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ANOTACIJA

Klimata parmainu dél parastas egles mezsaimnieciskais potencials Eiropa turpinas
samazinaties, iznemot Eiropa ziemelu dala, kur borealo un hemiborealo mezu zona sagaidams,
ka arT nakotn@ saglabasies Sai koku sugai piemeroti augSanas apstakli. Tomér ar1 $ajas teritorijas
egles audzes ir sagaidami dabisko trauc€jumu izraisiti bojajumi. Egles audzes Latvija saglabas
savu 11dz§ingjo nozimi tautsaimnieciba un oglekla piesaiste, ja mezsaimniecibas prakse tiks
pielagota dabisko traucgjumu negativas ietekmes prevencijai un iesp&jamo seku mazinasanai.
Informacija par dazadu dabisko traucgjumu un to mijiedarbibas ietekmi ir nozimiga
rekomendaciju izstradei adaptacijai klimata parmainam. Darba meérkis ir novertét biotisko
traucgjumu ietekmi uz v&ja bojajumu iesp&jamibu parastas egles audzgs.

Biotisko agentu izraisitie bojajumi neatkarigi no bojajuma apjoma Ipatsvara un augsnes
veida biitiski samazinaja eglu noturibu, kas galvenokart ir atkariga no stumbra tilpuma. Egles
stumbra un saknu-augsnes kamola morfometriskie parametri mezaudzes ar nosusinatam kiidras
augsném biitiski at$kiras no mezaudzeém ar mineralaugsném.

Saknu trupe izraisa statistiski biitisku un nozimigu parastds egles stabilitates
samazinajumu neatkarigi no augsnes veida un mitruma, un saknu-augsnes kamola tilpuma,
l1dzigi ietekm@jot ka primaro, ta sekundaro lasanu.

Stumbra mizas bojajumiem nozimigaka ietekme bija uz augsnes-saknu sasaisti, nevis
stumbra koksnes mehanisko izturibu, statistiski butiski pazeminot slodzes, kas nepiecieSamas
ka koka primarajai, ta sekundarajai luSanai. Izteiktaka ietekme konstat€ta tie§i uz primaro
lusanu. Tatad $adas audzes nakotn€, mainoties v€ja klimatam un saglabajoties augstam briezu
dzimtas dzivnieku populaciju blivumam, biis pastiprinati paklautas bojaejai ka tiesa, atkartotas
v€ja iedarbibas, ta sekundaro faktoru ietekmé. Jau Sobrid konstatéts nozimigs egles audzu
saglabasanas kritums, kokiem sasniedzot treSo vecumbklasi.

Merktieciga mezkopiba, nodrosinot atjaunosanu ar genétiski kvalitativu stadmaterialu,
zemaku sakotngjo biezumu un savlaicigu rekomend&to jaunaudzu kopSanu, nodro$inas iesp&ju
atrak sasniegt mérka caurméru un Iidz ar to nozimigi mazinat kumulativo bojajumu varbiitibu
egles audzes, paaugstinot to monetaro un citu ekosist€émas pakalpojumu vertibu.

Sis promocijas darbs sastav no tematiski vienotam piecam zinatniskam publikacijam.



ABSTRACT

Climate change causes gradual decline of economic value of Norway spruce forestry
except in boreal and hemiboreal forest zones that will remain suitable for this tree species.
However, also in this region frequency and scale of damages caused by natural disturbances
(abiotic and biotic factors) are expected to increase. Norway spruce will remain its economic
significance and role in carbon sequestration in Latvia, if forest management practices will be
changed to prevent or minimize the damages caused by natural disturbances. Information on
effect of natural disturbances and their interactions on trees is vital for development of
recommendations for adaptation of forestry to climate change. The aim of the thesis is to assess
the effect of root rot and bark-stripping on possibility of wind induced damages in Norway
spruce stands.

Tree mechanical stability was primarily determined by its stem volume; however, the
presence of damages, caused by biotic agents, such as root rot and bark-stripping, significantly
reduced it. Morphometric parameters of Norway spruce stem and root plate differed
significantly between stands on drained peat and mineral soils.

Root-rot notably and significantly affected mechanical stability of trees regardless of soil
type and volume of root-soil plate, resulting in similar reduction of wind load necessary to cause
both primary and secondary failure. Consequences of bark-stripping primarily affected root-
soil anchorage, more commonly causing uprooting than stem fracture. Most pronounced was
reduction of resistance against primary failure. Changing wind climate, high population density
of cervids and presence of root-rot will lead to increased risk of damages caused by (repeated)
storms and subsequent legacy effects. The survival of forest stands depends on dimensions of
trees and exposure time to different damaging agents, and, at current climate and silvicultural
practice, was significantly reduced when transitioning into third age class (41-60 years).

Targeted forestry, ensuring planting of improved material, lower initial density, timely
precommercial thinning and thus ensuring faster reach of the tree dimension required for final
harvest will reduce the time when stands are subjected to significant wind damage risk, thus
minimizing the possibility of such disturbance and boosting value of Norway spruce stands.
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1. IEVADS

Parastas egles (turpmak — egles) nakotnes mezsaimnieciska nozime péd&jo desmitgazu
laika rietumu un centralaja Eiropa ir pakapeniski samazinajusies lidz ar klimata parmainu
izraisito augSanas apstaklu pasliktinasanos (Yousefpour et al., 2010; Hanewinkel et al., 2013;
Cermak et al., 2019). Prognozets, ka eglei pieméroti augSanas apstakli Eiropa saglabasies tas
ziemelu dala—borealo un hemiborealo mezu zona (Hickler et al., 2012; Suvanto et al., 2016;
Kapeller et al., 2017; Marini et al., 2017). Tom@r ar1 Sajas teritorijas nav izslégta dabisko
trauc€jumu negativa ietekme uz eglu nakotnes audzem, un jau Sobrid ir vérojama veja, patogénu
un dendrofago kukainu izraisitu bojajumu atkartoSanas biezuma un bojajumu apjoma
palielinasanas (Marini et al., 2017), jo 1pasi, vecakas audz€s ar bojatiem vai novajinatiem
kokiem (Jakus et al., 2011). Nemot véra eglu audzu augsto razibu (Pretzsch et al., 2014) un lidz
ar to ievérojamo lomu ekonomika un oglekla piesaisté (Kenina et al., 2018), egles audz&Sana
Latvija saglabas savu lidz§ingjo nozimi, ja mezsaimnieciska prakse tiks pielagota dabisko
traucgjumu negativo ietekmju prevencijai un iesp&jamo seku mazinasanai.

1.1. Potenciali bistama véja atkartoSanas

V§js ir nozimigakais dabiskais trauc&jums gan Latvijas, gan Eiropas meZos (Gardiner et
al., 2013), kur divi galvenie potenciali bistama v&ja izcelsmes veidi ir pérkona negaisi un vid&jo
platumu gradu cikloni (turpmak — cikloni) (EEA, 2017; Taszarek et al., 2019;). Lai arT abu
dabas paradibu laika v&ja atrums (vidgjais 10 miniités, m s™) var sasniegt vismaz vétras speku
(péc Boforta skalas 20,8 m s (Barua, 2005)), dazkart mezaudzu bojajumi veidojas jau loti
stipra véja (péc Boforta skalas 13,9 — 17,1 m st (Barua, 2005)), jo v&ja atrums brazmas nereti
var biit par 10 m s lielaks neka vid&jais v&ja atrums (Sheridan, 2011). Pérkona negaisu laika
var izveidoties loti spécigas un intensivas lejupejoSas gaisa pliismas vai pat virpulviesuli, bet
tie ir lokali nozimigi, un to izveidoSanos un parvietosanos, tadgjadi ar1 potencialos postijumus,
ir sarezgiti paredz&t (Schoen & Ashley, 2011). Pérkona negaisi nav novérojami platibas, kas
lielakas par daziem kvadratkilometriem, tomér skartas kokaudzes var tikt pilniba iznicinatas
(Nagel et al., 2007, 2017). Lai ar1 perkona negaisi ir loti lokali un to sezona ir 1sa, tomer ir
sagaidams, ka to atkartoSanas bieZums un intensitate palielinasies (Rédler et al., 2019).

Nozimigakie mezaudzu v€ja bojajumi gan Latvija, gan Eiropa rodas rudens-ziemas
sezonas ciklonos, kas skar daudz plaSakas teritorijas neka pérkona negaisi (vairaki tukstosi
km?), un nereti tie nes lidzi lietusgazes vai snigsanu (Stewart, 1985; Gardiner et al., 2013;
Gregow et al., 2017). Nozimigakie ir Ziemelatlantijas izcelsmes cikloni, kuru spécigaka
ietekme ir vérojama Eiropas rietumu dala, bet, virzoties dzilak kontinenta, to speks mazinas
(Dravniece, 2007). Kop$ 1871. gada Eiropa diennakts maksimalajam v&ja atrumam un vidéjam
gada vétraino dienu skaitam ir novérota tendence palielinaties (Donat et al., 2011; Gardiner et
al., 2013), un, sakot ar 1950. gadu, Eiropa ir fikséti vairak neka 130 gadijumi ar 10 mintsu
vid&jo vé&ja atrumu, kas sasniedz vétras speku—20,8 m s (Barua, 2005; Donat et al., 2011;
Gregow et al., 2017). Lai ar1 So ciklonu darbiba ir bijusi lielakoties virs Britu salam, Ziemeljuras
dienvidu piekrastes un Fenoskandijas, nereti to parvietoSanas trajektorijas ir skaruSas ari
Latvijas teritoriju, un noveérojumi liecina, ka arvien biezak §is atmosferas sist€mas parvietojas
Eiropas kontinentalaja dala, ar1 Baltijas valstis (Gardiner et al., 2013). P&d€jo 60 gadu laika
stipra v€ja gadijumu atkartoSanas biezums nav parsniedzis 10 gadus (1.1. att.) (LVGMC, 2020).
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1.1. att. Stipra veja gadijumi Latvija (LVGMC, 2020)
Linijas att€lo minimalo (dzeltena), vidgjo (sarkana) un maksimalo (melna) v&ja atrumu brazmas, kas fikséts katra
atseviskaja vismaz stipra v&ja gadijuma (LVGMC, 2020)

1.2. V@ja izraisitie meZaudZu bojajumi

Cikloni spgj izraisit biitiskus mezaudzu bojajumus ar1 Centraleiropa un Ziemelaustrumu
Eiropa, un nereti viena gadijuma ietvaros kop&jie mezaudzu bojajumi var sasniegt vairakus
desmitus miljonu kubikmetrus koksnes (Gardiner et al., 2013). Vgja bojato mezaudzu apjoms
Eiropa ir pieaudzis, palielinoties kop&jai krajai kops Otra pasaules kara beigam (UNECE,
2011). Aprekinats, ka Sobrid Eiropa ir augstaka kraja kop$ agrajiem viduslaikiem (UNECE,
2011; Nabuurs etal., 2013; EEA, 2017;), un lielu ipatsvaru veido vecas, paraugusas mezaudzes,
kuras ir potenciali vairak paklautas dabiskajiem trauc€jumiem (Nabuurs et al., 2013). Pedgjo
20 gadu laika Eiropa ir fikséti vairak neka 89 tukst. zinojumu par mezaudzu bojajumiem,
kopuma aptuveni vienu miljonu hektaru liela platiba, un sesi postosakie cikloni radija mezaudzu
bojajumus vairak neka 340 miljonu m3 apjoma (Forzieri et al., 2020). Ari Latvija ir vérojams
mezaudzu krajas un bojajumu apjoma pieaugums, jo 1pasi, palielinoties briestaudzu un cir§anas
vecumu parsniegusu audzu ipatsvaram (NMM, 2019). Latvija pedgjo desmit gadu laika
novértétais eglu audzu krajas pieaugums ir lielaks par 16 milj. m3, bet platiba palielinajusies
par vairak neka 54 tukst. ha (NMM, 2019). Savukart v&ja un dzivnieku bojato eglu audzu
platibas apjoms ir palielinajies attiecigi par vairak neka 61 un 75 tiikst. ha (NMM, 2019; Snepsts
etal., 2018).

Jebkuras mezaudzes kritiska v&ja slodze (critical wind load), kas atbilst kritiskajam v&ja
atrumam (critical wind speed), ir aprékinama ka maksimalais lieces moments stumbra pamatng,
ka rezultata iestajas neatgriezenisks bojajums (stumbra lizums vai izgaSanas ar sakném)—
sekundara lasana (Detter et al., 2019; Peltola, 2006). V&ja ietekme nav statisks (punktveida)
notikums, bet gan daudzas cita citai sekojoSas brazmas (Sheridan, 2011). Turbulences rezultata
V€ja virziens un atrums ir mainigs, radot dinamisku slodzi, un tas izraisitu bojajumu summa
realais kritiskais v€ja atrums var biit zemaks. Nozimigi mezaudzu v&ja bojajumi var veidoties
pie 25 m s liela v&ja atruma brazmas (Spatz & Speck, 2000; Cullen, 2002; James et al., 2006).
Mezaudzém kritisko v€ja atrumu ietekm& meza ainavas reljefs un mezaudzu vainagu klaja
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virsmas nelidzenumi, augsnes apstakli, konkrétas, t.s. mérka audzes, un blakus esoSo kokaudzu
morfometriskie parametri un saimniecisko darbibu vésture, ka ar1 biotisko traucgjumu klatbiitne
(Gardiner et al., 2013) (1.2. att.).

Meérka un blakus eso$as

AtraSanas vieta meZaudzes raksturojosie Rezultats
raditaji
" Biezums, valdosa koku suga un tas )
V&ja apstaklu vid@jais caurmérs un augstums,
parametri (Veibula . laiks kops ieprieksgjas retinasanas
sadalfjuma A un K p Kritiskais vei
parametrs) Laiks kops atjaunoSanas cirtes 't};:l iShaLs vejd
blakus audze atbilstosa v&ja atrums un veja
.. _ bojajumu
L. L virziena pusé ) S
Meza tipu grupa iespéjamiba
(augsne) (Biotiskie faktori: saknu un stumbra )
strukturalo integritati pazeminosi
L bojajumi )

1.2. att. Konceptuala mezaudZu véja noturibas novértéSanas shema (ERAF, 2019)

1.3. Sagaidamo véja izraisito meZaudZu bojajumu noverteSana

Sagaidamo mezaudzu bojajumu apjomu un telpisko izvietojumu ir iesp&jams raksturot,
analiz€jot meteorologisko novérojumu un prognozu datus (faktisko v€ja atrumu brazmas,
augsnes sasaluma dzilumu un mitrumu, sniega vai sasalstosa lietus masu koku vainagos u.c.),
ka arT informaciju par meZa tipu grupu un mérka un blakus eso$as mezaudzes raksturojosajiem
raditajiem. Tadgjadi ir iespgjams veikt paredzamo bojajumu seku mazinasanas vai noverSanas
vairaku Iimenu planosanu—operativo, taktisko un strat€gisko. Operativaja planosana,
izmantojot meteorologisko novérojumu faktisko informaciju un mérka un tai blakus esos$o
meZaudzu raksturojoSo informaciju (meza tipu grupa un kokaudzes raditaji), ir iesp&ams
noteikt bojajumu vietas un apjomu seku noveérSanas darbu organizéSanai. Taktiskaja planosana,
izmantojot meteorologisko parametru vidgjos raditajus un to pasu mezaudzu informaciju, ko
operativaja planoSana, var pielagot esoSo meZaudzu apsaimniekoSanas pasakumus atbilstosi
sagaidamajiem v&ja bojajumu riskiem. Savukart stratégiskaja planosana papildus informacijai,
ko izmanto taktiskaja planoSana, izmanto datus no augSanas gaitas modeliem, kas raksturo
mérka un blakus esoSo mezaudZu parametru izmainu dinamikas prognozes (ERAF, 2019).

1.4. Mezaudzu véja noturibu ietekméjosie faktori

V&ja noturibas raksturoSana dazadvecuma mistraudzes ir loti komplic@ta, un to Sobrid nav
iespejams veikt ar esoSajiem v€ja bojajumu modeléSanas rikiem. Vienvecuma audzes
nozimigakie koku noturibu ietekmgjosie taksacijas raditaji ir valdosa suga, audzes biezums (un
laiks kops ieprieks&jas retinasanas), koku vid&jais augstums un caurmérs (Donis et al., 2018).
Visi Sie raditaji ietekme vEja noturibu gan tiesi — koki ar lielaku augstumu vairak paklauti véja
ietekmei, koki ar lielaku caurméru noturigaki — gan mijiedarbojoties. Pieméram, augstaks
audzes biezums palielina koku augstuma/caurméra attiecibu un saknu konkurenci, kas savukart
samazina to individualo v€ja noturibu (Gardiner et al., 2013). Lielaka dala Latvijas egles audzu
(88,8%, NMM, 2019) ir augstako bonitasu (Ia, I, IT). So bonitasu audzes otraja-tresaja
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vecumklas€ sasniedz tadu videjo augstumu, ka tas var nozimigi ietekméet vejs (Peltola et al.,
2010). Vidgjais egles audzu caurmeérs ir 21,5 cm, un tas atbilst vid§jam caurmé&ram tresas
vecumklases sakuma (21,9 cm) (NMM, 2019).

Parastas egles v&ja noturibas noveértgjuma tas virszemes dalas biomasas sadalijuma un
saknu morfometrisko parametru dati lauj raksturot augSanas apstaklu ietekmi uz koku
stabilitates nodroSinasanas iesp&jam (Cucchi et al., 2005; Nicoll et al., 2006). Lidzsingjos
pétijumos par koku biomasu galvenokart raksturota kop€ja masa sausa stavokli, tacu vé&ja
ietekmes analizei un modelesanai nepiecieSami dati par biomasas sadalijumu atkariba no koka
augstuma dabiski mitrai koksnei (Marklund, 1988; Repola, 2009; Libiete et al., 2017; Kenina
et al., 2018). Biomasas sadalijums nosaka gravitacijas spéka ietekmi uz kritisko v€&ja slodzi, to
pazeminot Iidz ar koka masas punkta paaugstinaSanos, un otradi (Gardiner et al., 2013). Koka
noturibu augsné nosaka saknu-augsnes sasaiste (root-soil anchorage) (Grime, 2001), kuru var
raksturot ar saknu-augsnes kamola morfometriskajiem parametriem (Nicoll et al., 2006; Stofko
& Kodrik, 2008). Abi Sie raditaji—virszemes biomasas sadalfjums un saknu-augsnes kamola
dimensijas — var atskirties dazados augs$nu veidos, tomér informacija par to ietekmes atskiribam
uz mezaudzu v&ja noturibu audzes ar kiidras un mineralaugsném ir nepietickama.

Koku saknu sistemas veic pielagoSanos augsnes mehaniskajam 1paSibam, attistot
specigakas stabiliz&josas saknes pastavigu svarstibu ietekmé (Coutts, 1986; Dumroese et al.,
2019). Augstaka saknu-augsnes sasaiste ir sausds mineralaugsnés uz mor€nas un mala
cilmieziem ar dzilu vid&jo gruntstidens Iimeni, ka rezultata kokiem attistas dzila saknu sisteéma
(Stofko, 2010). Savukart zemaka saknu-augsnes sasaiste veidojas irdenas mineralaugsnés,
pieméram, uz grants-smilts cilmieZiem, bet jo Tpasi — kiidras augsnés (Stofko, 2010), lai arT
saknu sist€ma $adas augsnés attistita lielaku projekcijas laukumu un spécigakas stabiliz&josas
saknes (Coutts, 1986; Dumroese et al., 2019). Baltijas juras regiona ir plasi izplatitas meZaudzes
ar kiidras augsném, starp kuram jo pasi produktivas ir eglu audzes, un to liela saimnieciska
nozime nosaka nepiecieSamibu veikt $adu mezaudzu v&ja noturibas novertejumu (Piivinen un
Hanell, 2012; Pretzsch et al., 2014). Latvija 1pasi augstrazigas eglu audzes sastopamas meza
tipos ar kiidras augsném — Saurlapju un platlapju kiidrenos (Buss, 1976). P&c Nacionala meza
monitoringa datiem laika posma no 2008. lidz 2019. gadam eglu audzu kopplatiba un kraja
$ajos meza tipos ir palielinajusies attiecigi par 1,78 tikst. ha un 0,86 milj. m3 (NMM, 2019).

Saknu-augsnes sasaiste biitiski samazinas, paaugstinoties augsnes mitrumam, kas veicina
saknu izslidesanu koka stumbra kustibu laika (Mickovski, 2002). Rudens-ziemas sezonas
ciklonu laika paaugstinata nokriSnu apjoma un nesasalusas augsnes apstaklos v&ja izraisitie
mezaudzu bojajumi ieverojami palielinas, ka, pieméram, triju postosako vétru pedejo 60 gadu
laika gadijuma — 1967., 1969. un 2005. gada (LVGMC, 2020). Nakotne sagaidamo mezaudZu
vgja bojajumu risku paaugstinoss faktors ir prognozeta augsnes sasaluma perioda saisinasanas
siltaku ziemu apstaklos hemiborealo un borealo meZzu zona, neizveidojoties pietiekamam
augsnes sasalumam saknu-augsnes sasaistes nodroSinasanai (Laapas et al., 2019). Tomeér lidz
Sim triikst informacijas par egles saknu-augsnes sasaisti kiidras augsnés un biotisko traucgjumu
ietekmi uz to.

1.5. Biotisko faktoru ietekme

Viens no biitiskakajiem biotiskajiem trauc€jumiem eglu audzes, kura izplatibai turklat
veérojama palielinasanas, ir patogénu izraisitie koksnes strukturalie bojajumi (Piri, 1996; Bendz-
Hellgren et al., 1999; Arhipova et al., 2011; Honkaniemi et al., 2017), kam par c€loni var bat
gan saimnieciska darbiba (Piri & Korhonen, 2008; Metslaid et al., 2018), gan parnadzu izraisitie
stumbra mizas bojajumi (Snepsts et al., 2018; Burnevica et al., 2016). Pieméram, asinssarkana
sikpiepe (Stereum sanguinolentum) (Roll-Hansen & Roll-Hansen, 1980; McLaughlin & Sica,
1996; Vasiliauskas et al., 1996; Cermak & Strejcek, 2007), kas biezi attistas parnadzu izraisito
mizas bojajumu vietas, var sasniegt vertikalas izplatibas atrumu koksné no 9,6 lidz 19,5 cm
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gada un lidz 6 m augstumu no bojajuma vietas (Cermak & Strejéek, 2007; Vacek et al., 2020).
Sadu strauji progresgjou patogénu attistiba kavé koku atveselosanos péc mehaniska bojajuma
—bojajumu perifériju nostiprinasSanu ar reakcijas koksni un briicu aizaudzesanu, un lidz ar to
arl kop€jo augsanu (Vacek et al., 2020), tadgjadi pazeminot koku individualo stabilitati
(individual stability) salidzinajuma ar meZzaudzé nebojatajiem kokiem. Savukart eglu
inficéSanas ar vienu no izplatitakajiem saknu trupi izraisoSajiem patogéniem — saknu piepi
(Heterobasidion spp.)—audzém kuadras augsnés ir vidgji 16,3% (Bruna et al., 2018), un $i
patogéna izplatibas atrums egles mezaudz€s saknés var sasniegt vidgji 24 cm gada (Bendz-
Hellgren et al., 1999). Sis ir ipasi nozimigs biotiskais faktors ar augstu negativo saimniecisko
ietekmi, kas samazina ne tikai mezaudzu v@ja noturibu un vitalitati (Gori et al., 2013), bet ar1
potencialo egles sortimentu kvalitati. Pieméram, jau 41 gadu vecas egles mezaudz€s ar kiidras
augsné€m saknu piepes izplatiba stumbra var parsniegt 4 m augstumu un lidz rotacijas perioda
beigam var izraisit pilnigu meZaudzes bojaeju (Bruna et al., 2018). Tomér trukst kvantitativu
datu par saimnieciskas darbibas vai parnadzu izraisttu stumbra mizas bojajumu vietas notikusas
patogénu izplatibas rezultata radusos koksnes strukturalo bojajumu ietekmi uz egles v&ja
noturibu. So ietekmi nepiecie$ams novertét, jo $ada informacija ir bitiska klimata parmainu
ietekmes uz saimnieciskajiem meziem matematiskai modelésanai (Honkaniemi et al., 2018).

1.6. MezaudzZu véja noturibas novértésana

Lidz ar jau noveérota véja bojajumu apjoma un augsnes mitruma deficita (ilgstoSu sausuma
periodu) (Ruosteenoja et al., 2018) atkartoSanas biezuma palielinaSanos pieaug art dendrofago
kukainu skarto egles mezaudzu apjoms gan Latvija, gan citviet Eiropa (Jakus§ et al., 2011;
Marini et al., 2017). Sadu negativo ietekmju prevencijai ir nepieciesama informacija par véja
bojajumu izveido$anos paaugstinofajiem riska faktoriem. Sis promocijas darbs raksturo
biotisko trauc€jumu izraisitas koksnes strukturalas integritates samazinajuma ietekmi uz eglu
audzu v&ja noturibu.

