LATVIJAS VALSTS MEZZINATNES INSTITUTS “SILAVA”
LATVIAN STATE FOREST RESEARCH INSTITUTE ‘SILAVA’

LATVIJAS LAUKSAIMNIECIBAS UNIVERSITATE
LATVIA UNIVERSITY OF LIFE SCIENCES AND TECHNOLOGIES

Mg. geogr. OSKARS KRISANS

PARASTAS EGLES (PICEA ABIES (L.) H. KARST.) VEJA NOTURIBAS
IZMAINAS SAKNU TRUPES UN STUMBRA MIZAS BOJAJUMU
IETEKME

THE EFFECT OF ROOT ROT AND BARK-STRIPPING ON WIND
STABILITY OF NORWAY SPRUCE (PICEA ABIES (L.) H. KARST.)

Promocijas darba KOPSAVILKUMS
Zinatniska doktora grada zinatnes doktors (Ph. D.) Lauksaimniecibas un
zivsaimniecibas zinatn€s, mezzinatné ieglisanai

SUMMARY
for the doctoral degree Doctor of Science (Ph. D.)
in Agriculture, Forestry and Fisheries

Salaspils 2020



Promocijas darba zinatniskais vaditajs / Supervisor:
Dr.silv. Aris Jansons;

Promocijas darba zinatniskais konsultants / Consultant:
Mg silv. Janis Donis

Promocijas darbs izstradats Latvijas Valsts mezZzinatnes institiita “Silava”,
doktorantiiras studiju ietvaros Latvijas Lauksaimniecibas universitates Meza
fakultate laika no 2012. Iidz 2015. gadam. / The doctoral thesis is designed at the
Latvian Sate Forest Research Institite “Silava” and Latvia University of Life
Sciences and Technologies, Forest Faculty in period from 2012 to 2015.
Oficialie recenzenti / Official reviewers:

e Drsilv. Talis GAITNIEKS, LLU “Silava” vadoSais pé&tnieks / Senior
researcher of Latvian State Forest Research Institute “Silava”

e Dr.oec. Irina PILVERE, Latvijas Lauksaimniecibas universitates profesore
/ Professor of Latvia Univesity of Life Sciences and Technologies

e PhD. Kalev JOGISTE, Igaunijas Dzivibas zinatnu universitates profesors /
Professor of Estonian University of Life Sciences

Promocijas darba aizstavéSana notiks Latvijas Lauksaimniecibas
universitates promocijas padomes “Lauksaimniecibas un zivsaimniecibas
zinatnes, mezzinatne” ar specializaciju “Mezzinatne” attalinata atklata sede
2020.gada 29.decembrT plkst. 12:30. Darba aizstavéSanas gaitu biis iesp&ja verot
attalinati. Informacija par attalinato sédes norisi biis pieejama vienu nedélu pirms
aizstaveésanas LVMI "Silava" majaslapa. / The public defense of PhD thesis in
open session of the Promotion Council of "Agricultural and fisheries sciences,
forestry" with specialization in "Forestry" of Latvia Univesity of Life Sciences
and Technologies will be held December 29, 2020 at 12:30 in Salaspils, Riga
Street 111, Latvian State Forest Research Institute “Silava’ library. The defense
of the thesis will be held remotely. Information about the process will be
available one week before the defense on the website of LSFRI "Silava™.

Ar promocijas darbu un kopsavilkumu var iepazities LLU fundamentalaja
biblioteka Jelgava, Liela iela 2 un interneta vietng: https://llufb.llu.lv / The thesis
are available at the Fundamental Library of Latvian University of Life Sciences
and Technologies: Lield Street 2, Jelgava and website https://Ilufb.llu.lv.

Atsauksmes siitit promocijas padomes sekretarei Mg.silv. Sarmitei
Bernikovai - Bondarei uz adresi: Dobeles iela 41, Jelgava, LV-3001, Latvija vai
e-pasta koka@llu.lv / References are welcome to be sent to Mg.silv. Sarmitei
Bernikovai - Bondarei the secretary of the Promotion Counci, address: Dobeles
iela 41, Jelgava, LV-3001, Latvia or by email koka@llu.lv.



SATURS / CONTENT

SAISINAJUMI / ABBREVIATIONS ......ooooviiiiiiisisisiee e 5
1. DARBA VISPARIGS RAKSTUROJIUMS........ccccceveriiriccceeee, 6
1.1, TEMAS aKtUAIITALE .. .cuveieeiieieiietieie ettt bbb 6
1.2. Promocijas darba merkis, uzdevumi un t8Zes ...........cereervererinerinesieeneene 6
1.3, PRATJUMA NOVILALE ...eeveeeiiieiceiee et 7
1.4. Promocijas darba aprobacija...........cccereriirireiieiiininene s 7
1.5. Promocijas darba UzbUve...........ccoeriiiiiiiniiiciese s 8
2. MATERIALS UN METODES.........c.cciiieiiieeeseeeeeeeeee s 8
2.1. Egles virszemes dalas svaigas koksnes biomasas sadalfjuma un saknu-
augsnes kamola rakStUrOJUMS .........coueviirieiiineese e 8
2.2. Koku statisk@s VilKSANas tESth ..v.vivveiivriiiveiiiiiiriiesiiiesseessinessnessieeesinessineens 10
2.3. Eglu audzu saglabaSanas............ccooeerienieniinienie e 12
3. REZULTATI UN DISKUSIA .....cooooiiiiiiieeeeeeeeeeee e 13
3.1. Egles saknu-augsnes kamola un virszemes biomasas sadalijuma
FAKSTUFOJUIMIS ..ttt sttt te et esna et e e e te e e annesneenneenas 13
3.2. Koku statiskas VilKSanas teSti ........ccvvvrivieriueiiiiiiiiie e siee e 18
3.3. Eglu mezaudzu sastava saglabasanas...........c.ccoceveriiinieiienenene s 21
SECINATUMI ....oovititititetetetceeeeee ettt 25
REKOMENDACITAS ..ottt 26
PATEICIBAS ..ottt 27
1. GENERAL DESCRIPTION OF THE THESIS .........ccooviiiees 28
1.1. Relevance of the tOPIC .....ovieiiiiirieii e 28
1.2. Research aim, objectives and theSeS ..........cevverervririenieeieere e 28
1.3. Scientific novelty of the StudY .........ccccoveiiiiiiii e, 29
1.4. Approbation of research reSUlts ..o, 29
1.5, THESIS SEIUCTUIE ...ttt ettt 30
2. MATERIAL AND METHODS.......ccccoviiiieiieiierie e 31
2.1. Characteristics of above-ground biomass and root plate dimensions of
NOIWEY SPIUCE ...ttt 31



