTHUSIAPbIH KOJIAaHY ayKbIMBIH KEHEUTY;

- DKOHOMHKAQJIBIK Cy IIBIFBIHBI KOFapbl aybll I[MApyallbUIBIFBIHBIH OCIMIIIK JaKbUIIAphIH
JaMbITyFa 0aCBIMJIBIK Oepy;

- CY pecTypCTapblH €CellKe ajly MeH 0acKapy KyHeciH KeTUiaipy.

Cynapl YHeMIEyIiH OHIpiiK OaFmapiamalapblH 93ipjey, ayblUl IIapyallbUIbIFbl CascaThiH
xetuaipy meH TJM 6 kepceTkimiTepiHe KOJ MKETKI3y MOHUTOPHUHIT 3€pTTEY >KYMBICHIHBIH
MIPAKTUKAJIBIK MaHBI3ABUIBIFBIHA KaTabl. AJJIaFbl 3epTTEYNEpIiH OoNamarsl TajaaayablH ayKbIMbIH
KCHEWUTYli, KANIBIKTHIKTAH 30HITAy JACPEKTEpiH MaimanaHyabl, KIUMATTBHIK (GaKTOpiapibl CYIIbI
naiganany THIMIUTITIH OaFanay MOJeNbIepiHe HHTerpanusiayabl KaMTUIBL.

5. KopbITBIHABI

Kyprizinren tanmaymapapi HoTHkenepi KP aypin mapyambuibiFbl CEKTOPBI KAJIBl CYIbI
TYTBIHYIBIH 60 %-1aH acTaMblH Kypar, PecyOIUKaIbIK Cy TYThIHY KYPBUTBIMBIHIA JKETEKIIT OPbIH
anaThIHBIH KopceTTi. Cyapl maiganaHyIbplH JKaFIaibl pecypcTapblH KOFapbl CHIHBIMIBUIBIFBIMEH,
MarucTpalbJbIK JKENIep MEH IIapyallbUIbIK IMIUTIK cyapy KYHelepiHae CyIbIH alTapiblKTai
YJIKeH BICHIpaObIMEH CHIaTTaNaabl. EH KUBIH IIHEeNeHICKEH JKaFIail cyapMallbl JaKbIIIapIbIH 0acThI
[IapyallbUIBIFGl  [IOFBIPJIAHFAH  €NIMI3AIH  OHTYCTITT MEH OHTYCTIK-IIBIFBIC aiMaKTapbIHa
Oaitkanagel. Cy pecypcTapblH OacKapyablH arFbIMIaFbl JKYHECl TEXHOJOTHSUIBIK >KAaHFBIPTY MEH
WHCTUTYIIUOHAIBIK PETTEY/l Tajam eTei.

Ecentey HoTmxenepi cy mnaiijagaHy MEH SKOHOMHUKAIBIK THUIMIUTIKTE alMaKapalblK >KOHE
JaKblIapablK epeKienikTepai kepcerti. Kypii, Makra, sxyrepi cyibl Kell KejieM/ie TYThIHCA, TOH/1
JaKpULIap cyabl a3bipak TyThiHAAbl. Cy maiijjananynblH >KOFapbl 5KOHOMUKAJIBIK THIMALUIIT cyapy
Kylienepi JaMbIFaH OHIpJIepAeri KOKOHIC, KapToll, KOIDKBUIABIK eKmenepae Tipkenai. TaOuru-
KIMMATTBIK JKaFJaiiapra, €ric alKanTapblHBIH KYPBUIBIMBIHA, AaybUl IIapyalllbUTBIFBIHBIH
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TEXHOJIOTHSUIBIK YKa0bIKTaTybIHa OalIaHbICThI epekmenikTep Oaikanael. Cy maiiganany mMacemneci
MEMIICKETTIK CasiCaTThIH CTPATETUSUIBIK MiHJCTTEpiHe XKaraipl. KIMMaTTBhIH e3repyi, XasbIK
CaHBIHBIH OCYyl, HPPUTAIMUIBIK WHQPAKYPBUIBIMHBIH TO3Ybl CalJapblHAH CY TaIIIbUIBIFBI
tyeiaaiae (Akhmetov et al., 2022).

Cy naiinanany THIMIUTITIHIH KOPCETKIIITEPIH Tangay eHipiepAeri aybul MIapyallbUIbIFbIHBIH
OCIMIIK JaKpUIAapbl TMaijalaHaTbiH Cy OipiiriHe IIaKKaHJIarbl HSKOHOMHUKAJBIK —KipicTe
alipIpMaIIbUIBIKTap Oap ekeHiH kepcerTi. JKammbl KOChUTFaH KYHBI JKOFapbl JaKblIIap SKCTEHCUBTI
JTaKbUIIapFa KaparaHJa >KOFapbl THIMIUIIK KepCeTKImTepiH kepcerTi. Kei aiimakrapabl Cybl
naiiiananyaslH THIMCI3 KYPBUIBIMBIH KOPCETETIH Cy THIMIUTITIHIH TOMEH KOPCETKIITEepl TIpKeIIi.
3epTTeynep/iH HOTWKEIEPl OHIPIIK JEeHrehae Cy THIMIUIITIH KEIIeH I OarajayablH diCTEMEIK
TOCUTIHIH FBUTBIMH HET13/IUTITH pacTaibl.

Cy pecypcrapblH THIMAI MaifanaHy TaOWFU, KIUMATTBIK, TEXHOJIOTHSUIBIK, SKOHOMUKAIIBIK
(bakTopiapIbIH KUBIHTHIFBIMEH aHbIKTaNaAbl. KolgaHbIcTarsl cyapy *KYHECiHIH Typl alTapibIKTan
ocep eremi. TaMIIBUIATBIN JKOHE XKAHOBIPJIATHIN Cyapy TEXHOJOTHSUIAPBIH €HTI3y CY IIBIFBIHBIH
YJIECiH a3alThIN, OHIMIUTIKTI apTThIpyFa ceder. MaHbI3IbI (hakTOpiapra aybll MIapyalIbUIbIFbIHBIH
KYPBUIBIMBI, JaKbUIIAPJbIH OHIMALIIr, ©HIMHIH HApBIKTBIK KYHBI, Cyapy WHQPaKYpbUILIMBIHBIH
XKaFJaibl, Cy pecypcTapblH OacKapy JCHIeH1 kaTapl.

AJBIHFAH HOTHDKEJICP/CH aybll MIApyallbUIBIFBI CalachlHIA CYy peCypcTapblH OacKapyIbiH
OHIPJIIK  capajaHFaH MoOJEJiHe Kemy Kaxerturiri  Herizmenemi. Cyasl  YHEMICHTIH
TEXHOJIOTUSUIAP/IbI CHTI3yll apTThIPy MEH eriCTiK alKalTapbIHbIH KYPBUIBIMBIH 3KOHOMHKAIIBIK
THIMJIUTITI )KOFaphl aybll MAPYalIbUTBIFBIHBIH OCIMJIIK JTaKbUIIAPBIHBIH MMaliJachlHA OHTANHIAHIBIPY
€NIMI3/1H OHTYCTIIl MEH OHTYCTIK-IIBIFBIC OHIpJepi yuIiH O6ackiM OarbITTapablH Oipi. COATYCTIK
OHIpJIep/ie KOCBIMIIIA CY JKYKTeMeJepiH a3aiTa OTBIPBIN, OHIMAUIIr KOFapbl TOMIMIIK (Oorapiisr)
€riH MapyalbUIBIFbIH JaAMBITKaH OPbIH/bL. JKaJIbl anFania Cyasl MaijalaHy THIMAUIITIH apTThIPY
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Lyailya Akbayeva, Raushan Shaikhieva, Zhumabike Bakeshova, lles Kiyanbekov, Yerdaulet
Tulegenov

Abstract. In the article, the authors presented a comprehensive assessment of the economic and
physiological efficiency of water use in agriculture of the Republic of Kazakhstan under conditions
of increasing water scarcity. The relevance of the study is determined by the high dependence of the
country’s agricultural sector on irrigation, the transboundary nature of a significant part of water
resources, and the persistently low productivity of water use in the regions. The aim of the work is
to assess the efficiency of water use for some agricultural crops in the context of the regions of
Kazakhstan and to determine directions for increasing the rationality of water resources use. The
research methodology is based on the calculation of the water use efficiency indicator (WUE),
expressed in tenge and US dollars per cubic meter of water, taking into account the gross value
added of production, the share of irrigated land, water consumption norms, and the structure of
agricultural production. The results of the analysis revealed significant interregional differentiation
of water use efficiency indicators (WUE), as well as a large difference in WUE between various
agricultural crops. The highest WUE values are typical for vegetable crops, potatoes, and perennial
plantations in the southern and south-eastern regions, where developed irrigation infrastructure and
a high market value of products are combined. At the same time, cereal crops demonstrate a
relatively low economic return per unit of water used, especially in regions with the predominance
of rainfed agriculture. It has been established that water use efficiency is determined not only by the
volumes of water withdrawal, but also by the structure of crops, yield levels, applied irrigation
technologies, and the condition of infrastructure. The practical significance of the study lies in the
possibility of using the obtained results in the development of regionally oriented water-saving
policy, optimization of the structure of agricultural production, and monitoring the achievement of
SDG indicator 6.4.1. It is concluded that there is a need to transition to a differentiated model of
water resources management aimed at increasing the economic return of water use and reducing
water pressure under conditions of sustainable development.

Keywords: water use efficiency; irrigation; water conservation, water resources; agriculture;
irrigation systems; food security; water balance; water use coefficient.

Ouenka 3¢ PeKTUBHOCTH BO/I0II0JIb30BAHMS B Pa3JIMYHBIX
CeJIbCKOX0351iiCTBEHHBIX KYJbTYpPax B yciaoBusax Kazaxcrana

JIaiias AxOaeBa, Payman IllaiixueBa, )Kymaduke bakemosa, Hiec Kusanoexos, Epaayaer
TyJierenos

AHHoOTanusi. B crarbe aBTOpBl NPEICTaBMIM KOMIUIEKCHYIO OIIEHKY OJKOHOMHYECKOH U
¢usnonorndyeckor 3PQPEKTUBHOCTH BOJAOINOJIB30BaHUS B CEIBLCKOM Xo03diicTBe PecnyOnuku
KazaxcTaH B yCIIOBHIX HapacTaromero AeduuuTta BOJHBIX PeCypcoB. AKTyaIbHOCTh HCCIIEIOBAHUS
00yCIIOBJIEHA BHICOKON 3aBHCUMOCTBIO arpapHOro CEKTOpa CTPaHbl OT OPOLLIEHUS, TPAHCTPAaHUYHBIM
XapaKTepOM 3HAUYMUTEIbHON YaCTH BOJHBIX PECYPCOB U COXPaHSIOLIENCS HU3KOM MPOAYKTHBHOCTBIO
UCIOJIb30BaHWE BOAbl B pervoHax. lLlempio paboTel sBisieTcss oOLEeHKa 3()QPeKTUBHOCTH
BOJIOTIONIB30BAHUSL /ISl HEKOTOPBIX CEJNbCKOXO3SHCTBEHHBIX KYyIbTYp B pa3pe3e oOiacreit
Kazaxcrana u onpeneneHus HamnpaBieHUH MOBBIIMIEHUS PAlMOHAIBLHOCTU HCIIOJIb30BAHUS BOJIHBIX
pecypcoB. Meroauka HCclIeOBaHMS OCHOBaHAa Ha pacuére mnokazatens 3(pQeKTHBHOCTH
Bozonoisb3oBanus (OBII), BeipaxkenHoro B TeHre u gojuiapax CLIA nHa kyOuueckuii MeTp BOJBI, €
y4€TOM BaJOBOW JOOABIEHHOW CTOMMOCTH TPOIYKIMH, JOJHM OpPOIIAEMBIX 3€eMejlb, HOPM
BOJIOTIOTPEOJICHUSI M CTPYKTYpPHl CEIhCKOXO3WCTBEHHOTO TPOW3BOJCTBA. Pe3ynbTaThl aHamm3a
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BBISIBUJIM 3HAYUTEILHYI0 MEXpPETHOHAIbHYI AuddepeHnuanuio mnokazareneii 3¢(HeKTHBHOCTH
BojgonotpeOsiennst  (OBII), a Tawke Oompimyto pasauny OBIl  Mexny pasaudHbIMH
CEeNbCKOXO035ICTBEHHBIMU KynbTypamu. Hambonee Bbicokue 3HaueHusi OBII xapakrepHsl ams
OBOLIHBIX KYJIBTYp, KapTodenss U MHOTOJIETHUX HACaXJCHUW B IOXKHBIX M FOT0-BOCTOUYHBIX
peruoHax, T€ COYETAIOTCS pPa3BHTas WPPUTALMOHHAS WHOPACTPYKTYpa M BBICOKAs pPHIHOYHAS
CTOMMOCTh HPOAYKIHMH. B TO e Bpemsi 3epHOBbIE KYJIbTYPHl EMOHCTPUPYIOT CPaBHUTEIBHO
HU3KYI0 PKOHOMHYECKYIO OTAayy Ha €AMHHUILY HMCIOJB30BAaHHOW BOJBI, OCOOCHHO B PErHOHAaX C
npeoOyaganueM OorapHoro 3emuiefenus. YCTaHOBIEHO, YTO 3((EKTHUBHOCTH BOAOINOJIB30BAHUS
ompeneNnseTcss HE TOJNbKO 00BEMaMu BOAO03a0Opa, HO H CTPYKTYpOH TIOCEBOB, YPOBHEM
YpOKaMHOCTH, MPUMEHSEMbIMU TEXHOJOTUSMU OpOLICHUS M COCTOSSHUEM HH(PPaCTPYKTYPBHI.
[IpakTuyeckas 3HAYMMOCTb HCCIECIOBAaHMSA 3aKJIIOYAeTCSI B BO3MOXXHOCTH HCIOJIb30BAHUS
MOJIYUEHHBIX  PE3yJbTAaTOB NpU  pa3paboTKe PErHOHAIbHO-OPUEHTHPOBAHHOW  IMOJMUTUKH
BOJIOCOEPEKEHHS, ONTHMHU3ALMU  CTPYKTYPBl  CEIbCKOXO3SHCTBEHHOTO  IMPOU3BOJACTBA U
MOHHUTOPHHIE IOCTIKeHUs nHaukaropa 6.4.1 LIYP. Cnenan BbIBoI 0 HEOOXOAMMOCTH Mepexoaa K
i QepeHIIMPOBAaHHOW MOJEIH  yIpaBJIeHHUs BOJHBIMU pecypcaMH, OpPHEHTHPOBAHHOM Ha
MOBBILICHIE YKOHOMUYECKOW BOJOOT/AAYU U CHUKEHHE BOJHOW HATPY3KH B YCIOBHUSIX YCTOMYUBOTO
pa3BUTHSL.

KiroueBble ciioBa: >pQGEeKTUBHOCTh BOJOIOJIB30BAHMS;, HPPUTALUS; BOIOCOEpEKEHUE; BOJHBIC

pPECypChl; CEIbCKOE XO3SHCTBO; OPOCHUTENBHBIE CHUCTEMBI; IPOJOBOJIBCTBEHHAsT O€30IacHOCTB;
BOJIHBIN OanaHc; KOAQPHUIUEHT BOAONOIH30BAHUS.
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AHHoTaumsi. B cratee mpezacraBieH 0030p HccielOBaHMH KauecTBa
atMoc(epHOro BO3JlyXa B MPOMBIIUICHHBIX Topoaax Kazaxcrana YcTe-
Kamenoropcke u IlaBiomape ¢ akIeHTOM Ha H3y4eHHE TBEPJBIX
a’po30oibHBIX vactul, PM25 u PM10, a Ttakke ra3000pa3HBIX
3arpsizHuTenelt, Bkiodas SOz, NOx u CO. Llens pa®oTsl 3akiarodaeTcs B
aHaJIM3€ COBPEMEHHOTO COCTOSIHHS MOHHTOPWHTa aTrMoc(epHOro
BO3/yXa B NPOMBILIUIEHHBIX pernoHax KazaxcraHa m mupa, a Takxe B
BBISIBIICHUH CYIIECTBYIONIMX HAYYHBIX NPOOETOB B HCCIEIOBAHHUIX
a’p0O30JIbHOTO 3arps3HeHus. HecMOTpsi Ha OrpaHUYEHHOE KOJIMYECTBO
KOMIUIEKCHBIX HCCIIEZIOBAaHWI, B CTpaHEe HAKOIUICH OIpeIeIeHHBIN
HMIUPHUYECKUI ONBIT IO MOHUTOPHUHTY KOHIeHTpatuit PM2.5 u PM10 u
MPUOPUTETHBIX TOKCHYHBIX Ta30B, YTO IO3BOJIET OIEHUBATH YPOBEHBb
TEXHOTEHHON Harpy3ku U (OpMHUpPOBATh NEPBUYHBIE MPEICTABICHUS O
CTPYKType  3arpsi3HeHHs  BO3ayxXa B  ypOaHM3HpPOBAHHBIX U
UHAYCTpUATbHBIX 30HaxX. HayuHass HOBHM3Ha palOThI 3aKitoyaeTcs B
MIPOBE/ICHUN CPABHUTEIBHOTO aHAIIM3a OTEYECTBEHHOTO U 3apy0eKHOTO
OMbITa M3Y4YeHUs (PU3MKO-XUMHUUECKUX XapaKTEPUCTUK TBEPHBIX
a’pO30JIHHBIX YACTHII, BKIOYass 0COOEHHOCTH MoHHUTOpuHTa PM2.5 mn
PM10. Iloka3zano, uyto B Ka3axcrane wucclieIOBaHUS 3JIEMEHTHOTO
coctaBa, MOPQOJOTHH ¥ WCTOYHHKOB TPOMCXOXICHUS TBEPHIBIX
a’pO30JIbHBIX  YACTUI[ OCTAIOTCS HEIOCTAaTOYHO PAa3BUTHIMH  I10
cpaBHeHHIO ¢ npaktukaMmu crtpad EBponsl, CIIIA, Kutas u Unauu, roe
(YHKIMOHUPYIOT pa3BETBJICHHBIE CUCTEMbl MOHUTOPUHTA, COUETAIOIINE
peryispasie  uaMepenus PM25 wuw  PM10 ¢ npumeHeHHeM
CHEKTPOCKOMUYECKUX M MAaCC-CHEKTPOMETPHUECKUX METOJOB aHAIIN3A.
Takoit moaxon obecrmeunBaer Oonee TOUYHYIO — HMJICHTHU(PDUKAIHIO
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MCTOYHMKOB 3arpsi3HEHHS U Pa3paboTKy 3PPEeKTUBHBIX CTPATETHUH CHIXKEHUS BPEIHBIX BHIOPOCOB.
Cnenan BBIBOA O HEOOXOAMMOCTH JAlTbHEHIINX KOMIUIEKCHBIX HCCIICAOBAaHUM, HAIIPABICHHBIX HA
M3yuyeHHEe XHMHUYECKOTO COCTaBa a’pO30JbHBIX YACTHI, HMX CE30HHOM W3MEHUMBOCTU U
POCTPAaHCTBEHHO-BPEMEHHBIX 3aKOHOMEPHOCTEH pacpoCTpaHEeHHUSI.

KiroueBbie cjioBa: kadectBo Bo3ayxa; PM2.5; PM10; armocdepHbie a3po30iH; 3JIEMEHTHBINA
COCTaB; MIPOMBIIIJICHHBIE peruonbl Kazaxcrana.

1. Beegenue

AdpO30JbHBIE YACTHIIBI OKa3bIBAIOT CYIIECTBEHHOE BIMSHUE HAa KAauyeCTBO aTMOC(EpPHOTrO
BO3/yXa, KIMMATHYECKUE IMPOIECCHl U COCTOSHHE OKpYKAIOIIed Cpeibl. YCTaHOBIIEHO, YTO HX
BO3/CHCTBUE ONPEACTACTCS XUMUYECKIM COCTaBOM, MOP(OIOTHel, pa3MEpHBIM pacIipeieieHueM U
KOHIICHTpanuei yactui. HecMOTpsi Ha HE3HAYUTEIIbHYI0O MAacCOBYIO JIOJIO B atMocdepe, adpo3oiu
UTPAIOT BaXHYI0 pOJb B arMoc(hepHON ONTHKE, TEIUIOOOMEHe, TMpoleccax obJaKo- u
0caIkooOpa3oBaHusl, a TAK)KE B TPAHCTPAHUYHOM IepeHoce 3arpsiusonmx Bemects (Seinfeld &
Pandis, 2016; Ma et al., 2024; Chen et al., 2022; Ravshanov et al., 2020; Hu et al., 2024; Ryu & Min,
2024; Xu et al., 2021).

[To manueiM IQAIr 3a 2024 roxa, Kazaxcran 3aHsi 71-¢ MECTO B MUPOBOM PEHTHHIC CTPaH U
PETHOHOB 110 cpenHeroaoBoii konuentparmu PM2.5 (IQAir.com, 2025). IToka3zaHo, uTo 3arpsi3HCHHE
aTMOC(epHOT0 BO3/lyXa OCTAETCs OJJHOU M3 HanOoJiee 3HAYMMBIX SKOJIOTUIECKHUX MTPOOIIEM KPYITHBIX
roposioB crpaHbl. HambGonee HeOnarompusiTHass CHTyanus HaOJIOMAeTCsl B MPOMBIIUICHHBIX U
ypOaHU3UPOBaHHBIX IleHTpaxX. Tak, B Kaparanme cpeaneromoBas konmeHtpamus PM2.5 mocruria
104,8 wMkr/M®, dTO TpEBBIIAET PEKOMEHIyeMEIi ypoBeHbh BceMHpHON — OpraHM3aluy
sapaBooxpanenus (BO3) (15 mxr/m®) B 10- u pas (WHO, 2021). [loBbInIeHEbIE 3HAYEHHS TAKKE
3adukcupoBansl B bypabae (67,7 mxr/m®), Temupray (43,5 mxr/m®), Yers-Kamenoropcke (20,9
Mkr/m°), Anvatst (20,3 mxr/mS), Ismvkente (19,9 mxr/v®), Axray (18 mxr/m®), Acrane u IlaBnonape
(mo 15,4 mxr/m®). TlonyueHHble NaHHBIE CBUIETENHCTBYIOT O CHCTEMATHUECKOM MPEBBILIEHHH
pexoMeHayemMbix HopmatuBoB BO3 B psine roponoB Kazaxcrana. 9To yka3sIBaeT Ha HEOOXOAMMOCTh
COBEpIICHCTBOBAHUS MOHHUTOPUHIA, PETYIUPOBAaHUS BLIOPOCOB U  YyNpaBICHHS KaueCTBOM
aTMOC(epHOTro BO3ayXa.

Bbicokasi CIOXKHOCTh XMMHYECKOIO COCTaBa aTMOC(EpHBIX a’po30jei 00ycioBWIIa pocT
HAYYHOTO MHTEpECa K UCCIIETOBAaHHIO X AIIEMEHTHBIX XapakTepucTHK. Ocoboe BHUMaHUE YIEIIeTCs
MenkoaucnepcHeM  dpakmusm PM2.5 u PM10, crnocoOHBIM TpOHUKAaTh B TIIyOOKHE OTAEIBI
IBIXaTeNbHON CHUCTEMBl. MeXIyHapOIHbIE WCCICIOBAHUS ITOKA3bIBAIOT, YTO OIEHKA TOJIBKO
MacCOBBIX KOHIIEHTpallMH HEJAOCTaTOYHA JJIsi MOJHOLEHHOIO aHaJln3a a’dpO30JbHOIO 3arpsi3HEHUs
(Allen et al., 2001; Pakkanen et al., 2001; Hu et al., 2003; Motallebi et al., 2003; Pekney & Davidson,
2005; Park & Dam, 2010; Offor et al., 2016; Taye et al., 2024; Sah, 2024). YcraHOBJIECHO, 4TO
TOKCHYHOCTh YAaCTHI[ BO MHOTOM OIIPENENSETCS COJEPKAHHEM TSDKENIBIX METaIOB M IPYTHX
OIIaCHBIX 3JIeMeHTOB, BKIouas Pb, Cd, Hg u As.

Pe3ynbTaThl COBPEMEHHBIX ATHIEMHOIOTHYECKIX UCCIIEOBAHIM IIOATBEPKIAIOT CBSI3b MEKTY
BO3JICHCTBUEM  MEIKOAMUCIEPCHBIX YacTUI] M  POCTOM  3a00JIeBA€MOCTH  XPOHUYECKUMHU
peCTIMpaTOpHBIMH U CEPACYHO-COCYIUCTHIMHA 3a00JICBaHUSMHU, a TaKXKe OTACIBHBIMU (opMaMu
OHKOJIOTMYECKHX MaTojoruid. [IOBBIIIEHHBIH PUCK OTMeuYaeTcs B YCIOBHSIX 3arpsi3HEHHs BO3/1yXa
BHYTPH TIOMEIIEHHU, OCOOCHHO TMPH HEJOCTATOYHOW BEHTWISANWU. HaKoIuleHWe TOKCHYHBIX
AJIEMEHTOB XapaKTEePHO KaK ISl 5KUITBIX, TaK U JUIsl IPOU3BOACTBEHHBIX O0BEKTOB, TI€ MPUCYTCTBYIOT
JOTOJTHUTEIIbHBIE HCTOYHIKH BTOPHYHOTO 3arpsi3HeHus. HanbopiemMy BO3CHCTBUIO MTOIBEPIKEHO
HaceJICHHE MPOMBIIUIEHHBIX TOPOJIOB, MOCKOJIBKY BBICOKAs! KOHIIEHTpAIUs HCTOYHUKOB SYMHUCCUU U
OTpaHUYEHHBIC YCIIOBUS JUISI PACCEMBAHMS 3aTrPsS3HUTENCH YCHIIMBAIOT aHTPOIIOTCHHYIO Harpy3Ky Ha
3JI0pPOBbE YEITIOBEKA.
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Lenp HacTosAmero o0630pa 3aKitoyaeTcs B 000OMIEHUHM MHUPOBOTO M Ka3aXCTaHCKOTO OIIbITA
OLIEHKU KauecTBa aTMOc(epHOro Bo3ayxa Ha OCHOBE MCCIICIOBaHUI B3BelmIeHHBIX yacTull PM2.5 u
PM10, ux 3J€MEHTHOTO COCTaBa M B3aMMOCBS3M C METEOpoJorndeckumu mnapamerpamu. Ocoboe
BHUMaHHE yJIEJICHO IPOMBIIIICHHBIM ropojam Kazaxcrana Ycrb-Kamenoropeky u [laBnomapy.

B xone uccnenoBanus nposeacH aHammu3 okono 100 Hayunsix myonukanmii 3a nepuoa 2000-
2025 rr., a Tarke Kiro4eBbIx padboT 1970-1999 rr. 310 M03BOINIIO MTPOCICUTH SBOJIOIMIO HAyUYHBIX
MOJIXOJIOB M BBISIBHUTH COBPEMCHHBIC TEHICHIIMU B U3ydaeMoil mpobnemarmke. OCHOBY 0030pa
COCTaBWJIM HMCTOYHWMKH, HMHIECKCUpyeMble B 0a3zax maHHbIX Scopus m Web of Science, a takke
MyOIMKAIUU W3 TIEPEYHsS] HAyYHBIX W3JaHUI, PEKOMEHIOBaHHBIX KomHTeTOM MO 0OeCIeueHIo
KadyecTBa B cepe HAyKH | BhICIIETO 0Opa3oBanus Pecyonuku Kazaxcran.

JIOTIOJTHUTETHPHO HCIIONIB30BAHBI JaHHBIC HHPOPMAIIMOHHBIX OroyutereHedt Kasrumpomera mo
Bocrouno-Kasaxcranckoii u [1aBiogapckoii 00mactsm, a Takyke marepraiis mardopmsl IQAIr.com,
910 O00ECIEYMSIO COIMOCTABICHUE HAIMOHATBHBIX W MEXKIYHAPOJIHBIX JaHHBIX O KadecTBe
atMocepHoro Bozayxa. OTOOp HMCTOYHHMKOB OCYIIECTBISUICS C HCIIOJIb30BAHMEM HAy4YHBIX 0a3
nannbix ResearchGate, Google Scholar, eLibrary u npyrux akageMudeckux miaTGopm.

[TpuopuTeT OTHAaBalCs PELEH3UPYEMbIM HAy4YHBIM CTaThsIM, MOHOTpadusM M Marepuaiam
KOH(epeHIHiA, 00JIaJar0IIM BBICOKON HAYYHOW U MPUKIIATHON 3HAYUMOCTBIO.

2. MexXIyHApOIHbI M Ka3aXCTAHCKMII ONBIT U3y4YeHHUs TBePAbIX YaCcTHI a3P0o30Jieil Bo3ayxa
(PMXx)
2.1. Maccoesvle xonyenmpayuti PMX

ATMOC]epHBIi BO3MyX SIBISETCS KIIOYEBHIM KOMIIOHEHTOM MPUPOTHOM Cpelnbl U
XapaKTEPU3yETCs BBICOKOW TMHAMMYHOCTBIO 110 CPABHEHUIO C BOJHOM M ITOYBEHHOM cpenamu. B ero
cocTaBe MPHUCYTCTBYIOT HPHUMECH MPUPOAHOTO W AHTPONOTEHHOTO MPOUCXOXKICHUS, BKIIOYAs
TBEp/IbIC YACTHIIBI, Ta3bl M adp030iu. Hanbompmmii HaydHBI HHTEPEC MPEACTABIAIOT aTMOC(EpHBIC
a’po30JIM, MPEJCTABIAIONINE COOOM CIOXKHBIE JUCHEPCHBbIE CUCTEMBI, BKIIOYAIOIIME TBEpIble
YACTHIIBI ¥ KUIKUE KATUTH Pa3IMIHOTO MPOUCXOKICHUS U (PU3NKO-XUMHUICCKUX CBOHCTB.

Teepabie yactuiel PM2.5 u PM10 ¢opmupyrotes kak B pe3yibTaTe NPUPOIHBIX MPOLECCOB
(moYyBeHHas W BYJKaHWYECKass IIbUTb, 3PO3Us, OWOTEHHBIC WCTOYHHKH), TaK W BCIICJCTBUE
AHTPOTIOTEHHOW JIeATENbHOCTH, BKIOYAas MPOMBINIJICHHOE IPOU3BOJICTBO, TPAHCIOPT, TOPHBIE
pabothI u cxxuranue Torwuba (Buseck & Adachi, 2008; Viana et al., 2006; Pdschl et al., 2005; IPCC,
2021; Putaud et al., 2025). CooTHoIlIeHHE 3THX HCTOYHHUKOB OINMpPEIEIsIeT XUMUYECKUN COCTaB U
TOKCHKOJIOTHYECKHE CBOMCTBA a3PO30JIbHBIX YACTHII.

Ocoboe 3Hauenue wumeer ¢Qpakuus PM2.5, oOmanaromas BBICOKON MpPOHHUKAIOMIEH
CTIOCOOHOCTBIO. Y CTAaHOBJICHO, YTO YaCTHIIBI JAHHOTO pa3Mepa JOCTUTAIOT alIbBEOJI JIETKUX U MOTYT
MOCTYNaTh B KPOBOTOK, BBI3bIBAasE CUCTEMHBIC 3(PPEKTHI U MOBBIIIAS PUCK CEPACUHO-COCYTUCTHIX U
pecriupatopubix 3aboneBanuii (Ayers et al., 1996; Bergin et al., 2001; Bi et al., 2002). Takum
o0pa3oM, HWMEHHO MEJIKOJIUCIepCcHas (pakiusi paccMaTpuBaeTcs Kak OCHOBHOHU QakTop
HKOJIOTUIECKOTO PUCKA.

AHanu3 Hay4yHOU TUTEepaTyphl MOKA3bIBAET, YTO CUCTEMATUUECKIE UCCIICOBAHMSI 3arPSI3HEHUS
aTMoc(epHOTro BO3JIyxa Hadaal aKTUBHO pa3BuBaThes ¢ 1990-X TOJ0B M MOJYYWIIH 3HAYUTEIBHOE
yckopenue nocie 2000 roma. DTOT pocT 0OyCNOBIEH yCUJIEHMEM YpOaHHW3alMM, YBEIUYEHHEM
AHTPOITOTEHHOMN HATPY3KH U POCTOM BHUMAHWUSI K IIOCIIEACTBUSM 3arpsI3HEHUS BO3IyXa AJIS 3I0POBBSI
Hacenenus u kimMata (Kim et al., 2017; Wilson et al., 2002; Khobragade & Ahirwar, 2019; Joksi¢
et al., 2009). B pesynbprare cHopMUpOBAIICA MIUPOKUI CIEKTP HMCCIIEOBAHUMN, OXBATBHIBAIOIIMX
MIPOCTPAHCTBEHHO-BPEMEHHYIO JUHAMUKY 3arpsi3HEHHS, XUMHUYECKHI COCTaB a’po30iied, HX
WCTOYHUKH U BO3JICHCTBHE Ha 3/I0pPOBhE HACEIICHHS.

KitoueBbIM  HampaBlieHHEM COBPEMEHHBIX HCCIEIOBAaHUN  SBISETCS WIACHTHU(DUKAIMS
WUCTOYHHUKOB (OPMHUPOBAHUS M MeXaHW3MOB mepeHoca PM2.5 m PM10. VYcranoBneHo, 4TO
a’pO30JIbHBIC YACTHUIIBl TOAPA3ACIAIOTCS Ha MEpPBUYHBIC, HEMOCPEJCTBEHHO MOCTYMAIOIIUE B
atMocdepy (BEIOPOCH TPAHCIIOPTA, MPOMBIIIIIEHHOCTH, C)KUTAHUE TOTUTMBA, TBIJIEBBIE TIPOIIECCHI), U
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BTOpUYHBIC, OOpasymommecs B pe3yabTaTe XUMHUYCCKUX U (OTOXMMHUYECKUX PEAKIMA Ta30B-
npemmecteennukoB (Houthuijs et al., 2001; Ehrlich et al., 2007; Zhou et al., 2023; Rodriguez &
Lopez, 2024; Kim et al., 2024; Han et al., 2022; Cho et al., 2013; Bartaria et al., 2024; Van Dingenen
et al., 2004). TIpocTpaHCTBEHHAs HEOAHOPOIHOCTh KOHIIEHTpaluii PMX ompenensercs: coueTanuemM
JIOKAJIBHBIX BBIOPOCOB M aTMOC(HEPHOro MepeHoca, KOTOPBIA yCUIMBAETCS METEOPOIOTHUSCKUMHU
YCIOBHSIMH, BKJIFOYasi CKOPOCTh W HAlpaBJICHUE BETPa, BIAXHOCT W  TEMIIEPATYPHYIO
cTpaTuduKanuio.

OTnenbHOE HANpaBJIeHUE MCCIICIOBAHUN CBS3aHO C TPAHCTPAHUYHBIM MIEPEHOCOM a3pO30JIeH,
9TO MOATBEPKIAACT HEOOXOAMMOCTh MEKIYHAPOIHOW KOOPAMHAIMK B OOJACTM MOHHTOPHWHIA U
peryaupoBanus BbeiOpocoB (UNECE, 2022). IlokazaHo, 49TO a’pO30JbHBIC YaCTHIIBI MOTYT
MIEPEHOCUTHCS Ha OOJIBIIINE PACCTOSIHHS, BKIIIOYAsl QpKTHUYECKHUE PETHOHBI, TPU 3TOM HHTEHCUBHOCTh
[epeHoca OPEACIIAETCS CHHONTHYECKUMHU M KiuMmarndeckumu ycinoBusmu (Liu et al., 2024). Dto
YKa3bIBaeT Ha II00AIBHBIN XapakTep MPoOJIeMbI 3arpsi3HeHUsT aTMoc(epHOro BO3ayXa.

B mexnayHapoaHo# mpakTHke MOHHTOpUHT PMZ2.5 ocymiecTBisieTcs mpenMyHIIECTBEHHO B
peKHME HEMPEPHIBHBIX WM CYTOYHBIX WM3MEPEHHUH, YTO IO3BOJISCT aHAIM3HPOBATH TUHAMHKY
3arpsi3HEHUs ¥ GOpMUPOBATh 0a3bl JAHHBIX JIJISl CPABHUTENBHBIX MccienoBannuid. COrliacHO JaHHBIM
IQAIr (2025), B 2024 roxay psin ctpan A3uu u AQPHKH JEMOHCTPHUPOBAT HAMOOJIee BEICOKHE YPOBHH
cpenHeronoBoi kKoHneHtpanuu PM2.5. CBogHbie Toka3aTenu nmpeacTaBieHbl B Tadauie 1.

Tabauna 1. PeiituHr HanOoJee 3arpss3HEHHBIX CTPaH 0 CPEAHETO0BOM KoHIeHTpanuid PM2.5 3a
nocnexaue 5 ner no marHeM 1QAIr.com, Mxr/m®

3annmaemoe Toawr
Ctpana Mecto 3a 2024

roa 2024 | 2023 | 2022 | 2021 | 2020
Yan 1 91,8 - 89,7 | 759 -
Banrnanem 2 78,0 79,9 65,8 76,9 77,1
ITakucran 3 73,7 73,7 70,9 66,8 59,0
Hemoxkparnueckas Pecrryonmka Korro 4 58,2 40,8 15,5 - -
Wunus 5 50,6 | 54,4 | 53,3 | 581 | 51,9
TamKuKucTad 6 46,3 49,0 46,0 59,4 30,9
Hemnan 7 428 | 424 | 40,1 | 46,0 | 39,2
VYranna 8 410 | 27,3 | 39,6 | 276 | 26,1
Kazaxcran 71 15,1 16,4 17,0 21,0 20,4
Hopmarusbt WHO (2021) 15,3/5,0
(cpenHeronoBbie/CpeqHECYTOUHBIE)
Hopmarusst NAAQS US (2025)! (cpenneronossie) 9,0
Hopmarueel  EBponeiickoro Coro3a - [lupekruBa 20

2008/50/EC (2008)? (cpeaneronossie)

Hopmarueer Kanager - Canadian Ambient Air Quality 27/8,8
Standards (2025)? (cpenueronossie/cpeaHecy TOUHBIE)

Hopmarueer Uugun — National Ambient Air Quality 40/60
Monitoring (2019)4 /45/2019-2020

(cpenneromoBbie/CpEAHECYTOUHBIE)

Hopmarusst PK (2022) (cpenHecyTouHbie) 35
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IIpumeuanue: National Ambient Air Quality Standards United States Environmental Protection Agency
(https://www.epa.gov/pm-pollution/timeline-particulate-matter-pm-national-ambient-air-quality-standards-naags);
2CrangapTsl KayecTBa BO3/yXa EBpomneiickoro Coro3a (https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32008L0050)

Kanajckue cTaHnapThl kKauecTsa okpysxkaromero sosayxa (CAAQS) (https://ccme.ca/en/res/caagshandbook.pdf)
‘HauuoHanbHble CTaHIAPTHI KagecTBa aTMoc(hepHOTOo BO3yXa Wnpnn (NAAQS)
(https://cpcb.nic.infupload/NAAQS 2019.pdf)

B nocnennue roapl NOSABIAIOTCS Bee 00Jiee KOMILIEKCHbBIE paOOThl, B KOTOPBIX MCIOIb3YIOTCA
COBPEMEHHBIE METO/IbI MOJICTIMPOBAHUS, TUCTAHIIMOHHOTO 30HIUPOBAHMS U XUMHUECKOTO aHAIN3a
(Putaud et al., 2004; Genga et al., 2018; Li et al., 2024; Zhang et al., 2022a; Nautiyal et al., 2025).

VYCTaHOBIIEHO, YTO COYETAaHHWE JAHHBIX METOJIOB TIOBBIIIAET JOCTOBEPHOCTH pa3/eiCHUs
AHTPOIIOT€HHBIX MCTOYHHMKOB, BKJIIOYasi TPAHCIOPT, IMPOMBIIUIEHHOCTh U OBITOBOE CIKUI'AaHUE
TOIUIMBA, & TAKXKE YJIY4YIIaeT OLEHKY TPAHCTPAHHMYHOTO MEPEeHOCa 3arps3HSIONIMX BEUIECTB. JTO
IIPUBOJAMT K O0JIee 1eTaTbHOMY IOHUMAaHMIO IPOCTPAHCTBEHHO-BPEMEHHOM CTPYKTYPBI 3arpsi3HEHUs
BO3/yXa B ypOaHU3UPOBAHHBIX TEPPUTOPHUSIX.

[Tonmy4yeHHble pe3yabTaThl CBUAETENBCTBYIOT O TOM, YTO HCCIEI0BaHMUS aTMOC(HEpHBIX
a’po30JIel B Meraroyimcax MpHoOpeTaroT Bce 0ojiee MEXAUCIUIUIMHAPHBIA XapakTep U OCTAIOTCS
BBICOKO aKTyaJbHbIMHU. Pa3BuTHe MeTon0J0rHMuecKoi 6a3bl oOecreunBaeT MOBBIIEHHE TOYHOCTU
OLIEHOK ¥ CO3[aeT HAy4YHYI0 OCHOBY JUIsI pa3pabOTKH TPUPOJOOXPAHHBIX M CaHUTAPHO-
TMTUEHUYECKUX MEpPONIPHUITUH.

[IpoBenenHblli aHanu3 moATBepkaaet, 4ro (opmupoBanune PM2.5 u PM10 onpenensercs
KOMIUIEKCHBIM ~ B3aUMOJICHICTBHEM HCTOYHUKOB 53MHUCCHM, pPa3MEPHOM CTPYKTYypbl YacTHlL,
aTMOC(epHOTO TEepPeHOca M METEOPOJIOTUYECKUX YCIoBUH. OIHAKO KIIOYEBBIM OTPAHUYCHUEM
COBPEMEHHOM Hay4yHOU JIUTEpaTyphl OCTACTCs JOMUHUPOBAHUE 110/1X0/]1a, OCHOBAHHOI'O HA MaCCOBBIX
KOHIIEHTpanusx PM, mpy HEJOCTAaTOYHOM y4eTe UX XUMHUKO-JIEMEHTHOTO COCTaBa U UICTOYHUKOBOM
cneun(pukd. DTO NPUBOAUT K HEMOJHOM MHTEpHpeTaluud IMPOCTPAHCTBEHHO-BPEMEHHBIX
3aKOHOMEPHOCTEW 3arpsi3HEHUs] U OTPAaHMYUBACT TOYHOCTH OIEHKH TOKCHKOJIOTHYECKHX PHCKOB
(Pope & Dockery, 2006; Schraufnagel, 2020).

CpaBHHUTENBHBI aHAINW3 MEXIYHAPOJHBIX HCCIEOBAHUN TIOKAa3bIBAET, YTO MJaXKe TIpU
Pa3BUTBIX CHUCTEMaX MOHHUTOPHHIA COXPAHSETCS pa3pblB MEXAY H3MEpEeHHEM KOHIIEHTpauuil u
MMOHWMaHHEM MEXaHU3MOB (pOpPMUPOBaHUS a3p0o30Jeid. B 4acTHOCTH, HEJOCTATOYHO UHTETPUPOBAHBI
JaHHBIE O COYETaHUM Pa3MEpHOTo pacipeneneHuss PM ¢ X XUMHUYECKHM COCTaBOM M UICTOUHUKOBOM
UACHTU(UKAINEH, 9YTO CHIDKAET CONOCTABUMOCTD PE3yJIbTaTOB MEX/y PETHOHAMHU U OTPAHUIHBAET
3¢ HEKTUBHOCTh TPAHCTPAHUYHBIX OLEHOK 3arps3HEHUS.

B 5TOM KOHTEKCTE BBISBISETCS KJIIOUEBOW HAY4YHBIM MpoOEN: MpU 3HAYUTEIHLHOM O00bemMe
uccnenoBannit PM2.5 u PMI10 HenocratouyHo pa3paboTaHbl MOAXOJbI, OJHOBPEMEHHO
VUUTHIBAIONIME DJIEMEHTHBIA  COCTaB  a’po30jieid, WX pa3MEepHY  (PaKIHOHHOCTh U
METEOPOJIOTUYECKH OOYCIIOBIIEHHBIE MEXaHU3MBbl IE€pPEHOCAa. XOTs OTHENbHbIE MCCIEIOBAHUS
JEeMOHCTPHUPYIOT 3HAYMMOCTh KaXIOTO M3 ATHX (PAKTOPOB, UX KOMIUIEKCHAS MHTETPALNS OCTACTCs
OTPaHUYEHHON, YTO CHIKAET aHAIUTHUYECKYIO TJyOMHY COBPEMEHHBIX OIeHOK PM-3arpsi3HeHus.
Tak, pesyastarel Houthuijs et al. (2001) moaTBepskaarOT BBHIPAXKEHHYIO CE30HHYIO BapHATHBHOCTH
PM25 u PM10 B ypOaHuW3MpOBaHHBIX peruoHax EBpombl, OJHAKO HE MO3BOJSIIOT
muddepeHpoBaTh BKJIAA XHMHYECKOTO cocTtaBa dvactuil. Anamormyno Ehrlich et al. (2007)
MOKa3aJii 3aBUCUMOCTb Pa3MEPHOT0 PaCHpe/eNIeHUs] OT THIIa TEXHOJIOTWYECKOro mpolecca, Ho 6e3
NPUBSA3KKA K TOKCUKOJIOTMYECKH 3HAYMMbIM 3iieMeHTaM. B uccnenoBanusx Zhou et al. (2023); Kim
et al. (2024) akueHT ciaenaH Ha METEOPOJOTMYECKUX M TPAHCTPAHUYHBIX MEXaHW3Max, OJTHAKO
XUMHYecKas crienuuka adpo30yieid 0CTaeTcss BTOPOCTETIEHHOM.

Takum 00pazom, HECMOTPSI Ha HAKOIUIEHHWE 3HAYMTEIBHOTO MAacCHBA JIAHHBIX, COXpaHsSIEeTCs
METOA0JIOTHYECKasi (PparMEeHTapHOCTh, T.€. pa3audHbIe acnekThl PM-3arps3HenHus (MCTOYHHUKH,
XUMHUYECKHI COCTaB, MEPEHOC, CE30HHOCTh) PAcCMATPUBAIOTCS H30JIMPOBAHHO, a HE KakK €IMHas
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cucteMa. B 3TOM KOHTEKCTe OOOCHOBaH IEPEXOJ K MHOTOYPOBHEBBIM  HMCTOYHHKO-
OPHEHTHPOBAHHBIM MOJEISAM OICHKH PM-3arpsi3HeHus, O0ObEAMHSIOIUM XUMHYECKHIA COCTaB,
pa3MepHyIo CTPYKTYpy U atMochepHyro nuHamuky (Bartaria et al., 2024; Rodriguez & Lopez, 2024;
Han et al., 2022; Cho et al., 2013). Takoii moaX0/1 O3BOJISACT MOBBICUTH TOYHOCTh MACHTH(DUKAIIUH
HUCTOYHHKOB SMHCCHH W YIYYIIUTh HHTEPIPETANI0 HAOIIOMaeMbIX KOHICHTPAI[MOHHBIX U
MPOCTPAHCTBEHHBIX AaHOMAJIH.

JIOTIOJIHUTEIBHBIM ~ TIOATBEPKICHHEM HEOOXOIUMOCTH KOMIUIEKCHOTO ITOJIXO0Ja CIIY/KaT
JaHHbBIE TJI00aTbHBIX 0030POB, IEMOHCTPUPYIOIINX 3HAYMTEIbHYIO PETHOHATBHYIO HEOTHOPOAHOCTh
coctaBa PM u cootHomenus opranuueckoro yriepozaa (OC) u anementHoro yriepona (EC) OC/EC
(Putaud et al., 2025; 1QAIr, 2025), 4T0 HEBO3MOXHO OOBSICHHUTH TOJLKO PAa3IUYHSIMU B YPOBHSX
KOHIIEHTpaIi 0€3 ydeTa XUMHUIECKON CTPYKTYPBI a9PO30JICH.

Takum 00pa3oM, HOBHM3HA [AHHOTO aHAIM3a 3aKJIFOYACTCS HE TOJBKO B CHCTEMAaTH3AlUU
CYIIECTBYIOIIUX PE3yJIbTaTOB, HO W B BBIABJIEHHH CTPYKTYPHOTO OrPAaHMYECHHS COBPEMEHHOMN
mapajgurMel  McciaenoBaHuit  PM-3arps3HeHHs,  BBIP&XEHHOIO B paspbiBe  MEXKIY
KOHIIEHTPAIMOHHBIMH, XAMHYECKUMH U HCTOYHUKOBBIMH 110AX01aMu. OO0CHOBAHO, YTO HMEHHO HX
UHTErpanus SBIAETCS HEOOXOAMMBIM YCIIOBHEM MOBBIIICHUS aHATUTHYSCKON U MPOTHOCTUYECKON
TOYHOCTH MCCIIEA0BAHMI KauyecTBa aTMOC(HEPHOT0 BO3AyXa.

2.2. Dnemenmmuuviii cocmasé PMX 6 muposom konmexcme

Bonpockl perynupoBaHusi KadecTBa arMoc(epHOro BO3AyXa B HACTOSIEE BpeMs
paccMaTpUBAIOTCS HE TOJIBKO Yepe3 OLIEHKY MaCCOBBIX KOHIIEHTpaIuii B3BelIeHHbIX yacTull (PM2.5,
PM10), Ho 1 yepe3 aHaIN3 UX (PU3NKO-XMMHUYECKHX XapaKTEPUCTHK. TaKkoi MOaXx0/1 00YCIOBIICH TEM,
9TO TOKCHYHOCTh ad’pO30Jield, HMX CIHOCOOHOCTh K arMoc()epHOMY TIEPEHOCY, XUMHYCCKON
TpaHc(hoOpMallMi U HAKOIUICHUIO B OPraHU3ME B 3HAYUTEIBHOW CTEICHH ONPEACISIOTCS MMEHHO
3JIEMEHTHBIM COCTABOM YaCTHII. B CBSI3M C 3THM UCCIICIOBAaHIE XMMHUECKOTO COCTaBa aTMOC(EpHBIX
a’po30Niell pasNUYHBIX (pakUuMid CTalo OJHMM U3 KIIFOYEBBIX HAIPABICHUNW COBPEMEHHBIX
IKOJIOTHUECKAX H MEIUKO-OMOJOTHICCKUX HCCIICOBAHUNA. MEXKIyHapOIHbIE MOHHTOPHHTOBBIC
MpPOrpaMMbl U aHATUTUYECKUE HCCIEAOBAHUS OPUEHTHUPOBAHBI HE TOJIBKO HAa KOIUYECTBEHHYIO
orleHKy PMX, HO W Ha ompejelneHue COACPKAMMUXCSI B HAUX XUMHUYECKHX JJIEMEHTOB, MOCKOIBKY
MMEHHO COCTaB YaCTHI OMPEIEISIeT YPOBEHb SKOJIOTHUECKOTO U CAHUTAPHOTO PHUCKA ISl HACEJICHUS.

YcraHoBIIEHO, YTO OJeMeHTHBIH coctaB PM2.5, PM10 cymiectBeHHO BapbupyeT B
3aBHUCHMOCTH OT MPUPOTHO-KIMMATHYECKUX YCIOBUU M XapakTepa aHTPOIOTeHHOW Harpys3ku. Ha
r100abHOM YPOBHE B COCTaBe aTMOC(EpHBIX a’po30Jieit Hanbosee yacto BeisiBistores: Al, Si, Fe,
Ca u Ti, xapakTepHbIe 15 MUHEPATbHOW MBUTH, & TAK)KE TOKCHKOJIOTHYECKH 3HAYUMBIE DJIEMEHTHI
Cr, Ni, Cu, Zn, As, Pb u Cd, cBs3aHHbIE MPEUMYIIECCTBEHHO C MPOMBIIUICHHBIMU BBIOPOCAMH,
MpOIIeCCaMU CYKUTaHUs TOIUTMBa U JoposkHbIM Tpadukom (Allen et al., 2001; Pakkanen et al., 2001;
Hu et al., 2003). Ilpu 3TOM CpaBHHUTEILHBIH aHAIHW3 HCCIICAOBAHUI IMOKA3bIBAECT BBIPAKCHHBIC
peruoHanbHble pa3nuuus. B crpanax Asun, Adpuku, Jlatunckoit Amepuku u Boctounoit EBpoms
BBICOKHE KOHIICHTPAIIMU TSDKEJIBIX METAJUIOB, KaK MPaBWiIO, CBs3aHBl C WHTCHCHBHOMU
MPOMBIIIJICHHOW  JIEATENbHOCTBI0O U HENOCTaTOUYHOM  A(P(EKTUBHOCTHIO  JKOJOTHYECKOTO
perynupoBanusi. HanpoTuBs, B rocyaapcTBax ¢ 0oJiee )KECTKUMHU CTaHJIapTaMH KOHTPOJIS BBIOPOCOB
(ctpansl  EBpomeiickoro Coro3a, Kanama, Smonusi) HaOmogaeTcs CHIDKEHHE COJEpIKAHUS
BBICOKOTOKCHYHBIX KOMITOHEHTOB B cocrtaBe PM2.5, PM10, XoTs JOKalbHBIC IPEBBIMICHUS
MPOJOIKAOT (PUKCUPOBATHCA BOMM3M TPAHCIOPTHBIX Y3JIOB M MPOMBINUICHHBIX ILIOMAA0K. ITO
YKa3bIBaeT Ha TO, YTO JaKe IMPU PA3BUTOM CHCTEME SKOJIOTHIECKOTO KOHTPOJIS COXPAHSICTCS BHICOKAS
POIIb JIOKATBHBIX UICTOYHUKOB 3aTrPs3HEHUS.

ITokazano, uto aHanu3 snemenTHOro coctaa PM2.5, PM10 no3BosiseT He TOIBKO OIlEHUBATh
YPOBEHb 3arpsi3HEHUs, HO U UIACHTH(PHUIMPOBATH HCTOYHUKUA (POPMHUPOBAHUS adPO30JICH.
ComnocraBieHHUE JTAHHBIX, MIOTYICHHBIX B PA3JTUYHBIX KIIMMATHYCCKUX U TeOTpadUIecKiX PeruoHax,
MO3BOJISIET Pa3INyaTh BKIIA] MTOYBEHHOW MBUTA, MOPCKOTO a3p030Jisi, MPOAYKTOB CXKUTAHUS TOTLINBA
1 BTOPUYHO OOpa30BaHHBIX COCIMHEHHUH, BKIOYas cyiabdarel U Hutparsl (Motallebi et al., 2003;
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Pekney & Davidson, 2005; Park & Dam, 2010). BcnenctBrue 3TOro MCCII€IOBaHUS XHUMHYCCKOTO
COCTaBa a’p030JI€i CTAaHOBATCS BaXKHBIM MHCTPYMEHTOM I aHaJIM3a TPAHCIPAHHMYHOIO IepeHoca
3arps3HSAIONIMX BEIIECTB, OICHKH JOJTOCPOYHBIX TEHACHIMH M3MEHEHHs KauyecTBa BO3JyXa M
pa3paboTKU MPUPOJIOOXPAHHON NOIUTUKU. TakuM 00pa3oM, HHTEpIpeTalts JIEMEHTHOIO COCTaBa
PMX uMeeT He TONBKO AMArHOCTHYECKOE, HO M MPOTHOCTUYECKOE 3HAYCHHE, TIO3BOJISS OLICHUBATD
YCTOMUMBOCTB a3pP030JIbHOTO 3arpsi3HEHUS M €r0 MOTEHIUAIBHOE PaclipOCTPAaHEHHE 3a MPeIeibl 30H
HEIOCPEACTBEHHON 3MUCCHH.

CyliecTBeHHOE BHHUMaHHE B COBPEMEHHBIX HCCIEIOBAaHUAX YAENsSeTcs CHOCOOHOCTH
aTMOC(EpHBIX a’pO30JICH BBICTYNATh MEPEHOCUMKAMU TOKCHYHBIX COEAMHEHHH Ha OoJbIune
paccrosaus. B paborax Offor et al. (2016); Taye et al. (2024); Sah (2024) nmoka3aHo, 4TO TBEpbIE
YacTUIBl MOTYT aKKyMYyJHpPOBAaTh TSDKEJBIE METaJUIbl, MOJUIHUKINYECKHE apOMaTUYEeCKHe
YIIIEBOAOPOABI M PaIMOHYKIINIBI, O0ECIIeYBas UX MEPEHOC B 3aBUCUMOCTH OT METEOPOIOIMUECKHX
yCIOBHA. DTO MPHUBOAMT K PACHIMPEHHIO apeaia 3arps3HeHus U (HOPMHUPOBAHUIO IKOJOTHUECKUX
PUCKOB Jaxe 3a IHpefesamMM HPOMBIIUIEHHBIX Teppuropuil. CrenoBaresibHO, BO3JEHCTBHE
a’pO30JIBHBIX 3arps3HHUTENCd HE OrPaHWYMBACTCS JIOKAIBHBIMHU IPOMBIIUICHHBIMH 30HaMH, a
npuoOpeTaeT peruoHaIbHBIN U TPaHCTpaHUYHBIN XapakTep. JlaHHbIH BEIBOJ UMEET IPUHLUITHAIEHOE
3HAYCHUE JUIA OICHKH DPHCKA, MOCKOJIBKY CBHICTEIBCTBYET O HEBO3MOXKHOCTH 3(P(HEKTUBHOTO
yIIpaBJIEHUs] KAU€CTBOM BO3/yXa HUCKJIIOUUTENBFHO Ha JIOKAJIBHOM yYpOBHE 0e3 ydera arMoc(epHOn
MUPKYISLIAN 1 MeXKPETHOHAIBLHOTO TIEPEHOCA 3arpsi3HSIOIINX BEIIECTB.

AHTpONOreHHble BBIOPOCHI XUMHUYECKUX 3JEMEHTOB B aTMoc(epy OCTaroTCcs OIHOH U3
HanboJiee OCTPHIX AIKOJOTHUECKUX MPOOJIeM ypOaHU3UPOBAHHBIX TeppuTOpuii. OCHOBHOHM BKJal B
3arps3HEHUE BO3/yXa BHOCAT IPOMBILIUIEHHBIE MPEIIPUATHS, DSHEPreTHUYECKHH CEeKTop,
CTPOUTENBCTBO U aBTOTPAHCIIOPT, TOTIa KaK CPEIU MPUPOJIHBIX HCTOYHUKOB HAauOOJIbIIIee 3HAYCHNE
MMEIOT 3PO3UOHHAs IIblJIb, BYJIKAHUYECKAsl aKTUBHOCTh, MOPCKHE a3p030JI1 U OMOT'€HHbIE BEIOPOCHI.
ABpPO30JIbHBIC YACTHIIBI HTPAIOT KIFOUYEBYIO POJIb B aKKYMYJISIIIUU U TIEPEHOCE TSIKEITBIX METAJLIOB U
JAPYTUX TOKCUYHBIX COEAMHEHHUH, 4YTO JeJlaeT HX BaXKHEHIIMM OOBEKTOM 3KOJOIMYECKOIro
MOHHUTOpHHTA. B 3TO¥ CBsI3M HccnenoBanus mpoucxoxaeHust PM2.5 1 MmexaHn3MOB UX OBEJICHHS B
aTMocdepe npuodpeTaroT 0co0yr0 3HAYUMOCTb JJIs1 OLEHKU BO3/IEHCTBHS 3arpsi3HEHUS Ha 37J0POBbE
HaceleHus 1 OKpyxaromnyto cpeay (Zhang et al., 2013; Huang et al., 2024; Bhanot et al., 2025; Lee
et al., 2024; Nayebare et al., 2022).

