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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pephepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Soil salinization in the Caspian Lowland is a major
exogenous geological process affecting the geochemical state of landscapes
in the Atyrau region. Controlled by lithology, groundwater mineralization, and
arid climatic conditions, it governs the migration and accumulation of chemical
elements and contributes to soil degradation in the northern desert zone. The
objective This study aimed to characterize the geochemistry of saline soils in the
Atyrau region by assessing the vertical distribution of soluble salts, exchangeable
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cations, organic matter, and particle-size composition. Methods. A layer-by-layer
study was carried out on soil profile P-1 to a depth of 200 cm. The composition of
the aqueous extract, the qualitative composition of salts, the content of absorbed
bases (according to Kappen), humus (according to Tyurin), mobile forms of
phosphorus and potassium (according to Machigin), nitrates, the pH value
(using the potentiometric method) and the particle size distribution (according to
Kachinsky) were determined. Results. Readily soluble salts increased from 0.196-
0.293% in the 0-40 cm layer to 7.864% at 80-100 cm depth. The soils exhibited
sulfate-chloride sodium salinization (Cl1/SO+* = 1.5-2.4; Na*/(Ca*>*+Mg*") = 3.0-
12.9) with no soda salinization (pH 7.18-7.83). The proportion of toxic salts is
80.2-95.8%, and the content of exchangeable sodium in the soil-absorbing complex
reaches 26.5-40.1%, which corresponds to highly solonetzic soils. The soils were
heavy loamy to light clayey, with 46.7-80.2% physical clay and low humus content
(0.70-1.45%). Conclusion. The study provides the first comprehensive layer-by-
layer geochemical characterization of saline soils in the northern desert subzone
of the Atyrau region. The results reveal vertical patterns of salt, exchangeable
cation, organic matter, and particle-size distribution, providing a scientific basis
for the geoecological assessment, monitoring, and sustainable management of
saline lands.

Keywords: saline soils, salt profile, exchangeable sodium, solonetzicity,
phytomelioration, Kochia prostrata, Atyrau region, land degradation
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AHHOTanuA. Ozexminiei. Kacnuii oMmaTeIHIAFel TONBIPAKTHIH TY3JaHYBI -
AtbIpay OOJBICH JaHAMAPTTAPHIHBIH TCOXUMUSUIBIK JKaFJaiblH aHBIKTaWThIH
Ka3ipri 3aMaHfbl SK30T€H/IIK I'COJIOTHSUIBIK MPOIECTEP/IiH €H TOH KOPIHICTePiHIH
Oipi.  Ty3aplH  JKUHAIYBl  ayMakThIH  JIMTOJOTHSUIBIK  KYPBUIBIMBIHBIH
epeKIIeTiKTepiMEeH, Kep acThI CyJapbIHbIH MUHEPAIIaHybIMEH, KYPFaK KITMMAaTTHIK
KarJaliIapMeH JKoHe JKOFaphl OyilaHyMeH OalmaHbICThI. TY31bI TOMBIPAKTAPIBIH
TEOXUMISUIBIK CHUIIaTTaMallapblH KEMICHAl 3epTTEeYy XHMMUSUIBIK 3JEMEHTTEPAiH
MUTpaMACHl MEH JKMHAIY 3aHABUIBIKTapbhlH Oaranayfa, COHJai-aKk COJTYCTIK
11eJT aiMaFbIHJIAFbl TOTBIPAKTHIH JIeTpallalisl I9PEKEeCiH aHbIKTayFa MYMKIHIIK
Oepeni. 3epmmeyodiy 0b6vexkmici - ATBIpay OONBICHIHIAFEI TY3/IbI TOMBIPAKTAPIBIH
KeIIeH/II TeOXMMHSUIBIK CHIATTaMAaChlH JKYPTri3y, TOIBIpAK MpoQuii OOoWbIHIIA
OHall ePUTIH TY3IapJblH, aIMacaThlH KaTHOHJAP/bIH, OPTaHUKAIBIK 3aTTap/IblH
XKoHE O6JIIIIEeKTEp MOJILICPiHiH TapaldyblH aHBIKTAY KOHE TY3aHy NPOLECTEPiHiH
HETri3rl 3aHJABUIBIKTApbIH Oenriney. Odicmep. P-1 rtombipak npoduiinge 200
CM TepeHJiKKe JeiiH Kabar-kabar 3eprrey >Kyprizingi. Cynbl CHIFBIHABIHBIH
KYpambl, TY37apbIH camaiblK KypaMbl, CIHIpUITeH Heriznepain menmepi (Kammen
Oolipiama), TymycTeiH Medmmepi (Tiopun OoiibiHma), dochop MeH KaluhmiH
KBUDKBIMAB! Typiepi (Madurua OOHBIHINA), HUTpPATTApAsIH Memepi, pH MoHi
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(TTOTEHITMOMETPHSITBIK SJIICTI KOJJIAaHY apKbLIbl) dKoHE OOIIIIEKTEeP IiH MOJIIIEPiHIH
tapanysl (Kaumackuii OOWBIHINA) aHBIKTAIIBL. Homuoicenep. OHall epuTIH
Ty3aapasiH Meiepi 0-40 cm kabarra 0,196-0,293%-nan 80-100 cM TepeHIiKTe
7,864%-ra fciiiH apTaThlHbl AHBIKTAJAbL. XUMHSJIBIK Kypambl OoOMbIHIIA
3epPTTENTeH TOMBIPAKTAP TY3AaHYABIH CYIb(AT-XIOPUATI HATPUN TYpiHE JKATA bl
(ClI'/SO+* = 1,5-2,4; Na*/(Ca**+Mg*") = 3,0-12,9). Cona Ty3many Oenrinepi k0K
(COs* - i3nmepi, pH 7,18-7,83). YeIrThl TY3mapasiH yieci 80,2-95,8% xypaiisl,
aJl TOMBIPAK CIHIPTilI KEIICHJErl aiMacaThlH Harpuil memmepi 26,5-40,1%-
Fa JKeTeli, OYJI JKOFaphl COPTaH TOMbBIpAKTapFa coifkec Kenemi. bemmexTepin
MOJIIIIEPIHIH Tapaybl OOWBIHINA TOMBIPAKTAp aybIp Ca3dbl JKOHE JKCHIUT Ca3Ibl
0o KikTeneni, ¢usukanblk caz memmepi 46,7-80,2%, an rymyc Memiepi
0,70-1,45% xypaiiabl. Kopvimubinowi. XKypri3iires 3eprreyiiep anFaim pet ATsipay
OOJIBICBIHBIH COJTYCTIK MIOJJIi CYO30HBIHBIH TY3/Ibl TOMBIPAKTAPBIHBIH KEIICH I
Kabar-kabaT TeOXMMUSIIBIK CHUTIATTaMaChIH JKYPTi3yre MyMKiHIIK Oepai. Kacrmii
OMIATBIHBIH KYpPFaK KJIUMAThIH/Ia XUMFSUIBIK 3JIEMEHTTEPAIH MHTPAIMsIChl MEH
KUHAJY TPOIECTEPIHIH EPeKIICNIKTepiH KOPCETETIH TY3AapiblH, alMacaTblH
KaTHOH/IAP/IbIH, OPTaHWKAIBIK 3aTTapiblH JKOHE OOJIICKTep/AiH MOJIIEPiHiH
TapalybIHBIH TIiK Tapaly 3aHIbUIBIKTAPbl AHBIKTAIBL. AIBIHFAH HOTHIKEIED
TY3/IbI alMaKTap/bl Te0IKONOTUSUIIBIK Oaraay, Jerpajaius IpolecTepin 0aKpuay
JKOHE aliMaKTarbl Kep PeCypCTapblH YTHIMJBI MaijaliaHy IIapajapblH 93ipiey
YIIIiH FRUTBIMH HET13 00J1a ajmajpl.