V¢gja slodzes ietekmé, koka stumbram liecoties, var veidoties koksnes audu kompresijas
deformacija—vadaudu, eglei—traheidu, samezglosanas (Detter et al., 2015). Ir novérots, ka
sakotngji stumbra saliekSanas notiek proporcionali liekSanas spekam, bet bridi, kad veidojas
koksnes audu spiedes deformacija, salickSanas palielinas disproporcionali §im spékam.
Tadgjadi tiek sasniegts koka stumbra mehaniskas noturibas punkts, kas apzim&jams ka primara
lGsana (primary failure) (PF) (Detter et al., 2015). Koks péc $ada bojajuma ir sp&jigs atjaunot
savas sakotngjas noturibas limeni, tomér kadu laiku ta vitalitate un stabilitate biis pazeminata.
Ja p&c primaras lGsanas ar&ja speka pielikSana turpinas, seko sekundara lasana (secondary
failure) (SF), kas ir pilniga noltGsana vai izgasanas ar sakném (Detter & Rust, 2013). Primara
lGSana var notikt gan stumbra, gan saknés. Spéciga saknu-augsnes sasaiste notur koka pamatni
nekustigu, primarajai lGsanai notiekot stumbra, bet pazeminatas saknu noturibas rezultata
bojajums var rasties saknu projekcijas aizv€ja pus€ (Detter et al., 2015). AtjaunoSanas no
primaras liSanas bojajuma ir iespgjama, taCu ne vienmér pilniga, un tam ir nepiecieSamas
vairakas augSanas sezonas (Detter et al., 2019); nepilniga atjaunoSanas péc $adas koksnes
deformacijas apgritina koka sulas pliismu (Detter et al., 2015). Ta rezultata bojatie koki var tikt
paklauti fiziologiskajam sausumam (Ievins, 2016). Dabisko trauc€jumu savstarpgjo ietekmju
mijiedarbiba, kad viena traucg€juma novajinata audze ir uznémigaka pret nakamo traucgjumu,
pazeminas lidz Sim produktivu mezaudzu noturiba ari pret sekundarajiem biotiskajiem
traucg€jumiem, galvenokart dendrofago kukainu savairo$anos (Jakus et al., 2011; Marini et al.,
2017), jo 1pasi — péc vetram vai ilgstoSiem sausuma periodiem, nereti izraisot plaSu egles
meZaudZu bojaeju, pieméram, Centraleiropa (Nikolov et al., 2014).

Mezaudzes kopgja stabilitate (collective stability) ir atkariga no koku individualas
noturibas, kas atseviSkiem meZaudzi veidojoSajiem kokiem var atSkirties (Diaz-Yafiez et al.,
2017). Koku individualas v&ja noturibas ipasibas nosaka koku savstarp€jais izvietojums
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meZaudz€ un no ta atkarigds augSanas gaitas atSkiribas (Dupont et al., 2018). Piemé&ram,
mezaudz€ talak no malas esoSie koki visbiezak ir ar lielaku augstuma/caurméra attiecibu
(slaidaki stumbri), augstakiem vainagiem (mazaks vainaga garuma Ipatsvars no koka augstuma)
un vajak attistitu saknu sistému atskiriba no malas kokiem, kuri ir paklauti pastavigai vgja
iedarbibai (Seénhofa et al., 2020). Nereti mezaudzu v&ja bojajumi izveidojas tiesi audzu ieksieng,
kur kokiem ir zemaka mehaniska noturiba pret v&ja dinamiskas slodzes laika radito bojajumu
summu (Gardiner et al., 2013). Mezaudzes ar zemu individualo koku noturibu loti svariga ir
visas audzes kopé&ja stabilitate, ko var nodroSinat vienmeérigs koku izvietojums bez
parravumiem vainagu un saknu sistému sléguma, kad saglabajas blakus koku atbalsts, ka art
neveidojas spgjas gaisa turbulences un vienmérigi absorbg&jas veja speks (Gardiner & Quine,
2000; Mason, 2002).

Mezaudzes kopgja stabilitate samazinas lidz ar atsevisku koku bojaeju vai bitisku
individualas noturibas samazinasanos (Snepsts et al.,. 2020). Tas var notikt dazadu apstaklu
sakritibu rezultata, kas vai nu kavé augSanu, vai ar izraisa strukturalus un Iidz ar to ar1
funkcionalus koksnes dalu bojajumus. Pieméram, meZaudze€m ar jau esoSiem v&ja bojajumiem
ir paaugstinata l1dzigu bojajumu atkartoSanas/turpinasanas iesp&ja nakamajas v&ja brazmas, ja
vien nav bijis pietickami ilgs saglabajusos koku adaptacijas periods jaunajai audzes struktiirai
(Detter et al., 2015). Tadgjadi, izmantojot informaciju par meteorologisko parametru
faktiskajiem un vidgjiem raditdjiem un datus par mérka un blakus esoSo mezaudzu
raksturojosajiem raditdjiem un meza tipu grupu, ir iesp&jams veikt sagaidamajiem vé&ja
bojajumu riskiem pielagotus mezaudzu apsaimniekoSanas pasakumus. Pieméram, mezaudzes
vidusdalas bojajumu gadijuma, kad ir izveidojusSies vairaki atseviski atv€rumi, japlano sanitara
vienlaidus (nevis izlases) cirte.

Individualu koku v&ja noturibu ir iesp&jams novertet, pielietojot destruktivu statiskas
vilkSanas testu (pulling test), kura ar vin¢u paraugkoku pilniba nolauz vai izgaz ar sakném,
vienlaicigi veicot pielikta speka un koka stumbra salickuma mérjjumus (Nicoll et al., 2006;
Peltola, 2006). No testa iegutajiem kvantitativajiem datiem primaro laSanu (PF) fiksé ka
stumbra pamatnes lieces momentu, pie kura stumbra saliekSanas kliist disproporcionali
straujaka neka lieces momenta paliclinasanas (BBMpF), bet sekundaro lasanu (SF) — ka
maksimalo lieces momentu (BBMsg) (Detter et al., 2015, 2019). Vilksanas testa laika nenotiek
pieliktas slodzes absorb&sana, ka tas biitu dabiskos apstaklos, kokam v&ja svarstoties, tomér §is
tests ir lidzigos pétijumos plasi izmantota metode mezaudzes veidojoSo koku v&ja noturibas
noveértéSanai un salidzinasanai, analiz&jot iesp&jamos koku individualo noturibu ietekm&joSos
faktorus (Nicoll et al., 2006; Peltola, 2006).

1.7. Promocijas darba meérkis
Novertet saknu trupes un stumbra mizas bojajumu ietekmi uz v&ja bojajumu iesp&jamibu
parastas egles meZaudzes.

1.8. Promocijas darba uzdevumi

1.  Raksturot parastas egles v&ja noturibu saistiba ar virszemes biomasas sadalijuma un
saknu-augsnes kamola dimensiju atskiritbam mezaudzgs ar kidras un mineralaugsném.

2. Raksturot koksnes strukturalo noturibu ietekm&josu stumbra mizas bojajumu un saknu
trupes ietekmi uz parastas egles véja noturibu.

3. Raksturot parastas egles mezaudZzu saglabasanos aprites cikla ietvaros.
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1.9. Promocijas darba tezes

1.  Stumbra mizas bojajumu sekas samazina parastas egles mehanisko stabilitati, butiski
palielinot v&ja bojajumu iesp&jamibu.

2.  Heterobasidion spp. izraisitas saknu trupes negativa ietekme uz parastas egles saknu-
augsnes sasaisti kiidras un mineralaugsnés biitiski neatskiras.

3. Parastas egles mezaudzu butiska destrukcija sakas, sasniedzot treSajai vecumklasei (41-
60 gadi) atbilstoSas dimensijas.

1.10. Zinatniska novitate

Promocijas darba pirmo reizi Baltijas jiras regiona analiz&ta parastas egles statiskas koku
vilksanas testu datu kopa ietver lielu dimensiju (DBH > 45 cm, H >30 m) kokus. Turklat pirmo
reizi $aja regiona ir iegiti koku vilkSanas testu dati no egles mezaudzém ar kaidras augsném.
Saknu trupes ietekme uz egles v€ja noturibu raksturojoSajiem parametriem pirmo reizi
hemiborealo meZzu zona ir salidzinata starp mezaudzém ar kiidras un mineralaugsném. Tapat
pirmo reizi kvantitativi raksturota stumbra mizas bojajumu ietekme uz egles véja noturibu.

1.11. Promocijas darba uzbuve

Promocijas darbs sastav no piecam publikacijam. Pirmajas divas publikacijas (I un II
publikacija) ir novertéta stumbru mizas bojajumu un saknu trupes ietekme uz parastas egles
mehanisko noturibu. Egles virszemes biomasas sadalijuma atSkiribas audzés uz kiidras un
mineralaugsném ir analizéts treSaja (III) publikacija. Ceturtaja (IV) publikacija ir raksturota
egles audzu saglabasanas to aprites cikla ietvaros, bet piektaja (V) publikacija ir analiz&tas egles
saknu-augsnes kamolu dimensijas v&jgaze€s uz kiidras un mineralaugsném.

1.12. Promocijas darba aprobacija (konferences)

P&tijuma rezultati prezentéti seSos zinojumos cetras zinatniskajas konferences.

1. Krisans O., Baders E., Donis J., Bickovskis K., Jaunslaviete I. (2020) Long-term
survival of Norway spruce in hemiboreal forests. XXth International Multidisciplinary
Scientific GeoConference Surveying, Geology and Mining, Ecology and Management —
SGEM 2020, 16.-25.08.2020, Albena, Bulgaria. (Stenda referats)

2. Krisans O., Samariks V., Bickovskis K., Jaunslaviete I., Zute D. (2020) Root
characteristics of wind-thrown Norway spruce. XXth International Multidisciplinary
Scientific GeoConference Surveying, Geology and Mining, Ecology and Management —
SGEM 2020, 16.-25.08.2020, Albena, Bulgaria. (Stenda referats)

3. Krisans O., Racenis E., Rieksts-Riekstins R., Donis J., Rust S., Jansons A. (2020)
Browsing damages reducing wind stability of Norway spruce (Picea abies (L.) Karst.) in
hemiboreal forests, Latvia. The 9th International Wind and Trees IUFRO conference
“Planning for an uncertain future: wind risk to forests and trees in a changing climate”,
21.02.-08.03.2020, Rotorua, New Zealand.

4. Jansons A., Krisans O., Donis J., Rieksts-Riekstins R., Bruna L. (2020) Impact of root-
rot on wind stability of Norway spruce (Picea abies (L.) Karst.) in hemiboreal forests,
Latvia. The 9th International Wind and Trees IUFRO conference “Planning for an
uncertain future: wind risk to forests and trees in a changing climate”, 21.02.-08.03.2020,
Rotorua, New Zealand.

5. Baders E. Dubrovskis E., Snepsts G., Krisans O., Kapostins R., Jansons A. (2018)
Resilience Norway spruce forests: case study in Latvia. 8th edition of the International
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symposium forest and sustainable development, 25-27.10.2018., Brasov, Romania.
(Stenda referats)

Snepsts G., Krisans O., Dubrovskis E., Kapostins R., Jansons A. (2018) Effect of
injuries on stability of Norway spruce. LIFE+ ELMIAS Ash and Elm, and IUFRO WP
7.02.01 Root and Stem Rots Conference (LIFE-IUFRO), 26.08-01.09.2018, Uppsala and
Visby, Sweden. (Stenda referats)
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2. MATERIALS UN METODES

2.1. Egles virszemes dalas svaigas koksnes biomasas sadalijjuma un saknu-augsnes
kamola raksturojums

Eglu saknu-augsnes kamola morfometrisko parametru mérijumi veikti v&jgazes un koku
statiskas vilkSanas testu laika, audz€s ar kiidras un mineralaugsném, Meza pétiSanas stacijas
Kalsnavas, Jelgavas un Sk&des mezu novados un AS “Latvijas valsts meZi” apsaimniekotajos
mezos Dundagas un Ozolnieku novados (57°14'N 22°42'E, 57°34'N 22°18'E, 56°40'N
23°53'E, 56°41'N 25°50'E, 56°75'N 23°85'E). Virszemes dalas biomasas sadalijumu noteica
87 kokiem, sadalot 2 m garos nogrieznos un péc tam atseviski nosverot gan stumbra nogriezni,
gan attiecigaja nogriezni esoSos (sausos un zalos) zarus. Vgja izgaztiem 64 kokiem veica
saknu-augsnes kamola morfometrisko parametru mérijumus—saknu dzilumu divos radiusos
no koka stumbra Iidz saknu-augsnes kamola malai 0°, 45°, 90°, 135° un 180° sektoros pa
saknu-augsnes kamola virsmu. Katra no Siem radiusiem saknu-augsnes kamola biezumu
mérija 0,2 m intervalos (3.1. att.). Saknu-augsnes kamola tilpums V (m®) aprékinats ka
eliptiska konusa tilpums:

Vz(g)*n*a*b*h 1)

kur:

h — saknu-augsnes kamola vidgjais dzilums (m);

a — saknu-augsnes kamola vertikalais radiuss (m);

b — saknu-augsnes kamola vidgjais horizontalais radiuss (m).

Egles saknu-augsnes kamola morfometrisko parametru mérfjjumus no koku statiskas
vilkSanas testiem izmantoja ka kontroles datus. Kuidras augsném kontroles dati ir iegiiti tajas
pasas audzes, kuras veikti merijjumi vejgazes (Kalsnava), bet mineralaugsnu dati ir no 2020.
gada koku statiskas vilk$anas testiem (Jelgava, Ozolnieki). Saskana ar Peltola et al. (2000),
koku v&ja noturibas raksturo$anai izmantoja parametru HDBH?. Strukturalo saknu sadalfjumu
aprékindja ar visparinatu aditivo modeli, kura ka mainigos izmantoja relativo saknu dzilumu un
relativo attalumu no stumbra.

Egles virszemes biomasas aprékinaSanai izmantoja linearo modeli, kura ka mainigos
ieklava DBH, augstumu un svérto nogrieznu smagumu centru augstumus. Pirsona korelacijas
un galveno komponentu analizés parbaudija koku morfometrisko parametru variéSanu atkariba
no augsnes veida. Katra koka masas centra Hmp aprékina izmantoja vid€jo svérto nogrieznu
masas centru augstumu un masas vertibas:

Ym xh
ym

Hmp = 2)

kur:
m — sverto nogrieznu masa (kg);
h — svérta nogriezna viduspunkta augstums (m).

Koka masas punkta relativais augstums ir proporcija no koka kop€ja augstuma. Datu
statistiska apstrade veikta programma R (versija 4.0.0.) (R Development Core Team, 2019).
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2.2. Koku statiskas vilkSanas testi

Lai raksturotu stumbra bojajumu un saknu trupes ietekmi uz egles v&ja noturibu, veikti
koku destruktivas statiskas vilkSanas testi vairakas eglu audzes Latvijas centralaja dala — Meza
pétisanas stacijas Kalsnavas mezu novada (4 audzes) un SIA Skogssallskapet Tpasuma C&su
novada (1 audze). Eglu tiraudzgs ar kiidras (Kp un Ks) un labi drenétam mineralaugsném (Dm)
(Buss, 1976) atlasija gan bojatos, gan kontroles kokus, reprezentgjot konkréto kokaudzu DBH
pakapes (viena pakape 4 cm). Saknu trupes ietekmes novertéSanai no bojato paraugkoku grupai
paredzetajiem kokiem vispirms ievaca urbumu serdenus, kuros laboratoriski identificgja
patogénus, un saknu trupes paraugkopai atlasija kokus ar Heterobasidion spp. klatbatni.
Savukart kontroles grupai atlasija kokus, kuru koksnes paraugos neattistijas ne Heterobasidion
Spp., ne ar1 citi saknu trupi izraisoSi patogéni. Mizas bojajumu ietekmes novértéSanai bojato
koku paraugkopai atlasija kokus ar 7 lidz 9 gadus veciem stumbra mizas bojajumiem, kas bija
izvietoti no 0,8 lidz 1,5 m augstuma, bet kontroles grupai — kokus bez vizualiem defektiem.
Abiem bojajumu veidiem datu analiz€ izmantoja bojajuma Ipatsvaru, trupes gadijuma to
aprékinot ka attiecibu starp trup&jusas koksnes laukumu un celma zaggjuma virsmas laukumu,
bet mizas bojajumu gadijuma — ka zudusas mizas proporciju no koka stumbra apkartméra
platakaja bojajuma vieta.

Vilksanas testa laika (2.1. att.) ar dinamometru (DI) mérija koku pretestibu statiskai
slodzei un lenki (a) starp vilkSanas liniju (metala trose ar poliestera virves pagarinajumu)
(VL)un gaisa liniju starp atbalsta koku un paraugkoku (I11). Vilksanas spéka pielikSanas punkts
paraugkokam bija pus€ no ta augstuma (EP1), un, lai mazinatu v&ja un gravitacijas speka
ietekmi uz mérfjjumiem, visiem paraugkokiem nozaggja galotni 1 m virs (GA) vilkSanas spéka
pielikSanas punkta. VilkSanu veica ar manualu vincu (MV), kura bija stiprinata pie cita koka
pamatnes (EP2) attaluma, kas parsniedz paraugkoka augstumu, bet ne vairak par 40 m. Testa
laika veica sinhronus mérijjumu datu nolasijumus vilkSanas spekam un vilkSanas linijas lenkim,
ka arT koka stumbra sagazuma lenkiem, kurus mérija ar inklinometriem pie stumbra pamatnes
(IMO) un 5 m augstuma (IM5).

2.1. att. Shematisks statiskas vilkSanas testa attélojums
EP1 un EP2 — vilkSanas spéka pielik§anas punkts paraugkokam un atbalsta kokam; 11 — attalums no
atbalsta koka I1idz paraugkokam; o — lenkis starp VL un 11; DI — dinamometrs (vilkSanas speka un
vilk8anas linijas lenka mérfjums); MV — manuala vinéa; 0,5H — puse no paraugkoka augstuma; GA —
paraugkoka nozagesanas augstums; IMO un IMS5 — inklinometri pie stumbra pamatnes un 5 m
augstuma uz stumbra
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Katram paraugkokam aprékinats lieces moments stumbra pamatné BBM (kNm) ka:
BBM = F*hep1*cos(mediany), (3)

kur:

F - vilkSanas speks;

hep1 - vilkSanas Iinijas piestiprinajuma augstums pie paraugkoka;
median, - vilkSanas linijas lenka mediana.

Stumbra izliekumu N, izteica ka starpibu no stumbra sagazuma lenku mérijumiem pie
stumbra pamatnes (No) un 5 m augstuma (Nsm):

Na = Nsm—No (4)

Na un BBM vertibu proporcionala picauguma beigu moments tika definéts ka BBMpr.
Savukart pilniga noliiSana vai izgasanas ar sakném pie maksimala liekSanas speka ir BBMsF.
Saknu-augsnes kamola tilpumu V (m?) aprékinaja ka pusi no eliptiska paraboloida tilpuma:

v=_(3)-m-a b-h, (5)

kur:
aun b — lielakais un mazakais izgaztas saknu-augsnes kamola virsmas radiuss (m),
h — maksimalais saknu-augsnes kamola dzilums (m).

Datu statistiska apstrade veikta programma R (versija 3.5.3) (R Core Team, 2018),
izmantojot pakotnes "readr", "tidyverse", "DBI", "zoo”, "RSQLite", "ggplot2” un “ez”.

2.3. Eglu audZu saglabasanas

Eglu audzu saglabasanas divu Latvijas regionu meza ainavas—Rietumlatvija Vang un
Austrumlatvija Dviet€ raksturota, izmantojot meZa inventarizacijas datus no 1975. 1idz 2016.
gadam. Veésturisko meZa inventarizaciju plani no 1975., 1985. un 1999. gada tika ieskenéti un
georeferencéti, pielagojot LKS-92 koordinatu sistémai, programmas ArcGIS 10.2 vide.
Savukart digitali telpiskie meZa inventarizacijas dati par 2011. un 2016. gadu sanemti no Valsts
meza dienesta. Pamatojoties uz §Tm piecu meza inventarizaciju datu kopam, izveidotas
meZaudzu izmainu kartes 40 gadus ilgam periodam.

Eglu audzu dinamika analizeta, attiecigaja inventarizacijas gada nosakot valdosas sugas
koeficientu un sadalot meZaudzes pa vecumklaseém. Analizé tika ieklautas mezaudzes lidz
ceturtajai vecumklasei, bet mezaudzes, kuras gaja boja vai sasniedza piekto vecumklasi, vai ari
tajas nomainijas valdosa suga, tika izsl€gtas no turpmakas analizes. Veicot statistisko analizi ar
linearu jauktu efektu modeli programmas R vidg (versija 3.5.3) (R Core Team, 2018), novértéta
valdosas sugas un vecumklasu sastopamibas (Ipatsvara) dinamika. Ja mezaudze ka eglu audze
bija saglabajusies arT nakamaja inventarizacija, modeli mezaudzes identifikatoru izmantoja ka
nejauso efektu. Savukart telpisko autokovarianti izmantoja, lai noskaidrotu telpiskas sakaribas
starp neatkarigajiem mainigajiem, piem&ram, regionu, vecumklasi un inventarizacijas gadu. Ar
Hi-kvadrata (x2) testu noskaidroja eglu audzu attiecigaja vecumklas€ Tpatsvaru atSkiribas starp
regioniem un inventarizacijas gadiem.
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3. REZULTATI UN DISKUSIJA

3.1. Egles saknu-augsnes kamola un virszemes biomasas sadalijjuma raksturojums

Egles stabilitati v&ja nozimigi ietekm¢é tas sasaiste ar augsni un masas centrs, ko raksturo
saknu-augsnes kamola tilpums (un masa) un virszemes dalas masas sadalfjums (smaguma
centra augstums) (Cucchi et al., 2005; Nicoll et al., 2006).

Saknu vertikala izplatiba, kas ir viens no nozimigakajiem koku v&ja noturibu
noteicoSajiem faktoriem (Coutts, 1986; Dumroese et al., 2019), ir noteikta ka saknu platnes
dziluma standartiz&ts biezuma mérijumu sadalijums pa saknu-augsnes kamola virsmas radiusu
no stumbra. Radiusam palielinoties, samazinas kamola biezums, un iegtta korelacija ir cieSa
un negativa gan nosusinatas kiidras augsnés, gan mineralaugsnés (r = —0,99; p < 0,001) (3.1.
att.). Vidgjais saknu dzilums pie saknu kakla (kamola centra) eglém nosusinata kiidras augsné
(Kp un Ks) bija 49,2 + 6,6 cm (Seit un turpmak ka izkliedes raditajs noradits 95% ticamibas
intervals), savukart mineralaugsné 28,3 + 2,3 cm. Nosusinata kiidras augsné augosSiem kokiem
lielaks saknu dzilums saglabajas [idz 1 m attalumam no saknu kakla, tacu platnes periférija tas
samazinas straujak neka mineralaugsnés (3.1. att.). Sadas saknu dziluma atkiribas norada uz
dazadu saknu-augsnes sasaisti (Nicoll et al., 2006): gadijumos, kad ta nav tik ciesSa, koka
stabilitates nodros§inasanai saknes aug dzilak (ja to pielauj gruntsiidens Itmenis) un plasak (Ray
& Nicoll, 1998; Stofko, 2010). Likumsakarigi, ka eglém nosusinata kiidras augsné saknu-
augsnes kamola tilpums bija butiski (p < 0,001) lielaks neka mineralaugsné (3.2. un 3.3. att.);
tas saskan ar p&tijumu rezultatiem citas valstis (Nicoll et al., 2006).
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3.1. att. Egles saknu-augsnes kamola dzilums atkariba no attaluma no saknu kakla

meZaudzes ar kiidras un mineralaugsni
Iekrasotie laukumi atbilst 95 % ticamibas intervalam

Saknu kamola izméra nozimi apliecina ar1 fakts, ka uzmeritajam v€ja izgaztajam eglém

tas bija biitiski mazaks neka koku lauSanas testos izgaztajam, turklat izteiktaka 1 atSkiriba bija
tiesi nestabilakajas, nosusinatajas kiidras augsnés (3.2. un 3.3. att.).
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3.2. att. VEja izgazto un kontroles koku saknu-augsnes kamola tilpums mineralaugsné
Iekrasotie laukumi atbilst 95 % ticamibas intervalam
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3.3. att. Veja izgazto un kontroles koku saknu-augsnes kamola tilpums kiidras augsné
Iekrasotie laukumi atbilst 95 % ticamibas intervalam

Papildus saknu-augsnes kamola tilpumam v&ja noturibu nosaka ari ta masa, pazeminot
kopgjo koka smaguma centru un darbojoties ka atsvars. Ta atkariga ne tikai no kamola tilpuma,
bet arT augsnes mitruma un granulometriska sastava (Nicoll & Ray, 1996; Niccol et al., 2006).
Tapat saknu sp&ju nodroSinat koka stabilitati nosaka koka adaptacija lokalajiem apstakliem,
audzes attistibas gaita (t.sk., veikta saimnieciska darbiba), augsnes sasalums un biotisko
traucgjumu ietekme (Schelhaas et al., 2003). Koka stabilitati vétra var nozimigi samazinat ari
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pirms tam notikusi v€ja iedarbiba, kas izraistjusi saknu bojajumus. Pieaugot koka vecumam,
saknu sist€mas atjaunoSanas sp&ja péc Ssadiem bojajumiem mazinas (Puhe, 2003), un
atjaunosanas laiks palielinas.

