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OnpenesieHue apXUTEKTOHUKHA KOPHEBOH CHCTEMbI
JAepeBbeB METOI0M reopainoJI0KANNU

HccnenoBanne IpoOBEACHO B paMKaX BBITIOIHEHHUS TOCYAAPCTBEHHOTO 3aIaHuUs
OT/en KOMIUIEKCHBIX Hay4yHbIX uccnenoBanuii KapHLL PAH

Memodom eeopaduonoxayuu npogedeHo usyyeHue KOPHeBOU CUCmeMbl O08yYX
obpasyos adronu domawneti (Malus domestica) u 0606wenvl Oannvle 0 Memoouke
HabnoOeHull U 00pabomku OAHHLIX NPU  USYYEHUU APXUMEKIMOHUKU KOPHEl.
Toxkaszana 603MONCHOCHb BblOENIEHUsL NOZPeOEHHbIX 00beKkmos pasmepamu om 1,5
00 5 cm npu ucnonvsosanuu 2eopadapos ¢ sonoupyrowei yacmomotui 1-2 I'Ty, umo
CONOCMABUMO € OHCUOAEMBIM DASMEPOM CKelemHbIX KOopHell. Buinonnenvl nonegvie
Habnooenus ceopadapom OKO-2 ¢ awmenuwvim 6nokom uwacmomou 1 700 I'y no
UCCIe008AHUIO APXUMEKMOHUKU 08YX 00pa3yos a010Hb, Oe3 npuMeHeHus cnocoba
PACKONKU, € Yenvio OonpeoeneHus 6IUAHUSL NOYBEHHO-2UOPONOSUHECKUX VC06UL
Ha npoyeccvl Kopueobpazoeanus. Ilo eunepboram Ougpazuposannoll 601HbI HaA
paoapozpammax onpeoeneHvi MeCMONONONCEHUS CKELEMHbIX KOPHell UCCLedyemMblx
06pasyos, COBOKYNHOCMb KOMOPLIX OmMpaxfcaem pacnpedenenue KOPHeblX CUCTEM
6 npocmpancmee. Ilpu nomowu mpexmepHvlx Mooeneli NpOAHATUSUPOBAHO
63aUMOOMHOULEHIE MOPPONO2UU KPOBIU KOPHEHENPOHUYAEMBIX SPYHIMO8 U KOPHEBOU
apxumekmypusl  06pasyos. Ycmanoeiena mMpanchopmayus KOpHeEOU  CUCTHEMbL
U HA3EMHOU 4acmu 0epebes 6 3dGUCUMOCIU OM NONONCEHUS NOOCTULAIOWUX
Kpucmanudeckux nopod. OOHapyxceHo, umo He2lyboKoe 3aiecanue CKATbHbIX
2PYHMOB NPUBOOUM K USMEHEHUIO (YOPMbl KOPHEBOU CUCTEMbL O YCEUEHHO20 KOHYCA
K NOBEPXHOCMHOIL.

KiroueBble  cioBa:  Malus  domestica;,  ceopaduonoxkayusa; — KopHesas
APXUMEKMOHUKA, PAOAPOSPAMMbL, KOPHEHENPOHUYAEMBIL 2OPUZOHM.

BBenenune

KopHeBast cuctema sBIsS€TCS KPUTUYECKH BaXKHOW COCTaBIISIOIIEH JFOOOTO
JepeBa, 0TBedast 32 GYHKINHU TUTAHU, 3aIlaCaHus ITOJIC3HBIX BEIIECTB U (hH3HUe-
CKOT0 3aKperieHus B rpyHTe. 1101 apXUTEeKTOHHKOIM KOPHEBOM CUCTEMBI MOIpa3-
yMeBaeTcs KOH(PUTYypaIyst KOpHEi B IPOCTpaHCTBeE, a €€ PopMIpOBaHHE 3aBHCUT
OT MHOXXECTBa (DaKTOpOB, TaKMX KaK BUJ PACTEHHS, TUIl BMEIIAIOIIUX TPYHTOB,
noiyyaemoe nutanue u T.1. [1]. HecMoTps Ha BaKHOCTH M3YYEHHs 3TOTO Opra-
Ha B KOHTEKCTE MPOIIECCOB PAa3BUTHUS U KU3HENEATSIFHOCTH JIepeBa, MpeCTaB-
JICHHE O CTPYKTYpe KOPHEBOTO armapara 3a9acTyio HEIONHOEe, B TOM JHCIe U
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BCIIE/ICTBHE OTPAaHWYEHUH IOCTYIHBIX METOIOB HccienoBaHuii. OCHOBOM JKc-
MEPUMEHTAJIBbHOTO M3Y4YeHHsS KOPHEBBIX CHUCTEM PACTEHUH CIYXKHUT CIOCO0 WX
packoniku [2, 3]. OHAKO 3TO HAHOCUT 3HAYUTEIIBHBIN YIIepO MOI3eMHOMY IPO-
CTPAHCTBY, a TAaK)K€ CAMUM PACTEHUSM U B OOJBIIMHCTBE CIy4aeB MIPUBOAMT K
ux TuOeny. B HEKOTOPHIX Cciydasix B 4epTe Topoja WM Ha 0CO000 OXpaHSEMBIX
MIPUPOJHBIX TEPPUTOPHUSIX BBIIOIHEHHE MOAOOHBIX PabOT HEBO3MOXKHO WU 3a-
npemeno. Kpome Toro, gaHHBIN crioco0 TpeOyeT 3HAYNTEIHHBIX BPEMEHHBIX H
(u3uUecKUX 3aTpar.

W3yuyenne KOpHEBBIX CHCTEM JIEPEBHEB Ha CETONHSIIIHHUN JEHB SBISIETCS aK-
TyaJbHOHM 3ajjadeid, U JUIs ee pelIeHUs] CUCTEeMaTHYECKU MPHUBIEKAIOTCS HOBBIE
JMCTAHIIMOHHBIE METOJIbI, KaK J1abopaTopHbIe, Tak W moyeBbie [4]. Hampumep,
MONTy4YeH Pl 3HAYMMBIX PE3YJIbTATOB IO HCIOIB30BAaHHUIO MPOCTPAHCTBEHHBIX
MoOZeTIeH TS OLICHKH BIUSHUS HAKJIOHA TOBEPXHOCTH TPYHTA Ha MPOIECCHI (op-
MHUPOBaHUs KOPHEBOH CHUCTEMBI B paMKax O0pbhObI ¢ mpoueccaMmu 3po3uH [5, 6].
K nepaspymarommm ciocodaM aHamm3a KOpHEBOH apXUTEKTOHUKHA OTHOCHUTCS H
MpUMEHEHHe Te0(PU3NUECKUX METOI0B, B YACTHOCTH, T€OPaINOJIOKALINH, KOTOpast
0azupyercsi Ha M3yYeHHH 3aKOHOMEPHOCTEH paclpOCTpaHEHMsS] BBHICOKOYACTOT-
HBIX AJIEKTPOMArHUTHBIX BOJIH B TIOYBEHHO-TPYHTOBOM MaccuBe [ 7-9]. 'eopaamo-
JIOKAITHIO B Ka4eCTBE CPEICTBA ONMHMCAHMS KOPHEBBIX CHCTEM JPEBECHBIX pacTe-
HUH HaYaJIu MPUMEHATH ¢ KoHIa 90-X IT., KorJa Obuia oka3zaHa NpUHIUIHATIbHAS
BO3MOXKHOCTH JIOKQJTM3alUX TIOJIOKEHUSI OTAENbHBIX KOopHEeH reopamapom [10].
JanpHeiinme uccnenoBaHus B 5TOM HalpaBlieHUH MPOAEMOHCTPUPOBAIIU AOCTa-
TOYHO yOeIUTEIBHBIC IPUMEPHI ONIPEAEIECHIS M0 JAHHBIM I'e0panOIOKAINH [T~
aMeTpa CKeJIETHBIX KOPHEH U KaK CJIeJICTBHE BO3MOXKHOCTh OIICHKH UX OHMOMAacChI
[11-13]. IIpu 3TOM 3HAUMTENbHAS YacTh PabOT KacaeTcs BOIMPOCOB (PHU3UICSCKHIX
OrpaHMYEHUIl U pa3pemiaromieil ciocoOHOCTH reopaanonaokanuu [14, 15].

Kopuesast cucrema pacTteHuil pa3BUBaeTCs MO HACIEICTBEHHO 3aKPEIIIEHHON
cXeMe, HO UMEET TeHICHIIMIO K aJlanTalluy MO/ BIUSIHUEM OKpY Kaloliel cpelibl, B
TOM YHCJIE BCICACTBUE B3aNMOACHCTBHUS C BMEIIAIOIIUMH TPYHTAMH, YTO MIPOSIB-
JIeTCsl, HallpuMep, B Ipolleccax FUAPOTponu3Ma u xemorponusma [16]. Onaum
U3 MPUPOTHBIX (PAaKTOPOB, OKA3HIBAIONINX BIMSHUE HA POCT, SBISIETCS YPOBEHb
3aNieraHusi KOpHEHETPOHUIIAEMbIX TOPU30HTOB, BCIIEACTBUE YETO M3MEHSAETCS KaK
CTPYKTYpa KOPHEBOH CHCTEMBI, TaK U HAJ3eMHasl YacTh PACTCHHU.

WzydeHue pa3BUTUS KOPHEBOW CHUCTEMBI B TIOYBEHHO-TPYHTOBOM MacCHU-
BE OTHOCHUTCS K OOJIAaCTH HAYYHBIX M MPAKTUICCKUX WHTEPECOB JJIS IIOMOBBIX
pacTeHMii, cpeau KOTOPBIX OIHO M3 JTOMHHHUPYIOIIMX MECT 3aHUMAaeT sONOoHS
noMmanrasst (Malus domestica Borkh.) [17]. Llens manHON paGOTHI — MPOAESMOH-
CTPUPOBATh BO3MOKHOCTH UCCIIEZIOBAHUSI KOPHEBOW apXUTEKTOHUKU B3POCIHBIX
JIEPEBBEB METOJOM TEOpamUONOKAIMK 0c3 IMPUMEHEHHUS CII0c00a PACKOIKH.
Kpome Toro, mocraBineHa 3ajada Mo ONpPEAEICHUIO POCTPAHCTBCHHON KOH(H-
Typamuy KOPHEBOH CHCTEMBI B 3aBHCHMOCTH OT IIyOWHBI 3ajJleTaHHUs KpHCTal-
JIUYECKUX MOPOJ U OIICHKE BIUSHUS MOJOOHBIX M3MEHEHUU Ha pa3BUTHE Hal-
36MHOW YaCTH JI€PEBBEB.
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Marepuajbl 1 METOAUKH HCCJIET0BAHUS