Tyiiin ce3mep: Ty3maHFaH TOIBIpaKTap, TY3 MPOQWIT, CIHIpIITeH HATPHi,
copTaHiany, putomenuopanus, Kochia prostrata, Atbipay 00JIBICHI, )KEPJIiH TO3YbI
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AHHoOTanus. Axkmyanvrocms. 3aconenne nous [Ipukacnuiickoil HU3MEHHOCTH
SBIIAETCA OJHMM U3 HanOoJjee XapaKTepHBIX MPOSBICHUNA COBPEMEHHBIX
9K30T€HHBIX TI'EOJOIMYECKHX IIPOLECCOB, OINPEACIAIOIINX T'€OXUMHUYECKOE
cocrosiHue Janamadros Atsipayckoii oonactu. Hakomienue comneit 00yciaoBieHo
0COOCHHOCTSIMU JINTOJIOTMYECKOTO CTPOCHUSI TEPPUTOPHM, MUHEpaIu3auuei
TPYHTOBBIX BOJA, AapUAHBIMU KJIMMATHYECKUMH YCJIOBUSIMH W  BBICOKOU
ucnapsiemMoctbio. KomrmiiekcHoe u3yueHHe TeOXHMHUYECKHX OCOOeHHOCTeH
3aCOJIEHHBIX TIOYB ITO3BOJISIET OIIEHUTh 3aKOHOMEPHO CTH MUTPAIIMH U AKKYMYJISILIAN
XMMHYECKUX JJIEMEHTOB, OIPEAEIUTh CTENEHb JAErpajallid IOYBEHHOTO
MIOKPOBa CEBEPHOH IYCTBIHHON 30HBI U 00OCHOBAaTb BO3MOXKHOCTh IPUMEHECHUS
COJIEyCTOMYMBBIX pacTeHU B wemsix ¢uromenuopaun. [lers. BpImomHUTSH
KOMITJIEKCHYIO T€OXMMHUYECKYIO XapaKTePUCTUKY 3aCONEHHBIX MOYB AThIpayCKOn
00JIaCTH, OTPEACIUTh OCOOCHHOCTH PACIPEICICHHUs JIETKOPACTBOPUMBIX COJICH,
00OMEHHBIX KATHOHOB, OPTaHUYECKOTO BEIIECTBA U TPAHYIOMETPUIECKOTO COCTaBa
10 IOYBEHHOMY ITPO(IIIIO, @ TAKXKE OLICHUTH [OJIYUCHHBIE 10Ka3aTEIN KaK OCHOBY
st npuMeHenns Kochia prostrata B putomennopanmu qerpaiupoBaHHbIX 3€MeElb.
Memoowi. B mousenHoM paspese P-1 mpoBeneHo mocioiiHoe McClenOoBaHUE 0
rryounsl 200 cM. OnpefienieHbl COCTaB BOAHOM BBITSKKH, KaUECTBEHHBIH COCTaB
cojeil, coneprkaHne MOMIOIEHHBIX OCHOBaHMN Mo Merony Kammena, rymyca mo
Metony TropuHa, MONBMXKHBIX GopM docdopa U Kaimus 1o Meroxy Mauurusa,
HUTPATOB, 3Ha4eHNE pH MOTeHIMOMETpHYECKUM METOIOM U IPAHYIOMETPUIECKUN
cocraB 1o merony KaumHckoro. Pe3ynvmamvi. YCTaHOBIGHO, UYTO COACPIKAHUE
JIETKOPAacTBOPUMBIX cosei Bo3pactaeT or 0,196-0,293 % B crmoe 0—40 cm 1o
7,864 % na rmyoune 80—100 cm. [To xuMHUYeCKOMY COCTaBy HCCIeTyeMble TTOUBHI
OTHOCATCS K CYNb()aTHO-XJIOPUIHOMY HAaTPUEBOMY THITY 3aCOJICHHS: OTHOLICHUE
ClI'/SO+* cocraBusier 1,5-2,4, a Na/(Ca** + Mg*) — 3,0-12,9. Ilpusnaku
COZOBOTO 3acojeHusl oTCYTCTBYIOT: COs3?” BBISBJIECH B CJIEIOBBIX KOJIMYECTBAX, a
3HaueHue pH Bapsupyet ot 7,18 1o 7,83. Jona TokcuuHbIX cogieit coctapisier 80,2—
95,8 %, cogep>kaHue OOMEHHOTO HATPHUS B MOYBEHHO-TIOTIIOMIAIOIEM KOMILIEKCE
nocturaeT 26,5-40,1 %, 4TO COOTBETCTBYET CHJILHOW CTEMEHU COJMOHIIEBATOCTH.
[To rpanyisomMeTpuyecKOMy COCTaBY IOYBBI OTHOCATCS K TSKEJIOCYTIIMHUCTBIM
W JIETKODIMHUCTBIM; COZiepkaHue (pu3mueckod mmHbl coctapisieT 46,7-80,2 %,
a rymyca — 0,70-1,45 %. Bwisoosi. [IpoBenéHHbe MCCIENOBAHNS TTO3BOIAIN
BBINIOJTHUTh ~ KOMILJIEKCHYIO TOCJIOHHYI0 TE€OXMMHYECKYI0 XapaKTepHCTHUKY
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3a2COJIEHHBIX [T0YB CEBEPHOM Ty CTHIHHOM ITOI30HBI ATBIpay CKOH 001acTH. BBISBICHBI
3aKOHOMEPHOCTH BEPTHKAIBHOTO DPACIIPENEICHHs CONei, OOMEHHBIX KaTHOHOB,
OpPraHMYeCKOro BELIECTBA W TPaHYIOMETPHUYECKUX (pakUui, OTpa)karolue
0COOEHHOCTH MHIPALUU M AKKYMYJISALUU XUMHYECKHUX 3JEMEHTOB B YCIIOBHAX
apunHoro kiauMmara IIpukacnuiickoil HHM3MEHHOCTU. Bricokoe copep:kaHue
JIETKOPAaCTBOPUMBIX M TOKCHYHBIX COJICH, 3HAa4MTENbHAas JA0Jii OOMEHHOTO
HaTpusl U TSKENBIM TPaHYJOMETPUUECKUI COCTAB MOATBEPKAAIT BBIPAKECHHYIO
JETpafialivIo UCCeyeMbIX 1ouB. [TomyueHHble JaHHBIE MOTYT CITYKUTh HayqHOU
OCHOBOM JIJ151 T€0IKOJIOTHYECKON OIEHKH 3aCOJIEHHBIX TEPPUTOPUN, MOHUTOPUHTA
JerpaJallMOHHbBIX IPOLIECCOB U pa3padOTKX MEPONPUSATHI 1O GUTOMETHOPALIUH C
WCTIONTb30BAaHUEM COJIEYCTONYMBHIX pacTeHmi, BKirrodas Kochia prostrata.

