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Joctmkenust B 001acTi OECIMIIOTHBIX JISTATENIBHbIX anmnaparoB v TexHonornn LIDAR crenanu BOZMOXKHBIM T10-
JIy4eHHUE JAHHBIX C BBICOKMM Pa3pelIeHUeM, KOTOPbIE MOXKHO MCIIONIb30BATh JIl aBTOMaTHUECKOro AETEeKTUPOBa-
HUSL OT/ICNIBHBIX JIEPEBBEB M OIICHKH UX OMOMETPUYECKHX XapaKTepPUCTUK. TOYHOCTD MOIyYaeMbIX OLEHOK OCTa-
eTCsl MaJIOM3yUeHHOH B YCJIOBHSIX BBICOKOTO BHJOBOTO pa3HOOOpasMs IEPEBbEB U PAa3HBIX CE30HOB MPOBEICHUS
cbeMKu. Llenbro anHON paboThI cTaja OlleHKa KauyecTBa AETEKTHPOBAHHMS IEPEBbEB U MX BBICOT B CMEIIAHHBIX U
XBOWHBIX HACAK/ICHUSX 110 (poTorpamMmmeTprdeckum 1 HazeMHbIM LiDAR naHHBIM B 3aBUCHMOCTH OT (DEHOJIOTH-
yeckoit azel. B 20192021 rr. 6bu10 MpOBEICHO YeThIpe a’spooToChEMKH ¢ KBaapokonTepa Phantom 4 Pro na
Tepputopun apdoperyma (> 200 Bu1oB nepeBbeB) boranmyeckoro cana [leTpo3aBoackoro rocynapCTBeHHOTO YHHU-
Bepcutera (Pecrryonuka Kapenust, Poccust) B meprosisl 6e31MCTHOTO COCTOSIHUS IEPEBBEB, POCTa 3eJICHON Onomac-
CBI, TIOJITHOTO OOJIMCTBEHHMS M OCEHHETO OKPAIIUBAHMS JIUCTHEB. J[OTOIHUTENBHO K TOMY OBUIO BBITIOIHEHO OHO-
KpaTHOE Ha3eMHOE JIa3epHOe CKaHWpoBaHue HacaxaeHus ¢ nomoripio Leica BLK 360. [Tomy4denst pasHoce30HHbIE
RGB-oprogoToriansl co cBEpXBBICOKUM MPOCTPAHCTBEHHBIM paspenieHueM (1.1-2.8 cm/miKcens) 1 TpexMepHbIe
obJaka ToueK co cpemHeil mioTHOCThI0 4200 Touek/M? (pororpammerpudeckas oopaborka) u 11 600 Touex/m>
(;1azepHoe ckanupoBanue). JlanbHEHIINI aHAIN3 TPOBOJMIIN HA TPEX MOJICIIBHBIX y4acTKaX, pasiiMyalouxcs o
BHJIOBOMY COCTaBYy M IUIOTHOCTH MPOU3PACTaHUs IepeBbeB. B cpene craTucTuyeckoro nporpaMmuposanus R mo
(oTorpaMmeTpruUecKiM 00JIaKaM TOYEK BBINOJIHEH MOUCK BEPIIHH JIEPEBHEB U OIIEHEHBI UX BBICOTHL. B pe3ysib-
Tare YCTaHOBIICHO, YTO aJlTOPUTMbI 00PaOOTKU JaHHBIX a9pO(OTOCHEMKH TTO3BOJIMIM KOPPEKTHO JETEKTUPOBATh
OONBIIUHCTBO JiepeBbeB (78.9%) B MEpHOIIBI TOIHOTO OOMUCTBCHUS M OCEHHETO OKpainuBaHus. OTMEUCHO, 4TO
YMEHBIIICHUE 3€JICHON OMOMacchl Ha JIMCTBEHHBIX JEPEBBSX MPHUBOAUT K YBEJIMUYCHHIO JIOKHOMOJIOKHUTEIBHBIX
(FP) u noxxnoorpunarensusix cpadarbiBannii (FN). [TokasaHo, 4To KOPPEKTHOCTH I€TEKTUPOBAHMUS BEPILIMH Jie-
peBbeB Bo3pacTtaeT Ha 9.4% B cilydae XBOMHBIX JIEPEBHEB C KOHYCOBUIHOM (pOpMON KPOHBI BHE 3aBUCUMOCTH OT
TUIOTHOCTH KPOH ¥ cHIKaeTcst Ha 10% B citydae BBICOKOI COMKHYTOCTH KPOH HIMPOKOJIMCTBEHHBIX MIIM XBOMHBIX
JIEPEBBEB C 11apoo0pa3HbIMU KpoHamu. Harbonee Hu3koe 3Ha4eHHE OIIEHKH Ka4eCcTBa JICTCKTUPOBAHUS I€PEBHEB
F (0.49) BbIsiBNICHO [UIs TIEpHO/Ia OE3IMCTHOTO cocTosiHus. Bricokue 3nadenus kadecta F (0.84) mis nepronos
TIOJTHOTO OOJIMCTBEHMSI M OCEHHET0 OKpAIlMBaHUs MMOKA3bIBAIOT, YTO B LIEJIOM KaueCTBO JCTEKTHPOBAHMS Jiepe-
BbCB OBLIO XOPOIIIMM Ha BCEX MCCIICOBAHHBIX yuacTkax. 3HaueHue F (0.69) myist meprona pocTa OMoMacchl TaKKe
CBHJICTENBCTBYET O BBICOKOM KaueCTBE AETEKTUPOBAHUS JepeBbeB. [IpH cOMOCTaBICHUN OLIEHOK BBICOT JIEPEBHEB
BBISICHEHO, YTO BBICOTBI, OLIEHEHHBIE 10 ()OTOrpaMMETPUUECKIM 00JIaKaM TOYEK, XOPOILIO COINIACOBBIBAINCH C BbI-
COTaMH, U3MEPEHHBIMH JTa3epHbIM ckanupoBanrneM LiDAR (R? = 0.99). Haubosee Ou3Kue 3Ha9€HHs BBICOT OBLITH
TIOJTyYEHBI JIJIS IEPEBBEB ¢ KOHYCOBUIHOM (opmoii KpoHsl. [1o pazHoBpeMeHHBIM (poTorpamMmmeTpryeckum obia-
KaM TOYEK TaK’Ke BBIMOJIHEHA OLIEHKA MPUPOCTA B BEICOTY Pa3HBIX BUJIOB HCCIIEAYEMBIX JIEPEBbEB B repuos ¢ 2019
1o 2021 rr. Haubonpmmmii mprupocT BHICOTHI B roj] ObUT MOyueH ajis Pinus sibirica (52 ¢M), a HAUMEHBIIUN — JUTs
Pseudotsuga menziesii (32 cm). B 11enoM pe3ysbTaThl HCCIICIOBAHMS TIOKA3aIIHd, YTO HCIOIb30BAHHBIC METOIBI MO-
T'YT OBITH YCIICIITHO IPUMEHEHBI IS TIOJIEPEBHOTO KapTorpadupoBaHusl IPEBOCTOEB U OIICHKH BBICOT JIEPEBLEB B
YCJIOBHSIX MHOTOBHJIOBBIX HACQK/ICHUI apOOPETYMOB WJIM TOPOJCKUX MAPKOB, a TAKXKE B IPHPO/IHBIX JIecax.

KiwueBbie cioBa: 1idR, OecnmnoTHbIe JieTaTeIbHBIC anmaparbl, 00TAHMYCCKHUI Call, Ta3epHOC CKaHHPOBAHUE,
apbopeTym, GpeHoIorus, OTOrpaMMETPHS
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BBenenue
becniunorneie nerarenbhbie anmapars! (BILJIA)
U CHCTEMBl JIa3epHOrO CcKaHupoBaHusi Light
Detection and Ranging (LiDAR) ycnemno Hauum
MpUMEHEHHE JUTS PelIeHus 3a1a4 cOopa Hay4dHbBIX
JTAHHBIX B OOJIACTH HCCIEIOBAaHUN OKpY’Karolei
cpenst u 6uotsl (Li et al., 2012; Watts et al., 2012;
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Peerbhay et al., 2013). JlazepHoe CkaHMpOBaHHE
MpeacTaBiIsieT co00i aBTOMaTHYeckoe cdepudec-
KO€ M3MEPEeHHEe OKpyxkaromiero tpexmepHoro (3D)
MPOCTPAHCTBA JIA3EPOM C MOCIIEIYOIEeH perucTpa-
el u3MepeHuit B 1(PPOBOM TPEXMEPHOM BHIIE,
UCIIONIb3YSl MIJUTMOHBI TOYCK IUIOTHOTO OOJaKa.
[TpenmyIecTBO MCIOIB30BaHUS J1a3€PHOTO CKa-
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HUPOBAHUS TP MCCIICIOBAHUH MPUPOTHBIX TePPH-
TOPHUM 3aKIII0YaeTCs B €ro CIOCOOHOCTH OBICTPO,
aBTOMATHYECKH U C JIeTaJIM3allueil Ha ypOBHE MIUJI-
JUMETPOB JOKyMEHTHPOBATh OKpY’Karollee IMpo-
ctpancTBO. BIIJIA MO3BOJIAIOT MOMYyYUTH JTaHHbBIC
B B¢ HaOopa reonpuBszaHHbix RGB (red, green,
blue) potorpaduii, cHATHIX ¢ iepekpbiTHEM. DOTO-
rpaMMmeTpuueckass o0padoTKa 3TUX MaTepHalIOB,
Kak 1 B ciaydae qanHeix LiDAR, mo3Bossier nomy-
YUTh JUI JajbHEHIIEero aHanu3a oOjaKa TOYeK W
TpeXMepHbIe MOJAEIH IMoBepXHOCTH. Kpome Toro,
pe3yiibTatoM  OTOrpaMMETPHUECKONH  00pabOTKH
apisiercs RGB 2D oprodotomuian, KoTopblil cTpo-
uTCs Ha OCHOBE (hoTorpaduii U Moziesiei BBICOT.

B oOmactu u3yyeHus AMHAMHUKH JIPEBOCTOEB
ucnonb3oBanue BIIJIA u LiDAR mno3Bonser Obl-
CTPO MOYYUTh JAHHBIE O CTPYKTYPE JIECHBIX CO00-
IIECTB, HEOOXOIMMBIE IS aHAJIH3a UX COCTOSHHSA
u auHamuku (Liang et al., 2016). Hanpumep, stu
JAaHHBIE BOCTPEOOBAHBI IS OLIEHKU XapaKTepH-
CTHK OTICNBHBIX JEPEBHEB NPU HHBEHTAPU3AIUH
W yTpaBJieHun npupoansiMu jecamu (Lisein et al.,
2013; Hudak et al., 2014) u ropoackumMu mapkamu
(Tasoulas et al., 2013), a Takke OIICHKH CAHUTAPHO-
ro coctostHus apeBocToeB (Safonova et al., 2021) u
MoJienpoBannn yriepoaHoro nukia (Dalponte &
Coomes, 2016; Brieger et al., 2019). Metozs! na-
3€pHOT0 CKaHMPOBAHUS HIMPOKO MPUMEHSIOT JUIs
OLIEHKH OMOMAacChl PEBOCTOSI B JIECHBIX IKOCHCTE-
Max (Burt, 2017). WccrnenoBanust ¢ mpuMeHECHHEM
TPEXMEPHBIX 00JAKOB TOUEK CIIOCOOCTBYIOT 3HAUU-
TEJILHOMY TIporpeccy B pa3paboTke Teopuil (op-
MUPOBAHUS APXUTEKTOHUKU KpoH JepeBbeB (Lau et
al., 2019) u mpeaoCTaBIISAIOT HCXOHBIE TAHHBIC IS
MOJICTIUPOBAHUS POCTA OT/ENBHBIX JIEPEBHEB U Ha-
caxxaenuit (Raumonen et al., 2013).

IIpu 5TOM CTOUT OTMETUTH, YTO B HACTOSIIUI
MOMEHT TOJOOHBIE WCCIICIOBAHMS 3a4acTylO 3a-
TParuBaroT TOJBKO JIECHBIEC YYACTKU C HEOOIbIINM
YHUCJIOM BUJIOB JiepeBbeB (Zhou et al., 2013; Birdal
et al., 2017; Miller et al., 2017; MenBenes u 1p.,
2019; Bennett et al., 2020; Picos et al., 2020) u B
MaJol CTENEeHH MPUMEHSIOTCS Ha TEPPUTOPHSIX
C BBICOKHM BHJIOBBIM pa3HOOOpa3ueM JepeBbeB
(mIpuUpoOAHBIE MHOTOBUIOBBIE Jieca, TOPOJCKHE
napku, AeHapapud u T.1.) (Zahawi et al., 2015;
Otero et al., 2018; IToptHOB U Ap., 2021). B Hc-
CJICTOBAHMSIX, BBIMIOJIHCHHBIX HA OCHOBE JaHHBIX,
nostydeHHbIX ¢ momoineio BITJIA, mokaszano, 4to
MIPUCYTCTBUE JICPEBbEB HECKOJIBKUX BUIIOB, BIpa-
KEHHAs SIPyCHOCTb WJIM HEOJHOPOIHOCTH B IOJIO-
re CHI)KAIOT KaueCTBO MOJIY4YaeMbIX Pe3yJbTaToB
U TpeOyroT BepU(PHUKAIMN HA3eMHBIMH METOAAMHU
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(Alonzo et al., 2018; MBanoBa u ap., 2021). Tak-
K€ U3BECTHO, YTO TIPU PEKOHCTPYKITHMH OTJCTBHBIX
nepeBbeB ¢ momotnpbio LiIDAR BO3HUKAIOT Cl0OXkK-
HOCTH H3-32 Pa3IM4HON MOPQOJIOTUU KPOH JAepe-
BbEB Pa3HbIX BUJOB U BO3PACTOB U MIPOHUKAIOLTUX
cBoiictB LiDAR (Liu & Wu, 2020).

