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An ot ace

Mapovg8n2 zdravotn2ho stavu | e jdeTalbeffsint ou
identvfli &aac®ech ekosyst®mech mTge mini mal.
V sou|lasn® dobhD met odeg mpd &iclkug V¥ ®hso vpirdliztkeul
bl2zkTm infralervenim spektrem pro sl ed
vegetace. V pS2padhN napaden2? kTrovcem j S«
pS2tomnosti chemi ck® DK @graiun i Kyamet omzremd re an
spektr8&8lnkoodanazpSopatiNpbgs&§rT | ze rozsah
zmapovat opticky, ale uni kl ® emi se mohou
neoptick® zmRDny | ze mapovat speci 8l nzmi ¢
apoldto pr§8§ce ovRSuje nejnovNRjg2 technol o
v Il esn2ch ekosyst ®mech.

Pr§cepajegena na pRti vRNdecklch |1 &8nc2ch;
di stripumenal fpaoomoc?2 konven]| St2rc?hb recshkesmi ectk
2023b DruhfH: kk8mrekbv§ 9 SwerozwvamDSUjxE4 na s
el ektr ommisKkTkézthem v]asn® identifikace nap
(Hettnerovg) ezkalm8 v2ypagit 2 komer | n2ho e
pozemn2 asbRrzphdpmdad®mtiveestid, tltlngenrecky § a St
v t) sijkee zamNDSerl h&dm@ahiS5dMBROPOMI pro mapo
emi s2 pSi lesn2m.,podg&rwy JP Stel zlalm8ISaikh 2¢ n a
pot encs$ 81 e@gfecahl todhrkuled ®@frwo hodnocen? pSiroze
holin8§ch dEslikdKkwhkal ami tn2 tRggby.

Pr&§ce p Seodvsit app@hptow@ne pS2rodnzalyudi seur
neoptciheknTzvorl esn2ch porostech pro v]|asnou
mogn® ovNSit vyugit2 nejnovRhRjg2ch technol
por okstteJre® pr amddnwmppbh e ®ins kogenkP e mDnoki§lvn2 m

mi kkloi mat u.

Kl 2| ovgDS&llkoonal: pr Tzkum ZemBhDy| ansero§t d e k &k
elektronickl nosmap®®§rm2dngt rdésu ur bance,






Annot ati on

Mapping the health state is an i mportant
of stress I n forest ecosystems can mini
Currently, remote sensing mafhadedwasemplecwi
moint or changes in the splecttrlaée caxede¢ eat ahb
infestation, chaegesymphombeof ocal mi cr oc|l
chemical communication are much earlier
I n the case of forest fires, the extent

escaped emissions can haveTmes & pmanceal s e

(@]

hanges can be mapped with spedhiad tsheersios
erifies t he | atest technol ogi es for m

\
ecosystems.

Thergani zahtiltseni efi s based dmei fasrtted esdclése nt i
with the mapping of -pihreBd® wWsisng i banvemti
met heds2 prskg) Fhiseadan d (2P2e3mer ovg and Sur.
f ocutsheencompari son ofdetviwdeaeh etlloeecitaeieamtiigf yn o
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Hettnerovs and  dusr ofvojc usiend porre sEaRIOIPdavtl i n g

satellite data for mappTmhi betnhi(seski eomesr adwg
et al)focuse4s on analyzing potenti al mi cr
natur al regenerati osail vagkeauitnhgsagresul ti

Thteherseipsr esents a uniqu-epstti odrfysne éona esé¢é wsa
for early streéehgsddt encatsi opno.s slinbltehet o ver.i
technol ogies for mapping the deteriorate
by changes i n t he chemical cloud but a

mi crocl i mat e.
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Chapter 1

Thesi s Preface

1.Fo.r ewor d

Forsmagte a very valwuable terrestrial ecos
processes in nature. I n recent decades,

from natur al di sturbances, I ntchuaw ngv e mts s
Forsestiave a | onger l'ife cycle and canno

to sudden changes caused by human oper at

as a result of c¢climate change, are not a
to a |l essesf ©OkRE&€ health status of forest
is recorded. An i mportamd pa&lsitamiods foriesg

heal tdf statests and earclayn ipdenteinfti ceantoir amo
Currently, the detection methods wused ¢
or cannot detect spectral changes, espec
are difficult to detect by i maging senso
changesorm dbhechemical changemi endicdi maer
| eviehle question i s how tooptiidceant infayhiwfaeds tnaat
the pr etsheedtéesd s with searching for stres

ecosystems for earl y tiidnagrgtei faivaa tl iadon et d ew
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1.Research Motivati on

Science is |i ke climbing in the dark; you Kknc
al ways see the fastest amodmpasi sd®n Way etvve nr @

true for new, unproven methodol ogies, which
whi ch, after a few years, can tlarkemyhol d as
per sonal i f e, |l |'i ke to try new things, ove
further. That' s why | applied for doctor al
that | would |Iike to devote myself to someth
the new doctor al program Appli Bdr&sbrpufor mat
Forests face many threats that are intensify

technicalofi moawatni iate cihsntofd @sgsi ieelssl emoni t or t he ¢
in the forestHawdverptehée MmMetkRetds. used are s
The
di sturbances and innovati ofnBki $ nunmagvpesrnsg S ubs
t he

Not everything important can be seen with

r etf otreeedeé sl s with the possibilities of e

possi wipltiitciad s mafpprnaarg i n t he ofrresmewor k of

themselves outside of vi sual perception yet

appreciating the situation.
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1. Mhesi s Structure

Th é hecsoinssi st s ofarftojamldepsabéi shbkbmi tted. The
I Nt wo pasichapnidees .ficoeht gpiamrs a preface
i ntroduction to the iIissue of stress mappi
The second @amdi csoefsewdiftegfcosaerst iacgleespubl i she
ananertic!l®e®ubmitted.

AArtildPlid ot Study of 3DURIipméarne | Enmiitsttad bhuy
Spruce (L.) Karstl pReecenpobdlyr apmpifie8)t ed Colye
Scol ytinae

AArtildBaer k beetle detection method wusing

i mprovement of early forest disturbance ¢

AAr tilttiCempari son of Individual Sensors i
Detection in Forest Stands.

AAr t it Sent i-Pn eMTRCP OMI sensor analysis for
dynamics Qasengt hdy eBohemi an Swuhl mietrtt ech)

AArt VDIreone microrelief analysis to predic

seedlings.
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Chapter 2

Objective of the thesi

I n the | ast decades , magii enrgt iospttsi clad M &g fva su Dd
i n forestall Howawges and communi cati on i n
accompani eadpthyalnomani festodttieemesl, atwhi ctho c an
mani festationl nfl isntetew atigfoadht idsthdhsa st hbeeseins

to veritfiymdtglee tewcthnol ogi es for stress mappi ng
The work has -gbal 680l |l owing sub

i) Mappomhgmicroclimatic changes; as a result
ii)Detection of speci fic chemical s compou

i nfestation

iiiYerification of the possibilities of dif
mapping of natural disturbances

The work deals with the following hypotheses

Stress in foresaptstcandsmamnifregsg atmiooans t hat

or el ectroni c.ldneonsteisf i can i det @eédt t hese <change

di sturbances aeandi t boone mi ali onhzmz@s economi c

Stressed trees produce a sever al ti mes great
and in the eveahtaolsbargqueoaeagregati ng pher
as part of communication between individuals
In thede casdeasedt ability of trmeasstoablanspi
nompti cal mani festations in the change of th

22
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hapter 3

heoretical backgr ou|

.hntroducti on

ople primarily perceive their surroundi
ant s’ coloandsbapemabnedtSsemikeahealot h het
bl i c, the scientific community focuse
e i dentification oHowsetvreers s viim ufadr ecshta ng
e consequeneesdetl byresser al l ess visil
at can aid in early identification. TF
measure t heswi cihlmalng espe ant rtihm. non

rests cover roughly a third of t he wo
mbi nes se\rearads tf aE)cH o wenvee rr,ecient heéegcade
e mor e beoxipnotseerdn atlo and Vehxitheerenranla | s tsrtersessosr

used by trees
tural dansotnugr bwahniccehs i ncl udef b efei&febse@lt | e s

physi ol ogical aoamtwaihn ar

al).For2 Oelxa&a mpal| e esul t ofs pfearsa stt exntt add o
sceptible to | osleadcdietaitawurw at atdli syuabdnt

ith other factors such as increasing gt

uecreasing average temperatur e, | ower
0 UYehit d | et al ., 2014, Ferlam nCe niter, a 12 OB W, 0
eatest cdamagel yscaused by bark beetl e
successful bark beetle attack depends
so on the frequenkKkyutandedlexdlent DG1T he

ress mapping i n forest ecosystems S
ntification of a deteriorated conditi
ol ogical, economic, and environment al
§ uel dpyrso fheysv@or @aeals who visually inspect
etle entrance hol es, boring dust on t

very accur at e -chounts upmhiynsgi,c aanldy iatndi st iimme
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| arger forest units and (Besisaaefcesilsi bl 202 »dc a
et al). , 2024