KiroueBbie cjioBa: 3acol€HHBIE TIOYBBI, COJIEBOW MPOQWIb, MOIIONIEHHBIN
HATpPHUH, COJIOHLIEBATOCTb, (QuroMenuopauus, Kochia prostrata, Atbipayckas
0071acTh, AeTpagarus 3eMellb

Introduction. Soil salinization is one of the most pervasive forms of land
degradation in arid and semi-arid regions worldwide, affecting approximately 20%
of irrigated agricultural land and extensive areas of natural rangelands (Flowers
& Colmer, 2008). Salinity reduces soil fertility, limits vegetation productivity,
and accelerates ecosystem degradation, thereby posing a major constraint to
sustainable land management. This issue is particularly relevant in the Republic
of Kazakhstan, where more than two-thirds of the territory is occupied by deserts
and semi-deserts and the extent of degraded rangelands continues to expand
under increasing climatic and anthropogenic pressures (Kaldybaev et al., 2022;
Akhmedenov et al., 2025).

The Atyrau Region, situated within the Caspian Lowland, represents one
of the most severely affected areas. The regional environment is characterized
by an extremely arid climate, with annual precipitation of only 150-180 mm
and potential evaporation exceeding precipitation by five- to seven-fold. These
climatic conditions, together with shallow mineralized groundwater, fine-textured
parent materials, and residual marine salinity, promote the accumulation of
readily soluble salts throughout the soil profile and the widespread development
of saline and solonchak soils (Mukhambetov et al., 2023; Mukhambetov et al.,
2026). Intensive grazing, particularly around settlements and watering points,
further exacerbates land degradation by reducing vegetation cover, increasing soil
exposure, and enhancing secondary salinization and wind erosion (Akhmedenov
et al., 2025).

Conventional reclamation techniques, including gypsum application and salt
leaching, are of limited applicability under these conditions because of the scarcity
of freshwater resources and the high economic costs associated with large-scale
implementation. Consequently, phytomelioration has emerged as amore sustainable
and economically feasible approach for the rehabilitation of saline rangelands.
This strategy relies on the establishment of salt-tolerant perennial forage species
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capable of improving soil conditions while simultaneously restoring pasture
productivity (Shamsutdinov et al., 2000; Kamalov, 1995). Among the species
recommended for the Northern Caspian region, Kochia prostrata (L.) Schrad.
(syn. Bassia prostrata (L.) A.J. Scott) is considered one of the most promising
owing to its exceptional tolerance to drought and salinity, high forage value, and
adaptability to arid environments (Waldron et al., 2020; Sagers et al., 2017).

Nevertheless, practical experience demonstrates that the effectiveness of
phytomelioration depends not only on the ecological characteristics of the selected
species but also on the degree of correspondence between plant requirements and
the geochemical properties of the soil profile. Parameters such as the depth and
thickness of saline horizons, salinity type and intensity, exchangeable sodium
content, and particle-size distribution strongly influence root development, water
availability, and plant establishment. Failure to account for these site-specific soil
characteristics has resulted in unsuccessful revegetation projects, including the
large-scale mortality of K. prostrata plantations established on approximately
22,400 ha in the former Guryev (present-day Atyrau) Region during 1980-1986
(Mukhambetov et al., 2026). Similar soil-related constraints have also been
identified as the primary cause of the dwarf growth syndrome observed in K.
prostrata populations on saline soils of the Northern Caspian region.