Kpome Toro, Mano uccieqoBaHHBIM OCTaeTCs
BJIIMSIHME CE30HA ChEMKH Ha Ka4ecTBO MOyvae-
MBIX OIIeHOK. Kak rpaBuiio, mpu cOope TUCTaHIu-
OHHBIX JIaHHBIX UCCIICAOBATENH LIEICHANPABICHHO
UCTIONIB3YIOT CHEMKY B OTPE/IEICHHBINA MEPUO]] Be-
reTaluy PaCTEHH, YTO CBSI3aHO C 0COOCHHOCTIMHU
anropuTMOB 00pabOTKHM NaHHBIX. B nccienoBannn
Lisein et al. (2013) 1t moy4eHust MOJIETH BBICOT
TI0JIOTa JIeca aBTOPBI MPOU3BOIMINA CHEMKY B MO-
MEHT MmojHoro oonmucTBeHus, a Onishi & Ise (2021)
— B MOMEHT OCEHHET0 OKpalINBaHUs JIUCThEB. Ps-
JIOM aBTOPOB HCCJIEIOBAHO BIMSIHUE CE30HHOCTH
JIEPEeBbEB HA KaueCTBO OIICHKH XapaKTEPHCTUK
JIEPEBBHEB IO MYJIBTHCIICKTPATHHBIM JaHHBIM. Pe-
synberarkl Jackson et al. (2020) moka3bIBaroOT, 4TO
MOJIETHl B TEUEHUE BECEHHETO ce30Ha Oosee -
(dexTuBHbI (TouHOCTH > 80%) Ans KapTorpadupo-
BaHUs HCKOTOPBIX BHUJIOB JICPEBHEB HA OCHOBE 3HA-
YyeHUH KorpduueHTa oTpakeHus: 1 HHPopMaIu
0 CEerMEHTAIlNN H300pakeHus. Pe3yapraTel Ipyrux
uccnenosannii (Kolarik et al., 2019) noka3siBaror,
YTO BKJIIOYEHHE MOAPOOHON MHOTOCHEKTPAIbHOM
uHpopmaru 00 oTpakaTeIbHOW CIIOCOOHOCTH 3a
npeaenaMu BUJUMOTO CIIEKTpa IOMOTaeT B OIEH-
K€ XapaKTEepPHUCTUK JIEPEBbEB HE3aBUCUMO OT CE30-
Ha. Bompoc BIMsHUS ce30Ha CHhEMKH Ha Ka4yeCTBO
PE3yIBTaTOB, MOMYYEHHBIX MO 00JIaKaM TOYEK WITH
U(GPOBBIM MOJIEIISIM BBICOT, TIOKa OCTAeTCs BHE
BHMMAaHMS UCCIIEI0BATEIICH.

enbto nanHO¥M pabOTHI cTajga OIEHKA Kaue-
CTBa JICTCKTUPOBAHUS JICPEBHEB U HMX BBICOT B
CMEIIaHHBIX U XBOWHBIX HACAKJICHHIX MO (POTO-
rpamMmMeTpudeckuM ©u HazeMHbIM LiDAR pgan-
HBIM B 3aBUCHUMOCTH OT (peHOJOru4Yeckoi (assl.
JocTtmxenue nenn TpebOBalo pelieHus Ciery-
IOIUX 3a7a4: 1) IpoBeleHHE CEepUHU MOJEBBIX
pabor ¢ momomibio BIJIA (a’podoTochemka) u
HazemHoro LiDAR (na3zepHoe ckaHMpOBaHHE) BO
BpeMs pa3HbIX (eHOJOoru4yecKkux (a3 pa3BUTHSA
JIepeBbeB; 2) doTorpammeTpudeckas oopaboTka
a’po(OTOCHUMKOB U CHIMBKA JIAHHBIX JIA3€PHOTO
CKaHUpOBaHUs; 3) JETEKTUPOBAHUE OTIACIBHBIX
JIEPEBBEB M UX BBICOT IO TPEXMEPHBIM OO0JIaKaM
TOYEK B CPEIe CTATUCTHUYECKOTO IPOTPaMMHUPO-
BaHMs R; 4) omeHka kadecTBa JETEKTUPOBAHUS
JIEPEBbEB U CPAaBHEHHE PE3YIbTATOB B 3aBUCUMO-
CTH OT (DEHOJOTHYECKOH (ha3bl.
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MarepuaJj 1 MeTOIbI

JU1 10 CTH>KEH S TOCTaBIICHHBIX 33/1a4 B IIEPHOJL
20192021 rr. 6611 MpoOBEIEH ps a9POhOTOCHEMOK
¢ BIUJIA Ha tepputopun apboperyma (CMelaHHOoe
HACaXJICHHE C BBICOKMM pPa3HOOOpa3ueM BHIOB
nepeBbeB) boranmueckoro caga IlerpozaBoackoro
rOCyAapCTBEHHOI'O YHUBEpCUTETA (ITerpIV,
PeciyOnuka Kapenus, Poccust) B mepuonsl
0€3JIMCTHOTO COCTOSIHUS, POCTA 3€JIEHOM OMOMACCHI,
MIOJTHOTO OOJMCTBEHMSI U OCEHHEr0 OKpallluBaHMS
aucTbeB.  JIOMOJMHUTENBHO K 3TOMYy  ObUIO
BBIIOJIHEHO HA3eMHOE JIa3epHOE CKaHUPOBaHUE
no craHuusM. s ynoOcTBa uurarens jaajiee B
nojipaszenax IpeICTABICHbl OMMCAaHUS PAaliOHA U
00bEKTa HCCIEOBaHHUS M METOIUK IPOBEICHUS
aspodorocheMku 1 HazeMHoro LiDAR.

Paiion uccnedosanuii

borannueckuit can llerpl’V pacnonoxkeH Ha
okpaune . [lerpo3aBozack (puc. 1). On umeer 06-
HIYIO TUIOIIAb 3.66 KM? U pa3/iesieH Ha JIBE 30HbI:
3aMOBEHYI0 0C000 oxpaHseMyo (2.85 kM?), BKITIO-
YAOIIY0 TEOJOTHYECKUI MaMSITHUK TIPUPOJIBI pe-
THOHAJILHOIO 3Ha4eHUs «Ypouuiie YepTroB cTym»
(0.75 km?), 1 xosuekimonnyto 30y (0.81 km?). Ha
KOJUIEKIIMOHHYIO 30HY MPUXOAUTCS UCCIIETYEMbIit
apoopetym momaeto 0.1 km?. Ha MoMeHT nipoBe-
JIEHUS HCCTIeI0BaHMs BO3pACT OONBIIMHCTBRA Jepe-
BbeB coctaBirsut 40—50 e, Beicota — 6oitee 10 M.
CtpykTypa apOopeTyma mpeincTaBiseT CcoOoin
IPYIINOBBIE MOCAIKA MHTPOLYIMPOBAHHBIX B HO-
BbIC KIMMAaTHYECKHE YCJIOBUS MHOTOYUCIICHHBIX
BUJIOB JICPEBbEB U KYCTAPHHUKOB, PACTIOIOKEHHBIX
1o reorpa)uIecKoMy MPHUHIUITY TPEX €CTECTBEH-
HBIX apeanoB (¢uopa JlanpHero Bocroka, ¢mopa
EBponel 1 CeBepoamepukanckas ¢uiopa; Jlantpa-
ToBa M Ap., 2001). Takoil mpuHIIUIT pa3MeNICHUS
KOJUIEKIIMI B apOopeTyMax SIBISETCS TOCTaTOYHO
pacipoCTPaHEHHBIM U B IPyruX O0TaHUYECKUX Ca-
nax Poccun u mupa (Budilovskaia & Shao, 2021).

Pactenuss B apbopeTyme BBICAKEHBI TpyIa-
MU 110 8—15 3K3eMIUISIpOB OHOTO Buja. OCHOBHAS
YacTh TEPPUTOPUU apOopeTymMa XapaKTepusyeTcs
BBICOKMM pa3zHooOpazueMm: 22 cemeicTna, 45 poaoB
u 141 Buja apeBecHBIX pacTE€HUi, KOTOpbIE IMpe.-
ctaBiieHbl 1516 KOJUIEKIIMOHHBIMM JI€PEBBSIMU U
KyCTapHMKaMHu. 3a TMpeleraMud OCHOBHOM YacTh
apOopeTyMa eJMHUYHO BCTPEYarOTCs U JPyTUe KO-
JIEKIIMOHHBIE JIEPEBbs, HE YYTEHHbIE B PaMKax Ha-
CTOsIILIEr0 uccinenoBanus. B DnekrponHoM mpuiio-
’KEHUU MIPUBEJICH MOTHBII CIIUCOK BUI0B OCHOBHOM
gyacTu apOopeTymMa Ha OCHOBE MTPOBEIEHHON MHBEH-
Tapuzaimu. Kpome 3HauMTENbHOIO BUIOBOIO pas-

HOOOpa3usi, HEOJHOPOAHOCTh JTAHHON TEPPUTOPHU
00ycToBiieHa U KPYTHIM pelibe()oM MECTHOCTH C Tie-
penajgoM BbICOT OKOJI0 20 M, UTO OCIIOMKHSIIO TPOBE-
JIEHUE ChbEMOUYHBIX PadOT U JaIBHEUITYI0 00padoT-
Ky JJaHHBIX. 3HaU€HUEe BHICOT HaJl yPOBHEM MOPSI IO
TEPPUTOPUH apOOpPEeTyMa BapbUpPyeT OT 72 M H.y.M.
Ha tore 70 93 M H.y.M. IO CEBEPHOM I'PaHHULIE.
PaiioH ucciienoBaHus pacloioKEeH B CEBEPO-
3arnaJHON YaCcTU YMEPEHHOT0 KIIMMaTU4€CKOro 1o-
sca. XapaKTepHbl TPOAOKUTENIbHAS (4—5 Mecs-
1IEB), HO HE CYpOBasi 3MMa, MO3/IHsSIsI BECHA (arpernb)
C 4YacThIMM BO3BpaTaMH XOJIO/AOB, MPOXJaJHOE U
KOPOTKOE JIETO (2 MecsIia), BEICOKasi OTHOCUTEb-
Hasl BJIQKHOCTh BO3/yXa, 3HAYMTEIHLHOE KOJIUYe-
CTBO OCAJIKOB U HEyCTONYMBBIE TOTOJHBIE YCIOBHS
B TeueHue Bcex ce3oHoB (I'pommes u ap., 2003).
Temneparypusiii pexxum 2019-2021 rr. Ha Tep-
puTopun apOopeTyma MpeCTaBlIeH Ha puc. 2 Mo
naHHBIM MeTeoctannuu Davis Vantage Pro 2 Plus,
ycranoBneHHoi B 100 m 3amajnHee apboperyma.
W3 naHHBIX CIEAyeT, UTO CPEAHET0/10Bast TEMIIEpa-
Typa Bo3ayxa B 2019-2021 rr. cocraBuna 4.45°C,
6.14°C u 3.93°C cootBeTrcTBeHHO. /[aHHbIE MOKa-
3arenu (ocobenHo B 2019 u 2020 rr.) cBUAETED-
CTBYIOT 00 yBEJIMYEHHE B ATOH MECTHOCTH CpEl-
HErofIoBbIX Temrieparyp Ha 2—3°C OTHOCUTENBHO
n3mepennii 10 2000 1. (Pridakos, benames, 2020).
OpHako cienyeT OTMETUTh, YTO IMPEIbIIyIIne U3-
MEpeHHs TeMIIepaTyp, Kak yka3zaHo PbIOakoBbIM,
benamesbim (2020), mpou3BoAMINCH B 7 KM OT
pacmoNoKeHUs METEOCTaHIINU apOopeTyMma.
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Puc. 1. Pacnonoxxenue apboperyma borannueckoro caga

[TeTpo3aBoickOro  TrOCYIAapCTBEHHOTO  YHUBEpPCHUTETa
(Pectiyonuka Kapenusi, Poccus). O6o3nauenus: 1-3 —
UCCJICIOBAHHBIC YYACTKH.

Fig. 1. Location of the arboretum of the Botanical Garden
of the Petrozavodsk State University (Republic of Karelia,
Russia). Designations: 1-3 — study sites.
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Puc. 2. Cpenuue 3HaueHHs TEMIIEpaTyp Ha TEPPUTOPHH ap-
6operyma boranndeckoro cazna IlerposaBosckoro rocynap-
ctBenHOTO yHHBepcuTeTa (Poccus) B 2019-2021 .