To cover | argmot eare@nssi ng methods have begu
on the required spatial resolution and the e
aircraft, drone) is considered. The most wuse

deteriorated condition of the tfrarle sxta nmeetraarsd s
By combining sever al channel s, vegetation ir

the health condition of the vegetation based

(ZarTcewj ada et al ., 2001; Le Mai Thi &t met hod 20
provides an efficient data source for | ar ge
on ear !l y([Kianuftestedt iadn , 20.23; Bozzini et al .,
I n addition to the spectral c h a nogpetsi cwahlen a t

symptBarsk beetles use an aggregation pher om

i n t hter eheoostAn attacked tree secretes an 1inc
substances (SSaveun al timeas . | 2016; Jaakkol a et
200t her variables that could indicate stres

in the | ocdKkopniilcerkocé.ti nealt.e, 2020

These pntooncal mani festations can be recorded |

and the analysis can be carried out using a

accurate results, but ccodnsewnmiiogn, aaandd eovmall yu ac
sampbaersbe taken daily. A potenti al met hod ap
sensing devices composed of several selectiyv
Electronic noses and similar devices are use

Evident hat t hese c¢hanopetsi ccadn ybefdetre cat etdr eneo
comes from sniffer dog research, where speci

from distanamed (afdh aunps stoon 1e50 al ., 2.019; Vogvr

24



3.®atur al di sturbances

Natur al di sturbances are a fundament al p
a | asting change and radically affect t
ecosystem. Currently, di sturbance regi me
changes wil |l bring new spatial (patberns

20)LDi sturbance can be descriwbedeaecodr @i @
(L9pabsiAy relatively discrete event that d
community, or popul ati on, and changes

envirobDmehurbances can be divided accord
bi oAbiicot i ¢ factors incl udend ibriecst,i cs tfoa antso

pests andTupranteh)o, g eznisl O

I n the | ast twenty year s, European fores
di sturbances, t he nwisntd tfhrreoguw %eénvt e nitindr ce(adt G r
fire%) , (2dnd outbreak%)Acssf abaracks ubletest,hgs ¢ fl
mil |l yreameut down during the past i7® year
the Europlanatoaeplinmsat he C2De€d8h Republic,
probl emEwanastaer spriuge tyupklgdeypdomet y, whi
af f eddrewapr uce[Pstcamdishbi) edddd stdiiJstaubadces
20mi | | foofn wmw o d ochatt voefsdtwtdtailng o fi 25t me | CZ ®m
RepuBliiod.i c diis.teeshanceasccunted fof roug
harvest évl ntiismbeerst vo )zRorDedsltl sftivires 2i0l 3Cz e
only ocgcadiawnalgl yRlI0®22e t he | ar gBoshe nfi@arme st
Switzerl and National P a7r1k5 ihna nwedreer na fhfiesctt
in 2022, 6df0 vmhai cbohurlned (Wi rtihet enrasttivoon ad e npl
20%3

RegarHurnagsi an s praitctea cbkasi,k lweés$ 1 kemosvend t thrae

secrete far greater amounts of volatile
(Ghi mire et al ., 2016; Net hAneovertviaew, ob
compounds secreted by t he hosfTablreeel (N
the variability of the representation is
teste@otkrpeedsson et al ., 1993, Bai)er et al
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TabVol atil e organic compounds secreted by spruce trees as a

VOC Range
Upi nene 2B 9%
b-pi nene 25%58%
b-Phel |l an¢5il9 %
|l i monene|1l.i%6%
myr cene 1105. 4%
p3carene 00B. 1%
camphene|0.2 . 1%

Anot her substance that pl ays an i mportant r
aggregation pheromone used by individuals of
attacks; i 2-Meitsi3-pdia-Begrie $\esedr b eVreo lb,e hpBe d,) enol

anldps dbiorlger sson et al ., 1984, Netherer et a

Nevertdegrass hg effects are caused by symbiot
the Eurasian swhr gdxh abuasrtk rtieheee tsdt madneci'elsi t y

t o tranhisesfeng al compoeuwnodnd aBendwvoi comi n,

3Met - ut aZaveelt AP Lt a3Avelt Hp Lt y | , aPéheetnaytleet hanol

22Pheny !l et [Kyaln deacseatnayt eet al ., 201)9; Netherer et
I n addition to chemical communication and ch
by stress in for epttiecads wsatre msh,l esst,henramedny c h
mi a«rlada mat e, a(Ei medshud glotnle yfterreoeu shas an aver a:
water transq3iOrOatli/odnaygf iZ200 t i s damaged, I ts
reduced or cTormepel et ediys pliorsat.i on has a cool in
surroundi ngs,; i f it i's reduced, there is al

atmpheric humidity, and pressurlopxslnekbe i ncr
et al)., 2020
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Tree VOCs

Alpha-Pinene,
Beta-Pinene,
Camphene..

Fungal VOCs

Exo- and endo-
Brevicomin...

Chemical changes

Pheromone

Biotic disturbance

Bark beetles + Symbiotic fungi 2-methyl-3-buten-2ol

cis - verbenol

S

Microclimatic changes

Transpiration
decrease/stopped
Temperature +

Pressure +
Humidity -

FigaAesi mplifiedpschbamecbfinges resulting from bark bee
pheromone used for communi c avtoiloant ibl eetmyoeregimes ecl scvoi du s lps u
trees, and changes in mrameelirmatendue to reduced tree

3.Betection met hods of stress

Mapping the health status of forest stan
the timely il denti fication of a deteri ol
i nterventions and thus prevent ecological

depenrmdst he desired mapping goalseaatpl é e

teoheck the condition of a fceowyvtemfeieenlndai t
survey. I n the case of more extensive fo
appropriate t o sel ectAnotemet e csenserngn m

t is sufficient to identify speatrrl gl C

detemftihkear k beetl e stage beforBefemer gihreg
i ndi vidual stress detection methods are
be described here. The term "green attack
in detecting or mapping barkrbheetloam ioff e
monitored phase is appropriate in study
“"geren attack" was JUoed-giermhMdorgiEaArkE0i eat
Ser vi c)e, 1935

Considering the | ife cyclaeothrtkee gleaarek alb

per year, the time scale of one year i
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(Wer mel i ngTlehe BRaOrOkK beet !l el WswedHls afmeargeisnfées
and the canopy (BSr ws ua)iTihhe teirdnm 2etprrden i s not
specified and differs for each pest accordin
optrembte sensing after ten weeks is relati\
gat her information ffor (Kpoadsi bdtg. Esplr.bbyez2z® 2 6 n
detection should always be associated with t
(from initial i nfestation). Al so, early det
bef ore the emerging beetles frombltde host t

The detection met hod compri ses t he pl atfo

and the statisti cartédeamoatei, osoprveocéeédonal de
and the possibilities of new techniqgues that
wi || be described.

3.3. 1Conventional techniqgues

Conventional sreevéehmmallsnsiuodd seed asdh @ miyc a l
anal ytic whkitatvied deen pryowvengef pr argesaulatt €
However, they show | i seiotnastuinoinnsg Iniakteu rteh eo fh icgol
and subsequent processing, unsuitability t

i naccessible or poButlyhagcasei &hei hloeaénbnme

validation dat a.
The traditional met hod for identifying tree
foresters or trained workers. During the fie

tree occur gesamd fttomavses bofri ngr e ussd ar camedd efnad rr

(Bi rgersson et al ., 1984, Chr)iTsht e saen sterna cekis ,a |
which are easily visually recognizabl e, ar e
stronger ¢pAmBd , ).Ri0€l2d s uwrosely orfdoarel dkeet ecti ng

infestation in | arge areas or poorly accessi
Conventional chemical met hods olplsdesesampl in

mi croextraSPWHo fideetsf ¢y the presence of ag
or vol atil e of(Jgankikco! eo mpo uald.s, 2022; St S2br
An i ndi sputabl e advantage S t he hi gh sens
determine the concentrations of the substan
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chromatogr aplbwewetshdmhasandvant agee tiysimd hat
consu@mppdoxper sampnce)the subsequent anal
chr omatlong raadmha.mp loems must be kept col d whel

and analyzed i mmedi atel y.

3.3. 0Ddolrased mapping

A new dsettreecstsi on met hod -opnt ifcoarle snha psptianngd, s W
with monitoring groups of volatile organ
changes in microclimate manifestations. ¢
noses cahemoboalkrtowgcentrati qiemprer it ar ec
humi di ty, talc) i nto an el eEltttoalosggnran
20 Next , the four Dbasic types of <chemica
environment al studi(es wyatse slernistodrtsly, qHo Bihe a

anal yti c sgeanss odrest,e cMwlrt,i and El ectronic no

1. Sqg asselnes or s

A miniature device containing one sensor
energy consumption. As part of the meas:!
measur ed concentration, and It i s poss
measuremenmeasured values ar €T hregyc oarrdee du soe

for security applicatiaofde ¢ d ein™$Hi enceimiecotn aall

2010; Lout f i et al ., PhObaudarBdrypresamwdtha
cost, miniature ones aereagdOXasl) ,o0pihdd o3 eomi
detectors (PI Ds) , amper oamedhr 58 pergsaisv es einrsf

sensor s BuUNDIuURs) and. Mar co, 2020

MOXi s a conductometric el ect volcahteimi &€ adr ga

compov@®i parts p@Emp)mneisiolliuvotni on. These sens
changesl ectrical resi stance whenib50xOposed
AC). MOX sensors are small in size with
response to changes in concentrations in
senis®rvery sensitive to changes in humidi

to monitor ch@hgesainn) hidmedde€psitivity o
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I S not precisely specified but can be I mpr
techniWguegs et al ., 2010, Korotcenkov and Cho
20)8

Pl ®ensors arespecwveumabdewides with the det ec
gases awdt VO& sensparitvs tpypphlrooinml 00O O0O( ppm and

a respoonfsea tfieme seconds. The measurement pri
of excited ions of i onishe doifggkV nboilgehctu, | etsh eb ac
concentration output is obtained by measurin