2.2. Static tree PUHING tESES.....cveiie e 32

2.3. Survival of SPruce StaNAS .........cccvviiiiriiiciseee e 33
3. RESULTS AND DISCUSSION......cccoiiiiiieiieiie e 34
3.1. Characteristics of distribution of above-ground biomass and dimensions of

OOt Plate OF SPIUCE ..o e 34
3.2. Static tree PUIliNG tESES......cviviiiiiiiciree e 36
3.3. Survival of SPruce StaNdS.........cccceieieeieieeiere e 38
CONCLUSIONS ... ..o 40
RECOMENDATIONS ...ttt 41
ACKNOWLEDGEMENTS ...t 42



BBM
BBMpr

BBMsr

DBH
Dm
EEA
ERAF

H/DBH

HDBH?

Ks
Kp
LVGMC

NMM
PF
SF
UNECE

SAISINAJUMI / ABBREVIATIONS

— lieces moments stumbra pamatné / basal bending moment

— lieces moments stumbra pamatné pie primaras lasanas / basal
bending moment at primary failure

— lieces moments stumbra pamatné pie sekundaras lasanas / basal
bending moment at secondary failure

— stumbra diametrs krtiu augstuma / stem diameter at breast height

— damaksnis / Hylocomiosa forest type

— Eiropas Vides agentura / European Environmental Agency

— Eiropas Regionalas attistibas fonds / European Regional
Development Fund

— koka kopgjais augstums / tree total height

— koka augstuma un caurméra kriisu augstuma attieciba / the relation
of tree height and diameter at breast height

— koka augstuma un caurmeéra kriSu augstuma kvadrata reizinajums
/ tree height was multiplied by diameter at breast height squared

— koka masas centrs / height of tree mass point

— Saurlapju kaidrenis / Myrtillosa turf.mel. forest type

— platlapju kaidrenis / Oxalidosa turf. mel. forest type

— Latvijas Vides, geologijas un meteorologijas centrs / Latvian
Environment, Geology and Meteorology Centre

— Nacionalais meza monitorings / National forest inventory

— primara lusana / primary failure

— sekundara lusana / secondary failure

— Apvienoto Naciju Organizacijas Eiropas Ekonomikas komisija /
United Nations Economic Commission for Europe



1. DARBA VISPARIGS RAKSTUROJUMS
1.1. Témas aktualitate

Parastas egles (turpmak — egles) nakotnes mezsaimnieciska nozime p&dgjo
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). Prognoz&ts, 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). Tomgr arT $ajas teritorijas nav izslégta dabisko
trauc€jumu negativa ietekme uz eglu nakotnes audzeém, un jau Sobrid ir vérojama
vgja, patogénu un dendrofago kukainu izraisitu bojajumu atkartoSanas biezuma
un bojajumu apjoma palielinasanas (Marini et al., 2017), jo Tpasi, vecakas audzes
ar bojatiem vai novajinatiem kokiem (Jakus et al., 2011). Nemot véra eglu audzu
augsto razibu (Pretzsch et al., 2014) un lidz ar to ieveérojamo lomu ekonomika un
oglekla piesaisté (Kenina et al., 2018), egles audze$ana Latvija saglabas savu
l1dz8ingjo nozimi, ja mezsaimnieciska prakse tiks pielagota dabisko traucgjumu
negativo ietekmju prevencijai un iesp&jamo seku mazinasanai.

1.2. Promocijas darba mérkis, uzdevumi un tézes

Promocijas darba mérkis ir novertet saknu trupes un stumbra mizas bojajumu
ietekmi uz v€ja bojajumu iesp&jamibu parastas egles mezaudzes

Promocijas darba izvirziti tris uzdevumi

1. Raksturot parastas egles v€ja noturibu saistiba ar virszemes biomasas
sadalfjuma un saknu-augsnes kamola dimensiju atskirtbam mezaudzg€s ar
kiidras un mineralaugsném.

2. Raksturot koksnes strukturalo noturibu ietekmgjoSu stumbra mizas
bojajumu un saknu trupes ietekmi uz parastas egles v&ja noturibu.

3. Raksturot parastas egles mezaudzu saglabasanos aprites cikla ietvaros.

Promocijas darba izvirzitas tris t€zes

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 bitiski neatskiras.

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



1.3. Pétijuma novitate

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

1.4. Promocijas darba aprobacija

P&ttjuma rezultati apkopoti piecas publikacijas.

I Krisans O., Saleniece R., Rust S., Elferts D., Kapostins R, Jansons A.,
Matisons R. (2020) Effect of bark-stripping on mechanical stability of
Norway spruce. Forests, 11(3), 357; doi:10.3390/f11030357

Il Krisans O., Matisons R., Rust S., Burnevica N., Bruna L., Elferts D.,

Kalvane L., Jansons A. (2020) Presence of root rot reduces stability of

Norway spruce (Picea abies): results of static pulling tests in Latvia. Forests,

11(4), 416; doi:10.3390/f11040416

Krisans O., Samariks V., Matisons R., Jansons A. (2020) Model of above-

ground biomass distribution of Norway spruce (Picea abies L. (Karst.)).

BioResources, 15(2), 4314-4322

IV Baders E., Krisans O., Donis J., Elferts D., Jaunslaviete 1., Jansons A. (2020)
Norway Spruce Survival Rate in Two Forested Landscapes, 1975-2016.
Forests, 11(7), 745; doi.org/10.3390/f11070745

V Krisans O., Samariks V., Donis J., Jansons A. (2020). Structural Root-Plate
Characteristics of Wind-Thrown Norway Spruce in Hemiboreal Forests of
Latvia. Forests, 11(11), 1143; doi.org/10.3390/f11111143

P&tijuma rezultati prezentgti sesos zinojumos Cetras zinatniskajas
konferences.