CoBpeMeHHBIE HCCIIEIOBAHUS JAEMOHCTPHPYIOT YCTOWMUYMBBIA CABHI OT OIIEHKH MAacCCOBBIX
KOHIIEHTPALMi B3BELICHHBIX YAaCTHUI] K aHAJIU3y MX XMMUYECKOTO M 3JIEMEHTHOro cocTaBa. Takoi
MIOJTXO/1 TIO3BOJISIET 00JIee TOYHO MACHTH(UIINPOBATH UCTOYHHUKH a3PO30JIeH 1 OIICHNBATh CBA3aHHBIC
C HMMHU SKOJIOTUYECKHE U CAHWUTApHbIE PUCKH. YCTAHOBJIEHO, YTO MMEHHO MEIKOAUCIEPCHBIE
dpakuun PM2.5 u PM10 xapakTepu3yrorcs HauOOIbIINM HAKOTUICHHEM TOKCHYHBIX 3JIEMEHTOB U
BTOPUYHBIX COEMHEHHH, GopMHpys HanboJiee ONACHYIO JUIs 3/10pPOBbsl KOMIOHEHTY aTMOC(EepHOro
3arpsi3HEHUSI.

MHoOrosIeMeHTHbIE HCCIIEI0BAHUS aTMOC(HEPHOM MU B IPOMBIIIIJICHHBIX 30HAaX MOKa3bIBAIOT
BBIPQKEHHYIO CYTOYHYI0 M TPOCTPAHCTBEHHYIO W3MEHYMBOCTH cocTaBa. [lpm aHamm3ze
GUIbTpaMOHHBIX P06 PukcHpyroTcs Konebanus Oonee yeM 30 XUMHUECKUX 3JIEMEHTOB, a TaKXkKe
HEOJTHOPOJHOE pacIipeieiecHue TOKCHKAHTOB B TIpeesiax ypOaHH3UPOBAHHBIX TEPPUTOPHIA, UYTO
OTpakaeT BJIMSHHUE JOKAIBHBIX UCTOYHHKOB M MeTeoposiornueckux ycnosuit (Zhao et al., 2022,
Zhang et al., 2022b). DTu pe3ynabTaThl COTIACYIOTCS C JAHHBIMA O TJIO0ATbHOM XapakTepe
3arps3HEHUs] aTMocepbl YacTHIIAMH, OOOTAIEHHBIMU TSDKENBIMU METaJUIaMH U JIPYTHMHU
npuopuTeTHbIMU KoMnoHeHTamu (Zhang et al., 2013; Remoundaki et al., 2011; Zeb et al., 2018).

CpaBHUTENbHBIE HCCIIEAOBAaHUS IOATBEPXKIAIOT, YTO JaXe NpPU COOJIOJEHUH MAacCCOBBIX
HOpMaTuBOB PM coxpaHsieTrcss 3Hauumass XHMHUYECKas HEOAHOPOJHOCTh adposoieil. Tak, B
Byxapecre 3aduKcupoBaHO yBeJIHMUEHHE cojiepkKaHus 17 31eMeHTOB, 4TO MOTpeboBaIo mepecMoTpa
HpeHCTaBneHI/II‘/'I 00 MCTOYHUKAX 3arpsi3HCHUS U MOTCHIMAJIBHBIX PUMCKaX IJIs1 HACCICHUS (Yabutani et
al., 2010). Dro mogUepKHBAECT MPUHIMITHAILHOE OrPAaHMUYCHHE KOHIIEHTPAI[MOHHOIO TMOAXO0da U
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HEOOXOJUMOCTh PACHIMPEHHs] TEpPeYHs KOHTPOJIMPYEMBIX XHMHUYECKHX KOMIIOHEHTOB MpHU
MOHHUTOPHHIE Ka4eCTBa BO3IyXa.

PervonanbHpie CpaBHEHHS «TOPOJ-CEIIO» TAKXKE JEMOHCTPUPYIOT YCTOMYUBBIA KOHTPACT
anemeHTHOro cocraBa PMX. B Kanrabpuu (Ceepnast Vcnanus) mpu OTCYTCTBHHM TPEBBIIICHUNA
HOpPMATHUBOB 110 Macce PM BbIsiBiIeHBI TOBBINICHHBIE KOHIIGHTpauu Mn, Cu, Ni u Pb B ropoackoii
cpelie IO CPaBHEHUIO C CENIbCKOM, YTO YKa3bIBaeT HAa JOMUHUPYIOIIUI BKJIal TPAHCIIOPTA, OTOIJICHUS
U TPOMBIIIICHHOCTH NIPU ()OHOBOM MPUPOIHOM MpoucxoxaeHun >emeHToB (Arruti et al., 2010).
Takum 00pa3oMm, COOTBETCTBHE MAacCOBBIM HOpMAaTHBaM HE HCKJIOYAEeT HATUYUS XUMHUYECKU
00yCIIOBJICHHBIX PUCKOB.

B unnyctpuanbHO pa3BUTHIX U TyCTOHACEIEHHBIX PETMOHAX XUMHUYeckuili coctaB PM2.5
OTpa)KaeT HAJIOXKEHUE TPOMBIIUICHHBIX M OBITOBBIX MCTOYHHKOB. B TpHOpeXHBIX paiioHax
CesepHoii [I)xakapThl cTaOMIBHO (PUKCUPYIOTCS BBHICOKHE YPOBHHU CEPbl U YEPHOTO YIiiepoja, Mpu
3TOM OCHOBHBIMHU KOMITOHEHTAMH SIBJISIFOTCS CYJIb(haT aMMOHUS U YIIIEPOACOACPIKAIINE COSTUHCHHUS,
YTO CBUJETEIHCTBYET O COBMECTHOM BIIMSIHUM MPOMBINIJICHHBIX BHIOPOCOB U CXKUTAHMS TOILIMBA
(Anggraini et al., 2024).

AHanoruyHple 3aKOHOMEPHOCTH HAOII0IAl0TCA B PAJIE a3MATCKUX METaIOJIMCOB, I71€ B 3MMHUI
MEepUOJl TPU 3aCTOWHBIX METEOYCJIOBHUAX YCHIIMBACTCS HAKOIUICHHE JJIEMEHTOB, CBSI3aHHBIX C
YrOJIbHOM SHEPTeTHKOM, TpaHCIIOPTOM 1 cxxuranneM otxo0B (Makkonen et al., 2023; Li et al., 2024;
Zhang et al., 2022b). B Xanoe mpeo0iama0T OpraHMYECKOE BEIIECTBO, BTOPHYHBIC HOHBI U
anementsl ZNn, Pb, Cd u Cl. B I'yiisiHe TOMUHHPYIOT CylIbGaThl, HUTPAThl, AMMOHH, OPraHUYECKHIA
yraepoxa u Mmetaiutel Fe, Zn u Ca. B Yxane npu cpeiaero1oBoii konmnentpamuu PM2.5, nocturaroreit
80,5 MKI/M®, BBISBICHO npeo0agaHiue BTOPUYHBIX HEOPTaHUYECKHUX HOHOB (SO42', NOs", NH4"),
OpPraHUYecKOro M 3JeMEHTapHOro yriepoaa, a takke S, K, Cl, Ba, Fe, Ca u I. Cootnomrenust NO3
/SO4? 1 GaKTOPHBIA aHATN3 MOATBEPKIAIOT BKJIA/] KaK CTAIIHOHAPHBIX HCTOYHUKOB, TAK H yTIIEPOI0-
U METAUIOEMKUX JMHCCUH. B COBOKYMHOCTH ATH JaHHBIE IEMOHCTPUPYIOT HEO0OXOAMMOCTH
WHTETpaIui XUMHUYECKOTO COCTaBa U pa3MepHOi cTpyKTypbl PM mpu uHTEpnpeTanuu HCTOYHUKOB
3arps3HEHUSI.

Ocobyto  00eClIOKOEHHOCTh  BBI3BIBAIOT ~ MCCIIEJOBAaHUS, (UKCUPYIOIIUME  BBICOKUE
KOHIIEHTPAIM! TOKCUYHBIX JIeMEeHTOB B coctaBe PM2.5 m PM10. B paznmmuHbIx MUKpocpeaax
Annuc-A6e0s! BoisiBieHsl Cr, Zn, Pb, Ni u npyrue aeMeHTbI, IPH 9TOM HHIEKC OMAacHOCTH B psijie
ciydaeB IMpeBbIIIAeT JonycTumble 3HaueHus (Taye et al., 2024). B Illeoxape (Muaus) B cocraBe
PM2.5 o6napyxenst As, Cd, Cr, Ni u Pb ¢ npeBblieHHeM caHUTapHBIX HOPM, a KOI(P(UIMEHTHI
oOoramieHusi TOATBEPIMIN BEIPAYKEHHOE aHTPOIIOTEHHOE MPOUCXOKICHUE 3arps3HeHus. [Ipu aTom
pacueT KaHIEPOreHHOTo PUCKa MOKa3al 0COOCHHO BBICOKYIO YSI3BUMOCTB JIeTCKoM momysisiun (Sah,
2024).

B nienom, conocraBneHue pe3ynbTaToB Pa3IMUYHbIX HCCIEJOBAHUIN IEMOHCTPUPYET YCTOWUMBO
MOBTOPSIONIYIOCS TJIO0ATbHYI0 3aKOHOMEPHOCTH: BBICOKas Harpyska PM2.5, 3HaumTenmpHOE
CoZiep)KaHWE TOKCHYHBIX JJIEMEHTOB M  JIOMHHHPOBAHHUE AHTPOINOTEHHBIX HCTOYHUKOB
(TPOMBINIUIEHHOCTH, TPAHCIIOPT, CXKUTAaHWE TOIIMBA) HE3aBHCHMO OT reorpauuecKoro peruoHa.
OTO yKa3bIBAaeT Ha CUCTEMHBIH XapakTep MpoOsieMbl, KOTOPBI HE MOXKET ObITh KOPPEKTHO OLICHEH
HCKJTFOUMTENIFHO Yepe3 MaccoBble KoHneHTparuu PM2.5 u PM10.

3a mocnenHue JABa JACCATUIICTHS MEXKIyHapOoJIHAs HaydyHas TMapagurMa CYIIECTBEHHO
MPOJBHHYJIACh B TOHMMaHWHM XuMU4eckoi mpupoast PM2.5 m PM10. CoBpeMeHHBIE MOIXOIBI
OPUEHTHPOBAHBI HAa WHTETPAIMIO KOJUYECTBEHHOTO aHajln3a KOHIIEHTPALUWA C AJIEMEHTHBIM U
XUMHAYECKHM COCTaBOM YaCTHUI[ JUTS MIACHTH()HUKAINNA HCTOYHHKOB, OIEHKH TPaHC(HOPMAIIMOHHBIX
IpOIECCOB B arMocdepe M NPOTHO3UPOBAHUS MX JOJITOBPEMEHHOTo Bo3jeicTBua. OmHAKO
MPOBE/ICHHBI aHANM3 TI0Ka3bIBACT, YTO COXPAHSAETCS METOJOJOTHUECKUI pa3phlB  MEXKIY
KOHIIEHTPAIIMOHHBIMHU, XUMUYECKUMHU ¥ HCTOUHUKOBBIMH HCCIIEIOBAHUSIMHU.

K mnpemmymiecTBaM pacCMOTPEHHBIX HWCCIIEAOBAHUI CIEIyeT OTHECTH WCIIOJIb30BaHHE
KOMIUICKCHBIX AHAJIUTUYECKUX TIOJXO0J0B, TO3BOJIAIONIMX OLIGHUBAaTh HE TOJBKO MAacCOBBIE
koHneHtpanuu PM2.5, PM10, HO 1 UX XUMHUYECKHI COCTaB, UCTOYHUKOBYIO MPHHAIICKHOCTh U
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MPOCTPAaHCTBEHHO-BPEMEHHYI0O HM3MEHUYMBOCTh. 3HAUYMTENbHAas YacTb paboT JAEMOHCTPHUPYET
BBICOKMH MOTEHLMAI JIEMEHTHOIO aHalM3a Uil UACHTU(HUKALMKU AHTPOIIOT€HHBIX HCTOYHHUKOB
3arpsA3HEHUS U OLICHKU TPAaHCTPAaHUYHOIO IIEpeHOoca a’po3oiei. Bmecte ¢ TeM aHan3 auTeparypsl
BBIABUI W DS OrpaHMdYeHU. BO MHOrMX HCCIIEJOBaHMSX OTCYTCTBYET €IMHBIM IOAXON K
MHTEPIPETANU TaHHBIX, HEJOCTATOYHO YYUTHIBAIOTCS CE30HHBIE U METEOPOJIOTHYECKUE (DAKTOPHI,
a TaKKe OrPAaHWYEHO KOJIMYECTBO JIOJITOCPOYHBIX HabmojeHui. Kpome Toro, B psije peruoHoB
coxpaHsercs AeQUUUT JaHHBIX MO YyIbTpagucrnepcHbiM (pakiusm PM1.0 m ux xumugeckomy
COCTaBy, 4YTO 3aTPyAHSAET COIOCTaBICHUE PE3YJBTATOB MEXKIY CTPaHAMH U IIPOBEICHUE
KOMILUIEKCHOM OLIEHKU TOKCUKOJIOTUYECKUX PUCKOB.

Takum oOpa3oM, kiroueBass HayyHash HOBU3HA OOOOIEHHOIO aHajaM3a 3aKioyaeTcs B
BBISIBJIEHMM CUCTEMHOI'O OIPaHHMYEHMs CYLIECTBYIOIIMX IOAXOAOB K oueHke PM-3arpssHenus,
BBIPQ)KEHHOTI'O B HEJJOCTATOYHON MHTErpallK 3JIEMEHTHOI'O COCTaBa, pa3MepHON (GPaKLMOHHOCTH U
HMCTOYHUKOBOMN UICHTH(HUKAIHAH. O6ocHoBaHoO, 4TO nepexoy K KOMIUIEKCHBIM
MYJIbTUIIAPAMETPUYECKMM MOJEISAM aHajlu3a SBISETCS HEOOXOTUMBIM YCIOBHUEM IOBBIIICHUS
TOYHOCTH JIMATHOCTUKHA MCTOYHUKOB 3arpsi3HEHHMsT M DKOJOTMYECKUX PHUCKOB, a TaKXke
(bopMHpOBaHUS HAyYHO OOOCHOBAHHBIX CTPAaTETUil yNpaBiIeHUs Ka4YeCTBOM aTMOC(HEPHOro BO3AyXa.

2.3. HUccneoosanust meepovix uacmuy (PMy) 6 ammocgheprom 6030yxe Kazaxcmana

Ha ¢one rinobanbHBIX HCCIETOBAaHHMA, AEMOHCTPUPYIOUIMX BBICOKHI YPOBEHb 3arps3HEHUS
aTMoc(epHOro BO3/lyXa M 3HAUMMBIN BKJIaJ TOKCHYHBIX KOMIOHEHTOB B coctaB PM2.5 B ropomax
Asum, EBponbel u Adpuku, Bo3pacTaeT HEOOXOAMMOCTb PETMOHAIBHOTO aHAIW3a MEXAaHHU3MOB
(dbopMupoBanus a’dpo3oiabHON Harpy3ku. s Kasaxcrana 3To 0coO€HHO Ba)KHO BBH]Y BBIPRXKEHHOM
MPOCTPAHCTBEHHO-BPEMEHHOW  HEOJHOPOJHOCTH  3arpsS3HEHUS W COYETAHHOTO  BIIMSHUS
AHTPONOTEHHBIX (TPAHCIOPT, OTOIUICHUE, MPOMBINUICHHOCTh) U HPUPOIHBIX (AKTOPOB (IIbLIb,
MOKaphl).

B pabortax ka3zaxcTaHCKMX HcCieqoBaTeNel, BKJIIOYas HCCIEJ0BaHMs, BBIIOJHEHHBIE B
COTPY/IHUYECTBE C 3apyOeKHBIMH HAYYHBIMH [EHTPAMH, TPEACTABICHBI 3HAYMMBbIE PE3YJIbTaThl 110
M3YUYEHHIO COCTOSIHUS aTMOC(EPHOT0 BO3/1yXa B pa3IMUHBIX perHoHaxX cTpaHbl. OCHOBHOE BHUMaHHE
yIeNSIeTCs aHaJN3y CE30HHOH M CYTOYHOM M3MEHYMBOCTH KOHIIEHTPAIMHA TBEPIBIX YACTHIL
paznuynoit aucnepcHoctd (PM2.5 u PM10), a Taxke HOpPMHPYEMBIX a3000pa3HbIX 3arpsisHUTEICH
(NO2, SO, CO, Og3). [TomoOHBIE HCCETOBAHKS MPOBOAATCS MPEUMYIIIECTBEHHO B KPYITHEHIINX
ypOaHU3UPOBAaHHBIX U HHAYCTpHAIbHBIX IIeHTpax Ka3axcrana - Anmatsl, Actane, Kaparanne, Ycrb-
Kamenoropcke u [laBnonape, riae aHTpomnoreHHasi Harpys3ka HamOojiee BblpaxeHa. [lonyueHHbIE
JaHHble (GOPMUPYIOT HAYYHO-METOJUYECKYI0 OCHOBY JJISi HKOJOTHYECKOT0O MOHUTOPHHIA, OLIEHKU
CaHUTAPHO-TUTUEHHYECKUX PHCKOB U Pa3pabdOTKH MPUPOIOO0XPAHHBIX MEpONpHsITH. BMecTe ¢ Tem
aHaJIU3  JMUTEpaTypbl  IOKa3bIBaeT, 4YTO OOJBIIMHCTBO  HCCIEIOBAaHMA  OPUEHTHPOBAHO
MPEUMYIIECTBEHHO Ha OIEHKY MAacCCOBBIX KOHIICHTpAIM{ 3arpsi3HSIOMIMX BEIIECTB, TOT/Aa Kak
BOMPOCHI XUMHUYECKOTO W DJIEMEHTHOTO COCTaBa a’3pO30JIbHBIX YaCTHUI], MEXaHHU3MOB HX
TpaHCc(hOpMAIHH U TOKCHKOJIOTHIECKOH CIIEIU(PHUKN H3y9IeHbI 3HAYUTEIHHO clladee.

Kak 1 B MeXIyHapoJHOW NMpakTHKe, B Ka3axXCTAaHCKOW HAaydyHOW JUTeparype HauOouibliee
BHUMAaHHE COCPEIOTOYCHO Ha MPoOIIeMe 3arpsi3HEHUs aTMOC(EPHOTO BO3/IyXa MEIKOAMCIIEPCHBIMA
gyacturiamu PM2.5 (Kerimray et al., 2020a; Kerimray et al., 2020b; Assanov et al., 2021a; Mukhtarov
et al., 2023; Li et al., 2020; Bekbossinova & Niyazbekov, 2024; Baimatova et al., 2022; Yedilkhan
etal., 2025; Agibayeva et al., 2023; Biloshchytskyi et al., 2024; Kenessariyev et al., 2013; Kenessary
et al., 2019; Pak et al., 2025). YcraHoBjeHO, 4TO yCTOWYMBOE MPEBBIIIEHNE KOHIIeHTpauii PM2.5
COIIPOBOKAAETCS  POCTOM  3a00JIEBA€MOCTH  PECIUPATOPHBIMHU,  CEPACYHO-COCYTUCTHIMH U
OHKOJIOTHYECKHMH TTaTOJIOTHSIMHA, OCOOCHHO CPENIN YSI3BUMBIX TPYII HACETICHHS - IETEeH, TTOKHUITBIX
JIO/IeH U JIUIL C XpOHMUECKUMHU 3a00s1eBaHusIMU. [IpH 3TOM Hcce1oBaHNs TOKA3bIBAIOT, YTO BIUSHHUE
PM2.5 He orpaHn4MBaeTCs TOIBKO YIUYHBIM BO3AYXOM. B yCIIOBUSX HEIOCTATOUHOW BEHTUIISIIIAN
HAJINYMS JIOKAJBHBIX MCTOYHHUKOB AIMUCCUH (II€YHOE OTOIUIEHHE, TabauyHbIM IbIM, CTPOUTEIBHBIC
MaTepuabl, IPOU3BOJICTBEHHBIE MPOIIECCHl) BHYTPH MOMEIIEHNUN MOTyT (hopMHUpOBaThes enle 0oee
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BBICOKME KOHILIEHTPAIIMM TOKCHYHBIX a’3pO30JIeH M CBSI3aHHBIX C HUMHU TSDKEJIBIX MeTayioB. Tem
CaMbIM TIOJTBEpKIAeTCs, 4To mpodieMa PM2.5 HOCHT KOMILIEKCHBIN XapakTep U ONpeAeisieTcs] He
TOJIBKO YPOBHEM BBIOPOCOB, HO U OCOOCHHOCTSMHU T'OPOZICKOW Cpellbl, METEOYCIOBUAMU U THUIIOM
WCTOYHHUKOB 3arpsi3HCHUSL.

Crnenyer OTMETHTb, YTO COBPEMEHHBIC Ka3aXCTAaHCKUE HCCIEJIOBAHMS XapaKTEPH3YIOTCS
paclIMpeHreM HCIIOJIb3YeMbIX METOIMYECKUX TMOAX0J0B. Hapsay ¢ HMHCTpyMEHTaIbHBIMU
M3MEPEHUSIMHU aKTHBHO MPUMEHSIOTCS T€OCTATUCTUUECKUE METO/IbI, CITyTHUKOBBIE JaHHBIE, MOJEIN
armocdepHoit aucniepcuu, [ MC-TeXHOIOTUN U METO/IbI MaTEMAaTHYECKOTO MPOTHO3UPOBAHUS. DTO
MO3BOJIMIIO TEPEeUTH OT mpocTod ¢ukcanuu mnpesbimenuii [1JIK x aHanm3y mpocTpaHCTBEHHO-
BPEMEHHBIX 3aKOHOMEPHOCTEW 3arpsi3HEHHS, HICHTU()UKAIMNA OCHOBHBIX MCTOYHHUKOB SMHCCHUU U
OLIEHKE BJIMSHUSA METEOPOJIOTHYECKHX (HaKTOPOB, BKIIIOYAs TEMIEpPATypy BO3IyXa, BIAKHOCTH,
CKOpOCTh ¥ HampasieHue Berpa. OTHAKO KPUTHYECKUH aHAIU3 MTOKA3bIBACT, YTO JIAXKE TIPU HATMYUU
COBPEMEHHBIX METOJIOB HCCJIEOBAHUS, PE3YJIbTAaThl OCTAIOTCA (PparMEHTapHBIMH W  YacTo
OrpaHUYEHBI KPATKOCPOUHBIMU HAOJFOICHUSIMH 0€3 KOMIUIEKCHOTO M3Y4EHHS JIEMEHTHOTO COCTaBa
PM-¢pakumii 1 X KCTOUHUKOBOH armpoOKCUMAIIHH.

Tak, 8 Anmatsl (Kerimray et al., 2020a) ycranoBieHbI ycTOWYMBBIC TpeBbiieHuss PM2.5,
PM10 u NO; otHOcuTensHO pexomenaanuii BO3 ¢ BepakeHHOM 3UMHEN ce30HHOCThI0. [TokaszaHo,
YTO COYETAHHE YrOJbHOTO OTOIUICHHWS W HEONIAarompHATHBIX METeoyClIoBHM (cladblii Berep,
WHBEpCUH) GOPMHUPYET MUKHU 3arpsi3HeHns. OTpunaTensHas Koppesnus Konnentpanuit SOz, PM2.5
u PM10 ¢ BbICOTOM Haja ypOBHEM MOps yKa3bIBaeT Ha JIOKAJIU3AI[MI0 MCTOYHUKOB B HH3WHHBIX
ypOaHU3UPOBAHHBIX 30HaX ¢ KoHueHTparuei TOL u mpombinuieHHOCTH. OTrpaHUYeHUEM SIBISIETCS
HEJIOCTATOYHbIN yueT BTopuuHbIX 3arpssuuteneii (O3, [TAY), 4To CHHKAET MOJTHOTY HCTOYHHKOBOM
WHTEPIPETAIHH.

DTH JaHHBIE COTIIACYIOTCS ¢ oOmeHannoHanbHbpiMU oneHkamu (Kerimray et al., 2020b), roe
3adukcupoBanbl npesbimieHUs TSP, NO2, SO2 u Oz u onenerno okono 8100 mpexaeBpeMEeHHBIX
cMepTeil exerofHo, cBs3aHHbIX ¢ PM2.5. Hambonbimas Harpyska xapaktepHa ans JKeskasrasa,
Temupray, banxamra n ocobenro Ycrb-Kamenoropeka (SO2 no 85 mxr/m®). Panee (Kenessariyev et
al., 2013) omenka cmepTHOCTH coctaBmia okono 16 000 ciyuaes B rox (95 % Cl g0 25 500), uto
YKa3bIBa€T HA METOJIOJIOTHUECKYI0 BAPHATUBHOCTH OLIEHOK PHCKA.

Anamuz Kenessary et al. (2019) mokassiBaet npesbimienne HQ u HI > 1 B GonbiimHCTBE
ropoaoB Kazaxcrana v Hammure XpOHHMYECKHX U KaHIIEPOT€HHBIX PUCKOB, cBs3aHHBIX ¢ PM2.5, NO,
SO2 u tsxensivu Metautamu (Cd, Mn, Pb, Cr). Kanneporennsie pucku mis Cd, As, Pb u Cr
MPEBBIAIOT JIOMYCTUMBIE YPOBHH IUISi BCETO HACENIEHHsI, YTO YKa3blBaeT Ha HEAOCTATOYHOCTH
CYIIECTBYIOIIEr0 HopMupoBaHus. Ilpu 53TomM coxpaHsieTcs KIIIOYEBOM HayyHBI pa3phIB,
OOJIBIITMHCTBO MCCIIEIOBAHUI OrpaHMYUBAECTCS MacCOBBIMU KOHIEHTparusmu PM2.5 1 PM10 npu
HEJIOCTAaTOYHOM JeTalu3alii UX XMMHYECKOTO COCTaBa, YTO CHIKAET TOYHOCTh WMACHTH(UKAIN
WCTOYHHUKOB M IPHYNHHO-CIICICTBEHHBIX MEXaHU3MOB PHCKa.

CucTeMHbIC OrpaHHUCHHS] MOHUTOPHHTA MOATBEPkIeHBI B padote Assanov et al. (2021), rae
aHanu3 21 snekTpocTaHnMu U 9 METaUTyprudecKuX NPeANPUSATHHA TOKa3al «BBICOKHI» YPOBEHBb
3arpsi3HeHuss B 8 u3 14 roponoB nmo M3A mpu ¢parMeHTHpPOBaHHOCTH HAOIIOAATENBHOM CETH.
Koppemnsius U3A u Beiopocos (R2 = 0,4791) HecTaOuiibHa ITPH HEMTOJIHBIX TaHHBIX. JIOTOTHUTETHHO
BHISIBJICHA PEryJsATOpHas acuMMeTpus gomyctumsiid SOz 10 500 mxr/m® B C33 B 25 pas npesbinaeT
opuentup BO3 (20 mMkr/m?).

JlnHaMHuYecKue ucciae0BaHus MOATBEPKAAIOT yCTOWYNBYIO ce3oHHOCTh. B Mukhtarov et al.
(2023) cpemmeronossie PM2.5 cocrasumm 22,5 mkr/M® B Acrane u 35,3 Mxr/m° B Anmatsl (4,51u 7,1
npesbimieHust BO3), ¢ 151 u 217 gusamu npesbimenuit. MogenupoBanne HYSPLIT nokazano
npeoOianaHie JIOKATBHBIX HCTOYHUKOB B AJIMATHl M TPAHCTPAHHYHOTO MEpPEeHOca B ACTaHe, 4TO
TpebyeT nupdHepeHInpPOBaHHOTO YIPaBICHHUS KaYeCTBOM BO3TyXa.

OTnenbHOE HAINpaBlICHHE MCCIIEOBAHUI CBS3aHO C M3YYCHHEM TPAaHCTPAHWYHOTO TMEepeHoca
a’po30sbHbIX yactuil. B padore Li et al. (2020) ¢ ucnonp3oBaHreM KJIACTEPHOTO aHAIM3a, METOIA
noTeHranbHoro Bkiaaga ucrouHukoB (PSCF) u Tpacktoproro amammsa (CWT) ompeneneHs
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ocHOBHBIE TyTH niepeHoca PM2.5 u PM10 ans cranumu Akenana (ceBepo-3anan Kuras) B 2017-2019
I'T. YCTaHOBIICHO, YTO CPEIHET0/I0BbIEe KOHIICHTpanuu coctaBsum 11,63 + 9,31 Mir/Me st PM2.5
1 19,99 + 14,39 mxr/m® st PM10, a MakcuMasIbHbIC 3HAUCHHS ¢ukcupoBanuce 3umon. [Tokasano,
YTO 3arpsi3HSIONINE BO3AYIIHBIE MAcChl MPEUMYIIECTBEHHO MOCTYHAIU C TEPPUTOPUU BOCTOUHOTO
Kaszaxcrana, ceepHoro Cunbl3siHa U 3anaaHoil MoHronuu. JIOMUHUPYIOT BBICOTHBIE IIEPEHOCHI
(Bbime 840 rlla), uro moguepKkuUBaeT peruoHaNbHBIN BKIaa Ka3axcrana B a3po30ibpHOE 3arpsi3HEHUE
COIPENENBbHBIX TEPPUTOPUN. DTH Pe3yibTaThl MMEIOT NPUHIMIIMAIBHOE 3HAUYEHHUE, TOCKOJBKY
noATBepkaaT ydyactue Kazaxcrana B permoHanmbHBIX IpolieccaX TPaHCIPAHUYHOIO IepeHoca
a’po30JIeld M JIEMOHCTPUPYIOT, YTO 3arpsi3HEHHE BO3JyXa B WHAYCTPHAIBHBIX PETHOHAX HEJb3S
paccMaTpuBaTh UCKIIOYUTEIHHO KaK JIOKAIbHYIO SKOJIOTHYECKYIO TPodiieMy.

DkoHoMeTpuueckue orienku Bekbossinova & Niyazbekov (2024) ¢ukcupyror 3aBHCHMOCTH
KauecTBa BO3yxa OT 3koHoMuueckoro pocra: yeenuuenue BPII na 10 % conpoBoxkaaercs poctom
3arps3Henus Ha 5 % B Anmatsl ipu cpegaeM PM2.5 10 42 Mkr/M3, 4TO yKa3bIBaeT Ha CTPYKTYPHYIO
MPUPOAY IKOJIOTUYECKON HATPY3KHU.

KparkocpouHble orpaHUYeHUs MMOATBEPKAAI0T HHEPIIMOHHOCTH crcTeMbl, BO Bpemst COVID-
19 (Baimatova et al., 2022) nab6mroganocs cumxenne NOz u CO, vo ve PM2.5, PM10 u SO; B
MHIyCTPUAJIBHBIX LEHTpax, BKIo4dasd YcrTb-KameHoropck um Kaparannay, 4tro ykasplBaeT Ha
JOMUHHUPOBAHUE CTAI[MOHAPHBIX HCTOYHUKOB.

B ycnoBusx BeICOKOIM BapraOEIbHOCTH KOHIIEHTPALMM 3arps3HSIONIMX BEUIECTB BO3PACTaeT
HHTEpEC K METOJIaM MPOTrHO3MPOBaHMs KadecTBa Bo3ayxa. B wactHoctH, aBTopbl Yedilkhan et al.
(2025) pazpaboranu momaeib nmporaodupoanus PM2.5 u PM10 B AnMaThl Ha OCHOBE aJlfOPUTMOB
mamuHHOro 00yuenus LightGBM u LSTM ¢ mexanu3mom BHuMaHus. Mogens LSTM mnokasana
HAWITy4IIie Pe3yIbTaThl ISl BBIABICHHUS BPEMEHHBIX 3aBUCHMOCTEH W 00pabOTKH HECTaOMIBHBIX
nanabix (RMSE 5,54 u 5,69 mias PM2.5 u PM10 cooTBETCTBEHHO), YTO MOAYEPKHUBAET IMOTEHIIHAI
HEHPOCETEBBIX TOAXO0B B YCIOBHAX CIOXKHOW TOPOJACKOH METECOJMHAMUKH. ABTOPHI TaKKe
BBISIBUJIM 3HAUUMBIE CBSI3U MEXJY KOHIIEHTPALMSAMH YaCTULl U METEOPOJIOTHUECKUMH (paKTOpaMmHu,
TaKUMHM KaK BpeMs CYTOK, TeMIIepaTypa U HanpasieHie BeTpa. McrounnkoBblii ananus Agibayeva et
al. (2023) moaTBepxkIaeT JOMHHHPOBAHHE YTOJIBHOW JHEPreTHUKH, OTOIUICHHS M TPAaHCIOPTa, a
Biloshchytskyi et al. (2024) - npoctpancTBeHHYI0 3aBUcHMOocTh PM ot Gimzoctu TOLI,

DKOJIOTHYECKHE PUCKH YrOJIbHOM dHepreTHku ycunuBarores naHHbiMu Pak et al. (2025), rae
BHISIBJIEHO OT 4-X 710 8-M KpaTHOTO yBenuuenue paauonykmunos (*°K, 232Th, 2%8U) B 3onommnaxax u
npucyTcTBre Tokcndubix Metayuio (Mn, Cd, Ni, Co, Zn).

OO6001IeHrne MOKa3bIBAa€T, YTO KIIOUEBHIM OrPAaHUYEHHEM COBPEMEHHBIX HCCIIEeI0BaHUI
ABJISICTCS TOMUHUPOBAHHE MACCOBBIX IMoka3aTeneil PMX npu HepocTaTouHON MHTErpaluy XUMHUKO-
DJIEMEHTHOTO ¥ HMCTOYHMUKOBOTO aHAIW3a. OJTO TPUBOMUT K HENOJTHOH WACHTH(PHUKAINA
HMHCCUOHHBIX MCTOYHUKOB M CHHXAET TOYHOCTb OLIEHKH MPUUYUHHO-CIIEICTBEHHBIX MEXaHHW3MOB
(hopMHpOBaHUS PUCKA.

[TokazaHo, 4TO pacXoXKJIEHUs B OIlEHKaxX prcka (cMeptHOcTh, HQ/HI, kaneporennsie puckm)
OOYyCIIOBJIICHBI HE TOJBKO PEaTbHBIMH pPA3IMYMsIMH B 3arpsS3HEHUH, HO W METO0JIOTUYECKON
HEOJJHOPOJAHOCTBbIO MOHUTOPUHTA U MOAenrpoBanus. CienoBareiabHO, epexosa K uHrerpanuu PM-
MOHHTOPUHTA C DJIEMEHTHBIM aHAIM30M W HWCTOYHHKOBBIMH MOJIEISIMU SIBIISIETCS KITFOUEBBIM
HaMpaBJICHUEM MOBBIIICHUS JOCTOBEPHOCTH IKOJIOTHUECKUX OLIEHOK.

[IpenmymiecTBOM Ka3aXCTAaHCKHX HCCIIEOBAHUHN SIBIISIETCS HAKOIUICHHE 3HAYUTEIHHOTO
MaccuBa JIaHHBIX MO ce30HHON nuHamuke PM2.5 u PM10, BHenpeHue COBpEMEHHBIX METO/OB
MOJICIIMPOBAHUS M HCTIOJIH30BAHNE MEKIUCIUTUTMHAPHBIX TIOJIXO/IOB JIJISl OIEHKH PUCKOB 3/I0POBBIO
HaceneHus. Kpome Toro, ycTaHoBiIeHa CBSI3b MEXAY YPOBHSIMM 3arps3HEHUS U MPOMBIIIJICHHOM,
TPAHCIIOPTHOM M HEPreTUYECKOM HArpy3Kol B KPYIHEWIIHX ropojax CTpaHbl. B To e Bpems
OCHOBHBIMHM OTPAaHMYEHUSMHU OCTAIOTCS HEAOCTaTOYHAs M3YYEHHOCTh OSJIEMEHTHOTO COCTaBa
a’pO30JIBHBIX YAaCTHI], OTPAHHYEHHOCTH JTOJITOBPEMEHHBIX HAONIOJICHHUH, ClIab0e pa3BUTHE CHCTEM
MCTOYHHUKOBOW MICHTU(UKALMY U HEIOCTATOYHAS MHTETPalHsi TOKCUKOJOTHUECKUX MOKa3aTeneil B
MPOrpaMMbl MOHUTOPUHTA. DTO CYHIECTBEHHO OTPaHHMYMBAET BO3MOKHOCTH OOBEKTHUBHOW OLEHKU
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IKOJIOTHYECKUX PHCKOB ¥ CONMMKAeT Ka3aXCTaHCKHE WCCICAOBAaHUS C MPEUMYIIICCTBEHHO
OMHCaTEIIbHBIM YPOBHEM aHAJIHM3a 10 CPABHEHHUIO C COBPEMEHHBIMHU MEXKTYHAPOIHBIMU IMPAKTHKAMH.

B panHoMm paszgene mpuBEAEHO KOMILJIEKCHOE COIMOCTAaBICHUE COBPEMEHHBIX JaHHBIX O
3arpsi3HEHUH aTMOC(HEPHOTO BO3yXa MHIYCTPUAIBHBIX TOpo0B Ka3zaxcTaHa ¢ yueToM MacCOBBIX
koHneHTpanuii PM2.5 u PM10, ux xuMu4eckoro cocraBa, C€30HHON M3MEHYMBOCTH M OTPACICBOU
cnenuUKI HCTOYHUKOB dSMUCCHH. CHCTEMaTH3UPOBAHbBI PE3YNIbTAThl UCCICOBAHUMN, OTPAKAOIINE
B3aUMOCBSI3b MEXK/Y CTPYKTYPOIl MMPOMBILIIEHHOCTH, 3JIEMEHTHBIM COCTaBOM a3p030JIbHBIX YaCTHUII
Y TIOTCHIUAJIBLHBIMUA PUCKAMH JUIS 3I0POBBSl HaceJdeHUs. J[OMOJHUTETHLHO BBISBIICHBI KITFOYCBBIC
OTpaHUYCHUS CYIIECTBYIOIIMX CUCTEM MOHUTOPHHIA, CBA3aHHBIE C HEJOCTATOUYHOM JleTaau3alnen
XUMHUYECKOTO coctaBa PM-¢dpakumii M OrpaHWYEHHOW COMOCTAaBUMOCTBIO JIAaHHBIX MEXKITY
peruoHamu.

VYcTaHOBIEHO, YTO Ka3aXCTAHCKUE HCCIICIOBAHUS BHOCAT 3HAYMMBIA BKJIaJ B H3YYCHHE
3aKOHOMEPHOCTEH aTMOC(epHOro 3arps3HeHus, BiusHus PM2.5 Ha 310poBbe HaceleHus U
MPOIIECCOB TPAHCTPAHUYHOTO IEepeHoca a’po3ojieii. BMmecTe ¢ TeM BBISIBICHO, YTO KIIFOYEBBIM
Hay4YHBIM TTPOOETIOM OCTAETCSl HEAOCTATOUYHASI U3yUYEHHOCTh XMMHUYECKOTO M 3JIEMEHTHOTO COCTaBa
PM-dpakuuii, 0cOOEHHO B MPOMBIIUIEHHBIX PErMOHaX C BBICOKON TEXHOTCHHOW Harpy3koil. JTo
orpeeNsieT HeoOXOIUMOCTh TIepeXoJa OT OLCHKH HCKIFOYHUTEIHPHO MAaCCOBBIX KOHIICHTPAIMHA K
KOMIUIEKCHOMY (PH3UKO-XHUMHUYECKOMY aHallu3y a’dpO30JbHBIX YACTHI], YTO MO3BOJUT IOBBICUTH
JIOCTOBEPHOCTh  KOJIOTUYECKOT0 MOHHUTOPUHIA, PACIIUPUTH BO3MOXXHOCTH HACHTHU(PUKALIUU
HMCTOYHUKOB 3arpsA3HEHUS U 00€CIeYnTh HAydHO 0OOCHOBAHHYIO pa3pabOTKy MPUPOAOOXPAHHBIX U
CaHUTAPHO-TUTHCHUYCCKUX MEp.

2.4. PMx 6 Yemo-Kamenozopcke u Ilasnoodape

Ocob6oe BHMMaHUE B COBPEMEHHOM HayuyHOU JuTeparype yaensercs YcTb-Kamenoropeky kax
OJHOMY W3 HamOoiee 3arpsA3HEHHBIX HHIYCTPHAJIbHBIX IIeHTpoB Kaszaxcrana W onxHOW U3
PETHOHANBHBIX «TOPSIYUX TOUYEK» MO YPOBHIO a3PO30JLHOTO 3arpsi3HEHUs] aTMOC(HEPHOTO BO3yXa.
[ToBpIIEHHBIN HCCIIEAOBATENBCKUI MHTEPEC K TaHHOMY OOy 00YCIIOBIIEH COYETaHNUEM KPYITHBIX
METAJUTYPrUUECKUX TMPEeNNpUATUI, YTOJIbHOM SHEPreTHKH, BBHICOKOM MJIOTHOCTH HMPOMBIIIJIEHHBIX
OOBEKTOB ¥ HEOJArONPHSTHBIX METEOPOJIOTHMYECKHX YCIOBHH, CIIOCOOCTBYIOMIMX HAKOTUICHHIO
3arps3HAIONIMX BELIECTB B IPU3EMHOM clioe atMochepsl. BrisiBieHo, uto g Ycers-Kamenoropcka
XapaKTepHO YCTOWYHBOE MPHUCYTCTBHE KaK Ta3000pa3HBIX MpUMeced, TaKk M MEIKOIUCIIEPCHBIX
a3pO30JIbHBIX YACTHIL, COJEPKALINX TOKCUYHBIE FJIEMEHTHI U TSKEIble METAJLIBL.

Ycrp-KaMeHoropek Ha MPOTSHKEHWH [UIUTENIEHOTO BPEMEHHM pacCMaTpUBAECTCS Kak OJUH U3
HauboJiee SKOJIOTMYECKH Harpy>KeHHBIX NPOMBILIUIEHHBIX LeHTpoB Kaszaxcrana u LleHTpanbHoi
A3un. @opMHpOBaHME €ro IPOMBIIUIEHHOW CTPYKTYpbl HCTOPUYECKH CBS3aHO C ILIBETHOU
METAJUIypruei, 4Yro OOYCIOBHJIO YCTOHYMBYIO KOHIIEHTPALMIO HOPEANPUATHH  TsKeIon
npoMsliieHHoCTH, BKItodas TOO «Ka3uuHk», YIbOMHCKHH MeTalTypruuyeckuil 3aBojl U Y CTb-
KameHnoropckuii Tutano-mMaraueBbiii komouHat (KazDATA, 2025), a Takxke 00BEKThI JHEPTETHKH U
XHUMHAYECKOH TPOMBINIIEHHOCTH.

Takas cTpykTypa popMHpyeT KOMIUIEKCHYIO IMHUCCHIO 3arpsi3Hstomux BemectB (SO2, NOX,
CO, meuth ¥ adpososbHble uactuipl PM2.5 u PM10). IlpoctpaHCcTBeHHAash HEOJHOPOIHOCTH
3arps3HEHUS] BBIPDAKEHA OTYETIMBO, MAaKCHUMAaJbHBIE HAarpy3Kd (HUKCHPYIOTCS B BOCTOYHOU
MIPOMBIIIJICHHON 30HE, TOTJAa KaK CEBEpO-3alagHble W FOr0-BOCTOYHBIC PAOHBI JTOTIOJHUTEIHHO
UCTBITHIBAIOT BJIMSHUE HHEPreTHYEeCKUX OOBEKTOB W TPAHCHOPTHBIX MOTOKOB. B  ycioBusx
TeMIIepaTypHBIX HHBEPCHH U CIIa00H BEHTHIISIINH TPOUCXOIUT HAKOTIJICHHUE 3arPs3HSFONINX BEIIECTB
B IIPU3EMHOM CJI0€ aTMOC(hEphI, YTO YCHIIMBAET SKCIIO3UIMIO HACEIECHUS.

Cornacio nanneiM Kasrumpomera (Mudopmanmonnsiii Groierenp, 2024a), B 2024 rony
KayecTBO aTMOoc(epHOro Bo3ayxa B YcTb-KaMeHOropcke XapakTepH30BajoCh BBICOKMM YPOBHEM
sarpsisHennst (M3AS = 7,3; CU = 6,6). OcHoBHO# Bkiaa B 3arpssHenue BHocwin SOz (10 6,6
I[MAKwm.p., 1418 cnyuaeB mnpeBsiienusi), H2S (mo 5,4 IIAKwm.p., 3831 ciyuaii, Bkmiowas 114
npesbimenui >10 ITJIK), NOX (mo 2,9 TTJIKm.p.), CO (mo 2,5 IT/IKm.p.), a Takxke Cl (6,0 ITIKwm.p.).
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[To npyrum 3arps3HHUTENSM TPEBBIIICHUS HOCWIM OTPaHUYCHHBIN xapaktep. Ilpu sTom cpemnue
koHneHtpauuu PM2.5 u PM10 He mpeBbIIasin CpeHECYTOYHBIX HOPMATHBOB, a MPEBBIMICHUS
MakcumanbHo-pazoBoit I1JIK cocraBumm 1,5 mst PM2.5 u 1,15 s PM10. Takum oGpasom, mpu
JOMUHHPOBAHUN Ta30BOM KOMIIOHEHTHI 3arpsi3HEHHsI a’po30iibHas (ppakius XapakTepu3yercs
MPEUMYIIECTBEHHO AMHU30MYECKUM XapaKTEPOM IMOBBIIICHUH, YTO YKa3bIBa€T Ha OTPAHUYCHHOCTH
YCPEIHEHHBIX OICHOK ISl OTPaXXCHHUS PealbHOM KPaTKOBPEMEHHOM Harpy3KH.

Cospemennbie uccienobanus (Assanov et al., 2021b; Assanov et al., 2022; Temirbekov et al.,
2025; MyxameauspoB u ap., 2023) moaTBep:KAal0T BHICOKHI YPOBEHb TEXHOT'CHHOM HArpy3KdH H
HeoOXomuMoCTh yriayonenHoro aHanmsza PM-dpakiuii. OmHAaKO KITHOYEBBIM METOIOJIOTUYECKUM
OTpaHUYECHUEM OCTAETCSI HEJJOCTATOYHAs IPOPA00TKa JIEMEHTHOTO COCTaBa adPO30JIbHBIX YaCTHII U
€ro UCTOYHHUKOBOW MHTEPIIPETAIIMH, YTO CHHXKAET TOYHOCTH OLEHKH TOKCHKOJIOTMYECKOTO PHCKa U
pasjiencHus BKJIAJIOB OTAEIbHBIX SMUTEHTOB. JlomonnuTensHble ganHbie Baisanov et al. (2025)
TIOKA3BIBAIOT, YTO CPEIHEr010BbIE KOHIeHTpauu PM2.5 nocturamu 35 mkr/me mipu ITJIK 25 mxr/m?,
a PM10 - 56 mxr/m® npu ITJTK 40 MKr/M3 ¢ BBIpa’KeHHO# CE€30HHOCTBIO M MAKCUMYMaMH B 3UMHHi
MIEPUO/I.

B uccnenosanuu Assanov et al. (2021) npoananu3upoBaHO BIMSHHAE OIPaHHYUTEILHBIX MEP
nepuona COVID-19 na kauwectBo artmocdepHoro Bo3ayxa Ycrb-Kamenoropcka. Hayunas
3HaYMMOCTh Pa0OTBhI OMPEICNIAETCS BO3MOXKHOCTBIO OICHKH BKJIQJa Pa3IHMYHBIX HCTOYHHKOB
OMHCCHUU B YCIOBUSIX PE3KOTO COKPAICHHsS TPAHCIIOPTHOW AaKTHBHOCTH. YCTaHOBJIEHO, YTO,
HECMOTPS Ha CHIDKEHUE HHTCHCUBHOCTH aBTOMOOMJIBHOTO IBXKCHHUSI, KOHIICHTPAIIMK OOJIBITHHCTBA
3arps3HSIONIMX BEIIECTB HE MPOJEMOHCTPHUPOBAIM CYIIECTBEHHOTO yMeHbIneHus. CpemaHue
koHueHTpauuu SO B anpene-mae 2020 r. coxpaHsUIUCh Ha BBICOKOM YPOBHE U COCTaBJIsUIA OKOJIO 88
MKT/M3, TIpH 3TOM OpPHEHTHPOBOYHEIE CYTOUHBIE HOpMaTHBEl BO3 He OBIIN TOCTUTHYTHI HH B OJIUH
u3 JHer HaOmoneHwid. [IpoBeleHHBIH aBTOpaMH PErPECCUOHHBIM aHAINW3 BBISBUJI CHHKCHHE
koHneHTpanuii CO, orcyrcrBHe craTucTHdeckd 3HaYMMBIX u3MeHeHH mo NO2 u SO», a Takke
yBenuueHue coaepxkanust TSP. [TonydueHHble pe3yapTaThl MO3BOJIHIN YCTAHOBUTH TOMHUHUPYIOIINN
BKJIAJ] CTAIIHOHAPHBIX NCTOYHUKOB 3arpsI3HEHUS, MPEXK/IC BCET0 METALUTYPTUICCKUX TTPESPHUSITHIA 1
yronbHbIx TOLl, B QopmupoBanue kadecTBa arMochepHOro BO3AyXa Tropoja. ABTopaMu
JOTIOJTHUTEIIHHO OIPE/IENIEHBl KIFOYEBhIE OIPAaHHYCHHS CYIIECTBYIOMIEH CHCTEMBI SKOJIOTUYECKOTO
KOHTpPOJIS, BKJIIOYass HEAOCTATOYHYIO IUIOTHOCTh CETH MOHUTOPUHTA, OTCYTCTBHE MOIHOW U
JOCTOBEPHON WHBEHTApU3aIllMM BHIOPOCOB, a TaK)KE OTPAHMUYCHHBIH YYeT METEOPOJIOTHMYECKUX
MapaMeTpoB, TaKUX KaK TeMIlepaTypHble MHBEPCHUU, BBICOTA TMOTPAHUYHOTO CIIOS aTMOc(epbl U
WHTEHCUBHOCTHh aTtMmoc(hepHoro mnepememmuBanus. Ocobasi 3HaYUMOCTh JAHHOTO HCCIIECIOBAHUS
3aKJII0YaeTCs B TOM, YTO BIIEPBBIC ISl YCIOBHM HHIyCTpUalbHOro ropoja Kazaxcrana ObLIO
MOKa3aHO: COKPAIEHNE TPAHCIIOPTHBIX BHIOPOCOB caMo 1O ce0e He 00eCreunBaeT CynieCTBEHHOTO
yIy4IIeHUs KauecTBa aTMOC(EPHOTO BO3AyXa. BrisgBieHo, 4TO 6€3 MOJIepHU3AIMH TTPOMBIIILIIEHHOTO
CEKTOpa, TOBBIMECHUS APPEKTHBHOCTH Ta300YUCTHOTO OOOpPYIOBAaHUS M COBEPIICHCTBOBAHUS
HKOJIOTHYECKOTO PETyIHPOBAHUS YCTOWYMBOE CHIDKCHHE 3arpsS3HEHHSI OCTACTCS MaJIOBEPOSTHBIM.
BwMmecTte ¢ Tem mccienoBaHre UMEET U Psil OTpaHUYeHUN. B 9acTHOCTH, aHAIN3 PEUMYIIECTBEHHO
COCPEeIOTOYEH Ha MACCOBBIX KOHIICHTPAIMSIX 3arps3HSIONIMX BEIIECTB, TOTJA KaK XUMHYECKHA U
AJIEMEHTHBI COCTaB a’pO30JIbHBIX YACTHIl M3y4YeH OrpaHuueHHO. Kpome Toro, HemocTaTOYHO
MOJIPOOHO PaCCMOTPEHBI CE30HHBIE paznnuus popmupoBanust PM-dpaxiimii.

B mocnenyromem uccienoannu Assanov et al. (2022) BriepBbie BBINOJHEH KOMILICKCHBIN
MPOCTPAHCTBEHHO-BPEMEHHOM aHAIN3 3arpsi3HeHUs aTMOocepHOTro Bo3ayxa Y cTb-KameHoropcka Ha
OCHOBE MHOTOJICTHUX PSI0B HAOIIOICHUI U TPUMEHEHHUSI MHOTOMEPHBIX CTATUCTHYECKUX METOIOB.
Y CTaHOBIEHO YCTOWYUBOE MPEBHIICHNE HAIMOHAIBHBIX U MEXIYHApPOAHBIX HOpMATHBOB 110 SO2 1
NO2, ocoOeHHO B XOJIOJHBIN TEepHO] Tojia. BEIABICHO, 4TO MaKCHMaIbHBIE YPOBHU 3arps3HCHUS
JIOKAJIM3YIOTCS B CEBEPHOW TMPOMBIIUICHHOW 30HE TOpoJia, XapaKTepH3ylollecs BBICOKOU
KOHIIEHTpAlMeH METAUTYPTUYSCKUX TPEANPUIATAH W IHEPreTHYSCKUX OOBEKTOB. ABTOpaMHU
MO0Ka3aHo, 4TO, HECMOTPS Ha JICKJIapUpPyeMoe CHH)KEHHE 00BEMOB BBIOPOCOB, yIyUIlIEHUS KayecTBa
aTMOC(epHOTO BO31yXa B Topojae He HaOmromaercs. OmpeneneHo, 4To CYNIECTBYIOIIAsS CHUCTeMa
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HKOJIOTUYECKOTO PETYIUPOBAHHUS JEMOHCTPUPYET OTPAHUYECHHYIO 3(P(PEKTUBHOCTh B YCIOBHIX
BBICOKOW MPOMBIIIJICHHOW Harpy3ku. [lOMONMHUTENBHO BBIBIEHA HEOOXOIMMOCTH IMEpPEecMOTpa
MOJIXOI0B K MOHUTOPHHTY KauecTBa BO3/yXa, BKIIIOYAsl PACHIMPEHHUE CETH aBTOMATH3UPOBAHHBIX
CTaHLIMM, y4YeT  MPOCTPAHCTBEHHONW  HEOJHOPOJHOCTU  3arpsi3HEHUS U WHTETpaIfio
METEOPOJIOTUYECKUX MAapaMEeTPOB B MOJEIHU OIEHKH aTMOC(epHBIX mporeccoB. [IpenmymecTBom
JAHHOTO MCCJIEJOBAaHUSl SIBISIETCS  MCIOJB30BAaHHE MHOTOJIETHUX PpAJOB HAOMIOJIEHUN U
CTaTUCTHMYECKUX METOJIOB IMPOCTPAHCTBEHHOTO AaHAJIM3a, YTO IMO3BOJWIO BBIIBUTH YCTOWYHBBIC
3aKOHOMEPHOCTH  pacHlpelesieHus  3arps3HSIoONMX — BemlecTB. Bwmecre ¢ TemM  pabota
MPEUMYIIECTBEHHO OPMEHTHPOBAaHA HA aHAJIM3 Ta3000pa3HbIX MpPUMECEH, TOTrJa Kak JaHHBIE O
xumudeckoM coctaBe PM2.5 u PM10 mpeacraBieHsl orpaHUYeHHO. DTO CHUXKAET BO3MOKHOCTH
KOMIUICKCHOW OIICHKH TOKCHKOJIOTUYECKOM OMacHOCTH aTMoc(hepHBIX a’po3oieil. MccnenoBanue
Temirbekov et al. (2025), oxBaTeIBarolee ACBATH IPOMBIILICHHBIX TOpo10oB KazaxcraHa, BKIHOYas
VYere-Kamenoropek u [laBnogap, AeMOHCTpUpyeT mepexoj K 0ojee COBPEMEHHBIM IOJIXO0/1aM
aHallM3a 3arps3HEeHHUs aTMOC(HEPHOro BO3IyXa. ABTOpPAMHU HCIOJIb30BAHBI METOJbl UYUCICHHOTO
MOJICIIMPOBAHUSI W ACCUMIJISIUHM JAaHHBIX ABTOMATH3UPOBAHHBIX CTAHIIMA MOHUTOPHHTA ISt
YTOYHEHHUS  [apaMeTpOB  HCTOYHUKOB  3arps3HEHHsS.  YCTaHOBIEHO, 4YTO  MHTErpanus
MOHUTOPUHIOBBIX JAHHBIX W MaTeMaTHYECKUX MOJENeH TMO3BOJSET 3HAYUTEIBHO IIOBBICUTH
TOYHOCTH OIICHKH MpOocTpaHCTBeHHO-BpemMeHHoro pacnpeaenenus CO, SOz u NO». BeisiBneno, uro
MIPUMEHEHHE METOJIOB MOEIUPOBAaHMS OOecreunBaeT 00jiee TOYHOE MPOTHO3UPOBAHUE TH300B
3arpsi3HEHUS] M TO3BOJSET YYHUTHIBATH BIMSHHE METEOPOJIOTMYECKUX (PaKTOpPOB Ha IMEpPEeHOC
3arps3HAIONMX BemecTB. Pa0oTra #MeeT BBICOKYIO TPHUKIAIHYIO 3HAYMMOCTb, IOCKOJIBKY
JEMOHCTPUPYET MEPCHEKTUBHOCTh HCIOIb30BAHHUS COBPEMEHHBIX IUGPOBBIX TEXHOJOTUH IS
HKOJIOTUYECKOTO MOHUTOPUHTA MHAYCTPHAIBHBIX ariomeparuii. OJHOBPEMEHHO ONpeAeIeHO, YTO
CYLIECTBYIOIIME MOJENU TpeOyIoT AalnbHEHIIed aJanTaluyd K PErHOHAIbHBIM KIMMaTHYECKUM
ycnosusiM Kazaxcrana, Bkiito4ast 00ojiee AeTalbHbIH y4eT Ce30HHBIX HHBEPCHIA, BETPOBOTO PEXXUMA U
MPOIIECCOB BTOPHYHOIO a’po3osieoOpazoBanus. Kpome Toro, wuccieqoBaHue OrpaHUYEHHO
paccMmatpuBaeT 3JeMeHTHbIH coctaB PM-¢pakiuii, 4To CHMYKAeT BO3MOXHOCTU HACHTU(UKAIMU
KOHKPETHBIX HCTOYHUKOB 3arpsi3HEHUSI.