Fig. 2. Average temperatures in the arboretum of the Bo-
tanical Garden of the Petrozavodsk State University (Rus-
sia) in 2019-2021.

[lepron co cpenHECYyTOUHBIMHU MOJIOXKHUTEIb-
HBIMHU TemImeparypamu Bosayxa B 2019-2021 rr.
COCTaBIISZT  OKOJIO BOCBMH ~ MecsneB  (230—
240 nueii). [lepexon cpenHecyTOUHOM Temmepary-
pbl uepe3 0°C (HacTymieHHE BECHBI) MPOUCXOAMIT
B IIEpBBIX yMciax anpeisd. B 20-x uucnax ampens
OTMEUAJIOCh YBEIWYEHHE CYMMbI 3((PEKTHBHBIX
temneparyp Boiie +5°C. B Hauane mas 0xxu1aeMo
IIPOMCXOJMII POCT 3€J€HON OMoMacchl pacTeHHH,
orMmeuanack (enonorudeckas ¢aza «Hauamo pas-
BepThIBaHUS JHCThEB (MU xBou)» (Onset of leaf
flushing, BBCH 11). 3aeck u nanee Hazanus ¢e-
HO(a3 MPUBOIATCSA B COOTBETCTBUU C METOINYEC-
KUMH peKoMeHaanusmMu Mwununa u np. (2020),
Meier et al. (2009) u Meier (2018). Jleto (ycToii-
YUBBIA MEPEXOJ CPEIHECYTOUHOM TeMIIeparyphl
Bo3ayxa uepes +10°C) HacTymano B Hadaje UIOHA
Y 3aKaHYMBAJIOCh B KOHILIE aBrycra. [Iuk npupocra
MaKCHUMAJIbHOW CpPEAHECYTOYHOM TEMIIepaTyphl
IIPUXOAMIICS HAa CEpEAMHY MIOHS — UIOJNS. 3a 3TOT

NIePUOJ] PACTCHHUS JOCTUTAJH TTOJIHOTO OOJIMCTBE-
Hus (penonoruueckas dasza «I[lonnoe obmucTse-
Hue» (Onset of leaf-out, BBCH 12-13)).

Knumarnueckass ocenp u Qenodaza «Haua-
JI0O OCEHHEro OKpammBaHus JucTheB» (Onset of
autumn colouring of leaves, BBCH 92) naunnanace
B Hayasie CeHTAOps, U K 20-M yucIaM 3TOro Mecs-
11a YK€ 0TMeuascs MAaCCOBBIM XapakTep OKpalllvBa-
Hust uctbeB (Mass change in colouration of leaves,
BBCH 94) y Gonplieii yacTi BUIOB JIepeBbeB apOo-
peryma. OfHaKO y psiia BUIOB B 9TOT TIEPHOJ yKe
obuta otmeueHa ¢eHopasza «Hauamo mucromamay
(Onset of leaf abscission, BBCH 93), uto BbIHYyI1-
JI0 TIPOU3BOIHTH a3pPO(OTOCHEMKY HMEHHO B 3TOT
nepuon. Koner nmuctonaga (End of leaf abscission)
WIA KOHEI KJIMMaTHYeCKOW OCEHU 3aKaHYHBAIUChH
MEPEXo7OM CPEIHECYTOYHON TeMIlepaTypbl HUKE
0°C B KoHIIe HOAOPS (HACTYIUIEHHE 3UMBI).

JlaHHbIE pe3ybTaThl HE MPOTUBOPEYAT BBIBOJAM
npyrux aBropoB (Kumenko, 2014), rccnenoBaBimx
(eHonornyeckoe pa3BUTHE UHTPOAYLIMPOBAHHOW U
MecTHOU (DIIOpBI B YCIIOBUSIX F0HOM Kapenmwm. Dtu
OOCTOSITENTLCTBA ONPENCTMIA BpeMsi TIPOBEACHHS
aspodorocheMok 1 cheMok LiDAR: Bo Bpems Ge3-
JIMCTHOTO COCTOSIHUSI pacTeHWI Oe3 TOKpoBa CHera
(mo mast), pocra 3ereHol OrMomacchl (C Havyajga mas
JI0 CepEeMHBI UFOHSI ), TTIOJTHOTO OOJIMCTBEHUS (C cepe-
JIMHBI MIOHS IO CEHTSOPS) 1 OCEHHETO OKPAITBAHUS
(cenTs10pp). A3podoTocheMKa U JIa3epHOE CKAaHUPO-
BaHUE MPOM3BOJWINCH IO BCEW TeppUTOpUU apOo-
peryma. OnHako Juisi JajdbHEHIIero aHaiamsa ObUTH
B3ATBHl TPH MPOOHBIX YYACTKA, PA3TAYAIONIUXCS I10
COCTaBY M BO3pAcTy JIEPEBbEB, a TAKKe IUIOLIAH
(Tabm. 1), pacronoKeHHBIX COOTBETCTBEHHO B KaX-
JIOM M3 CEKTOpOB apboperyMma (puc. 1).

Tadmuna 1. XapakTepucTHKy MPOOHBIX IUIONIAI0K UCCIICAOBAHUS HA TeppuTopuu apboperyma boranndeckoro cana Ilerpo-

3aBOJICKOTO rocyAapcTBeHHOro yHuBepcurera (Poccus)

Table 1. Characteristics of study sites for tree attributes investigated in the arboretum of the Botanical Garden of the Petroza-

vodsk State University, Russia

[MapameTpbt VYuyacrok 1

VYyacrok 2 VYuyacrok 3

Pacnionoxenue yyactka B apbopeTyme EBporneiickuii cexrop

CeBepoaMepHUKaHCKUI CEKTOP A3narckuii cexTop

HaMU KPOH JI€PEBLEB, M

Tlnomaas yuactka, M2 4400 3500 2800
CpenHuii BO3pacT JIepeBbeB, JIET 51+5 43 +7 48+ 4
Obmee ¥HCIO CTBONOR (IMCTBCH- 58 (41/17) 53 (14/39) 45 (11/34)
HBIX/XBOHMHBIX), IIT.

CpezHee paccTOSHUE MKy BEpILIH- 35 37 42

Picea pungens Engelm., Ulmus
laevis Pall., Thuja occidentalis L.,
Betula pendula var. carelica (Mer-
ckl.) Hamet-Ahti, Pinus sylvestris
L., Larix decidua Mill., Tilia cordata
Mill., Acer platanoides L., Quercus
robur L.

Buner nepesben

Abies balsamea (L.) Mill., Abies fraseri
(Pursh) Poir., Betula pendula Roth, Thuja
occidentalis L., Populus % canadensis Mo-
ench, Pinus strobus L., Pinus sibirica Du
Tour, Pseudotsuga menziesii (Mirb.) Fran-

co,

debr., Quercus robur L., Pinus sylvestris L.

|Abies sibirica Ledeb., Pinus ko-
raiensis Siebold & Zucc., Pinus
sibirica Du Tour, Juglans man-
dshurica Maxim., Betula erma-
nii Cham., Tilia amurensis Rupr,

Abies concolor (Gordon) Lindl. ex Hil-|Prunus maackii Rupr.
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Memoouxka npoeedenusn apogpomocvem-
ku ¢ BIVIA u pomocpammempuueckan oopa-
oomka 0anHbIX

B 2019-2021 rr. ObIIO MPOBEAECHO HECKOIBKO
ChEMOK ¢ ToMoIIbI0 KBajapokontepa DJI Phantom
4 Pro V2.0. Otor BIUIA ochaiieH uHepLuaib-
HBIM n3MeputenbHbiM Onokom (IMU) u GPS, xo-
TOpBIE ONPEAEISIIOT MOJIOKEHUE U BBICOTY JPOHA B
IIPOCTPAHCTBE BO BpeMs IoJieTa, Onarogaps yemy
dotorpaduu momy4aroTCs ¢ M3BECTHBIMU Teorpa-
(buyeckuMU KOOpIMHATAMH MX LIEHTPOB (TOUHOCTH
nosunuonnposanus GPS, kak 3asBieHo mpowus-
BonuteneM, coctasisier ot 0.1 m mo 1.5 m). Tak-
K€ ATOT JOPOH OCHAIICH YIy4IIeHHOW HU(POBOI
kameporr FC6310S ¢ mmpoKoyrojibHbIM OOBEKTH-
BOM U 1-mroriMoBEIM 20-MeranmukcenbHEIM CMOS-
CEHCOPOM, CIIOCOOHBIM YJIaBIMBATh KPACHO-3€JICHO-
cunioro (RGB) undopmaruio B BUIUMOM CIIEKTpE.
N3o6paxenns RGB, nomyueHHbIe ¢ TOMOIIBIO ATOM
CUCTEMBI, UMEIOT pazMep 5472 x 3648 nukcenew,
IIPOCTPAHCTBEHHOE pa3pelIeHue pe3yIbTUpYIollie-
T'0 KOMITO3UTHOTO M300pa)KEHUS 3aBUCHT OT BBICO-
THI MTOJIETA IPOHA U TIEPEKPBHITUS CHUMKOB.

OnsiT npumenenus BIUIA noka3seiBaer, 4yTo U3-
BECTHbIE U TIOMYJISPHBIE PELIeHUs Ui IIaHUPOBa-
HHS MaplIpyTa TojieTa Ha MOOWIBHBIE yCTpPOHCTBA
Android u 10S, Hanpumep, Takue Kak MPUITOKCHUS
Pix4DCapture u DroneDeploy, nmerot cBoto crienu-
(GUKy, KOTOPYIO BAXHO YYUTHIBATh Y€ HA CTaJIUU
MIPETOIETHON MOATOTOBKH JIETATENIbHOTO armapara.
OTH NPUIOKEHUS TIO3BOJISIIOT IPOBOAUTH TOJIET I10
3apaHee 3a/JaHHOMY MaplIpyTy U B aBTOMarH4YeCKOM
pexuMe Jenarsk cepuro (ororpaduii ¢ HEOOXOIUMBIM
1utst (pororpammeTprdeckoii 00pabOTKH TIPOIOTEHBIM
Y NIONEPEYHbIM NepeKpbIiTieM. OHAKO B paMKax JlaH-
HOT'O MCCIIC/IOBaHUsI U3-3a TIOMEX CBSI3U ITyJIbTa KOH-
Tposiepa ¢ BIIJIA npon ynpapisuicst TUIOTOM BpyY-
HYIO € TIOMOII[bI0 MOOMITEHOTO Ipuiokennst DJI GO 4
0e3 UCII0IB30BaHus ABTOMATHYECKOTO 33/IaHKS MapIII-
pyTa noneta. Tak Kak ucciemxyemasi TEppUTOpHsI UMe-
€T OPUEHTUPbI HA MECTHOCTU (IPYMIOBBIE MOCATAKU
U3 Pa3HbIX BUJIOB JCPEBBEB), @ CaM MapIIPYT MojIeTa

0TOOpakaeTcsl Ha KapTe MOOMJIBHOTO MPUIIOYKEHHS B
PEKUME peasbHOTO BpeMeHH, To orieparopom BITJIA
ObLIa BBITIOJIHEHA CEpUs MPOJIETOB MapalieIbHbIMU
JMHUAMH TI0 TEPPUTOPUN apOopeTyma ¢ J0CTaroy-
HBIM TIEPEKPHITUEM CHUMKOB ISl JaJbHEHIIIeN Kave-
CTBEHHOM PEKOHCTPYKIIMH IIOTHOTO obnaka Touyek. B
JanpHeileln gororpaMmerpryeckoi 06padboTke (CM.
HIDKE) OBLIO YKA3aHO BBICOKOE MEPEKPHITHE CHUMKOB
JUISL BCEX UCCIENyeMbIX Tepputopuid. I1o Bu3yanbHO-
MY aHaJIM3y OHO cocTaBisuio oT 70% 10 90%.