Meton reopaanoOKallMd OCHOBBIBAETCS Ha M3JIyUYE€HHMM HAHOCEKYHIHBIX
AJIEKTPOMArHUTHBIX UMITYJIbCOB OIPEEIEHHONH YacTOTHI B 30HIUPYEMYIO CpELy
C MOCJEOYIOLIEH perucTpanueil 1 aHaJIu30M CUTHaA, OTPaKEHHOI'O OT BHYTPEH-
HUX TPaHMIl U JIOKANbHBIX HeogHopomaHocTed [18, 19]. K ocHOBHBIM XapakTe-
PHUCTHKaM, OTBEYAIOUIMM 3a CKOPOCTb PACIPOCTPAHEHUS U 3aTyXaHUsl JIEKTPO-
MAarHUTHOW BOJIHBI B TPYHTaX, OTHOCSTCS OTHOCUTENbHAS TUAIEKTpUYecKas
MIPOHUIIAEMOCTb U 3JIEKTpUYECcKas IPOBOAMMOCTb, KOTOPHIE B CBOIO OuYepeidb
3aBUCST OT paja (GU3HMUECKUX CBOUCTB 30HIUPYEMOTO IPyHTA: MHHEPAIBHOIO U
IpaHyJIOMETPUUECKOIO COCTaBa, BJIAXKHOCTH, INIOTHOCTH, COIEP)KaHUsI OpraHu-
YeCcKOro BelecTBa U T.J. Bapuamuu Takux mapaMeTpoB OMNPEEISIOT, HACKOJIb-
KO TIIyOOKO M KaK TOYHO MOKHO BBISIBHTH OTpPa)KaIOIIWE TPAaHHUIEI B TPYHTOBOM
MaccuBe. BaXHBIM IapaMeTpoM B T€OPaHOIOKAIMH CIYXKUT 4acTOTa U3ITydae-
MOTO CHTHaja, C KOTOPOH CBSI3aHBI NTyOMHHOCTh W pa3pelIaronas CliocOOHOCTh
30H1upoBaHus. CylIecTBYeT ONTUMAIBHBIM JHANa30H 4acTOT, TaK HAa3bIBAEMOE
«reopagapHoe 1miaroy», B uHTepBane yactor oT 10 go 2 000 MI'm [20]. B me-
TOZI€ T€OPaTUOJIOKALIUH HUCTIONIB3YIOTCSI CBEPXIIUPOKONIOIOCHBIE UMITYIIBCHI, Ya-
CTOTHBIH CIIEKTP KOTOPBIX B MPUEMHHUKE TIPEACTABISIET COO0M MPOU3BENCHHE HC-
XOJTHOTO 30HJUPYIOIIETO CUTHANIA HA YACTOTHBIE XapaKTEPUCTUKU cpeabl. Takum
00pa3oM, CyIIecTBYeT NPUHININAIBHAS BOSMOKHOCTD CIIEKTPAIBHOTO aHAIN3a
PETUCTPUPYEMOTO CUTHANA JUIsSl OMpPEAEICHUs TapaMeTpOB 30HIUPYEMOIl Cpeabl
[19]. Hampumep, mOBBIIIIEHNE TIEKTPUIECKON TIPOBOIMMOCTH TPYHTA 32 CUET yB-
JIQ)KHEHUS MIPUBOJIUT K YBEIMUYEHHIO HU3KOYaCTOTHOW COCTABISIOLICH cUTHaa
BCJIEJICTBHUE 3aTyXaHUs BBICOKOYACTOTHBIX FAPMOHHUK.

Jln1s. BBITIOJTHEHUS MONEBOH ChEMKM MCIONB3yeTCsl reopajgap — mpubop, Ko-
TOPBIA COCTOUT W3 TEepeNaronicii U MPUHUMAIONICH aHTCHHBI ¢ (PUKCUPOBAHHOMN
LEHTPATIBHOI 4acTOTOM, Oy10Ka perucTpanuu 1 0o6padborku. HazemHsle reopaauo-
JIOKaIIMOHHEIE (TeopanapHble) M3MEPEHHsI TIPOBOIATCS BIONb MPOQIIIEHOMN JH-
HUU WK 1o cucreme npoduieid. Kondurypauusa cetn HaOM0ASHUH 3aBUCUT OT
XapakTepa, pa3MepoB M ITyOWHBI HCCIEAYEMBIX TpaHuIl U 00beKkToB. [IpnHIMac-
MBI CHTHAJI PETUCTPUPYETCs Kak (YHKINSA U3MEHEHHs aMIUTUTYAbI OTPaKEHHO-
IO IEKTPOMAarHUTHOTO MMILyJbca BO BPEMEHH — reopajiapHas Tpacca, COBOKYII-
HOCTb TaKUX Tpacc GpopMupyeT pagaporpammy. [Ipocnexusas Ha pagaporpamme
P14 OOMHAKOBBIX MMITYJIBCOB Ha COCEJHUX Tpaccax, TaK Ha3blBAEMYIO OCb CHH-
(ha3HOCTH, MOXXHO MPOCIEIUTh OTpaXkarolyro rpaHuny (peduekrop). Kpome
OTPaKE€HHBIX, CYIIECTBYIOT U IPYTrUe€ TUIBl PETUCTPUPYEMBIX BOJIH, HAaIIPUMED
mudparupoanHas. E€ ominyre B TOM, YTO 3IEKTPOMArHUTHBIN UMIYNbC, OTpa-
KEHHBIN OT TOYKU AUQPPAKIUH K TOBEPXHOCTH, HE TIOMINHICTCS 3aKOHY OTpake-
HUS, TPeOYIOLIETo paBEHCTBA YIJIOB MaieHHsI U OTpakeHus. Toukamu audpaxiuu
BEICTYIIAIOT JIOKAJBHBIE OOBEKTHI: BAIyHBI, KOPHH, IIO3€MHBIC KOMMYHHUKAIINH,
pa3Mepbl KOTOPBIX CPABHUMBI MIIM MEHBIIIE AJTUHBI BOJIHBI 30HIUPYIOIIETO CUTHA-
na [19]. Ha pamgaporpammax qudparipoBaHHbIC BOJHBI BBIIEISIOTCS 110 CBOEMY
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roxorpady (3aBUCUMOCTb BpEMEHH IIPUX0JIa OTPXKEHHON BOJHBI OT MPOUJICHHOMN
JUCTaHIUM) B (hopMme TurepOo1, TOUCK U JIOKAJIM3alUs KOTOPBIX SIBJISIETCS BaXK-
HOW cocTapistonield naTepnperanuu (puc. 1). BepmmHa rumep0Ooisl yka3piBaeT
HAa TIOJIOKEHHE MCKOMOTO JIOKAJIbHOTO OOBEKTa, a M0 HAKJIOHY «KPBUIbEB)» TUIIep-
OOITBI OIIpeNIeNsIeTCS CKOPOCTH AIIEKTPOMArHUTHON BOJTHEI BO BMELIAIONICH cpere,
YTO BaXXHO B CIIy4asx OTCYTCTBHUS MH(OpMAIMK O CTPOCHUU U 3JIEeKTpodusmnye-
CKHUX TIapaMeTpax U3yIaeMoro paspesa.

T Rx T R ITuxer [Distance]
) Sy —s

[
ITouga [Soil]

\Vale
T'eopanapusie Tpaccel
[GPR traces]

Bpewms, ue [Time, ns)

IToacTunaroimuii rpyHT
[Bedrock]

Puc. 1. Cxema BeimosHeHUs reopanapHoit cbeMkH (TX — ncTouHnk, RX — mpuemMHuK)

U perucTpupyeMas pagaporpaMma, riae: / — mpsimasi BOJIHA B TpyHTe; 2 — ramnepbona aud-
parupoBaHHOI BOJTHBI HA JIOKAJTBHOM O0BEKTE; 3 — pe(UIEKTOp OT MOACTUIIAIOMINX OPOLT
[Fig. 1. Schematic illustration of GPR reflection profiling (Tx - Transmitter, Rx - Receiver) and recorded
radargram, where: 1 - Direct ground wave; 2 - Hyperbola of the diffracted wave; 3 - Bedrock reflections]

I'my6uHa 3ayeranus OTpaXkaroLUX IpaHull (Z) paccuuTaHa CIEAYIOIUM 00-

pazom:
V xt (1)

>
2
rae V — CKopoCTh 3J€KTPOMArHUTHON BOJIHBI; ¢ — BpeMs IPUX0Jia UMITYJbCA.
CKopoCTh pacmpocTpaHEHHs] 3JEKTPOMArHUTHOW BOJIHBI B TE€OJOTHYECKON
cpezie onpeieNnseTcst Ha OCHOBE MapaMETPOB CPEIbL:

1
V=
iRl @
L Y B
2 e
TI€ € — OTHOCHUTENFHAS TUAJIEKTPHIECKasl IPOHUIIAEMOCTD; |L — MarHUTHAs TIPO-
HUI[AEMOCTh; G — JIEKTPONPOBOIHOCTD; (® — YIIIoBas yactota (o = 27f, f — 1eH-
TpaJlbHas YacTOTa CUTHAJA).

Tak kak GONBIIMHCTBO FPYHTOB — IUIEKTPUKH (| = 1) U UMEIOT OTHOCUTEIIb-
HO HEBBICOKYIO TPOBOANMOCTH (G << ®¢), HEOOXOAUMO IIPUMEHSTH COKpAaIIeH-

HYI0 (opMyIy:
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V= 3)

c
Bt
Je
7€ € — OTHOCUTENIbHAS AUIICKTPUUECKasl IPOHUI[AEMOCTh; C — CKOPOCTh CBETA B
BaKyyMe.

YcnoBueM 00pa3oBaHUSI OTPAKEHHOTO CHUTHAla SIBISIETCS CYILECTBOBaHUE
KOHTpAcTa 3MEKTPOPHU3NIECKIX CBOWCTB TPYHTOB, a IapaMeTPOM, ONPEHEIIIo-
LM €r0 HHTEHCUBHOCT, CIIY)KHT KOO buIHeHT oTpaxenus (K ):

ey \
K, N 4)

IJI€ € — OTHOCHTEJIbHAS [MIIIEKTPUYECKAs POHUIIAEMOCTh BEPXHETO CIIOS; €, —
OTHOCHUTEJbHAS TUAJIEKTPHICCKast IPOHUIIAEMOCTh HIDKHETO CIIOS.

Uewm Omike 3HaueHUE KO (UIIMEHTa K §AMHULIE, TEM sipde TposBisieTcs ped-
JIEKTOp Ha pajiaporpaMme.

OpHUM U3 TIOKa3aTeneil MPUMEHUMOCTH METO/Ia JJISl TIOMCKA JIOKAJIBHBIX 00b-
€KTOB CIIYKHUT pa3pelIaonas CriocoOOHOCTh, OTPEICTIHTh KOTOPYI0 MOXKHO depes
JUTMHY BOJIHEI (A):

r=2 (%)

e V' — CKOpOCTb SIEKTPOMarHUTHOM BOJIHBI; /. — IEHTpalbHas 4aCTOTa CUTHAJIA.
BeptuxansHas (Ar) u ropusoHTanbHas (Al) paspemiaroiye crocoOHOCTH
OTIPEIETICHBI CIICIYIONIIMU COOTHOIICHUSIMHU:

Ar z% Al >~2\h, (6)

rae & — myOuHa 3aIeraHus OTPaXKaroIEero 0ObEKTa.

Jns OTHOCHUTENFHO HHM3KHX TeOpaJapHBIX YacTOT pa3pelIarommasi criocod-
HOCTb COCTaBJISICT JAECATKH CAHTUMETPOB, TOTJA KaK Ui CaMBIX BBICOKHX pa3-
peleHue — nepeble caHTuMeTphl. Hanpumep, 3asBieHHas XapakTepUCTUKA AJIS
AHTEHHOTO OJI0Ka C LeHTpajbHON yacToToi 150 MI' cocraBnser 35 cm, a s
anTeHHbI ¢ yactoTor 1 500 MI't paBHa 5 cm. ToUHOCTH ONIpeEICHHS TTOOKEHUS
OTpakarouiero 00bEeKTa TakKe 3aBHUCHUT OT IIara M3MEPEeHHs 10 Npoduiio u auc-
KpeTHU3aluy CUTHaIa.

