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ABSTRAKT

Dolezitost’ presného urCenia zasob biomasy stromov v lesoch stile narasta.
Dovodom je, ze v kontexte prebiehajucej klimatickej zmeny museli vedci zacat’
posudzovat’ vSetky stromové komponenty, jednak z hl'adiska ich energetického vyuzitia,
tak aj pre odhad uhlikovych zasob. Zaroven v ostatnych rokoch narasta zaujem
o modely biomasy pre malé stromy v stvislosti s vyznamnym zvac¢Senim ploch mladych
porastov v dosledku zaniku starych porastov posobenim disturbanénych javov (najma:
vichrice, premnozenie podkorneho hmyzu, suché obdobia a lesné poziare). Modely na
uréenie zasob biomasy v porastoch mladsich ako 10 rokov st v odbornej literatire
zriedkavé a venuju sa zvicsa iba nadzemnej biomase. Té4to praca sa preto zameriava na
doplnenie chybajicich poznatkov v tejto oblasti. Jej hlavné ciele su:

1) konstrukcia regresnych modelov sliziacich na vypocet hmotnosti susiny
jednotlivych stromovych komponentov (tzn. kmen, konare, listy, korene)
pre mladé porasty vybranych listnatych drevin,

2) aplikdcia regresnych modelov pri vypoctoch expanzno-konverznych
faktorov biomasy (biomass conversion and expansion factors; BCEF),
alokacnych koeficientov, rastovej ti€innosti a indexu listovej plochy (LAI)
a ich medzidruhové porovnanie,

3) uplatnenie alometrickych vzt'ahov na odhad potravinového potencidlu pre
prezavavl raticovl, najmi jeleniu zver na lesnych drevinach (odhryz
kondrov, resp. listov, pripadne obhryz kory).

Pri tvorbe modelov sa vyuzili vzorniky stromov, ktoré boli vykopané na vybranych
stanoviStiach, rozseparované¢ na jednotlivé komponenty, vysuSené na konStantnt
hmotnost’ a odvaZené. Na nasledni konStrukciu regresnych modelov sa pouzili

logaritmicky transformované alometrické rovnice.

KPacové slova: model biomasy, Struktira biomasy, stromové komponenty, listova

plocha, potravinovy potencial



ABSTRACT

Importance of precise estimation for tree biomass in forests has been continuously
increasing. Regarding to the climate change, scientists have started to quantify all tree
components not only in terms of energetic utilization but also for carbon stock
estimation. At the same time, increasing relevance of biomass models for young trees
relates to expanding area of young forest stands during the last period due to decay of
old forests often caused by disturbances (especially: windstorms, outbreaks of bark
beetles, drought episodes, and forest fires). Models for biomass stock estimations
constructed for stands with age to 10 years are rare and usually are focused on
aboveground tree parts. Thus, this work aims at filling knowledge gaps in this field. Its
main objectives are:

1) construction of regression models applicable for estimation of dry mass in
the particular tree components (i.e. stem, branches, foliage, roots) for young
stands of some broadleaved species,

2) implementation of regression models for calculation of biomass conversion
and expansion factors (BCEF), allocation coefficient, growth efficiency and
leaf area index (LAI) and their inter-specific comparison,

3) utilisation of allometric relations for estimation on forage potential for
ruminating ungulate game, especially red deer (i.e. browsing on branches
and foliage, bark stripping).

To make up the models, destructive tree sampling will be implemented. The sample
trees will be excavated, separated into tree components, dried for constant weight and
weighed. Log-transformed relationships will be used for construction of regression

models.

Keywords: biomass model, biomass structure, tree components, leaf area, forage

potential
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1 UVOD

Ramcova dohoda OSN o zmene klimy (UNFCCC — United Nations Framework
Convertion on Climatic Change) z roku 1997 stanovila za ciel'’ dosiahnutie stabilizacie
koncentracie sklenikovych plynov v atmosfére a dostatocné znizenie tUrovne
nebezpecného antropogénneho zasahovania do klimatického systému. V decembri 2015
sa konala Parizska konferencia OSN o ochrane klimy, ktora po ratifikacii od roku 2020
nahradi Kjotksy protokol. Parizska konferencia zaviazala 196 krajin sveta udrzat
globalne oteplovanie vyrazne pod dvomi stupniami Celzia. Pritom rozvinuté krajiny
pomdZu rozvojovym krajindm sumou sto miliard dolarov roéne pre napiianie zameru
redukovat’ emisiu sklenikovych plynov do atmosféry. Zaroven rozvinuté krajiny,
vratane eurdpskych, musia hospodarit’ so sklenikovymi plynmi tak, aby sa tento zdmer
naplnil aj na narodnej Urovni. Jednym =z najefektivnejSich spdsobov redukcie
koncentracie sklenikovych plynov, najmd CO, v atmosfére, by mohlo byt zvySovanie
zasob biomasy lesnej vegetacie.

Klimatick4 zmena a jej inherentné javy maju r6znorodé negativne vplyvy na Zivotné
prostredie, vratane deStrukéného posobenia na lesné ekosystémy (extrémne prejavy
pocasia, resp. vznik vhodnych existencnych podmienok pre Skodcov). Tu treba
zdoraznit, Ze lesy nie st iba pasivnym objektom vplyvu klimatickej zmeny, ale vd’aka
schopnosti absorbovat’ a akumulovat’ uhlik méZu tento proces vyznamne ovplyviiovat’.
Napr. Dixon (1994) uz v polovici 90-tych rokov predpovedal, ze uhlikova sekvestracia
v lesoch moze hrat doleziti Ulohu ako jeden z komplexu faktorov zmieriiujacich
klimaticki zmenu. White et al. (2000) odhadli, Ze zhruba polovica vSetkej uhlikove;j
zasoby je umiestnena v terestridlnych ekosystémoch, pritom vyznamna ¢ast’ z nich sa
vyskytuje na severnej hemisfére. VSeobecne sa akceptuje fakt, ze eurdpske lesy su
dodlezitou zasobariiou uhlika v celosvetovom meradle (Janssens 2003), a preto treba
posiliovat’ ich funkciu pre uhlikovll sekvestraciu v blizkej budicnosti (Karjalainen et
al. 2003). Mnozstvo uhlika v biomase stromov v stredoeurdpskych lesoch v stadiu
kmenovin spravidla presahuje jeho mnozstvo v lesnych pddach (Brunner a Godbold
2007), pricom v globalnom meradle lesné pody viazu priblizne dvakrat tol'’ko uhlika ako
stromova biomasa (Dixon et al. 1994).

Dolezitost presného urcenia zdsob biomasy stromov v lesoch stale narasta.
V minulosti sa hodnotila predovSetkym spenazitelnd biomasa, o ktortt bol najvacsi

zédujem a na jej hodnotenie bol vyvinuty Siroky ramec metdd (Alemdag 1984; Petras,



Pajtik 1991; Henry et al. 2011). So zretelom na klimaticki zmenu vedci zacali
posudzovat’ vSetky stromové komponenty, jednak z hl'adiska ich energetického vyuzitia,
ako aj vzhl'adom na uhlikové zasoby (napr. Nabuurs et al. 2002). To vyvolalo potrebu
vyvinut’ a zlepsit’ technologie pre rychle a Statisticky reprezentativne hodnotenie aj inej
ako kmenovej biomasy. Jednou z najicinnejSich ciest na dosiahnutie tohto ciela je
pouzitie alometrickych rovnic na baze hrubky a vysky stromu. Produkcia biomasy a jej
alokacia v ramci jednotlivych komponentov stromu (korene, kmen, konare a listy) je pri
vacsich a starSich stromoch iné ako pri mladych stromoch. Preto uz existujice rovnice
na hodnotenie biomasy dospelych stromov a porastov nie si vSeobecne pouzitel'né pre
mladé stromy. Vznikd tak potreba konStrukcie novych modelov zameranych na
vycislenie biomasy vSetkych komponentov mladych stromov pre jednotlivé druhy
drevin. To pomdze pri vypocte zdsob biomasy v obnovovanych mladych porastoch,

ktorych vymera v poslednych rokoch vyrazne vzréstla.

2 CIELE PRACE

2.1 Konstrukcia alometrickych vzt'ahov a BCEF

Primarnym cielom dizertacnej prace je konstrukcia regresnych modelov sluziacich
na vypocet hmotnosti vyjadrenej v suSine jednotlivych stromovych komponentov (tzn.
kmen, konare, listy, korene) pre mladé porasty hlavnych drevin, ako su: buk lesny
(Fagus sylvatica L.), dub zimny (Quercus petraea (Mattusch.) Liebl.), ale aj d’alSich
druhov ako su: jasen $tihly (Fraxinus excelsior L.), javor horsky (Acer pseudoplatanus
L.), jarabina vtac¢ia (Sorbus aucuparia L.) a viba rakytova (Salix caprea L.). Naslednym
cielom dizertacnej prace je odvodenie expanzno-konverznych faktorov biomasy
(biomass conversion and expansion factors; BCEF) pre uvedené dreviny aich

medzidruhové porovnanie.
2.2 Alokacia biomasy, listova plocha a rastové javy

Dal§im vyznamnym poslanim prace je vedecka implementécia regresnych modelov
pre vypocet niektorych produkéno-ekologickych javov, napr. rastovej ucinnosti (growth
efficiency; GE), cistej primarnej produkcie (net primary production; NPP), indexu
listovej plochy (leaf area index; LAI), pomeru suSiny listov k susine celej rastliny (leaf

mass ratio; LMR), pomeru listovej plochy k suSine celej rastliny (leaf area ratio; LAR)



a podobne, ¢i uz na urovni jedinca alebo porastu. Uvedené indikatory sa mali porovnat’
medzi dvomi hospodarsky najvyznamnej$imi drevinami, konkrétne bukom obyc¢ajnym
a smrekom obycCajnym. Takymto sposobom zistit’ potencidlne kontrasty v produkcno-
ekologickych vlastnostiach medzi tymto opadavym a neopadavym druhom, resp. aj

rozny ,,uhlikovy rezim®.
2.3 Ohryz jelefiou zverou a potravinovy potencial

Zaverecnym (aplikanym) cielom prace je otestovat moznosti uplatnenia
regresnych modelov na zistenie realneho ohryzu v mladych lesnych porastoch, ako aj
implementéacie alometrickych vztahov na odhad potravinového potencidlu pre
prezavavu raticovu zver (t.J. odhryz konarov a listov, pripadne obhryz kory).

Ide o priekopnicky ciel objektivneho zistenia mnozstva suSiny redlne
skonzumovanej stromovej biomasy lesnou zverou na zéklade zistenych stop po odhryze
(pahyle odhryznutych konarov) a po obhryze (chybajuca kora na kmeni). Ciastkovym
cielom prace je na dopocitanie chybajucich stromovych komponentov pouzit’ regresné
modely na urovni konara, resp. kmefia, ako aj na urovni stromu a porastu. Dal3im
cielom je namodelovanie potencidlne skonzumovatel'ného mnozstva biomasy konarov
(zimny odhryz), resp. konarov plus listov (letny odhryz), ako aj kory na kmeni (obhryz)

na réznych trovniach, t.j. Cast’ stromu (konar, kmen), cely strom, resp. lesny porast.

3 ROZBOR PROBLEMATIKY

3.1 KonStrukcia alometrickych vztahov a BCEF

Pri vypoctoch zasob biomasy byval v minulosti stredobodom zaujmu predovsetkym
spenazitelny objem (na Slovensku ho reprezentuje zasoba hrubiny bez kory). Tento
tvori hlavne kmen, na ur€enie ktorého sa vyvinul cely rad metod (Hakkila 1989; Husch,
Beers, Kershaw 2003). Avsak od ¢ias, ked’ sa zistilo, Ze alokdcia biomasy hra doleziti
ulohu v uhlikovom cykle v lesnom ekosystéme (Litton et al. 2007) zacala narastat’
potreba vyvoja a zdokonal'ovania metdd na rychle a spol'ahlivé hodnotenie nekmenove;j
lesnej biomasy (Lehtonen 2005; Pregitzer, Euskirchen 2004). Modely zostrojené pre
vicSie, starSie stromy nie su vSeobecne pouzitelné pre mladé stromy, preto treba
odvodit’ aj vzorce na vypocet biomasy jedincov v inicidlnych rastovych stadiach (Wirth

et al. 2004). Nevhodnost’ pouzitia modelov pre starSie stromy zapri¢iiuju rozdielne



zakonitosti alokacie biomasy v mladych a starych porastoch, ktord je Casto velmi
vyrazna. Lehtonen et al. (2004) poukazali na to, ze pomer jednotlivych komponentov
biomasy stromu silne zavisi od veku (alebo velkosti) aodraza vplyv rdézneho
obhospodarovania a rastovej stratégie odliSnych druhov drevin. Pajtik et al. (2008)
zdoraznili vzrastajicu dolezitost modelov biomasy pre malé stromy v suvislosti
s vyznamnym zvdcSenim ploch mladych porastov v ostatnych rokoch vplyvom
klimatickych zmien a sprievodnych negativnych fenoménov (najmé: vichrice, suché
obdobia a lesné poziare). Dal§im argumentom je smerovanie k preferencii réznovekych
lesnych porastov (t.j. s vyskytom urcitého podielu malych stromov), ktoré prebicha
v mnohych eurdpskych krajinach.

Vypocet zasob jednotlivych komponentov biomasy stromu sa spravidla vykondva
pomocou jednej z tychto zdkladnych metdd:

1) regresnych rovnic (biomass equations; BE)

2) faktorov biomasy (biomass factors; BF).

Prednost'ou regresnych rovnic na vypocet biomasy je to, Ze sa zvacsa zakladaji na
SirSom subore dat ako faktory biomasy, ako aj, Ze vychddzaji z l'ahko dostupnych
stromovych parametrov (hribka, vyska). Pritom regresné rovnice zahfnaju diferencie
v §trukture porastov a su l'ahko pouzitelné v narodnych inventarizéciach uhlikovych
zasob. Prednost’ou faktorov biomasy je ich jednoduchost’ a vSeobecnejSie pouzitie. Tato
vyhoda sa vSak pri mladych porastoch straca, pretoze sa odvadzaju z objemu kmena (pri
dospelych stromoch jeden z najdostupnej$ich tdajov, pri mladych to neplati). Dalsou
nevyhodou je, Ze sa v mladom veku hodnota faktorov biomasy vyznamne meni,
naopak, v dospelosti je viac-menej stabilizovand amdze sa pouZit ako jedna
,,defaultna“ hodnota.

PouZzivanie faktorov biomasy v jednotlivych krajinach sa 1isi, ale vo v§eobecnosti sa
pouzivaju pri konverzii objemu (kmena, spenazitelného objemu, celkového objemu,
rocného Cistého prirastku) na iny pozadovany objem alebo na suchii hmotnost
jednotlivych cCasti biomasy, resp. na celkovi biomasu (¢i zasobu uhlika). V pripade
pouzitia prepoc¢tu na rovnakul jednotku (napr. objemu kmena na celkovy objem stromu,
suSina kmena na suSinu listia) sa jedna o expanzné faktory (BEF), pri konverzii jedného
typu jednotiek na iny (napr. objemu na hmotnost’) hovorime o konverzno-expanznych
faktoroch (BCEF).

Doteraz sa konstrukcia faktorov biomasy pre lesné dreviny v Eurdpe primdrne

zameriavala na smrek obycajny (Picea abies L. Karst.) aborovicu lesna (Pinus



sylvestris L.), pozri napr. Lehtonen a kol. (2004, 2007) a Neumann, Jandl (2005). Prace
tykajuce sa inych druhov drevin, napr. buka lesného (Fagus sylvatica L.), dubov
(Quercus sp.) alebo brezy plstnatej (Betula pubescens Ehrh.) su zriedkavejsie (Ciencala
et al. 2008; Van Camp et al. 2005; Lehtonen et al. 2004). Ich spolo¢nou vlastnost'ou je,
Ze sa zaoberaju iba dospelymi stromami a chybaju Specifické udaje pre malé (mlad¢)
stromy. Problematike stanovenia zdsob biomasy v mladych porastoch sa pozornost
zaCala venovat’ iba pred par rokmi. Dutca et al. (2010) odvodili BCEF pre mladé
porasty smreka pestované na nelesnych stanovistiach vychodnych Karpat, Blujdea et al.
(2012) vytvorili alometrické rovnice na vypocet biomasy mladych listnatych stromov na
plantdzach v Rumunsku. V podmienkach Slovenska Pajtik et al. (2008, 2011) zostrojili
regresné¢ rovnice aodvodili BCEF pre porasty smreka, borovice, buka aduba I
vekového stupnia. V poslednych rokoch boli doplnené rovnice pre mladé porasty jasena
stihleho (Fraxinus excelsior L.) a javora horského (Acer pseudoplatanus L.; pozri
Konopka et al. 2012, 2015), smrekovca opadavého (Larix decidua Mill.; vid’ Pajtik et
al. 2015), viby rakytovej (Salix caprea L.) a jarabiny obyc¢ajnej (Sorbus aucuparia L.;
Pajtik et al. 2015).

Regresné rovnice biomasy pre jednotlivé druhy drevin sa zacali CastejSie objavovat
v ekologickej a lesnickej literatire v patdesiatych rokoch minulého storocia ako odozva
na poziadavku hodnotenia biomasy. Odhady biomasy st nevyhnutnou podmienkou pre
Stidium produkcie lesa, vyzivovych cyklov, energetického vyuZitia biomasy,
uhlikovych zasob a sekvestracie uhlika v lesoch. Prvymi S$tadiami vzniknutymi na
zéklade potreby urcit’ produkciu biomasy rozli¢nych druhov drevin boli prace Burgera
(1945, 1953) tykajiice sa smrekovca a smreka vo Svajéiarsku. Nasledne vyskumnici
zacali zameriavat’ pozornost’ na zistovanie suchej hmotnosti jednotlivych stromovych
komponentov (napr. kmen, kora, konére, listy, korene), najmi tych, ktoré¢ mali vacSiu
dolezitost’ pre lesnicke spoloc¢nosti. Ekologické a fyziologické prace tej doby ukazali
zaujem vedcov prispiet’ k rozvoju jednoduchych metdd na stanovenie biomasy, obzvlast
na kvantifikdciu listia (Kittredge 1944; Ovington 1957). Mnohé lesnicke Stidie
rozvijaju regresné rovnice pre Specifické geografické oblasti a druhy drevin. Rovnice
biomasy stromu, rovnako ako aj jeho komponentov su zvycajne zalozené na vztahu
k hrubke stromu (vo vyske 1,3 m) alebo vySke stromu (h), pripadne na vzajomne;j
kombinécii tychto nezavislych premennych (napr. Satoo, Madgwick 1982; Khan,
Faruque 2010; Ter-Mikaelian, Korzukhin 1997; Vahedi et al. 2014). Niekedy sa ako

nezavisla premenna pouZiva aj dizka koruny (CL), $irka koruny (CW), pomer dizky



koruny ku vyske stromu (CL/h), pomer §irky a dizky koruny (CW/CL) alebo $tihlostny
koeficient (h/DBH) (napr. Ledermann, Neuman 2006; Cienciala et al. 2008; Eckmiillner
2006; Hochbichler et al. 2006). Ak sa jedna o rovnice na vypocet biomasy stanovista
pouZivaji sa stanovistné premenné (podet stromov na hektar (N.ha™), kruhova zakladiia
(G), hornd vyska (Hy), vek (t) alebo nadmorskd vyska stanovista (Z)). Pocet studii
o hodnoteni lesnej biomasy v poslednych desatrofiach vzrastal, beric do uvahy
dodlezitost’ zaclenenia Sirokého poctu druhov drevin a rozli¢énych stanovistnych Struktar
(Zeide 1987). Zianis et al. (2005) vytvorili prehl'ad rovnic na vypocet biomasy
a objemovych rovnic pre lesné¢ dreviny Eurdpy, do ktorého zahrnul 607 rovnic,
z ktorych vécsina pochddza zo strednej a severnej Eurdpy. ViacSina tychto stadii sa
okrem kvantifikdcie zaobera aj globdlnejSimi aspektmi, ako napr. vyuZitim dreva (na
celulézu, palivové drevo, atd’.) a aplikaciou ziskanych poznatkov vo vyskume (napr.
v §tadiach uhlikového cyklu a pri bilancii zivin v lesnych ekosystémoch).

Viaceri autori (Kozak 1970; Cunia, Briggs 1984; Bi 2004) upozornili na to, ze vel'a
publikovanych rovnic biomasy nie je stanovenych najefektivnejSie, pretoze nezahriuji
aditivitu medzi rovnicami komponentov. To znamend, Ze rovnice pre kazdy komponent
st stanovované oddelene bez toho, aby bol zohl'adneny faktor: 1) vlastnej korelacie
medzi komponentmi biomasy meranymi na rovnakych vzornikoch, 2) logického
obmedzenia medzi sumou predikovanej biomasy stromovych komponentov
a predikciou pre cely strom (Parresol 1999). Chybanie aditivity znamena nesulad
v predikovanych hodnotadch vypocitanych scitanim rovnic stromovych komponentov
a predikovanych hodndt z rovnice na vypocet celkovej biomasy stromu. Na eliminéciu
tejto nezrovnatelnosti bolo navrhnutych niekol’ko modelov a metdod vypoctu
(Chyienda, Kozak 1984; Cunia, Briggs 1985).

Vyznamni rolu medzi regresnymi funkciami zaberaju alometrické rovnice.
Alometria je Studium premenlivych proporcii rozmerov organizmu, spojenych so
zmenou ich velkosti, a to bud’ v rdmci individualneho rastu (ontogenetickd alometria),
alebo v porovnani s pribuznymi organizmami r6znych velkosti (fylogeneticka
alometria). Tento pojem sa Casto pouziva aj vo vyzname nerovhomernost’ rastu (vyvoja)
ako protiklad k pojmu izometria — rovnomernost’ rastu. Alometria rastu je vyjadrovana
pomocou alometrickej rovnice, ktorej zakladny tvar je:

Y =aXx"’ (1)
Jednym z prvych, ktori aplikovali tto rovnicu v lesnictve bol Kittredge (1944) a ¢asom

sa stala najCastejSie pouzivanou metodou v Studiach o biomase (napr. Marklund 1987;
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Neumann, Jandl 2005; Gschwantner, Schadauer 2006; Ledermann, Neumann 2006).
Pric¢inou tejto obl'ibenosti je urcite fakt, ze je vel'mi flexibilnd a méze sa l'ahko rozsirit’
na viacnasobnu mocninovu funkciu tvaru:

Y =a, X X2 X)X .0 (2)
kde Y je zéavisla premenna, X; - X, st nezavislé¢ vysvetlujuce premenné, ay — b, st
koeficienty modelu a# je chyba (multiplicative error term). Casto sa pouZiva
logaritmicky tvar rovnice, pretoze umoziuje pouzit linearnu regresiu na odhad
parametrov. Okrem toho, logaritmickd transformécia kompenzuje tendenciu
zrychl'ovania rastu zavislej premennej s velkost'ou stromu (heteroskedasticitu rezidui,
ktora je pri takomto type udajov vzdy pritomn4), a tak uspokojujtico spiiia predpoklad
konstantnej variancie. Z tohto dévodu mozeme rovnicu napisat’ ako:

nY=b+b.nX +b, nX,+b.nX;+..+In X +¢ 3)
kde by = In ay, ae = In 6 je chyba (additive error term). Logaritmicka transformacia
zavislej premennej spdsobuje systematickii odchylku (bias), ktord sa objavuje pri
spitnej transformacii z logaritmického tvaru na tvar pdvodny (Baskerville 1972;
Ledermann, Neumann 2006). Preto, ked” su rovnice retransformované musi byt urobena
korekcia na logaritmicky bias. Na tito korekciu sa pouziva korekény faktor CF
oznacovany aj ako A. Prvymi autormi zaoberajicimi sa vypoctom korekéného faktora
v logaritmicky transformovanych alometrickych rovniciach boli Finney (1941)
a Baskerville (1972). Bohuzial’, formuléacia korekéného faktora bola v tych ¢asoch casto
nespravna. Na elimindciu biasu slizi vynasobenie korekénym faktorom, ktory je
pocitany zo Standardnej chyby odhadu (standard error of estimate — SEE) regresie. SEE
je vypocitané podl'a vzorca:

kde In y, je hodnota zavislej premennej, In y,je prisluchajica predpovedana hodnota

vypocitand z rovnice a DF je pocet stupiiov volnosti (degrees of freedom), ktoré su
vypocitané ako N-p, kde N je pocet pozorovani a p je pocet parametrov rovnice.

Sprugel (1983) upozornil na nespravne odvodenie SEE niektorych autorov
(Whittaker, Woodwell 1968; Snedecor, Cochran 1967), ktory v menovateli pouzivali
hodnotu N —-1.

Korekény faktor sa teda pomocou SEE vypocita takto:
CF = exp(SEE? /2) (5)
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Ale aplikacia tohto korekéného faktora vyzaduje logaritmicko-normélne rozdelenie
zavisle premennej Y, inak dochadza k nadhodnocovaniu (Marklund 1987). Z tohto
dévodu nepouzivame tento korekcny faktor, ale radSej vyuzivame metddu predstavenu

Marklundom (1987), ktory pocita korekény faktor podl'a nasledujticej rovnice:

n

DY,

1

A =—=—, kde n je pocet stromov (6)
zelnY,
i=1
Ledermann, Neumann (2006) odporacaju pouzit' tento vzorec pri vypocte celkovej
stanovistnej biomasy, v pripade vypoctu biomasy na urovni jednotlivého stromu
odportcaju pouzit’ vzorec:
- 1& Y
A== 5 (7)

ni-re

Podrobne sa problematike vypoctu réznych druhov korekénych faktorov pouzivanych
pri logaritmickej transformdacii mocninovych funkcii aich vzajomnému porovnaniu
venuje vo svojej praci Clifford et al. (2013).

Pouzitie linearizovaného modelu vSak vyzaduje ziskat naspit netransformované
hodnoty biomasy. Na to sa vyuzije retransformécia:

Y = e(b0+b1.ln)(l +by.In X, +by.1n X5 +...+bn.1nX,,).l (8)
V poslednych rokoch sa s rozvojom nelinedrnych regresnych metdd vynorila otdzka, ¢i
nie je vyhodnejSie pouZivat’ alometrickd rovnicu v jej mocninovom tvare a vyhnut’ sa jej
logaritmickej transformacii. Linearizacia dovoluje pouzit pevne stanovené metody
regresnej analyzy a proces vypoctu je jednoduchsi, zvlast' ak je zahrnutych viacero
nezavislych premennych. AvSak nevyhodou tohto pristupu je, ze logaritmicka
transformécia deformuje origindlne data a musi byt pouzity korekény faktor na jej
retransformaciu. Cienciala et al. (2006) skimali efekt linearizéacie pri tvorbe regresnych
rovnic na vypocet nadzemnej biomasy, biomasy kmena abiomasy zivych vetiev
borovice. Zistili, Ze priemernd predikovana biomasa z nelinearnej regresie sa vzdy
lepSie zhoduje snameranymi hodnotami ako pri linearizovanej regresii. Ostatné
regresné Statistiky, menovite Standardna chyba odhadu (SEE), koeficient determinacie
(R?) apriemerny §tvorec rezidui (MSR) boli nepatrne lepsie pri linearizovanych
rovniciach v pripade vypoctu nadzemnej biomasy pomocou dvojparametrovej rovnice.
Na druhej strane, nelinearny pristup ukézal lepSie Statistiky pre komplexnejSie rovnice

so Styrmi a piatimi parametrami. Naopak Lai et al. (2013) zistili pri tvorbe modelov na
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vypocet biomasy koretlov na zéklade hrubky stromu, Ze linedrna regresia logaritmicky
transformovanych dat je presnejSia ako nelinedrna regresia. Naviac dosli k dolezitému
poznatku, ze nevhodne pouzitd nelinearna regresia vedie k hrubym nepresnostiam pri
urceni stanovistnej biomasy, najmé pri stanovistiach s dominanciou malych stromov. Aj
Mascaro et al. (2013) na otdzku, ¢i je logaritmickd transformdcia v alometrii
nevyhnutnd odpovedaju: ,,Desat, sto, tisickrat ano.“ KedZe sa ndzory na tieto dva
metodické pristupy roznia, problematike treba venovat’ vedecku pozornost’ aj nad’ale;.

Zasoba biomasy lesnych drevin sa moze pocitat’ nielen pomocou regresnych rovnic,
ale aj s vyuzitim faktorov biomasy (biomass factors; BF). Tieto konvertuju, alebo ak je
to potrebné, zvacsuju ¢i zmensuju mnozstvo biomasy podl'a vzorca:

B=P*BF 9)
kde B je biomasa (v Gerstvom alebo suchom stave v kg alebo m®), P dostupny stromovy
alebo stanovi§tny parameter (napr. objem stromu v m’) a BF je vhodny faktor biomasy,
ktory moze zahfnat’ konverznu alebo expanznu zlozku.

BF v ich najjednoduchsej forme ako expanzné faktory (BEF) sa pouzivaji na roz§irenie
dostupnych dat o stromovej kmetiovej biomase na odhad biomasy celého stromu. AvSak
Tobin, Nieuwenhuis (2007) zdoéraznili, Ze mozno najlepSou cestou pouzitia BF je
integracia expanznych akonverznych komponentov do jedného faktoru. Takéto
konverzno-expanzné faktory biomasy (BCEF) potom konvertuju vSeobecne dostupné
data objemu kmena priamo na suSinu stromovej biomasy alebo suSinu biomasy
jednotlivych komponentov (Schroeder et al. 1997; Fang et al. 2001; Lehtonen et al.
2004) alebo pripadne na obsah uhlika podla vztahu:

BCEF, = i (10)
Y

kde W; je sucha hmotnost’ zlozky stromu i, V je objem kmena a i je stromova zlozka
(listy, vetvy, kmen, mftve vetvy, kora, peni, hrubé korene, jemné korene alebo cely
strom). BCEF kmena zarovenl vyjadruje jeho objemovi hmotnost. Mozu byt
sformulované bud’ pre jednu (najCastejSie hrubka d,;) alebo niekol’ko nezavislych
premennych (napr. hrabka, vyska, vek), a to bud’ na regionélnej alebo globalnej Grovni,
na urovni stromovej alebo porastovej, reprezentujlice jednu drevinu alebo stbor drevin
urcitej oblasti (napr. boredlny les). Idedlne by bolo, ak by tieto faktory boli Specifické
pre jednotlivé druhy drevin a zahfnali by aj vplyv veku a stanovistnych podmienok,
pretoze vsetky tieto aspekty maju vplyv na mnozstvo a distribuciu biomasy stromu

(Satoo, Madgwick 1982; Levy et al. 2004). V skutoc¢nosti nie su takéto Specifické BCEF
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dostupné pre vicSinu druhov drevin, zcoho vyplyva pouzivanie takzvanych
»defaultnych® hodnot. Tieto hodnoty zvyc€ajne predstavuji priemer z dostupnych
pozorovani (IPCC 2006).

