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Abstrakt

Ve sttedni Evropé je clonny zpisob obnovy dievin povazovan za piistup splitujici
kritéria pifirodé¢ blizkého péstovani lesa. Tato prace se zabyva vlivem clonné obnovy na
vlastnosti dieva borovice lesni, ktera v CR reprezentuje druhou nejvyznamngjsi jehli¢natou
dfevinu. Zkusebni material byl vybran ze ¢tyt lokalit, které jsou charakteristické pro rist
borovice lesni. Z kazdé lokality byly vybrany dva porosty, které reprezentuji odlisné zptisoby
obnovy, a toholose¢ny a clonny. Vzorniky stromi byly zkaceny a nasledné vyhodnoceny z
hlediska dopadu obnovni metody na vlastnosti dieva. Jako ukazatele kvality byly pouzity
mechanické a fyzikalni vlastnosti dfeva. VétSina zkoumanych vlastnosti dosahuje vysSich
hodnot u porostti obnovenych clonnym zptsobem, i kdyz vyznamny rozdil ve vlastnostech
dfeva nebyl nalezen a nelze tedy Konstatovat, ze clonny zpusob obnovy produkuje dievo jiné
kvality. Mnohem vyznamnéji se vliv obnovniho zptisobu projevil na rozlozeni vlastnosti po
Sifce kmene, kde clonny zplisob obnovy vykazuje homogenéjsi rozloZeni vlastnosti a pro
finalni zpracovani dieva neni tedy podstatné, ze které Casti kmene dievo pochazi. Naproti
tomu, holoseény zplisob obnovy se projevuje zvySovanim hodnot vlastnosti dieva od diené ke
kambiu. Variabilitu vlastnosti 1ze pozorovat i po vysce kmene. Bylo zjisténo, ze nejkvalitnéjsi
dievo se nachazi v bazalni ¢asti kmene a smérem do koruny dochazi k poklesu hodnot
vlastnosti.

Klic¢ova slova: Pinus sylvestris L., clonna se¢, vlastnosti dfeva, hustota, variabilita



Abstract

In Central Europe, the shelterwood regeneration method is regarded as an approach
that meets the criteria of close-to-nature silviculture. This thesis deals with an effect of the
shelterwood regeneration method on wood properties of Scots pine, which represents the
second most important coniferous tree species in the Czech Republic. The test material for
this study was selected from four localities, typical by occurence of Scots pine. Two stands
from each locality were selected, representing two different regeneration methods, namely the
clear-cutting and shelterwood method. Sample trees were cut down and subsequently
evaluated in terms of the impact of the regeneration method on the properties of the wood.
The mechanical and physical properties of wood were used as qualitative parameters. Most of
the investigated properties achieves higher values in stands regenerated by the shelterwood
method, even though a diametrically significant difference in the properties of the wood was
not found and it cannot therefore be stated, that the shelterwoodr regeneration method
produces wood of a different quality. Most significant was the impact of the regeneration
method on the distribution of properties along the trunk radius, where the shelterwood method
shows more uniform properties distribution and for the final wood processing it is therefore
not important from which part of the trunk the wood comes from. On the other hand, the
clear-cutting regeneration method is manifested by an increase in wood properties from the
pith to the cambium. Variability of properties can also be observed in relation to the height of
the trunk, it was found that the best quality wood is located in the basal part of the trunk and
towards the crown there is a decrease in the property values.

Keywords: Pinus sylvestris L., shelterwood regeneration method, wood properties,
density, variability
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1 Uvod

Borovice lesni (Pinus sylvestris L.) je druhou nevyznamngjsi dfevinou Ceské republiky,
dfeviny, vyznam borovice roste a zjistujeme, Ze o vlastnostech této dieviny vime v naSich
podminkach velmi malo. V lesnich porostech borovice lesni zaujima 16,6 % z celkové
plochy, pifi¢emz jeji pfirozené zastoupeni v druhové skladbé lesa bylo pouze 3,4 %.
Doporucené zastoupeni borovice v lesnich porostech je dokonce vyssi nez soucasny stav
(MZe 2016).

Dievo je heterogenni material a vykazuje vysokou promeénlivost vlastnosti. Variabilitu
vlastnosti borovice lesni je mozné sledovat mezi jednotlivymi lokalitami, stromy a dokonce i
v ramci jednoho stromu (Tomczak et al. 2007, Kask 2015). Vlastnosti dfeva jsou do zna¢né
miry ovlivnéné ptes genotyp stromu, nadmotiskou vyskou, klimatickymi faktory, okolnim
prostfedim a péstebnimi zasahy (Tsoumis 1991, Peltola et al. 2007). Variabilita vlastnosti
dreva v ramci kmene je urc€ujici pro vysledné zpracovani dieva.

Lesni hospodafi, kteti chtéji ziskat ze svych lesi maximalni zisk, musi rozumét nejenom
podstaté ristu a obnovy lesnich porost, ale musi mit pfedstavu o kvalit€ jejich dfeva (Jozsa a
Middleton 1994). Kvalita dfeva je do jisté miry subjektivni pojem a musi byt chapana vzdy v
piislusném kontextu (Macdonald et al. 2010). VétSinou ji chapeme z pohledu vlastnosti, které
jsou piinosné pro findlni vyuziti dieva.

Hlavnim ukazatelem kvality dfeva je hustota, ktera do zna¢né miry ovliviuje fyzikalni i
pevnostni charakteristiky dfeva. Obecné plati, Ze se vzrlstajici hustotou se pevnost dieva
zvySuje (Kollmann 1951). Hustota dfeva se vzrustajici vyskou stromu klesa a zaroven v
horizontalnim sméru stoupa (Pozgaj et al. 1997). Jedna z pficin variability vlastnosti dieva
V horizontdlnim sméru je juvenilni dfevo. Juvenilni dfevo je obecné definovana jako zoéna
dreva ve stfedu kmene, kterd zaujima pfiblizn€ 5 az 20 letokruhti. V této zoné& struktura dieva
podstupuje rychlym a progresivnim zmeénam, a proto ma odliSné vlastnosti v porovnani s
vyzralym dievem (Kretschmann et al. 1993). Dalsim urlujicim kritériem, které ovliviiuje
vlastnosti dieva Vv horizontalnim sméru, je Sifka letokruhu. U dfeva borovice plati, ze
s rostouci Sitkou letokruhu se podil letniho dieva snizuje a v disledku toho i1 pevnost dfeva
klesa (Kask 2015).

Faktory, které pfispivaji k vertikalni variabilité¢ vlastnosti, jsou struktura dieva, Sitka
letokruhu a opét hustota, ktera smérem od bazalni ¢asti kmene klesa. Dale podil juvenilniho
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dreva, ktery se s vySkou kmene zvySuje a negativné ovliviiuje kvalitu dfeva (Tsoumis 1991).
Nemén¢ vyznamnymi faktory, které ovlivituji vlastnosti dfeva je reakéni dievo, velikost jadra
a béli, pfitomnost a rozsah vad (Tsoumis 1991). Variabilita pevnostnich charakteristik uzce
koreluje s variabilitou hustoty, a proto se da ptredpokladat stejny trend vlastnosti jako u
hustoty.

Péstovani lesa a kvalita dfeva jsou v Ceské republice chapany jako oddélené, samostatnd
stojici problematiky. V zahrani¢i je vSak situace naprosto odliSna. Problematika hodnoceni
vlivu péstebnich opatieni na vlastnosti dieva je v Evropé stale aktualni, a to i v lesnicky
vyspélych zemich jako je napt. Némecko, Polsko, nebo Finsko (Beck 2000, Peltola et al.
2007, Jelonek et al. 2009). Studie, které by néjakym zptisobem hodnotily dopad péstovani
lesa na kvalitu dfeva z Ceské republiky, maji lokalni charakter, komplexni pojeti

problematiky pro borovici v nasich pfirodnich podminkach chybi.

2 Cile a hypotézy prace

Hypotézy:
1) Clonna obnova borovice lesni poskytuje dievo lepsi kvality nez holose¢ny zptisob.

2) Existuje vyznamny rozdil ve variabilit¢ vlastnosti v ramci kmene u clonného a

holose¢ného zplisobu obnovy lesa.
Cile prace:

1. Posoudit vybrané fyzikalni a mechanické vlastnosti difeva borovice lesni z

charakteristickych lokalit Ceské republiky.

2. Zhodnotit vliv clonného a holose¢ného zpusobu obnovy na hodnocené vlastnosti

dfeva.
3. Porovnat variabilitu vlastnosti v rdmci kmene.

4. Analyzovat dalsi mozné zdroje variability vlastnosti, jako je orientace svétovych stran

a vliv sitky letokruhu.
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3 Literarni reSerse

3.1 Obecna charakteristika borovice lesni (Pinus sylvestris L.)

Borovice lesni ma mezi dfevinami nejrozsifenéjsi aredl vyskytu na svété. Zabird témet
celou Evropu a podstatnou lesnatou ¢ast Asie. Celkova oblast rozsifeni je 123° délkovych a
30° sitkovych, coz odpovida 1/3 severni polokoule. Jako plivodni dfevina chybi v Dansku,
severozapadni Francii, na Britskych ostrovech se vyskytuje pouze ve Skotsku. Ve stfedni
Evropé nemd zastoupeni v mad’arské nizin¢. Ostriivkovité zastoupeni ma na Pyrenejském
poloostrové, na Balkané a v horstvech Malé Asie. Na vychod zasahuje daleko na Sibif.
V lesnim hospodatstvi Ceské republiky zaujima 16,6 % zcelkové plochy, pficemz jeji
piirozené zastoupeni v druhové skladbé lesa bylo k roku 2016 pouze 3,4 %. Doporucené
zastoupeni borovice v lesnich porostech je dokonce vyssi nez soucasny stav (MZe 2016, Kask

2015). Obr. 1 zobrazuje rozsifeni borovice lesni na izemi nasi republiky.
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Obrizek 1: RozSifeni borovice lesni na izemi Ceské republiky (Slavik a BaZant 2012)

V optimalnich podminkach dortistd 40 m vysky a okolo 1 m vycetni tloustky. Nizkého
nebo kefovitého vzrustu dosahuje na extrémnich stanovistich. Kmen byva piimy, valcovy a
nahle ukonceny. Roste na suchych i vlh¢ich chudych véapenitych pidach a na lehkych
piscitych puadach, preferuje slunnd stanovisté, diky rozvinutému kulovému kofenovému
systému dovede Cerpat vodu z pomeérné velkych hloubek. Z piivodnich mist vyskytu na
borovych doubravach byla dubem postupné vytlatena na chudsi piscité pudy, kde vytvari
bory. Je nenaro¢na na pudni podminky, avSak hiie snasi zasoleni pudy a ve méstech i vetsi
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znecisténi. Kofenovy systém dobie ukotvuje nadzemni ¢ast stromu, netrpi vyvraty, a proto je
povazovana za zpeviiovaci dievinu, odolava nizkym a vysokym teplotdm v letnim obdobi.
V zim¢ vsak ¢asto dochazi ke zlomeni vrcholu koruny pod tihou snéhu (Pokorny et al. 1990,

Kremer 1995, Cvandara et al. 1997, Gross a Ro¢ek 2000).

3.1.1 Vyuziti dfeva borovice lesni

Po smrku je nasi hospodaisky nejvyuzivanéj$i dievinou, kterou lze pouzivat
rozmanitym zpusobem, jako je stavebni a konstruk¢ni dievo, vlakninu, K vyrob¢ prazcu a v
neposledni fadé slouzi truhlaiim pro vybaveni interiérti, pro vyrobu nabytku a i pro vyrobu
drevénych desek, 1ze z n&j lepit stavebni dily. Pro barevné rozdily mezi jaddrem a béli, které se
postupné s vékem zvétSuji, a pro velky pocet zarostlych sukil se v interiérech pouziva pro
navozeni rustikalniho stylu. Silice, jeZ obsahuje borovice, se vyuzivaji v medicing, ziskavaji
se z pupenu a jehlic. Macerovanim jehlic se v minulosti pfipravovalo tkanivo ,,sosnovka“,
pouzivané na vyrobu pokryvek a koberci. Nevyhodou borovice je dlouhodobé ronéni
pryskyfice u hotovych vyrobki. Impregnované dievo borovice se Casto pouziva na stavbu
détskych htist a vyrobu sloupli. V podobé $tépek slouzi jako energetické dievo. Piliny a
hobliny se zpracovavaji v podobé¢ briket a pelet jako palivo. Na extrémnich stanovistich
zaujima protierozni funkci. V sadovnictvi se piivodni borovice vysazuje omezené, a to jen ve

vySlechténych ozdobnych kultivarech (Novak 1970, Fellner et al. 2007).

3.1.2 Makroskopicka stavba dieva

Borovice lesni patii do skupiny dievin jadrovych. Na pficném fezu je jasné vidét
svétle Zlutd bel (5-10 cm Sirokd), kterd se stfida se ZlutoCervenym az cervenohnédym jadrem,
které na svétle siln€ tmavne. Na pficném fezu kmene jsou jasné€ znatelné letokruhy a piechod
mezi jarnim a letnim dfevem je postupny az nahly obr. 2. Jarni dfevo tvofi svétlejsi ¢ast

4

letokruhu a je vyrazné mékéi. Letni dievo, které tvoti tmavsi ¢ast letokruhu, je vyrazné tvrdsi
a ma dvakrat az tiikrat veétsi hustotu. Pryskyficné kanalky jsou znatelné v podobé bilych tecek
(vetsi nez u smrku a modiinu). Na radidlnim fezu je dievo borovice vyrazné pruhované a
pryskyfti¢né kanalky jsou zde vidét jako jemné ¢arky. Tangencidlni fez borovice se vyznacuje
dekorativnim fladrem a pryskyficné kanalky jsou zde znazornény téz v podob¢ tenkych Carek

(Wagenfiihr 2000, Fellner et al. 2007).
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Obrazek 2: Makroskopické znaky borovice lesni: pfi¢ny, tangencialni a radialni fez dfevem (Zeidler
2012)

3.1.3 Mikroskopicka stavba dieva

Borovice lesni vykazuje v ramci svého letokruhu ostry pifechod mezi jarnim a letnim
dievem, ktery se na mikroskopické urovni projevuje zvétSenim nebo zmensenim tloustek
buné¢nych stén v prechodu z letnich na jarni tracheiny (obr. 3). Velikost tracheid borovice se
pohybuje v rozmezi 1600-3100 um, tloust’ka jarnich a letnich tracheid se pohybuje v rozmezi
40-70 um a tloustka bunécné stény se pohybuje 3—10 um. Borovice lesni ma heterocelularni
dieniové paprsky, které obsahuji lezaté tracheidy se zubaté ztloustlymi bunéénymi sténami.
Parenchymatické bunky dienovych paprskli obsahuji v bunéénych sténdch oknovy typ
jednoduchych ztencenin ve styku s axialnimi tracheidami. Pryskyfi¢né kanalky borovice lesni
maji po obvodu tenkosténné epitelové bunky (4-6). Axidlni parenchym u borovice chybi

(Wagenfiir 2000, Mamonova 2013, Fajstavr 2018).

Obrazek 3: Mikroskopické znaky di‘eva borovice lesni: pii¢ny, radialni a tangencialni ez
(http://www.woodanatomy.cz)
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3.2 Vybrané vlastnosti dieva
3.2.1 Hustota dieva

Hustota dfeva se vyuziva jako hlavni ukazatel kvality dfeva, ktery se vztahuje i k jinym
vlastnostem, jako jsou fyzikalni, pevnostni charakteristiky dfeva a samozfejmé souvisi i
s vytézi vlakniny (Kollmann 1951, Auty et al. 2014). Hustota dfeva je nejvice ovliviiovana
piedevsim tempem rustu stromu, stanovistém, socialnim postavenim jedince v zapoji, vékem
kambia a genotypem sadebniho materialu (Raiskila et al. 2006, Tomczak et al. 2007). Obecné
plati, ze se vzrlstajici hustotou se pevnost dieva zvySuje (Kollmann1951). Pro jehli¢nany se
udava, Ze hustota dieva dosahuje nejnizsich hodnot v zé6né€ juvenilniho dieva. Juvenilni dfevo
je definovano jako zéna dieva ve stfedu kmene zaujimajici ptiblizn¢ 5 az 20 letokruh.
Vykazuje odlisnou strukturu, a tedy i odlisSnou hustotu v porovnani s vyzralym dievem
(Kretschmann et al. 1993). Nasledn¢ smérem od diené hustota dieva strmé roste, poté
pomaleji az se v oblasti zralého dfeva stavd témét konstantni. Po dosazeni urcitého véku
zacne opé&t klesat (Krahmer 1986, Morling 2002, Raiskila et al. 2006, Gryc et al. 2011, Kask
2015). Podle Tsoumise (1991), hustota dieva borovice klesa smérem od bazalni ¢asti kmene
ke korun¢ stromu obr. 4. Vertikdlni zména hustoty dfeva u jehli¢natych dievin byla
pozorovana mnoha autory (Pozgaj et al. 1997, Repola 2006, Mufioz 2008). Snizeni hustoty ve
vrcholové ¢asti lze pficitat zvysSeni podilu juvenilniho dieva v kmeni (Benson 1957). Naproti
tomu Fischer et al. (2016) zjistil u smrku ztepilého, Ze hustota dieva se vySkou kmene vzrista
na bohatych stanovistich, ale na chudych je efekt opacny. Repola (2006) zjistil mirny pokles

hustoty dfeva az do poloviny kmene, nasledovany nartistem v horni poloviné kmene.
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Obrazek 5: Vliv §ifky letokruhu na hustotu dieva (Tsoumis 1991)

Vyznamny vliv stanovistnich podminek na hustotu dieva borovice lesni zjistil Jelonek
et al. (2005), ktery zkoumal rozdil hustoty dfeva mezi lesni pidou a zalesnénou zemédélskou
ornici. Pfi¢emz vyssi hodnoty hustoty zjistil u stroml péstovanych na zalesnéné zemeédelské
pudé. Rozdily vlastnosti na zalesnéné zemédélské a lesni ptidé zkoumal 1 Tomczak a Jelonek

(2013), ktery vyssi hodnoty hustoty dieva nalezl na lesni pudé. Hautamaiki et al. (2014)
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zkoumal vliv stanovisté na stromech borovice lesni z Finska a Ruska. Mezi témito stanovisti
nalezl vyznamny rozdil v hustoté¢ dieva. Vliv stanovisté potvrzuje i Tsoumis (1991) ktery
uvadi, Ze hustotu dfeva vyznamné ovliviiyji stanovistni podminky.

Variabilita hustoty dieva muze byt ovlivnéna i péstebnimi zasahy, které jsou podstatné
z hlediska rustu stromu. Erikson et al. (2006), Mederski et al. (2015) i Fischer et al. (2016)
porovnavali hustotu dieva z vysemenénych a vysazovanych borovych porostii. Nizs$i hodnoty
hustoty byly nalezeny ve vysazovanych porostech v porostech. Eriksson et al. (2006) uvadi,
ze porosty obnovené piirozenym zpusobem vykazuji nizké pfirtisty v ranych stadiich rastu a
aZ po uvolnéni matei'ského porostu dochazi k vyraznému zvétSeni tloustky letokruhu. Fischer
et al. (2016) nalezl negativni korelaci mezi rychlym rastem stromu hustotou dieva obr. 5, coz

vedlo K nizsi hustoté dieva dominantnéjsich stromi ve stejnovékém porostu.

3.2.2 Sesychani dieva

K zdkladnim fyzikdlnim vlastnostem krom¢ hustoty patii predevsim sesychani.
Rozmérové zmény, zplisobené sesychanim, jsou spojené s kolisanim vlhkosti difeva a tyto
rozmérové zmény jsou dilezitou informaci pro dievozpracujici primysl. Zasadnim zpiisobem
ovliviyji zpracovani, vyuziti jednotlivych druhii dievin, a dokonce i vlastnosti dfevaiskych
vyrobkti (Zeidler 2013). Rozsah sesychani se 1isi pro tfi zakladni sméry, jmenovité pro
podélny, radidlni a tangencialni. Dievo bez rlstovych vad sesychd nejvice v tangencialnim
sméru a nejméné v podélném sméru (Tsoumis 1991, Pozgaj et al. 1997, Pang 2002).
Rozsahlymi studiemi bylo prokazano, ze existuje nékolik primarnich faktort, které ovliviuji
sesychani dfeva. Ty zahrnuji pfedev§im hustotu dieva, pozici dfeva v kmeni po Sifce i vysce,
obsah extraktivnich latek, rozdil mezi jadrem a béli, $itku letokruhu, a tim i souvisejici podil
letniho dieva, a rozdil mezi juvenilnim a vyzralym difevem (Gryc and Holan 2004, Raiskila et
al. 2006,). Hustotu dieva, jako vyznamného faktoru, ktery ovliviiuje sesychani dieva,

potvrzuje nékolik autorti (Koubaa et al. 1998, Shmulsky a Jones 2011, Farsi et al. 2013).

3.2.3 Pevnost v ohybu a modul pruznosti v ohybu

Pevnost v ohybu kolmo na vldkna (MOR) a modul pruznosti dieva (MOE) jsou dvé
hlavni charakteristiky dieva, které ovliviiuji vyuziti dieva v konstrukcich. MOR popisuje

unosnost konstrukce bez poruseni, zatimco MOE vyjadfuje schopnost matridlu udrzet sviij
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tvar pod zatizenim (Hautamaki et al. 2014). Variabilita MOR a MOE byla nalezena jak mezi
jednotlivymi lokalitami, tak 1 v ramci lokality, tak i mezi jednotlivymi stromy (Zobel a van
Buijtenen 1989, Vestol et al. 2012).

Stromy rostouci $irSich sponech jsou charakteristické hustéjsimi a silné&jSimi vétvemi,
piicemz praveé sukovitost je jednim z vyznamnéjSich faktort ovliviiujicich MOR a MOE
(Fischer et al. 2016). U smrku ztepilého se velikost suki umérné zvySuje se zvysujicim se
praimérem kmene, coz vede ke snizeni ohybovych vlastnosti dieva (Fischer et al. 2016).
Fischer et al. (2016) zjistil, Ze velikost sukti se zvySuje se vzdalenosti od zemé, avsak od jisté
vzdalenosti smérem k vrcholu zac¢ina opét klesat. Tento vzorec byl zjistén uborovice lesni
(Mékinen a Colin 1998), smrku sitka (Macdonald a Hubert 2002) a smrku ztepilého (Auty et
al. 2012).

Vzhledem Kk tomu, Ze konstrukéni dfevo musi spliiovat normované hodnoty MOE a
MOR je dllezité mit povédomi o vztahu mezi jednotlivych vlastnosti dfeva, resp. hustotou a
pevnostnimi charakteristikami (Hautamidki et al. 2014). Vztah mezi hustotou dieva na
ohybové vlastnosti dfeva se zna¢né lisi jak mezi stromy, porosty ale také i mezi oblastmi,
nicméné konstrukéni pozadavky na ohybové vlastnosti se 1i$i s findlnim vyuZzitim (Fischer et
al. 2016). Stromy rostouci v teplejsich oblastech, s vy$sim procentem oslunéni, dosahuji vyssi
tloustky letokruht, které ma negativni vliv na hustotu a lze oc¢ekavat i pokles MOE a MOR.
Naproti tomu Vestol et al. (2012) zjistil, ze vliv hustoty na MOR je maly a MOR je vice
zavisla na sukovitosti difeva nez na jeho hustoté. Heibg a Vestal (2010) vyvinuly model pro
predikci pevnosti dieva borovice lesni na zakladé charakteristik stromu. Fischer et al. (2016)
zjistil, Ze sbihavost kmene, primér kmene v prsni vySce a délka koruny jsou mnohem
dulezitéjsi ukazatele MOE a MOR nez stanovisté. Liu et al. (2007) prokazal, ze
charakteristiku vlastnosti kmene, které nejlépe predikovaly ohybové vlastnosti pfirozené
péstovaného smrku cerného je tloustka kmene v prsni vySce, sbihavost kmene a hustota
porostu. Hautaméki et al. (2013) zjistoval zavislost MOE na MOR, tloustkou letokruhu a
hustotou dieva na borovici lesni z Finska a Ruska. Zjistil, Ze nejlépe se da MOR piedikovat
na zdkladé MOE, nésledovanou tloustkou letokruhu a hustotou dfeva, naproti tomu je MOE
nejlépe predikovatelna na zdkladé hustoty dieva a az poté tloustkou letokruhu. Hautaméki et
al. (2014) nalezl negativni korelaci zvysujici se tloustky letokruhu na MOE a MOR, tato
zévislost byla slabsi pro MOE nez pro MOR.
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3.2.4 Pevnost Vv tlaku a razova houZevnatost

Pevnost dieva, udavana pevnosti v tlaku a razovou houzevnatosti jsou vyznamnymi
faktory pro finalni vyuziti (Raymond 2002). Pevnostni charakteristiky mohou byt ovlivnény
péstebnimi opatfenimi, jako je péstebni spon stromu, hnojeni, profezavani, vyvétvovani a
dalsi (Zobel 1992). Vyssi konkurence mezi stromy vede sice ke sniZzeni objemu kmene, ale
konkurence mezi nimi zlepSuje tvar kmene a snizeni plochy koruny, ktera snizuje pocet vétvi,
¢im se zvySuji pevnostni charakteristiky dieva (Alcorn et al. 2007). Pé&stebni spon vyznamné
ovlivituje kvalitu dieva. ZvétSeni rozestup stromu nepiiznivé ovliviiuje pevnost v tlaku, tak i
razovou houzevnatost. Tento negativni pokles pevnostnich charakteristik se projevuji ve
zvysené tloust’ce letokruhu, vyssi pfitomnosti juvenilniho dieva a nadmérnou pfitomnosti
vétvi (Zobel 1992, Hapla et al. 2000). Velikost a ptitomnost sukll v kmeni negativné
ovliviiuje vlastnosti dieva a eliminuji vysledné zpracovani dieva (Tsoumis 1991). Tloustka
letokruhu vyznamné koreluje s hustotou dieva, kterd vyznamné ovliviluje mechanické

vlastnosti dfeva. Bylo prokazano, Ze s rostouci hustotou dieva se hodnoty pevnosti v tlaku a

razové houzevnatosti zvySuji (Pozgaj 1997).

3.3 Faktory ovliviiujici vlastnosti dieva

Rozsah ovlivnéni kvality stromt se méni s vékem porostu a je nejvyraznéjsi ve fazi
zalozeni (Liziniewicz 2014). V této fazi muze kvalitu dfeva nejvice ovlivnit zpisob zalozeni
porostu, sadebni spon, pfiprava mista a spravny vybér sadebniho materialu (Tsoumis 1991,
Peltola et al. 2007). Rust stromu je siln€ ovlivnén hustotou porostu, pidnimi podminkami na
stanovisti, tak i klimatickymi podminkami, které ovliviwuji konkurenci mezi stromy. Probirky
plsobi na kvalitu dfeva pfimo i nepfimo, prostfednictvim jejich u¢inkd na mikroprostredi
stanovi$té (Zobel a van Buitenen 1989) a vybérem jedincti pozadované kvality (Fahlvik
2005). Vybérové operace jako jsou probirky a profezavky ovliviuji hustotu porostu a jsou to
dulezité nastroje pro lesni hospodaie k ovlivnéni ristovych a kvalitativnich parametrii po

zalozeni porostu (Fahlvik 2005).
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3.3.1 Vliv prostiedi na tvorbu dfeva borovice lesni

Nejvyznamnéjsi faktory prostiedi, ovliviiujici variabilitu vlastnosti dfeva borovice lesni,
jsou klimatické faktory, jako je prubéh teplot a srazek nejen v aktualni vegetacni sezoné
(Biondi 2000), ale rist stromu mohou ovliviiovat podminky pocasi piedchazejiciho roku
(Holmsgaard 1956). Socialni postaveni jedince v zdpoji, pestebni zasahy v prubéhu rustu
stromu (Peltola et al. 2007) a lokalita v zavislosti na pedologickych podminkach a
nadmotskou vyskou (Tsoumis 1991) urcuji vysledné vlastnosti dieva borovice pro finalni
zpracovani.