Koku v&ja noturibas raksturoSanai var izmantot stumbra dimensijas raksturojosu
parametru HDBH? (Peltola et al., 2000). Tas biitiski (p < 0,001) atskiras nosusinatas kiidras
augsnés un mineralaugsnés augo$am eglem (3.4. att.). Kopuma HDBH? parametra vértibas
attieciba pret saknu-augsnes kamola tilpumu mineralaugsnés bija butiski (p < 0,001) augstaka
neka kiidras augsnés, t.i., mineralaugsnés mazaks saknu kamols uzturgja lielaku dimensiju
stumbru. Palielinoties koku izméram, atSkiribas Saja attieciba starp dazadas augsnés augoSam
eglém ari palielingjas (3.4. att.).
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3.4. att. Sakariba starp egles stumbra dimensijam (HDBH?) un saknu-augsnes kamola

tilpumu kiidras un mineralaugsnes
Iekrasotie laukumi atbilst 95 % ticamibas intervalam

Koka virszemes dalas masas sadalijums dabiski mitra stavokli nosaka ta smaguma centra
(relativa masas punkta) augstumu un l1idz ar to —gravitacijas speku, kas iedarbosies uz koku péc
tam, kad v&j$ biis sacis to gazt (stumbrs bis novirzijies no vertikala stavokla). Zemaks relativais
masas punkts paaugstina koka stabilitati v&ja, un otradi (Cucchi et al., 2005; Nicoll et al., 2006).
Petijuma ietverto eglu virszemes dalas vid€ja 2 m nogriezna biomasa bija 66 + 3,0 kg, vidgja
kopé€ja masa 1730 + 576 kg. Lidzigi ka Marklund (1988) un Repola (2009) biomasu modelos,
iegiitais virszemes biomasas sadalijuma modelis (3.1. tabula) ir balstits uz koka DBH un H, un
prognozetajam svaigas stumbra koksnes masas veértibam ir cieSa korelacija ar sverSanas
rezultatiem (r = 0,98) (3.2. tabula):

mij = Bahij + ,BgDBHiZ + ﬁ4hijDBHi2 + 1, (6)
kur:
mij— 2 m nogriezna masa (kg);

hij— nogriezna centra augstums (m);
DBHi— koka caurmers (cm).
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3.1. tabula

Virszemes biomasas sadalijjuma modela parametru vértibas un standartklidas

Parametrs Vertiba Standartkltida
Jist 0,44 0,194
)7, - 0,163 0,201
Bs 0,083 0,001
Pa - 0,087 0,001

Modela prognozes lielakoties vari€ja koku pirmo—zemako fragmentu biomasas, kas ir
skaidrojams ar lielaku raukumu un masu stumbram ta bazalaja dala.

3.2. tabula

Pirsona korelacijas koeficienti un to p-vertibas parastas egles parametriem

Parametrs DBH H Svaigas stumbra Aprekinata stumbra
koksnes masa (kg) biomasa (kg)

DBH 1 < 0,001 < 0,001 < 0,001

H 0,79 1 < 0,001 < 0,001

Svaigas stumbra 0,36 0,29 1 < 0,001

koksnes masa (kg)
Apre_lglnata stumbra 0,39 0,32 0,98 1
biomasa (kg)

Pirsona korelacijas koeficienti paraditi zem diagonales, bet to p-vertibas — virs diagonales

Virszemes dalas biomasas sadalijuma datu novertéSana izmantotas galveno komponentu
analizes rezultati uzradija 83% izskaidrojamu variaciju pirmajai (53%) un otrajai (30%)
komponentei. Pirmajai komponentei izskaidrojama variacija bija atkariga no koka kopgja
augstuma un caurmeéra, stumbra un vainaga biomasas un relativa masas punkta augstuma.
Petijuma tika konstatéta pozitiva korelacija relativajam masas punkta augstumam ar koka
kopgjo augstumu (r = 0,64), stumbra masu (r = 0,61), DBH (r = 0,55) un zemaka dziva zara
augstumu (r = 0,57). Tomer augstaka korelacija relativajam masas punkta augstumam bija ar
dzivo zaru biomasu (r = 0,77). Sis rezultats norada, ka stumbra un vainaga dimensijam, no
kuram ir atkarigs relativais masas punkta augstums, ir nozimiga ietekme uz egles v&ja noturibu.
Savukart otrajai komponentei izskaidrojama wvariacija bija atkariga no augsnes veida
(p <0,008), un tai bija pozitiva korelacija ar relativo masas punkta augstumu, zemaka dziva
zara augstumu, bet negativa — ar vainaga relativo augstumu, kurs varigja starp 34% un 44% no
koka kopgja augstuma.

Rezultati liecina, ka egles virszemes biomasa un saknu-augsnes kamola morfometriskie
parametri meZaudzes ar kiidras augsném bitiski atSkiras no meZaudzeém ar mineralaugsném.
Mezaudzes ar kudras augsném eglu vainagiem ir relativi mazaks garuma ipatsvars (no koka
kopgja augstuma) neka mineralaugsnés, tadejadi kiidras augsnés eglém ir lielaks relativais
masas punkta augstums. Savukart, eglém mineralaugsnés konstatéta bitiski straujaka HDBH?
vertibu palielinaSanas attieciba pret saknu-augsnes kamola tilpumu saistita ar augstaku véja
noturibu.

3.2. Koku statiskas vilkSanas testi

Stumbra mizas bojajumi, visbiezak briezu dzimtas parnadzu raditi, un saknu trupe ir
uzskatami par nozimigakajiem biotiskajiem traucgjumiem egles mezaudzes, kas sp&j izraisit
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butiskus koksnes strukturalos bojajumus (Wagener, 1963; Shibata & Torazawa, 2008;
Honkaniemi et al., 2017; Cukor et al., 2019). Tapéc ir nepieciesama informacija par So biotisko
faktoru ietekmi uz egles v&ja noturibu, ka ar1 tas integracija v€ja bojajumu prognozesanas
algoritmos. Koku noturibas parbaudi veica, pielietojot statiskas vilksanas testu (Peltola, 2006).

Kokiem ar abu biotisko agentu izraisitiem bojajumiem bija butiski zemakas gan PF, gan
SF vertibas neka kontroles (nebojatiem) kokiem visas mezaudz€s gan kiidras, gan
mineralaugsnés (3.5. un 3.6. att.), un veselo koku lieces momentu vértibas ir salidzinamas ar
parastas egles vilkSanas testu petijumos iegiitajam vertibam citviet Eiropa (Lundstrom et al.,
2007; Peltola et al., 2010; Jillich et al., 2013). Mizas bojajumiem nozimiga iectekme bija uz
augsnes-saknu sasaisti, nevis stumbra koksnes mehanisko izturibu, pretgji sakotnéji gaiditajam.
Peéc SF sasniegSanas testétie koki visbiezak izgazas ar sakném, nevis liza—tas arl ir
izplatitakais parastas egles mezaudzu v€ja bojajuma veids (Gardiner et al., 2013).

Vidgja mizas bojajuma proporcija no stumbra apkartméra bija 28,1 + 7,3%, bet trup&jusas
koksnes proporcija no celma virsmas laukuma—50,3 + 26,5%. Lai arT testéto koku noturiba
primari bija atkariga no stumbra tilpuma, tomér bojajumu ietekmé, neatkarigi no to apjoma,
abas testétas BBM robezvértibas (BBMpr un BBMsr) bija biitiski zemakas.
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3.5. att. Parastas egles stumbra pamatnes lieces momenti pie primaras un sekundaras

liSanas atkariba no stumbra tilpuma un mizas bojajumiem
Iekrasotie laukumi atbilst 95 % ticamibas intervalam

Noturiba pret PF palielinajas proporcionali stumbra tilpumam, un veseliem kokiem §1
palielinasanas bija daudz straujaka (t.i., sakaribu starp BBMpr un stumbra tilpumu aprakstosas
taisnes slipums lielaks) neka bojatiem (3.5. att.). Tomér relativais BBMpr samazinajums koka
stumbra mizas bojajuma ietekmé dazadu dimensiju kokiem bija nemainigs: 61%. Savukart
bojato koku BBMsr bija vidgji par 16 kKNm m™ zemaks neka kontroles kokiem. Sadas atkiribas
starp BBMpr un BBMsk norada, ka nozimigaka praktiska stumbra mizas bojajuma ietekme ir
uz primaro lisanu, ko meZzaudze vizuali nevar konstatét. Lai arT koka dimensiju palielinaSanas
paaugstina koku noturibu, tomér mezaudz€s ar tadiem lielu dimensiju kokiem, kuriem ir
stumbra mizas bojajumi, ari relativi mazas v€ja slodz€s var veidoties bojajumi, kas butiski
samazina koku mehanisko stabilitati un pretestibas sp€jas citiem ar&jas vides faktoriem.

Mizas bojajumi, kavgjot koka sulas vaditsp&ju, izraisa nozimigus fiziologisko procesu
traucgjumus (Cukor et al., 2019), kuru mazinasanai koks izmanto resursus, kas citkart biitu
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nodro$inajusi ta augSanu (Vasiliauskas, 2001). Tadgjadi vielu transporta sistémas
apgrutinajuma apstaklos augsanas energija tiek ieguldita augstuma pieauguma veidosana, lai
nodro$inatu koka konkur€tsp&ju, turpreti saknu attistiba, pastavot pietickamai meZzaudzes
kopgjai stabilitatei, tiek kavéta (Szoradova et al., 2013; Honkaniemi et al., 2017). Koka
fiziologiskos procesus un ari saknu attistibu kavé patogénu invazija mizas bojajumu briices
(Szoradova et al., 2013; Burnevica et al., 2016; Honkaniemi et al., 2017; Cukor et al., 2019).
Stumbru Skérsgriezumos mizas bojajumu vietas trup&jusi koksne netika konstatéta, tomér
dazadu patogénu sugu izplatibas ipatnibu dél (Deflorio et al., 2008; Burnevica et al., 2016)
kokiem ar mizas bojajumiem pastav iesp&ja, ka augsnes-saknu sasaiste var samazinaties
patogénu darbibas ietekmé (Vasiliauskas, 1998; Honkaniemi et al., 2017).

Otra analizéta biotiska faktora — saknu trupi izraisoSo patogénu — klatbiitne bitiski
samazinaja gan BBMpr, gan BBMsr neatkarigi no augsnes veida un mitruma, ka art saknu-
augsnes kamola tilpuma, noradot, ka egles noturiba ir atkariga no lateralo saknu mehaniskajam
Ipasibam (3.6. att.). Kokiem ar saknu trupi BBMpr un BBMsr samazinajums bija attiecigi 25,4%
un 24,1%. Jaatzime, ka saknu trupes ietekmes uz koku noturibu novértéSanai izveletajiem
paraugkokiem, kuriem pirms vilksanas testiem tika apstiprinata Heterobasidion spp. klatbiitne,
konstatéti ari citi patogéni, visbiezak Armillaria spp. un Resinicium bicolor.
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3.6. att. Parastas egles stumbra pamatnes lieces momenti pie primaras un sekundaras
lasanas atkariba no augsnes veida un saknu trupes klatbiitnes

Abu biotisko faktoru—stumbra mizas bojajumu (p < 0,001) un saknu trupes (p < 0,05)
klatbutné butiski samazinajas eglu v&ja noturiba, ko apliecina zemakas BBMpr un BBMsk
vertibas. Pazeminats BBMpr nozimé paaugstinatu koksnes audu deformacijas risku spiedé
(Detter et al., 2015), bet BBMsr—maksimalas noturibas samazinajumu. Koksnes audu
deformacija var izveidoties strukturali trauc€jumi vielu transporta sist€éma, izraisot augsanas
samazinasanos vai fiziologiska sausuma izveidoSanos v&ja bojajuma rezultata (Seidl &
Blennow, 2012). Sadi koksnes bojajumi saknés ne tikai samazina to fidens uznemsanas un
transportéSanas spgjas, bet ar paaugstina koka invadéSanas risku ar saknu trupi izraisoSajiem
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patogéniem. Ta ka v&ja bojatajiem kokiem palielinas biotisko agentu izraisito bojajumu risks,
un v€ja radito mehanisko bojajumu iesp&jamiba ir augstaka kokiem ar jau esoSiem biotisko
agentu izraisitiem bojajumiem (Gardiner et al., 2013; Seidl et al., 2017), saskana ar Honkaniemi
et al. (2017) eglu mezaudzes nakotné var tikt paklautas cikliskai So procesu negativajai
ietekmei.

Nemot véra stipra v&ja (péc Boforta skalas 13,9 — 17,1 m s (Barua, 2005)) un vétru
atkartoSanas biezuma palielinaSanas prognozes (Molter et al., 2016), egles stumbra mizas
bojajumi un saknu trupe ir uzskatami par nozimigiem eglu audzu v€&ja bojajumu risku
paaugstinoSiem faktoriem. To negativo ietekmi uz egles audzu v&ja noturibu ir iesp&jams
mazinat, 1stenojot atbilstoSus meza apsaimniekoSanas pasakumus (Gardiner et al., 2013).
Pieméram, stadijumu ierikoSana ar sakotné&ji zemu biezumu vai savlaiciga augstas intensitates
audzes sastava kopSana bez mehanizetas krajas kopSanas cirSu veikSanas mazinatu gan koku
saknu sakotngjos kontaktus, gan mehanisku saknu bojajumu iesp€jamibu, paaugstinot eglu
audzu noturibu pret saknu trupi izraiso$o patogénu izplatibu (Stenlid & Redfern, 1998). Ar1
stumbra mizas bojajumu iesp&jamiba mazinatos, gan izvairoties no mehanizétas kopSanas cirsu
veikSanas, gan samazinoties lielo parnadzu izraisitiem stumbra mizas apgrauzumiem, kas
zemaka biezuma stadijumos tiek noveroti retak (Baders et al., 2017; Katrevics et al., 2018).

Savlaiciga bojato koku identificéSana un izvaks$ana no jaunaudze€m un vidgja vecuma
audze€m var nodroSinat izveidota atvéruma malas kokiem pietieckamu laiku, lai pielagotos
sagaidamajai véja ietekmei (Sénhofa et al.,, 2020). Turklat laiks, kad eglu meZaudzes ir
paklautas nozimigam v€ja bojajumu riskam, var tikt samazinats, saisinot to aprites ciklu (Donis
et al., 2020; Samariks et al., 2020), t.i., veicot m&rktiecigu meza apsaimniekosanu, kas orienteta
uz galveno cirti péc mérka caurméra. Savukart, péc veja iedarbibas savlaicigi identificéta
nepiecieSamiba veikt mezaudzes nomainu var noveérst papildus zaud&jumus koku turpmaka
kvalitates zuduma un paaugstinatas sekundaro bojajumu varbiitibas dgl.

3.3. Eglu meZaudZu sastava saglabasanas

Egles audzu attistibai un klimatam (t.sk., v&a klimatam) nov&rojamas regionalas
atSkiribas pat salidzinoSi neliela teritorija, kada ir Latvija (Zeltin$ et al., 2019). Tadel egles
audzu ilgtermina saglabasanas raksturo$anai izvéléti meza masivi Latvijas austrumu un rietumu
dala, attiecigi Dviete un Vane.

Regionam bija biitiska ietekme uz egles audzu saglabasanos: Dvieté to audzu ipatsvars,
kas pargaja nakamaja vecumklasg, salidzinot 1975. gada un 1985. gada inventarizacijas datus,
bija 76,5%, kamér Vane tas bija 93,1%. Nav zinams precizs iemesls, kapec eglu audZzu platibas
samazindjas, nelaujot izdarit precizus secinajumus. Dvieteé vecako vecumklasu mezaudzu
nesaglabasanas 11dz nakamajai inventarizacijai perioda no 1975. lidz 1985. gadam ir saistama
ar v€ja izraisitiem bojajumiem perioda lidz 1983. gadam (Stipra véja gadijumi Latvija, 1.1. att.),
jo 1pasi 1967. gada, kad nozimigakie postijumi izveidojas Latvijas dienvidu dala (Bengtsson &
Nilsson, 2007; Hanewinkel et al., 2008, 2011; LVGMC, 2017). Nereti stipra v&ja saglabajusas
meZaudzes turpmakajos gados degrad€jas sekundaro biotisko faktoru izraisitu bojajumu
ietekmé (Deschénes et al., 2019), visbiezak mizgrauzu savairoSanas rezultata (Nikolov et al.,
2014). Tapat vétra izdzivojusajiem, bet tas ietekmétajiem kokiem var biit nozimigi saknu
bojajumi, kuru del tie nakamajos gados neiztur arT mazak stipru v&ju iedarbibu. Savukart, 2016.
gada inventarizacija fikséta tresas vecumklases mezaudzu zema saglabaSanas var€tu zinama
méra but skaidrojama ar kaiteklu—brunuts (Physokermes piceae Schrank.) savairo$anos
2010. gada (VMD dati) (Baders et al., 2018) (3.7. att.). Visa 40 gadu novérojumu perioda eglu
audzu sastava saglabasanas starp inventarizacijam augstaka bija Vané neka Dviet€ (p < 0,001).
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3.7. att. Nakamaja vecuma desmitgade pargajuso egles mezaudZu ipatsvars péc
sakotnéja vecuma 1975. gada

Konstatéts, ka egles audzu saglabasanos butiski (p<0,01) ietekm& to vecums: abos
regionos augstaka saglabasanas bija pirmas vecumklases (0 1idz 20 gadi) audzém (3.7. att.).
Strauj§ mezaudzu saglabasanas kritums abos regionos (3.8. att.) novérots, sakot ar treSo
vecumklasi (41 Iidz 60 gadi), lai gan Dvieteé nozimigs samazinajums sakas jau otraja

vecumklasé.

\
N\

0.9 +++ +*+ 4 ++

tsvars

Zu ipa
=
~
1
4
4
I
I
1
1
I
]
I
!
¥
4
e
7
4

~

Aud
)
(@)
——

05 ® Dviete
A Vane
0 <10 1120 21-30 31-40 41-50 51-60 61-70 71-80
Audzu vecums, gadi

3.8. att. Vidgjais saglabajusSos egles meZaudZu ipatsvars pa vecuma desmitgadém abos
regionos

Lidziga audzu saglabasanas izmainu tendence ir noverota ari citos pétijumos, 1pasi,
dazadu bojajumu—gan v&ja (Peltola et al., 1999; Zeng et al., 2007), gan biotisko faktoru (Piri,
1996; Arhipova et al., 2011; Baders et al., 2018;) ietekme. Eglu meZaudZzu v&ja noturibas
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samazinasanas ir sagaidama, sasniedzot tadas dimensijas, kadas parasti augstako bonitasu egles
audzes ir, sakot ar pareju no otras uz treSo vecumklasi. Noturibas samazinasanos veicina $aja
vecuma sagaidama stumbra mizas bojajumu un/vai saknu trupes sastopamibas palielinaSanas
un ar to saistita stumbra un saknu koksnes destrukcija. Turklat augstas biezibas audzgs, kuras
veikta nov€lota un/vai parlieku intensiva retinasana, véja noturiba samazinas vél straujak.
Kopuma konstatétas faktiskas egles audzu saglabasanas izmainu tendences saskan ar
modelu prognozetajam, noradot, ka audzu monetaras un citu ekosisteémas pakalpojumu veértibas
saglabasanai nozimiga mérktieciga to apsaimniekosSana, orient§joties uz merka caurméra
sasniegSanu atrak neka 80 gados (Katrevics et al., 2018), jo Tpasi — meza tipos ar augligam
nosusinatam kaidras augsném, kur ir paaugstinats véja bojajumu risks (Samariks et al., 2020).
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SECINAJUMI

Parastas egles mehanisko stabilitati biitiski pazemina stumbra mizas bojajumi, kuri
analizétajam eglém bija vidgji 28+7,3% no stumbra apkartméra (no 16% lidz 40,8%).
Slodze, pie kuras notiek primara lGsana, palielinas proporcionali stumbra tilpumam
(paraugkopa no 0,16 lidz 1,32 m®), un veseliem kokiem $1 palielina$anas ir straujaka.
Koku ar stumbra bojajumiem lieces momenta pie primaras lGsanas relativais
samazinajums dazadu dimensiju kokiem, salidzinot ar nebojatiem, bija nemainigs: 61%.
Bojato koku lieces moments pie sekundaras ltiSanas bija butiski mazaks neka nebojato,

neatkarigi no to dimensijam starpibai sasniedzot 16 kNm-m?.

Saknu trupe (paraugkopa trup&jusas koksnes proporcija no celma virsmas laukuma bija
no 4 % lidz 94,8 %, videji 50+£26,5%,) izraisa statistiski biitisku un nozimigu parastas
egles stabilitates samazinajumu neatkarigi no augsnes veida un mitruma, un saknu-
augsnes kamola tilpuma. Tas liecina, ka parastas egles noturiba ir atkariga no lateralo
saknu mehaniskajam 1pasibam. Saknu trupes bojato koku lieces momenta pie primaras un
sekundaras lusSanas relativais samazinajums, salidzinot ar nebojatu koku vertibu, ir
attiecigi vidgji 25,4% un 24,1%.

Saknu-augsnes kamola tilpumam ir bitiska loma koku v&ja noturibas nodroSinasana:
vienu un to paSu dimensiju v&ja izgaztajam eglém tas bija butiski mazaks, neka koku
statiskas vilkSanas testos izgaztajam, turklat izteiktaka ST atSkiriba bija tiesi nestabilakajas,
nosusinatajas kiidras augsnés. Adapt€joties veja slodzei, audzes ar nosusinatam kiidras
augsném egles saknu kamola tilpums ir lielaks neka tadu pasu dimensiju kokiem meza
tipos ar mineralaugsné€m, un §is atskiribas galvenokart nosaka lateralo saknu garums.

Parastas egles zemaku noturibu mezos ar nosusinatam kiidras augsné€m, salidzinajuma ar
mineralaugsném, biitiski ietekm€ paaugstinats masas centrs.

Parastas egles mezaudzu saglabasanas butiski samazinas, sasniedzot treso vecumklasi
(41-60 gadi). Mezkopibas pasakumu kompleksu egles audz€s nepiecieSams adaptet
klimata parmainam, paaugstinot to saglabasanos lidz galvenas cirtes parametru
sasniegSanas bridim.
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REKOMENDACIJAS

Rekomendgjams izmantot zemaku stadiSanas biezumu un/vai augstas intensitates
jaunaudzu kopSanu, saisinot parastas egles vienvecuma mezaudzu aprites ciklu un laiku,
kad audze paklauta nozimigam v€&ja bojajumu riskam, tadg€jadi mazinot $1 abiotiska
faktora izraisito bojajumu varbiitibu. Ipasi nozimiga 3$ada pieeja ir meZza tipos ar
nosusinatu kiidras augsni. Rekomendg@tie pasakumi mazinas ari saknu trupes risku un
koksnes destrukciju tadu patogénu ietekmé, kas var ieklit stumbra pa mizas bojajumu
vietam, tadejadi papildus veicinot audzu noturibu. Tapat bojajumu risku mazinas koku ar
stumbra mizas bojajumiem savlaiciga izvakSana no audzes, nodroSinot izveidota
atvéruma malas kokiem laiku pielagoties vgja ietekmei. Rekomend&jams realizét meza
aizsardzibas pasakumus, kas versti uz saknu trupes un briezu dzimtas dzivnieku nodarito
postijumu ierobezoSanu, jo tas vienlaikus mazinas ar1 v&ja bojajumu risku.

Turpmakie pétijumi kompleksas v&ja ietekmes uz mezaudzém modeléSanas sist€mas
izstradei veicami ar mérki kvantificét sekundaro bojajumu risku v&ja skartas audzes.
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1. INTRODUCTION

During the last decades, future silvicultural importance of Norway spruce (further in text
— spruce) has gradually decreased along with the decline of its habitats as a result of climate
change (Yousefpour et al., 2010; Hanewinkel et al., 2013; Cermak et al., 2019). Suitable
growing conditions for spruce in Europe are projected to remain in northern part — in both boreal
and hemiboreal forest zones (Hickler et al., 2012; Suvanto et al., 2016; Kapeller et al., 2017,
Marini et al., 2017). However, in these regions as well, forest damages increase in both
frequency and severity under natural disturbances caused by both abiotic and biotic agents,
especially in old-growth stands (Jakus et al., 2011; Marini et al., 2017). Yet, considering the
notable both economic and ecological (carbon sequestration) (Kénina et al., 2018) importance
of spruce due to its high growth productivity (Pretzsch et al., 2014), spruce will remain to be of
high silvicultural importance in Latvia if silvicultural practices will be adapted in terms of
prevention and mitigation of negative effects of natural disturbances.

1.1. Frequency of severe winds

Wind is the most important natural disturbance in both European and Latvian forests
(Gardiner et al., 2013), where strong winds originate from both North Atlantic extra-tropical
cyclones (further in text — cyclones) and thunderstorms (EEA, 2017; Taszarek et al., 2019).
Although, during both events the mean wind speed (ms?) per 10 minutes can reach the
threshold to be qualified as a severe gale—20.8 m s according to the Beaufort scale (Barua,
2005). Also, frequently forest damages occur during moderate gales—13.9 —17.1 m s (Barua,
2005) as gusts may exceed the mean wind speed for up to 10 m s (Sheridan, 2011). During
thunderstorms, severe and intensive downwards wind bursts known as squalls may be formed,;
however, thunderstorms are local, thus potential forest damages are difficult to be forecasted
(Schoen & Ashley, 2011). Although, territories affected by thunderstorms rarely exceed several
km?, the effect on forest stands can be devastating (Nagel et al., 2007, 2017). The season of
thunderstorms is relatively short compared with autumn—winter cyclones; however, the
frequency and severity are expected to increase in future (Radler et al., 2019).