Ak sa na vyjadrenie suchej hmotnosti W; pouzije alometrickd rovnica zakladného
tvaru, ktora je vhodnéd aj na vyjadrenie objemu V, mozeme predchédzajicu rovnicu
napisat’ v tvare:
a, X"

a
b
2, X" =aX’, kdea=—a b=b -b, (11)

a,

BCEF, =

a na vyjadrenie BCEF opédt’ pouzit’ zédkladni alometrick rovnicu a vysSie popisany

postup, ktory sa zhoduje s vypoctom susiny jednotlivych zloziek biomasy.
3.2 Alokacia biomasy, listova plocha a rastové javy

Alokécia biomasy v rastlinnych organizmoch zavisi od druhu, ontogenézy a vplyvu
okolitého prostredia, predovSetkym intenzity osvetlenia, obsahu CO; v ovzdusi
a dostupnosti zivin a vody. Jednou z moznosti vyjadrenia alokdcie su rdézne pomery
suSiny jednotlivych casti rastliny. NajCastejSie pouzivanym pomerom je root:shoot ratio
(R/S) (Leuschner et al. 2007; Mokany et al. 2006; Sanquetta et al. 2011; Magalhaes,
Seifert 2015; Levy et al. 2004) vyjadrujuce pomer podzemnej a nadzemnej casti
rastliny. Poznatky o pomere R/S st vel'mi ddleZité, pretoZe sluZia na odvodenie zésob
podzemnej biomasy, ktora je doleZitym komponentom uhlikovych zasob v terestrickych
ekosystémoch. Zatial Co zdakonitosti distribucie nadzemnej biomasy si zname
a primerane preskimané, poznatky o podzemnej biomase si dost obmedzené¢ (Mc
Naughton et al. 1998), hoci st zdsadné na zlepSenie naSich vedomosti o alokécii uhlika
ajeho zasobach v terestrickych ekosystémoch (Cairns et al. 1997). Konopka et al.
(2011) pomocou regresnych rovnic vytvorili model pre odhad podzemnej biomasy
pre smreCiny rastuce v podmienkach Slovenska. Model na urovni porastu vyjadruje
pomer medzi podzemnou biomasou a hrubinou nadzemnej biomasy s ohladom na
zakladné porastové charakteristiky (t.j. vek, priemerna hribka, resp. vyska).

Alokéacia biomasy mdze byt vyjadrend aj pomocou frakcii, ktoré vyjadrujii biomasu
jednotlivych komponentov relativne k celkovej biomase rastliny (frakcia listia, frakcia
kmena, frakcia konarov, frakcia korenov). Poorter, Nagel (2000) odportcaju pouzivat
termin ,,frakcia“ radSej ako vSeobecne zauzivany pojem ,,pomer®, pretoZe je okamzite

jasné, Ze suma vSetkych frakcii sa rovna hodnote 1. Vyhodou pouzitia frakcie biomasy
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pred R/S hodnotami je to, Ze frakcie jednotlivych komponentov st integralnou sti¢astou
rastovych analyz a vypoctu uhlikovych zasob (Garnier 1991; Poorter, Pothmann 1992).
Pajtik (2008, 2011), Priwitzer et al. (2009) a Konopka (2015) pouzivaju najCastejSie
pojem ,,podiel* jednotlivych komponentov (napr. podiel listov, kmena, atd’.) a vyjadrujua
ho relativne v % suSiny z celkovej susiny stromu.

Dalsou formou na vyjadrenie alokacie su koeficienty alokacie biomasy, ktoré
vyjadruji rastovl stratégiu a definuju sa ako pomer medzi prirastkom komponentu
biomasy stromu (kmen, listy, kondre, korene) a prirastkom biomasy kmena. S rastom
stromu dochddza k zmene veku, velkosti atvaru stromu ameni sa aj prispevok
jednotlivych komponentov biomasy na celkovy prirastok stromu (Bartelink, 1988).
Rozdiel v produkcii biomasy a jej alokéacii medzi mladymi a dospelymi stromami je
Casto znacny. Prirastok biomasy celého stromu sa méze vyjadrit’ ako suma prirastkov
jednotlivych komponentov:

AB, = AB, + AB; + AB, + AB, (12)
kde AB, je prirastok biomasy celého stromu, AB, je prirastok biomasy kmena, AB; je

prirastok biomasy listov, AB, je prirastok biomasy vetiev a AB, je prirastok biomasy

korenov.
Pretoze prirastok biomasy kmena (ABs) je najCastejSie pouzivany a merany druh

prirastku v lesnictve, AB;, AB, a AB, sa m6Zu vyjadrit’ ako:

AB, = BAC, .AB, (13)
AB, = BAC, .AB, (14)
AB, = BAC, .AB, (15)

kde BAC; je koeficient alokacie biomasy, BACs pre listy, BACy pre vetvy a BAC; pre
korene.
Inymi slovami, koeficienty BAC; vyjadruji pomer prirastku biomasy jednotlivych

komponentov (AB;, AB, a AB,) k prirastku biomasy kmena ( AB, ).

Pomer medzi biomasou listov a prirastkom biomasy silno suvisi s produktivitou
stromu. Tento pomer je ¢asto oznacovany ako rastova ucinnost’ (growth efficiency —
GE) (napr. Gersonde, O’Hara 2005) a méZze byt vyjadreny ako prirastok biomasy
kmena na jednotku listovej plochy alebo biomasy listov. V sucasnosti sa velmi

zriedkavo vyskytuji medzidruhové porovnania GE, ktoré by mohli pomoct’ vysvetlit
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ekologické poziadavky a rastové stratégie jednotlivych druhov drevin (Kondpka et al.
2010; Jack, Sheffield, McConville 2002).

V produkénej ekologii sa pouziva pojem cCista primarna produkcia (anglicky termin
Net Primary Productvity, NPP). Ide o energiu naakumulovant rastlinami fotosyntézou
po odcitani Casti energie spotrebovanej na respiraciu. Vyjadrené inymi slovami, NPP
zahfna biomasu (resp. mnozstvo uhlika) kmena, vetiev, asimilacnych organov a koreniov
vytvorenu pocas urCitého casového obdobia, zvyCajne jedného roku. Niektori autori
(napr. Pangle et al. 2009; Yuste et al. 2005) v predoslych pracach konstatovali vyrazné
medzidruhové rozdiely v prispevku jednotlivych komponentov k NPP. Tieto
medzidruhové rozdiely mozno chéapat’ v kontexte odliSnej rastovej stratégie drevin, resp.
medzidruhovych kontrastov v ,,organizovani“ biochemickych cyklov, vratane obehu
a fix4cii uhlika.

Index listovej plochy (LAI; leaf area index) je parameter, ktory dava jedinecnu
charakteristiku porastu najma z hl'adiska jeho produkéného potenciadlu a ukazovatela
schopnosti prijimat’ CO, a iné plyny, transpirovat’ vodnu paru a podobne (Leuschner et
al. 2006). Ovplyvnyje tiez primarnu produkciu (Long, Smith 1990) a intercepciu zrazok
(Herbert, Fownes 1999). Z tohto dovodu je Casto podstatnym parametrom vstupujucim
do mnohych produkénych a bilanénych modelov (produkcia biomasy, toky CO,, Os,
biogénnych emisii prchavych organickych latok (BVOC), vodna bilancia porastu
apod.).

V lesnictve je LAI Casto definovany ako povrch jednej strany zelenych listov na
jednotku plochy pre listnaté porasty (Watson 1947). Zatial' ¢o definicia a meranie
listovej plochy je pri listnatych drevinach jednoznacné, pre ihli¢naté porasty je
stanovenie LAI zlozitejSie a byvaji pouzivané tri nasledovné definicie:

= celkovy povrch ihlic na jednotku plochy,

= celkovy povrch ihlic na jednotku plochy deleny dvoma,

= premietnutd plocha ihlic na jednotku plochy.
Posledna definicia sa v sti€asnosti Coraz CastejSie vyuZziva ipri stanovovani LAI pre
listnaté porasty, vzhl'adom k tomu, ze vySSie spomenutd definicia pre listnaté porasty sa
da vyuzit’ iba za predpokladu, Ze vSetky listy v poraste su v horizontalnej polohe, ¢o
vacsinou nie je splnené. V sucasnosti va¢sina metdd pouzivanych na stanovovanie LAI
(nedestruktivne metoddy) vychadza z premietnutej plochy asimila¢nych organov na
jednotku zemského povrchu. Casto sa ozna¢uje aj ako PLA (projected leaf area). Pri

optickych metodach na stanovenie LAI sa stretdvame s pojmom LAl,, efektivny index
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listovej plochy, ¢o je vlastne premietnutd plocha vsetkych vegetacnych sucasti (listy,
stonky, konare...).

LAI méze byt stanovena pomocou priamych alebo nepriamych metdd. Priame
metody merania LAI sa zakladaju na zistovani listovej plochy bud’ meranim (napr.
skenovanim) alebo odvodenim pomocou $pecifickych vzt'ahov medzi vel'kost'ou plochy
listov a susinou ich biomasy (napr. pomocou Specifickej listovej plochy SLA). SuSina
biomasy listov zozbieranych na ploche o znamej vymere sa prepocita na LAI
vynasobenim pomocou SLA. Je vel'mi dolezité spravne odobrat’ listy na uréenie pomeru
listovej plochy k susine ich biomasy, pretoze ten sa meni v zavislosti od druhu dreviny,
stanovista, na ktorom drevina rastie, ale aj podl'a polohy v korune a osvetlenia listu
(Bréda 2003; Niinemets 2010), ako aj v zavislosti od veku a velkosti dreviny (Steele et
al. 1990; Niinements, Kull 1995). SuSinu biomasy listov pri priamych metédach
zistujeme bud’ vytazenim stromov a odvazenim (destruktivna metoda), alebo pomocou
alometrickych vztahov, resp. zberom opadu (Nizinsky, Saugier 1988; Dufréne, Bréda
1995) (nedestruktivne metddy). Priame metédy poskytuju referenéné hodnoty pre
kalibraciu a hodnotenie nepriamych metdod. Nepriame metédy odvodenia LAI st
nedestruktivne a su zalozené na optickom merani na zéklade tedrie radiacného prenosu

(Anderson 1971; Ross 1981).
3.3 Ohryz jelefiou zverou a potravinovy potencial

Poskodzovanie lesnych porastov preziivavou raticovou zverou suvisi predovsetkym
s jej potravnou ekologiou, a teda s prijmom potravy. Potravna ekologia jelenej zveri
bola na uzemi byvalého Ceskoslovenska predmetom $tudia viacerych prac (napr. Find'o
et al. 1993; FiSer, Lochman 1969; ProkesSova et al. 2004). Z nich jednozna¢ne vyplyva,
ze lesné dreviny st vyznamnou zlozkou potravy jelenej zveri a ich podiel v zavislosti od
oblasti, resp. typu prostredia (biotopu), dosahuje 50 az 80 %. Zver spasa jednotlivé Casti
drevin v priebehu roka s r6znou intenzitou, zavislou najmé od fenologickej fazy drevin
a od zmien v dostupnosti ostatnej zlozky potravy. Tohoro¢né mladé nové vyhonky
spasa zver po cely rok. Listie najmd koncom jari a v lete a zaCiatkom jesene, v zime
naopak ihli¢ie a konare s pucikmi. Listy jasena konzumuje zver aj po ich opadnuti a
Casto ich vyhrabava spod snehu. Miera poskodzovania jednotlivych druhov drevin tizko
suvisi s ich obl'ibenost'ou, resp. chutovymi a nutricnymi vlastnostami (Pfeffer 1961).

Vo vSeobecnosti patria k najobl'ibenejSim drevinam jedla biela, javory, jarabina vtacia,
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niektoré druhy vib a jasen Stihly (Katreniak 1972; Find'o et al. 1993; Ammer 1996;
Motta 1996). Preto su tieto druhy povazované za kriticky ohrozené odhryzom
a obhryzom od nérastu az po zrd’'oviny a tenké kmenoviny (Find’o, Petras 2007).

Pocetnost” populécie jelenej zveri u nds pocas ostatnych 15 rokov vyrazne narastla.
Kym napriklad jarné kmenové stavy (JKS) jelenej zveri boli v roku 1998 necelych 32
tisic kusov, v roku 2005 to uz bolo takmer 40 tisic a v roku 2012 az 59 tisic kusov. To
znamena, ze za sledované obdobie sa populacia jelenej zveri takmer zdvojnasobila.
Zaroven treba konStatovat paradoxnt situaciu v lesnom hospodarstve (spdsobenu
ekonomickou a scasti snad’ aj stavovskou krizou), a to postupné znizovanie nakladov na
starostlivost’ a ochranu lesnych porastov, vratane redukcie rozsahu ochrany drevin pred
ohryzom zverou (Konopka, J. et al. 2012).

Nasa pozornost’ sa sustredila na zhodnotenie poskodenia mladych porastov jarabiny
v oblasti s vysokou hustotou jelenej zveri ana kvantifikdciu mnozstva dendromasy
zozratej jeleniou zverou, ako aj potravinového potencialu (susiny) v mladych porastoch
jarabiny a viby rakytovej. Prace nadvizuju na predchddzajici vyskum, ktory sa zaoberal
poskodzovanim mladych porastov jasenia a javora jelefiou zverou (Konopka, B. et al.
2014; Kondpka, B. et al. 2015). Vrba rakytova a jarabina nie st dolezité dreviny pre
priemyselné vyuzitie hlavne kvoli ich nepravidelnému tvaru kmena, ktory sa vyrazne
rozvetvuje a Casto vytvara zhluky viacerych kmenov, atiez kvoli malo kvalitnym
vlastnostiam dreva. AvSak su to pripravné dreviny so Specifickymi ekologickymi
poziadavkami, ¢o im umozZiuje zaberat menej vhodné pokalamitné plochy. Ich
pritomnost’ zlepSuje pddne podmienky a mikroklimu, ¢im vytvara priaznivé podmienky
na podporu rastu inych druhov drevin (Myking et al. 2013). Tieto dreviny su tiez
oblibenou potravou pre cely rad herbivorov vratane jelena lesného (Cervus elaphus L.).
Obidve dreviny mdzu predstavovat’ vhodnl biologickl reguldciu na zmiernenie $kod

zverou na hospodarskych drevinach.
3.4 Validacia modelov

Validicia je overenie platnosti prostrednictvom poskytnutia objektivnych dokazov,
ze poziadavky na Specifické zamyslané pouzitie alebo na Specifickl aplikaciu boli
splnené. Spolahlivost’ modelu je mozné validovat’ pomocou metody krizovej validacie.
Krizova validacia (cross-validation) je technika na zistovanie miery ovplyvnenia

nezavislej vzorky dat predoSlou analyzou. Model pracuje s mnoZinou vstupnych dat,
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rozdelenou na podmnozinu zndmych dat, ktord slizi ako trénovacia mnozina
a podmnozinu nezndmych dat, ktord je oznaCovana ako testovacia. Klasifikator trénuje
model na trénovacej mnozine a pomocou testovacej mnoziny testuje presnost’ tohto
modelu. Tento proces sa opakuje viackrat, zakazdym s inou podmnozinou tvoriacou
trénovaciu a testovaciu mnozinu. Jednym z typov krizovej validacie je k-fold cross-
validation, kde vstupnd mnozina dat je rozdelend do k podmnozin a proces sa opakuje
k-krat. Pre kazdy proces je pouzita jedna z k podmnozin ako testovacia a d’alSie k - 1
podmnoziny st spojené¢ do trénovacej] mnoziny. Vyhodou je, ze kazda mnozina je
testovana presne raz a pouzitd ako trénovacia podmnozina k - 1 krat. Nevyhodou tejto
metddy je opakované vykondvanie algoritmu k-krat, takze vypocet evaludcie bude
vyzadovat’ vacSie mnozstvo Casu.

K-fold cross-validdcia sa vyborne hodi na testovanie Udajov nameranych na
roznych lokalitdich, ako je to napriklad pri subore dat o biomase drevin z réznych
oblasti. Vtedy je mnozina dat rozdelena do podmnozin podla lokalit (hodnota
k zodpoveda poctu lokalit). Odchylka testovanej mnoZiny od trénovacej sa stanovi bud’
v absolutnych alebo relativnych hodnotdch pomocou priemernych hodnét Stvorcov
rezidui (RMSE — root mean square error) medzi hodnotami predikovanymi modelom
vytvorenym z hodnot trénovacej podmnoziny a aktudlnymi hodnotami testovacej
mnoziny. Namiesto k-fold cross-validdcie mozZno tiez pouzit' leave-one-out cross-
validaciu. Ako uz nazov metddy napoveda, leave-one-out cross-validacia funguje tak,
ze z celého setu dat vyberie jednu vzorku pre validaciu a zvySok pre trénovanie. Tato
metoda je ¢asovo aj vypocCtovo najnaro¢nejsia, avSak dava najlepsie vysledky.

Podrobne je teodria kriZzovej validdcie regresnych modelov popisana v pracach

Picarda, Cooka (1984), Kohaviho (1995) a Varmu a Simona (2006).

4 METODIKA PRACE

4.1 Postup pri konStrukcii alometrickych vztahov a BCEF

Pre kazdu sledovanu drevinu bolo vybranych desat’ porastov v §tadiu od naletov po
mladiny, ktoré vznikli z prirodzenej obnovy a reprezentovali priemernu bonitu danej
dreviny na Slovensku, pricom podiel vybranej dreviny v jednotlivych porastoch sa
pohyboval v ploSnom vyjadreni v rozmedzi 90 — 100 %. V kaZdom poraste sa vybrali 3

plochy kruhového tvaru, ktoré reprezentovali cely porast. Ich polomer bol variabilny
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podl'a hustoty porastu abol zvoleny tak, aby sa na kruhovej ploche nachadzalo
minimalne 30 stromov, ¢o je pocet vhodny na Statistické zhodnotenie s dostato¢nou
spol'ahlivostou. Na tychto plochach sa zistil pocet jedincov a na vsetkych jedincoch sa
odmerala hrubka v korenovom krc¢ku dy (dve na sebe kolmé merania) a vyska. Tieto
udaje sluzili pri vypocte poctu stromov na hektar a zasoby na hektar.

Na kazdej ploche sme vykopali 20-25 vzornikov zastupujucich hriibkové a vyskové
rozpétie jedincov na celej ploche. Na zaistenie dobrého pokrytia rozdelenia podla
vel'kosti sme zostrojili 10 rovnakych vySkovych tried Specifickych pre kazdy porast,
a potom ndhodne vybrali avykopali 2 az 3 vzorniky pre kazdu vyskova triedu.
Umyselne boli vybrané stromy rastice v typickych podmienkach porastu. Solitérne
stromy boli vylucené. Stromy boli odobrané na konci rastovej sezony, ked’ rast vSetkych
komponentov bol ukonceny. Vykopané boli vSetky korene hrubSie ako 2 mm. Vzorniky
sa rozseparovali na korene, kmen, kondre, listy a koru kmena. Priamo v teréne sa pred
vykopanim vzornika odmerala posuvnym meradlom hrabka v koreiovom krcku
s presnost’ou na desatinu milimetra v dvoch na seba kolmych smeroch a vySka stromu
s presnost’ou na centimetre. Potom sa vzorky zabalili do oznacenych papierovych vriec
a transportovali do laboratdrii na d’alSie spracovanie.

Kazda vzorka sa ulozila v suchej, vetranej miestnosti po dobu jedného mesiaca. Potom
sa vysusila v elektrickej susicke pri teplote 105 °C do konStantnej hmotnosti

Kmen sa rozdelil na sekcie tak, aby sa skladal aspoinl z 3-4 sekcii. Meranie sekcii sa
uskutoc¢nilo pred suSenim, takZe hodnota objemu je uvedend v Cerstvom stave. Objem
sekcie kmena sa vypocital pomocou Newtonovho vzorca:

v- LA A A)

(16)

kde V je objem kmetia, L je dizka sekcie, Ay je plocha prierezu na §irSom konci sekcie,
An je plocha prierezu v strede sekcie a A je plocha prierezu na tenSom konci sekcie.
Celkovy objem kmeia sa potom vypocital ako suma objemov vsetkych sekcii.
Newtonov vzorec sa pri vypocte objemu Casti kmena (vyrezy, sekcie) povazuje za
najpresnejsi a najflexibilnejsi, pretoze je vhodny nielen pre vypocet objemu valcovych
a kuzel'ovych tvarov, ale aj pre paraboloid a neloid (Wiant et al. 1992; Harmon, Sexton
1996; Woldendorp et al. 2002). Vypocitané hodnoty boli validované pomocou
pyknometra (valec naplneny kvapalinou uréeny na meranie objemu telies) a rozdiely
medzi vypocitanym a odmeranym objemom boli medzi -2 a +5 %. Pretoze takéto

stanovenie objemu je vhodné iba v laboratérnych podmienkach, v lesnickej praxi sa
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objem kmena zvyc€ajne pocita na zaklade jedného alebo dvoch l'ahko meratelnych
parametrov. Najviac rovnic na vyjadrenie objemu kmena je takych, kde je nezavislou
premennou hrubka d,; 3 a vySka stromu. PretoZe rovnice s nezavislou premennou d; 3 nie
s pouZziteI'né v mladych porastoch (d;3 je nemeratelné alebo blizke nule), na
vyjadrenie objemu kmena sme zostrojili tri alometrické rovnice, kde v prvom pripade
bola nezévislou premennou hrubka na baze kmena (dy, oznaCovana aj ako DAB —
diameter at base, alebo RCD — root collar diameter), v druhom pripade vyska stromu (h)
a v tretom pripade obidve tieto premenné (dy, h). Objem kmena sa stanovil v Cerstvom
(mokrom) stave po vykopani vzornikov ato jednak ako objem kmena s korou a po
olupani kéry bol vypocitany aj objem kmena bez kory.

V nasom pripade je zévislou premennou zésoba biomasy jednotlivych komponentov
stromu vyjadrena v hmotnostnych jednotkdch. Vzhl'adom na malé rozmery stromov
nebude mozné pouzit' ako nezavisle premennti hrubku d; ;. Namiesto nej sa pouZzije
hrabka v korefiovom kréku dy. Napriek tomu, Ze sa vo vSeobecnosti malo pouzivaju
modely, kde je vySka jedinou nezévislou premennou, vyuzili sme aj tento model,
pretoze vyska je v najmladSich vyvojovych $tddidch lahSie merate'nd ako hrubka do
a pomocou nej je mozné spojit modely dospelych porastov s modelmi inicidlnych
stadii. Testovali sme tri funkcie, kde nezavislymi premennymi boli postupne hrabka do,

vyska h a ich vzajomna kombindcia.

W, = g®trind) 7 (17)
W, =g® o 3 (18)
W, = g Brindorbanl 3 (19)
kde

W; = produkcia biomasy (g susiny vyjadrend na Girovni stromu)
do = hrtibka korenového kréka (mm)
h = vyska stromu (m)
bo, b1, by = parametre
BCEF boli odvodené na zaklade rovnic 10 a 11, ked’ po ich uprave vznikli

nasledujice rovnice:

BCEF = e®*nd) 3 (20)
BCEF =e®™"M 2 (1)
BCEF — e(b0+b|.1nd0+b24lnh) /1 (22)
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Tieto rovnice su rovnakého tvaru ako rovnice na vyjadrenie biomasy jednotlivych
komponentov stromu (17-19) a obsahuji aj rovnaké nezavislé premenné (hrubku na

baze kmena, vysku stromu, alebo ich vzdjomnu kombinaciu).
4.2 Vypocet rastovej acinnosti, indexu listovej plochy a ¢istej primarnej produkcie

Pri vypocte rastovej uc¢innosti sme pouzili alometrické rovnice z regresného modelu
na vypocet zasob biomasy. Rastova ucinnost’ je definovana ako produkcia biomasy na
jednotku biomasy listov:

_ AB,

GE, 23
iy (23)

kde AB; je prirastok komponentu i a Bt je listova biomasa.
Rastova ucinnost’ GE bola odvodena pomocou nasledujucich vzorcov:

(bjo+b;; In(DAB;, +ADAB)) (bjo+b;; InDABg )

' A)—(e YA
GE = ( )= ( ) (24)
Bf
(bjo +by; In(hg +Ah)) (b +bj; Inhg )
A —(e YA
oE - { )~ ( ) 05
Bf
(B;0+0;, In(DAB; . +ADAB)+b;, In(hg, +Ahg, ) (bjo+b;, InDABy, +b;, Inhg, )
e f f ) — (e f )

Bf
Rastova ucinnost’ sa alternativne moze odvodit’ na baze biomasy asimila¢nych organov
alebo listovej plochy. Za G¢elom pouZitia druhej spomenutej metddy sme odobrali listy
zo vSetkych vybratych vyskumnych porastov. Listy boli ziskané¢ z minimdélne 40
jedincov pochadzajiucich z kazdého biosociologického postavenia (t.j. 10 kusov
predrastavych, 10 uroviiovych, 10 vrastavych a 10 potlacenych). Po oskenovani listov
saodvodila ich plocha pomocou programu LeafArea (volne dostupnd verzia
z internetu). Nésledne sa vysuSili a odvazili. Z plochy a hmotnosti listu sa odvodila
Specificka listova plocha (specific leaf area; SLA, t.j. plocha listu na hmotnostnu
jednotku). SLA sa vyuzila na konvertovanie udajov z biomasy listov na ich plochu. Na
zaklade vysky ahrubky stromov (resp. aj biosociologického postavenia) sa
skonStruovali alometrické vzt'ahy na vyjadrenie listovej plochy na tdrovni jedinca
a porastu.

Modely na vypocet indexu listovej plochy (LAI) na vybranych plochach boli

skonStruované na zéklade tudajov o hrubke dy jednotlivych stromov, suSiny listov
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kazdého stromu a SLA. SuSina listov bola vyjadrend pomocou vysSie popisanych
alometrickych rovnic. SLA bola odvodend regresnym modelom z empiricky
nameranych hodndt listovej plochy jednotlivého listu (LAyf) ajeho prislusnej suSiny
(Wi):

LA,

SLA, = , (27)
Wf

Pretoze hodnoty SLAf zévisia od osvetlenia koruny (Johansson 1996), boli na
konstrukciu modelu pouzité iba listy so strednej Casti koruny stromu. Pre kazdy
odobrany list boli zaznamenané hodnoty hrubky d; stromu, na ktorom rastli. Po
oskenovani listov a ndslednom vysuSeni a odvazeni bolo pre kazdy list vypocitané SLA.
Hodnoty SLA v zavislosti od hribky dy boli vyrovnané alometrickou rovnicou, pricom
bola pouzitd metdda najmenSich Stvorcov. Na zaklade existujucich alometrickych
rovnic na vypocet suSiny listov a SLA je moZné vypocitat’ celkova listovil plochu
stromu podl'a vzt'ahu:

LA =wSLA, (28)
kde w je susina vSetkych listov stromu a SLA je hodnota na Grovni stromu

v v . . . ’ , . . b, +b, Ind
Ked’Ze susina listov je vyjadrena zndmou alometrickou rovnicou tvaru y =e®*™""%) 3

a SLA je tiez vyjadrené rovnicou rovnakého tvaru y=e®™"% 1 po dosadeni
dostaneme:
LA = (e 2 )(e® i) 3 ) = @) 3 kde a, =b, +b,, (29)
a =b +bya =44,
Vypocet LAI na trovni jednotlivych subploch bol vykonany nasledujiicim sposobom:
» pre kazdy strom na subploche bola na zéklade dy vypocitana listova plocha LA
vSetkych jeho listov,
= suma ploch listov jednotlivych stromov rastiicich na subploche tvori plochu
vSetkych listov na subploche (tu sme zobrali do uvahy predpoklad, Ze plocha
listov stromov rasticich na okraji subplochy, ktoré sa nachadzaji mimo
subplochy, je zhodna s plochou listov stromov, ktoré rasti mimo subplochy, ale
svojou korunou zasahuju dovnutra),
= LAI bol vyjadreny ako podiel sumy ploch listov a vymery subplochy:

ZLAU
LAl ==, (30)

]
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kde LAj; je listova plocha i-teho stromu na j-tej subploche a S; je vymera j-tej subplochy

Cistii primarnu produkciu (NPP) nadzemnej &asti stromu sme pre frakciu kmefi
s korou a konare vyjadrili ako rozdiel v susine biomasy tychto komponentov na zaciatku
rokov i+l ai:

NPP, =W,,, —W, (31)
kde NPP; je ¢ista primarna produkcia danej frakcie v roku i,

Wi je suSina prislusnej frakcie v roku i+1

a W; je suSina prislusnej frakcie v roku i

Hodnoty W; a Wi;; boli vyjadrené na zaklade hrabky na baze kmena a vysky v rokoch
i a i+1 pomocou vzorcov 17-19.

NPP; pre frakciu listov buka sme vyjadrili ako zasobu suSiny tejto frakcie v roku
I pomocou vzorcov 17-19. Pri frakcii ihli¢ia smreka, ktoré obsahuje niekol'’ko ro¢nikov,
bol v rokoch kedy sme pocitali NPP na vytazenych 40 vzornikoch smreka (po 10
z kazdého sociologického postavenia) odobraty posledny ro¢nik ihli¢ia a odvodené
alometrické rovnice na vypocet jeho hmotnosti na zdklade hribky na baze kmena
a vysky stromu.

Merania sluZiace na vyhodnotenie GE, LAI a NPP buka a smreka sme uskutocnili
vo vyskumnom objekte Vrchslatina, ktory sa nachadza v juznej casti Veporskych
vrchov v nadmorskej vyske 960 m (48°38°55” N, 19°36°07" E). Detailny popis
vyskumného objektu uvadza Konopka et al. (2013d). Zobrazenie polohy vyskumného

objektu Vrchslatina a letecka snimka tohto objektu je na obr. 1 a 2.
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Obr. 1. Zobrazenie polohy vyskumného objektu Vrchslatina

N
=5 Border of the Research Site @ Young beech plots
0 50 100 Meters & Climatic station A Young speuce piots
N . (07 Beech-spruce pole piots [l Grass plots

Obr. 2. Letecka snimka na objekt Vrchslatina s naértom vyskumnych ploch.
Stvorce reprezentuji plochy pre sledovanie mladych buéin, trojuholniky pre

sledovanie mladych smrecin.
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4.3 Kvantifikacia ohryzu jelefiou zverou a potravinového potencialu

Udaje namerané na vyskumnych plochach a vzorniky na nich vykopané neboli pri
drevinach jarabina vtacia a viba rakytova vyuzité iba na konsStrukciu alometrickych
rovnic na vypocet biomasy jednotlivych komponentov stromu, ale tiez na konstrukciu
modelov na vypocet potravinového potencidlu tychto drevin pre jeleniu zver. Preto boli
na odobranych vzornikoch okrem hrubky v korefiovom krcku do, hrabky v prsnej vyske
dis avySky stromu h, odmerané¢ aj hodnoty hribky vo vyske 1,8 m d;g a hodnoty
vysky, v ktorej md strom hrabku 10 mm h;. Tieto potom sluzili ako nezavislé
premenné v modeloch. Okrem toho sa na stromoch zaznamenalo pripadné poskodenie
obhryzom, resp. odhryzom. Pri obhryze bola odmerana plocha vsSetkych obhryzov.
Pouzila sa na to transparentnd Sablona so Stvorcovou sietou (rozne farby oznacovali
Stvorce s rozmermi 1 x 1 mm, 10 x 10 mm a 100 x 100 mm). Zistila sa minimalna
a maximalna vzdialenost obhryzu od urovne pddy. Pri odhryze sa zmerala jeho
vzdialenost’ od zeme a hrubka bo¢ného konara, alebo terminalu v mieste odhryzu (tzn.
na baze odhryznutého kondra). Vzorniky sa rozdelili na jednotlivé komponenty podobne
ako pri tvorbe modelov na vypocet biomasy, navySe sa vSak rozdelili listy a konare do
dvoch skupin. Prva tvorili tie, ktoré mozu byt potencidlne zozratelné jeletiou zverou
(nachéadzajice sa do vysky 200 cm od zeme, pri¢om priemer kondrov je mensi ako 10
mm) adruht tvorili zvy$né, nedostupné pre jeleniu zver. Komponenty stromu boli
vysusené pri teplote 95 °C na konStantni hmotnost’, a potom odvazené s presnost'ou na
0,05 g. Tieto udaje boli pouzit¢ na konStrukciu alometrickych rovnic pre stromové
komponenty. Na konstrukciu modelov bolo pouzitych 93 vzornikov jarabiny o hrubke
do 5-80 mm a 100 vzornikov rakyty o hrabke dy 4-70 mm.