Despite the recognized importance of soil conditions for successful
phytomelioration, detailed information on the vertical geochemical characteristics
of saline soils in the northern desert subzone of the Caspian Lowland remains
limited. In particular, the relationships among the vertical distribution of soluble
salts, exchangeable sodium, and the suitability of these soils for Kochia prostrata
establishment have not been comprehensively evaluated. Therefore, the objectives
of this study were to provide a comprehensive geochemical characterization of a
representative saline soil profile in the Atyrau Region and to establish a scientific
basis for the use of Kochia prostrata in the phytomelioration of degraded saline
rangelands. Specifically, the study aimed to: (i) determine the composition,
vertical distribution, type, and degree of soil salinity; (ii) assess the composition
of the soil adsorption complex and the degree of sodicity; (iii) characterize soil
fertility through analyses of humus content, available nutrients, and particle-size
distribution; and (iv) compare the measured soil properties with experimentally
established salinity tolerance thresholds for K. prostrata in order to develop
agronomically sound recommendations for its establishment under the saline
conditions of western Kazakhstan.

Literature review. The physiological mechanisms underlying salt tolerance
in halophytes have been extensively investigated (Flowers & Colmer, 2008).
Halophytes are generally defined as plant species capable of completing their life
cycle under salinity levels equivalent to at least 200 mmol L' NaCl. Depending
on their adaptive strategy, halophytes are classified as salt accumulators or salt
excluders. In salt-accumulating species, tolerance is primarily achieved through
osmotic adjustment by compartmentalizing Na* and Cl™ ions within vacuoles
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while maintaining high cytosolic K* concentrations, thereby preserving metabolic
activity.ge

Kochia prostrata is widely recognized as a facultative halophyte with high
tolerance to both salinity and drought. Controlled-environment experiments
demonstrated that its optimum growth occurs at approximately 150 mmol L™
NaCl, accompanied by a nearly linear increase in sodium accumulation in shoot
tissues (Karimi et al., 2005). Comparative studies by Sagers et al. (2017) showed
that the GRso (the salinity causing a 50% reduction in biomass production) ranged
from 130 to 189 mmol L' NaCl for the cultivars 'Snowstorm' and 'Immigrant’,
respectively. Although these values are lower than those reported for highly
specialized halophytes such as Atriplex gardneri and Halogeton glomeratus, K.
prostrata remained viable even at 600 mmol L™ NaCl (approximately 60 dS m™),
indicating exceptional physiological tolerance. These findings are consistent with
field observations reported by Francois (1976), who demonstrated that the species
can maintain economically valuable forage production at soil salinity levels of up
to approximately 17 dS m™ (ECe).

An important characteristic of K. prostrata is its predominantly passive pattern
of salt accumulation. The concentrations of NaCl and KCl in shoot dry matter
increase almost linearly with external salinity, reaching approximately 19% at
600 mmol L' NaCl, compared with 26.9% in Atriplex gardneri (Waldron et al.,
2020). This physiological trait has important implications for phytomelioration.
Harvesting aboveground biomass contributes to the gradual removal of soluble
salts from the site, whereas excessive salt accumulation in forage biomass may
reduce its nutritional quality by increasing ash content and decreasing crude
protein concentration.

The broad ecological adaptability of K. prostrata is also associated with
considerable intraspecific genetic variability. Shuyskaya et al. (2022) demonstrated
that the genetic diversity of natural populations is closely related to soil
environmental conditions, while subsequent research showed that the development
of adaptive responses in this Cs halophyte depends on both the intensity and
duration of salt exposure. Furthermore, breeding studies involving introgressive
hybrids have demonstrated the potential for enhancing salinity tolerance through
targeted genetic improvement (Meldebekova et al., 2023).

Despite substantial progress in understanding the physiological and genetic
mechanisms of salt tolerance in K. prostrata, considerably less attention has
been paid to the edaphic conditions governing its successful establishment under
field conditions. In particular, quantitative relationships between soil profile
characteristics—including the vertical distribution of soluble salts, sodicity, and
soil texture—and the performance of K. prostrata in the saline rangelands of the
Caspian Lowland remain insufficiently documented. Addressing this knowledge
gap is essential for developing scientifically sound phytomelioration strategies in
western Kazakhstan.

The phytomeliorative potential of cypress in post-irrigation and degraded lands
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of Central Asia was considered by Sh. Kamalov (1995) in relation to the Aral
Sea region. For Western Kazakhstan, B. Mukhambetov et al. (2026) found that
northern desert soils are almost universally highly saline from a depth of 40-60 cm
and that the highest productivity of K. prostrata (2.74 t/ha of "fruit feed" and 2.84
t/ha of pasture mass) is achieved with winter (January) sowing on snow, which
ensures natural cold stratification of the seeds.

Thus, extensive data has been accumulated on both the salt tolerance of K.
prostrata and the agricultural practices for its cultivation. However, a comparison
of the quantitative thresholds of salt tolerance of the species with the layer-by-
layer geochemical characteristics of specific soils of the Atyrau region has not
been carried out previously, which determined the objectives of this study.