Most severe wind damage to forest stands in both Europe and Latvia occur during
autumn—winter cyclones, which can affect large areas, up to several thousand square km?,
bringing along heavy precipitation (Stewart, 1985; Gardiner et al., 2013; Gregow et al., 2017).
Most important are cyclones of North Atlantic origin, which heavily affects North-West parts
in Europe while moving inwards to the mainland their force decreases (Dravniece, 2007). Since
1871, daily maximum wind speed and mean annual number of gale days have an upwards trend
(Donat et al., 2011; Gardiner et al., 2013). Especially since 1950, more than 130 events with 10
minute mean wind speed reaching 20.8 m s (Barua, 2005; Donat et al., 2011; Gregow et al.,
2017). In most cases autumn-winter cyclones affect British Isles, North Sea coastal areas and
Fennoscandia; however, cyclone tracks are frequently observed to turn more into central areas
of Europe, as well as Baltic states (Gardiner et al., 2013). During last 60 years, in Latvia the
period between severe wind events has not been longer than 10 years (Fig. 1.1.) (LVGMC,
2020).
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Fig. 1.1. Most severe wind events in Latvia (LVGMC, 2020)
Lines represents the minimum (yellow), the mean (red) and the maximum (black) wind speed of recorded wind
gusts during each strong breeze event (LVGMC, 2020)

1.2. Wind induced damages in forest stands

During autumn-winter cyclone activity, large scale forest damages can occur across
Europe, damaging growing stock up to tens of millions of m® within one event (Gardiner et al.,
2013). In Europe, the amount of damaged wood has increased along with the increase of total
volume of standing stock since World War Il (UNECE, 2011). Current standing stock volume
is estimated to be highest since the Early Middle Ages (UNECE, 2011; Nabuurs et al., 2013;
EEA, 2017) and large proportion of European forests consist of old-growth forest stands that
are highly susceptible to natural disturbances (Nabuurs et al., 2013). In the last 20 years, in
Europe more than 89 thousand reports have been recorded about forest stand damages resulting
in up to 1 million ha of affected areas in total. More than 340 million m® of damaged wood have
been estimated after 6 cyclones during that period (Forzieri et al., 2020). Also in Latvia the
amount of damaged forest stands has increased along with proportion of old-growth forests
(National Forest Inventory (NMM), 2019). During last 11 years, in Latvia estimated increase
of spruce standing stock has reached 16 million m®and spruce stand area has increased for about
54 thousand ha (NMM, 2019). In turn, damages caused by wind and ungulates in spruce stands
have increased by area as well, 61 and 75 thousand ha, respectively (NMM, 2019; Snepsts et
al., 2018).

The critical wind load for any forest stand corresponding to certain critical wind speed
can be estimated as maximum bending moment at the base of the stem causing irreversible
damage either as stem fracture or uprooting—secondary failure (Detter et al., 2019). Wind load
has no static characteristics. It is formed by series of gusts caused by turbulent movement of
air, thus dynamic loading is created (Sheridan, 2011). Therefore, trees appear to fail under
cumulative damage caused by dynamic wind loading, thus critical wind speed appears to be
lower — wind speed in gusts 25 m s is reported to initiate tree failure (Spatz & Speck, 2000;
Cullen, 2002; James et al., 2006). Forest stand critical wind speed is determined by various
factors, such as orography of landscape, canopy surface of stands, soil conditions, morphometry
of trees within target stand and neighbouring stands, silvicultural legacy as well as the presence
of biotic disturbances (Fig. 1.2.).
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Fig. 1.2. Conceptual scheme of estimation of forest stand wind resistance (ERAF, 2019)

1.3. Estimation of potential wind induced damages of forest stands

Magnitude and spatial distribution of potential wind induced forest stand damages can be
estimated by analysis of records and forecasts of weather parameters (wind speed in gusts, depth
of soil frost, soil moisture, snow or icing load on tree canopies, etc.), information about forest
type (soil) and characteristics of target and neighbouring stands. Thus, potential damages can
be prevented or mitigated by implementation of planning levels, such as operational, tactical
and strategical. Operational planning involves application of records of weather parameters and
information about characteristics (soil types and morphometry of trees) of target and
neighbouring stands in determining damaged areas, thus, planning of salvage logging can be
placed. The level of tactical planning allows current silvicultural practices to be adjusted
according to the scale and magnitude of expected wind damage by applying long-term means
of weather parameters and information about characteristics (soil types and morphometry of
trees) of target and neighbouring stands. Information used in both planning levels supplemented
with data from tree growth models allow the planning of wind resilient future forest landscape,
thus, the level of strategic planning can be created (ERAF, 2019).

1.4. Factors affecting forest stand wind stability

The characterisation wind resistance of uneven-aged mixed stands is very complex and
no appropriate modelling tool available for this purposes. In even-aged stands, parameters, such
as dominant species, mean height and diameter, stand density as well as the time period since
the last thinning are most important in determining the wind resistance (Donis et al., 2018).
These factors can have the effect on forest stand wind resistance either directly or through
interactions. For example, higher stand density increase the height/diameter ratio and root
competition, thus the stability of individual trees decreases (Gardiner et al., 2013). Most part of
spruce stand in Latvia (88.8%, NMM, 2019) represents highest groups bonity (la, I, I1). During
second and third age class, mean height of trees in such stands may reach the threshold that
subjects stands to high wind damage risk (Peltola et al., 2010). The mean tree diameter in spruce
stands (21.5 cm) corresponds to the begging of the third age class (21.9 cm, NMM, 2019)

Information about distribution of above-ground biomass and dimensions of root plate are
considered to characterize the site effect of mechanical stability of spruce (Cucchi et al., 2005;
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Nicoll et al., 2006). Assessment of tree mechanical stability in forest stands required a model
that predicts distribution of fresh above-ground biomass to be developed as most of currently
available models calculate dry biomass (Marklund, 1988); Repola, 2009; Libiete et al. 2017,
Kenina et al. 2018). The distribution of above-ground biomass determines the effect of gravity
on critical wind speed as reduced height of mass point increases wind damage risk (Gardiner et
al., 2013). In different soil conditions parameters, such as above-ground biomass and
dimensions of root-soil plate differs (Nicoll et al., 2006); however, present information is
insufficient in comparing the effect on wind resistance in forest stands on peat and mineral soils
(Nicoll et al. 2006; Stofko & Kodrik, 2008).

Tree wind resistance largely depends on root-soil anchorage, which is determined by soil
conditions (Grime, 2001). Tree rooting adapts to soil mechanical properties by developing a
stabilizing root projection under frequent movement caused by wind (Coutts, 1986; Dumroese
etal., 2019). Root-soil anchorage is higher in dry mineral soils formed by dense parent material,
such as moraine or clay compared with loose parent material soils, such as sand or gravel,
especially peat (Stofko, 2010). Although, root projections tend to be larger due to frequent
movement (Coutts, 1986; Dumroese et al., 2019). In Baltic Sea region, forest stands situated on
peat soils are widely distributed, where spruce stands are highly productive. Thus, evaluation
of wind resistance of such stands has high economic and ecological importance (Pdivanen &
Hanell, 2012; Pretzsch et al., 2014). In Latvia, the most productive spruce stands on peat soils
are distributed in such forest types as Myrtillosa turf.mel. and Oxalidosa tuf. Mel. (Buss, 1976)
and according to data from the National Forest Inventory, within the time period from 2011
until 2018, total area and standing stock of such forest types has increased for 1.78 thousand ha
and 0.86 million m?, respectively (NMM, 2019).

Root-soil anchorage decreases along with the increase of soil moisture, thus promoting
root sliding when tree stem swings under wind loading (Mickovski, 2002). During autumn-
winter cyclone activity, mostly no soil frost appears to be formed, which intensifies wind
induced forest damage together with precipitation, as it was observed during 3 most devastating
events in Latvia during last 60 years — in 1967, 1969 and 2005 (LVGMC, 2020). In future,
expected warmer winters in boreal and hemiboreal forest zones are considered to shorten soil-
frost period subjecting forest stands to wind damage under insufficient root-soil anchorage
during autumn-winter cyclones (Laapas et al., 2019). However, there is still a lack of
information about the root-soil anchorage and the effect of biotic disturbances on spruce wind
resistance, especially on peat soils.

1.5. The effect of biotic factors

Pathogens are one of the most common biotic disturbances in spruce stands creating
structural damages in wood (Piri, 1996; Bendz-Hellgren et al., 1999; Arhipova et al., 2011,
Honkaniemi et al., 2017). Severity of pathogen invasion can be intensified by mechanical tree
damage as a result of silvicultural activities (Piri & Korhonen, 2008; Metslaid et al., 2018) and
stem bark damage (bark-stripping) by large ungulates (Snepsts et al., 2018; Burnevica et al.,
2016). However, the effects of such factors on spruce wind resistance are insufficiently
quantified.

Bark-stripping is usually followed by invasion of Stereum sanguinolentum (Roll-Hansen
& Roll-Hansen, 1980; McLaughlin & Sica, 1996; Vasiliauskas et al., 1996; Cermék & Strejéek,
2007; Snepsts et al., 2018), with speed of axial spreading from 9.6 to 19.5 cm per year reaching
up to 6 m from the wound (Cermak & Strejéek, 2007; Vacek et al., 2020). Development of such
fast progressing pathogens hinders tree recovery from mechanical damage as formation of
reaction wood at the edge of wound is slowed (Vacek et al., 2020). Thus, individual stability
can be lowered in comparison with undamaged trees within the same stand.
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In Latvia, infestation with one of the most common root rot pathogens Heterobasidion
spp. for spruce on peat soils is 16.3 % on average (Bruna et al., 2018) and the annually mean
speed of spreading in roots of forest stands can reach up to 24 cm (Bendz-Hellgren et al., 1999).
This pathogen has very high negative economic impact on spruce stands by causing both decline
and reduction of wind resistance (Gori et al., 2013). For example, in 41-year-old spruce stands
on peat soils, vertical distribution of Heterobasidion spp. can reach up to 4 m, thus a significant
decline of the whole stand could occur by the end of 80-year rotation period (Brunaet al., 2018).
Therefore, evaluation of the effect of root rot on individual tree stability is important in terms
of improving the modelling of the effects of climate change on commercial forests (Honkaniemi
etal., 2018).

1.6. Evaluation of wind resistance of forest stands

Observation in both Europe and Latvia indicates that the outbreak risk of dendrophagous
pests significantly increases along with the increase of proportion of wind damaged forest
stands and prolongation of drought periods (Jakus et al., 2011; Marini et al., 2017; Ruosteenoja
et al., 2018). Therefore, information about factors that intensify wind damage is important in
prevention of such negative effects. This thesis characterizes the effect of structural wood
damage caused by biotic factors on wind resistance of spruce stands.

During the stem bending by wind loading, wood fibre deformation by compression cause
a kinking of tracheids of spruce (Detter et al., 2015). Initial stem bending occurs proportionally
with the increase of force until the start of wood fibre kinking under the compression
deformation. From that point, stem bending increases disproportionally faster than the applied
force and, thus, primary failure (PF) has occurred (Detter et al., 2015). Primary failure may
occur in both roots and stem and recovery of strength at a pre-damage level may not be
sufficient. Trees with primary failure are more likely subjected to secondary failure (SF), such
as stem fracture or uprooting (Detter & Rust, 2013). Sufficient root-soil anchorage prevents
movement of roots, thus primary failure occurs in stem; however, reduced root-soil anchorage
allows root sliding in soil, which may result in structural damage of roots (Detter et al., 2015).

Tree hydraulic conductance is hindered under wood structural deformation by reaching
primary failure (Detter et al., 2015, 2019), thus damaged trees are subjected to physiological
drought after severe wind events (Ievins, 2016). Forest stands weakened by certain disturbances
have increased susceptibility towards secondary biotic disturbances that follow, such as
outbreaks of dendrophagous pests during post-storm seasons accompanied with drought (Jakus
etal., 2011; Marini et al., 2017) as observed in Central Europe (Nikolov et al., 2014).

Collective stability of forest stands depends on individual tree stability which might differ
(Diaz-Yafez et al., 2017) due to differences in tree location within a stand which determines
their tree growth productivity (Dupont et al., 2018). Wind induced damages are frequently
observed in central areas of forest stands (Gardiner et al., 2013). Trees within a stand are
considered to have higher susceptibility towards wind damage as they tend to be slenderer than
edge trees having higher located canopy and thus a mass point (Sénhofa et al., 2020). Collective
stability can be increased by providing an even spatial distribution of individuals (spacing)
avoiding gaps in both canopy cover and in rooting distribution. Also, even canopy surface of
stand minimizes development of turbulent air motion above the stand, thus reducing energy of
local wind gusts (Gardiner & Quine, 2000; Mason, 2002).

Decline of individual trees decreases the collective stability of whole stand (Snepsts et
al., 2020). Hindered growth by competition or structurally damaged trees are considered as
weak spots within stands. Therefore, stands with damaged trees during previous severe wind
events are subjected to increased wind damage risk in following wind gusts as survived trees
have insufficiently adapted to a changed structure of the stand (Detter et al., 2015).
Nevertheless, eventual wind induced damages can be prevented or mitigated by application of
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data of weather parameters and information about characteristics of target and neighbouring
stands. For example, harvesting should be considered in case of several damaged canopy trees
within the stand.

The stability of forest stands can be evaluated by application of static tree pulling tests
during which trees are destructively winched till tree fracture or uprooting with simultaneous
tilt and force measurements (Nicoll et al., 2006; Peltola, 2006). For example, obtained data are
used to calculate primary failure as the basal bending moment (BBMper) at which deflection of
stem starts to increase disproportionally faster than the applied pulling force. Secondary failure
(BBMsr) is characterized as maximum bending moment (Detter et al., 2015, 2019). During
such tests, absorption of applied force, which would happen during natural motion when tree
swings in wind, is not taking place as pulling is static, however, such method is widely used in
similar researches with scope of estimation of tree resistance against wind load (Nicoll et al.,
2006; Peltola, 2006).

1.7. The aim of the thesis

To assess the effect of root rot and bark-stripping on possibility of wind induced damages
in Norway spruce stands.

1.8. Thesis objectives

1.  Tocharacterize the possibility of wind induced damages in Norway spruce stands on peat
and mineral soils in accordance with distribution of above-ground biomass and root plate
dimensions.

2.  To characterize the effect of structural strength of wood affecting factors, such as root rot
and bark-stripping on the possibility of wind induced damages in Norway spruce stands.

3. To characterize the survival of Norway spruce stands within the rotation period.

1.9. Thesis

1.  The effect of bark-stripping reduces the mechanical stability on Norway spruce, thus
notably increasing wind damage susceptibility.

2.  The effect of root rot caused by Heterobasidion spp. on the root-soil anchorage do not
differ significantly among peat and mineral soils.

3. Significant destruction of Norway spruce stands starts by reaching dimensions
corresponding to third age class (41-60 years).

1.10. Scientific novelty

For the first time in the Baltic Sea region the static tree pulling test has been applied to
assess the mechanical stability of large dimension (DBH > 45 cm, H >30 m) Norway spruce
individuals. Also, for the first time in the region and whole hemiboreal and boreal forest zones
such data have been obtained from Norway spruce stands on peat soils, where effect of root rot
on Norway spruce stability has been assessed. Furthermore, for the first time the effect of bark-
stripping on the root-soil anchorage of Norway spruce has been tested by application of static
tree pilling tests, thus the obtained quantitative information facilitates modelling of the effect
of biotic factors on the possibility of wind induced damages in Norway spruce stands.
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1.11. Thesis structure

The doctoral thesis consists of five research articles. The effect of bark-stripping and root-
rot on the mechanical stability of spruce has been estimated in first two publications (I and I1).
Distribution of above-ground biomass in accordance with soil type has been estimated in third
research article (I11). In fourth (IV) publication, description of Norway spruce survival in two
forested landscapes has been given, and root-plate dimensions of windthrown Norway spruce
situated on both peat and mineral soils has been characteristized in fifth (V) publication.

1.12. Approbation of research results (conferences)

The research results have been reported in six presentations within four scientific
conferences.

1. Krisans O., Baders E., Donis J., Bickovskis K., Jaunslaviete I. (2020) Long-term
survival of Norway spruce in hemiboreal forests. XXth International Multidisciplinary
Scientific GeoConference Surveying, Geology and Mining, Ecology and Management —
SGEM 2020, 16.-25.08.2020, Albena, Bulgaria. (Poster)

2. Krisans O., Samariks V., Bickovskis K., Jaunslaviete I., Zute D. (2020) Root
characteristics of wind-thrown Norway spruce. XXth International Multidisciplinary
Scientific GeoConference Surveying, Geology and Mining, Ecology and Management —
SGEM 2020, 16.-25.08.2020, Albena, Bulgaria. (Poster)

3. Krisans O., Racenis E., Rieksts-Riekstins R., Donis J., Rust S., Jansons A. (2020)
Browsing damages reducing wind stability of Norway spruce (Picea abies (L.) Karst.) in
hemiboreal forests, Latvia. The 9th International Wind and Trees IUFRO conference
“Planning for an uncertain future: wind risk to forests and trees in a changing climate”,

21.02.-08.03.2020, Rotorua, New Zealand.

4. Jansons A., Krisans O., Donis J., Rieksts-Riekstins R., Bruna L. (2020) Impact of root-
rot on wind stability of Norway spruce (Picea abies (L.) Karst.) in hemiboreal forests,
Latvia. The 9th International Wind and Trees IUFRO conference “Planning for an
uncertain future: wind risk to forests and trees in a changing climate”, 21.02.-08.03.2020,
Rotorua, New Zealand.

5. Baders E. Dubrovskis E., Snepsts G., Krisans O., Kapostins R., Jansons A. (2018)
Resilience Norway spruce forests: case study in Latvia. 8th edition of the International
symposium forest and sustainable development, 25-27.10.2018., Brasov, Romania.
(Poster)

6. Snepsts G., Krisans O., Dubrovskis E., Kapostins R., Jansons A. (2018) Effect of
injuries on stability of Norway spruce. LIFE+ ELMIAS Ash and EIm, and IUFRO WP
7.02.01 Root and Stem Rots Conference (LIFE-IUFRO), 26.08-01.09.2018, Uppsala and
Visby, Sweden. (Poster)
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2. MATERIAL AND METHODS

2.1. Characteristics of above-ground biomass and root plate dimensions of Norway
spruce

Measurements are carried out in stands with both peat and mineral soils located in North-
West, central and eastern parts on Latvia (57°14'N 22°42'E, 57°34'N 22°18'E, 56°40'N
23°53'E, 56°41'N 25°50'E, 56°75'N 23°85'E). Above-ground biomass was determined for 87
trees by weighing stem after cutting into 2 m long sections separated from branches.
Dimensions, such as rooting depth along radii (in 0°, 45°, 90°, 135° and 180° sectors) from
the stem to the edge of root plate of 64 windthrown trees were measured. In each of these
radii, root plate thickness was measured at every 0.2 m (Fig. 3.1.). The volume V (m?) of root
plate was calculated using elliptic cone volume equation:

Vz(g)*n*a*b*h, 1)

where:

h —mean height of root-plate centre (depth);
a — vertical radius of the root-plate;

b — mean horizontal radius of the root-plate.

As control, data from static pulling tests were selected from investigations conducted
in commercial Norway spruce stands with similar characteristics as the wind-thrown stands.
Control data from trees situated on drained peat soils were obtained from studying the effect
of root-rot on mechanical stability (56°41'N 25°50'E). For mineral soils, root-plate dimension
data from pulling tests carried out in summer 2020 in central part of Latvia (56°40'N 23°53'E)
are used. The approach of tree height multiplied by DBH squared (HDBH?) was used to
estimate the susceptibility of trees towards the tipping as shown by Peltola et al., (2000). In
the generalized additive model, the structural root depth distribution was calculated using
relative root depth and relative distance from the stem were as predictors.

Calculation of above-ground biomass was done by using linear model where DBH, H
and mass point of weighed 2 m sections. Pearson correlation and Principal Component
Analysis was used to test the variation of tree morphometric parameters in accordance to soil
type. The height of mass point (Hmp) of each tree was calculated using height and weight
values of mass centres of weighed 2 m sections.

Ymxh

Hmp: Sm y (2)

where:
m —a mass (kg) of weighed 2 m sections;
h — the middle point of the H of tree (m).

Height of the relative mass point is a proportion of total H. Statistical analysis was done using
program R (version 4.0.0.) (R Development Core Team, 2019).

2.2. Static tree pulling tests

Static tree puling tests were applied in order to characterize the effect of both root rot and
bark-stripping on the mechanical stability of spruce. Study was carried out in stands located in
central part of Latvia — 4 in The Forest Research Station and 1 in Skogssallskapet Ltd. owned
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forests. All were spruce monocultures situated on peat (Oxalidosa tuf. Mel and Myrtillosa
turf.mel) and drained mineral (Hylocomiosa) soils. In those stands, both damaged and control
trees were selected representing DBH classes (each class is 4 cm step) of each stand. The
presence of fungal pathogens was tested in the laboratory from increment cores extracted below
the root collar from the opposite sides of stem. Trees with the presence of fungal pathogens
were selected as sample trees. The presence of Heterobasidion spp. in the samples was
confirmed by observing its characteristic asexual sporulation (conidiophores). Based on these
results, in each stand tree pulling tests were performed within the same season. To characterize
the effect of bark-stripping on spruce mechanical stability, trees with 7-9 years old wounds
(located on stems at the height of 0.8 to 1.5 m from ground) were selected. Trees with no visual
damages were selected for control. The scale of the damage was quantified by measuring the
proportion of damaged wood on the circumference of the stem. For root rot, the proportion of
decayed wood was measured from the cross-section of stump and was used to quantify the scale
of the effect of fungal pathogen.

During the pulling test, dynamometer (DI Fig. 2.1.) was used to measure both tree
resistance against static loading and the angle () between pulling line (VL) and horizontal sight
line between anchoring and sample tree (I11). To minimize the effect of both gravity and own
mass, all tested trees were de-topped prior the test at the height of 1 m above the half of the
total height (GA). On the sample tree, the pulling line was anchored 1 m bellow the topping
(EP1) to prevent the slip-over of the anchoring sling. Pulling was done using manual winch
(MV) with steel cable prolonged with polyester rope. Winch was anchored at the base of tree
located opposite in the distance ~40 m (EP2). During the pulling, measurements of pulling force
were recorded simultaneously with stem deflection on the root plate (IMO0) and at the height of
5m (IM5).

Fig. 2.1. Scheme of static tree pulling test
EP1 and EP2 — anchoring of pulling line on the sample tree and anchoring tree, respectively; 11 —
distance from sample tree to anchoring tree; a. — angle between VL and I1; DI — dynamometer; MV —
manual winch; 0.5H — half height of sample tree; GA — topping height; IMO and IM5 — inclinometers
on the root plate and on the height of 5 m

For each tree, basal bending moment BBM (kNm) was calculated as

BBM = F*hap1*cos(median,), 3)

41



where:

F - a pulling force;

har1 - the anchoring height of the pulling line on the sample tree;
median, - median of the angle between the pulling line and ground.

Stem deflection (Na,) was expressed as the difference between readings of inclinometers
done on the root plate (No) and on the stem at the height of 5m (Nsm):

Na = Nsm—No (4)

The BBM and the end of proportional increase of Na and BBM was defined as BBMer,
while tree failure at the highest value of BBM was defined as BBMsr. The volume of root plate
V (m®) was calculated as the volume of an elliptical paraboloid as follows:

v=(3)-ma b-h (5)

where:

a and b — largest and smallest radii (m) of root plate, respectively;

h — maximum depth of root ball (m).

The data were analysed using "readr", "tidyverse", "DBI", "zoo0”, "RSQLite", "ggplot2”
and “ez” packages in program R (version 3.5.3) (R Core Team, 2018).

2.3. Survival of spruce stands

Survival of spruce stands is characterized in two forest landscapes in Latvia — West
(Vane) and East (Dviete) part, using data obtained from forest inventories carried out between
1975 and 2016. Maps of historical inventories were scanned and adjusted to coordinate system
of LKS-92 by georeferencing using program ArcGIS 10.2. Furthermore, digitalised spatial data
forest inventories from 2011 and 2016 were obtained from the State Forest Service. Maps
revealing changes of forest stand composition throughout last 40 years were prepared based on
information from those five forest inventories in Vane and Dveite, respectively.

Dynamics of spruce stands were analysed by determining both the age class (20-year step)
and coefficient of dominant species in according year of inventory, respectively. Stands above
4™ age class were excluded from the analysis as the age of spruce rotation period was 80 years,
thus harvesting might be the limiting factor of survival of such stands. In program R (version
3.5.3.) (R Core Team, 2018), linear mixed-effect model was used to test the effect of variables,
such as coefficient of dominant species and age on the dynamics of proportion of dominant
species and age classes. The identifiers of stands that has transitioned into next age class were
used as random effects in the model. However, spatial autocovariant was used to assess spatial
interactions among independent variables, such as region, age class and the year of inventory.
Chi-square (¥2) test was applied to test proportional differences of age classes between regions
and inventories.
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3. RESULTS AND DISCUSSION

3.1. Characteristics of distribution of above-ground biomass and dimensions of root
plate of spruce

Spruce stability is largely affected by soil-root anchorage and the height of mass centre
and these parameters can be characterized by root plate volume and the distribution of above-
ground biomass (Cucchi et al., 2005; Nicoll et al., 2006).

Vertical rooting is considered as one of the most important factors affecting tree
mechanical stability (Coutts, 1986; Dumroese et al., 2019). In this study, vertical rooting is
detected as standardized measurements of root plate thickness along radius from stem to the
edge of root plate. Thickness of root plate decreased along with the increase of distance from
stem by the radius having strong and significant negative correlations (r = -0.99, p < 0.001) in
both peat and mineral soils (Fig. 3.1.).
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Fig. 3.1. Relative structural root-plate depth distribution at measurement points of

relative distance from the stem in peat and mineral soils
Grey area denotes 95% confidence interval

Mean thickness of root plate right below the stem (centre) was 49.2 + 6.6 cm (95%
confidence interval) in peat and 28.3 + 2.3 cm in mineral soils, respectively. Within first meter,
root plates were thicker in peat soils, and towards the edge a decrease of thickens appears more
pronounced in comparison with mineral soils (Fig. 3.1.). Thus, showing differences in root-
soil anchorage (Nicoll et al., 2006) as spruce stability depends on horizontally developed
lateral roots due to insufficient vertical rooting. For example, in the case of high depth of
groundwater table (Ray & Nicoll, 1998; Stofko, 2010).