They are conventionally wuseldi €ten ¢epxal. mappk?k
PI' D sseamgdhn ves high detection precision, but
expensive and cannot map gases wi t3® high i ol
and(B8Or gu®s and. Marco, 2020

AGSsepresent a very prdricdeitmg da Mmper omesa sru rci
i norganic gases in ufnpi iINOzoOppbhandeppmr § CO®p
based on an el eentomo ¢ me midc avli t the amcTdilreem®et r oc hem
el ectrodes (working, reference, and counter
solution w(Stthtaecatadlhydtdet eod0ed gas enters

through a porous membrane, which regul ates
di ffusion; the output signal is | earned base
and count eThi sl enettrhaodlesmi ni mi zes the influenc
measur ement and correl ates wi t h t he conce
The advantage is the possibility of Ilinear r
sensor i s al so suiltoaw Iceo nfsaurmpli a totne r(y< 1pndMyer On
hand, sensors provide a slow response and ar
Bur gu®s and Marco, )2020; Hunter et al ., 202
NDIRensors are composed of an infrared | amp,

out unwanted wavelengths that do not rel ate
NDI'R sensor i's based on measuring the atten
l i ght from the source of i nfrcomaldict adgatio
chamber, i's absorbed by the gas in the <c¢hamt
t herarndd detector. The measurement output is
receliivepidt by the detector. The technology wo
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of gases and mappilhgadbteufadacy COf NDI R defg

I n ambi ent temperatur e and Il i ght absor
measurement, you neelotdogkhavenstahbl| actamc
et al., 2016;). Martin et al., 2017

2Hi ghe cpht ioc al anal ytic sensor

Optical analytical met hods medlsey eusdet Ipd
absorption of gaslensf rdaureid( gR&pddi|cditrtiadbtnigairte th y

(UVWS)ui table for these analyses are gases

ot herxs LB8PPJAnder sen et al ., 20)L Opt iPoala &
analytical sensors achieve a higher det
chempbgpstical A pmopenrtiue®. | aser spectromet

for meascaomagn tCHaatni ounnsmaunsni endg (LAY (d nailt hv eehti ¢
al . ))Fbrl$aabe measurement (determining t
the cloud),otheltases aeamistted met hod and
It wor ks on t he principle of emi tting
and a photodiode captfrumegs etthel backRIdas8t t e

The optical i maging of gas caobnscoernpttriaotni og
Il magi ngt € 8AGI ue using ther mal Il maging o
t her mal di fferencesi bwed svteiegnattioen gansd un«
up to appPEMmowmRae 10md. Kklobp, th@98hanges on t
be noticeable, there must beCal dieunp ed e&ad ru
(Afand suitable climatic conditions (war.
skfRlavi kumar et al ., 20)L7; Burgu®s and Ma

3. Muadse it ect or

A muwlatsi detector is a device that hol ds ¢
provides measurements -fas ddetlt ¢ecpodre gasesb
with from 5 to 10 sensors of Itnheadtdyipe oA
to individual sensor s, It contains the
measurement data | ogging within the unifi
chamber fammheaepamp supplies air. The det e
anot herUAe;vitcheat( Glso b ailt Niaavsi giattsi (0GN SSSa)t e | |

battery system, and data transmission, a
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the mentioned components from an unmanned Vv
wei ght but does n@ar workoiadepkendeppoOllyg) Zifa

4 . El ectronic nose

The el ectronic noset ecsh csuyrsrteenmi | fyo rt hdee tneocstti nhg
chemical data; it is composed of a hardware

and software for analyzing and exporting m

elterconic nose is based on the human sense o
sensor s, the electronic nose can estimate t
gas, just |Ii ke the human nose, which can, fo
frome " smel (Gaofdntehre amid).B"aercttlreotnti,c 1n9%9s% s cov e
areas: medi ci ne, t heenfvoiordo nimeddfutsatlt §sjt usdeiceast i t vy
2015b; Woj nows K i et aland kkifan®dg ©Bhlhe possilbi,l
of a more extensive view of the given issue
significant number of sensor s and faster a
phenomenon thanks t o -tsiomea wae £ultthsat diesnpalbd ye.s
el ectowend came burdened by | imitations as the
types of sensors wused, some can be sensitivi
changes. Further mor e, i ndividual sensors nee

(Romain and )Nicolas, 2010

Conventichelmsemé oelse@andoni ¢ nosegualiin indu:
moni toring; sensors are also used in agricul

mani fested by the excreti ¢rnueoft espedi failc ,c h2e0

Mar kovi i et al ., 2021; Khorramifar et al ., 2
20Evidence that it i's possible to map chem
testing the abilitiSas fdferanpagidealclty itnrfaeisned d

to a distance of 150 m and are up to four
Especially dogs thadochaeme ctal 8, nsdibtsd adeesctsi
aggregatiomfhphenombere. dog met hod can hel p wi

infestJathimomson et al ., 2019; Vogvrdov§g et al
For odori mappi hgqpbpakentnto account the |1 fe
and the tabsat bark beetle is capable of f1light

16. 5 AC; the optimal temperatui26 fA€C flight
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(Wer mel inyeChang@e@4 in the microclimate du

transpiration | oss wil/l n@Gtr ouen dmead dreahll
suitable means to test the wusability of
extensive collection, interaction with U,

UAVappear suitable for mapping more exten

several fields such as forest i nventory,
et@ul it et al ., 2017, 2018; Slavzk et a
20Y2The choice of a suitable UAV depends
payl oad (chemical sensor), the size of t

required resoluFiwed oWwi nchet yopud poas. map
efficiently; the | imitation is a | ower

mapping is, for examplBelr gtuhRes iams)p evatricaon

There is wuswually Il imited space for man e |
a vertothl andkéanding sysobéemratgpsui sablf
where another advantage is a higher payl
or a heavy electronic nose system)s whi cl
to a shor tWwhrenf luisgmtg tai meu.l t i rotor for <che
to consider the influence of the vertical
(Adownwashd}) phenomenon can be minimized

sampling the ai (Buirmg uf®rso mtn do fMatrite , d r2dme ;

3.3. Remote sensing

Remote sensing is a popular method for ma
health status nowadays, mai mltyh@blbast@ng
et al ., 2019; G°etz et al ., 2020; Honkava
al ., 2021; Dal ponte et al )),Acezo?r dt magiart 0z e
di stance from ,ttheseardtelvbxcesurcfammcebe cl as
(es@at s)diirtbeor aer rafgdr ad(gegAY. And di fferer
targetrsequdilflef er ent deviwmaes.l | Fhbepreoxtael e
i nf or maolraogesranali ¢ggir eat er t e mpofaafuif gietqiucer
( hitgehmp-oesad | ut.iBumt hdeaitra) spati al resol uti ol
i ndi vi deuaarl| yt rcdeeetsect i on odn d airrk tpeestst a/see n ¢
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dat a, I mages ar e (Ilnmmmittzeedr bayn dc |Aotuzdb ecrogveerr, 201
2018; Abdul l aheeéet ad)The2Zaer9%aal Hwuloat form enab
spati al resolution of the i mages, the possilt
study' s, ohpndctdiavtes col |l ection dates. The di s;
hi¢glempoesadbl ut(Beont laea al ., 202 2; YXakr zewska

—

heptiicmalges obtained by t he UAV pl atform
o f insufficient resolution quality; a great
coll ection anmed stolres.c iTdhiecd iafi ting factor 1 s t
given by the battery capacity (approx. 30 m
evaluating the deterioratedhst mbetofrbgqabktbhl
used platforbm atreidcus en s d@mas fthaany tka)lddee et i on

was a combination of satelliltastpltatefharymyamad
(Kaueatz al)., 20214

The heal th status of forest stands can
in the spectral reflectanBesdd acmltchéaspagt
changescamnopmohtee sensing methods wusually divid

stages according-at & afaktl, ti sacpkelf toghd oyeer gr een
20N0®he first stage is described as successfl
the visual appearance of the tree is unchang
during the second and third stagesl,y and thei
(from re@stopageplfbot  theopassible rescue and
damage due to the spread of the bark beetl e
detect attacke-dt t"a epf{zacsien eHtedued toreemw 1 1; Abdul
et 2a0l1)9,b

The vegetation index combines sewiesriabdl ebands,
spectrum, to i dentify degraded vegetation ¢
Normali zed DiffereND¥l WVeGREEBEBNI IhR] nBercewi se
B { : ) GreennesasndNGt malized di fference pho
refl ect P Rlkerad sdexsed to evaluate the state o
bark beet (@i tienlfseosit agdrndnMe-Te| gdh, efl9@V;, , Z200ad
Maire et al ., 2004,; Zhadm dthealc.ase2 ©f8;a barrtl
attack, methods working with changes in the

det ect early attackhnbepgausei changgs 40 Dhe a
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i ndividual s, aafdt ¢ rh ei afrfier sdt raltcyhocavii gsel sbd eek sa f |
(Kautz et al ., 2 0)2Ho;weBreezrz i mMme tehtodasl bas2@2 4
spectral refl ectance of objects are suit
extent of calamity and for a safety eval
ar,eaf or (xampl £kov)s et al ., 2024

Satellite data 1is ablisoot i csendatfuodral map it nug
determining the extefasndrrsdnbwrn adever2i0tly:
2014; Teodor o )aVielgeArnaatriaoln, i2n0dliS9ces are co
determine changes dinf ft dimree s &dduaz reodis ahuasaal dt h |
to compare the phasaxnidbdehoréyaMbom&esver | o
and Kinog.hTihtea, Se&Gn0t Rtneed ur sor satellite wa
European Space Agency's TROPOMI ( TROPOsp'l

to map climate cBanhgei aindaqg).elehii ssisoantse? 0 1 9
channel s i-vni su lbthse@@(i 20N tn f naa@d 5 ( & MY , an
shortwave infri2Bdd8d O™yl RNd( 2F05F ocused or
through several products: methanexi dar bor
formal dehyde, anldedsVk i iAred 9cBDtat all pdexdlulct s a
for mappi ngchmanignelsy ifniamneahsva ir o(Bme&lnleu tsii om et
2019; Ghasempour et J)al ., 2021; Xulu et al
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Chapter 4
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S chapter describes the study areas,
hodol ogy, and subsequent data process
the topic and the focus ondesecdriirdod o gy
cedures within the research part. The
the territory of Czechia, but the mett
e of applying the presented methodol
essary to recalibrate the models for |
ained, we already know and can predic

cific phenomena.

materi al used, data col |teecrtm otne s tainndg ,
rch for new approaches, and getting |
mpl e, using electronic noses in indus
ech attempts often failed, data were |
|l d meaningful results. At the time of

re were only a few studies pmrcaaechedr
solution with the utmost integrity.