Teopaouonoxayus npu ucciredo8anuu KopHegvlx cucmem oepegves. C TOUKU
3peHHs reopauoIOKalluy IPEBECHBIE KOPHU BBICTYIAIOT B KAUYECTBE JIOKAJIBbHBIX
JIUHEHHBIX 0OBEKTOB, T.€. UX OUCKOBBIH MPHU3HAK, KaK YK€ OTMEYaJIOCh BhIIIE, —
rurepOona audparupoBaHHoOi BOTHBEL. OTHOCHTENIBbHAS IUANIEKTPUYECKas Mpo-
HUI]AEMOCTh JPEBECHHBI 3aBUCHUT OT psiia (PaKTOPOB, OCHOBHBIE M3 KOTOPBIX
BOJIOHACBHIILIEHHOCTh U INIOTHOCTD, IIPH 3TOM CYLIECTBYET 3aBUCUMOCTb OT TEM-
MepaTypbl, YaCTOTHI UMITYJIbCa, COJAEPHKAHUA LEJITION03bI U T.1. Kak mokas3bIiBatoT
nmabopaTopHBIe WCCIEeNOBAaHM, HOPMANbHOE 3HAUYCHHE IS CYXOH (BIa)KHOCTD
Menee 30%) apeBecunsl €<10, Torga kKak JIpeBECHHA C BIAXXHOCTBIO MOPSAKA
80-90% moxkeT mocTHurarh 3Ha4eHUH € = 50 u Oonee [21]. JInsg cpaBHEHUS: HOP-
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MaJbHBIE 3HAYCHHSI MTECKA COCTABISIIOT 4—7 €IUHUI] B CyXOM COCTOSIHUH U 5—15
BO BIaxHoM [19]. CrnenoBaTenbHO, CyIIECTBYIOUINI KOHTPACT CBOMCTB obectie-
yuBaeT GopMupoBaHue pediaekTopoB. OCOOCHHO IPKO 3TO MPOSABISIETCS B 3aCyIII-
JIUBBIX PETMOHAX, TJI¢ KOPHEBBIE CUCTEMBI PACTCHUH OOJiee MOIIHBIC H 3aHUMAIOT
OOIBIIYI0 TEPPUTOPHIO, a TAKXKE aKTHBHEH JEMOHUPYIOT BOAY Ha (OHE CyXHX
noys [22]. I3BecTHO, 4TO OTYETIMBO TUNEPOOIIBI HAa PagaporpaMMe MpOsiBIISIOT-
Csl, KOTZIa BIaXHOCTH KOpHeH Ha 35% (u Ooiee) BBIMIE OTHOCHUTEIHHO (POHOBBIX
3HauUeHUH, IpU pazHocTH MeHee 20% KOpHU He BBIABIAIOTCS [23, 24].

JlaGoparopHOoe MOIETHPOBAHUE TTO3BOIIIIO OIPECTHUTh, KaK M3MEHSETCS BOJI-
HOBOE MOJIE TeOpaJUoJIOKAIlMU B 3aBUCHUMOCTH OT AMaMeTpa U DIyOMHBI 3ayera-
HUSI KOPHSI, @ TAKOKE BBIIBUTH BO3MOXKHBIE TTOIXO/BI IS OIICHKH AWaMeTpa KOpHEH
B €CTECTBEHHOM 3aJIeTAHUM MCXOJS U3 MapaMeTpoB IeopafapHOro curxana [15,
24-26]. I1pu 3TOM mIMpOKast BapuaIysi AUAMETPa U MPOTSHKEHHOCTH KOPHEH y Jie-
PEBbEB 3aTPYIHSCT MOTYyYCHUE OJHO3HAYHBIX KPUTEPHUEB JUTS UX HICHTH()UKAIIH.
B Tabn. 1 npencrasieHsl 0000NMIEHHBIE TAHHBIC 10 H3YYSHHIO KOPHEBBIX CHCTEM
METOOM reopaaronokaryy. ConocTaBlIeHHe Pe3yabTaTOB HCCIISIOBaHUH MoKa3a-
JIO CYIIECTBOBAHNE BAPHATUBHOCTH KaK II0 BEIIBIICHHOMY AUAMETPY, TaK U MaKCH-
MaJIbHOW NTyOHHE, YTO 00yCIOBICHO BUJIOM JIEPEBbEB U TUIIOM BMEIIAIOIIETO T10-
YBEHHO-TPYHTOBOTO MaccuBa. OTMEUaeTcs, YT0 MUHUMAJIBHBINA JHaMeTp KOpHEH,
OJIHO3HAYHO (PUKCHPYEMBIi BRICOKOYACTOTHBIMU QHTCHHBIMH OJIOKAMH, COCTaBIIS-
et 0,5 cm [12, 15, 25]. JIoNOIHATENHHO K (haKTOpaM, ONPEACIISIONIM BOJIHOBYIO
KapTHHY, OTHOCUTCS YTOJI IEPECEUCHHs FeopaIapHbIM MPO(UIIeM HATIPABICHHS T0-
PHU30HTAILHOTO pOCTa KOPHS, TIpH yrax <45° u >135° peructpupyemas rurepooia
UCKaXaeTcs, a aMIUIUTYAa OTPKCHHOTO CUTHaJIA cHIkaeTcs [27]. CrnenoBarensHo,
TIPH UCCIIEIOBAHHUAX HEOOXOMMUMO TIOI0MPATh TEOMETPHIO MPOGHUIIEH HAOTFOICHUI
B 3aBHCUMOCTH OT KOH(pUTypaluy KOPHEBOH CHCTEMBI [28], HanpUMep, UCTIONb30-
BaTh NPAMOYTONBHYIO [29] wimH paguanbHyto [30] ceTh nmpoduireit.

BbIsiBIIEHO BIIMSHYE CE30HA HA JETANBHOCTb T€OPalapHBIX HCCIICOBAHUM, B Te-
IUTBIA (JIETHWI) TIEpUOJT BRIIEISETCS OONbIIIee YKCIIO KOpHEeH Ha nryorHax 10 0,5 M,
TOIZIa KaK B XOJOJHBIN (3UMHUIT) IepHoJT BO3pacTaeT B 2 pasa u 0osee KOJINUECTBO
KOpHeH, JTIokau30BaHHBIX HKe 0,5 M ot moBepxHOCcTH [31]. DTO siBIICHUE 00BsIC-
HEHO TIOBBIIICHHBIM COJICPKAHUEM BOJIBI B KOPHSIX JIETOM M KaK CIICJICTBHE POCTOM
UX KOHTpacTa B CPaBHEHHH C BMEIIAIONINMH TOYBaMH. B CBOIO ouepens 3uUMOiA
MIPOUCXOJUT BO3PACTAHUE CKOPOCTH 3NIEKTPOMATHUTHOM BOJHBI B COBOKYITHOCTH C
YMEHBIICHHEM 3aTyXaHHs B MOYBAaX W3-3a MPOMEP3aHUA (T.e. IPOUCXOIUT YBEIH-
yeHue 3¢ PeKTUBHON ITyOUHBI MeToa). TakKe TOUHOCTh UACHTH(PUKAIIMN KOPHEH
3aBHCHUT OT MOIIHOCTH M cocTaBa JecHou moactuiku [32]. [lo cymectByrommm
OLICHKaM, TIPH TIOMOIIM Teopajiapa MOXHO BBISBUTH PACIIOIOKEHHE MOpsi/IKa Ho-
JIOBUHBI KOpHEW W3 O0IIeH CTPYKTYpHI KOPHEBOH crcTeMsbl nepea — 48% [33] u
58% [34]. IIpu sToMm B BepxHeM uHTepBajie <50 CM BBISBICHHBIX KOpHEH Ooblle
B CPaBHEHWH C HIDKEIEeKaMMu ropu3onTamu — 49 k 35% [33] u 60 k 35% [34].

DxcnepumenmanvHas niowadka u oopasyvl oepegves. VlccnenoBanus npose-
nensl B aBrycre 2019 . Ha Tepputopun boranndeckoro caga [lerpozaBoackoro
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TOCYAapCTBEHHOTO YHUBEPCUTETA, PACIONOKeHHOTO B I. IleTpo3aBozcke (puc. 2).
B reonornueckoM miane 3ta TEpPUTOPUS IPECTaBIET COO0H 0Ch AaHTUKIIMHAIIb-
HOH CKIIaJIKH, IPOSBICHHOH B BH/IE MOIIIHOTO KPYTOCKJIIOHHOTO KpshKa CyOIIHpOT-
HOTO NPOCTHPAHUS C U3PE3aHHBIM penbedoM. [ paccMaTpuBaeMOro y4acTka
XapaKTepHO OM3Koe 3ajeraHie KpUCTAIINIECKUX ITOPOJI, KOTOPBIE IIPEACTaBIe-
HBI mopduputamu u Merarypamu. KpyToit penbed He ciocoOCTBOBAN aKKyMyIIsi-
UM PBHIXJIBIX OTIIOXKEHHH, TIPH 3TOM B CAMOM IIOYBEHHOM IOKPOBE COIEpIKaTCS
00JIOMKH CKaJIBHBIX TOPHBIX MOPOJ. B YeTBEPTUUHBIX OTIIOKEHHAX TEPPUTOPUH
mpeo0nagaer cynecyaHas M MecdaHas MOpEHa ¢ MOIIHOCTBIO He Oomee 2 M, a
3HaYMTEIbHBIE TUIOLIAM BOOOIIE JIMIIEHBl YeTBEPTUYHOT0 TToKpoBa [35]. CTpyk-
Typa IOYBEHHOTO MOKpoBa boTraHmdeckoro cama HEOXHOPOIHA M YCIOKHIETCS
C 3amajia Ha BOCTOK, OCHOBHAsI Macca IOYB IpejCTaBlIeHa Oypo3emMaMu Irpyoo-
TYMYCOBBIMH CyIleCYaHbIMH. OTIMIUTEIBHBIME Y€PTAMU 3THX MOYB SBIISFOTCSL:
HaJIn4ue TyMYC-TIPOLYKTUBHOTO TOPU30HTA C CojepKaHUeM yriepona 7—12%,
nanee yriepos yOsIBaeT ¢ TIyOHHOI o 3HaueHmi MeHee 1%, cpeqHuii TpaHyo-
MeTpuueckuil cocraB — 87% mnecka u 13% DIuHbI, BeCh MPOQUIL OXKEIEC3HEH U
o0orarieH JiepuBaTaMy U3 MOJCTHIIAOIINX Topon [36].

a. [Nempo3sasodck
- [Petrozavodsk] -~

DS oL

bomcad lNempl’yY
[Botanical Garden of PetrSU]

Puc. 2. Pacnionoxxenue ydacTtka pabot
[Fig. 2. Location of the site research area]

s sxcriepuMenTa BHIOpaHBI JIBE TUIOMIAJIKKA HA PaccTOIHUH okoio 500 M, Ha
Ka)KIOH U3 KOTOPBIX POCIIN OIXHOBO3PACTHBIE JIEPEBbs — sI0IOHN qoMarrHie Malus
domestica Borkh. YcnoBust npouspactanus s010Hb, TAKUE KaK TOYBEHHBIN COCTaB,
KOJIMYECTBO OCAJIKOB, TEMIIEPATypa, OCBEIICHHOCTh U YPOBEHb BETpPa, PaBHOIICH-
HbI. Ha xax 10t miomake SKCIepruMeHTa BEIOPaHO OTAEIBHO CTOSINEE JEPEBO CO
CpE/THUMH 3HAYCHUSIMH OMOMETPUYCCKUX MTOoKa3aresei (Tab. 2).
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Tabnuna 1 [Table 1]

I¢ddexTHBHBIC AHAMETP U NIyOHHA 00HAPY:KEHUSI KOPHEH METO0M reopa HoI0KALMH
[Effective diameter and depth of root detection by GPR]

lia Willd. [12]

[Spodosol containing 90%
of sand and 10% of clay]