Biomasa bola pocitana na troch urovniach: tiroveii konara (BL), uroven stromu (TL)
auroven porastu (SL). ZozrateI'na biomasa (B.) na urovni kondra bola stanovena
oddelene pre dve kategorie: konare bez listov (zimny odhryz, Be,) a konare s listami
(letny odhryz, Bepier). Do rovnic vstupovala ako nezavisla premennd hribka konara

v mieste odhryzu:

B.,(BL) =b,d}* (32)
Bep.r (BL) =b,dy’ (33)

Regresna rovnica rovnakého typu bola pouzitd aj na odvodenie Specifickej plosnej

hmotnosti kory (Ws) na zéklade hrubky do:
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w, =bd,’ (34)

Alometrické rovnice na vypocet susiny jednotlivych stromovych komponentov boli
vytvorené pre dve nezavislé premenné: hribku dy a/alebo vysku h.

B(TL) — e(b|+bz 1nd0+b3lnh)/1 , (35)
kde b;, b st regresné koeficienty a A je korekény faktor.

ZozrateI'na suSina (B.) na urovni stromu (TL) sa kvantifikovala pre nasledujice
komponenty: kondre, listy, termindlny vyhonok a kéru kmena. Potencidlne zozratelna
biomasa konarov (Bp) a listov (Bef) bola vypocitand podla nasledujicej rovnice:
B.(TL)=Bur, (36)
kde r (r, alebo rf) je pomer zozrateInych kondrov alebo listov k celkovej biomase
konarov alebo listov. Tento pomer bol vypocitany z hmotnosti suSiny zozratelnej
a nezozratelnej frakcie pre kazdy vzornik. Na modelovanie tohto pomeru na zaklade
hrabky dy bola pouzitd beta regresia (Ferrari, Cribari-Neto 2004; Simas et al. 2010).
Tento typ regresie sa pouziva na modelovanie kontinudlnych premennych
a predpokladd, ze hodnoty su v Standardnych jednotkovych intervaloch. Testovali sme
niekol’ko funkcii a na zdklade hodndét AIC kritéria (Akaike 1974) bola ako najlepSia
vybrana funkcia tvaru:

r = 1-exp (-exp(by+b,dy)) (37)

Pri modelovani zoZrateI'nej biomasy terminalnej casti kmena sme vychadzali
z predpokladu, Ze odhryz je limitovany vySkou kmena priblizne 2 m a hrabkou kmena
okolo 10 mm. Z toho potom vyplyva, Ze ak je strom na baze kmena tensi ako 10 mm je
cely kmen potencidlne zoZratel'ny a suSina biomasy zozratel'nej terminalnej ¢asti kmena
sa rovna suSine biomasy kmena vypocitanej pomocou alometrickej rovnice. Ak je
hrubka bazy kmena vicsia ako 10 mm, mnoZstvo biomasy zozrateI'nej Casti kmenia sa uz
nezviacsuje, ale zostdva konstantné za predpokladu, ze objem kmena s hribkou na baze

10 mm je zhodny s objemom terminalu s hribkou v mieste odhryzu rovnou 10 mm:

B, (TL) = B,(TL) (38)
pre d, <10 mm

alebo B, (TL) =B, (TL)=21,17¢ (39)
pre d, >10 mma d, <d,_, ,kde dy=; je hrubka prisluchajuca vyske 2 m.

Pri modelovani zoZratel'nej biomasy kory stromu sme vychadzali z predpokladu, Ze

jelenn neobhryza stromy, ktoré maju na baze hrabku menSiu ako 20 mm a obhryz
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dosahuje do vysky v ktorej ma strom hribku dy=10 mm, maximalne vSak 1.80 m.
SuSina zozratel'nej biomasy kory kmena (Bepark) bola potom pre jednotlivé vzorniky
vypocitana podla vzorca:
Bepar(TL) =S * W, (40)
kde S je plocha zozrateI'nej kory kmena, wy je Specificka plosnad hmotnost’ kory.

Pri vypocte plochy S sa pouzil vzorec na stanovenie povrchu plasta zrezané¢ho
rotaéného kuzela s polomerom dolnej podstavy 1y, s polomerom hornej podstavy r;s
avyskou 1.80 m. Vypocitané hodnoty Bepykx boli nédsledne vyrovnané regresnou

funkciou tvaru (36), kde nezavisle premennou je iba dy:
Boyarc (TL) =b,d¢2, pre d, > 20 mm (41)

kde by, b, su regresné koeficienty.

Modely na trovni stromu (TL) boli implementované na 20 vyskumnych ploch za
ucelom vycislenia mnozstva biomasy jednotlivych komponentov, ktoré boli redlne
skonzumované jeleiou zverou. NavySe modely boli vyuzité na vyhodnotenie
potencialne zozrateI'nej biomasy jednotlivych komponentov na rovni porastu. Aktualne
zozraté mnozstvo biomasy spolu s potencidlne zozrateI'nym bolo prepocitané na 100 m’
plochy a zapoj 50 %. Pri tvorbe modelov na trovni porastu, kde nezavislou premennou
bola strednd hrabka porastu dy, boli testované viaceré regresné funkcie a pomocou
metddy najmenSich Stvorcov vybrané tie, ktoré najlepSie aproximovali empiricky
namerané hodnoty.

V priloZzenych schémach sa zobrazuje navrh postupu pre odhad reédlne
skonzumovanej biomasy podl'a stromovych komponentov jelefiou zverou, jednak na
Grovni stromu, ako aj porastu (Obr. 3). Dalej postup vypoétu potravinového potencialu

pre jeleniu zver na urovni stromu a porastu (Obr. 4).
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n
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Uroveii stromu (TL) — skonzumovatelny kmeii (terminal)

Skonzumovatel’na susina

- terminal bez listov B, (Rov. 32; pre zimny odhryz)

k - terminal s listami B,,r (Rov. 33; pre letny odhryz)

Urovei stromu (TL) — skonzumovatePna kora
Skonzumovatelna susina

- kora B (Rov. 40)
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h. U -

Uroveii porastu (SL) — skonzumovatel'né konare, listy, kmei

(terminal) a kéra
/V)'fpoéet skonzumovatel’nej suSiny m

vyskumnych plochach

m
f D4ta merané na pokusnych\ ) Z kondre By, (Rov. 32)
plochach =1
m
_ priemer d,, v kazdom bode - Z konare + listy B,y+B.s  (Rov. 33)
odhryzu ) i=1
- plocha S kazdej olipanej Casti il
kory - z terminalny vyhonok B, (Rov. 32)
- vel’kost’ plochy A i=1
m
/ - ) terminal + listy B, +B; (Rov. 33)
i=1
Kde: m

n — podet odhryzov a obhryzov na strome - Z kora Beyark (Rov. 40)
m — pocet odhryzov a obhryzov na ploche i=1

Obr. 3. Schéma postupu pre odhad realne skonzumovanej biomasy podl’a
stromovych komponentov na urovni stromu a porastu
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Pozndamky:

* - konverzny koeficient r vyjadruje pomer zozratelnej biomasy k celkovej biomase. Koeficient
bol odvodeny pomocou f funkcie.

** - kora kmena pristupna pre zver je definovand maximalnou vzdialenostou 1,80 m od zeme.

Obr. 4. Schéma vypoctu potravinového potencialu jarabiny podl’a komponentov
na urovni porastu. Kroky oznacené sivym pozadim (liroven stromu) nie si pre
uZivatel’a nevyhnutne potrebné (model na urovni porastu je priamo
aplikovatel’ny).
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5 VYSLEDKY

Primarnym (vychodiskovym) vystupom vedeckej prace autora bolo odvodenie
alometrickych vztahov a BCEF pre mladé jedince tychto listnatych drevin: buk
oby¢ajny, dub zimny, jasenn Stihly, javor horsky, jarabina vtidia a viba rakytova.
Prehl'ad modelov pre biomasu celych stromov, nadzemnej Casti spolu, konarov, listov,
kmena s korou a korenov sa uvadza samostatne pre kazda drevinu v Prilohéch 1 az 6.
Prilohy obsahuju alometrické rovnice pre tri nezavislé premenné (hrabku na baze
kmena, vySku stromu aich vzajomni kombinaciu). Rovnice na vypocet BCEFov
neuvadzame z dovodu, ze su tazSie uplatniteIné, pretoze pri ich aplikacii v praxi
zvyCajne absentuju rovnice na vypocet objemu kmena, ktory BCEF konvertujii na
suSinu biomasy.

Zaroven sa tieto modely pre niektoré dreviny implementovali do publikacnych
vystupov v podobe vedeckych ¢lankov. Konkrétne sa vyuzili v publikacii: ,,Biomass
functions and expansion factors for young trees of European ash and Sycamore maple in
the Inner Western Carpathians® (pre javor horsky a jasenl Stihly; vid. podkapitola 5.1),
»Above-ground net primary productivity in young stands of beech and spruce* (pre buk
obycajny; vid’. podkapitola 5.2), ,,Foliage and fine roots in terms of growth efficiency —
a comparison between European beech and Norway spruce at early growth stages® (pre
buk obycajny; vid. podkapitola 5.2), ,.Specific leaf area and leaf area index in
developing stands of Fagus sylvatica L. and Picea abies Karst. (pre buk obyc¢ajny, vid’
podkapitola 5.2), ,,Modelling forage potential for red deer: A case study in post-
disturbance young stands of rowan® (pre jarabinu vtaiu; vid. podkapitola 5.3) a
»Quantifying edible biomass on young Salix caprea and Sorbus aucuparia trees for
Cervus elaphus: estimates by regression models® (pre vibu rakytovl a jarabinu vtaciu;
vid’. podkapitola 5.3).

V d’alSom texte kapitoly Vysledky sa uvadza Sest povodnych vedeckych prac
zoskupenych do troch hlavnych okruhov (podkapitol). Konkrétne oblast’ ,,Konstrukcia
alometrickych vztahov, BCEF aalokicia biomasy*“ reprezentuje jedna praca
(podkapitola 5.1), oblast ,Cistd primarna produkcia, listova plocha a rastova
efektivnost’ tri prace (podkapitola 5.2) a oblast’ ,,Ohryz jelefiou zverou a potravinovy

potencial®“ dve prace (podkapitola 5.3).
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5.1 Konstrukcia alometrickych vztahov, BCEF a alokacia biomasy

Funkcie biomasy a expanzné faktory pre mladé stromy jaseiia Stihleho a javora

horského vo Vnutornych Zapadnych Karpatoch
Abstrakt

Modely na vypocet biomasy stromu su dolezité nielen pre vypocet celkovej biomasy
stromu, ale tiez pre vypocet biomasy jej jednotlivych komponentov. Vyvinuli sme
alometrické rovnice a konverzno-expanzné faktory (BCEF) pre mladé porasty jasena
Stihleho (Fraxinus excelsior L.) ajavora horského (Acer pseudoplatanus L.). Data
reprezentuju po 100 vzornikov zkazdej dreviny z oblasti stredného Slovenska. Na
kazdom vzorniku bola odmerana hrubka na baze kmena, vyska a stanovil sa jeho objem.
Vzorniky boli rozseparované na jednotlivé stromové komponenty: korene, kmen,
konare a listy, potom nasledovalo ich vysuSenie a odvazenie. Modely na vypocet
biomasy sa skonstruovali na zaklade hribky na baze kmena a/alebo vysky, ktoré
vystupuji v modeloch ako nezavislé premenné. Struktiru biomasy jaseia a javora sme
porovnali so Struktirou biomasy buka lesného (Fagus sylvatica L.), ktora bola
vyjadrend na zéklade dat ziskanych v predoslom obdobi z tej istej oblasti. Zatial’ ¢o sme
zaznamenali relativne malé rozdiely v celkovej biomase jednotlivych druhov stromov,
medzidruhové rozdiely v mnozZstve biomasy sledovanych komponentov stromu boli
vyraznejSie. Najvicsie rozdiely sme zistili v percentudlnom podiele frakcie kmena
a frakcie konarov buka v porovnani sjaseiom a javorom. Podiel jednotlivych
komponentov zavisi od velkosti stromu. Tieto zmeny su pravdepodobne nasledkom
rastovej stratégie od rannych k neskor§im rastovym Stadidm. Podiel kmena a konarov na
celkovej biomase stromu narastd s velkost'ou stromu, zatial’ ¢o podiel listov a korenov
klesa. Napriklad najmensie stroméeky majii pomer korefiov k nadzemnej biomase
(root/shoot ratio) blizky hodnote 1,0, ale u stromov s hrubkou na baze kmeinia okolo 70
mm dosahuje tento pomer hodnotu 0,2. Ukédzali sme medzidruhové rozdiely medzi
alometrickymi rovnicami a BCEF skon$truovanymi pre jaseil ajavor. Zaroven sme
porovnali nase alometrické modely s inymi regresnymi modelmi pre tieto dreviny, ktoré

boli zostrojené v Nemecku a Vel'kej Britanii.
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fur das gesamte

Forstwesen

Biomass functions and expansion factors for young trees of European ash
and Sycamore maple in the Inner Western Carpathians

Biomassefunktionen und Expansionsfaktoren fiir junge Europdische
Eschen und Bergahorne in den Inneren Westlichen Karpaten

Bohdan Konépka'?, Jozef Pajtik'2, Vladimir Sebef

Keywords: Biomass model, biomass structure, tree components, tree
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Schliisselworte: Biomassemodelle, Biomassestruktur, Baumkomponenten,

Baumhohe, Stammdurchmesser
Summary

Forest tree biomass models are important, not only for estimating total tree biomass
but also for estimating biomass structure by components. Thus, we developed all-
ometric equations, biomass conversion and expansion factors (BCEF) for young Euro-
pean ash (Fraxinus excelsior) and Sycamore maple (Acer pseudoplatanus). New data,
including 100 sample of each tree species, were collected from central Slovakia. Stem
diameter, volume and length were measured and individual tree components; roots,
stem, branches and foliage were dried and weighed. Biomass models were construc-
ted using diameter at stem base and/or tree height as independent variables and
biomass structure in ash and maple were compared with existing European beech
(Fagus sylvatica) data obtained previously from the same region. While relatively few
interspecific differences were recorded in whole tree biomass, there is evidence of
structural diversity in component biomass. The main differences were found in per-
centages of stem and branch biomass with beech results contrasting with ash and
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maple. Contributions of tree components to structural biomass change relative to
tree size. These changes are possibly a consequence of progressive growth strategy
from early to later tree growth stages. Proportions of stem and branches to whole
tree biomass increase with tree size, while foliage and roots decrease. For instance,
the smallest trees have a root to shoot ratio of nearly 1.0 while trees with a stem
diameter of 70 mm demonstrate proportions of around 0.2. We showed differences
between allometric equations and BCEF in both European ash and Sycamore maple.
Moreover, our allometric models were compared with other models from Germany
and UK.

Zusammenfassung

Forstliche Biomassemodelle fiir Baume sind nicht nur bedeutsam fiir die Bestimmung
der gesamten Biomasse eines Baumes, sondern auch fiir die Kompartimentsstruktur
der Biomasse. Daher entwickelten wir allometrische Gleichungen und Umwand-
lungs- und Expansionsfaktoren der Biomasse (biomass conversion and expansion
factors - BCEF ) fiir junge Europdische Eschen (Fraxinus excelsior) und Bergahorne
(Acer pseudoplatanus). Neue, fiir jede Baumart 100 Proben umfassende Daten wur-
den in der Zentralslowakei aufgenommen. Stammdurchmesser, Volumen und Léange
wurden gemessen und die individuellen Baumkomponenten Wurzel, Stamm, Zwei-
ge und Belaubung wurden getrocknet und gewogen. Biomassemodelle wurden auf-
bauend auf die unabhangigen Variablen des Durchmessers am Stammfuf3 und/oder
der Baumhohe konstruiert. Die Biomassestruktur von Esche und Ahorn wurde mit
existierenden Daten der Europdischen Buche (Fagus sylvatica) in derselben Region
verglichen. Wahrend relativ wenige interspezifische Differenzen bei der Biomasse des
Gesamtbaumes festgestellt wurden, gibt es Anzeichen fiir strukturelle Differenzen
in den Komponenten der Biomasse. The Hauptgegensatze ergaben sich bei den An-
teilen der Biomasse von Stamm und Zweigen zwischen den Ergebnissen von Buche
verglichen mit denen von Esche und Ahorn. Die Beitrage der Baumkomponenten zur
strukturellen Biomasse dndern sich relativ zur BaumgréRe. Diese Anderungen be-
gleiten progressive Wachstumsstrategien von friihen zu spateren Wachstumsstufen
der Bdume. Anteile des Stammes und der Zweige an der Biomasse des Gesamtbau-
mes steigen mit BaumgroBe, wahrend die Anteile von Belaubung und Wurzeln sin-
ken. Zum Beispiel hat der kleinste Baum eine Relation von Wurzel zu Sprof3 von 1,0
wahrend Baume mit Stammdurchmesser von 70 mm Anteile von 0,2 aufweisen. Wir
zeigten Unterschiede zwischen allometrischen Gleichungen und Konversion- und
Expansionsfaktoren der Biomasse fiir beide Europaische Esche und Bergahorn. Dar(-
ber hinaus wurden unsere allometrischen Modelle mit anderen aus Deutschland und
Grof3britannien verglichen.
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1. Introduction

The importance of carbon sequestration in forest ecosystems as a complex measure
to mitigate climate change is an established concept (e.g. Vogt, 1991; Dixon, 1994).
On aglobal scale, European forests are an important carbon sink, currently accumula-
ting biomass. They are also significant soil carbon stores highlighting their importan-
ce for carbon store in the future (Janssens et al., 2003; Karjalainen et al., 2003). In cen-
tral Europe, the amount of carbon stored in tree biomass exceeds soil carbon storage
(Brunner and Godbold, 2007). At the same time, the quantity of carbon fixed in forest
biomass is more dynamic than that in the forest soils. Thus, accurate estimates of fo-
rest tree biomass are important to develop a clear understanding of biomass carbon
storage. Traditionally, only biomass estimates of merchantable wood; stem and coar-
se branches with diameter over 7 cm (in some countries over 5 cm), were conducted
in forestry practice and subsequently a wide range of methods were developed for
its inventory. However, biomass allocation among tree components influence the re-
sidence time of carbon fixation and therefore plays a critical role in the carbon cycle
in forest ecosystems (e.g. Helmisaari et al., 2002; Konépka et al., 2013). Two basic tree
component groups are considered important for biomass carbon storage: long-term
fixed carbon storage (e.g. stem, branches and coarse roots) that contain carbon for
decades or longer; and short-term carbon storage (e.g. foliage and fine roots) that
store carbon for months to a few years maximum (e.g. Yuste et al., 2005). Consequent-
ly, there is an urgent need to improve the existing methods for reliable assessments
of non-stem components on both the tree and stand levels (Lehtonen, 2005).

In general, during the past couple of decades, focus has centered on tree biomass
models with particular emphasis based on allometric equations or biomass expan-
sion factors (e.g. West, 2009). Allometric equations or biomass functions express
biomass calculations of various parts of individual trees based on measurable cha-
racteristics (e.g. stem diameter or tree height). Biomass expansion factors are used
to expand the available tree stem biomass data to estimate the total tree biomass
or specific tree component. Integrating biomass expansions and conversion compo-
nents (Tobin and Nieuwenhuis, 2007) into one biomass factor expressed as a biomass
conversion and expansion factor (BCEF) converts the most commonly available data
on stem volume directly to whole tree or component biomass (Schroeder et al., 1997)
and this can be further up-scaled to the forest stand level (e.g. Jalkanen et al., 2005;
Smelko et al., 2011). At the same time, the choice of method and the sample material
might have a strong impact on the biomass/carbon results (Thurnher et al., 2013).

A lack of research focusing on young trees identifies the requirement to find allome-
tric relations to enable biomass calculations for juvenile carbon storage potential
(Wirth et al., 2004; Pajtik et al., 2008, 2011). This is further supported by the fact that
the tree biomass component proportions are height (age) dependant and reflect dif-
ferent growth strategies in young and old stages (Claesson et al., 2001; Lehtonen et
al., 2004). Similarly, Wirth et al. (2004) further suggested that it is necessary to esta-
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blish biomass models for small trees as the existing models for large tress are non-
transferable due to contrasting biomass allocation patterns.

The Good Practice Guidance for land use; Land Use Change and Forestry (IPCC, 2003)
suggests direct field measurements in young stands because current biomass mo-
dels originate from large trees only. Pajtik et al. (2008) stressed the importance of
biomass models for small trees due to a rise in the area covered by even-aged young
forests in the last decade as a consequence of afforestation and salvage cuttings. Fur-
ther, recent changes in the forestry policy towards preference from even-aged mono-
cultures to mixed-age forests can be documented in most of the European countries
and in practice increases the percentage of young trees within forest stands.

In Slovakia the contribution of “other” broadleaved species (the term expresses all
broadleaves excepting the main commercial species; European beech, Pedunculate
oak, Sessile oak and Common hornbeam) to standing stock in young stands is much
higher than in older stands (Konopka et al., 2012b). For instance, the National Forest
Inventory (NFI) in Slovakia performed in 2005 - 2006 (unpublished data) showed that
Sycamore maple (Acer pseudoplatanus) represented approx. 8.2% of the entire forest
cover when considering the first age class (up to 20 years). On the other hand, this
species made up only 3.0% and 1.5% in the stands aged 40 - 80 years and over 100
years, respectively. European ash (Fraxinus excelsior) made up ca. 3.2%, 2.0% and 0.6%
of the forest cover considering stands with ages 0 - 20, 40 - 80, and over 100 years, re-
spectively. The percentage cover of these tree species decrease gradually with stand
age, most probably due to interspecific competition, intentional forest management
(thinning) and external factors such as red deer (Cervus elaphus) browsing.

After reviewing literature (e.g. Zianis et al., 2005; Muukkonen, 2007; Teobaldelli et al.,
2009) we can state that only few studies have previously focused on biomass mo-
dels in European ash and Sycamore maple. For instance in Slovakia, Petrds and Pajtik
(1991) constructed models for stem and coarse branch volume in European ash, Al-
bert et al. (2014) in Germany and Bunce (1968) in UK developed models for biomass
allocation of aboveground woody parts (i.e. stem and branches) in both European
ash and Sycamore maple. Hence, biomass models expressing all tree compartments
and total tree biomass are lacking for both species.

The specific aims of this paper are summarized as follows:

1. Construct both allometric equations as well as BCEF for tree components in young
European ash and Sycamore maple

2. Demonstrate the differences between allometric equations and BCEF in young
European ash and Sycamore maple

3. Compare our biomass models for European ash and Sycamore maple to models for
European beech from our previous work (Pajtik et al. 2011).
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2. Material and Methods
2.1 Site and stand description

Our research focused on the forested mountain area of the Slovak Central Mountains
which belongs to the sub-province of the Inner Western Carpathians. The mountains
are volcanic in origin and the predominantly andesitic bedrock is covered by Cambi-
sol. The forest composition is dominated by European beech with a mixture of other
broadleaf species at lower altitudes such as Common hornbeam, European ash and
Sycamore maple. In higher altitudes, coniferous species such as Norway spruce (Picea
abies), Silver fir (Abies alba) and isolated populations of European larch (Larix decidua)
are present.

A preliminary screening of forest stands containing European ash or Sycamore maple
was conducted using a forest database (Programs of Forest Management by Stand
Units in Slovakia; available on: http://gis.nlcsk.org/lgis/) with specific information on
tree species composition and age class (defined within a 10 year interval). The main
criteria was to select forest stands with a minimum composition of 80% of the target
tree species (ash or maple) and a stand age of up to 20 years. The final selection of 20
forest stands (10 x ash and 10 x maple; Figure 1; Table 1 and 2) were identified for their
exclusively natural regeneration. The altitudinal range was between 710 m - 950 m
a.s.l. for ash stands and 700 m — 980 m a.s.l. for maple forest stands. The area thus be-
longed to two altitudinal vegetation zones categorised by the native dominant forest
tree species; beech and fir-beech. In this region the total mean annual precipitations
is 950 mm and average annual temperature 5.5°C.

19" 20E 3 VerarrE

48"3TTH

10 W0rE 19°300°E 13 400°E

Fig. 1: Localization of the sampling plots for European ash (codes 1-10) and Sycamore maple (codes
A-J)
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Table 1: Basic characteristics of stand properties in research plots used for study of European ash

Plot code Ny FEEEERD I;lruer:a‘s?‘ereorf Né(ie:rr:‘:tee:n LG5S Age* (years)
cover (%) | of ash (%) 100 rrr\)Z de* (mm) height* (m) ge”ly
1 45 90 358 14.7 0.80 2
2 35 90 390 155 0.96 3
3 55 100 454 156 1.03 3
4 70 100 920 15.8 1.22 3
5 60 100 222 27.9 2.05 5
6 40 100 183 36.8 2.94 6
7 85 100 207 36.1 4.17 6
8 75 100 223 39.7 4.20 7
9 90 100 239 31.3 4.25 5
10 90 100 366 325 4.59 6
Explanatory note: * characteristics for ash trees

Table 2: Basic characteristics of stand properties in research plots used for study of Sycamore maple

Percentage | Number of | Mean stem .
Plot code cg?/re‘l??’%) of maplg trees* per diameter heli-o;‘\ix (sm) Age* (years)
(%) 100 m? do* (mm) 9
A 40 100 1047 55 030 1
B 45 20 679 123 0.94 2
C 70 80 271 22.1 153 4
D 50 80 358 255 240 4
E 35 100 271 2738 2.79 5
F 30 95 280 211 381 4
€] 95 100 430 360 480 6
H 80 85 188 395 581 7
[ 90 90 305 384 6.09 7
J 70 95 158 46.6 6.86 8
Explanatory note: * characteristics for maple trees

2.2 Tree measurements and sampling

Circle-like plots with radius of between 1 and 2 m were established in each of the 20
selected stands during the second half of the growing season in 2012 and 2013. The
size of each plot was determined with regards to stand density to include approxi-
mately 40 trees for further analysis. Tree height, diameter at stem base (diameter do),
diameter at breast height (dbh) and number of individual trees (ash, maple or other
species) were recorded on each plot and divided into five height classes of equal
interval. Then, ten trees were identified and sampled to represent each of the five
height classes (two trees per class) for both ash and maple. A total of 200 trees, 100
individual trees of each species, were excavated including roots with a diameter of
over T mm. By using a handsaw and garden shears the trees were separated into
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roots, stem and branches with foliage. The borderline between roots and stem was
the ground level (marked prior to tree excavation) and to separate stem and branches
the branch base was identified (i.e. the area of each branch closest to the stem sur-
face). The samples of roots, stems and branches with foliage were packed and trans-
ported to the laboratory.

In the laboratory, diameters do and dbh were measured in two perpendicular direc-
tions and tree height was recorded. Stems were divided into approximately 50 cm-
long sections and if trees were under 150 cm in height they were divided into three
equal sections. Three diameters were measured on each section; the middle point
and the diameter at both ends. The volume of each section was calculated according
to Newton’s formula (e.g. West, 2009):

_L(A4,+44,+ A)
B 6 (1)

14

where Vis the volume, L is the section length, A, the cross-sectional area at the large
end of section, A, the cross-sectional area at midpoint of section and A, is the cross-
sectional area at smallest end of section. The total sum of volumes of all three secti-
ons was calculated to represent the total stem volume (over bark).

Table 3: Descriptive statistics of the sampled trees

Spe- iz3 Mean il S.D. | S.E. | Min | Max o | U S -
cies |parameter dian quartile | quartile | ness | tosis
Diameter do
2344 2145 11.61 1.29 535 51.25 1335 31.75 042 -0.73
(mm)
Height (m) 2.09 2.09 118 0.13 0.19 424 1.02 2.96 0.12 -1.17
ABVG
<= 369.10 | 20438 | 421.27 | 47.10 245 | 1806.50 4143 546.15 142 140
2 biomass (g)
Total
508.01 29215 | 586.19 | 6595 525 | 3064.50 65.90 701.30 1.80 3.95
biomass (g)
Stem volume
() 502.06 | 261.63 | 571.05 | 6345 2.10 | 2239.89 5231 771.21 1.33 0.90
cm
Diameter do
31.30 27.85 22.09 2.21 570 | 104.50 1248 4378 1.01 0.50
(mm)
Height (m) 3.36 293 246 0.25 0.24 9.87 0.85 517 0.59 -045
o |ABVG
° ) 1053.05 | 282.29 | 1921.50| 194.10 | 3.07 |14098.13| 27.21 1122.59 3.96 21.81
© |biomass(g)
=
Total
1368.72 | 408.78 |2383.58 | 24327 | 567 [1693293| 5998 1509.65 3.68 18.95
biomass (g)
Stem volume
() 1750.72 | 489.56 | 318891 | 31889 | 228 [2311493| 2804 1883.24 3.85 2046
cm
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After a few days under room temperature foliage was separated from the branches.
Tree components were then oven dried at a temperature of 105°C until they reached
a constant weight. Volume, size and weight measurements were subsequently used
for alometric relations and BCEF. Descriptive statistics for the sampled trees are pre-
sented separately for ash and maple in Table 3.

2.3 Construction of biomass models

For calculations of biomass, whole tree or specific tree components, the most fre-
quent allometric equation is in the form:

Y =aX" (2)

where Y is the dependent variable, X is independent variable and a and b are para-
meters of the biomass model. Due to its flexibility, a variety of applications of this
formula have been established, since it can easily be expanded into the following
multiple form:

Y =a, X} X2 X0 X0 (3)

where Y is the dependent variable, Xi-X,, are independent variables, a,-b, are model
coefficients and O represents the multiplicative error term. We implemented the func-
tion in its logarithmic form as it allows for linear regression to be used to estimate the
coefficients:

InY =b,+b.InX, +b,.In X, +b,.InX; +...+InX +¢ (4)

where bo = In ao and € = In 6. It is relevant to point out that the logarithmic trans-
formation of the dependent variable does cause a bias which occurs during reverse
transformation of the logarithmic form (e.g. Baskerville, 1972). Hence, it is necessary
to use a correction factor for re-transformation which is calculated using the method
suggested by Marklund (1987) as follows:

}‘;
A=

where n is the sample size.

Since some trees in the sample set were smaller than 130 cm, we could not use the
standard tree mensuration parameter dbh. Instead we implemented diameter do as
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the independent variable which is considered useful for all tree heights. Moreover,
we used tree high as an individual parameter and in combination with diameter do
because this characteristic is rather easy to measure in young forest stands.

The predictive power of the following functions was tested:
B = e(f’o‘fbn Ind, )ﬁ 6)
B= e(bn +bl]nh]/-L 7)

B= e(bﬂm] Indni-bzlnh)ﬁ

where B is the total dry biomass per tree, do the diameter at stem base, h is the tree
height and bo, by, b2 are the coefficients.

Biomass allocated in a tree can be calculated by regression equations or by using bio-
mass factors. We used BCEF (e.g. Lehtonen et al., 2004) which is expressed as:

BCEF, =1 (9)
Vv

where Wi, is the biomass (dry matter) of a tree component (i.e. roots, stem, branches,
foliage, above-ground parts and whole tree) and V is stem volume. In fact, BCEF of the
stem is the stem density.