In accordance with Nicoll et al. (2006), root-plate volume was lower for trees growing
on mineral soil (0.50 = 0.14 m3), while trees on drained peat soils tend to have larger values
(1.5 £ 0.3 m®), and this difference was statistically significant (p < 0.001). Also, mean root-
plate volume of control trees was significantly higher compared with uprooted trees (Fig. 3.2.,
Fig. 3.3.)—1.3+0.5 m® and 5.5+1.0 m® in mineral and drained peat soils, respectively.
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Fig. 3.3. Root-plate volume against diameter at breast height of windthrown and control

trees in peat soil
Grey area denotes 95% confidence interval

Additionally to root-plate volume, wind resistance is increases by higher root-plate mass
as the height of mass point of tree reduces by heavier root-plate, which is affected by the soil
moisture and soil mechanical properties (Nicoll & Ray, 1996; Niccol et al., 2006). Also, tree
adaptation to local growing conditions determines the ability of roots to maintain the wind
resistance in accordance with silvicultural management history of the stand and natural
disturbances (Schelhaas et al., 2003). By the tree growth, the capacity of recovery of root
system reduces, thus increasing risk of failure (Puhe, 2003).
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Differences in spruce wind resistance between soil types might be shown as differences
in root plate volume, which was lower in mineral soils (Nicoll et al., 2006). However, as the
importance of DBH in determining root-plate volume was indicated, a HDBH? was calculated.
This parameter, which is known to describe tree wind resistance to uprooting in mineral soils
(Peltola et al., 2000), showed significant differences (p < 0.001) between soil types. Although,
mean values of HDBH? for mineral soil were lower in comparison to drained peat soils, by the
increase of root-plate volume, the estimated values of HDBH? increased more rapidly in
mineral soils (Fig. 3.4.), indicating better anchoring of smaller root-plates for larger trees in
mineral soil, or, to state otherwise — need for proportionally larger soil-root plate to sustain
larger trees in drained peat soil. .
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Fig. 3.4. Relationship between stem dimensions (HDBH?) and root-plate volume in peat

and mineral soils
Grey area denotes 95% confidence interval

The distribution of above-ground biomass of fresh wood determines the height of mass
point, which is affects tree stability as lower this point is, larger load is required for failure
(Cucchi et al., 2005; Nicoll et al., 2006). The mean total weighted above-ground biomass was
1730 + 576 kg and mean value for weighted 2-m section was 66.36 +2.97 kg. Values obtained
by model of fresh above-ground biomass distribution (table 3.1.) has tight and significant
correlation with results of weighing (r =0.98, p < 0.001) (table 3.2.). However, predicted
values varied for stem base due to lower slenderness compared with other part of stem. In
accordance with Marklund (1988) and Repola (2009), obtained model is based on DBH and
H:

mij = fohij + ﬁgDBHi2 + Ib’4hijDBHi2 + p1, (6)

where:

mij— mass of stem fragment (kg);

hij— height of stem fragment (m);

DBH;i— stem diameter at breast height (cm).
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Table 3.1.

Values of above-ground biomass distribution model

Parameter Value Standart error
B 0.44 0.194
)7, - 0.163 0.201
Bs 0.083 0.001
Pa - 0.087 0.001
Table 3.2.
Pairwise Pearson's correlation coefficients and p-values among variables of Norway
spruce
Parameter DBH H Stem fresh weight | Estimated biomass (kg)
(kg)
DBH 1 <0.001 <0.001 <0.001
H 0.79 1 <0.001 <0.001
Stem fr(eifg)we'ght 036 | 029 1 <0.001
Estimated biomass 0.39 0.3 0.98 1
(kg)

Evaluation of distribution of above-ground biomass was done by Principal Component
Analysis, which showed 83% of explained variations for both first (53%) and second (30%)
component. Explained variation of first component was dependent on H and DBH, biomass of
both stem and canopy, and relative height of mass point. The relative height of mass point was
identified as wind resistance determining factor having positive correlations with H (r = 0.64,
p < 0.001), mass of stem (r = 0.61, p < 0.001), DBH (r = 0.55, p < 0.001) and height of lowest
living branch (r=0.57, p < 0.001). However, relative height of mass point had higher
correlations with biomass of canopy (r = 0.77, p < 0.001). Thus, relative height of mass point,
which is stem and canopy dimension dependent has significant effect on wind resistance of
spruce. Reduction of this height increases wind resistance significantly (Cucchi et al. 2005;
Nicoll et al. 2006). However, explained variation of second component was soil type dependent
(p < 0.008) having positive correlation with relative height of mass point and the height of
lowest living branch, while negative correlation was observed with relative height of canopy,
which varied between 34% and 44% from H.

Results suggest that morphometric parameters of stem and root plate of spruce varies
significantly between soil types, such as peat and mineral. In stands with peat soils, canopies
have smaller both mass and height proportion from H, thus spruce in such growing conditions
tend to have higher located mass point. Therefore, reduction of root plate thickness, which
determines lower root-soil anchorage in combination with difference in dimensions of above-
ground parts, explains differences in wind resistance of spruce stands on peat and mineral soils.

3.2. Static tree pulling tests

Root rot and bark-stripping are considered the most common biotic disturbances in spruce
stands causing significant structural damages of wood (Wagener 1963; Shibata & Torazawa,
2008; Honkaniemi et al., 2017; Cukor et al., 2019). Therefore, assessment of such effect can
provide significant information that could be used in improvement of wind damage predicting
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algorithms. Damaged spruce individuals were tested applying static tree puling test (Peltola,
2006).

The presence of either type of biotic damage reduced both BBMpr and BBMsr
significantly regardless the proportion of damage — proportion of removed bark from stem
circumference (mean 28.1 + 7.3%) and the proportion of decayed wood from the area of stump
cross-section (mean 50.3 £ 26.5%). Primarily, main factor determining tree stability was stem
volume; however, both biotic agents significantly reduced both PF and SF in comparison with
control trees in the same stands and soil types (Fig. 3.5. and 3.6.). Obtained values are
comparable with results from similar studies elsewhere in Europe (Lundstrém et al., 2007;
Peltola et al., 2010; Jillich et al., 2013). Contrary to expectations, bark-stripping reduced root-
soil anchorage, not the mechanical strength of stem wood. After reaching SF, tested trees
uprooted rather than fractured in stem. However, the influencing factors affecting failure type
was not possible to be analysed as limited number of the trees fractured. Uprooting is the most
common tree failure type in spruce stands (Gardiner et al., 2013).
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Fig. 3.5. Basal bending moment of the Norway spruce stem at the primary and

secondary failure according to stem wood volume and presence of bark-stripping wound
Grey area denotes 95% confidence interval

By the presence of bark-stripping BBMpr was reduced proportionally (value differences
between undamaged and damaged trees as proportion from value of undamaged trees)
regardless to tree size as 61 % less load was required to reach PF. However, mean reduction of
BBMsrwas 16 kNm-m (Fig. 3.5.). Bark-stripping disrupts conductive tissues altering sap flow
pattern, thus causing risk of physiological drought (Cukor et al., 2019) and loss of energy of
growing (Vasiliauskas, 2001). Under disturbed tree hydraulic conductance, energy from
growing purposes is allocated for heeling. Therefore, it could be speculated that damaged trees
do not locate enough carbon into root system, thus they become more susceptible to uprooting
(Szoradova et al., 2013; Honkaniemi et al., 2017). Physiological processes of trees can be
altered by pathogen invasion through stem wounds as well (Szoradova et al., 2013; Burnevica
et al., 2016; Honkaniemi et al., 2017; Cukor et al., 2019). In stem cross-sections taken at the
widest parts of wounds, decayed wood was not found; however, trees with such bark damage
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are under the risk of invasion of root pathogens (Deflorio et al., 2008; Burnevica et al., 2016),
thus root-soil anchorage could be reduced under the presence pathogens in roots (Vasiliauskas,
1998; Honkaniemi et al., 2017).

The presence of root rot causing pathogens reduced both BBMpr and BBMsg significantly
regardless to soil type and moisture, as well as root plate volume, suggesting spruce mechanical
stability to be dependent on mechanical properties of lateral roots (Fig. 3.6.). Mean reduction
of both BBMpr and BBMsr was 25.4% and 24.1%, respectively. It should be noted that the
selection of sample trees to test the effect of root rot on spruce stability was done for trees with
confirmed presence of Heterobasidion spp.; however, often other root rot pathogens, such as
Armillaria spp. and Resinicium bicolor were also detected in the same trees.
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Fig. 3.6. Basal bending moment of the Norway spruce at the primary and secondary
failure according to stem wood volume and root rot in peat and mineral soils

The presence of both biotic factors significantly reduced resistance against static loading
of spruce, which is shown by lower values of both BBMpr and BBMse. Reduction against
BBMpr leads to increased risk of wood fiber kinking under compression loading, while decrease
of resistance against BBMsr means lowered threshold of maximum resistance (Detter et al.,
2015). Wood fiber kinking disrupts water conductive system of the tree leading to reduction in
vitality and growth. Also, after such damage in roots, not only a physiological drought can
follow but invasion risk of root rot pathogens increases (Seidl & Blennow, 2012). As
Honkaniemi et al., (2017) showed, trees that are affected by biotic disturbances have increased
risk to suffer wind induced damages and initially healthy trees that have survived strong wind
event have an increased risk of damages caused by secondary biotic agents (Seidl et al., 2017).
Under expected circumstances with increased frequency and severity of strong wind events in
the future (Molter et al., 2016), bark-stripping and root rot caused wood structural damages are
considered to be significant factors affecting survival of spruce stands.

Expected negative effects could be prevented or mitigated by implementation of
appropriate silvicultural practices, such as establishment of plantations with low initial spacing
or timely high intensity thinning without mechanized approaches. Thus, minimizing of both
root contacts and damages are expected to decrease the risk of pathogen invasion (Stenlid &

48



Redfern, 1998). Intensified game management, lower stand densities and avoidance of
mechanized commercial thinnings would reduce distribution of stem bark damages in spruce
stands (Baders et al., 2017; Katrevics et al., 2018).

Identification and removal of damaged trees from young and middle-aged stands can
provide sufficient adaptation time to develop mechanical stability of remaining trees at the
edges of newly formed openings. Moreover, shortened rotation period could reduce the period
of time when spruce stands are subjected to notable risk of wind induced damage (Donis et al.,
2020; Samariks et al., 2020). However, in case of necessity a replacement of stands right after
significant disturbances might reduce the risk of further degradation of affected stand.

3.3. Survival of spruce stands

Regional differences are pronounced in survival of spruce stands also in the relatively
small territory such is Latvia (Zeltins et al., 2019). Thus, both analysed regions (Dviete in the
East and Vane in the West) were selected to characterize these differences.

In Dviete, the proportion of stands successfully transitioned between inventories from
1975 to 1985 was 76.5% while in Vane it reached 93.1%. However, the cause of reduction of
spruce stands is unknown. In Dviete, failed transitioning of older stands between inventories
from 1975 to 1985 could be explained by wind induced damages in the period until 1983 (Fig.
1.1.), especially in 1967 when the most severe wind storm damages were observed in southern
part on Latvia (Bengtsson & Nilsson, 2007; Hanewinkel et al., 2008, 2011; LVGMC, 2017).
Occasionally, storm-survived stands decline during the following years after the damage under
the damage of secondary biotic agents, such as dendrophagous pests (Nikolov et al., 2014;
Deschénes et al., 2019). According to data obtained from State Forest Service, observed decline
on stands of third age class in the inventory of 2016 might be intensified by outbreak of spruce
bud scale (Physokermes piceae Schrank.) in 2010 (Baders et al., 2018) (Fig. 3.7.). During whole
observation period, higher spruce stand survival between inventories was observed in Vane (p
< 0,001). In both regions, higher survival was observed for first age class (0-20 years) (Fig.
3.7.). However, the start of rapid decrease of survival (Fig. 3.8.) was observed for stands in the
third age class (41-60 years), and in Dviete such trend started in second age class (21-40 years).
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Fig. 3.7. The proportion of successfully transitioned Norway spruce stands in both
landscapes by the initial age in 1975

49



Increase of susceptibility to damages in spruce stands is expected when transitioning into
third age class, especially with the presence of bark-stripping and root rot in spruce stands. In
our study, stand age was the most important factor that affected transition of stands into next
age class (p < 0.001) as proportion of survived stands decreased by the increase of age. Similar
trend has been observed in other studies where intensity of both biotic (Piri, 1996; Arhipova et
al.,2011; Baders et al., 2018) and wind (Peltola et al., 1999; Zeng et al., 2007) damage increased
by stand age. The reduction of wind resistance of spruce stands is expected to decrease by
reaching dimensions corresponding to most productive bonity (la, I, I1)—typically in third age
class. Also, risk of bark-stripping or invasion of root-rot increases in such age class, especially
in dense stands with delayed or high intensity thinning.
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Fig. 3.8. Mean proportion of survival of Norway spruce stands by age groups in both
regions

Observed tendencies in survival of spruce stands corresponds to model predictions,
suggesting the importance of appropriate management in increasing spruce stand wind
resistance. Results of economic evaluation of wind damage on spruce stands indicate to stand
age as notable factor that increases risk of wind damage, thus shortened rotation period (50-60
years) is considered as appropriate solution in avoidance of notable decline of spruce stands
(Katrevics et al., 2018), especially with fertile soils, such as peat (Donis et al., 2020; Samariks
et al., 2020). Therefore, forest owners should be allowed to implement most suitable
management solutions, such as felling accordingly to target DBH, thus both potential economic
and ecological losses could be reduced.
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CONCLUSIONS

Mechanical stability of Norway spruce is significantly reduced by the consequences of
bark-stripping wounds (from 16 to 40.8 % from stem circumference). Loading resistance
was tightly linked to stem volume (from 0.16 to 1.32 m®): basal bending moment at
primary failure increased gradually with tree size for damaged trees and sharply for
undamaged. Relative reduction (in comparison to undamaged trees) of basal bending
moment at primary failure remained constant regardless of tree size: 61%. The mean
reduction of loading necessary for secondary failure was 16 kNm-m™ regardless to tree
size.

The presence of root rot (from 4 to 94.8 % of stump surface) reduced mechanical stability
of Norway spruce regardless of soil type and moisture, and root-soil plate volume. Thus
indicating the dependence of spruce stability from mechanical properties of lateral roots.
Mean relative reduction of basal bending moment at primary and secondary failure due
to presence of root-rot in comparison to values of healthy trees, was 25.4% and 24.1%,
respectively.

Root-plate volume has a crucial role in ensuring tree mechanical stability: it was
significantly smaller for wind-thrown trees than for the ones uprooted in the static pulling
tests; this difference was more pronounced in less stable, drained peat soil. In this soil
adaptation to wind loading requires development of larger root-soil plate, primarily linked
to longer lateral roots, than in freely drained mineral soil.

Norway spruce growing on drained peat soils have higher mass point, causing lower
mechanical stability, than on mineral soil.

The survival of Norway spruce stands significantly decreases from the third age class (41-
60 years). The silvicultural practices in Norway spruce stands needs to be adapted to
climate change, increasing the survival of trees till they reach the target dimension for
final harvest.
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RECOMENDATIONS

To reduce probability of wind damages, lower initial density of planted stands and/or
higher intensity of pre-commercial thinning is recommended, with increases the radial
growth and shortens the period, when trees reach the target diameter for final harvest.
Especially important this approach is in stands on drained peat soil. In this way also the
time when stands are subjected to significant wind damage risk is reduced, thus
minimizing the probability of such disturbance. Recommended approach will also
minimizes the risk of root rot and decay of wood caused by pathogens entering the tree
via bark-stripping wounds, thus further improving wind resistance of the stands. Timely
removal of tree with bark-stripping wounds from the stands is recommended to provide
sufficient adaptation period to develop mechanical stability of remaining trees.
Implementation of protection measures against bark striping and root rot will also
minimize the wind damage risk in Norway spruce stands.

Further research is required for development of models considering whole spectrum of
wind effects on Norway spruce stands, including quantification of changes in probability
of secondary abiotic and biotic damages.
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Abstract: The increasing effects of storms are considered the main abiotic disturbance affecting forest
ecosystems. Bark-stripping damage from the growing ungulate populations, in turn, are among the
main biotic risks, which might burden the stability of trees and stands. Therefore, the aim of our study
is to estimate the effect of cervid bark-stripping on the mechanical stability of Norway spruce using a
static tree-pulling test. For the test, eight damaged and 11 undamaged canopy trees were selected
from a 40-year old stand (plantation with 1 X 3 m spacing) growing on mineral mesotrophic soil. The
selected trees were bark-stripped 7-9 years prior to the experiment. Uprooting was the most frequent
type of failure; only two trees broke at the stem. For the damaged trees, the resistance to pulling
was significantly reduced (p-value < 0.001). Stem volume and presence of bark-stripping were the
best linear predictors of the basal bending moment at the primary failure (irreversible deformation
of wood structure) and secondary failure (collapse of the tree). A significant (p-value < 0.001)
interaction between stem-wood volume and presence of bark-stripping was observed for primary
failure, indicating a size-dependent reduction of stability of the damaged trees. Such interaction
lacked significance (p-value = 0.43) for the secondary failure (mostly uprooting), indicating a decrease
in stability irrespectively of tree size. Somewhat surprisingly, the decrease in the overall mechanical
stability of the bark-stripped trees appeared not to be related to a direct reduction of the strength of
the stems, but rather to physiological effects such as altered allocation of carbon, increased drought
stress because of interfered hydraulic conductance of wood, or secondary infestation. The reduced
stability also suggests that bark-stripped trees can act as the weak spots decreasing the collective
stability of stands in the long term, thus increasing the susceptibility to storms.

Keywords: Picea abies; cervids; pulling test; wildlife damage; uprooting; wind damage

1. Introduction

In European forests, storms are the main abiotic disturbance [1], which have caused more than
half of the losses in standing stock during the last 50 years [1,2]. The impact of storms is expected to
further increase due to climatic change [3]. In Northern Europe, increasing damage of storms is related
to unfrozen soil conditions under warming winters, hence the mechanical stability of individual trees
is essential for the sustainability of stands [4]. Furthermore, the impact of storms is intensified by the
accompanying legacy effects, such as pest outbreaks and predisposal to pathogens as the trees are
weakened [1,2]. Accordingly, storms are projected to further intensify the negative effects of climate
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changes on Norway spruce (Picea abies L. Karst), which is already associated with lower mechanical
stability against wind, particularly in pure stands [5-7].

European forests suffer increasing damage caused by the growing cervid populations [8].
Middle-aged (stem exclusion phase; cf. Oliver and Larson [9]) Norway spruce stands are frequently
subjected to bark-stripping [10,11], as bark can make more than 10% out of the red deer diet [12].
Bark-stripping damage intensifies with an increasing proportion of spruce in stands and with increasing
stand density [13], which subjects pure stands to increased risk [6]. Stem breakage of Norway spruces
damaged by moose at the wound height has been observed by Randveer and Heikkila [14], linking
the wildlife damage with the stand stability and susceptibility to wind damage [4]. The interactions
between the biotic and abiotic agents can also amplify their individual influence [1]. For example,
bark-stripping results in the loss of timber value because of the removal of phloem, while the uncovering
of xylem interferes with the physiological processes, thus reducing increment and weakening trees [15],
as well as providing a gateway for infections [16].

The effects of storms on stands are shaped by collective and individual stability of trees, which
depend on stand density, openings in the canopy, which are the starting points for wind damage, and
mechanical resistance of the individuals [2,17,18]. Injuries to the stem can cause a loss of mechanical
strength of the tree, resulting in weakened parts in the canopy of a stand, thus decreasing the collective
stability [2,18]. Additionally, stripped bark acts as a gateway for pathogens [16,19]; hence, stem rot
has been found on 60%-100% of damaged trees [15,16,18]. Rot-infected trees are more prone to stem
breakage due to increased susceptibility to wind damage [6], causing negative effects on the stability
and growth of a stand. However, the empirical data on the effect of bark-stripping on the wind stability
of individual trees, which are needed for a deeper understanding and more precise modelling of the
expected effects of wind in the future, are still lacking [1,18,20].

The aim of the study is to evaluate the effect of bark-stripping on the mechanical stability of
middle-aged Norway spruce growing in a pure stand. We hypothesise that bark-stripping reduces the
mechanical stability of trees, causing stem breakage (snapping) at the wound.

2. Materials and Methods

2.1. Study Site and Sample Trees

A 40-year-old monoculture (planting density 3 X 1 m) of Norway spruce established in lowland
conditions (113 m above sea level) on oligotrophic well-drained soil in the central part of Latvia
(56°42’ N; 25°53’ E) was studied. Such selection was made because dense Norway spruce stands are
common in the eastern Baltics. The studied stand is located in a national forest research station, hence
information on bark-stripping and sanitary conditions were available.

The area of the stand was 0.89 ha, and it was exposed to a clear-cut on the south and southwest
sides, and to mature Norway spruce stands on the other sides. No management has been done except
weed control after the establishment. The climate at the site location is temperate. The 30-year mean
annual precipitation is 600 mm and the mean monthly temperature ranges from -7 to 16.9 °C in
January and July, respectively. Westerlies are the dominant winds with a mean annual velocity of
3 ms~!. The strongest winds mostly occur during winter. Five storms stronger than 22 ms~! have
occurred over the last 18 years [21].

In the studied stand, eight canopy trees with stripped bark on the stems and 11 undamaged trees,
representing the diameter distribution of the plantation, were selected for the destructive static pulling
tests. The selected trees appeared visually healthy (apart from bark-stripping wounds). Additional
criteria for the selection of the damaged trees were the exposure of the wounds to the north and
northeast direction. Trees on the edges of the stand were avoided. The undamaged trees had slightly
larger stem diameter at breast height (DBH), height and stem volume (Table 1). More details on each
tree are shown in the supplementary material (Table S1). Bark-stripping wounds on the damaged tree
stems were at a height of 80-150 cm above the ground. The age of the wounds, as determined from
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stem discs collected after the pulling test, was 7-9 years. The shapes of the bark-stripping wounds
were transferred to transparent film, and, later in the laboratory, measured using a planimeter (Planix
10S, Tamaya, Japan). The area of the damage ranged from 603 to 2375 cm?. Bark-stripped trees did not
have any other visual damage. Presence of wood rot was evaluated on stem discs.

Table 1. Statistics of the studied dataset. Mean values + 95% confidence intervals are shown.

Undamaged Bark-Stripped

Number of trees 11 8

Stem circumference (cm) 86.0 + 13.7 822 +17.3
Damage circumference (cm) - 225+6.2
Damage proportion (%) - 281+73
DBH (cm) 273 +4.3 258 £5.1
Tree height (m) 243 +£26 23.1+£33
Stem volume (m?) 0.76 + 0.24 0.64 + 0.27
Pulling direction (cosine) 0.33 £ 0.46 0.83 +£0.23

2.2. Static Pulling Tests

Destructive static pulling tests [22] were used to assess the effect of bark-stripping on the stability
of Norway spruce. The pulling line was anchored at 50% of the height of each sample tree (Figure 1).
Before the pulling, trees were topped 1 m above the anchorage point to prevent the influence of wind
and canopy weight on the measurements.

0.5H

5m

11 1;&

Figure 1. Schematic depiction of the static destructive pulling test setup. AP: anchorage point, DI:

AP2

dynamometer (includes inclinometer for rope angle), I: inclinometer, MW: manual winch, TH: topping
height; SC: steel cable; PR: polyester rope.

The trees were pulled using a manual winch (working load limit 32 kN) and steel cable (diameter
16 mm) anchored at the ground level. The pulling cable was extended with a static polyester rope
(Tenex Tec 16; Samson Rope Technologies Inc., Ferndale, WA, USA). Damaged trees were pulled in
the direction of the wound. Measurements were done with the TreeQinetic System (Argus electronic
GmbH, Rostock, Germany). A dynamometer, recording pulling force and rope angle was placed
between the winch and the rope (Figure 1). The inclination of the root plate and the curvature of the
stem were measured with two inclinometers at the base and at the height of 5 m.
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2.3. Data Processing and Analysis

For each tree, the bending moment at the base of the stem (BBM, in kNm), was calculated
as follows:
BBM = F X hanchor X cos (mediany rope), 1)

where F is the pulling force, hanchor is the height of the anchor point of the sample tree, and mediang rope
is the median of the rope angle. The difference between two simultaneous inclinometer measurements
(N5 at the height of 5 m; Np,ge at the base, 0 m) was used to characterise the curvature of the stem Nx:

Na = Nsm — Npase (2)

The primary failure of the stem occurs when the structure of wood starts to change due to stress
caused by the external force. At that point, the wood fibers start to buckle, while the damage might
not be visually detectable. The limit of proportionality between Ny and BBM was considered as the
point when the primary failure occurs [23]. This point was determined by graphical inspection. The
secondary failure was considered to occur when the maximum BBM was reached, after which tree
collapse (either uprooted or its stem broke) followed.

Linear models were used to assess the main tree-level variables affecting primary and secondary
failure. The full model was fit to describe both individual and interacting effects of the studied factors
on the BBM at primary and secondary failure (Table 2). As the study had a limited scope, a restricted
number of factors were analyzed together according to the arbitrary selection principle. The tested
predictors were tree dimensions (DBH, height, and stem volume), presence and size of bark-stripping,
and presence of wood rot. Pulling direction (cosine) was tested as a proxy for the effects of dominant
winds. Model performance was assessed using diagnostic plots. If models had similar performance,
they were compared using ANOVA,; if no statistical difference between the models was estimated,
the simplest was used. Stem-wood volume was calculated using local functions by Liepa [24]. The
data were processed in R Software (version 3.5.3) using packages: “readr”, “tidyverse”, “DBI”, “zoo”,
“RSQLite”, “ggplot2” [25].