1. Krisans O., Baders E., Donis J., Bickovskis K., Jaunslaviete 1. (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 symposium forest and sustainable development, 25-
27.10.2018., Brasov, Romania. (Stenda referats)

6. 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)

1.5. Promocijas darba uzbiive

Promocijas darbs sastav no piecam publikacijam. Pirmajas divas publikacijas
(Tun II publikacija) ir novertéta stumbru mizas bojajumu un saknu trupes ietekme
uz parastas egles mehanisko noturibu. Egles virszemes biomasas sadalijjuma
atskiribas audz&s uz kidras un mineralaugsném ir analizéts tresaja (III)
publikacija. Ceturtaja (IV) publikacija ir raksturota egles audzu saglabasanas to
aprites cikla ietvaros, bet piektaja (V) publikacija ir analizétas egles saknu-
augsnes kamolu dimensijas v&jgazes uz kiidras un mineralaugsném.

2. MATERIALS UN METODES

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

Eglu saknu-augsnes kamola morfometrisko parametru mérjjumi veikti
vejgazeés un koku statiskas vilkSanas testu laika, audz€s ar kidras un
mineralaugsném, MeZa pétisanas stacijas Kalsnavas, Jelgavas un Skédes 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 p&c tam atseviski nosverot
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gan stumbra nogriezni, gan attiecigaja nogriezni esos$os (sausos un zalos) zarus.
Vgja izgaztiem 64 kokiem veica saknu-augsnes kamola morfometrisko
parametru merfjumus—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 $iem radiusiem saknu-augsnes kamola
biezumu mérija 0,2 m intervalos (3.1. att.). Saknu-augsnes kamola tilpums V
(m?®) aprekinats ka eliptiska konusa tilpums:

Vz(g)*n*a*b*h (€D)]

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 mérijjumus no
koku statiskas vilkSanas testiem izmantoja ka kontroles datus. Kiidras augsném
kontroles dati ir iegiiti tajas paSas audzes, kuras veikti merjjumi v&jgazes
(Kalsnava), bet mineralaug$nu dati ir no 2020. gada koku statiskas vilkSanas
testiem (Jelgava, Ozolnieki). Saskana ar Peltola et al. (2000), koku v&ja noturibas
raksturofanai izmantoja parametru HDBHZ?. Strukturalo saknu sadalfjumu
aprékinaja 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 sverto nogrieznu smagumu centru
augstumus. Pirsona korelacijas un galveno komponentu analizes parbaudija koku
morfometrisko parametru varié$anu atkariba no augsnes veida. Katra koka masas
centra Hmp aprékina izmantoja vid€jo svérto nogrieznu masas centru augstumu
un masas veértibas:

Ym xh
ym

Himp = 2

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

Koka masas punkta relativais augstums ir proporcija no koka kopéja
augstuma. Datu statistiska apstrade veikta programma R (versija 4.0.0.) (R
Development Core Team, 2019).



2.2. Koku statiskas vilk§anas testi

Lai raksturotu stumbra bojajumu un saknu trupes ietekmi uz egles véja
noturibu, veikti koku destruktivas statiskas vilkSanas testi vairakas eglu audzes
Latvijas centralaja dala — Meza pétiSanas stacijas Kalsnavas mezu novada (4
audzes) un SIA Skogssallskapet Ipasuma C&su novada (1 audze). Eglu tiraudzes
ar kiidras (Kp un Ks) un labi drenétam mineralaugsném (Dm) (Buss, 1976)
atlasja gan bojatos, gan kontroles kokus, reprezentgjot konkréto kokaudzu DBH
pakapes (viena pakape 4 cm). Saknu trupes ietekmes noveértésanai no bojato
paraugkoku grupai paredzetajiem kokiem vispirms ievaca urbumu serdenus,
kuros laboratoriski identificgja patogénus, un saknu trupes paraugkopai atlasija
kokus ar Heterobasidion spp. klatbiitni. Savukart kontroles grupai atlasija kokus,
kuru koksnes paraugos neattistijas ne Heterobasidion spp., ne arT citi saknu trupi
izraisoS§i patog€ni. Mizas bojajumu ietekmes novértéSanai bojato koku
paraugkopai atlasija kokus ar 7 Iidz 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
Tpatsvaru, trupes gadijuma to aprekinot ka attiecibu starp trupgjusas 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) mérijja koku
pretestibu statiskai slodzei un lenki (a) starp vilkSanas liniju (metala trose ar
poliestera virves pagarindgjumu) (VL) un gaisa Iiniju starp atbalsta koku un
paraugkoku (11). Vilksanas spéka pielik§anas punkts paraugkokam bija pusé no
ta augstuma (EP1), un, lai mazinatu v&ja un gravitacijas speka ietekmi uz
merfjumiem, visiem paraugkokiem nozaggja galotni 1 m virs (GA) vilkSanas
speka pielikSanas punkta. VilkSanu veica ar manualu vinéu (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
nolasTjumus vilk$anas spékam un vilkSanas Iinijas lenkim, ka ar7 koka stumbra
sagazuma lenkiem, kurus mérija ar inklinometriem pie stumbra pamatnes (IMO)
un 5 m augstuma (IM5).
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2.1. att. Shematisks statiskas vilk§anas testa attélojums /
Fig. 2.1. Scheme of static tree pulling test
EP1 un EP2 — vilksanas sp&ka pielikSanas punkts paraugkokam un atbalsta kokam;
11 — attalums no atbalsta koka lidz paraugkokam; o — lenkis starp VL un 11; DI —
dinamometrs (vilkSanas speka un vilkSanas Iinijas lenka mérjjums); MV —
manuala vinéa; 0,5H — puse no paraugkoka augstuma; GA — paraugkoka
nozagé$anas augstums; IMO un IM5 — inklinometri pie stumbra pamatnes un 5 m
augstuma uz stumbra /
EP1 and EP2 — anchoring of pulling line on the sample tree and anchoring
tree, respectively; 11 — distance from sample tree to anchoring tree; o —
angle between VL and I11; 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