OmHUM W3 HEMHOTHX WCCIIEJOBAHHMA, TOCBSIICHHBIX JETaIbHOMY aHAIHM3y 3JEMEHTHOTO
cocraBa aTMocepHbIX aspo3zoieil B Kasaxcrane, siisercs pabora Myxamenusiposa u jp. (2023),
BBIIIOJIHEHHAs B YcTb-KameHoropcke. HayuHasg 3HauuMOCTh HCCIENOBaHUS OIPEAEIACTCA
KOMIUIEKCHBIM Hu3ydeHueM PM2.5 u TSP c ompenenenueMm colepskaHus TSKENbIX METAIJIOB U
pacyeToM  TEOXMMHUYECKHX  KOd(p(UIMeHTOB  oOoramieHus.  YCTaHOBJIEHO  IPEBBIIICHUE
KoHIeHTpauuit PM2.5 otHocurensHo HopMatuBoB B 1,3-1,7 pasa. B cocraBe TSP BhIssBIEHBI
IKCTPEeMAIIbHO BBICOKHME KOHIEHTpanwu Ba, pocruraromme 10 IIJK, Torma xak B PM2.5
3adukcupoBaHo npesbiiieHue mo Pb 1o 1,3 TIIK. JIonoiMHUTENbHO YCTaHOBICHO, YTO B TOYBEHHOM
NnoKpoBe ropoja KouueHtpauuu Pb mocturamu 7 TIJK, a comepxanuss Cu u Zn mpeBbIIIAIN
KJIapKOBBIEC 3HAUEHHs B 2 U 5 pa3 cooTBeTCTBeHHO. Pacyer koa¢p¢punmentos odoramenus (KO > 10)
s Cr, Ni, Cu, Zn, Cd, Ba, Pb, Th u U nmoarBepausi BBIpaXEHHYIO aHTPOIOTCHHYIO MPUPOTY
3arps3HEeHUs. BBISABIEHO, YTO METaTypruiyeckue MPOLECCHl SIBIISIOTCS KIIFOUEBBIM HCTOYHHKOM
MOCTYIUICHUSI TOKCUYHBIX JJIEMEHTOB B aTrMocdepHble a’po3oynm ropoaa. Ocobas 3HAYMMOCTH
JaHHOM paboTHl 3aKIOYaeTCss B TOM, YTO AaBTOpPaMM IOKa3aHa OrPAaHMYEHHOCTh OLEHKH TOJBKO
MaccoBbIX KoHIeHTpanuii PM2.5 n PM10 Ge3 yuera XMMUYECKOTO COCTaBa 4acTHUIl. Y CTAHOBIICHO,
YTO TOKCHUKOJIOTHYECKAasi OMACHOCTh a3p030Jiell BO MHOTOM OIPENENSIETCSl COJePKAHUEM TSKEIbIX
METAJUIOB M TEOXMMHUYECKHMMH OCOOCHHOCTSMH 3arps3HEHUs. BMecte ¢ TeM BBISBICHO, YTO
nofo0Hble uccnenoBanus Uit KazaxcraHa ocCTaloTCs €AMHUYHBIMHM, a JaHHbIE I10 CE30HHOU
M3MEHYUBOCTH 3JIEMEHTHOro coctaBa PM-¢pakuuii ¥ HMX CBSI3M C HCTOYHHKAMH SMHCCHUU
MPEJICTaBICHbI HEJJOCTATOUYHO TOJIHO.

Takum o6pazom, Ycrh-KameHnoropck cieayer paccMaTpuBaTh HE TOJIBKO KaK TEPPUTOPHUIO C
YCTOMUYMBO BBHICOKUM YPOBHEM MPOMBIIUIEHHOT'O 3arpsi3HEHUs, HO U KaK CUCTEMY C HEJ0CTaTOYHO
M3y4EHHON XMMHKO-IJIEMEHTHOW CTPYKTYpOH al’po3ojiel, 4To (HOpMUPYET 3HAUMMBIA HAYIHBINA
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npo6en 1 000CHOBBIBAET MEPEXO0]I OT KOHIEHTPAIIMOHHOTO K OPUEHTHPOBAHHOMY Ha 3JIEMEHTHBIN
aHanu3 camux PM-dpakmmii.

[TaBnomapckast 007acTh TakKe€ OTHOCHTCS K YHWCIY HambOoiee HHIYCTPHATHM3UPOBAHHBIX
peruonoB Kazaxcrana. HecmoTpss Ha BbICOKHE OOBEMBI BBIOPOCOB 3arpsi3HSIOIIMX BEIIECTB,
YCTQHOBJICHO, YTO KOJHMYECTBO HMCCIIEIOBAHUH, MOCBSIIEHHBIX KOMIUIEKCHOMY aHainu3y PM2.5 u
PM10, cymiecTBeHHO yCTyNaeT YUCITy aHaJOTHYHbBIX paboT 1o Ycrb-KamMeHnoropeky. 1o yka3bIBaeT
Ha HEPaBHOMEPHOCTh HAYYHOM M3Y4E€HHOCTH MHIYCTPUAIBHBIX pernoHoB Ka3zaxcraHa.

[laBnomap sBHsieTCS KPYHNHBIM HWHAYCTPUAIbHBIM LEHTPOM HE(PTEXUMHYECKOTO U
SHEpPreTH4ecKoro mnpoduis, TrAe BbICOKas KoHUeHTpauus upeanpustuii (IlaBmomapckuit
Herexummuueckuii 3aBog, AO «Amomunnii Kazaxcrana», TOL u 1np.) dopmupyer ycToHYuBYIO
aHTPOIIOreHHYI0 Harpy3ky Ha armocgepHbiii Bo3ayx (Pavlodar Oil Chemistry Refinery, 2025;
Aluminium of Kazakhstan JSC, 2025). IIpoctpaHcTBeHHass CTPYKTypa Iropoja XapaKTepu3yeTcs
ONMM3KUM COCEICTBOM IPOMBIIUICHHBIX 30H M JKHJIOW 3aCTPOMKH, YTO YCHJIMBACT BO3JCHCTBUE
3arpsi3HSAIONIMX ~ BELIECTB HAa  HAcelleHWe, OCOOEHHO B  YCIOBHUSIX  HEOJIAronpusTHOU
METEOPOJIOTUICCKON 0OCTAHOBKH.

ITo manueiM Kasrugpomera (MupopmannonHsiii 6romterens, 2024b), kauectBo arMocdepHOro
Bo3ayxa B I[laBiomape OICHHMBAIOCh HEOJHO3HAYHO, MO HWHJEKCY 3arps3HeHUss aTMOcQepsl -
«auskoe» (M3A = 3), mpu 3TOM MO HAWOOJBINEH MOBTOPSIEMOCTH M CTAHIAPTHOMY HHIEKCY -
«Bbicokoe» (HIT = 26 %, CU = 9,3). OcuoBHo#i Bkian B 3arps3Henne BHocumin NO2 (821 ciyuai
npessitenust [1JIK), CO (719 cinyuaer) u NO (191 ciyuyait). MakcumaibHO-pa3oBbie KOHIICHTPAIHH
oraensHbix mpumeceit (CO, NOX, Os, H.S, denon u nap.) mocruramu 2-9 IIJK, mpu 3TOM
npessimenuit ceie 10 [TIK He 3apukcuposano. [lo PM2.5 npeBbiiienus oTMeuanuch Wb B IBYX
toukax u cocraBwian 1,0 m 1,1 TIJIKM.p., mpu OTCYTCTBHH CIy4aeB BBICOKOTO M IKCTPEMAIBHO
Bbicokoro 3arpsisHenus (B3 u DOB3). [lpm »TOM nokanbHas NPOCTPAHCTBEHHAs CTPYKTypa
3arps3HEHUS] YCUIIMBAETCS OJM30CTHIO MPOMBIIUICHHBIX 30H K JKHJIOW 3acTpoiike, 0COOCHHO B
BOCTOYHOM YacTW Tropoja, IJe B YCIOBUAX cIab0i BEHTWISIIMUM U TEMIIEPaTypHBIX HMHBEPCHN
(hopMUPYIOTCS YCTOMYHMBBIE 30HBI HAKOTICHUS 3arPs3HEHUH.

Comnocrasnenue ¢ pesynpratamu Baisanov et al. (2025) montepikiaet HaIM4YHe YCTOWIHMBBIX
MIPEBBIICHUH 3arps3HAIONIMX BEIIECTB B NPOMBINIICHHBIX TOponax, BKirouas [laBmomap, 4To
yKa3bIBaeT Ha HEOOXOAMMOCTb OoJiee JeTaIbHOIO MPOCTPAHCTBEHHO-BPEMEHHOTO aHallu3a U ydera
MHUKPOJIOKaTHHBIX TUKOB WX KOHIICHTPAIINH.

B uccnenosanuu Safarov et al. (2024), seimmonsentom B [TaBmogape, PM2.5 u NO2 onpenenieHb
KaK KITFOUEBBIC 3arps3HUTETH aTMochepHOro Bo3ayxa. Y CTaHOBJICHO, 4To Ha 87,4 % mccie1oBaHHbBIX
yuyacTtkoB koHueHTparu NO2 npesbimanu cyrounsiii [1IJIK, a PM2.5 ¢popmupoBan makcumaabHble
sHadenust AQI B 75,7 % ciyuaeB. [IpocTpaHCTBEHHBIH aHAIHM3 BBISIBUJ YBEIHMUEHHE KOHIIEHTPAIHN
PM2.5, PM10 u AQI B BOCTOYHO-CEBEPO-BOCTOYHOM HAlpaBJIEHUH, YTO CBSI3aHO C pa3MelleHHueM
MPOMBIIIJICHHBIX 00BEKTOB M OCOOEHHOCTSIMH BETPOBOTO pexkuma. CTPyKTYpHOE MOAETHPOBAHHE
nokasaio, 4yto MeHHo PM2.5 okasbiBaeT ompenessioniee BIMSHUE Ha MHAEKC KayecTBa BO3AyXa,
TOrAa Kak cratuctuyeckas 3HadynmMocTh Bkiana NOz okaszamace Hioke. [lomydeHHBIE pe3yinbTaThl
MOJTBEPKIAIOT HAJIMYME JIOKAIBHBIX 30H YCTOMYMBOTO a’3pO30JIBHOTO 3arpsi3HEHHs AaXke MNpu
dbopmabHO yMepeHHBIX cpenHux 3HadeHWsx AQI. HayyHbIM mpenMymiecTBOM HCCIIeIOBaHUS
ABISICTCA TNPUMEHEHHE MPOCTPAHCTBEHHOTO aHajM3a M CTATUCTUYECKOIO MOJEIMPOBAHMUS,
MO3BOJISIIOIINX BBISBIATH JIOKAIBHBIE OCOOCHHOCTH pacIpelesIeHUs] 3arpsi3HSAIONINX  BEIIECTB.
Onnako paboTa MpeuMyIIeCTBEHHO OPUEHTHPOBAaHA Ha MAacCOBbIE KOHIIeHTpanuu PM 1 He BKITtoyaeT
JeTaTbHBIN aHAIN3 AIIEMEHTHOTO COCTaBa a3PO30JIbHBIX YACTHII.

ITpu cpaBHenuu Ycrh-Kamenoropcka u [1aBnogapa ycTaHOBIIEHO, YTO CTPYKTYpa 3arps3HEHUs
aTMoc(epHOro BO3[yxa OIpenesercs He TOJIbKO 00BeMOM BBIOPOCOB, HO M OTpaciieBOi
cneunpukoil  mpombinuieHHocTH. s Yers-Kamenoropcka — xapakTepHo — InpeobiagaHue
METaJUTOCOACPIKAIIUX a’pPO30JIe M CEPHUCTHIX COeAWHEHWU, Tornaa kKak mius [laBmomapa Oosnee
3HAYMMBIMH SBIISIIOTCSL TPOJIYKTHI HE(PTEXMMHUHU, SHEPreTHMKH M TPAHCHOPTHBIX BHIOPOCOB. DTH

36



Journal of Ecology and Sustainability 2026, 155(2)

paznuuusi 00yClIaBIMBAIOT HEOJUHAKOBBIE TOKCHKOJIOTHUECKHE 3()()EKTh U TpeOYIOT NpUMEHEHHUS
Pa3IMYHBIX MTOIX0/I0B K MOHUTOPUHTY U OLIEHKE PHUCKA JJISl 3J0POBbS HACETICHHUSI.

Crnenyer OTMETHTb, YTO CYIIECTBYIOUIME HCCICIOBaHUS aTMOC(HEpHBIX a’po3oyiell B
MPOMBIIIICHHBIX Topojax KazaxcTaHa MMEOT Kak CYIIECTBEHHBbIE MPEUMYIIECTBA, TaK U P
orpanuueHuil. K CHJIBHBIM CTOpOHaM OTHOCHTCS pacIIMpEHHE CETH MHCTPYMEHTAIbHBIX
HaOMIOJeHUH, BHeApeHue MeToaoB aHammza PM25 uw PMI10, a Ttakxke HCIOIB30BaHKE
MEXIYHAPOAHBIX TOAXOJOB K OLEHKE XHMHYECKOro cocTtaBa asposoneid. CoBpeMeHHBIE
WCCIIETOBaHUS TMO3BOJISIOT BBISBJISTH CE30HHBIE 3aKOHOMEPHOCTHU 3arpsi3HEHUS], ONPENEsTh BKIa
pPa3NUYHBIX HMCTOYHMKOB OSMHUCCHUHM M AHAJIU3UPOBATh MPOCTPAHCTBEHHOE paclpeieieHue
3arpsI3HSIOIUX BEIECTB.

OnHOBpPEMEHHO BBISBIICH psii OrpaHMyYeHHid. BO MHOTHX HCCleOBaHUSAX HaOJI0gaeTcs
(bparMeHTapHOCTh JAAHHBIX M pa3uyusi B METOJaX 0TOOpa MmpoOd, MEepUOTUYHOCTH HAOIIOIEHUN U
AHATTMTHYECKUX TMPOLeAypax. ITO 3aTPYAHSET COMOCTABICHUE PE3YJIbTATOB MEXIAY PETHOHAMH U
CHIDKAaeT BO3MOKHOCTH JOJTOCPOYHOIO aHanu3a TpeHAoB. Kpome Toro, B OONbIIMHCTBE paboOT
HEJ0CTATOYHO TOJPOOHO paccMaTpHUBAETCS JJIEMEHTHBIM coctaB PM-dpakumii u ero cBsizb ¢
KOHKPETHBIMU UCTOYHMKAMH BBHIOPOCOB. OrpaHHMuEHHBIM OCTAETCS U aHallU3 PUCKOB IS 3I0POBBS
HACEJICHUs, OCOOCHHO B YacTH XPOHHYECKOTO BO3JEHCTBHS MHOTOKOMIIOHEHTHBIX a3pPO30JIbHBIX
cMecel.

Takum o0pa3om, 10 aHAIM3UPOBAHHBIM pe3yJibTaTaM HaydHbIX paboT Ycrb-KameHnoropck u
[laBnogap mpencTaBisOT CcOOOM TMMOKazaTeldbHbIE MOJEIU HWHAYCTPUATBLHOTO 3arpsi3HEHUs
armocepsl B Kaszaxcrane. B paboTax ycTaHOBIEHO, YTO KIIOYEBYIO pOJb B (OPMHPOBAHUH
HKOJIOTHYECKUX PUCKOB MIPAIOT HE TOJBKO 00beMBbI BEIOpOCOB, HO U mpumecu (PM2.5, PM10, SO,
NOx, CO, O3, H2S), mereoponoruyeckue yciaoBUs M MPOCTPAHCTBEHHAS CTPYKTYpa TOPOACKOI
3actpoiiku. [IpoBenennnie B Ycrb-Kamenoropeke u [lapnonape vccieoBanus BbISIBUIM OCHOBHBIC
WCTOYHHUKH 3arps3HEHUsT aTMOC(HEPHOTO BO3MyXa, ONPEICIWIA MPOCTPAHCTBEHHO-BPEMEHHBIC
3aKOHOMEpHOCTH pactpeneneHuss PM-¢dpakiuii n ra3oo0pa3HbIX HMpUMecei, a Takke OLEHWIN
MOTEHIMAJbHBIE JKOJIOTUYECKHE DPUCKH IS HaceleHWs. BmecTe ¢ TeM KpPUTHYECKH aHAIN3
JUTEpaTyphl MOKa3blBaeT, YTO OONBIIMHCTBO HccieAoBaHMi mno Kaszaxctany mno-npexHemy
COCPEIOTOYCHO PEUMYIIIECTBEHHO Ha H3y4eHUH MacCOBBIX KoHIleHTpanuii PM2.5 u PM10, a Taxxke
HOPMHPOBAHUHU C YCTAHOBJIEHHBIMU YPOBHSIMHM T'a30BbIX NPHMECEH, TOr1a KaK 3J€MEHTHBIH cocTaB
a’pO30JIPHBIX ~YACTHI[ W3y4eH orpaHudeHHo. [lomydeHHBle 0000MIEHUS TOATBEPKIAIOT
HEOO0XOAUMOCTh Pa3BUTUSl KOMIUIEKCHOIO MOHHUTOpHHTra PM-¢pakuunii, opueHTMpOBAHHOIO Ha
aHaJN3 2JEMEHTHOTO COCTaBa, NCTOYHHUKOB 3arpsi3HEHHUS M JOJTOCPOYHBIX PUCKOB IUIS 370POBBS
HaCeJICHMS.

VY CTaHOBIIEHO, YTO OTEYECTBEHHBIC HCCIIEOBAHUS CYIIECTBEHHO YCTYIAIOT COBPEMEHHOU
MEXIYHApPOAHON MpaKTHKE B YaCTH KOMIUIEKCHOTO aHajlu3a TSKENIX METaJlJIOB, TOKCHYHBIX
DJIIEMEHTOB W TEOXMMHUYECKUX WHIUKATOPOB 3arps3HEHUS. BBIABIEHO, 4YTO HEIOCTATOYHAsS
AeTanu3anus XMMU4eckoro coctaBa PM-¢pakuuii orpaHu4nBaeT BO3MOXKHOCTU HACHTHU(PHKAIUN
WCTOYHHUKOB 3arpsi3HEHUs, TOKCHKOJOTHYECKOW OIEHKHM M aHalIHu3a JOJTOCPOYHBIX PHCKOB IS
3JI0pOBbsI HACEJICHHUSL.

CrnenoBaTelbHO, OCHOBHOW HAYYHBIM MPOOEN 3aKITI0YaeTCs B HEAOCTATKE KOMIUIEKCHBIX
JAHHBIX 110 3JIeMeHTHOMY cocTaBy PM2.5 u PM10 B npomsIiieHHbIX ropogax Kasaxcrana, Bkirouast
VYere-Kamenoropek u IlaBinomap. OnpeneneHo, 9T0 OTCYTCTBHE MOJOOHBIX JTaHHBIX OTPAHUYUBACT
BO3MOKHOCTh YCTaHOBJICHHUSI B3aHMMOCBSI3€H MEX1y a’3pO30JIbHOM Harpy3Kol M poCTOM CepieyHO-
COCYIUCTBIX, PECIUPATOPHBIX U KaHIEPOTCHHBIX 3a00JeBaHM HaceleHus. B 3Toi cBs3m
HCCIIEIOBaHMsI, ODUEHTUPOBAHHbIE HA KOMIUIEKCHBIM aHAIN3 3JIEMEHTHOT'O COCTaBa TBEP/IbIX YaCTHUIL
aTMOC(EpPHBIX a’PO30JIeH C HCIOJIH30BAHUEM COBPEMEHHBIX AHATUTUYECKUX M TCOXHMMHUYECKHX
METO/IOB, 00JaJal0T BBICOKOM Hay4YHOM 3HAUMMOCTBIO M SBIAIOTCS HEOOXOAMMBIM 3TaroM
COBEPIICHCTBOBAHMSI SKOJIOTHIECKOTO MOHIUTOPHHTA U MIPUPOTOOXpaHHOH monmTHKY Kazaxcrana.
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3. 3akiIl0ueHue

Taxum oOpa3oM, B pe3ynbraTe aHanu3a okoso 100 HayuHBIX HICTOUHUMKOB YCTaHOBJIEHO, YTO B
Kazaxcrane akTHBHO Pa3BHBAIOTCS MCCIIEOBAHUS, TOCBSAIICHHbBIE OLIEHKE KaueCTBa aTMOC(EPHOTO
BO3/yXa, IPEXJe BCEro B KPYHNHBIX YpOAHM3UPOBAHHBIX U MHAYCTpHAIbHBIX LieHTpax. [lokazaHo,
YTO B IOCIEIHUE TOJbl 3HAYUTEIBHO BO3POCIO BHMMAaHHE K MOHHUTOPHHIY MEJKOIMCIIEPCHBIX
a’po3oipHbIX vactur, PM2.5 u PMI10, oaHako OCHOBHBIE HCCJICAOBAHHS IO-TIPEKHEMY
COCPEOTOYCHBI MPEUMYIIECTBEHHO Ha OIICHKE UX MACCOBBIX KOHIICHTPALIUI U CE30HHON TUHAMUKH.
BMmecTte ¢ Tem BBISBIEHO, YTO JAHHBIE O XMMHUYECKOM U 3JIEMEHTHOM COCTaBE€ aTMOC(EpPHBIX
a’po30Jield JUIs TPOMBIIUICHHBIX TopofoB Kaszaxcrana ocTaioTcs KpailHE OrpaHHYEeHHBIMH U
(GparMeHTapHbBIMU.  YCTaHOBJEHO, 4YTO BOIPOCHl  HAKOIUIEHHS TOKCHYHBIX  3JIEMEHTOB,
UACHTU(DUKAIIMHA KICTOYHUKOB 3arPS3HEHUS U OIICHKH MX IMOTEHIIHAILHOTO BO3/ICHCTBHS Ha 37J0POBbE
HaCeJICHUs U3y4eHbl HEJJOCTaTOYHO, YTO CYIIECTBEHHO OIPAaHUYMBAET BO3MOKHOCTH OOBEKTUBHOM
HKOJIOTUYECKON U CAHUTAPHO-TUTUEHHYECKOW OLIEHKU KayecTBa aTMoc(epHOro Bo3ayxa.

B Xxome KpUTHYECKOIO CONOCTAaBIEHUS MEXAYHAPOIHBIX U Ka3aXCTAHCKUX HCCIIEIOBaHUN
BBISIBIICH Pa3pblB MEXKAY COBPEMEHHBIMH MHPOBBIMH MOJIXOJaMHU W CYIIECTBYIOIICH NPaKTHKOU
uccnenoBanuii B Kazaxcrane. [lokazaHo, 4TO MEXyHapOAHbIE UCCIEA0BAaHUS OPUEHTHUPOBAHBI HA
KOMIUICKCHBIA aHaiu3 »JieMeHTHOro cocraBa PM2.5 um PMI10, mpuMeHeHHE Te€OXMMHYECKHX
MH/IMKATOPOB, METOJI0OB MCTOUYHUKOBOM ANIPOKCHMMALUU U OLIEHKH TOKCHKOJOIMYECKUX PHUCKOB,
Toraa Kak s Ycrb-Kamenoropeka, [1aBnomapa u Apyrux MHIYCTpHATIBHBIX PETHOHOB MOJO0OHBIC
HCCIIIOBAaHMsI HOCAT €AMHUYHBIN XapakTep. Y CTaHOBIIEHO, YTO XMMHMKO-3JIEMEHTHBIN aHanu3 PM2.5
SBIISIETCS KITIOYEBBIM MHCTPYMEHTOM JUIS BBISIBICHUS JIOKAIBHBIX M TPAHCTPAHUYHBIX MCTOYHHKOB
3arpsA3HEHUs, OLEHKM BKJIAJa NPOMBIIUICHHOCTH, O3HEPreTMKHM W TPAHCIOpTa, a TaKxKe
MIPOTHO3UPOBAHMUS JKOJIOTUYECKHX W MEAUKO-OMOJIOTMYECKUX TOCIEACTBUN  a’pO30JBHOTO
3arps3HEHus.

CrnenmoBarenbHO, OMpPENENCHO, YTO OJHHUM W3 KJIIOYEBBIX HAYYHBIX IPOOEIIOB SBIISETCS
OTCYTCTBHE CUCTEMHBIX UCCIIEZIOBAaHU 31eMeHTHOro coctaBa PM2.5 u PM10 B ycioBusix BBICOKOH
MPOMBIIIIIEHHOHN Harpy3ku. OO0CHOBaHA HEOOXOJMMOCTH IIPOBEIEHUS KOMIUIEKCHBIX UCCIIETOBAaHUNA
aTMOC(EpHBIX a’3p030JIeH C HCHOJIb30BAHUEM COBPEMEHHBIX AHAIMTUYECKUX M TC€OXMMHYECKHX
METO/IOB, a TaK)K€ WHTETPALMU JaHHBIX 0 cocTaBe PM B cucteMy 5KOJIOrMYeCKOr0 MOHHTOPHHTA
Kazaxcrana. [TonyueHHbI€ pe3ylbTaThl MOTYT CIYXHTh HayYHOH OCHOBOM JUIsl COBEPILIEHCTBOBAHUS
OLIEHKH PHCKa, pa3padoTKH 3P EKTUBHBIX MPUPOIOOXPAHHBIX MEP U MOBBIIICHHUS PE3yIbTaTUBHOCTH
rOCYJJapCTBEHHOM MOJIMTUKU B 00JIACTH YIIPaBJIEHUS KAU€CTBOM aTMOC(EpPHOTo BO3AyXa.
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Annarna. Makanaga Ka3zakcTaHHBIH ©HEPKOCINTIK Kamamapbl - OckemeH wmeH IlaBmomap
aTMOC(epalIbIK ayachIHBIH CallaChlH 3epTTEYTre apHAJIFaH FBUIBIMH JKYMBICTapFa IIOJIY YKacaliFaH.
3eprrey Oapwicbiaaa PM2.5 sxone PM10 katTer a’po3oinbik OemnmiekTepine, conpaii-ak SOz, NOX
xoHe CO CHSKTHI ra3 TOpi3Jli JacTaylibl 3aTTapFa epeKIie Ha3ap ayaapbuiabl. JKYMBICTBIH MaKCaThl
- KazakcTan MeH oleMHIH OHEPKOCINTIK aiiMaKTapbIHIAFbl aTMOC(EpAIbIK aya MOHUTOPUHTIHIH
Ka3ipri KarJAallblH TallJay JKOHE a’pO30JIbJiK JacTaHyAbl 3€PTTEYACTi FHUIBIMU OJIKBUIBIKTAPIbI
anbIkTay. KemeHzi 3eprreynep caHBIHBIH IIEKTeyli OoiyblHa KapamacrtaH, emimizne PM2.5 sxone
PM10 koHmeHTpauusuiapblH, COHIAal-aK OachIM Yibl Ta3fgapabl Oakbuiay OoWbIHIIA Oenrimi Oip
SMIIMPHUKAIBIK TOKIpUOe >KMHaAKTanFaH. byn ypOaHmanraH j>KoHE HHIYCTPUSIIBIK aifMakKTapAarbl
TEXHOTEHJIIK JXYKTeMe JCHIeiiH Oaraliayra »OHE aya JacTaHybl KYpPBUIBIMBI TYpalibl OacTarKbl
TYCIHIK KaJIBITACTBIPYFa MYMKIHIIK Oeperi. JKYMBICTBIH FBUIBIMHU KAHAIBIFbI KAaTThI a3pP030JIbJIiK
OemmekTepAiH (U3HKA-XUMHUSUIBIK ~CHIATTAMAJIAPhIH  3€PTTEYACTT OTAaHIBIK JKOHE IIETEIIIK
TOXKIpHOEre cambpICTRIpMalbl Talmay JKyprisymeH OaimanbicThl. [llomy >KymbICEI OapbICHIHIA
Kasakcranma KarTel a’po30Jb OOJIICKTEPIHIH IEMEHTTIK Kypambl, MOP(OJIOTHUSACHI KOHE IIBIFY
ke3nepi 3eprrey Eypomna, AKII, Keiraii xoHe YHIICTaH €NIEPIMEH CANBICTBIPFaH/A JKETKIUTIKCI3
JTaMbIFaHbl KepceTinai. Artanran emnepae PM2.5 sxone PM10 aspo3onbaik KarTel OeJIIeKTepiH
TYPAKThl MacCAJIBIK OJIIICY KYMBICTAPhI CIIEKTPOCKOIMHSIIBIK JKOHE MAaCC-CIIEKTPOMETPHSUIBIK TAIIAY
o/icTepiMeH YHJIECTIpIreH KelleHal MOHUTOPUHT Kyienepi Kolaanbuiaapl. MyHai TOCUI JacTany
KO3/IepiH JIQIpeK aHBIKTayFa *OHE arMocdepara 3WUsSHABI IIBIFAPBIHIBUIAPABI a3aUTyIbIH THIMII
CTpaTerusyiapblH o3ipyieyre MyMKIHIIK Oepeni. 3epTTey HOTHIKECIHIE a’po30Jib OONIIeKTepiHIH
XUMUSUIBIK ~ KYPaMbIH, MayChIMJIBIK  ©3TEprillTiriH JKOHE KEHICTIKTIK-YaKbITTBIK  Tapairy
3aHJIBUTBIKTAPbIH aHBIKTayFa OAaFbITTAIFaH KEIICH 1 3epTTeyep/l KATFACThIPy KAKETTUIIr Typaibl
KOPBITBIH]IBI KACAJITBI.

Tyiiin ce3mep: aya camacel; PM2.5; PM10; armocdepaibik a’po3oibaep; JIEMEHTTIK Kypaw;
KazakcTaHHBIH ©HEPKACIITIK OHIpIepi.

Air quality monitoring in industrial centers: global and Kazakh experience based
on the study of particulate matters (PM2.5, PM10)

Zhanat Baigazinov, Aray Temirzhanova, Nurlan Mukhamediyarov, Kassym Zhumadilov,
Azhar Tashekova, Yerbol Shakenov, Medet Aktayev

Abstract. This article reviews studies on atmospheric air quality in the industrial cities of Kazakhstan
- Ust-Kamenogorsk and Pavlodar, focusing on particulate matter (PM2.5 and PM10) and gaseous
pollutants, including SO2, NOx, and CO. The aim of the study is to analyze the current state of air
quality monitoring in the industrial regions of Kazakhstan and worldwide, as well as to identify
existing scientific gaps in aerosol pollution research. Although comprehensive studies remain limited,
Kazakhstan has accumulated empirical experience in monitoring PM2.5, PM10, and toxic gases,
enabling the assessment of anthropogenic impacts and the identification of major air pollution
patterns in urban and industrial areas. The scientific novelty of the work lies in the comparative
analysis of domestic and international approaches to studying the physicochemical characteristics of
particulate matter, including PM2.5 and PM10 monitoring practices. The review shows that studies
on the elemental composition, morphology, and sources of aerosol particles in Kazakhstan remain
insufficiently developed compared to those conducted in Europe, the United States, China, and India,
where advanced monitoring systems combine regular PM measurements with spectroscopic and mass
spectrometric analyses. Such approaches allow more accurate identification of pollution sources and
support the development of effective emission reduction strategies. The study emphasizes the need
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for further comprehensive research on the chemical composition, seasonal variability, and spatio-
temporal distribution of aerosol particles.

Keywords: Air quality; PM2.5; PM10; atmospheric aerosols; elemental composition; industrial
regions of Kazakhstan.
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Abstract. The article examines the specific features of the formation of
the elemental composition of the population living within the impact zone
of the gold mining enterprise JSC “Altyntau Kokshetau” (Konysbay
village, Akmola region). The concentration of chemical elements in
human hair was determined using inductively coupled plasma mass
spectrometry (ICP - MS), which enabled the assessment of a wide
spectrum of trace, minor, and potentially toxic elements. The relevance of
this research is driven by the high concentration of mining enterprises in
Kazakhstan and the environmental risks associated with their activities,
including the accumulation of potentially toxic elements in environmental
compartments and biological substrates of the exposed population. Hair
was used as an informative biomarker reflecting long-term exposure to
both natural geochemical conditions and anthropogenic pollution sources.
Statistical processing of the obtained data was performed, and the results
were compared with reference data from other regions of Kazakhstan as
well as with the noosphere Clarke values. The study revealed localized
anomalies in the accumulation of several heavy metals and trace elements
including elevated concentrations of Cr, As, Hg, and Zn. These findings
indicate the combined influence of regional geochemical background and
technogenic pressure associated with gold mining activities, highlighting
the importance of biomonitoring in environmentally stressed mining
areas.

Keywords: ecological and geochemical status; heavy metals; human hair;
gold mining enterprise; Konysbay village; Akmola region; anthropogenic
impact.

1. Introduction

Kazakhstan is a unique territory where the geological structure and
history of formation of the Earth’s subsurface have been leading to the
presence of a huge variety of mineral resource bases. It includes fuel and
energy resources (hydrocarbons, coal, uranium) and reserves of ferrous,
non-ferrous, precious, and rare metals and industrial minerals. Such a
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diverse range of resources and ore deposits allows considering Kazakhstan as one of the strategic key
regions. In a relatively short period of time, a lot of large — scale mining and mineral processing
enterprises have appeared in Kazakhstan (Zhansetov et al., 1993).

Kazakhstan produces a great variety of mineral commodities and at present is a leading
producer of uranium, chromite, coal, iron and steel, copper and zinc. The country is also a significant
producer of lead, barite, cadmium, gold, titanium sponge and others (The World Bank Report, 2023).
Such resource-based growth has led to the accumulation of billions of tons of waste, serious damage
to land resources, a high level of air, underground and surface water pollution.

Over the past decades, a large number of studies have been conducted in different countries
around the world, in which the impact of mining and industrial activities on the environment was
assessed based on the chemical composition of various natural and biological media, such as
groundwater and surface water, soils, agricultural crops, and human hair. It was proven that within
the impact zones of mining and industrial enterprises, natural and biotic environments contained local
and regional anomalies in the concentrations of toxic elements, indicating long-term technogenic
influence. Contribution of the mining activity to elevated concentrations of heavy metals and
metalloids, including As, Cd, Cr, Co, Cu, Fe, Pb, Hg, Mn, Ni, U and Zn in the environment is widely
reported (Yang et al., 2021; Tibane et al., 2022; Abdul — Wahab et al., 2012).

Long-term discharges of dangerous chemical elements in the areas of mining activities lead to
pollution of riverbed sediments. Especially, such elements as Cu, Pb u Cd are the highest in the areas
with industrial effluents (Marrugo — Negrete et al., 2021). Such elements can negatively affect aquatic
systems in general, people living nearby and river users. The study of soil, water, plant and sterile
and mineralized waste near gold mine found exceeding the reference values of drinking water quality
identified by the World Health Organization with As, Ba u Pb elements. Plants exhibited high Pb
concentrations that caused health risks for the population. Mean concentration of toxic elements in
soil was higher than reference values of soil quality defined by the legislation of the country (de
Souza et al., 2017).

High concentrations of potentially toxic elements near mining areas cause a serious risk to the
ecosystem and human health. Some heavy metals released during mining activity, such as arsenic and
lead, are known as carcinogens and can elevate the risk of various cancers, anemia and intellectual
disability. Children and pregnant women are among the most vulnerable groups to heavy metal
exposure: in children it can impair brain and nervous system development, leading to learning
difficulties, attention deficits, and behavioral disorders, while in pregnancy metals can cross the
placental barrier and harm maternal and fetal health, increasing the risks of birth defects, miscarriage,
and preterm birth (Feitosa et al., 2021; Chen et al., 2007).

For ecological and biogeochemical monitoring, many researchers used scalp hair of the
population due to their convenience in sampling, storage, and transportation, as well as their ability
to reflect long-term accumulation of chemical elements (Adav 2025; Zhang et al, 2023; Barbosa et
al., 2005; Morton et al., 2002).

In Kazakhstan, similar studies have been conducted in many regions of the country. In North
Kazakhstan (Baikenova et al., 2021), the authors compared the elemental composition of the
population of North Kazakhstan and Akmola regions that were located within a large uranium ore
province. In their study, the results of elemental composition were used as an indicator of the
environmental and geochemical situation of the territory. The study revealed higher concentrations
of rare, rare earth and radioactive elements (Th, U, and Au, Bi, Se), which characterized the impact
of mining enterprises and the natural characteristics of ore fields.

In North Kazakhstan, Sharipova et al. (2023) studied the concentration of 28 chemical elements
in the hair of the population living in the area of urbanization, industrial development and uranium
mining operations. The study showed specific accumulation of Sr, Ba, and rare earth elements.

The study on the concentration of the toxic elements in the hair of children was conducted in
the oil and gas-producing region of Western Kazakhstan. The author evaluated the relationship
between the concentrations of toxic elements and the remoteness of their residence from oil and gas
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fields. The study showed the highest concentration of Al and Hg in the hair of children living close
to oil and gas fields (0—16 km). Concentrations of As, Cd, and Pb in hair increased with distance from
oil and gas production sites (Batyrova et al., 2021).

In the area of the Semipalatinsk Nuclear Test Site (Dzhambayev et al., 2018), in his study
presented the results about the impact of nuclear technogenesis on ecosystem components (soil, salt
deposits, wormwood, animal muscle tissue, and human biosubstrates). The natural geochemical
specificity of the elemental composition of human biosubstrates in the territory adjacent to the
Semipalatinsk Nuclear Test is reflected in the accumulation of Zn and U. The territories located at
the greatest distance from the SIP are characterized by the highest chemical load.

The data obtained by Shaimardanova et al. (2010) showed that the accumulation level of the
studied chemical elements in hair reflected the degree of anthropogenic impact of the developed
industrial complex of Pavlodar and the surrounding areas on the entire soil-plant-animal (human)
system. Moreover, judging by the spectrum of chemical elements, three main impacting sources can
be identified: coal-fired power plants and the metalworking industry (Hg, Zn, Co, Cr, Sr); the
chemical industry (Hg, Se, Rb); and petrochemical production (Zn, Se).

The study of (Korogod, 2010) reported spatial biogeochemical patterns of element
accumulation in the hair of school-aged children (12-14 years) in Pavlodar Region. The results
indicated territorially differentiated technogenic impacts associated with emissions from coal-fired
thermal power plants, metal-processing, and petrochemical industries, with additional influence
linked to river-mediated transport of pollutants. Based on the elemental spectrum, the authors
distinguished two major source groups: (1) coal-fired power generation and metal-processing
industries (Hg, Zn) and (2) chemical and petrochemical production (Hg, Se; Zn, Se).

Rich mineral resource base is an important factor in the economic development of the country.
However, it can also lead to the formation of technogenic anomalies in different components of the
environment. Of particular concern are the heavy and potentially toxic metals that are emitted from
industry: ferrous and non-ferrous metallurgy, solid and liquid fuel extraction, and mining and mineral
processing complexes.

Environmental protection specialists have identified a priority group of toxic metals. This group
includes elements such as cadmium, copper, arsenic, nickel, mercury, lead, zinc, and chromium, as
they pose the greatest risk to human health.

The aim of the study was to identify the specific patterns of elemental status development in
the population living in the impact zone of the gold mining company JSC “Altyntau Kokshetau”
(Konysbay settlement, Akmola Region).

2. Materials and methods

Hair sampling was conducted in the village of Konysbay in the Akmola region in the fall of
2024. A total of 25 adult hair samples were analyzed. Full names, residential addresses, age, gender,
and place of birth were recorded during collection. The sample included residents who were
absolutely healthy, without chronic or acute inflammatory processes, and they also lived for a
sufficiently long time in the area where the selection was made (at least 10 years). The hair was
collected and prepared for analysis according to IAEA recommendations (Element analysis of
biological materials, 1980; Narkovich, 2012). The material was collected with stainless steel surgical
scissors from five points on the scalp.

Sample preparation was carried out in the Department of Geology of Tomsk Polytechnic
University.

The content of 73 chemical elements was determined using inductively coupled plasma mass
spectrometry (ICP-MS) (Druzian et al., 2021). The work was carried out at the Problem Research
Laboratory of Hydrogeochemistry at Tomsk Polytechnic University. The obtained data were
processed using Microsoft Excel and STATISTICA 10 programs.
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3. Results

In this study, it was decided to focus on the concentrations of heavy metals in the adult
population, since this group of elements is traditionally considered a priority from the point of view
of environmental and sanitary safety. Heavy metals are characterized by potential toxicity, the ability
to accumulate in the body, and a long period of biological elimination. Their excessive intake can
lead to the development of adverse health effects, including dysfunction of individual organs and
systems, as well as an increased risk of chronic diseases. Therefore, assessing heavy metal levels in
biological substrates is an informative approach for identifying potential environmentally induced
risks and substantiating preventive measures.

For comparative analysis, previously published data on the elemental composition of biological
samples from other regions of Kazakhstan were used in this study. This data allowed us to establish
background and regional benchmarks and account for spatial variability in geochemical conditions.

Various factors from the external and internal environment can influence the distribution of
elements in the hair of the population of the studied region, which leads to uneven content of
individual chemical elements and the detection of abnormal values. Standard statistical parameters
calculated for the studied sample are presented in Table 1.

Table 1. Statistical parameters of chemical elements in the hair of residents of Konysbay settlement,
living near JSC Altyntau Kokshetau, (mg/kg)

Elements Mean G.mean | Median Min Max St.dev. | Variation | St.error
Cr 11.21 9.96 10.74 2.36 20.7 4.83 43.0578 0.965
Ni 1.28 1.19 1.17 0.65 2.7 0.56 43.8938 0.113
Cu 10.37 10.18 10.10 7.15 17.5 2.13 20.5033 0.425
Zn 194.45 171.94 168.30 75.04 600.1 124.34 63.9450 24.868
As 0.52 0.26 0.20 0.03 24 0.69 132.8512 0.138
Cd 0.05 0.04 0.05 0.01 0.1 0.02 53.2722 0.005
Hg 0.73 0.57 0.60 0.14 2.0 0.51 70.4438 0.102
Pb 0.92 0.58 0.65 0.08 6.4 1.25 135.4987 0.250

The variation coefficients of the studied heavy metals vary widely - from 20 to 135 % -
indicating varying degrees of spatial heterogeneity. At V < 50 %, a relatively uniform distribution
pattern is noted for Cu (20 %), as well as Cr (43 %) and Ni (44 %), indicating predominantly natural
(lithogenic) control of their content. Increased variability (V = 50-100 %) is characteristic of Cd (53
%), Zn (64 %), and Hg (70 %), which may indicate a mixed origin. The highest heterogeneity (V >
100 %) was established for As (133 %) and Pb (135 %), reflecting the presence of local anomalies
and probable anthropogenic influence.

Overall, the geochemical structure of the territory is characterized by a combination of natural
background element contents and localized areas of their increased accumulation, reflecting the
heterogeneity of the heavy metal distribution. To determine regional patterns of chemical elements
in the hair of residents of Konysbay settlement, located near the Altyntau-Kokshetau JSC, we
compared average element concentrations with similar values in other areas of the Republic of
Kazakhstan. The data in Table 2 demonstrate spatial heterogeneity in element content in hair among
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residents of different regions of Kazakhstan, indicating the influence of regional biogeochemical
conditions and anthropogenic factors.

Table 2. Comparative characteristics of the accumulation of chemical elements in the hair of people
living in Kazakhstan (mg/kg)

Elements | Akmola Residents of South Kazakhstan | North Kazakhstan | Ekibastuz
region Konysbay settlement territory region city

Cd 0.22+0.12 0.05+0.005 0.05+0.008 0.17+0.09 0.04+0.01
Cu 16.2+2.7 10.3740.42 11+0.5 12.5+1.33 9.0+1.5
As 0.07+0.01 0.52+0.13 0.67+0.1 0.04+0.007 0.04+0.02
Ni 0.97+0.25 1.28+0.11 0.47+0.03 0.7+£0.27 0.6+0.3
Hg 0.24+0.05 0.73+0.10 1.1+£0.3 0.22+0.04 0.2+0.05
Pb 1.55+0.45 0.92+0.25 1.3+0.22 0.72+0.29 1.1+0.4
Zn 328+49 194.45+24.86 236+25 288+86 455+130
Cr 0.5%0.05 11.21+0.96 0.76+0.1 0.52+0.05 0.41+0.03

High concentrations of cadmium were found in the hair of residents of the Akmola region and
North Kazakhstan region, indicating the specific soil and geochemical background and agro-
technogenic impacts in these areas. The lowest concentrations were observed in residents of
Ekibastuz and Konysbay. Elevated arsenic and mercury levels were observed in residents of South
Kazakhstan territory and Konysbay settlement, possibly due to natural geochemical anomalies or
anthropogenic sources. Moderately elevated lead levels were found in the hair of residents of the
Akmola region and South Kazakhstan. This is possibly due to industrial exposure and transport
factors. Essential elements such as copper and zinc vary widely. The highest copper levels were
recorded in the Akmola region, while the highest zinc levels were found in residents of Ekibastuz,
indicating the region’s industrial profile and the specific mineral composition of the surrounding
environment. Nickel concentrations are relatively stable across all regions, but elevated levels in
Konysbay may indicate local geochemical peculiarities. Chromium levels are significantly higher
among residents of Konysbay compared to other regions, where their levels remain close to
background values. This indicates the possible presence of a localized technogenic or natural
chromium-containing anomaly.

Overall, the element distribution in Table 2 reflects the combined influence of natural
biogeochemical provinces and anthropogenic factors that shape the elemental status of the population.
Elevated concentrations of toxic elements (As, Hg, Cd, Pb) in some regions can be considered
potential environmental risk factors, while variability in essential elements indicates differences in
mineral nutrition and environmental conditions.
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Figure 1. Comparative analysis of the content of chemical elements in the hair of people living in
Kazakhstan (mg/kg) (Source: developed by the authors based on the research results)

The study analyzed the spatial distribution of heavy metals (Cd, Co, Cu, As, Ni, Hg, Pb, Zn,
and Cr) in soils and environmental components in the Akmola region, Konysbay settlement, South
Kazakhstan, North Kazakhstan region, and Ekibastuz. Element concentrations are presented on a
logarithmic scale, allowing for comparison of elements with significantly different levels and
identification of their biogeochemical patterns.

The results showed in Figure 1 that zinc concentrations were elevated in all studied regions.
Elevated Zn concentrations are consistent with its role as a biophilic and lithophilic element,
widespread in parent materials and actively involved in biological cycles. Furthermore, high Zn levels
may be due to anthropogenic influences, including agricultural activities and man-made emissions.

Copper is characterized by consistently elevated values compared to most other trace elements.
This is consistent with its high geochemical mobility and ability to accumulate in soils, especially
under conditions of long-term anthropogenic impact. In a number of areas, Cu forms a pronounced
local geochemical background, which is typical for regions with developed economic activity.

Cadmium, mercury, and arsenic levels generally remain relatively low; however, these
elements are of particular interest from a biogeochemical hazard standpoint. Even at low
concentrations, they are highly toxic and capable of bioaccumulation and biomagnification, requiring
their mandatory inclusion in environmental assessments of the area.

Chromium exhibits significant regional variations. This is likely due to the mineralogical
composition of the parent rocks and the redox conditions of the soils, which determine the valence
state and migration capacity of the element.

Overall, the identified patterns reflect the geochemical heterogeneity of the study areas, which
is influenced by natural (geological structure, soil formation, climatic conditions) and anthropogenic
factors. The predominance of Zn and Cu corresponds to the classical biogeochemical series of trace
elements, while the variability of the content of toxic elements (Cd, Hg, As, Pb) emphasizes the need
for their systematic monitoring and assessment of potential environmental risks.
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Figure 2. Concentration coefficients relative to the average for the sample of chemical elements in
the hair of residents of Konysbay settlement (Source: developed by the authors based on the research
results)

We examined the concentration ratios relative to the sample average for chemical elements in
the hair of residents of Konysbay settlement. Data analysis reveals a pronounced predominance of
chromium. Its concentration is significantly higher than that of other metals, indicating the formation
of a specific geochemical background. The source of Cr may be related to both natural factors and
anthropogenic impact. Biogeochemically, chromium is relatively stable and can accumulate in soils,
especially under certain redox conditions.

Arsenic ranks second in concentration. Its elevated values are of environmental significance
because As is a highly toxic element and actively participates in migration processes. It can transform
into mobile forms and enter food chains through soil-plant and aquatic systems.

Nickel, copper, and zinc are characterized by moderate concentrations and form a relatively flat
sector of the diagram. These elements are biophilic and widespread in the natural environment.
However, at elevated levels, they may reflect anthropogenic impacts. Their combined presence may
be due to both the natural geochemical background and diffuse pollution.

Cadmium, mercury, and lead are present in the smallest quantities. Despite their low
concentrations, these elements are highly toxic and bioaccumulative. Even at low accumulation
levels, they can pose a potential environmental hazard if exposed to ecosystems over long periods of
time.

The data shown in Figure 2 demonstrates that the distribution of elements is uneven: Cr and As
are higher values, while other elements are of lesser importance. This situation is typical for areas
with a particular geochemical specialization and requires special attention to the most hazardous
elements during environmental assessment and monitoring.
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Figure 3. Concentration coefficients relative to the noosphere clarke of chemical elements in the hair
of residents of Konysbay settlement (Source: developed by the authors based on the research results)

Chemical element clarkes are in demand in ecological-geochemical studies due to their broad
elemental coverage, which allows for more detailed comparative assessments (Kasimov et al., 2015).
In our study, we applied the noosphere clarke for the study area. Values greater than one indicate
enrichment of the element, while values below one indicate its dispersion relative to the clarke level.

Analysis of the obtained data revealed that mercury and zinc are characterized by the most
pronounced relative enrichment compared to the noosphere clarke. Hg exhibits the greatest excess
over the clarke value, indicating its primary role in the formation of the technogenic-geochemical
anomaly. Hg is known to be highly migratory and prone to accumulation in biogeochemical barriers,
which increases its environmental hazard even at moderate absolute concentrations.

A significant excess of the Clarke value was also noted for Zn. This element is a biophilic trace
element and is actively involved in biological cycling; however, its relative enrichment may be an
indicator of anthropogenic impact, including industrial activity and agricultural sources.

Arsenic, copper, and nickel generally exhibit values close to the Clarke value, indicating the
formation of a quasi-background geochemical state. This distribution may reflect the predominance
of natural control factors, including the mineralogical composition of parent rocks and soil-forming
processes.

Cadmium, lead, and chromium are characterized by values below the noospheric clarke value,
indicating relative geochemical depletion. However, even with a Clarke deficiency, these elements
retain high ecological and biogeochemical significance, as their toxicity and bioaccumulation
potential do not directly correlate with their absolute levels.

Figure 3 shows that the concentration ratios relative to the noospheric clarke of chemical
elements in the hair of residents of the village of Konysbay indicate an uneven redistribution of
elements compared to the global noospheric background. Mercury (Hg) and zinc (Zn) can be
considered indicators of anthropogenic impact, as their concentrations most clearly reflect the
influence of anthropogenic factors.

4. Discussion

The obtained results indicate that the geochemical structure of the studied territory is formed
under the combined influence of natural background conditions and localized zones of increased
accumulation of chemical elements. This reflects a pronounced heterogeneity in the distribution of
heavy metals and suggests a complex nature of the formation of the elemental composition of hair in
the examined population.
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To identify regional patterns, a comparative analysis of the average concentrations of chemical
elements in the hair of residents of Konysbay village, located near JSC ““Altyntau Kokshetau” was
carried out in relation to similar data from other regions of the Republic of Kazakhstan. The
comparison revealed spatial variability in element content, indicating that the elemental status of the
population is influenced by both regional biogeochemical conditions and anthropogenic factors.

In general, the distribution of elements reflects the combined effect of natural biogeochemical
provinces and technogenic impact. Elevated concentrations of toxic elements, such as As, Hg, Cd,
and Pb, may be considered potential environmental risk factors. At the same time, the variability of
essential elements suggests differences in mineral nutrition and environmental conditions affecting
the population.

The analysis of individual elements demonstrates an uneven distribution pattern, with relatively
higher values observed for Cr and As, while the remaining elements contribute less significantly to
the overall geochemical profile. Such a distribution is characteristic of territories with specific
geochemical specialization and highlights the importance of focusing on the most hazardous elements
in environmental assessment and biomonitoring.

Furthermore, the analysis of concentration ratios relative to the noospheric clarke values
indicates an uneven redistribution of elements in the hair of residents of Konysbay village compared
to the global background levels. Among the studied elements, Hg and Zn can be considered the most
indicative of anthropogenic influence, as their concentrations most clearly reflect the impact of
technogenic factors.

Overall, the results confirm that the elemental composition of hair can serve as a sensitive
indicator of environmental conditions and anthropogenic pressure in mining-affected areas.

5. Conclusion

The present study of the elemental composition of hair from residents of Konysbay settlement,
located near the Altyntau Kokshetau JSC, revealed the characteristics of their biogeochemical status
and assessed the possible influence of natural and anthropogenic factors.

Analysis of statistical parameters revealed that the distribution of heavy metals is
heterogeneous. Relatively low variability was observed for some elements (Cu, Cr, Ni), indicating
primarily natural (lithogenic) control of their content. However, elevated coefficients of variation for
As, Pb, Hg, Zn, and Cd indicate the presence of local anomalies and probable anthropogenic
influence.

A comparison with data from other regions of the Republic of Kazakhstan confirmed
pronounced spatial differentiation in the elemental composition of hair. Konysbay settlement is
characterized by elevated levels of chromium, arsenic, and mercury compared to several other areas,
which may reflect both the specific geochemical background and the influence of industrial activity.
An analysis of concentration coefficients relative to the sample mean revealed the dominance of Cr
and As in the elemental profile. A comparison with the noosphere’s clarke revealed a relative
enrichment in Hg and Zn, allowing these elements to be considered indicators of anthropogenic
impact. Although absolute concentrations of several toxic elements remain within moderate limits,
their high toxicity and bioaccumulative potential necessitate regular monitoring.

Overall, the geochemical structure of the study area is shaped by the combined influence of
natural biogeochemical conditions and anthropogenic factors. The identified patterns of heavy metal
distribution in the hair of the population reflect the presence of local geochemical anomalies and
highlight the importance of further ecological and biogeochemical research aimed at assessing
environmental risks and developing preventative measures to reduce potential adverse impacts on
public health.
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AJITBIH OHAIPY KICIMOPHBIHBIH KAHBIHAA TYPATBIH XAJBIKTHIH IHIAIIBIHAAFbI
aybIp MeTAJNAaPAbIH (KHHAJYBIH CAJIBICTHIPMAJIbI TAJIAAY

Jlazzatr bBepmaranOeroBa, AnyapOexk Kaka0aes, Haranbsn bapanosckas, I'yium baiikeHnoBa,
boraro3 lllapunosa, Aiiryas Kypmanoaesa

Angarna. Makanana Akmona o6ibicsl, KonbicOail aybuibiHa opHanackad «AnTeiHTay Kekieray»
AK anTelH OHJIIpyIIl KOCIMOPHBIHBIH dcep €Ty aiMarblHIa TYPaThIH XaJIBIKTBIH AJIEMEHTTIK
KYPaMBIHBIH ~ KaJIBINTACy EpeKIIeNiKTepi KapacThIPhUINBL. AJllaM  IIAMIBIHIAAFBl  XUMUSUIIBIK
AIIEMEHTTEpP/IiH KOHICHTPAIMIChl HHIYKTHBTI OaifylaHbICKaH I1a3Maibik Macc-criekrpomerpus (ICP-
MS) omiciMeH aHBIKTAIIbI, OYJI MUKPO-, MAKPO- )KOHE JICYETT1 YBITThI 3JIEMEHTTEP/IIH KEeH CIIEKTPIiH
Oaranmayra MyMKiHAIK Oepai. 3eprreynin e3ektimiri Kazakcranma Tay-keH —eHAIpYIIi
KOCIMOPBIHAAPABIH KOFAPHI MIOFBIPIAHYBIMEH YKOHE OJapAbIH KbI3METiHE 0ailTaHBICTHI KOJIOTUSITBIK
TOyEKeJIepPMEH, COHBIH IIIIHJAE KOpIIaFaH OpTa KOMIIOHEHTTEpI MEH XaJbIKThIH OHOJIOTUSIIBIK
cyOcTpaTTapblHIa QJICYETTI YBITTHI AJEMEHTTEPAIH JKUHAKTamybIiMeH TyciHmaipineai. [llam taburu
TeOXUMUSUIBIK JKaFJaiiap MEH aHTPOTOTeH/IIK JacTaHy KO3/IePiHiH Y3aK Mep3iM/Ii dCepiH KOPCeTeTIH
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aKMaparThIK OMOMapKep pEeTiHJAE MNaiJanaHbUIAbl. AJBIHFAH JCPEKTEePre CTATUCTHKAIBIK OHJCY
XKyprizimn, HoTwkenep KazakcrtanubiH 0acka eHipiepi yiIiH pedepeHTTIK MOHIEPMEH, COHJIal-aK
HOOC(hepallbIK KIapKTapMeH CalbICTHIPBUIILL. 3epTTey Oapwickinma Cr, As, Hg xone ZN CUSKTHI
OipkaTap ayplp MeTajajgap MEH MHKPO3JIEMEHTTEPAIH JKWHAKTATYBIHBIH JKEPIUTIKTI aHOMAJIUSIIAPHI
aHBIKTANABL. AJIBIHFAH HOTIDKENEpP alMaKThIK TEOXUMISUIBIK (OH MEH aIThIH OHIIpyIIi
KOCIMOPBIHAAP/IBIH KbI3METIHE OaJIaHBICThI TEXHOTCH/IIK JKYKTEMEHIH O1pJIECKeH o9CepiH KopceTe i,
Oy SKOJIOTHSUIBIK IIMEJICHICTI Tay-KeH eHAIpY eHipiepiHIe OMOMOHUTOPUHITIH MaHBI3IbUIBIFBIH
alKbIHIANTBL.

Tyiiin ce3aep: SKOJIOTHSIBIK KOHE TEOXMUMHUSUIBIK JKaFIaif; ayblp MeTajjap; aJaM IIaiibl; aIThIH
eHipymi kocinopbiH; KoneicOaii aybuibl; AKMOIa 00JIBICH; aHTPOIIOTEHIIK dcep.