Mnohé studie potvrzuji korelaci tloustky letokruhu mezi nadmotskou vyskou, srazkami
a teplotou v pribéhu roku (Lindholm et al. 2000, Mérling 2002, Koprowski et al. 2012).
Nadmoiska vyska souvisi s typickym prubéhem pocasi ve vyssSich polohach (kratka vegetacni
sezéna a negativni vliv pozdnich mrazli). Nékteré prace potvrzuji delSi zivotnost téchto
stromtl ve vys§ich polohach (Di Filippo et al. 2007). Je ziejmé, ze prostiedi se nebude lisit jen
s nadmotskou vyskou, kontinenty, ale i lokdlni mikroklimatické podminky mohou byt
ovlivnény topografii (expozici), severem a jihem, pievladajicim smérem vétru, vyskytem
mrazovych kotlin apod. (Schindler 2008).

Neméné dualezitym faktorem je sloZeni pedologického podlozi stanovisté (zasobeni
zivin, dostupnost vody, typu pidy apod.) ¢i vlivu okolniho prostfedi. Nezanedbatelnou roli
Vv ristu stromu také hraje slozeni atmosféry (CO2, 0zon, imise). Negativni vliv na riist stromu
muze byt povazovan i nizky podil zelené koruny, a to z divodu sniZeni asimilacni plochy
(Bytnerowicz et al. 2005, Stenberg et al. 2014). Tento hendikep muze byt kompenzovan

dostate¢nym oslunénim (Trocha et al. 2016).

3.3.2 Variabilita mezi stromy

Variabilitu ve struktute dfeva, lze nalézt i u dfevin stejného druhu, protoze
pedologické podminky jsou na kazdém stanovisti odlisné (Tsoumis 1991) a proto rozdily ve
struktufe dfeva mohou byt nalezeny i na stejném stanovisti, tak jako na geograficky odlisné
lokalité. Hodnoceni variability mezi stromy je obtizné, jelikoZ vysledky nékolika studii
prisuzuji variabilitu dédi¢nému genetickému slozeni stromu (Raiskila et al. 2006) nebo muize
byt zptsobena rozséhlou variabilitou uvnité kmene (Jelonek et al. 2009, Zeidler a Sedivka
2015).
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Stromy rostouci na stejném stanovisti vykazuji vysokou variabilitu ve struktuie dieva,
obvykle je tato variabilita vyssi, nez mezi rozdilnymi stanovisti (Larson 1969). Stanovistni
podminky Ize ménit péstebnimi zasahy (profezavani, hnojeni, vzdalenost vysazovani stromu
atd.). Dusledkem toho se ro¢ni piirtust mezi stromy bude lisit ve své struktuie (Agestam et al.
1998, Macdonald a Hubert 2002, Ulvcrona a Ulvcrona 2011, Vincent et al. 2011). Vliv
stanovis$té se nejvice projevuje na tvorbé letniho dieva, kdy rychleji rostouci stromy maji
v priuméru vyssi délku vlaken, nez je tomu u pomalu rostoucich stromi (Tsoumis 1991).

Dle nékterych autorli, stanovisté neni urcujici pro tvorbu letniho dieva. Vyzkumy
ukazuji, Ze bonitné bohata stanovi$té a chuda stanovi§té mohou snizovat i zvySovat podil
letniho dieva (Kollman, 1951, Macdonald a Hubert 2002). Rozdilné poméry letniho dieva
v letokruhu a délce vlaken byly nalezeny mezi stromy rostoucich jak v odlisné nadmoiské
vySce, tak i naodliSnych geografickych lokalitach (Di Filippo et al. 2007). Kromé
environmentalnich faktor®, které vyznamné ovliviuji mezi-stromovou variabilitu, se stromy
mohou liSit i v genetické konstrukci (Pretzsch et al. 2016). Bylo prokazano, Ze urcita
charakteristicka struktura dfeva je dédi¢na, avSak rozliSeni vlivu genetickych a

enviromentalnich faktort na strukturu dieva je velmi obtizné (Tsoumis 1991).

3.3.3 Vliv §iFky letokruhu na vlastnosti direva

Mezi nejvyznamnéj$i makroskopické znaky, pozorovatelné na dieveé, jsou letokruhy.
Letokruhy jsou obvykle definovany a jako ro¢ni ptirGstkové vrstvy stromu, které jsou tvorené
kambiem (Gryc a Holan 2004). V nasi oblasti, tedy oblasti mirného pasma se letokruh tvofi
béhem jednoho vegetacniho obdobi. Nejlépe jsou letokruhy zietelné na pfi€ném ftezu. Z
pohledu morfologického a fyziologického je letokruh tvofen rliznymi strukturami pletiva
(Punches 2004). Na zacatku vegetac¢niho obdobi je tvofeno jarni dfevo, které v zZivém stromu
ma vodivou funkci. Z makroskopického pohledu se jedna o svétlejsi a fidsi ¢ast letokruhu. V
druhé polovingé vegetacniho obdobi je dusledkem kambidlni Cinnosti vytvéatreno letni dievo
(Lebourgeois 2000). Zatimco letni dfevo se tvofi na konci 1éta nebo na podzim a ve dieve plni
mechanickou funkci a makroskopicky se projevuje tmavsi barvou, vyssi hustotou a vyssi
pevnosti (Wang et al. 2001, Sattler et al. 2015). Tak jako hustota dieva i Sifka letokruhu je
dobrym indikatorem mechanickych a fyzikalnich vlastnosti dieva. Tloustka letokruhu tak i
podil letniho dieva v letokruhu jsou charakteristiky tizce spojené s vlastnostmi dieva. Obecné

se udava trend snizujici se Sifky letokruhu smérem od diené ke kambiu, ktery byl popsan v
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mnoha studiich (Pozgaj et al. 1997, Tomczak et al. 2013). Né&které prace zaznamenavaji
zvySovani Siiky letokruhu do 20. roku stromu. Dievo v této zoné€ je nazyvano jako juvenilni
(Kretschmann et al. 1993). Nasledn¢ je vykazovan trvaly pokles $itky letokruhu, az se stava
téméf konstantni (Adamopoulos 2010). Nepiiznivé se na Sitku letokruhu projevuje i zvySeni
vliv imisi (Wimmer 1991). Naopak lesnicka opatieni vedouci k rozvoji koruny vyznamné
zvySuji Sitku letokruhu (Zobel 1992, Jiang et al. 2007). Se snizujici Sitkou letokruhu se
zvysuje procenticky podil letniho dieva v letokruhu a naopak (Kollman 1951). Sitku
letokruhu lze vyuzit k hodnoceni fyzikalnich a mechanickych vlastnosti dieva. Sitka
letokruhu koreluje s podilem letniho dieva v letokruhu, kde s klesajici Sitkou letokruhu se
podil letniho dieva zvySuje. PfedevSim mechanické vlastnosti dfeva jsou vazany na podil
letniho dieva v letokruhu, kde se zvySujicim se podilem letniho dieva v letokruhu se zvétsuji i
mechanické vlastnosti dieva (Tsoumis 1991, Peltola et al. 2007, Linderholm 2015, Torbenson
et al. 2016).

3.3.4 Vertikalni a horizontalni variabilita

Pii hodnoceni variability uvnitf stromu lze pozorovat, ze urcitad vlastnost dfeva
nasleduje urcity trend. Variabilita zavisi na vertikalni poloze uvniti kmene a na vzdalenosti od
sttedu kmene (Zobel a van Buitenen 1989, Zeidler a Sedivka 2015). Vertikalni variabilita
vlastnosti dfeva jehli¢natych dfevin byla pozorovana mnoha autory (Pozgaj et al. 1997,
Repola 2006, Muifioz 2008). Variabilita vlastnosti v horizontalnim sméru kmene byla
potvrzena mnoha autory (Raiskila et al. 2006, Jelonek et al. 2009, Kask 2015). Pro jehli¢naté
stromy bylo dolozeno, Ze vlastnosti dieva klesaji smérem ke koruné stromu a roste s rostouci
vzdalenosti od diené (Nicholls and Brown 1973, Repola 2006, Ivkovi¢ et al. 2013). Mezi
faktory, které prispivaji k vertikalni proménlivosti, patii pfedevsim Sitka letokruhd, struktura
dieva a rozdilny podil juvenilniho dieva v kmeni (Zobel a van Buitenen 1989, Zeidler a
Sedivka 2015). Piitomnost juvenilniho dieva je citovana jako jedna z hlavnich pi#icin
horizontalni variability, zejména u jehli¢natych stromt (Zobel a Van Buitenen 1989,
Kretschmann et al. 1993, Macdonald a Hubert 2002). Juvenilni dfevo najdeme piedevsim
Vv centralni ¢asti kmene a v koruné stroma také po obvodu kmene. Rozsah juvenilniho dieva je
obvykle definovan jako urcity pocet letokruht. VétSina autortt uvadi prvnich 20 letokruhti
jako juvenilni dfevo (Kretschmann et al. 1993, Gryc et al. 2011). Vykazuje odlisnou

strukturu, a tudiz rizné vlastnosti dfeva ve srovnani se zralym dievem (Zobel a van Buitenen
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1989). Dalsimi ptfi¢inami promeénlivosti vlastnosti dfeva Vv horizontalnim sméru je tloustka
letokruhu a s tim i souvisejici pomér letniho dieva (Kolmann 1951, Pozgaj et al. 1997). Pro
jehlicnany plati, ze se vzrustajici tloustkou letokruhd se vysledné vlastnosti dieva snizuji.
Ptredpoklada se, ze zvySujici se Sifka letokruht vede k nizSimu pomeéru letniho dieva a tim ke

snizeni vyslednych vlastnosti dieva (Zeidler a Sedivka 2015).

3.3.5 Stanovisté

Faktorem, ktery vyrazné ovliviiuje rist stromu je stanovisté. Zobel a van Buijtenen
(1989) uvadgji stanovisté, jako jeden znejhufe urcitelnych faktort, ktery se vztahuje
k vlastnostem dieva, protoze je méfitkem kvality zeminy a podnebi, ktery se souhrnné
oznacuje jako kvalita (bonita) stanovisté. V nékterych studiich se jako indikator stanovisté
oznacuje vliv teploty a vétru (Worrell a Malcolm 1990). Bonita pudy ukazuje potencial ristu
stromu za ideédlnich podminek a obvykle se méfi jako potencial biomasy v ur¢itém véku
dieviny (Amuakwa-Mensah 2017).

Rozdily v rychlosti riistu zptisobené zménami klimatu povedou k rozdilim v kvalité
dieva, vzhledem ke znamému vztahu mezi rychlosti ristu a vlastnostmi dieva. Kromé
pifimych Géinkt na rist stromu je rezim vlhkosti pudy jednim z faktort stability stromu, a
proto (v zavislosti na vétru) je ovliviiovan pouzitym péstebnim rezimem. Tyto faktory, jsou
navzajem V ur¢ité interakci a maji vyznamny vliv na kvalitu dfeva (Macdonald a Hubert
2002). Vzhledem k tomu, ze faktory, které spole¢né urcuji stanovisté, se v riznych oblastech
1181, se faktor stanovisté, hodnotici kvalitu dfeva vyuziva jen v omezené mitfe (Zobel a van
Buijtenen 1989).

Rozdily mezi lokalitami souvisejici s geografickymi zménami maji vyznamny vliv na
vlastnosti dieva. Ve vétSiné piipadl se rozdily mezi stanovisti projevuji na tvorbé letniho
délku, po kterou strom produkuje letni dievo (Zobel a van Buijtenen 1989, Moore et al.
2009).

Obecné plati, Ze stromy péstované na mistech s vysokou nadmoiskou vyskou obvykle
produkuji dievo s nizsi hustotou a maji kratsi tracheidy nez dievo borovic rostouci v oblastech
s nizkou nadmoiskou vyskou. Tento trend potvrdili mnohé studie (Kollman, 1951, Tsoumis
1991, Macdonald a Hubert 2002). Na chudych a bonité slabsich stanovistich vykazuje hustota

jehli¢natych dfevin rostouci tendenci (Zobel a van Buijtenen 1989).
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3.3.6 Socialni postaveni jedince v zapoji

Ackoliv je obnova nebo zakladani novych porosti vysadbou sazenic standardni
metodou péstovani borovice lesni, zajem o pfirozenou obnovu porosti se zvySuje. To lze do
jité miry vysvétlit nizsi kvalitou dieva vysazovanych porosti (Agestam et al. 1998). Pfirozena
regenerace borovych porosti nebo porosty s malym sadebnim sponem jsou nezbytné pro
produkci dieva s vysokou kvalitou dievni hmoty. Pfirozena regenerace borovych porosti se
v soucasné dobé& nejvice vyuziva ve Skandinavii, respektive ve Svédsku (Liziniewicz 2014).
Vysoka kvalita dfeva vznikajici pfirozenou obnovou je zplusObena predevSim vysokym
poctem jedinci (> 5000 jedinci na hektar) na obnovené ploSe, coz vytvaii vysoké
konkuren¢ni podminky pro rist — péstovani, které snizuji pramér vétvi a zejména stromy
vyrustajici pod porostem vykazuji nizké ro¢ni piirusty, Které vysoce koreluji s vyslednou
hustotou dfeva. Mnoh¢ studie potvrzuji, Ze stromy vyristajici po urovni matetského porostu
vykazuji pozitivni korelaci s kvalitou dieva (Herman 1962, Ek6 a Agestam, 1994, Béland et
al. 2000, Auty a Achim 2008). Agestam et al. (1998) uvadi niz$i hodnoty objemového rustu
borovic vychovavanych pod zastinem o 20 % nez je tomu u porostli obnovenych vysadbou.
V naSich podminkach se borové porosty nejéastéji zakladaji a obnovuji vysadbou nebo
pifimym vysevem. Zobel a van Buijtenen (1989) provedli studii, kde pracovali s rozestupy
borovice lesni 0,75x0,75 m do 3,00 x 3,00 m. Bylo zjisténo, Ze s rostoucim rozestupem
pestovanych borovic dochazi ke snizeni hustoty dieva, zatimco sukovitost stromtl se rapidné
zvysila. Déle byl zaznamenam 1 zvySeny podil juvenilniho difeva u fidce vysazovanych
borovic. Stejnych vysledkd jako Zobel a van Buijtenen (1989) u borovice lesni zjistil Persson
(1975) u smrku ztepilého. VEtSi rozestupy vysazenych stromlt vede k nizsi kvalité
produkovaného difeva ve srovnani s pfirozené obnovenymi porosty. Jednim z indikatort
kvality dfeva v raném véku u borovic, lze povazovat primér vétvi (Haapanen a Poykko
1993). Borovice vysazované v Sirokych rozestupech maji obvykle vétsi prumér kmene, ale
tlustsi vetve, které snizuji mechanické vlastnosti dieva nez stromy vysazované v uzkych

rozestupech nebo pfirozené obnovenych porostech (Zobel a van Buijtenen 1989).

3.3.7 Péstebni opatieni

Hlavni ucCinky péstebnich opatfeni a vybér spravného sadebniho materidlu je

povazovano za dusledek vlivu radidlniho rastu. U borovice lesni, stejné tak jako u dalSich
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druhti jehli¢nant se vlivem pé&stebnich zasaht stimuluje rychlost ristu stromu (Larson 1969 b,
Zobel a van Buijtenen 1989), ve vétsing ptipadt se zvyseni rychlosti riistu stromu projevuje
negativné na zkoumané vlastnosti dieva (Carson et al. 2014). Avsak Zobel a van Buijtenen
(1989) poukazuje, ze interakce mezi tempem rustu a vlastnostmi dieva neni zcela jasna a
nelze ji vzdy piedvidat, protoze hodnoceni toho, co muze lesni hospodat udélat pro ovlivnéni
dfeva, nemiize byt zaloZeno na stanoveni vlivu péstebniho zasahu na rust, protoze do rustu
stromu je zapojeno mnoho dalsi faktort.

Péstebni opatieni ovliviiujici rychlost ristu stromu a vysledné vlastnosti dieva jsou:
profezavani, hnojeni a vyvétvovani (Macdonald et al. 2010, Liziniewicz 2014, Moilanen et al.
2015). Veskera vyse uvedena lesnicka opatieni jsou do jisté miry vzajemné propojena. Larson
(1963 a) poukazuje, jak péstebni opatfeni vede K péstovani stromt za velmi rozdilnych
podminek, které vedou ke zméné velikosti koruny. Zobel a van Buijtenen (1989) uvadi
velikost koruny jako zdroj rlstu dieva, které ovliviiuje dfevni meristém, ktery se dale odrazi
v délce bunék a tloustce bunééné stény.

Vyrazné zmény ve formovani dfeva se projevuji i u porosti péstovanych ptirozenym
zpiisobem nebo uméle vysazované porosty. Stromy rostouci v $ir§ich rozestupech maji obecné
horsi hodnoty vlastnosti nez jedinci, Ktefi rostou s mensimi rozestupy (Jiang et al. 2007,
Liziniewicz 2014). Variabilita vlastnosti dfeva borovice z hlediska genetiky byla malo
studovana, ale ve vétSin¢ piipadl byla prokdzana dédicnad vysoka proménlivost vlastnosti
(Pretzsch et al. 2016). Z hlediska lesnického managmentu kombinace vyuzivajici rychleji
rostouci geneticky upraveny material ma vliv na vyslednou kvalitu jadrového dreva, jelikoz
stromy péstované za téchto podminek budou mit vys$si podil juvenilniho dieva (Carson et al.
2014). Dopad péstebnich opatfeni na kvalitu dieva je v soucasné dobé velmi diskutujicim
tématem. Porozuménim vlivu péstebnich opatfeni na vlastnosti dfeva je mozné rozvinout
péstebni rezim na konkrétni vyslednou kvalitu dieva pro rizné lokality (Zobel a van Buijtenen
1989).

3.3.8 Prorezavani

Snizovanim poctu stromd v porostu je v lesnictvi zakladni metodou vedouci ke snizeni
konkurence mezi jednotlivymi stromy, avSak Vv porostu je ponechan dostatek stromut
k dosazeni vysoké produktivité dievni hmoty (Rojo et al. 2005, Ulvcrona a Ulvcrona 2011,

Vincent et al. 2011). Jak uvadi Larson (1969 b), hustota stromi v porostu ma zasadni vliv na
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kvalitu rostlého dieva. Rozestup stromua ovliviiuje rychlost ristu, kterd vyznamné ovliviiuje
vlastnosti dfeva. Hustota stromtll v porostu miize byt ovlivnéna dvéma zpiisoby: (1) poc¢atecni
vysadbou, (2) profezdvanim. Tyto metody vedou ke kontrole zakmenéni porostu a maji
vyznamny vliv na tvorbu dieva (Zobel a van Buijtenen 1989). Profezavani ovliviiuje
vlastnosti dieva tim, Ze ma vliv na rychlost ristu stromu a odstrafiuje stromy s nezadoucimi
vlastnostmi (Liziniewicz 2014). U jehlicnani obvykle dochézi zrychlenim rastu stromu ke
snizeni hustoty dieva Peltola et al. (2007). Tento stav je vyvolany v disledku zvySujicimu se
zastoupeni jarniho dfeva v letokruhu. Rychly rust stromu zptusobeny vlivem profezavani také
vede k $ir§im a kratS$im tracheidam s tené¢imi buné¢nymi sténami (Mékinen a Hynynen 2014).
Kérenlampi a Riekkinen (2004) vSak naznacuji, Ze zrychleny riist nema zadny vliv na hustotu
dfeva. Naproti tomu, rychly rozvoj koruny vlivem profezavani podporuje rist stromu a
obecné umozituje vyprodukovat velké mnozstvi dfevni hmoty v relativné kratkém casovém
obdobi. Na druhou stranu vlivem rychlého ristu a veliké korun€ dochazi vyvoji tlustych vétvi
a vysokému podilu juvenilniho dieva, které negativné ovliviiuji kvalitu dfeva (Cameron et al.
1995). Déle plati, ze zvySenim tempa ristu vétvi a mohutnosti koruny je zptisobena vyssi
produkce tlakového dieva (Hart 2010). Z pohledu kvality dieva Mékinen a Isomaki (2004)
zjistili, Ze velké protfezdvani, které vede k odstranéni vice nez 40 % jedinclti ma negativni vliv
na kvalitu dfeva a zaroven zvySuje riziko vzniku abiotickych poSkozeni. Negativni vliv
silného profezavani potvrzuje i Macdonald et al. (2010), ktery prokazal vyssi sbihavost
kmenti, kvuli $ir§im rozestupiim. Vysledkem bylo zvyseni zatizeni vétrem zbyvajicich stromu,
které maji tendenci produkovat vice reakéniho dieva a deformovanych kment. Savina (1956)

prokazal zvétSeni délky tracheid o 25 %, nez tomu bylo u neprofezanych porostu.

3.3.9 Vyvétvovani

Pozadovanym Uc¢inkem vyvétvovani je zlepsit kvalitu dieva odstranénim Zivych nebo
odumfelych vétvi z urcité ¢asti kmene. Vysledkem vyvétvovani je produkce bezsukého dieva
o vysoké kvalité€ s nizkym podilem jadrového dieva (Erkan et al. 2016). Vyvétvovani ma také
za nasledek posunuti korunni recese, pficemz dievo v profezané Casti kmene je méné pod
vlivem zivé koruny (Macdonald et al. 2010). Bylo zji$téno, Ze vyvétvovani urychluje pfechod
mezi juvenilnim a vyzralym dievem, a tim snizuje objem produkovaného juvenilniho dfeva
(Macdonald a Hubert 2002). Zobel a van Buijtenen (1989) uvadi, ze vyvétvovani ma za

nasledek zvyseni letniho dfeva ze 14 na 26 % a zvySeni hustoty dfeva ze 0.480 na 0.590 g.cm’
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% a zvySeni délky tracheid o 3 az 4 mm. Efekt zvyseni podilu letniho dieva u borovice

montereyské (Pinus radiata) byl nalezen 2 az 3 roky po aplikovani vyvétveni (Zobel a van
Buijtenen 1989). Zvyseni hustoty dieva o 18 % po vyvétveni u douglasky tisolisté nalezl
(Gartner et al. 2010). Gartner et al. (2010) potvrzuje u douglasky tisolisté zvySeni podilu
letniho dieva i pramérné zvySeni délky tracheid. Naproti tomu Zobel a Sprague (1998) zjistil
u Pinus radiata sice zvyseni hustoty dfeva, ale na délku vlaken se vliv vyvétveni neprojevil.
Zobel a van Buijtenen (1989) poukazuje na to, ze profezavani snizuje tempo rastu stromu,
avSak produkce kvalitngj$i dfevni hmoty by méla vynahradit ztratu objemu. Macdonald a
Hubert (2002)zjistil snizeni ristu u borovice lesni pii odstranéni 1/3 koruny stromu. Pfi
mirném vyvétvovani bylo zjisténo, ze tloustka letokruht se ve vyvétvené bazalni ¢asti kmene
snizi, avSak ve vrcholové c¢asti kmene se tloustka letokruhti zvysuje (Fielding 1965).

Macdonald et al. (2010) zjistil, Ze vyvétvovani snizuje sbihavost kmene.

3.3.10 Juvenilni a zralé drevo

vvvvvv

jehli¢énatych dievin. Jelikoz je dopad juvenilniho dieva na finalni kvalitu dieva nemaly, je
nutné definovat, jak velky podil juvenilni dievo v kmeni zaujima (Barnett a Jeronimidis
2003).

To umoziuje separaci juvenilniho dieva od dieva vyzralého, ¢imz se minimalizuje
negativni vliv na finalni produkty. Podil juvenilniho dfeva v kmeni je diskutovano v mnoha
odbornych publikacich (Macdonald a Hubert 2002, Bembenek et al. 2015). Pojem juvenilni
dfevo muze byt zavadéjici, protoze mnoho lesnich hospodaiti vedlo k zavéru, ze se jedna o
dievo pouze mladych stromu (Zobel a Sprague 1998). Juvenilni dfevo tvofi centralni zonu
kolem dfené a nachazi i v blizkosti korun starych stromt obr. 6. Juvenilni dfevo je méné
kvalitni v porovnanim s vyzralym dfevem. Postupné juvenilni dfevo piechazi do podoby
vyzralého dfeva. Velikost juvenilniho dfeva je dana ptedevSim genetickymi faktory
a velikosti ro¢nich pfirdasti. U douglasky a smrku ztepilého byla prokazana korelace mezi

velikosti koruny stromu a velikosti juvenilniho dieva (Barnett a Jeronimidis 2003).

26



juvenile wood

mature wOOd v
J —
\\—)v

Obrazek 6: Schematické zobrazeni zony juvenilniho di‘eva v kmeni stromu (Jozsa a Middleton 1994)

Velikost juvenilniho dieva se méni podle druhu dfeviny a mize byt ovlivnéno
podminkami environmentalniho prostfedi. Juvenilni dfevo je charakteristické nizkou hustotou
dfeva, nizSim podilem letniho dieva, vys$§im zastoupenim ligninu a hemicelulozy, nizkym
zastoupenim celuldzy, tenkou bunécnou stfenou, kratkymi tracheidami s Sirokymi lumeny,
vysokym uhlem natoceni vlaken a mikrofibril. Vysledkem téchto faktori jsou nizké pevnostni
a pruznostni charakteristiky juvenilniho dfeva a nizkd rozmérova stabilita, nez je tomu u
dieva vyzralého (Kucera 1992, Macdonald a Hubert 2002).

Z6nu juvenilniho dfeva neni od vyzralého dfeva snadné urcit a mnoho autort uvadi
rozdilnou velikost zony juvenilniho dieva (Mutz et al. 2005). Pikk a Kask (2004) uvadi, Ze se
juvenilni dfevo tvoii mezi 5-25 letokruhem, ke stejnému zavéru dosel i Lindstrom (2002).
Saarmann (1998) nalezl zoénu juvenilniho dieva mezi 10-20 letokruhem. Paul (1960) uvadi, Ze
juvenilni dfevo je definovano Sirokymi letokruhy s nizkou hustotou, které je tvofeno
Vv blizkosti dfené kmene. Juvenilni dfevo je ndsledovano zonou dieva s vyrazné se snizujicimi
Sitkami letokruhu, které jiz odpovidaji dievu vyzralému. Kucera (1992) dosel k zavéru, ze
tvorba juvenilniho dfeva se zastavuje dosazenim maximalni vys$ky stromu. Vyznamny vliv na
tvorbu juvenilniho dfeva maji environmentalni podminky ristu stromu (Bembenek et al.
2015). Jehli¢naté dieviny pestované na oteviené plose s vysokymi rozestupy stromu vykazuji
rychly nartst dievni hmoty v relativné mladém véku, to je divod pro¢ tyto stromy obsahuji

vysoky podil juvenilniho dieva po prafezu kmene (Kucera 1992).
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3.3.11 Hnojeni

Hnojeni mtze byt aplikovano pro zmirnéni nutricniho deficitu nebo pro zvyseni
intenzity rustu stromu (Moilanen et al. 2015). Efekt aplikace hnojeni na vlastnosti dieva
zavisi predev§im na typu aplikace hnojeni, véku a kondici stromu Vv dob¢ aplikace. Nejvice
ziejmy ucinek pridavani hnojiv na mista s omezenym obsahem zivin je zvySeni tempa rustu
(Macdonald a Hubert 2002). Zvyseni rychlosti rustu je spojeno i s vy$§im obvodovym a
vySkovym ptirtstkem stromu (Bergstedt 2013). V dusledku aplikace hnojiv a tim i zrychleni
rustu byla prokazana vyssi produkce juvenilniho a jarniho dieva bez odpovidajiciho zvySeni
podilu letniho dieva, ¢imz dochazi ke snizeni hustoty (Kirkkiinen 1976) a pevnostnich
charakteristik dieva (Jaakkola et al. 2006). Zobel a van Buijtenen (1989) zjistil bezprostiedné
po aplikovani dusikatych hnojiv u Pinus taeda sniZeni hustoty dieva z 0,480 na 0,390 g.cm™,
Po 6 letech od aplikace hnojiva se hustota dfeva vratila na hodnotu pied aplikaci. Bergstedt
(2013) udava vliv dusikatych hnojiv jiz po prvnim roce aplikace, kdezto jini autofi
(Macdonald a Hubert 2002) zjistili vyrazny G¢inek hnojeni az po 5 roku aplikace. Naproti
tomu Morling (2002) nezjistil vliv hnojeni na hustotu dieva borovice lesni. Zobel a Van
Buijtenen (1989) po aplikaci hnojiv zjistil snizeni délky tracheid o 12 % bezprostfedné po
aplikaci hnojiva a sniZeni délky o 6 % po 6 letech plsobeni hnojiva. Bylo zjisténo, Ze
rychlejsi u¢inek hnojiva byl zaznamenan u mladych stromi, kdezto del$i uc¢inek hnojiva byl
zjistén u starSich stromi. Aplikace hnojiv mize mit zasadni vliv na vyslednou kvalitu dieva,
nahlou zménou tloustky letokruhu, kterd je spojena s narGistem heterogenity dfeva. Vysledna
heterogenita materialu muze mit pro finalni zpracovani vétsi negativni vliv, nez je snizena

hustota nebo pevnostni charakteristiky dieva (Ozolincius et al. 2007).