Katram paraugkokam aprékinats lieces moments stumbra pamatné BBM
(kNm) ka:
BBM = F*hgp;*cos(mediany,), (€))

kur:

F — vilkSanas speks;

hep1 — vilkSanas Iinijas piestiprindjuma augstums pie paraugkoka;
median, — vilkSanas linijas lenka mediana.
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Stumbra izliekumu N, izteica ka starpibu no stumbra sagazuma lenku
merijumiem pie stumbra pamatnes (No) un 5 m augstuma (Nsm):

Na = Nsm—No 4)

Na un BBM vértibu proporcionala pieauguma beigu moments tika
definéts ka BBMpr. Savukart pilniga noltiSana vai izgaSanas ar sakném pie
maksimala lieckSanas speka ir BBMsr. Saknu-augsnes kamola tilpumu V (m?®)
aprekinaja ka pusi no eliptiska paraboloida tilpuma:

V=(§)-n-a-b-h, (5)

kur:

a un 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 Van€ un Austrumlatvija Dvieté raksturota, izmantojot meza
inventarizacijas datus no 1975. lidz 2016. gadam. Vesturisko meza
inventarizaciju plani no 1975., 1985. un 1999. gada tika ieskenéti un
georeferencéti, pielagojot LKS-92 koordinatu sist€émai, programmas ArcGIS
10.2 vide. Savukart digitali telpiskie meza inventarizacijas dati par 2011. un
2016. gadu sanemti no Valsts meza dienesta. Pamatojoties uz §Im piecu meza
inventarizaciju datu kopam, izveidotas mezaudzu izmainu kartes 40 gadus ilgam
periodam.

Eglu audzu dinamika analiz&ta, attiecigaja inventarizacijas gada nosakot
valdos$as sugas koeficientu un sadalot mezaudzes pa vecumklasém. Analizg tika
ieklautas mezaudzes I1dz ceturtajai vecumklasei, bet mezaudzes, kuras gaja boja
vai sasniedza piekto vecumklasi, vai ar tajas nomainijas valdo$a suga, tika
izslégtas no turpmakas analizes. Veicot statistisko analizi ar linearu jauktu efektu
modeli programmas R vidé (versija 3.5.3) (R Core Team 2018), novertéta
valdosas sugas un vecumklasu sastopamibas (Tpatsvara) dinamika. Ja mezaudze
ka eglu audze bija saglabajusies arT nakamaja inventarizacija, modell mezaudzes
identifikatoru izmantoja ka nejauso efektu. Savukart telpisko autokovarianti
izmantoja, lai noskaidrotu telpiskas sakaribas starp neatkarigajiem mainigajiem,
pieméram, regionu, vecumklasi un inventarizacijas gadu. Ar Hi-kvadrata (y2)
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testu noskaidroja eglu audzu attiecigaja vecumklase Tpatsvaru atskiribas starp
regioniem un inventarizacijas gadiem.

3. REZULTATI UN DISKUSIJA

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

Egles stabilitati v&ja nozimigi iectekmg tas sasaiste ar augsni un masas
centrs, ko raksturo saknu-augsnes kamola tilpums (un masa) un virszemes dalas
masas sadalijjums (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 standartizéts biezuma mérjjumu sadalijums pa saknu-
augsnes kamola virsmas radiusu no stumbra. Radiusam palielinoties, samazinas
kamola biezums, un iegiita korelacija ir cie$a 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 augsng (Kp un
Ks) bija 49,2 + 6,6 cm (Seit un turpmak ka izkliedes raditajs noradits 95%
ticamibas intervals), savukart mineralaugsng 28,3 + 2,3 cm.

1,0 q
— Kidra /Peat
-— Mineralaugsne /Mineral

Relativais saknu dzilums /
Relative root depth

0 02 04 06 08 10
Relativais attalums no stumbra /
Relative distance from the stem
3.1. att. Egles saknu-augsnes kamola dzilums atkariba no attaluma no
saknu kakla meZaudzes ar kiidras un mineralaugsném
Iekrasotie laukumi atbilst 95 % ticamibas intervalam /
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
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Nosusinata kiidras augsné augosiem kokiem lielaks saknu dzilums saglabajas
lidz 1 m attalumam no saknu kakla, tacu platnes periferija tas samazinas straujak
neka mineralaugsnés (3.1. att.). Sadas saknu dziluma atskiribas norada uz dazadu
saknu-augsnes sasaisti (Nicoll et al., 2006): gadijumos, kad ta nav tik ciesa, koka
stabilitates nodroSinasanai saknes aug dzilak (ja to pielayj gruntsiidens limenis)
un plasak (Ray & Nicoll, 1998; Stofko, 2010). Likumsakarigi, ka eglem
nosusinata kiidras augsné saknu-augsnes kamola tilpums bija batiski (p < 0,001)
lielaks neka mineralaugsné (3.2. un 3.3. att.); tas saskan ar p&tijumu rezultatiem
citas valstis (Nicoll et al., 2006).

Saknu kamola izméra nozimi apliecina ar1 fakts, ka uzméritajam vé&ja
izgaztajam eglém tas bija biitiski mazaks neka koku lauSanas testos izgaztajam,
turklat izteiktaka ST atSkirTba bija tieSi nestabilakajas, nosusinatajas kudras
augsnés (3.2. un 3.3. att.).

3,0+ /
O Kontrole / Control 7 /
25| ®Vejgaze / Uprooted y 7

O

Structural root-plate volume, m?