Jlis mepronoB OE€31MCTHOTO COCTOSIHUS, PO-
CTa OMOMACCHI, TIOJTHOTO OOJHMCTBEHUS M OCCHHE-
TO OKPAaIIMBaHHS TMOJETHI MPOXOAMIH MPU Pa3HBIX
BbicoTax. [Ipm 3TMx BbICOTax (Qortorpadum moy-
YaroTcs C O4Y€Hb BHICOKUM MPOCTPAHCTBEHHBIM pas-
pelieHreM ¢ pa3dpocoM B mpezaenax 1 cm/mukcenb
B 3aBHCHUMOCTH OT JIOKAJIbHBIX MepenaioB penbeda
U BBICOTHI MoJieTa. KomuuecTBo u cienmduka aspo-
¢doTocbeMOK ObUIM  OOYCIIOBJIEHBI HECKOJIbKHUMU
MPUYHMHAMEU: HEOOXOIUMOCThHIO (PoTOUKCAITHH JIe-
PEBBbEB HIDKHHUX SIPYCOB U KYCTAPHHKOB, HAXO[Is-
IIMXCS IO MOJIOTOM BEPXHEro sipyca IIMPOKOJIU-
CTBEHHBIX JIEPEBHEB, OMHCAHUSA (PEHOIOTHMUECKOM
(da3pl 1epeBbEB U MOCTPOECHUEM CE30HHBIX IUIOT-
HBIX 007aK0oB Touek. Puc. 3 mokaspiBaeT npumepsl
nosnetHelx RGB-dotorpaduii. B Tabn. 2 npusene-
HBI XapaKTEPUCTUKU JUIsI BCEX MOJIETOB.

dotorpammerpudeckas  00paboTKa  CHHUMKOB
MPOXOJMyIa B TIPOrpaMMHOM obecrieueHnn Agisoft
Metashape Professional version 1.7.3 (Agisoft LLC,
2019), B KOTOpOM peann30BaHa aBTOMATH3HUPOBAHHAS
TexHonorus co3manus 2D mranos u 3D monenel Ha
OCHOBE ITU(POBBIX CHUMKOB. /[aHHAast porpamma Ha-
1U1a MHUPOKoe MpuMeHenue B Poccun u B Mupe B 00-
JIACTU HAYYHBIX M MPUKJIAIHBIX 337ad, PELIacMbIX C
npumeHenrieM BITJIA (Zhang J. et al., 2016; Anenxo
u 11p., 2017; Otero et al., 2018). C 2020 . mporpamma
MOJIEPKUBAET UMIIOPT JTaHHBIX JIA3€PHOTO CKaHUPO-
BaHUs B (HOTOrpaMMETPHUECKYI0 00pabOTKy. AJro-
puT™M 00pabOTKK BKITIOYAT BHIPABHUBAHHE CHUMKOB,
MOCTPOEHUE TUIOTHOTO OONaka TOYEeK, PacTpPOBOM
1 (poBOI MOIEH BBICOT U OPTO(OTOIIIAHA.

Tadmuna 2. TexHnueckne XapakTepUCTHKH MTOJIETHBIX TUIAHOB M MaTepHaioB ()OTOTpaMMETPUIECKON 00pabOTKH, MOTyYeH-
HBIX Ha OCHOBE PAa3HOCE30HHBIX a3pO(OTOCHEEMOK TeppuTopun apboperyma boranmueckoro cazna [lerpozaBoackoro rocynap-

cTBeHHOTO yHUBepcuTeTa (Poccus)

Table 2. Characteristics of flight missions and date of the photogrammetric processing, obtained on the basis of multiseasonal
aerial photography of the arboretum of the Botanical Garden of the Petrozavodsk State University, Russia

Yucno cnenannbix | Pasperienue oprodororuiana, | IInoTHOCTH 00NaKa TOYCK,
ITepuon nonera Jara Bricora nonera, m R
CHHMKOB, IIIT. CM/TIUKCEIh TOYCK/M?
BesnucrtHoe cocTosiHne 28.04.2020 45 974 1.1 4600
Poct Guomaccht 22.05.2019 80 683 2.8 4300
[TonHoe obnucTBeHne 21.06.2021 70 732 2.7 3800
OceHHee OKpallBaH1e 21.09.2021 60 894 1.2 4100
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Puc. 3. IIpumep RGB-¢pororpaduii apooperyma boranndeckoro caga [1eTpo3aBoacKoro rocynapcTBEHHOIO YHHBEPCHTETA
(Poccust) ¢ ueTbIpex paszHbIX 1mosieToB. O003HAYEHHS: a — HepHOoJl OE3IIMCTHOTO cOCTOsIHUS (BbIcoTa: 45 M), b — pocT Ouomacchl
(BeIcoTa: 80 M), ¢ — mostHOE oOnHcTBeHME (BhicoTa: 70 M), d — OCeHHEe OKpalllMBaHKE JIUCTHEB (BbicoTa: 60 M).

Fig. 3. An example of RGB-photographs of the arboretum of the Botanical Garden of the Petrozavodsk State University (Rus-
sia) from four various flights. Designations: a — period of leafless state (height: 45 m), b — leaf biomass growth (height: 80 m),
¢ — complete foliage (height: 70 m), d — autumn leaf colouring (height: 60 m).

Bcero 6bu10 06padotano ot 122 000 (daza po- Memoouka nazemnozo 1a3epHo20 CKAHUPO-
cta 6momaccsl) 10 740 000 (dhaza oceHHETO OKpa-  GAHUA U NEPEUYUHbBIE Pe3)IbHANbl
[IIMBAHMSI ) CBSA3YIOIIUX TOUEK CO CPETHEN HEBSIZKOM Jns uccienoBaHUM pacTUTENbHON Ouo-

(ommOKOM penpoeUpOBaHUs, T.€. PACCTOSHHEM ThI Yallle BCEr0 MPUMEHSIOT CIeIyIONIue BUIbI
MEX/Ty UCXOIHOM MPOEKINEeH TOYKM Ha CHUMKE M JIa3epHOTO0 cKaHupoBaHus: 1) BoznymHoe na-
MPOEKIME BOCCTAHOBICHHON TpeXMepHOU Touku 3epHoe ckaHnupoBaHue (BJIC), ocHoBaHHOE Ha
Ha 9TOM XK€ CHUMKe) 110 BceM nosieram (.52 mukce- NpUMEHEHHE ChbeMKHU C 0€CIUIIOTHOTO BO3YII-
151 pasmepom 2.41 x 2.41 mxm. B pesynbrare Opitt - HorO cyaHa (Wehr & Lohr, 1999). U3nyuaemble
noiTyueHsl pasHoce3onHble RGB-oprodoromnaner  umnynscsl LIDAR Bo Bpemst BJIC mponukaror
CO CBEpPXBBICOKHM IPOCTPAHCTBEHHBIM pa3pele- HUKE BEPXHETo spyca 1epeBbeB U, TAKUM 00pa-
HueMm (1.1-2.8 cm/mukcens) B popmare GeoTiff B 30M, MO3BONSAIOT pETUCTPUPOBATH MHOKECTBEH-
cucreme koopauHat WGS84. Coznannbie opTroo-  HbIE BBICOTHBIE CUTHAJIBI U JOCTUTATh 3€MJIHU B
TOILJIAHBI OBUTM AKCIIOPTUPOBAHBI B T€OMH(OpPMa- JIECHBIX palloHax, YTO TMO3BOJSAET OIEHUBATh
[IMOHHYIO cucTeMy boTaHnueckoro cajia c aneMeH-  XapaKTepUCTUKH OTAEIbHBIX nepeBbeB (Hyyppa
TaMHU TOYEYHOTO KaprorpadupoBanus pactenuid B et al., 2008; Véga & St-Onge, 2009). 2) Hazem-
nporpaMmmHoM obecriedernnu Maplnfo (IIpoxopoB Hoe nazepnoe ckanupoBanue (HJIC), ocHoBan-
u 1p., 2013; Kabonen, Aujprocenko, 2018). Opro- Hoe Ha MpUMEHEHWH cheMKH ¢ 3emiu (Petrie
dororuian apboperyma B nepuon ocernero okpa- & Toth, 2009; Reshetyuk, 2009; Vosselman
IIMBaHUS JIMCTHEB JOCTYIEH 4epe3 penosutopuii & Maas, 2011; Liang et al., 2016). HJIC Tak-
Zenodo (Kabonen, 2022), pekoHCTpyHpOBaHHOE K€ MOApaszlelsieTcs Ha: a) MOOWiIbHOE (mepe-
IUTIOTHOE OOJIAKO TOYEK MPEICTABICHO Ha pHC. 4. MEIIEHHE CKaHepa [0 TEPPUTOPUM B MOMEHT
TekcTypupoBaHHBIE TONUTOHANBHBIE 3D-Momenn  cbeMKH); 0) HEPCOHAIBHOE UM CTAllMOHAPHOE
JUTSL BCEX MEPHOJIOB AKCTIOPTUPOBAHKI Ha IIatop- (chbeMKa Mo craHuusM). Bes cbeMka Teppurto-
My nipocmotpa 3D-monpeneit Sketchfab n moctyn- puum apboperyma nNpou3BOAMUIACH IO CTAHIUAM
HblI 110 cebuike (https://sktb.ly/08SuX). CTAalMOHAPHOU CHEMKH.
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Puc. 4. ITnotHOoe o6mako Touek apdoperyma boranudeckoro cana Ilerpo3aBonckoro rocygapcTsenHoro yuusepcurera (Poc-

CI/IH) B II€PUO] OCCHHETO OKpalllMBaHUA JIUCTHEB.

Fig. 4. Dense point cloud of the arboretum of the Botanical Garden of the Petrozavodsk State University (Russia) obtained in

the period of autumn colouration of leaves.

Cremika apbopeTyma Npou3BOAKIACH B IEPUOLT
MIOJTHOTO OOJTUCTBEHMS pacTeHul, 25-26.06.2021 r.
B kadecTBe MHCTpYMEHTA ISl IPOBEACHUSI CHhEMKHU
HCTIONb30BaICs JlazepHbId ckaHep Leica BLK360
(IlIseiinapus) (puc. S5a). [lannoe obGopymoBaHue
o0nazaeT HU3KOM MOTPENTHOCThIO (MEeHee 6 MM Ha
Kkaxapie 10 M ChbeMKH) U HEOONBIINM pPa3MEPOM
nazepHoro msatHa (2.25 mm). [lepBoHaYanbHbBIE HC-
cienoBanus pousBoauTenbHOCTH (Blaskow et al.,
2018) noarBepkaar0T TOUHOCTh 3D-TouKM TpUOIHU-
3UTeNIbHO 6 MM Iipu paccTosHuM 10 M, Kak yka3za-
HO mpousBoauTeneM. CkaHep, B TIEPBYIO OUEpEIb,
MpEeIHA3HAYECH JUIsl U3MEPEHUH 34aHUI CO CPEIHU-
MU TpeOOBaHUSIMU K TOYHOCTH Ha JAIbHOCTH JI0
60 M (Luhmann et al., 2019). Mcnonp3oBanue naH-
HOTO CKaHepa Uil ChbeMKH PACTUTEIHHOCTH HE 3a-
SIBJICHO TIPOU3BOIUTENIEM B TPEOOBAJIO IPOBEICHHS
CIIELUAIIM3UPOBAHHBIX UCTIBITAHUM. JlaHHBIN J1a3ep-
HBIM CKaHEp MO3BOJISIET MOJy4aTb TOJIBKO JIOKaJIb-
uele (X, Y, Z) KoOpauHAThl U3y4aeMbIX OOBEKTOB
B METPUYECKHUX BelIMUMHAX Oe3 reorpadudeckoit
npuBs3ku. OHAKO BIOCIIEIACTBUH JIaHHAS BO3MOXK-
HOCTh TIOSIBJISIETCSI B MIPOTPAMMHOM OO€CTICUYCHUH
Cyclone REGISTER 360, eciiu n3BecTHbI KOOP/IU-
HaThl OT/JICJIbHBIX ToueK. J[J1s1 mosryuenus usera oo-
JIAKOB TOYEK B ckaHep BcTpoeHa RGB-kamepa, BbI-
MOJHSIIONIAsT MaHopamMHoe QoTtorpadupoBaHre Ha
360° nepea KakJIbIM CKaHUPOBaAHUEM.
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Jlns mpoBesieHNsl CbeMKH CKaHep MpeaBapu-
TEJbHO yCTaHaBJIMBAJICS Ha IITAaTUB. MapuipyT
Ja3epHOro CKaHupoBaHUs (puc. Sb) mpoxomaun
M0 JOPOKHO-TPOMUHOYHON ceTu apbopeTryma
C JIOMOJHUTENbHBIMH 3aXOaMU CO CTaHIHUs-
mu (ot 1 10 3) B rpynmnoBbie MOCAAKHU KOJJIEK-
UOHHBIX pacTeHud apboperyma. Paccrosinue
MEX/1y CTaHIUAMHU COCTABISAIO OT 8 M 70 18 M
B 3aBHCHUMOCTHU OT T'yCTOTHI JepeBbeB. [Ipormece
CBEMKH MPOXOAWI 0€3 MPUMEHEHHSI MapoK, YTO
OBIJIO CBSA3aHO C TPYAHOCTSIMHU NPU HX Kperuie-
HUU K MHOTOYHWCJICHHBIM JE€PEBBIM apOOpeTy-
Ma. JlazepHoe CKaHMpPOBaHUE OCYIIECTBISIOCH
B pE€XHME BBICOKOW IUIOTHOCTU. B 3TOM pexu-
Me MpOIEeCcC MOJHOTO0 CKAaHUPOBAHUS Ha OJHOU
CTaHIIUHU, B TOM YHCJIE MOJTYUYCHHS MMaHOPAMHBIX
M300paXeHU M I[BETHOW TEKCTYPHI, IJIUICS
6 MUH, IpH 3TOM OO0IIee KOJIUYECTBO CTAHLUN
coctaBmiio 115 mt. Takum obpaszom, 11si CKaHH-
poBaHUs Bcero apboperyma morpedoBaioch OKo-
710 690 muH. Bo BpeMsi cbeMKU JJaHHBIE CHadasa
COXpaHSUIMCh B CKaHEpE, a 3aTeM MEPEHOCUIIUCH
Ha ranmet iPad 12 Pro mo ceru WiFi. Takxke
IpY MPOBEJCHUN CKAHUPOBAHUS TPOU3BOIHUIIACH
npeABapuTeNibHas CIIMBKA JAHHBIX B IOJIEBBIX
ycIoBUAX ¢ momolnbio mnporpammbel Cyclone
FIELD (Leica Geosystems, IlIBelinapus), ycra-
HOBJICHHOU Ha TUTaHIIETE.
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Puc. 5. Hpouecc CTaHHOHapHOfI CbEMKHU ap6opeTyMa Borannueckoro cazaa HeTpOSaBOZ{CKOFO TOCYAAapCTBCHHOI'O YHUBEP-
cuteta (Poccus). O6o3HaueHus: a — ma3epHEI ckanep Leica BLK360 na craHnum; b — pacnonoxkeHne CTaHIHi mo apoo-

peTymy (MapmpyT CbeMKH).