Materials and Methods. The study involved saline soils of the northern desert
subzone of the Atyrau region (section P-1), established as part of a study on the
phytomeliorative effectiveness of prostrate cypress. The soil section was opened
to a depth of 200 cm; samples were collected layer by layer: every 10 cm in the
0-60 cm layer and every 20 cm in the 60-200 cm layer (a total of 13 horizons).
Samples of the root zone (0-60 and 0-50 cm, respectively) were used to determine
the soil conversion complex (UCC), humus, and mobile nutrient content. Each
horizon was a composite sample composed of individual samples using the
envelope method; analytical determinations were repeated three times. Laboratory
tests were performed in an accredited laboratory using standardized methods:

— chemical composition of the aqueous extract (soil: water ratio = 1:5) -
determination of COs*" and HCOs™ by titrimetry, Cl” - by Mohr's argentometric
method, SO+* - by gravimetry, Ca?** and Mg*" - complexometrically, the sum of
Na'+K" - by the difference between the sum of anions and the sum of divalent
cations;

— the sum of absorbed bases and the composition of exchangeable cations
(Ca?*, Mg?", Na*) - by the Kappen method;

— organic matter (humus) content - by the Tyurin method;

— mobile forms of phosphorus and potassium - by the Machigin method in an
ammonium carbon extract; - Nitrates - spectrometric;

— pH of the aqueous extract - potentiometric;

— Particle size distribution - N.A. Kachinsky's pipette method, classifying
varieties by physical clay content (particles <0.01 mm).

The qualitative composition of salts was calculated using the "hypothetical
salts" method, dividing them into non-toxic (Ca(HCOs)., CaSO.4) and toxic
(NaHCOs, MgS0s, Na:SO4, MgClz, NaCl) compounds. The degree and chemistry
of salinization were assessed based on the solid residue content and the C17/SO+*"
anion ratio in mg-eq (Mirdadayev M., and et al., 2022). The degree of solonetzic
soil salinity was determined based on the exchangeable sodium percentage of total
absorbed bases (ESP), as well as the calculated sodium adsorption rate (SAR =
Na*/A[(Ca>*+Mg?)/2].

To compare the obtained data with the results of international pot experiments,
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where salt tolerance is expressed in electrical conductivity units, an approximate
conversion of salt content to ECe was performed using a conversion factor of
15 dS/m per 1% salt content, adopted for chloride and sulfate-chloride salinity
types. ECe values should be considered estimates and used only for qualitative
comparison with published threshold values.

Statistical data processing was performed using descriptive statistics and
correlation analysis (Pearson's linear correlation coefficient, r). The reliability
of the analytical data was monitored using the anion and cation balance of the
aqueous extract: the discrepancy between the sums did not exceed 1.5 mg-eq/100
g (0.4% on average), confirming the accuracy of the determinations. Graphical
processing of the results was performed in Python (Matplotlib library).

Results and discussion. Salt profile and type of salinization. The results of the
water extract analysis (Table 1) indicate a pronounced differentiation of the soil
profile in terms of the content of readily soluble salts. In the 0-40 cm layer, the total
salt content varies within a narrow range of 0.196-0.293%, which corresponds to
a low degree of salinization. Starting from a depth of 40 c¢m, an avalanche-like
increase in the salt background occurs: 0.844% (40-50 cm), 2.650% (50-60 cm),
4.776% (60-80 cm), with an absolute maximum of 7.864% at a depth of 80-100
cm. Below 100 cm, the salt content remains consistently high (4.247-7.385%),
forming a powerful solonchak horizon.

Table 1. Chemical composition of the aqueous extract of soils from section P-1 (numerator - %
of absolutely dry soil, denominator - mg-eq/100 g).

Horizon, | Total COs* HCOs~ |(CI' SO+ [Ca* |Mg* |Na+K'|pH

cm salts, %

0-10 0,196  [Not detected |0,059 0,048 0,027 {0,008 |0,004 [0,050 |7,65
0,97 1,35 0,56 | 0,40 | 033 | 2,17

10-20 0,293  [Not detected |0,059 0,075 0,063 {0,006 |0,005 {0,085 |7,80
0,97 2,11 1,31 0,30 | 0,42 |3,70

20-30 0,246 | Not detected | 0,061 0,061 0,044 {0,006 |0,004 |0,070 |7,83
1,00 1,72 0,92 0,30 | 0,33 | 3,04

30-40 0,208  [Not detected |0,056 0,052 0,033 {0,006 |0,004 [0,057 |7,75
0,92 1,46 0,69 |030 | 033 |248

40-50 0,844 [ Not detected |0,039 0,291 0,221 10,024 0,013 [0,256 |7,50
0,64 8,20 4,60 1,20 | 1,08 |[11,13

50-60 |2,650 |Notdetected |0,041 [0,890 0,782 0,070 (0,022 [0,845 [7,25
0,67 25,07 16,29 | 3,50 | 1,83 |36,74
60-80 |4,776 |Notdetected 0,037 |1,945 1,094 [0,270 0,066 1,364 [7,18
0,61 54,79 22,79 13,50 | 5,50 |59,30
80-100 [7.864 |Notdetected |0,044 2,893 2,126 0,218 (0,089 [2,494 [7.30
0,72 81,49 4429 10,90 | 7,42 |108,43
100-120 5,810 |Not detected |0,051 |2,308 1,382 0,176 (0,084 [1,809 [7,35
0,84 65,01 28,79 | 8,80 | 7,00 |78,65
120-140 5,812 |Not detected |0,051 |2,325 1,368 [0,164 (0,084 [1,820 [7.41
0,84 65,49 28,50 | 8,20 [7,00 |79,13
140-160 [4,247 |Notdetected |0,046 | 1,509 1,176 0,050 0,028 [1,438 [7,55
0,75 42,51 24,50 2,50 | 233 |62,52
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160-180 [ 7,385 [Not detected ]0,056 2,609 2,088 10,092 10,049 [2,491 [7,37
0,92 73,49 43,50 | 4,60 | 4,08 108,30
180-200 (6,489  |Not detected |0,059 |2,361 1,752 (0,118 {0,033 [2,166 |7,42
0,97 66,51 36,50 | 590 | 2,75 |/94,17
Note - Na*+K"* determined by difference; abc - not detected.