Yacrora Juametp I'my6una
OOBeKT Tum roveTa AQHTEHHBI, KOpHEH, CM | KOpHEH, cM
UCCIIEI0BaHUS [Soil It)}?]pe] MT 1t [Root diameter, | [Root depth,
[Object of the research] [GPR fre- cm] cm]
quency, MHz] | Min | Max | Min | Max
TopHsIe mebHICTO-0p-
CocHa KeIpOBU/IHAS | raHOTEHHEIE TIOUBHI C CO-
Pinus cembroides JepIKaHueM Opr. 10 60% 800 0,6 4,0 1 40
Zucc. [8] [Shallow rocky soils with
organic matter up to 60%]
Kpunromerpus
Qyph_)merla ITecuanbie TOUBBI 900 1.9 7.8 30 80
japonica [Sandy soils]
(L.f)D. Don [15]
Cymnech ¢ cofiepkaHueM
ITepcnk necka 85% u muHb 15%
Prunus persica [Faceville fine sandy 900 1,7 3,2 w/m | 40
(L.) Batsch [37] loam with 85% of sand
and 15% of clay]
Ny6 yrnaca
Quercus douglasii
Hook.&Arn. Kamrranossie 1mo-
Cocna Cabuna YBBI, CYIJIMHUCTHIC 1 000 1,3 10,0 8 35
Pinus sabiniana [Auburn-Exchequer soils]
Douglas ex
D.Don [38]
Tomoms es- ITecuyanbie MOYBBI
TOBHMTHBI ¢ coiep )KaHueM
Populus deltoids | 1ecka 90% nrmmbt 10% | 500 06 | 1,7 | wa | 27
W. Bartram ex [L.aIFeland soils con-
taining 90% of sand
Marshall (1] and 10% of clay]
ITecyanbie MOYBHI ¢
CoZIepIKaHHUEM TIecKa
Cf)CHa JlalaHHas 85-92% u TIHHBI 5—.15% 1500 0,5 6,5 W | 50
Pinus taeda L. [11] [Wakulla soils contain-
ing 85-92% of sand
and 8-15% of clay]
Ilecuanas mroHa ¢
Bsas HpI/ISeMI/ICTHﬁ cofepIKaHUEM IeCKa
Ulmuspumila L. 95% u ruHbI 5% 2 000 0,5 3,5 10 80
[25] [Silver sand containing 95%
of sand and 5% of clay]
Jy® MUPTOIHCTHBII Toxnson g co,uep)KaHnel‘\)/[
Quercus myrtifo- necka 90% u rmambt 10% 2 000 0,5 3,5 | v/m | 60

[Ipu 3TOM MIOTHOCTH M MIAT OCAJ0K Ha 3TUX TUIOMIAAKAX UCKIIF0YaIU cpacTa-
HHUE KOPHEBBIX CHCTEM Y PSIOM CTOSIINX JepEeBhEB. BEIOOP 3THX ABYX KOHKpET-
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HBIX OOBEKTOB OOYCJIOBJIEH BHEITHUMH OTIHYUSMH. OIHO W3 PAaCTEHHH HMeeT
BBIPQXEHHYIO CIIOKHYIO KpUBU3HY CTBOJIA K MEHBIIYIO BBICOTY IO CPaBHEHHIO CO
BTOPBIM, YCIIOBHO-HOPMAJILHBIM (pHC. 3).

Puc. 3. O6pa3zuer o6cnenyemMbIx S010Hb: @ — Ne 1 ¢ rmepBoii IUTOMIaIKu;
b — Ne 2 co Bropoii momanku (pororpaduu A.B. Kabonena)
[Fig. 3. Test samples of apple trees: a - from Plot 1, b - from Plot 2 (Photos by Alexey Kabonen)]

Tabnuna 2 [Table 2]
Buomerpuyeckue nokasarejim McciaeayeMbIX A1epeBbeB
[Biometric indicators of the test trees]

Buomerpudeckue mokazarenu Ob6paszer Ne 1 Obpazer Ne 2
[Biometric indicators] [Sample 1] [Sample 2]

Bricota mepeBa, cM [Tree height, cm] 500 350
JlmameTp KpoHbI, cM [Crown diameter, cm] 400 500
Jlnametp cTBOJIa Y OCHOBAHMSI, CM 49 48
[Diameter of the trunk base, cm]

Juametp cTBoOa Ha BeIcoTe 1,3 M 36 38
[Trunk diameter at a height of 1.3 m]

CpenHerojioBbie peHoMornveckre Gpas3pl y HCCIeayeMBIX 00pa3ioB MPOXO.IH-
JIM NapajuiesIbHO, BO3PACT AePeBbeB — 29 JIeT, 3HaUMTENIbHOH Pa3HUIBI B KOJIUYe-
CTBE €KETOIHO BEI3PEBAIOIINX IUIOOB Y UCCIEAYEMBIX PACTCHHI HE BBISIBICHO.
Ha 6aze cymiecTByromux OTIMYHMI BBIIBHHYTA THIIOTE3a O BIMSAHUH TIIyOUHBI 3a-
JIeTaHMSI CKATBHBIX ITOPOJ Ha GOPMHUPOBaHIE KOPHEBOU CHCTEMEI M KaK CIIEICTBHUE
Ha MPOLIECCHI Pa3BUTHA CTBOJIA U KPOHHI JiepeBa. V3Becten addext cnenuduye-
CKOTO TIPOTEKaHHS IPOIECCOB KOPHEOOPa30BaHUS B 3aBICHMOCTH OT TIOUYBEHHO-
THAPOJIOTHYECKUX YCJIOBUIL. B cilydae 1mo4BeHHOTro MOKpPOBa Majioif MOIIHOCTH
U HaIW4{s KOPHEHETIPOHHUIIAEMOTO TOPH30HTA IPOUCXOOUT NPEKpaIleHHe pas-
BUTHS CTEPKHEBOTO KOPHS C MHTEHCHU(HKAIMEH POCTa KOPHEH rOPH30HTAIBHOM
OpPHEHTANNH, CTPYKTYpa KOPHEBOH CHCTEMBI IIPHHAMAET BBHIPAKEHHBIH MOBEPX-
HOCTHBII XapakTep, 3a4acTyio uMest popMy yceueHHoro koHyca [1]. Kpome Toro,
CUUTAETCSI, YTO HEBO3MOKHOCTh IPOHNKHOBEHHS BEPTUKAIBHBIX KOPHEH BITyOb
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HE TOJNBKO MEHSET CTPYKTYPY KOPHEBOH CHCTEMBI, HO MOXKET ITOBJICYb 33 COOOM
M3MEHEHHsI 1 cIa0bIil POCT HA/I3eMHOM YacTH, a TaKKe paHHee OTMUPAHHUE TUIo-
JIOBBIX JiepeBbeB [39].

[To nuTepaTypHBIM JaHHBIM, yCIOBHO-HOPMAaJIbHAs KOPHEBAsl ccTeMa I0JI0HU
JOMaITHeH UMeeT BUJI, KaK IMoKa3aHo Ha puc. 4. OtMedaeTcs npeodnaganue cke-
JIETHBIX KOPHEN FOPU30HTAIBHOTO HAINIPABIICHUS U PACIOJIOKEHHE X OCHOBHOM
Macchl Ha TITyOWHaX 10 1 M OT ypOBHS MTOBEPXHOCTH. [ OpH30HTATBHBIC CKEJIET-
HBIE KOPHU XapaKTepU3YyIOTCs TUaMETPOM OKoJIo 1-2 cM, a BepTUKaJIbHbBIE — I10-
psanka 4-5 cm. [IpencraBneHHas cxema ONMUCHIBAET OOIIHIA CITydal, Toraa Kak st
CEBEPHBIX TEPPUTOPHIA (K KOTOpbIM OTHOCUTCS U Pecmybnuka Kapenus) xapax-
TEPHO pacrpesielieHne OCHOBHONW Macchl KOpHEH B mHTepBasie 25-50 cMm OoT 1o-
BepxHocTH [Tam xe]. MMeromuecst MpeAnoChUTKY MO3BOJISIOT CIIENaTh BBIBOA O
MIPUMEHUMOCTH Teopagapa sl coopa JaHHBIX, TaK KaK IIyOWHA 3aJleTaHus KOp-
HEBOM CHUCTEMBbI y SI0JIOHU JIOMAallHEeW COOTHOCHUTCS C TIIyOWHOW 30HAWPOBAHUH
BBICOKOYACTOTHOTO aHTEHHOTO Oyoka (cM. Tabi. 1), a TakkKe MPEenoI0KHUTh BbI-
COKYIO HH()OPMATUBHOCTH METO/1a M3-3a OOJIBIIOTO KOJMYECTBA CyOrOpu30HTaIb-
HBIX KOpHEH, KOTOpBIE IPOILE BBIABIATH HA pajaporpaMmax.

4 1 1 1 ! ! L L

|
N7,
T

Y nuxker, M [Y distance, m]
(=}
1

24 L

-3 L

Z riybuna, M [Z depth, m]

-4 T T T T T T T
4 3 -2 -1 0 1 2 3 4

X nuker, M [X distance, m]

Puc. 4. I'opusoHTanbHas U BepTHKaJIbHAS POEKLUH KOPHEBOU CHCTEMBI
s16710HM ToMariHel Bozpactom 20 set, no nanHbM B.A. Konecunkosa (1974)
[Fig. 4. Horizontal and vertical plane of the apple tree root system aged
20 years, according to Venedikt Kolesnikov (1974)]
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Memoouka sxcnepumenma. IloneBrle HaOMIONEHUS TPOBEACHBI WCXOMS W3
MMEIOIINXCS JaHHBIX O CTPOGHHH KOPHEBOW CHCTEMBI sI0oHH JoMarnHed. s
9TOTO BHJA XapaKTepHO HAINIHE B TOPH30HTAIBHOM IPOSKIINH YETHIPEX ITepIICH-
JUKYJSIPHBIX M YETHIPEX TUArOHATbHBIX CKEJICTHBIX KOPHEH, a TakKe pacrpene-
JIEHUE KOPHEH B BEPTHKAIILHON MTPpOoeKInyu Ha TiryouHe ot 20 110 60 cM (cM. puc. 4).
BcenenctBue 3Toro n3amMepeHus BBIOIHEHBI 10 PETYIISPHOI MPsSMOYTOJIHOH CeTH
¢ paccrossHreM Mexay npodunsmu 50 cm (puc. 5). Kaxaeiid mpodwiis HaunHa-
ercsa ¢ otMeTku 0 cM u yBenuuuBaics 1o nukera 600 cM. OcHOBHas Macca Kop-
Hel y S0I0HN ToManTHel 3aueraeT B peAeIax KPOHBI, MOITOMY pa3Mep KasKA0To
ydacTka cbeMku cocTaBuil 600%X600 cM. COOp AaHHBIX BBIIOIHEH TeopaiapoM
OKO-2 «Jloruc-I'eotex» (Poccus) ¢ aHTEHHBIM OJIOKOM, UMEIOIIHM IIEHTPAITb-
Hy!0 yacToTry 1 700 MI'u. Yka3aHHbINM aHTEHHBIH 010K MMeeT (PUKCHPOBAHHYIO
6azy, Imar CKaHUPOBAHHUSI IO TPOQIITIO COCTABIII 2 CM, a BpeMEHHas pa3BepCcTKa
32 Hc, uTo obecneuno NIyOuHy HccneqoBaHui 10 1 M. B pesynbrare s xax-
JI0T0 00pasiia moiaydeH Habop u3 26 npodwieid: 13 Topu3oHTaIBHBIX (HarpasJie-
Hue X) u 13 BepTUKaIbHBIX (HampasieHue Y).