4 Metodika a material

4.1 Odbér zkuSebniho materialu

Vyzkum probihal na ¢tyfech lokalitach, které jsou typické pro rast borovice lesni (Pinus
sylvestris L.) na uzemi Ceské republiky. Vyzkumné lokality pokryvaji oblast severnich
(lokalita 1 — Doksy), zapadnich (lokalita 2 — Plasy), vychodnich (lokalita 3 — Chvojno) a
jiznich (lokalita 4 — Halamky) Cech (obr. 7). Tabulka 1 zobrazuje zakladni informace o
stanovi$ti a 0 aplikovanych péstebnich postupech. Na kazdé lokalit¢ byly vybrany dva
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porosty, z nichZ prvni porost piedstavuje clonny zptisob péstebni obnovy (porost 1), a druhy
porost piedstavuje holose¢né obnoveny porost (porost 2).

Holose¢ny zptisob obnovy je v podminkach CR realizovan zpravidla v blocich o
velikosti pfevazné 0,2 ha az 1,5 ha. Nez nov¢ zakladané porosty dosahnou vrcholové vysky
15 m, provadéji se obvykle dvé probirky za uc¢elem snizeni hustoty na 3 500 — 4 000 jedinct
na ha. Vzorniky z holoseéné¢ obnovovanych porosti rostou od samého pocatku v
jednovrstvém stejnoletém porostu.

V druhém piipad¢ je aplikovan ptirod¢ blizky lesnicky piistup s cilem vytvofit
komplexni lesni strukturu, podpofit pfirozené procesy a snizit naklady na probirku. Zde je
nahlé uvolnéni krytu obecné odmitnuto. Doba probihajici regenerace se pohybuje od 30 do 50
let (pocateéni hustoty ve vyskové tiidé 0,25 m — 4,0 m se obvykle pohybuji od 5000 do 20
000 jedinct na ha). Po provedeném uvolilovacim fezu se zkoumané lesni porosty skladaji z
horni vrstvy (hustota 30-50 %) a spodni vrstvy porostu. Vzorniky ptedstavuji tyto podrostové
jedince. Z kazdého porostu bylo vybrano sedm vzorniki, ze kterych byl vyroben zkuSebni
material pro mechanické a fyzikalni zkousky. Vyznamnym kritériem pro vybér vzornika bylo
zastoupeni charakteristickych jedinct pro dany porost, jejich vitalita a nepfitomnost riistovych

nepravidelnosti a vad.
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Obrazek 7: Lokality odbéru zkusebnich vzorniku (Zeidler et al. 2021)
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Tabulka 1: Zakladni charakteristika lokality a porostu (souhrnna charakteristika porostu dle lesniho

hospodarského planu)
Lokalita  Pestebni GPS Vyska*  Dbh* Soubor
postup (WGS-84) (m) (cm) typi**
Lokalita  clonny 5? 43212,3'383,2" 13 14 0K
l - 18 o 1 ; "
holoseény 5&34%51%656785% 181 187 0K
Lokalita  clonny 4f3f f 43’3 ﬁzg ST 12 40
2 6 o] 1 ; "
holoseény 419351541432%‘2%% 12 13 40
Lokalita  clonny 5106%158960%271\]; 10 12 2l
3 U 50°3'21.354"N,
holose¢ny 16°8'52 095"F 21 22 21
Lokalita  clonny 13352'532;21; 11 10 OK
4 ———  15p 22622.976
holose¢ny 48°50'10.268"N 12 11 0K

14°56'33.539"E

* vycetni prumér

** soubor lesnich typu podle ¢eského typologického systému (Viewegh et al. 2003)
PLO — pfirodni lesni oblast

GPS (Global Positioning System) - Globalni polohovy systém

4.2 Priprava zkuSebnich vzorki

Pro zjisténi variability vlastnosti ve vertikdlnim sméru bylo z jednotlivych kmend
odebrano nékolik vyfezii. Oddenkovy vyiez byl vzdy odebran z oblasti vycetniho priméru,
sttedovy vyfez byl odebran v 1/3 vysky kmene a vrcholovy vyiez byl odebran ve 2/3 vysky
stromu v piipadé, Ze Cepova ¢ast méla mit odpovidajici primér. Soucasné se sekci byl v misté
odbéru odfiznut 1 kotou¢ =za ucelem provedeni letokruhovych analyz, pfipadné
denzitometrickych méteni. Sekce byly z lesnich porostii odvezeny na nasledny potez na
pasové pile, ziskané foSny uskladnény a ponechany pfirozenému vysychani. Pfedmétem
dalsiho zpracovani byla stfedova fosna, ktera umoziuje posouzeni rozlozeni vlastnosti po
pruméru kmene, ktera byla nasledné pouzita na vyrobu zkusebnich téles. Zkusebni material
slouzil pro vyrobu zkuSebnich téles na mechanické a fyzikalni zkouSky. Zkusebni télesa pro
fyzikdlni zkousky méla rozméry 20 x 20 x 30 mm (hustota dieva a sesychdni). T¢lesa pro

zjisténi mechanickych vlastnosti dieva méla rozméry 20 x 20 x 30 mm (pevnost dieva v tlaku)
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a 20 x 20 x 300 mm (razova houzevnatost a pevnost dieva v ohybu) (obr. 8). Zkusebni télesa
urcena pro fyzikalni a mechanické zkousky byla v klimatiza¢ni komote stabilizovana na
rovnovaznou vlhkost 12 % v podminkéch s teplotou vzduchu 20 °C (£ 2 °C) a relativni
vlhkosti vzduchu 65 % (£ 5 °C). Veskeré vzorky svoji kvalitou spliiuji normu CSN 49 0101 a

neobsahuji nepravidelnosti rustovych vad a tlakové dievo.

1500

Obrazek 8: Schéma vyroby zkuSebnich téles (Schonfelder et al. 2018)

Testovani mechanickych a fyzikalnich vlastnosti

Normalizovanymi postupy byly testovany mechanické vlastnosti:
e pevnost v ohybu,
e staticky modul pruznosti,
e dynamicky modul pruznosti,
e pevnost v tlaku,

e razova houzevnatost.

Normalizovanym postupem byly zkoumany nasledujici fyzikalni vlastnosti:

¢ hustota dieva,
e sesychani.

Hustota dieva byla stanovena 1 denzitometrickou metodou, ktera slouzi pro vysvétleni
horizontalniho trendu rozlozeni hustoty dieva. Po provedeni letokruhovych analyz byly
Z kotoucl vytiznuty pasky s radidlnim pribéhem letokruhil o tloustce 0,8 mm a vySce 18 mm.
Vzorky byly vyfiznuty smérem od dien¢ ke kambiu. Vzorky byly umistény do denzitometru
QTRS-01X (QMS Data Analyzer and Scanner, USA Tennessee) smérem kolmo
k rentgenovému paprsku. Doba expozice zafeni jednoho centimetru vzorku odpovida
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piiblizné¢ dvou minutdm. Intenzita rentgenového zéafeni je 18 mA a napéti 12 V. Data
Z denzitometrického méfeni byla pouzita pro posouzeni pribéhu trendu hustoty

V horizontalnim sméru kmene.

Letokruhova analyza

Kotouce byly vybrouSeny a naskenovany na stolnim skeneru formatu A3 pfti rozliSeni
800 DPI. Pomoci méfici funkce v programu pro obrazovou analyzu NIS Elements AR 4.11

(Laboratory Imaging, Czech Republic) byly zméfeny hodnoty Sifek letokruhti v milimetrech.

4.3 Statistické vyhodnoceni

Pro vyhodnoceni statistického vyznamu jednotlivych vlivii byly pouzity vicefaktorové
testy ANOVA (Fisherav F — test) a Duncanovy testy mnohonasobného porovnani. Dale byly
stanoveny regresni modely. Hladina vyznamnosti o = 0,05 % byla pouzita pro vSechny
statistické analyzy. Hodnocenymi faktory byly péstebni opatieni, vertikalni poloha v kmeni,
horizontalni poloha v kmeni (vzdalenost od dien¢). Statistické analyzy byly provedeny za
pouziti programu STATISTICA 12 (Statsoft Inc., USA).

5 Syntéza vysledkii

Tato kapitola predstavuje syntézu vysledku disertacni prace zjisténé za studijni obdobi.
Vysledky prace byly publikovany v Casopisech evidovanych v databdzi WOS nebo Scopus.

Separaty ¢lank za studijni obdobi jsou uvedeny v kapitole 5.

Vliv péstebnich opatieni na vlastnosti dieva

Veskeré zkoumané lokality jsou typické pro riist borovice lesni na tzemi Ceské
republiky (Zapadodeska pahorkatina, Severodeska piskovcova plosina a Cesky raj, Jihoteské
panve a Polabi). Jako hlavnim ukazatelem vlastnosti dfeva byla stanovena hustota dieva.
Mnozstvi hmoty soustiedéné v jednotce objemu se velice c¢asto v dievarském primyslu

povazuje za vyznamny indikator kvality dfeva, a to diky skutec¢nosti, ze vyznamné ovliviiuje
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jak fyzikalni, tak i1 mechanické vlastnosti dieva. Rozdily v hustot¢ difeva rozdilnych

obnovnich postuptl ve v§ech zjistovanych oblastech jsou zobrazeny v tab. 2.

Tabulka 2: Vliv péstebnich opati‘eni na hustotu di‘'eva

Lokalita 1 Lokalita 2 Lokalita 3 Lokalita 4

pramér (g.cm) 0,541 0,500 0,521 0,535

median (g.cm) 0,534 0,499 0,520 0,531
Porost 1

var (%) 79 9,0 11,3 12,9

sd (g.cm) 0,043 0,045 0,059 0,069

priamér (g.cm) 0,529 0,490 0,525 0,528

median (g.cm™) 0,528 0,478 0,525 0,522
Porost 2

var (%) 10,9 13,1 13,6 16,5

sd (g.cm) 0,058 0,064 0,071 0,087

Je patrné, Ze clonny zpusob obnovy vykazuje vyssi hodnoty hustoty, avsak zjisténé
hodnoty nejsou diametrdlné odliSné a nelze tedy konstatovat, Ze clonny zplsob obnovy
produkuje dfevo o vyssi hustoté. Publikovany odborny ¢lanek zabyvajici se problematikou
dopadu péstebnich opatfeni na hustotu dieva je uveden v priloze €. 1.

Tak jako u hustoty dieva i u sesychani dieva byly nalezeny lepsi parametry kvality
dfeva u clonné¢ho zplisobu obnovy lesa tab. 3. Avsak i zde zjiS§t€né rozdily hodnot nejsou
diametralné odlisné a nelze tedy fict, ze oba obnovni postupy produkuji dfevo odlisné kvality.
Publikace zabyvajici se dopadem péstebnich opatieni na sesychani dieva je uvedena v ptiloze
2.
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Tabulka 3: Vliv péstebnich opati‘eni na sesychani dieva

Lokalita 1 Lokalita 2 Lokalita 3 Lokalita 4

pramér 51 42 5,6 53
Br (%) median 51 4,2 55 55
var 15 0,9 1,6 15
sd 30,0 22,5 28,5 28,3
pramér 7,7 8,3 8,3 8,7
Porost 1 Bt (%) median 7.8 8,3 8,5 8,8
var 1,8 2,1 1,9 1,9
sd 22,8 25,0 22,8 21,8
pramér 13,7 13,3 15,3 14,7
median 13,9 13,5 15,2 14,8
Bv (%)
var 2,8 2,3 29 29
sd 20,1 17,3 19,1 19,8
prumér 53 45 57 4.7
Br (%) median 53 4,3 5,4 47
var 1,0 1,4 2,1 13
sd 18,9 30,3 37,2 27,0
pramér 8,8 8,6 8,3 8,7
Porost 2 Bt (%) median 9,0 9,0 8,6 8,8
var 1,8 2,0 2,3 2,0
sd 20,9 23,7 27,2 23,5
pramér 15,1 13,4 15,6 16,2
median 15,2 13,6 15,6 14,3
Bv (%)
var 2,3 3,2 4,0 30,8
sd 15,3 23,9 25,9 18,9

Z hlediska vyuziti dfeva pro konstrukéni ucely a ve stavebnim primyslu jsou duilezité
pruznostni a pevnostni vlastnosti dieva. Ve vyzkumu byla z mechanickych vlastnosti
zkoumana pevnost dieva vohybu, tlaku a razovou houZevnatost dieva, z pruznostnich

charakteristik byl stanoven dynamicky a staticky modul pruznosti (tab. 4).
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Tabulka 4: Primérné hodnoty mechanickych vlastnosti

Lokalital Lokalita 2

Lokalita 3 Lokalita 4

priumér (MPa) 49 43 49 36
median (MPa) 49 44 49 35
Porost 1 var (%) 11,7 16,5 12,5 22,8
Pevnost v tlaku (MPa) sd (MPa) 5,8 7,1 6,6 8,2
priumér (MPa) 46 46 49 34
Median (MPa) 45 45 48 33
Porost 2 var (%) 22,0 18,2 20,6 23,7
Sd (MPa) 10,2 8,3 10,0 8,1
prumér (MPa) 76 73 81 81
median (MPa) 74 73 83 86
Porost 1 var (%) 12,9 13,5 17,3 23,0
Pevnost v ohybu (MPa) sd (MPa) 9,8 9,9 13,9 18,7
pramér (MPa) 77 71 78 77
median (MPa) 76 70 76 75
Porost 2 var (%) 15,6 17,4 25,3 21,9
sd (MPa) 12,1 12,3 19,7 16,7
prumér (MPa) 9814 9490 10381 9133
median (MPa) 9570 9278 10170 9516
Staticky’ modul pruznosti Porost 1 var (%) 21,7 23,1 22,5 25,2
(MPa) sd (MPa) 2133 2192 2331 2297
pramér (MPa) 9999 9062 10379 8610
median (MPa) 10261 8926 10341 8450
Porost 2 var (%) 24,5 26,0 21,7 26,1
sd (MPa) 2453 2352 2871 2244
pramér (MPa) 11471 10563 12615 13832
median (MPa) 11187 10399 12548 12893
Dynamicky modul pruznosti Porost 1 var (%) 26,4 28,9 20,1 43,8
(MPa) sd (MPa) 3021 3057 2540 6053
prumér (MPa) 12535 11563 14034 10375
median (MPa) 12187 11202 13938 9466
Porost 2 var (%) 27,3 25,9 15,5 49,2
sd (MPa) 3425 2995 2179 517
primér (J-cm?) 4,4 4,0 33 3,6
median (J-cm?) 4,5 4,0 3,2 3,5
Rézova houzevnatost (J-cm™) Porost 1 var (%) 28,5 34,5 41,4 49,6
sd (J-cm?) 1,3 1,4 1,4 1,8
primér (J-cm?) 3,9 3,3 3,3 3,5
median (J-cm?) 38 31 2,9 3,3
Porost 2 var (%) 38,7 43,2 58,6 47,4
sd (J-cm™?) 1,5 1,4 1,9 1,7

Tak jako u hustoty dieva, byla ve vétsin¢ pfipadl nalezena vyssi hodnota vlastnosti

zkoumanych mechanickych vlastnosti u porostii obnovenych clonnym zptsobem obnovy. U

zkoumanych vlastnosti dfeva nebyl nalezen diametralné odlisSny rozdil hodnot vlastnosti a
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nelze tedy konstatovat, ze clonny zpisob obnovy dieva produkuje dievo vysSich hodnot
mechanickych vlastnosti. Bez ohledu na hodnocené vlastnosti, nebyl zjistén vyznamny rozdil
mezi obnovnimi postupy. Dale byl hodnocen vliv hustoty dieva na mechanickych
vlastnostech. Z obr. 9 je patrné, Ze se vzrustajici hustotou dieva hodnoty mechanickych
vlastnosti stoupaji. Ilustrativni vysledky mechanickych vlastnosti je v publikovanych ¢lancich

ptiloZzenych v piiloze 3, 4 a 5.
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Obrazek 9: Zavislost pevnostnich charakteristik na hustoté dieva

Z hlediska vyslednych hodnot mechanickych vlastnosti a hustoty je pii volbé clonného
zpusobu obnovy nutné vénovat znacnou pozornost dobé uvolnéni matetského porostu.
Z vysledkt je patrné, brzké uvolnéni matetského porostu vede ke snizeni fyzikalnich a
mechanickych vlastnosti difeva a pozitivni efekt clonného zplisobu na vlastnosti dieva se

sniZuje nebo se Uplné vytraci.

Vliv péstebnich opatieni na rozloZeni vlastnosti difeva v kmeni

Dopad péstebnich opatfeni na vlastnosti dieva se z hlediska zpracovani a vyuziti dieva
mnohem vyznamnéji projevil v rozliSeni vlastnosti v horizontalni rovin¢ v kmeni, tj. od dfené
ke kambiu. Pro lepsi pochopeni trendu rozlozeni vlastnosti dfeva po Sifce kmene byla
stanovena letokruhova analyza, ktera do jisté miry vysvétluje rozlozeni vlastnosti dieva. Pro
potvrzeni letokruhové analyzy bylo provedeno i denzitometrické Setieni, které detailnéji
vypovida o rozlozeni vlastnosti v kmeni. Z denzitometrického Setfeni je patrné, ze Sitka
letokruhu u holose¢ného zptisobu obnovy ma na vsech lokalitach stejny trend, a to snizujici se

smérem ke kambiu. Clonny zpisob vykazuje zcela opacny trend, kde nejnizsi tloustka
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letokruhu je zjisténa u dien¢ a po uvolnéni matetského porostu dochazi k narustu tloustky

letokruhu (obr. 10).
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Obrazek 10: RozloZeni tloust’ky letokruhu a hustoty po Sifce kmene

Tloustka letokruhu vysoce koreluje se zastoupenim letniho dieva a zcela logicky
V navaznosti na piedchozi, holosecny zptisob vykazuje nizsi podil letniho dieva v letokruhu u
dien¢ a smérem ke kambiu se zvySuje. Clonny zpisob vykazuje opacny trend, kde je vyssi
podil letniho dfeva u diené¢ a smérem ke kambiu se snizuje (obr. 11). Podil letniho dfeva
v letokruhu vyznamné ovliviiuje vysledné vlastnosti. Vysledky denzitometrického méfeni

jsou zobrazeny v piiloze 6.
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Obrazek 11: Vliv péstebnich opatieni na podil letniho dieva v letokruhu

Bylo zjisténo, ze clonny zptGsob obnovy vykazuje mnohem rovnomérnéjsi rozlozeni
vlastnosti dfeva po Sifce kmene a z hlediska zpracovatelského priimyslu neni tedy podstatné,
ze které Casti kmene dfevo pochézi. Oproti tomu holose¢ny zplsob obnovy vykazuje jasné
rostouci trend vlastnosti dieva od diené ke kambiu. Z hlediska kvalitativniho je sttedova zona
dreva chapana jako méné hodnotna. V piipad¢ clonného zplsobu nemé vzdalenost od diené

na kvalitu dfeva zadny vliv (obr. 12).
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Obrazek 12: RozloZeni hustoty difeva v horizontalni roviné kmene
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Vlastnosti dieva v kmeni jsou rozdilné i po vysce kmene. V tomto vyzkumu jsme
Z divodi omezenosti pramértt kmenti hodnotili pozici v 1/3 vysky kmene a bazélni cast
kmene. Bylo potvrzeno, ze s rostouci vySkou kmene vlastnosti dieva klesaji a lze tedy
konstatovat, Ze nejkvalitnéjsi diivi se naléza v bazalni ¢asti kmene. Zpusob rolozeni vlastnosti
po vysce kmene je u obou péstebnich postupii shodny. Plirmémé hodnoty hustoty difeva po

Sifce a vySce kmene jsou zobrazeny v tab 5.

Tabulka 5: Vliv péstebnich opati‘eni na rozloZeni hustoty direva v kmeni

hustota
vertikalni + sd horizontalni
1 pozice 2 pozice 3pozice
bazalni ¢ast porost 1 0,541 £0,043 0,535 0,548 0,528
kmene  porost 2 0,551 £0,058 0,523 0,558 0,607

Lokalita 1
1/3 vysky porost 1 - - . _
kmene  porost2 04950052 0457 0517 0,584
bazalni dast porostl  0,500+0,045 0,488 0,511 0,511
kmene
Lokalita 2 porost 2 0,503+0,064 0471 0528 0,536
1/3 vysky porost 1 - - - _
kmene  porost 2 0,440+£0,03 0414 0446 0464
bazalni ¢ast porost 1 0,550 + 0,049 0,542 0,563 0,549
: kmene  porost2 0,550 = 0,068 0513 0531 0,576
Lokalita 3
13 vysky porostl 0,481+ 0,047 0481 0,497 0,485
kmene  porost2 0,480 + 0,052 045 0491 0,513
bazalni ¢ast porost 1 0,536 + 0,069 0,511 0,549 0,57
kmene
Lokalita 4 porost2 0,533 +0,077 0521 0527 0,565
1/3 vy8ky porost 1 0,517 £ 0,056 0,491 0,492 0,583
kmene  porost2  0.515+0.112 0516 0504 0525

Tabulka 6 zobrazuje hodnoty rozlozeni pevnostnich charakteristik ve vertikalnim sméru
kmene. Z vysledkd je patrné, Zze ve vétSin€ piipadi bylo vysSich hodnot mechanickych
vlastnosti dfeva v bazalni ¢asti kmene u porostii obnovenych clonnym zptsobem. Tak jako u
hustoty dfeva bylo zjisténo, Ze srostouci vySkou kmene dochazi k poklesu hodnot

mechanickych vlastnosti.
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Tabulka 6: VIiv péstebnich opati‘eni na rozloZeni mechanickych vlastnosti v kmeni

Razova Dynamicky
Pevnost houzevnatost ~ Staticky modul modul Pevnost
v tlaku + sd +sd pruznosti +sd  pruZnosti =sd v ohybu =+ sd
bazal porost 1 493+5,8 44+13 9814 £2133 11471 £ 3021 75,5+9,8
Lokalita 1 porost 2 44,6 + 11,1 4,1+1,6 10040 + 2704 12224 + 3854 78,5+ 13,4
middle  POTost! ] ) ) ] ]
porost 2 489+ 7.8 32+10 9926 + 1949 13103 + 2403 75,2+ 8,9
bazal porost 1 432 +17,1 40+14 9490 + 2192 10563 + 3057 72,9+9,9
Lokalita 2 porost 2 47,0+ 8,8 36+1,5 9346 + 2447 11844 + 3271 73,0+ 12,7
middle  POrost? ] ) ) ] -
porost 2 41,6 £42 2,6+0,8 8233 £ 1859 10746 + 1810 64,7 +8,9
bazal porost 1 50,2 +6,7 33+1,2 10088 +2023 13825+ 2743 83,8+ 13,3
Lokalita 3 porost 2 50,8 +9,9 34+2,0 9854 + 2699 14901 + 2294 80,0 +21,7
middle porost 1 46,5+ 5,9 32+1,6 10744 + 2651 11406 + 1743 76,8 £ 13,9
porost 2 452+ 8.4 29+1,7 11029 + 2962 12880 + 1476 75,3+16,7
bazal porost 1 36,1 +8,2 3,7+1,8 9157 + 2329 14173 £ 6147 81,3+ 19,0
Lokalita 4 porost 2 35,1 +8,3 36+1,7 8818 + 2356 9710 + 4648 79,1 +£17,5
middle porost 1 34,3+£9,2 34+24 8822 + 2014 10151 + 3471 774+ 14,6
porost 2 30,6 + 6,5 3,1+£1,6 8020 + 1803 13166 £ 6218 72,3 +14,3

5.1 Seznam piiloh

Ptiloha 1: Influence of site conditions and silvicultural practice on the wood density of Scots
pine (Pinus sylvestris L.) — a case study from the Doksy locality, Czech Republic
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Abstract

Schonfelder O., Zeidler A., Bortavka V., Bilek L. (2017): Influence of site conditions and silvicultural practice
on the wood density of Scots pine (Pinus sylvestris L.) — a case study from the Doksy locality, Czech Republic.
J. For. Sci., 63: 457-462.

After spruce, the Scots pine (Pinus sylvestris Linnaeus) is the second most important commercial coniferous tree
species in the Czech Republic. However, we are finding out that awareness of the variability of properties, and pos-
sibilities to affect them, are noticeably small for this type of tree species in our conditions. The goal of this study is
to primarily evaluate the importance of site conditions, silvicultural measures and other factors for the density of
Scots pine wood in the Doksy locality in the Czech Republic. The Doksy locality is represented by three forest stands
with different silvicultural history. Samples were taken from each stand, the basal and central parts of which were
subsequently processed for test samples with dimensions of 20 x 20 x 30 mm. Wood density at 12% moisture content
was ascertained in the test samples. The highest density value of 0.541 g-cm™ was reached in a stand that is regener-
ated using the shelterwood method with long regeneration period, and the lowest density value of 0.488 g-cm ™~ was
recorded in a stand that was regenerated using the clear-cutting method. From a forestry perspective, it can be further
stated that the wood density of Scots pine is also affected by the site conditions and position of samples in the trunk.

Keywords: shelterwood regeneration; clearcut; forest site; softwoods; physical properties; variability

After Norway spruce (Picea abies (Linnaeus) H.
Karsten), the Scots pine (Pinus sylvestris Linnaeus)
is the second most important commercial conifer-
ous tree species in the Czech Republic. With the
increasing biotic and abiotic damage to spruce for-
ests, the importance of the pine will be increasing;
however, we are finding out that we know very little
about the properties of this tree species in the con-
ditions of Central Europe. In terms of forest man-
agement, the pine currently covers 16.6% of the to-

tal area, whilst its natural representation in the tree
species composition of the forest was 3.4%. The
recommended representation of the pine in forest
stands is in fact higher than the current state (Min-
istry of Agriculture of the Czech Republic 2016).
Forest owners and managers who want to acquire
maximum profits from their forests need to under-
stand not only the essence of growth and regenera-
tion of forest stands, but also they must have the in-
formation about the quality of their wood (Jozsa,
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MIDDLETON 1994). The quality of wood is a subjec-
tive concept to a certain extent, and it must always
be understood in the relevant context (MAcDON-
ALD et al. 2010). We usually understand it from the
perspective of properties that are beneficial for the
final use of wood.

Wood is a heterogeneous material and exhibits
high variability of properties. The variability of pine
properties can be observed between individual
localities and trees, and even within a single tree
(Tomczax et al. 2007; Kask 2015). Through the
tree genotype, wood properties are largely influ-
enced by altitude, climatic factors, by the surround-
ing environment and by silvicultural measures
(Tsoumis 1991; PELTOLA et al. 2007; JELONEK et
al. 2008, 2012; ToMmczAK et al. 2013; ROSZYK et al.
2016). The variability of wood properties within a
trunk is crucial for the final processing of wood.