Fig. 5. Process of the stationary LiDAR survey of the arboretum of the Botanical Garden of the Petrozavodsk State Uni-
versity, Russia. Designations: a — laser scanner Leica BLK360 at the station; b — arboretum stations location (survey route).

HanbHelimass o0paboTka MaHHBIX MPOBO-
aunack B mporpamMmmHoM obecneueHun Cyclone
REGISTER 360 (Leica Geosystems, IllBeiira-
pus). Ob1mas perucrpaius ToYeK JIa3epHOTro CKa-
HUPOBAaHUS B MPOTrpaMMHOM OOECIeYeHUH Jaala
cpelHee CTaHAapTHOE OTKIOHEHUE 9 MM mpu 00-
meM xonnuyectse 4400 000 000 TOYex MIOTHOIO
oOmnaka. Perucrpanus npoBoauiack 6e€3 Mapok U
¢ mocieayouen ontumusanuen. JlazepHslii cka-
HEp IpH MPOBEJICHUU ChEMKH JIE€PEBBHEB MOKA3all
XopoIyio 3¢(HeKTUBHOCTh MpH paboTe, OJHAKO
aAKTUBHOCTH COJIHEYHOTO H3JIY4YCHHUS HETAaTHBHO
BJIMsUIa Ha TOJIyYeHHE MAaHOPAMHBIX H300paxe-
HUM (TIOsIBIEHHE OJIMKOB), a PEKOHCTPYHPOBAH-
HOe 00JaKko TOYeK B 00JIacTH BEpXyLIEK KPOH
JIEPEBbEB HMMEJIO IIyMbI C OEJIbIMH OTTEHKaMH.
Puc. 6 moka3ssiBaeT 0030p 3aperuCTPUPOBAHHOTO
o0Jaka ToYeK pa3HbIX yacTeil apOopeTyma.

Ouenka xapakmepucmuk oepeevee

OreHKy XapaKTepUCTUK OTACIBHBIX JIEPEBHEB
no ¢GoTorpaMMeTpUYECKUM OOJIaKaM TOYEK IS
Ka)JI0TO IMPOOHOT0 y4acTKa U Ce30Ha ro/ia BHIIOJ-
HSUTA C TIOMOUIBIO CPENbl CTaTHCTUYECKOTO MpO-
rpammupoBanusi R version 4.1.2 (R Core Team,
2020) c ucrnonbp3zoBaHUEM (PYHKIUH CIIEIMAIA3ZH-
poBanHoro nakera lidR version 3.2.3 (Roussel et
al., 2020), npenqHa3HaYEHHOTO JIJIsI aHAJIM3a TPEeX-
MEpPHBIX 00JIaKOB TOUeK B (hopmarax .las u .laz. I1a-
KET UMEET TIOJTHOCTHEO OTKPBITHINA HCXOIHBIN KO 1
YCIICITHO HHTErPUpOBaH B R.
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Puc. 6. [TnoTHOE 00J1aKO TOYEK JIA3EPHOTO CKAHUPOBAHHUS ap-
6operyma Boranmdeckoro cana Iletpo3aBomckoro rocyaap-
crBeHHoro yHHBepcuteta (Poccust). O60o3HaueHus: a — apxu-
TEKTOHHKA OTACIBHOTO JiepeBa Acer platanoides; b — rpymnma
JiepeBbeB U3 Picea pungens; ¢ — o0Imui BUI apoopeTyMma.
Fig. 6. Dense point cloud of laser scanning of the arboretum
of the Botanical Garden of the Petrozavodsk State Univer-
sity, Russia. Designations: a — the architectonics of a separate
Acer platanoides tree; b — the group of Picea pungens trees;
¢ — general view of the arboretum.
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Anamm3 ¢ omoreio nakera lidR mpenmomnaran
BBITIOJTHCHUE HECKOJIBKUX ITOCIIEIOBATENIbHBIX 3Ta-
noB (puc. 7). Ha mepBom 3Tarne 1y1st KayKa0ro mpooHo-
IO y4acTKa BBITIOIHSUIH POy Py KiacCHDUKAIIK
MHOYKECTBA TOYEK Ha J[BA THIIA: TOUYKH IMOBEPXHOCTH
3EMJIM U OCTAJILHBIC BBIIIC PACIOIOKECHHBIC TOYKH,
T.€. TOUKH BCEX JIePEeBbEB. TOUKM 3eMHOI MOBEpX-
HOCTH BbLAEISUIM 1o anroputMmy cloth simulation
filtering, peamzoBanHoMy B (yHKuuu lasground()
(Zhang W. et al., 2016). [lanee BBITOMHSIIM HOpMa-
JHM3aIMI0 O0JIAKOB TOYEK JPEBOCTOS OTHOCHUTEINb-
HO TOYEK 3€MHOH MOBEPXHOCTU IO AITOPHUTMY tin
B ¢yHkimu lasnormalize(). Hopmanuzamus oGnaxa
TOYEK YCTpaHWIA BIMSHHUE perbeda MECTHOCTH Ha
OLICHKU BBICOT TOYEK BHYTPH OOJIaKa M TIPEIOCTa-
BUJIa BO3MOYKHOCTh CPAaBHUTH BBICOTHI, TIOJTyYCHHBIC
pazHbIME MeToniamMu. Ha 3aBepriarorem 3rare cTpo-
WM IU(PPOBYIO MOJEIb BBICOT JIPEBECHOTO IMOJIOra
0 anroputMy pitfree, peanr3oBaHHOMY B (DyHKLIUH
grid_canopy(). Iloce »Toro ¢ momompo GyHKIHH
tree_detection() BBIMONHSUIM aBTOMATHUYECKUU TIO-
UCK BEpIIMH JEPEBbEB IO O0JAKy TOUEK. 3areMm,
UCTIONB3YSl TIOJTyYeHHBIE KOOPAWHATHI BEPIIHH Jie-
PEBBEB, C MOMOIIIBIO (QDyHKIMU segment trees() cer-
MEHTHUPOBAIH KPOHBI COOTBETCTBYIOIINX JIEPEBBEB.
[TompoOHOE onrcanne BHIYUCIECHUST aTpUOYyTOB Jie-
peBbeB ¢ momoinsio maketa lidR mpencrasieno B
pabote Roussel et al. (2020).

Jnst BepuduKanuy TOMYYEHHBIE PE3yJIbTaThl
CPaBHUBAJIM C PyYHBIMU H3MEPEHHUSIMH I10 00JIaKy TO-
yek LiDAR B nporpammuom obecrieuennu Cyclone
3DR (Leica Geosystems, I1IBeiitiapus). [lyist cpaBHe-
HHS Ha KaXKJIOM IIPOOHOM y4acTKe ObLIO ONpe/IesIeHO
YUCIIO0 KOPPEKTHO JETEKTUPOBAHHBIX AITOPHTMOM
nepesbeB (TP), uucno noxueix cpadarbiBanuit (FP)
u uucio npomnyiieHHbix aepeBbeB (FN). Kauectro
paboThl anropuTMa OBUIO ONPEAETIEHO Ha OCHOBE
obmmenpuHATHIX oreHOK (Goutte & Gaussier, 2005;
Sokolova et al., 2008; Li et al., 2012). JImst 3TOTO BBI-
YUCIISUTH 3HAYCHUS! TIOJTHOTHI OOHAPYKEHUS p, Kave-
CTBa OOHAPYXXEHHUS 7 U CPEITHEB3BEIICHHON OIICHKH
KadecTBa F 1o caeayrommmM Gopmysiam:

Lo P
TP+ N

v
AP EP

2uarxp

2

F
r+p

rne TP — 9ucio KOPPEKTHO IETEKTUPOBAHHBIX
aJITOPUTMOM JIEPEBBEB, [P — 4HCIIO JIO)KHBIX Cpa-
OarbiBaHUl, FN — 9HCIIO MPOMYIICHHBIX JIEPEBHEB,
p — TIOJTHOTa OOHAPYKEHMUs], » — KaueCTBO OOHapy-
XKEeHUs, I’ — CpeIHEB3BEILICHHAsI OLIEHKA KauyeCTBa.
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JIiia BceX KOPPEKTHO JETEKTUPOBAHHBIX JAEpe-
BbEB CPABHUBAJIN BBICOTHI, TIOJYYECHHBIC B PE3Y/IbTa-
T€ aBTOMAaTMYECKUX BBIYHCIICHUH, C BBICOTAMH, W3-
MEpPEHHBIMHU B pyYHOM peskuMe 1o JaHHbM LiDAR.
[IpusTOM CNieTyeT OTMETHUTD, YTO TOCKOJIbKY BPEMEH-
HOUW MHTEpBaJ MEKAY MpoBeaeHneM cbeMku LiDAR
U ChEMKOW KBaJpPOKONTEPOM cocTaBisl 1-3 rona,
nannbie LIDAR He ObUTH HaeambHBIM TATTOHOM ISt
orieHOK, oy4yeHHbIX 1t 2019 1 2020 rr. Takum 006-
pa3oM, MOMUMO Pa3IM4Ui, OOYCIOBIECHHBIX JBYMS
pa3HBIMU MeTonamu cOopa JaHHBIX, IPUCYTCTBOBA-
J1a O1MOKa, CBS3aHHAS C POCTOM JIEPEBBEB.

Pe3yabrarsi

CpaBHeHHE TIOTHOCTEH (HOTOrpaMMETPHISCKUX
00JIaKoOB, TMOMYyYEHHBIX ISl Pa3HBIX (PEHOIOTHYECKUX
(a3 mokazaso, 4To ¢ yBeIMYEHUEM 3eIeHON O1oMacchl
YBEITMYHUBACTCSI YUCIIO TOUEK, OTHECEHHBIX K JePEBbSIM,
U CHIDKAETCSl YHCIIO TOYEK KIacca «3eMHasi TIOBepX-
HOCTh» (Ta0m. 3). [Ipu MakcUManbHOW COMKHYTOCTH
KPOH JINCTBEHHBIX JIEPEBBEB B TIEPHUOLT TIOJTHOTO OOJIHC-
TBEHHSI YUCIIO TOUEK 3eMHOM MOBEPXHOCTU CTPEMUTCSI
K HYJTIO, UTO 3aTPyIHSET IPOLIECC HOpMaTM3aluK o01a-
KOB JIPEBECHOIO T10JI0Ta OTHOCUTEIILHO YPOBHSI 36MITH.
PexonctpynpoBannslie 110 JaHHBIM ¢ BIUIA miorHbie
oOmaka [uist OE3MCTHOTO TIEPHOIAa PACTCHU WUMEIOT
TOYKH, OTHECEHHBIE K CTBOJIOBOM KpOHE JepeBhbeB. Of1-
HAaKO KX IUIOTHOCTh Ha |1 M? UMeeT MUHUMAJIbHBIC 3Ha-
YeHusl, HeCMOTpsi Ha To, uto nofieT bI LJTA nipoucxomun
TP BBICOTE HETIOCPEICTBEHHO HaJl BEPXYIIKAMU KPOH
nepeBbeB (40 M) 1 O0JIbIIIEM KOJTMYECTBE M300PKEHUIA.

BrisiBieHHBIE 3aKOHOMEPHOCTH OTPA3HJINCh Ha
KauecTBE JIETEKTUPOBAHMS JCPEBLEB B pa3HbIC Ce-
30HBI rofia (Tabn. 4). BersicHeHo, uTo B nepuos 6e3-
JIMCTHOTO COCTOSIHMSI Ha BCEX YYacTKax JETEKTHUPO-
BaHO HaMMEHBIIIEE YHCIIO JICPEBbEB 32 BECh TIEPUOJT
HaOJFOZICHHH, O YeM CBHJICTEIILCTBYIOT HU3KHE 3HA-
yeHus rmokaszaress 7. [lonmnora oOHapykeHus (p) Tak-
e Obuta HU3KoM. JIumb B 25% ciydaeB alropurMy
KOPPEKTHO YIaJoch OOHApYKUTh JIMCTBEHHBIE Jie-
peBbs. B mepuon pocra 3eneHoil Grmomacchl Kaue-
CTBO OOHaApYXEHUs JIepeBhEeB BO3pocio. Uucno kop-
PEKTHO JETEKTUPOBAHHBIX JEPEBHEB Ha BCEX TPEX
y4yacTKax cocTaBHjo 66% OT olriero uucna aepe-
BBEB, MIPU 3TOM KOJIMYECTBO JIOKHBIX CpabaTHIBAHUIA
CHU3WJIOCH B JIBA pa3za OTHOCUTENIHHO OE3MCTHOTO
cocTosiHMs. Hammydime pe3yasTarsl Ooy4eHbl JUTs
MIEPHOJIOB TIOJIHOTO OOJIMCTBEHHSI U OCEHHETO OKpa-
nIMBaHMs JIMCTheB. OIEHKN Ka4ecTBa JICTCKTUPOBa-
HUSI JIJTSL OTUX TIEPHOJIOB OBIIM BeCbMa CXOKUMH Ha
BCEX TpeX MpOOHBIX ydyacTkax. Bepudukarus nomy-
YEeHHbIX JJAHHBIX JJIS 3TUX [IEPUOIOB IIOKa3alia Xopo-
11ee KaueCTBO aBTOMaTHIECKOTO TIOMCKa JIEPEBHEB.