Stem volume was calculated as described above (Equation 1) and the point cloud was
fitted through the function (2) transformed in the forms:

V= e(bﬂm] Ind, )ﬂ (10)

V= e(bom, lnh)ﬂ' (11)

V= e{b0+b,lnd0+b2 Inh}ﬂ, (12)

where V is the stem volume.

For expressing dry weight, Wi, we have used the basic allometric formula (Equation 2)
which fits for the calculation of volume, V. We can therefore expand Equation 9 into
the form:

b
a, X" a
I b
BCEF, = ——~=aX" wherea=—"and b=b, - b (13)
a, X” T2
2 2
and use the allometric equation to calculate the BECFs of all tree biomass compo-
nents. Therefore, three functions, similar to Equations 6 — 8 were tested:

a,
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BCEF = ehind) (14)
BCEF = e(a-ﬁwl Inh)ﬁ (15)
BCEF = e(b‘,+b, Indy+by lnh};l (16)

Since stem volume is an exclusive independent variable for calculating tree compo-
nent biomass by means of BCEF method, we found a simple estimation method whe-
re we utilised an equation for the calculation of a cone volume and compared the
result with stem volume expressed as a sum of section volumes (Newton’s formula).
We compared the two volumes for all of the sampled trees; ash, maple and beech
data that was implemented from our previous work (see Pajtik et al., 2011) and fitted
a linear relationship. All statistical analyses were carried out using the least squares
method using Statistica 7.0 (StatSoft, Oklahoma, USA).

3. Results
3.1 Allometric equations

Through combining these results with the previous study focusing on biomass stu-
dies in young stands of European beech in the same region (Pajtik et al., 2011), bio-
mass results for three broadleaved species; beech, ash and maple are combined. The
main motivation of this research is based on the fact that beech is the regional domi-
nant species and together with ash and maple made up mixture in the stands. Since
diameter do is not a common characteristic in forestry practice, we showed the rela-
tionship between diameter do and tree height (Fig. 2a) and further between diameter
do and dbh (Fig. 2b). Relatively large interspecific differences existed in the relation-
ship between diameter do and tree height. For example, if we consider ash and maple
with the same diameter do, ash trees were in general shorter while maple trees were
tall and slender. In this aspect, beech trees were more closely related to ash than to
maple. Formulas for their relationship were calculated as follows:

dy

h= .
ash: =175 858+0395d, +0.193q: ' N = 0861
le: b= s R2 = 0.895
AP = ) 728+ 3.800d, +0.069d2 '~
d!
beech: - : ,R2=0.784

1.166+11.157d, + 0.0184;

As for the relationship between diameters do and d13, a linear relationship was consi-
dered suitable for all species:
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ash: d,, = -3.446+0.664d,, R> = 0.827

maple: d,, = -3.142 + 0.680d,, R? = 0.956

beech: d,, = -4.878 + 0.654d,, R> = 0.808

Interspecific differences for correlation between diameter do and dbh were negligible
with maximum values in maple and minimum in beech.

2]
(=]

b)

P o
[=] (=]

Tree height (m)
s
Diameter dbh (mm)
[
=1

20 4
2
10 -
[ e e e 0 +————m——m—
0 10 20 30 40 50 60 7O 0 10 20 30 40 680 60 70
Diameter d, (mm) Diameter d; (mm)

Fig. 2: Relationship between (a) diameter do and tree height and (b) diameter do and dbh in ash
(triangles), maple (diamonds) and beech (crosses; *data from Pajtik et al., 2011)

Estimated coefficients and statistic characteristics of allometric equations for ash are
presented in Table 4 and for maple in Table 5. It is evident that diameter do is a statis-
tically more suitable variable than tree height for predicting the biomass of all tree
components in both species. As for ash trees, while diameter do explained 84 — 95 %
of sample variability in particular component quantity, the tree height explains 75 -
94 %. As for maple, the precision of the models were slightly higher with diameter
do explained 93 - 98 % of sample variability and tree height explaining 85 - 97 %.
Models are even more precise when estimating whole tree biomass. Using diameter
do we reached 96% and 98% confidence in ash and maple respectively, and by using
tree height we obtained 92% and 94% in ash and maple. Through combining the
independent variables, diameter do and tree height, the allometric models are only
slightly improved, by between 1 - 2% compared to the model based solely on dia-
meter do.
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Table 4: Regression coefficients (bo, b1, b8), their relative standard errors (S.E.) and p-values; coefficient
of determination (R2); mean squared errors (MSE); logarithmic transformation bias (A) and standard
deviation (S.D.) for equations 6 — 8 (allometric relationships) in ash trees

Eq. col.r\rfgo- bo | SE. | P b1 | SE. | P b | SE. | P R2 \MSE| AN |S.D.
nent
Stem | -4.374 | 0229 |<0.001|2.997 | 0.075 | <0.001 0.954 | 0.140 | 1.072 | 0430
Branches | -9.108 | 0.624 |<0.0013.738| 0.197 | <0.001 0.835 | 0.562 | 1.256 | 0.792
Leaves | -3.969 | 0255 |<0.001|2388| 0.083 |<0.001 0912 | 0.174 | 1.085 | 0435
© Roots -3.301 | 0.243 | <0.001|2.454| 0.079 |<0.001 0.925 | 0.146 | 1.077 | 0452
ABVG | -3.839 | 0.209 |<0.001|2.925| 0.068 |<0.001 0959 | 0.117 | 1.057 | 0.360
Whole tree| -2.999 | 0.200 |<0.001|2.769 | 0.065 | <0.001 0.959 | 0.099 | 1.049 | 0.332
Stem 3.523 | 0.056 [<0.001]2.206| 0.061 |<0.001 0.944 | 0.171 | 1.096 | 0.601
Branches | 0.698 | 0.168 |<0.001|2.785| 0.189 | <0.001 0753 | 0.841 | 1433 | 1.174
Leaves | 2.345 | 0070 |<0.001|1.721| 0.077 |<0.001 0.864 | 0.270 | 1.129 | 0.554
%, Roots | 3.171 | 0.075 |<0.001|1.780| 0.084 |<0.001 0.853 | 0.288 | 1.156 | 0.719
ABVG | 3874 | 0.057 |<0.001|2.140| 0.062 |<0.001 0938 | 0.178 | 1.093 | 0.522
Whole tree| 4.279 | 0.062 |<0.001|2.048 | 0.069 | <0.001 0.920 | 0.193 | 1.100 | 0.525
Stem | -0.906 | 0372 | 0017 [1.667 | 0.139 | <0.001| 1.052 | 0.103 [<0.001| 0.980 | 0.060 | 1.038 | 0.399
Branches | -6.807 | 1.152 |<0.001|2.830| 0431 |<0.001| 0.795 | 0.339 | 0.022 | 0.847 | 0529 | 1.244 | 0.782
Leaves |-2219| 0596 |<0.001|1.717| 0223 |<0.001| 0531 | 0.165 | 0.002 | 0923 | 0.156 | 1.075 | 0411
@ Roots -2.043 | 0.562 |<0.001]1.968| 0.211 |<0.001| 0.394 | 0.160 | 0.016 | 0.931 | 0.137 | 1.073 | 0.450
ABVG | -0.795 | 0355 | 0028 |1.757 | 0.133 [<0.001| 0.923 | 0099 |<0.001| 0.981 | 0.055 | 1.031 | 0.315
Whole tree| -0.589 | 0.372 | 0.117 |1.838| 0.140 | <0.001| 0.754 | 0.106 |<0.001| 0.976 | 0.060 | 1.032 | 0.301

The allometric models show that the quantity of the specific tree components is simi-
lar in ash and maple (Fig. 3a, 3b) with slightly higher values in all tree components re-
corded in ash. Interspecific differences were minimal between ash, maple and beech,
when concerning above-ground biomass (Fig. 4a), whole tree biomass (Fig. 4b) and
root (below-ground biomass) to shoot (above-ground biomass) ratio (Fig. 4c). In both
above-ground biomass and whole tree biomass the largest values were found for ash
and lowest for maple with beech values most similar to ash. For root to shoot ratio, all
species recorded a decrease with tree size (diameter do). While the smallest trees had
a root to shoot ratio of nearly 1:1, trees with diameter do of 70 mm recorded values of
around 0.2.This indicates that the total tree biomass was composed of approximately
17% below- and 83% above-ground biomass.
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Table 5: Regression coefficients (bo, b1, b2), their relative standard errors (S.E.) and p-values; coefficient
of determination (R2); mean squared errors (MSE); logarithmic transformation bias (A\) and standard
deviation (S.D.) for equations 6 — 8 (allometric relationships) in maple trees

Maple
Eq. | compo- | bo | SEE. | P b1 | SE. | P b2 | SE.| P R2 |MSE| A | S.D.
nent
Stem -4.169 | 0.150 | <0.001| 2914 | 0.046 |<0.001 0976 | 0.112 | 1.064 | 0421
Branches |-8.107 | 0.342 [<0.001| 3.351 | 0.101 |<0.001 0926 | 0443 | 1.225 | 0.800
©) Leaves -2.650 ] 0.173 1 <0.001| 1.950 | 0.053 |<0.001 0933 | 0.162 | 1.082 | 0473
Roots -2.5951 0.153 [ <0.001| 2.226 | 0.047 |<0.001 0.960 | 0.119 | 1.060 | 0.370
ABVG -3.342 1 0.127 | <0.001| 2.755 | 0.039 |<0.001 0.981 | 0.088 | 1.044 | 0.324
Whole tree |-2.432| 0.115 | <0.001 | 2.583 | 0.035 |<0.001 0983 | 0.067 | 1.034 | 0.276
Stem 3.194 | 0.051 |<0.001| 2.273 | 0.040 |<0.001 0971 | 0.149 | 1.077 | 0435
Branches | 0.386 | 0.135 | 0.005 | 2.583 | 0.101 |<0.001 0.882 | 0.708 | 1.335 | 0.959
o Leaves 2329 | 0.079 | <0.001| 1459 | 0.062 |<0.001 0.853 | 0.357 | 1.182 | 0.705
7
Roots 3.109 | 0.085 | <0.001| 1.648 | 0.066 |<0.001 0.868 | 0.391 | 1.205 | 0.753
ABVG 3.632 | 0.056 | <0.001| 2.133 | 0.044 |<0.001 0.960 [0.1832|1.0942| 0.482
Whole tree | 4.140 | 0.066 | <0.001| 1.969 | 0.051 |[<0.001 0941 | 0.234 | 1.120 | 0.552
Stem -0.832 ] 0.174 | <0.001| 1.577 | 0.068 [<0.001| 1.094 | 0.053 [<0.001| 0.996 | 0.023 | 1.011 | 0.153
Branches |-5912| 0.775 |<0.001| 2.463 | 0.301 |<0.001| 0.741 | 0.237 | 0.002 | 0.934 | 0.402 | 1.195 | 0.709
@) Leaves -2.626 | 0466 | <0.001| 1.941 | 0.181 [<0.001| 0.008 | 0.142 | 0.956 | 0.934 | 0.164 | 1.082 | 0473
Roots -2.797 | 0404 | <0.001| 2.307 | 0.157 [<0.001|-0.066 | 0.122 | 0.589 | 0.960 | 0.120 | 1.059 | 0.367
ABVG -0.783 ] 0.194 | <0.001| 1.729 | 0.075 [<0.001| 0.840 | 0.059 |<0.001| 0.994 | 0.028 | 1.014 | 0.167
Whole tree | -0.784 | 0.241 | 0.002 | 1.923 | 0.094 |<0.001| 0.539 | 0.073 |<0.001| 0.989 | 0.043 | 1.021 | 0.218
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Fig. 3: Biomass of roots, stem (overbark), branches and foliage in (a) ash and (b) maple against
diameter do
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Fig. 4: Ash, maple and beech (a) above-ground biomass (b) whole tree biomass and (c) root to shoot
ratio against diameter do (* data from Pajtik et al., 2011)

While relatively little interspecific differences were recorded in whole tree biomass,
there is evidence of differences existing in biomass structure (Fig. 5a-d). The largest
differences were recorded in the percentage biomass of stem and branches. In these
parameters, beech contrasted with ash and maple specifically with beech having a
much higher proportion of branch biomass but lower percentage of stem biomass
than the other species. If considering the largest trees (diameter do of 70 mm), contri-
bution of beech branches was approx. 23% while in ash and maple branch biomass
contribution was 14% and 10% respectively. At the same time, total biomasses of the
largest trees were composed by around 49% (beech), 60% (ash) and 67% (maple) of
stem biomass.
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Fig. 5: Contribution of (a) roots, (b) stem, (c) branches and (d) foliage to whole tree biomass against
diameter do in ash, maple and beech (* data from Pajtik et al., 2011)

3.2 Biomass expansion and conversion factors

Estimated coefficients and statistic characteristics for stem volume in both ash and
maple species are presented in Table 6. The results show that both variables; diameter
do and tree height explain sample variability with a very high precision. The highest
values; 0.991% in ash and 0.997% in maple for coefficient of determination R2 was
recorded for model results when implementing both diameter do and tree height as
independent variables. Estimated coefficients and statistic characteristics for models
of BCEFs for ash are in Table 7 and for maple in Table 8. Values of coefficients of de-
terminations are much lower than for allometric models. It is proposed that for these
models, both variables should be utilised. Doing so, a very precise model (R2=0.832)
was constructed for whole tree biomass in maple.
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Table 6: Regression coefficients (bo, b1, b2), their relative standard errors (S.E.) and p-values; coefficient
of determination (R2); mean squared errors (MSE); logarithmic transformation bias (A) and standard
deviation (S.D.) for equations 10 — 12 (stem volume) in ash and maple trees

Eq. |Species| bo | SEE. | P b1 | SE.| P b2 | SE.| P R2 |[MSE| A | S.D.
@ Ash [ -4.100 | 0230 |<0.001| 3.093 | 0.075 |<0.001 0956 | 0.141 | 1.071 | 0.402

Maple |-3.890 | 0.169 |<0.001| 3.028 | 0.052 |<0.001 0.972 | 0.155 | 1.080 | 0456
5) Ash | 4041 | 0046 | <0001 2.299 | 0.051 |<0.001 0963 | 0.117 | 1.057 | 0351
5

Maple | 3.747 | 0045 | <0001 2.375 | 0.035 |<0.001 0979 | 0.119 | 1.060 | 0.377
©) Ash | 0.040 | 0.252 | 0.874 | 1.505 | 0.094 |<0.001| 1.257 | 0.070 [<0.001| 0.991 | 0.028 | 1.014 | 0.170
6

Maple | 0.081 | 0.137 | 0.553 | 1436 | 0.053 |<0.001| 1.302 | 0.042 | <0.001| 0.997 | 0.14 | 1.007 | 0.118

Table 7: Regression coefficients (bo, b1, b2), their relative standard errors (S.E.) and p-values; coefficient
of determination (R2); mean squared errors (MSE); logarithmic transformation bias (\) and standard
deviation (S.D.) for equations 14 - 16 (BCEF) in ash trees

Eq. A;L‘rf:::' bo |SE.| P | b1 |SE| P | ba |SE| P | R2 |MSE| A |s.D.
Stem -0.324 | 0.073 |<0.001|-0.087 | 0.024 |<0.001 0.147 | 0.014 | 1.007 | 0.120

Branches |-54111 0.590 [<0.001| 0.766 | 0.186 |<0.001 0.192 | 0.502 | 1.246 | 0.865

Leaves 0.131 | 0.254 | 0.607 |-0.705| 0.083 |<0.001 0478 1 0.172 | 1.080 | 0.408

(14) Roots 0.702 | 0.254 | 0.007 |-0.609 | 0.082 |<0.001 0412 1 0.159 | 1.080 | 0.444
ABVG 0.270 | 0.116 | 0.022 | -0.173 | 0.038 |<0.001 0212 | 0.036 | 1.020 | 0.255

Whole tree | 0.957 | 0.138 |<0.001|-0.282 | 0.045 |<0.001 0336 | 0.051 | 1.027 | 0.265

Stem -0.545 | 0.016 |<0.001|-0.078 | 0.017 |<0.001 0.215 ] 0.013 | 1.006 | 0.115

Branches |-3.310| 0.137 [<0.001| 0.439 | 0.154 | 0.006 0.102 | 0.558 | 1.272 | 0.885

Leaves -1.696 | 0.050 |<0.001|-0.579| 0.055 |<0.001 0.588 | 0.136 | 1.064 | 0.363

(15) Roots -0.850 | 0.048 |<0.001|-0.544 | 0.053 |<0.001 0.576 | 0.115 ] 1.058 | 0.374
ABVG -0.168 | 0.023 |<0.001|-0.160 | 0.026 |<0.001 0.333 | 0.030 | 1.017 | 0.233

Whole tree | 0.235 | 0.027 |<0.001{-0.251 | 0.029 |<0.001 0486 | 0.039 | 1.021 | 0.230

Stem -0.7851 0.171 |<0.001| 0.090 | 0.064 | 0.164 | -0.140 | 0.048 | 0.004 | 0.235 | 0.013 | 1.006 | 0.114

Branches |-6.886| 1.112 [<0.001| 1.348 | 0416 | 0.002 |-0.509| 0.327 | 0.124 | 0.219 | 0492 | 1.228 | 0.791

Leaves -2.260 | 0.557 {<0.001| 0.212 | 0.209 | 0.313 |-0.726| 0.155 [<0.001| 0.593 | 0.136 | 1.063 | 0.362

(16) Roots -2.107 | 0.498 |<0.001| 0475 | 0.187 | 0.013 |-0.879| 0.141 |<0.001| 0.608 | 0.107 | 1.053 | 0.350
ABVG -0.806 | 0.254 | 0.002 | 0.240 | 0.095 | 0.014 | -0.326| 0.070 [<0.001| 0.384 | 0.028 | 1.016 | 0.222

Whole tree |-0.528| 0.288 | 0.071 | 0.287 | 0.108 | 0.010 | -0.450| 0.080 |<0.001| 0.530 | 0.036 | 1.019 | 0.216
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Table 8: Regression coefficients (bo, b1, b2), their standard errors (S.E.) and p-values; coefficient of
determination (R?); mean squared errors (MSE); logarithmic transformation bias (A\) and standard
deviation (S.D.) for equations 14 - 16 (BCEF) in maple trees

Maple
Eq. | compo- | bo | SEE. | P b1 | S.E. P b2 | SE. | P R2 |\MSE| AN |S.D.
nent
Sten | -0.279| 0.048 |<0.001|-0.113 | 0.015 |<0.001 0374 | 0013 | 1.006 | 0.116
Branches |-4311| 0335 |<0.001| 0349 | 0.009 |<0.001 0.124 | 0425 | 1207 | 0.739
Leaves | 1.235 | 0235 |<0.001|-1.075 | 0.072 |<0.001 0698 | 0.299 | 1.155 | 0671
b Roots | 1314 | 0.232 |<0.001|-0.807 | 0.071 |<0.001 0577 | 0.275 | 1.144 | 0611
ABVG | 0.544 | 0.080 [<0.001|-0.271 | 0.025 |<0.001 0557 | 0.035 | 1.018 | 0.195
Whole tree | 1473 | 0.128 |<0.001| -0.448 | 0.039 |<0.001 0.582 | 0.084 | 1.043 | 0313
Stem  |-0553| 0013 |<0.001|-0.103 | 0.010 |<0.001 0.502 | 0.010 | 1.005 | 0.102
Branches |-3365| 0.108 |<0.001| 0207 | 0.081 | 0.012 0070 | 0452 | 1213 | 0.736
Leaves |-1417| 0055 |<0.001|-0916 | 0.043 |<0.001 0827 | 0.171 | 1.093 | 0.565
bl Roots  |-0.647 | 0.053 |<0.001|-0.722 | 0.041 |<0.001 0761 | 0.155 | 1.077 | 0421
ABVG -0.115 | 0.019 |<0.001|-0.242 | 0.015 | <0.001 0.729 | 0.021 | 1.011 | 0.152
Whole tree | 0.384 | 0.029 |<0.001|-0401 | 0.023 |<0.001 0770 | 0.046 | 1.023 | 0.226
Stem  |-0913| 0.110 {<0.001| 0.141 | 0.043 | 0.001 |-0208 | 0.034 |<0.001| 0.552 | 0.009 | 1.005 | 0.097
Branches |-5.856| 0.780 |<0.001| 0974 | 0.303 | 0.002 |-0.521| 0.239 | 0.032 | 0.170 | 0.408 | 1.199 | 0.734
Leaves |-2.702| 0460 |<0.001| 0.503 | 0.179 | 0.006 |-1.292 | 0.140 |<0.001| 0.841 | 0.159 | 1.088 | 0.569
(16) Roots -2.891 | 0.398 |<0.001| 0.876 | 0.154 |<0.001|-1.373| 0.120 [<0.001| 0.822 | 0.117 | 1.057 | 0.358
ABVG  [-0.859| 0.151 [<0.001| 0.291 | 0.059 |<0.001|-0.460 | 0.046 |<0.001| 0.785 | 0.017 | 1.009 | 0.137
Whole tree | -0.871| 0215 |<0.001| 0.490 | 0.083 |<0.001|-0.766 | 0.065 |<0.001| 0.832 | 0.034 | 1.017 | 0.197

The results related to BCEFs show a large difference between the tree components in
both ash and maple species (Fig. 6a, 6b). Comparing BCEFs with tree size (diameter
do), values decreased with increasing diameter do which is particularly evident for
biomass components, foliage and roots. On the other hand, the opposite was found
for tree size (diameter do) and branches. In fact, BCEF for stem is equal to density
(wood and bark together) thus, it is not surprising that the highest values of stem
density in both species were found for the smallest trees (nearly 0.70 g.cm=3) with
the lowest values in the largest trees (around 0.50 g.cm3). Considering all tree spe-
cies, large differences were found for BCEFs in above-ground (Fig. 7a) and whole tree
biomass (Fig. 7b). For BCEF expressing above-ground biomass, maple differed (lower
values) from ash and beech. BCEF for whole tree biomass differed in beech (higher
values) from those of ash and maple. In all trees, the values of these BCEFs decreased
with increasing tree size (diameter do) however, the values for trees with diameters of
approximately 30 mm changes only moderately.
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maple and beech (* data from Pajtik et al., 2011)

Comparisons of the two methods, i.e. alometric relation and BCEF, for biomass estima-
tes suggested just moderately different results in both species (Fig. 8a, 8b). As for the
precision of the models, BCEF (residual standard deviations for BCEF using modeled
and measured stem volume was 237.1 and 149.1, respectively) performed better than
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alometric relation (252.9) for ash trees. In contrast, alometric relationship (453.11) was
more precise than BCEF (594.5 and 549.5, respectively for BCEF using modeled and
measured stem volume) for maple trees. Here, the equation for modeling stem volu-
me in ash was V = 0.257139DAB?3"26 and in maple was V = 0.026715DAB2920% where

DAB is diameter do.

Finally, our alometric models for both species were compared with other available
relationships from Germany (Albert et al., 2014) and UK (Bunce, 1968). Unfortunate-
ly, these models for European ash and Sycamore maple were expressed for above-
ground woody biomass only. The comparison showed that our model outputs recor-
ded “average” values compared to the other models in the case of both tree species
(Fig. 9; see also Table 9 and 10). Specifically, while our models and the models from
Germany recorded larger above-ground woody biomass compared to dbh in both
ash and maple, the models from UK estimated less biomass.

4000 10000
o reality
5 —— ALO 5 8000
= 3000 | . -
o —— modelV*BCEF ]
8 € 6000 §
k=]
3 2000 1 a
8 € 4000
= 3
2 1000 - = 2000 -
04 . . ‘ 04 : .
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Fig. 8: Comparison of total tree biomass estimated by alometric relation (ALO) and BCEF (as for
modeled stem volume - modelV*Bcef and mesaured stem volume — V*BCEF) in (a) ash and (b) maple
trees. Open circles represent really weighted tree biomass (reality).
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Fig. 9: Comparison of our models with some other alometric models for ash (upper plate) and maple
(lower plate) aboveground woody biomass. The letters in the legends represents: a — our model; b
and ¢ - models of Albert et al,, 2014; d and e — models of Bunce, 1968

Table 9: Comparison of equations for aboveground woody biomass based on dbh as a predictor in
European ash (a — our model; b and c - models of Albert et al., 2014; c and d - models of Bunce, 1968)

n dbh (cm) Region Equation
2 100 0-35 Slovakia B - e[:-*—” '+3-U?5""[: S ]] 1060
b 178 0.1-121 | Germany (Liebenburg) | ABW = 0.2292 * DBH *17%
c 21 10-148 | Germany (Barterode) | ABW =0.1757 * DBH ****!
d 15 29-330 United Kingdom In ABW =-2.5+2.49%In DBH
e 15 30-180 United Kingdom In ABW =-2.5+2.55%In DBH
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Table 10: Comparison of equations for aboveground woody biomass based on dbh as a predictor in
Sycamore maple (a — our model; b and c — models of Albert et al.,, 2014; c and d - models of Bunce,
1968)

n dbh (cm) Region Equation
a 100 0-80 Slovakia B e(_—‘t-whz-m’ln[ R 9']J . Logs
b 148 0.1-155 Germany (Liebenburg) ABW =(0.2286* DBH *'%*
c 20 12-146 Germany (Barterode) ABW = 0.1349* DR 243!
d 15 3.5-280 United Kingdom In ABW = -2.7+2.58%In DBH
e 10 37-310 United Kingdom In ABW = -2.842.52*In DBH

4. Discussion and conclusion

The results indicate that allometric equations are more suitable for expressing bio-
mass and structural components of small trees than BCEFs. Although, we did not find
differences between these two approaches for accuracy of biomass estimates, alo-
metric equations are more practical for implementation than BCEFs in young trees.
Specifically, it is simpler to use only stem characteristic (diameter and/or height) as
a predictor for allometric relations than stem volume (due to complicated measure-
ment or calculation) for BCEF. On the other hand, we suppose that BCEF is suitable
for large trees where the stem volume (predictor) is generally better known than for
small trees. Moreover, while the value of BCEF is near constant in large trees (Lehto-
nen et al. 2004), its value is sensitive to tree dimensions in small trees (Pajtik et al.,
2011). The use of stem diameter as the most precise independent variable for alome-
tric equations is supported in previous work (e.g. Johansson, 1999; Hochbichler et al.,
2006; Pajtik et al., 2008). As for diameter do, practical measurement might be difficult
in young, often dense stands and may be further complicated by deformations on
stem bases. Since dbh is applicable exclusively for trees with height over 130 cm, a
compromise between model precision and practical measurement can be achieved
by using tree height as a variable. This further creates compatibility between small
and large tree results.

The results show little interspecific difference between young ash, maple and beech
trees in whole tree biomass with regard to diameter do. At the same time, minimum
interspecific differences exist for root to shoot ratio. Previous work conducted in Slo-
vak forest (Konopka et al., 2010) indicated a large differences in root to shoot ratio
among the four most abundant tree species; European beech, Norway spruce, Scots
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pine (Pinus sylvestris) and Sessile oak. Specifically, substantial differences were obser-
ved between the broadleaved (higher value of root to shoot ratio) and coniferous
trees (lower value). This sort of information is highly relevant to understand carbon
cycling in young stands. Since young stands often grow under high competition
stress, they typically record a high mortality rate (e.g. Lutz and Halpern, 2006). At the
same time, the proportion of carbon emitted or stored by the above- and below-
ground biomass, after tree mortality, is determined by the root to shoot ratio. For
instance, King et al. (2007) established linear models for root to shoot ratio compared
to tree size in a variety of species. However, the focus was on older growth stands
than observed during this study. Our results indicate that ash, maple and beech with
diameter do between 40 and 70 mm manifest values of root to shoot ratio from bet-
ween 0.3 and 0.2. These values agree with the results of Harris (1992), who showed
that, under normal conditions, root to shoot ratio in most adult trees vary between
0.16 and 0.20.

Large interspecific differences between young ash, maple and beech trees were
found for biomass structure, specifically for stem and branch components. Beech has
evidently higher proportion of branches than ash and maple, and in contrast, ash and
maple manifested higher contributions of stem biomass than beech. These results
might have some implication for the understanding of interspecific competition. If
we neglect possible interspecific differences in growth rate, especially in height, and
also ecological demands, higher competition potential might be predicted for beech
with larger proportion of branches (this species occupies a relatively bulky space in
canopy layer) than for ash and maple. On the other hand, minimum differences were
found in the contribution of foliage to total biomass. This knowledge would be useful
for instance in terms of modeling carbon cycling through foliage or growth efficien-
cy, expressing production of biomass in stem or all woody components based on
foliage mass unit (Gersonde and O’Hara, 2005). Another implication of foliage and
branch quantity or their contribution to whole tree biomass, might be related to feed
potential for ruminating ungulate game (e.g. Konépka et al., 2012a; Pajtik et al., 2015)
or competition for light with weed (Ceacero et al., 2014).

Our results show that structure of biomass as a contribution of tree components
changes dramatically with tree size with the most significant changes found for smal-
lest trees (diameter do up to approx. 30 mm). These changes perhaps relates to alter-
nating changing growth strategy from early (primary intention to occupy sufficient
soil space) to later stages (to compete neighbouring trees for light). Proportion of
stem on whole tree biomass increased with tree growth is generally acknowledged
(e.g. Kozlowski and Pallardy, 1997). In young ash, maple and beech trees, contrasting
tendencies with increasing size were recorded, increasing for branches and decrea-
sing for foliage. This phenomenon is also evident in Norway spruce stands at least
until the development of a closed canopy (Kantola and Mékeld, 2006). At this stage
the level of branch contribution to whole tree biomass stabilizes and percentage of
foliage continues to decrease. This is most probably related to limited light resources
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under closed canopy conditions and as a consequence the constraints for foliage sur-
vival.