The main indicator of wood quality is density,
which largely affects other physical, and of course
strength characteristics of wood (KOLLMANN
1951; AuUTy et al. 2014). It generally applies that the
strength of wood increases with increasing density
(KimMBERLEY et al. 2015). Wood density decreases
with the increasing height of the tree, and it in-
creases in the horizontal direction from the pith
to the periphery of the trunk (PozGaj et al. 1997).
One of the causes of variability of wood properties
in the horizontal direction is juvenile wood. Juvenile
wood is generally defined as the wood zone in the
middle of the trunk which takes up approximately 5
to 20 tree rings. In this zone, rapid and progressive
changes occur in the structure of the wood, and it
therefore has different properties compared to ma-
ture wood (KRETSCHMANN et al. 1993). Another de-
termining criterion that influences properties in the
horizontal direction is the width of the tree ring. In
pine wood, it is assumed that with increasing ring
width, the proportion of late wood decreases, and
consequently its density also decreases (Kask 2015).

The aim of this study was to assess the impact of
silvicultural measures and site conditions on the
wood density value of Scots pine from the Doksy

Table 1. Average values of sample trees from selected
stands

Doksy Forest  Silvicultural DBH Tree
region  site type* practice (mm)  height (m)
Stand 1 0K shelterwood 169 13.0
Stand 2 0K clear-cutting 187 18.1
Stand 3 2K clear-cutting 204 21.6

*group of forest site types according to the Czech typological
system (VIEWEGH et al. 2003)
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region in the Czech Republic. The variability of
density in the horizontal and vertical position of
the trunk was also analysed. The influence of the
tree ring width on wood density was also evaluated.

METHODS

The research was conducted in the Doksy study lo-
cality, of which the natural occurrence of Scots pine
in the Czech Republic is typical. Extraction took
place in three forest stands that are characteristic of
the Doksy region and represent different silvicultural
practices or site conditions (Table 1). Forest stands
are owned by the Municipal Forests of the town of
Doksy and are located in the Natural Forest Region
PLO 18 (Severoceské piskovcova plosina and Cesky
rdj), where average precipitation is 550 mm, the aver-
age temperature is between 7 and 8°C, according to
the data from the nearest meteorological station, and
the altitude reaches up to 450 m a.s.l. Seven sample
trees were selected from each stand, from which test
material was made. An important criterion for the
selection of sample trees was the representation of
characteristic individuals of the relevant stand, their
vitality and absence of growth irregularities and de-
fects. Stand 1 is characterized by the advanced under-
storey of pine that grows in the shade of parent trees.
Sampled trees represent these individuals growing
under the canopy of parent stand tended by regen-
eration fellings. Stands 2 and 3 were established on a
clear-cut area, i.e. sampled trees have grown without
the shelter of parent trees in a single-layered even-
aged stand since the very beginning.

A total of 21 sample trees were felled in winter
to assess wood density from the Doksy locality. To
assess the vertical variability of wood density, two
logs were cut out from individual sample trees in
the direction from the base to the crown. A basal log
was always cut out from the breast-height diameter
area (in the middle of the section), and the central
log was cut out at 1/3 of the height of the trunk only
if the trunk had a diameter greater than 15 cm. The
length of each section was 150 cm. In stand 1 the
trunk did not have the required dimensions, and
therefore the central log was not cut. A disc was cut
out from each log so that a tree ring analysis could
be carried out. In order to assess the variability in
the horizontal plane of the trunk, a central plank
was cut out from each log whose width allowed for
test materials to be produced. The timber prepared
in this way was interleaved and stored in a covered
space with free air flow. When the wood moisture
content dropped below 15%, the individual planks
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were cut lengthwise in the direction from the pith
toward the cambium making laths of 20 x 20 mm
in cross-section (Fig. 1). The material prepared in
this way served as a basis for the preparation of test
specimens. After final modifications, the test speci-
mens had dimensions of 20 x 20 x 30 mm for physi-
cal tests. The examined physical property was the
basic variable, i.e. density at 12% moisture content.
The test specimens were stabilized in a condition-
ing chamber at 12% equilibrium moisture content
in the environment with an air temperature of 20 +
2°C and relative humidity of 65 + 5%. A total of
1,636 specimens were tested for density. The qual-
ity of all the samples complied with the standard
CSN 49 0101 and they were free of irregular growth
defects and compression wood.

The standard CSN 49 0108 was used to evalu-
ate density. Density was evaluated at 12% moisture
content (p,,) according to Eq. 1:

ml‘y 3
p, =—=(gem ™ 1
2=y (gem*) (1)
where:
m,, — mass of the specimens at 12% moisture content (g),

V.

1 — volume of the specimens at 12% moisture content

(cm?3).

We used an A3 Epson GT-15000 scanner (Epson,
Japan) and resolution of 800 dpi to scan the disk
for tree ring width analysis. The NIS-Elements AR
Image Analysis Software (Version 4.11, 2014) was
employed to measure the width of tree rings.

To assess the statistical significance of individ-
ual impacts, the multifactor ANOVA tests (Fisher
F-test) and Duncan’s multiple comparison tests
were used. The level of significance o = 0.05% was
used for all statistical analyses. The evaluated fac-
tors were vertical position (along the height of the
trunk), horizontal position (distance from the pith),
and silvicultural measures and site conditions. Sta-
tistical analyses were carried out using the STATIS-
TICA program (Version 13, 2016).

Bark

Bl <

20

Fig. 1. Tree sampling and the test sample description
(dimensions in mm)
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Table 2. Descriptive statistics — comparison of density in
individual stands

Stand 1 Stand 2 Stand 3
S 0.541 0.529 0.488
(g-cm™)
Median
(g-cm™3) 0.534 0.528 0.477
Coefficient
of variation (%) 7.9 109 171
Sfindani L 0.0428 0.0581 0.0836
deviation (g-cm™3)
Number 342 556 738
of specimens

RESULTS AND DISCUSSION

A difference in density on different sites (forest
type groups OK and 2K) was observed between
stands 2 and 3, which were regenerated on a clear-
cut area. The descriptive statistics of individual
stands are shown in Table 2. Table 2 shows that the
average value of pine wood density at 12% mois-
ture content reaches 0.529 g-cm™ for stand 2, and
0.488 g-cm~2 for stand 3. An analysis of variance of
the examined stands revealed that the wood density
of Scots pine differs significantly, P < 0.05 (Fig. 2).
Stand 2 shows higher density values than those in-
dicated by many authors (LExA et al. 1952; PoZGAJ
et al. 1997; WAGENFUHR 2002; FELLNER 2007).
Conversely, the wood density of stand 3 is compa-
rable with literature (NOvAK 1970; SIMUNKOVA,
KucCEerOVA 2000), but the variability of density is
high. JELONEK et al. (2005), ToMcZAK and JELONEK
(2013), and HAuTAMAKI et al. (2014) reported dif-

0.56

047

1 2 3
Forest stand

Fig. 2. Impact of site and silvicultural practice on wood
density
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Fig. 3. Impact of the horizontal (a), vertical (b) position on the wood density of individual stands

ferent results of pine density in various sites. This
phenomenon was confirmed by Tsoumis (1991),
who stated that site conditions may significantly af-
fect density.

The monitored differences in density depending
on silvicultural measures were observed between
stand 1 and stand 2. These stands are found in the
same site conditions (forest type group 0K), and
it is therefore possible to monitor differences in
properties caused by different regeneration meth-
ods used. A statistically significant difference (P <
0.05) in density values was confirmed between the
investigated stands. Higher average density values
of 0.541 g-cm~ were obtained in stand 1, which
is regenerated using the shelterwood method,
and conversely, lower values of 0.529 g-cm™ were
shown in stand 3, which was regenerated using the
clear-cutting method. Low values of wood density
for planted pines were also reported for example by
ERrikSsON et al. (2006) and MEDERSKI et al. (2015).

The density variability in the horizontal direction
is shown in Fig. 3a and Table 3 with the average
density values in individual sections. The density
variability in the horizontal direction for stands
2 and 3 demonstrated a clear trend of increasing
the value in the direction from the pith to the bark,
similarly to what was stated by NicHoLLs and
BrownN (1973), FrRITTS et al. (1991), and IvkovI¢E
et al. (2013). A statistically significant difference

Table 3. Mean density variability within a trunk

(P < 0.05) was demonstrated between these stands
in individual positions. Sample trees from stand 1
grew in the shade. For this reason they show low
annual increments at the early stages of growth.
After the regeneration felling in 2008, there was a
sudden significant increase in the thickness of the
tree ring of the understorey individuals. This trend
was described by ERIKSSON et al. (2006).

In order to assess the variability of wood prop-
erties, it is necessary to take into consideration in
which part of the trunk the wood is located. It is
evident from Fig. 3b and Table 3 that wood density
in the basal part of the tree shows higher density
values than those in the middle part. A statistically
significant difference (P < 0.05) was found between
individual sections. No significant difference in
density (P = 0.066) was found between stands 1 and
2 at the base part. Stand 3 indicates a lower density
value in all sections than the other stands. Higher
density values in the basal part of the trunk were
described for example by Tsoumis (1991), PoZGAj
et al. (1997), REroLA (2006), and RiEsco MuNoOz
et al. (2008).

The tree ring analysis is shown in Fig. 4. It is evi-
dent from the image that stands 2 and 3 have the
widest tree rings in the part closest to the pith.
With increasing distance from the pith, the width
of the tree rings shows a decreasing tendency un-
til it essentially stabilizes (TomMczAK et al. 2007).

Density variability (g-cm3)

vertical horizontal
basal section middle section 1%t position 27 position 3 position
Stand 1 0.541 - 0.535 0.548 0.528
Stand 2 0.551 0.495 0.497 0.542 0.602
Stand 3 0.511 0.458 0.435 0.495 0.569
460 J. FOR. SCI,, 63, 2017 (10): 457-462
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Fig. 4. Tree ring analysis of the basal section

Stand 1 indicates a completely opposite trend. This
trend largely copies the horizontal course of densi-
ty, wherein the density decreases with the increas-
ing width of the tree rings, similarly to what was
stated by MORLING (2002) or Ivkovic€ et al. (2013),
as mentioned earlier.

Table 4 shows a comparison of our results with
those of the authors who investigated the density
of Scots pine wood in the region of Central Europe.
In most cases, the investigated pine wood density
from the Doksy region shows higher density values
when compared to these authors.

CONCLUSIONS

The aim of this study was to primarily evaluate the
impact of silvicultural measures and site conditions
on the wood density of Scots pine from the Doksy
region in the Czech Republic. In most cases, the in-
vestigated pine wood density from the Doksy region
reaches higher density values when compared to the
results of other authors (LExA et al. 1952; NOVAK
1970; WAGENFUHR 2002), who investigated the den-
sity of Scots pine in neighbouring territories. Given
the fact that wood density significantly affects the
mechanical properties of wood, it can be presumed
that pine, which grows on natural pine sites in the
study locality, achieves high wood qualities for final
use. Forest site was proven to be a significant factor
that affected wood density. Silvicultural practice was
also proven to have an impact on wood density; the
shelterwood method with long regeneration period

indicates a more even distribution of density along
the radius of the trunk. With regard to the final pro-
cessing of wood, it is necessary to take into consider-
ation which part of the tree the wood comes from —
wood with greater density is found more in the basal
part of the tree than in the middle part. Pine wood
plays an important role in the wood processing in-
dustry in the Czech Republic, and it will be increas-
ing in the Czech Republic the more it is planted.
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Ptiloha 2: Shrinkage of Scots pine wood as an effect of different tree growth rates, a
comparison of regeneration methods

47



JOURNAL OF FOREST SCIENCE, 64, 2018 (6): 271-278
https://doi.org/10.17221/23/2018-JFS

Shrinkage of Scots pine wood as an effect of different tree
growth rates, a comparison of regeneration methods

OnDEEf SCHONFELDER!, ALES ZEIDLER* ViastimiL BORUVKAL Lux4§ BILEK?,
MARTIN LEXA'

!Department of Wood Processing, Faculty of Forestry and Wood Sciences,
Czech University of Life Sciences Prague, Prague, Czech Republic

2Department of Silviculture, Faculty of Forestry and Wood Sciences,
Czech University of Life Sciences Prague, Prague, Czech Republic

*Corresponding author: zeidler@fld.czu.cz

Abstract

Schonfelder O., Zeidler A., Bortvka V., Bilek L., Lexa M. (2018): Shrinkage of Scots pine wood as an effect of
different tree growth rates, a comparison of regeneration methods. J. For. Sci., 64: 271-278.

The Scots pine (Pinus sylvestris Linnaeus) is one of the most important commercial tree species in Central Europe,
yet we know very little about the variability of its wood properties. The aim of this study is to primarily analyse the
impact of different tree growth rates and site characteristics on the shrinkage of Scots pine wood. The investigated
forest stands are located at two sites of the Czech Republic that are characteristic for Scots pine silviculture. At each
site, sample trees were selected from two stands representing two variants of the silvicultural treatment, i.e. a clear-
cutting and shelterwood system with long regeneration period. Wood shrinkage in radial and tangential directions
and volumetric shrinkage were determined in accordance with Czech standards. Lower values of shrinkage were found
out in forest stands regenerated by the shelterwood method. The wood in the central part of the trunk shows lower
shrinkage values than in the basal part in both stands. The unambiguous effect of the horizontal position in the trunk
stem was demonstrated in forest stands regenerated by the clear-cutting method, whilst stands regenerated by the
shelterwood method showed a more even distribution of shrinkage along the trunk width. Furthermore, it was found
that the shrinkage of the Scots pine has a medium dependence on wood density.

Keywords: Pinus sylvestris L.; wood physical properties; dimensional changes; management system; stand structure

The Scots pine (Pinus sylvestris Linnaeus) is the
second most important coniferous tree species in
the Czech Republic. The annual production volume
of this species is about 1.4 million m3, and its wood
has a wide range of uses with application primar-
ily in the construction industry for carpentry. The
high resin content is limiting for cabinetmaking
work. Scots pine wood is also used for the produc-
tion of plywood, sleepers, poles and hop pillars,
mining struts, packaging, wood pulp, fibre, and in

the paper industry (FELLNER et al. 2007; Czech Sta-
tistical Office 2017). Despite the high utilization of
pine in the Czech Republic, awareness of the qual-
ity of its wood and the factors that affect it is rela-
tively small.

In assessing the wood quality, in addition to den-
sity, shrinkage is primarily one of the basic physical
properties. These dimensional changes, associated
with wood moisture fluctuations constitute impor-
tant information for the wood-processing industry;
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they fundamentally affect the processing and use
of individual types of wood, and even the proper-
ties of wood products (ZeipLER 2013). The range
of shrinkage differs for the three basic directions,
namely the longitudinal, radial and tangential di-
rections. Wood without growth defects shrinks
most in the tangential direction and least in the
longitudinal direction (Tsoumis 1991; PoZGAJ et
al. 1997; PanG 2002). Extensive studies have shown
that there are several primary factors that affect
wood shrinkage. These include, in particular, wood
density, wood position in the stem along the width
and height, content of the extractives, the differ-
ence between heartwood and sapwood, tree-ring
width, and thereby also the related proportion of
late wood and the difference between juvenile and
mature wood (Gryc, HOLAN 2004; RAISKILA et
al. 2006). External factors affecting the resulting
physical properties include climatic changes, alti-
tude, site conditions and silvicultural treatments
(MAcDONALD, HUBERT 2002; LizINIEwWICZ 2014).
An important factor, already mentioned above, is
the site. ZoBEL and vAN BuryTENEN (1989) iden-
tified the habitat as one of the factors that relates
to wood properties that is most difficult to identify
because it is a criterion of soil and climate quality,
collectively referred to as the quality (value) of site
(WoRRELL, MALcoLM 1990). In addition to direct
growth effects, the soil moisture regime is one of
the factors of tree stability that is influenced by the
used silvicultural method (MAcDONALD, HUBERT
2002). In the Czech Republic, pine stands are most
often regenerated artificially. Many studies attri-
bute the tree spacing as having the greatest impact
on the resulting wood quality. The faster growth
of pine trees with greater spacing results in higher
production of wood mass in a stand, but also in
larger tree-ring width and higher amount of knots
(HAAPANEN, POYKKO 1993). The effect of fast tree
growth, reflected in tree-ring width and higher
share of early wood composed of thin-walled cells,

adversely affects the wood density and consequent-
ly the resulting wood properties. In the Scots pine,
large spacing as a result of artificial regeneration
leads to lower wood quality compared to naturally
regenerated stands (HAAPANEN, POYKKO 1993).
Even less information about wood quality is avail-
able for highly structured stands managed accord-
ing to the principles of close-to-nature silviculture
(VACEK et al. 2016).

Silviculture and wood quality are understood as
separate stand-alone issues in the Czech Repub-
lic. Abroad, however, the situation is quite differ-
ent. The issue of assessing the influence of silvicul-
tural treatment and site on wood properties is still
a current topic in Europe, even in countries with
advanced forestry such as Germany, Poland or Fin-
land (Beck 2000; PELTOLA et al. 2007; JELONEK
et al. 2008). The aim of this work is to determine
the shrinkage of Scots pine wood from forest
stands with different silvicultural treatments from
the locations characterised by pine silviculture in
the Czech Republic, to evaluate the variability of
shrinkage depending on the horizontal and verti-
cal position in the stem, and to assess the extent to
which it is influenced by wood density.

METHODS

The research was carried out at the Doksy and
Chvojno sample sites, both of which are character-
ized by an important representation of Scots pine
(Pinus sylvestris L.) in cultural stands. The harvest
took place in stands that are typical of these sites
with regard to site conditions, and they represent
different silvicultural practices (Table 1). The forest
stands in the Doksy site are owned by the Doksy
Municipal Forests and are located in Natural Forest
Area PLO 18 — Severoceskd piskovcové ploina and
Cesky r4j (North Bohemian Sandstone Plateau and
Bohemian Paradise), where the average rainfall is

Table 1. Average sample values from the selected forest stands

Region Forest stand 1 Forest stand 2
forest site type 0K 0K
silvicultural treatment shelterwood clear-cutting
Doksy
DBH (mm) 169 187
tree height (m) 13.0 18.1
forest site type 21 21
. silvicultural treatment shelterwood clear-cutting
Chvojno
DBH (mm) 205 224
tree height (m) 15:2 21.7

OK — (Querceto-Fagi-) Pinetum acidophilum, 21 — Fageto-Quercetum illimerosum acidophilum (PLivA 1971)
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550 mm, the average temperature is between 7 and
8°C and the altitude is 450 m a.s.l. The forest stands
from the Chvojno site are owned by Lesy Ceské re-
publiky, s. p. (Forests of the Czech Republic) and
are located in Natural Forest Area PLO 17 — Po-
labi (Labe River basin), where the average annual
precipitation is 680 mm, the average temperature is
around 8°C and the altitude is 362 m a.s.L

Forest stand 1 is characterized by a two-aged
two-storeyed structure. Sample trees represent
individuals growing under the canopy of parent
trees. Forest stand 2 was established after a clear-
cut, thus sample trees are represented by individu-
als growing in an even-aged single-storeyed stand
without the suppression of parent trees. Seven
sample trees were selected from each stand from
which the test material was made. An important
criterion for sample selection was the representa-
tion of characteristic individuals for the relevant
stand, their vitality and the absence of growth ir-
regularities and defects.

A total of 28 sample trees were selected, which
were felled during the winter period to minimise
injuries on forest stands, in order to assess the wood
shrinkage from both sites. To evaluate the vertical
variability of the assessed properties, two sections
were taken from each tree in the direction from the
base to the crown. The section length was 1.5 m,
and the diameter of the section was not smaller
than 150 mm. The basal section was taken from the
area of the DBH, and the central section was taken
at 1/3 of the tree height (Fig. 1). The trees raised
under the shelter on the Doksy site did not reach
the required dimensions in the 1/3 trunk length
and were not therefore taken from the crown re-
gion. A disk for tree-ring analysis was taken from
each section. From the individual sections, central
planks of approximately 4 cm in thickness were cut
out using a band saw. The lumber thus prepared
was placed in a sheltered space with free access to
the air. The purpose of this operation was to reduce
wood moisture to a value that allows for the pro-
duction of test specimens. The central planks were
further longitudinally cut into 20 x 20 mm prisms

Bark

@ min. 150 mm .

1,500 mm
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with marking of the direction from the pith to the
cambium. The prepared material served as the
basis for the preparation of 20 x 20 x 30 mm test
specimens. This production process enabled moni-
toring of the variability of wood properties across
the radii of the trunk, i.e. in the horizontal direc-
tion (Fig. 1).

The examined physical properties included oven-
dry density, i.e. the density in an absolute dry state,
as well as shrinkage in tangential direction, radial
direction and volumetric shrinkage. In total, 2,216
specimens were tested for density at 0% moisture
content (MC), and simultaneously for shrinkage.
The quality of all the samples complied with the
standard CSN 49 0101 and did not contain any ir-
regularities or growth defects and compression
wood.

The standard CSN 49 0108 was used to assess the
density. The density at 0% MC (p,) was evaluated
according to Eq. 1:

Po = % (gom™)
where:
m, — mass of the specimen at 0% MC (g),

V, — volume of the specimen at 0% MC {cm3),

(1)

Wood shrinkage in individual directions () was
ascertained in accordance with the standard CSN
49 0128 and Eq. 2 was used:

B

where:

=2 % 1100 (%) (2)
a

W

a - dimension of the specimen in a certain direction
{mm),

i - index indicating a certain direction,

w, — initial MC of the specimens (%),

w, — final MC of the specimens (%).

Instead of dimensional changes at a given MC,
volume changes in the specimens were analogously
used for volumetric shrinkage. Drying at 103 + 2°C
resulted in the absolute dry state of the examined
specimens. The test specimens were soaked in dis-
tilled water to achieve the fibre saturation point.

20mm

)

5
S

&

7
)

20mm

Fig. 1. Tree sampling and preparation
of the test specimens

273



(a) 145

14.0 }j

£ 135 J
()
D
«
Z 13.0 I
s
w
2125
°
5
S 120
> % Doksy
L & Chvojno
11.5
11.0
Clear-cutting Shelterwood

Silvicultural practice

(b) 0.520

0.5156 i

0.510

ol
o
=]
(5]

0.500

0.495

Density (g-cm™)

0.490

0.485

0.480

0.475

Clear-cutting Shelterwood

Silvicultural practice
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Multifactor ANOVA tests (Fisher’s F-test) and
Duncan’s multiple range tests were used to evaluate
the statistical significance of individual effects. The
significance level a = 0.05% was used for all statisti-
cal analyses. The evaluated factors were the vertical
position (along the trunk height), horizontal posi-
tion (position from the pith to the bark), silvicul-
tural treatment and site. A linear regression model
was used to assess the effect of density on shrink-
age. Statistical analyses were carried out using the
STATISTICA program (Version 12, 2013).

RESULTS AND DISCUSSION

The Doksy site shows a statistically significant dif-
ference between the examined wood characteristics
due to the silvicultural measures; for the Chvojno
site the significant influence of the measures on the
properties of pine wood was not proved. Fig. 2 il-
lustrates the effect of the management method on
density and wood volumetric shrinkage, whose
trend corresponds to radial and tangential shrink-
age. At the Doksy site, in the stand regenerated
by the shelterwood method, the density reached a
value of 0.489 g.cm™3, shrinkage in tangential direc-
tion 7.2%, in radial direction 4.9% and volumetric
shrinkage 12%. On the contrary, the wood of the
forest stand regenerated by the clear-cutting meth-

Table 2. Comparison of results obtained by foreign authors

od showed different shrinkage and density values,
i.e. shrinkage in tangential direction 8.0%, in radial
direction 5.1% and volumetric shrinkage 13.1%. The
wood density in this stand reached 0.506 g-cm™3. At
the Chvojno site, the wood of the stand regenerated
by the shelterwood method had a shrinkage value
of 7.8% in tangential direction, in radial direction
5.3%, volumetric shrinkage 13.4% and the density
of 0.500 g-cm-3, The wood from the stand regener-
ated by the clear-cutting method showed shrinkage
8.0% in tangential direction, in radial direction 5.7
and 13.9% volumetric shrinkage. The wood density
reached a value of 0.508 g-cm=3,

Table 2 shows the comparison of the observed
values with literature. It can be seen from the table
that the shrinkage in radial direction, reported by
AwoYEMI (2003), was surprisingly high — only 20%
lower than the tangential shrinkage, while Tsou-
mis (1991), PoZzgaj et al. (1997), DINWOODIE
(2000), and WAGENFUHR (2002) found out lower
shrinkage values in radial direction. In tangential
direction, Tsoumis (1991), PozGAj et al. (1997),
Dinwoobie (2000), and WAGENFUHR (2002)
specified higher shrinkage values. Lower values of
volumetric shrinkage and shrinkage in tangential
direction than those reported by Tsoumis (1991)
were found in the stand regenerated by the shel-
terwood method at the Doksy site, while the re-
maining two stands managed by the clear-cutting

AwovEMI DINwOODIE PoZGAjetal WAGENFUHR Tsoumis FArsI et al.
(2003) (2000) (1997) (2002) (1991) (2013)
Density (g-cm™3) - 0.513 0.407 0.490 0.490 0.457
volumetric - - - 11.2-12.4 12.5 10.7
Shrinkage (%) radial 6.01 3 4.1 3.3-4.5 4 -
tangential 7.53 4.5 8.3 7.5-8.7 7.7 -
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method showed higher shrinkage values. Lower
values of tangential shrinkage than those speci-
fied by WAGENFUHR (2002) were determined for
such regenerated stands. The remaining two stands
managed by the clear-cutting method fall within
the tangential shrinkage interval. The stand regen-
erated by the shelterwood method at the Doksy site
reached the same values of volumetric shrinkage as
Tsoumis (1991) and WAGENFUHR (2002) reported.
However, Farsi et al. (2013) found out lower volu-
metric shrinkage than that ascertained in all the
investigated stands. Tsoumis (1991) and WAGEN-
FUHR (2002) reported a medium density value of
0.490 g-cm-3 at 0% moisture content, and the same
values were reached for the stands regenerated by
the shelterwood method at the Doksy site. The re-
maining stands showed higher values. A lower den-
sity value was found out by PoZGAJ et al. (1997) and
FARsI et al. (2013). But higher wood density values
than those ascertained in the investigated stands
were observed by DINwOODIE (2000).

From the results obtained, it can be stated that
higher values of shrinkage and density were found
out in the stands regenerated by the clear-cutting
method. The higher shrinkage values in each di-
rection for these stands can be explained by the
higher wood density. The positive relationship be-
tween density and shrinkage is shown in Fig. 3. The
influence of density on wood shrinkage was found
by SHMULSKY and JoNEs (2011) and Fawrsi et al
(2013). The dependence of density on shrinkage was
shown to be medium in all the stands (Fig. 3), whilst
a low and medium dependence was also found by
Kougaa et al. (1998). The influence of the site on
wood shrinkage and density was ascertained at the
Doksy and Chvojno sites. The two sites in Doksy
and Chvojno show different values of density and
shrinkage. The Chvojno site reached higher shrink-

J. FOR. SCI., 64, 2018 (6): 271-278

age and density values than the values found at the
Doksy site. Different shrinkage and density values
at different sites were demonstrated by TomczAK
and JELONEK (2013), HAuTAMAKI et al. (2014) and
Woob et al. (2016).

Fig. 4 indicates the distribution of shrinkage and
wood density in horizontal direction in the stem

a u
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Fig. 4. Effect of the horizontal position on volumetric

shrinkage — Doksy (a), Chvojno (b) and density — Doksy
{c), Chvojno (d)

1 — position close to the pith, 4 — position close to the bark
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according to the applied silvicultural treatment
and site. In the shelterwood method, density and
shrinkage are evenly distributed over the width
of the trunk. A slight decrease in wood density in
the shelterwood method is caused by an increase
in the tree-ring width after shelterwood felling in
the parent stand (Fig. 5). The impact of increasing
tree-ring width on shrinkage and wood density was
described by SkELE et al. (2002). The stands regen-
erated by the clear-cutting method indicate a grow-
ing tendency from the pith to the cambium, and
there is a significant difference between the differ-
ent sections compared to the shelterwood method.
The trend of increasing density and shrinkage from
the pith to the bark due to reduced light and growth
conditions in the growing stand was described by
many authors (KoLLMAN 1951; KRAHMER 1986;
Tsoumis 1991; KouBAA et al. 1998; MOTTONEN,
LuoSTARINEN 2006; KORD et al. 2010; Ivkovi€ et
al. 2013).