Table 2. Regression between tree stability parameters and stem volume and cervid damage for the
damaged trees.

Parameter F-Value p-Value
Primary failure
Stem volume 268.9 <0.001
Presence of bark-stripping wound 159.3 <0.001
Stem volume by presence of bark-stripping interaction 28.9 <0.001
RZ 0.96
Model overall significance, p-value <0.001
Secondary failure
Stem volume 294.5 <0.001
Presence of bark-stripping wound 38.0 <0.001
Stem volume by presence of bark-stripping interaction 0.6441 0.43
R? 0.95
Model overall significance, p-value <0.001
3. Results

Uprooting was the most frequent type of failure, as only two of the 19 trees studied had stem
breakage (one bark-stripped and one undamaged tree). However, the limited sample size of the
fractured trees prevented statistical analysis of factors influencing failure type. Both broken trees had
similar DBH and height. The breakage on the bark-stripped tree occurred a few meters above the
bark-stripping wound. Wood decay was not observed on the stem disc at the wound. The undamaged
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broken tree showed notably higher BBM at the primary and secondary failure compared to the uprooted
ones; therefore, it was excluded from further analysis as an outlier.

The best performing models describing primary and secondary failure contained the same
two predictors: stem-wood volume and presence of a bark-stripping wound, which were strictly
significant (p-value < 0.001; Table 2). The interaction between the predictors, however, was significant
(p-value < 0.001) only in case of primary failure. Nevertheless, both models showed a good fit
(R? > 0.95), and their residuals were independent and followed the normal distribution. The BBM at
primary and secondary failure showed a clear linear dependency on the stem-wood volume (Figure 2).
The presence of bark-stripping wounds on stems significantly (Table 2) reduced the BBM necessary
for tree failure to occur (Figure 2). The effect of bark-stripping was particularly pronounced for the
occurrence of primary failure. With the increasing size of the trees, the effect of bark-stripping became
larger. On average, the damaged trees required 61% less load to fail (Figure 2A). The presence of
bark-stripping wounds had a tree-size-independent effect on the resistance of trees to secondary failure,
reducing the BBM by ca. 16 kNm per m?, indicating higher susceptibility of the smaller trees.
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Figure 2. Bending moment of the Norway spruce stem at the primary failure (A) and secondary failure
(B) according to stem—wood volume and presence of bark-stripping wound.

4. Discussion

Beyond the general rule that bark-stripping enables fungal infection [18] and wood decay
reduces the mechanical strength of trees [26], little is known about the quantitative effects of
ungulate bark-stripping on the stability of individual trees [27,28]. Because this type of damage
is widespread in commercial forests, models for storm risk assessment might benefit from more
comprehensive information.

To quantify the effect of bark-stripping on tree stability, damaged and undamaged Norway
spruce trees were pulled to failure. Contrary to expectations, most trees with wounds did not snap
but were uprooted, which is the most frequent wind damage for shallow-rooted species such as the
Norway spruce [2]. However, the presence of bark-stripping reduced bending moments at primary
and secondary failures significantly (Figure 2; Table 2), confirming our initial hypothesis at least in
part. The critical bending moments were comparable to the results found for Norway spruce in other
parts of Europe [4,29,30].
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Bark-stripping wounds reduced not only stem strength but also anchorage. Bark-stripping
disrupts conductive tissues of trees, causing physiological stress [18], and triggers the allocation of
resources to healing [15]. Both effects reduce growth in the long term. Under such conditions, we
speculate that trees invest less carbon into the root system, thus reducing anchorage and facilitating
uprooting [28,31]. Bark-stripping also acts as a gateway for pathogens [16,18,32], which can reduce the
growth and vigour of trees, reducing the mechanical stability of trees [28]. One of the most common
Norway spruce pathogens, Heterobasidion annosum, has been related to increased uprooting and stem
breakage [28,33]. Although wood rot was not detected on the stem discs at the wound, the spread of
pathogens in the stem can differ by species [16,34]; hence, fungal infection still might have had affected
roots of the bark-stripped trees, although not visible higher in the stem.

The marked increase in susceptibility of the bark-stripped trees to primary failure (Figure 2A),
which disrupts conductivity of wood facilitating physiological drought and weakening of trees [23],
suggested that the studied damage by wildlife might enhance the negative legacy effects of storms, such
as increased susceptibility to pests [1,2]. The legacy effects of bark-stripping are decreased mechanical
stability of trees and increased susceptibility of stands to wind damage [18]. Weaker resistance of the
bark-stripped trees (Figure 2) implies that they reach primary failure at considerably slower wind
speeds, facilitating storm legacy effects, which in turn are increasing susceptibility to wind damage, thus
resulting in a negative feedback loop and drawing negative perspectives to Norway spruce stands in
the eastern Baltic region. In addition, the primary failure creates irreversible damage to the wood fibers
(even if not visually detectable) [23], reducing the quality and value of timber [28,35]. Furthermore, the
negative effect of bark-stripping on tree stability (Figure 2; Table 2) suggests that damaged trees, as the
triggering points, might reduce the collective stability of stands to wind loads [2,17,18]. The growing
frequency of stand-replacing storms [2,3,36] in combination with intensifying cervid damage [10,20]
are expected to cause increasing calamities to Norway spruce in Northern Europe.

5. Conclusions

Under the growing influence of storms, bark-stripping damages caused by growing cervid
populations will intensify the direct and legacy effects of storms on Norway spruce. Considering the
long-term and short-term effects and risks allocated to bark-stripping on trees and stand, the damaged
trees are to be harvested soon after the damage, while the legacy effects have not caused more extensive
damage, although the harvesting of the damaged trees should be carried out when the risk of storms is
the lowest, allowing stands to restore collective stability. In this sense, prevention of wildlife damage
could notably improve the sustainability of Norway spruce stands against wind damage.
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Abstract: Storms are the main abiotic disturbance in European forests, effects of which are expected to
intensify in the future, hence the importance of forest stand stability is increasing. The predisposition
of Norway spruce to wind damage appears to be enhanced by pathogens such as Heterobasidion spp.,
which reduce stability of individual trees. However, detailed information about the effects of the
root rot on the stability of individual trees across diverse soil types is still lacking. The aim of the
study was to assess the effect of root rot on the individual tree stability of Norway spruce growing on
drained peat and mineral soils. In total, 77 Norway spruce trees (age 50-80 years) growing in four
stands were tested under static loading. The presence of Heterobasidion spp. had a significant negative
effect on the bending moment at primary and secondary failure of the tested trees irrespectively of
soil type. This suggests increased legacy effects (e.g., susceptibility to pathogens and pests due to
fractured roots and altered water uptake) of storms. Damaged trees act as weak spots increasing the
susceptibility of stands to wind damage, thus forming a negative feedback loop and contributing
to an ongoing decline in vitality of Norway spruce stands following storms in the study region in
the future. Accordingly, the results support the importance of timely identification of the decayed
trees, lowering stand density and/or shortening rotation period as the measures to counteract the
increasing effects of storms on Norway spruce stands.

Keywords: natural disturbances; resistance; uprooting; wind damage; disturbance interactions;
spruce forest management

1. Introduction

The increasing frequency of storms causes growing losses of both economic and ecological (e.g.,
carbon sequestration) value in European forests [1], which is expected to intensify in the future [2,3].
The susceptibility of forests to wind damage is amplified by the presence of additional disturbance
agents, such as pathogens (e.g., Heterobasidion spp.), thus increasing the vulnerability of a forest stand [4].
Moreover, in the future, northern forests are expected to become more susceptible to wind impact
during extra-tropical cyclones in the autumn-winter period, as well as in summer thunderstorms [5,6].
Under such conditions, management measures improving the mechanical stability of forest stands are
becoming crucial [7,8].

The collective stability of forest stands is largely attributed to individual tree stability because the
collapse of weakened individual trees initiates further damage in the stand via the domino effect [2,9].
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The stability of an individual tree is determined by the species, stand properties, and tree health
conditions, as well as aerial tree characteristics and root anchorage [2,9]. The size of soil-root plate is
considered as the factor determining individual stability of a tree, which might be reduced by root
rot [10]. High stand density is known to affect individual tree stability because competing trees invest
in stem growth rather than root development [11,12]. Furthermore, denser stands are more susceptible
to the spread of pathogens, which affect roots and, consequently, also stems [13]. Accordingly, forest
management measures aimed at increasing the individual stability of the trees have been considered a
major measure to reduce the consequences of storms [14-16].

Norway spruce (Picea abies L.) is economically important in Northern Europe; hence, efforts are
aimed at maintaining its productivity [17]. A rather large proportion of highly productive stands of
Norway spruce are growing on fertile, drained peat soils in Northern Europe [18]. The species is
prone to wind damage due to shallow rooting and its relatively dense crown [19-21]. Among the
pathogens of Norway spruce, root rot caused by Heterobasidion spp. is the most common, causing
severe economic losses due to a decrease in stem quality [22]. In stands growing on mineral soils, the
effect of root rot on the mechanical stability of conifers, such as Norway spruce, has been investigated
using winching tests [23-26], suggesting the reduction of root anchorage due to root rot by up to 33%.
However, no studies on this aspect exist in stands on peat soils. Soil is a significant factor, affecting
tree wind stability [23], thus, it is important to assess the impact of root rot on the stability of Norway
spruce growing on diverse soils. The aim of the study is to assess the effect of root rot caused by
Heterobasidion spp. on the individual tree stability of Norway spruce growing on peat and mineral soils.
We hypothesise that the reduction of the soil-root anchorage by Heterobasidion spp. is stronger in peat
soils than in mineral soils due to the reduction of soil-root plate.

2. Materials and Methods

2.1. Study Site and Sample Trees

The study was conducted in the summer seasons of 2018 to 2019 in Norway spruce stands situated
on mineral and peat soils in the central part of Latvia (Table 1). Mature Norway spruce dominated
forest stands with deep drained peat and fine dry sandy soils were selected for the study. Evenly
distributed within stands, dominant trees without visual damage were selected for sampling. Prior
information on the presence of Heterobasidion spp. in the stands was collected during previous research
(unpublished data). Additionally, the presence of fungal pathogens in sample trees’ wood was tested
in the laboratory from increment cores extracted below the root collar from the opposite sides of
stem. The presence of Heterobasidion spp. in the samples was confirmed by observing its characteristic
asexual sporulation (conidiophores). Based on these results, in each stand infected (root rot group) and
not infected sample trees (control group) were selected and pulled to failure within the same season.
Additionally, Armillaria spp. was found in 70% of trees of the root rot group.

Table 1. Sample size, soil type, species composition, and DBH (diameter at breast height) of the pulled
Norway spruce (Picea abies L.) trees in tested stands.

Stand N Soil Type Tree Species (%) Min DBH Max DBH Mean DBH

(cm) (cm) (cm)
. Norway spruce (80), birch
1 20 Fine sand (10), Scots pine (10) 18.3 40 29
2 17 Fine sand Norway spruce (100) 27 43.6 329
Norway spruce (70), birch
3 20 Peat (20), black alder (10) 21.7 46 322
4 20 Peat Norway spruce (100) 23.7 44.2 34.7
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2.2. Pulling Tests

Trees were pulled with a hand winch (working load limit 32 kN) to determine the maximum
force needed for failure, either uprooting or stem fracture. The winch was anchored at the base of a
second tree with a polyester roundsling (working load limit of 40 kN) at a distance that exceeded the
sample tree height. The pulling line consisted of a 20-m-long (16 mm diameter) steel cable, which was
extended using a static polyester rope (Tenex Tec 16; diameter 16 mm; working load limit 77 kIN;
Samson Rope Technologies Inc, Ferndale, USA). On the sample tree, the pulling line was anchored at
the half of the height. To minimise the potential underestimation of the pulling force caused by the
effects of wind and the canopy weight above the anchoring point of the sample tree, the sample trees
were topped 1 m above the anchor point and pruned prior the test.

TreeQinetic System instruments (Argus electronic GmbH, Rostock, Germany) were used for
the simultaneous measurements of the pulling force, stem inclination, and wood fibre deformation.
A dynamometer was used for measuring the pulling force, and the angle of the pulling line was placed
between the winch and the polyester roundsling. The stem inclination was measured at two heights
(at the root collar and at 5 m) using inclinometers placed on the same side of the stem perpendicularly
to the pulling direction. The wood fiber deformation of the stem was measured using a strain gauge
on the compression side (facing the winch) at the height of 1 m from the root collar. This measurement
was done from the beginning of the pulling test until the root collar inclination of 0.25° as bending
moment at this threshold correlates well with anchorage [27,28].

2.3. Soil and Root Measurements

The soil water content was measured for each tree after the pulling test using an ML3 ThetaKit
(Delta-T Devices Ltd., United Kingdom). For the uprooted trees, the largest (half of the width) and
smallest (height) radius of the soil-root plate were measured from the centre of the stem to point where
roots were damaged. The soil-root plate depth was measured from ground surface to depth of roots
with diameter larger than 1 cm. The cross-sections of stumps, as well as the decay, were transferred
to transparent films, and measured using a planimeter (Planix 10S; Tamaya, Japan) in the laboratory.
The cross-section area of wood decay ranged from 75.7 to 1512.8 cm?.

2.4. Data Analysis

The basal bending moment (BBM) was calculated as follows:
BBM = F - hanchor - cos(mediany rope) 1

where F is the pulling force, hynchor is the height of the anchor point on the sample tree, and median,
rope is the median of the rope angle. The stem curvature was expressed as the difference in the stem
inclination measured at different heights (at the height of 5 m and at the base) as follows:

Na = Nsm — Npase (2)

During the static pulling, the stem curvature (N4,) and BBM increase proportionally until the point
of irreversible wood fibre kinking on the compression side of the stem [29,30]. This point characterises
the primary failure (BBMpim) after which Ny increases faster than BBM. Secondary failure (BBMsec)
occurs at the maximum loading as tree collapses.

The modulus of elasticity (MOE) was calculated according to a previous study [31]:

BBM - y

MOE = T2

®)
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where BBM is the bending moment at the height of 1 m above the root collar, y is the radius of the stem
section to the centre of the strain gauge, I is the area moment of inertia of the section, and e is the strain.
The volume of the soil-root plate was calculated as the volume of an elliptical paraboloid as follows:

V= (%)-na-b-h @)

where a and b are the largest and smallest radii of the soil-root plate and / is the depth of the
soil-root plate.

Considering the split-site study design, the effects of soil type (nested within site), root rot,
and their interaction on force (BBM) necessary for the primary and secondary failures to occur were
tested using the fractional analysis of variance (ANOVA) [32]. As trees of different size were analysed,
BBM was expressed per tree size; tree height, DBH, stem volume, root rot cross-sectional area, soil-root
plate volume, and tree height multiplied by the second power of DBH were tested as proxies for the
tree size; stem volume was identified as the best performing one. Presence and cross-section area of
decay on stump were tested as proxies for the root rot, among which presence (binomial variable)
showed the best performance. The best performing proxies were selected according to the arbitrary
principle considering residual variance as a criterion. Due to limited scope of the study, the total
number of factors analysed was kept to a minimum. The statistical analysis was conducted in R
software (v. 3.5.3) [33], using packages “tidyverse” [34] and “ez” [35]. The stem wood volume was
calculated according to the local equation [36].

3. Results and Discussion

Uprooting was the most common type of failure as only nine out of 77 had stem fracture. The stem
fracture occurred similarly in all groups according to root rot and soil types. Fractured trees tended to
be smaller and were in dryer soil conditions (Table 2). However, a statistical analysis to describe the
influencing factors for the failure type was not possible due to the limited number of the fractured trees.

Table 2. Mean values and standard deviations of diameter at breast height (DBH), soil-root plate
volume (Vsrp), soil moisture (SM), bending moment at primary (BBMpyin) and secondary (BBMsec)
failure, and modulus of elasticity (MOE) for all tested trees.

Root Rot Control
Variable Soil Failure Soil Failure
Peat Fine Sand Uproot Fracture Peat Fine Sand Uproot Fracture
DBH (cm) 33+6.3 292+7 316 6.5 284+9 32+438 305+7.2 321+54 21.5+3.5
Verp (m?) 392+204 31+202 351+201 - 412+1.04 39+159 403+1.25 -
SM (%) 64.6 + 20 395+213 559+233 31.7+178 675+174 382+219 554+231 37 +38.2

BBMprim (kNm) 568 £252  469+267 535+271 429+189 60.1+214 633+269 642+228 2955+58
BBMsec (kNm) 67.9 £29.6 53.2+30 624+314 50.8+238 72 £ 259 71.3+29.1 744+261 387+115
MOE (GPa) 38.4+19.9 30 +15.4 348 +181 32.8+20.8 282+9 29.1+9.6 28.1+9.3 342+27

The presence of root rot had explicit negative effect on mechanical stability of Norway spruce,
significantly reducing BBM both at the primary and secondary failures (p < 0.05; Table 3, Figure 1) on
peat, as well as mineral soils. This indicated explicit increase in vulnerability to wind damage of root
rot affected Norway spruce stands. The mean BBM (Table 3) in our study were lower than observed in
an earlier study [37] implying regional differences in Norway spruce wind stability. The other terms
tested, i.e., soil type and plot were not significant for BBMprim and BBMg,. (Table 3).
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Table 3. Results of the fractional analysis of variance between bending moment at primary (BBMprim)
and secondary (BBMsec) failure, soil type, the presence of root rot, and the interaction between soil type
and the presence of root rot.

BBMyim (KNm) F-Value Ges * p-Value
Soil 0.15 0.07 0.73
Root rot 224.83 0.34 <0.01
Soil: root rot 0.36 <0.001 0.60
BBMgec (kNm) F-Value Ges * p-Value
Soil 0.01 0.004 0.92
Root rot 39.69 0.44 0.02
Soil: root rot 0.05 0.001 0.83

* Generalized Eta-Squared [32].
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Figure 1. Basal bending moment (BBM) of the Norway spruce at the primary failure (A) and at
secondary failure (B) according to stem wood volume and root rot.

The hypothesis of the study was confirmed partly, as the soil-root anchorage was reduced by the
presence of Heterobasidion spp. while the volume of the soil-root plate did not appear as the primary
factor affecting changes in tree stability in relation to a slowly decomposing pathogen. This pathogen
develops wood decay in roots and stem base [13]. This suggests that the uprooting of the affected trees
was facilitated by the reduction of the mechanical strength of the lateral roots regardless of soil type.

The presence of root rot appeared to be a better proxy for the effect of root rot on tree stability
than the area of rot on stem (according to the arbitrary selection principle), thus implying facilitated
detection of the “weak” trees within a stand. As the trees affected and unaffected by root rot were
tested simultaneously within each stand, the effect of the seasonal differences in the soil moisture [38]
on our results was minimal. This is important as the linkage between increased soil moisture and tree
stability is explained by reduced bearing capacity of soil [39-41]. Alternatively, considering Norway
spruce as a water demanding species, the effect of soil moisture on root anchorage might be indirect
via faster growth under moister soil conditions, hence wood strength has been decreased due to lower
wood density [42].
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Primary failure is the irreversible deformation of wood fibres as tangential sideways kinking
occurs in the compression zone under loading [29]. Such damage affects tree hydraulics [43], triggering
physiological drought stress [29,30], consequently subjecting storm-surviving trees to consecutive
disturbances, such as pests or pathogens [2,3]. Thus, the reduced force needed to cause primary
failure in moister soils could cause a potential underestimation of the negative legacy effect of storms.
Reduced hydraulic conductivity caused by primary failure in stems might also contribute to pervasive
growth reduction observed in Norway spruce forests after storms [44]. An additional storm legacy
effect is caused by fracturing the roots, as it reduces the water uptake and facilitates the spread of
root rot. A faster spread of root rot reduces the tree wind stability; thus, a negative feedback loop
progressively decreases the sustainability of spruce stands in Northern Europe [45].

The cumulative probability of wind effects on Norway spruce stands could be reduced by the
application of silvicultural measures, such as early identification and removal of infected trees, gradual
lowering of the stand density, or shortening the length of the rotation period [2]. Also, the spread of
Heterobasidion spp. could be slowed by reduced root contact in stands with lower density [13]. However,
the decrease of stand density might facilitate effects of other disturbances, such as bark-stripping [46]
and pests [3] that might increase the susceptibility to wind damage. Accordingly, a regional evaluation
of silvicultural measures is necessary.

4. Conclusions

Under the increasing frequency of storms and related disturbances in the future, the reduction
of mechanical stability will increase the cumulative probability of wind damage in Norway spruce
stands across different soil types. Considering the importance of Norway spruce in Northern Europe,
silvicultural measures, such as gradual lowering of the stand density or shortening the length of the
rotation period, will become essential to ensure the long-term vitality and to decrease the vulnerability
of Norway spruce stands to wind damage. Considering regional differences in mechanical strength,
local evaluations of tree stability are necessary.
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Model of Above-ground Biomass Distribution of Norway
Spruce (Picea abies L. (Karst.))

Oskars Krisans, Valters Samariks, Roberts Matisons, and Aris Jansons *

Climate change with more frequent extreme weather events and
prolonged winter periods with un-frozen, wet soil is causing frequent wind
damage events in forests. Trees with higher mass point and heavier
weight are more prone to wind damage; however, limited information
exists on distribution of biomass under naturally moist conditions. Such
information is essential to improve models of wind damage prediction.
Therefore, the aim of the present study was to assess the biomass
distribution and the parameters important for wind-load of Norway spruce
(Picea abies (L.) Karst.). Samples were collected in the year 2019 from 87
trees growing on two different sites, corresponding to freely drained
mineral and peaty mineral soils at the age of 55 and 88 years, respectively.
Tree diameters at breast height, height, and height of first living branch
were measured. Tree stems were pruned and cut into 2-m-long fragments
and weighed (fresh weight) afterwards. A biomass distribution model was
developed to estimate fresh weight of the stem of Norway spruce using
easy measurable tree variables. Relative height of the mass point and
height of living branches were higher in peaty mineral soil than on freely
drained mineral soil, which was an indicator for higher windthrow risks.

Keywords: Fresh weight; Gales; Mass point height; Storm; Wind load; Windthrow

Contact information: Latvia State Forest Research Institute “Silava”, Rigas St. 111. Salaspils, LV-2169,
Latvia; *Corresponding author: aris.jansons@silava.lv

INTRODUCTION

Future climate change scenarios predict an increase in mean air temperature and
extreme weather events (wind (storm) intensity and frequency) (IPCC 2019). Yet another
effect of climate change is winter with long periods of un-frozen, wet soil, and thus difficult
logging conditions (Peltola et al. 2010). Therefore, wind damage to trees is considered to
be a major problem in the future, with the potential to result in notable economic losses
(Von Gadow and Hui 2001). This is a concern especially for Norway spruce (Picea abies
(L.) Karst.) because of the shallow root system and increased susceptibility to various
hazards such as storms, droughts, insects, or diseases (Greiss et al. 2012; Caudullo et al.
2016).

Diverse biomass estimation models have been developed (Classon et al. 2001;
Lehtonen et al. 2004; Wirth et al. 2004; Zianis et al. 2005; Miksys et al. 2007; Pajtik et al.
2008; Repola 2009; Socha 2012) based on easily measurable tree variables. Most of the
developed tree biomass models were expressed as dry weight for prediction of outcome of
sawn good, calorific value of energy wood, although the models of biomass for possible
wind damage should be expressed as fresh weight. Therefore, complex dynamic wind-load
prediction models (Moore and Maguire 2007; Sellier et al. 2008; Pivato et al. 2014), and
several static wind damage prediction models (HWIND, GALES, and FOREOLE) have
been developed (Peltola et al. 1999; Gardiner et al. 2000; Ancelin et al. 2004). Only the
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FOREOLE model used the approach that trees were divided into successive (1to 2 m long)
fragments for assessment of biomass distribution (Ancelin et al. 2004). Accuracy of all the
models can be improved by adding empirical data where their availability is limited. The
tree wind resistance depends on its root system, mechanical strength of the stem, and
biomass (amount and distribution) (Peltola et al. 1999; Cucchi et al. 2005; Scott and
Mitchell 2005). Therefore, the tree height of the mass point (centre of mass) may be used
as proxy to estimate the risks of windthrow (Cucchi et al. 2005; Nicoll et al. 2006).

The aim of present study was to assess the biomass distribution and parameters
important for wind-load of Norway spruce (Picea abies (L.) Karst.).

EXPERIMENTAL

Materials

The study was conducted in trial sites located in Kalsnava, in the eastern part of
Latvia (56°41 N, 25°50 E and 56°41 N, 25°52 E). The sites were situated on a flat relief,
where the elevation was approximately 100 to 120 m.a.s.l (Spalvins et al. 2012). Materials
were collected in Norway spruce stands growing on different soil types, corresponding to
Myrtillosa melior forest type with freely drained mineral soil (Al) and typically with
shallow root system, and Myrtillosa turf melior type with peaty mineral soil (C1), and root
depth <40 cm (Buss 1976; Pyatt 1982, 2001; Kennedy 2002).

In total, 87 first layer trees were randomly selected: 47 trees from the diameter at
breast height (DBH) that ranged from 25.8 to 40.6 cm from Al at the age of 55 years old,
and 40 trees (DBH ranged from 23.8 to 44.3 cm) from C1, that were 88 years old, were
sampled in winter 2019. Tree height ranged from 23 to0 28.9 min Al and 24.2to 31.1 min
C1. Cutting was done as close as possible to the root collar. The DBH, tree height (H), and
height of the lowest living branch (Hi,) were measured for each tree. Tree stems were
pruned, cut into 2-m-long fragments, weighed (fresh weight), and diameter measured in
the middle point of each fragment. Total branch weight of a tree was measured after all the
small branches from the stem were removed, however, only living branches were weighed
excluding dead and dry branches.