SQttudy ar ea

study areas included forest stands a
subsequent pr oceslksiecst.i cT hree ssetaurdcyh airse &
tzerl and Nati onal Park on the border
t d Otrievse category. It is where the | ar

recorded and the most affected pl ac

turbances occur more often in Czechie
t i ntghaodoel oy was more comprehensive; t
several criteria: thcemmeudyabréarwassr

h aiming forestry research and forest
Pceela(bb) eKarst] was the most common
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a mature spruce st and ptshatty pwoagsr talipehausialr y ya tpthac
(witBi weeks of age). Surroundings of the in
to healthy forest conditions as a ‘requireme
reactions. The stress of forest stands due t
the Harz National ParAnHKhalhte iemasGerrmamya) tamnd i
Mountai ns, where coniferous trees were stre
infestation. Subsequent processes (mapping

tested on clearing areas due-1t.d3 2s ahlav @ gne sd wtet,

domt ed by Norway spruce. Bark beetl es attack
at the beginning of 2021. The areas were mon
manual pl anting.

4 . Mat eg i al

Sever al materials were used for stress mappl
along with their selection justification. Tl
el ectronic noses, tmhmadROPOMer isainhswvehi ahnds

Conventional anal yti calSokPitlhdamiec aMi cmetelxd d @8 c 51

(PDMS/ CAR/ DVB, Syanrsdacmp,l iPAg soSrAben4Ecartri dge:
30 ®opgmadrich, St .)weagwe usedOt oUlkcurately Ve
compounds andThbheiusedmesamtpd i ng cartridges v
produced 6 x 70 mm gl-1a0sOs gtruibte Tcedh@txrgirTdAd easn dw i2t
Anasorb CSC sorbent material. The sampling ¢
mu s t be used pwinmpho ¢ak edanfpulnipnglfon 68, s8KCes 22
comp)alhhyese met hods denablme nahi exaot the subs
sampl e, i ncluding their guantity. The sampl
chromatograpmysumsngi med it i's not possi bl e
measurement point networkitiing itseamsasuabkbime

and verifying whether the investigated stres

El ectronic noses were used for a more extens

measured samples, and the main goal was to Vv
identification in forest ecosystelmnse; Three e
one was specifically buCze¢ch nTecchonsiec acl o olpreirvae
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i n PfaguenvironmeAs ap aratp pdfi ctantel otnhse.si s, t

noses were tested:

1)Sni ffer 4D V2 sensor E2022 SZ Soarabil
Chi(nfaSndidof)er

El ectroni c( miogdr =S mi fcfoemrmer ci al el ectroni c
range of mapping app]l iccoantsiiosntsi-gaystoHiasmdial daia
and analysis software. The electronic no
interaction with DJI drones for more e

comprises a 1 GHz ARM processibnlg2z cMB.p w

The essenti al equi pment of the sensor i n
range -86 WALOwith a resolution 0if1000.9% AC,
with a resolution of 0. 1%, -alnld0 pkrPeas swir tel
a resolution of 0.01 kPa. It is also pos

chemical $enSO0€C®+ VG PM PM PM Cx kB, ahd
H Q.

Fi g@reEl ectronic nose Sni

ffer as wi phmlToeafdgodire tfloe D&t al
col | detitooner ovyd et al ., 2023

2Mi ni ature Bosch sSemssorr tdeeyV (fiBomasthEh 2BD@s3c h

The Bosch BMEG688-i 5 dRilsgpou)riesvidah vbuyl tmi ni at
suitable for environment al mapping appli

compounds, volatile sulfur compounds, hyc
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gases. For environmental applications, the n
The Bosch sensor includes -4085Arp e(rsaetnusriet isveints
N1AC), a humidity sensb0O0%ewistulm i mmg aancurthacy a
a sensor pressure meadLuoemeérPa (BsBenhdiet iraintgye

and also a chemOgaldeulSemi cbndihet WMet alype (the
I's not given by the manufacturer, but the se

FigBOom the left side is Heasddbdekdr VDE€d Detewton Siegei on 4)
DetectpPr ihigéere upper right in the redirecemangd eand Mimaowalt,u
20 4

3B8ensory device for eEmSDEAmaMent al applicatio

SDEA was constructed based on cl ose cooperat
from the Czech Technical Un Uviev es@rdayttyi n  Pr ag
Competition, where the author of this thesis
i s designed as apomelielde uacc¢unaundatoonsi sts

component s: 1) a source battery unit |l ocat e
2) a sensor unit |l ocated approxi mately 60 cn
r odFi gdur e

4 2



a) Hardware part — sensor unit b) Sensor unit placed on the backpack carrier

Sensorboard 0 T T T T Tm=m———a__
g Dust filter

-
—_
—_
e
-

Ventilator

\
\
\
mnm®

Control unit holder

= = e 7
08.04.2021 18:52:30  Cas méfeni: 00:04:24.5 e

Fi gdreComprehensive overview of the S@nsemyodewindd fasrs

consisting of the ventilator, control wunitholder, dust
cm above the operatordés head; (C) software part: l ayo
didveid into four parts: an informati vedspartceat melae utr @pe

and@l obal Navigat)onmBaserkdt eabyesemt the top of the =
eight graphs ftdresestainmdataed tcqauairst il Hpet aer ohe dlodtdmr of |

Both <component s (source battery and sen

by a cable that enables the charging of

of the i ndlihwi duwalt rppdr tpsart of the source

followed by <circuits for charging and c

accumullhaet oent i re sensor uni-t is under a

tunnel I's made oAimnemti @ams$ nulme psemsdre. uni

and is extracted by a fan on the opposite

i ndividual sensor units (alrhd).Teh ee ctternome rcast W

humi di ty, and pressure sensors are opposi

TahThe sensor unit -sienncsliutdievse scefveemnitacl & licoso&mssprds Surov i, 2
Type of {Range Sensitiwv

N Q MO X 20 ppm in the o

H2S MO X 400 ppm |in the o

VOC PI D 40 ppm in the o

N O MO X 20 ppm in the o

SQ MO X 50 ppm in the o

CcO MO X 500 ppm |in the o

CQ NO R/ ther{5, 000 pp|l ppm

O3 MO X 20 ppm in the o
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The entire sensor wunit is controlled using a

the work of individual sensor wunits, switche
andontrols time del ays bet ween individual I
mi crocomputer converts analog values from in
whi ch, based on specified conversion coeffi

uni ts (pmpPrher clpassic notepad communi cates

mi crocomputer via Bluetooth and controls th

of measured values. Il nformati on about i ndi vi
l eft part of the informative section. | f it
i s not started, the communication via Blueto

i's displ ayded iisn imedssi bl e toAsneasaone aand s
communivciaat iBdmetooth i s established, the stat
measurement can be started. The measur ement
and theN8Sunetto is indicated separately. T
the temperatur e, humi di ty, pressur e, and ter
moduTlke.i ndicators on the right side are the

t heupetirfl ow t hr olulhgenr et hies semes bmomrpeang rteheen b

di splay, which can be usedom o hewimeals ubemeadn
off i s the stage Measurement initialization,
is the stage Turn on the measurement, from t

the measur ement

The control unit processes the measured outop
<Date andNIBEmewermberG of NS@taeddurtaesy ;[ |G ; <Lat
[ Al >; <Longitude [ AJ[>p;pbdSar gpip¢ ed [<KHOX;, [ pNO]
<NO [pphklppbkd@pddC[pprCl@t ppdD>; <Temperature
modul e 1 [ A] >; <Temperature of modul e 2 [ A]
temperature [A]>; <Pressure [hPa]>; <Relatiyv

4Handhel d VOC Detector Ti g®ai é€n e 2i4s |roeg iSsti &
trademark on (Iioln gRkaoicnce Lt d.