In order to assess the variability of the wood prop-
erties, it is necessary to consider in which part of the
trunk the wood is located. The influence of the sil-

vicultural treatment on wood shrinkage and density
in the basal and central part of the trunk is shown
in Table 3. It can be seen from the table that wood
shrinkage in the basal part of the tree indicates high-
er shrinkage values for the stands regenerated by
the clear-cutting method. With regard to the shel-
terwood method, at the Chvojno site, the influence
of the vertical position in the stem on shrinkage was
not found, and it could not be shown on the Doksy
site due to small stem diameters and missing sam-
ples. The obtained results indicate a uniform distri-
bution of wood shrinkage along the trunk height of
this stand, but the wood density was affected by the
vertical position in the stem. The clear-cutting res-
toration method shows a completely different trend.
Higher density and shrinkage values were observed
in the basal part of the trunk. Higher density and
shrinkage values were also found in the basal part of
the trunk by other authors (REPOLA 2006; MuNOZ
et al. 2008; FArsI et al. 2013).

Fig. 5 indicates the pattern of tree-ring widths from
the investigated sites. It is clear that stands regener-
ated by the shelterwood method show a lower tree-
ring width at the early stage of growth. After shel-
terwood felling, the tree-ring width increases from
the pith to the bark and then the width decreases
again. A similar trend was described by ERikssoN
et al. (2006). Stands regenerated by the clear-cutting
regeneration method show the opposite trend. The
tree-ring width gradually decreases from the pith
to the cambium until it becomes almost constant.
The same results were also obtained by NICHOLLS
and BRowN (1974) and ToMczAK et al. (2007). The
tree-ring width trend explains the pattern of wood
density of the investigated stands, wherein samples
with a small tree-ring width have higher wood den-
sity. Wood density subsequently decreases with the
gradual increase in the tree ring width.

Table 3. Influence of the vertical position on shrinkage (%) and density {g-cm™3) in stands at the Doksy and Chvojno sites

Basal section Middle section
shelterwood clear-cutting shelterwood clear-cutting
Doksy
radial 49+ 1.39 51+1.02 - 50+ 0.64
Shrinkage + SD tangential 7.2+1.52 8 + 1.66 - 8.1+140
volumetric 12+ 2.15 13.1 £+ 1.89 - 13.0 £ 1.52
Density + SD 0.489 + 0.04 0.506 + 0.05 - 0.456 + 0.04
Chvojno
radial 5.3+ 1.38 57+1.82 52+ 1.44 50+ 175
Shrinkage + SD tangential 7.8+ 1.56 8+1.96 7.5 £ 1.69 7.0+ 1.79
volumetric 134+ 223 13.9 + 2.88 13.0+2.12 12.5 + 2.85
Density + SD 0.500 + 0.05 0.508 + 0.07 0.434 £ 0.05 0.436 + 0.05

SD - standard deviation
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CONCLUSIONS

This paper evaluates selected properties of Scots
pine (Pinus sylvestris L.) wood as a result of the sil-
vicultural treatment at the Doksy and Chvojno sites
in the Czech Republic. The Chvojno site has higher
values of shrinkage and density compared to the
Doksy site. The effect of silvicultural treatment was
assessed in stands which were regenerated by the
shelterwood and clear-cutting methods. The stands
regenerated by the shelterwood method showed
lower shrinkage and density values than the stands
regenerated by the clear-cutting method. The clear-
cutting method indicates a clear trend of shrink-
age along the cross-section of the trunk, showing
increasing shrinkage values from the pith to the
cambium due to decreasing light and growth con-
ditions, resulting probably in a higher latewood
share. From the point of view of practice, the dif-
ferences in both density and shrinkage values are
negligible depending on the treatment. Much more
significant is the fact that the shelterwood method
indicates a uniform distribution of shrinkage and
density along the radii of the trunk. The even dis-
tribution of wood shrinkage along the trunk height
was also demonstrated for these stands. From a
qualitative point of view, the position in the trunk
the wood comes from is not therefore essential for
the final wood processing in the case of shelter-
wood method.
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ABSTRACT

This study deals with the influence of the silvicultural measures on selected mechanical
properties of Scots pine (Pinus sylvestris L.) wood in the Czech Republic. Sample trees were
selected at two different localities that are characteristic of Scots pine growth, and they represent
two different Scots pine regeneration methods, namely the clear-cutting and shelterwood
regeneration method. We tested compressive strength and impact bending strength. The density
of the wood was also evaluated as a factor influencing strength characteristics. The shelterwood
regeneration method shows higher values in most of the investigated characteristics (49.3 MPa for
the shelterwood method and 44.6 MPa for the clear-cutting method in the case of compressive
strength); however, these differences are not significant for the processing industry. Another
positive effect of the shelterwood regeneration method is the even distribution of the properties
within the trunk in radial direction in contrast to clear-cutting method.

KEYWORDS: Scots pine, silviculture, wood, mechanical properties, variability.

INTRODUCTION

The Scots pine (Pinus sylvestris L.) is the most wide spread and one of the most economically
important evergreen trees in Europe (Kask 2015). Currently, the regeneration of new stands
by planting seedlings is the most widespread method of growing Scots pine (Agestam et al.
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1998). However, due to favourable environmental impacts, there is a growing interest in natural
regeneration of stands. This method of regeneration of Scots pine stands is widely applied in
the Scandinavian countries, but in Central Europe it is a marginal regeneration method (Bilek
et al. 2018). Very little attention is paid to the influence of silvicultural practices on the quality of
wood, in particular on the properties of wood, which are important from the perspective of the
processing industry (Eriksson et al. 2006).

One of the criterions determining the use of wood in industry are the mechanical properties
of wood. In particular, strength characteristics are closely related to wood density and are closely
related to each other (Zeidler et al. 2015). Differences in mechanical properties can be found
between individual trees of the same species as well as within a single tree, both in the radial
(from the pith to the bark) (Horacek et al. 2017). The variability of properties in the trunk in the
radial direction has been confirmed by many authors (Hautamiki et al. 2014, Kask 2015, Jelonek
et al. 2008, Raiskila et al. 2006a). Generally, for conifers, it applies that the wood properties
increase with increasing distance from the pith (Fernandes et al. 2017, Ivkovi¢ et al. 2013,
Nicholls and Brown 1973, Repola 2006). Factors contributing to this radial variability include,
in particular, the annual ring width and the presence of juvenile wood in the trunk (Zeidler and
Sedivka 2015, Zobel and Van Buitenen 1989). The presence of juvenile wood is cited as one of the
main causes of horizontal variability, in particular in coniferous trees (MacDonald and Hubert
2002, Kretschmann et al. 1998). Juvenile wood is a zone in the middle of the trunk occupied
by approximately 5 to 20 annual rings (Kretschmann et al. 1998). It shows a different structure
(fiber length, fibril orientation in the cell wall) and chemical composition (Horaéek et al. 2017)
compared to mature wood. Another cause of the variability of wood properties in the radial
direction is the thickness of the annual ring and the associated proportion of late wood (Pozgaj
et al. 1997, Kolmann 1951). Generally, for softwoods, it applies that with increasing annual
ring thickness, the resulting wood properties are decreasing. The variability of properties in the
trunk is primarily due to the relationship between the wood density and its strength (Horacek
et al. 2017). The variability of wood properties between trees is around 5 - 20% and is much
smaller than the variability of characteristics in the trunk. The variability between individual
trees is mainly due to genetic properties, while variability within the trunk is caused by different
trunk thickness and the number of annual rings (Horacek et al. 2017).

The aim of this work is to assess the impact of the application of the shelterwood regeneration
method and clear-cutting regeneration method on selected physical and mechanical characteristics
of Scots pine wood from the Czech Republic. The evaluation criteria determining the impact of
the regeneration method were wood density, impact bending strength and compressive strength
of wood. The variability of these wood properties in the trunk in the horizontal plane was also
analysed. The influence of density on the strength characteristics was also evaluated.

MATERIAL AND METHODS

Materials

Sampling was carried out in two different localities, which are representative of the growth
of Scots pine in the Czech Republic (Fig. 1). At each locality, two stands were selected that
represent different habitats and different regeneration methods (Tab. 1).
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Fig.1: Location of study areas in the Czech Republic.

Tab. 1: Stand and site characteristics.

. Regeneration Tree height DBH Forest site
Locality
method (m) (mm) type”
1 Shelterwood 13.0 169 0K
Doksy Clear-cutting 18.1 187 0K
2 Shelterwood 15.2, 205 21
Chvojno Clear-cutting 217 224 21

DBH - diameter at the breast height
* set of forest types according to the Czech typological system (Viewegh et al. 2003)

A total of 7 sample trees were taken from each stand. A total of 28 sample trees were taken
from which the test material was made. An important criterion for the selection of samplers
was the representation of characteristic individuals for a given stand, and the absence of growth
irregularities and defects.

Methods

A 120 cm long section from the trunk base region was taken from each sample trees. Along
with the sections, discs were cut off at the collection point so that annual ring analyses could
be carried out. The sections were taken from the forest stands for subsequent cutting on a band
saw, and the planks were stored and left to dry naturally. The subject of further processing was
a central plank that allows for the evaluation of the distribution of properties over the trunk
diameter, which was subsequently used for the production of test specimens. The test material was
used for the production of test specimens for physical and mechanical tests. The test specimens
for the physical tests were 20 x 20 x 30 mm (radial x tangential x axial). The physical property
examined was density. The wood compressive strength was determined on the same specimens as
the wood density and specimens for impact bending strength had dimensions of 20 x 20 x 300 mm
(radial x tangential x axial). The test specimens in the air-conditioning chamber are air-
conditioned to an equilibrium moisture of 12%, in conditions with an air temperature of 20°C
(+ 2°C) and a relative moisture content of 65% (+ 5°C). All of the samples comply with quality
standard CSN 49 0101 and do not have irregularities, growth defects or pressure wood.

Standard CSN 49 0108 was used to evaluate wood density. The number of test samples for
wood density was 1268. The density (p) was determined according to the following Eq. 1:

P=r (gem) @

where:  m - the weight of the specimen (g),
V - the volume of the specimen (cm?3).
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Compressive strength was determined by means of universal testing machine Tira 2850
(Tira GmbH, Schalkau, Germany). Compressive strquth (o) was evaluated on 733 specimens.
The test was determined in accordance with standard CSN 49 0110.

= —— (MPa) 2
ab
where:  F- the maximum load force (N),
aand 4 - the cross-sectional dimensions of the specimen (mm).

Another investigated characteristic is impact bending strength. Charpy’s hammer (CULS,
Prague, Czech Republic) was used for this determination. The hammer impact direction was
tangential. The number of test samples used for impact bending strength was 536. Impact
bending strength (A) was determined in accordance with standard CSN 49 0117.

Q
e ; -2
A=—= (Jem?) ®)
where: Q- the consumed power to break the specimen (J),

a and & - the cross-sectional dimensions of the specimen (cm).

Multi-factor ANOVA tests (Fisher’s F-test) and Duncan’s multiple comparison tests were
used to evaluate the statistical significance of each factor. The significance level of o = 0.05 was
used for all statistical analyses. The evaluated factors were the regeneration method and locality.
The impact of the horizontal position in trunk was also evaluated.

A linear regression model was used to assess the effect of density on strength characteristics.

Statistical analyses were performed using program STATISTICA 14 (Statsoft Inc., USA).

RESULTS AND DISCUSSION

The impact of silvicultural measures on the strength characteristics of wood was investigated
between the stands where the shelterwood and clear-cutting regeneration methods were applied.
Both regeneration methods were applied in stands that are close to each other at the same
forest locality type and can therefore be compared to each other. Wood density, impact bending
strength and compressive strength reached higher values in all of the renewed localities in
stands regenerated using the shelter wood method (Figs. 2 and 3, Tab. 5). Although all of the
examined characteristics are higher for the shelter wood regeneration method, this difference
is completely irrelevant from a processing point of view. Statistically significant differences
caused by silvicultural measures were only found in compressive strength at both localities
(P<0.05). For wood density and impact bending strength, the statistically significant effect of
silvicultural measures on the properties of wood did not occur (P>0.05), see Tab. 2 - 4. Many
studies have reported that the natural regeneration of pine stands or stands with a small planting
span is necessary for the production of wood with high wood mass quality (Agestam et al. 1998,
Herman 1962, Ek6 and Agestam 1994, Auty and Achim 2008). Zobel and van Buijtenen (1989)
conducted a study in which they worked with Scots pine spacing of 0.75x0.75 m to 3.00 x 3.00 m.
They found that trees with a higher planting span had reduced wood density. Furthermore, an
increased proportion of juvenile wood was recorded in sparsely planted pines. Persson (1975)
found the same results in Norway spruce as Zobel and van Buijtenen (1989) found in Scots pine.
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Agestam et al. (1998) states that the greater spacing of planted trees leads to lower quality of
produced wood compared to naturally renewed stands.

0,560
¥ Locality 1
0,555 N Lg:l:tz 2
0550 3 IE
E 0,545
2 |
"gb 0,540 |
8 8
0,535 |
0,530 -
0,525
Shelterwood Clear-cutting
Fig. 2: Impact of regeneration method on wood density.
Tab. 2: Duncan’s multiple range test for density.
MS = 0.00367 | [ 8 L1 L2 L2
DF = 1264 S € S C
1 | S
| B (& 0.335
L2 S 0.687 0.209
2 (& 0.108 0.444 0.053
* Values are significant at p < 0.05. Error: Between MS = mean squares,
DF = degrees of freedom. L = Locality, S = Shelterwood, C = Clear-cutting.
53 55
52 - 5 Locality 1
5 51 T £ 50 "o Locality 2
s %0 s
49 545 —
Es , I 5
2 p g °
% 47 7 40
54 5
§ 45 — 835
£ 44 _o_ Locality 1 B T
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42 - I
# . 250 i — e
Shelterwood Clear-cutting Shelterwood Clear-cutting
(@) (b)

Fig. 3: Impact of regeneration method on compressive strength (a) and impact bending strength (b).

Tab. 3: Duncan’s mu/tip/e range test for compressive strengz‘/,v.

MS = 5,531,000 L1 L1 L2 L2
DF =729 S (@ S (&
I1 S
L1 @ 0.000*
L2 S 0.544 0.000*
L2 @ 0.138 0.008* 0.047*

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom.

L = Locality, S = Shelterwood, C = Clear-cutting.
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Tab. 4: Duncan’s multiple range test for impact bending strengtb.

MS = 5,531,000 L1 L1 L2 L2
DF =532 S C S €
L1 S
L1 @ 0.295
L2 S 0.000* 0.000*
L2 C 0.000* 0.000* 0.317

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom.

L = Locality, S = Shelterwood, C = Clear-cutting.

Tab. 5: Descriptive statistics—comparison of the regeneration method on the investigated properties.

Sit p . Shelterwood Clear-cutting
e e Mean + SD| Min | Max. |Mean+SD| Min. | Max.
0.548 + 0.542 +
Density (gcm™3) * | 0438 | 0.699 422 | o371 | 0.658
0.043 0.052
Liociliiy/1] | OmpIsasie 493:57 | 35 68 |44.6+11.1| 26 72
strength (MPa)
Impact bending
44:13 | 19 76 | 41:16 | 1 8.3
strength (J-em™2)
0.550 =+ 0.537 +
Density (g-cm-3 0.449 | 0.741 0381 | 0.701
ensity (g.em”) 0.052 0.070
Localitga | COTPIEIER 500+ 6.4 | 35 63 | 47.6+78 | 28 64
strength (MPa)
Impact bending
33:12 | 06 71 | 30217 | 07 | 69
strength (J-em)

In terms of processing and final use of wood, it is necessary to be aware of the distribution
of wood properties over the trunk cross-section, i.e. from the trunk pith to the cambium
(Fig. 4 and 5). Itis very evident that stands regenerated via the clear-cutting regeneration method
show the lowest strength value in the juvenile wood zone, and the density and strength of the
wood grows towards the trunk perimeter. This trend is described by many authors (Ivkovi¢
etal. 2013, Nicholls and Brown 1973 and Fritts et al. 1991). In contrast, stands regenerated via the
shelterwood method show higher values of the investigated properties in the centre of the trunk
compared to the clear-cutting method. As mentioned above, Zobel and van Buijtenen (1989) have
found an increasing proportion of juvenile wood in the trunk with increasing spacing between
growing trees, thus explaining the higher values of properties in the centre of the trunk for stands
regenerated via the shelterwood method. Furthermore, stands regenerated via the shelterwood
method at both localities show a uniform distribution of properties along stem radius, regardless
of the position in the trunk.
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Fig. 4: Impact of regeneration method on the density distribution in the trunk in the radial direction.
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Fig. 5: Impact of regeneration method on the distribution of compressive strength (a) and impact bending
strength (b) in the trunk in the radial direction.

The different method of distributing properties in the horizontal direction is due to the
effect of the applied methods on the course of widths of annual rings in this direction. Fig. 5
clearly shows that stands regeneration via the clear-cutting renewal method at all localities have
the widest annual rings in the area closest to the pith. With increasing distance from the pith,
the width of the annual rings is presented by a downward trend. In contrast, stands regenerated

via the shelterwood method show low annual growth in the centre of the trunk, and after the
release of the maternal stand, the annual ring width suddenly increases. The course of annual
rings widths of individual stands is very much related to the resulting properties, which are in
strong correlation to each other (Kask 2015, Raiskila et al. 2006b) and, to some extent, explain

the horizontal course of strength characteristics.
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Fig. 6: Layout of annual ring width depending on the applied method.
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Since wood density is seen as one of the most important indicators of wood quality, it is
important to be aware of the relationship between mechanical properties and wood density.
The strongest correlation was found in impact bending strength for stands regeneration via the
clear-cutting method (R = 0.70) at Locality 1 and is shown in Fig. 7. The stand regenerated via
the shelter wood regeneration method shows the highest correlation in compressive strength

(R =0.68) at Locality 2 (Tab. 6).

(oA T T S S I S A N Sl
o~ Locality 1 °
"'g 2 Clear-cutting
=7 4 =
s o i
b o, -
@5 T i
g . o8 ‘,‘;’C,-;ﬂ .; s
c 4 o 9 o °
% 3 = q;'é‘of'vo o ¢
g st A al o G
Bl L= 7 [y=-10.0338 +25.0891°x;
i P r=070;r =049

1
045 048 051 054 057 080 063 066 069
Density {g.cm™)

Fig. 7 Deperzdence of compressive strength on a’emity.

Tab. 6: Dependeme of strengtb characteristics on wood density.

Site Forest stand Property Equation R

Shelterwood Compressive- strength y = 17.9446 + 57.792*3*x 0.43

Locality 1 Impact bending strength y = 2.1885+3.9928"x 0.13

% al o Compressive strength y=-8.4779 + 100.8647"x | 0.48

ear-cuttin

cuHTe Impact bending strength y =-10.0338 + 25.0891"x | 0.70

Shelterwood Comprcssivc' strength y =1.3905 + 89.8576:x 0.68

Locality 2 Impact bending strength y =-0.0277 + 5.8747*x 0.26

X | Compressive strength y=-0.505 + 92.8486"x | 0.68
Clear-cutting = =

Impact bending strength y=-3.4923 + 11.855"x 0.53

The average density and strength characteristics are shown in Tab. 7. By comparing these
results with literature, we can state that in the majority of cases, slightly lower mean compressive
strength values were achieved than those specified in certain literature. Locality 1 shows impact
bending strength values comparable to literature. On the other hand, somewhat lower impact
bending strength values were achieved at locality 2. With regard to density, the results obtained
oscillate around the mean value that it indicates (Novik 1970).

Tab. 7: Comparison of Scots pine wood values to literature.

Density | Compressive Impact bending

(gem3) |strength (MPa) strength (J-cm2)
fealfiyd Shelterwood 0.548 49.3 4.4
This Clear-cutting 0.542 44.6 4.1
study . Shelterwood 0.550 50.0 3.3

Locality 2 -

Clear-cutting 0.537 47.6 3.0
Wagenfiihr (2002) 0.510 55.0 4.0
Novak (1970) 0.540 55.0 4.0
Pozgaj et al. (1997) - 49.9 4.6
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CONCLUSIONS

1. Thesignificant impact of the shelterwood method regeneration was reflected in the uniform
distribution of properties over the trunk radius, regardless of position. Compared to the
clear-cutting method, which produces wood with significant trunk width variability, the
wood produced via the shelterwood method is quite homogeneous.

2. A statistically significant difference was only found in the case of compressive strength. The
difference in wood density and impact bending strength was not significantly confirmed at
any of the investigated localities. The slight differences found in the mechanical properties
are almost negligible and insignificant in terms of practical application.

3. The dependence of strength characteristics on density was found in most cases to be higher
in compressive strength, regardless of the type of stand regeneration. The highest value,
R = 0.7, was found at the stand regenerated via the clear-cutting method at Locality 1. From
these results it can be stated that density can be used to predict the strength properties of
wood.

4. The density values are comparable to the density values found in the Czech Republic.
Compressive strength achieves somewhat lower values than those specified in literature. As
these are young stands, it can be assumed that with increasing age, strength characteristics
will increase as well.
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ABSTRACT

This study deals with the variability of wood density, compression strength and the impact
bending strength within the trunk of Scots pine (Pinus sylvestris L.). The impact of the site on
the examined properties was also evaluated. The tree samplers come from four different sites that
are representative for Scots pine growth in the Czech Republic. From the samplers the sections
representing a basal part of the trunk and a middle part of the tree were cut. The most significant
influence of the site was confirmed for wood density; on the other hand, the influence of the site
is ambiguous in terms of the examined strength characteristics. A decrease in the wood properties
with increasing trunk height was proven for all tested properties. The highest impact of the
position was observed for wood density, while the results of vertical variability in mechanical
properties are not always significant (compression strength: basal 471 MPa and middle
45.8 MPa). A close correlation between mechanical properties and wood density was also proven.

KEYWORDS: Scots pine, wood, mechanical and physical properties, site, vertical variability.

INTRODUCTION

After the spruce, the Scots pine (Pinus sylvestris L.) represents our second most important
economic coniferous tree species, and its importance will grow with anticipated climate changes
(Bilek et al. 2018). The state forest policy is considering the idea of increasing the proportion of
Scots pine in forest stands according to Report on the State of Forest and Forestry in the Czech
Republic 2016.

However, there are very few studies on the quality of pine wood produced in the Czech
Republic. Wood quality is in the focus of both forest managers and the woodworking industry.
They must always be understood in the appropriate context, usually in terms of the properties
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that are important for the final processing and use of wood. Wood density is a physical property
that is widely used to evaluate the resulting wood quality (Tsoumis 1991, Pozgaj et al. 1997). The
reason for using wood density as a quality indicator is that it largely influences other physical,
and especially mechanical properties of wood (Kollmann 1951). It is generally supposed that the
strength of the wood increases with increasing density (Hautamiki et al. 2014).

When evaluating the variability within a tree, it can be seen that a certain characteristic of
wood follows a certain trend. The variability depends on the vertical position inside the trunk
and the distance from the center of the trunk (Horicek et al. 2017, Zeidler and Sedivka 2015,
Zobel and Van Buitenen, 1989). The vertical variability of wood properties in softwoods has
been evaluated by many authors (Pozgaj et al. 1997, Munoz 2008, Repola 2006). Factors that
contribute to the vertical variability mainly include the width of the annual rings, the structure of
the wood and the different proportion of juvenile wood in the trunk (Zeidler and Sedivka 2015,
Zobel and Van Buitenen 1989).

The site is another of the significant factors affecting wood quality. Zobel and van Buijtenen
(1989) state that the site is one of the worst determinable factors relating to wood properties, as it
is a measure of soil and climate quality, which is collectively referred to as the quality of the site.
In some studies, the effect of temperature and wind is referred to as the site indicator (Worrell and
Malcolm 1990). The differences in growth rates caused by climate change will lead to differences
in wood quality due to the known relationship between growth rate and wood properties. In
addition to the direct effects on tree growth, the soil moisture regime is one of the factors of tree
stability. These factors interact with each other and have a significant impact on wood quality
(Macdonald and Hubert 2002). In general, trees growing in places with high altitude usually
produce less dense wood and have shorter tracheids than pine trees growing in low altitude areas.
This trend has been confirmed by many studies (Zobel and van Buijtenen 1989, Kollman, 1951,
Macdonald and Hubert 2002, Tsoumis 1991). Hautamiki et al. (2014) investigated the impact of
a site on Scots pine trees from Finland and Russia, and he found a significant difference between
these sites in wood density. The significant impact of site conditions on Scots pine wood density is
also confirmed by Jelonek et al. (2005) or Tomczak and Jelonek (2013). Zobel and van Buijtenen
(1989) state that the density of coniferous tree species has a growing tendency at poor and less
fertile sites.

The aim of this paper is to assess the influence of a site and the effect of vertical position in
the trunk on the physical and mechanical properties of Scots pine wood in the Czech Republic.
Namely, we tested wood density, impact bending strength and compression strength along fibres.
The influence of wood density on the studied strength characteristics was also evaluated. This
paper follows the previous study dealing with effect of regeneration methods on wood quality of
Scots pine wood.

MATERIAL AND METHODS

Materials

Samplers were collected in four different localities Natural Forest Areas (NFA), which are
characteristic for the growth of Scots pine in the Czech Republic, namely NFA 18 - Severoceska
piskovcovi plosina a Cesky rdj (North Bohemian Sandstone Plateau and Bohemian Paradise),
NFA 6 - Zipadoceskd pahorkatina (West Bohemian Hills), NFA 17 - Polabi and NFA 15b
- Jihoceskd panev (South Bohemian Basin), and part of Tfeboriskd pinev (Tiebon Basin)
(Fig. 1). At each locality, two stands were selected that represent a different site (Tab. 1). All of
the evaluated pine stands were regenerated using the clear-cutting method.
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Fig. 1: Location of study areas in the Czech Republic.

Tab. 1: Stand and locality characteristics.

Locality Stand Tree height (m) DBH (mm) Forest site type*
1 1 18.1 187 0K
(Doksy) 2 216 204 2K
2 1 17.1 180 40
(Plasy) 2 23.7 238 2K
3 1 21.7 224 2
(Chvojno) 2 17.4 213 2K
4 1 17.2 180 0K
(Haldmky) 2 17.3 209 3K

DBH - diameter at the breast height
* set of forest types according to the Czech typological system (Viewegh et al. 2003).

A total of 7 samplers were felled at each stand. A total of 56 sample trees were taken
for the preparation of test material. An important criterion for the selection of samplers was
the representation of characteristic individuals for a given stand and the absence of growth
irregularities and defects.

Methods

From each sampler, a 120 cm long section from the trunk base region was taken, followed by
a section representing the central trunk section. This operation allowed for the monitoring of the
vertical variability of the wood properties. The sections were removed from the forest stands for
subsequent cutting on a band saw, and the obtained planks were stored and left to dry naturally
until the moisture content drop under 20%. The central plank (Schonfelder et al. 2017) was
used for the production of the test specimens. The test material was used for the production of
test specimens for physical and mechanical tests. The test specimens for the physical tests were
20 x 20 x 30 mm (radial x tangential x axial). The wood density as a representative of physical
properties was tested. Wood compression strength along fibres was determined on identical
specimens as regards the wood density, and the impact strength specimens had dimensions
of 20 x 20 x 300 mm (radial x tangential x axial). The test specimens were air conditioned to
equilibrium moisture content of about 12% in an air conditioning chamber, in conditions with
an air temperature of 20°C (+ 2°C) and a relative air moisture content of 65% (+ 5°C). With their
quality, all of the samples met standard CSN 49 0101 (1980, Wood. General requirements for
physical and mechanical testing) and did not have irregularities, growth defects or compression
wood.
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Standard CSN 49 0108 (1993, Wood. Determination of the density) was used to evaluate the
wood density. We used in total 2435 test samples for the wood density evaluation. The density (p)
was determined according to the following formula:

m

p=- (g.cm™®) )

where:  m - the weight of the specimen (g),
V - the volume of the specimen (cm3).