Nature Conservation Research. 3anoseonasn nayxa 2023. 8(1): 64-83 https://dx.doi.org/10.24189/ncr.2023.005

Puc. 7. Pe3ynbrars! sTamoB 00padoTku obmaka Touek B lidR (mpumep 3D-Bu3yanuzarmm ydactka 2). O603Ha4eHUS: a — BHI-
JeJIeHHe TOYeK 3eMHOI IIOBEPXHOCTH; b — HOpMau3aus objlaka TOYeK; C — IOUCK BEPIIMH AepeBbeB; d — BEIIEIECHHUE OT-
JIeITbHBIX JIEPEBbEB.

Fig. 7. Results of processing point clouds in lidR (example of 3D-visualisation for the study site 2). Designations: a — extrac-
tion of ground points; b — normalisation of the point cloud; ¢ — treetops detection; d — segmentation of individual trees.

Taémmma 3. XapakTepucTUKH Pa3HOCE30HHBIX (POTOrpaMMETPUICCKUX OOIAKOB TOYEK, MOYUCHHBIX Ha OCHOBE 00Pa0OTKH MaTepH-
aJIoB a’podoTocheMKH TeppuTopHH apooperyma boranmaeckoro cana [lerposaBozckoro rocynapcrseHHoro yansepeurera (Poccus)
Table 3. Characteristics of multiseasonal photogrammetric point clouds, obtained on the basis of processing materials from aerial pho-
tography of the arboretum of the Botanical Garden of the Petrozavodsk State University, Russia

Tapaverp Vuactox besmuicTHOE Poct Tonnoe Ocennee
COCTOSIHME | OMoOMacchl | OOJIMICTBEHHE | OKpalIMBaHHE

1 11.1 4.8 2.8 3.1
Yucio Touek Kiracca «3eMHask ITOBEPXHOCThY, MIIH 2 8.5 7.8 34 3.2
3 9.1 7.1 3.6 3.9
1 2.3 7.4 9.5 9.4
Huciio Touek Kiacca «IepeBbsi», MIIH 2 3.1 7.9 7.4 7.7
3 4.4 5.1 6.8 7.4

1 82.8/17.2 39.2/60.8 22.8/71.3 24.6/75.4

CooTHoLIEHNE TOUEK KIacca «3eMHast IOBEPXHOCTb» K KIIACCY «IEPeBbs», Yo 2 72.5/27.5 49.3/51.7 31.6/68.4 29.3/70.7

3 67.2/32.8 61.8/39.2 34.8/65.2 34.5/65.5

Tadsumna 4. OrieHka KadecTBa pe3ysibTaToB aBTOMAaTHYECKOI0 IOMCKA BEPIIMH AePEBbEB Ha TEppUTOpHH apbopeTyma boranu-
geckoro caza [lerpo3aBoackoro rocyaapcTBeHHOro ynusepceurera (Poccust)

Table 4. Assessment of the automatically tree top detection quality in the arboretum of the Botanical Garden of the Petroza-
vodsk State University, Russia

Vyacrok | VYyacrok 2 VYyacrok 3
®denonornueckas ¢asa
r p F r P F r P F

BesnucTHOE cocTOsIHIE 0.34 0.41 0.37 0.54 0.63 0.58 0.64 0.74 0.68
Poct Gromaccel 0.65 0.75 0.69 0.59 0.82 0.68 0.64 0.84 0.72
TTonHoe oOnHcTBEHME 0.75 0.92 0.83 0.76 0.93 0.84 0.81 0.92 0.86
OceHHee OKpalnBaHNe 0.77 0.87 0.82 0.78 0.95 0.86 0.82 0.91 0.86
Ilpumeuanue: r — Ka4eCTBO OOHAPYKEHHS, p — MOJIHOTA OOHAPYXKEHUS, F — CpeIHeB3BEIICHHAS OLIEHKA KaueCTBa.
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B pesynbrare py4HOro JETEKTHPOBAHUS IO
obmakam LiDAR Ha ywactke 1 yureno 58 nepe-
BbEB, Ha ydacTke 2 — 53 nepeBa, Ha ydacTke 3 —
45 nepeBbeB, a AaBTOMATUYECKOE JETEKTHPOBAHHE
BBISIBUIIO 59, 52 1 46 nepeBbEB, COOTBETCTBEHHO,
JUTSL IByX TIEPUOJIOB B CPEIHEM, YTO, B IIEJIOM, CO-
craisietr oyt 100% ot o011ero yncia AepeBbeB.
[Tpu »ToM GonbIMHCTBO epeBbeB (78.9%), Haii-
JICHHBIX aJITOPUTMOM, OBLTH OTIpeNeIeHbl KOppeK-
THO. CrielyeT OTMETUTh, YTO KOPPEKTHOCThH IIO-
UCKa yBenuuMBasack Ha 9.4% B cilydae XBOMHBIX
JIEPEBbEB C KOHYCOBUAHOMN (hopMOil KpoHbI (Abies
sibirica Ledeb., A. balsamea (L.) Mill., A. fraseri
(Pursh) Poir., Picea abies (L.) H.Karst., P. pungens
Engelm., P. omorika (Pancic) Purk., Pseudotsuga
menziesii (Mirb.) Franco, Larix sibirica Ledeb.)
HE3aBHCHMO OT COMKHYTOCTH KPOH M CHMKaJach
Ha 10% B cyyae BICOKO COMKHYTOCTH KPOH IIH-
POKOJIMCTBEHHBIX MJIM XBOMHBIX JAEPEBBEB C IIAPO-
o0Opa3HbIMH (opMaMu KpoHbl (Hampumep, Thuja
occidentalis L., pon Pinus).

W3 nansbIxX B Tab1. 4 crieyert, 4To ¢ yMEHbIle-
HHEM KOJIMYECTBA 3€JI€HON OMOMACChl Ha JIEPEBbHSIX,
YBEJIMYUBAIOCH YUCIIO JIOKHOMOIOKUTENBHBIX FP 1
JIOKHOOTpHUIIATEbHBIX cpadareiBanmii FN. B mepron
6e3muctHOrO coctosiaus yBenmmyenue FP u FN Obuto
JIBYKPAaTHBIM OTHOCHTENIFHO TOJTHOTO OOMUCTBEHUSI.
D10 00BSCHSACTCSA TEM, YTO AJTOPUTM BOCIPUHUMAIT
o0J1aka TOueK ¢ HU3KOM MIIOTHOCTBIO KaK IPYIIIbI U3
HECKOJIbKMX JiepeBbeB. Bo Bcex cilyyasx 3HadeHUe
7 OBUTO HIDKE, YeM p, T.e. Ka4eCTBO OOHApYKECHUS
JIEPEBBEB MIPEBBILIAIIO MTOJHOTY MX MOUCKA. DTH pe-
3yNbTaThl MOKa3bIBAIOT, YTO HA UCCIIEYyEMbIX yyacT-
KaxX aJrOpuUTM Yalle HaXOAW JIOKHbIE BEPILUHBI,
YeM IPOIMyCKasl JEpeBbs, T.€. OIIMOKA HEJOOLEHKH
yicia IepeBbEB HIKE, UeM OIIMOKa repeotieHku. Ha
yuyacTKax, I7ie JOMUHHPOBAIM XBOMHBIEC JEPEBbs, a
yuyacTue JIMCTBEHHBIX He mpeBbImano 30% ot obmieit
MAacChl, YACJIO HEYUTEHHBIX BEPIIUH ObLTO HEBEITUKO.
[Ipu BbICOKOH J0JI€ y4acTHs JTUCTBEHHBIX JIEPEBbEB,
HaMpOTUB, OTMEUEHO MAKCUMAIIBHOE YHCIIO JIOKHBIX
U NIPOIYILEHHBIX BEPIIMH (pHC. 8).

Puc. 8. Pe3ynprars! moncka BEpIINH U pacdeTa BBICOTHI IepeBbEB Ha Tepputopun apbopetyma boranndeckoro cama Ilerpo-
3aBOJICKOTO rocyaapcTBeHHOTO yHUBepcuTeTa (Poccus) (mpumep 2D-Bu3yanu3auy UCcaenyeMbIX yaacTKoB). O003HAYCHHMS:
CBEpXY — OpTO(OTOIUIAHBI YYaCTKOB; CHU3Y — aBTOMaTHYEeCKH Hall/ICHHbIC BEPIIUHbI JIePEBbEB (0003HAUCHBI TOUKAMH).

Fig. 8. Results of tree detection and calculating individual tree heights in the arboretum of the Botanical Garden of the Petro-
zavodsk State University, Russia (example of 2D-visualisation in all study sites). Designations: above — orthophoto mosaics;

below — automatically detected tree tops (indicated by dots).
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Tak Kak 3HaYe€HWE WHACKCOB p M 7 ISl pa3HBIX
MIEpHO/IOB ObUIO HEOTHOPOIHBIM, 3TO IO-Pa3HOMY
TIOBJIMSITO Ha OOIITYI0 OIeHKY KadecTBa F. Hanbomnee
Huskoe 3HaueHue F (0.49) ObLIO OTMEYEHO IS Tie-
prona OE3IMCTHOTO COCTOSIHUS IEPEBBEB, YTO CBHUIC-
TEJBCTBYET O HU3KOM KaueCTBE JETEKTUPOBAHUS I10
MPUYYHE HAIWYHUS JIMCTBEHHBIX JAepeBbeB. Bricokue
sHadenus F (0.84) mis mepuofoB MOTHOTO OOJHC-
TBEHUSI 1 OCEHHETO OKPAIIMBAHUS MTOKA3bIBAIOT, YTO
B LIEJIOM Ka4eCTBO JCTEKTHPOBAHUS JIEPEBbEB OBLIO
XOPOLIMM Ha BCEX UCCIIEJOBAHHBIX YYaCTKaxX. 3Ha4e-
nue F (0.69) nns nepuoga pocta OMOMACChl TaKkKe
MOYKHO OXapaKTepH30BaTh KaKk Ka4€CTBEHHOE.

Pe3ynbrarbl aHamM3a JaHHBIX HA3EMHOIO Jla3ep-
HOTO CKaHHMPOBAHUS MOKa3ajy, YTO HAJIMYKE JIUCTBBI
Ha JIepeBbsIX Npu puMeHeHnu HazemHoro LiDAR, B
OTIHYHE OT POTOrPAMMETPUUECKUX OOIaKOB, HE Tpe-
MISITCTBYET PEKOHCTPYKIMHM apXUTEKTOHWKU CTBOJA
JiepeBa. JTO MO3BOJSIET NIPOU3BOAUTH PACUETHI JMa-
METpPOB CTBOJIOB U 00beMa CTBOJIOBOM Onomaccel. B
TO 7K€ BpeMsi, Mepuos OE3MMCTHOIO COCTOSHUS pac-
TEHUH (IaHHBIC TECTOBOM CHEMKHU B OC3JIUCTHBIN TIe-
U0 HE TIPE/ICTABIICHBI B JAHHOW paboTe) MO3BOJISIET
PEKOHCTPYHPOBAaTh MAKCUMAJIbHO BO3MOKHBIE O0IaKa
TOYEK CTBOJIOB JIUCTBEHHBIX JIEPEBHEB, UTO MO3BOJIS-
€T BBIUYUCIISITh XapaKTEPUCTUKU CTBOJIOBOW apXUTEK-
TOHUKU JiepeBbeB. Ha puc. 9 npencrasieH pesyssrar
PEKOHCTPYKIMY apXUTEKTOHUKU KPOH JUIS TPYIIIIBI
nepeBbeB Quercus robur L. 1BeToM moka3aHo pactipe-
JIETIEHNE BBICOT HA KaXKJIOM CETMEHTE KaXK 1010 IepeBa.
[kana ¢ uudpaMu xapakTepusyeT YUCICHHOE 3HaYe-
HUE BBICOT. AHaym3 AaHHbIX LIDAR 1oka3bIBaeT, uto

MHTPOAYLIMPOBAaHHBIN B KIIMMaruueckue ycionus Ka-
permvu BUI (. robur B Bo3pacte 75 JIeT UMEET Cpe-
HUE 3Ha4YEHUs BHICOTHI 19.2 M. Bpruncnenue cpeqHux
BBICOT 3TOM TPYIIbl PACTEHUM C TIOMOIIBIO JAHHBIX
BITJIA nokazaino cxoxue rokasarenu (18.8 m).