There is the potential for future studies on European ash and Sycamore maple to fo-
cus on biomass models for larger trees. At the same time, the models should include
all tree components in the above-ground and below-ground parts of trees, especial-
ly for the purpose of biomass/carbon stock estimates in forest stands. The biomass
models for the most frequent tree species can be implemented in combination with
data from the NFI (in Slovakia, the first NFI was in 2005 — 2006 and the second will
be in 2015 - 2016; see Smelko et al., 2014). Since all trees with height over 0.1 m are
registered in NFl in Slovakia, our biomass models for small ash and maple trees can be
incorporated. Thus, after the second NFI and the potential construction of models for
the full range of tree dimensions, not only biomass/carbon stock, but also biomass
production can be estimated on the national level.
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5.2 Cista primarna produkcia, listova plocha a rastova u¢innost’

Cistd primarna produkcia nadzemnej biomasy v mladych porastoch buka

a smreka
Abstrakt

Jednym z predpokladanych naésledkov klimatickej zmeny a neodmyslitelnym
sprievodnym tkazom je postupnd modifikdcia drevinového =zlozenia V lesnych
ekosystémoch (napr. rozSirenie odolnejSich druhov na tukor druhov mene;j
rezistentnych). Klimatickd zmena je sprevadzana zvySovanim teploty a nedostatkom
zrazok amoéze predstavovat vaznu hrozbu obzvlast pre smrekové stanovistia
V eurdpskej Casti mierneho pasma. Buk lesny je jednym z moznych druhov lesnych
drevin, ktoré moézu potencidlne nahradit’ ohrozeny smrek. V tomto prispevku sme
pomocou vyuzitia kontinudlnych merani a deStruktivneho odberu celych stromov
pozorovali zasobu nadzemnej biomasy porastu (tj. kmena, konarov a listov) a jej ro¢na
¢ista primarnu produkciu (NPP) v mladych porastoch buka a smreka z prirodzenej
obnovy. Umyselne sme vybrali stanoviste, kde zmena klimatickych podmienok lepsie
vyhovuje ekologickym poziadavkam buka ako smreka (ktory je dominantnym druhom
v sledovanej oblasti). Zaznamenali sme iba malé rozdiely v zdsobe kmenov buka
a smreka ak bola zasoba vyjadrena v tonach na hektar. Pri vyjadreni zasoby v metroch
kubickych na hektar st zdsoby smreka vicsie, ¢o je sposobené rozdielnou objemovou
hustotou dreva tychto dvoch druhov drevin. Najvicsie rozdiely medzi drevinami sa
pozorovali v zasobe asimilaénych organov. Pri smreku je tato zasoba trikrat vacsia ako
pri buku. Pritom buk alokuje viac uhl'ohydratov v kmeni ako smrek. Na druhej strane
sme vypocitali takmer rovnaktl produkciu listov a konarov pri obidvoch sledovanych

drevinach.
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One of the expected consequences of climate change and its inherent phenomena to forest ecosystems
is the gradual modification of their tree species composition (i.e. expansion of resistant species instead of
less resistant ones). Climate change accompanied with increasing temperatures and a lack of precipitations
may present a threat especially to spruce stands in the European part of the temperate zone. European
beech is one of the possible forest tree species which might replace the potentially endangered spruce. In
this paper, we observed, by using a combination of continual measurements and destructive whole-tree
sampling, standing stocks of above-ground biomass (i.e. stem, branches, and foliage) and its annual net
primary productivity (NPP) in naturally regenerated young stands of beech and spruce. We intentionally
selected a site where the changing climate conditions are better suited to the ecological demands of beech
rather than spruce (the species is dominant in the observed area). We recorded only small differences in
the standing stock of stems of the beech, if based on tons per ha. However, this is in favor of spruce if
based on cubic meters per ha. The largest difference between the species was found for the standing stock
of foliage, spruce retained three times the biomass of beech. Also, beech allocated more carbohydrates to
stem than spruce. On the other hand, we estimated nearly the same production of foliages and branches
in both stands.

Keywords: Fagus sylvatica, Picea abies, net primary productivity, above-ground biomass, standing
stock, tree compartments

1. Introduction

Since forests store approximately 80% of the total
terrestrial aboveground carbon (Six et al., 2002) they
would play a principal role in the mitigation of the cli-
mate change process (JANDL ef al., 2007). For instance,
Janssens et al. (2003) estimated that in European condi-
tions, forests absorb about 10% of emissions with agri-
cultural land being a source and forests a sink of CO,.

154

At the same time, BRUNNER & GobppoLD (2007) stated
that the temperate of forests in Central Europe stored
about 110 t C per ha in tree biomass and 65 t C per ha
in the soil (without roots). This means that nearly 2/3 of
a forest ecosystems’ C pool was fixed in tree biomass.
At the same time, circa 3/4 of biomass is located in the
aboveground compartments and 1/4 in the root system
(BRUNNER & GopBoLD, 2007). In general, an essential

Lesnicky casopis - Forestry Journal, 59(3): 154-162, Bratislava, 15. 11. 2013
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part of tree biomass is obviously found in the stem
(WEsT, 2010). However, this assumption relates mostly
to middle-age and old forest stands. Rather different
biomass partitioning patterns exit in small trees. Specifi-
cally, young stages of tree growth typically have a rather
high portion of carbohydrates invested into branches and
foliages sometimes even prevailing over the quantity in
the stem (KozLowskl & PALLARDY, 1997).

Distinct changes in tree biomass allocation to the
particular compartments with an increasing stand size
(age) in young stages of European beech and Norway
spruce were shown by Konopka et al. (2010). The paper
indicated that while the contribution of stem to total
aboveground biomass increased, the contribution to
branches and foliages decreased with increasing stand
size. In general, aboveground tree compartments, as for
carbon fixation span, can be separated into two groups:
those with a fast turnover (foliages) and those with a
slow turnover (stem and branches). Hence, changes
in the proportion of compartments with contrasting
carbon sequestration times can be assumed as well.
Implicitly, the role of forest stands in carbon cycling
and fixation should be analyzed and interpreted with
respect (besides some other factors) to growth stage,
eventual size and age.

One of the most efficient and rather simple ways to
express tree biomass quantity and its structure by the
compartments is using allometric equations based on
easily measurable tree characteristics, often diameter
and/or height (WEsT, 2009). While plenty of papers show
allometric equations for old European beech and Norway
spruce stands (CIENCIALA et al., 2005; WIRTH et al., 2004;
FEHRMANN & KLEINN, 2006; SEIDL ef al., 2010) only a
few authors focus on their young growth stages (e.g.
CLAESSON et al., 2001; PaiTik et al., 2011a). At the same
time, equations for tree compartment biomass estimated
for large and older trees are not generally applicable to
young trees (WIRTH et al., 2004).

Our previous paper (KoNOpPKA et al., 2010) indicated
a certain tendency of biomass allocation patterns with
regard to tree size. However, changes in biomass parti-
tioning patterns were based on estimative height incre-
ments focusing at tree level. Consequently, we decided
to make a step forward in this field and demonstrate in
this current paper how the structure of aboveground
standing biomass changes inter-annually in young stands
of European beech and Norway spruce — both grown at
the same site. Here, our calculations were based on em-
piric material of real stand growth (height and diameter
increments of trees in the stands) in the specific years of
observation. At the same time, a partial aim of the work
was to construct stand-specific allometric equations for
the aboveground compartments, i.e. stem, branches and
foliages. A further mission of this paper was to estimate
aboveground net primary productivity (NPP) and its
structure in the particular years of our study.
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2. Materials and methods

2.1. Site description

The site “Vrchslatina” is located in the southern part
of the Veporske vrchy massif at cca 960 m above sea
level (48° 38" 55" N, 19° 36" 07" E). A more detailed
description of the research site is given in KoNnOpPKa et al.
(2013b). Since NPP and biomass allocation may be ef-
fected by climatic conditions, we measured temperature
and precipitation at the site. Monthly means for 2009 —
2012 as well as monthly means for a reference periods
from 1961 to 1990 are shown in the paper of KoNOPKA et
al. (2013b). On this site, we selected two neighbouring
stands of pure European beech and pure Norway spruce,
both naturally regenerated after a stand clearance with
ages between circa 12 — 14 years. Both stands were ap-
proximately 0.7 ha in size making up compact clumps
(groups of trees) of varying density with a few scattered
gaps dominated by Calamagrostis epigejos (L.). The
specific clumps were mostly composed exclusively by
either beech or spruce trees.

In April 2009, we established 5 plots in beech and also
5 plots in the spruce stand. The plots were circular and
placed to avoid atypical spots (e.g. gaps, stand ages and
so on). The plots had a radius of between 0.7 and 1.0 m,
their size depended on stand density and was adjusted to
include cca 30 — 50 individuals of beech or spruce. Every
year since 2009, we measured basic characteristics of the
trees, specifically: diameter at stem base (d,), diameter
at breast height (d, ;) and tree height. The measurements
were done outside the growing season (either very early
spring or late autumn). The diameters were measured by
means of digital callipers with a precision of 0.1 mm —on
a stem base for all trees, and 130 cm from the ground level
for those which exceeded this height. Tree heights were
measured by a wooden meter — for trees up to a height
of 2 m with a precision of 1 cm, for higher ones with a
precision of 5 cm. Then, mean diameters, mean heights
and mean stem volume were calculated as weighted
arithmetic mean from plot average numbers weighted
by plot sizes. To calculate the mean height we used the
Lorey procedure. To the express stem volume of trees the
approach as in our previous paper was used (ParTik et
al., 2011a). Then, mean stem volume was calculated as
an average from stem volumes for all trees on the plots.

Quantities of biomass (expressed as dry weight) for
foliages, branches and stem of the specific aboveground
tree compartments were expressed by these allometric
equations:

W, = elbo+bi-ndy) ) (1]
W, = etto+bi-nh) ) (2]
W, = efbo+bi-Indy+bynh) ) (3]

where W, is biomass for compartment i (foliages, branch-
es, stem, woody parts together, entire aboveground part),
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d, is diameter at the stem base, & is tree height, b, b,
a b, are coefficient, A is logarithmic transformation bias.

To construct the allometric equations which express
the biomass of aboveground tree compartments using
diameter and/or height as independent variables, 80
spruces (20 individuals for each specific bio-sociological
position, i.e. dominant, co-dominant, sub-dominant and
suppressed) and 60 beeches (15 individuals for each
specific bio-sociological position) were cut at the site in
September 2009. Thus, we were able to make site- and
stand-specific equations.

By a combination of data on tree diameters and
heights with allometric equations, standing stock of
the specific tree compartments on a hectare base was
calculated. In this way, standing biomass stock of live
trees in April of the current year as well as the quantity
of trees which died in the period between Aprils of the
consecutive years were estimated. Detailed descriptions
of tree sampling, laboratory procedures, construction
of allometric equations and estimations of tree standing
biomass on a stand level are shown in the papers of Pajtik
et al. (2008) and Konorka et al. (2010).

In this paper, biomass for the above-ground tree
compartments is calculated through the equation [3],
it means that both tree diameter and height are used
as independent variables. Hence, biomass of stem,
branches and foliages were estimated. However, for
needle biomass in spruces, a different approach has to
be used. In fact, the biomass of needles was composed
prevailingly of four sets (separated by year of birth)
and a very small amount of five-year-old needles. First,
we estimated needle mass of the spruces expressed as
a status in April 2010. This amount was determined
from an allometric model, i.e. by using sample trees
taken in September 2009, minus the mass of needles
accumulated in litter collectors (see also KoNOPKA et
al., 2013b) in the period between September 2009 and
April 2010. If this “starting” needle amount is marked
as B,,,,, then, biomass of spruce needles in the specific
years is calculated by means of the algorithms:

B9 = Baoig = bagpe + Lagg (4]
By = By — bzmo + Loy [5]
By = By — Doy + Loy, [6]

where B, is total needle stock in April of year (i), b, is
stock of needles born in the current year (i), L, is quantity
of needle litter collected between April of previous year
(1) and April of consecutive year (i+1).

The stock of needles born in specific years (b,), 2010
and 2011, was determined from felled sample trees. In
both years, we felled 40 spruces (10 pieces of each bio-
sociological status), the needle sets born in the said years
were separated, oven-dried and weighed. An allometric
model for the needles was constructed according to
equation [3].

To estimate the litter of needles, three open collectors
sized 27 x 27 cm were placed on each plot in April 2009.
Then, litter was harvested from the collectors in circa
6-weeks intervals. The mass of needles found after cer-
tain periods in the collectors reflected a loss of needles
between two occasions. In beech foliages, the sum of
litters harvested during one growing season was used
as a reference value of figures obtained via allometric
equations on a stand level.

Finally, total above-ground biomass and production
was calculated as a sum of all compartments (stem,
branches and foliages) on a tree level. Then, values of
above-ground biomass and production were expressed
on the plot levels (by summarizing all trees recorded on
the plots) and up-scaled on a hectare base.

All mathematical and statistical operations were
performed using the Statistica 10.0 program.

3. Results and discussion

The measurements proved large inter-annual differ-
ences in the basic stand characteristics of both beech and
spruce (Table 1). While a number of trees diminished,
tree size increased considerably.

Histograms of tree distribution by diameter and
height classes are shown in Figure 1. Spruce has shown

Table 1. Basic stand characteristics of the beech and spruce in the springs of 2009 — 2012

Stand characteristics European beech
April 2009 April 2010 April 2011 April 2012

Number of trees [ths. ha'!] 157 150 136 125
Mean tree height [cm] 225 272 323 373
Mean diameter d, [cm] 1.89 2.13 2.43 2.67
Average stem volume [cm?] 233.1 313.2 452.2 594.9

. Norway spruce
Stand characteristics April 2009 April 2010 April 2011 April 2012
Number of trees [ths. ha'!] 176 154 134 98
Mean tree height [cm] 172 212 242 301
Mean diameter d, [cm] 1.88 2.29 2.71 3.23
Average stem volume [cm?] 224.6 336.0 495.8 860.4
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Fig. 1. Diameter and height histograms of Norway spruce and European beech found in experimental plots in April in 2009,

2010, 2011 and 2012

a slightly left-sided distribution of heights in 2009 and
2011 and a normal distribution in 2010 and 2012 (Kol-
mogorov-Smirnov test). Heights of spruces in the stands
manifested a normal distribution in all years. As for the
beech stand, heights showed up normal distribution in
2009 and 2011, but a slightly left-sided distribution in
2010 and 2012. Heights of beech manifested normal
distribution in all years except for 2012 which showed a
slightly right-sided distribution. Coefficients of skewness
showed positive values, only the beech height distribu-
tion had negative values, indicating that most values are
situated more to the right than average figures.

The number of trees per hectare in the beech stand de-
clined in the years 2009 — 2012 by 20.4%, the mean tree
height, diameter and stem volume increased by 65.7%,
41.3% and 155.2%, respectively. The inter-annual incre-
ments of the mean tree height were between 47 — 51 cm,
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and the mean tree diameters were 0.24 — 0.30 cm. These
increments of the mean tree parameters did not depend
exclusively on growth intensity but also on the number
and size of trees that died in the specific years.

As for the spruce stands, a number of the trees per
hectare decreased in the entire period of observation
by 44.3%, mean tree height, diameter and stem volume
increased by 75.0%, 71.8% and 283.1%, respectively.
The inter-annual increase of the mean tree heights were
from 30 to 59 cm and mean tree diameters from 0.42 to
0.52 cm. Differences in mean tree diameters between the
beeches and spruces in the first three years were low (up
to 10%). On the other hand in 2012, the differences were
as much as 44.6% in favor of the beeches due to the high
mortality of suppressed and co-dominant spruces. This
mortality influenced the height and diameter frequency
distribution considerably.
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Table 2. Basic statistical characteristics for allometric equations expressing biomass of aboveground tree compartments

Tree | Tree b, (S. E.) P b, (S.E.) P b, (S.E)P R |MSE| A |s.D.
species | compartment
Stem 0.695 (0.269) 0.012 1.100 (0.101) < 0.001 | 1.380 (0.115) <0.001 | 0.990 | 0.027 | 1.014 | 0.192
Branches -1.963 (0.541) < 0.001 | 1.824 (0.204) < 0.001 | 0.831 (0.230) < 0.001 | 0.967 | 0.108 | 1.051 | 0.327
Norway | Needlcs -1.888 (0.521) < 0.001 | 1.977 (0.196) < 0.001 | 0.533 (0.221) 0.018 0.967 | 0.100 | 1.049 | 0.337
spruce | Needles 2009 -3.629 (0.943) < 0.001 | 2.025 (0.355) < 0.001 | 0.610 (0.400) 0.132 0.906 | 0.328 | 1.150 | 0.592
Needles 2010 -3.543 (1.388) 0.015 1.799 (0.533) 0.002 1.420 (0.574) 0.018 0.919 | 0.249 | 1.116 | 0.583
Needles 2011 -4.084 (0.578) < 0.001 | 2.065 (0.259) < 0.001 | 0.826 (0.361) 0.028 0.972 | 0.090 | 1.041 | 0.296
Stem -1.763 (0.216) < 0.001 | 1.905 (0.093) < 0.001 | 1.069 (0.093) < 0.001 | 0.989 | 0.024 | 1.011 | 0.152
E‘Li‘g;‘;f“ Branches -6.581 (0.577) < 0.001 | 3.265 (0.249) < 0.001 | 0.174 (0.248) 0.485 | 0.947 [ 0.170 [ 1.076 | 0.413
Foliages -5.943 (0.439) < 0.001 | 2.783 (0.190) < 0.001 | 0.332 (0.189) 0.083 0.962 | 0.098 | 1.045 | 0.305
Table 3. Biomass standing stock by tree compartments in tons per hectare (in April of current year)
Tree compartment Beech Spruce
2009 2010 2011 2012 2009 2010 2011 2012
Stem 17.439 25.219 35.058 44.716 13.838 19.766 25.420 31.418
Stem* 36.597 46.980 61.499 74.363 39.530 51.744 66.437 84.319
Branches 5.526 8.151 11.867 15.125 7.689 11.483 15.558 19.028
Foliages 0.000 0.000 0.000 0.000 13.611 15.306 17.873 19.418
* expressed on volumetric base (m’.ha).
Table 4. Annual biomass production by tree compartments in tons per hectare a year
Tree compartment Beech Spruce
2009 2010 2011 2009 2010 2011
Stem (A) 7.785 10.175 10.107 6.165 6.408 7.039
Stem* 10.390 14.971 13.468 12.683 16.422 20.526
Branches (B) 2.626 3.802 3.378 3.901 4.487 3.992
Foliages (C) 3.803* 4.847+ 6.025+ 4.031 5.421 5.650
Aboveground biomass (A+B+C) 14.214 18.870 19.569 14.097 16.316 16.681

* expressed on volumetric base (m’.ha'!), + calculated through allometric equation.

By using allometric equations (see Table 2 for their
parameters) we were able to calculate the standing stock
of the specific tree compartments at the beginning of
the growing seasons in 2009 — 2012 (Table 3). The stem
standing stock grew in the beech stand between 2009
and 2012 from 17.4 to 44.7 t.ha! (i.e. 2.6 fold) and in the
spruce stand from 13.8 to 31.4 t.ha' (2.3 fold). There was
a sharper increase of stem standing stock in the beech
than in the spruce stand, even though in the case of stem
volume it was the reverse. This happened for two reasons;
the first reason was large tree mortality in the spruce stand
and the second there was a higher value of wood density
in the beech. A similar situation is assumed also for the
standing stock of branches as well as total aboveground
woody biomass. In all the years of observation, the stand-
ing stock of branch biomass was higher in the spruce
than the beech stands. Particularly in 2012, the branch
biomass standing stocks were 19.4 t.ha! and 15.1 t.ha'!
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in the spruce and beech, respectively. The standing stock
of foliages could not be compared between the beech
and spruce stands because the beech leaves were not
developed yet, thus, we used an inter-species comparison
in the productions (Table 4). We assume that the values
in the spruces might be over-estimated in terms of litter
amount occurrence during the development of the cur-
rent year’s needles. Between the years 2009 — 2011, the
standing stock of leaf biomass increased from 3.8 t.ha-!,
however, standing stock of the spruce needle biomass was
much larger (between 13.6 t.ha' and 17.9 t.ha'!).
Biomass allocation in the specific tree compartments
can be expressed in a variety of ways. Most frequently
these two approaches are used: 1) by contribution of the
tree compartments to the total standing biomass (YUSTE
et al., 2005; SLot et al., 2012; KoNOPKA et al., 2013), or
ii) through an allometric method in which the amount of
acertain tree compartment is expressed to the biomass of
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Fig. 3. Dependence of biomass by compartments on tree diameter d,, in beech (left plate) and spruce (right plate)

another compartment (ENQUIST&NIKLAS, 2002; POORTER
et al., 2011), ultimately this is based on basic tree char-
acteristics — diameter and/or height (PasTiK ef al., 2008;
Enquist&NikLas, 2002). To derive this relationship,
a logarithmic transformation of traditional allometric
equation is used (HuxLey, 1932; GouLp, 1966). Our
paper shows results obtained via both approaches. If we
compare the contribution of the specific tree compart-
ments to the total above-ground standing stock (Figure
2), large inter-annual differences are evident for stem
and foliages. While in the year 2009 the needle biomass
of the spruce made up 38.7% of aboveground standing
stock, the beech leaves contributed only to 14.2%. The
contribution of the foliages gradually decreased over
time, and in 2012 the spruce needles made up 27.8% and
the beech leaves 10.8% of aboveground biomass standing
stock. In 2009, the share of the stems contributed to the
aboveground biomass by 65.1% in the beech and 39.4%
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in the spruce stands. This share gradually increased dur-
ing the years of observation. In fact, a gradual increase of
stem contribution, and decrease of foliage contribution
to total tree biomass in young stands of beech and spruce
and also oak and pine with tree (stand) size are shown
in our previous works (PaITiK et al., 2008; PRIWITZER et
al., 2009; PAITIK et al., 2011a, b).

The proportions of branches to the aboveground
biomass were similar in both species. In 2009, the
proportions were 20.6% in the beech stand and 21.9%
in the spruce stand, these gradually increased in the pe-
riod of observation. Biomass allocation among the tree
compartments with respect to tree diameter d,, is given
in the Figure 3. The biomass was calculated by means
of classic allometric equations, which were logarithmi-
cally transformed and then retransformed to the form
[1] (MarkLUND, 1987). Coefficients of the equations
are in Table 2.
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The largest contribution to the above-ground NPP
in both tree species was found to be stems, followed by
foliages and branches. Production of the compartments
in the specific years was similar in both tree species
(Table 4, Figure 4). Annual aboveground NPP increased
from 14.2 t.ha! to 19.6 t.ha'! in the beech, and from

14.1 t.ha' to 16.7 t.ha'! in the spruce stand. However, in
the case of volumetric expression of stem production,
larger figures are shown for the beech than spruce stand.
This is a consequence of the different wood densities of
the species (Figure 5) and also contrasting developments
in the number of trees. In general, it is usual for young
spruce stands from natural regeneration to experience
sharp decreases in the number of trees; this is caused
by low light intensity under the canopy (PaTik et al.,
2008; Durca et al., 2010). Thus, the above-ground NPP
in the spruce only slightly increased during 2011 in spite
of large diameter increments (see also BOSEra et al.,
2013). On the other hand, a small increase of the NPP
in the beech during 2011 was related to small diameter
and height increments (also BoSera et al., 2013). Inter-
special differences in foliage quantities are much larger
for standing stock than in NPP, because the production
only covers the current year spruce needles. Besides
certain inter-annual differences in NPP, rather large
differences were recorded for losses on tree compart-
ments (Table 5).

Figure 6 demonstrates a comparison of aboveground
NPP by compartments between the species and the
years. The largest inter-species differences are for the
stem biomass this was significantly larger in the beech
than spruce stands especially in 2010 and 2011. Branch

Table 5. Inter-annual losses on tree compartments in tons per hectare a year

Tree compartment Beech Spruce

2009 2010 2011 2009 2010 2011
Stem 0.005 0.336 0.449 0.237 0.754 1.041
Stem* 0.007 0.452 0.604 0.469 1.729 2.644
Branches 0.001 0.086 0.120 0.107 0.412 0.522
Foliages 3.216+ 4.120+ 4.787+ 2.336 2.854 4.105

* expressed on volumetric base (m’.ha’!), + data originating from litter collectors.
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productions were larger in the spruce than beech stands;
on the other hand, foliage productions were rather similar
in both tree species. Here, we would like to point out
contrasting strategies of foliage turnover between the
species. These features govern a higher role for beech
foliages in carbon cycling than in the case of the spruce
needle.

4. Conclusion

We studied the above-ground biomass standing stock
and production by tree compartments in young beech and
spruce stands grown under the same site conditions. The
beech stand manifested relatively low tree mortality and
maintained high tree density. Here, subdominant trees
tried to reach the main crown layer and many suppressed
trees survived in the under-layer. Most beech trees were
high and slim with a high height to diameter ratio. On
the other hand, the spruce stand was standard with a high
share of tree mortality which suppressed; subdominant
trees lacked light. The live trees invested carbohydrates
to stem thickening, thus, they were lower but thicker than
those in the beech stand.

Contrasting figures between the stands were found
for the standing stock of stems with regard to different
bases (volumetric versus biomass). A larger aboveground
NPP was recorded in the beech than in the spruce stand;
this is partly related to the higher wood density of beech.
Large inter-species differences existed in the standing
stocks of foliages, spruce manifested an amount three-
fold larger than beech. However, the reverse situation
is expected for interspecies differences if we focus on
the role of foliages in carbon cycling (evergreen against
deciduous species).
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Resumé

V tejto praci sme pomocou kombindcii kontinudlnych merani
a destruktivnych odberov vzornikov sledovali a porovnali zdsobu
nadzemnej biomasy a ro¢nud primarnu produkciu (NPP) v prirodze-
ne obnovenych mladych porastoch buka a smreka. Na vybranej loka-
lite predpokladdme, Ze zmenené klimatické podmienky budu lepSie
vyhovovat buku pred v stcasnosti prevladajicim smrekom. Lokali-
ta Vrchslatina sa nachadza v juznej ¢asti Veporskych vrchov v nad-
morskej vyske 977 m nad morom (48° 38" 50'" N, 19° 36" 07"" E).
Priemerné ro¢né zrazky sa pohybuji okolo 900 mm, priemerna ro¢-
na teplota je 5,2 °C.

Na sledovanej lokalite sme pozorovali odliSny priebeh rastu
buka a smreka. Pri buku bola pozorovana mensia medziro¢nd mor-
talita, udrziaval sa az prehusteny zapoj, v ktorom sa aj poddroviio-
vé stromy snaZzili dostat do urovne. Toto sa prejavilo na tvare kme-
fiov, ktoré st tenké a vysoké. Stihlostny koeficient sa pri stromoch
so strednou hribkou a strednou vyskou postupne zvysoval od 1,19
do 1,40. Pri smreku dochddza k vysSej mortalite, vrastavé a podu-
roviiové stromy odumieraji z dovodu nedostatku svetla. Stromy ras-
td viac do hrubky, ¢o sa odrdza aj na $tihlostnom koeficiente, ktory
bol po celé obdobie viac-menej konStantny a pohyboval sa v rozpi-
tf 0,89 az 0,93 (tab. 1). Zasoby kmena st pri smreku v jednotlivych
rokoch o 3 — 10 m3.ha! vicsie ako pri buku (tab. 3). Po prepocitani
na susinu je vplyvom rozdielnej objemovej hmotnosti (obr. 5) cel-

(tab. 3). Najvicsi rozdiel medzi drevinami je v zasobe asimilacnych
organov, ktora je pri smreku viac neZ trojndsobnd (tab. 3 a 4). Pocas
rastu dochddza pri obidvoch drevindch k zvySovaniu podielu kmeria
a znizovaniu podielu asimilacnych orgdnov (obr. 2). Hlavny medzi-
druhovy rozdiel pri pomerne vyrovnanych hektdrovych zdsobach je
v rozdeleni nadzemnej biomasy medzi komponenty, kde buk aloku-
je do kmena viac asimildtov ako smrek (obr. 2 — 4).

Pri porovnani ro¢nej NPP asimila¢nych organov a konarov ne-
boli zistené ziadne signifikantné rozdiely medzi sledovanymi dre-
vinami (obr. 6). Ukazali sme, Ze zdsoby nadzemnej biomasy ako aj
NPP buka a smreka boli v mladych plnozakmenenych porastoch
z prirodzeného zmladenia na danom stanovisti podobné (tab. 3 a 4).

Lesnicky casopis - Forestry Journal, 59(3): 154-162, Bratislava, 15. 11. 2013
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Specificka listova plocha aindex listovej plochy v mladych porastoch buka

a smreka
Abstrakt

Buk lesny (Fagus sylvatica L.) a smrek obycajny (Picea abies (L.) Karst.) patria
medzi ekologicky aekonomicky najdolezitejsie lesné dreviny v Europe. Tieto dva
druhy sa vyskytuji spolo¢ne na mnohych uzemiach Eurdpy ¢o vedie k ich vzéjomnej
konkurencii. Sledovali sme prispdsobenie sa asimila¢nych organov zatieneniu, index
listovej plochy LAI stanovista a prirastok stromov v dvoch ¢istych porastoch buka
asmreka pochadzajacich z prirodzenej obnovy splnym zapojom. Zistili sme, ze
individualna vel'kost’ listu je omnoho menej variabilna u smreka ako u buka. Jednotliva
velkost” listu resp. ihlice bola vicsia v hornej Casti koruny ako v spodnej u obidvoch
drevin. Opaény vztah sa zaznamenal pre Specificku listovi plochu (SLA), kde najvyssie
hodnoty SLA boli namerané v najniz$ej (zatienenej) ¢asti koruny Nezistili sa vyznamné
rozdiely v indexe listovej plochy medzi dvomi porastmi, avsak LAI medziro¢ne stapal
7 10,8 na 14,6 m%m v obdobi od 2009 do 2011. Dominantné stromy oboch drevin boli
vykonnejsie pri konverzii biomasy listov, resp. plochy listov na produkciu biomasy
kmena, aj ked’ zmena tohto vztahu s vekom bola Specifickd pre jednotlivé dreviny.
Celkovo sme zistili SirSiu plasticitu listov vo vztahu ku svetelnym podmienkam
pri buku nez pri smreku, ¢o ukazuje na vacsiu kapacitu vyuzitia volného priestoru

V poraste.
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European beech (Fagus sylvatica L.) and Norway spruce (Picea abies Karst.) are two of the most ecologi-
cally and economically important forest tree species in Europe. These two species co-occur in many loca-
tions in Europe, leading to direct competition for canopy space. Foliage characteristics of two naturally
regenerated pure stands of beech and spruce with fully closed canopies were contrasted to assess the
dynamic relationship between foliage adaptability to shading, stand LAI and tree growth. We found that
individual leaf size is far more conservative in spruce than in beech. Individual leaf and needle area was

Keywords: larger at the top than at the bottom of the canopy in both species. Inverse relationship was found for
Beech . . . S opeens

Spruce specific leaf area (SLA), highest SLA values were found at lowest light availability under the canopy.
Foliage There was no difference in leaf area index (LAI) between the two stands, however LAl increased from
Leaf mass 10.8 to 14.6 m? m~2 between 2009 and 2011. Dominant trees of both species were more efficient in con-
Leaf area verting foliage mass or area to produce stem biomass, although this relationship changed with age and
Growth efficiency was species-specific. Overall, we found larger foliage plasticity in beech than in spruce in relation to light
Shading conditions, indicating larger capacity to exploit niche openings.

Canopy structure

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Competition for light and resulting mortality are the most crit-
ical processes driving development of young forest stands (King,
1990). As the canopy closes, in particular in stands originating from
natural regeneration, tree height relative to neighbours, but also
position within a crown dictate light availability to foliage
(Niinemets et al., 2001; Richardson et al., 2001). Leaves and nee-
dles are the only tissues with the capacity to capture energy and
thus drive forest growth. Foliage responds very sensitively to
growth conditions within a stand and has been shown to adapt
its morphology (Bussotti et al., 2000), structure (Kull et al., 1999)
and metabolism (Hallik et al., 2009) in response to light intensity.

Vertical distribution of foliage, but also changes in the size of
individual leaves, have both been attributed to relative light condi-
tions within the stand (Johansson, 1996). The relationship between
light availability and specific leaf area (SLA, defined as leaf area per
unit leaf mass) varies among tree species (Niinemets, 2010). No

* Corresponding author at: School of Agriculture, Policy and Development,
University of Reading, RG6 6AR, UK.
E-mail address: m.lukac@reading.ac.uk (M. Lukac).

http://dx.doi.org/10.1016/j.foreco.2015.12.005
0378-1127/© 2015 Elsevier B.V. All rights reserved.

consensus currently exists as to whether different tree species
exhibit greater leaf size plasticity in relation to light availability.
Several studies report larger plasticity of leaf morphology in
shade-intolerant than in shade-tolerant species (Oguchi et al.,
2005; Sanchez-Gomez et al.,, 2006; Portsmuth and Niinemets,
2007), while others found the reverse (Paz, 2003; Delagrange
et al., 2004) or no variation (Paquette et al., 2007). In addition to
shade tolerance, SLA in trees is also influenced by tree age and size
(Steele et al., 1990; Niinements and Kull, 1995). It is important to
point out that tree age, size and irradiation gradient along the
canopy are strongly correlated. Older and taller trees are likely to
generate deeper canopies, which expose foliage to irradiation
levels ranging from full to a fraction of full sunlight (Niinemets,
2010).