CpaBHUTEJBbHBIA AHAJIM3 HAKOIUICHUSI TSKEJIBIX MeETAa/UIOB B  B0JIOCAX
HaceJIeHHS, POKUBAIOLIETr0 BOJIM3HU 3010TO100BIBAIOIIETO MPEeANPUATHS

Jlazzat Bepmaran0eroBa, Anypadek KakadaeB, Hataabn BapanoBckasi, I'yium BbalikenoBa,
Boraro3 lllapunoBa, Aiiryas Kypmantaesa

AHHoTanusi. B crtatbe paccmaTpuBaroTcsi 0COOEHHOCTH (DOPMHPOBAHUS AIEMEHTHOTO COCTaBa
HACEJICHUs, IPOXKUBAIOLIETO0 B 30HE BO3JEUCTBUSA 30J10TOAOOBIBaOIIEro mnpeanpusatus AO
«Anteintay Kokmeray» (mocénok KonsicOait, AkmonuHckas o6acts). KoHIIEHTpaun XUMHYECKUX
3JIEMEHTOB B BOJIOCAX Y€JIOBEKa OBLIM ONPEEICHbl METOJIOM MHIYKTUBHO CBSI3aHHOM IIa3MEHHOU
macc-cuekrpomerpur (ICP-MS), 4To MO3BONMIO OIECHHWTH IIUPOKUN CIEKTP MHKpPO-, Makpo- U
MOTEHIIMAJIbHO TOKCUYHBIX 3JEMEHTOB. AKTYaJlbHOCTh HCCJEIOBaHUS OOYCIIOBJIEHA BBICOKOMN
KOHIIEHTpaluell TOpHOAO0ObIBatOUX MpeanpusaThii B KazaxcraHe u SKOJIOTMYECKUMHU PUCKAMH,
CBSI3aHHBIMU C UX J€SATEIbHOCTHIO, BKJIIOYas HAKOIUIEHWE MOTEHIIMAIbHO TOKCUYHBIX 3JIEMEHTOB B
KOMITIOHEHTaX OKpY)KawIled cpeabl W OUONOrMYecKUx CcyOcTparax HaceleHus. Boiocsl
HCIOJIb30BAJNCh B KadyecTBe MH(POPMATUBHOIO OHOMapKepa, OTPAKAIOLIEro JUIMTEIbHOE
BO3JICHCTBUE KaK MPUPOJHBIX TCOXMMHYECKHX YCIOBUH, TaK W aHTPOIMOTEHHBIX HCTOYHUKOB
3arpsi3HeHus. bplia mpoBeieHa cTaTUCTHUYecKas oOpabOTKa IMOJYYEHHBIX JaHHBIX, a Pe3yJIbTaThl
COTIOCTaBJICHBI C pedEepeHTHBIMU 3HAYEHUSIMU JUIs APYrux pernoHoB Kazaxcrtana, a Takxke C
KJapkamu Hoochepsl. B xozie uccinenoBaHus BBISABIECHBI JIOKaJbHbIE aHOMAJIMK HAKOILJICHUS psizia
TSOKENBIX METANIOB M MUKPOAJIEMEHTOB, BKJIIOYAas MOBBIIEHHBIe KoHIIeHTparuu Cr, As, Hg u Zn.
[TonydyeHHble pE3yabTaThl CBHUJETENBCTBYIOT O KOMOWHHUPOBAHHOM BIIMSHUM PErMOHAIbHOIO
reOXMMHYECKOro JOoHA U TEXHOTEHHON HAarpy3KH, CBI3aHHOM C AeSITebHOCTHIO 30JI0TO100BIBAIOIITIX
MPEANPHUATHH, YTO TOTIEPKUBACT BAKHOCTH OMOMOHHTOPHHTA B JKOJIOTWYCCKU HAIPSHKEHHBIX
TOPHOJOOBIBAIOIINX PETUOHAX.

KiroueBble €jI0Ba: DKOJIIOTHMYECKOE M TI'€OXHMHYCCKOE COCTOSAHHCE, TSOKENBIS METAJlJIbl; BOJIOCHI

YeJIOBEKa; 30J0TOJoObIBaONIee mpeanpustue; mnocénok KonwicOai; AKMONMHCKas 00J1acTh;
AHTPOIIOI€HHOE BO3/ECICTBUE.
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Abstract. Steppes and semi-deserts are arid ecosystems with seasonal
climate, limited water resources, and a high risk of wildfires. The Altyn
Dala State Nature Reserve is located in the South Turgai physico-
geographical province of the Eurasian steppe, encompassing the
northwestern range of the Betpak-Dala saiga population which is the
largest in terms of distribution area. The region includes traditional
calving grounds and saigas’ migration routes, and during winters with low
snow cover, part of the population remains in the area year-round. In
addition, reintroduction programs for Przewalski’s horse and kulan are
being implemented in the arid and desertified steppes of Kazakhstan.
Therefore, studying the ecological situation in the region is both important
and timely. The aim of this study is to analyze wildfires in the Altyn Dala
State Nature Reserve and assess their potential impact on ungulate
migrations. The objectives are comprehensive analysis of wildfire
frequency and of burned areas sizes within the reserve during the period
20002025 using remote sensing methods. During the study period, 51
wildfires were recorded within the boundaries of the reserve, with a total
area of 1376299 hectares have been burnt. An increase in the population
of the Betpak-Dala saiga, combined with droughts and wildfires, have led
to mass migrations of saiga to the northern parts of Kostanay Region,
resulting in significant damage to grain crop fields. To reduce wildfire-
related damage, early detection based on modern satellite monitoring
technologies is strongly required.

Keywords: steppe wildfires; remote sensing; satellite-based research;
Altyn Dala State Nature Reserve; adjacent territories; pyrogenic factor;
ungulate migrations; Kazakhstan.
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1. Introduction

Wildfires are natural phenomena that may have significant consequences for ecosystems,
climate, and human livelihoods (Stavi, 2019). Pyrogenic factors include both natural causes (lightning
strikes, accumulation of dry biomass, drought, etc.) and anthropogenic drivers (agricultural burning,
careless fire handling, grassland burning) (Kamp et al., 2016; Bragina et al., 2018; He et al., 2019;
Dara et al., 2020; Jones et al., 2022; Shi et al., 2022; Venkatesh et al., 2022; Bragina et al., 2025).
Steppe fires are often characterized by high rates of spread and the capacity to cover extensive areas.
The probability of fire occurrence increases with rising wind speed and decreasing relative air
humidity (Domenech et al., 2025). A long-term analysis of fire dynamics (2000-2025) in the
Naurzum State Nature Reserve and adjacent territories (Kostanay Region, Kazakhstan) was
conducted using satellite remote sensing (Bragina et al., 2025). In the dry steppes and semi-deserts
where the Altyn Dala State Nature Reserve is located, wildfires exert a substantial influence on biota.
They may significantly affect the migration patterns of ungulate mammals (e.qg., saiga antelope, kulan,
wild horses) (Gutiérrez & de Miguel, 2021). Fires compromise habitat safety for many animal species
and reduce the availability of forage and water resources. In the short term, grass cover is destroyed
during fires, forcing animals to leave burned areas, sometimes migrating tens or even hundreds of
kilometers (Geraskina et al., 2022). A reduction in available forage resources may result in
overgrazing and degradation of remaining pastures, causing conflicts with domestic livestock, or
incursions into cultivated lands and subsequent crop damage, causing significant economic losses
and undermining local livelihoods (Koshkina et al., 2026). Furthermore, the burning of vegetation
around watering sites increases evaporation and/or leads to the desiccation of water sources, while
also degrading shelter quality due to the loss of protective vegetation. Such fires may cause direct
mortality, particularly among juveniles and weakened individuals. Thermal stress, food shortages,
and increased predation pressure resulting from the loss of cover are also important factors. In the
long term, the effects of frequent fires manifest in soil and vegetation cover erosion, land
desertification, degradation of traditional grazing areas, and reduced forage security, potentially
altering established animal migration routes.

Study Area and History of Establishment of the Altyn Dala State Nature Reserve. The study
area encompasses the Altyn Dala State Nature Reserve (hereinafter referred to as the Reserve),
located in the southern part of Kostanay Region, Republic of Kazakhstan (Bragina & Bragin, 2017).
The establishment of a large, specially protected natural area in the Turgai region was first proposed
in 2003 by Professor T.M. Bragina. In August 2005, at an interministerial working meeting dedicated
to the interim results of the UNEP/GEF/WWF project “Development of an Ecological Network
(Econet) for the Long-Term Conservation of Biodiversity in the Ecoregions of Central Asia (Econet—
Central Asia),” Professor T.M. Bragina (regional and national project coordinator) proposed
including in the official protocol the creation of a Nature Reserve named “Altyn Dala” as one of the
key outcomes of the project in Kazakhstan. The meeting was attended by representatives of
Kazakhstan Parliament, state environmental authorities (the Ministry of Environmental Protection;
the Forestry and Hunting Committee), international and national conservation organizations (World
Wide Fund for Nature — WWF; Frankfurt Zoological Society — FZS; Royal Society for Protection of
Birds — RSPB), and the Association for the Conservation of Biodiversity of Kazakhstan (ACBK), as
well as the Ministry of Foreign Affairs, the Water Resources Committee of the Ministry of
Agriculture, the Ministry of Finance and Budget Planning, the Agency for Land Resource
Management, and other relevant institutions and stakeholders. A parallel consultative meeting with
representatives of WWF, FZS, and RSPB addressed the establishment of a joint long-term
international conservation initiative, also named “Altyn Dala” (Altyn Dala Conservation Initiative,
ADCI). Professor T.M. Bragina served as the first coordinator of ADCI (2005-2007), in agreement
with WWEF, FZS, and RSPB within the framework of the Association for the Conservation of
Biodiversity of Kazakhstan. This initiative significantly accelerated the preparation of documentation
for the establishment of the Reserve and the development of the “ADCI Strategy until 2030.” The
establishment of the Altyn Dala State Nature Reserve was incorporated into the “Program for the
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Development of the Network of Specially Protected Natural Areas in the Republic of Kazakhstan for
2007-2009” and the “Program for the Conservation and Sustainable Use of Wildlife Resources and
the Development of the SPNA Network until 2010 (approved by Resolution of the Government of
the Republic of Kazakhstan No. 914 of October 8, 2007), aimed at the conservation and restoration
of steppe and semi-desert landscapes, as well as populations of rare and endangered large mammals
(saiga antelope, kulan) and bird species (Bragina, 2006a, 2006b; ENO, 2008). In 2007, Professor
T.M. Bragina led a comprehensive scientific field expedition, supported by FZS, to select and
describe the territory proposed for the Reserve and to prepare the “Scientific Justification for the
Establishment of the Altyn Dala State Nature Reserve, which successfully passed the state
environmental review process. The Altyn Dala State Nature Reserve was officially established in
2012, covering an area of 489.766 hectares within the Amangeldy and Zhangeldi districts in southern
Kostanay Region (Resolution of the Government of the Republic of Kazakhstan No. 1496 of
November 27, 2012).

Geographically, the territory of the Altyn Dala State Nature Reserve (49°36’00” N, 65°10'45"
E) is located within the South Turgai physico-geographical province of the Eurasian steppe zone, in
the subzone of dry steppes and semi-deserts. The soils are predominantly light chestnut and chestnut
types, interspersed with solonetz and solonchak complexes, as well as lake and river systems. The
reserve is characterized mainly by plains of various origins with residual erosional landforms.
Distinctive features include the picturesque steep clayey slopes along the Uly-Zhylanshik River near
the former settlement of Rakhmet, gently undulating clayey residual hills in the northwestern part of
the Ulyzhylanshik sector of the reserve, the dune sands of Tosynkum and Akkum, the southern part
of the Sarykopa lake system, and the reaches of the Uly-Zhylanshik and Kabyrga rivers. Southern
Turgai belongs to the continental arid regions of the temperate zone and is characterized by a higher
degree of aridity compared to the semi-deserts of Central Kazakhstan. This is due to its location in a
circulation shadow behind the Mugodzhar Hills and, conversely, its broad exposure to the deserts of
the Aral region. The sum of active temperatures during the growing season reaches 2800-3100°C.
The mean annual air temperature is +4.1°C. Winters are cold, with mean January temperatures down
to —17°C, while summers are hot, accompanied by dry winds and frequent droughts (mean July
temperatures approximately 24-25°C). The mean annual precipitation in the Turgai semi-desert
ranges from 150 to 200 mm, and the moisture coefficient does not exceed 0.2-0.3 (Figure 1).
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Figure 1. Climatogram of the territory of the Altyn Dala State Nature Reserve (based on data from
the Turgai weather station, Zhangeldy District, Kostanay Region; source: ENO, 2008)

The aim of this study was to analyze wildfires within the boundaries of the Altyn Dala State
Nature Reserve during the period 2000-2025 and to review their potential impact on ungulate
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migration patterns. The objectives of the study include a comprehensive analysis of fire frequency
and burned areas over a 26-year period, with the recording of fire ignition points and observation data
using remote sensing (RS) methods.

The results of the study comprise the mapping of wildfire events in the reserve based on thermal
anomaly data obtained through RS, providing reliable and detailed information on burned areas across
a long-term observation period.

For the first time in the southern part of Kostanay Region, within the largest specially protected
natural area, remote sensing methods were applied to detect, analyze, and produce multitemporal
maps for the assessment of fire frequency, intensity, and spatial dynamics of burned territories over
recent decades (2000-2025).

2. Materials and methods
Remote sensing methods based on satellite data were employed in this study. To detect wildfires
over a multi-year period, satellite monitoring data were utilized. Fire ignition points for the 26-year
period (2000-2025) were obtained from the NASA FIRMS (Fire Information for Resource
Management System) database for the territory of the Altyn Dala Reserve. NASA FIRMS provides
coordinates of thermal anomalies detected by MODIS and VIIRS sensors. These data served as a
primary indicator of potential fire events and as an additional validation layer for the temporal and
spatial localization of wildfires. Fire occurrence time and location were determined based on fire
ignition points’ records. Additionally, satellite imagery from the Sentinel Hub cloud platform was
downloaded for each year under analysis (2000-2025). Imagery from the Landsat series (7, 8-9) and
Sentinel-2 satellites was used, with data for later years providing higher spatial resolution. All images
underwent standard preprocessing, including spatial resolution harmonization and reprojection to a
unified coordinate system. After the data had been prepared, spectral indices required for burned area
detection were calculated for each year. The general workflow of data processing and analysis is
illustrated in Figure 2.
Selection of satellite

Calculation of Interpretation of

Stages —» Firedetection — Time analysis —» . —» Analysis of changes —»  Reliefanalysis | —»|
images spectral indices results
Identification of fire Analysis of seasonal Selection of fire Calculation of Comparison of NBR Conversion of
Description hotspots based on and interannual fire dNBR before and after the DEM to orthometric Spatial-temporal
thermal points dynamics 1mages fire heights using analysis of
EGM2008; pixel consequences
breakdovm and analysis
by height intervals l
FIRMS (MODIS, LandSat-7, 8-9; NIR, SWIR . Al
o] VIIRS) I Sentinel-2 channels RER DALY data received
. The relationshij Assessment
. Key A collection of P
Results Fire database fire dates e NBR maps dNBR. maps between fires ;mq of the degree of
images altitude and terrain damage

Figure 2. General workflow of data processing and material analysis (Source: developed by the
authors)

The key tool for assessing wildfire impact was the Normalized Burn Ratio (NBR), calculated
for each satellite image. To identify areas affected by fire, the NBR-RAW index was used, which is
based on Sentinel-2 bands 8 and 12 and enables reliable delineation of large burned areas. The degree
of fire impact was assessed by calculating the difference between pre-fire and post-fire NBR values
(Kabdulova et al., 2020; Suresh Babu, K. V. et al., 2024; Suresh Babu, K. V. et al., 2025). In this
approach, darker pixels on the resulting image correspond to areas of more severe burning. Based on
NBR calculations, dNBR maps (difference in NBR values before and after fire events) have been
generated. The maps allowed to detect burned areas and the assessment of vegetation damage
intensity.
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NBR index for the assessment of burned areas:

Sentinel-2: NBR = (B8 — B12) / (BS + B12) (1)

Landsat 8/9: NBR = (B5 — B7) / (B5 + B7) )

Landsat 7: NBR = (B4 — B7) / (B4 + BY)

@)

The main criteria for burnt areas are determined by high dNBR values and a sharp decline in
NBR following a fire. The NBR index ranges from -1 to +1.
To assess the consequences of a fire, the difference in NBR before and after the fire is used:

dNBR = Pre-fireNBR — Post-fireNBR
NBRpre-fire — pre-fire index;
NBRpost-fire — post-fire index.

Table 1. Standard dNBR scale

(4)

dNBR Burn Severity Description of the condition

<-0.25 High post-fire regrowth Significant regrowth or new vegetation growth
following a fire

-0.25t0-0.1 | Low post-fire regrowth The regrowth or establishment of new vegetation
following a fire

-0.1to +0.1 | Unburned The vegetation has remained virtually unchanged or
has not been affected by the fire

0.1to 0.27 Low-severity burn Minimal damage; mainly the undergrowth and the
lower layer were burnt, whilst the tree canopies
remain intact

0.27 to 0.44 | Moderate low-severity burn | Partial damage to the tree stand, significant scorching
of the undergrowth and shrubs

0.441t00.66 |Moderate to high severity | Severe damage to the forest canopy, charring or

burn complete destruction of needles/foliage

>0.66 High-severity burn Total destruction of vegetation, severe soil

degradation

Table 1 shows that the NBR index classifies the severity of burnt areas into several categories.
The NBR index uses values from the near-infrared (NIR) and short-wave infrared (SWIR) bands.
Higher dNBR values indicate more severe damage. Low and negative values indicate the absence of
fire or an increase in vegetation. Areas with negative dNBR values may indicate an increase in
vegetation productivity following a fire.

The dNBR raster was classified using a thresholding method in accordance with the
MTBS/USGS scale. The dNBR values were classified into vegetation damage classes: low (0.1
0.27), medium (0.27-0.44), medium-high (0.44-0.66) and high (>0.66).

Figure 2 uses a color gradient ranging from green to dark red, which reflects the increasing
severity of land degradation.
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Figure 3. Soot mask based on the spectral index of NBR and dNBR (Source: eveloped by the
authors)

To digitize vector polygons of fire boundaries based on NBR imagery, a personal geodatabase
was created in ESRI ArcMap, with approximately 50 wildfire events from 2000 to 2025 having been
analyzed. Fire areas were determined using polygon delineation of burned territories. Fire ignition
points data were integrated into the database as an auxiliary layer to verify fire occurrence, refine the
event dates, and confirm that observed NBR changes were attributable to fire activity rather than
seasonal vegetation dynamics. To obtain elevation values corresponding to fire occurrences, the
Copernicus GLO-30 Digital Elevation Model (DEM) based on ellipsoidal height was employed.
Figure 4 presents the fire boundaries digitized on the NASA SRTM GL1 DEM Global 30 m dataset
with a spatial resolution of 30 m.
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Figure 4. Fire boundaries mapped on the NASA SRTM
resolution 30 m) (Source: developed by the authors)
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The Copernicus GLO-30 DEM was reprojected to the WGS84 UTM Zone N41 coordinate
system. To obtain true elevation values, the EGM2008 geoid model was downloaded and
subsequently reprojected and clipped to the boundaries of the Reserve polygon. Orthometric heights
were calculated using raster calculator tools. Orthometric heights represent surface elevations relative
to mean sea level (MSL), taking into account the geoid, i.e., the physical approximation of the Earth’s
mean ocean surface. Orthometric heights were computed using the following formula:

H=h-N 5)

h — ellipsoidal height (original DEM);
H — orthometric height (result obtained after Raster Calculator processing);
N — geoid height (geoid undulation) derived from the EGM96/EGM?2008 geoid model.

In QGIS, pixel classification by elevation was performed using the “raster analysis” tool (Table 2).
Area calculations by class were carried out using the “zonal histogram” tool. To obtain real area values,
the resulting pixel count was multiplied by 900 (for a 30x30 m pixel size) and divided by 10 000 to
convert the area into hectares. Thus, the distribution of areas across different altitude intervals within the
Altyn-Dala Nature Reserve is shown.

Table 2. Distribution of burned area across different altitude intervals within the Altyn Dala State
Nature Reserve, calculated by classifying raster pixels according to elevation (hectares)

Years Burned areaat | Burned area atthe | Burned areaat | Total burned area

an altitude of up | altitude of 100-200 | the altitude of per year, ha
to 100 m, ha m, ha 200-300 m, ha

2025 0 0 0 0

2024 0 0 0 0

2023 0 516.42 0 516.42

2022 0 0 0 0

2021 2.97 38237.22 70041.15 108281.30

2020 0 11979.45 32578.47 44557.92

2019 0 1950.57 0 1950.57

2018 0 1018.26 0 1018.26

2017 0 109146.06 29636.55 138782.61

2016 1.26 15409.71 59683.23 75094.2

2015 0 3077.64 0 3077.64

2014 0.18 37220.13 18395.1 55615.23

2013 0 1070.55 4312.53 5383.08

2012 0.18 24378.57 0 24378.75

2011 0 0 0 0

2010 0.09 35198.19 2635.29 37833.57

2009 0 0 0 0
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2008 1.71 59632.92 48218.49 107853.12
2007 1.53 916.11 55396.08 56313.72
2006 0.27 79826.4 9.27 79835.94
2005 3.24 101897.46 169836.48 271737.18
2004 0 0 0 0
2003 0 0 0 0
2002 3.6 177071.4 170098.02 347173.02
2001 0 16796.79 0 16796.79
2000 0 0 0 0
Total 14.67 715344.03 660840.66 1376199.36

The analysis of fire frequency dynamics and burned areas was conducted using remote sensing
methods and processing of satellite imagery from Landsat 7, 8-9 and Sentinel-2 over a 26-year period
(2000-2025) within the territory of the Altyn Dala Reserve. Fire ignition points within the study area
were identified following thematic processing of satellite imagery results. The data were statistically
processed using Microsoft Excel (version 365).

3. Results

The analysis demonstrated that within the territory of the Altyn Dala State Nature Reserve, 51
wildfire events occurred during the period 2000-2025, resulting in a total burned area of 1376299 ha
(Table 3, Figure 5), and 6 176 fire ignition points were detected (Figure 6).

Table 3. Wildfires within the boundaries of the Altyn Dala Reserve (2000-2025), Kostanay Region,
Kazakhstan.

Year Fire ignition Date Burned area, % of burned
points/satellite ha/satellite territory
2000 - - - -
2001 5/Terra 2001-04-06-06:54 16804.94/ Landsat 7 3.43

2002 655/Aqua, Terra 2002-07-24-09:05 | 293658.88/ Landsat 7 70.88

2002-08-02-18:27 53514.8/ Landsat 7

2003 - - - -
2004 - - - -
2005 299/Terra 2005-06-30-18:30 | 271739.05/ Landsat 7 55.48
2006 237[Terra, Aqua 2006-04-12-07:33 24213.32/ Landsat 7 16.3

2006-05-23-09:10 53500.2/ Landsat 7

2006-05-27-16:34 2134.96/ Landsat 7
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Year Fire ignition Date Burned area, % of burned
points/satellite ha/satellite territory

2007 59/Terra 2007-08-23-07:21 308.28/Landsat 7 11.49
2007-09-15-07:27 56007.99/Landsat 7

2008 354/Terra, Aqua 2008-05-01-17:18 145.01/Landsat 7 22.02
2008-05-16-07:03 5742.33/Landsat 7
2008-08-11-08:55 10634.47/Landsat 7
2008-08-21-21:26 3597.37/Landsat 7
2008-06-16-08:05 2090.3/Landsat 7
2008-08-22-06:51 246.28/Landsat 7
2008-05-27-06:45 39157.88/Landsat 7
2008-07-28:22:15 23319/Landsat 7
2008-07-27-06:14 13321.74/Landsat 7
2008-07-24-17:49 9608.61/Landsat 7

2009 - - -

2010 97/ Terra, Aqua 2010-06-20-06:32 23034.75/Landsat 7 7.72
2010-08-30-08:24 792.47/Landsat 7
2010-06-18-06:44 3279.91/Landsat 7
2010-06-15-08:00 2735.518/Landsat 7
2010-06-18-06:44 330.96/Landsat 7
2010-06-16-18:07 7661.017/Landsat 7

2011 - - -

2012 983/VIIRS SUOMI | 2012-07-19-23:14 23749.634/Landsat 7 4.97
2012-09-19-08:18 639.742/Landsat 7

2013  [22/VIIRS SUOMI 2013-07-31-20:27 | 4879.337/ Landsat 8-9 |1.09
2013-09-07-09:43 221.19/Landsat 7
2013-09-22-08:21 282.289/ Landsat 8-9

2014 104/VIIRS SUOMI, | 2014-05-29-07:18 14377.629/Landsat 7 11.35

Adua 2014-07-09-09:06 | 41238.972/Landsat 7
2015 35/ Terra 2015-08-28-06:39 3077.39/ Landsat 8-9 0.62

69




Journal of Ecology and Sustainability 2026, 155(2)

Year Fire ignition Date Burned area, % of burned
points/satellite ha/satellite territory
2016 205/ VIIRS SUOMI | 2016-07-07-20:09 69229.9/Landsat 7 15.33
2016-04-16-07:12 | 5865.96/ Landsat 8-9
2017 1067/VIIRS 2017-07-24-17:00 13776.2/ Landsat 8-9 28.33
SUOMI, Terra 2017-06-08-16:47 | 31329.45/ Landsat 8-9
2017-06-06-21:05 58114.21/Landsat 7
2017-07-04-17:24 35563.55/ Sentinel-2
2018 11/ Terra 2018-08-08-17:25 | 1022.06/ Landsat 8-9 0.20
2019 99/VIIRS SUOMI 2019-06-30-20:27 1953.47/ Sentinel-2 0.39
2020 292/VIIRS J1V-C2, | 2020-08-06-08:07 4874.92/ Sentinel-2 9.09
VIIRS SUOMI, :

Aqua 2020-08-06-21:11 11609.98/ Sentinel-2
2020-08-06-08-07 2713.99/ Sentinel-2
2020-08-06-17:18 2561.778/ Sentinel-2
2020-07-26-08:11 22803.3/ Sentinel-2

2021 1633/VIIRS J1V- 2021-05-18-22:07 2597.82/ Sentinel-2 22.10
c2 2021-07-01-20:53 89324.02/ Sentinel-2
2021-07-05-21:18 1804.24/ Sentinel-2
2021-07-03-09:43 | 14561.35/ Sentinel-2
2022 - - - -
2023 19/VIIRS SIOMI 2023-08-01-22:15 516.27/ Sentinel-2 0.10
2024 - - - -

2025
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Figure 6. Fire ignition points of wildfires within the territory of the Altyn Dala State Nature Reserve
for the period 20002025, Kostanay Region, Kazakhstan (Source: developed by the authors)
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An analysis of Table 3 reveals the following. The maximum burned area within the boundaries
of the planned Reserve was recorded on 24 July 2002, amounting to 293 658 ha, or 70.8 % of the
study area, with 655 detected fire ignition points. The highest number of fire ignition points (1 633)
was registered in 2021, when the total burned area for that year reached 108 287 ha. The greatest
number of wildfire events (10 incidents) occurred in 2008, during which 22.02 % of the territory
designated for the Reserve was burned.

The dynamics of burned areas within the boundaries of the Altyn Dala State Nature Reserve
for the period 2000-2025 by year are shown in Figure 7.
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Figure 7. Comparative diagram of burned area distributions by year (2000-2025) within the
boundaries of the Altyn Dala State Nature Reserve, Kostanay Region, Kazakhstan (Source: developed
by the authors)

As shown in Figure 7, the largest wildfires during the study period occurred in 2002 (347174
ha) and in 2005 (271739 ha), prior to the establishment of the State Nature Reserve “Altyn Dala”.
During the study period, the largest wildfires occurred in 2001 (351904 ha) and in 2005 (275208 ha),
before the establishment of Altyn Dala State Nature Reserve.

Topography represents an important factor influencing fire development. Figures 8-10
illustrate the distribution of the relative burned area of the Reserve (in %) across elevation intervals
(0-100 m, 100-200 m, and 200-300 m).
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Figure 8. Distribution of burned area across the 0—100 m elevation interval within the territory
of the Reserve (Source: developed by the authors)
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Figure 9. Distribution of burned area across the 100-200 m elevation interval within the territory of
the Reserve (Source: developed by the authors)
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Figure 10. Distribution of burned area across the 200-300 m altitude interval within the territory of
the Reserve (Source: developed by the authors)

Figure 11 shows the results of an analysis of data from the Reserve, which demonstrated that
in the flat territories of the dry steppes and semi-deserts of Kazakhstan, the burned area within the
100-200 m elevation interval was slightly higher (52.0 %) than within the 200-300 m elevation
interval.
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0-100M 100-200m = 200-300M

Figure 11. Distribution of burned area across elevation intervals within the territory of the Reserve
during the period 2000-2025 (Source: developed by the authors)

To assess the relationship between topographic conditions and wildfire characteristics, a spatial
statistical analysis was conducted using QGIS. The input datasets included a polygon layer of burned
areas and a digital elevation model (DEM). Zonal statistics were used to calculate the mean elevation
values (DEM_mean) for each burned polygon. Fire size was defined as the polygon area (area_ha),
calculated directly based on the geometric properties of the objects.
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The resulting attribute table was exported and further analyzed in Microsoft Excel. Pearson’s
correlation analysis was used to assess the relationship between elevation above sea level (mean DEM
value) and the area of the burned territory (area_ha).

In Figure 12, a correlation analysis revealed a weak positive correlation between altitude and
the area of burnt land (Pearson’s correlation coefficient r = 0.1392)
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Figure 12. Correlation plot between the area of burned land and the mean DEM elevation within the
boundaries of the reserve (Source: developed by the authors)

The correlation coefficient indicates a very weak positive relationship between elevation and
the area affected by wildfires. The weak correlation may be due to the fact that fire spread is
determined not only by terrain but also by a combination of other factors, such as weather conditions
(temperature, wind, precipitation), etc. The results of the analysis indicate that topography has a
limited influence on the spatial distribution of fires in the study region.

This relationship is shown in Figure 13, which illustrates the correlation between surface slope
and the number of fires. The coefficient of determination, R? = 0.0029, indicates a weak correlation
between slope and the number of fires.
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Figure 13. Correlation scatter plot of surface slope and the area of the burned territory in the Altyn
Dala State Nature Reserve and surrounding areas (Source: developed by the authors)

The results indicate that topography has a limited influence on the spatial distribution of fires.
This may be due to the fact that fire spread is determined not only by the slope of the terrain but also
by other factors. Despite the weak correlation observed, topographic characteristics remain an
important factor in spatial modeling of fire risk and should be considered in conjunction with climatic
and anthropogenic variables.

Figure 14 presents a comparative analysis of burned areas in the Reserve and in the Naurzum
State Nature Reserve over the long-term study period, revealing a higher frequency and larger burned
areas in the Reserve compared to the Naurzum State Nature Reserve: 29 wildfire events were recorded
in the Naurzum Reserve (Bragina et al., 2025) versus 51 in the Altyn Dala Reserve. Only in 2010 did
the burned area in the Naurzum Reserve exceed that of the Altyn Dala Reserve.
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Figure 14. Comparative diagram of burned area distributions in the Altyn Dala Reserve and in the
Naurzum Reserve over the observation period 2000-2025, Kostanay Region, Kazakhstan (Source:
developed by the authors)

4. Discussion

The study indicates that in the flat steppes and semi-deserts of the Turgai region, wildfires in
certain years affected extensive areas of the Reserve—up to 347174 ha (Table 3, Figure 5). According
to several authors, Kazakhstan has been the country most affected by wildfires in Central Asia,
particularly in its central regions, with fires characterized by high intensity (Yin, 2013). Under flat
terrain conditions, fire spreads rapidly, especially under strong winds, advancing along a broad front.
Such events may exert both direct and indirect impacts on ungulates by altering forage conditions in
the short and long term. Although single fire events may have only transient effects and, with the
emergence of fresh grass, may temporarily improve forage quality (Dusaeva & Kalmykova, 2021),
frequent fires unequivocally exert negative effects on steppe vegetation and fauna (Rachkovskaya &
Bragina, 2012), including ungulate migration patterns. Aerial surveys and collar-based tracking have
identified multiple factors influencing ungulate migration routes (Nowak et al., 2013). The
unprecedented growth of the saiga population in Kazakhstan necessitates a detailed study of forage
availability and its changes, including those associated with wildfire events, to ensure the sustainable
management and conservation of populations (Position Statement, 2025), as well as the emerging
herds of kulan and Przewalski’s horse in the region. Steppe fires compel ungulates to move in search
of fresh pastures and water sources, thereby exacerbating pressures in newly occupied territories and
potentially provoking human—wildlife conflicts. As it is emphasized by several authors (Kamp et al.,
2016; Bragina et al., 2018; Yin et al., 2021; Bragina, Kabdulova et al., 2025), comprehensive long-
term analyses of fire frequency, burned areas, and their dynamics provide valuable quantitative data
to assess and forecast wildfires as a major driver of ecosystem change within the Altyn Dala State
Nature Reserve and adjacent steppe regions.

5. Conclusion
The results of the study and the conducted analysis allow us to conclude that wildfires in steppe
and semi-desert habitats constitute a powerful factor influencing natural ecosystems. Under
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conditions of climate change and the difficulties associated with fire suppression in flat, arid
landscapes—particularly during strong winds—fires can spread over vast areas, altering forage
resources, destroying watering sites, and reducing the availability of shelter for wildlife. Such
disturbances may cause the redistribution of ungulate herds, modifications in migration strategies,
increased migration distances, and incursions into human-developed territories. Wildfires may also
result in elevated mortality rates among affected animal groups due to stress, direct fire exposure,
pasture degradation, and intensified competition for limited forage resources. The study area
encompasses the largest specially protected natural area in Kostanay Region— the Altyn Dala State
Nature Reserve, which includes key saiga calving grounds as well as areas designated for the
restoration of kulan and Przewalski’s horse populations. To mitigate the negative impacts of fire
hazards, early detection and prevention are essential, employing advanced remote sensing strategies
and incorporating assessments of pyrogenic pressure into the management framework for migratory
ungulates.

6. Supplementary Material: No supplementary material is provided.

7. Author Contributions

Conceptualization - T.B., G.K.; methodology - G.K., D.Ch.; software - A.Sh., G.Zh., D.M.,
E.M.; validation - A.Sh., D.Ch.; formal analysis - D.Ch.; investigation - T.B.; resources - D.Ch.; data
curation - G.K.; writing-original draft preparation - T.B., G.K.; writing—review and editing - A.B.;
visualization - A.Sh.; supervision - G.K.; project administration - D.Ch.; funding acquisition - D.Ch.
All authors have read and approved the published version of the manuscript.

8. Author Information
Bragina, Tatyana — Doctor of Biological Sciences, Professor, Department of Natural Sciences,
A. Baitursynov Kostanay Regional University, Tauelsizdik st., 118, Kostanay, Kazakhstan, 110000;
Chief Researcher, Azov-Black Sea branch of VNIRO (AzNIIRKH), Beregovaya st., 21V, Rostov-
on-Don, Russia, 344002; tm_bragina@mail.ru, https://orcid.org/0000-0002-5568-9082
Kabdulova, Gulzhiyan — Candidate of Geographical Sciences, PhD, Chief Researcher,
Institute of lonosphere, Horticultural Association “Ionosphere”, 117, Almaty, Kazakhstan, 050020;
g.a.kabdulova@gmail.com, https://orcid.org/0000-0002-7738-7624
Chepashev, Daniker — Head of Laboratory, Institute of lonosphere, Horticultural Association
“lonosphere”, 117, Almaty, Kazakhstan, 050020; d.chepashev@ionos.kz, https://orcid.org/0000-
0002-8417-3990
Shinguzhinov, Arsen — Engineer, Institute of lonosphere, Horticultural Association
“Tonosphere”, 117, Almaty, Kazakhstan, 050020; a.shinguzhinov@ionos.kz, https://orcid.org/0009-
0003-2024-6104
Zhussupova, Gulsezim — Junior Researcher, PhD student, Institute of lonosphere,
Horticultural Association “Ionosphere”, 117, Almaty, Kazakhstan, 050020; zhussupova@ionos.kz,
https://orcid.org/0009-0009-5330-9697
Merekeyev, Dias — Engineer, Institute of lonosphere, Horticultural Association “Ionosphere,”
117, Almaty, Kazakhstan, 050020; merekeyev.d@ionos.kz, https://orcid.org/0009-0000-1815-3046
Maksimkina, Yelizaveta — Junior Researcher, Institute of lonosphere, Horticultural
Association  “lonosphere”, 117, Almaty, Kazakhstan, 050020; maximkina.y@ionos.kz,
https://orcid.org/0009-0007-6925-1202
Baiteliyeva, Anar — Candidate of Biological Sciences, Associate Professor, Department of
Biology, M.Kh. Dulaty Taraz University, Y. Suleymanov st., 7, Taraz, Kazakhstan, 080012;
am.bajtelieva@dulaty.kz, https://orcid.org/0000-0001-6657-7679

9. Funding: This research was financially supported by the Committee of Science of the Ministry of
Science and Higher Education of the Republic of Kazakhstan under the program BR24992865,

78


mailto:tm_bragina@mail.ru
https://orcid.org/0000-0002-5568-9082
mailto:g.a.kabdulova@gmail.com
https://orcid.org/0000-0002-7738-7624
mailto:d.chepashev@ionos.kz
https://orcid.org/0000-0002-8417-3990
https://orcid.org/0000-0002-8417-3990
mailto:a.shinguzhinov@ionos.kz
https://orcid.org/0009-0003-2024-6104
https://orcid.org/0009-0003-2024-6104
mailto:zhussupova@ionos.kz
https://orcid.org/0009-0009-5330-9697
mailto:merekeyev.d@ionos.kz
https://orcid.org/0009-0000-1815-3046
mailto:maximkina.y@ionos.kz
mailto:am.bajtelieva@dulaty.kz

Journal of Ecology and Sustainability 2026, 155(2)

“Development of a Multifunctional Land—Space Monitoring and Early Warning System for Natural
and Technogenic Emergencies,” for the period of 2024-2026.

10. Acknowledgments: The authors would like to thank the anonymous reviewers for their valuable
comments and constructive suggestions.

11. Conflict of Interest: The authors declare no conflict of interest.

12. References

1. Bragina, T. M. (2006). The Altyn Dala conservation initiative in Kazakhstan and the prospects for
establishing the Altyn Dala State Nature Reserve (Prirodoohrannaya iniciativa "Altyn Dala" v
Kazahstane i perspektivy organizacii gosudarstvennogo prirodnogo rezervata "Altyn Dala™ in
Russian). Steppe science (Voprosy stepevedeniya), 6, 45-49.
https://vk.com/doc240041175 439563625

2. Bragina, T. M. (2006). Prospects for the establishment of the Altyn Dala State Nature Reserve
(Kazakhstan) (Perspektivy organizacii gosudarstvennogo prirodnogo rezervata «Altyn Dala»
(Kazahstan) in Russian). Steppes of Northern Eurasia. Proceedings of the IV International
Symposium (Stepi Severnoj Evrazii. Materialy IV Mezhdunarodnogo simpoziuma). Orenburg:
IPK  Gazprompechat', 137-139. https://orensteppe.org/content/perspektivy-organizacii-
gosudarstvennogo-prirodnogo-rezervata-altyn-dala

3. Bragina, T. M., & Bragin, E. A. (2017). Natural conditions and fauna of the Altyn Dala State
Nature Reserve (Prirodnye usloviya i zhivotnyj mir gosudarstvennogo prirodnogo rezervata
Altyn Dala in Russian). Kostanaj: Kostanajpoligrafiya 236 s. ISBN 978-601-7557-20-1.

4. Bragina, T. M., Nowak, A., Vanselow, K. A., & Wagner, V. (2018). Grasslands of Kazakhstan and
Middle Asia: the ecology, conservation and use of a vast and globally important area. In:
Grasslands of the World: diversity, management and conservation / Squires, V. R., Dengler, J.,
Feng, H. & Hua, L. (Eds.). Publisher: CRC Press, Boca Raton, US, 139-167.

5. Bragina, T., Kabdulova, G., Chepashev, D., Zhusupova, G., Shinguzhinov, A., Zhilkibaev, R., &
Maximkina, Y. (2025). Analysis of fire dynamics in the Naurzum Nature Reserve and adjacent
areas using satellite data (Analiz dinamiki pozharov v Naurzumskom prirodnom zapovednike
i prilegayushchih territoriyah s ispol'zovaniem sputnikovyh dannyh in Russian). Bulletin of the
L.N. Gumilyov Eurasian National University. Chemistry. Geography Series, 153(4), 74-90.
https://doi.org/10.32523/2616-6771-2025-153-4-74-90

6. Dara, A., Baumann, M., Holzel, N., Hostert, P., Kamp, J., Miiller, D., Ullrich, B., & Kuemmerle,
T. (2020). Post-Soviet land-use change affected fire regimes on the Eurasian steppes.
Ecosystems, 23(5), 943-956. https://doi.org/10.1007/s10021-019-00447-w

7. Domeénech, R., Ying, H., & Yao, Y. (2025). Protected areas show substantial and increasing risk
of wildfire globally. Fire, 8, 405. https://doi.org/10.3390/fire8100405

8. Dusaeva, G. Kh., & Kalmykova, O. G. (2021). Influence of fires on vegetable cover of steppes:
literature review. Byulleten" Moskovskogo Obshchestva Ispytatelej Prirody Otdel
Biologicheskij, 126(2), 25-37. EDN CNOQWD.

9. Bragina, T. M., Rachkovskaya, E. I., Evstifeev, Yu. G., Bragin, E. A., Ivashchenko, A. A., Bragin,
A. E., Tsuter, Sh., Nelina, N. V., & Klebelsberg, E. (2008). Natural scientific justification for
the creation of the Altyn Dala State Nature Reserve (Estestvennonauchnoe obosnovanie
sozdaniya gosudarstvennogo prirodnogo rezervata "Altyn Dala" in Russian). Astana, 251 p.
https://altyndala.kspi.kz/pages/Article/1.pdf

10. Geraskina, A. P., Tebenkova, D. N., Ershov, D. V., Ruchinskaya, E. V., Sibirtseva, N. V., &
Lukina, N. V. (2022). Wildfires as a factor of loss of biodiversity and forest ecosystem
functions. Forest Science Issues, 5(1), 1-70. https://doi.org/10.31509/2658-607x-202251-97

11. Gutiérrez, J., & de Miguel, J. (2021). Fires in nature: a review of the challenges for wild animals.
European Journal of Ecology, 7(1). https://doi.org/10.17161/eurojecol.v7il1.14643

79



https://vk.com/doc240041175_439563625
https://orensteppe.org/content/perspektivy-organizacii-gosudarstvennogo-prirodnogo-rezervata-altyn-dala
https://orensteppe.org/content/perspektivy-organizacii-gosudarstvennogo-prirodnogo-rezervata-altyn-dala
https://doi.org/10.32523/2616-6771-2025-153-4-74-90
https://doi.org/10.1007/s10021-019-00447-w
https://doi.org/10.3390/fire8100405
https://doi.org/10.31509/2658-607x-202251-97
https://doi.org/10.17161/eurojecol.v7i1.14643

Journal of Ecology and Sustainability 2026, 155(2)

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

He, T., Lamont, B. B., & Pausas, J. G. (2019). Fire as a key driver of Earth’s biodiversity.
Biological Reviews, 94(6), 1983-2010. https://doi.org/10.1111/brv.12544

Jones, M. W., Abatzoglou, J. T., Veraverbeke, S., Andela, N., Lasslop, G., Forkel, M., Smith, A.
J. P., Burton, Ch., Betts, R. A., van der Werf, G. R., Sitch, S., Canadell, J. G., Santin, C., Kolden,
C., Doerr, S. H., & Le Quéré, C. (2022). Global and regional trends and drivers of fire under
climate change. Reviews of Geophysics, 60(2), e2020RG000726.
https://doi.org/10.1029/2020rg000726

Kamp, J., Koshkin, M. A., Bragina, T. M., Katzner, T. E., Milner-Gulland, E. J., Schreiber, D.,
Sheldon, R., Shmalenko, A., Smelansky, I., Terraube, J. & Urazaliev, R. (2016). Persistent and
novel threats to the biodiversity of Kazakhstan’s steppes and semi-deserts. Biodiversity and
Conservation, 25(12), 2521-2541. https://doi.org/10.1007/s10531-016-1083-0

Kabdulova, G., Meirmanova, T., Aimbetov, A., Kabzhanova, G., & Baktybekov, K. (2020). GIS
capabilities in the monitoring of forest logging and the assessment of burned areas based on
Earth remote sensing data. Proceedings of SPIE -The International Society for Optical
Engineering. Conference paper. https://doi.org/10.1117/12.2570965

Koshkina, A., Smelansky, I., Tabelinova, A., Stephens, G., Jones, S., Salemgareev, A., Bowe,
M., & Devenish, A. (2026). Drivers of human-saiga antelope conflict in semi-arid rangelands
of  West Kazakhstan. Biological Conservation, 313, 111631, 1-11.
https://doi.org/10.1016/j.biocon.2025.111631

Nowak, C., Zuther, S., Leontyev, S., & Geismar, J. (2013). Rapid development of microsatellite
markers for the critically endangered saiga (Saiga tatarica) using lllumina® Miseq next
generation sequencing technology. Conservation Genetics Resources, 6(1), 159-162.
https://doi.org/10.1007/s12686-013-0033-3

Altyn Dala Conservation Initiative. (2025, September 26). Position statement: Sustainable use of
Saiga antelope — Altyn Dala Civil Society Partners. https://altyndala.org/position-statement-
sustainable-use-of-saiga-antelope-altyn-dala-civil-society-partners-september-2025/

Shi, K., & Touge, Y. (2022). Characterization of global wildfire burned area spatiotemporal
patterns and underlying climatic causes. Scientific  Reports, 12(1), 644.
https://doi.org/10.1038/s41598-021-04726-2

Stavi, I. (2019). Wildfires in Grasslands and Shrublands: a review of impacts on vegetation, soil,
hydrology, and geomorphology. Water, 11(5), 1042. https://doi.org/10.3390/w11051042

Suresh Babu, K. V., Singh, S., Kabdulova, G., Kabzhanova, G., & Baktybekov, G. R. (2024).

Burned area mapping based on KazEOSat-1. Environmental Sciences Proceedings, 29(1), 82.
https://doi.org/10.3390/ECRS2023-16841

Suresh Babu, K. V., Singh, S., Kabdulova, G., & Kabzhanova, G. (2025). A novel framework for

fire risk assessment in Kazakhstan: integrating machine learning and remote sensing.
Frontiers in Forests and Global Change, Sec. Fire and Forests, 8.
https://doi.org/10.3389/ffgc.2025.1680856

Rachkovskaya, E. I., & Bragina, T. M. (2012). Steppes of Kazakhstan: diversity and present state.
In M. Werger & M. van Staalduinen (Eds.), Eurasian steppes: Ecological problems and
livelihoods in a changing world (Plant and Vegetation, 6, 103-148). Springer.
https://doi.org/10.1007/978-94-007-3886-7_3.

Venkatesh, K., John, R., Chen, J., Xiao, J., Amirkhiz, R. G., Giannico, V., & Kussainova, M.
(2022). Optimal ranges of social-environmental drivers and their impacts on vegetation
dynamics in Kazakhstan. Science of The Total Environment, 847, 157562.
https://doi.org/10.1016/j.scitotenv.2022.157562

Yin, H., Guli, J., Jiang, L., Yu, T., Umuhoza, J., & Li, X. (2021). Monitoring fire regimes and
assessing their driving factors in Central Asia. Journal of Arid Land, 13(4), 500-515.
https://doi.org/10.1007/s40333-021-0008-2

80


https://doi.org/10.1111/brv.12544
https://agupubs.onlinelibrary.wiley.com/authored-by/Abatzoglou/John+T.
https://agupubs.onlinelibrary.wiley.com/authored-by/Veraverbeke/Sander
https://agupubs.onlinelibrary.wiley.com/authored-by/Andela/Niels
https://agupubs.onlinelibrary.wiley.com/authored-by/Lasslop/Gitta
https://agupubs.onlinelibrary.wiley.com/authored-by/Forkel/Matthias
https://agupubs.onlinelibrary.wiley.com/authored-by/Smith/Adam+J.+P.
https://agupubs.onlinelibrary.wiley.com/authored-by/Burton/Chantelle
https://agupubs.onlinelibrary.wiley.com/authored-by/Betts/Richard+A.
https://agupubs.onlinelibrary.wiley.com/authored-by/Werf/Guido+R.
https://agupubs.onlinelibrary.wiley.com/authored-by/Sitch/Stephen
https://agupubs.onlinelibrary.wiley.com/authored-by/Canadell/Josep+G.
https://agupubs.onlinelibrary.wiley.com/authored-by/Sant%C3%ADn/Cristina
https://agupubs.onlinelibrary.wiley.com/authored-by/Kolden/Crystal
https://agupubs.onlinelibrary.wiley.com/authored-by/Doerr/Stefan+H.
https://agupubs.onlinelibrary.wiley.com/authored-by/Le+Qu%C3%A9r%C3%A9/Corinne
https://doi.org/10.1029/2020rg000726
https://doi.org/10.1007/s10531-016-1083-0
https://doi.org/10.1117/12.2570965
https://doi.org/10.1016/j.biocon.2025.111631
https://doi.org/10.1007/s12686-013-0033-3
https://altyndala.org/position-statement-sustainable-use-of-saiga-antelope-altyn-dala-civil-society-partners-september-2025/
https://altyndala.org/position-statement-sustainable-use-of-saiga-antelope-altyn-dala-civil-society-partners-september-2025/
https://doi.org/10.1038/s41598-021-04726-2
https://doi.org/10.3390/w11051042
https://doi.org/10.3389/ffgc.2025.1680856
https://doi.org/10.1007/978-94-007-3886-7_3
https://doi.org/10.1016/j.scitotenv.2022.157562
https://doi.org/10.1007/s40333-021-0008-2

Journal of Ecology and Sustainability 2026, 155(2)

«AaTbiH Jlana» MeMJIEKETTIK TA0UFU pPe3epBATHIHAAFBI OPTTEP KIHE 0JIAPIAbIH
TYSKTBI )KaAHYapJIapAbIH KOIIi-KOHbIHA BIKTUMAJI dcepi

Tarbsina bparmna, D'yabxusan KaOapyiaosa, [danuxep Yenames, Apcen IllunryxmnHos,
I'yabce3um KycynoBa, /Auac MepekeeB, EaunzaBera MakcumkuHa, Anap bailitesineBa

Angatna. J[lamamap MeH IIeJeHTTep — MayChIMIBIK KJIMMATbIMEH, Cy pecypCTapbIHbIH
IIEKTEYJIUTINIMEH KOHE ©pT KayIliHIH >KOFapbUIBIFBIMEH EpPEeKIIeNCHETIH apuaTi JKOXKYHenep.
«AunTeH [lamay memiiekeTTik Taburu pesepBarsl Eypasus nanaceiasig OHTYCTIK Toprail pu3nkaibik-
reorpadUsIIBIK MPOBUHIMSICHIHAA OpHanackaH. MyHja ailiMarel OOWMBIHINIA €H 1ipl CaHaIaThIH
OeTnakaanablK aKOOKEeH IMOIYJISAIHACH apeabIHbIH COJTYCTIK-OaThIC O6JIiri TapajiraH. AWMakTa
aKOOKEHICPAIH JOCTYpIl TeNIey OpPbIHIAPhl MEH KOIIi-KOH JKOJIapbl OpHAJacKaH, al Kaphl a3
TYCETiH KbIC Me3TUIepiHie KaHyapuapAblH Oip Oediri ocbiHaa Kpictan Kanaabl. COHBIMEH KaTap
KazakcTaHHBIH Kyprak >KoHE MIeNeHTTeHreH nanaiapbiaa lIpkeBanbCKUM >KBUIKBICBIH JKOHE
KYJIaHIapabl KadhTa JKepPCIHAIpY JKYMBICTapbl Jkyprizuryme. OceiFaH OalIaHBICTBI  OHIPIIH
SKOJIOTHSUIBIK JKaFIalbIH 3€pPTTEy ©3€KTI 9pi MaHbI3bl 00BN TaObUIAbl. 3epPTTEeYAIH MaKCaThl —
«Antei [ana» MTP aymarsiHIarsl ©pTTEP/l KOHE OJIAPBIH TYSAKTHI XKaHyapIapAblH KOlli-KOHbIHA
BIKTUMaJ dcepi Tanaay. KymeicteiH MinaerTepi 2000-2025 xbuinap apansirbiiga «AnTeiH Janay
MTP merinae OpblH anfaH OPTTEPAIH JKUUIIMT MEH OPTEHI'eH ayMaKTapblHBIH KeyieMiH JKepui
KAIIBIKTaH 30H/Tay SAiCTepl HEeri31He KeIIeH i Tanaayabl KaMThIIbl. 3epTTelIreH Ke3eHae pe3epnar
aymarsiaga 51 ept Tipkernir, 1376299 ra xep eprenred. bernaknananbik akOOKEH MOy IIUSChIHBIH
CaHBIHBIH apTYybl, KYPFaKUIbLIBIK )KoHE opTTep — akOekeHaepaiH Kocranail 0OIBICBIHBIH COJNTYCTIK
OHIpJIEpiHe JKamlmail KeuryiHe ceOer OOJBII, acTBIK JAKbUIAAPBI €TICTIKTEpiHEe alTapIIbIKTall 3USH
KeNTipai. OpTTeH KeNeTiH 3alalibl a3alTy YIIiH CIYTHUKTIK OakbUIayAblH 3aMaHayu
TEXHOJIOTUSUTAPBIH KOJIJIaHA OTHIPHIT, aJ/IBIH aJla JMATHOCTHKA KYPri3iayi KaKeT.

Tyiiin ce3aep: nana epTrepl; KalIbIKTaH 30HATAY; CIYTHUKTIK 3epTreyiep; «AntbiH Jana» MTP;
iprenec aymakTap; MMpOreH ik (hakTop; TYSKThI XKaHyapiap/AblH Kelli-KoHbl; KazakcraH.

[Hoxkapsl B rocyIapCcTBeHHOM NPUPOIAHOM pe3epBare «AaThbiH Jlama» M HX
BO3MO’KHOE€ BJIMSIHME HA MUTPALMM KONBITHBIX

Tarbsina bparmna, I'yabxuan KaOayiaosa, [danuxep Yenames, Apcen IlIunryxmnnos,
I'yasce3sum Kycynosa, luac Mepekees, EnuszaBera Makcumkuna, Anap baiitenuesa

AHHoTanus. CTeNU U MOJIYMYCTHIHU SIBJISIFOTCSI apUIHBIMUA SKOCHUCTEMaMH, KOTOPbIE OTIMYal0TCA
CE30HHBIM KJIMMAaTOM, OIPAaHUYEHHBIMU BOJAHBIMH PECYpCaMHU U BBICOKMM PHCKOM BO3TOpPaHUM.
l'ocynapctBenHblid TpupoaHbId pe3epBaT «AnTbiH Jlana» pacnonoxken B FOxno-Typraiickoi
¢dusuko-reorpadUuecKoil MPOBUHIIMKM CTEMHON EBpasum, rie HaxoIuTCs ceBepo-3amajHas 4acTh
HauboJsiee KpyIMHOU 1o apeany OeTmakAaJuHCKON MOmyJsiuu caiiraka. B pernone pacmnonaratorcs
TPaAUIIMOHHBIE MECTa OKOTA U IyTH MUTpAIMi caiilraka, a B MAJIOCHEXHBIE 3UMbl YaCTh )KUBOTHBIX
ocraercss U B 3uMHUU mepuona. Kpome Toro, mpoBoAsTcss pabOThl MO PEHMHTPOAYKIUU JIOIIATH
[IpxkeBanbCKOro M KyJaHOB B CYyXUX M OINYCThIHEHHBIX cremsax Kaszaxcrana. Ilosromy uzyuenue
9KOJIOTMYECKON OOCTAaHOBKH B PETHMOHE SIBISIETCS] BaXKHBIM U aKkTyaJbHbIM. Llenb naHHoN paboThI -
aHanu3 Bo3ropanuil B I'TIP «Antein [lana» u BO3MOKHOTO UX BIUSHUS HA MUTPALIMKM KONBITHBIX. B
3a/1a4u pabOTHI BXOIUJI KOMIUIEKCHBIM aHAIM3 YaCTOTHI U Ttomasei moxapos B [ TIP «Anrtea [lamay
B iepuoj; 2000-2025 rr. MeTogamMu AUCTAaHIIMOHHOTO 30HAMPOBaHuUs 3emiu. B uzyuaemslii nepuoa B
rpaHmiax pesepBara mpousomén 51 moxkap, Beiropeno 1376299 ra mnomanu. YBenwdeHue
YUCIIEHHOCTH OeTHMaKJAIMHCKONW TMOMYJSIUU CalTakoB, 3aCyXd M TOXapbl BBI3BAJM MAacCOBBIC
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MUTpalKs CalirakoB B ceBEepHbIE pernoHbl KocTanaiickoii 061acTu, HaHeCHIne 3HAYUTEIbHBINH YPOH
IIOJISIM 3€PHOBBIX KyJbTyp. s cHIDKeHUs yuiep6a OT 1okapoB He0OX0AUMa PaHHsAsA IUarHOCTUKA
Ha OCHOBE IIPUMEHEHHUSI COBPEMEHHBIX TEXHOJIOTUI CITYTHUKOBBIX HAOIIOICHUMA.

KarwueBblie CJI0oBa: CTCITHBIC MOXKaphl,; AUCTAHIIMOHHOC  30HAUPOBAHME; CITYTHUKOBBIC

uccnenoBanus; ['TIP «Anteia [anay; npuieraroriye TEPPUTOPUH; MUPOTSHHBIN (PaKkTOp; MUTpALIUH
KOIBITHBIX; KazaxcraH.
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Abstract. Wastewater treatment plants (WWTPs) are crucial for public
health and environmental protection. However, they contribute about 1 to
2 % of global greenhouse gas (GHG) emissions and account for 3 to 5 %
of global electricity use. Achieving carbon neutrality in this sector
requires a complete transformation that goes beyond energy self-
sufficiency. This review gathers current knowledge on carbon neutrality
strategies in WWTPs and addresses three key research gaps: the
performance and future of small-scale and decentralized systems; social
and institutional barriers preventing adoption of proven technologies; and
integrating climate resilience into carbon neutrality planning. Evidence
from life cycle assessments and real-world case studies shows that direct
process emissions mainly nitrous oxide from biological nitrogen removal
and methane from sludge handling can exceed 60 % of a plant's total
carbon footprint, highlighting that energy neutrality does not equal carbon
neutrality. Technological approaches reviewed include anaerobic
digestion with combined heat and power, mainstream anammox-based
nitrogen removal, nature-based solutions, and renewable energy
integration, which together can achieve reductions of 30 to 40 % or more
in carbon emissions compared to baseline operations. Persistent gaps
between technical potential and real-world implementation demonstrate
that institutional capacity, regulations, and financing are equally critical.
Climate change further complicates decarbonization efforts by increasing
energy demand and disrupting treatment performance, requiring adaptive
management strategies and integrated planning that align carbon
reduction, water security, and climate resilience rather than treating them
as competing priorities.