Compression strength was determined by means of universal testing machine Tira 2850
(Tira GmbH, Schalkau, Germany). Compression strength (0) was evaluated on 2435 specimens.
The test was determined in accordance with standard CSN 49 0110 (1980, Wood. Compression
strength limits parallel to the grain).

c=— (MPa) @)

where:  F - the maximum load force (N),
a and & are the cross-sectional dimensions of the specimen (mm).

Another investigated characteristic was impact bending strength. Charpy’s hammer (CULS,
Prague, Czech Republic) was used for this determination. The hammer impact direction was
tangential. The number of test samples used for impact bending strength was 1117. Impact
bending strength (A) was determined in accordance with standard CSN 49 0117 (1980, Wood.

Impact strength in flexure).

Q

. . =
=L (- m? 6)
where: O - the consumed power to break the specimen (J),
a and 4 - the cross-sectional dimensions of the specimen (cm).

Multi-factor ANOVA tests (Fisher’s F-test) and Duncan’s multiple comparison tests were
used to evaluate the statistical significance of each factor. The significance level of & = 0.05 was
used for all statistical analyses. We used the locality as a factor influencing the physical and
mechanical properties. The impact of the vertical position in trunk was also evaluated. A linear
regression model was used to assess the effect of density on strength characteristics. Statistical
analyses were performed using program STATISTICA 14 (Statsoft Inc., USA).

RESULTS AND DISCUSSION

One of the most important parameters influencing the resulting wood quality is the site
(Zobel and van Buijtenen 1989). The impact of the locality was observed in both the basal part of
the trunk and at middle of the trunk height (Figs. 2 and 3 and Tabs. 2 and 3). The impact of the
stand on the wood density in the basal part of the trunk was significantly reflected at all of the
localities (P <0.05). In the central part of the trunk, the impact of the stand was not manifested
only at locality 3 (P> 0.05). The influence of the stand on the compression strength in the basal
part of the trunk was not manifested only at locality 1 (P> 0.05). The remaining localities show
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a statistically significant difference (P <0.05). On the other hand, in terms of impact bending
strength, the impact of the stand was confirmed only at locality 4. In the middle part of the
trunk, due to the stand, a statistically significant difference was found in compression strength
only at locality 3 and for impact bending strength at locality 2 and locality 4 (P <0.05). The other
localities do not show statistically significant differences. The results show that impact bending
strength is not as influenced by site conditions as compression strength. Different values of pine
wood density at different localities were achieved by Jelonek et al. (2005), Hautamiki et al. (2014)
and Tomczak and Jelonek (2013). In contrast, Zeidler et al. (2017) found no influence on impact
bending strength for the Norway spruce.
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Fig. 2: Impact of locality and vertical position in the trunk on wood density.

The design of the experiment also enabled comparison of the quality of wood from stands of
same set of forest types. This comparison of the quality of wood was monitored always at Stand
2 and yields relatively inconsistent results. Thus, it can be stated that stands growing on the same
set of forest types do not produce wood with the same properties. This means that there must be
another factor, probably the intensity of silvicultural measures, which can overshadow the effect
of the site.

Tab. 2: Descriptive statistics (mean * standard deviation) — impact of locality and vertical position in
the trunk on wood density.

Basal section Middle section
Density (g-em™) Density (g-em™)
Locality Stand 1 Stand 2 Stand 1 Stand 2
1 0.542+0.052 0.509+0.083 0.486+0.044 0.456+0.061
2 0.506+0.067 0.598+0.060 0.443+0.032 0.528+0.043
3 0.548+0.071 0.530+0.073 0.477+0.056 0.472+0.054
4 0.538+0.082 0.501+0.076 0.508+0.041 0.463+0.075

In terms of processing and final use of wood, it is necessary to be aware of the distribution
of wood properties in the trunk in the vertical direction, i.e. from the basal part of the trunk
to its top. Fig. 2 and 3 and Tab. 2 and 3 show that with increasing trunk height the strength
characteristics of the wood decrease. The wood with the highest guality (from a view of the
tested properties) is thus found in the basal part of the trunk. Wood density shows a clear trend
of decreasing values with increasing trunk height at all sites. Compression strength at stand 1
does not show any significant difference only at locality 1; at stand 2, there was no proven impact
of the vertical position on strength at locality 3 and locality 4. Impact bending strength at stand
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1 did not demonstrate a difference in strength at locality 3 and locality 4; stand 2 does not show
significant impact of trunk position at any of the investigated localities. A decrease in wood
quality with increasing trunk height has been observed by many authors (Ivkovi¢ et al. 2013,
Repola 2006). The reduction in wood properties values is associated primarily with the increasing
width of annual rings, and the different proportion of juvenile wood in the trunk compared to
the basal part of the trunk (Zeidler and Sedivka 2015). Fischer et al. (2016) found out that for
the Norway spruce, the wood density increases with trunk height at rich sites, but the effect is
the opposite at poor sites. Repola (2006) found a slight decrease in wood density up to half of the
trunk, followed by an increase in the upper half.

55 5.0
Stand F Stand 2 Stand 1 Stand 2
g $ < 45
Fsor g
= % £ 3 i 240
5 45 3 . + : £ i
B [ J g 1
5 4 % % % 3,5 Ll
@ 40 ] - -
2 230 ’ '
235 } z q 1
s Vertical position 25 —
g _¢_ basal 3 Vertical position [
-] T i o
S50 5 middle % £20 i basal
s ¥ middle
25 3 1.5
1 2 3 4 1 2 3 4 1 2 3 4 : | 3 4
Locality Locality

(a) (5)
Fig. 3: Impact of locality and wvertical position in the trunk on compression strength (a) and impact
bending strength (b).

Tub. 3: Descriptive statistics (mean * standard deviation) — comparison of the locality on the mechanical
properties.

Basal section Middle section

Compression strength Impact bending Compression strength Impact bending

(MPa) strength (J-cm™2) (MPa) strength (J-cm™2)
Locality | Stand1 | Stand2 | Stand1 | Stand2 | Stand1 | Stand2 | Stand1 | Stand2
1 471+9.8 | 45.8+13.0 | 4.1+1.6 | 3.84¢2.1 | 45.3+4.7 | 42.4+8.4 | 3.2+1.0 | 3.1+1.3
2 47.0+8.7 | 51.2+11.4 | 3.6x1.5 | 3.6+1.7 | 41.6+4.1 | 44.77.7 | 2.6+0.8 | 3.4¢1.1
3 50.7+9.8 | 43.9+10.9 [ 3.0+1.7 | 3.0£1.7 [ 45.2+8.3 | 41.2+79 | 2.9+1.7 | 2.6+19
4 35.128.3 | 29.327.3 | 3.6x1.7 | 2.8£1.5 | 30.6x6.4 | 27.6:5.2 | 3.1x1.6 | 2.4zx1.1

The correlation between wood density and mechanical properties was confirmed, and it
has been confirmed that with increasing wood density, the strength characteristics of wood also
increase. In most cases, a higher dependence on wood density was found for compression strength
(Tab. 4). Fig. 4 shows the model with the highest achieved correlation coefficient value (R=0.90)
between wood density and compression strength. Based on the results achieved, we can say that
wood density can be used as an indicator of wood strength characteristics.
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Fig. 4: Dependence of compression strength on density.

Tab. 4: Dependence of strength characteristics on wood density.

Site Forest stand Property Equation R
Stand 1 Compression strength y =-8.4779 + 100.8647"x 0.48
Locality 1 Impact bending strength | y=-10.0338 + 25.0891*x 0.70
Sl Compression strength y =-30.4369 + 152.911"x 0.90
Impact bending strength | y=-6.4456 + 19.6342* 0.85
Stand 1 Compression strength | y =-10.1386 + 116.6212"x 0.79
Locality 2 Impact bending strength | y=-3.0463 + 12.3417*x 0.48
Sl Compression strength | y =-12.5763 + 107.3926"x 0.61
Impact bending strength | y=-3.8574 + 11.9273"x 0.40
Stand 1 Compression strength y =-0.505 + 92.8486"x 0.67
Locality 3 Impact bending strength y—3.4923 + 11.855" 0.53
Sl Compression strength y=0.005 + 82.4892"x 0.58
Impact bending strength | y=-5.9275 + 16.0231"% 0.61
Standl Compression strength y = 23.9452 + 20.5234"x 0.23
Locality 4 Impact bending strength | y=-4.4271 + 15.1895% 0.63
Compression strength y=21.9925 + 12.444*x 0.48

st 2 Impact bending strength | y=-2.4105 + 10.3334"x 0.41

Tab. 5 shows the average values of the properties of each site, regardless of the position in
the trunk. The table shows that the ascertained wood density at some of the sites is comparable
to literature, while the remaining density values are lower. The strength characteristics are lower
than those stated by the authors. The lower values of the ascertained wood properties are due to
the low age of the examined trees, which is lower than the felling age of the pine. At a young
age, pines have a higher percentage of juvenile wood in the trunk, resulting in lower strength
characteristics values (Zobel and van Buitenen 1989). However, it can be assumed that both
strength characteristics and wood density will increase with increasing tree age.
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Tab. 5: Comparison of Scots pine wood values to literature.

Density Compression Ioog :;Z :e:}? e
(gem3) strength (MPa) (J_leiz)
Locality 1 Stand 1 0.514 46.2 3.7
Stand 2 0.483 441 3.5
, Stand 1 0.475 44.3 3.1
_ Locality 2 ™—q nd 2 0.563 48.0 3.5
This study
Lociity3 Stand 1 0.513 48.0 3.0
Stand 2 0.501 42.6 2.8
Locsiitya Stand 1 0.523 32.9 3.4
Stand 2 0.482 28.5 2.6
Wagenfiihr (2002) 0.510 55.0 4.0
Novik (1970) 0.540 55.0 4.0
Pozgaj et al. (1997) - 49.9 4.6

CONCLUSIONS

The impact of the vertical position in the trunk, where a decreasing trend with increasing
height was showed, was unequivocally confirmed for the wood density. Hence, the highest
density wood was found in the basal part of the trunk. The impact of the vertical position of the
wood in the trunk on strength characteristics is not as crucial.

The impact of the site conditions was significantly showed for the wood density, while on the
other hand, the influence of the site is not that crucial for the investigated strength characteristics.
Furthermore, it can be stated that stands growing on the same set of forest types do not produce
wood with identical properties.

The linear dependence of strength characteristics on the wood density was proven. In most
cases, higher correlation coefficients were found between the wood density and compression
strength. Based on the wood density values, wood strength characteristics so can be predicted to
great extent.
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Abstract

Key message Regeneration method effects within-stem variability of mechanical wood properties but has no impact
on overall quality of Scots pine logs.

Abstract In Central Europe, group shelterwood regeneration method relying on natural regeneration is generally considered
as an approach that meets the criteria of close-to-nature silviculture. We tested its effect on wood properties in contrast to the
clearcutting method with subsequent artificial regeneration by planting in the case of Scots pine (Pinus sylvestris L.). Four
localities were chosen in the Czech Republic, where both regeneration methods were applied. Sample trees were felled and
subsequently evaluated for the impact of the applied regeneration method on wood properties. Modulus of elasticity, bending
strength and wood density were used as indicators of wood quality. The impact of the regeneration method on the examined
characteristics of the wood was not statistically significant, 78 MPa (megapascal) for shelterwood and 75 MPa for clearcutting
method in the case of bending strength, and they are of negligible importance in terms of influencing end-product potential.
Much more significant was the impact of the applied regeneration method on the distribution of the properties along trunk
radius, where the shelterwood method provides even distribution. Non-destructive methods turned out to be useful tools for
elastic properties estimation of wood as the close correlation to modulus of elasticity was confirmed (r=0.66 and r=0.82
for shelterwood and clearcutting method, respectively).

Keywords Forest stand regeneration - Strength - Stiffness - Density - Variability

Introduction area. Due to climatic changes and the dying of forest stands

in the middle and lower altitudes, its importance will con-
Scots pine currently occupies more than 16% of the total  tinue to increase (Hlasny et al. 2011, 2014). At the same
area of forests in the Czech Republic and is the second most  time, in these forest habitats mostly endangered by drought,
important commercial tree species after Norway spruce it will be necessary to modify prevailing clearcutting regen-
(Picea abies (L..) H. Karst.) MACR 2020). In member coun-  eration method towards close-to-nature approaches (Brang
tries of the EU it covers around 20% of the whole forest et al. 2014; Bolte et al. 2009). Currently, small-scale close-
to-nature forest management is considered by numerous
authors to be a suitable measure for increasing the stabil-
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zeidler@fld.czu.cz changes (Churchill et al. 2013; Merlin et al. 2015; Spathelf
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individual aspects of forest management and wood process-
ing as separate disciplines, although the selected silvicul-
tural approach can significantly influence the mechanical
properties of wood and the final quality of the raw material
produced. In case of Scots pine and other species of coni-
fers, there is a negative correlation between the growth rate
of the tree and the quality related properties of the wood.
This partly explains generally lower quality of the wood in
stands originating from artificial regeneration, especially in
the case of lower initial plant densities (Agestam et al. 1998;
Jiang et al. 2007; Peltola et al. 2007; Ulvcrona and Ulve-
rona 2011; Vincent et al. 2011; Ivkovié et al. 2013; Pretzsch
et al. 2016). Naturally regenerated pine stands or artificially
regenerated stands with initial high densities provide wood
of high quality.

The shelterwood regeneration of Scots pine stands is cur-
rently mostly used in Fennoscandia (e.g., Marcos et al. 2007;
Ruuska et al. Axelsson et al. 2014). Ecological and environ-
mental benefits of shelterwood regeneration include main-
taining the protective function of the parent stand which low-
ers temperature extremes and prevent drying out of soil in
the summer months (Nilsson et al. 2002; Matias, Jump 2012)
and restricts the competition of ground vegetation (Paluch,
Bartkowicz 2004; Erefur et al. 2008). Moreover, trees being
established under the shelter of parent stand show lower
increment and higher share of latewood in the annual ring,
which correlates with the increasing wood density (Makinen
and Hynynen 2014). Beside this, higher wood quality is fur-
ther supported by formation of branches of lower diameter
with better natural pruning of stems (Auty and Achim 2008).
By understanding the influence of silvicultural measures
such as forest regeneration and thinning on the properties
of wood, it is possible to develop a silvicultural model for a
specific final wood quality for different localities (Morling
2002; Zobel and Buijtenen 1989). The quality of wood is
extremely important for the industry and subsequent utilisa-
tion of wood. This term may be perceived in different way
depending on the technology of processing and aplications.
For the industry, the qualitative parameters usually mean
the proportion of the heartwood, wood density, amount of
defects and especially mechanical properties (utilisation in
constructions), i.e. strength and stiffness (Kurjatko 2010).

The aim of this work was to provide information on the
impact of the group shelterwood and clearcut regeneration
method on wood properties of Scots pine. The clearcutting
method represents a regeneration of an even-aged stand in
which a new age class develops in a fully exposed micro-
climate after removal, in a single harvest operation, of all
trees in the previous stand, whereas in shelterwood method
anew age class develops beneath the moderated microenvi-
ronment provided by the residual trees (Adams et al. 1994).
Our primary hypothesis is that wood of pine regenerated
via the shelterwood method will reach higher values of the
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investigated properties compared to the clearcutting method.
The second hypothesis assumes that the properties of wood
will have a more even distribution along trunk radius in the
case of shelterwood method. Wood bending strength and
modulus of elasticity are used as wood quality parameters for
assessing the differences between the regeneration methods.
Radial within-stem variation of the tested properties, their
correlation to wood density and potential of non-destructive
methods to assess stiffness are part of the study.

Materials and methods
Materials

The research was conducted in four localities representing
typical areas of Scots pine silviculture in the Czech Repub-
lic. The research localities cover the area of western, north-
ern, sothern and eastern Bohemia (Fig. 1). Average annual
normal precipitation ranged from 550 mm (Plasy) to 770 mm
(Chvojno). In Trebon and Doksy Localities, the average
annual sum of precipitation amounts to 650-670 mm. The
average annual temperature is the lowest in Plasy (6-7 °C)
and the highest in Doksy (8-8.5 °C). Table 1 shows the basic
stand and habitat conditions for the given sites. In all cases,
these were areas in flat terrain and with a dominant presence
of Scots pine in forest stands.

Two stands were selected at each site, the first represent-
ing a clearcutting regeneration method and a second the
group shelterwood regeneration method. In the first case,
the stands were regenerated in blocks of a size of predomi-
nantly 0.2 ha to 1.0 ha. According to the minimal require-
ments for plantation densities in the Czech Republic (Act on
Forests No. 289/1995 Coll.; Regulation No. 139/2004 Coll.),
the initial plantation density of these stands was superior to

50" N

Fig. 1 Location of study areas in the Czech Republic



Trees

Table 1 Basic site and stand characteristics (stand summary characteristics according to management plan)

Locality Regeneration Cambial age* Height** (m) DBH*** (cm) GPS (WGS-84) Altitude Soil type****  Forest site type
method (ma.s.l)
1 Doksy clearcut 37 17 16 50°33'58.668"N, 270 Podzol Arenic  Pinetum acido-
14°40'17.575"E philum
Shelterwood 31 12 14 50°3420.084"N, 270 Podzol Arenic  Pinetum acido-
14°41'9.485"E philum
2 Plasy Clearcut 27 12 13 49°55'13.846"N, 530 Gleyic Podzol  Querceto-
13°14'42.748"E Abietum
oligotrophi-
cum
Shelterwood 25 11 12 49°55'35.827"N, 580 Gleyic Podzol  Querceto-
13°14'2.424"E Abietum
oligotrophi-
cum
3 Chvgjno Clearcut 40 21 22 50°321.354"N, 270 Cambisol Fageto-
16°8'52.095"E Arenic Quercetum
acidophilum
Shelterwood 34 10 12 50°3'18.602"N, 270 Cambisol Fageto-
16°8'59.047"E Arenic Quercetum
acidophilum
4 Trebon Clearcut 40 12 11 48°50'10.268"N 470 Podzol Arenic  Pinetum acido-
14°56'33.539"E philum
Shelterwood 32 11 10 48°50'13.280"N 470 Podzol Arenic  Pinetum acido-
14°56"22.976"E philum

*Based on number of annual rings in DBH
** Average height for Scots pine according to Forest management plan

*hk

TEEE

According toViewegh et al. (2012)

9,000 ind.ha™!, Before these stands reached the top height
of 15 m, usually two thinning treatments were carried out to
decrease the density to 3,500—4,000 ind.ha™!, From the very
beginning, the sample trees from clearcut regenerated stands
have been growing in an open area in a one-storey even-aged
stand. In the second case, regeneration appeared under the
shelter of the parent stand with a long regeneration period.
In these forest stands, a felling policy was carried out with
the objective to support natural regeneration and create a
complex forest structure. Here, abrupt cover releases were
strictly rejected. The ongoing regeneration period ranges
from 30 to 50 years (initial densities in the 0.25 m—4.0 m
height class ranged from 5,000 to 20,000 ind.ha™ 1). In all of
the shelterwood stands, the overstory is still present in dif-
ferent stages of final felling. The stands density range from
30 to 50% of full stocking and rotation period ranges from
100 to 150 years.

A total of 7 sample trees were selected from each stand,
representing the respective regeneration method, from which
the test material was made. An important criterion for select-
ing samples was the representation of characteristic indi-
viduals for the given stand, their vitality and the absence of
growth irregularities and defects.
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Average breast-height diameter for Scots pine according to Forest management plan

Methods

After cutting, a section for the preparation of mechanical
test specimens was taken from each of the sample trees. The
legth of the section was 150 cm and it was cut from the trunk
base (Fig. 2). Subsequently, a disc was also taken from each
section (at the height of 150 cm) for annual ring analyses
and for determining a density profile in the radial direction.
The sections were then cut into balk on a band saw. From
the balks, 20X 20 mm laths were cut, starting from the area
close to the pith and continuing to the bark. Such a sam-
pling method mades it possible to follow the distribution of
the examined properties along the trunk diameter (Fig. 2).
The lath was cut up to the clear wood test specimens for
mechanical properties. The length of the test specimens
was 300 mm and the cross section of the specimens was
20 x 20 mm. The test specimens for the density determina-
tion were cut up from the ends of the specimens for mechani-
cal tests. The length of the testing samples for density evalu-
ation was 30 mm and the cross section of the specimens was
20 x 20 mm. The test specimens were manufactured so that
each sample had clearly-defined radial and tangential area.
For more details see section position, lathes positions and
test specimen preparation in Fig. 2.
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1500 mm

Fig.2 Cutting diagram for test specimen preparation

To ascertain the quality of Scots pine wood, when using
the relevant regeneration method, the mechanical proper-
ties of the wood were evaluated, both via destructive and
non-destructive methods. Wood density was also evalu-
ated. Samples for mechanical and physical testing were
conditioned to 12% equilibrium moisture content under air
temperature conditions of 20 °C (+2 °C) and relative air
humidity of 65% (+5%). Dynamic modulus of elasticity was
determined on 432 specimens, static modulus of elasticity
on 509 specimens, and bending strength was determined on
509 specimens.

Mechanical properties testing

The dynamic modulus of elasticity was determined via
a non-destructive method using the following formula
(Moavenzadeh and Cahn 1990):
MOE,, =v*+ p[MPa). (1)
where MOE ., is dynamic modulus of elasticity [MPa],

v is the sound wave velocity [m.s™!, p is wood density
[kg.m™].

Measurements were made using a Fakopp Ultrasonic
Timer with a frequency range of 15 kHz to 300 kHz. In this
experiment, 45-kHz piezo-electric triangle shaped transduc-
ers for transmitting and receiving were used.

The static modulus of elasticity (MOE) was determined
destructively according to standard CSN 49 0116:

AF,, »12 ]
y L

MOE = ———
4ebehie A

2
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where F,,,, is the difference in load forces at 10% and 40% of
the total load [N], /, is the distance of support centres [mm],
b is the width of the test specimen [mm] (width of the radial
area), h is the height of the test specimen [mm] (width of the
tangential area), Ay is the difference in deflection (deforma-
tion) at 10% and 40% of the total load [N].

The static modulus of elasticity and bending strength
were determined on test machine Tira 2850 (Tira GmbH,
Schalkau, Germany) at a distance of supports 240 mm, i.e.
12 times the height of the test specimen.

The determination of bending strength (o) was in accord-

ance with standard CSN 49 0115:
3eF, 01,
= ————[MP,
0= e IMPal, 3)

where F,, . is the maximum load force [N], /, is the distance
of support centres [mm], b is the width of the test specimen
[mm] (width of the radial area), & is the height of the test
specimen [mm] (width of the tangential area).

Wood density evaluation

From physical characteristics, the wood density was deter-
mined. The specimen dimensions for density determination
were 20 X 200x 30 mm. Wood density p was determined in
accordance with CSN 49 0108:
m -3
=—|g.cm

p= 3 lgem™] )
where m is the weight of the specimen [g], V is the volume
of the specimen [cm'3].

Wood density was also determined via the densitometric
method, which serves to explain the radial trend of wood
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density distribution in the trunks of the tested trees. The
detailed results of these analyses are the subject of another
study (Schonfelder et al. 2020); in this paper, only illus-
trative images are used in the discussion to better under-
stand the impact of the regeneration method on the studied
variables.

Annual ring analysis

Discs were polished and scanned on an A3 desktop scanner
at a resolution of 800 DPI. Using the measurement function
in the NIS Elements AR 4.11 image analysis software (Lab-
oratory Imaging, Czech Republic), the annual ring width
was measured in millimetres.

Statistical analysis

To evaluate the impact of regeneration methods on the
tested properties, we used the analysis of variance—~ANOVA
(Fisher’s F—test) and Duncan’s multiple comparison tests
to evaluate the statistical significance of the individual fac-
tors. Two-way analysis of variance with fixed effects was
employed. The significance level ¢ =0.05 was the same
for all statistical analyses. The evaluated factors were the
regeneration method and the individual localities that were
used as a repetition to make the results conclusive irrespec-
tive a site. We also tested the effect of within-stem posi-
tion in radial direction. A linear regression model was used
to assess the effect of density on the bending strength and
elasticity characteristics. The linear regression model was
also used to assess relationship between static modulus of
elasticity and bending strength on dynamic modulus of elas-
ticity, which was determined in a non-destructive manner.
Statistical analyses were carried out using STATISTICA
13.2 (Statsoft Inc., USA).

Results
Dynamic modulus of elasticity

Higher values for the dynamic modulus of elasticity were
achieved at all localities for stands regenerated via the
clearcutting method (Table 2). Only location 3 showed
differences in the dynamic modulus of elasticity between
the two regeneration methods (Fig. 3). However, none of
the localities with a higher dynamic modulus of elasticity
value caused due to the regeneration method proved to be
statistically significant (P > 0,05), see Table 6 and Table 7.

Static modulus of elasticity
In all of the localities, the static modulus of elasticity
achieved higher values for the shelterwood method of

forest regeneration (Table 3). However, the difference
between the stands is virtually negligible in practical
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Fig.3 Impact of site and regeneration method on dynamic modulus
of elasticity (ANOVA results)

Table2 Dynamic modulus of
elasticity (in MPa) of individual

Locality Regeneration method Mean

Minimum Maximum Standard Coefficientof Number of

tocalities and regenestion deviation variation (%) specimens
method-Descriptive statistics 1 Shelterwood 11,471 6693 18,765 3021 26.3 55
Clearcutting 12,535 5626 22,737 3423 27.3 62
2 Shelterwood 10562 4672 17,927 3056 28.9 56
Clearcutting 11,611 6156 18,447 3009 259 64
3 Shelterwood 13,378 9199 19,410 2755 21.8 38
Clearcutting 14,688 10,839 17,651 2068 14.8 40
4 Shelterwood 11,049 4228 17,198 3960 35.6 39
Clearcutting 10,374 3825 22,309 4648 479 4
@ Springer
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Table 3 Static modulus of
elasticity (in MPa) of individual

Locality Regeneration method Mean

Minimum Maximum Standard Coefficientof Number of

sl = deviation variation (%) specimens
localities and regeneration
method-descriptive statistics 1 Shelterwood 9814 5391 13,773 2133 21.7 55
Clearcutting 9559 5014 13,315 2283 24.3 57
2 Shelterwood 9490 5709 14,125 2192 23.1 56
Clearcutting 9421 5011 15,665 2449 26.0 64
3 Shelterwood 10,150 4086 14,420 2113 20.8 46
Clearcutting 9854 4589 16,094 2594 279 93
4 Shelterwood 9156 4316 12,968 2328 254 67
Clearcutting 8818 3340 13,356 2356 26.7 71
11500 Bending strength
_$ Locality 1
& THIN ) tﬁ;’i[g 5 Although it seems that the bending strength reached higher
5: 10500 Locality 4 values in forest stands managed by shelterwood method in
B the all localities (Table 4), there was not any striking dif-
%f 10000 ference in the bending strength between applied methods
S in the case of the all localities (Fig. 5). The impact of the
1—::, 9300 regeneration methods on the tested property was again not
€ 9000 statistically significant, like in the case of the previous
'ﬁ properties (P >0.05), see Tables 10 and 11 .
@ 8500
s Shelterwood Clear-cutting Correlations between the tested properties

Silvicultural practice

Fig.4 Impact of site and regeneration method on modulus of elastic-
ity (ANOVA results)

terms. The stand regenerated via the shelterwood method
achieves higher values than stands regenerated via the
clearcutting method in all of the study localities (Fig. 4).
However, none of these higher elasticity values due to
regeneration method proved to be statistically significant
at any of the localities (P> 0.05), see Tables 8 and 9.