The salinity chemistry remains uniform throughout the profile. The Cl7/SO4*"
ratio in mg-eq varies from 1.54 to 2.41, corresponding to the sulfate-chloride
(and in places, chloride) type of salinity. Sodium is absolutely dominant in the
cation composition: the Na*/(Ca?*+Mg?") ratio increases from 3.0-5.1 in the upper
horizons to 10.9-12.9 in the 140-200 cm layer. Therefore, salinity is classified as
sodium sulfate-chloride. Carbonate ion was not detected in any horizon, and the
pH value is in the range of 7.18-7.83, meaning soda (alkaline) salinity, which is
most dangerous for plants and difficult to reclaim, is absent. A significant negative
correlation is observed between pH and total salt concentration (r = -0.75),
due to the diluting effect of neutral sodium salts. The CI-, SO+*", and Na*+K*
concentrations are practically functionally related to total salt concentration
(r = 0.996; 0.993, and 0.997, respectively), indicating a common source of salt
accumulation: mineralized groundwater and residual sea salts.

The distribution of ions across the profile is clearly illustrated in Figure 1, where
anions are plotted to the left and cations to the right of the zero axis. It is clearly
visible that the upper part of the profile (0-35 cm) is virtually devoid of salts, while
in the 40-100 cm range, a "core" of the salt maximum forms, represented primarily
by sodium chlorides and sulfates.
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Figure 1. Profile of the salt composition of soils (section P-1): anions (to the left) and cations
(to the right) from the zero axis, mg-eq per 100 g of soil.
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Figure 2. Distribution of the sum of easily soluble salts (a) and the ratio of toxic and non-toxic salts
(b) along the profile of section P-1.

According to the salinity gradations for chloride and sulfate-chloride chemistry
(Figure 2, a), soils in the 0-40 cm layer are classified as slightly saline (0.2-0.4%),
the 40-50 cm horizon as highly saline (0.6-1.0%), and all underlying horizons
(more than 2%) as solonchakous. According to the classification, the soil under
study can be defined as a brown desert solonchakous heavy loam soil with a
solonchakous horizon below 50-60 cm.

Qualitative composition of salts and their toxicity. Calculation of the
hypothetical salt composition (Table 2, Figure 3) showed that the proportion of
toxic compounds in all horizons is extremely high, amounting to 80.24-95.77% of
the total salts. The leading salt is sodium chloride, the content of which increases
from 31.63% in the 0-10 cm layer to 66.62% in the 60-80 cm layer. The second
most important component is sodium sulfate (6.78-34.17%). It is significant that in
the upper 0-40 cm layer there is sodium bicarbonate (18.78-25.48% of the total salts
with an absolute content of 0.047-0.059%), which determines potential alkalinity
and is the most toxic form for plants. Non-toxic salts (Ca (HCO3)2, CaSOa4) in the
upper part of the profile are represented mainly by calcium bicarbonate (8.19-
16.84%), and from a depth of 40 cm - by gypsum, the proportion of which reaches
18.70% in the 60-80 cm layer.
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Table 2. Qualitative composition of soil salts in section P-1, % of the total salts.

The proportion of salt in the total amount of easily soluble salts, %

] CaWCOYZ D NaMCO) B Na2504 L

@ Cas4

BN MgS04 EEE MoCR

Horizon, | Total Ca(HCO:s). | CaSO4 | NaHCOs | MgSOs4 | Na:SO4 | MgCL | NaCl | The amount
cm salts, % of toxic salts
0-10 0,196 16,84 0,00 23,98 0,00 20,41 |7,14 |31,63|83,16
10-20 0,293 8,19 0,00 18,78 0,00 32,42 16,48 |34,13(91,81
20-30 0,246 9,76 0,00 23,98 0,00 26,83 6,10 [33,33/90,24
30-40 0,208 11,54 0,00 25,48 0,00 23,07 7,21 32,70 | 88,46
40-50 0,844 6,16 4,62 0,00 7,94 24,88 10,00 |56,40 |89,22
50-60 2,650 2,15 7,43 0,00 4,15 31,32 10,00 |54,95|90,42
60-80 4,776 1,06 18,70 |0,00 6,84 6,78 0,00 |66,62 80,24
80-100 |7,864 0,77 8,88 0,00 5,57 24,25 10,00 60,53]90,35
100-120 |5,810 1,05 9,54 0,00 7,12 16,94 10,00 |[65,35|89,41
120-140 |5,812 1,22 3,01 0,00 3,25 34,00 0,00 |58,52]95,77
140-160 |4,247 0,94 8,94 0,00 7,12 17,20 10,00 |65,80]90,12
160-180 |7,385 0,70 3,70 0,00 3,25 34,17 10,00 |58,18]95,60
180-200 |6,489 0,78 5,60 0,00 2,96 31,22 {0,00 |59,44 93,62
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Figure 3. Qualitative composition of readily soluble salts by horizons of section P-1.
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Soil Absorption Complex Status. Exchangeable cation analysis (Table 3,
Figure 5) revealed a high degree of sodium saturation in the root zone complex.
Exchangeable sodium content increases from 9.0 mg-eq/100 g in the 0-10 cm layer
to 20.75 mg-eq/100 g in the 50-60 cm layer, and its share of the total absorbed
bases (TAB) is 26.5-40.1% with a solonetzic threshold of 15%. Thus, all studied
horizons of the root zone are characterized as highly solonetzic. The calculated
sodium adsorption index (SAR) increases consistently with depth from 3.6 (0-10
cm) to 22.5 (50-60 cm) and further to 52.0 (160-180 cm), confirming the increasing
sodium impact. A high proportion of exchangeable sodium is an independent
degradation factor: it causes peptization of colloids, structural destruction,
reduced water permeability, and the formation of a surface crust, as confirmed
by field observations of crust formation in northern desert soils (Mukhambetov
et al., 2026). This circumstance explains the low field germination of seeds sown
in winter with soil incorporation and serves as one of the arguments in favor of
surface winter sowing on snow.

Table 3. Composition of absorbed bases, degree of solonetzization, and calculated SAR of soils
in the pit P-1.

Horizon, | Ca**, mg- | Mg*', mg- | Na*, mg- | Summ, mg- | ESP (ESP), | SAR, |Grade

cm eq/100g (eq/100g |eq/100g |eq/100 g % calcul.