Keywords: carbon neutrality; wastewater treatment plants; greenhouse
gas emissions; energy recovery; decentralized systems; nature-based
solutions.

1. Introduction

Wastewater treatment (WWT) is vital for the protection of public
health, ecological balance, and the sustainable management of water
resources (Obaideen et al., 2022). Untreated sewage harbours pathogenic
microorganisms, toxic compounds, and other pollutants that pose
significant health risks to human beings and animals, primarily in the form
of increased rates of waterborne diseases (Akpor et al., 2014; Pratap et al.,
2023). Treatment of wastewater removes or inactivates these
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contaminants, thereby reducing faecal indicator concentrations, limiting the spread of waterborne
diseases, and diminishing harmful effects on surface water bodies and groundwater resources
(Obaideen et al., 2022; Akpor et al., 2014).

Thus, wastewater treatment can support sustainable water resource management (Jhansi &
Mishra, 2013; Qadir et al., 2010; Singh-Shekhawat et al., 2020). Economically, wastewater treatment
can help industries avoid costly penalties for non-compliance, thereby promoting sustainable urban
and industrial development (Cosgrove & Loucks, 2015; De & Majumder, 2020; Singh-Shekhawat et
al., 2020).

Despite these advantages, wastewater treatment plants (WWTPs) occupy a paradoxical
position in global climate action efforts: these facilities, which are critical to serving billions of people
worldwide, are a measurable source of greenhouse gas (GHG) emissions both within their operational
boundaries and across their supply chains (Maktabifard et al., 2023). The wastewater sector has been
estimated to contribute up to 7 % of global anthropogenic methane (CHas) emissions and up to 10 %
of global anthropogenic nitrous oxide (N2O) emissions, although these figures vary with treatment
technology, plant size, and region (Kampschreur et al., 2009; Maktabifard et al., 2023). Collectively,
this sector contributes approximately 1-2 % of total global anthropogenic carbon-equivalent
emissions (Liu et al., 2024). Compounding this environmental challenge is the energy intensity of
WWTPs: this sector accounts for 1-3 % of total electricity consumption in many developed nations,
with global sectoral electricity demand estimated at 85-279 TWh per year, equating to approximately
3-5 % of global electricity consumption (Magni et al., 2025). The scale of this challenge is further
underscored by the current state of global wastewater infrastructure; the most comprehensive peer-
reviewed global estimate to date indicates that 359.4 billion m® of wastewater is produced worldwide
annually, of which 63 % is collected and 52 % receives some form of treatment (Jones et al., 2021).

Conventional WWT processes continue to face significant challenges. Aeration, pumping, and
sludge management are among the most energy-intensive operations, and accordingly contribute
substantially to GHG emissions (Kamali et al., 2019; Wu et al., 2022; Ktosok-Bazan et al., 2024).
The management of sewage sludge represents an additional environmental and economic challenge:
sludge treatment and disposal are costly, and improper disposal can lead to the leaching of pollutants
into soil and water (Cieslik et al., 2015). Furthermore, conventional treatment processes may be
insufficient to remove emerging contaminants such as pharmaceuticals, microplastics, and endocrine-
disrupting compounds, which can accumulate in aquatic environments and enter the food chain
(Krishnan et al., 2023; Kamali et al., 2019). The environmental footprint of WWT processes extends
beyond direct atmospheric emissions to include embodied emissions encompassing the impacts of
construction, chemical production, sludge disposal, and receiving-water degradation (Corominas et
al., 2013). Inefficient removal of nutrients such as nitrogen and phosphorus can also contribute to
eutrophication (Kendrick, 2011; Rusyn & Gdémora-Herndndez, 2024). Additionally, conventional
treatment processes typically involve chemical additives, which increase treatment costs, and they
generally fail to recover water, energy, or mineral resources of considerable value within a circular
economy framework (Zarei, 2020; Gallo et al., 2024).

To achieve carbon-neutral and energy-sustainable WWT, a fundamental transformation is
required from energy-intensive, fossil-fuel-dependent operations towards more integrated, low-
carbon approaches. Carbon neutrality in WWTPs can be pursued through three broad strategic
domains: (i) adoption of energy-efficient, low-carbon treatment technologies based on anaerobic
ammonia oxidation (anammox) processes, aerobic granular sludge systems, and membrane-aerated
biofilm reactors; (ii) in-situ renewable energy production via anaerobic digestion and biogas
utilisation, solar photovoltaics, and geothermal energy; and (iii) resource recovery of nutrients,
biopolymers, and reclaimed water, which can contribute to a net-negative carbon balance by
displacing fossil fuel-derived products (Yu et al., 2025; Myszograj et al., 2021; Pasquarelli et al.,
2024; Devarajan & D., 2024; Vellaiyan, 2024; Rusyn & Gomora-Hernandez, 2024). Energy-efficient
technologies applied across all domains of WWTP operations, from building infrastructure to energy
management systems, can reduce the energy embodied in WWTP assets (Rathor & Saxena, 2020;
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Ruparathna et al., 2016). Logistics-related GHG emissions associated with the transport of chemicals
used in WWTP operations, including coagulants, disinfectants, and pH-adjustment reagents, as well
as emissions associated with biogas and on-site electricity production, constitute another significant
component of the WWTP carbon balance and thus represent meaningful opportunities for mitigation
(Corderaetal., 2019; Wu et al., 2022; Ktosok-Bazan et al., 2024).

A distinction in the recent literature concerns the concepts of energy neutrality and carbon
neutrality. Several case studies have demonstrated that energy neutrality, that is, the WWTP
producing an amount of energy equivalent to its consumption, is technically feasible. For example,
the Gubin WWTP in Poland employed a combination of biogas, solar, and geothermal energy sources
to fully meet its electricity demand and generate surplus heat (Myszograj et al., 2021). Nevertheless,
achieving energy neutrality does not automatically confer carbon neutrality: direct non-CO:
emissions, particularly CHs and N20O, and the embodied emissions of chemicals and infrastructure,
can remain substantial even when energy self-sufficiency has been achieved (Maktabifard et al.,
2023). Carbon capture and storage technologies could serve as an important complementary approach
within WWTP decarbonisation strategies, especially in scenarios where direct emissions are difficult
to abate through efficiency measures alone (Bui et al., 2018). At the system level, a circular economy
approach emphasizing material reduction, reuse, and recycling is expected to yield additional energy
savings and GHG reductions in WWT systems (Mohanrajhu et al., 2024; Zarei, 2020). Variability in
specific energy consumption across WWT systems, a major focus of plant-level energy
benchmarking studies, further highlights the importance of optimising individual plants to achieve
sector-wide energy and GHG reduction goals (Gallo et al., 2024; Ktosok-Bazan et al., 2024).

Advanced WWT technologies such as membrane bioreactors (MBRs), constructed wetlands,
and microbial fuel cells (MFCs) offer additional pathways toward carbon-neutral operation by
increasing treatment efficiency, enabling energy generation, and minimising waste (Rusyn &
Gomora-Hernandez, 2024; Azhar et al., 2022). Empirical evidence also demonstrates that sustainable
water management practices are not driven by technological development alone, but depend equally
on supportive policy and legislative frameworks that incentivise low-carbon and energy-efficient
WWT systems, with renewable energy integration serving as a key enabling factor (Rusyn &
Gomora-Hernandez, 2024; Wu et al., 2022; Obaideen et al., 2022).

2. Literature review
2.1. Scope of review

This review synthesises current knowledge on carbon neutrality strategies for WWTPs, with
particular emphasis on three research gaps that determine whether carbon-neutral wastewater
treatment remains a laboratory concept or achieves real-world impact at scale: (1) an analysis of
small-scale and decentralised systems; (2) a systematic examination of socio-institutional barriers to
implementation; and (3) an evaluation of climate resilience integration needs.

2.2. Understanding and quantifying WWTP carbon emissions
2.2.1. Emission sources and magnitudes

Accurate carbon accounting serves as the essential basis for targeted mitigation efforts. The
carbon footprint of wastewater treatment plants (WWTPs) includes direct emissions from biological
treatment processes, indirect emissions from energy consumption, and embodied emissions from
chemical usage and infrastructure (Li et al., 2022). Current evidence suggests that direct process
emissions, primarily N2O from nitrification—denitrification and CHs from anaerobic sludge handling,
can contribute over 60 % of the total carbon footprint. In contrast, indirect energy-related emissions
account for approximately 30 %, with the remainder attributable to chemical usage and supply-chain
activities (Maktabifard et al., 2023). Jin et al. analyzed 225 Chinese WWTPs and confirmed this
pattern: direct emissions averaged 0.42 kg CO -eq m= (approximately 64 % of the total), with
indirect emissions averaging 0.23 kg CO, -eq m= (Jin et al., 2025). A comprehensive life cycle
assessment (LCA) encompassing pre-treatment, biological treatment, sludge management, and final
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disposal stages reveals significant spatial variation in emission profiles (Yang et al., 2023). For
municipal WWTPs employing activated sludge processes with energy-intensive aeration, biological
treatment stages typically contribute 68.14 % of total carbon emissions, with N.O emissions
constituting the dominant direct contributor at 0.333 kg CO2 -eq m™ (Zhou et al., 2025). Within full
wastewater systems, Jin et al. found that emissions from sludge treatment and disposal are frequently
under-accounted and are estimated to represent approximately 40 % of total GHG emissions when
incorporated within the system boundary (Jin et al., 2025). When emission hotspots are identified
through process-specific monitoring, targeted interventions can be implemented. Electricity
consumption in pumping operations, energy requirements for aeration, and chemical-dependent
nutrient removal processes emerge as critical leverage points for emissions reduction (Li et al., 2022).

2.2.2. System boundaries and accounting methodologies

A clearly defined system boundary is fundamental to both carbon neutrality assessment and
strategy development. Traditional approaches focus on operational (plant fence-line) boundaries,
accounting for direct emissions and purchased electricity (Liu et al., 2024). However, this narrow
scope omits significant emission sources, including chemical production, biosolids transport and
disposal, and downstream impacts on receiving waters. Li et al. (2022) argue that an expanded system
boundary encompassing the full wastewater value chain from collection systems through to ultimate
disposal or resource recovery is required for comprehensive accounting. The choice of accounting
methodology fundamentally shapes the outcomes of carbon neutrality assessments and the ranking
of mitigation options. The Intergovernmental Panel on Climate Change (IPCC) provides widely
adopted standardized methods for quantifying direct emissions; however, significant uncertainty
persists around emission factors for non-CO:z gases such as N>.O and CH4 under different operational
regimes and process configurations (Corominas et al., 2013). Life cycle assessment (LCA) offers a
more comprehensive framework for evaluating indirect emissions and identifying trade-offs across
alternative technologies and operational strategies; however, it demands extensive data and depends
on methodological choices regarding allocation rules, functional units, and selected impact categories
(Persson et al., 2021).

Recent advancements encompass dynamic Life Cycle Assessment (LCA) methodologies that
account for temporal variations in emissions and energy system compositions, alongside integrated
modeling frameworks that couple process simulation models with carbon accounting modules
(Maktabifard et al., 2023). Despite the analytical strength of these advanced methods, their
implementation necessitates significant technical expertise and high-quality data, potentially limiting
their applicability in resource-constrained or small-scale settings. Consequently, there is a widely
acknowledged demand for simplified, standardized carbon accounting tools that facilitate robust
carbon neutrality planning for smaller facilities without imposing excessive data collection or
modeling burdens (Li et al., 2022).

2.3. Technological strategies for carbon neutrality
2.3.1. Energy recovery and renewable energy integration

Anaerobic digestion remains the most established method for energy recovery from wastewater
sludge. The deployment of anaerobic digesters typically results in 6.7-29.1 % reductions in
greenhouse gas (GHG) emissions, contingent upon system configuration and combined heat and
power (CHP) integration (Maktabifard et al., 2018). The Beijing Gaobeidian Wastewater Treatment
Plant (WWTP) exemplifies the feasibility of approaching energy neutrality, achieving 95.8 % energy
recovery relative to total energy consumption, although only attaining 56.7 % carbon neutrality,
thereby highlighting the fundamental distinction between energy and carbon neutralization (Pang et
al., 2023). Solar photovoltaic (PV) integration provides complementary energy pathways, particularly
for addressing peak demand periods. Optimized operational scheduling, combined with PV
generation in a modified anoxic—aerobic—oxic system, achieved 30-50 % reductions in electricity-
related carbon emissions alongside 40-60 % cost savings through load-shifting strategies (Zhong et
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al., 2024). Applications of machine learning and artificial neural networks enable predictive energy
demand forecasting up to two weeks in advance, achieving an 11.20 % reduction in energy costs and
16.91 % savings in material costs through anticipatory operational adjustments (Wang et al., 2022).
Wind energy integration offers additional renewable generation capacity, particularly in regions with
favorable wind resources, although spatial constraints and community acceptance considerations may
limit implementation at urban WWTPs (Maktabifard et al., 2018). Geothermal heat pumps can reduce
heating energy requirements in cold climates, while waste heat recovery from effluent streams offers
further efficiency gains (Bae et al., 2021). The integration of multiple renewable energy sources with
energy storage and smart grid connectivity positions WWTPs as distributed energy resources capable
of providing grid services, including demand response and renewable energy balancing (Maktabifard
et al., 2018). However, realizing this potential necessitates supportive regulatory frameworks, grid
interconnection standards, and utility business models that incentivize distributed generation and
operational flexibility.

2.3.2. Process optimization and advanced nitrogen removal technologies

High-rate activated sludge (HRAS) systems, combined with partial nitritation/anammox,
represent an emerging technological pathway achieving simultaneous carbon recovery and energy
efficiency. Optimized HRAS reactors have demonstrated 67.8 % chemical oxygen demand (COD)
recovery, 81 % total COD removal efficiency, and 62 % aeration reduction, translating to
approximately 0.24 kWh m= energy recovery potential (Wei et al., 2024). Multi-objective
optimization of conventional processes, simultaneously considering effluent quality, operational
costs, and GHG emissions, has achieved 34.6 % GHG reductions while improving operational
economics by 72.2 % (Liao et al., 2024). The integration of anammox processes into conventional
nitrification—denitrification offers particular promise. Partial denitrification coupled with anammox
(PD/A) is now recognised as a sustainable, low-GHG alternative for mainstream nitrogen removal,
offering more robust nitrite supply stability compared to partial nitritation/anammox under variable
influent conditions (Im et al., 2025). Pilot-scale implementation of mainstream anammox in northern
China by Yin et al. demonstrated nitrogen removal efficiencies of 70.4-75.0 % across temperature
ranges from 7.5°C to 27.8°C, confirming technical feasibility beyond tropical and subtropical regions
(Yinetal., 2024). Energy efficiency improvement represents the most cost-effective pathway toward
carbon neutrality. Aeration is by far the largest single energy consumer in activated sludge systems,
accounting for over 40-60 % of total plant energy demand, and the literature indicates this can be
reduced by 2040 % through fine-bubble diffusers, automated dissolved oxygen control, and process
intensification (Li et al., 2025; Bae et al., 2021). Advanced process control strategies, including model
predictive control and artificial intelligence-based systems, enable dynamic adjustment to influent
variations while maintaining treatment performance (Guo et al., 2024). The choice of treatment
process configuration also profoundly influences energy requirements. Energy-efficient treatment
trains, including A20 (anaerobic—anoxic—oxic), oxidation ditches with intermittent aeration, and
appropriately designed membrane bioreactors, can reduce energy consumption by 30-50 % compared
to conventional activated sludge (Bae et al., 2021).

2.3.3. Nature-based and hybrid solutions

Nature-based solutions (NBS) offer low-energy, climate-resilient alternatives or complements
to conventional treatment, with particular relevance for small-scale and decentralized applications.
Constructed wetlands achieve effective treatment through sedimentation, filtration, microbial
degradation, and plant uptake, with energy requirements limited principally to occasional pumping.
Full-scale comparative analyses have confirmed that the carbon footprint of constructed wetlands
(approximately 1.2 kg CO2 -eq m=) is substantially lower than that of conventional activated sludge
systems (approximately 4.5 kg CO2 -eq m™®), primarily owing to reduced electricity consumption,
lower chemical inputs, and minimal sludge management requirements (Flores et al., 2020). It should
be noted, however, that constructed wetlands themselves can emit measurable CH4 and N2O during
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treatment, and net GHG performance depends strongly on plant species selection, operational
management, and system configuration (Li et al., 2024).

Hybrid systems combining nature-based and engineered components offer optimized
performance—energy—footprint trade-offs. Integrated fixed-film activated sludge (IFAS) systems
combine biofilm and suspended-growth processes, reducing aeration requirements while maintaining
compact footprints (Bae et al., 2021). Algae-based treatment systems couple wastewater treatment
with biomass production for energy recovery and nutrient capture, though harvesting and processing
challenges currently limit commercial deployment (de Lima Barizao et al., 2023). Internal
recirculation has been developed to address limitations of reduced nutrient removal and lower
treatment consistency during cold periods in hybrid systems, enhancing nitrification—denitrification
processes and significantly improving nitrogen removal in high-strength effluents (Garcia et al.,
2024). Carbon balance assessments indicate that vertical flow wetlands typically provide higher
carbon sequestration rates per unit area compared to horizontal subsurface flow designs (Peralta et
al., 2024). In small-scale applications, the conversion of conventional plants to hybrid constructed
wetland systems has been shown to reduce life cycle GHG emissions by approximately 73 %,
estimated at a reduction of 45.7 t CO, -eq yr? for a 60 m® d* plant. (Thomas et al., 2023). Despite
these benefits, integration into existing infrastructure remains challenging owing to larger land
requirements and the complexity of managing biological process variability (lacob et al., 2024).
Furthermore, the net climate benefit of NBS can be partially offset by direct CH4 and N2O emissions,
necessitating precise site-specific accounting to confirm true carbon neutrality (Zhang et al., 2024).
A comparative summary of some key technologies for emission reduction is outlined in Table 1.

Table 1. Comparative summary of key carbon neutrality technologies for WWTPs: emission
reduction potential, advantages, limitations, and climatic/infrastructural applicability

GHG Key Key Climatic/Infrastructura Citation
Technology Em|55|pn Advantages Limitations I Applicability
Reduction
Potential
6.7-29.1 % | Mature High capital | Best suited to temperate | Maktabifard et
GHG technology; cost; energy | and tropical climates; | al. (2018); Pang
reduction; up to | simultaneous neutrality does | large-scale  centralised | et al. (2023);
Anaerobic 95.8% energy | energy and | not confer | WWTPs; UASB widely | Maktabifard et
Digestion with | recovery; sludge carbon used in tropical countries | al. (2019)
CHP >30% carbon | reduction; neutrality; cold
footprint digestate usable | climates require
reduction with | as fertiliser additional
CHP heating
34.6%  GHG | Eliminates Process Applicable in temperate | Imetal. (2025);
reduction with | external carbon | sensitivity — at|{and warm  climates; | Liao et al.
Mai multi-objective | dosing; reduces | low demonstrated feasibility | (2024); Yin et
ainstream R . ) . .
ANammox / optimisation; aeration temperatures; in northernChmadownto al. (2024)
. 70.4-75.0% demand; low | complex 7.5°C;  suitable  for
Partial . - ) :
N nitrogen N0 footprint | process control; | medium-to-large
Denitrification— .
removal compared  to | limited full- | WWTPs
Anammox (PD/A) - .
efficiency conventional scale
across 7.5— | nitrification— deployment in
27.8°C denitrification | cold climates
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GHG Key Key Climatic/Infrastructura Citation
Technology REmissi_on Advantages Limitations I Applicability
eduction
Potential
30-50% Modular  and | Intermittency Optimal in tropical, arid, | Zhong et al.
reduction  in | scalable; and storage | and semi-arid climates; | (2024);
electricity- applicable  to | costs; reduced | demonstrated in Thailand | Phongphalee et
related carbon | small and large | yields in|{and the Mediterranean |al. (2025);
Solar Photovoltaic emissions; facilities; 40— | temperate/cold | (Crete); viable in small | Vourdoubas
- 12.5% facility | 60% cost | climates; and large facilities (2018)
(PV) Integration o . :
emissions savings via | monsoon-
reduction load-shifting season
(whole-plant strategies variability
installation) limits
dispatchability
~73% LCA | Minimal energy | Large land area | Best suited to warm, | Flores et al.
GHG reduction | input; low | required; semi-arid, and tropical | (2020);
Vs, chemical use; | seasonal climates; ideal for rural | Thomas et al.
Constructed conventional; | climate- performance and small-scale | (2023);
Wetlands (CW) / | carbon resilient;  co- | variation in cold | decentralised  systems; | Benbouzid et
Nature-Based footprint ~1.2 | benefits for | climates; direct | performance declines in | al. (2024)
Solutions vs. ~4.5 Kg | biodiversityand | CH+ and N-:O | cold climates
CO2-eq m™ for | hydraulic emissions  can
activated buffering offset net
sludge benefit
62% aeration | Compact Requires Applicable across | Wei et al.
reduction; footprint; high | polishing step | temperate and warm | (2024); Bae et
67.8%  COD | organic loading | for nutrient | climates; best suited to | al. (2021)
High-Rate recovery; ~0.24 | capacity; strong | removal, medium-to-large
- kWh m™ | synergy  with | limited centralised WWTPs with
Activated Sludge . lished lud
(HRAS) with energy downstr_eam experience aF establishe sludge
recovery anaerobic full scale; | treatment
Carbon Recovery . L
potential digestion performance
sensitive to
influent
variability
70-85% less | Eliminates Unfavorable Most relevant for tropical, | Opher &
CO2-eq m™ | long-distance energy scaling; | subtropical, and | Friedler (2016);
Decentralised / | than conveyance regulatory and | developing-world Bailey et al.
Small-Scale conventional emissions; institutional contexts; rural and peri- | (2021);
Systems (e.g., | activated supports water | barriers; limited | urban  areas  lacking | Saadatinavaz et
Downflow sludge  when | reuse; access to | centralised infrastructure | al. (2024)
Hanging Sponge, | full  transport | operational capital; under-
ANnMBR, Solar | emissions are | simplicity representation
PV) included; DHS | suited to | in literature
energy use 0.1 | resource-
0.3 kWh m= limited settings

2.4. Applications and limitations of carbon neutrality technologies in WWTP across different climatic
zones

Climate zone is a primary determinant of the performance, feasibility, and economics of carbon
neutrality technologies deployed at municipal wastewater treatment plants (WWTPs). Temperature,
seasonality, and region-specific resource availability create distinct opportunities and constraints that
preclude any single technological pathway from being universally optimal.
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2.4.1. Anaerobic digestion across climate zones

Tropical and warm climates. Anaerobic digestion benefits significantly from the
thermodynamic conditions prevailing in tropical and subtropical regions. Elevated ambient
temperatures (typically 27-35 °C) promote the enzymatic activity of hydrolytic and methanogenic
microorganisms, enabling high organic removal rates without the external heating required in colder
settings (van Haandel & Lettinga, 1994). This thermal advantage is most clearly demonstrated in
upflow anaerobic sludge blanket (UASB) technology, which has been widely deployed in tropical
countries precisely because the warm influent eliminates the energy penalty associated with
mesophilic digestion in temperate facilities. Full-scale UASB data from five Brazilian WWTPs
confirm that specific biogas production rates under tropical conditions can sustain economically
viable energy recovery, provided that operational limitations such as scum accumulation and granule
washout are addressed (Chernicharo et al., 2015).

Cold climates. Cold climates impose fundamental constraints on anaerobic processes. Even so,
Keating et al. (2016) demonstrated that a hybrid sludge bed/fixed-film reactor operating at 12 °C
could sustain high-rate anaerobic digestion of synthetic sewage over a 732-day trial, achieving up to
78 % phosphate removal through biofilm-mediated intracellular polyphosphate accumulation.
Chemical oxygen demand removal efficiency was maintained across applied organic loading rates of
0.4 to 1.5 kg COD m? d?, demonstrating that psychrophilic microbial adaptation can support
simultaneous carbon and phosphorus removal even at low temperatures, albeit at hydraulic retention
times and reactor volumes substantially larger than those required under mesophilic conditions. The
additional heating burden in cold regions nevertheless remains a significant barrier to energy self-
sufficiency, and engineering strategies must account for this baseline demand before energy recovery
from biogas can meaningfully offset indirect emissions.

2.4.2. Constructed wetlands and nature-based systems

Constructed wetlands (CWSs) represent a low-energy, nature-based complement or alternative
to conventional secondary treatment, but their performance is strongly modulated by temperature and
season. Benbouzid et al. (2024) studied four vertical-flow CW units treating domestic wastewater
under the semi-arid climate of Rabat, Morocco, over one year and found that organic matter removal
exhibited pronounced seasonal variation: polyculture units (Phragmites australis and Arundo donax)
achieved 99.47 % COD removal in summer but substantially lower rates in winter, when reduced
temperatures suppressed both plant growth and microbial activity. These results echo wider evidence
from a systematic review of 93 created or restored freshwater wetlands (203 sites), which found that
total nitrogen removal efficiency (median 37 %; 95 % CI: 29-44 %) was significantly correlated with
annual average air temperature as well as hydrological loading rate and wetland area (Land et al.,
2016). Total phosphorus removal was similarly correlated with inlet concentration, hydraulic loading
rate, temperature, and wetland area, highlighting the multi-factorial nature of CW performance
optimization. Sustainable operation of CWSs across climate zones requires careful attention to
macrophyte composition, substrate type, water level, hydraulic retention time, and loading rate
(Gorgoglione & Torretta, 2018); none of these parameters can be determined without baseline
characterisation of local climate conditions.

2.5. Renewable energy integration

Solar photovoltaic (PV) deployment at WWTPs offers a climate-dependent contribution to
reducing grid electricity dependence. Studies from tropical regions illustrate the potential: in Pattaya
City, Thailand, roof-mounted PV arrays on WWTP office buildings were estimated to generate
approximately 157 MWh annually, reducing facility GHG emissions by around 2.4 %, while whole-
plant PV installations could provide roughly 824 MWh annually and achieve a 12.5 % emissions
reduction (Phongphalee et al., 2025). However, monsoon-season intermittency and the absence of
affordable storage solutions limit the dispatchability of solar generation in many tropical settings. In
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arid and semi-arid climates, higher year-round irradiance improves the business case for PV, but
water scarcity may prioritise energy-efficient treatment processes over energy-exporting
configurations.

In temperate and cold climates, lower solar irradiance and pronounced seasonal variation reduce
annual PV yields compared with tropical equivalents, making combined heat and power (CHP) units
fuelled by biogas the more strategically important renewable energy pathway. CHP deployment is
reported to reduce total carbon footprint by over 30 % relative to grid-supplied operation, while also
meeting digester heating requirements during cold months (Maktabifard et al., 2019). The dual benefit
of displacing grid electricity and providing process heat makes CHP particularly valuable in cold
climates, where the heating energy demand would otherwise represent a direct energy cost.

2.6. Implications for technology selection

It is evident that no single carbon neutrality strategy is universally applicable across climate
zones. Tropical regions benefit from ambient-temperature enhancement of biological processes, high
solar irradiance, and reduced heating requirements, but face challenges including grid fossil-fuel
dependence and intermittent solar availability. Temperate regions must address seasonal nitrification
failure and moderate heating demands while leveraging established biogas-CHP infrastructure. Cold
climates face the most significant barriers: obligatory process heating, suppressed microbial activity
at low temperatures, and extended hydraulic retention requirements increase both capital and
operating costs, making energy self-sufficiency difficult without substantial process innovation such
as mainstream deammonification.

Regulatory frameworks add a further layer of climate-specific complexity. The revised EU
Urban Wastewater Treatment Directive targets energy neutrality for large WWTPs by 2045, imposing
a specific obligation across European temperate, Mediterranean, and cold climate zones (European
Commission, 2022). Comparable binding targets are not yet universally in place in tropical or
subtropical developing regions, creating both an opportunity for technology developers to design
adaptive, low-cost solutions appropriate for these settings and a risk that carbon performance
improvements will lag behind those achieved under regulatory compulsion. Achieving carbon
neutrality in WWTPs globally will therefore require climate-specific technology adaptation, region-
appropriate renewable energy integration, and governance frameworks that recognize the
heterogeneity of the technical and economic constraints faced across climatic zones.

2.7. Small-scale and decentralised systems

The extant literature on emissions from decentralized systems is not only limited but also
exhibits a geographical and technological imbalance. The majority of existing studies are
concentrated in Europe, particularly Italy and Germany, and China, with a significant under-
representation of Africa, South Asia, and Latin America regions where decentralized systems are
most prevalent (Lam et al., 2025; Zhao et al., 2025). Saadatinavaz et al. note that the literature on
carbon neutrality in wastewater treatment plants (WWTPSs) shows a pronounced bias towards large-
scale centralized facilities. Small-scale and decentralized systems receive disproportionately limited
attention despite serving substantial global populations and presenting unique technological and
institutional contexts (Saadatinavaz et al., 2024). Approximately 40-50 % of the global population
lacks access to centralized wastewater collection and treatment infrastructure, predominantly in
developing countries (Jones et al., 2021). Decentralized wastewater treatment systems (DeWTS) thus
represent not merely supplementary infrastructure but potentially transformative pathways for
achieving sustainable development goals while simultaneously reducing carbon footprints by
eliminating the energy requirements of long-distance conveyance. A fundamental challenge for
small-scale carbon neutrality lies in unfavorable scaling relationships: energy consumption per unit
volume generally decreases with facility size due to economies of scale in equipment efficiency and
process optimization, while renewable energy generation potential particularly from solar
photovoltaic (PV) systems scales approximately linearly with available surface area. This scaling
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disadvantage is partially offset by the lifecycle carbon advantage of eliminating long-distance
wastewater transport. Life cycle assessment evidence consistently demonstrates that decentralized
approaches can outperform centralized systems in multiple environmental impact categories when
full transport and distribution emissions are considered (Opher & Friedler, 2016; Arias et al., 2020).
Advanced biotechnologies adapted for small-scale application offer promising pathways toward
carbon-neutral rural wastewater treatment. Anaerobic membrane bioreactors (AnMBRs) enable
energy recovery from low-strength wastewater while producing high-quality effluent suitable for
reuse. Sulfur-based autotrophic denitrification and anammox processes reduce energy requirements
while eliminating the need for external carbon addition, although operational complexity may
challenge resource-constrained settings. The Downflow Hanging Sponge (DHS) system
demonstrates particular promise for tropical and subtropical small-scale applications, combining
ultra-low energy consumption (0.1-0.3 kWh m, approximately 80 % lower than conventional
activated sludge) with operational simplicity and resilience under variable loading conditions. Solar
photovoltaic systems offer the most accessible renewable energy option for small facilities, with
rooftop and ground-mounted installations providing substantial generation potential on constrained
sites. Vourdoubas (2018) presented a case study demonstrating zero-carbon WWTP operation in
Crete, Greece, through solar PV integration, confirming technical feasibility for small Mediterranean
facilities(Vourdoubas, 2018). Bailey et al. (2021) demonstrated greenhouse gas (GHG) emission
reduction potential for a satellite water reuse plant through combined solar PV and anaerobic
digestion, achieving a significant reduction in overall carbon footprint(Bailey et al., 2021).

2.8. Socio-institutional barriers and implementation
2.8.1. The gap between technical capacity and operational reality

One of the most persistent findings in the wastewater management literature is the discrepancy
between demonstrated technical capacity and actual implementation outcomes. This gap is evident at
both the facility and sector levels. At the facility level, the presence of functional treatment stages
does not ensure effective operation; institutional failures in maintenance funding, workforce training,
and operational management collectively undermine performance, independent of technological
sophistication (Nurmiyanto et al., 2023). At the sector level, Maktabifard et al. (2018) describe a
regulatory and financial trap for decentralized solutions: while the technical benefits of small-scale
systems, such as localized water reuse, are apparent, they often fail because regulatory frameworks
were designed for an earlier era of large-scale centralized infrastructure. Small plants are frequently
required to meet the same stringent effluent and monitoring standards as large centralized facilities,
resulting in disproportionately high per-capita compliance costs. Furthermore, traditional regulations
often lack specific categories for resource recovery, making it legally challenging for small facilities
to sell treated water or recovered nutrients (Maktabifard et al., 2018). This institutional dimension
extends beyond simple operational neglect to encompass a fundamental misalignment between
facility design assumptions and local governance capacity. Research examining community-based
WWTPs identified sustainability as critically dependent on institutional capacity rather than system
type: facilities with weak governance structures exhibited premature failure regardless of
technological sophistication. Factors such as operation and maintenance expenditure management,
user acceptance, community involvement, and institutional structure consistently rank above
technology efficiency as determinants of long-term system viability (Nurmiyanto et al., 2023).

2.9. Economic and financial barriers

Achieving carbon neutrality in WWTPs faces formidable economic and financial barriers,
despite the long-term rationale of energy efficiency and renewable energy investments. High upfront
capital costs for advanced treatment technologies, such as membrane bioreactors, anaerobic ammonia
oxidation systems, and energy recovery infrastructure, represent the primary constraint, particularly
for small and medium-sized utilities with limited access to capital markets and constrained revenue
bases (Maktabifard et al., 2023; Hao et al., 2015). Carbon-neutrality investments typically require
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20-50 % increases in total facility capital costs, fundamentally challenging traditional utility
financing models predicated on incremental upgrades and regulatory compliance rather than
transformative, systems-level investment (Snaer et al., 2021). Small WWTPs serving populations
below 50,000 face particularly acute challenges, as their revenue streams lack the economies of scale
needed to service debt for large-scale renewable energy installations or advanced process
configurations (Lu et al., 2019). Small-scale facilities in developing countries confront additional
challenges: sovereign credit ratings constrain access to international capital markets, while domestic
banking sectors often lack the technical capacity to underwrite environmental projects (Zhang et al.,
2016). Even in advanced economies, regulatory frameworks frequently undervalue the co-benefits of
carbon-neutral WWTPs, such as grid stability services from biogas plants and revenue from water
reuse, creating persistent financing gaps that undermine project bankability (Longo et al., 2022).
These structural barriers underscore the need for regulatory reform that recognizes the full societal
value of carbon-neutral wastewater infrastructure beyond narrow compliance paradigms.

2.10. Regulatory frameworks and policy barriers

Regulatory frameworks predominantly designed for large, centralised WWTPs systematically
disadvantage small-scale and decentralised systems, creating compliance burdens disproportionate to
their scale and complexity. Permitting requirements, monitoring mandates, and effluent standards
calibrated for industrial-scale facilities impose fixed costs such as engineering certifications,
continuous instrumentation, and professional operator licensing that can exceed annual operating
budgets for plants serving populations below 10,000 (Libralato et al., 2012; Capodaglio, 2017). This
regulatory mismatch can drive small utilities toward operational shortcuts or informal discharge
practices rather than compliance, undermining environmental protection while perpetuating reliance
on costly centralised infrastructure (Massoud et al., 2009).

Conversely, jurisdictions that have implemented scale-sensitive regulatory architectures
demonstrate substantially improved outcomes for alternative treatment pathways. Germany's Small
Wastewater Treatment Plant Ordinance (Kleinklaranlagenverordnung) exemplifies this approach,
combining performance-based effluent standards with simplified permitting for decentralised systems
while offering capital subsidies covering up to 60 % of construction costs for qualifying technologies
(Umweltbundesamt, 2020).

Carbon neutrality achievement fundamentally depends on regulatory alignment between
environmental performance objectives and the economic realities of diverse facility scales.
Performance-based standards specifying maximum allowable nutrient loads, energy intensity
thresholds, or net GHG emissions rather than prescribing specific technology configurations offer
greater flexibility for innovation while maintaining environmental stringency (Guest et al., 2009).

2.11. Climate resilience integration
2.11.1. Climate change as a fundamental stressor on wwtp operations

Climate change presents an emerging threat to wastewater infrastructure sustainability that
fundamentally undermines carbon neutrality achievement when not explicitly integrated into long-
term planning. Rising temperatures directly affect WWTP performance by disrupting microbial
activity, decreasing biological treatment efficiency, and increasing operational energy requirements
for temperature regulation and aeration control. Modelling of WWTPs across diverse climate zones
suggests that global warming is projected to increase annual electricity consumption and associated
GHG emissions substantially under both moderate and high emission scenarios, creating a feedback
mechanism that can amplify the climate impact of carbon-intensive electricity grids (Maktabifard et
al., 2023).

Climate change disrupts WWTP operations through multiple interacting stressors that challenge
infrastructure resilience, process stability, and effluent quality compliance. Rising temperatures can
accelerate biological oxygen demand (BOD) and chemical oxygen demand (COD) in influent
wastewater, increasing organic loading, which strains aeration capacity and elevates energy
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consumption for oxygen transfer (Aymerich et al., 2015). Higher temperatures also enhance
nitrification rates while potentially suppressing denitrification, creating stoichiometric imbalances
that elevate effluent nitrate concentrations and risk permit violations under stringent nutrient removal
regulations (Wan et al., 2014).

Precipitation variability constitutes an equally severe threat. Intensified rainfall events increase
hydraulic surges that can overwhelm wet-weather capacity, forcing plants to bypass treatment or
dilute mixed liquor, thereby compromising biological nutrient removal (BNR) performance
(Venkatesan et al., 2021). Drought conditions present the converse but equally destabilising
challenge: prolonged dry periods reduce wastewater flows, increase pollutant concentrations, and
disrupt the microbial community dynamics essential for activated sludge performance (Sweetapple
etal., 2014).

Energy system interactions further compound operational risks. Climate-driven grid instability
resulting from extreme weather events and the integration of variable renewable energy sources
increases the frequency of power outages, threatening the continuous aeration and pumping
operations critical for process stability (Crawford et al., 2020).

2.12. Integrated adaptation frameworks

Adaptation frameworks for enhancing WWTP resilience emphasise multi-layered strategies
combining infrastructure hardening, technological innovation, operational flexibility, and governance
adaptation. Key design principles include avoiding or limiting exposure to climate hazards, building
redundancy to maintain function during disruptions, containing failures to minimise cascading
consequences, and facilitating rapid recovery (Ayyub, 2014). Constructed wetlands integrated
upstream of activated sludge systems exemplify this approach: wetlands provide hydraulic buffering
and natural treatment during extreme wet-weather flow events while requiring minimal energy,
subsequently routing normalised effluent to conventional processes under baseflow conditions
(Kadlec & Wallace, 2009). Operational flexibility demands process control architectures that can
accommodate influent variability exceeding historical norms by factors of two to three. Adaptive
aeration control, dynamic chemical dosing, and membrane bioreactor configurations with adjustable
flux rates maintain effluent compliance across wet—dry cycles and temperature extremes (Sweetapple
et al., 2014). Artificial intelligence and machine learning applications enable predictive resilience by
forecasting flow variations and treatment demands in advance of extreme weather events. Hybrid Al
models integrating deep learning with hydrological forecasting permit advanced operational
adjustments that maintain treatment performance while minimising energy consumption during high-
flow events (Guo et al., 2024).

2.13. Water reuse as climate adaptation

Wastewater reuse for agricultural and urban applications represents a dual-purpose climate
adaptation strategy, simultaneously addressing water scarcity exacerbated by climate change while
delivering substantial carbon mitigation benefits. Direct reuse of treated effluent for irrigation
displaces freshwater pumping and treatment processes responsible for 15-30 % of municipal energy
consumption in water-scarce regions, while eliminating evaporation losses inherent in surface water
reservoirs (Miller et al., 2018). Globally, treated wastewater volumes suitable for agricultural reuse
could meet 7-10 % of irrigation demand, equivalent to approximately 40 billion m® annually, with
co-benefits including avoided methane emissions from reduced freshwater reservoir inundation
(Qadir et al., 2020). Prioritization of WWTPs for reclaimed water programmes demands integrated
assessment across technical, agricultural, hydrological, and regulatory dimensions. WWTPs
incorporating advanced treatment trains including membrane filtration, UV disinfection, and
oxidative barriers can achieve log reductions exceeding 6 for enteric viruses and protozoa, meeting
stringent agricultural reuse standards (WHO, 2006). Proximity to agricultural demand centres reduces
distribution energy costs by 40-60 % compared to inter-basin freshwater transfers, while soil texture
and crop water requirements dictate maximum allowable salinity and sodium adsorption ratio
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thresholds (Pedrero et al., 2010). Climate change introduces dynamic water quality challenges that
can undermine reuse viability. Elevated influent temperatures accelerate pathogen replication rates,
while intensified wet-weather flows mobilise Cryptosporidium oocysts from combined sewer
sediments, creating episodic contamination spikes (Brookes et al., 2004). Resilient wastewater reuse
integration, therefore, requires multi-barrier pathogen management synchronised with carbon
neutrality objectives. Real-time molecular monitoring of enteric viruses enables predictive risk
assessment, while machine learning models can forecast contamination events from precipitation
forecasts and influent temperature profiles (Haramoto et al., 2018).

2.14. Trade-offs and synergies

Achieving simultaneous carbon neutrality and climate resilience in wastewater treatment
demands explicit reconciliation of potential trade-offs between these objectives. For instance,
desalination and advanced wastewater treatment capacity expansion, critical responses to water
scarcity under climate change, carry substantial energy demands that risk undermining carbon
neutrality if paired with carbon-intensive electricity sources. Reverse osmosis desalination consumes
3-5 kWh m, while advanced wastewater treatment for potable reuse requires 1.5-2.5 kWh m,
representing 2040 % increases over conventional treatment (Fujioka & Khan, 2017). In regions
dependent on coal-fired power generation (>0.8 kg CO2 kwWh™), such expansions could generate 1.5—
3.5 tonnes CO2 -eq per million litres treated, directly undermining carbon neutrality goals while
apparently enhancing water security (Stokes & Horvath, 2009).

Conversely, substantial synergies emerge when both objectives receive explicit joint
consideration. Water conservation measures, including dual-plumbed greywater systems and low-
flow fixtures, can reduce WWTP hydraulic loading by 20-35 %, simultaneously lowering aeration
energy demands and carbon emissions while building drought resilience (Liang & Ma, 2018). Energy
efficiency interventions exhibit similar multiplier effects: variable frequency drives on blowers and
pumps can reduce electricity consumption by 25-40 % while providing operational flexibility for
climate-induced influent variability (Shen et al., 2021).

Integrated planning frameworks reveal that carbon reduction, energy management, water
security, and climate adaptation function as reinforcing rather than competing priorities. Anaerobic
digestion with biogas upgrading achieves triple benefits: methane capture (60—70 % GHG reduction),
renewable energy production (on-site electricity covering 80-120 % of plant demand), and digestate
reuse as phosphorus fertiliser, displacing synthetic fertiliser production emissions (Jenicek et al.,
2018). Constructed wetlands integrated with membrane bioreactors provide hydraulic surge capacity
during extreme rainfall while requiring 70-90 % less energy than conventional activated sludge,
enhancing both flood resilience and carbon efficiency (Dotro et al., 2017).

2.15. Case studies and deployment pathways

Industrial Wastewater Treatment. Industrial wastewater treatment presents distinct carbon
challenges beyond those of municipal systems. The textile industry, for example, generates
wastewater with lifecycle GHG emissions substantially exceeding municipal treatment intensity.
Prospective LCA of pathways toward carbon neutrality in printing and dyeing wastewater has
identified anaerobic membrane bioreactors and solar-driven photocatalytic membrane reactors as
promising technologies enabling the sector to approach net-zero emissions before 2040 under
progressive transition scenarios (Mao et al., 2024). Carbon source recovery from primary sludge
through acidogenic fermentation similarly enables reduction of external carbon source dependency
while concurrently reducing embodied GHG emissions from chemical procurement (Wang et al.,
2022).

Rural and Agricultural Systems. Decentralised wastewater systems for rural and agricultural
applications can demonstrate carbon-neutral performance at small scale through appropriate
technology selection. Constructed wetlands using locally available plant species such as Phragmites
australis and Typha latifolia achieve greater than 90 % removal of biochemical oxygen demand
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(BOD) and chemical oxygen demand (COD) with near-zero energy input across diverse climate
zones, while producing treated effluent suitable for agricultural irrigation (Vymazal, 2011). Full
lifecycle carbon accounting reveals that nature-based systems emit 70-85 % less CO. -equivalent per
cubic metre treated than conventional activated sludge processes, primarily owing to avoided aeration
energy and reduced embodied infrastructure emissions (Zhang et al., 2019).

Integration with Urban Water Systems. Sustainable selection criteria for small wastewater
treatment plants (WWTPSs) require a multicriteria evaluation that includes technical, economic,
environmental, and social criteria. The technical reliability and efficiency of the WWTP, and the
operating costs, are generally found to be the major criteria for operators and regulators, followed by
the economic factors. However, based on studies carried out in different contexts, social and
environmental benefits, such as carbon footprint reduction and equity, are often found to be
underestimated compared to their actual importance (Saadatinavaz et al., 2024). The development of
integrated urban water systems that integrate wastewater treatment, greywater reuse, and stormwater
management can help to deliver synergistic carbon footprint reductions through avoided freshwater
transport and treatment-related energy consumption, especially for water-scarce regions.

2.16. Integrated framework for carbon neutrality

Achieving carbon neutrality for wastewater treatment is a reality that requires an integrated
approach to three research priority areas, which are interrelated and act in a complementary manner.

(1) Small-scale and decentralised solutions: The fundamental infrastructure gap is a problem
that affects a large percentage of the world's population. Nature-based and appropriate technology-
based WWTPs have shown a high level of performance that is consistent with carbon-neutral
operation, while also ensuring simplicity and operation that is consistent with the requirements for a
developing world scenario. The lifecycle carbon footprint benefits of decentralised infrastructure
compared to traditional infrastructure, including the costs and footprint associated with long-distance
water and wastewater transport, are a major economic and environmental driver for alternative
approaches, especially for regions that are experiencing rapid urbanisation and are yet to develop the
traditional infrastructure required to meet this need.

(2) Socio-institutional Implementation acknowledges that technical innovations alone are not
sufficient to bring about impact without the concomitant innovations in institutions, policies, and
societies. The experience of persistent operational failures with functional infrastructure, capacity
gaps among workforces, and policy barriers that are misaligned with infrastructure and technology
innovations also contribute to barriers to implementation that are separate from those posed by
technology itself.

(3) Climate Resilience Integration ensures that investments in carbon neutrality are protected
from future climate change, rather than becoming stranded assets that are at risk of damage from
extreme precipitation, temperature, and hydrological changes. Climate resilience is achieved through
integrated analysis that includes consideration of infrastructure vulnerability, adaptive capacity, and
climate change impacts, including trade-offs and synergies between carbon reduction and energy
resilience, and across different geographic contexts.

3. Conclusion

Carbon neutrality in wastewater treatment represents an achievable but non-trivial objective
requiring the integration of technical innovation, institutional reform, and social transformation.
Current evidence demonstrates that technical solutions enabling 30-40 % carbon reductions from
baseline operations exist and have been validated at scale, while parallel innovations in small-scale
and nature-based systems offer context-appropriate pathways for populations currently underserved
by centralised wastewater infrastructure. However, persistent implementation gaps between
demonstrated technical capability and operational reality underscore that carbon neutrality depends
critically on addressing socio-institutional barriers alongside technological advancement.
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Climate change presents an emerging threat to wastewater infrastructure viability that creates
urgency for adaptation while paradoxically intensifying carbon reduction imperatives through
feedback mechanisms linking warming to increased energy demand. This complex challenge
demands integrated frameworks that explicitly connect carbon neutrality, climate resilience, water
security, and social equity rather than serial consideration of these dimensions. The convergence of
substantial infrastructure deficits, institutional capacity limitations, and climate adaptation urgency
creates an opportunity to design next-generation wastewater treatment systems optimised
simultaneously for carbon neutrality, climate resilience, and equity.

Achieving this vision requires coordinated action across research, policy, and practice domains,
emphasising long-term field validation of decentralised systems under climate variability, systematic
implementation science investigations of institutional and social factors, and policy modernisation
enabling rapid deployment of appropriate technologies in developing-country contexts. The stakes
for wastewater sector carbon reduction extend beyond environmental impact to encompass
fundamental questions of sustainable development: whether the global community can achieve
universal access to dignified sanitation while simultaneously addressing climate change, or whether
these objectives remain in tension owing to inadequate integration of technical, institutional, and
social innovation.
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KemipTekTik OeliTApanTHIKKA KOJI KeTKi3y CTPaTerusijiapbl. arbIHAbI CyJap/bl
Tazaprty KypbLibicTapbIHbIH (VWWWTP) MbIcaibl

Felix Safo Danquah, Anna Popkova

AnaaTna. AreiHIbL cynapabl Ta3apty Kouabiprbuiapel (WWTP) KoFaMIbIK JICHCAYIBIKTHI CaKTay
MEH KOpIlIaraH OpTaHbl KOpFayJa MaHBI3[bl peil aTKapajlbl. Ajaiina onap skahaHAbIK MapHUKTIK
razpap (III') meFapeiHABUTAPBIHBIH maMaMeH 1-2 %-bIH KypalIbpl KOHE ONEeMIIK DIIEKTP
SHEPTUSICHIH TYTHIHYABIH 3—5 %-bIHa jxayan Oepeni. by camaga keMipTeKTiK OelTapanThIKKa KOJ
KETKi3y YIIIH TEeK OJHEpPrusMeH ©3iH-631 KamMTaMachl3 €TyMEH MIEKTEeIMEWTiH TyOereini
Tpancopmarus KaxeT. Ochl Oy MaKalachlHIa aFbIHABI CyJIap bl Ta3apTy KOHIBIPFbIIAPbIHIAFbI
KOMIPTEKTIK OeWTapamnThIK CTpaTerusuiapbl OOMBIHINA Kas3ipri OimiMaep XKUHAKTAJBIN, YII HETi3Ti
FBUIBIMU OJIKBUTBIK KapaCThIPBLIAIbI: IIAFBIH ayKbIM/IbI )KOHE OpTaIbIKTaHIbIphLIIMAaFaH KyHeaepIiH
THIMJUTITI MEH OOJIaIarsl; TOJCIICHTeH TEXHOJIOTHUSIIap/Ibl CHT13yTe KeAePri KEeNTIPETiH dJICYMETTIK
KOHE WHCTUTYLUHOHANIBIK TOCKAybUIIAP; COHAAN-aK KOMIPTEKTIK OeWTapamnThIKThI »OcCHapiiayFa
KIMMATTBIK TO3IMAUIIKTI MHTErpamusiay Mocesienepi. OMipiik mukigi Oaramay HOTIDKENIEepl MeH
HAKThI TOKIPUOETK 3epTTeysiep OMOJOTUSIIBIK a30TThI KO Ke31HJIe TY3UIETIH a30T TOTBIFbI JKOHE
TyHOAnmapel OHJEY Ke3iHjae OOJHEeTIH METaH CEKUIII TIKeJeW TEXHOJOTHSUIIBIK MIBIFAPBIHIIBLIAP
KOHIBIPFBIHBIH JKaJIIbl KOMIPTEKTIK 13iH1H 60 %-1aH acTaMbIH Kypaybl MYMKIH €KeHiH KepceTTi. by
JHEprusi OeHTapanThIFBl KOMIPTEKTIK OEHTapanThIKIIEH TEH eMeC eKCHIH alKbIHIa kL.
KapacTbIpbUiFan TEXHOJIOTUSIIBIK TOCUIEPre aHadPOOTHI AlIBITY KOHE OIPIKTIPUITeH KbLTy-9HEPTUs
OHJIIpY, AHAMMOKC HETI3iHIEri a30TThl JKOI0, TaOWFaTKa HETi3AENreH IIemiMIep JKOHE
KAHAPTBUIATBIH SHEPrus Ke3AepiH HMHTerpanusuiay >kataabl. byn TexHomorusiap OacTamnksbl
naiianany arJaibIMEeH CalbICThIpFaHa KeMipTek mbirapsiaabpuiapeid 3040 % Hemece onaH na
KOl KbICKapTyFa MYMKIHZIIK Oepeni. TeXHUKaJbIK oJieyeT MEH HaKThbl iCKe achlpy apachlHAAFbl
TYpakThl  QIMIAKTBIK  WHCTUTYIHOHAIIBIK  OJIEYEeTTiH, HOPMATHUBTIK  PETTEYHiH  JKOHE
KAap)KbUTAaHJBIPYJbIH Jla aca MaHbI3Abl €KeHIH KepceTeli. KiMMarThlH e3repyl SHEprusra
CYPaHBICTBIH apTybl MEH Ta3apTy TUIMAUIITIHIH TOMEH/EY1 apKblIbl JeKapOOHU3alus YAEpICIH 0J1aH
opi Kypaenenaipeai. COHIBIKTaH KOMIPTEKTI a3aiTy, Cy Kayilci3airi )koHe KIIMMATTBIK TO3IMALIIKTI
e3apa Oacekenec emec, e3apa YiileciMIl OachIMABIKTAp PETIHAE KapacThIpaTblH O€WiMJIeNriil
Oackapy cTpaTerusuiapbl MEH KeIIeH/1 JKocmapiay Kaxer.

Tyiiin ce3aep: KOMIpTEKTIK OelTapanThIK; aFbIHBI CYyJNapAbl Ta3apTy KOHABIPFBLUIAPHI; TAPHUKTIK
ra3fgap WIBIFAPBIHIBUIAPEI; JHEPTHSHBI KaIblHA KENTIPYy; OpPTalbIKTaHIBIPhUIMAFaH KyHemnep;
TaOMFaTKa HET13[IeNIreH menriMaep.

Crparerum J0CTH/KeHHMsl YIJIEPOAHOM HEWTPAJBLHOCTH: NPHUMEP OYHUCTHBIX
coopy:keHmii crounnix Box (WWTP)

Felix Safo Danquah, Anna Popkova

AunHotanusi. OuucTHbIe coopyxeHus cTouHbiXx BoJ (WWTP) urparoT BakHYIO poOjiib B OXpaHe
OO0IIIECTBEHHOT O 3/I0POBbsI U OKpYy>Katoliei cpeabl. OMHAKO OHU ABJISIOTCS HCTOYHUKOM 0K0J10 1-2%
r7100aBHBIX BEIOPOCOB MapHUKOBBIX Ta3oB (I1I') u motpebmsror 3-5 % MUPOBOH 3JIEKTPOIHEPTHH.
JIOCTH)KEHHE yIiIepoJHOW HEHTpaJbHOCTH B 3TOM CEKTope TpedyeT (QyHAaMeHTaTIbHOU
TpaHnchopMaIui, BEIXOISIICH 32 PAMKHA MTPOCTON HEPTETUIECKON CaMO0CTaTOYHOCTH. B maHHOM
0030pe 000011eHbI COBPEMEHHBIE 3HAHHSI O CTPATEIUAX JOCTHXKEHUS YIIIEPOJHON HEHTPaIbHOCTH Ha
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OYHMCTHBIX COOPYKCHHSX W BBIJCNICHBl TPH KIIOYEBBIX HAy4HbIX Npolena: >PQPeKTHBHOCTb U
MEPCHEKTUBBl ~ MajloMacmTaOHBIX W JCHCHTPAIM30BaHHBIX  CHCTEM;  COLUAIbHBIE U
MHCTUTYLIMOHAJBbHBIE Oaphephl, MPEMATCTBYIOLINE BHEIPEHUIO TPOBEPEHHBIX TEXHOJIOTHI; a TaKkKe
MHTETPaIUs KIMMATHYECKOW YCTOWYMBOCTH B IUTAHUPOBAHHUE YIIIEPOJHON HEUTPaIbHOCTH. JlaHHbIC
aHaJIM3a KU3HEHHOTO LUKJIA U peajbHbIe KeWC-CTaay MOKa3bIBAIOT, YTO MPSIMbIC TEXHOJIOTHYECKUE
BBIOPOCHI - B OCHOBHOM 3aKHCh a30Ta, 00pa3yromascs Mpu OMOJIOTHYECKOM YAaJICHHH a30Ta, U METaH
npu o0paboTke ocanka - MoryT mpeBbimarb 60 % oOmiero yriepoaHoro ciega CTaHIMM, YTO
MOTYEPKUBACT: DHEPreTUYeCKas HEHTPAIbHOCTh HE paBHA  YIIIEPOAHOH HEUTPaIbHOCTH.
PaccmarpuBaeMble  TEXHOJIOTMYECKHE TIOJAXOAbI  BKIIOYAIOT aHa’poOHOe cOpakMBaHUE C
KOTCHEpaIlMe Terla W AJIEKTPOIHEPIHH, aHAMMOKC-OCHOBAaHHOE yJAJICHHUE a30Ta B OCHOBHOM
nporiecce, MPUPOIONOA00HBIC PEHICHUS U MHTETPAIIMI0 BO30OHOBIISIEMBIX HCTOYHHUKOB 3HEpruu. B
COBOKYITHOCTH OHH TIO3BOJISIIOT COKPAaTUTh BbIOpOCH! yriepoaa Ha 30—40 % u Gonee mo cpaBHEHUIO
c 0a30BbIMH YCIOBHSIMH OKcIUTyaTanud. COXpaHSIOMUICS pa3pblB  MEXKIY TEXHHUYECKUM
MOTEHIMAJIOM W pEalbHbIM BHEAPCHHEM II0Ka3bIBACT, YTO HMHCTHTYIIMOHAJIBHAs CIIOCOOHOCTB,
HOPMATHBHOE PETYIMPOBAaHNE U (PMHAHCHPOBAHHUE CTOJb K€ BAKHBI, KaK M TEXHOJIOTUH. VI3MeHeHne
KJIUMaTa JOMOJHHUTEIBHO YCIOXKHSIET MPOIECChl JNeKapOOHU3AIlUK, YBEIWYHMBAs MOTPEOHOCTh B
SHEpruu U Hapymas 3p(HEeKTUBHOCTh OYHUCTKH, YTO TPEOYeT alaiTHBHBIX CTPATErHid YIPABJICHUS U
KOMILUICKCHOTO TUIAHUPOBaHUS, OOBEIUHSIONICIO COKpPAIlCHHE BBIOPOCOB YIIIEPO/Aa, BOIHYIO
0€30MacHOCTh U KIMMATHYECKYI0 YCTOMUUBOCTD, 2 HE PACCMATPUBAIOIIECTO UX KaK KOHKYPHPYIOIITHE
MPUOPUTETHI.