The dependence of strength and elasticity characteristics
of wood on wood density was investigated at all of the
localities. The bending strength of wood exhibits higher
correlation coefficient values than the static modulus of
elasticity. A close relationship between the strength prop-
erties and wood density was found (Fig. 6).

The dependence of the bending strength and static
modulus of elasticity on the dynamic modulus of elastic-
ity was also investigated. As with the dependence of these
characteristics on density, the dependency of the studied
characteristics on the dynamic modulus of elasticity was
higher for the shelterwood method (Fig. 7). On the basis
of the results, it can be stated that with increasing density

Table 4 .Begdi'ng strengt!n.(in Locality Regeneration method Mean Minimum Maximum Standard Coefficient of Number of
MP&) of lndlv.ldl.lal localities deviation variation (%) specimens
and regeneration method—
descriptive statistics 1 Shelterwood 75 44 94 10 129 55
Clearcutting 74 54 94 10 13.3 57
2 Shelterwood 73 52 91 10 13.5 56
Clearcutting 73 37 106 13 17.6 64
3 Shelterwood 84 49 108 13 15.7 46
Clearcutting 80 25 117 20 26.6 93
4 Shelterwood 81 33 112 19 234 67
Clearcutting 79 46 112 17 22.1 7
@ Springer
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Fig.5 Impact of site and regeneration method on bending strength
(ANOVA results)

and dynamic modulus, the bending strength of the wood
also increases. Although non-destructive testing methods
using sound wave velocity usually better describe material
characteristics than density, no significant difference was
found between the correlations of the tested properties to
density and to the dynamic modulus of elasticity.

Effect of position

The influence of the regeneration method on the course of
wood properties in the radial direction, from the centre of
the trunk to its circumference is shown in Fig. 8. It is clear
that the stands regenerated via the clearcutting method
show a clear trend of increasing density from the pith to

Clear-culting
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the cambium. Adversely, the shelterwood forest regenera-
tion method exhibits uniform distribution of wood proper-
ties across the trunk radius. A similar trend of distribution
of wood properties along the diameter of the trunk was also
found with the strength and elastic characteristics of the
examined wood.

Figure 9 shows the results of the annual ring analysis
from all samples and Fig. 10 shows an illustrative densito-
metric record for a better understanding of the distribution
of the investigated properties along the trunk diameter. It
is clear from both graphs that stands regenerated via the
shelterwood method achieve lower annual ring widths at an
early stage of growth. After shelterwood felling was carried
out, the annual ring width increases and then drops again.
Stands regenerated via the clearcutting method show a dif-
ferent course of annual ring thickness over the trunk width.
In such regenerated stands, there is a gradual reduction in
the annual ring thickness towards the cambium until it is
almost stable.

Discussion

In Nordic countries, where Scots pine plays the role of the
most important commercial tree species, regardless of the
applied regeneration method, in most cases a higher value of
strength and modulus of elasticity are reported (Aleinikovas
and Grigaliinas 2006; Kask 2015). Results similar to those
of the Nordic countries were described in the conditions of
Central Europe (Tsoumis 1991; Wagenfiihr 2000). In the
Czech Republic, Hassan et al. (2013) reported strength char-
acteristic values comparable to our measurements; however,
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Fig.6 Relationship between density and bending strength in relation to regeneration method in Locality 4 (a clearcutting method, b shelterwood

method)
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Fig. 7 Relationship between static modulus of elasticity and dynamic modulus of elasticity in relation to regeneration method in Locality 4 (a
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Fig.8 Impact of regeneration method on the distribution of wood
density in the radial position

Noviak (1970) and PoZgaj et al. (1993) achieved higher
values. The ascertained data (Table 5) fall into the inter-
val of values of dynamic modulus of elasticity specified by
Horacek et al. (2012). Lower strength characteristic values
than those specified in literature are caused by the low age
of the investigated trees, which is significantly lower than
the usual felling age of Scots pine in the Czech Republic. It
can be assumed that with increasing tree age, the strength
characteristics will also increase.

As a part of the experiment, aimed at an assessing the
effect of regeneration method, the influence of a localities on
wood properties was also investigated. Strength and elastic-
ity properties were the highest at the Locality 3 from this
point of view. Although a statistically significant difference
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Fig.9 Changes in ring width with the cambial age of the tree in rela-
tion to regeneration methods

was confirmed among the localities, from a practical point of
view, differences in strength values are negligible. A statisti-
cally significant influence of the site on wood properties was
found by Zobel and Buijtenen (1989), Jelonek et al. (2005),
Tomczak and Jelonek (2013) and Hautamiki et al. (2014).
The impact of the regeneration method did not appear
as a factor in most of the examined strength characteristics
that would significantly affect the properties of the wood.
However, even this difference is negligible for the final
processing of wood. Auty and Achim (2008) found that
increased tree competition due to dense natural regeneration
contributed to a slower growth rate. The indirect effect of
slower growth in naturally regenerated stands is the fact that
increased competition at the onset of tree growth leads to the
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Fig. 10 Densitometric record—

effect of regeneration method
on wood density (shelterwood
method top, clearcutting method
bottom)
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Table 5 Comparison of the

results of Scots pine with ?gf::f MOE (MPa) = MOE(MPa)  Density (kg.m ™)
various authors (MPa)
Shelterwood—this study 78 9652 11,755 523
Clearcutting—this study 75 9233 12,224 517
Novik (1970) 100 12,000 520
Tsoumis (1991) 98 11,760 530
Wagenfiihr (2000) 80 12,000 510
PoZgaj et al. (1993) 100.1 10,620
Kask (2015) 97-100 10,900
Aleinikovas and Grigalitnas (2006) 78-98 572-586
Hassan et al. (2013) 74 9015 11,805 453.4
Horéek et al. (2012) 7141-13,000

creation of a smaller heartwood on the trunk, Morling and
Valinger (1999) report that the number of annual rings in
heartwood is almost fixed, but the percentage representation
of heartwood in the trunk is due to the growth of the tree at a
young age. The slower growth of stands regenerated via the
shelterwood method results in homogenous distribution of
wood properties along the trunk width. For the final process-
ing of wood, it is thus not as important to know from which
part of the trunk the wood comes. Stands regenerated natu-
rally are characterised by higher values of the investigated

89

properties near the pith. This trend can be explained by the
small annual ring width in the trunk centre. However, after
partial overstory removal, the annual ring width starts to
increase, which is reflected in the decrease of wood proper-
ties. The decrease in the examined strength characteristics
of wood due to the increasing annual ring width is described
by Mérling and Valinger (1999) and Gryc et al. (2011). The
stands regenerated via the shelterwood method in Locality 2
do not show such an obvious even distribution of the proper-
ties compared to naturally regenerated stands. This trend was
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caused by the early shelterwood felling, where the growth of
the stand increased because of increased amount of radia-
tion. The difference in the resulting strength characteristics
between the stands with different regeneration method was
low, and it is, therefore, questionable whether such small
differences in property values have a significant effect on
the final processing of wood.

The clearcutting forest regeneration method shows a com-
pletely different trend compared to group shelterwood regenera-
tion method. The wood with the lowest values of properties is
located in the centre of the trunk, and in the direction from the
pith, the examined properties of the wood increase. The annual
ring width trend explains to some extent the course of the prop-
erties of the stands regenerated in this manner. The influence
of the annual ring width on wood properties was described by
Kollmann (1951) or Tsoumis (1991). Barnett and Jeronimidis
(2003) state that increased wood growth rate leads to a higher
proportion of juvenile wood, which negatively affects the prop-
erties of the wood in the centre of the trunk (Auty et al. 2016;
Macdonald and Hubert 2002; Moore et al. 2017).

The results of regression dependencies point to a high cor-
relation of strength and elasticity characteristics in the dynamic
modulus of elasticity. The strong relationship (»=0.74) between
the dynamic module and bending strength is confirmed, for
example, by HoraCek et al. (2012). Based on this information,
the resulting wood properties values can be predicted without
the use of destructive tests. The influence of wood density on
the bending strength of wood was less pronounced compared
to the dynamic elasticity module. Wood density may not reveal
hidden wood defects, but acoustic methods are much more
reliable for predicting the resulting properties. Similar results
from the use of acoustic methods were also found by Auty and
Achim (2008).

In conclusion, it should be noted that in our research we
investigated the effect of given silvicultural approach on
mechanical properties of wood without taking into account
other advantages and disadvantages of both regeneration
methods. From ecological point of view there are many stud-
ies that confirm the benefits of group shelterwood regenera-
tion method mainly with respect to microsite characteristics
(Giuggiolaand 2013) and stability of forest stands as result
of their higher structural heterogeneity (Spathelf et al. 2015).

Conclusions

The primary hypothesis that pine wood regenerated by the
shelterwood method will reach higher values of the investi-
gated properties compared to the clearcutting method was
not confirmed. It was, therefore, necessary to accept the
alternative hypothesis, that the properties are almost identi-
cal regardless of the regeneration method. This is quite a
surprising result even with regard to the lower age of the
studied trees.

The secondary hypothesis that the properties of wood will
have a more even distribution along radius in the case of the
shelterwood method was confirmed, and it is such the most
important benefit in terms of utilisation of logs grown in this
way in the woodworking industry.

The trunks from the stands regenerated through the
clearcutting method exhibited an increasing trend in wood
properties from the pith to the cambium. Therefore, the
radial within-stem position played an important role in the
terms of properties and consequent utilization. On the other
hand, trees regenerated through the shelterwood method
had a uniform distribution of characteristics along the trunk
width. From the view of wood processing industry it is
thereby not important which part of the trunk is used in
this case.

The non-destructive methods for detecting of dynamic
modulus of elasticity can be used as a reliable indicator of
strength properties, based on the confirmed high correlation
with bending strength and static modulus of elasticity.
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Appendix

See Tables 6,7, 8,9, 10and 11.

Table 6 Tests of significance for

Effect SS DF MS F

dynamic modulus of elasticity bt p
Intercept 5.130E+10 1 5.130E+10 4635.359 0.000
Locality 6.368E+08 3 2.122E+08 19.179 0.000
Silvicultural practice 1.739E+07 1 1.739E+07 1571 0.210
Locality*Silvicultural practice 1.0487E+08 3 3.494E+07 3.157 0.024
Error 4.150E+09 388 1.106E+07
Error: Between MS mean squares, DF degrees of freedom, SS sum of squares, F Fisher s test, p signifi-
cant level
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Table 7 Duncan’s multiple
range test for dynamic modulus
of elasticity

Table 8 Tests of significance
for static modulus of elasticity

Table 9 Duncan’s multiple
range test for static modulus of
elasticity

Table 10 Tests of significance
for bending strength

MS=11,068,000 L1 L1 L2 L2 L3 L3 L4 L4
DF =388 S C S C S C S C
L1 S

L1 C 0.527

L2 S 0.444 0.187

L2 C 0.737 0.732 0.299

L3 S 0.051 0.149 0.007* 0.091

L3 C 0.004*  0.021* 0.000* 0.010* 0.332

L4 S 0.782 0.391 0.588 0.567 0.030* 0.002*

14 C 0.150 0.046* 0.442 0.087 0.000* 0.000* 0218

*Values are significant at p <0.05. Error: Between MS mean squares, DF degrees of freedom. L Locality, S
Shelterwood, C Clearcutting

Effect SS DF MS F p
Intercept 4.433E+10 1 4.433E+10 8016.692 0.000
Locality 6.826E +07 3 2.275E+07 4.114 0.006
Silvicultural practice 7.202E+ 06 1 7.202E+06 1.302 0.254
Locality*Silvicultural practice 6.136E+ 05 3 2.045E+05 0.037 0.990
Error 2.770E+ 09 501 5.531E+06

Error; Between MS mean squares, DF degrees of freedom, SS sum of squares, F Fisher “s test, p signifi-
cant level

MS=5,531,000 L1 L1 L2 L2 L3 L3 L4 14
DF=501 S C S C S C S C

L1 S

L1 C 0.549

L2 S 0.476 0.869

L2 C 0.323 0.640 0.736

L3 S 0.548 0.263 0.216 0.130

L3 C 0.925 0.518 0.443 0.296 0.582

L4 S 0.173 0.395 0.464 0.665 0.058 0.156

L4 C 0.038*  0.123 0.152 0.244 0.008* 0.033* 0.426

*Values are significant at p<0.05. Error; Between MS mean squares, DF degrees of freedom, L Locality,
S Shelterwood, C Clearcutting

Effect SS DF MS F p
Intercept 2,924,868 1 2,924,868 11,864.22 0.000
Locality 6364 3 2121 8.61 0.000
Silvicultural practice 311 1 311 1.26 0.262
Locality*Silvicultural practice 274 3 91 0.37 0.774
Error 122,771 501 247

Error: Between MS mean squares, DF degrees of freedom, SS sum of squares, F Fisher “s test, p signifi-
cant level
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Table 11 Duncan’s Multiple

Riiige st for Baiidifig MS=24653 L1 L1 L2 L2 L3 L3 14 L4
Strength DF=501 S C S C S C S C

L1 S

L1 C 0.872

L2 S 0.426 0.497

L2 C 0.414 0.476 0.987

L3 S 0.008* 0.005* 0.000* 0.000*

L3 C 0.135 0.112 0.028* 0.026* 0.214

14 S 0.058 0.046* 0.008* 0.007* 0.397 0.633

14 C 0.199 0.174 0.051 0.047* 0.140 0.764 0.468

*Values are significant at p <0.05. Error: Between MS mean squares, DF degrees of freedom. L Locality,

§ Shelterwood, C Clearcutting
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Abstract: With the gradual decline in the proportion of spruce as the most important tree species in
the Czech Republic, the importance of pine will increase. The test material for this study was selected
from two localities with important representation of pure Scots pine stands. Two stands, representing
clear-cutting and shelterwood regeneration methods were selected from each locality. In the case of
shelterwood method, tree samples from a lower layer were cut down and subsequently evaluated in
terms of the impact of the regeneration method on the density of the wood, the density of earlywood
and latewood, the proportion of latewood and the width of the annual rings. These qualitative
parameters of the wood were compared before and after the release of the parent stand canopy.
The clear-cutting regeneration method served as a reference. The values obtained before the release
of the parent stand canopy are significantly different from values after its removal (share of latewood
47.7% and 48.1% before the release in contrast to 39.5% and 39.1% after the release for the locality 1
and the locality 2 respectively). The shelterwood regeneration method has not a significant impact on
the overall investigated characteristics. Most significant was the impact of the regeneration method
on the distribution of properties along the trunk radius, where the shelterwood method shows a
uniform density distribution from the pith to the bark. From the view of industry, therefore, it is not
important for the final processing which part of the trunk the wood comes from.

Keywords: Pinus sylvestris L.; silviculture; wood density; latewood; X-ray densitometry

1. Introduction

Scots pine (Pinus sylvestris L.) is the second most important tree species in the Czech Republic from
an ecological and production point of view [1]. Currently, the clear-cutting method of forest regeneration
is mostly used in commercial pine stands [2]. However, due to climate change with many adverse effects
on forest stands, alternative methods relying more on natural processes and fostering stand heterogeneity
are being increasingly used. The shelterwood regeneration in pine stands is considered a promising
approach in the Czech Republic [3]. The impact of applied silvicultural methods is most often manifested
in the radial growth of a tree [4]. The radial growth of a tree in a forest stand is also influenced by the
mutual interaction of competing trees and the conditions of the given environment [5]. Forest managers
can influence certain factors, such as stand density, to achieve the required wood quality [4,6].

Wood density is considered to be one of the most important indicators of wood quality, which affects
both the mechanical and physical properties of wood [7-9]. In general, wood formation and density
may vary depending on habitat, tree species, genetics, climatic characteristics, physiological factors

Forests 2020, 11, 868; doi:10.3390/f11080868 www.mdpi.com/journal/forests
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and on silvicultural measures [5,7,10-14]. Wood density variability can also be observed inside the
trunk [15]. The characteristics of the wood are closely linked to different types of trees, but are largely
influenced by the surrounding environment, including the silvicultural measures carried out during
the growth of the tree [16].

Thinning is a basic silvicultural treatment leading to increased tree growth due to higher availability
of resources, which may result in a reduction of wood density in the annual ring [5,7]. Different
values of annual ring wood density are mostly related to cambium activity and change with growing
age [17]. In addition, the density of annual ring wood changes due to the proportion of latewood
and earlywood [18]. Latewood shows a higher density value and earlywood usually reaches a
higher percentage representation in the annual ring [7]. The density of earlywood remains almost
constant throughout the growth of the tree, but the density of latewood increases with age [5,7,16].
The variability of wood density across the trunk cross section depends on the proportion of juvenile
and mature wood [17], although the transition between juvenile and mature wood may be affected by
intensive management [7]. Juvenile wood encompasses between few to several annual rings located
in the central part of a stem. In contrast to mature wood, the juvenile xylem is characterised, among
other things, by wider annual rings and lower participation of latewood, decreased density, shorter
tracheids, and greater angle of inclination of fibrils in the cell wall [19,20]. Juvenile wood is regarded
as one of the most important sources of variability within a trunk [21,22].

The aim of this study was to understand the impact of regeneration method on wood properties
of Scots pine. We evaluated the annual ring widths, average density, density of latewood and
earlywood and percentage of latewood for the shelterwood and the clear-cutting regeneration method.
The evaluated parameters were investigated for the stem as a whole but also with respect to the time
of release of the lower layer. The clear-cutting regeneration method served as a reference. Individual
annual ring parameters were quantified using X-ray densitometry.

2. Materials and Methods

2.1. Materials

The test material came from two localities that are characteristic of the cultivation of Scots pine
in the Czech Republic. In each locality two forest stands representing clear-cutting and shelterwood
regeneration method were selected [23]. All stands used in this research were regenerated naturally.

Clear-cutting method in the conditions of the Czech Republic is usually realised in blocks of a size
of predominantly 0.2 ha to 1.5 ha. Before the newly established stands reach the top height of 15 m,
usually two thinning treatments are carried out in order to decrease the density to 3500-4000 ind.ha™.
The sample trees from clear-cut regenerated stands have been growing from the very beginning in a
single-layer even-aged stand.

In the second case, close-to-nature silviculture approach is applied with the objective to create
a complex forest structure, support natural processes and decrease costs for thinning. Here, abrupt
cover release is generally rejected. The ongoing regeneration period ranges from 30 to 50 years (initial
densities in the 0.25 m—4.0 m height class usually range from 5000 to 20,000 ind.ha™?). After the realised
release cut the investigated forest stands consist of an upper layer (density 30-50%) and an advanced
lower layer. The sample trees represent these understorey individuals. At the locality 1, the lower
layer was released at the age of 24 years, at the locality 2 at the age of 34 years.

The material used for this study was taken from the Doksy region (locality 1) and Chvojno region
(locality 2) (Table 1). The locality 1 is located in North-western Bohemia and the forest stands are
owned by the Méstské lesy Doksy, where average rainfall reaches 550 mm, the average temperature
is between 7-8 °C and the altitude is up to 450 m above sea level. The locality 2 is located in West
Bohemia and forest stands are owned by Lesy Ceské republiky s.p. (Forests of the Czech Republic, state
enterprise), where the average annual total precipitation reaches 680 mm, the average temperature is
around 8 °C and the altitude reaches 362 m above sea level.
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Table 1. Basic locality and stand characteristics (stand summary characteristics according to forest management plan).

Locality Reg;nerakion Stand Size GPS . Height ** Dbh *** Average Age:{* Altitude Site Index Soil Type Forest' 'S'l::
ethod (ha) (WGS-84) (m) (cm) Sample Trees (masl) (m) Type
] Clear-cutting 20 5{’;3:; };’_ ;_’j; I’_:" 17 16 37 270 2 ‘;\‘::f“"c' nc‘;";;:‘f .
Shelterwood 09 5{’43:12333;' I'_:“ 12 14 31 270 24 ‘;‘::f“"c' ncﬁ:;,’:;,’;’m
. Clear-cutting 17 51(:?;?2%: ';E' 21 » m 270 2 C:‘:‘ebn"i"' o "ii‘i‘;aqp;l‘fl'::“"'
Shelterwood 10 5&2’,15‘;';327',', % 10 12 3 270 28 C:':‘iisc"' B "ii‘i‘;an:;’ e

* Global position system (World Geodetic System 1984); ** average height for Scots pine according to forest management plan; *** average breast-height diameter for Scots pine according to
forest management plan; **** based on number of annual rings in Dbh; ***** according to [24].
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The investigated trees were co-dominat individuals within the particular tree-layer, free of any
defects (curvature = compression wood, fungi, injury etc.), with diameter representing average Dbh
of the tree-layer. From those trees, meeting such criterions, we randomly chose seven sample trees,
these were felled in winter period and further used for the production of the test material.

2.2. Methods

A 3-5 cm thick disc was taken from each sampler at the breast height of the trunk (1.3 m). A test
specimen of wood was cut from this disc using a double disc saw (Dendrocut, Walesch Electronic
GmbH, Effretikon, Switzerland), 0.8 mm thick and 18 mm high. The cut was made in a north-south
direction by the disc, running through the pith and perpendicular to the annual rings. All of the cut
test specimens were conditioned to 65% (+5%) relative humidity and 20 °C (+2 °C) to 12% moisture
content before X-ray densitometry measurements. The test specimens were measured longitudinally
from the pith to the cambium with an X-ray beam on a QTRS-01X Tree Ring Analyzer (Quintek
Measurement Systems Inc., Knoxville, TN, USA). Sample measurements were performed automatically
using QTRS-01X software (Quintek Measurement Systems Knoxville, Knoxville, TN, USA) with a step
size of 0.01 mm (Figure 1). The average density and width of the annual ring, the density of latewood
and earlywood and the percentage of latewood in the annual ring were determined.

@) (b)

Figure 1. X-ray densitometer QTRS-01X Tree Ring Analyzer (a); wood density profile for one of the
testing samples using QTRS-01X software (b).

2.3. Statistical Analyses

An analysis of variance was performed to test whether the regeneration method led to statistically
significant differences (p < 0.05) in the examined characteristics. The qualitative parameters of wood
(average annual ring density, latewood and earlywood density, percentage of latewood in the annual
ring) were subjected to a two-factor analysis of variance (ANOVA), where the regeneration method
and locality were used as independent factors. We used a parametric test as the data possessed
even distribution. Finally, a linear regression model was applied to test the correlation (significance
level p < 0.05) between annual ring width and wood density and between annual ring width and the
proportion of latewood in relation to the regeneration method.

3. Results

The average values of the evaluated parameters of the Scots pine for the whole stem radius are
given in Table 2. There was no difference in average values of the width of the annual rings between
the regeneration methods (Table A6). The higher percentage of latewood in the annual ring is shown
by the stands restored via the shelterwood regeneration method. A statistically significant difference
was not confirmed here (Table A7). For Locality 1, a statistically significant difference was found in
the values of latewood density, where higher values were found in the stand regenerated with the
clear-cutting method (Table A8). No statistically significant difference was found at locality 2, and
although the shelterwood regeneration method shows higher values of latewood density, this difference
is completely negligible. The table shows that higher values of earlywood density were achieved
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for the stand restored via the clear-cutting method, but these differences are completely negligible
and statistically insignificant (Table A9). The annual ring density was found to be higher in the
stands regenerated with the shelterwood method, but this difference is also not statistically significant
(Table A10).

Table 2. Monitored characteristics for the individual localities and the regeneration methods (mean +
standard deviation).

Shelterwood Clear-Cutting

Ring width (mm) 19+ 1.0 1.8+0.6

Latewood percentage (%) 43+79 41.0+9.0
Locality 1 Latewood density (kg.m™3) 582 + 56 617 + 72
Earlywood density (kg.m~3) 305 + 34 309 + 21
Annual ring density (kg.m™3) 430 + 27 421+ 68
Ring width (mm) 2.0+ 0.7 19+08

Latewood percentage (%) 452+59 43.8+105
Locality 2 Latewood density (kg.m™3) 632 + 54 631 + 65
Earlywood density (kg.m™3) 299 + 18 305+ 17
Annual ring density (kg.m™3) 458 + 22 453 + 59

Impact of a release of the parent stand canopy on evaluated parameters for both localities is given
in Table 3 and Figure 2. Atlocality 1, due to the release, the width of the annual ring increased by 123%
and at locality 2 by 81%. The higher average annual ring width was found at both localities for stands
regenerated via the shelterwood method, but this difference is not statistically significant (Table A1).
The impact of the release of the parent stand is manifested at locality 1 by reducing the proportion of
latewood in the annual ring by 17% and at locality 2 by 19%. The impact of the release of the parent
stand on the percentage of latewood was not confirmed (Table A2). The impact of the release of the
parent stand on the densities of latewood was not recorded (Table A3). The impact of the removal of
the parent stand canopy resulted in a slight decrease in the density of earlywood at both localities.
This decrease was found to be statistically significant only at locality 1 (Table A4). The impact of the
felling of the parent stand leads to an even distribution of the wood density at locality 1, where no
change in density was recorded. At locality 2, there was a slight decrease in density by 5%, which was
statistically significant (Table A5).

Table 3. Monitored characteristics for the individual localities and the regeneration methods in relation
to the time of release of the parent stand canopy (mean + standard deviation).

Period Shelterwood Clear-Cutting

Ring width (mm) 13+0.2 20+£04

Latewood percentage (%) 47.7 + 4.4 33.6+78

Beforerelease  Latewood density (kg.m %) 545 + 40 577 + 80
Earlywood density (kg.m™>) 320 + 25 302 + 26

) Annual ring density (kg.m=3) 430+ 19 376 + 46

Locality 1

Ring width (mm) 29408 14+02

Latewood percentage (%) 395+94 462+ 44

Afterrelease  Latewood density (kg.m ™) 633 + 30 648 + 16
Earlywood density (kg.m™>) 284 + 35 31415

Annual ring density (kg.m™) 430 + 36 466 + 23

Ring width (mm) 1.6+03 23+08

Latewood percentage (%) 481+33 39.3+96

Before release Latewood density (kg.m=3) 613 + 56 611+ 70
Earlywood density (kg.m™3) 302 £ 20 302+ 19

” Annual ring density (kg.m™) 466 + 17 428 + 55

Locality 2

Ring width (mm) 29+0.7 12102

Latewood percentage (%) 39.1+56 53.6 + 4.0

After release Latewood density (kg.m %) 673 +15 673 =11
Earlywood density (kg.m™>) 293 + 8 312+ 7

Annual ring density (kg.m™3) 441+ 23 506 + 16

TOUT




Forests 2020, 11, 868

981

Ring width (mm)
19

Locality 1

o

} t

Locality 2

1
Silvicultural practice
~ ¢ shelterwood
I Clear-cutting
0
1 2 1 2
()
60
55
~ 50 J
oD } °
8
5 45 )
5
8,
= 40 % 15 {
o}
o}
s =
& 35
R T ~ & Shelterwood
30 o i Clear-cutting
25
1 2 1 2
(b)
720
690
5 660 }
5
<
2 630
0
2
o’
3 600 H
=]
2
3
'g 570
= ~ & Shelterwood
=
540 “0 Clear-cutting
510
1 2 1 2
(0

Figure 2. Cont.

6 0of 17



Forests 2020, 11, 868 7 of 17

o5} 953
= ]
< o
——

N
el
<

Earlywood density (kg.m'a)
N |95}
(5.3 (]
= S
—
e - e |

“d  Shelterwood
I Clear-cutting

I
~
<

260

(d)

|1

390
I Shelterwood
f Clear-cutting

Annual ring density (kg.m'J)
&
=)
—e——
—e—

(e)

Figure 2. Impact of regeneration method and locality on annual ring width (a), percentage of latewood (b),
latewood density (c), earlywood density (d), annual ring density (e) (x-axis: 1-values up to the time of
the release of the parent stand canopy, 2-values after the release of the parent stand canopy. In the case
of the clear-cutting method x-axis values serve as a reference).