O0paboTKa MOJTYYCHHBIX paJaporpaMM BBITIOJIHEHA CTaHIapTHO [22]: 4acToT-
Hasi QUIBTpAIMs ¥ BBIYMTAHHE CPEIHEH COCTABILIOIICH CUTHANA Ul YUCTKH
3aIicy; BBIICICHHE OONAacTel PacIOIOKEHHUS ITOJIC3HOTO CHTHANA; TIOMCK TH-
nep0oi1 [udparnpoBaHHON BOJIHBI; BHITIOIHEHHE TPOLEYP CHHTE3a arepTypsl U
npeoOpazoBanus ['mibbepra (puc. 6). Onepanus CUHTE3a anepTyphl NOBBIIAST
pa3peniaoyo coCOOHOCTh 3alMCH U YMEHBIIAeT HHTEHCUBHOCTD «KPBUTHEBRY
THIIEepOOIT, 9TO 00SCTIEUNBACT JTYUILIYIO JIOKATH3AINIO0 MECTOTIONOKEHHS OT/CIIh-
HbIX KopHel. [IpeoOpasoBanue [unpbepra MO3BOISIET MPEACTaBUTH Teopadap-
HYIO Tpaccy KaK aHaJIUTUIECKUI CUTHAI (OrHOaromIyIo), KOTOPHI XapaKTepu3yeT
MTHOBEHHBIE aMIUTUTY/IBI 1 [T03BOJISIET OLEHUTh SHEPTHIO (MHTEHCHBHOCTb) OTpa-
JKCHUW B KOHKPETHOHM 00NacTH. YUaCTKH BBICOKMX YHEPTUH COOTBETCTBYIOT KOH-
TPACTHBIM W3MEHEHHUSIM DJIeKTPO(QU3NUECKHX CBOMCTB. V3 IpaKkTHUKH U3BECTHO,
YTO JOCTaTOYHO KPYIHBIE KOPHH MOTYT OTOOpa)kKaThCsi B BOJHOBOM IIOJIE T€0-
parosoKanuy HabOpOM OTpakKEHMH, HalpUMep OT BEepXHeH W HIKHEH 4acTH,
MIO3TOMY X TOJIOKEHHE KOPPEKTHO OMPEACIATH 0 HANOONBIINM aMIUTATYAaM
[15,23].

Jliis epexojia OT BpeMeHHOH (hOpMBI TeopaIapHOH 3alkcH K pa3pe3y DIyOuH
HEOOXOMMO TPHUCBOMTH OTHOCHUTEIBHYIO JHMAIEKTPUYECKYI0 HPOHHIAEMOCTh
€ IUTA KaXXIIOTO OTHENBHOTO CIIOSl CPelbl, B KOTOPOH pacrpoCTpaHsIICS CHUTHAIL
Hcnonesys dopmyny (3), onpenenuts ckopocTsh V, a mo ¢dopmyne (1) paccun-
TaTh DIyOWHY 30HANpPOBaHUs. Bennunna € (vwimu V) onpenenseTcs 1o TaOIHIHbIM
3HaYEHHSIM C UCIIOIB30BaHHEM MapKePHBIX Pe(IIEKTOPOB ¢ M3BECTHOM TIIyONHOI
3aJICTaHUs WIM PACCUUTHIBACTCS 10 HAKIOHY «KPBUIBEB» rUrepOon mudparu-
posanHoii BonHbI [18-20]. [Tocneauuii cocod paccmarpuBaeTcsi Kak Hauboiee
YIOOHBIN, TaKk Kak He TpeOyeT JOMONHUTEIBHBIX paboT U 00ecreurnBaeT J0CTa-
TOYHYIO TOYHOCTBH ONpPEJIENICHUs] NCKOMBIX 3HAYEHUH. YCIOBHEM €ro HpHMEHH-
MOCTH SIBJISIETCS HAJIMYKME Ha 3alMCH YETKUX TUTIep0oi. B paMkax mccienoBanuit
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KOpHEH HCITONb30BaHa TporpaMma cOopa u 00pabOTKH JaHHBIX I'eOpaTHoIOKa-
nun GeoScan32 «Jloruc-I'eotex» (Poccus), rie peanuszoBaHa (QyHKIUS aHAIU3A
rurepOon. [1o pesynbraram paboT A7 BMEIIAONIHX [TOYB € COCTaBIIIA 9 equHNII,
a JUId TOACTWIAIOIIUX MeTary(poB € = 6 eIUHHUIL. DTO TO3BOJIMIO ONPEAEIUTD
ckopocthb V=10 cm/He u rryOuny 3onaupoBanus Z = 70-90 cm. 3nauenune K.,
(4) At TpaHMUIIBI TOYBA — CKATIBHBINA TPYHT cocTapisieT 0,1, 4To CBHICTENBCTBYET
0 CYIIECTBOBaHMHU pedlieKTopa CpeHed HHTCHCUBHOCTH. JMHa 30HIupyroniei
9NIEKTPOMAarHUTHOM BOJHBI B HUCCJIEAYEMbIX MOYBAaX COCTaBIsieT ~5 cM (5), 9TO
MIO3BOJISICT CIETATh BBHIBOA O BO3MOJKHOCTH JIOKATH3AINH OOBEKTOB pasMepamMu
ot 1,2 10 5,0 cM (6). Yka3aHHBIIi AUaNIa30H COMOCTABUM C OXKHJIAEMBIM Pa3MepoM
CKEJICTHBIX KOPHEH SOIOHH JOMAITHEH.

Puc. 5. Cxema pacrnionoxenust npoguieid HabIoaeHUs B 00ciieyeMoii 00nacTu
[Fig. 5. Setup of GPR profiles in the study area]

[Nocne 0OpaboTkK Ha KakI0M TpodHie Mo TUIepOoiaM ONpeAeieHbl MECTOIO-
JIOXKEHUSI KOpHEH ¢ koopanHaramu X, Y, Z. Tak Kak HET OTHO3HAYHBIX NapaMeETPOB,
YTOOBbI OTIMYUTH OTPAXKEHUE OT KOPHSI U, HAIPUMED, BaJlyHa, TMKUPOBAIUCH BCE TU-
niepOonel. IIpearnonaraercs, 4yTo U3-3a NPOTSHKEHHOCTH KOPHU UMEIOT MOJABIIAIOIIEe
KOJIMYECTBO OTPAKEHUH Ha pajiaporpaMMax, a OTPaKeHHUs! OT HHBIX OOBEKTOB CTaTHU-
CTHUYECKH HE 3HAUMMEL. B CHiTy pa3iraHbIX (paKTOpOB CyIIEeCTByeT HEOIPEIEICHHOCT
JUIs TApaMETPOB CUIHAJIA, [I09TOMY HET BO3MOXKHOCTU JOCTOBEPHO IIPOCIIEAUTD €U~
HIYHBIA KOpeHb. BemencTBre Wero BBIMONHEH aHaNM3 KOH(UTypary HEKOTOPOTo
o0Jaka TO4eK, KOTOpoe B MEPBOM MPUOMIKEHHH MPOCTPAHCTBEHHO COOTBETCTBYET
00BEMY cpeltbl, 3aHIMacMOMY KOPHEBOH cucTeMoid. Kpome MecTononokeH!i KopHei
OTIpezieTieHa MOBEPXHOCTh CKAIbHBIX TPYHTOB, KOHTPACTHO BBIAEIISIOIIASCS OT BBIIIIE-
JIEKAIIIX PHIXJIBIX TPYHTOB IO TIPOTSHKECHHON OCH CHH(DA3HOCTH.
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Puc. 6. [Tpumep nporieayp 00pabOTKH pagaporpaMMbl: @ — MOMCK THIIEPOOIT;
b — cuHTE3 anepryp; ¢ — pacyeT FIHEProrpaMMsl (CTPEIKaMH YKa3aHO
MPEANOIaracMoe MECTOMOIOKEHHE KOPHEH)
[Fig. 6. An example of GPR transect processing procedures: a - Search of hyperbolas; b - Aperture
synthesis; ¢ - Calculation of signal amplitudes (arrows indicate the location of the roots)]

Pe3yabTarsl Hec/leoBaHUS M 00CY:K/IeHHEe

BeimonnHeHHBIE paOOTHI 00ECIEYIIIN MTOTyYeHHe Habopa paiaporpamm, 1o Ko-
TOPBIM JIOKATM30BaHBI TUIIEPOOITBI TN(PPAaTHPOBAHHON BOJIHBI, a TAKKE MPOCIIe-
JKE€Ha TPpaHHIa KPUCTAJUTMYECKUX MOpoA. PaccMoTpuM pesynbraTel Ha IpuMepe
IBYX TIEPIICHANKYISIPHBIX MPOQUICH, pacIoNoKEHHBIX B IEHTPE ydacTKa UL
Kax10r0 13 06pas3nos (puc. 7). Panaporpammsl s oopasua Ne 1 xapakrepusy-
FOTCSI XaOTHYHBIM BOJTHOBBIM TTIOJIEM CO BPEMEHAMH PETHCTPAIUH ITOJIC3HOTO CHT-
Hasa 10 15 He. I'paHuIa cKanbHBIX MOPOA UIACHTH(GUIUPYETCS 110 HEBBIJEP)KaH-
HOU OCH CHH(A3HOCTH U N3MEHEHHIO XapaKTepa BOTHOBOTO IO — OTCYTCTBHE
WHTEHCUBHBIX OTPaKCHUH M TOBBIIICHUE 3aTyXaHus curHana. s npoduis mo
HanpasieHuto X (puc. 7, a) mIyOMHA 3aJIeTaHHs CKAJIBHBIX MTOPOJ COCTABISAET
50-72 cwm, runep0oibl GUKCUPYIOTCA Ha MUKeTax OT 25 10 454 cM U B UHTEpBaje
myouH (Z) 2,5-61,7 cm. [Ipodwis mo HanpasneHuro Y (puc. 7, b) Xxapakrepusy-
eTcs CXOAHOM ITyOMHOMH 3aeraHus CKaJabHbBIX NOpoa 54—70 cM, runepOOoIIbl BbI-
SIBIICHBI Ha ITUKeTax 22—544 cM u B uHTepBatie Z = 2,7-61,7 cm. Jlanee ooparumcst
K pesyabrartaM HccliefoBaHusIM oopasna Ne 2. PajaporpaMMbl Ha 9TOM ydacTke
AMEIOT MEHBIINI BPEMEHHOW TIEPHUOJT TIOJIE3HOTO curHaua mopsiaka 12 ue. ['pann-
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I1a CKAJIBHBIX TOPOA JUIS TPOGHIIS 1T0 HAlpaBJIeHHIo0 X YCTaHOBICHA B HHTEPBa-
ne rry6ouH 32—53 cM, runepOoIIbl BBISIBICHBI B [uana3zoHne nuketoB 30450 cm u
7.=2,3-46,0 cM (puc. 7, c¢). [lepnenaukynspHblil npoduis Y (puc. 7, d) obnamaet
CXOXKHMH IapaMETPaMU: CKaJIbHbIE MOPOJBI IPOCIIeKeHbI Ha IyOuHe 4052 cM,
rurnepOoIibl Ha KeTax 76—518 cm u Z = 3,0-42,7 cm.
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Puc. 7. LlenTpanbusie pagaporpammsl 11 oopasia Ne 1 mo Hampasienuro X (a), Y (b)
u oOpasna Ne 2 o Hampasienuo X (¢), Y (d)
[Fig. 7. Central GPR profiles for sample 1 in the direction X (a),
Y (b) and sample 2 in the direction X (c), Y (d)]

B o0miem Bue MOXKHO 3aKJIIOYHUTh, YTO MOYBEHHO-TPYHTOBBIE YCIOBUSA 00b-
exta Ne 1 1 oObekra Ne 2 kapAMHAIBHO OTIIMYArOTCS. B rmepBom cityuae cpemHss
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DyOHHA 3alieraHusl KPUCTAIUIMYECKHUX TOpojL coctapisieT 60 cM u Habmonaercs
KOHYCO00pa3HOEe YMCHBIIICHUE KOJMUYECTBA BBISIBICHHBIX TUIIEPOOI ¢ TyOUHOI.
Bo Bropom ciiydae cpeHsisi niyOuHa paBHa 45 cM, a OCHOBHAsI Macca runepoost
pacnonoxena B nepBbix 30 cM. OT™MeTuM, 4TO Ha y4acTke oOpasua Ne 1 o6Hapy-
)KeHo 366 rurepOoi, a Ha yuacTke oOpasia Ne 2 — 520 runiepOoi. Tak Kak ckeer-
HBIC KOPHH U3-32 CBOCH MPOTIKEHHOCTH (OPMHUPYIOT MOJABIISIONIEE KOIUIESCTBO
runepOos BO BCEX MPOEKIMSAX, THIEPOOIbI MPUHATH B KAYECTBE MPU3HAKOB HX
MecromnonoxeHnus. Kak orMeuanocs Beliie, B cpegHeM peructpupyercs 40-50%
KOpHE# OT 00IIero KoJM4ecTBa, I0ITOMY MPOCTPAHCTBEHHASI CTPYKTypa KOpHe-
BBIX CUCTEM 00CJIeyeMbIX sIOJIOHb OMHCHIBACTCS JOCTATOUYHO TOJHO.