[Ipu comocTaBneHNH BBICOT JEPEBHEB BHISC-
HUJIOCh, 4YTO BBICOTHI, OILIGHEHHBIC AJITOPHUTMOM
no naHHbeIM ¢ BIIUIA, Xopomo comiacoBbIBAIMCH
C JTaHHBIMHM, W3MEpeHHbIMU 10 obmakam LiDAR
(puc. 10). CXxoncTBO OIIEHOK MEXITy BBICOTAMHU OI-
HUX U T€X JKE JIEPEBbEB, MOyUYCHHBIX PA3HBIMH Me-
TO/IaMH, BechbMa 3HaunTeNbHO (R = 0.99), a 3Hauu-
MBIX pa3iuyuil oOHapykeHo He Obuio. CpaBHEHUE
BBICOT TIPECTaBIeHO Ha puc. 10 mys 60MbIIMHCTBA
HCCIIeTyeMbIX BUJIOB JiepeBbeB. [loka3zaHbl JaHHbIE
M3MEPEHUH, BBITIOIHEHHBIX JUISI BCEX TPeX MPOOHBIX
TUIOIIACH AJIS IepHOo/ia TOJIHOTO OOTUCTBEHUSI.

Pesynbrars aBTOMaTHYECKOTO BEIYUCIICHHS BBICOT
YCHEIIHO JETEKTUPOBAHHBIX JIMCTBEHHBIX JIPEBLEB B
MOMEHT O€3JIMCTHOTO COCTOSIHUS B OOJBILIMHCTBE CITy-
YaeB MOKa3aIl HEOAHOPOIHOE 3aHrbkeHne Ha 15-50%
oTtHOcUTENbHO JaHHbIX LiDAR. BrisBieHo, 4yto 1ie-
PHOJIBI TIOSIBIICHUSI M OTIAJIaHUs JIUCTBBI MPUBOIST K
TIOBBIIIICHUIO TOYHOCTH OIICHKH BBICOTHI XBOMHBIX
JIEPEBbEB B CMELIAHHBIX JIPEBOCTOSIX, YTO CBS3aHO,
BEPOSITHO, CO CHIDKEHHEM CIUIOLIHON IMOBEPXHOCTH
niosiora. B To ske Bpems Uil APEBOCTOEB, COCTOSIIINX
TOJILKO U3 XBOMHBIX JIEPEBbEB, MOKA3AHO OMHAKOBOE
Ka4eCTBO OLICHKHU BBICOT HE3aBHUCHUMO OT CE30Ha Tofia.
[Tpu 5TOM aBTOMAaTHYECKH MOTy4YeHHbIE BBICOTHI XBOM-
HBIX JIEPEBbEB C KOHYCOBU/IHOM KPOHOM MMeNn Hanoo-
niee Omu3kue 3HaueHus K qaHHbM LiDAR.

Efnunnya mamepeHua m

Puc. 9. 3D-Busyanuzanusi apXUTEeKTOHUKHA KPOH M U3MEHEHHE BBICOT TPYIIIbI JiepeBbeB Quercus robur Ha ocHoe LiDAR B

nepuong OE3TUCTHOTO COCTOSTHHS.

Fig. 9. 3D-visualisation of the crown architectonics and distribution of heights in the group of Quercus robur trees derived

from LiDAR in the leafless season.
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Puc. 10. CpaBHEHHE BBICOT HEKOTOPHIX JIEPEBHEB apOOpeTy-
ma borannueckoro cana Ilerpo3aBojickoro rocymaapcTBeH-
Horo yHuBepcuteTa (Poccus), moimy4eHHBIX Ha OCHOBE JIaH-
HBIX C OECITMJIOTHOTO JIETATEJIbHOIO amapara U Ha3eMHOTO
LiDAR. OGo3Ha4ueHus: HaBEpXy — XBOHHBIC JIEPEBbs; BHU3Y
— JIMCTBEHHBIC JICPEBBSL.

Fig. 10. Comparison of individual tree heights in the arbore-
tum of the Botanical Garden of the Petrozavodsk State Uni-
versity (Russia) obtained from an unmanned aerial vehicle
and ground-based LiDAR data. Designations: above — conif-
erous trees; below — deciduous trees.

Pesynerarer 00pabotku nanHeix ¢ BIUIA mo-
3BOJIWJIA BBISIBUTH HEOAHOPOIHBIE M3MEHEHHS BBICOT
y pa3HBIX BUJIOB HCCIIETYEMBIX JIEPEBHEB B TIEPUO] C
2019102021 rr. (Tadn. 5). Tak, HaMOONBILIMIA CPETHUIA
HPUPOCT 1O BBICOTE B IO/l ObUT BbIUMCIEH I Pinus
sibirica (52 cMm), a y Pseudotsuga menziesii cpenHuit
TIPHPOCT COCTABMII 32 CM, UTO SIBISICTCS HANMEHBIIINM
TIOKA3aTeJIeM CPE/IU B3SIThIX MOJICIIbHBIX JIEPEBbEB.

Oobcy:xxneHue
CpaBHeHHe (QoTOrpaMMETPUUECKHX OOJIaKoB
TOUEK JUIsl pa3HbIX (peHOoMorndyeckux (a3 BBIIBHIIO,
YTO COOTHOLICHUE TOYEK, OTHOCALIMXCS K JAEPEBbIM
Y YPOBHIO 36MHOMU IIOBEPXHOCTH, 3aBUCUT OT CE€30HA
NPOBEJICHUS] ChbeMKU. B Oe3MHMCTHBIN MepHo/] YHCIIO

Taobauna 5. BeIcOThI HEKOTOPBIX UCCIIEMYEMbIX BUIOB JCPEBHEB

TOUYEK, OTHOCSIIIIUXCS K JIEPEBbsIM, OBLIO MUHUMAJTb-
HBIM, YHCIIO TOYEK 3€MHOM MOBEPXHOCTH — MaKCH-
MasibHbIM. 10 Mepe pa3BUTHS JHMCTBBI, TO COOTHO-
IIEHUE BBIPAaBHUBAJIOCH, U CTAHOBMWJIOCH OOPATHBIM
(MUHMMYM TOYEK 3€MHOM MOBEPXHOCTH, MAKCUMYyM
TOYEK JIepeBbeB) B (haze TOIHOTO OOIHMCTBCHMSI.
OTH 3aKOHOMEPHOCTU OTPaXKalOT KOJMYECTBEHHbIE
OLICHKM KayecTBa aBTOMAaTHYECKOIO JIETEKTUpPOBA-
HUS JIEPEBbEB B pasHble ce30HBI roxa. Hammyurme
pe3ynbrartel Ui BCEX HCCIICIOBAHHBIX YYacTKOB
ObUIM TIOJIyYEHBI B TIEPHO/IBI MTOJTHOTO OOIMCTBEHHUS
¥ OCEHHETO OKPAIINBAHUS JINCTHEB (3HAYCHHE OIICH-
ku F' > 0.8). CxonHble pe3yabTarbl MOMYYEHBI IS
MPUPOHBIX JIMCTBEHHBIX JIECOB (U3 Acer saccharum
Marshall, A. rubrum L., Betula alleghaniensis Brit-
ton, Fagus sp.) B mpoBuHimyr Heto-bpancyuk, Kana-
na (Nuijten et al., 2019). Nuijten et al. (2019) Ha oc-
HOBE aHaJTN3a JIaHHBIX MATH Pa3HOCE30HHBIX ChEMOK
(¢ 7 ntonst 1o 22 ceHTAOps1) BBIAICHWIIN, YTO Haubosee
Ka4eCTBEHHbIE PE3YJIbTaThl aBTOMAaTHUECKOTO JIETEK-
TtupoBanus BepvH (p = 0.87, 7 = 0.89) nomyyeHsl 1o
JTAHHBIM CEHTSIOPbCKON ChEMKH.

B pesynsrare mpoBenieHHON pabOThI HAMU BbI-
SICHEHO, YTO OIICHKA XapaKTePUCTHK JINCTBEHHBIX JIe-
PEBbEB B OC3NHCTHBIA TIEPUOI BEChMa 3aTpyIHEHaA:
TvIIb B 25% CilydaeB ajropuTMy KOPPEKTHO YIaloCh
OOHaPYXKHTh JIMCTBEHHBIE JIepeBbs (Ta0M. 4). B 1o ke
BpeMsl pe3yJIbTarhl JUIsl yYaCTKOB, COCTOSIIMX TOJIBKO
U3 XBOMHBIX JIEPEBBEB, MOKA3aIM OJMHAKOBOE Kade-
CTBO paclo3HABaHMs HA YPOBHE OT/IETBHBIX JICPEBHEB,
HE3aBHUCUMO OT CE30HA Tofa. DT pe3ylIbTarhbl CBUIC-
TEJBCTBYIOT, YTO MPH UCCIIE0BAHHUH JINCTBEHHBIX J]pe-
BOCTOEB YHCJIO TOUEK 3EMHOM MOBEPXHOCTH, HEIOCTa-
TOYHOE TSl QJITOPUTMOB OOpaOOTKU TAHHBIX, MOYKET
CTarh CYIIECTBEHHBIM MPEMATCTBUEM TS TaTbHEHIIIe-
TO JICTEKTHPOBAHMS JIEPEBHEB U OLICHKH WX XapaKTe-
puctuk. M3BectHO, 4TO 3(h(heKTUBHOCTH ATOPUTMOB
CHIDKACTCSI M TIPY aHAIIM3€ HACAKICHUI C BBICOKOM
COMKHYTOCTRIO KpoH (Hm3amermuHoB u map., 2021),
T.K. IIPY BBICOKOM IIPOEKTUBHOM TOKPHITUH KPOH Jie-
PEBBEB HE POCMATPUBAIOTCS X KOMJIM M 3€MHasl T0-
BEPXHOCTb, YTO 3aTPYIHSET U3BICUCHUE TPEXMEPHBIX
Touek Bbiiie ypoBHs 3emiu (Lisein et al., 2013).

apboperyma boranmdeckoro cama [1eTpo3aBoacKoro rocyiapCTBeH-

Horo yausepcureta (Poccust) B epuoz 2019-2021 1T o JaHHbIM, MOTYYEHHBIM C TOMOIIBIO OSCIIAIIOTHOTO JIETATEIILHOTO arlapara
Table 5. Individual tree heights in the arboretum of the Botanical Garden of the Petrozavodsk State University (Russia) during
2019-2021, according to data from an unmanned aerial vehicle

Bun nepesa Ne zepesa B base naHHbIX Bricora B 2019 1., M | Beicota B 2020 ., M | Beicota B 2021 ., M Pasumia spicor B
Borannueckoro cajaa 2019 1 2021 ., M
Abies concolor 261 (830) 14.9 15.3 15.6 0.8
Abies fraseri 277 (836) 19.1 19.4 19.8 0.7
Pseudotsuga menziesii 247 (828) 17.3 16.4 17.9 0.6
Picea pungens 103 (806) 15.4 15.9 16.2 0.9
Pinus sibirica 519 15.5 16.1 16.5 1.1
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Jist perieHust TOM MPOOIEMBbl UCCIIeIOBATENN
HCITOJIB3YIOT 00Jlaka TOUEK 3€MHOM MOBEPXHOCTH,
MOJTyYEHHBIE B O€3JIUCTHBIN MepHoI, KOTOpPbIe 00b-
eIMHSIOT ¢ 00IaKaMH, MOJTYYEHHBIMU B TIEPUO]] Be-
rerannu (MenseneB u ap., 2019). Tem He MmeHee,
MPUMEHUMOCTbH TAKOTO MOJX0/a, 110 BCEH BUAMMO-
CTH, 3aBUCUT OT TMOCTaBIEHHBIX 3aJa4 U Tpedyer
JIOTIONHUTENBHBIX HccaenoBanuii. [lo cobcTBeH-
HBIM HEOMYOJIMKOBAaHHBIM JTaHHBIM, COOpPaHHBIM B
CTapOBO3PACTHBIX MOJIUAOMUHAHTHBIX JIECaX 3aro-
BenHuKa «Kamyxckue 3acekm» u B [Iprokcko-Tep-
pacHOM OmochepHOM 3aroBETHUKE, 3aMEUCHO, YTO
pa3Max BBICOT Ha MOJAEISAX OE3JIMCTHOTO IMepuoja
OTIIMYACTCSI OT TAaKOBOTO B BETCTAIIMOHHBIN Tie-
puoa. BoisiBieHHbIE 0COOEHHOCTH HAKJIAAbIBAIOT
psi1 OTpaHUYEHUH Ha MpoBeJeHne paboT B KJIMMa-
TUYECKUX YCJIOBUSX CEBEPHBIX TEPPUTOPHIA M3-3a
CJIMIIIKOM KOPOTKOTO Tepuoja HaXOKICHHS pac-
TEHHUI B COCTOSHUM MOJTHOTO 0OIMCTBEHUS (OKOJIO
2.5 MecsIIeB) WIK OCEHHETO OKpalluBaHus (MeHee
Mecs11a), 0OCOOCHHO C yY4ETOM TOTO, YTO ITH MEPHO-
JTbI XapaKTEPU3YIOTCS CHIIbHBIMUA BETPaMH U OOJTb-
MM KoJindecTBOM ocaakoB (I’ pomiies u ap., 2003).