Saknu-augsnes kamola tilpums, m’,

DHB, cm

3.2. att. Veja izgazto un kontroles koku saknu-augsnes kamola tilpums
mineralaugsné
Iekrasotie laukumi atbilst 95 % ticamibas intervalam /
Fig. 3.2. Root-plate volume against diameter at breast height of windthrown
and control trees in mineral soil
Grey area denotes 95% confidence interval
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3.3. att. Veja izgazto un kontroles koku saknu-augsnes kamola tilpums
kiidras augsné
Iekrasotie laukumi atbilst 95 % ticamibas intervalam /
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

Papildus saknu-augsnes kamola tilpumam v&ja noturibu nosaka arT 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 trauc&jumu
ietekme (Schelhaas et al., 2003). Koka stabilitati vétra var nozimigi samazinat
arT pirms tam notikusi véja iedarbiba, kas izraistjusi saknu bojajumus. Picaugot
koka vecumam, saknu sist€mas atjaunos$anas sp&ja pec Sadiem bojajumiem
mazinas (Puhe, 2003), un atjaunosanas laiks palielinas.

Koku v&ja noturibas raksturo$anai var izmantot stumbra dimensijas
raksturojosu parametru HDBH? (Peltola et al., 2000). Tas bitiski (p < 0,001)
atSkiras nosusinatas kiidras augsnés un mineralaugsnés augosam eglem (3.4.
att.). Kopuma HDBH? parametra vértibas attieciba pret saknu-augsnes kamola
tilpumu mineralaugsnés bija batiski (p < 0,001) augstaka neka ktdras augsnés,
t.i., mineralaugsnés mazaks saknu kamols uzturgja lielaku dimensiju stumbru.
Palielinoties koku izm@ram, atkiribas Saja attiec 1ba starp dazadas augsnes
augo$am eglém arT palielingjas (3.4. att.).
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3.4. att. Sakariba starp egles stumbra dimensijam (HDBH?) un saknu-
augsnes kamola tilpumu kiidras un mineralaugsnés
Iekrasotie laukumi atbilst 95 % ticamibas intervalam /
Fig. 3.4. Relationship between stem dimensions (HDBH?) and root-plate
volume in peat and mineral soils
Grey area denotes 95% confidence interval

Koka virszemes dalas masas sadalfjums dabiski mitra stavokli nosaka ta
smaguma centra (relativa masas punkta) augstumu un lidz 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). P&tjjuma
ietverto eglu virszemes dalas vid€ja 2 m nogriezna biomasa bija 66 + 3,0 kg,
vidgja kopeja 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
vertibam ir cieSa korelacija ar svérSanas rezultatiem (r = 0,98) (3.2. tabula):

mjj = Bzhij + fsDBH{? + BshjDBH:? + f1, (©)
kur:
mjj— 2 m nogriezna masa (Kg);

hij— nogriezna centra augstums (m);
DBH;— koka caurmérs (cm).
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3.1. tabula / Table 3.1.
Virszemes biomasas sadalijuma modela parametru vértibas un
standartkliidas /
Values of above-ground biomass distribution model

Parametrs / Parameter Veértiba / Values Standartkluda / Standart error
i 0,44 0,194
2 - 0,163 0,201
Jix! 0,083 0,001
b - 0,087 0,001

Modela prognozes lielakoties varigja koku pirmo—zemako fragmentu biomasas,
kas ir skaidrojams ar lielaku raukumu un masu stumbram ta bazalaja dala neka
citviet.

3.2. tabula / Table 3.2.
Pirsona korelacijas koeoficenti un to butiskumu p-vertibas starp parastas
egles parametriem /
Pairwise Pearson’s correlation coeficients and p-values among variables of

Norway spruce
Parametrs / DBH |[H Svaigas stumbra Aprekinata biomasa (kg) /|
Parameter koksnes masa (kg) /  |Estimated biomass (kg)
Stem fresh weight (kg)

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

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

Svaigas stumbra

koksnes masa (kg) /

Stem fresh weight 0,36 0,29 1 <0,001
(k)

Aprekinata

biomasa (kg) /

Estimated biomass 0,39 0,32 0,98 !

(k)

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

Virszemes dalas biomasas sadalfjuma datu novert€Sana izmantotas galveno
komponentu analizes rezultati uzradija 83% izskaidrojamu variaciju pirmajai
(53%) un otrajai (30%) komponentei. Pirmajai komponentei izskaidrojama
variacija bija atkariga no koka kop&ja augstuma un caurméra, stumbra un vainaga
biomasas un relativa masas punkta augstuma. P&tfjuma tika konstateta pozitiva
korelacija relativajam masas punkta augstumam ar koka kopg&jo 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
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ietekme uz egles v&ja noturibu. Savukart otrajai komponentei izskaidrojama
variacija 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, kur$ vari€ja starp 34% un 44% no koka kopgja
augstuma.

Rezultati liecina, ka egles virszemes biomasa un saknu-augsnes kamola
morfometriskie parametri mezaudzgs ar kiidras augsném bitiski atSkiras no
mezaudzem ar mineralaugsném. Mezaudzes ar kiidras augsném eglu vainagiem
ir relativi mazaks garuma TIpatsvars (no koka kopgja augstuma) neka
mineralaugsnés, tadejadi kiidras augsnés eglém ir lielaks relativais masas punkta
augstums. Savukart, egléem minerdlaugsnés konstatéta biitiski straujaka HDBH?
vertibu palielinasanas attieciba pret saknu-augsnes kamola tilpumu saistita ar
augstaku v€ja noturibu.

3.2. Koku statiskas vilkSanas testi

Stumbra mizas bojajumi, visbiezak briezu dzimtas parnadzu raditi, un saknu
trupe ir uzskatami par nozimigakajiem biotiskajiem trauc€jumiem egles
mezaudzgs, kas sp€j izraisit butiskus koksnes strukturalos bojajumus (Wagener,
1963; Shibata & Torazawa, 2008; Honkaniemi et al., 2017; Cukor et al., 2019).
Tapec ir nepiecieSama informacija par So biotisko faktoru ietekmi uz egles veja
noturibu, ka arT 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 vértibas neka kontroles (nebojatiem) kokiem visas mezaudzes
gan kiidras, gan mineralaugsnés (3.5. un 3.6. att.), un veselo koku lieces
momentu vértibas ir salidzinamas ar parastas egles vilk§anas testu p&tijumos
ieglitajam veértibam citviet Eiropa (Lundstrom et al., 2007; Peltola et al., 2010;
Jillich et al., 2013). Mizas bojajumiem nozimiga ietekme bija uz augsnes-saknu
sasaisti, nevis stumbra koksnes mehanisko izturibu, pretgji sakotngji gaiditajam.
Pec SF sasniegSanas testétie koki visbiezak izgazas ar sakném, nevis liza—tas
arT ir izplatitakais parastas egles mezaudzu v&ja bojajuma veids (Gardiner et al.,
2013).