0-10

10-20

20-30

1T T

Hurepsan rmybun, cM [Depth range, cm]

50-60 40-50 3040

N [ O6paser Nel [Sample 1]

|:I O6pa3zer Ne2 [Sample 2]
T T T T T T

T T T T T T T

0 40 80 120 160

BrlsiBIEeHHBIE MECTOIOOKEHUSI KOPHEH, €11.
[Number of root location]

Puc. 8. PacripenenieHue BEISIBICHHBIX MECTOTIONIOKEHHH KOpHEH 1Mo TiryOnHe
[Fig. 8. Distribution of the identified root locations in depth]

Pacmpenenenne KommaecTBa BEIIBICHHBIX MECTOIIONIOKEHIH KOPHEH B 3aBH-
CHUMOCTH OT INTyOUHBI ¢ MHTepBajoM 10 cM mokazaHo Ha puc. 8. BugHo, 4to kop-
HEBBIC CHCTEMBI HCCIIEAYEMBIX IEPEBBEB MMEIOT PsA CYIICCTBEHHBIX OTIMIHH.
Ob6pazen Ne 1 1eMOHCTpUpYET MOCTENIEHHOE YMEHBIIEHUE KOIUYeCTBa KOPHEH ¢
DIyOWHOI M COTNIaCHOE YMEHBIIIEHHE 3aHUMAaeMOH TUTOIIA M, TAaKXKe HaOIromaeTcs
WX KOHIIEHTpAalUs OTHOCUTENbHO mTaMba. O0pazen Ne 2 xapakTepu3yeTcsi MHO-
JKECTBOM KOpHEH B BepxHel yactu paspesa (0—30 cM), 3aHMMAIONINX 3HAYUTEITh-
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HYIO IIOMIab, TOTAA KaK B CaMOIl HIDKHEH YacTH MX KOIUIECTBO PE3KO COKparia-
etcs. CleyeT OTMETHTD, YTO pacipeesieHue KOPHEBOM MacChl 10 ITyOHHE IS
obpasna Ne 1 conocraBumo ¢ oreHkoit B.A. KoecHrukoBa /it sI0I0HB CeBEPHBIX
TeppuTOpuii. B TO e Bpems B 000MX Cilydasix BBISBICHA MPEIPACIIONOKEHHOCTD
MECTOTIONIOKEHIH KOpHEH K 0ONacTIM IOTPY>KEHUS KPOBIH KPUCTAJUTMIECKUX
MIOPOSI.

OnuH U3 COoCOO0B OIEHHUTH MPOCTPAHCTBEHHYIO KOH(HUTYPAILIUIO TIOrpedeH-
HOro 00bEKTa — MCIIONB30BATh MPOEKIMH (Cpe3bl TeopaJapHbIX MapaMeTpoB Ha
(UKCHpOBaHHBIX TIyOMHAX. J{JIs mONMydeHus TOMOOHBIX CPE30B PACCUMTHIBAIOT-
Csl 3HAYEHHMsS] MTHOBEHHBIX aMIUIMTYJ OTPaKEHHOTO CHTHala (IHEprorpammbl),
YTO MTO3BOJISIET MIPOCIICANTD MOJOKEHNE INEKTPOPH3UICCKIX HEOTHOPOTHOCTEH.
KopHu 3a cuer cBoeii BOJIOHACHIIIEHHOCTH KOHTPACTHBI Ha (DOHE BMEIIAIOIINX
TPYHTOB, U 3TO 00CCIIEUMBAET TPACCHPOBAHNE MX IOJIOKEHHUS 33 CUET BHICOKOM
WHTEHCUBHOCTH OTpakeHUs curHaia. [1ogoOHbIi crmocod OLEHKH MCTONb30BaH
IUTSL COCHBI TaganHoi (Pinus taeda), KoTna BBELBISUIUCH KOPHU THAMETPOM Ooliee
2 cM, 1 110 pe3yJbTaTaM COCTaBJIEeHbI KapThl UX pacnojokeHus [40]. B pamkax BbI-
MTOJTHEHHBIX MCCIICIOBAHUN MCITONB30BANICSA CXOKUN moaxon. [l oOcimenyemMbIx
00pa3IoB MOJYYEeHbI MPOEKIIUN HHTEHCUBHOCTH aMILTUTY/Ibl OTPaKEHUH Ha pa3-
HBIX HHTEepBaiax nryouH (puc. 9). CiemyeT OTMETHTH, YTO HMONMYyUYCHHBIE PE3Yilb-
TaThl, B OTJMYHUE OT JIUTEPATyPHBIX NaHHBIX, HE TIO3BOJISAIOT TIOKA3aTh OTAEIbHbIC
KOPHH B CBSI3M C OTCYTCTBHEM OJHO3HAYHBIX KPHUTEPUEB IJIS MPOCICKUBAHUS,
OJTHAKO OTIPENIEICHHYIO MOJIe3HYI0 HH(POpPMaLnIo conepkar. Tak, Hanpumep, ypo-
BeHb Z = 20 cM XapaKkTepu3yeTcsl HaIMINEeM BEICOKOOHEPTETHIECKUX OTPasKeHIH,
KOTOpBIE pacroyiaratlorcss B OONbIIel YacTH HCCIEAYeMOH TUIOMAaN, U 3TO CO-
OTBETCTBYET TOPH30HTY, HaANOOJIee HACKIIICHHOMY KopHSIMH. [l 06caenyemMpIx
pacTeHui KapTUHBI CXOXKHUE, TUIOIIAb, B IpeeNiaX KOTOPOU yCTaHOBJICHbI MHTEH-
CHBHBIE OTpaXkeHusI, 1u1st oopasia Ne 1 cocrasisier 28,7 M2, a st Ne 2 — 26,6 M2,
Wnas xaptuHa HabmomaeTcs Ha miyOuHe Z = 40 cM: 00pasibl OTIMYAIOTCS KAk
IO MHTEHCUBHOCTH HAOIIONAEMBIX OTPaKCHUH, TaK U T10 3aHUMAEeMOU TUTOIIA TH.
BrisiBiieHHBIC U3MEHEHUsT 00YCIIOBICHBI YMEHBIIEHHEM KOJIMYeCTBA U, BEPOSITHO,
CpemHero pa3Mepa KOpHeil B 3TOM HHTepBaie. Briaernsercs 3HaUWTeNbHAS pas-
HOCTb TUTOIIAJIM, 3aHATOW MHTEHCHBHBIMH OTPaKCHUsIMU: 25,6 M? st 06pasia
Ne 1 u 16,9 M? muist o6pasma Ne 2. JTanasie (pakThl CBUIAECTEILCTBYIOT KaK O TPAHC-
(hopmanu KOpHEBOI CHCTEMBI SIOJIOHH IOMAITHEH ¢ TITyOMHOU, TaK ¥ 00 OTIIMYUH
APXUTEKTOHUKU KOPHEBOH CHCTEMBI PacCMaTpUBAEMBIX 00Pa3IIOB N3-32 BISHUS
MMOYBEHHO-TPYHTOBBIX YCIOBHUI.

BzanmootHomenne MophoIoruy KPOBIH KPUCTALIMYESCKUX MOPOI U KOPHE-
BOI CICTEMBI HCCIIEyEeMBIX 00Pa3II0B XOPOIIO HAOIOAAETCS Ha TPEXMEPHBIX MO-
nensx. B paccMarprBaeMoM ciIydae MOJIENU BBHIIOJTHEHHI B BHIE 00JaKa TOUEK —
Habopa YCTAHOBJICHHBIX MECTOINOJIOKEHHH KOpHEH B KOOPJMHATHOW cHUCTEMe
X, Y, Z, COBOKYITHOCTb KOTOPBIX, HECMOTPSI HA HETOYHOCTh ¥ MPUOITH3UTEIBHBII
XapakTep, B MEPBOM MPUOIMKEHUH TO3BOJISET MPOCTPAHCTBEHHO OTOOPAa3UThH
KOPHEBYIO apXHUTEKTOHHUKY HCCIIeyeMbIx 00pasnoB (puc. 10). Ha Tekymiem 3ta-



Onpedenenue apxumeKmonuKy KOPHeeoii cucmeml 195

TIe UCCIICTIOBAaHN TIPOCIICANTD HAMPaBICHUE U Pa3Mephl OTACIHLHOTO CKEJIETHOTO
KOpHSI TI0O Ha0OpYy BBISBIEHHBIX MECTONOJIOKEHHUH HE yaalloch. B mepcnekThBe
€CTh MPEIIOCHUIKH ISl ONpPECIICHHS] TeOMETPHUECKUX MapaMeTpOB KOpHEH B
€CTeCTBEeHHOM 3ajieraHuu. OTAeNnbHbIEe MPUMEPHl MOKA3bIBAIOT TaKyl BO3MOXK-
HOCTh, HO B YAaCTHOM CIIy4ac M3yYCHHUs SKOPHBIX KOPHEH KPYITHBIX JEPEBBHEB C
JraMeTpoM cTBosa 1 M 1 BeIcoTOM 110 20 M [41].
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min| o

Puc. 9. Ilpoekunn amrmutyx otpaxeHuit Ha nryounax 20 u 40 cm:
a — obpazer Ne 1; b — obpazer; Ne 2 (kpyrom 0003HaUECHO TTOJIOKEHUE CTBOJA)
[Fig. 9 Projections of the reflection amplitudes at depths 20 and 40 cm: a - Sample 1; b - Sample 2
(the circle indicates the position of the tree trunk)]

BwmecTe ¢ TeM Ha OCHOBE MOJCIBHBIX HAOMIONEHUH SKCIIEPUMEHTAIBHO T10-
Ka3aHO HalMuue 3HAYUMON KOPPEJALMU MEXAYy AUaMeTpOM KOpHEH M Xapak-
TEPUCTUKAMHU TEOPaJapHOM Tpacchl: BPEMEHHBIX MHTEPBAJIOB OTpaxkeHHH [14],
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3HAYEHUN MaKCUMaIbHOW aMITIUTYIbI [42], a Takke B3aUMOOTHOIIEHUH ATHX
apaMeTpoB, TaK Ha3bIBAEMBIX I'€OpaJapHBIX HHAEKCOB [11, 25-29]. JlaHHbIE HC-
CJIeIOBAHMS MOKa3bIBAIOT Pa3MEPHOCTh KOI(GHUIMEHTa KOPPEISIUN Teopaaap-
HBIX UHJIEKCOB C IMaMeTPOM U OrMomaccoil kopHeii B npenenax r = 0,5-0,8. Onna-
KO Ha IIPaKTHKE HCIIOIb30BAHIE TAKOTO MOAXO0/a 3aTPYAHUTENBHO, a PE3yIbTaThl
KpaiiHe HeofHO3HauHBI. Kpome Toro, 06padoTka G0JIBIIOro KOJTHUECTBA MOJIEBBIX
HaOIOAEeHNH 13-3a TPyROEMKOCTH TpeOyeT NPUBICUECHHS CIEHaTN3HPOBAHHBIX
aBTOMAaTUYECKUX MPoLERyp 00pabOTKU pasaporpamMm.