Methods
Data analysis

All biomass prediction variables corresponded to normal distribution. A linear mix
effects model was used to apply the model for Norway spruce biomass prediction based on
the DBH, H, height of the fragments middle point, or the combination of these parameters.
Pearson’s correlation analysis was introduced to assess the relationship between tree
biomass and model prognosis, and relationships between measured variables. Principle
component analysis was employed to examine the effect of soil type on tree variables and
to discover the relationship between the studied samples.

Each tree’s height of mass point (Hmp) was calculated with the average weighed
value of height of the middle point and the mass of each part of the tree (tree fragments)
as,

__ Ymxh

Hmp T % (1)
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where m is the mass of part of the tree (kg) and h is the height of middle point of part of
the tree (m).

The relative height of mass point (rel. Hmp) is a proportion of the total tree height.
All steps of the data analysis were completed using the statistical software R 3.6.1. (R Core
Team 2019, Vienna, Austria).

RESULTS AND DISCUSSIONS

Biomass Distribution Model

The model was based on DBH and H, which are commonly used as independent
variables in biomass models of Marklund (1988) and Repola (2009). The mean total above-
ground biomass (95% confidence interval, Cl) of Norway spruce was 66.36 = 2.97 kg. All
analysed variables were statistically significant (p < 0.001); however the strength of the
correlations differed (Table 1). A high correlation between the stem fresh weight (stem
weight with water and bark, but without needles and branches) and modelled weight
prognosis (estimated fresh weight with water and bark, but without branches) (r = 0.98)
indicated nearly the same variation and high model accuracy. Moreover, high correlation
(r = 0.79) between the tree dimensions (DBH and H) exhibited similar variation pattern;
therefore, the use of these variables can provide an estimation of tree above-ground
biomass.

Table 1. Pairwise Pearson’s Correlation Coefficients (Below Diagonal) and
Significance (p-values — Above Diagonal) Among Variables of Norway Spruce

' DBH H Ste_m Fresh Estimated
Variable Weight (kg) Biomass (kQ)
DBH 1 < 0.001 < 0.001 < 0.001
H 0.79 1 < 0.001 < 0.001
Stem Fresh Weight (kg) 0.36 0.29 1 <0.001
Estimated Biomass (kg) 0.39 0.32 0.98 1

Models of biomass distribution predicted stem fragment fresh weight and compared
the predictions with an actual stem fragment weight (Fig. 1). In general, the developed
model showed a good fit to the stem weight data, as shown by the coefficient of
determination (R? = 0.95).

Most of the models predicted dry wood biomass (Marklund 1988; Repola 2009),
but the authors” model was a prediction of fresh stem wood biomass, as it was necessary
for the assessment of the wind load effect. Model prognosis varied most with a prediction
of first stem fragment weight (Fig. 1), which can be explained that the lower and thicker
parts of the stem (which was primarily the first fragment) were the heaviest and their weight
varied the most. A majority of the biomass models underestimate the actual tree biomass,
and their predictions are lower than the real weight (Libiete et al. 2017; Kenina et al. 2018).
However, the authors’ model overestimated the prognosis, as indicated by mean estimated
biomass (84.66 + 4.03 kg, 95% confidence interval). Results differ because most dry wood
biomass models (belowground or aboveground) predict stem weight when trees have dried
and lost a majority of stored stem water (Marklund 1988; Repola 2009; Libiete et al. 2017,
Kenina et al. 2018), while prediction of stem fresh weight biomass includes additional
weight of water in the stem (amount of water varies noticeably).
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Fig. 1. Biomass distribution prognosis (kg) of Norway spruce against stem fresh weight (kg)

Component comparison

Principle component analysis (PCA) determined that approximately 83% of
explainable variances were located in the first and second components (Fig. 2A), with
proportions of 53.2% and 30.4%, respectively.
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Fig. 2. Explained variance (%) of principle component (A); distribution and correlation between
the studied trees in the vector space (B), where DBH: diameter at breast height; Ms: mass of
stem, Mgc: mass of green crown; H: height, Hie: height of the lowest living branch; Hmp: mass point
height; rel. Hmp: relative mass point height; HD: slenderness ratio; Hc: relative canopy height
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The PCA between the first two components was used to explain the effect of soil
type on Norway spruce variables. The first component was associated with tree variables:
H, DBH, mass of stem fresh weight (Ms), mass of green canopy (Mgc), Hmp, and slenderness
ratio (HD). The second component was related to canopy parameters: rel. Hmp, Hib, and
relative height of crown (Hc) (Fig. 2B). Moreover, the second component had a statistically
significant relationship with soil type.

More than 53.2% of explainable variations of first component were not affected by
soil type; however, there was a strong correlation with H, DBH, Ms, and Mg (Fig. 2B).
Stem mass was tightly correlated with DBH (r = 0.95), H (r = 0.85), and My, (r = 0.83),
which indicated a significance of effects of DBH (p < 0.01) and H (p < 0.01) on stem
biomass variation, where the increase in these variables directly increased stem weight.
Further, stem mass was used to assess tree’s height of the mass point, and this parameter
is dependent on various tree variables, such as height, DBH, and tree weight, of which Hmp
was generally determined. Therefore, if tree height and diameter increases, then the height
of a mass point also increases in most cases, and the correlation (r = 0.64) between these
variables indicated that Hmp and height of tree had similar pattern of variation. Height of
mass point was significantly and tightly correlated (r = 0.77) with the Mg, and it had a
moderate correlation with most of the analysed variables, such as Ms (r = 0.61), DBH (r =
0.55), H (r = 0.64), and Hi, (r = 0.57). In the analysis, Hmp was used to describe tree
resistance to wind-load.

I the mass point height was located lower, then the resistance was greater and vice
versa (Cucchi et al. 2005; Nicoll et al. 2006). Correlation between Hmp with all the above-
mentioned variables indicated that properties of stem and crown might influence the
potential susceptibility to wind damage, as it directly affects height of the mass point.
However, biomass distribution might differ between trees because of the stem and crown
architecture (Jansons et al. 2014). Slenderness ratio had a tight inverse correlation with
DBH (r = -0.91), which indicates that with an increase in stem diameter tree HD ratio
decreases, resulting in possibly higher resistance for wind load on a tree level (Mickovski
et al. 2005). Taller and narrower trees with HD value over 1 are more susceptible to
windthrow (Rudnicki et al. 2004) and have higher probability of being uprooted or
snapped.

Another 30.4% of explainable variances of the second component were affected by
soil type (p < 0.008), and they were positively correlated with rel. Hmp, Hin, and negatively
with H¢ (Fig. 2B). Relative height of the mass point is from 34% to 44% of the whole tree
height. For spruce with a relatively smaller canopy size, the whole tree mass point height
was located higher (p < 0.001), resulting in unevenly balanced weight.

The tree’s canopy serves as a ‘sail’ to catch larger wind loads and with a taller tree
stem (the lever arm), the probability of wind damages increases (Gardiner et al. 2008;
Schindler et al. 2012). Therefore, they were less resistant to wind-load damages (resulting
in either stem breakage or windthrow) as less wind force is needed because of the vertical
force applied due to gravity, including the crown and stem weight (Peltola et al. 1999).
Results indicated that tree canopy on peaty mineral soils might be smaller in comparison
to those growing on freely drained mineral soils. Additionally, trees growing on peaty
mineral soils had poorer anchorage than on any other soil, similar results have been
reported by Nicoll (2006). Thus, spruce growing on peaty soil need lower critical wind
speed at which the damages occur.

Krisans et al. (2020). “Spruce above-ground biomass,” BioResources 15(2), 4314-4322. 4318
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CONCLUSIONS

1. A biomass distribution model was successfully applied using easy measurable variables
for prediction of stem fresh weight. Biomass model was a useful tool for the above-
ground biomass estimation for Norway spruce.

2. Principle component analysis revealed 83.7% of explainable variances in the first two
components of which 53.2% of explainable variances were affected by height, diameter
at breast height, stem and canopy weight, and height of the mass point. Trees with
relatively higher stem mass and mass point height located lower will have a higher
chance to survive extreme wind loads (storms).

3. Other 30.4% of variance were affected by soil type, indicating that spruce on peaty
mineral soil had relatively smaller canopy; thus rel. Hnp was located higher, which
resulted in less resistant to wind load. Accordingly, the relative height of the mass point
was a significant variable for determination of wind damage risks. Trees growing on
peaty soil had a higher wind damage risk than tree growing on fresh mineral soil.
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Abstract: The increasing frequency and severity of natural disturbances (e.g., storms and insect
outbreaks) due to climate change are expected to reduce the abundance of Norway spruce stands in
the European forests. Under such conditions, the assessment of status quo on focusing on survival of
Norway spruce stands are essential for the agility of forest management strategies. The dynamics
(mortality rate) of Norway spruce stands in hemiboreal forests based on forest inventories for
the period from 1975 to 2016 (inventories of 1975, 1985, 1999, 2011 and 2016) were analyzed in
two forest landscapes in the western and eastern parts of Latvia (Vane and Dviete, respectively).
The spatiotemporal changes in age-dependent mortality differing by abundance of Norway spruce
and disturbance regime were assessed, focusing on the transitions of stands between age groups
(inventories). The age-related changes in probability of stands transitioning into the next age group
contrasted (p < 0.001) between sites. In Vane, the survival of stands between inventories was constant
(ca. 90%), while in Dviete, it decreased sharply from 85.7% during 1985-1999 inventories to 49.3%
in 2011-2016. Age-related decreases in stand survival showed local dependencies between both
landscapes, namely, in Vane, notable decreases started from 61 years, while in Dviete, the downward
trends started already from 31 years, probably due to different disturbance regimes. This suggests
that, in forest management planning, the different outcomes for mortality patterns between both
landscapes must be considered and should not be generalized for a whole country.

Keywords: landscape; stand dynamics; forest inventory; mortality; survival rate

1. Introduction

In the context of global climate change, simulation of future forests in support of forest planning
and decision making may become more challenging [1,2]. Critical knowledge gaps are associated
with forest disturbances that must be considered in modelling forest dynamics [3,4]. In particular, the
lack of long-term empirical data to compare similar conditions over time is a significant problem [5].
Consequently, projection systems must evolve to better reflect the mortality of a stand in a landscape
due to primary disturbance forces [6]. In general, current forest resource projection systems are created
by combining the multitude of factors that affect forest growth [7,8]. Many uncertainties and unknowns
remain, and many forest modelling studies do not adequately account for the disturbance effects [9].
Therefore, identification of the potential effects of disturbance-driven changes may assist in evaluating
forest dynamics [10].

The capability to simulate the effects of large-scale natural disturbances on forest landscapes is
limited [11]. Although many models have incorporated tree mortality, the calibrations have been based
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on unsupported assumptions and short-term empirical data [12]. Some simulation models already
include large-scale events (such as complete stand destruction) caused by natural or anthropogenic
disturbances [13-15]. Natural disturbance events are highly variable in intensity, extent, and spatial
and temporal occurrence [16]. Therefore, the mortality algorithms for applications over a restricted
spatial extent and under the current climate should be calibrated based on datasets from the same
region, even if they are minimal [17]. The analysis of long-term data such as forest inventories can
provide new knowledge of the dynamics of forest stands and information on stand mortality rates.

To improve our understanding of forest landscape dynamics, we analysed data on stands of
Norway spruce (Picea abies (L.) Karst.), one of the most common and economically important tree
species in the nemoral and boreal regions of Europe [18,19]. It is susceptible to both abiotic and biotic
disturbances, among which windstorms are the most important [20], ranging from periodic small-scale
events to infrequent major, large-scale disturbances that have determined forest structure over the
landscapes in the Baltic Sea region [21]. Biotic factors such as pests, herbivores and pathogens may
also significantly influence Norway spruce stand mortality rate, which is reflected in the landscape
patterns [14,22,23]. Moreover, the interaction between abiotic and biotic factors also is important in
determining the amount and severity of damage [24,25]. Climatic conditions in Norway spruce forests
are identified as the dominant growth-determining factor [26]. Changes in precipitation patterns and
increased summer temperatures have also been associated with drought stress in Norway spruce
stands and may cause mortality [27]. Projected future environmental conditions suggest growth,
vitality and particularly regeneration challenges for Norway spruce [28]. Although the present final
cutting of Norway spruce in Latvia are allowed from the age of 81 years, earlier research pointed
out that Norway spruce are at great risk for being damaged before it reaches the allowed age to be
felled in the final cut [29]. The analysis we propose in this study may serve in future discussions
of the documentation needed to reduce Norway spruce stand losses and to increase their resistance
to disturbance, as the species is of great practical importance for forest owners and the forest sector.
The aim of this study was to characterize the decline and natural mortality of Norway spruce stands in
two hemiboreal forest landscapes over a 40-year period. Data from five consecutive forest inventories
were analysed to assess the cumulative impact of various factors on the stand mortality rate over the
longer period.

2. Materials and Methods

2.1. Study Area

We obtained forest stand inventory data from two landscapes in different regions of Latvia: in the
west near Vane and the east near Dviete, with areas of 3490.6 and 7190.1 ha, respectively. In both areas,
the land is mainly used for forestry (Figure 1); detailed descriptions about the study areas are available
in Table 1. In both areas, the climate is moist with moderate winters and is continental (although
influenced by the proximity of the Baltic sea). The mean annual precipitation is 713 mm in Dviete and
650 mm in Vane. The temperature ranges from 16.9 °C in July to -3.6 °C in February with annual
means of 5.9 °C in Dviete and 6.2 °C in Vane. The large-scale windthrow caused substantial forest
damage in both landscapes on October 1967. The storms on November 1969 and January 2005 also
caused a great damage. Another severe summer windstorm on August 2010 occurred in Dviete, that
was followed by a spruce bud scale (Physokermes piceae Schrank.) outbreak in 2011.
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Table 1. The characterization of forest massif by dominant species in 1975.

30f13

Mean Annual

Mean Annual

Landscape Latitude Longitude Species Area, ha Area, % Precipitation, = Temperature,
mm °C
Picea abies ((L.) o
Karst) 1307.1 37%
Pinus sylvestris L. 784.2 22%
Non-forest 764.8 22%
Betula pendula
Vane 56°5¥ N 2238 E Roth 5137 15% 650 62
Populus tremula L. 101.0 3%
Alnus glutinosa (L.) 99 0%
Gaertn.
Alnus incana (L.) 9.9 0%
Total area 3490.5
Pinus sylvestris L. 3086.3 43%
Betula pendula o
Roth 1534.7 21%
Picea abies (L.) o
Karst.) 1404.0 20%
Dviet °08’ 26°15" E 713 9
viete 56°08"N 6°15 Non-forest 709.4 10% >
Alnus glutinosa (L.) o
Caertn. 420.9 6%
Populus tremula L. 26.1 0%
Alnus incana (L.) 8.0 0%
Total area 7189.2
2.2. Data

The forest stand dynamics between 1975 and 2016 were based on stand-wise forest inventories
since limited changes have been made in regulations concerning forest inventory (i.e., no changes
in forest type classification and decision criteria for delineation of the new stand). The information
(available in all inventories) about stand dominant tree species (according to basal area) and stand age
were determined from forest inventories. The forest inventories for 1975, 1985 and 1999 were obtained
from archives at the Latvian State Forest Research Institute. The archived forest plans were scanned
and rectified to the LKS-92 coordinate system. The selected forested landscapes were digitized, and
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the boundaries of each stand were mapped in a GIS database using ArcGIS 10.2. Software (ESRI Inc.,
Redlands, CA, USA, 2014). Spatial data (polygon shapefiles) on forest stands digitized up to 2011 and
2016 were obtained from the State Forest Service.

Based on the spatial relationships between different forest inventories (1975, 1985, 1999, 2011
and 2016), we generated forest change maps for Norway spruce stands in Vane (Figure 2) and Dviete
(Figure 3) landscapes. The maps consisted of the locations of Norway spruce stands in both landscapes.
The map of 1975 was used as a base, and each stand was overlaid within exact boundaries for each of
the studied periods. The Norway spruce stand dynamics over 40 years were analysed by dividing the
stands into groups based on their age during each inventory. The first group “0” comprised stands
with age zero, and there was a mark to denote clear-cut provided in the attribute table. Norway spruce
was marked as the future planned species (in 1975, that meant mandatory regeneration). Whereas the
second stand age group “1-10” comprised 1 to 10-year-old stands, the third group “11-20” comprised
11 to 20-year-old stands, and so on.

To reduce the offset of boundaries among studied periods (e.g., due to different rules for
demarcation among forest inventories), we created core areas for each forest stand in each map.
The core area represented the area of the stands as the distance (up to 15 m) from the stand perimeter.
However, we could not obtain accurate data (such as area) of the dynamics of forest stand inventory
over the observation period due to boundaries offsets.

= Wy
: i s %
ar " Ll‘:gx, : "‘".!-1:1?5'.;' b
Shag i . DNz
H S (1 LA A Y R =N T S
= e | :'u 1 uf. 5’ ~§L w7 'b‘l‘!,é:ﬁ‘
L B Sl
i LT =
Mk, i@"";s' bt
=raloailily 1 _ . ‘.’ﬂum
124 Jestr, ] ghiod o (9
i"lv"‘@ “iﬁ{' 5‘_‘" B ‘ 'Zﬁ/fm ‘h',’i,’:;
2% w2
Ve Sk
e F,’ﬂ ’ I 1",%‘1!"-57, i
oy S
(- ke
,"vélév tl.., 'Hl “‘r-"’ U.,gjf%gl ”,!’
(] lq. -. 1§74
" ,’ \” .,' I "’ “" ”Va"ecl;::::i:cz 1975 ”“." e Stands transition status
by  Non-forest o =N 9 gl et
"l- ". }‘l «\" “I‘I ', No;gr;y spruce stands age distribution in 1975 b ¥ _’N_.' %‘q VLIE A» e
= »'lu g L o
il Eoe h u ‘,5;! ", m, S
‘ 0.00 “)
'.,! '! ’ > § 3 § S .I] .m -
0 045 09 1.8 km 28¢ group, year
!

Figure 2. Norway spruce stands dynamics in Vane over 40 years (1975-2016).
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Figure 3. Norway spruce stand dynamics in Dviete over 40 years (1975-2016).
2.3. Data Analysis

To avoid possible bias in the characterization of the Norway spruce natural mortality due to the
final harvest, we selected a subset of stands in which Norway spruce was the dominant tree species at
the beginning of the observation period and Norway spruce stands up to and including the 71-80-year
stand age group (at present, the final harvest of Norway spruce stands in Latvia is allowed if the trees
have reached the age of 81). We assume that all mortality in stands younger than 81 years old was due
to natural causes. The changes in the dominated species in the stand between maps were detected
with the joins toolset in ArcGIS 10.2. [30]. Before joining, each stand was converted from a multipart
feature to a single part feature. We added information about species and age to the actual map from
the previous period.

We regarded stand mortality as a failure to transition from forest stand to the next age group
and/or the stands that did not retain the same dominant species class. We determined the stands’
status across selected periods from 1975 to 2016 for each forest stand. In the analysis, we included
only Norway spruce stands of 1975 (non-spruce stands could not transition into spruce over the study
period); thus, Norway spruce stands that once were declared as unsuccessfully transitioned stand were
excluded from further analysis. We excluded from further analysis those stands in which there was a
significant age discrepancy (greater than that between two inventories) between two subsequent forest
inventories, thus indicating bias between forest inventories.

The change in stand status across different forest inventory times was determined. In our
implementation, the variables were dominant tree species and stand age. In this approach, we analysed
the dynamics of the percentage of the Norway spruce occupancy in the forest landscape and/or the
changes in percentages of age-class distributions in the area that the Norway spruce occupied.

The percentage variation of Norway spruce stands as a response variable within age classes
between forest inventories was tested using a binomial generalized linear mixed-effects model
implemented in R 3.5.0 software (R Core Team 2018, Vienna, Austria). The age classes and forest
inventories were used as predictor values in the model, while the stand identification was used as a
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random effect (if the stand appeared in subsequent forest inventories), and the spatial auto covariate
was used to assess the spatial dependencies between independent variables (region, age-class and time
of inventory).

3. Results

The total number of Norway spruce stands varied across studied areas and age groups from 1975
to 2016. Overall, in both landscapes, the total number of Norway spruce stands decreased over time
(Figure 4). The greatest proportion of all stands in 1975 was up to 20 years old (56% of all stands in
Vane and 37% in Dviete). The binomial generalized linear mixed-effects model indicated that the site
(p < 0.001), age group, time of inventory and combination of characteristics (p < 0.001) significantly
impacted the probability of stand transition into the next age group.
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Figure 4. The dynamics of successfully transitioned Norway spruce stands (core areas) between

inventories in two forested landscapes, Dviete (a) and Vane (b), respectively (only those stands that
survived throughout the entire period are displayed).

The mean proportion of Norway spruce stands to survive to the next age group (i.e., not damaged
or destroyed) over the first period from 1975 to 1985 was higher in the Vane site than in Dviete (93.1%
and 76.5%, respectively). During the entire 40 years, the proportion of successfully transitioned stands
between inventories remained high in Vane, reaching the highest 94.0% successfully transitioned
stands for the period from 2011 to 2016. However, high decline and mortality of stands were observed
in the Dviete site, where 50.7% Norway spruce stands did not survive between 2011 and 2016 forest
inventories (Figure 5).

The highest decline and total mortality of Norway spruce stands were found in Dviete for each
age group (p < 0.001). The distributions of the probability of stand transition presented in Figure 6
showed a relatively high proportions of successfully transitioned stands up to 30 years at both sites,
whereas the slope of the continuous trend was highly different. With increasing age, from stand age
groups 31-40 to 51-60, a relatively constant rate of successful transitioned stands remained in the Vane
site, while a significant decrease in the proportions of survived stands was observed at the Dviete site
for the same time. Subsequently, notable increase in the rates of decline and mortality were observed
in Vane and Dviete from the age group 61-70 (Figure 6).
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Figure 5. The transition of Norway spruce stands in two landscapes between two consecutive forest

inventories (+£95% confidence interval).
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Figure 6. The site effect on the mean proportion of survival of Norway spruce stands between different

age groups (+95% confidence interval).

The probability of the stand remaining alive as a Norway spruce dominated stand at the end of

the observation period (in 2016) on average was higher in Vane than in Dviete for stands with ages
at the beginning of the assessment period (1975) up to 50 years. A notable decline in survival for
stands started after they exceeded the age of 30 years in Dviete and the age of 50 years in Vane. It was
especially pronounced after the age of 70 years in both landscapes.
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4. Discussion

The algorithms for forest modelling without a credible natural mortality function for long-term
forecasts may be severely biased if assessed from forest inventory data [31,32]. For example, forest
inventory data potentially describes forest structure very well but less so forest composition [33].
During the overlapping of the landscape maps, we encountered distortions due to stand boundary
shifts between different inventories. In our study, the distortion of forest landscape composition was
identified due to the different forest mapping regulations between inventory years. The increased
precision of geodesic measurements and the development of remote sensing techniques have allowed
for easy distinction of forest infrastructure objects, such as roads, ditches and cross-rides (in our study,
these were distinguished starting in 2011), supporting the creation of more comprehensive maps.
Another challenge may be linked to the stand age group “0” due to the different aspects of the forest
inventory (see Section 2.2). The presence of senescent stand clear-felling due to its rotation period was
ignored in this study, as we excluded stands over 80 years. Although we did not have data regarding
the causes of these area losses, which thus precluded us from making inferences based on survey data,
there are some important points of comparison with other studies.

Predictive models in the simulation of forest management options and tree mortality or tree species
succession are based on a limited set of assumptions [4,34,35], and long-term stand mortality data across
landscapes has been an underutilised component in forest models. If mortality is included in planning
systems, the simulated stand development (growth and yield models) could be underestimated as
the potential disturbance effect may introduce considerable variability even in small regions due to
local site-specific features such as topography and differences in forest landscape composition [36-38].
This result was also shown in our study, in which we found regional differences in the severity of
damages between Dviete and Vane due to the 1967 and 1969 storms, reflected by the higher number of
young stands in the following forest inventory (see Figure 5).