The Handheld Tiger sensor aims to detect vol
i s photoionization tech20,l 000y p(pPnh DWi tthy pae ,s e nas
of 1l(appbeved during iastob2udtnyd Gcnaen coadii chkrlayt i doinss

t he measur ed concentration i n about t wo s e

4 4



has a |l ibrary of approximately 750 vol at
collection, the user selects a chemical
it can be measured at a maxi mseat ohd bDhmec
The data is -tdiime lary etdhd ndewiade' s di spl ay
Ssubsequent data pr ocNeS8nintg.anfd dteanmpdsrtayi ur

pressure uni-t

As part of the electronic nose tests, a f
l evel and data collection atopetet hBJFf oMea
600 P2®22 SZ DJI Technol €hy)d@e. tolLtids: h$
carrying capacity and t he posTshimil Itiitry tofr
DJI PhantEem2£ BrZoDJ| Technol ogywaCso.us eld d
tononi tor subsequent processes, i . e.., ma p
i nherently linked to consequencdfheoDInat L
Phantom 4 PRrmo-nke@sapaxblui EGBctamei ai.sedses
for early detection of .Foreddvotdiue nat ub
di sturbance ($edeSEPrfeicnuer)s otve.rsaBte € laluis o @

the fires, 1t was not possible to visit 1

data in situ using drones or electronic |

Sentismelenlabsi TROPOMpme t ioc i n gs elnnssotRrOPrOEVN t)
and provides daily air guality monitor.i
in October 2017 as part of syhehEWUn Copep

orbiting. -Mitewisnga spadirometer measur i ng
ne-anfrared, and shortwave infrared wavel
in June 2018, and currentl| $Sedaphekatdased
product s on Aer osol | ndex, Aer osol Lay ¢
Properties, For mal dehyde, Met hane, Nitro
Column, and Sul fur Dioxide.

4 . 13aboratory tests

Before the field investigation, the met hc
conventional cThheemi pcrgiobmmdineyt hed$ abor atory t
determine the mixture and amount of wvol a

trees, as wel | as t he aggregation pher
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communiacnadt itoenst t he sampling conventional <ch
coll ectiabor aFarmrtyi ftiecsitasle rrevddghorlat oo atil e org
compounds, simul assitmg@gssbd sprhuacad . itomestf oft
caused by bark beet | e aggalraemniatty ,oena impahl e¥do mownte g t
by bar k beetl es t hat t h ene t &I le tleorif)o.r commu
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Abstract: The Eurasian Spruce Bark Beetle (Ips typographus) (L. 1758) (Coleoptera: Scolytinae) poses
a significant threat to Turasia’s Norway spruce (Picea abies) (L.) Karst, forests. Tarly detection
of infested trees is crucial to control beetle outbreaks and allow salvage logging before the next
generation emerges. Besides traditional methods, new approaches focus on monitoring volatile
organic compounds, mainly monoterpenes, emitted by infested trees. Using analytical chemistry,
we studied the distribution of these compounds, particularly a-pinene, around infested trees. In lab
trials, we optimized x-pinene detection using dynamic absorption and solid-phase microextraction
(SPME), analyzed by gas chromatography with flame ionization detection (GC-FID). We conducted
forest trials, revealing varying «-pinene abundance due to changing conditions. However, consistent
trends emerged: levels were highest near the infested tree stem and 1.3 m above ground in the first
trial and ata 1 m distance from the infested stem in the second. We generated a three-dimensional
cloud depicting the distribution of x-pinene around infested trees in their natural habitat. These
findings open avenues for detecting bark beetles on a large scale by mapping clevated concentrations
of volatile organic compounds emitted by infested trees, potentially leading to alternative pest
management methods. Scanning methods, such as electronic sensors combined with remote sensing,
hold promise for this application.

Keywords: early attack detection; bark beetle; VOC; s-pinene; Picea abies; SPME; Eurasian Spruce
Bark Beetle

1. Introduction

The Eurasian Spruce Bark Beetle Ips typographus (1.. 1758) (Coleoptera: Scolytinae) is
the main pest of Norway spruce, Picea abies (L..) Karst. forests in the Central European
region. Over the past decade, the combination of ongoing climate change, economically
driven silvicultural practices, and the presence of spruce stands in areas beyond their
natural range have weakened the natural defense mechanisms of trees and resulted in the
occurrence of severe bark beetle spreading [1]. In the Czech Republic, outbreaks started
after severe drought events in 2015 and 2018 [2] and led to an exponential increase in
salvage logging volume from 2017 to 2020, with the volume rising from approximatcly
5.9 million m® in 2017 to 26.2 million m® in 2020 [3,4] (Figure S1).

The initial step in managing a bark beetle outbreak is carly detection of newly infested
trees to enable timely salvage before the emergence of offspring [4]. Forest keepers typically
rely on traditional methods, which involve personally observing the boring dust produced
by infesting beetles [5]. Ilowever, during bark beetle outbreaks in large, forested areas, this
approach has severe limitations, often resulting in the exponential spread of the beetles.
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Hence, an alternative method for early detection on a large scale is needed. Remote
sensing techniques have been extensively investigated, using the detection of different
indicators from spectral features to temperature [6] and recently also involving chemical
substances (Sentinel SP) [7].

Recent research by [8] has proposed measuring the emission of volatile organic com-
pounds (VOCs) from infested spruce as an indicator of bark beetle attacks. Furthermore,
various methods for detecting these VOCs at different developmental stages have been
introduced. Current research is investigating the utilization of an electronic nose equipped
with nonspecific sensors for VOC detection [9]. Likewise, nonspecific metal oxide sen-
sors have been mounted on UAVs to assess the concentration of a-pinene in forest envi-
ronments [10]. Notably, natural olfaction systems of dogs trained to detect bark beetle
pheromones have proven more effective in finding infested trees in cooperation with their
dog handler compared to human experts only [11,12].

The VOC emitted by conifer mainly consists of hemi- and monoterpenes, which are
produced as defense secondary metabolites. The conifer’s immediate defense mechanism
against wood-boring insects is the exudation of constitutive resin, which has a toxic and
immobilizing effect on beetles [13]. In the later stages of a bark beetle attack, the production
of resin is induced in the newly formed resin ducts in the phloem, xylem, and bark [14].
The resin is a mixture of terpenic compounds. The monoterpenes are volatile and form
the main content of VOCs emitted by conifers. In spruce, a-pinene, f-pinene, A-carene,
limonene, f-phellandrene, camphene, and myrcene dominate [15] but resin also contains
sesquiterpenes and a high content of highly viscous diterpenes [16,17]. Oxidized forms of
all terpenes are also present.

In addition to resin emissions from the stem, volatile terpenes are also emitted from
the needles in the canopy of conifers [18,19]. The emission rate of volatile terpenes from
healthy trees is influenced by various macro- and microclimatic conditions, such as tem-
perature and humidity [17,20]. Different temperatures, and consequently varying VOC
emissions, are observed in clearings and forest edges within fragmented forests [17,21].
Furthermore, VOC emissions in conifer forests exhibit vertical variations [22] and follow a
diurnal rhythm dependent on tree physiological processes [19]. The terpenes emissions
from conifer forests are widely discussed in the context of terpenes as a free radical source
in the atmosphere [23-25], because hemi and monoterpenes are photochemically reactive
compounds that affect ozone and carbon monoxide concentrations and their oxidation prod-
ucts can participate in the formation of secondary organic aerosol and cloud condensation
nuclei [26].

When Norway spruces are attacked by bark beetles, the content of emitted terpenes
from the stem significantly increases during the first two weeks of infestation. This growth
is primarily attributed to the opening of constitutive resin storage and is quantified in the
close vicinity of the stem. Different methods used for quantification have yielded a wide
range of results, ranging from a 10 to 100-fold upturn [8,27,28]. The dominant compound
in emissions was always a-pinene, representing the time and spatial distribution of the
other main monoterpenes [8]. The bouquet of infested trees also includes the aggregation
pheromone produced by bark beetles. Beetles use this scent for navigation to aggregate,
allowing them to overcome the tree’s defense during the infestation [29]. The content of
bark beetle pheromones is several orders of magnitude lower than that of a-pinene in
forests [30]. However, beetles are capable of discerning this signal from the background
of host odors thanks to specialized receptors on their antennae, the organs responsible
for perceiving smells [31]. Furthermore, beetles may orient themselves by detecting host
compounds, primarily terpenes, when choosing a suitable host tree or habitat [32]. They
also have specialized receptors for host compounds [33].

Numerous studies have investigated monoterpenes emitted by conifers in both labora-
tory and natural conditions. In the laboratory, collection systems can be readily optimized,
as detailed in a comprehensive review [34]. In field conditions, VOC collection is more com-
plex, and various techniques have been employed to address specific research questions [35].
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The most common approach involves dynamic headspace sampling with compound collec-
tion onto sorbents, followed by extraction into solvents or thermal desorption. Additionally,
solid-phase microextraction methods have been utilized (as shown in Table 1) [36,37].

Table 1. Methods of VOC collection from conifers in forests.