32 38 44 50 56 62 68
Kposiist ckanbHbIX opoa, cM [Depth of bedrock, cm]

Puc. 10. TpexmepHble MOJCTH KOPHEBOM apXUTEKTOHUKHU: a — obpaser Ne 1; b — obpaszer Ne 2
[Fig. 10. Three-dimensional models of the root architecture: a - Sample 1; b - Sample 2]

[Nony4eHHbIC TaHHBIE XOPOIIO COIIACYIOTCS C BBIABHHYTOW TMIIOTE301 — He-
IyOOKOE 3aJIeTaHne CKaJbHBIX IMOPOJI MPUBOIUT K Je(opManiy KOHPUTYpaITur
KOPHEBOW CHCTEMbI, OCHOBHAsI MAcCca KOpHEW HAYMHACT KOHIICHTPUPOBATHCS B I10-
BEPXHOCTHBIX CIOsIX. TEOPETHUECKH 3TO MOXKET IPUBOAUTH K PA3BUTHIO CIOKHOM
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KPHBH3HEI IPEBECHOTO CTBOJIA, O0YCIIOBICHHOH (haKTOPOM BETPOBAIEHOCTH HIIH
HENPUCTIOCOOJICHHOCTH Je(OPMUPOBAHHONW KOPHEBOH CHCTEMBI MOJIEPKUBATH
(hopMHUPYIOLIYIOCS IO HACIEACTBEHHO-3aKPEIUICHHOH CXeMe HaJ3eMHYIO0 YacTb
pacTeHui, BCIEACTBUE YeT0o MPU YCIOBHO-HOPMAIbHOM POCTE HAJA3eMHON 4acTh
nepopMIpOBaHHAS KOPHEBAsI CUCTEMa HE B COCTOSHHUU YIEPKUBATh POCT CTBOJIA
B BEPTHKAJILHOM HampaBlieHUH. Takue BHEIIHUE YCJIOBHUS NPUBOIAT K HAKJIOH-
HOCTH W CIIOKHOHM KpHUBU3HE, YTO M HAOMIONAeTCs BU3yaIbHO s oOpasma Ne 2.
Crnenmyer OTMETHTb, PACCMOTPEHHE BCETO KOMILIEKCa (PaKTOPOB, ONPENENIONIUX
(hopMupoBaHKE PEBECHOTO CTBOJIA, 1 OOCYKICHNE CTETICHH NX 3HAYUMOCTH BEI-
XOIIUT 32 PaAMKH MPENICTaBICHHBIX UCCIICI0OBAHMUM.

3akirouenne

BeImonnHeHHBIE SKCIIEpUMEHTANIBHBIE pa0OTHI TPOJIEMOHCTPUPOBAIIN BO3MOXK-
HOCTb OIIMCAaHHsl KOPHEBOH apXUTCKTOHHKH JepeBa C HCIIOIb30BAaHHEM METO/A
reopaauonokanuu. OO0OIIEeHHbIE AaHHbIE MOKA3alu, YTO IPENeNbHBIN pa3Mep
OTIENBHBIX KOpHEH, BO3MOXHBIX JUIS ONpeaesieHus, cocrasisier 0,5 cM, aToT
(akT 1Mo3BOSIMII B JAJBHEHIIEM paccMaTpUBaTh CKEJICTHBIE KOPHH KakK OOBEKT
noucka. Ha npumepe u3ydeHnst IByxX 00pasLoB sOJOHH JOMAIIHEH MPOBEICHO
KapTHPOBaHUE CTPYKTYPbI PACIIPEAEIICHNs] KOPHEBOW CHCTEMbI B IOYBEHHO-TPYH-
TOBOM MAacCCHBE, TAKKEe YCTAHOBICHO BIIMSHHE TIyOHHBI 3aJieTaHUsl KPOBIH KPH-
CTAJUIMYECKUX TOPOJl Ha OHTOTeHe3 JepeBbeB. [1o pesysibraram mccieoBaHUM
MOJKHO 3aKJIIOYUTh, YTO F€OPAIHOIOKALNS SBIISETCS MHOTOOOCIIAIOIINM METOIO0M
W3yYeHUs MOA3EMHOI YacTH JepeBbeB, 00eCIEUNBAOIINM BHINOJIHEHNE aHAIN3a
KOPHEBOIl cHCTeMbl 0e3 dKCKaBalMH. B mepcrekTnBe NonoOHbIe HCCIeI0BAHNS
MMEIOT IIPAKTHYECKYI0 3HAYUMOCTh KaK ISl PELIEHHs] arpOTEXHUYECKUX M JIeCO-
YCTPOUTEINBHBIX 3a]1a4, TaK M IIPU KOHTPOJIE 3EJICHBIX HaCa)XICHHUI Ha ypOaHN3H-
POBaHHBIX TEPPUTOPHSIX.
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Detection of the tree root system architecture using Ground penetrating radar

This paper presents the results of an experiment measuring the tree root system
architecture using ground-penetrating radar. Despite the importance of this issue, the
knowledge of the root system of trees remains incomprehensive due to various reasons
including the limitations of research methods. The basic approach to the exploration
of the root system of plants is the root zone excavation method. However, this method
inflicts substantial damage to plants and can lead to their destruction. In some cases,
excavation is impossible or prohibited, i.g. in cities or protected natural areas. Studying
the tree root systems is an urgent issue at the moment and new methods are systematically
used to tackle it. The non-invasive approach to study the root architecture includes
using the methods of geophysics, ground-penetrating radar (GPR) in particular. The
root system of plants tends to adapt to the environment, which includes interaction with
the accommodating soil. One of the natural factors influencing the growth is the level of
the impenetrable soil horizon, which changes both the structure of the root system and
the aerial part of a plant. The aim of this paper is to study the root architecture of mature
trees using GPR, rather than root excavation method, to determine its configuration
depending on the bedding of bedrocks and to justify how changes in the bedrock depth
affects the development of the aerial parts of trees.

The principle of GPR is to examine the propagation of an electromagnetic wave in
a medium by emitting a probing signal and receiving a reflected signal. Underground
objects such as roots are distinguished by diffracted waves (See Fig. I). The summary
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of literature data shows that roots up to 0.5 cm in diameter can be found by a high
frequency antenna (See Table 1). We carried out a field experiment on an apple tree
(Malus domestica Borkh) which grows on the territory of the Botanic Garden of
Petrozavodsk State University (See Fig. 2). This territory is characterized by a thin
soil cover and underlying moraine soils. Below are metatuff bedrocks. We studied two
separate samples. The choice was made due to external differences (See Fig. 3). The
trees growing on Plot 2 (Sample 2 of the experiment) have a conspicuous compound
curvature of the trunk and a lower height than plants from Plot 1 - sample 1 (See Table
2). The two trees underwent annual average phenological stages simultaneously. They
are 29 years old. No significant differences in the annual number of ripening fruits was
revealed. Thus, the experiment was carried out on the two samples growing in equal
conditions but having differences in appearance and biometrics. Literature data show
that an apple tree usually has 4 perpendicular skeletal roots and 4 diagonal skeletal roots
1-2 cm in diameter in horizontal slice. As for vertical slice, tree roots usually lie at a
depth of 20-60 cm (See Fig. 4).

The measurements were carried out with OKO-2 GPR by “Logis-Geotech”
(Russia) with antenna unit (center frequency of 1700 MHz) on a regular rectangular
grid with a space between profile lines of 50 cm. As a result, 26 profiles (13 horizontal
and 13 vertical ones) were obtained for each sample (See Fig. 5). We processed the
obtained radargrams using signal filtering operations, searching for the diffraction
hyperbola, migration procedure to localize the source object and the Hilbert Transform
to examine the energy of the reflections (See Fig. 6). The analysis of the hyperbolas has
determined the relative permittivity of the studied soil and underlying metatuffs. It is
9 and 6, respectively. The electromagnetic wave length in the soil body is 5 cm, which
implies the possibility to distinguish objects sized 1.5-5 cm. This range is consistent
with the expected size of the apple tree taproots. After the processing of each profile,
the roots were localized using hyperbolas and the surface of bedrocks was determined
(See Fig. 7).

We found out that the soil profiles of the two experimental samples were different.
In the first case, the average depth of bedrocks bedding is 60 cm, and there is a v-shaped
decrease in the identified hyperbolas with depth. In the second case, the average depth
is 45 cm and most of hyperbolas are located in the first 30 cm. The examination of the
location of the roots in horizontal slices within an interval of 10 cm shows a change in
the density of the roots distribution as we go deeper (See Fig. 8). The quantity of roots
of Sample 1 gradually decreases with depth as well as the occupied area. In addition,
the roots tend to concentrate near the trunk. Sample 2 has many roots in the upper part
of the profile (0-30 cm) and they occupy a significant area. However, the quantity of
roots in the lower part decreases sharply. In both cases, we detected a predisposition of
the root locations to the areas of the immersion of the roof of the bedrocks. In addition,
a study was conducted concerning the intensity of the reflection amplitudes of both
samples at different depths (See Fig. 9). At the near-surface level (20 cm) there are
high-energy reflections. They occupy most of the studied area, and this corresponds to a
horizon full of roots. A different picture emerges at a depth of about 40 cm. The samples
vary in both the reflection intensity and the occupied area. The revealed changes are
due to the decrease in the roots quantity and apparently to the medium size of the roots.
We examined the correlation between the morphology of the bedrocks top surface and
the spatial root architecture of the samples with three-dimensional models made in the
form of a cloud of points as a set of established root locations in the XYZ-coordinate
system (See Fig. 10).

Our studies have demonstrated the possibility to describe the tree root architecture
by means of GPR. Using the two samples of the apple tree as an example, the structure
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of the root system in the soil-ground massif was determined. Also, we established the
influence of the bedding roof depth of crystalline rocks on the ontogenesis of a tree. The
results obtained prove that GPR is a promising method for studying the underground
areas of trees, which provide the possibility to analyze the root system without
excavation. Such studies may prove useful in the future for both solving agricultural
technology and forest management tasks, as well as for green spaces control in urban
areas.

The paper contains 10 Figures, 2 Tables and 42 References.

Key words: Malus domestica; ground penetrating radar; root architecture;
radargrams; root impenetrable horizon.

Funding: The study has been supported by the current research project of the
Department of Multidisciplinary Scientific Research, Karelian Research Centre,
Russian Academy of Sciences.

The Authors declare no conflict of interest.

References

Kalinin MI. Kornevedenie [Root study]. Moscow: Ekologiya Publ.; 1991. 173 p. In Russian
Kolesnikov VA. Metody izucheniya kornevoy sistemy drevesnykh rasteniy. 2-e izd.
[Methods for studying the root system of woody plants. 2nd ed.]. Moscow: Lesnaya
promyshlennost’ Publ.; 1972. 152 p. In Russian

Bohm W. Methods of studying root systems. Berlin: Springer Publ.; 1979. 188 p. doi:
10.1007/978-3-642-67282-8

Measuring Roots. An Updated Approach. Mancuso S, editor. Berlin: Springer Publ.; 2012.
382 p. doi: 10.1007/978-3-642-22067-8

Dumroesel RK, Terzaghi M, Chiatante D, Scippa GS, Lasserre B, Montagnoli A. Functional
traits of Pinus ponderosa coarse roots in response to slope conditions. Frontiers in Plant
Science. 2019;10(947):1-12. doi: 10.3389/fpls.2019.00947

Montagnoli A, Terzaghi M, Chiatante D, Scippa GS, Lasserre B, Dumroese RK. Ongoing
modifications to root system architecture of Pinus ponderosa growing on a sloped
site revealed by tree-ring analysis. Dendrochronologia. 2019;58:1-11. doi: 10.1016/].
dendro.2019.125650

Al Hagrey SA. Geophysical imaging of root-zone, trunk, and moisture heterogeneity.
Experimental Botany. 2007;58(4):839-854. doi: 10.1093/jxb/erl237

Rodriguez-Robles U, Arredondo T, Huber-Sannwald E, Ramos-Leal JA, Yepez EA.
Technical note: Application of geophysical tools for tree root studies in forest ecosystems
in complex soils. Biogeosciences. 2017;14(23):5343-5357. doi: 10.5194/bg-14-5343-2017
Alani AM, Lantini L. Recent advances in tree root mapping and assessment using non-
destructive testing methods: A focus on ground penetrating radar. Surveys in Geophysics.
2020;41:1-42. doi: 10.1007/s10712-019-09548-6