0-10 17,50 7,50 9,00 34,00 26,5 3,6 highly saline
10-20 17,00 7,00 14,20 38,20 37,2 6,2 highly saline
20-30 17,50 18,00 15,20 50,70 30,0 5,4 highly saline
30-40 17,00 8,50 14,40 39,90 36,1 4,4 highly saline
40-50 17,00 8,50 13,15 38,65 34,0 10,4 highly saline
50-60 23,50 7,50 20,75 51,75 40,1 22,5 highly saline

50
1 Ca®* -8~ TIH (ESP), %
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Figure 5. Composition of exchangeable cations and the proportion of exchangeable sodium
(PES) in the 0-60 cm layer.

Humus status and nutrient status. The humus content of the studied soils is
low and typical of brown desert soils: 1.14-1.45% in the 0-40 cm layer, dropping
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sharply to 0.70% in the 40-50 cm layer (Table 4, Figure 6). The maximum value is
located in the 10-20 cm horizon (1.45%), indicating predominantly root-mediated
organic matter input and weak humus accumulation on the surface under sparse
vegetation cover.

The content of nitrate nitrogen (7.99-14.78 mg/100 g) and available phosphorus
(7.88-12.04 mg/100 g) decreases with depth, synchronously with humus (r = 0.91
and 0.75, respectively), confirming the biogenic nature of their accumulation. A high
exchangeable potassium content (26.23-58.23 mg/100 g) is a characteristic feature
of'soils formed on saline clay deposits. This nutrient balance (relative nitrogen and
phosphorus deficiency with potassium excess) is typical of the region's arid soils
and should be taken into account when developing phytomeliorant cultivation
technologies.

Table 4. Content of humus and mobile forms of nutrients in the 0-50 cm layer.

Horizon, cm | Humus, % | N-NOs, mg/100g | P:0s, mg/100 g K:0, mg/100 g
0-10 1,14 13,99 12,04 58,23
10-20 1,45 14,78 11,64 59,19
20-30 1,25 12,03 10,10 46,68
30-40 1,24 12,55 9,58 35,61
40-50 0,70 7,99 7,88 26,23
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Figure 6. Humus content (a) and mobile forms of nutrients (b) in the 0-50 cm layer.

Particle size distribution. Based on physical clay content (particles <0.01 mm),
the soils in the profile are classified as heavy loams and light clays: 46.66-63.34%
in the 0-60 cm layer and up to 80.16% in the 80-100 cm layer (Table 5, Figure
7). The fine-grained fractions are dominated by particles 0.005-0.001 mm (32.4-
38.0%) and 0.01-0.005 mm (12.4-50.8%), while the proportion of silt (<0.001
mm) does not exceed 1.86%.
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The heavy particle size distribution has two fundamentally important
consequences for phytomelioration. Firstly, the high sorption capacity and
low water permeability of such soils prevent the natural leaching of salts by
precipitation, which stabilizes the salt profile (a similar pattern has been observed
for soils in the Zhetysu region - Madibekov et al., 2026). Secondly, the developed
capillary system ensures intensive upward flow of solutions and secondary salt
accumulation when the surface is exposed, making the creation of a closed
vegetation cover a key antisalt protection technique. The increasing weight of
the particle size distribution downwards (80.16% physical clay in the 80-100 cm
layer) creates additional aquicludes, promoting the formation of perched water
and the accumulation of salts precisely in the 60-100 cm interval, which is fully
consistent with the location of the salt maximum (Figure 2, a).

Table 5. Granulometric composition of soils in section R-1.

Horizon, | 1-0,25 | 0,25- 0,05- 0,01- 0,005- |<0,001 | Physical Variety
cm mm |0,05mm | 0,01 mm | 0,005 mm | 0,001 mm | mm | clay, %

0-10 0,26 | 29,60 6,80 24,80 37,60 0,94 63,34 light clay

10-20 0,34 | 34,40 4,40 23,20 36,80 0,86 60,86 light clay
20-30 0,16 | 35,20 5,60 21,20 37,60 0,24 55,50 | heavy loam
30-40 0,20 | 25,60 16,40 19,20 38,00 0,60 57,80 | heavy loam
40-50 0,14 | 43,60 9,60 12,40 32,40 1,86 46,66 | heavy loam
50-60 0,10 | 36,80 4,00 23,20 35,20 0,70 59,10 | heavy loam

60-80 3,18 | 20,40 16,00 50,80 8,80 0,82 60,42 light clay
80-100 | 0,64 10,80 8,40 42,00 38,00 0,16 80,16 | medium clay

0 20 40 60 80 100
Fracbon content. % of soil mass
= chypcal clay (<0 (1 mm) 0 0.15-00%um B 0,01-0,00% soe . 0000 e
—J 1073 e 0 0.9030.01 um R 0.00%-0.00) e

Figure 7. Granulometric composition of soils in section R-1 and physical clay content.

Scientific rationale for using Kochia prostrata for phytomelioration. Comparison
of established soil geochemical parameters with experimentally determined salt
tolerance thresholds of K. prostrata (Francois, 1976; Karimi et al., 2005; Sagers
et al., 2017; Waldron et al., 2020) allows for a quantitative assessment of the
suitability of the studied soils for phytomelioration (Figure 8, Table 6).
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Figure 8. Comparison of the calculated electrical conductivity of the soil profile of section P-1
with the salt tolerance ranges of Kochia prostrata (according to Sagers et al., 2017; Waldron et al.,
2020).

1. Correspondence of the rooting layer to the optimum zone. The calculated
electrical conductivity of the 0-40 cm layer is 2.9-4.4 dS/m, which is significantly
lower than the GRso value for the least salt-tolerant variety 'Snowstorm' (130
mmol/L NaCl=13 dS/m) and even less so for the variety 'Immigrant' (189 mmol/
L~19 dS/m). This layer is located in the zone where, according to Francois (1976),
cypress produces a full-fledged crop. It is in this layer that the bulk of the plant's
roots is concentrated in the first two years of life, and both tillering zones of the
crop are located - the basal zone and the one located at a height of 10-20 cm
(Mukhambetov et al., 2026). Consequently, the survival and initial development
of cypress are limited not by the salinity factor, but by the water regime and the
physical condition of the surface (crust formation).