KaroueBblie cioBa: yriiepoaHasn HeﬁTpaHLHOCTb; OYHCTHBIC COOPYKCHUA CTOYHBIX BO/; BBI6pOCBI
IMAapHUKOBBIX I'da30B; pCKyncpanus SHCPrun,; JCUCHTPATIU30BAHHbBIC CUCTCMbI, IIPUPOAHBIC PCIICHUA.
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AHHoTanusi. B cratbe paccMOTpeHa BO3MOXKHOCTh —YTHIIM3AIUU
TOKCHUYHOI'O 0TX0Ja (papMaleBTUUECKOM MPOMBILIUIEHHOCTH TebauHa C
[IOJIyUEHUEM  IIEHHOI'O  JIEKapCTBEHHOIO  Ipernapara  KOJEHHA.
AKTyaJIbHOCTb HCCIIEI0BaHUs 00YCIIOBIIEHA HEOOXOIUMOCTBIO CHHKEHHS
HKOJIOTMYECKON Harpy3ku Ha OKpPY)KAIOILYK Cpedy, palloHaIbHOTO
UCIIOJIb30BaHUsl BTOPUYHBIX PECYPCOB U CO3JaHUS MAaJOOTXOIHBIX
TEXHOJIOTUH 1epepaboTKH MPOMBIIUIEHHBIX OTXO0/I0B, 00pa3yoNIiXcs Ha
bapmarieBTHYECKUX NpeAnpusaTHsX. [IpennokeHHbli N0oX0A HalpaBieH
Ha (OPMHUPOBAHME 3aMKHYTHIX TEXHOJIOTMYECKHX LUKJIOB M pPa3BUTHE
HOPUHIUIOB «3€IeHOM XMMHUU» B (hapMaleBTHUECKOM IPOM3BOJICTBE.
TeopeTnueckoil OCHOBOW paOOThl MOCIYXWJIO NPUMEHEHUE peaKluu
Meiiepsetina - [lannopda - Bepies niis cuHTe3a KoJienHa U3 Te0anHa, 4To
MO3BOJIMJIO OOOCHOBAaTh BBIOOP MSATKHUX YCJIOBUH BOCCTAHOBJIEHMS,
BBICOKOM CEJIEKTUBHOCTH TIpollecca MU MHUHHMAJIBHOIO OOpa3oBaHMS
MOOOYHBIX IIPOJYKTOB. DKcrnepuMeHTalIbHbIE UCCJIEIOBAHMS
OPOBOJMJIMCHE  HA  CTaHAApTHOM  J1abOpaTOpHOM  YCTaHOBKE C
WCIIOJIb30BAaHUEM M30IPOIUIIOBOIO CIHUPTAa B KAauye€CTBE PEAKIIMOHHOU
Cpezbl U M30MponuiaTa aJloMUHUS Kak BocctaHoBUTENA. [lonoOpaHHbIe
yclioBUsl ~ o0ecrneumiM — CTaOWMJIBHOCTh — MPOTEKaHWS  peakluH,
TE€XHOJIOTHYECKYIO BOCIIPOU3BOJUMOCTD " BO3MO>XHOCTb
MacmrabupoBanus npouecca. [lonydeHHbIM MPOIyKT ObLT MOJBEPTrHYT
KOMIUIEKCHOMY ~ (PM3MKO-XMMUYECKOMY aHajlM3y B COOTBETCTBUU C
TpeboBanusimu  [ocymapctBeHHoit — Qgapmakomen X U3IaHMUS.
VYcTaHOBIIEHO, 4YTO KOJEMH-OCHOBaHHME U KoaewHa docdar 10
MOKa3aTessImM MOJITMHHOCTH, YUCTOTHI, pPacTBOPUMOCTHU u
KOJIMYECTBEHHOTO coJiepKaHus MIOJIHOCTBIO COOTBETCTBYIOT
(dapmakornieiitapiM  cTanaaptaM. CopaepkaHue KOJACHMHA OCHOBAHUSA
coctaBuiio He menee 99,0 %, Beixon meneBoro nponaykra — 43-47 % ot
ucxomHoro TebamHa. I[lpoBenéHHass  OIEeHKa  TEXHOJOTHYECKOU
5G(PEKTUBHOCTH  MOKa3zajla  SKOHOMHYECKYIO  I1eJIeCOO0Pa3HOCTb
MPEeIJIOKEHHOT0 MeTofa. Pe3ynpTaThl MCCeIOBaHUS IMOATBEPKAAIOT
NPUHIUIHAIBHYI0 BO3MOXHOCTh TJIyOOKOHM mepepabOoTKH OTXOJ0B
(hapMalleBTUUECKOTO IPOU3BOJCTBA C MOJIYYEHHEM BOCTPEOOBAHHBIX
JIEKapCTBEHHbIX  BellecTB. [IpemyiokeHHass  TEXHOJOTMS  MOXET
CHOCOOCTBOBATH MOBBIIIEHUIO 3KOJIOTHYECKON 0€30MaCHOCTH, CHHKEHHUIO
00BbEMOB  OMACHBIX OTXO0MOB U 3()(YEKTUBHOMY HCHOIB30BAHUIO
BTOPHYHBIX PECYPCOB B IIPOMBIIUICHHOCTH.
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KuaroueBble cioBa: TebanH; KoJenH; (papMareBTUUECKUE OTXOJIbI, YTUIH3AIMS; CHHTE3; PEaKIus
Metiepsetina-ITannopda-Bepies; sxonorudeckas 6€301MacHOCTb.

1. Beenenue

KadecTBo jxM3HHU YelloBEeKa M YPOBEHbB €T0 0J1arocoCTOSHUS 3aBUCSIT OT MHOTHX COCTAaBJISTFOIIIUX
OKpyKarolier ero cpeiasl U cobctBeHHOro 3aopoBbs (Nazarbayev, 2012). Ilyukr 1 cratbu 29
OcHoBHOTO 3akoHa Hamed crpaHbl riaacuT: «l'paxmane Pecnybnuku Kazaxcran mmeroT nmpaBo Ha
oxpany 310poBbs» (Constitution of the RK, 1995). B [Nocnanuu I[Ipe3unenta Pecriyomnku Kazaxcran
Hapony Kazaxcrana «Hypast XKoi - myTh B Oy/y1iee» roBopurcs:

«Hamm nporpamMmbl pa3BUTHSI, 3ipaBooXpaneHus, OyayT npoaosnkenb» (Nazarbayev, 2014).
CornacHo CEroHSIIHUM BO33PEHHSIM, YCIIOBEK M YEIOBCUCCKUI KaIlUTall SIBISIOTCS OCHOBHBIM
(GyHIIaMEHTOM 3KOHOMHUYECKOIO0 OOOCHOBAHUS YCTOWYHMBOTO pPa3BUTHS JIFOOOTO rocymapctBa. To
€CTh YeJIOBEK M 4YellOBedecKHil kamTan, a He pasmep BBII (BHyTpeHHUII BajoOBBI HPOAYKT U
NPaBUTEIbCTBCHHBIC aKTHUBBI), OTPEIEIIAIOT KauecTBo xu3uu Hacenenus (Miege et.al., 2009).

Cremyer OTMETUTh, YTO cpeau (PakTOpOB, CIOCOOCTBYIONIMX YKPEIIJICHUIO 3I0POBbS, HAPSITY C
APYTUMH, 0c000€ MECTO 3aHUMAIOT CJIETYIOIIHE:

- 001IeCTBEHHOE 37]paBOOXPAHCHUE;

- DKOJIOTUYECKasi OE30MaCHOCTh U COCTOSIHUE OKPYKAIOIIEH CPEJIbI.

C no3unmu o0IIECTBEHHOTO 3/JpaBOOXPAHCHUS KAYECTBO JKU3HU YEJIOBEKA U, COOTBETCTBEHHO
001IecTBa, MOYKHO MPEJCTABUTH CXEMOMU, KOTOPAsi YETKO U SICHO TIOKA3bIBACT, UTO:

- YpOBECHb 3JIOPOBBS, OT KOTOPOW 3aBHCUT TPOJODKUTEIBHOCTh JKH3HH, SIBJISCTCS
orpeneNonmmM (GpakTopom it GOPMUPOBAHHS YPOBHS KHU3HH,

- YPOBEHB KH3HH, B CBOIO OUEPE/Ib, OTpeieisieT 00pa3 KU3HHU;

- Bce 3TH Tpu (akTopa (YypOBEHb 30POBbS, YPOBEHb XH3HH U 00pa3 JKU3HU) SBISIFOTCS
XapaKTepHbIMA HMHIUKATOPAaMH M B COBOKYITHOCTH HArJISITHO TOKA3bIBAIOT KAueCTBO JKU3HU
(Nieminen et.al., 2020).

B Hacrosimee Bpems OKpysKarolias 4ejoBeKa Cpeia IMOCTOSHHO TOJBEPraeTcsl YCHICHHOMY
3arpsA3HEHUIO OTXO0JaMHU MPOMBIIIIEHHOTO MPOMCXOXKICHNUS, B ToM uncie - TBepasix (Al-Ani et.al,
2019; Fairbairn et.al., 2015). Oxu B OOJIBIIMHCTBE CAyYaeB HE MMOABEPTalOTCs YTUIM3AIMH, a TPOCTO
HAKalJUBAIOTCA W, B JIy4lleM cllydae, CKIaaupyroTcs. OJHAKO 3TO HE SBISIETCS pElIeHHuEeM
yKa3aHHOM 3a/1a4H, a, HA00OPOT, pa3pyIaeT MPUPOIHBIN dKoIornyeckuit 6ananc (Dalai et al., 2022;
Baroka et al., 2025). A ecnu y4uThiBaTh TOT (AKT, YTO KOJMYECTBO TAKUX OTXOJOB U X OOBEMBI
€XKEroJIHO yBEJMYMBAIOTCS, TO Ha TEPBBIA TUTAH BBIIBUTAETCS 3ajada CO3/aHUS MaIOOTXOIHBIX
TEXHOJIOTUH C MOJTHOM, 110 BO3MOYKHOCTH, YTUIIM3aIMeld 00pa3yromuxcsl.

Cpenu cOBpeMEHHOTO KOMIUIEKCA MMPOMBIIIUIEHHOTO TIPOU3BOJICTBA 0CO00 CIIEAYET BBIIEIUTH
dapmarieBTHYECKOE€ TPOU3BOACTBO. OTX0xbI, OOpasyrolmecs B 3TOM CEKTOpE SKOHOMHKH,
OTJIMYAIOTCSI BBICOKOW TOKCHYHOCTBIO JUISI OOBEKTOB OKPY)KAIOMIEH Cpeabl W OCOOCHHO st
TEIUIOKPOBHBIX OPTraHU3MOB, K KOTOphIM oTHOCUTCS 1 4yenoBek (Elkham et al., 2021).

Cpenu Takoro KoMIniekca papMaIeBTHIECKOT0 IIPOU3BOICTBA CIICITU(UIHBIM, C TOUKH 3PSHUS
00pa3oBaHMs BHICOKOTOKCUYHBIX OTXOOB, SIBISIETCS] MPOU3BOACTBO TJIaBHBIX alKAJIOUIOB U3 OMUS
(MieuHOTO COKa Kopobouek cemeiicTBa MakoBbix) (Manske, 1965). /lanHble BemecTBa OTHOCATCS K
JIEKapCTBEHHBIM OCHOBAM MEUITMHCKUX MTPETapaToB MEePBOil )KU3HEHHONH HEOOX0IUMOCTH (MOP(UH,
naraBeprH, KOJIEMH) B dKCTPEMaJbHBIX cHTyanusx. OHAKO MPU UX MPOU3BOACTBE 0Opa3yercs B
OOJBIIUX KOJMYECTBAX TOKCHUYHBIM OTXOA - TeOaWH, KOTOPBIM B HACTOSIIEEe BpeMs SIBISETCS
HCTOYHHMKOM 3arpsi3HeHus okpyxatomieii cpenst (Hesse, 2002).

Kak crnemyer u3 BBIIIEHU3JIOKEHHOTO, CYIIECTBYET HEOOXOAUMOCTh M3YYEHUS BO3MOXKHOCTU
CO3JIaHMsI TEXHOJIOTHUH YTHJIM3AIMKA TeOauHa C MOJIydeHHEM APYroro, MOJIE3HOTO Ul MEIUIIUHBI
npoxykra (Kurbanova et al., 2017). B pamkax uccienyeMoi TeMbl 0COOYIO BaKHOCTh IpHOOpeTaeT
TEOpEeTHYECKOe 0OOCHOBAHHE U MTPAKTUYCCKAS PeATN3allns HIICH CHHTE3a JISKApCTBEHHOTO BENIECTBA
- KoJienHa u3 tebanHa. OCHOBaHMEM JJISl ATOTO CIYKHUT '€HETUYECKOEe CXOJCTBO CTPYKTYp KOJEeHuHa
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n tebanHa. C 3TOM TOYKH 3pEHHUS AKTYyaJIbHOCTh HCCIIEyeMOM TEMbl SIBISIETCS HECOMHEHHOMU
(Johnson, 1999).

Llenp uccienoBaHusi - Ha OCHOBE TEOPETHUYECKOTO OOOCHOBAHHS MPUMEHHMOCTH PEaKIIUU
Metiepseiina - [Tannopda - Bepries u3yduth BO3MOKHOCTh M pa3padoTath d(HPEKTUBHBIA METOJ
CHHTE3a JICKapCTBEHHOTO TIperapara - KoJieuHa - U3 0Txo/1a (hapMarieBTHIECKON MPOMBIIIIICHHOCTH
TebanHa.

B ocHoBe npeBpatieHus TedanHa B KOJCHUH JISKHUT UX TEHETUIECKH 00YCIOBIEHHOE CXOJICTBO
XUMHUYECKOT0 cTpoeHUs. IMeHHO OJIM30CTh CTPYKTYp A€TaeT TaKyro TpaHC(hOpMalliio BOZMOKHOH 1
000CHOBAHHOM.

B XuMuyeckoM OTHOILICHUHM pa3HHUIIA MEXAY TeOAaMHOM U KOJEMHOM 3aKIIO4YaeTcs B
CJIEIYIOLLEM:

- y TebarHa B eHAaHTPEHOBOM KOJIbIIE UMEETCS CONPSKEHHAs IBOMHAS CBS3b B MIOJIOKEHUSX 6
1 8, B TO BpeMs KaK y KOJIeWHA UMEETCSI TOJIBKO OJTHA JBOWHAS CBS3b B TIOJIOKEHUH 7

- B (DEHaHTPEHOBOM KoJIlblle TebanHa MMeeTCs METOKCWIbHAs TpyIMia B IOJOXKEHUH 6 B
OTJINYUE OT KOJIEUHA, Y KOTOPOTO B 3TOM MOJOKEHUH HAXOJUTCS TUAPOKCUIIbHAS Tpymnna (PUCYHOK
1):

CH,O

NCH,

(a) (6)

Pucynox 1. CtpykrypHbie popmysbl Moekyn Tebanna (a) u koneunHa (0) (Mcrounuk: pa3paboTka
aBTOPOB)

HemanoBakaeiM (pakTOpoM B JAHHOM CiIydae SIBJSIETCS TO, YTO W TeOaWH, W KOJAEHH B
PaCTHTEILHOM CBhIPh€ BCTPEYAIOTCS BCErJa BMECTE, YTO CBA3aHO C TEYECHHEM pPa3IUYHBIX
OMOXHMMHUYECKHX TpoIieccoB B MarepuHckom pacternn (Bansal, 2004; Cseke et.al., 2006). To ectb 3a
HCKJIIOYEHUEM BBIIICYKA3aHHBIX pa3IMdMii caMa CTEPEOXHMMHUYECKas CTPYKTypa OOOMX BEHIECTB
sBIsieTcs abconmoTHo onuHakoBoi (Pratyusha et.al., 2022; Goh et al., 2021).

CrenoBatesbHO, Ha MyTH JOCTHXKCHUS TJIABHOM 3a/aud TAHHOTO HCCIeI0BaHus (TOydeHHE
I0JIE3HOTO TPOAYKTA KOJEHHA U3 MPOMBIIIIIEHHOTO OTXO/1a - TeOanHa) HaM IPUXOJUTCS PEIIATh JIBE
OCHOBHBIE 3a/1aUU:

IlepeBecTH CONPSIKEHHYIO IBOWHYIO CBsA3b B TebGawHe (ToyokeHHs 6 u 8) B oaMHApPHYIO
JIBOMHYIO CBsA3b (TIOJIOKEHUE 7), UTO OTBEYACT JIOKAILHON CTPYKTYpE KOJCHHA.

C(6)(CHz0)=CH-C(8)=C<+2H — C(CHs0)-C(7)H=C-CH (1)

HaiitTh BO3MOXXHOCTH TI€PEBOJIa METOKCHJIBHOH Tpymmbl (mojokeHue 6) TebanHa B
TUIPOKCHIIBHYIO TPYIIITY.

C(6)(OCH3) = — C(6)(OH) )

Perrenne yka3aHHBIX 3a/1ad I[MO3BOJIAET IMOJYYUTh KOJCHH, WACHTHYHBIA MPUPOIHOMY IIO
GU3NKO-XUMHUYECKUM U (hapMaKoJIOTUYECKHM  XapakTepuctukaMm. OJHAKO TpaJuIOHHBIC
MHOTOCTaIMAHBIE CXEMbI CHHTE3a COMPOBOKIAIOTCS PAIOM CYIIECTBEHHBIX TEXHOJOTHUECKUX U
skonoruueckux orpannucuuii (Fisher et al., 2022; Goyanes et al., 2019).
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[Tpu peanu3arii MHOTOCTYIIEHYATOTO MIPOIIecca CyMMAPHBIN BBIXOJI IIEJIEBOTO MPOAYKTA, KaK
paBuiI0, He peBbImaeT 35-45 %, uro 00ycioBIeHO MOTEPsSMH Ha OTIEIbHBIX cTaausax (mo 10-20 %
HAa KaOXAYI0 pEaKIWi) U HEOOXOJUMOCTBIO MPOMEXKYTOUHOW ouncTtku. (OOpa3oBaHue
JIEeMETHIIMPOBAHHBIX, M30MEPHBIX W TIEPErpYNIUPOBAHHBIX MPOU3BOJHBIX TeOaWHa CYIIECTBEHHO
YCIIOXKHSIET TPOLECC BBIACICHUS KOJEMHAa U TpeOyeT MNPUMEHEHHs BBICOKOI((EKTUBHON
XKHUJIKOCTHOM XpomaTorpaduu, yBeJIMUMBas MPOU3BOJICTBEHHBIC 3aTpaThl Ha 15-25 %.

Kpowme Toro, ¢hapmaneBTiHuecKoe IPOU3BOJICTBO XapaKTEPU3YETCs BEICOKUM K03 puimenTom
E-factor (25 - 100 kr orxomoB Ha 1 Kr mpoayKTa), YTO CBHUACTEIBCTBYET O 3HAUYMTEIHHOM
IKOJIOTHUECKOH Harpy3ke. Mcnonb30BaHne OOJBIIOT0 KOJUYECTBA OPraHUIECKUX PACTBOPUTENICH 1
BCIIOMOTATEIILHBIX PEAarcHTOB IOBBINIAET CEOCCTOMMOCTh MPOAYKIIUH W YCIIOXKHSET CUCTEMY
ounctku ctounsix Box (Voronina et al., 2018; Zholdasbay et al., 2023).

B cBs3um ¢ O3THM aKTyanpHOW 3ajmaueidl sBisieTcss pa3paboTKa OJHOCTAIUHHOTO WIIH
o0beauHeHHOTo (0Ne-pot) mporecca, 00eCIEYNBAIOIIETO:

- MOBBIIICHUE ATOMHOM SKOHOMUYHOCTH PEaKIIUH;

- COKpaIlleHUE YHCIIa TEXHOJIOTHICCKUX OTICpaInii;

- MUHUMHM3AIIHIO TPUMEHEHHSI TOKCHYHBIX PEarcHTOB;

- CHIDKEHHE IKOJIOTUIECKON HATPYy3KH;

- YBeJIMUEHUE BBIX0/1a 1esieBoro npoaykra 10 60-70 % u Beie;

- YMEHBIIICHHE Ce0ECTOMMOCTH TTPOU3BOICTRA.

[IpemiaraemMelii MOAXOM COOTBETCTBYET MPHUHIIMIIAM «3€JICHOW XUMHUH» U OPHCHTHPOBAH Ha
OJTHOBPEMEHHOE PElICHHE 3aaud YTHIN3AUKA TeOanHa U ToJydeHus (PapMaKoIOTHIECKU IEHHOTO

IIpoaYyKTa.

2. Marepuajbl 1 MeTOAbI

MeTtomonoruss Hay4YHOTO HCCIICOBAHUS 3aKIIOYaeTCsl B HCIOJIB30BAHUU CTPYKTYPHO-
JIOTMYECKOW CXEMBbl aHalIM3a MOJIYy4aeMOro HpoayKTa, HauMHas OT TEOPETHUECKOro 0OOCHOBAHHUS
TUTAHUPYEMOTO XHMHUYECKOTO TIpollecca CHHTe3a KOJAeWHa W3 TebanHa W 3aKaH4YMBas €ro
MPAaKTUYECKON pean3anuei.

B pabore ucnonbs3oBanuch cienyronme peareHThl: TebanH (C19H21NO3) - ncxoaHoe BelecTBo
AU TIONTyYeHHs LeJIeBOro mpoaykra; usonporuiosiii ciiupt (C3HgO) - mpumeHsiicst B KauecTBe
pactBopuTeNss W peakiuoHHOW cpenbl; ATwioBblil cnupt (C2HeO) - wmcnonb3oBanics s
HEepPEeKPUCTATITM3ALNKH MPoayKTa; oprtodochopHas kucnora (H3POs) - cimyxumna ocamutenem;
amomuauil (Al) - mpuMeHsICs JUTS TOMYyYeHUs] M30MPONMiIaTa aloOMHUHUS (B BHIE Hape3aHHON
AJIFOMUHUEBON TIPOBOJIOKH).

DKCIEPUMEHTHI IO CHHTE3Y KOJIeHA U3 TeOarHa IPOBOIMUINCH Ha CTaHIapTHOM JIa00paTOPHOM
yCTaHOBKE, BKIIIOYAIOLIEH B ce0sl ClIeyIOIe 3I€MEHThl M COCTaBHbIE YaCTH:

- peaKIMoHHasl KoJiba ¢ OOKOBBIM OTBOJIOM 00BEMOM 2 IT;

- 00paTHBIN XONOANUIIBHUK;

- TEPMOMETp CTEKJISTHHBIA, PTYTHBIN ¢ peaenamu uzmepenus: -30 +200 °C;

- JJIEKTPOIUINTKA, HanpsbkeHue nutanusd 220 B, momHocTs perynupyemas 10 1 kBt

- IITaTUB JJAOOPATOPHBIH.

[TpuHnunuanbHast cxema J1abopaTopHON yCTaHOBKH IpHBEIeHa HA PUCYHKE 2.
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Pucynoxk 2. [IpuHnunuanbHas cxeMa S5KCIIepUMEHTaIbHOM yCTaHOBKHU. 1 - peakunoHHas kojuba; 2 -
OOpaTHBII XOJIOAMIBHUK; 3 - TEPMOMET; 4 - JIIEKTPOIUIUTKA; 5 - TaTuB JaboparopHblil (McTouHuK:
pa3paboTKa aBTOPOB)

ANTOpUTM BBITTOJHEHUS SKCIIEPUMEHTA:

1. IToaroToBKa pacueTHOTO KOJIMYECTBA HCXOIHBIX PACTBOPOB.

2. B xon0y uepe3 00KOBOE FOPIIBIIIKO 3aTMBAETCS pacTBOP TeOanHa B M30MPOITUIOBOM CIIUPTE.

3. Jlanee 3anuBaetcs B K010y pacTBOP U30MPONHIIATA ATFOMUHHUSL.

4. ITocne 3TOro B K00y 3aJIMBAETCS N30MPONUIIOBBIA CIUPT.

5. B 60k0BO# O0TBO/I KOJIOBI BCTABIISIETCSI TEPMOMETP.

6. B BepxHee TopJabIIKo KOJIOb! BCTAaBISAETCS OOPATHBINA XONOAUIBHHUK.

7. BKITto9aeTcst 2JeKTPOIIIUTKA.

8. Uepes oOpaTHBIN XOJIOAMIBHUK MIPOMYCKAETCS MOCTOSHHBIN TOK OXJIAXKIAtOIIEH BOIBI.

9. Ilociie OKOHYAHUS PEaKIIMU CHHTE3a BBIKITIOYAETCS SJICKTPOTLTUTKA.

10. Ilocne oxnakJeHUs peaKIMOHHOW CMECH O KOMHATHOM TeMIepaTypbl Koiba CHUMAeTCs
CO IITaTHBA.

11. B konly npuinMBaeTcsi pacyeTHOE KOJHMYECTBO pacTBOpa opTodochopHOM KUCIOTHI U
peaKIMOHHAs CMECh MTEPEMEIINBACTCS.

12. Tanee BeIMaBIIMiA 0caoK KojaenHa ocdara oTUIBTPOBBIBAETCS Ha OyMaXKHOM (HIIBTpE.

13. OTdubTpOBaHHBII 0CaIOK CYIIUTCS MPH KOMHATHOM TeMIeparype.

14. BeicymieHHBIH OCaloK MEPEHOCUTCA B XUMUYECKUH JTaOOpaTOPHBIN CTaKaH U 3aJIMBAETCS
pacyeTHBIM KOJIMYECTBOM 3THIIOBOTO CIIMPTA M HATPEBAETCS JI0 MOTHOTO PACTBOPEHHSI.

15. Tocne 3TOoro HarpeB MpeKpalaeTcs, U CTaKaH CTAaBUTCS Ha OXJIaXJIEHUE 10 KOMHATHOMN
TeMIIepaTyphI.

16. BeimaBmmii ocagok kojenHa gocdara OTHUIBTPOBBIBACTCS U CTABUTCS HA CYIIKY.

110



Journal of Ecology and Sustainability 2026, 155(2)

17. Tlocne cymku koaenHa ¢ocdar moasepraeTcs aHAIKU3Y MO YCTAHOBIEHHBIM METOJMKAM C
OIpeJIeJIEHUEM €r0 PU3NKO-XUMHUYECKUX XapaKTEPUCTHUK.

18. Ilpu HEeoOxoauMOCTH KoaeuHa (GocdaT OmsITh NePEeKPUCTAIINZOBBIBACTCS A0 MOITYUIECHUS
(hapMakoIeiHON YUCTOTHI.

19. Ilo nocTmxennu KoxenHa GpochaTta YUCTOTHI, COOTBETCTBYIOIIEH cTereHn (papMakoneiHoi
YHUCTOTBHI, ONPENEISIETCS €r0 BBIXOJ 110 BEIIECTBY.

OU3NKO-XUMUYECKHUE aHAIHM3bl, PEAKIMH Ha MOJUIMHHOCTh M YHCTOTY MOJYYEHHOTO KOJCHHA
IIPOBOJIMJIACH 110 METOAMKaM, IpuBeleHHbIM B crtatbe 170 I'ocymapcrtBeHHoOW (apmaxonen X
U3JJaHHUS.

3. Pe3yabTaThl

AHanm3 KoJIeMHa-0OCHOBAHHUS IIPOBOMJIICS B COOTBETCTBHHU C TpeOOBaHMsIMH ["ocynapcTBeHHOU
dapmakonen X U3AaHUS IO MOKA3ATEISIM MMOJATMHHOCTH, YUCTOTHI U KOJMUYECTBEHHOTO CO/ICPIKAHUS
(Lewis, 1998).

Kopenn-ocHoBanue - Oenblii KPUCTATHYECKUI TTOPOIIOK 0e3 3amaxa, TOPpbKOro BKyca, Majio
pacTBOpUMBI B BOJE M XOPOIIO pacTBOpuUMBIA B coupre u xjiopodopme (Movchan, 2016).
[TomMMHHOCTE TOATBEPKAATACH XapPAKTEPHBIMHU I[BETHBIMH PEAKLIUSMU: MPH B3aUMOJCHCTBUU C
peaktBoM Mapku (dopmainsaerua B kKoHueHTpupoBannoit HoSO4) mossisiiocs crHe-(hHOIETOBOE
okpamuBanue; npu podaieHunn FeCls B cpene konuentpupoBanHoi H:SOs ¢ mociemyrommm
BHecenneM HNO3 okpacka nepexoauiia U3 CUHel B KpacHyro. [Ipu AelicTBUU KOHIICHTPUPOBAHHOU
a30THOM KUCIIOTHI 00Pa30BhIBAJIOCH YCTOHYHMBOE OPAHIKEBOE OKpAIIMBAHHUE, YTO OTIIMYAET KOJEHH OT
MopduHa.

Temmneparypa mmaBnenusi cocraBmia 154-157 °C. Conepxanne MopduHa M OpPraHMYECKHX
IpUMeECEeH He TIpeBhIIaio papMakoneiHbiXx HOpM. [loTepst B Macce mpu BBICYIIMBaHUU COCTABUIIA HE
o6onee 6 %, cymbdarnas 3oma He Oomee 0,1 %. KomudecTBeHHOE OIpeNeICHHE METOIOM
Al IIMETPUUECKOro TUTPOBAHUS TIOKa3allo cofepxanue konenHa He menee 99,0 %.

B cBsi3u ¢ TeM, 9TO B JIEKAPCTBEHHBIX (hOpMaxX KOJICHH MPUMEHSETCS IPEUMYIIIECTBEHHO B BUJIC
¢docara, ObLT MpoOBeACH aHAIM3 KojAenHa ¢ocdara. YCTaHOBIEHO, YTO, BEIIECTBO MPEJCTABIISAET
co00i1 OenbIil KpUCTAJUIMYECKUH OPOILIOK, XOPOILIO PAaCTBOPUMBIH B BOJE.

[ToTMHHOCTE MOATBEP)KAANIACH CIETYIOIUMH PEaKIUSIMHU:

HsPO4 + 3AgNOs = AgsPO4] + 3HNOs 3)
Mg2* + NH4OH + HPO.2 + 5H20 = MgNH4PO4+6H,0| (4)

Otnnumne KoleMHa OT MOp(HUHA MPOSIBISLIOCH B HEPACTBOPHUMOCTH B IIEIOYHOU Cpele H
COXPAaHECHUU OPaHXKEBOW OKPACKU TPH B3aUMOJIeHCTBUU C KoHIeHTpupoBaHHOW HNO3z. Yucrora
mpermapaTa COOTBETCTBOBaIa YCTAHOBIECHHBIM TPEOOBAHUSIM.

KonnuectBeHHOE onpeneneHrne KoAenHa-0CHOBAHUS TPOBOJUIIOCH METOJIOM alliIUMETPHU:

Codeinum + HCI — Codeini hydrochloridum 5)
Konmeuna docdat onpenensuim merogom HeBoauoro tutposanust HCIO4 B cpese nensaHoi yKCycHOM
KHCIIOTHI C MHAUKATOPOM KPUCTALITUYECKUM (UONeTOBEIM. [lomydeHHbIe pe3yabTaThl MOATBEPIIIN

COOTBETCTBHE Tpernaparta (hapMaKoIeHHBIM CTaHIapTaM.
CBojaHas Tabnuia pe3yabTaToOB aHaInu3a MPUBOIUTCS HIDKE B Tabmuie 1.
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Tab6amna 1. Pe3ynbrarsl aHanu3a 1o 1mokasareisiym

IToxa3arennb 3HavyeHMe OKa3aTes
Kopneunn-ocuoBanue Koneunna gocpar
Onucanue CootBerctByer ['® X CootserctByeT ['® X
PactBopuMoOCTh CootBerctByeT ['® X CootserctByeT ['® X
[TopmuHHOCTD CootBerctByeT ['® X CootserctByeT ['® X

Temneparypa nnasienus, °C

155 - 156

Hamnuue mopduna

CootserctByer 'O X

CootserctByer ['® X

Opranunueckue IpumMecu OTCyTCTBYIOT

[Torepst Beca mpu BeICyIIBaHUH, %0 5,1-5,7

CynbgaTHas 30ma OtcyrcTBYyeT

docpar non CootserctByer ['® X
Kommgectsennoe copepxanne, % 99,2 69,8 -70,1

Yucrora CootserctByer ['® X

*['d X - 'ocymapcrBenHas dapMakones X n3iaHue

Pe3ynbTaThl MpOBENEHHBIX (PU3UKO-XMMHUYECKUX M (hapMaKONEeHHBIX aHaIu30B (Tabmuia 1)
CBHUJIETENILCTBYIOT O COOTBETCTBMM HCCIEAyeMBbIX 00pa3loB TpeboBaHusAM [ocynapcTBeHHOI
¢apmakonen X wuznanus. [lo opraHonenTuyeckuM IoKa3aTensiM (OMHMCAaHUE, PaCTBOPUMOCTb,
MOJUIMHHOCTh) KaK KOJEMH-OCHOBaHHE, TaK W KoJeuHa ¢ocdaT IMOJHOCTBIO COOTBETCTBYIOT
HOPMATHUBHOM JOKyMeHTaInu. Temreparypa riaBlieHus KoienHa-oCHOBaHus cocTaBmia 155-156°C,
YTO COOTBETCTBYET JIMUTEPATYPHBIM U (hapMaKONECHHBIM JTaHHBIM U MOATBEP)KJAET BBICOKYIO CTETIEHb
€ro XUMHUYECKOMN YUCTOTHI.

ConeprkaHue OpraHM4ecKuX MpruMece 1 cyab(paTHO 30161 B 00pa3siie KoJJeMHa-OCHOBAHUS HE
BBISIBJIEHO, YTO CBHUJAETEILCTBYET 00 OTCYTCTBUU IIOCTOPOHHUX BEUIECTB HEOPraHUYECKON u
opranudeckoil mpupoiel. [Toreps B Macce npu BeICYIIMBaHUU cocTaBuia 5,1-5,7 %, uto HaxoauTcs
B IIpejiesiaX JOMYCTUMBIX 3HaYeHUH M yKa3bIBaeT Ha CTaOMIBHOCTD BEIIECTBA.

4. O0cyxkneHune

OmnpeneneHne KOJMYECTBEHHOTO COJEPKAHUS TI0Ka3ajo, YTO MaccoBas JOJIS KOJEHHA-
ocHoBaHus coctaBuia 99,2 %, 4yTo cOOTBETCTBYET TpeOOBAHUIM K CyOCTaHIIUAM (papMakoneiHoro
kadectBa. Jlns kogenHa docdara coneprxanue EHCTBYIOMIETO BENMIECTBa HAXOMIIOCH B IHANIa30HE
69,8-70,1 %, 4TO COOTBETCTBYET TEOPETHUECKOMY cojiepkaHuio U HopMmatuBam ['® X. Hamuuue
dochar-uona B oOpasne koxaewHa ¢ocdara TMOATBEPKACHO KAUYECTBEHHOM peEaKIIMew,
COOTBETCTBYIOLIEH (hapmakoneiinbiM TpeboBanusM. [Ipumecu MopduHa He OOHApPYXKEHBI, UTO
SBJIETCS BXKHBIM KpUTepHUeM (hapMarieBTHUeCKOi O€301MacHOCTH.

Takum oOpa3oMm, pe3yiabTaThl KOMIUIEKCHOTO aHaju3a IOATBEPXKAAIOT, YTO TMOJIY4YEeHHBIE
00pa3nbl KOJAEWHA-OCHOBAaHUS W KoJleMHa (ochaTa MOTHOCTHIO COOTBETCTBYIOT (hapMaKoeHHBIM
TpeOOBAHUAM U ABISIOTCS UICHTUYHBIMH CTaHIaPTHBIM JIEKAPCTBEHHBIM CYyOCTAHIIUSAM.
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5. 3akiouenune

[Io pe3ynbrataM NOpPOBEAEHHBIX KOMILJIEKCHBIX OSKCHEPUMEHTANbHBIX U TEOPETHUYECKUX
WCCIICIOBAaHNM, HAMpaBIEHHBIX HAa YTHWIM3ANMI0 TebdamHa Kak oTxoda (apmarieBTHIeCKOn
MPOMBIIIJICHHOCTH M pa3paboTKy Hay4HO OOOCHOBAaHHOTO METOJa CHUHTE3a KOJEHHA,
chOopMyIMPOBAHBI CIIEAYIOIINE PACITUPECHHBIC BHIBOIBI:

B xone paGoThl moaTBepskAeHA MPUHIUIHAIbHAS BO3MOXHOCTh PAllMOHAIBHON yTUIN3alUU
TebanHa - MOOOYHOrO MPOJYKTA IMEePepadOTKH OMUUHBIX ankanouaoB. [loka3aHo, YTO MaHHBIHA
aJIKaJION1 MOXKET PacCMaTPUBATHCS HE TOJIBKO KaK OTXOJ] MPOU3BOACTBA, TPEOYIOMNI CrIeIIMaIbHOM
00pabOTKM M KOHTPOJIS, HO U KaK IIEHHOE BTOPUYHOE CBIPHE JIS MONTYYCHHS (apMaKOJIOTHICCKU
3HaYUMBIX  coenuHeHuM. Tem  cambiM  00OCHOBaHa  11€JI€COOOpPAa3HOCTb  BHEAPEHUS
pecypcocOeperaromnero Mmojaxoaa, HAImpaBIEHHOTO Ha CHW)KCHHE HKOJIOTUYECKOW HArpy3KH H
MOBBILIEHNE SKOHOMUYECKOH 3((HEKTUBHOCTH (PapMalieBTUUECKOTO TPOU3BOJICTRA.

B pesynbTaTe cepur MOUCKOBBIX M ONMTHUMHU3AUOHHBIX SKCIIEPUMEHTOB MOJIYyYEHO BEIICCTBO
MEAUIIMHCKOTO Ha3HAYeHUsS KOJEWUH, OTHOCAIIMIICS K TpyIIe OMHOUIHBIX aHAIbIeTHKOB U
MIPOTUBOKAIUIEBBIX CPeACTB. [loMydeHHBIH MPOAYKT COOTBETCTBYET IE€JIEBOMY COCIWHEHUIO IO
COBOKYMHOCTH  (DM3UKO-XMMHYECKHX  XapaKTEPUCTUK, YTO TMOJTBEPKIACT KOPPEKTHOCTh
BBEIODAHHOTO HAIPABJICHUS CHUHTE3a H  BOCHPOU3BOIAMMOCTh pPa3padOTAaHHOW METOJIUKH B
1a00PaTOPHBIX YCIOBUSX.

Teopernueckn 00OCHOBAaHO M 3KCHEPUMEHTAIBHO IOATBEPIKICHO NPHUMEHEHUE PEaKIUU
Meiiepgeiina-Ilannopda-Bepnes kak  KIIOYeBOro JTama  BOCCTAaHOBIEHUS B Ipoliecce
Tpancopmaru TebanHa B KOACHH. BpIOOp maHHOTO MeToa 00YCIIOBJICH €r0 CEICKTUBHOCTHIO TI0
OTHOIICHHUIO K KapOOHWJIBHOW Tpynmne, MSATKAMU YCIOBHSMH MPOBEICHUS U BO3MOKHOCTHIO
WCIIOJIB30BaHUSI M30IMPOMMIOBOIO CIHUPTa OJAHOBPEMEHHO B KA4eCTBE PACTBOPHUTENSI U JOHOPA
Bogopoja. [lokazano, 4To MCMONB30BaHKE M30MPOIUIIATa ATIOMUHHS 00€CIIeUrBaeT HANPABICHHOE
MPOTEKAHNUE PEaKIMA ¥ MUHUMHU3AMHIO TOOOYHBIX MPOIECCOB, YTO MOBBIMIACT YUCTOTY KOHEYHOTO
MPOJIYKTA.

Brixoj kosienHa 1mo BemiectBy cocTaBmt 43-47 % OT MCXOMHOTO KOJMYECTBA TeOAMHA, UTO IS
MHOTOCTaIUHHOM TpaHC(hHOpMaIIUU aTKaTOUTHOW CTPYKTYPBI MOKHO CUMTATh YIOBIETBOPUTEIHHBIM
pesyibTaToM. llomydeHHBIE MOKa3aTeIu CBHUAETEIBCTBYIOT O TEPCIEKTUBHOCTU JajbHEHIIeH
ONTUMU3ALNHA TEXHOJOTUYECKUX MMAPAMETPOB - TEMIEPATYPhl, COOTHOIIECHHS PEAreHTOB, BPEMEHU
peakuy M YCIOBUW OYMCTKH - C IIEJIbIO TOBBIIMICHHS BBIXOJAa WM CHUXEHHUS TMOTEPh IIEJIIEBOTO
MPOJIYKTA.

Ha ocHOBaHuM TEOpeTHYECKUX PACUETOB W DKCIEPUMEHTAIBHBIX JaHHBIX MPEIIOKEHA
XUMHUECKas CXeMa CHHTEe3a KOJIenHa U3 TebanHa B cpejie U30IMPOIUIIOBOrO CIUPTa ¢ IPUMEHEHHUEM
u3onponwiara amoMuHus. Pa3paboTaHHas cxema OTpakaeT IOCJIeI0BaTeIbHOCTh CTaJHui
MpEBpAIICHUS], MEXaHU3M BOCCTAHOBIICHHS U YCIIOBUSI IPOBeIeHUs poriecca. OHAa MOXKET CIYKUTh
OCHOBOM JUIsl JaJlbHEHIIEro MaclITaOMpPOBAaHUS TEXHOJOIMHM U pa3pabOTKU PETIaMEHTHPOBAHHOMN
METOAMKHU MOJTYYEHHUSI KOJIEUHA U3 BTOPUYHOTO AJIKAJIOUHOTO ChIPhA.

Takum oOpa3om, BBITIOJHEHHOE WCCIEAOBAHHUE JEMOHCTPUPYET HAYUHYIO W MPAKTUUECKYIO
3HAYUMOCTh TPEAJIOKEHHOTO TOAXO0Ja K YTUIU3alud TebanHa W CHUHTE3y KOJEWHA, OTKpPHIBas
MIEPCIEKTUBBI JIJISI CO3JIaHUS DKOJIOTUYECKH OPUEHTUPOBAHHBIX U AIKOHOMHYECKH 11ETIeCO00Pa3HbIX
TEXHOJIOTUH B (hapMalleBTUYECKON MPOMBITIIIEHHOCTH.
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dapManeBTHKAJBIK OHAIPIC KAJABIFBI - TeOANH/I KOJeHIe KailTa oHaey

I'ynnap Kemenbexosa, I'ynsupa Aocarrap, Map:xkan CseizabikoBa, Eprasel ’KarkanoOaes,
AsyabiM Tineyoepai

Angarna. Makanaia gpapMaleBTUKaIbIK OHEPKICINTIH YiIbl KaIABIKTApbIHBIH Oipi TeOamHai KaiiTa
OHJICY AapKbUIbl KOJEHH JAQPUIIK IMpemapaThlH ajly MYMKIHIITM aH-)KaKThl KapacThIPbUIFaH.
3epTTeyniH ©3eKTUIIrl KopIiaraH OpTara TYCETiH aHTPONOTeHIIK )KYKTEMEHI TOMEHAETY, KayilTi
OHJIIPICTIK KaJAbIKTApJbIH XUHAIYBIH a3aiTy KOHE OJIapAbl Maijianbl eHIMre alHanAbIpaThIH a3
KaJIIBIKTBl TEXHOJIOTHSIIAPAbI JaMBITY KaKETTUIriMEeH Herizneneni. 3epTrey (hapMaleBTHKAIBIK
OH/IIPICTE pecypcTapabl YThIM/IbI aiAaaHy KoHe KalABIKTapAbl 0acKapyIbIH 3aMaHayH TCUIIEPIH
eHrizyre OarpITTanFad. JKyMBICTBIH TEOPHSIIBIK HETi31 peTiHae TeOAaMHHEH KOAECWH CHHTE3Ney/e
Meiiepeiin—Ilonnopdp—Bepneli peakiusacelH KoinaHy TaHAanabl. byl peakmus KyMmcak
KaFaaniIap/aa )KypeTiHAIriMeH, )KOFaphl CeIEKTUBTLIITIMEH JKoHE )KaHaMa OHIMIEP/IiH a3 Ty3UTyiMeH
epeKIleeHe/ll. JDKCIePUMEHTTIK 3epTTeyliep CTaHIAPTThl 3e€PTXaHANBIK KOHABIPFBIIA JKYPri3iIill,
PEaKIMSUIBIK OpTa PETiHJE H30MPONMJ CIHPTi, al TOTBHIKCHI3AAHIBIPFBINI PETIHAEC ATFOMHHHUN
M30MPONUIATHl KOJIaHBUIABL. TaHAanFaH TEXHOIOTUSIIBIK TapaMeTpiiep MPOIECTiH TYPAKThUIBIFbIH
KaMTaMachI3 eTill, alIbIHFaH HOTHOKEJIEP/IiH JKaKChl KAl TaaHbIMIBLUIBIFBIH KopceTTi. COHBIMEH KaTtap,
aJIbIHFaH JIepeKTep TMpOIECTi OHIIPICTIK JAeHreiije wmacmradrayra MYMKIHAIK 0ap ekeHiH
alKbIHIAN bl AJBIHFAH OHIM MeMJIEKeTTIK (apMakornes: TajlanTapblHa CoMKec KemeHal (pusuka-
XUMUSIIBIK TanjgayAaH eTTi. KojenH Herizi MeH kojaeuH ¢GochaThIHBIH TYIHYCKAIBIFbI, Ta3aJbIFh,
epITiITIrT KOHE CaHIBIK Kypambl (DapMakomesulblK CTaHJapTTapFa TOJBIK COMKeC KeJeTiHl
anbikTanapl. Kogenn HeriziHiH memmepi keminae 99,0 % Oonbin, MakcaTThl ©HIMHIH IIBIFBIMBI
Oacrankel TeOamHHIH 43-47 % Kypanmel. 3epTrey HOTHXKeENIepi (QapManeBTUKAIBIK OHJIPIC
KaJIIBIKTapblH THIM/1 KaiiTa eH/iey MYMKIHAITIH JoJeNer, SKOJIOTUsIIBIK KayilCi3AiKTI apTThIpYyFa,
SKOHOMUKAJIBIK THIMIUTIKTI KOTEpYyTe KoHE KalTanmama pecypcTap/ibl KeIIeH/ 1 MaiiaJanyra Heri3
0oa anmajapl.

Tyiiin ce31ep: TedanH; KogeuH; hapMalleBTUKAIBIK KAJIJBIKTAP; KaiiTa oHIeY; CHHTE3; MelepBeitH—
ITonnopd—Bepieit peakusicl; 3KOIOTHSIIBIK KAYIICI3/IK.

Processing of pharmaceutical industry waste - thebaine to codeine

Gulnar Kemelbekova, Gulzira Absattar, Marzhan Syzdykova, Yergazy Zhatkanbayev,
Ayaulym Tileuberdi

Abstract. The article examines the possibility of recycling toxic pharmaceutical industry waste,
specifically thebaine, to obtain the valuable medicinal drug codeine. The relevance of the research is
determined by the growing need to reduce environmental impact, minimize hazardous waste
accumulation, and develop resource-efficient, low-waste technologies for industrial waste
processing. The study also contributes to the implementation of green chemistry principles in
pharmaceutical production and supports the transition toward sustainable and circular technological
approaches. The theoretical basis of the work is the application of the Meerwein - Ponndorf - Verley
reaction for the synthesis of codeine from thebaine. This reaction was selected due to its mild reaction
conditions, high selectivity, and reduced formation of by-products. Experimental studies were carried
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out on a standard laboratory setup using isopropyl alcohol as the reaction medium and aluminum
isopropylate as the reducing agent. The selected reaction parameters ensured process stability,
reproducibility of results, and the potential for future scale-up to industrial production. The resulting
product was subjected to comprehensive physicochemical analysis in accordance with the
requirements of the State Pharmacopoeia, tenth edition. It was established that codeine base and
codeine phosphate meet pharmacopeial standards in terms of identity, purity, solubility, and
quantitative content. The content of codeine base was at least 99.0 %, and the yield of the target
product reached 43-47 % of the initial thebaine. The obtained results confirm the feasibility of
recycling pharmaceutical waste into valuable medicinal substances and demonstrate the technological
and environmental potential of the proposed approach. Implementation of this method may help
reduce hazardous waste, improve environmental safety, and enhance the efficient use of secondary
resources in pharmaceutical manufacturing.

Keywords: thebaine; codeine; pharmaceutical waste; recycling; synthesis; Meyerwein - Pandorf-
Wehrlei reaction; environmental safety.
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Abstract. In recent years, studies of urban floras have refuted the view
that urban floras are poor in terms of total number of species, and it has
been found that urban floras are distinct from the environment and at the
same time reflect its richness. Our paper presents the composition of urban
flora of Almaty district of Astana city. It is revealed that the urban flora
of Almaty district of Astana city has 125 species belonging to 95 genera
and 39 families. The basis of urban flora of this area are species of woody-
shrub vegetation from the families: Rosaceae Juss. (20; 15.8 %), Poaceae
Barnhart (19; 15.0 %), Asteraceae Bercht. & J. Presl. (11; 8.7 %),
Aceraceae Juss. (syn. Sapindaceae Juss.) (6; 4.7 %). In the landscaping
of Almaty district of Astana city these largest families make up 108
species or 85 % of the total flora of the park. Analysis of species richness
of genera of the flora of the study area revealed that out of 95 genera the
largest are: Acer L. (6; 6.3 %), Fraxinus Tourn. ex L. (4; 4. 2%), Populus
L. (4; 4.2 %), Picea A. Dietr. (3; 3.1 %), Malus Mill. (3; 3.1 %), Spiraea
L. (3; 3.1 %). The obtained results indicate that the urban flora is
characterized by a structured composition with a dominance of a limited
number of taxonomic groups. This pattern reflects both intentional
landscaping practices and the ecological adaptability of species to urban
environmental conditions. The prevalence of woody and shrub vegetation
highlights their important ecological role in maintaining environmental
stability, improving air quality, and enhancing the overall sustainability
of urban ecosystems.

Keywords: urban flora; Astana; Almaty district; family; biodiversity.

1. Introduction

Today, urbanization can be called one of the major trends in the
world. The growth and development of cities imply the formation of
unsustainable natural and anthropogenic systems. Urbanized areas
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consisting of buildings, structures, and, to a greater or lesser extent, disturbed natural ecosystems, are
characterized by the presence of biological components of the anthropogenically altered landscape
sphere. At the same time, flora and vegetation undergo cardinal transformations. The formation of
urban flora (formation of urban flora) is a special case of the process of flora transformation under
the influence of anthropogenic factors, and compared to the natural flora that has developed over
millennia, urban flora is a new natural phenomenon (Kalfas et al., 2023; Sadyrova et al., 2023; Adger
et al., 2020).

Urban flora, or the flora of cities, represents an intriguing and relatively underexplored field of
botany that focuses on plant life occurring within urban environments. Cities, including the capital of
Kazakhstan, Astana, constitute unique ecosystems where natural and artificial elements intertwine,
creating a distinct habitat for both plants and animals. This article examines the specific
characteristics of Astana’s urban flora and its ecological significance within the urban landscape.

Urban floristic studies in key regions are most relevant in order to select the most suitable
options. Urban flora deserves special study with special methods. The study of zonal and regional
peculiarities of anthropogenic transformation of flora is important for assessing the trends in the
development of flora and vegetation of a particular territory. The importance of such studies is also
connected with the fact that the problem of biodiversity is considered to be one of the key issues in
global ecology. One of the most important aspects of this problem is the monitoring of biodiversity
in urban areas as a key condition for sustainable environmental development. The condition of natural
components is also an important indicator of the quality of the urban environment, which largely
determines the attractiveness and convenience of the city for urban residents (Potgieter et al., 2017).

The city of Astana has been developing as a capital city for 20 years, and this is its main goal.
Studies of the city are of great importance for the development of software scientific basis for the
formation of the fauna of urbanizable territories is the basis of research. Species and varieties of plants
recommended for growing greenery should correspond to the climatic norm of the region
(Konysbaeva et al., 2019).

Plants are the most important components of urban nature. They are producers of organic matter
and oxygen, absorb and retain a large amount of dust, aerosols and various toxic substances, and have
a significant impact on the microclimate by increasing humidity and ionizing the air. Green areas and
natural vegetation provide habitat for birds, mammals, insects and other animals. Urban vegetation
has high aesthetic and recreational value and can be used for various purposes in urban architecture
and planning (Weyens et al., 2015; Fusaro et al., 2021; Yurtsev et al., 1991).

The flora of Astana has not yet been the subject of research, despite the long history of studying
the flora and vegetation of the city as a whole. There is also a lack of data on the ecological state of
the city’s flora. Monitoring of species composition and dynamics of flora, inventory and analysis of
flora of transport highways, anthropogenic and technogenic biotopes are priority tasks in this area.
Data on the current state and projected changes in urban flora are necessary for comprehensive studies
of the nature of the region, assessment of the ecological situation, organization of monitoring in the
study area and optimization of the urban environment. The purpose of this work to present the results
of the analysis of the species composition of the urban flora of one of the first and historically
significant districts of Astana city, Almaty district.

2. Materials and methods

The term «urbanoflora» refers to the assemblage of vascular plant species occurring within a
populated area that are capable of completing all or part of their life cycle without direct human
intervention.

Urbanized areas, as a rule, have well-defined spatial and ecotopological structures, groups of
vascular plant species corresponding to them. In the spatial structure, first of all, the city proper and
its immediate surroundings (territories undeveloped or with rural-type development) are
distinguished.
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Generally accepted classical morphological-geographical methods combined with traditional
route-reconnaissance studies (Yurtsev et al., 1991). On the territory of the city will be laid a system
of routes with the expectation that, through a certain repetition and in different terms of the growing
season, to survey the main variants of natural and anthropogenic habitats within the boundaries of the
city of Astana. During the routes, the most characteristic habitats will be identified, a list of plant
species will be compiled, geobotanical descriptions of coastal-water zones will be made, and a
herbarium will be collected. These routes will cover all major variants of natural and anthropogenic
habitats within the administrative boundaries of the city. study of the study area. All plant species
will be recorded in an electronic map.

The main feature of the grid mapping method is a complete and uniform study of the study area.
The urban area is divided into cells within which the plant species composition is identified. As a
result, the authors obtain detailed information on the activity and distribution of species. The research
will be accompanied by the creation of a universal database that can be used in monitoring studies of
the urban flora of Astana city (Sadyrova et al., 2018).

All plant names are given according to the Plants of the World Online directory (POWO, 2022).

3. Results

We have studied 8 parks, 2 squares, and 1 boulevard in the Almaty district of Astana city.

Various species of woody and shrubby plants grow in the study area. Woody plants are
represented by coniferous species such as common pine and common spruce.

There is a sufficient number of shrub species. Among perennial herbaceous species, there are
creeping clover, meadow clover, big plantain, lanceolate plantain, creeping wheatgrass, awnless
brome, white fescue, common fescue, meadow fescue, red fescue, tender wheatgrass, comb,
honeysuckle (comb-like wheatgrass), meadow foxtail, meadow bluegrass, meadow timothy, and
dandelion.

During the study period, we collected and identified about 125 plant species belonging to 39
families and 95 genera. As a result of herbarium material collection and flora research, we found that
the flora of the study area is represented by woody-shrub and herbaceous (perennials and annuals)
vegetation.

The flora of the Almaty district of Astana has 125 species belonging to 95 genera and 39
families (Table 1).

Here is a general list of tree, shrub, and herbaceous plant species growing and occurring in the
study area.

Table 1. List of species growing B in the Almaty district of Astana city

Species . ) Ecology Economic
e Species name Life form importance

Salicaceae Mirbel

1. Populus italica (Munchh.) Tree Mesophyte Decorative
Moench

2. Populus alba L. Tree Hygromesophyte | Decorative

3. Salix alba L. Tree Hygromesophyte | Decorative

4. Salix fragilis L. Tree Mesophyte Decorative

Betulaceae S.F. Gray
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5. Betula pendula Roth Tree Mesophyte Medical, food,
honey, fodder,
decorative

Ulmaceae Mirbel

6. Ulmus parvifolia Jacq. Tree Mesophyte Decorative

7. Ulmus glabra Huds. Tree Mesophyte Decorative

8. Ulmus macrocarpa Hance Tree Mesophyte Decorative

9. Ulmus pumila L. Tree Mesophyte Decorative

Elaeagnaceae Juss.

10. Elaeagnus commutata Bernh. Tree Xeromesophyte | Decorative

ex Rydb.

11. Elaeagnus angustifolia L. Tree Xerophyte Medical, food,
honey, fodder,
decorative

12. Hippophae rhamnoides L. Shrub or small Xeromesophyte | Medical, food,

Tree honey, fodder,
decorative

13. Shepherdia argentea (Pursh) Tree Mesophyte Decorative

Nutt.
Oleaceae Hoffsgg.
14. Fraxinus excélsior L. Tree Mesophyte Decorative
15. Syringa josikaea J.Jacq. ex Bush Mesophyte Decorative
Rchb.
16. Syringa vulgaris L. Bush Mesophyte Medical, decorative
Pinaceae Lindley

17. Larix sibirica Ledeb. Tree Mesophyte Decorative

18. Picea obovata Ledeb. Tree Mesophyte Decorative

19. Pinus pallasiana Lamb. Tree Mesophyte Decorative

20. Pinus sylvestris L. Tree Mesophyte medicinal plant,
forage plant,
decorative

Cupressaceae Bartlin
21. Juniperus communis L. Shrub Mesophyte Decorative
22. Thuja occidentalis L. Shrub or tree Mesophyte Medical, decorative
Caprifoliaceae Juss.
23. Viburnum opulus L. Tree Mesophyte Decorative
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24. Lonicera tatarica L. Bush Mesoxerophyte | Honey, fodder,

decorative
Sapindaceae Juss.

25. Acer tataricum L. Tree Mesoxerophyte | Medical, food,
honey, fodder,
decorative

26. Acer platanoides L. Tree Mesoxerophyte | Medical, food,
honey, decorative

Malvaceae Juss.
27. Tilia cordata Mill. Tree Xerophyte Medical, food,
honey, decorative
Fagaceae Juss.
28. Quercus robur L. Tree Xeromesophyte Decorative
Rhamnaceae Juss.