Pesynerarel paboThl TaKKe TIOKA3aJTH, YTO BBICO-
TBI, UI3MEPEHHBIC AJITOPUTMOM I10 (poTOrpamMmeTpu-
YECKMM JIaHHBIM, XOPOIIIO COIVIACOBBIBAIMCH C W3-
MEpPEHHBIMU IO 00JIaKaM J1a3epPHOr0 CKaHUPOBAHMS
LiDAR. Dtu pe3yasrarbl MOATBEPKIAIOT YKE OITy-
OMKOBaHHBIE TAaHHBIE, TTOTYYEHHbIE Ha IPYTUX 00b-
ekrax (Birdal et al., 2017; Panagiotidis et al., 2017;
Bennett et al., 2020). Crout oT™MeTUTH, YTO CyILlE-
CTBYIOIIME aJITOPUTMBI OIIEHKU BBICOTHI OT/IENIEHBIX
JIEPEBHEB MTOCTPOCHBI HA aHAJIM3€ TPEXMEPHBIX 00JIa-
KOB To4eK (Zhang J. et al., 2016; Kolarik et al., 2020;
Roussel et al., 2020). ITpu sTom 3D-pekoHCTpYKIWHS
OTETHHBIX JIEPEBLEB MPEACTABISECT COOOH CIIOKHYIO
3aj1a4y 13-3a pa3IMyHOi MOP(OIOrUn apXUTEKTOHU-
K{ KPOHBI, HECOBEPIIICHHBIX (DOTOrpaMMETPUIECKIX
QJITOPUTMOB WJTH MTpOHHUKaromux cBorcTB LIDAR Ha
MOBEPXHOCTh KpoHBI JepeBbeB (Liu & Wu, 2020).
B3pocibie nHCTBEHHBIE AEPEBbsl SBISIOTCSA Oolnee
CIIOHBIM OOBEKTOM JJIsl TAKMX OIIEHOK IO CpaBHe-
HUIO ¢ XBOWHBIMU. [IpennonoxurensHo, STHM 00b-
SICHSIETCSI HECKOJNIBKO OOJIbINasi pa3HUIlA B OLIEHKAX
JIBYMSI METOJIAaMH BBICOT JIMCTBEHHBIX JICPEBHEB IO
CPABHEHHIO C XBOWHBIMM.

Ha ocHOBe mMomydeHHBIX PE3YJIBTaTOB TAaKXKe
OIICHEHBI TIPUPOCTHI JICPEBHEB B BBICOTY 32 BPEMsI
mpoBeieHus uccnenoBanus (Tpu rona). [lokaszano,
YTO JUISI XBOMHBEIX OHH COCTAaBJIIIOT OT 32 CM JIO
52 cM. B crity ce30HHOCTH CheMKHU TSI JINCTBEHHBIX
JIEpEBbEB MOIOOHBIX OLIEHOK MOTYYHUTh HE Y/IaT0Ch.
[Tomy4yeHHble 3HaUEHUsS] B 1I€JIOM COOTBETCTBYIOT
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CYIIECTBYOIUMITPEICTABICHUSM O IMHAMHKEPOCTA
XBOWHBIX JICPEBBEB, TO3TOMY BEChMa BEPOSTHO, UTO
pe3yibTaThl He SBISIOTCS apTedakTamMu 00paboTKH
nmaHHbIX. Kpome Toro, u3 nmureparypsl U3BECTHO 00
YCIIEUTHOM HCTIONB30BAHUU JAHHOTO MOJXO0/AA MPH
UCCIIEIOBAaHUU IpyTuX 00bekToB. Tak, Dempewolf
etal. (2017) uccnenoBanu pocT 1epeBbEB MO JAHHBIM
Pa3HOCE30HHON a’pPOGOTOCHEMKH B CMEIIAHHBIX
(u3 Picea abies, Abies alba Mill., Pinus sylvestris,
Betula pendula, Fagus sylvatica L.) ymepeHHBIX
necax l'epmanun. [lomydeHHBIE UMU pE3yIIBTATHI
MOKa3alli, 4YTO TIO0 MOJIEJISM BBICOT MOXHO C
YBEPEHHOCTBIO OIICHHUTH TPHPOCTHI JCPEBHEB B
BbIcOTY. Bpabore Linetal. (2012) orienka mpupocToB
JIEpeBbEB B BHICOTY HAa OCHOBE JAHHBIX JIA3EPHOTO
CKaHMPOBAHUS BBINIOJHEHA B IIMPOKOIMCTBEHHBIX
necax (w3 Acer platanoides) rora OUHISHINU.
bei10 mokazaHo, YTO MUHUMAJBHBIA BPEMEHHOU
UHTEpBA JJIsl TOMYYECHUST KOPPEKTHBIX OIEHOK
MPUPOCTOB HAa OCHOBE BO3IYIIHOTO JIA3€PHOTO
CKaHMPOBAHUSI COCTABIISIET JBa TO/a, B TO BpEMs
Kak JUIsi Ha3eMHOTO JIa3epHOTO CKAaHMPOBAHUS —
OIIMH MecsI. B To ke Bpemsi, MOTyYeHHbIC HAMHU
pe3yNIbTaThl CIOKHO TIPOBEPUTH IPH  TTOMOIIIH
Ha3eMHBIX  W3MEPEHH, IOCKOJIBKY  TOYHBIC
Ha3eMHBIE OIEHKU BBICOT YaCTO 3aTPYAHHUTEIIbHBI B
CHITy OCOOEHHOCTEH apXUTEKTYphl KPOH JI€PEBHEB
(0COOCHHO JHCTBEHHBIX, KaK YIOMSHYTO BBIIIE)
(Alonzo et al., 2018; Bennett et al., 2020; l1BanoBa
u gap., 2021). Kak crneacrBue, NOrpenIHOCTb
HA3eMHBIX M3MEPEHHI BBICOT MOXKET IMPEBHIIIATH
BEJIMYMHY TPUPOCTA U JOCTUTATh 10 1 M u Oomee
(Larjavaara & Muller-Landau, 2013).

3akioueHue

JlanHas paboTa SBIISI€TCS. OJHOW M3 NEPBBIX B
Halllell cTpaHe 10 NPUMEHEHHUIO METOJI0B HA3eMHO-
O JIA3ePHOTO CKAaHWPOBAHUS JJISI U3yUYEHHs CTPYK-
TypsI apeBoctoeB. Ha nmpumepe apboperyma bora-
Huyeckoro caga Ilerpl’yY noka3zana npuMEHUMOCTh
HazeMHoro craruoHapHoro LiDAR wu o0pabGoTku
JTAHHBIX a3pO(OTOCHEMKH IS OILIEHKU XapaKTepu-
CTHK JEpPEBbEB B MCKYCCTBEHHBIX MHOTIOBHJIOBBIX
HACAX/IECHUX. YCTAHOBIIEHO, YTO TAKHUE METO/IbI MO-
T'YT OBITh YCIICIITHO UCTIONb30BaHbI IS TOJEPEBHOTO
KapTorpaMpoOBaHus HACAXKICHUI U OLIEHKH BBICOT
OTZENBHBIX JiepeBbeB. MeTox 00paboTKM JaHHBIX €
BIUTA no3BossieT KOppeKTHO IETEKTUPOBATH B aBTO-
MaTru4eckoM pexume 78% JiepeBbeB B CMEIIaHHbBIX
HACAX/IEHUSIX B TEPHO/IbI MTOJTHOTO OOIMCTBEHUS U
OCEHHEro OKpAalIMBaHUs. YMEHbIIIEHHE KOTUYECTBa
3eieHOl OMoMacchl Ha JIEPEeBbSIX MPUBOIUT K YyBe-
JIMYEHUIO JIOKHOTIOIOKUTEBHBIX U JIOKHOOTPHIIA-
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TEJIbHBIX cpabaTbiBaHUl. BHE 3aBUCHUMOCTH OT COM-
KHYTOCTH KPOH Ka4€CTBO JIETEKTUPOBAHUS BEPLINH
BBIIIIE B CJTy4ae XBOMHBIX JIEPEBHEB C KOHYCOBUIHOM
(bopMOii KPOHBI M HIXKE — B CITy4Yae IIUPOKOIHUCTBEH-
HBIX JIEPEBHEB WIIM XBOMHBIX C IIapOOOpa3HON Kpo-
HOU. J[1s1 moiydeHusi HaJeXHbIX OLIEHOK MPHUpPOC-
TOB JIEPEBBEB B BBICOTY MO (hOTOIPaMMETPUUECKUM
obnakam Todek u obmakam LiDAR Tpebyrorcs mo-
IIOJTHUTEIIbHBIE UCCIIEIOBAHUSL.

BaarogpapHoctu

HcenenoBanne BBITIONHEHO NP (PUHAHCOBOM MOJIEPIKKE
®DomHa BeHUYpHBIX HHBeCTHIN PecryOmiku Kapenms B pamMkax
ITporpamMMBbl TIOAAEPKKN TPUKIIAIHBIX HAYYHBIX UCCIICIOBAHUN
n paspadboTok cryneHtoB u actpanToB @I'BOY BO «llerpoza-
BOJICKMI TOCYJapCTBEHHBIN yHHBepcuTeD ([loroBop Ne4-I21
or 27.12.2021 r). Padora H.B. VBanoBoii 10 npecraBieHuio
PE3yIIBTAaTOB BBIIOJIHEHA B PaMKaX TE€MbI TOCYTAaPCTBEHHOTO 3a-
nanwst UMITb PAH — dwuman UTIM mv. M.B. Kennpima PAH.

JonosHuTeIbHAS HH(POPMALIUA

[lepeuenb papeBecHBIX BHAOB apOOpeTyma
boranuueckoro cama Ilerpl'Y (DnexrponHoe
npuioxeHue. Criicok BUIOB IPEBECHBIX PACTEHUM
B Ko/uleKuuu apOoperyma boranumueckoro caaa
[leTpo3aBoacKOro rocy1apcTBEHHOIO YyHUBEPCUTETA
(Pecnyonmuka Kapenus, Poccust)) mMoxer OBITH
HaiJIeH B JIEKTPOHHOM NMPUJIOKEHUH.
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TREE ATTRIBUTE ASSESSMENT
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Advances in LiDAR and unmanned aerial vehicle technology have made high-resolution data available, which
can be used for individual tree detection and assessing tree attributes. The accuracy of these assessments is still
not clear for stands with high tree species diversity as well as leaf-off and leaf-on conditions. The aim of this
study was to assess the quality of tree top detection and individual tree heights extracted from photogrammetric
point clouds and canopy height models as well as ground-based LiDAR clouds in mixed and coniferous forest
stands depending on the phenological stage. The study has been carried out in the Botanical Garden of the Petro-
zavodsk State University (Republic of Karelia, Russia). Four flight missions (in 2019-2021) using Phantom 4
Pro quadcopter were conducted in the arboretum (> 200 tree species) during periods of leafless, leaf biomass
growth, full foliage and autumn leaf colouration. A single ground-based laser scanning was performed using a
Leica BLK 360. Multiseasonal ultra-high resolution orthophoto mosaics (1.1-2.8 cm/pixel), photogrammetric
point clouds (average density is 4200 points/m?), as well as LiDAR clouds (11 600 points/m?) were obtained.
Further analysis was performed on three sites differing in tree species composition, tree density and site area.
Tree tops were automatically detected from photogrammetric point clouds and their heights were estimated using
R environment software. We found that most of the trees (78.9%) were correctly detected by algorithms based on
photogrammetric data collected in periods of full foliage and autumn colouration. We also found that the number
of false positive (FP) and false negative (FN) cases increased with decreasing in green biomass on deciduous
trees. Compared with an average value, tree detection quality increased by 9.4% for coniferous trees with cone-
shaped crowns (Abies sibirica, A. balsamea, A. fraseri, Picea abies, P. pungens, P. omorika, Pseudotsuga men-
ziesii, Larix sibirica) regardless of the tree density, and tree detection quality decreased by 10% for coniferous
trees with an ellipsoidal-shaped crowns (e.g. Thuja occidentalis, genus Pinus) or in cases for broad-leaved trees
with high tree density. The lowest value of tree detection quality (F = 0.49) was found for the leafless period.
High values (F = 0.84) obtained for periods of full foliage and autumn colouration indicates that tree detection
quality was well in general. For the biomass growth period, this value (¥ = 0.69) also indicates a high quality of
tree detection results. We also found that tree heights estimated using photogrammetric data well matched with
tree heights measured on LiDAR clouds (R?=0.99). The highest accuracy was obtained for coniferous trees with
cone-shaped crowns. We also estimated the height increments of different tree species between 2019 and 2021
based on photogrammetric point clouds. The highest annual height increment was obtained for Pinus sibirica
(52 cm), and the lowest for Pseudotsuga menziesii (32 cm). Overall, our results have shown the potential to use
photogrammetric and LiDAR data for tree mapping and estimating tree attributes in multi-species forest stands
of arboretums or urban parks, as well as in natural forests.

Key words: arboretum, botanical garden, laser scanning, lidR, phenology, photogrammetry, unmanned aerial vehicle
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