2. The 40-60 cm salt barrier as a limiting factor. A sharp increase in salinity
in the 40-60 cm layer (12.7-39.8 dS/m) means that already in the second year
of life, when the cypress root system penetrates deeper than 40 cm, the plants
enter the GRso range and further into the zone of pronounced growth inhibition.
This provides a geochemical explanation for the phenomenon of dwarfism of the
cypress, previously described for the saline lands of the Northern Caspian region:
plants retain viability (the mortality threshold, according to Sagers et al. (2017),
corresponds to 600 mmol/L, i.e., =60 dS/m), but they reduce linear growth and
accumulate excess ions in the aboveground mass. Horizons deeper than 60 cm
(63.7-118.0 dS/m) extend beyond the salt tolerance of the species and should be
considered as a salt screen impermeable to the roots.

3. Favorable salinity chemistry. The absence of carbonate ions and a neutral
to slightly alkaline pH (pH 7.18-7.83) are crucial, as sodium salinity is toxic to
halophytes at significantly lower concentrations than chloride-sulfate salinity. The
predominance of NaCl and Na>SOs corresponds to the salinity background against
which the halophytic nature of K. prostrata was experimentally confirmed (Karimi
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et al., 2005; Sagers et al., 2017). The presence of gypsum (CaSOs) in amounts of
0.128-0.893% in the 40-200 cm layer is an additional favorable factor: the calcium
in gypsum can displace exchangeable sodium from the soil-exchange complex
when moisture arrives, enhancing the ameliorative effect of the plant cover. 4.
Quantitative assessment of salt removal by biomass. With a salt content (NaCl +
KCl) in the dry aboveground mass of 9-19% (Waldron et al., 2020) and a yield of
2.3-2.8 t/ha of dry matter, achieved in the northern desert of Western Kazakhstan
(Mukhambetov et al., 2026), the annual removal of salts with mown biomass is
0.21-0.53 t/ha. The reserve of readily soluble salts in the 0-40 cm layer with an
average concentration of 0.236% and a bulk density of 1.35 g/cm?® is estimated
at 12.7 t/ha. Thus, 1.7-4.2% of the salt reserve of the root zone can be removed
annually due to biomass alienation. This value shows that direct salt removal by
the plant is not the main mechanism of desalination and that the phytomeliorative
effect of K. prostrata is predominantly indirect.

5. Main mechanisms of the phytomeliorative effect. Based on the soil
characteristics obtained, the leading mechanisms should be considered: (a)
screening of the surface by a closed soil cover, which reduces physical evaporation
and, accordingly, the ascending capillary current of salts from the 40-100 cm
horizon, which is the determining factor with a heavy particle size distribution; (b)
biological drainage and the creation of a system of root passages that increase the
permeability of the solonetzic horizon; (c) accumulation of organic matter (with
an initial humus content of 1.14-1.45%, even a small increase in it significantly
improves the structural state and reduces crust formation); (d) displacement of
exchangeable sodium by calcium mobilized from gypsum and Ca(HCOs). with
increased biological activity of the rhizosphere. (d) protection of the surface from
deflation, the probability of which in the region reaches 30-41% (Mukhambetov
et al., 2026).

Conclusion. The saline soils of the northern desert subzone of the Atyrau
Region exhibit a strongly differentiated vertical salinity profile. The surface 0-40
cm horizon is only slightly saline (0.196-0.293% readily soluble salts), whereas
salt concentrations increase sharply to 0.844% at 40-50 cm, 2.650% at 50-60
cm, and reach a maximum of 7.864% in the 80-100 cm horizon. Soil salinity
is characterized as sulphate-chloride sodium, with CI7/SO4*" ratios ranging from
1.54 to 2.41 and Na*/(Ca*" + Mg?") ratios of 3.0-12.9. Carbonate alkalinity was
absent (COs* not detected), and soil pH remained within the neutral to slightly
alkaline range (7.18-7.83).

Toxic salts constituted 80.2-95.8% of the total soluble salt content, with NaCl
and Na>SOa representing the dominant salt components. Although overall salinity
in the surface horizon was relatively low, the presence of NaHCOs accounted
for 18.8-25.5% of the soluble salts, indicating a potential risk for soil structural
degradation and reduced seedling establishment.

The soil adsorption complex was characterized by pronounced sodicity, with
exchangeable sodium comprising 26.5-40.1% of the cation exchange capacity and
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an estimated sodium adsorption ratio (SAR) of 3.6-22.5 within the upper 60 cm.
Combined with the heavy loam to light clay texture, low humus content (0.70-
1.45%), and limited nitrogen and phosphorus availability, these properties create
unfavorable physical conditions, including poor infiltration, crust formation, and
restricted root penetration.

Despite these limitations, the estimated salinity of the surface 0-40 cm horizon
(ECe 2.9-4.4 dS m™) falls well within the optimal range reported for Kochia
prostrata and remains substantially below the experimentally established GRso
threshold (approximately 13-19 dS m™). These findings demonstrate that surface
soil salinity does not represent the principal constraint to plant establishment.
Instead, the abrupt increase in salinity beginning at depths of 40-60 cm constitutes
the major edaphic barrier limiting root development and long-term productivity.

Overall, this study provides the first integrated assessment linking the vertical
geochemical characteristics of saline soils in the Atyrau Region with experimentally
established salinity tolerance thresholds of Kochia prostrata. The results provide
a scientific basis for selecting this species for phytomelioration of degraded
saline rangelands and establish a reference dataset for long-term monitoring of
soil reclamation processes and the development of region-specific strategies for
sustainable pasture restoration in the Caspian Lowland.
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