Itis clear from Figure 3 that the width of the annual ring in the case of the clear-cutting regeneration
method has the same trend atboth localities, namely decreasing towards the cambium. The shelterwood
method shows a completely opposite trend, where the lowest annual ring width was found to be close
to the pith and, after the release of the parent stand, the annual ring width increases. The width of the
annual ring is closely connected with the percentage of latewood and, quite logically, in connection
with the above mentioned, the clear-cutting method shows a lower proportion of latewood in the
annual ring at the pith and is increasing towards the cambium. The shelterwood method shows the
opposite trend, where the proportion of latewood at the pith is higher and decreases towards the
cambium. The density of latewood follows the same trend for both regeneration methods at both
localities, namely increasing the density of wood from the pith to the cambium. The annual ring
density in the clear-cutting regeneration method gradually increases from the pith to the cambium
until it reaches its maximum. The shelterwood method shows an even distribution of annual ring
density along the trunk radius.

ave
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Figure 3. Distribution of the monitored characteristics along the trunk radius (from the pith to the
bark) for the stands with a different regeneration method from both localities. Annual ring width (a,b),
latewood percentage (c,d), latewood density (e, f), earlywood density (g h), annual ring density (i,j).
Green line denotes the time of release of the parent stand canopy.

For the shelterwood regeneration method, the percentage of latewood and annual ring density at
locality 2 decreases slightly with increasing width of the annual ring (Figure 4). After the release of
the parent stand canopy the evaluated properties increase with increasing width of the annual ring.
Locality 1 shows ambiguous results. Closer correlation of the tested characteristics and the annual ring

width was found after the release of the parent stand canopy, a similar trend was confirmed for the
locality 1 (Table 4).
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Figure 4. Correlation between annual ring width and proportion of latewood and between annual ring
width and annual ring density related to the release of the parent stand canopy (locality 2). Shelterwood
regeneration method. Latewood percentage (a,b), annual ring density (c,d).
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Table 4. Regression model for an effect of annual ring width (locality 2). Shelterwood regeneration method.

Period Equation y= r 2
Bef 1 Latewood percentage (%) 50.1979 — 1.2571*x —-0.1053 0.0111
CIOTeTEIease  Annual ring density (kgm™3)  493.9478 — 16.966*x  —0.2721 0.0740
Aftsssel Latewood percentage (%) 26.2203 + 4.4288*x 0.5247  0.2753
CrTEiease  Annual ring density (kgm™3) 3983916 + 14.6653*x 04312  0.1860

ris the coefficient of correlation, 2 is the coefficient of determination.

At locality 2, a strong correlation between the investigated characteristics and the width of the
annual ring was confirmed for the clear-cutting regeneration method (Table 5). It is clear from Figure 5
that with increasing annual ring width the proportion of latewood and annual ring density decrease.
A similar trend was demonstrated at locality 1.

Table 5. Regression model for an effect of annual ring width (locality 2). Clear-cutting regeneration method.

2

Equationy = r

64.047 — 10.5093*x —-0.8270 0.6840
574.8656 — 63.201*x  —0.8896 0.7913

r is the coefficient of correlation, r2 is the coefficient of determination.
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Figure 5. Correlation between annual ring width and proportion of latewood and between annual ring
width and annual ring density (locality 2). Clear-cutting regeneration method. Latewood percentage
(a) and annual ring density (b).

4. Discussion

The aim of this study was to analyse the influence of regeneration method on the annual ring
characteristics of the Scots pine. Like all conifers, Scots pine and its radial growth clearly respond to
environmental factors [5,11,12,14,25-27]. Tree growth is known to affect the resulting properties of
wood, while the regeneration method has a direct effect on the trunk diameter of the tree. The response
to the release provides highly relevant information on practical forest management, potentially allowing
the determination and intensity of cultivation practices to be optimized [4].

Our results show that the removal of the parent stand led to a significant increase in the width of
the annual ring when using the shelterwood method. The clear-cutting regeneration shows a gradual
decrease in the width of the annual ring towards the cambium. The influence of stand release and its
positive effect on the width of the annual ring is mentioned by several authors [4,5,28]. Peltola et al. [29]
state that the reaction to growth in the Scots pine was manifested only in heavily cut stands.

The variability of the annual ring widths is mainly connected with the variability of the width of
earlywood area, which is highly correlated with the proportion of latewood [18]. The results of the
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study show a higher percentage of latewood in the annual ring before the felling of the parent stand,
when the width of the annual ring is low. Increasing the width of the annual ring also reduces the
proportion of latewood. The increase in the width of annual rings usually causes the wood density to
lower, which also causes the quality of the wood to decrease [11,30].

The clear-cutting regeneration method shows an increasing trend of the proportion of latewood to
the cambium, which is confirmed by [18]. Candel-Pérez et al. [4] state that thinning can also lead to an
increase in the percentage of latewood, which could lead to increase in wood density. The density of
latewood is not affected in any way by the release of the parent stand, and in both stands it shows the
same trend, increasing from the pith to the cambium. This trend is also described by [7]. Earlywood is
an integral part of the annual ring. Earlywood occupies a higher percentage in the annual ring than
latewood and has a lower density. This phenomenon has been observed by many authors [5,9,18].
Moreno-Fernandez et al. [7] state that the density of earlywood remains constant for almost the entire
growth period. This trend was demonstrated for stands restored with the clear-cutting method and for
the shelterwood regeneration at locality 2. Due to the release of the parent stand, there was a significant
decrease in the density of earlywood at locality 1 for the shelterwood regeneration method.

The impact of the felling of the mother parent stand on the density of the wood was most significant
in the shelterwood regeneration method. Atlocality 1, the effect of felling on wood density did not
manifest and the density remained constant. A slight decrease was recorded at locality 2. Morling [31]
states that the impact of thinning has almost no effect on wood density. On the other hand, some authors
state that thinning accelerates growth and, in relation thereto, reduces the density of wood [5,32].
Wodzicki [33] even states that thinning can also lead to an increase in wood density. The wood density
for the clear-cutting method reaches the lowest values near the pith, and subsequently a constant
increase in values was observed. This trend has been described by several authors [34-36].

The lower quality of wood near the pith for the clear-cutting regeneration may be due to the
higher occurrence of juvenile wood. Juvenile wood is characterized by low wood density, lower
percentage of latewood, higher lignin and hemicellulose content, low cellulose content, thin cell wall,
short tracheids with wide lumens, high fibre and microfibrils rotation angle [20,37]. As the impact of
juvenile wood on the final quality of wood is significant, it is necessary to decrease the proportion
of juvenile wood in a trunk [38]. The proportion of juvenile wood in the trunk is discussed in many
professional publications [20,39]. Yang [40] states that the size of juvenile wood is determined primarily
by the number of individuals in the stand. However, Hébert et al. [41] state that spacing between trees
on juvenile size does not have a significant effect on juvenile wood formation.

Compared to the clear-cutting regeneration method, the lower width of annual rings in the
juvenile wood zone in the shelterwood regeneration method may be due to a higher number of
individuals in the stand and growth of the examined individuals under the shadow of the parent
stand at both localities. After releasing the parent stand, the width of the annual ring subsequently
increases. This trend was also described by Eriksson et al. [42]. The release of the parent stand was
manifested in the mature wood zone, where the shelterwood regeneration method has a higher annual
ring width than the clear-cutting method. The width of the annual ring closely correlates with the
percentage of latewood [18], where a higher proportion of latewood was found for the shelterwood
regeneration method in the juvenile zone of the wood. The impact of a higher proportion of latewood
in the juvenile zone of the wood in the shelterwood method was significantly reflected in the wood
density, where the shelterwood regeneration method shows higher density values compared to the
clear-cutting regeneration. Many studies report that mature wood has higher density values than
juvenile wood [5,43,44], as found in the clear-cutting method. However, the shelterwood regeneration
method does not show a difference between juvenile and mature wood.

The average values of the examined characteristics of the Scots pine, regardless of the time of
the release of the parent stand canopy, show that the shelterwood regeneration method does not
have a significant effect on the investigated properties of wood. There was no difference found in the
average values between the shelterwood and clear-cutting regeneration method, with the exception of
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the density of latewood at locality 1. This is also confirmed in studies by authors who did not find
the effect of thinning on wood density, latewood density and latewood content for the Scots pine in
Finland. [6,45]. Similar results were also reported by Tong et al. [46].

5. Conclusions

The most important finding is that different regeneration methods produce wood of different
quality along the stem radius. The distribution of wood density within the trunk is significantly affected
by silvicultural measures. Due to the release cut, the shelterwood regeneration method shows an even
distribution of wood density along the trunk radius, whereas the clear-cutting regeneration method
shows an increasing trend from the pith to the cambium. The shelterwood regeneration method had a
positive effect on the extent of the juvenile wood zone, wherein it eliminates its negative properties
compared to the clear-cutting method. From the point of view of the wood processing industry,
therefore, it is not important which part of the trunk is used in the case of the shelterwood method.

For the stem as a whole, the shelterwood regeneration method did not have a significant effect
on the evaluated wood quality characteristics. The impact of different regeneration methods on the
wood properties of pine was not demonstrated at any of the localities investigated, with the exception
of latewood density at locality 1, where a statistically significant difference was confirmed for the
shelterwood regeneration method. It is also important to notice lower variability of the annual ring
density in the case of the shelterwood regeneration method.
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Appendix A
Table A1. Duncan’s multiple range test for ring width.
B24 B 34 B24 B 34 A24 A34 A24 A34
MS = 29313 L1 L2 L1 L2 L1 L2 L1 L2
DF = 188 S S C C S S C C

B 24 L1 S
B34 L2 S 0.032 *
B24 L1 € 0.000*  0.011*
B34 L2 (@ 0.000* 0.000*  0.149*
A24 L1 S 0.000*  0.000*  0.000* 0.000*
A34 L2 S 0.000*  0.000* 0.000* 0.000*  0.929
A24 L1 G 0.104 0.535  0.000* 0.000* 0.000*  0.000*
A 34 L2 C 0.618  0.010* 0.000* 0.000* 0.000* 0.000* 0.043*

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting, A = After felling, B = Before felling.
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Table A2. Duncan’s multiple range test for latewood percentage.

B24 B 34 A24 A34 B 24 B 34 A24 A34
MS = 246.53 L1 L2 L1 L2 L1 L2 L1 L42
DF =501 S S S S C C C C
B24 L1 S
B34 L2 S 0.824
A24 L1 S 0.000*  0.000*
A34 12 S 0.000* 0.000*  0.818
B24 L1 C 0.000* 0.000* 0.003*  0.004*
B 34 L2 C 0.000* 0.000*  0.89% 0.907  0.004*
A24 L1 C 0.707 0.577  0.000* 0.000* 0.000* 0.000*
A34 L2 € 0.006* 0.008* 0.000* 0.000* 0.000* 0.000* 0.002*

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting, A = After felling, B = Before felling.

Table A3. Duncan’s multiple range test for latewood density.

B24 B 34 B 24 B 34 A24 A 34 A24 A34
MS = 246.53 L1 L2 L1 L2 L1 L2 L1 L42
DF =501 S S S S C C C (&
B24 L1 S
B34 L2 S 0.000 *
B24 L1 S 0.000*  0.202
B 34 L2 S 0.000* 0.000* 0.017*
A24 L1 (& 0.049* 0.030*  0.000*  0.000 *
A34 L2 C 0.000*  0.914 0.194  0.000* 0.030*
A24 L1 C 0.000* 0.034*  0.341 0.124  0.000*  0.031*
A34 L2 C 0.000* 0.000* 0.020* 0993  0.000* 0.000*  0.146

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting, A = After felling, B = Before felling.

Table A4. Duncan’s multiple range test for earlywood density.

B24 B 34 A24 A34 B 24 B 34 A24 A34
MS = 2840.2 L1 L2 L1 L2 L1 L2 L1 L42
DF =188 S S S S C C C (&
B24 11 S
B34 L2 S 0.008 *
A24 L1 S 0.000*  0.009*
A34 12 S 0.000*  0.195 0.158
B24 L1 & 0.010* 0976  0.007*  0.162
B34 L2 G 0.009* 0991 0.008*  0.182 0.983
A24 L1 G 0.362 0.071 0.000* 0.002* 0.084*  0.030*
A34 L2 (& 0.251 0.111 0.000* 0.005*  0.140 0.130 0.755

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting, A = After felling, B = Before felling.
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Table A5. Duncan’s multiple range test for annual ring density.

B24 B 34 A24 A 34 B 24 B34 A24 A34

MS =1575.2 L1 L2 L1 L2 L1 L2 L1 L42
DF =188 S S S S C C C C
B24 L1 S
B34 L2 S 0.004 *
A24 L1 S 0976  0.004*
A34 12 S 0.351 0.043*  0.368
B24 L1 C 0.000* 0.000*  0.000*  0.000 *
B 34 L2 C 0.884 0.003 0.899* 0.328* 0.000*
A24 L1 C 0.018* 0565 0.019* 0120 0.000* 0.016*
A34 L2 € 0.000* 0.000* 0.000* 0.000* 0.000* 0.000* 0.000*

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting, A = After felling, B = Before felling.

Table A6. Duncan’s multiple range test for ring width.

MS = 0.59824 L1 L1 L2 L2

DF =192 S & S C
L1 S
L1 C 0.276
L2 S 0.526 0.102
T2 C 0.952 0.271 0.518

Error: Between MS = mean squares, DF = degrees of freedom. L = Locality, S = Shelterwood, C = Clear-cutting.

Table A7. Duncan’s multiple range test for latewood percentage.

MS =72.995 I1 L1 L2 L2

DF =192 S (€& S C
L1 S
L1 ¢ 0.073
L2 S 0.599 0.025*
L2 C 0744 0117 0427

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting.

Table A8. Duncan’s multiple range test for latewood density.

MS = 3965.1 L1 L1 L2 L2
DF =192 S (& S C

L1 S

L1 € 0.006 *

L2 S 0.000*  0.210

L2 C 0.000* 0278  0.929

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting.
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Table A9. Duncan’s multiple range test for earlywood density.

MS = 514.93 L1 L2 L1 L2

DF =192 S S C C
Tl 5
L2 S 0.208
L1 C 0.467 0.062
1.2 (@ 0965 0.221 0.462

Error: Between MS = mean squares, DF = degrees of freedom. L = Locality, S = Shelterwood, C = Clear-cutting.

Table A10. Duncan’s multiple range test for annual ring density

MS = 2437.1 L1 L1 L2 L2
DF =192 S C S &

L1 S

L1 C 0.399

12 S 0.006 *  0.000*

L2 C 0.021* 0.002* 0.599

* Values are significant at p < 0.05. Error: Between MS = mean squares, DF = degrees of freedom. L = Locality,
S = Shelterwood, C = Clear-cutting.
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6 Diskuze

Borovice lesni (Pinus sylvestris L.) je nejrozSifenéjsi a jedna z hospodaisky
nejvyznamngjSich stalezelenych dfevin v Evropé (Kask 2015). V soucasnosti je
nejrozsirenéjSim zplsobem péstovani borovice lesni regenerace novych porostli vysadbou
sazenic na holé plose (Agestam et al. 1998). Vzhledem k ptiznivym vlivim na zivotni
prostfedi roste zajem o pfirozenou obnovu porosti. Tento zplisob obnovy porosti borovice
lesni je hojné uplatiiovan ve skandinavskych zemich, ale ve stfedni Evropé jde o metodu
marginalni obnovy (Bilek et al. 2019). Velmi mala pozornost je vénovana vlivu péstebnich
postupit na kvalitu dfeva, zejména na vlastnosti dieva, které jsou dileZit¢é z pohledu

zpracovatelského primyslu (Eriksson et al. 2006).

Vliv péstebnich opatieni na vlastnosti direva

Vliv metody regenerace se u vétSiny zkoumanych charakteristik projevil ve prospéch

clonného zptsobu obnovy, i kdyz zjisténé rozdily hodnot vlastnosti nejsou tak vyznamné
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odlisné, aby mohly ovlivnit vlastnosti dieva. Tento zjistény jev je rozporovan mnoho autory,
kteti zjistili, ze clonny zpisob obnovy vykazuje vy$$i hodnoty zkoumanych vlastnosti
(Agestam et al. 1998, Eko aa Agestam, 1994, Auty a Achim 2008). V této studii se rozdil
hodnot vlastnosti vyrazné neprojevil a pro finalni zpracovani dfeva zanedbatelny.

Mnohem vyznamnéji se dopad obnovni metody projevil na rozlozeni vlastnosti dieva
v kmeni. Borovice lesni, tak jako vSechny jehli¢nany a jejich radidlni riist, jasné reaguje na
enviromentalni faktory (Tsoumis 1991; Peltola et al. 2007; Jelonek et al. 2009, Tomczak a
Jelonek 2013, Roszyk et al. 2016). Prokazalo se, Ze rust stromu ovliviiuje vysledné vlastnosti
dfeva, zatimco intenzita péstebnich opatfeni maji pfimy vliv na primér kmene stromu.
Odezva na uvolnéni a jeji zavislost na zménach v podminkach péstovani poskytuji vysoce
relevantni informace o praktickém fizeni lesl, coz potencidlné¢ umoziuje optimalizovat
stanoveni a intenzitu péstebnich postupti (Candel-Pérez et al. 2018). Auty a Achim (2008)
zjistili, Ze zvySend konkurence stromt v disledku husté ptirozené obnovy pfispéla k
pomalejsimu tempu ristu. Nepfimym efektem pomalejsiho ristu, v pfirozené obnovovanych
porostech je skutecnost, Zze zvySend konkurence na pocatku rlstu stromti vede k vytvoreni
mensiho jadrového dieva na kmeni. Morling a Valinger (1999) uvadéji, Ze pocet letokruhii u
jadrového dieva je témét neménny, ale procentudlni zastoupeni jadrového dieva v kmeni je
zptisobeno rustem stromu v mladém véku.

Pomalejsi rust porosti obnovenych clonnym zplisobe ma za nasledek homogenni
rozlozeni vlastnosti difeva po Sifce kmene. Porosty obnovené pfirozenym zpuisobem Se
vyznacuji vyssimi hodnotami vlastnosti v blizkosti diené. Tento trend lze vysvétlit malou
Sitkou letokruhu ve stfedu kmene. Po ¢astecném uvolnéni matetského porostu se Sitka
letokruhu zacina zvétSovat, coz se projevuje snizenim hodnot vlastnosti dieva. Pokles
zkoumanych pevnostnich charakteristik dieva v dasledku rostouci $itky letokruhu popisuji
Morling a Valinger (1999) a Gryc et al. (2011). Vysledky ukazuji, ze odkaceni matefského
porostu vedlo u clonného zpisobu k vyznamnému zvySeni tloustky letokruhu. Holose¢ny
zpusob obnovy dieva vykazuje postupny pokles tloustky letokruhu smérem ke kambiu. Vliv
uvolnéni porostu a jeho pozitivni vliv na tlouStku letokruhu zminuje n¢kolik autord (Tsoumis
1991, Peltola et al. 2009, Candel-Pérez et al. 2018). Peltola et al. (2002) uvadi, ze narist rastu
borovice lesni se projevil pouze u siln€ profezanych porostii. Tloustka letokruhu vysoce
koreluje s podilem letniho dfeva (Pozgaj et al. 1997). Vysledky studie ukazuji vyssi
zastoupeni letniho dfeva v letokruhu pfed odkacenim matetského porostu, kdy je tloustka

letokruhu nizka. Zvysenim tloustky letokruhu dochazi i ke snizeni podilu letniho dfeva.
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Holose¢ny zplisob obnovy sleduje zvysujici se trend podilu letniho dfeva ke kambiu, coz
potvrzuje 1 Pozgaj et al. 1997. Candel-Pérez et al. 2018 uvadi, ze profezani mize vést i ke
zvySeni podilu letniho dfeva coz muze vést i Ke zvySeni hustoty dieva. Morling (2002)
prokézal, ze dopad proiezani nema témét zaddny vliv na hustotu dfeva. Na druhou stranu
néktefi autofi uvadi, Ze vlivem profezavani dochazi ke zrychleni ristu a v souvislosti s tim i
ke snizeni vlastnosti dieva (Tsoumis 1991, Jaakkola et al. 2005). Wodzicki (2001) dokonce
uvadi, ze vliv profezavani mize vést ke zvyseni hustoty dieva.

sttedu kmene a smérem od diené se zkoumané vlastnosti dfeva zvysuji. Trend Sitky letokruhu
do jist¢ miry vysvétluje prubeh vlastnosti u takto regenerovanych porosti. Dopad Sitky
letokruhu na vlastnosti dieva popisuje Kollmann (1951) nebo Tsoumis (1991). Barnett a
Jeronimidis (2003) uvadéji, ze zvySena rychlost ristu dieva vede k vys$§imu podilu
juvenilniho dfeva, coz negativné ovliviiuje vlastnosti dieva ve stiedu kmene (Macdonald a
Hubert 2002, Auty et al. 2016, Moore et al. 2017). Jelikoz je dopad juvenilniho difeva na
finalni kvalitu difeva nemaly, je nutné definovat, jak velky podil juvenilni dfevo v kmeni
zaujiméa (Barnett a Jeronimidis 2003). Podil juvenilniho dfeva v kmeni je diskutovdno v
mnoha odbornych publikacich (Macdonald a Hubert 2002, Bembenek et al. 2015). Yang
(1994) uvadi, Ze velikost juvenilniho dfeva je dana pfedevS§im poctem jedincd v porostu.
Avsak Hébert et al. (2016) uvadi, Zze rozestupy mezi stromy nemaji na tvorbu juvenilniho
dfeva vyznamny vliv.

Ve skandinavskych zemich, kde borovice lesni hraje roli nejvyznamnéj$i komeréni
dfeviny, bez ohledu na pouZzitou metodu regenerace, dosahuje ve vétSin¢ piipadu vyssi
hodnoty vlastnosti dieva borovice lesni, nez bylo zjisténo v této studii (Aleinikovas a
Grigalitinas 2006, Kask 2015). Vysledky podobné tém ze severskych zemi byly popsany v
podminkéch stiedni Evropy (Tsoumis 1991, Wagenfiihr 2000). V Ceské republice Hassan et
al. (2013) uvedli pevnostni charakteristické hodnoty srovnatelné s nasimi méfenimi, nicméné
Novak (1970) a Pozgaj et al. (1993) dosahl vyssich hodnot. Niz§i hodnoty zjisténych
charakteristik, nez jaké uvadi literatura, jsou zplisobeny nizkym vékem zkoumanych strom,
ktery je vyrazn& nizsi nez obvykla mytni doba borovice lesni v CR. Lze tedy piedpokladat, ze
s pribyvajicim vékem stromu se budou zvysovat i hodnoty vlastnosti dieva.

Zaveérem je tieba poznamenat, ze v naSem vyzkumu jsme zkoumali pouze vliv dan¢ho
lesnického pfistupu na vlastnosti dieva bez zohlednéni dalSich vyhod a nevyhod obou metod

regenerace. Z ekologického hlediska existuje mnoho studii, které potvrzuji pfinosy obnovy
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lesa pod zastinem matefského porostu, piedevS§im s ohledem na charakteristiku
mikrostanovisté (Giuggiola et al. 2013) a stabilitu lesnich porosti v dusledku jejich vyssi
strukturni heterogenity (Spathelf et al. 2015).

7 Zavéry

Clonny zptisob obnovy lesa byl dosud povazovan za jeden z moznych prostiedki ke
zvyseni hodnotové produkce porostii pti dlouhé obnovni dobé a uplatnéni individualniho
vybéru (Bilek et al. 2018). Dopad zptusobu obnovy na kvalitu dieva borovice lesni na tzemi
Ceské republiky nebyl doposud hodnocen. Z hlediska zpracovatelského pramyslu tedy nebylo
mozné konstatovat, zda clonny zplsob obnovy produkuje ve srovnani s holose¢nym
zptisobem obnovy dievo vyssi kvality.

Vyzkum se zabyval dopadem clonného zptsobu obnovy lesa na fyzikalni a mechanické
vlastnosti dfeva, které jsou dulezitym indikatorem pro finalni vyuziti dfeva. Bylo
predpokladano, Ze clonny zpusob obnovy vykazuje, vV porovnanim s holose¢nym zptsobem
obnovy, dievo vyssi kvality. I kdyz se ve vétsin€ zkoumanych vlastnosti tento trend potvrdil,
tak vyznamny rozdil hodnot byl nalezen jen malokde. Z hlediska zpracovatelského primyslu
jsou rozdily zjisténych hodnot zanedbatelné. Je tieba vzit v tvahu, Ze vyzkum probihal na
vzornicich s nizkym vékem.

Vliv aplikované péstebni metody se mnohem vyznamnéji projevil na rozlozeni vlastnosti
Vv radidlni roviné kmene. Rozlozeni vlastnosti dieva po Sifce kmene u holose¢ného zpiisobu
obnovy vykazuje jednozna¢né rostouci tendenci smérem od diené ke kambiu. U clonného
zpusobu obnovy bylo zjisténo rovnomérné rozloZzeni vlastnosti dieva po Sifce kmene.
Clonnym zpusobem obonovy lze ovlivnit kvalitativni parametry dieva jak v pozitivnim, tak i
V negativnim smyslu. Zejména piedcasné uvolnéni mateiského porostu mize vést ke snizeni
kvality dfeva a uplnému vytraceni pozitivniho efektu clonnému zplsobu obnovy lesa.
Z hlediska zpracovatelského primyslu neni u porostd obnovenych pfirozenym zptisobem
podstatné, z které casti kmene dfevo pochazi. Rozdily ve vlastnostech dieva nenalézame jen
po Sifce kmene, ale 1ze je nalézt i po vySce kmene. Vliv vertikalni polohy na kvalitu dfeva ma
u obou obnovnich postupi stejny trend. S rostouci vyskou kmene vlastnosti dieva klesaji a lze
tedy konstatovat, ze nejkvalitnéjsi diivi se naléza v bazalni ¢asti kmene, coz bylo zji§téno u
obou zptisobl obnovy. Dal§im vyznamnym faktorem, ovliviiujicim vysledné vlastnosti dieva,

je tloustka letokruhu. Tloustka letokruhu pozitivné koreluje s mechanickymi vlastnostmi
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dieva. Clonny zpusob obnovy eliminuje rozsah zony juvenilniho dieva a jeji negativni dopad.
Vliv svétovych stran na vlastnosti dieva se neprojevil u zddného zpiisobu obnovy.

Zkoumané porosty jsou charakteristické pro rtist borovice lesni na nasem uzemi. U obou
zpusobti obnovy bylo dosazeno nizSich hodnot vyslednych vlastnosti, nez uvadi literatura.
Nizs8i hodnoty vlastnosti jsou zptusobeny nizkym vékem zkoumanych stromt, ktery je nizsi,
neZ je mytni doba borovice lesni v CR. Da se piedpokladat, Ze s piibyvajicim vékem stromu

se budou zvySovat i hodnoty vlastnosti dieva.

8 Pfinos pro védu a praxi

Hlavni ptinos pro védu a praxi je komplexni pojeti problematiky péstovani borovice lesni
na vlastnosti dieva, které nebylo na uzemi Ceské republiky doposud provedeno. Piedkladana
prace se zamétuje na hodnoceni dvou odliSnych zplisobli péstovani borovice lesni a piinasi
souhrnné hodnoceni kvalitativnich parametrt dieva.

Z hlediska zpracovatelského primyslu bylo ptedpokladano, Ze clonny zpisob obnovy
bude dosahovat, v porovnani s vysazovanymi porosty, dievo vyssi kvality. Toto dogma se
nepotvrdilo a nelze tedy tvrdit, ze ptirozena obnova produkuje stromy s lep§imi vlastnostmi.
Porosty obnovené pfirozenym zptisobem dosahuji nizkych objemovych piirtst v rané fazi
ristu, po uvolnéni matetského porostu dochazi ke zvySeni tvorby dievi hmoty. U porostt
obnovenych clonnym zptisobem bylo zjisténo rovnomérné rozlozeni vlastnosti po Sifce kmene
a pro finalni zpracovani tedy neni podstatné, ze které ¢asti kmene dfevo pochazi.

Pochopenim dopadu rustu stromu, zejména konkurenci mezi stromy, je jednou z
moznosti, jak 1ze ovlivnit vyslednou kvalitu dieva, a to jak v pozitivnim, tak i negativnim

slova smyslu.
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