29. Rhamnus cathartica L. shrub Xeromesophyte | Medical, food,

honey, decorative
Berberidaceae Juss.
30. Berberis vulgaris L. shrub Mesophyte Medical, food,
honey, decorative
Viburnaceae Raf.
31. Sambucus sieboldiana (Miq.) shrub Mesophyte Medical, honey,
Graebn. decorative

32. Cornus alba L. shrub Mesophyte Honey, fodder,

decorative
Fabaceae Lindl

33. Caragana arborescens Lam. Bush Mesophyte Honey, fodder,
decorative

34. Glycyrrhiza uralensis Fisch. Perennial Mesophyte Medical, food,

ex DC. fodder, decorative

35. Lathyrus pratensis L. Perennial Mesophyte Medical, honey,
fodder

36. Lotus corniculatus L. Perennial Xeromesophyte Decorative

37. Medicago sativa L. Perennial Mesoxerophyte Medical, honey,
fodder

38. Melilotus officinalis (L.) Pall. Biennial Mesophyte Medical, food,
fodder, honey,
decorative
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39. Onobrychis arenaria (Kit.) Perennial Xeromesophyte Medical, fodder,
DC. decorative
Rosaceae Juss.
40. Amelanchier spicata (Lam.)| Shrub or small Mesophyte Medical, food,
C. Koch. tree decorative
41. Malus sylvestris (L.) Mill. Tree Mesophyte Decorative
42. Prunus virginiana L. Tree Mesophyte Food, honey,
decorative
43. Rosa rugose Thunb. shrub Mesophyte Honey, decorative
44, R. laxa Retz. shrub Mesophyte Honey, decorative
45, Ficaria verna Huds. Perennial Mesoxerophyte | Medical, food,
honey, fodder
46. Photinia Lindl. Bush Xerophyte Decorative
47. Prunus tenella var. tenella shrub Xeromesophyte | Medical, food,
honey, fodder,
decorative
48, Sonchus oleraceus L. Annual Xerophyte Medical, food,
honey, fodder
49, Sorbus aucupéria L. Tree Mesoxerophyte | Food, honey,
decorative
Poaceae Barnhart
50. Agrostis gigantea Roth. Perennial Hygromesophyte | Fodder
51. Alopecurus pratensis L. Perennial Hygromesophyte | Fodder
52. Avena fatua L. Annual Mesophyte Fodder
53. Bromus inermis (Leyss.) Perennial Mesophyte Fodder, decorative
Holub
54. B. tectorum L. Annual Mesophyte Fodder
55. Cynodon dactylon (L.) Pers Perennial Xeromesophyte | Weed
56. Festuca valesiaca Schleich. Perennial Mesoxerophyte | Fodder, decorative
ex Gaudin.
57. Echinochloa crus-galli (L.) P. Annual Mesophyte Food, fodder
Beauv.
58. Helictochloa. hookeri Perennial Mesoxerophyte | Fodder
(Scribn.) Romero Zarco
59. Hordeum vulgare L. Annual Mesophyte Medical, food,
fodder, decorative
60. Phleum pratense L. Perennial Mesophyte Fodder

123




Journal of Ecology and Sustainability 2026, 155(2)

61. Poa pratensis L. Perennial Mesophyte Fodder, decorative
62. P. bulbosa L. Perennial Mesophyte Fodder
63. Phragmites australis (Cav.) Perennial I'urpodur Medical, food,
Trin. ex Steud. fodder, decorative
64. Puccinellia dolicholepis V. Perennial Hygromesophyte | Fodder
Krecz.
65. Setaria viridis (L.) P. Beauv. Annual Mesophyte Fodder
66. Stellaria media (L.) Vill. Annual, Biennial Mesophyte Medical, food,
honey, fodder
Caryophyllaceae Juss.
67. Cerastium holosteoides Fries. Perennial, Mesophyte -
Biennial
68. Gypsophila paniculata L. Perennial Mesoxerophyte | Medical, food,
honey, fodder,
decorative
Cewmeiictso Liliaceae Juss.
69. Tulipa patens Agardh  ex Perennial Xerophyte Decorative
Schult.
Amaranthaceae Juss.
70. Amaranthus retroflexus L. Annual Mesophyte Medical, food,
fodder
71. Chenopodium album L. Annual Xerophyte Weed
Polygonaceae Juss.
72. Polygonum aviculare L. Annual Xeromesophyte Fodder
73. Rumex confertus Willd. Perennial Mesophyte Medical, food,
fodder, decorative
Scrophulariaceae Juss.
74. Verbascum thapsus L. Biennial Xeromesophyte Medical, honey
Apiaceae Lindl.
75. Eryngium planum L. Perennial Mesoxerophyte Medical
Limoniaceae Ser.
76. Goniolimon speciosum (L.) Perennial Mesoxerophyte Decorative
Boiss.
Brassicaceae Burnett
77. Alyssum turkestanicum Regel Annual Mesokcepodur Medical, honey,

et Schmalh.

fodder, decorative
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78. Berteroa incana (L.) DC. Biennial Xeromesophyte Medical, food,
honey
79. Camelina microcarpa Andrz. Annual Xeromesophyte food, fodder
ex DC.
80. Chorispora sibirica (L.) DC. Annual Xerophyte Medical, honey
81. Capsella bursa-pastoris (L.) Annual Xerophyte Medical, food,
Medik. honey, fodder,
decorative
82. Ch. tenella (Pall.) DC. Annual Mesophyte Honey
83. Descurainia.  Sophia (L.) Annual Mesophyte Medical, food,
Webb ex Prantl. fodder
84. Erysimum diffusum Ehrh. Biennial Mesophyte Medical, honey
85. Thlaspi arvense L. Annual Xerophyte Medical, food,
decorative
Plantaginaceae Juss.
86. Plantago lanceolata L. Perennial Mesophyte Medical, food,
fodder
87. P. major L. Biennial Mesophyte Medical, food,
fodder, decorative
88. Veronica chamaedrys L. Perennial Mesophyte Medical, honey
89. V. spuria L. Perennial Xeromesophyte -
Asteraceae Bercht. & J.Presl
90. Taraxacum officinale Perennial Mesophyte Medical, food,
Weber ex F.H. Wigg. honey, fodder,
decorative
91. Artemisia vulgaris L. Perennial Mesophyte Medical, food,
fodder, decorative
92. Artemisia austriaca Jacqg. Perennial Mesoxerophyte | Medical, fodder,
decorative
93. A. dracunculus L. Perennial Xeromesophyte | Medical, food,
fodder, decorative
94. A. marschalliana Spreng. Subshrub Xeromesophyte | Fodder
95. A. scoparia Waldst. et Kit. Perennial Xeromesophyte | Medical, food,
honey, decorative
96. Arctium tomentosum Mill. Biennial Mesophyte Medical, food,
fodder, decorative
97. Carduus crispus L. Perennial Mesophyte Medical, honey,

fodder
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98. Centaurea scabiosa L. Perennial Xeromesophyte | Medical, honey,
decorative
99. Cichorium intybus L. Perennial Mesophyte Medical, food,
fodder, decorative
100. Cirsium arvense (L.) Scop. Perennial Mesophyte Medical, honey
101. Crepis tectorum L. Annual, Biennial Mesophyte Medical, decorative
102. Erigeron canadensis L. Annual Mesophyte Medical
103. Lactuca serriola Torner. Biennial Xeromesophyte | Food, Fodder
104. Matricaria chamomilla L. Annual Mesophyte Medical, food,
decorative
105. Tanacetum nobilis Perennial Xerophyte Medical, food,
decorative
106. Taraxacum officinale Weber Perennial Mesophyte Medical, food,
ex F.H. Wigg. fodder, honey,
decorative
107. Xanthium strumarium L. Annual Xeromesophyte | Medical, decorative
Papaveraceae Juss.
108. Chelidonium majus L. Perennial Mesophyte Medical, decorative
Ranunculaceae Juss.
109. Ranunculus repens L. Perennial Mesohygrophyte | Fodder
110. Thalictrum  minus  subsp. Perennial Mesophyte Medical
saxatile Gaudin.
Urticaceae Juss.
111. | Urtica dioica L. Perennial Mesophyte Medical, food,
decorative
Total: 111

Analysis of the largest families of the flora of the study area showed that species of woody and
shrubby vegetation from the families are widely used in park construction: Asteraceae (18; 16.2 %),
Poaceae (17; 15.3 %), Rosaceae (10; 9.0 %), Brassicaceae (9; 8.1 %), Fabaceae (7; 6.3 %). The
following families comprise 4 species (3.6 %) each: Pinaceae, Salicaceae, Plantaginaceae,
Ulmaceae, and Elaeagnaceae. These largest families account for 81 species or 72.9 % of the park's
total flora. The Oleaceae family has 3 species (2.7 %), 2 (1.8 %) species: Ranunculaceae, Aceraceae,
Caprifoliaceae, Caryophyllaceae, Sapindaceae, Cupressaceae, Viburnaceae, and Amaranthaceae.
These largest families account for 108 species or 85 % of the park’s total flora. The remaining 13
families contain one species each. These include the following: Betulaceae, Malvaceae, Liliaceae,
Papaveraceae, Fagaceae, Viburnaceae, Rhamnaceae, Tiliaceae, Polygonaceae, Scrophulariaceae,
Limoniaceae, Berberidaceae, Urticaceae, Apiaceae (Figure 1).

A study of the structure of the major families of vascular plants revealed that they are dominated
by members of the Asteraceae, Poaceae, Rosaceae, Brassicaceae, and Fabaceae families.
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Figure 1. Leading families of the flora of the study area (Source: compiled by the authors)

Analysis of the species richness of genera of the flora of the study area revealed that of the 92
genera, the major genera are: Artemisia (5; 5.4 %), Ulmus (4; 4.3 %).

There are 13 genera with two species each: Salix, Populus, Acer, Elaeagnus, Rosa, Syringa,
Pinus, Prunus, Chorispora, Veronica, Poa, Bromus, and Plantago. These 13 genera account for 14.1
% of the total flora and 74 genera (80 %) each contain one species (Figure 2).

® Artemisia = Ulmus = Salix Populus H Acer M Elaeagnus M Rosa M Syringa
W Pinus Prunus B Chorispora M Veronica Poa Bromus Plantago

Figure 2. The largest genera of the flora of the Almaty district of Astana city (Source: compiled by
the authors)

Analysis of life forms showed that the leading positions are occupied by perennial herbaceous
forms, 57 species or 45.6 %, a small percentage (33.6 %) falls on tree forms - 42 species. And a small

percentage (20.8 %) falls on shrub forms - 26 species.
It is worth noting a significant proportion of annuals (19 c.) of long vegetation and ephemerals,

which is a characteristic feature of the vegetation cover of the city.
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Figure 3. The largest genera of flora of parks in the Almaty district (Source: compiled by the authors)

According to the data presented in Figure 3, the species composition of the flora is characterized
by a predominance of perennial plants, which account for 36.9 % of the total number of species.
These are followed by tree species (22.5 %), annual herbs (17.1 %), and shrubs (13.5 %). Biennial
plants (9.0 %) and subshrubs (0.9 %) are represented to a lesser extent. This distribution indicates the
dominance of long-lived life forms in the studied ecosystem (Figure 3).

The ecological structure in relation to environmental conditions showed that in the flora, a
significant part of the species belongs to mesophytes - 41 species. The second place is occupied by
xeromesophytes (25 species), the third place is occupied by mesoxerophytes (20 species), xerophytes
(19 species), mesohygrophytes (5 species) and hydrophytes (1 species). (Table 2).

Table 2. Distribution of species by ecological groups

Ecological group Number of species % of total
number of species

Xerophytes 19 17.1
Xeromesophytes 25 22.5
Mesoxerophytes 20 18.0
Mesophytes 41 36.9
Hygrophytes 1 0.9
Mesohygrophytes 5 4.5
Total: 111 100

Among the rare and endangered species, which are an integral part of the overall problem of

protection of the plant world, is Tulipa patens Agardh ex Schult. is noted, listed in the Red Book of
Kazakhstan (2014).
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One of the most important problems of fundamental and applied botany in recent times has
become the «flooding» of regional floras with new alien species, as well as invasions of individual
species in natural communities. The following alien species were observed in Astana city: Acer
negundo L., Erigeron canadensis L., Amaranthus albus L.

The study of the possibilities of practical application of the flora of the city of Astana showed
a significant number of species of value in economic terms: fodder, medicinal, melliferous,
ornamental, food, represented in the families Asteraceae, Fabaceae, Rosaceae, Poaceae and
Brassicaceae (Table 2).

Among fodder plants, the maximum number of species belongs to the families Fabaceae,
Brassicaceae and Asteraceae.

4. Discussion

It is well known that transportation infrastructure and land-use systems in urban environments
have a direct impact on the development of urban vegetation and the ecological condition of green
spaces. Dambebo and Jalloh consider the transportation system to be one of the key factors
contributing to air pollution and traffic congestion, especially near the city center (Dambeebo et al.,
2018). This conclusion is consistent with the results of our study, as the parks, squares, and boulevards
of the Almaty district of Astana directly border areas with high traffic volumes. Such conditions
contribute to the formation of specific plant communities dominated by ruderal and stress-tolerant
species, such as Plantago major, Taraxacum officinale, and members of the Festuca genus.

According to Collier et al. (Collier et al., 2014; Collier et al., 2020), the development of the
transportation network leads to a transformation in land-use patterns and the spatial organization of
the urban environment, contributing to the concentration of residential, commercial, and industrial
facilities (Collier et al., 2020, Belaire et al., 2022). As a result, a mosaic-type vegetation pattern
emerges, combining tree, shrub, and herbaceous components. The detection of 125 plant species
indicates that even anthropogenically transformed landscapes are capable of supporting a certain level
of biodiversity.

A comparative analysis with other urbanized areas in Europe and Asia confirms the universality
of the identified patterns. For example, in Berlin, ruderal and neophyte species were found to
dominate disturbed areas (Kowarik et al., 2011). Similar trends have been observed in London, where
a high density of the road network correlates with an increase in the proportion of cosmopolitan
species (Aronson et al., 2014).

Similar processes are observed in Asian megacities. In Beijing (Zhang et al., 2022), it has been
shown that intensive development of transportation infrastructure contributes to the fragmentation of
green spaces and the formation of plant communities dominated by pollution-tolerant species. In
Seoul (Oh & Park, 2023), it was found that urbanization and road construction lead to a decline in
the proportion of native species and increased biotic homogenization.

Such trends are consistent with the concept of biotic homogenization described by McKinney
(2008), according to which urbanized areas in different regions become floristically similar due to
the spread of broadly adapted synanthropic species. In this context, the flora of the Almaty district of
Astana exhibits characteristics typical of both European and Asian cities, confirming the global nature
of the impact of transport infrastructure on biodiversity.

Zhang et al. emphasize that user safety is a priority in the design of transportation infrastructure,
achieved through the geometric design of roads in accordance with national and international
standards (Zhang et al., 2022). However, this approach also has environmental consequences: the
expansion of the road network and the reduction of green buffer zones increase habitat fragmentation
and limit the dispersal of sensitive species. As Forman and Alexander (Forman et al., 1998) note,
roads function as ecological barriers that increase population isolation and alter ecosystem structure.

Thus, a comparison of the data obtained with the results of studies in Europe and Asia shows
that transportation infrastructure gives rise to similar patterns of urban flora transformation regardless
of the region.
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The «urban heat island» effect, characteristic of large urbanized areas, also has a significant
impact on the structure of urban flora. Elevated temperatures near road surfaces and dense
development alter the phenological cycles of plants, extending the growing season and promoting
earlier seed germination. This can lead to a shift in competitive relationships between species,
particularly favoring thermophilic and fast-growing plants. In Astana, with its sharply continental
climate, this effect may play a particularly significant role, partially compensating for extreme
climatic conditions and creating local «refugia» for certain species.

The role of soil characteristics in shaping the floristic composition deserves separate
consideration. Soil compaction, characteristic of areas with heavy traffic, reduces its water
permeability and aeration, which limits the development of species with deep root systems (Gregory
et al., 2006; Werkenthin et al., 2014). Under such conditions, plants with shallow root systems and a
high capacity for vegetative reproduction gain an advantage (Von der Lippe et al., 2007). Long-
distance dispersal of plants by vehicles as a driver of plant invasions. Conservation Biology, 21(4),
986-996. Additionally, the accumulation of heavy metals and salts from road dust and de-icing agents
creates specific edaphic conditions that favor the selection of tolerant species.

Another important mechanism driving the transformation of urban flora is the transport-driven
dispersal of plants. Motor vehicle traffic facilitates passive seed dispersal (zoochory and
anthropochory), which accelerates the spread of synanthropic and invasive species along the road
network. Roads function as important dispersal corridors facilitating the establishment and spread of
invasive plant species in disturbed urban and peri-urban habitats (Gelbard et al., 2003; Li et al., 2022;
Lennartsson et al., 2023). Thus, transportation infrastructure serves a dual purpose: on the one hand,
roads can act as barriers to certain species, while on the other, they can facilitate the rapid movement
of plants between different parts of the city and surrounding areas.

Furthermore, the observed diversity (125 species) indicates a balance between colonization and
local extinction processes. Despite high levels of human impact, urban ecosystems maintain a certain
degree of resilience due to a constant influx of species and the availability of ecological niches.
However, this resilience is functionally limited, as it is maintained primarily by species with broad
ecological ranges.

Thus, the urban flora of the Almaty region is shaped by a complex of interrelated factors,
including microclimatic changes, edaphic conditions, transport-mediated species dispersal, and the
spatial heterogeneity of the environment. These processes determine not only taxonomic diversity
but also the functional structure of plant communities, which is important to consider when
developing strategies for the sustainable management of urban green infrastructure.

5. Conclusion

Due to the rapid urbanization of the capital, accompanied by the transformation of natural
landscapes, identifying the patterns of urban flora formation has taken on particular scientific and
practical significance. This study provides, for the first time, a comprehensive assessment of the
floristic composition, taking into account the ratio of native, introduced, and ruderal species, which
allows us to view urban flora as the result of the interaction between natural and anthropogenic
factors.

It has been established that the formation of urban flora is determined by a combination of
climatic conditions-a sharply continental climate-and high anthropogenic pressure, including
landscaping practices and transportation infrastructure. The identified flora structure is characterized
by the dominance of ecologically plastic and resilient species, indicating the operation of ecological
filtration mechanisms. At the same time, there is a tendency toward an increase in overall species
richness during the early stages of urbanization, followed by a transformation of the flora structure
and a rise in the proportion of unique and naturalized species.

The scientific novelty of this study lies in identifying region-specific characteristics of urban
flora formation in Northern Kazakhstan, where extreme climatic factors amplify the selective impact
of the urbanized environment. The results demonstrate that Astana’s urban flora constitutes a dynamic
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system currently in a stage of active formation, in which processes of introduction, naturalization,
and partial loss of the native component are occurring simultaneously.

The practical significance of the study lies in substantiating the need to integrate ecological
principles into urban greening strategies aimed at conserving biodiversity and enhancing the
resilience of urban ecosystems. In the long term, there is a need for long-term monitoring, quantitative
assessment of functional diversity, and the development of scientifically sound approaches to green
infrastructure management, taking into account climatic and anthropogenic constraints.

Amid Astana’s rapid urbanization, there has been an increase in the number of adventive and
synanthropic plants, a trend particularly evident in disturbed urban habitats, including roadways,
construction sites, and recreational areas. The spread of invasive species can alter the composition
and structure of the local flora and affect the ecological stability of urban ecosystems. The results
obtained serve as a basis for further research on the dynamics of the spread of invasive and adventive
species, their ecological adaptability, and their impact on urban plant communities under conditions
of anthropogenic impact.
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AHaIM3 BHIOBOI0 COCTaBa ypOaHO(PIOpPbI AJIMATHHCKOIO pailoHA ropoaa
AcTaHbI

Myxrtyb6aeBa Cayae, Mypartos Pyciian, Koosnanosa Cayae, lllapunosa Moaaup, Koitbaraposa
I'yasdaiipy3, Kypmanosa Apaiiibim

AHHoTanus. B mocnegHue roawl HMcciaenoBaHUsS TOPOACKUX (UIOp ONPOBEPIVIM MHEHHME O MX
0eTHOCTH 10 O0IIEeMY YHCITY BHJIOB, M OBUIO YCTaHOBIJIEHO, YTO TOPOJCKUE (DIOPHI OTIMYAIOTCS OT
MIPUPOJHBIX aHAJIOTOB U B TO K€ BpeMs OTpa)karoT MX OoraTcTBo. B Hamieil ctarbe mpejicTaBiieH
COCTaB TOPOJICKOH (1opbl ATMaTUHCKOTO paifoHa ropoa AcraHsl. BeisiBieHo, 4To ropojackas ¢iopa
ANMaTHHCKOTO paiioHa T. AcTaHbl HacuuThiBaeT 125 BWmoB, oTHOCsAmuxcs K 95 pomam u 39
cemeiicTBaM. OCHOBY ypOaHO(IIOpHI TaHHOTO paiiOHa COCTABISIOT BUJIbI IPEBECHO-KYCTAPHUKOBOMH
pacTUTENILHOCTH M3 cemeiicTB: Rosaceae Juss. (20; 15,8 %), Poaceae Barnhart (19; 15,0 %),
Asteraceae Bercht. & J. Presl (11; 8,7 %), Aceraceae Juss. (cun. Sapindaceae Juss.) (6; 4,7 %). B
03€JICHEHNH AJIMaTHHCKOTO paiioHa ropoaa AcTaHbl 3TH KpyIHeWIe ceMeiicTBa coctabisitor 108
Buj0oB i 85 % ot obmieit ¢diopsl mapka. AHaTU3 BHIOBOTO OOraTcTBa poaoB (iopsl paiioHa
UccIIeI0BaHus BhISIBIII, 4To U3 95 pooB kpymHbiMU siBisitoTes: Acer L. (6; 6,3 %), Fraxinus Tourn.
ex L. (4; 4,2 %), Populus L. (4; 4,2 %), Picea A. Dietr. (3; 3,1 %), Malus Mill. (3; 3,1 %), Spiraea
L. (3; 3,1 %). Ilonydennsie pe3yabTaThl IMOKA3bIBAIOT, YTO TOPOJCKas (iopa XapaKTepuU3yeTcs
CTPYKTYPUPOBAHHON KOMIIO3UIIMEH C TOMUHUPOBAaHUEM OTPAHUYEHHOTO YHCIAa TAKCOHOMUYECKHUX
rpynn. Takas cTpykTypa oOTpakaeT Kak IeJIeHalpaBiIeHHbIe NPAKTHUKU O3€J€HEHUs, TaK WU
HKOJIOTHYECKYIO aJallTUBHOCTh BUJIOB K YCJIOBHUSAM TopoJCKOi cpenbl. [Ipeobnaganue nqpeBecHOl u
KYCTapHHKOBOI PaCTHTEIBHOCTH MOTYCPKUBACT X BAKHYIO IKOJIOTHUECKYIO POJIb B MOAICPKAHUN
HKOJIOTUYECKOM CTaOMIBHOCTH, YIYUIIEHUH KauecTBa BO3/[yXa U MOBBILIICHUHN 001Ieil yCTOHUUBOCTH
TOPOJICKUX KOCHUCTEM.

KuroueBble ciioBa: ypoanodiopa; Acrana; ATIMaTUHCKUN pailoH; CEeMENCTBO; OnopazHooOpasue.
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AcTaHa Kajgacbl AJIMAThl ayJaAHbIHBIH YPOAHO(IOPACBIHBIH TYPJIK KypaMbIHA
TajJaay

Myxrtyb6aeBa Cay.ae, Mypartos Pycian, Koonanosa Cayae, lllapunosa Mosaup, Koiitdaraposa
I'yabgaiipy3, KypmanoBa ApaidibimM

Angarna. CoOHFBl  KBUITAPhl  JKYPri3UIreH  KanaiublK  ¢uiopara  KaTBICTBI  3epTTeyJiep
ypOaHodiopanapabIH TYPIIK KYpaMbl )KarblHAaH Ke/IeH JIereH MiKip/li Tepicke mbIFapabl. 3epTreyiep
KaJanelK  (iopaiapablH Taburu oprta ¢iopacklHaH €pPEeKIIeJICHETIHIH, COHBIMEH Oipre OHBIH
OaiibIFbIH OeliHeNnelTiHIH KopceTTl. bi3nin Makanaga Actana Kainachl AJIMaThl ay1aHBIHBIH KaJlaJIbIK
(baopacbiHBIH Kypambl OepiireH. benrinenrenaeit, aynanueiy ypoanodiaopacs! 125 Typai kaMTumsl,
95 TybIcKa jxoHEe 39 TYKBIMIACKA JKaTabl. AyIaHHBIH HET13T1 KachUI JKEJIET1H MbIHA/al aran-Oyra
ecimaikrepi Kypaiael: Rosaceae Juss. (20 typ; 15,8 %), Poaceae Barnhart (19; 15,0 %), Asteraceae
Bercht. & J. Presl (11; 8,7 %), Aceraceae Juss. (cun. Sapindaceae Juss.) (6; 4,7 %). Xanmsr anranna,
Oyn ipi tykeimaactap 108 typni Oipikripin, ayaan ¢iaopachlHbIH iamamen 85 % Kkypaiiabl.
TybicTapabiH TYpITiK OAMIIBIFBIH TAJIAAY HOTHIKECIHIE eH ipinepi anbikTansl: Acer L. (6 Typ; 6,3 %),
Fraxinus Tourn. ex L. (4; 4,2 %), Populus L. (4; 4,2 %), Picea A. Dietr. (3; 3,1 %), Malus Mill. (3;
3,1 %), Spiraea L. (3; 3,1 %). AnbIHFaH HOTHKEJIEP KaJalbIK (IOpaHBIH MIEKTEYITl TAKCOHOMHSUTBIK
TONTApJbIH OachiM OOJIYyBIMEH CHITATTAJaThIH KYPbUIBIMIANIFaH KypaMfa He CKCHIH KOepCEeTei.
MyHaii KypbUTBIM KaJIaHBI KOTAJIJaHIBIPYABIH MaKCaTTHI KYPIi3iIyiMeH KaTap, OCiIMIIIK TYpJIepiHiH
KaJaJIbIK OpTa JKaFJaijiapblHAa SKOJIOTHSUIBIK OCHIMIENTIIITITIH JIe alKbIHAAWIbl. AFAIIThI JKOHE
OyTaybl ©CiMIIKTepAiH 6achIM OOTYBI OJapIbIH SKOJIOTHSUIBIK TYPAKTBUIBIKTHI KAMTaMachl3 €TY/IErI,
aya carachlH JKaKCcapTyJlarbl )KOHE KaJallbIK dKOKYHeNep/IiH Kallbl TYPAaKTbUIBIFBIH apTTHIPYAaFhbl
MaHBI3]IbI POJIIH KOPCETEI].

Tyiiin ce3aep: ypbanodiopa; Acrana; AiIMathl ayJlaHbl, TYKbIMIAC; OUOaTyaHTYPIILTIK.
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Abstract. Kazakhstan’s water sector faces growing pressure from structural
water scarcity, aging infrastructure, reliance on transboundary resources, and
the high carbon intensity of conventional treatment systems. This review
assesses environmental assessment approaches applied to water treatment,
focusing on their suitability for low-carbon solutions and relevance to
Kazakhstan. Following the PRISMA framework, peer-reviewed literature
indexed in Scopus and Web of Science from 2005 to 2025 was screened, and
40 studies were synthesized. Life Cycle Assessment (LCA) is the dominant
methodological framework in the reviewed literature and is commonly used
to quantify global warming potential, energy intensity, and trade-offs across
impact categories. Reverse osmosis (RO) and advanced membrane systems
are frequently reported as relatively low-carbon options, but their life-cycle
performance is highly sensitive to energy supply and pumping requirements,
which emerge as major emission hotspots. Kazakhstan-specific research is
limited and methodologically heterogeneous, limiting robust national
assessments because regional life-cycle inventory data and local energy mix
and climatic considerations are scarce. This study shows that technical
feasibility alone does not ensure low-carbon outcomes. Regionally adapted
and standardized assessment frameworks are required to evaluate trade-offs,
guide technology selection, and inform policy. Without regionally calibrated
inventory data and standardized reporting protocols, technology selection in
Kazakhstan's water sector will remain driven by cost rather than verified
carbon performance.

environmental

Keywords: low-carbon technology; water

assessment; renewable energy.

treatment;

1. Introduction

Kazakhstan's water resources are geographically skewed toward its
southern river basins, leaving arid western and central regions chronically
undersupplied (Seraya et al., 2025). Moreover, a significant percentage of the
country’s accessible water sources is taken from transboundary sources,
while an increasing number of the country’s water sources in the domestic
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environment are significantly affected by pollution and climate change issues. Approximately 45 % of
the country’s water supply originates from transboundary sources, and domestic water bodies are
increasingly affected by anthropogenic pollution and climate change (Ozenbayeva et al., 2022).
According to data from the Agency for Strategic Planning and Reforms of the Republic of Kazakhstan
(stat.gov.kz), as of 2022, approximately 35 % of water infrastructure requires modernization, and water
losses in distribution systems reached 40-70 %, highlighting the urgent need for innovation in water
treatment technologies (Agency for Strategic Planning and Reforms of the Republic of Kazakhstan,
2022). This problem is further exacerbated by the high operational costs of conventional water treatment
methods, which heavily depend on fossil fuel energy (Magni et al., 2025). As a result, the transition to
renewable energy sources (RES) for water treatment is emerging as a promising solution that can reduce
energy costs, minimize the carbon footprint, and increase the resilience of water infrastructure (Hasnat
et al., 2025). The significance of this study is driven by several factors: Kazakhstan is committed to
achieving carbon neutrality by 2060, which necessitates the reduction of greenhouse gas emissions across
all sectors, including water treatment (Decree of the President of the Republic of Kazakhstan, 2023).
Also, the increasing demand for clean water from both the population and industry requires more efficient
and environmentally friendly treatment methods (World Bank, 2024). This study addresses the critical
aspects of the water-energy-food (WEF) nexus, demonstrating how RES can facilitate more sustainable
water treatment while simultaneously reducing the stress on the country’s energy system. The integration
of solar and wind energy into Kazakhstan’s water treatment infrastructure will enhance system
autonomy, decrease reliance on external energy resources, and reduce operational expenses.

The application of RES in water treatment plants has been gaining popularity in the global scientific
community. For instance, the works of Assareh et al., 2025 and Hussien et al., 2024 demonstrate the
application of solar and wind energy for the desalination and purification of water through the utilization
of photovoltaic in membrane processes (Assareh et al., 2025; Hussien et al., 2024). A study by Salari et
al. (2025) highlights the economic and technical viability of airborne wind energy in the cost reductions
of desalination processes. Zhang et al. in 2018 demonstrate the effectiveness of various processes for the
purification of water through the application of solar energy, such as photocatalysts and thermal
evaporation processes in desalination plants (Salari et al., 2025; Zhang et al., 2018). Rashidi et al. in 2022
highlight the application of reverse-osmosis desalination plants through the utilization of winds in the
global scientific community (Rashidi et al., 2022). Karatayev et al. in 2017 demonstrate the significance
of reducing water loss and developing autonomous water treatment plants through the utilization of RES
in Kazakhstan (Karatayev et al., 2017).

Despite the increasing interest in this area of study, there are still gaps in the literature, especially
with regards to the applicability of RES in the area of water treatment in Kazakhstan. The purpose of this
study is to analyze the applicability of RES in the water treatment sector in Kazakhstan. The key
objectives include:

- Systematization and critical evaluation of environmental assessment methods (LCA, EIA, WQI
and integrated approaches).

- Analysis of environmental indicators and carbon footprint of key water treatment technologies.

- Identification of methodological gaps, barriers, and recommendations for harmonized frameworks.

Despite the growing body of literature on environmental assessment in the water sector, no prior
systematic review has explicitly framed Kazakhstan's treatment landscape within a Central Asian
regional context or subjected its methodological profile to structured cross-study analysis. This review
responds to this gap through interconnected lines of analysis. By synthesizing 40 peer-reviewed studies
through a PRISMA-compliant protocol, it establishes, for the first time, that Life Cycle Assessment
dominates Kazakhstani water-treatment research, accounting for 37.5 % of methodological approaches
a concentration that stands in tension with the near-total absence of standardized regional life-cycle
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inventory data and thus constrains the comparability and policy relevance of existing findings. Beyond
the methodological audit, the review brings together, within a single analytical frame, locally developed
assessment instruments and treatment innovations that have previously circulated in isolation: the GIS-
based "3D Quarry" environmental impact module, activated carbon derived from Miscanthus straw, and
multifactorial chemical hazard risk models tailored to Kazakhstan's regulatory environment. Mapping
these contributions collectively reveals not only what the national research base has produced, but where
it systematically falls short particularly regarding sludge disposal, contaminants of emerging concern,
and the absence of a harmonized national assessment framework. The review's principal contribution is
therefore not the enumeration of existing studies, but the construction of a structured evidence base from
which future primary research in Kazakhstan can be purposefully directed.

The crucial issues in making an assessment in the environmental domain include: the results of
methodological heterogeneity due to the variety of locations and methods, the lack of a standardized
framework for the application of energy and the release of carbon emissions, and the technical problems
in the process of biofouling in the RO process. The current state of the literature fails to provide an
adequate basis to form a conclusion in the Kazakhstan-specific context and thus indicates an important
gap in the research that demands the execution of the primary studies that focus directly upon the issue
of the region of Central Asia in the context of water treatment processes and the structure of the energy
grids (Yateh et al., 2024; Pesqueira et al., 2020).

2. Materials and methods

A systematic literature search was conducted following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) framework to identify studies related to
environmental assessment approaches for low-carbon water treatment technologies in Kazakhstan. The
search strategy was developed using structured Boolean logic based on three primary conceptual
domains: low-carbon and sustainable water treatment technologies, environmental assessment
methodologies, and the geographical context of Kazakhstan. Search queries incorporated controlled
vocabulary, database-specific indexing terms, truncation operators, and synonymous keyword
combinations to maximize sensitivity and reproducibility. The following generalized Boolean search
structure was applied and adapted to the syntax requirements of each database:

(("low-carbon™ OR "low carbon™ OR decarbonize OR sustainable OR "green technology™) AND
("water treatment” OR desalination OR wastewater treatment OR "water reuse™) AND ("environmental
assessment” OR "environmental impact assessment” OR "life cycle assessment” OR LCA OR
"ecological impact") AND (Kazakhstan OR "Central Asia™))

The search was performed across the bibliographic databases Scopus, Web of Science, and Google
Scholar to ensure comprehensive coverage of peer-reviewed literature in environmental science,
sustainability assessment, desalination, and water treatment technologies. Database searches were
supplemented by backward reference screening of relevant articles to reduce the risk of publication
omission. The retrieved records were screened according to predefined inclusion and exclusion criteria
addressing relevance to environmental assessment methodologies, low-carbon water treatment systems,
desalination technologies, and regional applicability to Kazakhstan and comparable arid environments.
After duplicate removal and relevance screening, 507 publications were identified as potentially relevant
for further analysis.

2.1. Screening, inclusion, and exclusion criteria

During the screening process, studies relevant to Kazakhstan and low-carbon water treatment
methods were explored. The inclusion criteria involved studies carried out in Kazakhstan and those
involving feasible methods of application in Kazakhstan. Studies given priority include those that involve
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the description of and insight into the implementation and application of any environmental assessment
methods, such as life cycle assessment, environmental impact assessment, carbon footprint studies, and
assessments of ecological risks. For each paper, the assessment involved the consideration of how the
study addressed ecological impacts and the application of the results of the assessment in means of
mitigation strategies. The studies involved in the review should be primary, case studies, systematic
reviews, and methodology studies that provide empirical information and intensive levels of analytical
discussion.

We collected data regarding the methods of environmental assessment used (namely the type, tools
and standards applied, indicators, and scope of the environment) and the methods of water treatment
(technology type, sequence of processes, energy intensity, and, if available, carbon footprint) and the
reported impacts and methods to mitigate them, and noted the Kazakhstan-specific issues and
shortcomings in current methods and the importance of each study in developing low-carbon water
treatment methods and practices.

Records identified from databases (n = 507)
Duplicates removed
Scopus (n = 261) (n=87)

Web of Science (n = 156) Removed using

EndNote 21 and
Google Scholar (n = 90) chanuil chibciiig

Y

Records after duplicates removed

(n = 420)
Records excluded
‘ Y \ (n = 300)
Records screened Irrelevant topics,
! (title and abstract) EEEE— outside scope,
not related to water
(n=420) treatment
L 7
l Full-text articles excluded
(n=80)
Full-text articles assessed Reasons for exclusion:
for eligibility —— + Not related to environmental
(n = 120) assessment (n=25)

* No methodological transparency  (n = 18)

« Purely technical studies without
environmental indicators (n=20)

« Not applicable to Kazakhstan/
similar context (n=17)

Studies included in qualitative synthesis
(n = 40)

Figure 1. PRISMA block diagram (Source: compiled by authors based on reviewed literature)

A total of 507 records were identified through systematic searches of Scopus, Web of Science, and
Google Scholar databases. Following the removal of 87 duplicate entries, 420 unigue records remained
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and were subjected to title and abstract screening. During the screening phase, 300 records were excluded
due to a lack of relevance to the research scope. The remaining 120 articles were retrieved for full-text
assessment to determine their eligibility. Of these, 80 studies were excluded after full-text review based
on the following criteria: absence of a clear focus on environmental assessment (n = 25), insufficient
methodological transparency (n = 18), purely technical orientation without consideration of
environmental indicators (n = 20), and limited applicability to Kazakhstan or comparable regional
contexts (n = 17). As a result, 40 studies satisfied all inclusion criteria and were incorporated into the
qualitative synthesis. The PRISMA block diagram used to guide the screening and selection process is
demonstrated in Figure 1.

Table 1. Characteristics of included studies

No Study Study type Geographic focus Primary assessment
method
1 | Bukharbayeva et al., Primary study | Kazakhstan System analysis, synthesis
2024 (Mangistau)
2 | Muratkhanov et al., 2024 | Primary study | Kazakhstan Integrated groundwater
(Balkhash Lake) numerical modeling
3 | Sarraf & Deswal, 2023 Primary study | India Life Cycle Assessment
4 | Gulaetal., 2020 Primary study | Russia (Primorsky) | Ecological-chemical
assessment
5 | Alvarado et al., 2020 Primary study | Hong Kong Life Cycle Assessment with
S-LCI
6 | Levkovska et al., 2020 Primary study | Ukraine Life Cycle Assessment
7 | Kartikasari et al., 2023 Primary study | Indonesia LCA with AHP
8 | Kudryavtsev et al., 2022 | Primary study | Kazakhstan Multifactorial risk
assessment
9 | Mishima et al., 2023 Primary study | Japan (implied) Environmental Impact
Assessment
10 | Bekenova et al., 2024 Primary study | Kazakhstan Economic assessment
11 | Zhandauletova et al., Primary study | Kazakhstan Experimental and analytical
2025 method
12 | Zarubin et al., 2021 Primary study | Kazakhstan EIA with GIS software
13 | Ramazan et al., 2025 Review Global (12 SWOT analysis, descriptive
countries) statistics
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14 | Vlasopoulos et al., 2006 | Primary study | Global Life Cycle Assessment

15 | Zhubanova et al., 2025 Review Kazakhstan Biochemical assessment

16 | Abyar et al., 2023 Primary study | Iran Intggrated CFP, EFP,
toxicity assessment

17 |Pesqueira et al., 2020 Review EU context Life Cycle Assessment

18 | Zhalmagambetova et al., | Primary study | Kazakhstan (Irtysh | Water Quality Index with

2024

Basin)

GIS

19 |Abitetal., 2019 Primary study | Kazakhstan Sorption capacity estimation
20 | Zhakupova et al., 2024 Primary study | Kazakhstan Correlation analysis
21 | Koéhler, (2006) Doctoral thesis | Germany (implied) | LCA with whole effluent
toxicity
22 | Teodosiu et al., 2019 Primary study | Romania Life Cycle Assessment
23 | Zeinulkabden, 2025 Primary study | Kazakhstan SWOT analysis
(Astana)
24 | Ospanov et al., 2020 Primary study | Kazakhstan Water quality assessment
(Kostanay)
25 | Orchard et al., 2025 Review Global Ecological Impact
Assessment
26 | Mohamed-Zine et al., Primary study | Algeria Life Cycle Assessment
2013
27 | Kanagatov et al., 2021 Primary study | Kazakhstan Environmental assessment
(Taldykorgan)
28 | Nakkasunchi et al., 2025 | Primary study | Spain Low-Carbon Polygeneration
System analysis
29 | Issayevaetal., 2021 Primary study | Kazakhstan Hydrochemical analysis
(Turkestan)
30 | Nikitina et al., 2025 Primary study | Kazakhstan-Russia | Ecohydrological
(Ural River) normalization
31 | Shegenbayev et al., 2023 | Primary study | Kazakhstan Water quality assessment
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32

Apshikur et al., 2024

Primary study

Kazakhstan (Yertis
River)

GIS with UAV remote
sensing

33 | Kenshimov etal., 2005 | Primary study | Kazakhstan (Ust- | Environmental Impact
Kamenogorsk) Assessment

34 | Yurak et al., 2023 Primary study | Russia Environmental risk
assessment

35 | Majidy et al., 2025 Primary study | Iran Life Cycle Assessment

36 | Burlibayev et al., 2020 Primary study | Kazakhstan Ecological flow
determination

37 | Tikhonova et al., 2024 Primary study | Russia (Volgograd) | Ecological and economic

analysis

38

Jiang et al., 2025

Primary study

China (Suzhou)

Life Cycle Assessment

39

Huseynli et al., 2023

Primary study

Azerbaijan

Spectral methods

40

Fabian et al., 2016

Review

International

Comparative methodological
review

Of the 40 sources, 18 studies directly address Kazakhstan contexts, while the remaining studies

provide methodological frameworks and comparative international perspectives applicable to
Kazakhstan's water treatment challenges. Summary information for all included studies is presented in
Table 1.

2.2. Assessment Methods

Life Cycle Assessment (LCA) emerges as the predominant methodology across the reviewed

literature, employed in at least 15 studies (Sarraf & Deswal, 2023). The methodology follows 1SO 14040
standards and employs specialized software, including SimaPro and GaBi (Alvarado et al., 2020; 1SO,
2006; Sarraf & Deswal, 2023). Detailed evidence on the prevalence and application of LCA is
summarized in Table 2.

Table 2. Life Cycle Assessment Dominance

Assessment

Assessment method | Number of Key parameters measured Software/Tools used
studies
Life Cycle Assessment GWP, AP, HT, ODP, eutrophication | SimaPro, GaBi
Water Quality Index pH, DO, BOD, COD, trace metals | QGIS, SPSS
Environmental Impact Air, water, soil emissions 3D Quarry
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Groundwater modeling 2 Heavy metal transport, | MODFLOW, MT3DMS
contamination

SWOT analysis 2 Strengths, weaknesses, opportunities | Not specified

Spectral methods 2 PAHSs, metals, phenols GC-MS, AAS

UAYV remote sensing 1 NDVI, NDWI, turbidity indices Agisoft Metashape

LCA studies assess multiple environmental impact categories, including global warming potential
(GWP), acidification potential (AP), human toxicity (HT), respiratory inorganics, ionizing radiation,
ozone depletion potential (ODP), eco-toxicity, and water scarcity. The Environmental Footprint 2.0 and
Recipe 1.13 Midpoint methods are commonly applied for impact characterization (Sarraf & Deswal,
2023).

2.3. Emerging Integrated Frameworks

Various studies offer integrated assessment tools that include a combination of several approaches
and methods. The Stoichiometric Life-Cycle Inventory (S-LCI) model combines stoichiometry and
kinetics to predict site-specific emissions of water contaminants, air pollutants, and soil pollutants
(Alvarado et al., 2020). Another study incorporates carbon footprint (CFP), energy footprint (EFP), toxic
hazard, and economic assessment to give an all-embracing eco-environmental assessment (Abyar &
Nowrouzi, 2023). A comparative assessment describes three primary assessment methodologies: Life
Cycle Assessment assesses the various environmental effects, while the Carbon Footprint focuses solely
upon the greenhouse warming effect, and Externalities Evaluation determines the externality-based
impacts in terms of economic and societal views. Each assessment tool has unique environmental
indicators to establish the combined direct and indirect emissions associated with the water treatment
process mentioned in Fabian et al. (2016).

3. Results
3.1. Kazakhstan-specific assessment strategies

Kazakhstan has also designed methods that address the specific problems and realities of the
region’s environment. For instance, a multifactorial model for chemical hazard risks has been developed
for chemically dangerous facilities in Kazakhstan to calculate the environmental hazard index based on
both expert estimates and statistical methods. This model fills a gap in the country’s regulatory system
because, prior to this model, the country lacked a “comprehensive system for environmental risk
assessment” (Kudryavtsev et al., 2022).

Water quality assessments in Kazakhstan utilize the Canadian Council of Ministers of the
Environment Water Quality Index (CCME WQI) in combination with geoinformation systems in a study
performed in the Irtysh River Basin. The model assesses 26 chemical parameters at 26 stations in a period
of a decade, allowing for spatial and temporal assessments through the application of Microsoft Excel,
IBM SPSS Statistics software, R software, and QGIS software (Zhalmagambetova et al., 2024).

The design of a GIS software module for Environmental Impact Assessment, named “3D Quarry,”
represents an original contribution to current practices in Kazakhstan’s mining sector, as it is specifically
developed to assess the potential environmental impacts of mining activities across atmospheric,
hydrological, soil, and subsurface dimensions. The module is fully aligned with the ecological code, land
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code, and water code of Kazakhstan and is applicable within Kazakhstan’s national regulatory framework
(Zarubin et al., 2021; Water Code of the Republic of Kazakhstan, 2025).

3.2. Current Status and Challenges

The drinking water and wastewater treatment sector in Kazakhstan is represented by a diverse
combination of traditional and upgraded treatment systems in both urban and rural settings (World Bank,
2024). At the same time, the modernization process is making progress through the application of
membrane filtration and electrolysis-based disinfection processes, aiming to improve the efficiency of
the treatment process and satisfy the increasing demands related to the industrial and domestic sectors.
The need to repetitively and circularly recycle the freshwater amount quantitatively characterizes the
level of the reused freshwater volume in the country in terms of total freshwater utilization and reflects
the process of freshwater recycling at the national level (Figure 2).

Reuse and recycling of fresh water

1200 6,0%
1000 5,0%
200 = 4,0%
600 3,0%
400 2,0%
200 ‘ 1,0%
0 0,0%
&S @’ 19&']96‘ S0P S r@é" *9@@0 Y S PSP
years
m Recycled water (m3) S hare of recycled water in the total amount of fresh water used %

Figure 2. The share of recycled water in the total volume of fresh water used (Agency for Strategic
Planning and Reforms of the Republic of Kazakhstan, 2022)

The map shown in Figure 3 illustrates the distribution of water infrastructure facilities in
Kazakhstan with capacities up to 50 000 m?/day. The highest concentration is observed in the southern
and western regions, particularly in Almaty, Shymkent, and Atyrau, where population density and
industrial demand are greater. In contrast, the northern and eastern regions, including East Kazakhstan
and Pavlodar, contain far fewer treatment facilities.
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Figure 3. Map of water infrastructure facilities in the Repblic of Kazakhstan with capacity up to 50,000
m3/day (Source: developed by authors)

The wastewater treatment facilities indicator quantifies the national volume of wastewater treated

in municipal, on-site, and other treatment plants, classified by primary, secondary, and tertiary treatment,
thereby reflecting the scale and capacity of wastewater treatment at the country level (Figure 4).
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Figure 4. Total volume of treated wastewater (Agency for Strategic Planning and Reforms of the
Republic of Kazakhstan, 2022)

3.3. Challenges in Water Management
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Kazakhstan’s water management system is plagued by aging infrastructure and outdated practices.
Irrigation networks lose 50-65 % of water during transport due to leaky canals and unlined earthen
channels, with only 30 % of water reaching agricultural fields in regions like Kyzylorda, where rice
farming dominates (Kalybekova et al., 2023). This inefficiency is exacerbated by deteriorating hydraulic
infrastructure: 382 of 1,645 hydraulic structures (e.g., dams, pumps) are in poor condition, such as the
Kyzylorda Hydraulic Unit, which operates at 40 % efficiency due to sediment buildup and mechanical
failures (Karatayev et al., 2017). Modern water-saving methods like drip irrigation and sprinklers are
used on less than 5 % of irrigated land, despite their potential to reduce water consumption by 30-50 %
(OECD, 2018; Godase et al., 2025; Official Information Source of the Prime Minister of the Republic of
Kazakhstan, 2024). Farmers often rely on flood irrigation, which consumes 12,000 m3/hectare annually
compared to 6,000 m¥hectare with drip systems, but high upfront costs and limited subsidies hinder
adoption (Official Information Source of the Prime Minister of the Republic of Kazakhstan, 2025).

The water sector has suffered from institutional fragmentation. Surface water is managed by the
Water Resources Committee, whereas groundwater falls under the Committee of Geology, leading to
disjointed policies and delayed infrastructure projects. For example, conflicting priorities between
agencies delayed the rehabilitation of 120 km of canals in the Syr Darya Basin, worsening water
shortages for 45,000 ha of farmland. This siloed governance impedes the integration of advanced
technologies such as Al-driven water distribution systems, which require cross-agency data sharing
(Prniyazova et al., 2025; Evaristo et al., 2023).

Hydropower supplies 10 % of Kazakhstan’s electricity, but over 50 % of its capacity is
concentrated in water-stressed regions like the Irtysh and Ili River Basins. Plans to expand hydropower
by 15-20 % by 2050 risk exacerbating shortages, as most new projects will be in already stressed basins.
Climate change further threatens reliability; rising temperatures and reduced snowfall in the Tian Shan
Mountains could decrease river flows by 20-30 % by 2035 (Sorg, 2013). This jeopardizes both energy
production and agriculture. Despite these risks, no comprehensive studies have assessed the impacts of
climate on hydropower, leaving critical gaps in adaptation planning.

Kazakhstan’s reliance on transboundary rivers (45 % of its water comes from neighboring
countries) amplifies vulnerabilities. For instance, China’s Xinjiang irrigation projects threaten to reduce
the Ili River’s flow into Lake Balkhash by 40 % by 2050, risking an ecological disaster akin to the Aral
Sea. Similarly, upstream cotton farming in Uzbekistan reduces Syr Darya flows, impacting downstream
agriculture in Kazakhstan’s Turkistan region (Khamidov et al., 2024).

Additionally, the 2020-2030 State Program for the Management of Water Resources prioritizes
modernization of irrigation infrastructure to reduce water losses, which currently range between 2040
% (The State Program of Water Resources Management, 2020).

3.4. Implementation Barriers

Several studies identify barriers limiting mitigation implementation. Technical barriers include
insufficient TDS removal by biological processes, high investment costs for battery storage limiting
renewable energy integration, and low hydraulic head restricting hydropower generation at wastewater
facilities (Nakkasunchi & Brandoni, 2025). Regulatory barriers encompass legislative loopholes
allowing continued pollution in Kazakhstan, a lack of science-based approaches in water management
practices (Zhalmagambetova et al., 2024), and the absence of a unified environmental risk assessment
methodology (Kudryavtsev et al., 2022). Social barriers include resistance to water recycling and
insufficient stakeholder engagement. Kazakhstan's green finance sector remains at an early stage of
development, constrained by insufficient investment levels (Zhakupova et al.,, 2024). Capital
expenditures for campus-scale water recycling systems range from USD 15,000 to USD 157,000, with
payback periods of 3-6.5 years (Ramazan et al., 2025).
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3.5. Successful Mitigation Examples

The Balkhash Lake contamination study demonstrates successful assessment-to-mitigation
translation, where numerical modeling identified drilling ten drainage wells as the optimal engineering
solution for confining heavy metal pollution. Under this scenario, pollution from tailings would not reach
Lake Balkhash during the forecast period (Muratkhanov et al., 2024). Kazakhstan's implementation of
phytoremediation using indigenous flora at the Burguluk sanatorium achieved pollutant reduction to
Maximum Permissible Concentration (MPC) values. This approach is particularly suitable for private
enterprises with daily loads up to 250 m® (Issayeva et al., 2021). Green infrastructure implementation in
Kazakhstan cities demonstrates dual environmental and economic benefits, with pilot projects showing
90 % removal of petroleum products and heavy metals. The “sponge city" concept from international
examples (Wuhan, Beijing, Sydney) is being adapted to Kazakhstan's urban contexts (Bekenova et al.,
2024).

4. Discussion
4.1. Water Treatment Technologies Assessed

Biological treatment systems demonstrate high effectiveness for organic pollutant removal,
achieving up to 95 % BOD removal, though they often require tertiary treatment to adequately reduce
total dissolved solids (TDS) (Ramazan et al., 2025). The three-stage phytoremediation approach using
indigenous Kazakhstani flora achieved 94.9-98.9 % npurification efficiency for mineral and organic
compounds within 12 days (Issayeva et al., 2021). This corresponds with the performance characteristics
summarized in Table 3.

Table 3. Technology types and characterization

Technology category Examples Pollutants targeted Low-Carbon
Characterization

Biological MBBR, SBR, UASB, | BOD, nitrogenous |[Up to 95% BOD
phytoremediation compounds removal

Membrane Reverse osmosis, | TDS, suspended solids | 3.2 kg CO,/m?
ultrafiltration

Physico - chemical Coagulation, Priority  substances, | Not characterized
ozonation, GAC CECs

Hybrid CEPT with AD, SAF-|COD, NH4+, NO3- Energy self-sufficient
MBR

Green infrastructure Rain gardens, | Petroleum, heavy | 1.5% GHG reduction
permeable surfaces metals

4.2. Carbon Footprint Comparisons

Studies provide quantitative carbon footprint data enabling technology comparisons. Thermal
treatment for potable water production (drinking water) releases 8.85 kg CO2 per cubic meter, while
reverse osmosis releases only 3.2 kg CO, /m® (Majidy et al., 2025). For drinking water treatment, the
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global warming potential ranges from 0.207 kg CO- eg/m? (Jiang et al., 2025) to 12.760.76 kg CO> -eq
for flocculation processes at scale (Kartikasari et al., 2023).

Chemically enhanced primary treatment (CEPT) with anaerobic digestion achieves energy self-
sufficiency but increases marine eutrophication by one order of magnitude compared to conventional
treatment (Alvarado et al., 2020). This trade-off highlights the complexity of defining "low-carbon”
approaches, as carbon reductions may shift environmental burdens to other impact categories.

Mainstream anaerobic fluidized-bed bioreactors combined with partial nitritation-anammox
fluidized-bed membrane bioreactors can reduce all environmental impacts by 17-47 %, including marine
eutrophication (Alvarado et al., 2020), representing a more balanced low-carbon solution (Abolli et al.,
2023).

Table 4. Quantitative synthesis of global warming potential across reviewed water treatment
technologies

Technology GWP (kg CO:2 - Energy Source
eq/md) intensity
(KWh/m3)
Thermal treatment (drinking water) | 8.85 ~6.5 Majidy et al., 2025
Reverse osmosis (seawater) 3.2 2.5-4.0 Majidy et al., 2025
Conventional drinking water 0.207-0.44 0.3-0.7 Jiang et al., 2025;
treatment Teodosiu et al., 2019

Flocculation-based treatment (large | Up to 12,760 Not reported Kartikasari et al., 2023

scale) (total facility)

CEPT + anaerobic digestion Energy self- ~0 net Alvarado et al., 2020
(wastewater) sufficient

Anaerobic MBR + anammox 17-47% Reduced Alvarado et al., 2020

reduction vs.
conventional

Green infrastructure (stormwater) 1.5% GHG Minimal Bekenova et al., 2024
reduction (urban
scale)

The data in Table 4 reveal two important cross-cutting trends. First, there is a three-order-of-
magnitude range in reported GWP values (from 0.207 to over 12.000 kg CO; -eq/m?), reflecting the
heterogeneity of system boundaries, functional units, and energy mix assumptions across studies rather
than intrinsic technology differences alone. This underscores the urgent need for a standardized,
regionally adapted inventory protocol for Kazakhstan, where the energy grid remains predominantly
coal-based (approximately 70 % of electricity generation). Second, technologies achieving the lowest
carbon footprint, particularly hybrid anaerobic systems, do so at the cost of increased eutrophication
potential, confirming that single-metric optimization is insufficient and that multi-criteria LCA should
be the minimum methodological standard for future assessments in the country.
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4.3. Kazakhstan Specific Treatment Approaches

Kazakhstan's water treatment landscape includes innovative ecosystem-based solutions. Artificial
bioponds using algae and aquatic plants are being developed for oil-contaminated wastewater at the Ozen
field (Bukharbayeva et al., 2024). The biological treatment approach using indigenous phytomeliorant
plants from the Turkestan Region demonstrates local adaptation, employing species such as
Ceratophyllum demersum, Potamogeton species, and Azolla caroliniana (Issayeva et al., 2021).

Activated carbon production from Miscanthus straw represents a locally developed sustainable
technology with adsorption capacities of 90 mg/L for copper, 100 mg/L for zinc, and 500 mg/L for lead.
This approach aligns with Kazakhstan's renewable resource utilization goals and achieves specific
surface areas of 541.9 m?/g (Abit et al., 2019; Bizhanova et al., 2025).

Green infrastructure solutions for Kazakhstan's cities include rain gardens, permeable concrete,
and zeolite/vermiculite filter systems, achieving 90 % removal of petroleum products and heavy metals.
These approaches reduce capital and operating costs by a factor of 1.6-2.4 compared to traditional grey
infrastructure (Bekenova et al., 2024).

4.3.1. Mechanical Purification

Mechanical purification is screening, sedimentation and filtration - functions as the mandatory pre-
treatment stage across all 87 Kazakhstani municipal facilities reviewed, yet its energy profile varies
substantially by source water type. Facilities drawing on surface water (Syr Darya, Ili) report pre-
treatment energy intensities of 0.05-0.12 kWh/m?, while those treating brackish groundwater in arid
southern and western oblasts report 0.18-0.31 kWh/m?® due to elevated turbidity and salinity loads
requiring additional coagulant dosing cycles (Trifird & Zanirato, 2025). Critically, none of the reviewed
Kazakhstan-focused studies reports a full LCA boundary that includes mechanical pre-treatment as a
discrete stage: energy and chemical inputs for screening and sedimentation are systematically absorbed
into facility-level totals, meaning that comparative GWP figures across studies are not strictly equivalent.
This represents a standardization gap that the proposed framework (Section 4.6) addresses by requiring
explicit disaggregation of pre-treatment energy inputs within the system boundary definition.

4.3.2. Chemical Purification

Chemical purification remains a core element of urban potable water preparation in Kazakhstan,
where conventional coagulants and sludge-treatment methods are effective but costly and energy
intensive. Recent advances, such as locally produced PAC with higher efficiency and lower sludge
output, improved energy storage for off-grid systems, and biogas-powered units at facilities like the
Aktobe WWTP, demonstrate significant potential to reduce dependence on imported chemicals, enhance
sustainability, and support national modernization goals, although challenges related to renewable energy
intermittency and high capital costs persist (Ospanov et al., 2024).

Recent research at Satbayev University has focused on producing aluminum polyoxychloride
(PAC), a high-efficiency coagulant derived from activated aluminum alloys containing Ga, In, and Sn.
This locally developed method reduced turbidity by 97.2 % in natural source water and 99.6 % in
recycled water, aligning with Kazakhstan’s sanitation standards. PAC's advantages over traditional alum
include lower sludge production and a reduced need for pH adjustment, making it a sustainable
alternative. Furthermore, PAC requires 20-40 % less dosage than alum, saving $3-5 per cubic meter of
treated water (Mussina et al., 2025; Sarmurzina, 2023; Nurmakova et al., 2025).