Efficient light capture is of crucial importance to trees growing
in dense stands with high level of competition for light (Pearcy
et al., 2005). Trees maximise capture of available light by develop-
ing layered canopies with several strata of overlapping leaves.
Defined as the total one-sided foliage area per unit ground area,
Leaf Area Index (LAI) controls light interception, but also acts as
a determinant of carbon and water exchange between forest
canopy and the atmosphere (Leuschner et al., 2006), primary
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production (Long and Smith, 1990) and rainfall interception
(Herbert and Fownes, 1999). Whilst the definition and measure-
ment of leaf area is fairly straightforward in broadleaves, three dif-
ferent definitions have been proposed for conifers: total needle
surface area, half of the total needle surface area, and projected
needle area. The latter definition was used in this paper as it is
commonly accepted as the most practical, but also indicative of
the needle surface involved in light interception at any one time
(Chen et al., 1997). Forest stand LAl is determined by leaf size, total
number of leaves per tree, but also by stem density (Leuschner
et al., 2006).

Despite a considerable amount of literature describing foliage
characteristics and the development of LAI in growing forests,
studies investigating the relationship between LAI and foliage
and stem biomass allocation are rare. Although LAI plays a key role
in the conversion of radiative energy to biomass, little is known
about the mechanisms linking light interception and biomass allo-
cation in trees. Description of foliage mass and foliage area,
together with data on mass of wood compartments may allow
for an investigation of growth efficiency of foliage. Several authors
(e.g. Pickup et al., 2005; Shipley, 2006; Milla et al., 2008) used the
ratio between leaf and total plant dry plant mass (leaf mass ratio -
LMR) or between leaf area and of total plant dry mass (leaf area
ratio - LAR) to describe ecological and production interactions.
However, none of these studies allow for the description of the
dynamic relationship between foliage plasticity, stand LAI and tree
growth. Konodpka et al. (2010) and Jack et al. (2002) described
growth efficiency in temperate trees, albeit only on the basis of
biomass partitioning and did not describe foliage dynamics.

Allometric relations are frequently used to assess biomass par-
titioning to various pools in forests (Claesson et al., 2001; Wirth
et al., 2004; Fehrmann and Kleinn, 2006; Cienciala et al., 2008;
Pajtik et al., 2011). In general, biomass contained in a particular
tree compartment can be predicted by an allometric equation usu-
ally using tree height or diameter (at breast height, i.e. DBH) as pre-
dictor variables (West et al., 2009). Estimates of foliage biomass in
young beech and spruce stands were put forward by Kantor et al.
(2009), whilst Xiao and Ceulemans (2004) established allometric
equations for foliage at both branch and tree levels in young Scots
pine. The latter study attempted to consider the vertical position of
a whorl as one of the independent variables predicting foliage bio-
mass. Having said that, biomass allometric equations by definition
predict only foliage mass and do not offer any information about
foliage area. Since leaf area and its stratification is a key determi-
nant of forest stand productivity, this paper aims to link allometric
relations to foliage area and stand LAI. Developing stands of pure
Fagus sylvatica L. (beech) and pure Picea abies Karst. (spruce) with
fully closed canopy are contrasted and their growth performance
compared.

In particular, this paper links up information on foliage mass
and foliage area for two of the most important European forest tree
species growing on the same site. There are several levels at which
these two species can be contrasted. As a deciduous tree, beech
produces all of its foliage in the current year. Spruce, on the other
hand, retains its needles for up to 5 years, possibly leading to
higher LAI in spruce. Beech is shade-tolerant, while spruce is clas-
sified as intermediate in relation to its shade tolerance (Ellenberg
and Leuschner, 1996). Lastly, since the selected site is located at
the lower elevation limit of spruce in this area of Europe, climate
change is expected to favour beech leading to an eventual replace-
ment of spruce by beech at this elevation. Thus this study offers
insights into effects of climatic warming on growth performance
of forests currently occupying the climatic boundary between the
two species. In this study, we hypothesised that (i) spruce has
higher LAI than beech, and (ii) dominant trees of both species have
higher leaf mass ratio.

2. Materials and methods
2.1. Site description

The experimental site was located in the southern part of Slovak
Ore Mountains, 977 m above sea level (48°38’'50” N and 19°36'12”
E). Annual sum of precipitation is close to 900 mm, while mean
temperature is 5.2 °C. The soil type has been classified as Humic
Cambisol on granodiorit bedrock, with a high stone content and
pH (H,0) of 5.1, 5.2, and 5.3 in the soil depths 0-10, 10-35 and
35-65 cm, respectively. Two neighbouring stands of pure beech
and spruce were examined. Both stands originate from natural
regeneration following a clearcut of preceding high forest. At the
start of measurements presented in this study, both stands fea-
tured trees about 12-14 years of age. The beech stand was com-
posed of dense groups of beech trees with a few scattered gaps
colonised by Calamagrostis epigejos L. The structure of the spruce
stand was similar to that of beech, however no grass cover was
present due to shading by spruce trees. Detailed description of
the site characteristics can be found in Kondpka et al. (2013).

2.2. Size distribution, biomass and foliage sampling

Five circular experimental plots were established in each stand
in March 2009. The plots were 100 cm in radius and contained
around 40 trees each. The plots were randomly positioned within
each stand, but at a distance of at least 5 canopy heights from each
other. All trees within each plot (PlotTrees thereafter) were tagged.
Height and diameter do (diameter at ground level) of all tagged
trees were measured in September of 2009, 2010 and 2011.

During late summer 2011, 40 beech and 40 spruce trees were
selected just outside the experimental plots and their foliage sam-
pled from upper, middle and lower crown sections (FolTrees there-
after). Ten trees each were selected from the following four crown
classes within the canopy: dominant, co-dominant, intermediate
and overtopped (Kraft, 1884). Care was taken to cover the entire
diameter distribution found in experimental plots. Then, three
leaves were randomly selected and taken from each crown section
of beech trees (9 leaves per tree). In spruce, 30 needles were col-
lected from each crown section and in each of the following age
cohorts (by year of needle set): 2011, 2010, 2009, 2008 and, rarely,
2007. All foliage samples were scanned on a flatbed scanner
(EPSON Expression 10000), oven-dried and weighed. Leaf area of
sampled foliage was established by WinFOLIA (Regent Instruments
Inc., Quebec). Specific leaf area (SLA) of individual leaves or needles
was calculated as a ratio of foliage area and dry mass.

A further 80 beech and 100 spruce trees were selected from
each stand for destructive sampling in early September 2011
(BiomTrees thereafter). All tree compartments with the exception
of fine roots thinner than 2 mm were harvested. Slightly fewer
beech trees were sampled as the population of this species was
more uniform in size than spruce. Height and dy of all sampled
trees were established prior to destructive sampling. Harvested
trees were divided into foliage and other (woody) compartments,
dried until constant weight and weighed. Out of the 100 harvested
spruce trees, 30 were randomly selected to establish the contribu-
tion of needle cohorts to total needle mass. All needles found on
these trees were collected, divided to 5 cohorts (2011 through
2007), dried and weighed.

Stocking density and size distribution data from experimental
plots were used for inter-specific comparisons between beech
and spruce stands. Foliage size distribution data formed the basis
for characterisation of vertical leaf size profiles of the canopy. Data
on biomass compartment and foliage characteristics gathered
outside experimental plots were used for biomass model
parameterisations.
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2.3. Estimations of biomass equations, LA and LAI

Dry weight data of biomass compartments measured in Biom-
Trees were used to construct biomass equations after Pajtik et al.
(2008). The following model was used to estimate dry weights of
stems, branches, coarse roots and foliage of individual trees:

Wi _ e(b0+b1 lndo)}u (l)

where W; is dry biomass of a tree component i, dg is stem diameter
at base, bg, and b, are coefficients to be estimated and 1 is logarith-
mic transformation bias. Site-specific biomass equation parameters
are listed in Table 1.

Specific leaf area (SLA) of foliage taken from FolTrees was calcu-
lated as the ratio between projected leaf area of foliage sample and
its dry mass. Once the relationship between foliage biomass and
tree size has been established, total leaf area of an individual tree
(LA) dependent on dy can be calculated as follows:

LA = SLA(etbo+b1Indo) ;) 2)

where LA is total leaf area per tree, SLA is specific leaf area in
m?g~', by and b, are site-specific coefficients of leaf biomass Eq.
(1), do is stem diameter at the base and / is logarithmic transforma-
tion bias.

In each circular permanent experimental plot, we calculated LAI
by dividing the sum of LA of all PlotTrees found within the plot by
its area:

n .
La); = i1t 3)
5

where n is the number of trees within a plot, LA;; is the leaf area of i-
th tree on j-th plot, and S; is the area of the j-th plot. This calculation
is fairly straightforward in European beech due to the presence of a
single cohort of leaves. In Norway spruce, however, the variation of
SLA in needle cohorts was also taken into account. For each needle
cohort, LA of needles from all trees present within a permanent plot
can be calculated as follows:

LA, = zn:(W,-PkSLAk) (4)

i=1

where n is the number of trees within a plot, W; is the dry needle
biomass of i-th tree, Py is the proportion of k-th cohort from the
total and SLA is the specific leaf area of the k-th needle cohort.
Mean SLA for the entire vertical profile of the canopy was used
for each cohort. Based on an analysis of trees harvested at the site,
we established that Py in spruce is stable and independent of dg
(Supplementary Fig. S1), therefore mean values of P, were used
across all diameter classes. LA of all spruce trees found within each
plot was then obtained by summing up leaf areas of the five needle
cohorts.

Table 1

2.4. Data analysis

All stand-level observations were averaged to plot level (N = 5),
differences between species were compared by one-way ANOVA
and considered significant at P < 0.05. All variables were checked
for the homogeneity of variance (Levene’s test) and normality of
distribution (D’Agostino and Pearson Test). Repeated measures
ANOVA was used to compare the development of LAI in the two
stands over the period of observation. Two-way ANOVA was used
to assess the effect of species and canopy position on SLA, followed
by Tukey’s multiple comparison test. Data were log-transformed
where they did not satisfy ANOVA assumptions. Linear or exponen-
tial equations were fitted to individual tree data where appropri-
ate, using least squares fit. Model parameters were assessed for
differences between species (stem increment per unit leaf mass)
or from specific value (needle cohort contribution to total) by extra
sum-of-squares F test.

3. Results

Although very similar in age, the two studied ecosystems did
differ in several standard forest stand characteristics (Table 2).
Beech trees were significantly taller than spruce, while spruce trees
had a larger diameter at base, resulting in a significantly larger
height/diameter ratio in beech than in spruce. The difference in
height to diameter ratio between the two species is evident
throughout the diameter size distribution (Supplementary
Fig. S2). On the other hand, there was no difference in the number
of trees per unit area, mean stem volume and basal area.

Measurements of foliage collected from 40 beech and 40 spruce
FolTrees reveal that individual leaf size is far more conservative in
spruce than in beech (coefficient of variance 0.29 and 0.53 respec-
tively, Fig. 1). Within the stem diameter distribution present in the
stands at the time of measurement, beech leaf area increases by
83% from the 25th to the 75th dy percentile. In spruce, however,
the comparable increase in individual needle area is only 38%. Sim-
ilarly, the spread of leaf size between leaves collected at the top
and bottom of the canopy represents 84% of mean leaf size at mean
dp in beech, but only 28% in spruce.

Analogous to foliage area, we observed how SLA is affected by
tree size and foliage position within the canopy (Fig. 2). The high-
est values for both species were recorded in overtopped trees
growing underneath the main canopy. In contrast to leaf area, we
did not observe such a strong effect of dy on the differentiation
of SLA values between the two species. The spread of mean SLA
at the top and bottom of the canopy represents 43% of mean SLA
in beech and 33% in spruce. SLA of foliage growing in the middle
of the canopy on the mean tree was 273 cm?g~! in beech and
87 cm? g~ ! in spruce.

Ten beech and ten spruce FolTrees were selected from each of
the four crown classes considered in this study to evaluate the
effect of tree size on SLA (Fig. 3). We observed no difference
between the two species in the effect of crown class on SLA.

Site-specific biomass equation parameters for European beech (Fagus sylvatica) and Norway spruce (Picea abies). Diameter at based is used as the single predictor in all models

estimating compartment biomass.

Species Compartment b, (SE.) P bi (SE.)P R? MSE A (S.D.)

Beech Leaves —6.576 (0.256) < 0.001 3.085 (0.081) < 0.001 0.960 0.102 1.047 (0.308)
Woody mass —3.357 (0.191) < 0.001 2.889 (0.060) < 0.001 0.974 0.056 1.027 (0.238)
Whole tree —3.318 (0.188) < 0.001 2.900 (0.060) < 0.001 0.975 0.055 1.026 (0.234)

Spruce Needles —3.079 (0.171) < 0.001 2.432 (0.054) < 0.001 0.964 0.106 1.053 (0.366)
Woody mass —1.719 (0.138) < 0.001 2.283 (0.043) < 0.001 0.974 0.069 1.035 (0.296)
Whole tree —1.489 (0.134) < 0.001 2.321 (0.042) < 0.001 0.976 0.065 1.034 (0.295)
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individual tree crown.

Dominant and co-dominant trees show the same SLA in beech
(P=0.812) and in spruce (P = 0.986). Intermediate and suppressed
trees, however, have higher SLA than dominant trees in both spe-
cies (P <0.001). Foliage position within an individual tree crown
does not affect SLA in overtopped trees in beech (P=0.856) or
spruce (P> 0.999), trees in other canopy classes however do show
a significant effect of foliage position on SLA (P < 0.026).

Destructively sampled BiomTrees were used to construct bio-
mass equations linking biomass compartments to diameter at base
(Table 1). Fig. 4A shows total foliage mass of beech and spruce
trees across the diameter distribution observed in this study. It is
clear that spruce trees of the same size support more foliage mass
than beech trees. At the same time, beech foliage has greater SLA in
all tree sizes under investigation (Fig. 4B). Using data for whole
tree foliage mass in combination with mean SLA, we observe that
there is very little difference in whole tree leaf area between beech
and spruce trees (Fig. 4C).

The observed similarity of whole tree leaf area of beech and
spruce trees was reflected in calculated LAI As already mentioned,
basal area and tree density did not differ between the two stands.
Coupled with very similar total leaf area of individual trees, it is
not surprising that LAI did not differ between beech and spruce
(P=0.865, Fig. 5). From 2009 through 2011, modelled LAl increased
from11.4t014.9 m?> m~2inbeechand 10.3 to 14.2 m? m~2in spruce.

Finally, biomass equations and data describing foliage cover in
both species were used to compare wood production efficiency

expressed as wood mass produced per unit foliage mass or unit
foliage area. Taller trees were always more efficient in using unit
foliage to produce unit stem biomass (Fig. 6). The slope of linear
regressions describing the relationship between foliage efficiency
and tree height of all trees measured in permanent plots was
always positive and significantly different from zero (P < 0.0001).
Interestingly, as the stands grew older, the advantage of dominant
and co-dominant trees in terms of wood production efficiency was
slowly eroding - but only in beech. A tree 1 m taller than its com-
petitors produced 0.63 more grams of stem wood per gram foliage
in 2009, but this advantage in foliage productivity decreased to
0.33gg ! in 2011 (P=0.0007). This decrease was not evident in
spruce, where the slope of the linear regression was 0.11 in 2009
and 0.09 in 2011 (P =0.304). Similar to foliage mass, we observed
the same dynamic when plotting the stem production efficiency
expressed per unit of foliage area against tree height; a decrease
of regression slope from 36.3 g of stem mass per metre square of
foliage for every metre of height in 2009 to 22.7 in 2011 in beech
(P<0.0001). In spruce, the slope did not change over the period
of observation; 19.2gm2m™! in 2009 and 10.1gm2m™! in
2011 (P=0.424).

4. Discussion

Both stands considered in this study originate from natural
regeneration following the removal of original tall forest. It is to
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Fig. 3. Specific leaf area of European beech (A) and Norway spruce (B) foliage as
affected by canopy position and socio-ecological status of individual trees (cm? g,
N =10 in each class, mean +S.D.).

be expected that not all trees are of the same age, however we
established that the cohort of trees currently growing on the site
is between 12 and 14 years old. The stands were dense, at the time
of the study there was no difference in the number of trees per hec-
tare. Beech trees were marginally taller, while spruce trees had
thicker stems at the base. However, there was no difference in
basal area, leading us to the assertion that any differences in foli-
age characteristics are due to differences in genetics and growth
habit, rather than because of different tree size or stocking density
and resulting competition.

4.1. Leaf level
Individual leaves with the largest area were always found at the
top of the canopy, both in beech and in spruce. Leaves and needles

were progressively smaller with increasing canopy depth, this dif-
ferentiation of single leaf size appears to be stronger in beech than
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Fig. 4. Whole tree foliage mass (A), specific leaf area (B) and whole tree leaf area (C)
of naturally regenerated European beech and Norway spruce trees. Dotted lines in
pane C represent 95% confidence interval of fitted line.

in spruce. Shorter trees had smaller leaves than taller trees, owing
to the shading of their entire crowns by taller trees. Contrasting
evidence exists on the effect of shading on individual leaf size.
Our results in beech are in disagreement those of Barna (2004)
and Tognetti et al. (1998) who found that the size of foliage
increased with shading, but correspond with the study by
Canham (1988) who found larger leaf size at high light levels in
Acer saccharum Marsh. and Fagus grandiflora Ehrh. Similarly,
Niinements and Kull (1995) found no effect of irradiance on pro-
jected needle area in spruce and Gebauer et al. (2011) indicate that

Stand characteristics for European beech and Norway spruce in November 2011, approximately 13 years after natural regeneration (means + S.E., P values at N =5, significant

differences are highlighted in bold).

European beech Norway spruce d.f./F P
Number of trees (ths. ha ') 1243 +11.6 99.4+6.6 1/3.45 0.100
Mean tree height (cm) 295.3+22.2 213.0+53 1/13.63 0.006
Mean diameter dy* (cm) 242+0.11 3.19£0.11 1/25.57 0.001
H/D ratio (cm cm™1) 125.9+8.5 763125 1/31.50 0.001
Mean stem volume (cm?) 526.6 + 56.7 645.9 +34.5 1/3.22 0.110
Basal area do* (m? ha™') 356.2+35.5 334.6 £28.5 1/0.22 0.648

@ Stem diameter and basal area measured at ground level.
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needle size increases with light intensity in most but not all of the
57 spruce provenances they compared. The wide variation in the
relationship between leaf size and light intensity points to sub-
stantial plasticity in both species considered in this study. In gen-
eral, Dombroskie and Aarssen (2012) propose that smaller leaves
are favoured under low light exposure because they minimize
overlap of closely spaced adjacent leaves and they are subject to
a trade-off of selection favouring high number/low size strategy
which in turn maximizes the size of the reserve bud bank.

SLA, calculated as leaf area per unit mass, was found to be the
smallest at the top of the canopy in full light conditions and
increases with shading both in beech and in spruce. Larger SLA
with increasing shading is likely an adaptation for more efficient
light interception in low light conditions (Niinemets et al., 2001).
SLA was found to be greatest at the bottom compared to the top
of the crown in 13- to 82-year-old Norway spruce (Merilo et al.,
2009) and in spruce, beech and fir seedlings (Stancioiu and
O’hara, 2006). In this study, both beech and spruce show the same
decreasing trend, graphs in Fig. 2 indicate that leaf and needle SLA
will decrease further as the stands mature before stabilising. Sig-
nificant differences in SLA between socio-ecological classes of trees
within the canopy were found. Dominant, co-dominant and inter-
mediate crowns have shown strong effect of crown depth on SLA.
Foliage SLA of overtopped trees, owing to growth in shade condi-
tions, did not differ between the top and the bottom parts of tree
crowns. The optimal partitioning theory suggests that a plant
invests primarily to those compartments which are crucial for
acquiring the most limiting resource (Niklas, 2004). Maximum
available light must be captured by overtopped trees, leading to
construction of large foliage area with minimum mass investment.

4.2. Tree level

As expected, beech trees had substantially smaller foliage mass
than spruce trees of comparable size. However, we have estab-
lished that the latest cohort of spruce needles constituted only
34% of the total needle mass. Comparing only the current year
beech and spruce foliage mass shows that the two species invest
exactly the same amount of resource to building their photosyn-
thetic apparatus in a given year. Considering the effect of shading
on SLA, mean SLA per tree is far larger in small (overtopped) trees,
but approximates to that of spruce in lager (dominant) individuals.
Higher SLA of shaded foliage in young beech stands was recorded
by Closa et al. (2010). Barna (2004) showed lower values of SLA
in dominant and co-dominant beech trees than in subdominant
individuals. Our observations of beech SLA are in the same range
as those of Barna (2004) who report 120-460cm?g~!, Closa
et al. (2010) with values between 180 and 480 cm? g~!, and those
of Leuschner et al. (2006) who report a range between 190 and
240 cm? g~'. As for the SLA of spruce needles, our values are higher
than those of Hager and Sterba (1985) who found SLA of 30-
70cm?g! in a 17-year-old stand, however the needles in the
upper and middle part of the largest trees in our study were inside
this range. Taken together, the observed contrasting trends of leaf
area per tree and SLA mean that there is little difference in total
leaf area per tree between beech and spruce trees of the same size.
Despite one being conifer and the other broadleaf, beech and
spruce trees of the same diameter class support nearly identical
leaf area.

4.3. Stand level

Reflecting foliage area per tree and stand density, LAl indicates
the potential of forest stands to utilise incident radiation to pro-
duce biomass. Stand LAI was steadily increasing during the period
of observation, reaching approximately 15 m? m~2 in 2011. Most
studies indicate LAI in a variety of forest tree species below
10 m? m~2 (e.g. Bréda, 2003; Leuschner et al., 2006), with higher
values also reported but considered extreme (e.g. Ford, 1982;
Albrektson, 1984; Bolstad and Gower, 1990). Waring et al. (1985)
posit that very dense foliage can be found in some coniferous for-
ests, exceptionally reaching LAI values as high as 20 m? m~2. Nock
et al. (2008) found a relationship between tree size and LAI in Acer
saccharum and Betula alleghaniensis, trees with DBH of 30 cm had
LAI of 7.5 and 8.5 m? m~2, but trees with DBH of 70 cm showed
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LAI of 4.0 and 6.0 m? m~2 in Acer and Betula, respectively. There are
several reasons why we observed very high LAI values; method-
ological, ontogenetic and possibly climatic. The diameter-based
allometric method of LAI estimation has been reported to show
values higher than other methods (Marshall and Waring, 1986).
The aggrading nature of our naturally regenerated stands may have
caused the increasing LAI, which may reverse in the future as the
stands age and self-thin. Finally, the exposition of the site is
south-westerly, providing optimal insolation for these young
stands.

Wood production efficiency, expressed as unit stem increase
per unit foliage, did differ between beech and spruce. Stem incre-
ment per unit leaf mass was far higher in beech compared to
spruce, the difference driven by retention of older needle cohorts
in spruce which increases foliage mass. Dominant beech trees
had significantly higher efficiency than overtopped trees, this
advantage of taller trees was not as evident in spruce. A possible
explanation for this difference can be that needle-shaped leaves
can be arranged in a pattern that bounces the incoming radiation
over a larger number of leaves deeper in the canopy (Sprugel,
1989). This effects increases photosynthesis of overtopped spruce
trees by reducing the energy wastage that occurs when light falls
on horizontally positioned beech leaves at the top of the canopy
that are already light-saturated. However, when plotted against
leaf area, wood production efficiency did not differ between the
two species. This suggests that it is higher leaf thickness (Aranda
et al., 2004) rather than leaf area at the top of the canopy that con-
fers stem growth advantage in dominant beech trees.

5. Conclusion

Stands of beech and spruce around Central Europe occur as
monospecific stands, but also as various mixtures of the two spe-
cies. This study compared the development of foliage and canopy
in the two species, with the view of contrasting their light utilisa-
tion strategies. Leaf area per tree, stand LAl and stem increment per
unit leaf area were found not to differ between beech and spruce in
our stands, suggesting that stands of both species are utilising close
to maximum available light energy. We found that morphology of
beech foliage is more plastic that than of spruce, possibly con-
tributing to the competitive advantage of beech in locations where
the two species co-occur.
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Listy a jemné korene vo vzt'ahu k rastovej uc¢innosti — porovnanie buka a smreka

Vv inicialnych rastovych $tadiach
Abstrakt

Vykonali sme kvantifikaciu biomasy kmenov (s korou a bez kory), listov a jemnych
koreniov v 14-ro¢nych porastoch buka asmreka rastacich na rovnakom stanovisti.
Vykopali sme po 60 stromov z kazdej dreviny, zistili susinu kmenov a listov a nasledne
zostrojili alometrické rovnice kde nezavislou premennou bola hribka kmena a zavislou
premennou su$ina kmena (resp. listov). Zistilo sa, ze smrek obsahuje omnoho vacsi
podiel biomasy listov ako buk. Rovnice na urovni stromu sme skons$truovali tiez pre
Specificki listova plochu a jednostranne projektovanu listova plochu. Pomocou
pddnych vyvrtov sme skumali mnozstvo a morfologické charakteristiky jemnych
korenov na obidvoch stanovistiach. Zatial' ¢o zdsoba jemnych korefiov na obidvoch
stanoviStiach bola podobna, v morfologickych vlastnostiach korenov sa vyskytovali
signifikantné medzidruhové rozdiely. Vypoditali sme rastovii ucinnost’ vyjadrenu
ro¢nou produkciou kmena v zéavislosti od parametrov listov ajemnych koretiov.
Najvicsie rozdiely, konkrétne 5-nasobne v prospech smreka sme zaznamenali

Vv pripade rastovej u¢innosti vyjadrenej na zaklade poctu korenovych zakonceni.
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Foliage and fine roots in terms of growth efficiency
— a comparison between European beech and Norway

spruce at early growth stages
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ABSTRACT: The quantification of stems (under- and overbark), foliage and fine roots in 14-year-old stands of Eu-
ropean beech and Norway spruce grown on the same site were evaluated. Therefore, 60 trees of each species were
sampled, dry masses of stems and foliage were established and expressed by allometric equations with stem diameter
as an independent variable. The spruce allocated a much larger portion of biomass into the foliage than beech. The
equations on a tree level were constructed also for specific leaf area and one-sided projected leaf area. Moreover,
the quantity and morphological characteristics of fine roots in both stands were surveyed through soil coring. While
standing stocks of fine roots were similar in the stands of both tree species, significant interspecies differences oc-
curred in morphological properties of roots. Growth efficiency, expressing annual stem production on a variety of
foliage and fine root parameters was calculated. The largest differences, specifically fivefold in favour of spruce, were

found in growth efficiency based on a number of root tips.

Keywords: allometric equations; fine root morphology; leaf area; stem diameter; stem mass production; interspecies

differences

Plants including forest trees are composed of a
structural complex of organs which are charac-
terized not only by their forms but also by their
specific functions. Compartments of forest trees
in elementary structuring are: foliage, branches,
stem and root system. KozLowskI and PALLARDY
(1997) explained that the physiologically most ac-
tive parts of trees are foliage and fine roots (the lat-
ter are usually characterized by the upper diameter
of 1 or 2 mm; see for instance SMIT et al. 2000).

It is well known that while foliage is involved in
photosynthesis, roots - especially their tiny frag-
ments and tips - serve for the absorption of nutri-
ents and water from the soil medium. These two
cardinal processes make up conditions for devel-
opment and production of woody compartments,
specifically branches, stem and coarse roots.

In many scientific works, the structuring of pro-
duced biomass into separate plant organs is called
as “biomass allocation” (e.g. POORTER et al. 2012).
The proportion of the specific parts in total plant
biomass is determined by species, genetic proper-
ties, and is controlled by external conditions to a
large extent (KozLowskl, PALLARDY 1997). Re-
cently, issues related to tree biomass allocation
have prevailingly been studied with regard to car-
bon cycling and sequestration in forest ecosystems
(LrrToN et al. 2007). At the same time, since foliage
and fine roots are compartments with the shortest
lifespan of all tree parts, they are the most dynamic
elements of carbon rotation in forests (HELMISAA-
RI et al. 2002).

Internal and external factors modify not only
quantitative but also qualitative properties of the

Supported by the Slovak Research and Development Agency, Projects APVV-0268-10, APVV-0273-11, and by the
Ministry of Agriculture of the Czech Republic, Project No. QI102A079.
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particular tree compartments. It is evident espe-
cially in the case of foliage and fine roots which
react to growth conditions sensitively through
morphological adaptations. Foliage for instance
changes size, weight and consequently also specific
leaf area (SLA; i.e. foliage area expressed per weight
unit) according to light intensity (e.g. BARNA 2004;
Crosa etal. 2012). In scientific literature SLA is the
most frequent indicator of foliage structure (REICH
et al. 1998). Besides the indication of morphologi-
cal features it may serve also as a conversion fac-
tor for expressing the area of assimilatory organs
from their mass either on a tree or stand level. In
fact, measurements of foliage properties are much
more complex for some species of evergreen trees
(prevailingly coniferous) than for deciduous ones
(usually broadleaved). In the case of some ever-
green tree species, differences between needles of
specific age must be considered (see e.g. ZHA et al.
2002).

As for morphological properties of fine roots
a variety of indicators have been used, they are of-
ten composed of two root parameters — in the form
of a ratio. The ratio between length and mass of fine
roots (specific root length; SRL) or between the
number of root tips and root mass (specific density
of root tips; SDT) is used most frequently. These
indicators were implemented for instance as char-
acteristics of soil properties (OSTONEN et al. 2007),
changes in soil conditions (KoNOPKA, TAKACOVA
2010), or specific stand conditions (KUCBEL et al.
2011).

As it was mentioned above, tree development and
growth may be in process thanks to the input of ex-
ternal energy and matters absorbed by foliage and
root system (especially fine roots and tips). From
ecological, physiological and productive points of
view a plenty of authors (e.g. GERSONDE, O'HARA
2005; KonOPKaA et al. 2010) focused on a relation-
ship between the quantity of assimilatory organs
and production of tree biomass. Commonly ratios
of stem mass production to unit area or mass of
foliage were used, which is called growth efficiency
(GE). We suggest that GE will be studied not only
in the context of foliage but also in terms of fine
roots. In general, research activities focused on tree
fine roots were much less frequent in comparison
with all other compartments (BRUNNER, GODBOLD
2007). At the same time, information on the rela-
tionship between quantitative and/or qualitative
properties of foliage and fine roots is still missing
for forest trees. This kind of knowledge would help
to explain development and growth strategies in
the individual tree species with regard to environ-
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mental conditions, potentially it would serve also
for process modelling of these phenomena.

The principal aim of this paper is to quantify
the biomass of foliage and fine roots, and to esti-
mate some qualitative parameters of these com-
partments in young European beech and Norway
spruce stands. Another goal is to estimate the pro-
duction of stem mass and GE, i.e. stem production
expressed per unit area and weight of foliage and
fine roots. Based on these findings we will make in-
terspecies comparisons between beech and spruce
at young growth stages.

MATERIAL AND METHODS
Site description

The studies were performed in the Vrchslatina
research site (48°38'50"N and 19°36'12"E) locat-
ed at an altitude of 960 m a.s.l. belonging to the
southernmost part of the Veporské vrchy mas-
sif, Central Slovakia. The site is located ca 10 km
northeast of the town of Hrinov4, the area belongs
to the Krivan Forest Enterprise, the Polana Forest
Unit. Long-term average of the annual amount of
precipitation is about 900 mm, average tempera-
ture 6°C.