R s Technical Parameters
Tree Species/ Sampling < 3 7 Time of Analytical
Stress Occasions Specigalion Compound (Unit) (Sorbent; Amount; Sorption Method Source
Flow Rate)
Stem (not specify) andivddual Tenax TA, (35/60)
Dicon ol 5m above the ground; e in;e 30 min GC-MS [38]
Intnck:orest stainless steel TD 307 iP 0.25 ppbv 200 mg; 200 mL/min
tubes % i
T Individual Tenax-TA a
monoterpenes Carbopack-B, (60/80)
Picea abie: 1.3 m above the s B &
attacked h.se/es ound; surrounded s ;};menﬁq _— 100/100 mg; 60 min GC-MS [28]
PET (zsCl % 38 cm) < ba-rk:ia 200 mL /min
encloser
Individual
Stem monoterpenes Porapak Q
0.5t0 1.5 m amthe
Picea engelmannii/ ground; the by - . 7 s
attacKed trees dynamic sampling 85 i g‘;‘i‘:kl 110 mg; 400 mL/min 120 it GEME 9
<1 cm from stem - )
(sorbent trap)
Verbenone (ng/3 h):
Picea abies/ Stem3 h a-pinene (ug/3 h) Porapak Q, (80/100)
attacked trees on 1-2 m above the 180 min GC-MS [40]
forest edge grou;il; satruu'iﬁ’:ized T 0.6 (ng/3 h): (ug/3h) 70 mg; 20 mL/min
as tube
Branch Individual VOCs HayeSep-Q
Pseudotsuga menziesii/ 1.5m above the a-pinene i A 41
attacked trees ground; Teflonbag 8139 + 48229 ngh~' g~! 30 mg; 500 mL/min 30min COMS o
(50 x 75 cm) fresh weight
Total monoterpenes
Bratidk prsipetnd Tenax TA, (60/80) and
(ugC gdw—" h-1) Carbotrap, (20/40)
Pinus rigida and Pinus Pirus rigida 15-60'min GC-MS [42]
koratensis/intact forest 255 g ) GC-FID
20 L Tedlar ba 09 pgC gdw " h~1 Pi- 200 mig;
8 nus koraiensts 100-200 mL./min
0.4 ugCgdw 1 h?
Bratichi dividual Tenax TA, (60/80) and
monoterpenes Carbotrap, (20/40)
Pinus sylvestris/ nopy height; (FEP) ¥ pinens GCMS
inus sylvestris, canopy s 2 i 2 43
intact forest copolymer foil (50 um 91(7:&51% - li\nenge 50-100 mg; 100 mL/min = YEEE e
thickness) mounted in ip 1 l;_l 24 8
cylindrical frames 7 %]3]8 3 8
Branch Acstone an_la -p_ixl'lene Tenax TA
(ng gdw™'h™)
d]lf Lball—Tefzitm : )
i 5 a-pinene
Pinus sylvestris and IEEmAc 0 T | : GC-MS ;
Bicea klies/ it cx forese OVOSEHI;?]EJIESEE: = Mo?ort\egrggr:: engssion 200 mg; 100 mL/min e GEHE o
endosing a20-30 cm 900 4 640 ng Cgdw 1 h~!
branch segment
Individual VOCs Tenax TA and
" S‘l‘j"‘ " (ugm—=h - Carbograph 1TD
Picea abie .3m above the ) .
attacked u-i/es ground; tree trunk &-pinene 200 L. /mi 30 min GC-MS [27]
chamber connected 91114 ugm~2 ht At
with PTFE tubing
Stem Individual
Picea abies/stress from monoterpenes SPME 60 min (from p
sun irradiation 22 ué?lrlove_ﬂ\e sum of eight main MT 1to2p.m.) M 07
EIOHIE UM 8.51ogl0 VOC
chamber -
Stem Individual
i ; SPME i
Picea abies/attacked Tonostpenes 60min (from - g 8
trees gﬁ)m ;";’l"v?d‘& #-pinene 91;5 logyg sum 1to2p.m.) 8]
o s chamber peak area
erosa : Individual VOCs 300 min ”
forest/ conifer forest; opemate 894 abundance relative SPME (from 10 a.m. GC-MS [45]
6 different plots to hexanal (%) t0 3 pm.)
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To study emissions on an ecosystem scale, researchers have employed various instru-
mental techniques, such as proton-transfer-reaction-time-of-flight (PTR-TOF) [46-48] mass
spectrometry for quantifying monoterpene fluxes [19] or specialized gas chromatographs
installed in situ at collection sites. However, these instruments can be expensive and lack
portability, restricting data collection to a limited number of sites [49].

Hypothesis and objectives: This study is founded on a previously proposed concept
suggesting that the number of volatile organic compounds emitted by trees, particularly
monoterpenes, significantly increases within two weeks of bark beetle infestation [8]. This
increase can serve as a measurable characteristic upon which the foundation of a newly
developed alternative early bark beetle detection method may be based.

Our objectives were to optimize the collection of a-pinene emissions from spruce
logs subjected to a controlled simulative bark beetle infestation in the laboratory and
consequently detect the outdoor 3D dispersion of monoterpenes, represented by a-pinene,
in the surroundings of freshly infested spruce trees at horizontal and vertical distances. We
employed analytical chemistry methods for collecting VOCs, which are not typically used
for VOC collection in open environments.

Particular objectives were:

1. Assess the distribution of a-pinene at different distances from and heights within a
simulatively infested log pile in the laboratory, considering specific temperature conditions.

2. Validate the feasibility of measuring the distribution of a-pinene under actual
field conditions, specifically focusing on naturally Ips typographus-infested trees within a
forest environment.

3. Consider other influencing factors, such as temperature, wind speed, and the
immediate surroundings of the forest.

4. Compare the effectiveness of the Solid-Phase Microextraction (SPME) method with
HayeSep-Q® sorbent cartridges, which involve drawing air through them using air pumps.

2. Materials and Methods
2.1. Optimization of VOC Collection from Simulatively Infested Spruce Logs in a Laboratory

The experiments were conducted under laboratory conditions (25 = 1 °C, humidity
60% =+ 10%) using three fresh-cut logs (height of 40, diameter of 25 cm) of Picea abies
previously stored in a cold room (—5 °C). The experiment was repeated three times at
one-week intervals. Prior of all repetitions, logs were acclimated for 24 h before volatile
collection in the conditions described above. Logs were arranged vertically in piles from
the floor: The lowest log represented level 1—L1 (20 cm), the middle log level 2—L2
(60 cm), and the upper log level 3—L3 (100 cm) (Figure 1a). To prevent unwanted VOC
emissions from fresh-cut logs, the upper and lower exposed surfaces were covered with PE
plastic film.

The bark beetle attack was simulated by drilling holes (& 2 mm x 0.3 cm deep) into
the bark and phloem on the surface of the logs (100 holes per log, spaced in 5 cm spin) to
mimic the production of VOC emissions during bark beetle infestation.

VOCs were collected from each of the three levels (L1, .2, and L3) at two distances,
5 cm and 30 cm from the bark surface, using Solid-Phase Microextraction (SPME) fibers
(PDMS/CAR/DVB, Supelco, PA, USA) as shown in Figure 1b. The SPME fibers were fixed
in protective hard plastic cylindrical chambers hung in an open space (7.2 cm high, @
5.2 cm, material PP, Merci, CZE), with an open bottom and a hole covered by septa in the
upper lid to hold the fiber. To follow the distance and cardinal directions described above,
the chambers in the experimental apparatus were fixed by metal wires.

SPME collection was conducted for 15 min, beginning 2 h after drilling, under con-
trolled conditions (25 + 1 °C, humidity 60% + 10%). A total of 24 samples were taken, with
8 samples per level (n = 24).
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Figure 1. Volatile collection of a-pinene under laboratory conditions from fresh drilled logs of Picen
abies. (a) The collection of x-pinene occurred across three height levels, namely L1, L2, and L3. (b) Top
view of the log pile; black dots indicate distances between the bark surface and the point of collection
of x-pinene for each level.

2.2. Field Collection of Distributed VOCs Emitted by the Ips typographus Naturally Infested
Picea abies

We conducted two collections of VOCs from naturally infested trees in the field at
different locations and during different periods of the 2022 growing season. In this study,
we did not measure VOCs from non-infested trees as controls. This decision stems from
the continuation of our prior study [8] and existing literature reports (lable 1), which
have consistently demonstrated several-fold increases in emissions from infested trees
using similar techniques. Both collections took place on the Forests CZU property near
Kostelee nad Cernymi lesy, the Czech Republic. The area is characterized by a mature forest
primarily composed of a 90-year-old Norway spruce (P. abies) plantation, situated at an
altitude of 400-450 m above sea level (Figures 2 and 3).

The distributed VOCs were collected within 900 m around the freshly Ips typographus-
infested individual Norway spruces. The infestation status was found by the occurrence
of fresh frass at the stem’s base, and infestation stadia were specified by assessing the
beetle attack density exhibited by the sampled tree. Both sampled trees were in the nuptial
chamber building attack stadia, approximately two weeks from the beginning of the
mass attack.

The VOCs were collected from infested trees at three different height levels from
the ground (1.3 m, 2.6 m, and 4 m). Collection chambers were placed at three different
distances from the tree trunk (5 cm, 100 em, and 900 cm away from the tree) (Figure 3). The
row of collection chambers was oriented in four cardinal directions: north (N), cast (L),
south (5), and west (W) (see Figures 24 for reference). Dataloggers were used throughout
the experiment to measure the temperature and humidity (Tables S1 and S2), and an
anemometer was used to measure the wind speed (Figures 2 and 3).
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Figure 2. Study site for the first forest spatial VOC measurement around the infested tree (30 June
2022). Locality Forests CZU close to Stibma Skalice, the Czech Republic (49.913 N, 14.863 E). Black
points—sampling points around the sampled bark beetle-infested tree, in nuptial chamber infestation
stadia; red points—Norway spruce infested trees in later stadia of infestation or dead; green—healthy
Norway Spruce trees; blue points—Scot pines.
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Figure 3. Study site for the second forest spatial VOC measurement around the infested tree (24 Au-
gust 2022) for data in the CZU Forests close to Vyzlovka, the Czech Republic (49.981 N, 14.801 E). Black
points—sampling points; red points—Norway spruce infested trees; green—healthy Norway Spruce
trees; brown points—dead Norway Spruce trees; blue points—Scot pines; yellow points—beech trees.