Figure 5 compares major water purification technology categories in Kazakhstan across
effectiveness, implementation cost, energy consumption, environmental friendliness, and technological
complexity. Hybrid systems emerge as the most environmentally friendly option while maintaining a
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balanced overall profile. Innovative methods appear highly competitive in effectiveness and other
criteria, though they also seem to involve higher technological complexity and potentially greater
implementation demands. Chemical, biological, and physical methods show more moderate, trade-off-
driven patterns, suggesting they remain practical choices depending on site-specific priorities and
resource constraints.

Cost of Implementation

Energy Consumptio,
Effectiveness

Environmental Impact
ectinological Complexity

Physical Methods Chemical Methods = Biological Methods e |nnovative Methods wes Hybrid Systems

Figure 5. Comparison of water purification methods in Kazakhstan (Source: compiled by authors based
on reviewed literature)

4.4. Pollution and water quality

Water quality remains a critical concern due to industrial and agricultural pollution, and the water
quality in Kazakhstan is moderate and in line with the regional average. However, pollution from both
point sources (industrial discharge) and diffuse sources (agriculture) poses significant challenges.
Effective water treatment and pollution management are critical to address these issues. The need for
stricter regulations is emphasized: The Ministry of Water and Irrigation emphasizes the need for
investment in wastewater treatment to address growing pollution from industrial and agricultural sources.
This includes implementing stricter regulations and improving monitoring systems for both point sources
and diffuse pollution (Abenova et al., 2024). Industries such as mining, oil and gas, and manufacturing
contribute heavily to point-source pollution, releasing heavy metals, hydrocarbons, and untreated
wastewater into rivers such as Syr Darya and Ural. For example, the Atyrau Oil Refinery’s modernization
project underscores efforts to mitigate oil-related contamination in the Caspian Sea Basin.

Agricultural practices further exacerbate the water quality challenges. Excessive fertilizer and
pesticide use in regions such as Kyzylorda (rice cultivation) and Turkistan (cotton farming) leads to
nutrient runoff and elevated nitrate and phosphate levels in water bodies. Inefficient irrigation systems
compound the problem: only 20 % of irrigated land employs water-saving technologies, whereas earthen
canals lose 40-60 % of water through seepage, concentrating pollutants in remaining flows
(Kalmakhanova et al., 2025). The Ministry of Water and Irrigation has emphasized the urgent need for
investment in wastewater treatment infrastructure, stricter regulations, and enhanced monitoring systems
to address these dual threats. Regulatory gaps hinder progress despite legislative advances. The 2021
ecological code introduced the “polluter pays” principle, but enforcement remains inconsistent
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(Ecological Code of the Republic of Kazakhstan, 2021). Only 58 of 87 cities have functional sewage
treatment plants, while 29 cities lack such facilities entirely. The newly adopted Water Code aims to
close these gaps by mandating technical audits of water supply systems and imposing stricter penalties
for violations. However, its implementation is slow, and real-time water quality monitoring systems
remain limited, delaying responses to contamination events (Water Code of the Republic of Kazakhstan,
2025).

Transboundary pollution further complicates Kazakhstan’s water security. Upstream agricultural
and industrial activities in neighboring countries degrade downstream water quality. For instance,
China’s Xinjiang irrigation projects have reduced inflows to Lake Balkhash. While Kazakhstan
participates in regional initiatives such as the International Fund for Saving the Aral Sea (IFAS), political
tensions and competing priorities limit collaborative progress (Prniyazova et al., 2025).

4.5. Transboundary Water Management

Kazakhstan's dependence on transboundary water resources, encompassing shared systems with
China, Uzbekistan, Kyrgyzstan, and Russia, creates a structural vulnerability that transcends national
policy. This reliance creates complex challenges: upstream agricultural practices, climate change, and
aging infrastructure all strain shared river systems. For instance, the Syr Darya and Ili rivers, which are
critical for irrigation and drinking water, are heavily impacted by upstream cotton farming in Uzbekistan
and China’s expanding Xinjiang irrigation projects. These activities reduce downstream flows,
threatening ecosystems like Lake Balkhash, which receives 70 % of its water from the Ili River
(Issabayev et al., 2025). To address these challenges, Kazakhstan has prioritized modernization and
regional cooperation. The 2024-2030 Water Management Concept aims to reduce water loss by
upgrading 14,000 km of irrigation canals and constructing 20 new reservoirs. This aligns with efforts to
expand irrigated land to 2.5 million hectares while halving water loss from 50 % to 25 %. Digital
innovations, such as the upcoming National Water Resources Information System (2025), will enable
the real-time monitoring of transboundary flows and improve flood forecasting. Regional diplomacy has
also intensified: Kazakhstan and Uzbekistan now install mutual water meters to transparently track
consumption, supported by Switzerland’s Blue Peace Central Asia initiative. Additionally, negotiations
with China seek to secure equitable shares of the Ili and Irtysh Rivers, which are vital for sustaining Lake
Balkhash and northern agricultural regions (Abdullaev & Rakhmatullaev, 2025; Duisebek et al., 2025;
Hermans et al., 2025). Agricultural reforms have further underscored Kazakhstan’s adaptive strategies.
Subsidies for water-saving technologies like drip irrigation have increased from 50 % to 80 %, targeting
1.3 million hectares of farmland. These methods reduce water use by half while doubling crop yields, as
demonstrated in pilot projects in Kyzylorda rice fields. The Water Code complements these efforts by
mandating basin-level management and penalizing illegal water use. Meanwhile, regional initiatives like
the International Fund for Saving the Aral Sea (IFAS) promote joint governance, with recent agreements
ensuring fair allocations from the Syr Darya and Talas rivers among Kazakhstan, Kyrgyzstan, and
Uzbekistan (Niyetbek, 2025; Rakhmanov & Fayzullaeva, 2025; Tazhiyev et al., 2025; Water Code of the
Republic of Kazakhstan, 2025).

Kazakhstan is expanding digital tools such as the Tasqyn flood forecasting platform and automated
metering systems to optimize water distribution. Balancing hydropower needs in upstream countries
(e.g., Kyrgyzstan’s Toktogul Reservoir) with agricultural demands through energy-for-water agreements
remains a priority (Khikmatov et al., 2025). Climate adaptation measures, such as rehabilitating wetlands
and planting drought-resistant saxaul trees on the Aral Sea bed, aim to stabilize ecosystems and mitigate
dust storms (Jabbarov et al., 2025). Challenges such as glacier retreat in the Tian Shan Mountains and
upstream pollution persist and remain inadequately addressed. Of the reviewed transboundary
mechanisms, only the 2024 Water Code's basin-level management mandate directly links governance
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reform to monitoring obligations - yet enforcement remains contingent on cross-agency data integration
that has not been operationalized (Seraya et al., 2025; Yang et al., 2025; Water Code of the Republic of
Kazakhstan, 2025).

4.6 A proposed assessment framework for low-carbon water treatment in Kazakhstan

The synthesis of reviewed methods and Kazakhstan-specific contextual factors enables the
formulation of a structured, multi-level assessment framework designed to guide technology selection
and policy development in the national context (Figure 6).

The framework operates across four interdependent layers. The Context Layer defines Kazakhstan-
specific boundary conditions that must be parameterized in any assessment: (1) a coal-dominated energy
grid (~70 % fossil, limiting the carbon benefit of energy-intensive technologies under current conditions);
(2) high transboundary water dependency (45 %), requiring that water-supply security be treated as a co-
indicator alongside carbon metrics; (3) extreme climatic variability across arid (south/west) and
continental (north/east) zones, which affects technology performance and energy demand; and (4)
Significant distribution losses (40-70 %) must be included in LCA system boundaries, meaning that
system-boundary decisions in LCA must account for transmission losses as a major emission driver.

The Method Selection Layer maps assessment objectives to appropriate tools. LCA is
recommended as the primary method for comparative technology evaluation, with mandatory multi-
category impact characterization (GWP, eutrophication, human toxicity, water scarcity) to prevent
burden-shifting. Environmental Impact Assessment (EIA), supported by GIS tools such as the "3D
Quarry" module, is appropriate for site-specific facility permitting. The Water Quality Index (WQI-
CCME) provides a complementary operational monitoring tool for ongoing compliance assessment.

The Decision Criteria Layer integrates quantitative thresholds calibrated to Kazakhstan's regulatory
context: a GWP target of <1.0 kg CO2-eq/m? for new drinking water facilities, an energy intensity ceiling
of <1.5 kWh/m?, and a minimum pollutant removal efficiency of 90 % for priority substances.
Technologies must additionally demonstrate suitability for the local energy mix and be evaluated against
emerging contaminant removal criteria as these become regulated.

The Policy Alignment Layer links assessment outputs to existing national instruments: the Carbon
Neutrality Strategy 2060, the Water Code (mandating basin-level management and technical audits), and
the State Water Resources Program. Assessment findings should be structured to directly inform these
policy cycles, with standardized reporting formats enabling cross-regional and inter-agency data sharing
(Water Code of the Republic of Kazakhstan, 2025).

To illustrate the framework's practical application, consider the planning of a new municipal
reverse osmosis facility in Mangystau Region - a representative case combining extreme aridity, Caspian
Sea water intake, and proximity to an energy grid with approximately 85 % fossil fuel dependency. At
the Context Layer, the practitioner parameterizes four boundary conditions: (1) a coal-heavy regional
grid (GHG intensity ~850 g CO2-eq/kWh), (2) absence of surface freshwater and full reliance on
desalination as a primary supply pathway, (3) an arid climate requiring high-pressure membrane
operation at elevated energy demand, and (4) aging urban distribution infrastructure with documented
losses exceeding 50 %. At the Method Selection Layer, the assessment objective - comparative
technology evaluation for procurement - maps to LCA (ISO 14040/44) as the primary tool, supplemented
by WQI-CCME for post-commissioning operational monitoring. At the Decision Criteria Layer, a
baseline RO configuration powered by the current grid yields an estimated GWP of approximately 2.8—
3.2 kg CO; -eq/m? - exceeding the <1.0 kg CO2-eq/m? threshold - which triggers mandatory evaluation
of renewable energy integration. Coupling the RO plant with a dedicated 5 MW solar photovoltaic array
reduces the projected GWP to approximately 0.7-0.9 kg CO; -eq/m?, meeting the threshold, while energy
recovery devices bring operational intensity below the <1.5 kwWh/m? ceiling. At the Policy Alignment
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Layer, these LCA outputs are structured to satisfy the technical audit requirement of the Water Code,
contribute to regional reporting under the State Water Resources Program 2020-2030, and document
progress toward the Carbon Neutrality Strategy 2060 sectoral milestone for municipal water
infrastructure. The structured output is then communicated to regional executive authorities, the regulator
(Ministry of Water Resources and lIrrigation), and prospective green bond investors in a standardized
format enabling cross-regional comparison.

This framework does not prescribe a single technology solution. Rather, it establishes a
reproducible evaluation protocol that allows decision-makers to compare technologies under
Kazakhstan-specific conditions and communicate trade-offs transparently to regulators and investors.
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Figure 6. Proposed multi-level environmental assessment framework for low-carbon water treatment in
Kazakhstan (Source: developed by authors)

Method limitations and knowledge gaps

Current LCA approaches exhibit methodological weaknesses, including limitations in accounting
for ecosystem specificity, lack of dependable data for sludge disposal impacts, and difficulties in
comparative analyses due to non-standardized approaches (Alvarado et al., 2020). The requirement for
extensive data makes generalized models challenging to apply across different heavy metal migration
and adsorption systems (Muratkhanov et al., 2024).

Chemical treatment methods demonstrate fundamental effectiveness limitations, with historical
approaches achieving only 75 % pollutant removal (Gula et al., 2020). Current treatment facilities in
Kazakhstan often do not meet water quality standards (Ospanov et al., 2020), indicating persistent
technical gaps. An overview of these aspects is shown in Table 5.
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Table 5. Methodological weaknesses

Limitation category Specific issues Sources
Data availability Sparse datasets, outdated information Multiple
Parameter coverage Missing emerging pollutants 5 studies
Scope restrictions Gate-to-gate  limitations,  construction  phase | 4 studies

exclusion
Ecotoxicity gaps Unexplained toxicity, missing NH; assessment 3 studies
Standardization Non-transparent results, varying methodologies 4 studies

Several studies identify critical parameters absent from current assessment frameworks. Emerging
pollutants including persistent organic compounds, pharmaceuticals, and pesticides require incorporation
into monitoring protocols. Only 33 of 65 priority substances and contaminants of emerging concern have
been assessed using LCA approaches (Pesqueira et al., 2020).

Two critical knowledge gaps deserve particular emphasis for Kazakhstan. Sludge disposal
represents a largely unaddressed environmental liability in the reviewed literature: while 12 of the 18
Kazakhstan-focused studies assess water or wastewater treatment processes, none provides a
comprehensive environmental assessment of the resulting sludge streams. This is especially significant
given that Kazakhstan's treatment facilities produce an estimated 1.2-1.8 million tons of sludge annually
(based on treated volume data reported in Figure 4), with current disposal predominantly via open
lagoons. The absence of life-cycle sludge data means that reported GWP values for Kazakhstani
treatment systems are systematically underestimated. Future assessments must account for methane
emissions from anaerobic sludge decomposition, energy recovery potential via anaerobic digestion, and
heavy metal leaching risks in arid soil conditions.

Contaminants of emerging concern (CECs) including microplastics, pharmaceutical residues,
endocrine-disrupting compounds, and per- and polyfluoroalkyl substances (PFAS) are entirely absent
from Kazakhstan's current regulatory monitoring framework and from the reviewed assessment
literature. This gap is not merely academic: Kazakhstan's agricultural-chemical sector (pesticides,
fertilizers) and oil-and-gas industry create documented exposure pathways for CECs into surface and
groundwater bodies (Kalmakhanova et al., 2025). Globally, only 33 of 65 priority substances have been
assessed through LCA frameworks (Pesqueira et al., 2020), and none of the Kazakhstan-focused studies
in this review incorporates CEC monitoring. Establishing a baseline CEC monitoring protocol, aligned
with EU Water Framework Directive priority substance lists as a reference standard, is identified as the
single highest-priority methodological gap for future primary research in Kazakhstan.

The lack of information on transformation product effects compromises LCA effectiveness,
leading to underestimation of avoided impacts. Indirect and supply chain effects receive insufficient
guidance in current ecological impact assessment frameworks (Orchard et al., 2025).

For industrial wastewater assessment, reliance on total organic carbon (TOC) measurements proves
insufficient for comprehensive hazard identification. Studies demonstrate that whole effluent toxicity
may increase while TOC decreases during treatment, revealing fundamental limitations in surrogate
parameter approaches (Kohler, 2006).
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Kazakhstan faces significant capacity constraints in implementing comprehensive environmental
assessment. The green financing direction remains at an early development stage, limiting
implementation of innovative assessment and treatment technologies. Technical specialists require
training on emerging methodologies.

Traditional monitoring methods are costly and time-consuming, providing only point-based
assessments rather than spatial coverage. The implementation of permanent monitoring stations and real-
time systems as mandated by the ecological code requires substantial infrastructure investment
(Zhalmagambetova et al., 2024).

Recommendations

Kazakhstan should establish a standardized national LCA protocol for water treatment systems
calibrated to local environmental conditions. At minimum, the protocol should require: (1) Kazakhstan-
specific electricity emission factors reflecting the current coal-dominated energy structure (~70 % fossil-
based generation), (2) regionalized life-cycle inventory datasets for major hydrological basins,
particularly the Aral Sea and Balkhash systems, including pumping demand, climatic variability, and
sludge management pathways, and (3) harmonized definitions for functional units, system boundaries,
and impact categories to ensure inter-study comparability. Future assessments should adopt mandatory
multi-criteria evaluation rather than carbon-only reporting and include, at minimum, global warming
potential, eutrophication, water scarcity, and human toxicity indicators.

For new municipal water-treatment infrastructure, comparative environmental assessment should
apply explicit benchmark values of <1.0 kg CO, -eq/m? for global warming potential and <1.5 kWh/m?
for operational energy intensity. Technologies exceeding these thresholds should require justification
through demonstrated improvements in water security, contaminant removal, or regional resilience.
Sludge treatment and disposal must be incorporated into all future LCAs, as omission of downstream
sludge emissions systematically underestimates environmental burdens under Kazakhstan’s arid climatic
conditions.

At the regulatory level, Kazakhstan should introduce a unified environmental risk assessment
methodology for chemically hazardous facilities, expand monitoring frameworks to include
contaminants of emerging concern (PFAS, pharmaceuticals, microplastics, endocrine-disrupting
compounds), and integrate whole effluent toxicity testing into routine compliance monitoring. Basin-
level ecological flow standards should additionally be harmonized with the Water Code to ensure
methodological consistency between environmental assessment and national water governance
objectives.

5. Conclusion

Current environmental assessment methods in Kazakhstan, dominated by Life Cycle Assessment
and supplemented by country-specific tools such as integrated groundwater modeling and GIS-based
impact assessment, effectively identify point-source pollution impacts and enable quantified mitigation
outcomes when translated into engineering solutions, but their overall contribution is substantially
limited by the absence of a unified national risk assessment methodology, inadequate monitoring of
emerging pollutants and whole effluent toxicity, insufficient green financing, and critical trade-offs
where carbon-reducing treatment approaches may shift environmental burdens to other impact categories
such as eutrophication.

A comprehensive analysis of Kazakhstan's water treatment landscape reveals a critical juncture
where environmental sustainability, energy transition, and institutional reform intersect. Kazakhstan's
path to carbon neutrality by 2060 requires a systematic transition of the water sector toward low-carbon
and renewable-energy- driven solutions - a direction this review has mapped through evidence-based
framework analysis. This transition is not merely an environmental imperative but also a socioeconomic
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one, as inefficient water management directly impacts agricultural productivity and economic output.
Kazakhstan's water-energy nexus presents both crises and opportunities: the nation's ability to halve
irrigation losses through RES-integrated infrastructure could conserve 12 km? annually, equivalent to 15
% of current withdrawals. Existing projects such as the Kenderli SWRO facility demonstrate scalable
models, while the integration of solar, wind, and geothermal energy into water treatment infrastructure
offers a viable pathway to reduce operational costs by 30-50 %. However, success depends on
overcoming institutional inertia and intermittency challenges, and on securing $5-7 billion in
investments by 2030 for a full RES transition in urban water plants. As global temperatures rise and
transboundary pressure increases, Kazakhstan must champion regional water diplomacy while fast-
tracking homegrown innovations. By linking renewable energy generation with governance reform,
Kazakhstan can set a precedent for sustainable water management across arid regions worldwide.
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Kazakcrangarpl ¢y Ta3apTy cajgacbIHAAFbI IKOJOTHSIIBIK O0aFasay daicTepiHe mouy:
TICiIAep, KHBIHABIKTAP K9HE TOMEH KOMIPTEKTI Cy pecypcTapbiH 0acKapyFa Keury
JKOJIAAPBI

Axmer Pamasan, JIsitaium TaitxkanoBa, EBrennii MypasieB, Camaua CaoipibiOeKkKbi3bl, CbiMOaT
Koiibakosa, Ep6oa Ilanranues

Angarna. KasakCcTaHHBIH Cy  I[IapyalIbUIBIFBI  CaJIaChl  KYPBUIBIMABIK ~ Cy  TAIIIBbUIBIFHI,
MH(PAKYPBUIBIMHBIH TO3Ybl, TPAHCIIEKAPAJIBIK CYy peCypcTapbliHa TOYEIALIIK KOHE AICTYPIIl Cy Ta3apTy
KYHENepiHiH IKOFaphl KOMIPTEKTI KapKbIHABUIBIFBI CANJApbIHAH apTHIN KeJe J>KaTKaH KbIChIMFa
yiislpayna. byn monmyna cy TazapTy TEXHOJOTMsUIapblHAa KOJJIQHBUIATBIH SKOJIOTHSUIBIK Oaranay
TOCLIIepl KapacThIPBUIBIN, OJIAPABIH TOMEH KOMIPTEKTI MIeInMaepre xapaMabUIbFsl xkoHe Kazakcran
KarmaipiHa corikecTiri Oarananaael. PRISMA onicHamackina colikec 2005-2025 sxbuigap apaiabiFbiHaa
Scopus sxone Web of Science mepekkopiapbiHia HHASKCTEITCH PEICH3MsUIaHATBIH FHUIBIMA CHOEKTEp
ipiktenin, Hotmxkecinae 40 3eprrey cuHTe3dendi. Omipiik HukiIai Oaranmay oneduerrepae OachiM
KOJIIaHbUIATBIH 9JIIC OOJIBIN TaOBLIAAbI )KOHE FalaMbIK JKbUIBIHY QJICYETiH, SHEPTusl TYTHIHYBIH KOHE
OpTYPJIi 9cep caHATTaphbl apachIHIAFbl BIMBIpATIapAbl CaHJIBIK TYpJle Oaranay yIiH naiaanansuiaasl. Kepi
OCMOC TI€H JKEeTULAIPUIreH MeMOpaHalblK JKYHelep CalbICThIpMaIbl TYpPAE TOMEH KOMIPTEKTI
TEXHOJIOTUSIAp PETiHAE XUl aTajajpl, anaijga oJapAblH OMIpJIK IMKJI KOPCETKIITepl IHEeprusiMeH
KAMTy KYpbUIbIMBIHA XOHE CyZbl aiifjay TajanrtapblHa alTapbIKTal Toyenl, ajl 0yl ¢pakTopiap HEri3ri
HIBIFApBIHABLIAP Ke3/epi Oombln caHanaabl. KazakcTaHra ToH 3epTTeyNiep CaHbl a3 OHE dJiCTEMEIliK
TYPFBIIaH OlpKenKi eMec, OyJ1 allMaKThIK OMIpJIIK LUK MHBEHTAPJIbIK JEPEKTEPIHIH, KEPrUTIKTI SHEPrus
KOCIMACBIHBIH JKOHE KIMMATTBIK epeKIIENIKTEp/IiH KEeTiCIeylIIirine 0alIaHbICThl YITTHIK JeHTenae
ceHiMl Oaranay kyprizyal kusiHaatansl. [llomy HOTHKeNnepl TEXHUKAIBIK MYMKIHAIKTIH 631 TOMEH
KOMIPTEKTI HOTIIKE alyFa JKeTKUTKCI3 eKeHiH kepcereal. COHIBIKTAH TEXHOJOTHsIApAbl TaHIAYy,
pIMbIpaNiap/ipl Oaranay KoHE cascaTThl HETi3Aey YIIIH OHIPJIIK KOHTEKCTKe OeiimaenreH,
CTaHJapTTajaFaH Oaranay opicreMmenepi KakeT. Mynnail tocinnep KasakcTaHHBIH Cy pecypcTapblH
TYPAaKThl 9pi TOMEH KOMIPTEKTI OacKapyra KelllyiH *KeJlel1eTyre MyMKIHIIK Oepei.

TyiiiH ce31ep: TOMEH KOMIPTEKTI TEXHOJIOTHSI; Cybl Ta3zajnay; KOJOTUSIIBIK Oaranay; >kaHapThUIAThIH
SHEprus Ke3zaepi.

O030p MeTOA0B JIKOJOTrMYECKOil OLIEHKH BOJ00OYUCTKHM B Kazaxcrane: moaxojbl,
BbI30BbI U IIYTH K HU3KOYIJIEPOAHOMY YIIPABJICHUIO BOJHBIMH pecypcaMu
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Axmer Pamazan, JIsiiaimm TaiiskanoBa, EBrennii Mypaaes, Caman CoipibioeKkKbi3bl, ChiMOaT
KoiibakoBa, EpOoJ Ilanraauen

AnHotanusi. Bopgnsiii cexktop Kaszaxcrana crankuBaeTcs € yCHJIMBAIOIIUMCS  JaBJICHUEM,
OOYCIIOBJICHHBIM CTPYKTYPHBIM Je(DUIIUTOM BOJHBIX PECypCOB, H3HOIICHHONW HH(PPACTPYKTYpPOH,
3aBHUCHUMOCTBIO OT TpPAaHCTPAHUYHBIX BOJHBIX HCTOUYHHKOB U  BBICOKOM  yIJIepoa0EMKOCTHIO
TPAJUIIMOHHBIX CHCTEM BOJOOYUCTKU. B JaHHOM 0030pe aHaNH3UPYIOTCS MOAXOJIbI K 3KOJOTUYECKON
OLICHKE, MPUMEHsIeMbIe B c(hepe BOJOOUUCTKH, C aKIIEHTOM Ha UX MPUMEHUMOCTD JIJIsl HU3KOYTJIEPOIHBIX
pelIeHni U peJIeBaHTHOCTH i yenoBuii Kazaxcrana. B coorBercTBuu ¢ Metogonorueit PRISMA Obutn
0TOOpaHbl M TMPOAHATIM3UPOBAHBI pPELEH3UpYEeMble MyONMKaIlMM, UHIEKCUpYeMble B 0a3ax MaHHBIX
Scopus u Web of Science 3a nepuon ¢ 2005 mo 2025 roapl; B UTOroBbIi cuHTE3 BKItO4YeHO 40
UCCIIEIOBaHUM. AHATN3 KU3HEHHOTO IUKJIA SIBJISIETCS JOMUHUPYIOIIUM METOI0JIOTMYECKUM MOAX0/I0M
B PacCMOTPEHHOM JHUTEPAaType M IIMPOKO HMCIOIB3YETCs MJisi KOJUYECTBEHHOW OLIEHKH MOTEHI[MaIa
r7100aTbHOTO TMOTEIJICHHS, HYHEPro€MKOCTH M KOMIIPOMHUCCOB MEXIY pPa3IHYHBIMH KaTErOpUsIMU
9KOJIOTUYECKOTO BO31eHCcTBUA. OOpaTHBIE OCMOC U COBpPEMEHHBIE MEMOpaHHBIE CHUCTEMBI YacTo
paccMaTpuBalOTCA KaK OTHOCHUTEIBHO HHU3KOYIJIEPOJHBIE TEXHOJOTHH, OJHAKO HMX JKOJIOTHYecKas
3¢ (HEeKTHBHOCTD Ha MPOTSHKEHUH )KU3HEHHOTO ITUKJIA B 3HAYUTEILHOM CTENICHU 3aBUCUT OT UCTOYHHKOB
SHEPTrUU U TMOTPEOHOCTEH B MEpPEKAYMBAHHH BOBI, KOTOPHIE OMPENESIOTCS KAaK OCHOBHBIE OYaru
BbIOpocoB. MccienoBanusi, OpPHEHTHUPOBAaHHBIE HEMOCPEACTBEHHO Ha KazaxcraH, ocraroTcs
OTPaHUYEHHBIMU U METOJIOJIOTUYECKH HEOTHOPOJHBIMH, YTO 3aTPyIHSET MPOBEICHUE HAIEKHBIX
HallMOHAJIBHBIX OLIEHOK M3-3a HEJJOCTATKA PErHOHAIBHBIX JAHHBIX HHBEHTAPU3ALUU )KU3HEHHOTO IIUKJIA,
a TaKKe OrPaHWYCHHOTO yuéTa JIOKaJbHOTO YHEPreTHYecKoro OanaHca W KIMMATHYECKHX YCIOBHM.
Pesynbrathl uccnenoBaHus MOKa3bIBAIOT, YTO OAHOU JIMIIIb TEXHUYECKON PEain3yeMOCTH HEJOCTATOYHO
JUIS TOCTHIKEHUSI HU3KOYTJIEPOAHBIX Pe3yabTaToB. /i OlleHKH KOMIIPOMUCCOB, BRIOOpa TEXHOJIOTHI U
pa3paboTku 3(HPEKTUBHON MOTUTHKA HEOOXOIUMBI aIalITUPOBAHHBIE K PETMOHAIBHBIM YCIOBUSM H
CTaH/IaPTU3UPOBAHHBIE CHUCTEMBl DSKOJOTHYECKOW OILIEHKH. be3 pernoHambHO KaluOpOBAaHHBIX
WHBEHTAPU3AIMOHHBIX JIAHHBIX U YHUDUIIMPOBAHHBIX MPOTOKOJIOB OTYETHOCTH BHIOOP TEXHOJIOTHUH B
BoAHOM cekTope KazaxcTtana OyJeT mo-npexxHeMy OnpeaesaThCs MPEuMYIIECTBEHHO CTOUMOCTBIO, a He
MOATBEPKIEHHBIMU TTOKA3aTEeNISIMU YTIIepOAHON d(PPEKTUBHOCTH.

KarwueBble cjioBa: HU3KOYTJICPOJAHBIC TCEXHOJOIMH, BOJOOYHCTKA;, JOKOJOrMYECKas OILCHKA,
BO300HOBIIsIEMast SHEPTH-.
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Abstract: In this work, a comprehensive ecological and phytocenotic
analysis of the rare species Ikonnikovia kaufmanniana (Regel) Lincz,
listed in the Red Book of Kazakhstan, was carried out. It was discovered
in two habitats of the Uzynkara Ridge (Tokai gorge and Kegen pass). In
this regard, the aim of this study was an anatomical, morphological and
ecological study of the population of the endemic species |I.
Kaufmanniana and the influence of anthropogenic impact on its natural
habitat. The study showed low ecological stability of I. kaufmanniana in
the plant community growing in the lower mountain zones of the study
area. An anatomical and morphological study of I. kaufmanniana revealed
features of the ontogenetic development of the species associated with
age-related changes in morphometric characteristics. The process of
formation of the life cycle (ontogenesis) of I. kaufmanniana from juvenile
to generative showed a gradual age-related change in the length of the leaf
blade and the height of the plant, which indicates an ecological optimum
or favorable conditions for the development of the population. The
adaptation of the studied species (I. kaufmanniana) to mountain
conditions is characterized by anatomical features such as the
development of mechanical and conductive tissues. The study revealed
that the population decline of the rare and endangered species Ikonnikovia
kaufmanniana (Regel) Lincz in the Uzynkara Range is directly influenced
by human activities, including climate change, recreation, and
unsystematic grazing, which in turn leads to soil degradation, affecting
the recovery process of this population. The obtained results highlight the
need to develop and implement effective conservation measures for
Ikonnikovia kaufmanniana and to protect its natural habitats.

Keywords: lkonnikovia kaufmanniana; population; rare plant species;
Uzynkara Ridge.
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1. Introduction

The conservation of biodiversity in mountain ecosystems is one of the priority tasks of
contemporary botanical science and nature conservation. Mountain regions are characterized by a
high degree of endemism and a wide range of ecological niches, while simultaneously remaining
highly vulnerable to anthropogenic impacts and climate change. Against a backdrop of increasing
recreational pressure, habitat fragmentation, and landscape transformation, research into the current
status of endangered, rare, and endangered plant species has become especially important (Butt et al.,
2020; Challender et al., 2023; Fremout et al., 2021; Harrison et al., 2024; Keith et al., 2022; Lughadha
et al., 2020; Minin et al., 2021; Nazir et al., 2020; Orsenigo et al., 2018; Potgieter et al., 2019; Qazi
et al., 2023, 2025; Varga et al., 2021).

The Uzynkara Range is one of the key floristic regions of the Northern Tien Shan, distinguished
by significant species diversity and the presence of relict and endemic taxa.

2. Materials and methods

The subject of the study was natural populations of the rare species Ikonnikovia kaufmanniana,
belonging to the family Plumbaginaceae and the genus Ikonnikovia Lincz. Research was carried out
on the territory of the Uzynkara Ridge (Northern Tian Shan) using field and stationary methods.
Materials for this work were collected in the species ’natural habitats. Flowering specimens of the
rare and endangered plant I. kaufmanniana (Regel) Lincz. were located and studied in the Tokay
gorge at an altitude of 1,337 m a.s.l. (Figure 1). Sample collection followed accepted botanical
procedures. Fundamental keys and compilations were used for material processing and floristic
identification: volumes of “Flora of Kazakhstan” (1956-1966), the “Plants of Central Asia” (1963-
1989) key, and the “Illustrated Guide to the Plants of Kazakhstan” (1962—-1975). Generic taxonomic
classification follows the system of S.A. Abdullina (1998), and species names were verified according
to the compilation of S.K. Cherepanov (1995).

2.1. Geobotanical methods

Comprehensive field studies were carried out in the Almaty region to assess the current status
of the woody-shrub species lkonnikovia kaufmanniana in its natural habitats. Route-reconnaissance
surveys covered the lower montane belt of the Uzynkara Ridge, where the species is localized. To
study natural regeneration, permanent plots of 100 x 100 m, 50 x 50 m, and 25 x 100 m were
established to represent diverse relief forms and habitat types. Within the plots, 2 x 2 m reference
subplots were recorded at 10 m intervals; quantitative parameters and the viability of juvenile
individuals were assessed on these subplots. Species abundance in phytocoenoses was estimated
using the Drude cover—abundance scale (Drude, 1934). Population age structure was described by
diagnostic features of ontogenetic states based on a set of qualitative and quantitative characteristics
reflecting morphological condition and life-cycle phase. Comparative analysis of morphometric traits
among different age groups was performed using standard botanical methods. Route surveys and
classical approaches to studying plant morphology, cenopopulation structure, phytocoenoses, and the
species 'eco-biological traits were applied to investigate spatial distribution and geographic patterns.
All fieldwork followed the methodological approaches of T. A. Uranov (1960), O. V. Smirnova
(1976), and T. A. Rabotnov (1970), ensuring comparability of the obtained data with results of similar
population-ecological studies.

2.2. Morphological-anatomical analysis

Anatomical and morphological analyses were conducted on in situ collected specimens
preserved in ethanol:glycerin:distilled water (1:1:1). Slide preparation followed standard plant
anatomy protocols (Permyakov, n.d.; Prozina, 1960; Barykina et al., 2014). Microscopic examination
included roots, stems, and leaves. Stem anatomy was studied after maceration in 5 % NaOH, rinsing,
and epidermis removal for surface analysis. Transverse sections were prepared using an OL-3SO
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freezing microtome. Data were used to assess anatomical variability and adaptive traits of I.
kaufmanniana.

2.3. Vegetation sampling

Ecological characteristics of the plant cover were recorded on 100 m? sample plots.
Geobotanical descriptions include the use of a GPS device to determine the coordinates of the 1.
kaufmaniana habitat, topography, soil characteristics, and a description of the plant community. To
describe the plant's life forms, the classification systems of Raunkiaer (1934) and Serebryakov (1962)
were used.

POPULATION OF RARE ENDANGERED PLANT SPECIES

Population 1. Ikonnikovia kaufmanniana (Regel) Lincz., Tokay gorge, elevation 1.430 m.

=
o ]
Population 2. Ikonnikovia kaufmanniana (Regel) Lincz.. Kegen pass, elevation 1420 m o 7

77 sl

Figure 1. Map of the study area in the Uzynkara Ridge with the populations of 1. kaufmanniana in
the Tokay Gorge (1,430 m a.s.l.) and Kegen Pass (1,420 m a.s.l.) (Source: Esri, ArcGIS Online)

3. Results
3.1. Population of lkonnikovia kaufmanniana (Regel) Lincz
3.1.1. Biological and ecological background of the species

Ikonnikovia kaufmanniana (Regel) Lincz. is a rare relict species of a monotypic genus within
the family Plumbaginaceae and an endemic of the Northern Tian Shan. As a relict taxon, it represents
a fragment of ancient floristic complexes that have persisted in isolated mountain refugia. Such
species are typically characterized by narrow ecological amplitude, limited dispersal ability, long life
cycles, and a strong dependence of population structure on stable habitat conditions. The first studied
population is located in the Almaty Region, Uygur District, Uzynkara Ridge, Tokay Gorge, near
Ketpen settlement (N43°27'325”, E080°22'902") at an altitude of 1,430 m a.s.l. The second
population was identified in the western part of the Uzynkara Ridge, at Kegen Pass (Kegen District),
near Alasa Pass (N43°22'230", E080°20'949") at an altitude of 1,420 m a.s.l. Both populations occupy
mountain habitats with specific microclimatic and edaphic conditions that largely determine the
ontogenetic development and morphological expression of the species. Age structure and
morphometric analyses were conducted in situ for both natural populations. I. kaufmanniana is a
deciduous subshrub 15-30 cm tall with shortened, thickened branches densely covered with
preserved, closely spaced remnants of leaf petioles. Leaves are arranged in dense rosettes, broad,
leathery, green to glaucous-green, oblong-ovate, ending in a short, rigid mucro, with a smooth surface
and distinctly serrate-wavy margins. Pedicels (1-2) are erect and robust. Flowers are large, arranged
in 3—4-flowered spike-like inflorescences, forming dense, unilateral spikes on lateral branches. Petals
are violet-red.

The species occurs on rocky and scree slopes of the lower mountain belt in the western part of
the Uzynkara Ridge. It is listed in the Red Data Book of Kazakhstan (1981, 2004). The nearest known
locality of the species is the lle Alatau Ridge (Figure 2).
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Figure 2. Natural habitats of Ikonnikovia kaufmanniana: (a) species; (b) habitat in the Tokay Gorge,
Uzynkara Ridge (Source: Photo by the author)

3.1.2. Analysis of the age-related structural and morphological characteristics of I. kaufmanniana

We studied two populations of lkonnikovia kaufmanniana growing in different habitats.
Analysis of the abundance and age structure of the two lkonnikovia kaufmanniana populations
revealed that virgin individuals account for a significant portion of the age spectrum — 35 % and 49
% in the respective populations - while young reproductive individuals account for 68.5 % of the
second population (Table 1).

Table 1. Comparative characteristics of the morphological characteristics of 1. kaufmanniana

Name Age groups Juvenile (j) | Immature (i) |Virginal (v) | Generative (g)
Total number of 27 43 72 128
Population 1
Leaf length,cm | 245 +0.60 | 3.90 +0.95 | 3.25 +1.48 | 11.10 +1.12
Leaf width, cm 1.40 +0.55 1.70 +0.60 1.55 +0.05 3.05 +0.05
Plant height,cm | 2.80 +1.45 | 530 +2.00 | 36.10 +5.00 | 40.50 +3.50
Total number of 38 58 69 117
Population 2
Leaf length,cm | 160 +0.70 | 2.10 +0.10 1.85 +0.55 | 3.10 +0.10
Leaf width, cm 1.45 +0.75 1.55 +0.70 1.55 +0.55 3.05 +0.05
Plant height, cm 3.80+1.25 14.80+3.90 | 26.00+5.00 | 41.10 +3.10

The age spectrum of the two populations studied contains all the main developmental stages,
including juveniles (j), immatures (i), virgins (v), and reproductive (g) individuals, indicating a full
ontogenetic spectrum. This population structure indicates the capacity for natural renewal and long-
term sustainability of the population. However, the demographic composition of the populations is
characterized by an uneven distribution of age groups. In the first population, generative plants
constitute the largest proportion of individuals (47.4 %; 128 specimens), while juvenile and immature
plants are represented in small numbers - 10.0 % (27 specimens) and 15.9 % (43 specimens),
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respectively. Vegetative plants are represented by 72 specimens, accounting for 26.7 % of the total
population. A similar distribution pattern is observed in the second population: here, generative plants
also predominate, accounting for 54.9 % (117 specimens) of the total number of plants, while juvenile
and immature plants constitute 17.8 % (38 specimens) and 27.2 % (58 specimens), respectively. A
predominance of mature, generative individuals with a relatively small number of young plants is
characteristic of many perennial relict species. Similar population structures are often observed in
endemic taxa growing in unstable or restricted ecological conditions. In such species, population
persistence is primarily ensured by the long lifespan of adult plants, while the emergence of young
individuals is irregular and highly dependent on favorable environmental conditions, particularly
adequate moisture, where the spatial structure of habitats is dictated by microrelief. According to the
ontogenetic classification, the studied populations can be classified as stable populations with a weak
regressive tendency.

3.1.3. Ontogenetic differentiation of morphological traits

The morphometric characteristics of the two studied populations changed significantly with
increasing ontogenetic age. Analysis of morphometric parameters (Table 1) revealed a gradual
increase in leaf length and plant height from the juvenile to the generative stage as individuals
developed, indicating normal vegetative organ development. In the first population of 1.
kaufmanniana, leaf length in generative plants reached 11.10 + 1.12 cm, while in juveniles it was
2.45 = 0.60 cm. Leaf width also showed a steady increase, from 1.40 + 0.55 cm to 3.05 + 0.05 cm.
The most significant differences were observed in plant height: it increased from 2.80 £ 1.45 cm in
juveniles to 40.50 £ 3.50 cm in the generative period. The most intense growth rate was observed in
virginal plants, indicating active formation of aboveground biomass before entering the reproductive
phase. A similar trend was observed in the second population. However, leaf parameters at early
stages of development were generally smaller compared to the first population. Leaf length varied
from 1.60 + 0.70 cm in young plants to 3.10 + 0.10 cm in generative individuals. Depending on the
age of Ikonnikovia kaufmanniana, the plant height increases from 3.80 £ 1.25 cm to 41.10 £ 3.10 cm.
The stage preceding flowering and the phase of seed formation in virginal individuals is characterized
by increased vegetative growth of the plant and intensive elongation of the stem, the size of which
reached up to 26.00 £ 5.00 cm. Compared to the first population, the second population of Ikonnikovia
kaufmanniana had smaller leaf sizes in juvenile plants. Leaf length in virginal plants reached 1.60 +
0.70 cm, while in generative specimens it was 3.10 + 0.10 cm. Moreover, the coefficient of variability
decreased from 43.8 % to 3.2 %, demonstrating an increase in the stability of morphological traits
depending on the plant's life stage, which can also be seen in plant height. For example, in young
specimens, plant height varied from 3.80 + 1.25 cm to 41.10 + 3.10 cm, compared to mature plants.
These changes and differences between the two Ikonnikovia kaufmanniana populations studied are
related to the heterogeneity of the habitat. Differences in soil composition, moisture regime,
microrelief, and the degree of anthropogenic disturbance can influence the development of vegetative
organs and the overall size of plants. In relict species with a relatively narrow ecological range, such
local environmental factors can have a significant impact on morphological traits, although the overall
ontogenetic pattern remains unchanged.

3.1.4. Ecological and population implications

High values of the variation coefficient in juvenile and immature individuals indicate increased
sensitivity to environmental conditions and high morphological variability in early developmental
stages of plants. In contrast, generative plants are characterized by relatively low variability in
morphometric traits, reflecting a high degree of structural stability in local habitat conditions.
Furthermore, the predominance of mature generative individuals against a low proportion of young
plants may indicate limited recruitment (renewal) and potential difficulties in natural population
renewal. Overall, the ontogenetic structure of the studied I. kaufmanniana populations corresponds
to a normal population with preserved reproductive capacity. As shown by our studies, the uneven

168



Journal of Ecology and Sustainability 2026, 155(2)

growth of the population of Ikonnikovia kaufmanniana on the Uzynkara Ridge indicates the need for
constant monitoring to identify the dynamic state of the population by carrying out environmental
protection measures to preserve the endangered red book species in the studied territory. In the second
population, leaf parameters were generally smaller, although mature plants reached the same height
as in the first population. This may reflect differences in resource allocation strategies for growth
under different environmental conditions.

In both populations, plant height steadily increased during ontogenetic development,
demonstrating a general growth pattern for the species. The most pronounced morphological changes
were observed during the transition from the immature to the virginal period - the stage of most
intense vegetative growth and structural differentiation.

3.2. Anatomical structure of the leaf of Ikonnikovia kaufmanniana (Regel) Lincz.
A cross-section of the leaf of I. kaufmanniana is of the dorsiventral type. Epidermal cells of the
leaf blade are densely arranged and covered with a thick cuticle. Stomata are of the anomocytic type.

(b) ©

Figure 3. Leaf anatomical structure of Ikonnikovia kaufmanniana: (a) 1 - upper epidermis, 2 - lower
epidermis, 3 - palisade mesophyll, 4 - parenchyma, 5 - vascular bundle, 6 - sclerenchyma; (b) upper
epidermis and palisade mesophyll; (c) palisade mesophyll (Source: compiled by the authors)

As shown in Figure 3, the anatomical structure of the Ikonnikovia kaufmanniana leaf exhibits

a distinct dorsiventral organization characteristic of dicotyledons. The upper and lower leaf surfaces

differ in cell size and structural organization. The cells of the adaxial epidermis are larger than those

of the abaxial epidermis. The average thickness of the upper epidermis is 6.07 = 0.54 um, while the

lower epidermis is somewhat thinner at 5.07 + 1.10 um. Both epidermal layers consist of densely

packed cells covered by a continuous cuticle, which plays an important role in reducing water loss
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and protecting tissues from excessive solar radiation. Stomatae are predominantly located on the
lower epidermis and are of the anomocytic type - they lack clearly differentiated subsidiary cells.
This stomatal distribution is typical of dorsiventral leaves and is an adaptation that maintains gas
exchange while limiting transpiration in dry conditions. The mesophyll is clearly differentiated into
palisade and spongy tissues. Palisade mesophyll cells are elongated, closely adjacent to one another,
and arranged perpendicular to the upper epidermis. Their thickened walls and numerous chloroplasts
indicate high photosynthetic activity. Spongy mesophyll consists of loosely arranged, polyhedral,
oval, or irregularly shaped elongated cells with intercellular spaces facilitating internal gas
circulation. The vascular system consists of relatively small fibrovascular bundles distributed along
the main vein of the leaf. Each bundle is surrounded by 2-3 layers of sclerenchyma cells, 6.14 + 0.37
pm thick, providing additional mechanical support. The bundles are collateral in structure: the xylem
faces the adaxial side, and the phloem faces the abaxial side of the leaf.

Overall, the anatomical features of the leaf reflect the species' adaptation to dry, mountainous
habitats with high isolation and periodic moisture deficits. The spongy mesophyll, located toward the
abaxial side, consists of loosely arranged cells of variable shape (polygonal, oval, or elongated) with
well-developed intercellular spaces that facilitate gas exchange. Cells of both mesophyll layers
contain abundant chloroplasts, indicating active photosynthetic function. The vascular system is
represented by small bundles arranged along the leaf veins. To withstand the abiotic environmental
factors typical of mountain habitats (winds, sharp temperature fluctuations, periodic drought, and
climate change associated with warming), lkonnikovia kaufmanniana's vascular-fibrous bundles,
surrounded by several layers (up to three) of sclerenchyma, reach 6.14 £+ 0.37 pm.

Thus, analysis of the anatomical and morphological structure of the I. kaufmanniana leaf
revealed the importance of a high level of tissue differentiation and function (protective,
asymptomatic, conductive, and mechanical) and the high adaptability of the studied species to the
extreme conditions of mountainous areas.

These anatomical features ensure an optimal balance between photosynthetic performance,
water regulation, and structural stability, contributing to the long-term persistence of the species in
its natural habitats.

4. Discussion

The study of the age structure and morphological variability of Ikonnikovia kaufmanniana, a
rare relict endemic species of the study area, contributes to the development of a deep understanding
of the population organization and adaptive characteristics of this taxon to modern environmental
conditions. As the only representative of a monotypic genus in the family Plumbaginaceae, this
species is of particular scientific interest because relict plants often retain conservative biological and
structural traits formed under early climatic conditions.

The studied populations include all major ontogenetic stages - juvenile, immature, virginal, and
generative - representing a complete ontogenetic spectrum. The presence of all developmental stages
in population biology is generally considered evidence of the capacity of populations for long-term
self-sustainment. However, the quantitative distribution of individuals across age groups is uneven.
Mature generative plants clearly predominate, while juvenile and immature individuals are
represented by relatively few. A similar demographic structure is often observed in perennial relict
and endemic species characterized by a long-life cycle and irregular renewal. In such taxa, population
stability is primarily ensured by the long lifespan of adult plants, and successful seedling development
occurs only under favorable environmental conditions. Thus, the observed ontogenetic structure of I.
kaufmanniana may indicate the long-term stability of favorable habitats and the limited potential for
continuous renewal under current environmental conditions.

Morphometric analysis revealed age-related changes in vegetative traits in both populations.
Leaf length and width, as well as plant height, gradually increased from the juvenile to the generative
period, indicating a normal course of ontogenetic development and progressive differentiation of
vegetative organs. The most intense changes were observed during the transition from the immature
to virginal period - the stage of active biomass accumulation and structural development of the plant.
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This developmental dynamic is characteristic of perennial mountain species, especially those that are
exposed to strong abiotic stressors in their early stages. As the analysis showed, the high degree of
variability in immature and virginal individuals of Ikonnikovia kaufmanniana at the initial stage of
development indicates high phenotypic plasticity, where in mature generative plants one can see the
stability of structural traits associated with the adaptability of a given species to local habitat
conditions. Moreover, the studied populations not only exhibited similar developmental trends but
also differed in morphological traits of vegetative organs, such as leaf size. For example, generative
individuals of the first population were characterized by large leaf sizes, indicating optimal habitat
conditions, such as adequate moisture, favorable soil conditions, and moderate anthropogenic load.
In the second population, a reduction in leaf blade size was observed, which is associated with local
environmental conditions of the microrelief and low moisture availability. The evolutionary and
historical growth of I. kaufmanniana populations in the desert-steppe lower mountain zone has led
to the development of heterogeneous morphological traits within the population, with the leaf
structure of this species exhibiting a distinctly differentiated dorsoventral structure. The leaf structure
contains both layers of epidermis, the upper epidermis being thicker than the lower layer and covered
by a protective film - the cuticle - that prevents moisture loss under the high solar radiation conditions
of the study area. Morphological analysis of lkonnikovia kaufmanniana showed clear differentiation
of the mesophyll, where its palisade tissue is elongated and rich in chloroplasts, indicating high
photosynthetic activity. Anomocytic stomata located on the lower epidermis are characteristic of
many plant species adapted to arid habitats.

Thus, the morphological and anatomical structure of the rare and endangered species
Ikonnikovia kaufmanniana demonstrates high ecological adaptation to intense solar insolation and
insufficient soil moisture typical of mountainous regions.

5. Conclusion

The results of a study of the Ikonnikovia kaufmanniana population revealed quantitative
heterogeneity in the ontogenetic structure, with a predominance of generative individuals and a small
number of virginal plants. This demographic structure is characteristic of rare, endemic plant species
with long life cycles, demonstrating a stable-regressive ontogenetic strategy in which population
survival is ensured by the adapted lifespan stability of adult generative organisms. The intense
changes in morphological traits occurring during the virginal stage of development reflect its
significant role in the formation of plant life forms.

The studied traits reflect the species' long-term adaptation to mountain habitats and promote
efficient photosynthesis, water balance, and mechanical stability. In general, the studied populations
of lkonnikovia kaufmanniana retain reproductive potential and structural integrity; however, the
imbalance between young and mature age groups indicates possible constraints on sustainable
regeneration. Continuous population monitoring, habitat protection, and the preservation of favorable
microhabitat conditions are essential for the long-term conservation of this rare relict endemic of the
Northern Tien Shan. Further research is necessary to study the population dynamics, reproductive
biology, and the effects of climatic and anthropogenic factors on the current state of Ikonnikovia
kaufmanniana.
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¥Y3piHKapa :kotackl duiopaceinaarbl Ikonnikovia kaufmanniana (Regel) Lincz.
TYPIi NOMYJISIIUSACHIHBIH KA3ipri sKaraaiibIHA IKOJIOTUSJIBIK O0ara Oepy

I'yadany CanbipoBa, Aiizkaman LllopmanoBa, Map:kan [ldyner6aeBa, I'yanap CaabipoBa,
Kanap EpanueBa, Hazum bekenoBa, Mupa AiiT:kanoBa, 3aniga Paxumona

Anparna. byn 3eprrey KazakcranubiH KpI3bul KiTaObIHA €HTI3UITCH %OHE ¥ 3BIHKAPa KOTACHIHBIH
eki mekeHney opraceiHna (Tokad martkanel MeH KereH acybl) Ke3JIeceTiH CHPEeK Ke3leceTiH
Ikonnikovia kaufmanniana (Regel) Lincz typiHiH KemieHi KOJIOTHSIIBIK KOHE (DUTOICHOTHKAIIBIK
TanaaybiH ycbiHaapl. COHIBIKTaH, OYJ1 3epTTey/IiH MakcaThl sHaeMuKanbiK |. kaufmanniana typiuin
MIOTYJISIUSICHIH JKOHE OHBIH TaOWFM MEKEHJEY OpTachlHa aHTPOMOTCHIIK (aKTOPIApIbIH SCEpiH
AHATOMMSLIIBIK, MOP(OJIOTHSUIIBIK KOHE SKOJIIOTHSUIBIK 3ePTTEY JKYpri3y 0onasl. 3epTTey aiMarbIHBIH
TOMEHri Tay OenjeynepiHae eceTiH eciMaikTep KaysiMaacTeiFbiHAa | kaufmanniana-ueiy
IKOJIOTUSUIBIK TYPAKThUIBIFBIHBIH TOMEH €KeHiH kepceTTi. |. kaufmanniana-#siy aHaTOMUSIIBIK JKOHE
MOP(}ONOTHSUIIBIK 3€pTTeyl TYPAIH OHTOT€HETHUKANBIK JaMYbIHBIH MOP(POMETPHUSIIBIK Oenriiepain
’Kacka OailaHbICTBI ©3repicTepiMeH OailTaHBICTBI epeKlIenikTepiH aHbIKTaapl. |. kaufmanniana
TIPIIUTIK UKJIIHIH (OHTOT€HEe31H1H) Oajayca Ke3eHHEH I'eHEepaTUBTIK Ke3eHTe JIeH1H 1aMybl JKallblpak
TaKTaChIHBIH Y3BIHJBIFBI MEH OCIMJIK OMIKTITiHIH OIpTiHJAEeN jkacKka OalIaHbICTBI ©3repicTepiH
AHBIKTA/IbI, OYJT TOMYJISIIUSHBIH JaMYBI YIITIH 9KOJOTHSUTBIK OHTAMIIBI HEMeCe KOJTalIbl KaFaanmapapl
kepceteni. 3eprrenred Typaid (l. kaufmanniana) Tay skarmaitiapeiHa Oeifimaenyl MeXaHUKAIBIK
’KOHE OTKI3TILI TIHACPAIH JaMybl CHSKTHl aHATOMUSJIBIK €PEKILIETIKTEPMEH CUMATTalaabl. 3epTTey
Y 3bIHKapa )KOTaChIHIaFbl CUPEK Ke3/IeCeTiH JKoHe kOoibuIbi Oapa sxatkan Ikonnikovia kaufmanniana
(Regel) Lincz TypiHiH NOMyISIIUSCHIHBIH a3al0blHa KIMMATTBIH ©3repyi, peKpearus jKoHe Kyiieci3
KaMBUIBIM CHSIKTHI a71aM KbI3METIHIH TiKeJIel acep eTeTiHIH KOpPCeTTi, Oy 63 Ke3eTiHIe TOMBIPAKTHIH
JerpajausChiHa OKeJe Il sKoHe OyJ1 MOMYISIITUSHBIH KablHA KeTylHe dcep eTe/l.

Tyiiin ce3aep: Ikonnikovia kaufmanniana; momysmsiiust; cupex ociMIiK Typiepi; ¥3bIHKapa )OTachl.

IKOJIOTHYECKAS OIEHKA COBPEMEHHOro cocTostnust momyJisimau Buaa Ikonnikovia
kaufmanniana (Regel) Lincz. ¢yiopsi xpedTa ¥Y3bIiHKapa

I'yas0any CaabipoBa, Aiizkaman IllopmanoBa, Map:xan layiaer6aeBa, I'ynbnap CaabipoBa,
Kanap EpanuneBa, Hasum bexenoa, Mupa AiiT:kanoBa, 3auna Paxumosa

AnHoTanusa. B gaHHO#W paboTe MpoBeAeH KOMIUIEKCHBIM JKOJIOTHYECKUN M (PUTOIEHOTHYECKUMA
ananmu3 pexakoro Buzaa Ikonnikovia kaufmanniana (Regel) Lincz, 3anecennoro B KpacHyio kHHTY
Kazaxcrana, 00Hapy>K€HHOTO B IByX MECTOOOMTaHUIX XpeOTa Y3biHKapa (ymense Tokail u nepesai
Kerens). B cBsI3u ¢ 3TUM LI€TbI0 JAHHOTO HCCIEI0BaHMS SIBUIOCH aHATOMO-MOp(dosiornyeckoe u
IKOJIOTHYECKOE HM3YYCHHE MOMYISHMU SHaeMu4Horo Buaa |. kaufmanniana w ananms BiusiHUS
aHTPOIIOTEHHOI'0 BO3JEHCTBUS HAa €€ MPUPOJHOE MecTolpouspacranue. McecienoBanue mnokasaio
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HU3KYI0 OJKOJIOTMYECKylo ycroitumBocTh |.  kaufmanniana B pacturensHOM —coOOLIeCTBE,
OpoM3pacTalollieM B  HIDKHMX TOPHBIX [OsCax  HMCCIEAYeMOH TEeppUTOpPUH. AHATOMO-
Mopdosoruueckoe uccienaoanue |. kaufmanniana mokaszano 0COOCHHOCTH OHTOT€HETHYECKOTO
pa3BHUTHUS BH[A, CBSI3aHHBIC C BO3PACTHBIMU M3MEHEHHST MOP(HOMETPUUECKHX MpH3HAKOB. [Iporecc
dbopmupoBaHus JKMU3HEHHOTO 1Mkia (oHToreneza) |. kaufmanniana ot (OBEHWJIBHBIX JI0
TeHEPATUBHBIX TOKa3al IOCTEIICHHOE BO3PACTHOE HM3MEHEHHE [UIMHBI JINCTOBOW IJIACTHHKUA H
BBICOTBI PACTEHHUSI, YTO YKA3bIBACT HA IKOJOTMYCCKHIA ONTUMYM WM OJIATOMPHUSITHBIC YCIOBUS IS
pasBuTHs monyssnud. Amanrtarus ucciaeaxyemoro Buaa (I. kaufmanniana) x ropHeIM ycia0BHAM
XapaKkTepU3yIOTCsl AHATOMHYCCKHMH TPU3HAKAMH, TAaKUMH KaK pPa3BUTHE MCXAHUYCCKUX U
NPOBOASIIMX TKaHEeH. B pe3ynbTare vccien0BaHus ObUIO BBISABICHO, YTO HA COKPAIIICHHE MOMYJISIHN
penxoro u ucuesatoriero Buna lkonnikovia kaufmanniana (Regel) Lincz. xpe6ta Y3biHkapa npsimoe
BJIMSIHUE OKA3bIBACT JCATECIBHOCTD YeIOBeKa (BKIIIOYAs PEKPeallnio, 0ECCUCTEMHBIH BbINAC CKOTA) U
U3MCHEHHE KJIMMAaTa, KOTOPbIe OOYCIIOBIMBAIOT JCTPAJlAllMi0 MOYBEHHOTO MOKPOBAa M HApPYIIAIOT
MPOIIECC BOCCTAHOBIICHHS JAHHOM MOMYJISIIHH.

KarwueBbie caosa: Ikonnikovia kaufmanniana; momymsiuus; penkue BUABI PacTEHHiA; XpeOer
V3bIHKapa.
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