The bedrock is built of granodiorite covered
with the soil classified as Cambisol (Humic, Eu-
tric). The textural class of the fine earth fraction
is qualified as sandy loam. Though the rock frag-
ment content is relatively high (about 30-35 vol-
ume percent in the entire assessed soil profile), al-
most all rock fragments are in the fraction of fine
gravel (0.2-0.6 cm) and so it does not influence
the soil properties negatively. Values of pH mea-
sured in hydro suspension were between 5.1 and
5.4 and values measured in CaCl, extract were be-
tween 4.3 and 4.6 (gently decreasing towards the
soil surface). The C/N ratio values (about 17 in the
upper 10 cm of soil) indicate good quality of soil
organic matter.

The site was covered prevailingly by groups of
young forest stands which were exclusively com-
posed of either beeches or spruces. The area of the
young stand complex comprised about 0.7 hectare.
Treeless patches among the groups of beeches or
spruces were occupied by the grass community
with bushgrass (Calamagrostis epigejos) as a domi-
nant species. The young forest stands originated
from natural regeneration and their age was around
14 years. More detailed descriptions of the site and
forest stands are given in KoNOPKA et al. (2013a).
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Tree measurements

At the beginning of the experiment, five circular
plots were established in beech stands and another
five plots in spruce stands. The radius of the plots
varied between 70 and 100 cm, its size depended on
stand density intending to include 30-50 trees. The
trees on the plots were measured twice in 2011 - in
March and November. Specifically, stem diameters
on the ground level (diameter d;, hereinafter) and
tree heights were recorded. These measurements
served to calculate some basic stand characteristics,
i.e. number of trees per hectare, mean diameter and
mean height, basal area (based on d,).

During September 2011 we harvested 60 individu-
als of beech and 60 of spruce for determination of
aboveground tree compartments. The sample trees
were selected outside of circular plots and in such
a way that they would represent the full range of
tree sizes recorded in the stands. The sampled trees
were cut according to specific compartments, i.e.
stem and branches with foliage. The samples were
transported to a laboratory. Here we measured stem
diameter d, bark was separated from stems as well
as foliage from branches. Then, stem, stem bark
and foliage were oven dried (below 95°C for 48 h)
and weighed to the nearest 0.1 g. These values were
used for the construction of stand-specific allome-
tric equations expressing stem mass (under- and
overbark) and foliage mass using diameter d, as in-
dependent variable. The allometric equation (after
logarithmic transformation) was as follows:

y= e(b0+b1><lnd0)x/1 (1)

where:

by b, — regression coefficients,
d,
A — logarithmic bias.

— diameter,

A more detailed description of the procedure for
the construction of this type of allometric relations
was given for instance in PAJTiK et al. (2008). Fur-
ther, allometric relations expressing stem mass and
data on diameter d, measured on the plots in March
and November (i.e. diameter increments in the
stands were considered) were combined to calculate
stem mass production at the level of stands.

Foliage sampling
To conduct more detailed analyses of foliage,

40 trees of beech and spruce were selected so that
10 individuals always represented a specific bioso-
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ciological position (i.e. dominant, subdominant, co-
dominant, and suppressed). On each selected beech,
9 samples of foliage were taken, always 3 samples from
the upper, middle and lower part of the tree crown.
Sampling in spruce differed from that in beech. Since
the spruces had five needle age classes, starting from
2007, each of them had to be included in the sam-
pling. Thus, 3 samples (comprised of 10 needles)
were taken not only with regard to the vertical profile
but also by the age class. Therefore, 15 samples were
taken from each selected spruce. Besides that, the se-
lected spruces were used to determine a contribution
of each age class to the total needle mass. Thus, we cut
separately specific needle classes, dried and weighed
them to establish dry masses.

Individual samples of foliage were scanned and
consequently their one-sided projected areas (leaf
areas hereinafter) were measured by the Leaf Area
Measurement software to the nearest 0.1 mm?.
Then, the foliage was oven dried (85°C for 24 h) and
weighed to the nearest 0.0001 g. Data on the area and
weight of assimilatory organs were used to calculate
SLA on a foliage level. Then, the values from 9 foli-
age samples were used to calculate average foliage
area, mass and SLA. By means of a logarithmically
transformed allometric equation SLA on a tree level
was determined based on diameter d,. Using the al-
lometric relations for foliage mass and SLA, the total
leaf area of the crown was expressed as follows:

LA = m x SLA (2)

where:

LA - leaf area in beech,
m - mass of leaves,
SLA - specific leaf area.

While only one model was necessary for beech,
five models (specific for each needle age class)
had to be constructed for spruce needles. The fi-
nal model of total leaf area in the crown was cal-
culated by means of an allometric relation for SLA
of each needle age class and mass proportion of
each needle set in the total needle biomass using
the equation:

LA = %,LA,( = zj‘,(m x P, x SLA)) (3)
where:

LA - leaf area in beech,

k=120 5% peedle age class,

m  — mass of leaves,

P, - contribution of specific needle age class to the

total needle biomass,

SLA - specific leaf area.
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Fine root sampling

Besides studies on aboveground tree parts in
beech and spruce, we focused on the quantity
and morphological properties of fine roots (up
to 1 mm in diameter). Therefore in April 2011 we
collected 15 soil cores of both beech and spruce
stands.

The soil cores were collected randomly all over
the stands avoiding the areas of circular plots.
We used a metal auger with the inner diameter
of 7 cm, penetrating the soil environment to the
depth of 50 cm. In fact, we did not include any
deeper soil layers because our previous studies
showed that there were only few fine roots at the
depth of 40-50 cm (KoNOPKA et al. 2013b).

The soil cores were put into plastic bags and
transported to a laboratory. The samples were
deep-freezer stored until further processing. Lat-
er defrosted samples were spread on a plastic pad
and live fine roots of beech and spruce were sepa-
rated from the soil. The fine roots were carefully
washed and ca 1/5 of them was scanned.

The images were analysed by the WinRHIZO
program (Regent Instruments, Quebec, Canada).
The output of the analysis showed these fine root
parameters: average root diameter, total length,
number of branchings, surface area, number of
root tips. Then, these morphological parameters
were expressed as fine root mass or unit length.

Thus, we obtained: SRL, SDT, specific root weight
(SRW; root mass per unit root volume), specific
root surface (SRS; root surface per unit root mass),
and specific branching density (SBD; number of
branchings per unit root mass).

All fine roots were oven dried (85°C for 24 h)
and weighed to the nearest 0.0001 g. The quantity
and morphological features determined for the
known space (i.e. the volume of sampled soil col-
umn - that was ca 550 cm?) were also calculated
per unit stand area.

Growth efficiency estimates
and statistical analysis

Data on stem production and properties of fo-
liage and/or fine roots (all results were expressed
on the same area unit basis, specifically 1 m?) were
used for the calculation of GE in beech and spruce.
Thus, GE was expressed as stem production per
units of area or mass in foliage, further, per units
of fine root mass, fine root surface, and per million
root tips.

Since all allometric relations expressing tree com-
partments were linearized by means of logarithmic
transformation, parameters of regression equa-
tions were calculated by the least-squares method.
Logarithmic bias (A\) was estimated according to
the method suggested by MARKLUND (1987). The
Kruskal-Wallis test was used (on a 95% probabil-
ity level) to test interspecies differences in tree and
stand parameters, and the GEs. Statistical analyses
were performed by the Statistica 10 (Statsoft, Tul-
sa, USA) program package.

RESULTS AND DISCUSSION
Stand development indices

The per-hectare number of trees in the beech
stand in March 2011 was about 135,000 then in
November 2011 it dropped to 125,000 (Table 1).
An evident decrease in the number of trees was in
spruce, from 134 to 98 thousand trees per hectare.
This phenomenon relates most probably to a harsh
competitive pressure for light in the spruce stand
because the crowns caused more intensive shading
than in the beech stand. After further comparisons
of the stands we realized that the spruce stand had
larger mean stem diameter d, but a reverse situa-
tion was for mean tree height. Similar values in both
stands were in mean stem volume and stem base.

Table 1. The characteristics of beech and spruce stands as measured in March and November 2011 (means and

standard deviations)

o Beech Spruce
Stand characteristic
March November March November
Number of trees (10%-ha!) 135 + 10 125 + 12 134 + 10 98 + 7
Mean tree height (cm) 253 + 16 287 + 22 164 +7 211 +5
Mean diameter d;, (cm) 2.43 + 0.09 2.66 +0.12 2.71 £ 0.12 3.23+0.11
Mean stem volume (cm?) 391 + 36 501 + 57 355 + 34 647 + 35
Basal area* (m2-ha™!) 62.9 + 6.4 69.5+ 7.0 757 2.5 80.2 + 4.6
*basal area calculated for diameter do, i.e. on the ground level
J. FOR. SCL, 59, 2013 (11): 436—446 439
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Fig. 1. Frequency diagram for tree heights (left plates) and stem diameter d (right plates) in beech (upper plates) and

spruce (lower plates)

As for the frequency distribution of tree heights,
beech showed symmetric but spruce showed left-
skewed distribution (Fig. 1a, b). In the case of dia-
meter do, frequency distribution was left-skewed in
both stands (Fig. 1c, d). In fact, the high density of
trees (over 100 thousand per hectare) is common
for this growth stage not only in spruce and beech
but also it was previously recorded in full-canopy
stands of sessile oak (see for instance PAjTiK et al.
2008, 2011).

Allometry and growth efficiency on a tree level

Allometric relations for masses of stem (both over-
and underbark) using diameter d, as an independent
variable indicated large differences between the spe-
cies (Fig. 2 and Table 2). The stems of beeches with
specific diameter d, represented much larger mass in
beech than in spruce. This difference relates to con-
trasting specific weights (see PAJTiK et al. 2011), and
also to a different ratio between height and diameter
in these species; actually, this ratio was by 72% higher
in beech than in spruce. Allometric equations ex-
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pressing the mass of foliage brought opposite findings
than in stem mass. It means that spruces with spe-
cific diameter d, had much larger foliage mass than
beeches of the same diameter (Fig. 3 and Table 2).
These allometric relations showed that the ratio of
foliage mass to stem mass is dramatically higher in
spruce than in beech. In general, allometric relations
are missing for young growth stages of tree stands

5,000 -
—— beech-under bark
beech-over bark
4,000
------- spruce-under bark
C)
2 30004 ==== spruce-over bark
g ’
=
g 2,000 -
)
1,000 A
0
0 20 40 60 80

Diameter d (mm)

Fig. 2. Stem mass (under- and over-bark) in beech and
spruce against stem diameter d,
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Table 2. Basic statistical characteristics for regression models expressing stem mass (under- and overbark) and foliage

mass in beech and spruce with regard to stem diameter d;

Species Compartment b,(S.E.) P b, (SE)P R? MSE A S.D.
stem overbark  —3.800 (0.222) < 0.001 2.879 (0.070) < 0.001 0.965 0.076 1.038 0.297

Beech stem underbark  —4.184 (0.222) < 0.001 2.945 (0.070) < 0.001 0.967 0.076 1.038 0.296
foliage -6.576 (0.256) < 0.001  3.085 (0.081) < 0.001 0.960 0.102 1.047 0.308

stem overbark -2.369 (0.142) < 0.001 2.273 (0.045) < 0.001 0.970 0.077 1.042 0.348

Spruce stem underbark —2.775 (0.152) < 0.001 2.310 (0.048) < 0.001 0.967 0.089 1.048 0.369
needles -3.079 (0.171) < 0.001  2.432 (0.054) < 0.001 0.964 0.106 1.053 0.366

bo, b1 — regression coefficients with their standard errors (S.E.), R? — coefficient of determination, MSE — mean squared

error, A — logarithmic bias with its standard deviation (S.D.)

(WIRTH et al. 2004). At the same time PAJTIK et al.
(2011) found that biomass allocation in European
beech, sessile oak, Scots pine and Norway spruce
changed most dramatically with stand development
at the initial growth stages.

As it was mentioned in the Introduction section,
while SLA is quite easily measurable in beech (just
one — current year foliage set), a more complex sit-
uation is in spruce where each needle age class rep-
resents different properties. Thus, each needle age
class had to be analysed individually, in fact, our
spruce stand retained five needle sets. We found
that proportions of the separate needle sets in total
needle biomass did not change significantly with
the tree size, i.e. in relation to diameter do. Hence,
we could use for further calculations just average
values of the needle set proportions for all trees.
The proportions of needle sets were as follows:
born in 2007 — 1.5%, 2008 — 10.3%, 2009 — 22.0%,
2010 — 31.6%, and 2011 (current year) — 34.6%.
Statistical characteristics for regression relations
expressing SLA in beech and spruce in relation to

2,500 |
—Dbeech
2’000 | ——Spruce

)

= 1,500
&
S

= 1,000
Q
—

500

0 T T T 1
0 20 40 60 80

Diameter d, (mm)

Fig. 3. Leaf mass in beech and spruce against stem di-
ameter d;
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diameter d0 are shown in Table 3. Here, SLA for
spruce on a tree level was calculated as weighted
average (weight was proportions of the individual
needle sets in the total needle mass) of SLA in the
specific needle sets. The results showed that SLA on
a tree level decreased with the increasing tree size
in both species, but more clearly in beech (Fig. 4).
These findings indicated that morphological fea-
tures of foliage depended on the tree size (and/or
on the bio-sociological position in the stand) that
in general would relate to light conditions. Our
knowledge is in accordance with results of CLOsA et
al. (2012), who studied a young beech stand whose
shaded foliage had much higher values of SLA (be-
tween ca 250 to 470 cm? per gram of mass) than
the foliage exposed to sunlight (150-180 cm?2.g™1).
For instance MiLLA et al. (2008) stated that large
leaves tend to require higher biomass investment
per unit leaf area than the small ones. Therefore
SLA which is a cardinal trait for a plenty of physi-
ological and ecological issues is dependent on the
leaf size variation.
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\é/ 400 4
<
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S
<
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o
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n
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0 20 40 60 80
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Fig 4. Specific leaf area in beech and spruce against stem
diameter d,
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Table 3. Basic statistical characteristics for regression models expressing SLA in beech and spruce with regard to
diameter d,

Species and age class of foliage b,(S.E.) P b, (SE.)P R? MSE A S.D.
Beech 2011 8.026 (0.110) < 0.001 —-0.757 (0.033) < 0.001 0.816 0.051 1.026 0.239
Spruce 2007 4.890 (0.129) < 0.001 —-0.242 (0.034) < 0.001 0.657 0.011 1.005 0.102
Spruce 2008 4.955 (0.119) < 0.001 —-0.234 (0.031) < 0.001 0.672 0.009 1.004 0.097
Spruce 2009 5.179 (0.135) < 0.001 -0.263 (0.035) < 0.001 0.667 0.012 1.006 0.109
Spruce 2010 5.542 (0.187) < 0.001 -0.329 (0.049) < 0.001 0.629 0.022 1.011 0.150
Spruce 2011 6.036 (0.091) < 0.001 —-0.427 (0.025) < 0.001 0.713 0.024 1.012 0.160

bo, b1 — regression coefficients with their standard errors (S.E.), R? — coefficient of determination, MSE — mean squared

error, A — logarithmic bias with its standard deviation (S.D.)

By combination of allometric models for foliage
mass (Fig. 3) and for SLA (Fig. 4) a relationship
between diameter d, and leaf area on a tree level
was determined (Fig. 5). Interspecies comparisons
showed that while the mass of foliage was much
larger in spruce than in beech, the leaf area was
nearly the same in both species. In the Czech Re-
public, allometric models for leaf mass and area of
young beech and spruce trees were constructed by
KANTOR et al. (2009). However, the results are not
compatible with ours, because they used diameter
at breast height as an independent variable.

Further on a tree level, allometric relations for leaf
area (Fig. 5) and for annual stem production (Fig. 6)
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Fig. 5. One-sided projected leaf area in beech and spruce
against stem diameter d,,

were used to calculate GE according to diameter d,
(Fig. 7). We found that GE was much higher in beech
than in spruce. Thus, for instance GE in trees with di-
ameter d, of 40 mm was 110 g of stem mass per 1 m?
of foliage area in beech, but only 40 g-m~? in spruce.
At the same time, GE grew with the increasing tree
size in both species. This situation is very probably
related to contrasting levels of light availability in
trees of different sizes (large trees receive more solar
energy than the small ones). Therefore the unit area
of foliage in suppressed (small) trees is able to pro-
duce less assimilates, consequently less woody mass,
than that of dominant (large) trees. Similar findings
were reported by GSPALTL et al. (2013) in a spruce
pole-stage stand where GE increased with the stem
volume. The authors showed the same phenomenon
as our works that the sharpest change in GE rate
with the tree size occurred among the smallest indi-
viduals (probably suppressed and co-dominant tree
classes).

Growth efficiency on a stand level

Interspecies comparisons of morphological proper-
ties in fine roots indicated that beech roots are com-
posed of a higher proportion of very thin fragments
(average diameter was twice smaller in beech than in
spruce; Table 4). Besides that, fine roots of beech were
more frequently branched with denser occupancy of

Table 4. Morphological features in beech and spruce fine roots (means and standard deviations)

Species Mean diameter SRW SRL SRS SDT SBD

P (mm) (10% g'm™3) (m-g1) (10 m%.g™) (103 tips-g™!)  (10° branches-g™!)
Beech 0.21 £ 0.01 388 + 19 75.25 + 2.38 47.32 + 0.87 47.22 +1.83 66.58 + 2.08
Spruce 0.46 + 0.02* 335+ 15 19.60 + 1.59* 30.71 + 3.73* 8.69 + 0.49* 9.77 £ 0.61*

*significant interspecies differences (Kruskal-Wallis test; a = 0.95), SRW — specific root weight, SRL — specific root length,

SRS — specific root surface, SDT — specific density of root tips, SBD — specific branching density

442

J. FOR. SCL, 59, 2013 (11): 436-446
85



(a) 800

SMP = 0.023501 x d 251331

R?=0.691

o)
(=
(=]

Stem mass production (gyr?)
o N
S S
S =

0 20 40 60 80

Diameter d,, (mm)

(b) 800

SMP = 0.018331 x d 4212
R*=0.906

600 [ T

400

200

Diameter d;, (mm)

Fig. 6. Annual production of stem mass underbark in beech (a) and spruce (b) against stem diameter d,

tips. Hence, fine roots of beech represented a four
times larger surface area (that relates to the absorp-
tion potential) on a mass base in comparison with
spruce. Similar results were presented by OSTONEN
et al. (2012), who compared SRL of fine roots in
beech and spruce originating from a variety of coun-
tries using the latitude as an independent variable.
They found that SRL was between two- and three-
fold larger in beech than in spruce. These results
might suggest that beech needs a less quantity of fine
roots for the production of a certain amount of stem
mass than spruce. This would be applicable in case
that we omit the role of hyphae of ectomycorrhizal
fungi for the absorption of water and nutrients from
the soil. Our results from the same stands proved
that the standing stock of hyphae was much larger
in spruce than in beech. It means that the “handicap”
of morphological properties of fine roots in spruce
might be compensated by the hyphae.

Further, we expressed standing stocks of stem
biomass, foliage and fine roots as well as leaf area,
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surface area of fine roots and number of root tips
per unit area (m?) of stand. Moreover, the produc-
tion of stem mass per 1 m? of stand was calculated
(Table 5). While the standing stock of stem biomass
was higher in beech, an opposite situation was in
foliage. Standing stocks of fine roots were very sim-
ilar in both stands. On the other hand, while beech
stands had a larger surface area of fine roots than
spruce stands, an opposite situation was in foliage
area. Higher stem mass production was estimated
in beech than in spruce stand.

Data on stem production in combination with
characteristics of foliage and fine roots (Table 5)
were used for determination of GE. At the same
time, stem production was expressed per both unit
mass and area of foliage and fine roots. Further,
stem production was linked to the number of root
tips. GE calculated on a variety of bases is given
in Table 6. GE based on the mass and also area of
foliage was higher in the beech stand than in the
spruce stand. This phenomenon might relate to

250
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Fig. 7. Growth efficiency expressed as annual production of stems underbark per foliage unit area in beech (a) and spruce

(b) against stem diameter d
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Table 5. Quantitative characteristics of stems and foliage in beech and spruce expressed per square meter of stand
area (means * standard deviations)

Characteristics Beech Spruce
Standing stock of stems overbark (g-m~2) 4476 + 496 3142 +178*
Standing stock of stems underbark (g-m~2) 3856 + 437 2431 + 139*
Standing stock of foliage (g-m~2) 603 + 77 2626 + 151*
Standing stock of fine roots (g-m~2) 494 + 95 402 + 82
Area of foliage (m-m~2) 12.77 + 1.40 18.64 + 1.08*
Surface area of fine roots (m?m~2) 23.42 + 5.31 12.30 + 3.29*
Number of root tips (10° indd-m~?) 33.12 + 10.02 4.18 + 1.19*
Production of stems overbark (g-m~2yr1) 1011 £ 131 714 + 53*
Production of stems underbark (g:-m=2yr) 887 + 116 572 + 42*

*significant interspecies differences (Kruskal-Wallis test; o = 0.95)

Table 6. Growth efficiency in beech and spruce stands as production of stems underbark expressed as a variety of
foliage and fine root parameters (means * standard deviations)

Growth efficiency based on Beech Spruce
Foliage mass (g-g™!) 1.47 £0.10 0.22 + 0.01*
Foliage area (g-m~2) 69.46 + 4.20 30.69 + 1.11*
Fine root mass (g-g™%) 1.80 £0.73 1.42 + 0.40
Surface of fine roots (g:m=2) 37.90 + 8.94 46.51 £ 12.70
Number of root tips (g-107 tips) 26.88 + 3.85 143.00 + 15.42*

*significant interspecies differences (Kruskal-Wallis test; o« = 0.95)

contrasting ages in leaves and needles. While beech
bears only current-year leaves, needles retained in
spruce crowns were between 1- and 5-years old.
According to results of KayaMA et al. (2007) pho-
tosynthetic rates decreased continuously with nee-
dle senescence. Moreover, the assimilatory system
of spruce in comparison with that of beech might
endure more intensive shading (both among the
whorls and among tree individuals), it means less
light energy reaching the foliage surface in spruce
than in beech if expressed per unit area.

As for GE expressed as the fine root mass, a high-
er value was found out in beech than in spruce,
however, a reverse situation occurred for GE calcu-
lated as the fine root surface. The largest interspe-
cies differences in GE, namely in favour of spruce,
were revealed if the number of root tips was used
as a base. However, as it was mentioned above, we
found the much larger mass of hyphae in the spruce
stand than in the beech stand. We assume that the
hyphae of ectomycorrhizal fungi would enhance
GE as calculated per fine root unit surface and/or
per number of root tips (it is related to the enlarged
surface area of the root system by means of hyphae;
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e.g. BoLAN 1991). Hence, we can anticipate that
while beech is characterized by better morpho-
logical properties of fine roots for the acquisition
of resources, spruce fine roots might enhance their
absorptive capability thanks to the intensive asso-
ciation with ectomycorrhizal fungi.

Jack et al. (2002) pointed out that so far inter-
species comparisons of GE of forest trees were
missing; that kind of information would help to
elucidate ecological demands and growth strate-
gies of trees. Therefore, we assume that our re-
sults will help to understand these phenomena in
terms of stem, foliage and fine root development
in young full-canopy stands of beech and spruce.

CONCLUSIONS

Comparative studies in young stands proved that
beech in comparison with spruce allocated much
more biomass to the stem than to foliage. On the
other hand, both tree species had similar values
of foliage area that was related to higher SLA in
beech than in spruce. Standing stocks of fine roots
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were similar in both stands, however, we found
significant interspecies differences in fine root
morphology. Beech fine roots were thinner and
more intensively branched with higher density of
root tips than spruce fine roots. GE expressed as
annual stem production per unit area of foliage
was much higher in beech than in spruce. GE in
both species increased with the tree size. The phe-
nomenon probably relates to light availability to
the crown of trees which is determined by a bio-
sociological position in the stand. If GE was ex-
pressed as fine root mass, the values were higher
in beech; an opposite situation occurred if GE was
calculated as the fine root surface area. The larg-
est interspecies differences (more than fivefold in
favour of spruce) were revealed for GE expressed
as the number of roots tips. We assume that in the
case of GE based on fine root parameters (espe-
cially on surface area and number of root tips) in-
terspecies differences might relate, besides other
factors, also to the status of mycorrhizal fungi as-
sociated with the tree species. The results of this
work might contribute to the knowledge useful for
instance in process modelling in beech and spruce
of young growth stages.
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5.3 Ohryz jelefiou zverou a potravinovy potencial

Modelovanie potravinového potencialu pre jeleniu zver. Pripadova Studia

z mladych postkalamitnych porastov jarabiny vtacej
Abstrakt

Viba rakytova (Salix caprea L.) a jarabina vtacia (Sorbus aucuparia L.) su dreviny,
ktoré su obl'ibenou potravou mnohych bylinozravcov vratane jelena lesného. Obidve
dreviny by mohli byt’ povazované za vhodného biologického regulédtora pri zmieriiovani
§kod na hospodarsky cennych druhoch drevin. Nase vyskumné aktivity sa zamerali na
postkalamitné izemie, ktoré vzniklo po vichrici v TANAP-e. Skumali sme zozrate'na
biomasu, konkrétne terminalne vyhonky, kondre, listy a kéru kmena v mladych
porastoch rakyty a jarabiny. Zostrojili sme regresné modely na vypocet zoZrateI'nej
biomasy na Urovni stromu. Tie zahffiaji jednotlivé stromové komponenty ako aj
skupiny komponentov zlu¢enych podla roéného obdobia, kedy su dostupné pre jeleniu
zver (tzv. zimny a letny ohryz). Pri rakyte je maximalny potravinovy potencial 251 g
a 361 g pre zimny, resp. letny ohryz pre jednotlivé stromy s hriibkou na baze kmena do
do 40 mm. V pripade jarabiny je maximalny potravinovy potencial 315 g, resp. 322 g
pre zimny a letny ohryz vypocitany pre jedince s dg do 80 mm. Potravinovy potencial
bol nizsi pre jarabinu ako pre rakytu pri stromoch s hribkou dy do 50 mm. Opacna
situdcia plati pre hrubSie stromy. V budicnosti by mohol byt modelovany potravinovy

potencial zahrnuty do odvodenia potravinovej kapacity biotopu pre jeleniu zver.
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Abstract. Recently, the red deer (Cervus elaphus) population has increased
considerably and caused serious damage in forest stands in Slovakia as
well as in other Central-European countries. Rowan (Sorbus aucuparia L.)
is the tree species that is most intensively browsed and stripped by deer,
especially during young stages of tree development. Our research focuses
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developed after large-scale wind disturbance that occurred in the Tatra Na-
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Introduction

In general, the presence of red deer (Cervus
elaphus) as one of the most common, large-
intermediate feeding herbivores in forested ar-
eas cause conflicts between forestry interests
and wildlife management because the species
produce intensive damage to forest stands due
to browsing and bark stripping (Gill 1992).
For instance in Slovakia, the degree of forests
damaged by game is significant and can be at-
tributed to red deer over-population. Estimates
of the red deer population in 2000 was approx-
imately 33,000, whereas the estimated popula-
tion in 2010 was as high as 51,000 (Bucko et
al. 2011). Repeated selective browsing by red
dear not only delays forest regeneration, but
also dramatically alters tree species composi-
tion (e.g. Motta 2003). Bark stripping causes
a reduction in stem increment (Vasiliasukas
2001) and often results in biological damage,
since de-barked stems are highly susceptible to
pathogenic fungi (Kiftner et al. 2008).

In addition to browsing woody vegetation
- 1.e. foliage, small twigs and bark, red deer
graze grasslands. The proportion of these two
forage resources, browsing and grazing, de-
pend, on the properties of the habitat (Trdan &
Vidrih 2008). Renaud et al. (2003) suggested
that the red deer is a selective herbivore for
which food selection is determined not only
by preferences associated with quality and
taste, but also by the cost or effort of obtain-
ing forage. For red deer grasses and low ly-
ing branches are the most easily accessible
forage components. Therefore, it is assumed
that young forest stands distributed over large-
scale post-disturbance areas would be consid-
ered very attractive sites for obtaining forage,
the young trees with branches situated close to
the ground, easily accessible to red deer with
patches of grass for resting and comfort behav-
iour (e.g. lying, ruminating and self-grooming).
Such conditions exist in the marginal foothills
of the High Tatra Mountains within the pro-
tective zone of the Tatra National Park, Slo-
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vakia. On the 19" of November 2004 a storm
destroyed large areas of spruce-dominated
forest in this region. In the subsequent two or
three consecutive years, broken and uprooted
trees were harvested and both natural regen-
eration and artificial reforestation occurred
simultaneously. In addition to Norway spruce
(Picea abies), prevailingly pioneer tree species
such as rowan (Sorbus aucuparia), white birch
(Betula pendula), and sallow (Salix caprea) re-
generated naturally within the affected area. In
fact, Sebefi (2010) showed that nearly 21% of
natural regeneration (expressed as the number
of tree bases) in the post-disturbance area was
comprised of rowan. Recently, serious game
derived forest damage caused by red deer in
young rowan stands in the Tatra National Park
was reported (Kastier & Bucko 2011).

Rowan is a native species distributed
throughout Europe with the exception of south-
ern Europe. According to the Atlas of Woody
Plants (Pagan & Randuska 1987), rowan is
a relatively rare tree species within Slovakia
but however, it is present almost throughout
the entire country (ranging from an altitude of
300 m to the tree line located ca 1,600 m and
in a few isolated cases, up to 2,010 m a.s.l.).
Rowan is a pioneer species and does not usu-
ally form typical even-aged and homogeneous
stands. For example, the species is a stable
component of mountain spruce complexes of
Sorbeto-Piceetum, a forest type determined by
Zlatnik (1976), which is predominantly located
at altitudes of between 1,250 and 1,550 m a.s.1.
The commercial importance of rowan wood is
low because of its growth characteristics (i.e.
stem shape, stem forking, multi-stem growth
and other wood properties). An ecological ad-
vantage of this species are the modest demands
for nutrients and water, which make it able to
colonise unfavourable sites, where the foli-
age litter of rowan subsequently improves soil
properties (Myking et al. 2013). Even though
the species is somewhat rare, a high abundance
can be found in young stands of mixed conif-
erous-broadleaves species. Usually, multiple
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rowan trees develop post-disturbance events
due to its rapid regeneration and growth; in
such cases, the species can spread over large
areas with rowan fruits widely distributed by
birds (Paulsen & Hogstedt 2002).

In terms of the intensity of game derived
forest damage, rowan is one of the most fre-
quently affected tree species. This is supported
by data from the Slovak National Forest In-
ventory (NFI 2005-2006, unpubl. data), which
indicates that more than 15% of rowan trees,
expressed per unit area, were damaged due to
game browsing (the mean intensity of game
damage for all tree species was 2.8%). The
most intensively damaged rowan trees were
recorded at young growth stages, where near-
ly half of the trees were browsed or stripped.
Similarly, Myking et al. (2013) showed that
rowan and sallow were the preferred winter
forage of red deer and moose in the Scandina-
vian Peninsula. In Germany, Eiberle & Bucher
(1989) identified that rowan is an attractive
food species for game and its local presence
reduced browsing damage to commercial trees
such as Fagus sylvatica, Picea abies and Abies
alba. Thus, rowan is a suitable species to con-
trol game derived forest damage in young for-
est stands (see also Cermak et al. 2009). On
the other hand, breakage of rowan by red deer
can severely decrease the regeneration capac-
ity of forest stands in Sorbeto-Piceetum stands
(Heroldova et al. 2003).