Vidgja mizas bojajuma proporcija no stumbra apkartmeéra bija 28,1 + 7,3%,
bet trup€jusas koksnes proporcija no celma virsmas laukuma—50,3 +26,5%. Lai
ar1 test€to koku noturiba primari bija atkariga no stumbra tilpuma, tomér
bojajumu ietekmé, neatkarigi no to apjoma, abas testetas BBM robezvertibas
(BBMpr un BBMsr) bija batiski zemakas.

Noturiba pret PF palielindajas proporcionali stumbra tilpumam, un veseliem
kokiem §T palielina$anas bija daudz straujaka (t.i., sakaribu starp BBMPF un
stumbra tilpumu aprakstosas taisnes slipums lielaks) neka bojatiem (3.5. att.).
Tomer relativais BBMpr samazinajums koka stumbra mizas bojajuma ietekmé
dazadu dimensiju kokiem bija nemainigs: 61%. Savukart bojato koku BBMsr
bija vid&ji par 16 kNm-m™ zemaks neka kontroles kokiem. Sadas atskiribas starp
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BBMpr un BBMsr norada, ka nozimigaka praktiska stumbra mizas bojajuma
ietekme ir uz primaro lasanu, ko mezaudzgé vizuali nevar konstatét. Lai arT koka
dimensiju palielinaSanas paaugstina koku noturibu, tomér mezaudzges ar tadiem
lielu dimensiju kokiem, kuriem ir stumbra mizas bojajumi, ar1 relativi mazas v&ja
slodzgs var veidoties bojajumi, kas biitiski samazina koku mehanisko stabilitati
un pretestibas sp€jas citiem ar&jas vides faktoriem.

1401 Primara lGSana / Primary failure
120
100 A
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A
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o S |

1404 Sekundara lusana / Secondary failure

©Kontrole / Control
ABojajums / Damage o

Lieces moments, kNm /
Bending moment, kNm

0 0,25 0,50 0,75 1,00 L.25 1,50

; 3 5
Stumbra tilpums, m”/ Stem volume, m?

3.5. att. Parastas egles stumbra pamatnes lieces momenti pie primaras un
sekundaras liiSanas atkariba no stumbra tilpuma un mizas bojajumiem
Iekrasotie laukumi atbilst 95 % ticamibas intervalam /

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

Mizas bojajumi, kav&jot koka sulas vaditsp&u, izraisa nozimigus
fiziologisko procesu traucgjumus (Cukor et al., 2019), kuru mazinasanai koks
izmanto resursus, kas citkart biitu nodrosinajusi ta augsanu (Vasiliauskas, 2001).
Tadgjadi vielu transporta sist€émas apgritinajuma apstaklos augSanas energija
tiek ieguldita augstuma pieauguma veidoSana, lai nodroSinatu koka
konkur@tsp&ju, turpretl saknu attistiba, pastavot pietickamai mezaudzes kopgjai
stabilitatei, tiek kavéta (Szoradova et al., 2013; Honkaniemi et al., 2017). Koka
fiziologiskos procesus un ari saknu attistibu kavé patogénu invazija mizas
bojajumu briic€s (Szoradova et al., 2013; Burnevica et al., 2016; Honkaniemi et
al., 2017; Cukor et al., 2019). Stumbru $kérsgriezumos mizas bojajumu vietas
trup&jusi koksne netika konstat€ta, tom&r dazadu patog€nu sugu izplatibas
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ipatnibu dél (Deflorio et al., 2008; Burnevi¢a 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).

90 1 Primara lasana / Primary failure
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@Trupe / Root-rot
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Kudra / Mineralaugsne /
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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 /
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

Otra analiz&ta biotiska faktora — saknu trupi izraisoSo patogénu — klatbiitne
bitiski samazinaja gan BBMpr, gan BBMsgr 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 BBMse samazinajums bija attiecigi 25,4% un 24,1%. Jaatzime,
ka saknu trupes ietekmes uz koku noturibu novertéSanai izvelEtajiem
paraugkokiem, kuriem pirms vilkSanas testiem tika apstiprinata Heterobasidion
spp. klatbutne, konstatéti ari citi patogéni, visbiezak Armillaria spp. un
Resinicium bicolor.

Abu biotisko faktoru—stumbra mizas bojajumu (p < 0,001) un saknu
trupes (p < 0,05) klatbuitné butiski samazinajas eglu v&ja noturiba, ko apliecina
zemakas BBMpr Un BBMsr vertibas. Pazeminats BBMpr nozZimé paaugstinatu
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koksnes audu deformacijas risku spiede (Detter et al., 2015), bet BBMsr—
maksimalas noturibas samazinajumu. Koksnes audu deformacija var izveidoties
strukturali trauc€jumi vielu transporta sistéma, izraisot augsanas samazinasanos
vai fiziologiska sausuma izveido$anos vEja bojajuma rezultata (Seidl &
Blennow, 2012). Sadi koksnes bojajumi saknés ne tikai samazina to tdens
uznemsanas un transportésanas spgjas, bet ar1 paaugstina koka invadésanas risku
ar saknu trupi izraiso$ajiem patoge€niem. Ta ka v&ja bojatajiem kokiem palielinas
biotisko agentu izraisito bojajumu risks, un vgja radito mehanisko bojajumu
iespgjamiba 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 $o procesu
negativajai ietekmei.