Two analytical approaches were employed to collect VOCs from infested trees in
natural forest conditions [27,28,45]:

Sorption onto SPME: fibers (PDMS/CAR /DVB, Supelco, PA, USA): Eight SPMEs fixed
in protective chambers were positioned at three height levels: L1 (130 ¢cm), L2 (240 ¢cm),
and 1.3 (400 cm). They were placed at two distances from the tree (5 cm and 100 em) in the

immediate proximity of the tree in four cardinal directions: north, south, west, and east.

Additionally, four fibers were positioned 900 cm away from the tree in the same direction.
These SPMEs were exposed for 60 min to collect volatile organic compounds (VOCs) from
the forest air. After collection, the fibers were sealed in vials with septa in the same manner
as in the laboratory. They were then placed on dry ice and subsequently stored in a freezer
at —18 °C before undergoing measurement using Gas Chromatography-Flame Ionization
Detection GC-IID, Agilent 8890 (Agilent, CA, USA).
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Figure 4. Established collection directions for VOCs around trees newly infested by bark beetles.

Sorption using cartridges (inner @ 3 mm) filled with HayeSep-Q® sorbent (30 mg,
Sigma-Aldrich, St. Louis, MO, USA,): This approach involved filtering the surrounding
air through sorbent in cartridges sucked by sampling pumps (Pocket Pump Touch; Serie
220-1000, Llighty Four, PA, USA). The pumps were calibrated to operate at a flow rate of
100 mL/min for 60 min. Of the 12 air pumps, the chosen measurements were established
along the first height level (130 cm from the ground) in all cardinal directions and different
distance levels, and two cartridges were set up at the second height level in north and south
directions at a 5 cm distance from the bark surface.

2.3, Chemical Analyses of SMPE Fiber and Cartridges via Gas Chromatography-Flame Ionization
Detection (GC-FID)

Cartridges were washed with 1 ml. of GC-grade hexane (GC-capillary grade; Avantor,
PA, USA) and stored at —18 °C for further chemical analysis.

The SPMIE and cartridge analyses were carried out via Gas Chromatography-Ilame
Ionization Detection (GC-FID) Agilent 8890 (Agilent, CA, USA). The GC-FID was equipped
with a DB-WAX capillary column (30 m x 320 um X 0.25 pm film thickness; Agilent, CA,
USA). The GC oven program followed a temperature profile of the initial temperature at
40 °C for 2 min, followed by a ramping rate of 10 °C per minute to reach 230 °C, where
it was held for 2 min. The carrier gas He flow was 1.5 ml-min~L. The inlet operated in
spitless mode and the inlet temperature was 220 “C. For the desorption of SPME fibers, an
SPME liner was used (n“5190-4048, 78.5 x 0.75 mm id, Agilent, CA, USA). The extracts in
hexane (1 pL) from the cartridge collection were analyzed in spitless maode.

2.4. Determination of Relative Quantities of a-Pinene via SPME and Absolute Quantities Sorbed
to Cartridges

On the chromatogram, peaks of the main spruce monoterpenes and other volatile
organic compounds (VOCs) from the forest air near P. abies were observed. However,
to describe their 3D distribution, only the most abundant a-pinene was chosen, as it
adequately represents the trend of the other main monoterpenes [8].

In both collection methods, a-pinene’s peak identity was confirmed by comparing
its retention time with the commercial standard (a-pinene, Sigma-Aldrich, St. Louis,
MO, USA).

The abundance of «-pinene collected via SPME fiber was determined by measuring
the peak arca of a-pinene divided by the sum of arcas of the peaks of the five main
monoterpenes chosen (a-pinene, p-pinene, A-carene, limonene, camphene, and myrcene,
1.8 cincole) comparing it across individual samples. The quantification of a-pinenc in
the cartridge extracts was based on a calibration curve (Figure S2) constructed using the
commercial standard of &-pinene diluted in hexane at 0.1, 0.5, 1, 10, 25, 50, and 100 pg/mL.
The amount of a-pinene in one cartridge, expressed here as pg/mL, means g/ (6 L of air)
in the vicinity of an infested tree.
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2.5. Statistical Analyses

Statistical analyses were performed using Statistica (version 14.0.0.15). The normality
assumption was tested using the Shapiro-Wilk test, and in each case, the null hypothesis
(HO) was rejected, indicating the need for nonparametric testing. The Kruskal-Wallis
test was used to compare individual levels, distances, and cardinal directions. When the
test showed statistical differences, post hoc tests were conducted to examine differences
between repetitions.

For SPME analysis, the dependent variable was the relative peak area of a-pinene
collected. For cartridges, the amount of a-pinene quantified by the calibration curve was
the dependent variable. In both analyses, the independent variables were the distance and
height measurements.

3. Results
3.1. Optimization of VOC Collection to SPME in a Laboratory

The three VOC collections in the laboratory, taken at different times, were considered
three repetitions since they were kept under the same experimental conditions (temperature
and method of log drilling). Statistical analysis was conducted on all of them together
(n=72).

The abundance of a-pinene, the main monoterpene representing trends of other MT,
was statistically highest at a 5 cm distance from the drilled stems compared to a 30 cm
distance from the drilled stems (p = 0.0362) (Figure 5a).

’ o

Wem

Distance *© o Height level H H
12 @ 13 (b) o
p=0.0362 p=0.0057
i o 2
k) S a8
» i e M
s 10 @
@ ¢ 10 ab
8Q 9 &2
52 52°
&2 g 3 &g 8
g -3 l’) o 7
T e .
5 4
5 30 + Mean 20 60 100
distance [cm] B MeantSE height level [cm]

T Meanz1.96"SE

Figure 5. SPME laboratory data collections of a-pinene, three replications. (a) Abundance of x-pinene
for lab experiment at different distances from drilled stem (5 cm and 30 cm); (b) abundance of a-pinene
for lab experiment at different height levels from the ground (L.1—20 cm; L2—60 cm; L3—100 cm).
Small red squares—Means; green boxes—Means =+ SE; Whiskers—Means 4-1.96*SE. Lowercase letters
above columns indicate significant differences between different distance or different height level.
The p-values result from Kruskal-Wallis test; n = 72.

In the vertical direction, the distribution of a-pinene was statistically different (p = 0.006).

The lowest abundance was observed at the medium level L2 (60 cm from the ground), and
it was significantly different from the abundance at the bottom level L1 (20 cm from the
ground) (post-hoc; p = 0.007) (Figure 5b).
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3.2. a-Pinene Spatial Distribution around Norway Spruce Infested by Ips typographus for
Two Weeks

The conditions in the first forest spatial VOC measurement conducted on 30 June 2022
on two-week naturally infested trees were an average temperature of 25.1 °C, average
humidity of 72.6%, wind speed of 5 km/h, wind direction from the SE, and sunshine. The
abundance of a-pinene emitted from the naturally infested tree was upregulated at a 5 cm
distance from the stem. This upregulation was detected by both collection methods, with
a significant increase observed using SPME (p = 0.036), where 5 cm and 100 cm distances
significantly differed (p = 0.036 post hoc) (Figure 6a) and a non-significant increase was
observed using sorption to cartridges (p = 0.0585). A trend of a decreasing a-pinene
concentration at a 900 cm distance from the infested tree was observed in the collection
involving cartridges (Figure 6d), but not in the collection using SPME (Figure 6a).
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Figure 6. First field detection of x-pinene distribution around Ips fypographus-infested spruce (30 June
2022). (a) Abundance of a-pinene collected by SPME in different distances from stem (5 cm; 100 cm;
900 cm); (b) abundance of a-pinene collected by SPME at different height levels from ground (130 cm;
260 cm; 400 cm); () abundance of a-pinene collected by SPME in cardinal directions (S—south; N—
north; E—east; W—west); (d) abundance of a-pinene collected by HayeSep-Q® cartridges in different
distances from stem (5 cm; 100 cm; 900 cm); (e) abundance of a-pinene collected by HayeSep-Q®
cartridges at different height levels from ground (130 am; 260 cm); (f) abundance of a-pinene collected
by HayeSep—Q® cartridges in cardinal directions (S—south; N—north; E—east; W—west). Small
red squares—Means; green boxes—Means 4 SE; Whiskers—Means +1.96*SE. Lowercase letters
above columns indicate significant differences between different distance different height level, and
different orientation. The p-values result from Kruskal-Wallis test. (n = 27 SPME samples) (cartridges
n=12).

In the vertical direction, a weak, non-significant trend was observed in the accumula-
tion of a-pinene in the bottom level of the stem at 130 cm above the ground, decreasing with
altitude up to 400 cm above the ground. This trend was consistent across both collection
methods (Figure 6b,e).

Regarding cardinal orientation, there was no significant accumulation of a-pinene on
any of the measured sides. However, considering the high variability of the data, there was
a trend of increased a-pinene abundance on the south side of the infested stem, as observed
with both SPME fiber and cartridge collection methods (Figure 6¢,f).

A 3D depiction of the a-pinene collection using SPME fiber on 30 June 2022 is shown in
Figure 7. Increased color saturation in the visualization corresponds to higher accumulated
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a-pinene levels. The accumulation aligns with Figure 6, indicating elevated concentrations
at the first level (130 cm). In terms of distance, there is a notable increase at 5 cm from
the stem. Beyond 900 cm, there is considerable variation in a-pinene amounts, making it
difficult to observe a clear trend. Regarding the orientation, slightly higher concentrations
are observed on the south and east sides, though are not significantly dominant.

400cm T

240cm -+

130cm

Scm 100 cm 900 cm

Figure 7. 3D distribution of a-pinene collected by SPME in first field data collection (30 June 2022).
More saturated color means a higher abundance of a-pinene. The numbers in circles are relative peak
areas of a-pinene.