Hruska J, Cermak J, Sustek S. Mapping tree root systems with ground-penetrating radar.
Tree Physiology. 1999;19(2):125-130. doi: 10.1093/treephys/19.2.125

Butnor JR, Doolittle JA, Kress L, Cohen S, Johnsen KH. Use of ground-penetrating radar
to study tree roots in the southeastern United States. Tree Physiology. 2001;21(17):1269-
1278. doi: 10.1093/treephys/21.17.1269

Stover DB, Day FP, Butnor JR, Drake BG. Effect of elevated CO, on coarse-root biomass in
Florida scrub detected by ground-penetrating radar. Ecology. 2007;88(5):1328-1334. doi:
10.1890/06-0989

Hirano Y, Yamamoto R, Dannoura M, Aono K, Igarashi T, Ishii M, Yamase K, Makita N,
Kanazawa Y. Detection frequency of Pinus thunbergii roots by ground-penetrating radar is
related to root biomass. Plant and Soil. 2012;360:363-373. doi: 10.1007/s11104-012-1252-1


https://doi.org/10.1007/978-3-642-67282-8
https://doi.org/10.1007/978-3-642-67282-8
https://doi.org/10.1007/978-3-642-22067-8
https://doi.org/10.3389/fpls.2019.00947
https://doi.org/10.1016/j.dendro.2019.125650
https://doi.org/10.1016/j.dendro.2019.125650
https://doi.org/10.1093/jxb/erl237
https://doi.org/10.5194/bg-14-5343-2017
https://doi.org/10.1007/s10712-019-09548-6
https://doi.org/10.1093/treephys/19.2.125
https://doi.org/10.1093/treephys/21.17.1269
https://doi.org/10.1890/06-0989
https://doi.org/10.1890/06-0989
https://doi.org/10.1007/s11104-012-1252-1

Onpedenenue apxumeKmonuKy KOPHe6oii cucmembl 203

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Barton CVM, Montagu KD. Detection of tree roots and determination of root diameters by
ground penetrating radar under optimal conditions. Tree Physiology. 2004;24(12):1323-
1331. doi: 10.1093/treephys/24.12.1323

Hirano Y, Dannoura M, Aono K, Igarashi T, Ishii M, Yamase K, Makita N, Kanazawa Y.
Limiting factors in the detection of tree roots using ground-penetrating radar. Plant and
Soil. 2009;319:15-24. doi: 10.1007/s11104-008-9845-4

Fridrikh G, Noymann D, Fogl” M. Fiziologiya plodovykh rasteniy [Physiology of fruit
plants]. Moscow: Kolos Publ.; 1983. 416 p. In Russian

Shkura VN, Obumakhov DL, Luneva EN. Geometriya kornevykh sistem yabloni [ The geometry
of the root systems of the apple tree]. Novocherkassk: Lik Publ.; 2013. 124 p. In Russian
Ground penetrating radar theory and applications. Jol HM, editor. Amsterdam: Elsevier
Publ.; 2009. 544 p.

Vladov ML, Sudakova MS. Georadiolokatsiya: ot fizicheskikh osnov do perspektivnykh
napravleniy. Uchebnoe posobie [Ground Penetrating Radar: From Theory to future
applications]. Moscow: GEOS Publ.; 2017. 240 p. In Russian

Annan AP. Ground penetrating radar principles, procedures and applications. Mississauga:
Sensors&Software; 2003. 278 p.

Torgovnikov GI. Dielectric properties of wood and wood-based materials. Berlin: Springer
Publ.; 1993. 196 p.

Guo L, Chen J, Cui XH, Fan BH, Lin H. Application of ground penetrating radar for coarse
root detection and quantification: A review. Plant and Soil. 2013;362:1-23. doi: 10.1007/
s11104-012-1455-5

Guo L, Lin H, Fan B, Cui X, Chen J. Forward simulation of root’s ground penetrating
radar signal: Simulator development and validation. Plant and Soil. 2013;372:487-505. doi:
10.1007/s11104-013-1751-8

Yeung SW, Yan WM, Hau CHB. Performance of ground penetrating radar in root detection
and its application in root diameter estimation under controlled conditions. Science China
Earth Sciences. 2016;59:145-155. doi: 10.1007/s11430-015-5156-9

Cui X, Chen J, Shen JS, Cao X, Chen XH, Zhu XL. Modeling tree root diameter and
biomass by ground penetrating radar. Science China Earth Sciences. 2011;54:711-719. doi:
10.1007/s11430-010-4103-z

Guo L, Lin H, Fan B, Cui X, Chen J. Impact of root water content on root biomass estimation
using ground penetrating radar: Evidence from forward simulations and field controlled
experiments. Plant and Soil. 2013;371:503-520. doi: 10.1007/s11104-013-1710-4
Tanikawa T, Hirano Y, Dannoura M, Yamase K, Aono K, Ishii M, Igarashi T, Ikeno H,
Kanazawa Y. Root orientation can affect detection accuracy of ground-penetrating radar.
Plant and Soil. 2013;373:317-327. doi: 10.1007/s11104-013-1798-6

Guo L, Wu Y, Chen J, Hirano Y, Tanikawa T, Li W, Cui X. Calibrating the impact of
root orientation on root quantification using ground-penetrating radar. Plant and Soil.
2015;395:289-305. doi: 10.1007/s11104-015-2563-9

Borden K, Isaac M, Thevathasan N, Gordon A, Thomas S. Estimating coarse root biomass
with ground penetrating radar in a tree-based intercropping system. Agroforesty Systems.
2014;88:1-13. doi: 10.1007/s10457-014-9722-5

Wu 'Y, Guo L, Cui XH, Chen J, Cao X, Lin H. Ground penetrating radar-based automatic
reconstruction of three dimensional coarse root system architecture. Plant and Soil.
2014;383:155-172. doi: 10.1007/s11104-014-2139-0

Cui X, Liu X, Cao X, Fan B, Zhang Z, Chen J, Chen X, Guo L. Pairing dual-frequency GPR
in summer and winter enhances the detection and mapping of coarse roots in the semi-arid
shrublandin China. European J Soil Science. 2019;71(2):1-16. doi: 10.1111/ejss.12858


https://doi.org/10.1093/treephys/24.12.1323
https://doi.org/10.1007/s11104-008-9845-4
https://doi.org/10.1007/s11104-012-1455-5
https://doi.org/10.1007/s11104-012-1455-5
https://doi.org/10.1007/s11104-013-1751-8
https://doi.org/10.1007/s11104-013-1751-8
https://doi.org/10.1007/s11430-015-5156-9
https://doi.org/10.1007/s11430-010-4103-z
https://doi.org/10.1007/s11430-010-4103-z
https://doi.org/10.1007/s11104-013-1710-4
https://doi.org/10.1007/s11104-013-1798-6
https://doi.org/10.1007/s11104-015-2563-9
https://doi.org/10.1007/s10457-014-9722-5
https://doi.org/10.1007/s11104-014-2139-0
https://doi.org/10.1111/ejss.12858

204 I1.A. Pazanues, A.B. Kaoonen, A.U. Poouonoe

32. Tanikawa T, Ikeno H, Dannoura M, Yamase K, Aono K, Hirano Y. Leaf litter thickness,
but not plant species, can affect root detection by ground penetrating radar. Plant and Soil.
2016;408:271-283. doi: 10.1007/s11104-016-2931-0

33. Yamase K, Tanikawa T, Dannoura M, Ohashi M,-Todo C, Ikeno H, Aono K,-Hirano Y.
Ground-penetrating radar estimates of tree root diameter and distribution under field
conditions. Trees. 2018;32:1657-1668. doi: 10.1007/s00468-018-1741-9

34. Borden KA, Thomas SC, Isaac ME. Interspecific variation of tree root architecture in a
temperate agroforestry system characterized using ground-penetrating radar. Plant and
Soil. 2017;410:323-334. doi: 10.1007/s11104-016-3015-x

35. Demidov IN, Lukashov AD. Rel’ef i chetvertichnye otlozheniya botanicheskogo sada
petrozavodskogo gosudarstvennogo universiteta kak osnova ego sovremennykh landshaftov
[Relief and quaternary sediments of the Petrozavodsk State University Botanic Garden as
the basis of its present landscapes]. Hortus Botanicus. 2001;1:25-33. In Russian

36. Krasil’nikov PV, Platonova EA. Pochvy zapovednoy territorii botanicheskogo sada PetrGU
[Soils of the protected territory of the Petrozavodsk State University Botanic Garden].
Hortus Botanicus. 2001;1:34-41. In Russian

37. Cox KD, Scherm H, Serman N. Ground-penetrating radar to detect and quantify residual
root fragments following peach orchard clearing. HortTechnology. 2005;15:600-607. doi:
10.21273/HORTTECH.15.3.0600

38. Raz-Yaseef' N, Koteen L, Baldocchi DD. Coarse root distribution of a semi-arid oak savanna
estimated with ground penetrating radar. JGR Biogeosciences. 2013;118(1):135-147. doi:
10.1029/2012jg002160

39. Kolesnikov VA. Kornevaya sistema plodovykh i yagodnykh rasteniy [The root system of
fruit and berry plants]. Moscow: Kolos Publ.; 1974. 509 p. In Russian

40. Simms JE, McKay SK, McComas RW, Fischenich JC. In situ root volume estimation using
ground penetrating radar. J Environmental and Engineering Geophysics. 2017;22(3):209-
221. doi: 10.2113/JEEG22.3.209

41. Altdorff D, Botschek J, Honds M, van der Kruk J. In situ detection of tree root systems
under heterogeneous anthropogenic soil conditions using ground penetrating radar. J
Infrastructure Systems. 2019;25(3):1-8. doi: 10.1061/(ASCE)IS.1943-555X.0000501

42. Dannoura M, Hirano Y, Igarashi T, Ishii M, Aono K, Yamase K, Kanazawa Y. Detection
of Cryptomeria japonica roots with ground penetrating radar. Plant Biosystems.
2008;142(2):375-380. doi: 10.1080/11263500802150951

Received 17 March 2020, Revised 22 June 2020;
Accepted 25 June 2020, Published 25 September 2020

Author info:

Ryazantsev Pavel A, Cand. Sci. (Geol.-min.), Senior Researcher, Department of Multidisciplinary Sci-
entific Karelian Research Centre of the Russian Academy of Sciences, 11 Pushkinskay Str., Petrozavodsk
185910, Russian Federation.

ORCID iD: https://orcid.org/0000-0002-1944-9479

E-mail: chthonian@yandex.ru

Kabonen Aleksey V, Postgraduate Student, Department of Technology and Management of Forest Indus-
try Complex, Institute of Forestry, Mining and Construction Sciences, Petrozavodsk State University, 33
Lenina Ave., Petrozavodsk 185910, Russian Federation.

E-mail: alexkabonen@mail.ru

Rodionov Aleksandr I, Junior Researcher, Laboratory of Geophysics, Institute of Geology Karelian
Research Centre of the Russian Academy of Sciences, 11 Pushkinskay Str., Petrozavodsk 185910, Russian
Federation.

E-mail: fabian4695@gmail.com


https://doi.org/10.1007/s11104-016-2931-0
https://doi.org/10.1007/s00468-018-1741-9
https://doi.org/10.1007/s11104-016-3015-x
https://doi.org/10.21273/HORTTECH.15.3.0600
https://doi.org/10.21273/HORTTECH.15.3.0600
https://doi.org/10.1029/2012jg002160
https://doi.org/10.1029/2012jg002160
https://doi.org/10.2113/JEEG22.3.209
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000501
https://doi.org/10.1080/11263500802150951
https://orcid.org/0000-0002-1944-9479
mailto:chthonian@yandex.ru
mailto:alexkabonen@mail.ru
mailto:fabian4695@gmail.com