Nemot véra stipra véja (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, Tstenojot atbilstosus meza
apsaimniekoSanas pasakumus (Gardiner et al., 2013). Pieméram, stadijumu
iertkoSana ar sakotngji zemu biezumu vai savlaiciga augstas intensitates audzes
sastava kopSana bez mehanizgtas krajas kopSanas cirSu veikSanas mazinatu gan
koku saknu sakotngjos kontaktus, gan mehanisku saknu bojajumu iespgjamibu,
paaugstinot eglu audzu noturibu pret saknu trupi izraiso$o patogénu izplatibu
(Stenlid & Redfern, 1998). Ari stumbra mizas bojajumu iesp&amiba mazinatos,
gan izvairoties no mehanizétas kopsanas cirSu veikS$anas, gan samazinoties lielo
parnadzu izraisitiem stumbra mizas apgrauzumiem, kas zemaka biezuma
stadfjumos tiek novéroti retak (Baders et al., 2017; Katreviés et al., 2018).

Savlaiciga bojato koku identificéSana un izvak$ana no jaunaudzém un
vidgja vecuma audzém var nodroSinat izveidota atvéruma malas kokiem
pietickamu 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 mérktiecigu meza apsaimniekoSanu, kas orientéta uz
galveno cirti p&c merka caurméra. Savukart, pec veja iedarbibas savlaicigi
identificéta nepiecieSamiba veikt mezaudzes nomainu var noveérst papildus
zaudéjumus koku turpmaka kvalitates zuduma un paaugstinatas sekundaro
bojajumu varbiitibas d&l.

3.3. Eglu meZaudzZu sastava saglabasanas
Egles audzu attistibai un klimatam (t.sk., v&ja klimatam) novérojamas
regionalas atskiribas pat salidzinosi neliela teritorija, kada ir Latvija (Zeltins et

al., 2019). Tadgl egles audzu ilgtermina saglabasanas raksturos$anai izveléti meza
masivi Latvijas austrumu un rietumu dala, attiecigi Dviete un Vane.
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Regionam bija bitiska ietekme uz egles audzu saglabasanos: Dvieté to
audzu Tpatsvars, kas pargdja nakamaja vecumklasg, salidzinot 1975. gada uz
1985. gada inventarizacijas datus, bija 76,5%, kamér Vang tas bija 93,1%. Nav
zinams precizs iemesls, kapec eglu audzu platibas samazinajas, nelaujot izdarit
precizus secinajumus. Dvieté vecako vecumklasu mezaudzu nesaglabasanas lidz
nakamajai inventarizacijai perioda no 1975. Iidz 1985. gadam ir saistama ar v&ja
izraisitiem bojajumiem perioda lidz 1983. gadam (stipra v€ja gadijumi Latvija,
1.1. att.), jo ipasi 1967. gada, kad nozimigakie postijumi izveidojas Latvijas
dienvidu dala (Bengtsson & Nilsson, 2007; Hanewinkel et al., 2008, 2011;
LVGMC, 2017). Nereti stipra v&ja saglabajusas mezaudzes turpmakajos gados
degradgjas sekundaro biotisko faktoru izraisttu bojajumu ietekmé (Deschénes et
al., 2019), visbiezak mizgrauzu savairo$anas rezultata (Nikolov et al., 2014).
Tapat vétra izdzivojuSajiem, bet tas ietekmetajiem kokiem var bit 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 varétu zinama meéra bt 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 Vane neka Dvietg (p <
0,001).

Konstatets, ka egles audzu saglabasanos biitiski (p<0,01) ietekmé& to
vecums: abos regionos augstaka saglabasanas bija pirmas vecumklases (0 1idz 20
gadi) audzeém (3.7. att.). Strauj§ mezaudZu saglabasanas kritums abos regionos
(3.8. att.) novérots, sakot ar treSo vecumklasi (41 lidz 60 gadi), lai gan Dviete
nozimigs samazinajums sakas jau otraja vecumklasg.

Lidziga audzu saglabasanas izmainu tendence ir novérota ari citos p&tijumos,
pasi, 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;) ietekmg.
Eglu meZzaudzu v&ja noturibas 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
palielinasSanas un ar to saistitd stumbra un saknu koksnes destrukcija. Turklat
augstas biezibas audz€s, kuras veikta nov€lota un/vai parlieku intensiva
retinasana, v€ja noturiba samazinas vel straujak.
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both landscapes by the initial age in 1975
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Fig. 3.8. Mean proportion of survival of Norway spruce stands by age gropus
in both regions

Kopuma konstatetas faktiskas egles audzu saglabasanas izmainu tendences
saskan ar modelu prognozetajam, noradot, ka audzu monetaras un citu
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ekosistémas pakalpojumu vertibas saglabasanai nozimiga merktieciga to
apsaimniekosana, orientgjoties uz mérka caurmeéra sasniegSanu atrak neka 80
gados (Katreviés et al., 2018), jo Tpasi — meZa tipos ar augligdm nosusinatam
kiidras augsném, kur ir paaugstinats v&ja bojajumu risks (Samariks et al., 2020).
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SECINAJUMI

Parastas egles mehanisko stabilitati biitiski pazemina stumbra mizas
bojajumi, kuri analiz€tajam eglém bija vidgji 28+7,3% no stumbra
apkartméra (no 16% Iidz 40,8%). Slodze, pie kuras notiek primara liiSana,
palielinas proporcionali stumbra tilpumam (paraugkopa no 0,16 Iidz 1,32
m®), un veseliem kokiem &7 palielinasanas ir straujaka. Koku ar stumbra
bojajumiem lieces momenta pie primaras lisanas relativais samazinajums
dazadu dimensiju kokiem, salidzinot ar nebojatiem, bija nemainigs: 61%.
Bojato koku lieces moments pie sekundaras liiSanas bija buitiski 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 %, vidgji 50+26,5%,) izraisa statistiski butisku
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 Tpasibam.
Saknu trupes bojato koku lieces momenta pie primaras un sekundaras
lusanas relativais samazinajums, salidzinot ar nebojatu koku vértibu, ir
attiecigi vidgji 25,4% un 24,1%.

Saknu-augsnes kamola tilpumam ir butiska loma koku v&a noturibas
nodro§inasana: vienu un to pasu dimensiju v&ja izgaztajam eglém tas bija
butiski mazaks, neka koku lausanas testos izgaztajam, turklat izteiktaka St
atSkirtba bija tieSi nestabilakajas, nosusinatajas kiidras augsnés.
Adaptgjoties veja slodzei, audz@s ar nosusinatam kudras augsném egles
saknu kamola tilpums ir lielaks neka tadu pasu dimensiju kokiem meza tipos
ar mineralaugsném, un §is atSkiribas galvenokart nosaka lateralo saknu
garums.