The dynamics of forest landscapes can potentially be sensitive to different external and
internal factors. The current forest conditions are a result of the complex interaction of forest
management roles and species capability to regenerate after large-scale disturbances, e.g., suitability of
a species to its natural (fundamental) ecological niche. The importance of the local environment and the
potential impact of new disturbances on Norway spruce growth is determined by regional differences,
even on such a small scale as Latvia. Species resilience to individual small-scale disturbance is another
key factor that may affect total species distribution over a landscape. Over the 40 years assessed by
this study, the Norway spruce was no longer the dominant tree species or had been damaged, on
average, in over a quarter of Norway spruce stands. The decline and natural mortality of Norway
spruce stands has been observed, on average, from 6.5% to 38.9% in each age group (Figure 6) during
the investigation period within both landscapes. This observation could be explained by the fact
that, within the period of a decade, new disturbance events may occur and that individual stands
may be damaged in the landscape. For example, Hanewinkel et al. (2008) [39] reported substantial
damage (insect outbreaks) risks for Norway spruce or spruce-dominated forests 2 to 6 years after
windthrow. In our study, the stand-replacing wind disturbance event of 2010 (based on the State
Forest Service data) might be a cause of rapid decline of Norway spruce stands from 1999 to 2011 for
stand age groups 21-30 to 51-60. Moreover, this storm was followed by the outbreak of the spruce
bud scale (Physokermes piceae Schrank.) in 2011 [38,40], resulting in substantial damages in the stands,
reflected in Dviete data between 2011 and 2016. Rapid decline of stands in Dviete for the age groups
61-70 and 71-80 from 1975 to 1985 might be linked as secondary damages after large storms in the
middle of the 1960s. This observation is consistent with previous studies, which reported that the
probability of damaged stands to be affected by another disturbance is greater [41,42]. Although the
lack of large disturbance events in Vane leads to two different age structures of Norway spruce stands
than in Dviete, in Vane, the highest declines of successful transitioning of stands from 1985 to 1999
inventories was observed for the initial age groups 61-70 and 71-80, but from 1999 to 2011, inventories
for the age group 51-60 might be linked to the final harvest (Figure 7). Another significant aspect is
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tree ingrowth, which, in the context of global climate change, may become more challenging in the
future [43]. Another study in Latvia demonstrated the difficulty in replanting Norway spruce stands
after mortality due to a drought that had occurred two years after planting in 2015 and continued
into 2016 [44]. The present study confirms this upward trend (of persistent difficulties with Norway
spruce stand regeneration, as suggested by the relatively high decline of stand age group 0 being 12%
of stands, was found unsuccessfully regenerated in subsequent forest inventories. Very often, however,
stands subjected to delayed silvicultural treatments experienced reduced growth due to the loss of
competition with deciduous trees that rapidly filled in the gaps and dominated in subsequent years.
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Figure 7. The proportion of successfully transitioned Norway spruce stands in both landscapes between
observation periods by stand age group in 1975: In each forest inventory, the remaining part from the
initial number of Norway spruce stands in a particular age group is shown.

The impacts of potential risks of the sudden destruction of Norway spruce stands by windthrow,
epidemic pest infestation or other forces are largely determined by management decisions and actions
such as planting (suitable environmental conditions, planting materials used and/or initial density), soil
preparation, thinning, amelioration, clearing or other factors that span over long periods. In addition,
the probability that stands will be damaged is higher when they reach a certain age and mean
height [45,46]. Our study suggests a slight downward trend of stand survival starting from stand age
group 3140, with rapid decline in the 61-70 and 71-80 age groups. The decline of Norway spruce
stands in age groups 0 to 11-20 (age at 1975) between 2011 and 2016 forest inventories (Figure 7) is
in accordance with a previous study of spruce bud scale outbreak in 2011 [38], as they reported the
greatest damage rate in 40- to 60-year-old Norway spruce stands. This rapid decline is consistent
with previous studies that demonstrated the destruction of coniferous forests with increasing stand
age [47]. Damages caused by fungi increases with age, especially compared to young and middle-aged
stands [48,49]. This decline may also be explained by forest management decisions in the 1960s when
the focus had changed to planting high-production Norway spruce monocultures [50,51]. Other studies
suggest similar losses in Norway spruce productivity after the age of 45, and even mortality may be
triggered by mismanaged silvicultural approaches, such as initially overstocked stands [29].

Optimal forest management decisions may increase the resistance and resilience of Norway spruce
stands. However, in practice, treatments may not be feasible in maintaining main forest management
strategies that require control over stand characteristics or otherwise may affect the risk levels to which
the stands may become subjected [52]. Furthermore, the economic calculations of wind damage in
Norway spruce stands indicate age as a major risk factor, thus encouraging the implementation of
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shorter rotation periods (50-60 years) in maintaining reasonable production and profitability [53]
especially on high productivity soils and even in high wind risk zones [54,55]. Thus, forest owners
have to be able to implement decisions that would be the best solution to reduce the potential ecological
and economic losses. This indicates a need for legal regulations to cut down younger stands and not to
wait until the age of 81 years at the end of the rotation period. For example, in Sweden, a study of
the Norway spruce risks associated to climate change, such as major storms and their effects on the
future of these stands, suggests that, if storms of Gudrun magnitude occurred once every fifth year, the
expected land value would decrease by 20% with a 57-year rotation. In addition, they concluded that,
if major windthrow affected Norway spruce stands once every fifth year, then almost no trees would
reach the age of 87 years, while if storms occurred once every 20 years, then 60% of stand volume
would be felled by a storm with an 87-year rotation cycle [56]. Still, both scenarios imply that Norway
spruce would remain in the landscape as an admixture species. Although, uneven-aged management
practices might be considered to gain some returns without clear-felling the stands, considering the
negative effects (soil compaction, damage to remaining trees, etc.) [57] as the economic justification of
such practice appears dubious.

5. Conclusions

The main finding of the dynamics of Norway spruce stands in two forested landscapes was a
significant regional effect on the proportion of Norway spruce stands that survive between inventories
as well as the strong variance between the age groups and combination of stand variables. Our findings
suggest that the greatest decline and mortality in this study are associated with the negative effects
of climate change. The windstorms and pest outbreaks as well as subsequent secondary damages
resulted in a reduction in the total amount of Norway spruce stands in both landscapes. As expected,
the Norway spruce stand survival rate decreased with stand age, indicating a downward trend starting
from 31 years old, with very high decline of stands starting from 61 years old. Thus, we suggest
that the consideration of optimized forest management decisions is needed to mitigate the Norway
spruce decline and mortality in the near future. Although, the different outcomes of mortality patterns
between both landscapes should be considered prior to maximize the harvesting.
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Abstract: An increase in extreme weather events is predicted with increasing climate changes.
Changes indicate major problems in the future, as Norway spruce (Picea abies L. Karst.) is one of the
most important forestry species in Northern Europe and one of the most susceptible to damage from
extreme weather events, like windstorms. Root architecture is essential for tree anchorage. However,
information of structural root-plate volume and characteristics in relation to tree wind resistance in
drained deep peat soils is lacking. Individual tree susceptibility to wind damage is dependent on
tree species, soil properties, tree health and root-plate volume. We assessed the structural root-plate
dimensions of wind-thrown Norway spruce on freely drained mineral and drained deep peat soils
at four trial sites in Latvia, and root-plate measurements were made on 65 recently tipped-up trees
and 36 trees from tree-pulling tests on similar soils. Tree height, diameter at breast height, root-plate
width and depth were measured. Measurements of structural root-plate width were done in five
directions covering 180° of the root-plate; rooting depth was measured on the horizontal and vertical
axes of root-plate. Root-plate volume was higher in drained peat soils in comparison to mineral soils,
and root-plate width was the main driver of root-plate volume. A decreasing trend was observed in
structural root depth distribution with increasing distance from the stem (i.e., from the center to the
edge of the root plate) with a greater decrease in mineral soils.

Keywords: root architecture; root depth; structural roots; wind resistance

1. Introduction

Climate change scenarios predict an increase in extreme weather events (windstorm frequency
and intensity) [1]. Increasing frequency of storms causes loss of economic and ecological value in
European forests [2]. Yet another effect of climate change is warming of the winter season, which causes
long periods of unfrozen, wet soil [3], when tree anchorage is the weakest and wind damage probability
is higher. Fully measured tree anchorage properties can help predict the response of trees to more
severe climate change induced storms. Furthermore, trees deploy their roots in response to mechanical
forces (slope and/or prevailing wind) by devoting increased root resources downslope and toward the
windward direction to improve stability [4].

Individual tree stability varies among tree species and in regard to stand properties and tree
health [5,6]. Tree rooting strategy is an important part of the general growth strategy for trees,
and it determines root architecture [7]. The formation of tree roots depends mainly on the soil
conditions because roots continuously adapt to the temporal and spatial fluctuations in their growth [8].
Root architecture and the size of root-soil plates determines tree anchorage and stability [7]. However,
tree mechanical stability can be reduced by diseases such as root rot (Heterobasidion spp.) [9,10].

Norway spruce (Picea abies (L.) Karst.) is an economically important tree species in Northern Eurasia,
including Latvia [11,12]. Norway spruce is able to grow under a wide range of soil (physical and
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chemical) and climatic conditions [13]. In addition, Norway spruce has a high susceptibility to
windstorm damages because of its shallow root system and relatively dense crown [14-16].

Windstorms can create large gaps in forest stands, from which rapid natural regeneration
emerges [17], because wind-throw damage in spruce forests causes many tree tip-ups, and root-plate
volume determines the size of patches with open soil after the wind-throw. The most favorable
microsites (suitable seed beds) for tree regeneration are tree-fall (root-plate) pits, tip-up mounds and
logs [18-20]. However, in most cases, natural regeneration results in the establishment of dominant
species other than Norway spruce [21]. In fact, spruce forms larger root-plate areas than other native
tree species of the hemiboreal region [22], and thus creates large areas of open soil in the stand. After the
collapse of the uprooted (tipped-up) root-ball, as the roots decay, the soil mass typically settles into the
mound [23]. Thus, larger root-plate systems will create diverse microsite legacy effects.

Previous studies have analyzed root system development [8], belowground biomass [24,25], fine
root or coarse root distribution in spruce stands [26,27] and mixed forest stands [26,28]. In addition,
several studies of tree-pulling (winching) experiments have been conducted to assess the mechanical
stability of Norway spruce [10,29,30]. However, root-plate volume for wind resistance assessment
has been studied less [31], and in deep peat soils such information is even more scarce. Currently,
the most common methods for root-plate measurements are direct measurements in laboratory or
on site that involve excavating roots from the soil [32] and high-resolution geophysical imaging,
such as ground-penetrating radar (georadar) [33]. Root measurements usually include length, density,
growth angle and topological structure; however, as technology has improved, image processing has
evolved to automatic detection and analysis [34]. Root distribution is dependent on soil characteristics,
tree size and tree species; therefore, we assessed the root-plate volume of Norway spruce across many
trees from diverse forest stands on two soil types.

The aim of the study was to assess the root-plate dimensions of uprooted Norway spruce in
mineral and drained peat soils. We hypothesized that root-plate volume would be higher in drained
peat soils compared to mineral soils.

2. Materials and Methods

This study was carried out in Latvia, with study sites located in North-West Latvia—Skede
(57°14’ N 22°42’ E), Neveja (57°34’ N 22°18’ E), Central Latvia—]Jelgava (56°40" N, 23°53” E) and East
Latvia—Kalsnava (56°41’ N, 23°88’ E).

Altogether, 64 recently (no longer than 1 year) tipped-up trees by wind-throw (all available
tipped-up trees in study sites) were selected for structural root-plate measurements to characterize the
rooting of wind-thrown spruce trees. Materials were collected in similar stands in terms of age and
parameters, such as stand density and tree dimensions of canopy trees, soil conditions, wind climate
and species composition. These were pure even-aged commercial Norway spruce stands growing on
freely drained mineral and drained deep peat soils (peat layer > 50 cm) [35]. In Latvia, stand density
before the final harvest in such stands is reduced to approximately 700-900 trees per ha~!. These soil
types are common in Latvia, representing 51% and 12% of the soils in spruce forests, respectively [36].
The territory of Latvia is covered by a thick layer of sediments; thus, bedrock cannot limit rooting depth.
In the studied sites, naturally well-drained podzolic soils formed on well-drained fine/loamy sand
parent materials, and artificially drained deep peat soils were also found.

For a control, we selected data from tree-pulling (winching) tests conducted in commercial
Norway spruce stands with similar characteristics as the wind-thrown stands. Control data from trees
situated on drained peat soils were obtained from a study published previously [10]. For mineral soils,
root-plate dimension data from pulling tests carried out in summer 2020 at the Jelgava site were used.

For each tree height (H), diameter at breast height (DBH), root-plate width, height and depth
were measured (including soil particles attached) (Table 1). Structural root-plate width was measured
parallel to the land surface and perpendicular to the tree stem. Root-plate surface width measurements
covered 180° of the root-plate in five directions from stem side: left side (L), halfway left to center (L45),
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center (C), halfway right to center (R45) and right side (R) (at 0°, 45°, 90°, 135° and 180°, respectively)
(Figure S1). In cases where the length of the root exceeded the length of the root-soil ball, the width
was measured to the furthest root. These values were used as the radius of the root-plate for root-ball
shape and volume calculations.

Table 1. Dimensions of sampled trees.

Variable Wind-Throw Tree-Pulling Tests (Control)
Site Neveja-Skede Kalsnava Jelgava Kalsnava
Soil Type Fre?ly Drain.ed Drained Peep Frec‘ely Drain.ed Drained Peep

Mineral Soil Peat Soil Mineral Soil Peat Soil

N 39 25 26 10

Min 13.0 23.3 17.8 26.5

DBH (cm) Max 50.0 46.5 42.0 37.7
Mean 255+27 31.2+26 28.0+24 32.0£3.0

Min 12.7 21.6 16.9 24.8

Height (m) Max 323 317 33.4 29.6
Mean 21.6 £1.6 26011 256 £1.6 27.2+0.9

Min 0.3 0.7 0.9 3.4

Root-plate width (m) Max 3.6 35 3.0 5.5
Mean 14+02 20+03 1.7+0.2 45+04

Min 0.2 1.0 0.5 15

Root-plate height (m) Max 1.8 2.4 2.8 2.5
Mean 1.1+0.1 1.6+0.1 12+02 21+02

Min 9.3 23.3 26.8 40.0

Root-plate depth (cm) Max 45.5 82.5 84.0 80.0
Mean 283 +23 447 £53 492+ 6.6 57.1+8.5

For structural root-plate depth distribution assessment, we measured roots with diameters greater
than 10 mm instead of total rooting depth (due to the fact that fine roots could be found in deeper
layers than coarse roots). Rooting depth was assessed on the vertical and horizontal axes (center
and right), where root-plate depth, including root-soil ball, was measured (Figure S1) for assessment of
the structural root depth distribution. The first depth measurement was taken as close as possible to
the stem, and the rest were taken every 0.2 m.

Pearson’s correlations were calculated to assess the relationship between tree size, measured and
calculated variables, such as H, DBH, root-plate width, depth, volume and the relationship between
H and DBH (HD?). Root-plate volume was estimated based on calculating the structural root depth
distribution shape using an elliptic cone volume equation:

V:(%)*n*a*b*h, (1)

where / is the mean root-plate center (0-20 cm) height (depth); a is the vertical radius of the root-plate;
b is the mean horizontal radius of the root-plate.

Tree wind resistance was estimated using Peltola’s [29] approach where tree height was multiplied
by DBH squared to get an idea of tree stem susceptibility to tip-up. In the generalized additive model,
relative root depth and relative distance from the stem were used as predictors to calculate structural
root depth distribution. All steps of the data analysis were carried out using the statistical software R
4.0.0. [37].
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3. Results

3.1. Structural Root Horizontal Surface Shape

To assume the structural root-plate horizontal surface is an ellipse, the horizontal and vertical
measured width can be used to calculate the 45° angle of the actual geometric ellipse. The halfway left
to center (L45) and halfway right to center (R45) radius was on average 0.89 + 0.22 (mean +95% CI)
and 0.93 + 0.32 (mean +95% CI) of the center (C) height for mineral and drained peat soils, respectively.
Taking into account the average of the vertical and horizontal widths, the average of L45 and R45 was
1.09 + 0.06 (mean +95% CI) and 1.01 + 0.04 (mean +95% CI) of a true ellipse in mineral and drained
peat soil, respectively; thus, L45 and R45 were 9% and 1% higher than radii of an actual geometric
ellipse, respectively. Therefore, we assumed that an ellipse is a good approximation of the horizontal
root-plate shape.

3.2. Structural Root Depth Distribution of Tipped-Up Trees

Structural root-plate depth was assessed using the relative root-plate depth distribution and the
relative distance from the stem (Figure 1). If the measurement point distance from the stem increased,
the root-depth decreased; thus, a negative relationship (r = —0.99) between the distance from the
stem and rooting depth was measured in both drained peat and mineral soils. No limitations to
root vertical growth were observed, as no compacted soil layers were found in the studied stands or
below the wind-thrown trees. In addition, the shape of the vertical roots did not indicate difficulties
of penetration.

—— Deep peat
— = Freely drained mineral

0.4

Relative root depth

0.2

0.0 -

0.0 0.2 0.4 0.6 0.8 1.0
Relative distance from the stem

Figure 1. Relative structural root-plate depth distribution of measurement points at relative distance
from the stem of wind-thrown trees. (Grey area denotes 95% confidence interval.)

Vertical rooting depth governs tree susceptibility to wind-throw. Mean depth at the center of
the root-plate was 28.3 + 2.3 (mean +95% CI) cm and 49.2 + 6.6 (mean +95% CI) cm for mineral and
drained peat soil, respectively. Mean rooting depth in the first meter (from the center to the edge of the
root plate) was 22.4 + 3.4 (mean +95% CI) cm for mineral soil and 38.9 + 5.8 (mean +95% CI) cm for
drained peat soil. The maximum depth values were observed in the center of the root-plate (0 cm from
the stem). Maximum depth value in drained peat soils was 82.5 cm, while in mineral soils it reached
the highest value of 45.5 cm. With increasing distance from the stem, relative rooting depth in mineral
soil decreased more rapidly than in drained peat soils. Relative rooting depth differed significantly
(p < 0.05) between soil types except at the center and the edge of the root-plate.
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3.3. Root-Plate Volume

Root-plate volume of tipped-up trees in mineral soil varied from 0.02 m® to 2.01 m?, and in drained
peat soil the root-plate volume ranged from 0.4 m® to 3.2 m3. In tree-pulling tests (control), root plate
volume ranged from 0.3 m? to 5.9 m® and from 4.0 m3 to 7.6 m> in mineral and drained peat soil,
respectively. The difference of root-plate volume between soil types was statistically significant
(p < 0.001), and the results differ noticeably (Figure 2). Root-plate volume was lower for trees growing
on mineral soil, while trees on drained peat soils tended to have larger values. Mean root-plate volume
of tipped-up trees in mineral soil was 0.50 + 0.14 (mean +95% CI) m?3 and 1.5 + 0.3 (mean +95% CI) m3
in drained peat soils. In addition, mean root-plate volume of control trees was significantly higher than
that of root-plate volume of tipped-up trees, as the mean volume was 1.3 + 0.5 (mean +95% CI) m?
and 5.5 + 1.0 (mean +95% CI) m? in mineral and drained peat soils.

8 —
6 o
4_ —_—

Root-plate volume, m 3

2 — I : e
— /= 2
[ ] :
0 —] ——
1 | | T
Kalsnava Jelgava Kalsnava Neveja-Skede

Control Tipped-up

Figure 2. Root-plate volume of tipped-up trees and control (tree-pulling test) in two different soil types:
deep peat (Kalsnava) and freely drained mineral soil (Jelgava and Neveja-Skede).

Results indicate differences in root-plate volume of tipped-up trees and trees from pulling
(winching) experiments (Figures 3 and 4), as root-plate volume of tipped-up trees was significantly
smaller than those of control. Differences between tipped-up and control trees were marked in both
soil types; however, in drained peat soil the differences were even more pronounced (Figure 4).
In addition, the mean width of the root-plate was highly correlated (r = 0.92) with root-plate volume;
therefore, as tree roots grow wider (i.e., further from the stem), the root plate volume also increases.
Moderate correlation (r = 0.47) was observed for root-plate center depth and root-plate width.

3.0 /
© Control V/
® Tipped-up 2

2.0 1

1.5

0.5

Structural root-plate volume, m®

0.0 —

10 20 30 40 50
Diameter at breast height, cm

Figure 3. Root-plate volume vs. diameter at breast height in freely drained mineral soil. Grey area
indicates 95% confidence interval.
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A Control A A
A Tipped-up ~ -~

Structural root-plate volume, m®
N

20 30 40 50
Diameter at breast height, cm

Figure 4. Root-plate volume vs. diameter at breast height in drained deep peat soil. Grey area indicates
95% confidence interval.

Our results indicate the importance of DBH in determining root-plate volume (Figure 3) and
potentially in increasing tree wind resistance to uprooting from wind disturbances. Therefore,
we calculated HD?, which is known to indicate tree wind resistance to uprooting in mineral soils [29].
Results show the difference of tree wind resistance between soil types, as HD? values in mineral
and drained peat soils were 1.94 + 0.66 (mean +95% CI) m? and 2.46 + 0.57 (mean +95% CI) m?,
respectively. Even though mean values for mineral soil were lower, with increasing root-plate volume,
the estimated wind resistance values increased more rapidly in mineral soils in comparison to drained
peat soils (Figure 5). The HD? values showed a good linear model fit as indicated by the coefficient of
determination in mineral (2 = 0.84) and drained peat (> = 0.39) soils.

A Deep peat
® Freely drained mineral i

0.0 0.5 1.0 1.5 2.0 25 3.0 35
Root-plate volume, m°

Figure 5. HD? in relation to root-plate volume in two soil types. Grey area indicates 95% confidence intervals.
4. Discussion

Assuming the structural root-plate horizontal surface shape as an ellipse was appropriate,
the average lengths of L45 and R45 were only 9% and 1% larger in comparison to a true ellipse in
mineral and drained peat soil, respectively. Structural root distributions provide physical stability of
trees to windthrow, and deep penetration by roots is important for the anchorage; trees with varying
root-plate morphologies respond differently to stress and competition [8]. The maximum depth
values differed between soil types, with drained peat soils having higher maximum depth values than
mineral soils. Overall, a decreasing trend was observed in structural root depth distribution with
increasing distance from the stem (Figure 1). Mean depth in the center and first meter of the root-plate
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was higher for drained peat soils than for mineral soils; however, with increasing distance from
the stem, a more rapid decrease was observed for mineral soils than for drained peat. The exception
was the edge of the root-plate of drained peat soils where a rapid depth decrease in the relative rooting
depth was observed. In addition, if the vertical root system is weakly developed, spruce depends on a
horizontal network of supporting lateral roots [8]. With increasing tree age, the capacity of the root
system to adapt or rebuild anchorage is lowered [8], thus affecting capability to recover and continually
resist wind damage.

Root-plate volume in drained peat soils was more than three times higher than root-plate volume
in mineral soils (Figure 2); thus, the hypothesis of the study was confirmed. This could be explained by
the fact, as reported in other studies, that trees on deep peat soils flex more as trees sway and adapt
their roots to the wind environment (develop eccentric cross-sectional root-system shape) and are
better prepared to resist bending in the stronger winds than trees on mineral soil [30]. In both soil types,
an increase in root-plate volume was observed with an increase in tree DBH (Figures 3 and 4). A close
relationship between tree size parameters and root-plate system development has been reported in
previous studies, where dominant large trees form the largest root systems, while average-sized trees
develop well-shaped root systems and suppressed trees form poorly developed root systems [8].
Results show that the main determining factor of root-plate volume is root-plate width (r = 0.92). Thus,
if the root distribution (i.e., root-plate diameter) is wider, the root-plate volume is greater, as also
reported in other studies [38]. With similar tree dimensions, root-plate depth and width was larger for
drained peat soils in comparison to mineral soils (Table 1). Therefore, larger patches of open soil in the
forest stand after wind-throw are formed by trees with larger root-plate width and by trees growing on
drained peat soils than for trees with the same dimensions on mineral soil. In addition, trees adapt
their root systems to the applied mechanical forces by the prevailing winds and slope and devote
additional root resources towards improving tree stability, thus increasing root volume, resistance and
adapting root shape [4].

Comparison of root-plate volume between tipped-up trees and control trees, as well as trees
from tree winching experiments, indicates significantly higher root-plate volume compared to
windthrown trees, especially in drained peat soils (Figure 4). Trees with the weakest root systems
are the first ones tipped-up in storms in both soil types. However, with increasing climate change
and prolonged periods of wet, unfrozen soil in the winter, the wind damage probability increases [3].
Furthermore, comparisons of data obtained from windthrows and tree-winching tests can be applied
in wind risk models to improve the model parametrization of tree resistance against overturning.
Nevertheless, a larger root-ball does not always ensure greater wind resistance, as root binding with
drained peat soils is weaker and soil mass is lighter in comparison to root binding with mineral
soils [4]. In our research, root adaptation was not studied, but root distribution against the prevailing
wind direction and root shape was found to be important for wind resistance. However, there are
many other factors affecting wind resistance and wind damage probability, such as tree stem and root
system adaptation, soil conditions in winter, recent silvicultural measures (thinning) and even diseases
such as root and stem rot (Heterobasidion spp.) [10,39,40].

Differences in tree wind resistance between soil types were indicated, as spruce trees on drained
peat soils had larger root-plate volumes and greater mean tree wind resistance values (Figure 5).
Yet, spruce on mineral soil had a more rapid increase in wind resistance values with increasing
root-plate volumes, indicating higher overall wind resistance than drained peat soils. This assumption
is in accordance with previous studies that show trees on drained peat soils are more susceptible to wind
damage than trees on mineral soils [30]. Observed differences could be explained by differences in soil
conditions, rigidity, water table depth and structural root-system architecture that might differ between
forest and soil types [41,42]. In our study, we used root-plate measurement data from tipped-up trees,
which introduces a systematic bias since trees with weaker root systems are uprooted in storms [40]
and because some soil from the root-soil plate might be lost before the measurements, even if the
measurements were done shortly after the wind-throw.
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From an economic point of view, in order to reduce wind damage risks, timely applied thinning
of the stands could improve and help develop larger and stronger tree root systems. In addition,
low-density Norway spruce stand establishment could help to improve the root system due to reduced
competition in the stand.

5. Conclusions

An overall decreasing trend of structural rooting depth was observed in both (mineral and
drained peat) soil types, with more rapid depth decrease for mineral soils. Root-plate volume differed
significantly between soil types, and it was higher for drained peat soils in comparison to mineral soil
even with equal tree parameters (DBH). The width of the root-plate was the main determining factor
for root-plate volume. However, tree wind resistance in mineral soils increased more rapidly with
increasing root-plate volume in comparison to drained peat soils.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/11/1143/s1,
Figure S1: Schematic image of root-plate measurement methodology.
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