The conditions for the second VOC measurement in the forest open space around
a naturally infested tree, conducted on 24 August 2022, differed from the first collection
in terms of location and environmental factors (average temperature of 20.7 °C, average
humidity of 78.8%, wind speed of 3 km/h, wind direction from S, and sunshine).

a-pinene abundance significantly increased at a 100 cm distance from the stem, as
detected by SPME (p = 0.0037) (Figure 8a) and sorption to cartridges (p = 0.0244) (Figure 8d),
compared to both the 5 cm and 900 cm distances considered as controls.

A non-significant, very weak trend was observed for the accumulation of a-pinene
at a height of 260 cm from the ground measured by SPME (Figure 8b). No significant
differences were found in a-pinene accumulation in any cardinal direction (Figure 8c,e).

The 3D depiction of a-pinene collection using SPME fiber during the second field
collection on 24 August 2022 is shown in Figure 9. Notably, there is an increase 100 cm
from the stem in terms of distance and higher accumulation at the second level, 260 cm
from the ground. This aligns with Figure 8.
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Figure 8. The second field detection of ¢-pinene distribution around Ips typographus-infested spruce
(24 August 2022). (a) Abundance of a-pinene collected by SPME at different distances from stem (5 cm;
100 em; 900 cm); (b) abundance of a-pinene collected by SPME at different height levels from ground
(130 cm; 260 ¢cm; 400 cm); (¢) abundance of a-pinene collected by SPME in cardinal directions (S—
south; N—north; E—east; W—west); (d) abundance of a-pinene collected by Ha yeSep—Q(E cartridges
at different distances from stem (5 cm; 100 cm; 900 ¢m); (e) abundance of a-pinene collected by
HalyeSep—Q® cartridges at different height levels from ground (130 cm; 260 ¢m), abundance of a-
pinene collected by HayeSep-Q¥ cartridges in cardinal directions (S—south; N—north; E—east;
W—west). Small red squares—Means; green boxes—Means & SE; Whiskers—Means +1.96*SE.
lLowercase letters above columns indicate significant differences between different distance, different
height level, and different orientation. The p-values result from Kruskal-Wallis test. (n = 22 SPME
samples) (cartridges 17 = 12).
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Figure 9. 3D distribution of a-pinene collected by SPME in second field data collection (24 August
2022). More saturated color means a higher amount of collected x-pinene. The numbers in circles are
relative peak arcas of «-pinene.
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4. Discussion

The volatile compounds emitted by infested trees have been studied in two main
contexts: atmospheric chemistry processes, with a focus on reactive particle formation [50],
and ecological roles related to bark beetles and their predators [27,28,32,51]. Most reports
in atmospheric chemistry measured volatiles at the canopy or twig level [52]. Emission
measurements of biogenic volatile organic compounds (BVOC) from infested trees appeared
in only a few studies investigating the potential use of these emissions as early attack
detection markers [9,10,39]. Our study is unique as it examines emissions within a distance
of 10 m of the infested tree, specifically at ground level and up to 5 m, where a-pinene
accumulates at an average infestation season temperature of 20 to 25 °C in central European
forests [53]. This novel approach contributes new insights to our understanding of volatiles
emitted by bark beetle-infested trees.

Primarily, in our study, we employed laboratory optimization techniques to collect
volatiles from freshly infested trees. The main emitted compound, a-pinene, was selected
as a representative of the primary monoterpenes. It reflects the trends observed in other
monoterpenes emitted by spruce trees infested by bark beetles [54].

In the laboratory, where the temperature was 25 °C, we observed a higher abundance
of a-pinene in the open space in the closest proximity to logs, particularly in the lowest and
highest positions. This increase was likely caused by the proximity of open log cuts and
exposed bark edges, despite our attempts to prevent them by covering them with PE foil.

The first detection of a-pinene in the surroundings of a naturally infested tree in the
field was conducted approximately two weeks after the beginning of a mass attack on the
tree, corresponding with the time the monoterpene emission peaks [8,50]. This detection
also took place at a temperature of 25 °C, when, expectedly, a-pinene vapors are heavier
than air (with a vapor pressure of 49 mm Hg at 27 °C) [55].

Similar to our laboratory findings and reports from the literature [27,28], we observed
the highest abundance of a-pinene in the immediate vicinity of the infested tree. Vertically,
a-pinene accumulated at the lowest level, approximately 1.3 m above the ground, which
was confirmed by two different collection methods:

The lower-level accumulation of the monoterpenes under similar conditions was
previously observed as the output of the continual measuring campaign of BVOC in the
forest. It has been reported that monoterpenes are emitted by healthy trees during the
daytime, but they are also more susceptible to degradation in the atmosphere during the
same period [53]. Monoterpenes are known to be unstable in the atmosphere, with a
relatively short lifetime, often lasting only hours or even minutes, forming atmospheric
secondary organic aerosol particles, followed by reactions with ozone and radicals like NO,
OH, and NOj [56]. As a result of their decomposition, methanol and acetone, both of which
are highly abundant in the forest atmosphere, are produced, alongside other products.
Additionally, at higher elevations in the forest, strong air streams are present, resulting
in monoterpenes having a higher “mixing ratio,” which implies a lower concentration.
The monoterpenes accumulate at lower altitudes in the forest, particularly during the
nighttime [57].

The abundance of a-pinene in the controls placed at a further distance from the tree
(9 m) exhibited greater variability [10].

This variability was most likely influenced by the surrounding trees. There were
spruces, some of them in more progressed infestation stadia, or even dead and intact pines.
In naturally infested trees, we also assessed an a-pinene orientation related to the infested
stem’s cardinal direction. During the first field collection, we noticed a non-significant
trend of higher a-pinene levels on the south side of the stem, despite the prevailing wind
coming from the opposite direction. This was attributed to the tree’s location near the forest
edge, allowing for direct afternoon sunlight exposure during collection [17,21].

The second collection, conducted later in the season, took place at a lower temperature
of 22 °C. Interestingly, the highest abundance of monoterpenes was not observed at the
lowest position, but rather at a height of 2.6 m, Additionally, it was not closest to the tree
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stem, but rather 1 m away. Results were confirmed again by two collection methods, Solid-
Phase Microextraction (SPME) and HayeSep-Q® Cartridge sampling, conducted at two
different time intervals. This sampled tree, despite being in a similar stage of infestation as
the first tree, was fully surrounded by other trees, including some broadleaf varieties in the
vicinity, resulting in no direct irradiation of the stem.

During this collection, we did not observe any significant influence of sunlight expo-
sure or wind speed on the orientation of increased a-pinene abundance.

The temperature and humidity differences in altitude were recorded on the same
experimental plot [9]. The highest temperatures were observed approximately 1 m above
the ground with an upward gradient. This temperature variation may impact the higher
abundance of a-pinene at an altitude of 2.6 m compared to ground level due to the physical
properties of pinene vapors.

The variation in outcomes between the first and second field collections was attributed
to differences in the surroundings of the measured trees, distinct parts of the season, and,
primarily, variations in temperature and humidity conditions [36,37].

In forest practices, our 3D distribution data of a-pinene emitted by freshly infested
spruces may serve as a foundation for scanning techniques, demonstrating promising
potential for managing bark beetle populations by facilitating early attack detection.

The most advanced technique for volatile scanning in situ can be based on field
and portable Gas Chromatography-Mass Spectrometry (GC-MS) instruments, which are
possible to mount on UAV. These instruments have the capability to separate, identify, and
quantify VOC compounds in situ and collect data at short intervals. Existing instruments
on the market have been tested for various analytes, primarily for military applications [58].
However, reliable devices for detecting terpenes and other infestation marker VOCs are
still lacking.

To specifically select markers of infestation by Ips typographus and exclude infestations
of different herbivores (as relevant bark species or defoliators) from the complex odor envi-
ronment of a natural forest, such as bark beetle pheromones and spruce host compounds, an
olfactory perception system of the bark beetles, antennae can be used as a specific detector
working via electroantennography principles [59,60]. Ongoing research is exploring the
application of this method in insect pest detection, with future directions aiming to target
insect protein odorant receptors for specific compounds indicative of infestation [31].

However, the most potentially promising novel device is a non-specific electronic nose,
designed for real-time chemical substance detection (e.g., detecting dangerous gas leaks or
measuring concentrations near landfills, monitoring volcanic activity, etc.). We previously
conducted tests to explore the feasibility of early-stage stress detection in forest stands
using an electronic nose, specifically the Sniffer4D [9].

Due to limitations in measuring VOCs with non-specific sensors in forests, especially
in areas with higher concentrations of compounds from fresh clearings, debris, and bro-
ken trees, an ideal approach would involve integrating environmental VOC scanning
with other data collected through different scanning methods. This integration could be
achieved, ideally using UAV vehicles equipped with various sensors for high-resolution
data collection [61]. The map of VOC abundance can be automatically overlaid with aerial
maps of the area, changes in reflectance, dedicated vegetation indices [6], or temperature
fluctuations [62].

Limitation of the Study

The reported study is considered a pilot trial investigating the distribution of monoter-
penes around infested trees at ground level and up to 5 m. To enhance the study, future
research employing classical collection and analytical techniques should result in confir-
mation of the quantitative monoterpene distribution. The expanded study will involve a
large-scale tree group, multiple replications for robust statistical analyses, and a focus on
genetically relevant trees. To ensure control, infested and non-infested trees will be moni-
tored simultaneously, maintaining consistent bark beetle infestation density. Standardized
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