Parastas egles zemaku noturibu mezos ar nosusinatam kiidras augsném,
salidzinajuma ar mineralaugsném, bitiski ietekm& paaugstinats masas
centrs.

Parastas egles mezaudzu saglabasanas biitiski samazinas, sasniedzot treso
vecumklasi (41-60 gadi). Mezkopibas pasakumu kompleksu egles audzes
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 parastds egles vienvecuma
mezaudzu aprites ciklu un laiku, kad audze paklauta nozimigam v&ja
bojajumu riskam, tad€jadi mazinot $1 abiotiska faktora izraisito bojajumu
varbiitibu. Tpasi nozimiga $ada pieeja ir meZa tipos ar nosusinatu kiidras
augsni. Rekomend@tie pasakumi mazinas arT saknu trupes risku un koksnes
destrukciju tadu patogénu ietekmé, kas var ieklit stumbra pa mizas
bojajumu vietam, tadgjadi papildus veicinot audzu noturibu. Tapat bojajumu
risku mazinas koku ar stumbra mizas bojajumiem savlaiciga izvakSana no
audzes, nodroSinot izveidota atveruma malas kokiem laiku pielagoties v€ja
ietekmei. Rekomendg&jams realizet 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 petijumi kompleksas v&ja ietekmes uz mezaudz€m model&Sanas
sist€émas izstradei veicami ar mérki kvantificét sekundaro bojajumu risku
v¢ja skartas audzes.
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1. GENERAL DESCRIPTION OF THE THESIS
1.1. Relevance of the topic

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) (Keénina 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.

1.2. Research aim, objectives and theses

The aim of the thesis was to assess the effect of root rot and bark-stripping on
possibility of wind induced damages in Norway spruce stands.

Three research objectives have been advanced:

1. To characterize 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.

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).
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1.3. Scientific novelty of the study

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.

1.4. Approbation of research results
The research results have been spublished in five scientific articles:

I Krisans O., Saleniece R., Rust S., Elferts D., Kapostins R, Jansons A.,
Matisons R. (2020) Effect of bark-stripping on mechanical stability of
Norway spruce. Forests, 11(3), 357; doi:10.3390/f11030357

Il Krisans O., Matisons R., Rust S., Burnevica N., Bruna L., Elferts D.,
Kalvane L., Jansons A. (2020) Presence of root rot reduces stability of
Norway spruce (Picea abies): results of static pulling tests in Latvia. Forests,
11(4), 416; doi:10.3390/f11040416

Krisans O., Samariks V., Matisons R., Jansons A. (2020) Model of above-
ground biomass distribution of Norway spruce (Picea abies L. (Karst.)).
BioResources, 15(2), 4314-4322

IV Baders E., Kri§ans O., Donis J., Elferts D., Jaunslaviete 1., Jansons A. (2020)
Norway Spruce Survival Rate in Two Forested Landscapes, 1975-2016.
Forests, 11(7), 745; doi.org/10.3390/f11070745

V Krisans O., Samariks V., Donis J., Jansons A. (2020). Structural Root-Plate

Characteristics of Wind-Thrown Norway Spruce in Hemiboreal Forests of
Latvia. Forests, 11(11), 1143; doi.org/10.3390/f11111143
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The research results have been reported in six presentations within four
scientific conferences.

1. Kirisans 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 1., 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. Kirisans 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., Bragov, 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
Elm, and IUFRO WP 7.02.01 Root and Stem Rots Conference (LIFE-
IUFRO), 26.08-01.09.2018, Uppsala and Visby, Sweden. (Poster)

1.5. Thesis structure

The doctoral thesis consists of five resaerch articles. The effect of bark-
stripping and root-rot on the mechanical stability of spruce has been estimated in
first two publications (I and Il). Distribution of above-ground biomas in
accordance with soil type has been estimated in third research article (I11). In
fourth (1V) publication, description of norway spruce survival in two forested
landscapes has been given, and root-plate dimensions of windthrown Norway
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spruce situated on both peat and mineral soils has been characteristized in fifth
(V) publication.

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 (m3) of root plate was calculated using elliptic cone volume equation:

V=(§)*7T*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.
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Hmp= )

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 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 (o) between pulling line (VL)
and horizontal sight line between anchoring and sample tree (I1). 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 (IMO) and at the height of 5 m (IM5).
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For each tree, BBM (KNm) was calculated as
BBM = F*hap1*cos(median,), 3)

where:

F —a pulling force;

hap1 — 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 5 m
(NSm):

Na = Nsm—No 4)

The BBM and the end of proportional increase of N, and BBM was defined
as BBMpg, while tree failure at the highest value of BBM was defined as BBMs.
The volume of root plate V (m3) was calculated as the volume of an elliptical
paraboloid as follows:

Vz(g)-n-a-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", "zo0o0”,
"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
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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 (y2) test
was applied to test proportional differences of age classes between regions and
inventories.

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.).

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 m®), 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
m3 and 5.5+1.0 m® in mineral and drained peat soils, respectively.
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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).

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.

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 = Bhij + BsDBHi? + BshDBH:Z + S, (6)

where:

mjj— mass of stem fragment (kg);

hi;— height of stem fragment (m);

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

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
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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
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
BBMgr 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 (Lundstrom 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).

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
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PF. However, mean reduction of BBMsr was 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
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 BBMsr
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 BBMsrwas 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.

The presence of both biotic factors significantly reduced resistance against
static loading of spruce, which is shown by lower values of both BBMpr and
BBMgsr. Reduction against BBMpr leads to increased risk of wood fiber kinking
under compression loading, while decrease of resistance against BBMse 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 & Redfern, 1998).
Intensified game management, lower stand densities and avoidance of
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mechanized commercial thinnings would reduce distribution of stem bark
damages in spruce stands (Baders et al., 2017; Katrevi¢s 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).

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
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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.

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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