The general aim of the paper is to analyse the
red deer feeding and forage potential in rowan
trees. Research was conducted im post-dis-
turbance areas from the protected zone of the
Tatra National Park. The specific objectives of
this study were: (i) to quantify consumed tree
biomass (leader shoot, branch, foliage brows-
ing and bark) and (ii) to estimate the amount
of forage potential for game, mainly red deer,
in young rowan stands, at the branch, tree and
stand level. To fulfil the aims, a procedure was
developed to estimate consumed and poten-
tially edible rowan biomass by red deer. The
procedure is novel without having any analogy

Modelling forage potential for red deer ...

in the existing scientific papers. Also we con-
sider that the procedure can be used in other
forest tree species, in any region, with red deer
presence.

Material and methods
Overview of site conditions

The total area of the Tatra National Park is
nearly 74,000 ha, of which almost 21,000 ha is
protected. The mountains show unique glacier
features and the largest number of endemic
species in the Carpathians. Moreover, the Tatra
Mountains contain the highest summits of the
Carpathian range, with 17 peaks over 2,500 m
a.s.l. The prevailing forest soils are cambisols
and podzols and the bedrock is predominantly
formed of granodiorit. The climate is character-
ised by low mean annual temperatures (around
4.0°C), high precipitation (nearly 1,000 mm)
and 140 days of snow cover (Voloscuk et al.
1994). The fauna in the National Park is abun-
dant, particularly the diversity of birds and
mammals. The red deer is the most frequent
ungulate species and inhabits almost the entire
area of the National Park, ranging from the
low altitudes, adjacent to agricultural land, to
the tree line, dominated by dwarf pine (Pinus
mugo) (Voloscuk et al. 1994).

This study focuses on post-disturbance sites
that were created during a significant, intense
storm in 19 November 2004, wich destroyed a
total of 12,000 ha of Norway spruce dominat-
ed forest within the Tatra National Park (Koren
2005). The storm mostly affected intermediate
and lower altitudes forests of the National Park,
including the foothills and basin of the High
Tatra Mountains. Approximately 10,000 ha
of the destroyed area represented a relatively
uninterrupted forest belt that extended 35 km
long and 5 km wide, situated at an altitudinal
range between approximately 700 and 1,400 m
a.s.l. (Sebeit 2010). This storm event created
some of the most significant forest damage in
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the history of Slovakia and was certainly the
most destructive storm disaster documented
within the Tatra National Park.

To quantify game consumption (almost ex-
clusively by red deer) and forage-potential in
rowan stands, field data was collected dur-
ing the growing season in 2012. During that
year, the post-disturbance areas were covered
by young forest stands that originated mostly
from natural regeneration with some areas ar-
tificially reforested between 2006 and 2008.
Open areas among the young forest stands
were dominated by grasses, herbs and shrubs,
with a predominance of Epilobium angusti-
folium, Calamagrostis sp., Avenella flexuosa,
Luzula luzoloides, Senecio nemorensis, Rubus
idaeus, Vaccinium myrtillus mixed with other
species (Malis et al. 2013).

Data collection

Rowan stands were randomly selected from
forest management plans (FMP) database in
post-disturbance areas in the High Tatra region
and young stands with minimum rowan tree
species composition of 30% were identified.
Field survey in the Tatra National Park within
the target area (around 3.000 ha) with high pro-
portions of rowan indicated more or less four
different sub-areas typical with certain pre-
vailing mean heights of stands. To cover entire
range of tree heights of young rowan stands, 5
tree clusters in each sub-area were randomly
selected (subareas A, B, C, D hereinafter).
Further, 20 circle plots were established for de-
tailed rowan measurements. The radius of the
plots varied between 1.0-3.0 m depending on
the stand density and included a minimum of
30 individual rowan trees. The plots were es-
tablished among groups of trees where rowans
dominated (90% of the tree species composi-
tion). Each tree in the plot was measured for
height (%), stem diameter at 130 cm from the
ground (dbh) and stem base diameter at ground
level (diameter d hereafter). In addition, game
browsing, defined as leader shoot, branch
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with foliage browsing or bark stripping, was
recorded. For leader shoot and branch brows-
ing, the diameter at the browsing point and its
distance from the ground were recorded. For
bark stripping, the size (area) and upper and
lower distance from the ground was recorded.
In total, we measured over 800 rowan trees in
all the plots. On each plot, canopy coverage
(based on rowan tree crown projection) was
estimated visually.

In addition to the circular plots, 90 sample
trees with a diameter d, between 5 and 80 mm
were selected to proportionally represent the
entire range of stem diameters observed in the
study area. The entire above-ground biomass
was harvested and transported to the labo-
ratory, where tree height and diameter (dbh
and diameter d)) were measured. Particular
tree components (foliage, branches, bark and
under-bark stem) were separated and packed
into paper bags. Simultaneously, foliage and
branches were divided into two groups: those
that could potentially be consumed by red deer
(within 0-200 cm from ground level and with
a diameter of branches up to 1.0 cm) (Konopka
et al. 2012) and the rest, which was not acces-
sible to red deer. For bark-stripping potential,
the same 90 sample trees were used. All bark
on the stems was considered from ground lev-
el to a height of 180 cm (e.g. Konopka et al.
2012).

The samples were dried to constant weight
in an oven at 95°C and were weighed to the
nearest 0.05 g. The data was used to construct
allometric equations for tree component mass-
es using tree height and diameter d, as inde-
pendent variables. A detailed description of the
construction of models for tree components
using allometric equations has previously been
documented (Pajtik et al. 2008, Kondpka et al.
2010).

To obtain empiric material for constructing
regression relationships between consumed
dry mass (branch without foliage and branch
with foliage) and diameter of the branch base,
approximately 100 samples of excised branch-
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es with a base diameter up to 10 mm were ran-
domly selected and used for modelling con-
straints.

Data analysis

Estimates of tree biomass were performed at
three levels: branch level (BL), tree level (TL)
and stand level (SL).

Edible mass (B) at the BL was estimated
separately for two categories: branch without
foliage (B,,) and branches with foliage (Bebw D>
using the diameter of branch at the broken
point using the equations:

B (BLy=bd" (1a)

b

B, (BL)=bd; (1b)

where: d, - the branch diameter at the point of

breakage (independent variable); b, b, - re-
gression coefficients to be estimated.

A regression equation of the same type was

also used to estimate the specific surface mass
of bark (w ) based on the diameter d/:

w, =bdy 2)

Allometric equations for the calculation of
the dry mass of specific tree components were
constructed for two independent variables: di-
ameter d, and/or tree height (%). Since the tree
diameter d, is not a conventional characteristic
in growth modelling studies, curves were con-
structed to convert diameter d, to dbh and tree
height.

Then, equations including diameter d, in the
following form were used for the construction
of models for all tree components, specifically
stem (B ), branches (B,), and foliage (B )

B(rL) = &) 3)

where: b, b, - regression coefficients; A - cor-
rection coefficient.

Modelling forage potential for red deer ...

Edible dry mass (B ) at the TL was quanti-
fied separately for the particular components;
branches, foliage, leader shoot and stem bark.
The potential edible branch mass (B ,) and fo-
liage mass (Bef) was calculated following the
allometric equation related to branch mass (B,)
and foliage mass (Bf), the following equation
was used:

B(TL)=B-r 4)

where: 7 (r, and r) is the proportion of edible
branch and foliage mass related to the total
branch and foliage mass.

This proportion was calculated from the dry
mass weight of both edible and non-edible
branch fractions for each sampled tree.

Beta regression (Ferrari & Cribari-Neto
2004) was used to model the proportion of
the tree mass consumed by red deer, with the
diameter d, used as an independent variable.
This type of regression is used for modelling
continuous variables and assumes that values
are in standard unit intervals e.g. rates, propor-
tions or concentration indices. The beta regres-
sion model is defined as:

gu) =x'"p=n,

where = (B, ..., B)" is a k x I vector of un-
known regression parameters; x, = (x,, ..., x,)"
are independent variables or covariates and 7,
is a linear predictor (i.e. 7, = B x, + ... + B.x,),
and finally g(.); (0,1) is a link function. In this
study, the following link functions were tested:
logit exp(X - f)/[1 + exp(X - )], complemen-
tary loglog: 1 - exp[-exp(X - f)], log: exp(X - f)
and Cauchy: 1/2 + atan(X - £)/pi.

To identify the link function that best ex-
plains the variability and shape of data distri-
bution, the AIC criterion (Akaike 1974) was
used. From this comparison, complementary
loglog was identified as the best for these data
and was subsequently selected for modelling:

r = I-exp(-exp(b,+b, d)) (%)
95
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where 7 is the proportion of edible mass pre-
viously defined in equation (4). To model the
edible part of the stem (i.e. leader shoot), it
was assumed that the maximum distance from
ground level for browsing is 200 cm and the
maximum diameter d,, is 1.0 cm after measure-
ments for European ash (Fraxinus excelsior)
and rowan plots (Konopka et al. 2012). This
means that for trees with a diameter d; lower
than 1.0 cm, the entire dry stem mass can be
consumed by red deer. Thus, in such trees, edi-
ble stem potential equates to the dry stem mass
calculated using the allometric equation. Alter-
natively, if the diameter d, is greater than 1.0
cm, the amount of edible dry stem mass does
not increase with stem diameter d,. It is as-
sumed that stem volume for trees with d, equal
to 1.0 cm is approximately the same as the vol-
ume of leader shoot with the same diameter at
the point of breakage by a red deer i.e.:

B (TL)=B (TL) (6)
for d, < 10 mm

or B (TL)=B  (TL)=21.17 g& (7)
where B is the dry stem mass from a thick-

s(10)
ness of 10 mm to the top for 10 <d < 16.4 mm

(this diameter is approximately equivalent to a
tree height of around 2 m).

To model the edible dry mass of tree bark,
it is assumed that red deer do not strip trees
with a diameter d, under 2.0 cm and that the
maximum height of bark stripping is 180 cm
from the ground as in the previous measureme
nts in F. excelsior and rowan plots (Konopka
et al. 2012). First, the specific surface mass of
bark (w, ) was estimated based on the diameter
d ,using equation (2).

The dry mass of edible stem bark (B, )
was then calculated for the individual sampled
trees as:

B, (IL)=S-w, (8)

where: § - the area of edible bark; w_- specific
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surface area of bark.

To calculate S, the equation for expressing
the surface area of a blunted cone (frustum)
with a radius of base 7, radius of upper side
r,, and height of 180 cm was implemented.
Edible dry mass of bark for each sample was
calculated using equation (8). A point cloud,
created by pairing the diameter d, with the dry
mass of each sample, was fitted by the regres-
sion function (1), where the only independent
variable is diameter d/:

B _(TL)=b dfz , for d,>20 mm )

where b, b, are regression coefficients.

Equation (9) was used to estimate potential
edible dry mass of bark only. In the case of es-
timating the currently consumed dry mass of
bark equation (8) is used, in which S denotes
the surface of the browsed area of bark.

The models were implemented for the 20
research plots to calculate the dry mass for
leader shoot, branches, foliage, bark and all
combined components actually consumed by
red deer. Moreover, the models were used to
estimate the forage potential or edible biomass
of leader shoot, branches, foliage, bark and all
combined components on the SL. Both actual
forage consumed and forage potential per 100
m? were calculated, considering consistent
rowan coverage (canopy projection) of 50%.
For this model, a regression function (using
method of least squares) that accurately ap-
proximate the empiric values measured for
the plots was identified and from amongst the
functions that were tested, the following func-
tions were best suited:

For dry mass of edible foliage:

B (SL)=bd’> +bd (10)
For dry mass of edible branches:

dZ
B (SL)= o (1)

b1 d:ﬂ) +b2a’m0 + b3
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For dry mass of edible leader shoot (modified
from Warren 1980, Warren & MacWilliam
1981):

B (SL)=d ™" (12)

For dry mass of edible bark:
B, (SL)=bd  +b, (13)

For dry mass of all edible parts:

Bemr (SL) = bl d:i (14)

Schematic explanations of procedures for the
estimation of consumed biomass and the con-
struction of models to estimate edible biomass
in rowan trees and stands are available in Supp.
Info. I, II.

Regression models were constructed and
all statistical analyses were performed in the
Statistica 10.0 program and R program (R De-

Modelling forage potential for red deer ...

velopment Core Team, 2012). The regression
functions with parameter estimates and good-
ness-of-fit are expressed by the coefficient of
determination (R’) and are presented for each
model.

Results

The mean tree diameter d , of the measured
rowan stands varied between 5.1 and 45.5 mm
and the mean tree height varied between 31 and
467 cm (Table 1). A high variability amongst
the plots was also recorded for number of trees
per hectare, approximately 11,000 to 66,000
individuals. Most plots with a high mean di-
ameter (especially plot numbers 11-20) were
composed not only of trees close to the mean
size (i.e. height over 300 cm) but also by much
smaller individuals. This means that there is
the potential for trees within plots to be suit-
able for both branch browsing (small trees)

Table 1 Characteristics of the research plots in the rowan stands (average values + standard deviation)

Subarea Plot Radius  Coverage Tree density Mean diameter Mean height Top height
(A-D)  number (m) (%) (10° pes.ha') d  (mm) (cm) (cm)
1 3.0 10 20.5 5.1+2.1 31.1+£12.6 40.4
2 3.0 10 19.6 8.9+3.7 72.9 +£30.0 91.6
A 3 2.0 35 66.0 10.6 4.2 132.7 £ 58.4 168.8
4 2.0 35 50.1 142+4.38 152.3 +46.7 183.6
5 2.0 20 29.4 154+44 123.0£394 154.7
6 1.4 75 60.1 21.8+£8.3 297.4 +76.1 340.7
7 2.0 30 33.4 224+11.8 2743 +129.9 315.6
8 1.5 35 43.9 22.5+11.8 2902+ 1114 3133
B 9 1.5 50 60.8 23.9+15.1 306.6 £192.6  334.2
10 2.0 75 45.4 23.6+8.9 318.4+90.7 375.5
11 1.2 85 75.2 23.1£11.0 3622 +153.5 4064
12 1.5 80 59.4 272+12.3 3699+ 1150  411.3
13 1.5 50 354 27.6 +16.8 373.2+£176.7  402.0
¢ 14 2.0 65 342 27.7+10.1 3653+ 101.3 4244
15 3.0 20 11.3 36.7+13.8 410.1 £103.4  456.7
16 1.3 85 52.7 36.0+18.2 439.6 +199.7 506.7
17 2.0 80 32.6 37.7+14.8 4643 +112.8 523.1
D 18 2.0 60 23.1 40.6 £ 14.3 466.6 = 108.9 525.8
19 1.5 50 21.2 44.6 +14.8 430.7 +78.3 480.0
20 1.0 75 25.5 455+ 11.9 441.7 £ 59.7 475.0
Note. Top height represents the mean value from the 20% of the tallest trees in the stands.
97

97



Ann. For. Res. 58(1): 91-107, 2015

and bark stripping (large trees).

Regression modelling on BL showed a
high correlation between diameter at branch
base and dry branch mass (Fig. la and Table
2), and eventually branches including foliage
mass (Fig. 1b, Table 2). This indicates that the
models are suitable for estimating missing or
browsed branches via measurements of diam-
eter at the browsing point. The sum of browsed
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branches provides a reasonable estimate for
consumed dry mass of branches (winter sea-
son) or branches with foliage (growing sea-
son). At the same time, the models indicated
that dry mass of branches prevailed slightly
over that of foliage in young rowan trees. A
close relation ship was also found between
specific surface mass and diameter d,, (Fig. 2).
Here, the specific surface mass of bark of the

40
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R?=0.820
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Figure 1Dry mass of branches (a) without foliage and (b) with foliage compared to diameter at branch

base

Table 2 Regression models for edible dry mass of branches (B ,) and edible dry mass of branches with foli-
ages (8,,,,) expressed on the branch level (BL), further, surface mass of bark (w,), stem mass (B)),
branch mass (Bf), conversion coefficient for edible branch (r,), conversion coefficient for edible
foliage (r) and edible bark dry mass (B, ) expressed on the tree level (7L)

Eq. VD;};:S&W b,(SE) P b, (SE) P R MSE 2 SD

(lay B,(BL)  0.005(0.002)<0.017 3.502(0.195)<0.001 0778  3.284

(1) B, _(BL) 0.078(0.021)<0.001  2.595(0.132)<0.001 ~ 0.820  9.027

@ w (TL)  1253(0.110)<0.001  0.398(0.023)<0.001 0789  0.439

(3) B.(TL)  -2.515(0.088)<0.001 2.412(0.025)<0.001 0990 0028 1.014 0.171
B,(TL)  -7336(0.312)<0.001 3334 (0.090)<0.001 0943 0280 1138 0.596
B(TL)  -3.383(0.161)<0.001 2.237(0.046)<0.001 0962 0.096 1.047 0322

(5) . (TL) 2411 (0.181)<0.001  -0.068 (0.005)<0.001 0.772  0.141
r.(TL) 2,288 (0.226) <0.001  -0.073 (0.006) <0.001 0.635  0.163

9 B, (TL) 0.249(0.066) <0.001  1.585(0.064)<0.001 0938  286.6

Note. Abbreviations in the table captions means; b , b, - coefficients, SE - their standard errors, P - p-value, R’ - coefficient
of determination, MSE - mean square error, A - logarithmic transformation bias, and SD - its standard deviation.
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largest observed trees was more than two times
larger than that of the smallest trees. Since tree
diameter d,, is not a conventional tree char-
acteristic used in growth studies, regression
functions are included to convert the diameter
d, to dbh and tree height (Fig. 3a, b).

The inventory of deer browsing on the 20
plots showed that whereas branch browsing
was considered very frequent, bark stripping
occurred sporadically (Table 3). In fact, all
cases of bark stripping only occurred on plots
with large trees, i.e. at plots located on the sub-
areas C and D. The mean percentage of trees
subjected to browsing when considering all
plots was 80% (+18%). Here, both branches
and leader shoot browsing were included in
the analysis and this was typical for trees up to

6
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Figure 3 Estimations of tree diameter at breast height (a) and tree height (b) using tree base diameter as

independent variable

Table 3 Characteristics of red deer browsing on rowan trees in the research plots. Data for branch browsing
(including leader shoot) are in the white cells and for bark stripping in the grey cells.

Characteristics of tree damage by red deer Mean Standard deviation
Number of browsed branches per 100 m? 1,323.0 1,219.0
Mean diameter of bases on browsed branches (mm) 3.3 0.5
Percentage of trees with browsing 80.0 18.0
Number of stripped areas per 100 m? 19.0 31.0
Mean size of stripped areas (cm?) 96.0 92.0
Percentage of trees with bark stripping 7.0 16.0
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200 cm in height. As for bark stripping the per-
centage was 7% (£16%). These results might
indicate that if the forest stand is composed of
both small and large trees, red deer prefer eas-
ily accessible branches for browsing, instead
of bark stripping.

For branch and leader shoot browsing, all
cases identified were recorded from between
0 cm to nearly 270 cm from the ground (Fig.
4a). However, the maximum occurrence of the
browsing was between 121 and 130 cm from
the ground and browsing was considered fre-
quent up to 200 cm from the ground but rarely
at higher positions. Bark stripping occurred
from the ground level to a height of ca 180 cm
(Fig. 4b). Since bark stripping is characterized
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by one or more areas on the stem surface, the
frequency of the lower and higher points are
shown. The lowest point of stem de-barking
was most frequent at a height between 41 and
60 cm from ground level, with the highest po-
sitions occurred between 101 and 120 cm.

A combination of models for branch with
foliage (Fig. 1b) and bark dry mass and meas-
urements on the plots relating to game brows-
ing (Table 3) allowed an estimation of the dry
mass of rowan trees consumed by red deer by
browsing and bark stripping (Table 4). The re-
sults show that the average amount of branch
dry mass consumed by deer was 2,931 g
(£2,658 g) per 100 m?. The average amount of
bark stripped by deer was 101 g (£214 g) per
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Figure 4 The number of browsed branches (a) and bark strippings (b) with regards to distance from the

ground

Table 4 Summary of rowan tree dry mass consumed by red deer

Characteristics of dry mass consumed by red deer

Mean Minimum and
+ standard deviation maximum among plots

Total dry mass of branch browsing (g per 100 m?) [A]

Total dry mass of bark stripping (g per 100 m?) [B]

Sum of consumed dry mass (g per 100 m?) [C= A+ B]
Percentage ratio of browsed branch dry mass to consumed

dry mass [A/C]

2,931 £2,658 93-10,617
101 £214 0-750
3,033 £ 2,668 93-10,621
96+ 9 61-100

100

100
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100 m?. Thus, much more dry mass was con-
sumed in form of branch browsing than bark
stripping.

Models concerning rowan dry mass poten-
tially edible by deer constructed on the TL
showed specific tendencies for each tree com-
ponent regarding tree size (Fig. 5 and Table 5.
The edible dry mass of leader shoot increased
concomitantly with tree size up to a diameter
d,of ca. 10 mm and subsequently stabilised at
a constant level (about 20 g) once a diameter
of 20 mm (equal to a tree height of about 180
cm) was reached. Larger trees were not obvi-
ously damaged by red deer by browsing of the
leader shoot. A significantly different result
was found for bark, where no browsing was ex-
pected for trees with a diameter d, less than 20
mm. The result for potentially edible branches
and foliage was similar; first increasing but
later declining with increasing tree diameter.
The maximum edible forage resource for red
deer was trees with a diameter between about
35 mm and 50 mm for foliage and branches,
respectively.

Modelling potential forage resources by tree
components (at TL) on the 20 plots served as
the basis for the construction of models on the
SL, based on a rowan tree coverage (canopy
projection) of 50% (Fig. 6 a—d) and the mean
stand diameter d,. The amount of edible dry
mass varied between the particular compo-
nents; while the modelled dry mass of branch-

Modelling forage potential for red deer ...
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Figure 5Dry mass of potential browsed items for
red deer by tree components with respect
to the diameter at stem base

es and bark accessible to red deer increased
together with mean stand diameter d ), it first
increased then decreased for foliage and stem.
The maximum estimates of dry mass of branch
and bark was found for the largest rowan stand
and reached about 17 and 23 kg per 100 m?,
respectively. In turn, the maximum estimated
foliage dry mass of 11 kg per 100 m? and maxi-
mum leader shoot dry mass of 13 kg per 100
m?* was observed for stands with a mean diam-
eterd , of 27 mm and 10 mm, respectively.
The largest forage potential was estimated
for bark and the smallest for foliage. How-
ever, in reality, bark is clearly not completely

Table 5 Regression models for edible dry mass of: foliages (8,), branches (B,,), leader shoot (B,), bark
(B,,,,) and all parts together (B,, ) expressed on the stand level (SL)

. VD;Ii’;;‘l‘lem b,(SE) P b, (SE) P b,(SE) P R MSE
(10) B,(SL)  -0.014 (0.001)<0.001 ~ 0.790 (0.048) <0.001 - 0.607 2.500
(11) B,(SL)  0.065(0.033)0.063  -1.261(2.023)0.541  48.952 (29.419)0.114 0.902 2.934
(12) B_(SL)  2.075(0.077) <0.001 -0.220 (0.014)<0.001 - 0917 1.734
(13) B, (SL) 0.637 (0.055)<0.001 -8.925 (1.750) <0.001 - 0912 3.097
(14) B, (SL)  6.182(1.574)<0.001 ~ 0.515 (0.075) <0.001 - 0.773  20.850

Note. Abbreviations in the table captions means; b, b, - coefficients, SE - their standard errors, P - p-value, R’- coefficient

of determination, and MSE - mean square error.
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Figure 6 (a) Stem, (b) bark, (c) branch and (d) leaf forage potential for red deer with respect to mean stand
diameter (measured on stem base). The model is constructed for rowan stands with a tree cover

of 50%

surface-stripped by deer; therefore, the model
probably overestimates the natural situation.
Summing the models of all components re-
sulted in a total forage potential on a rowan
SL based on tree coverage of 50% (Fig. 7a).
The model estimates ca. 45 kg of edible dry
mass by red deer per 100 m? for a mean stand
diameter d_, of 50 mm. This figure is the maxi-
mum number which might be reached in ex-
ceptional conditions, for example, in a small

102

isolated system such as a fenced area, without
any other forage resources for the red deer.
Our model shows that the contribution of the
specific tree components to the total forage po-
tential in a rowan stand depends on the mean
stand diameter (Fig. 7b). The contribution of
browsing potential decreased and the contribu-
tion of bark-stripping potential increased, with
increasing stand size.
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Figure 7 (a) Forage potential for red deer and (b) contribution of the particular tree components in rowan
stands with respect to mean stand diameter (measured at the stem base). The model (a) is con-
structed for rowan stands with a tree cover of 50%

Discussion and conclusion

This survey of research plots indicates that a
high proportion of rowan trees browsed by red
deer in the form of leader shoot and branch
browsing, so that in total, over three-quar-
ters of individuals were affected. Conversely,
bark stripping was found rare. It appears that
red deer prefer rowan trees for forage, but for
stands with a heterogeneous height structure,
browsing small trees is preferred to bark strip-
ping on larger trees. A study by Konopka et
al. (2012) performed on ash trees (F. excel-
sior), concluded that a higher proportion of
stripped bark contributed to total tree biomass
consumption compared to the results found for
rowan in this study. However, the ash stands
were more even-sized. Therefore, only a few
branches in stands with a mean height over 4
m were accessible to the red deer. Konopka et
al. (2012) showed that whereas the dry mass
of browsed branches predominated over that
of stripped bark in ash trees with a diameter
d, up to ca 50 mm, the opposite situation was
observed for thicker trees.

However, browsing and stripping intensity
highly depends on game density (Hornberg
2001, Kiffner et al. 2008), the abundance of
tree species and their nutrient content (e.g.
Duncan et al. 1994, Cermak 1998), the site
productivity of the biotope (Langbein 1997,
Bergqvist 2014) as well as forest management
(Bergqvist 2014, Edenius et al. 2014, Schulze
et al. 2014). As for most areas of Slovakia, the
High Tatra National Park has as a typically
high population of red deer, due to its gradual
increase in population size in the last decade;
from approximatly 400 individuals in 2003 to
nearly 700 in 2012 (Dr. Fleischer — personal
communication). Regarding the abundance of
rowan trees in the observed area, the species is
one of the three most common species (togeth-
er with B. pendula and S. caprea) in the natu-
rally regenerated complexes (Sebeii 2010). For
nutrient content in general, browsers prefers
plants with a high nitrogen level and low fibre
content (Danell et al. 1991). Unfortunately, no
study that focused on the nutritional status in
different components of rowan trees could be
found although this type of analysis has previ-
ously been performed for foliage and branches
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of F excelsior (Konopka et al. 2012).

Previous studies (e.g. Padajga 1984) have
shown that a high content of tree shoots in total
red deer forage indicate that this tree compo-
nent is sufficiently rich in nutrition and is often
preferred to grasses. In habitats with frequent-
ly browsed tree species, woody plants form be-
tween about 40% (in the growing season) to ca.
90% (in the winter) of the red deer diet (Jam-
rozy 1980, Homolka 1990). In biotopes where
woody plants were absent or rare, grasses pre-
dominated and composed of between 50% to
90% of the diet volume of red deer (Latham
et al. 1999, Homolka & Heroldova 2001). In
general, woody plants represent a significantly
larger proportion of the red deer diet compared
to other ungulate diets including that of roe
deer (e.g. ProkeSova 2004). If research had
focused on nutritional conditions at the experi-
mental sites, it might be assumed that red deer
consume tree biomass more frequently than
grazing. This is supported by the evidence ob-
served over a relatively long period, nearly 5
months, of snow cover (Voloscuk et al. 1994).
Moreover, in terms of light-tolerant herbs (es-
pecially E. angustifolium and Calamagrostis
sp.), rapid growth occurs within post-distur-
bance areas, which are most probably not at-
tractive for red deer grazing.

These results demonstrate that red deer
browse branches of rowan from the ground
level to a height of 200 cm and very rarely
higher, with most frequent browsing occurring
at heights of between 121 and 130 cm. Similar
results were recorded for bark stripping, how-
ever, the maximum height was limited to 180
cm. Both browsing and bark stripping prefer-
ences of red deer probably relate to their body
size. Red deer clearly browse shoots at the
height of their shoulder (Renaud et al. 2001).
For example, Hodge & Pepper (1998) ob-
served that the most frequent browsing by red
deer is up to a height of 180 cm. Kondpka et
al. (2012) recorded frequent browsing on ash
trees at heights of between 40 and 160 cm with
an extreme upper limit of 260 cm. The same

upper limit for bark stripping (ca 180 cm) as
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for rowan was also recorded for ash trees.

The results show that mean edible potential
among all observed plots was 32 kg (composed
of 10 kg of leader shoot, 12 kg of branches and
10 kg of foliage) per 100 m?. The mean po-
tential of strippable bark was about 3.0 kg per
100 m?. Altogether, 35 kg of rowan dry mass
per 100 m?, potentially edible by red deer, was
found in the studied area. Hell et al. (2000)
showed that red deer require between 1.2 kg
(calf) and 3.0 kg (adult) plant dry mass per
day. Thus, 100 m? of young rowan stand can
theoretically serve as a food resource for 10
days for one adult red deer, in case of the total
browsing and stripping of all forage-potential.
Thus, a single red deer requires seasonally
minimum of 0.4 hectares of this type of for-
est stand (considering the standard tree crown
coverage of 50%) for its diet. However, in our
plot conditions, only 11.8% of edible dry mass
(leader shoot, branches with foliage) and 1.2%
of strippable dry mass (bark) was actually con-
sumed by red deer.

Red deer can be considered as a selective
consumer of tree biomass preferring rowan to
other species which was supported by previ-
ous studies conducted in the territory of the
Tatra National Park (Table 1 - Supp. Info III,
modified data from Kastier & Bucko 2011).
Altogether nearly 4 000 young trees were in-
spected and categorised into five classes of
game browsing: 0 — undamaged (no brows-
ing), 1 — browsed branches, 2 — browsed stem,
3 — browsed branches and stem, 4 — whole tree
intensively damaged by browsing. Rowan trees
were the most frequently and also most inten-
sively browsed species (Table 1 - Supp. Info.
I1T). While only 5.0 % (+ 1.0) of all spruce trees
were damaged by game (all species together
29.2 %) as much as 72.9 % (= 2.6) of rowan
trees were affected by browsing. Moreover, if
we considered all damaged trees as a base, only
17.9 % (£ 8.3) of spruce belonged to classes
3 and 4 (average for all species was 71.5 %).
However, the proportion in rowan trees was as
much as 83.1% (= 2.6) hence, the results clear-
ly prove that rowan might represent a suitable
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biological control for mitigating forest damage
by reducing browsing or economic damage to
neighbouring commercial trees e.g. Norway
spruce and Scots pine.

This study presents the initial step in achiev-
ing optimisation of different demands between
interests of foresters and hunters (or wildlife
management). We have shown that the novel
procedure based on the regression models is
applicable for quantification of consumed tree
biomass as well as estimation of forage poten-
tial for game, mainly red deer, in young forest
stands. In principle, this kind of modelling of
forage potential would further serve for evalu-
ation of carrying capacity of biotops for red
deer and consequently for decision-making
on regulation on population to avoid serious
damage to commercial tree species in forest
stands. However, to reach the final goal more
specific, scientific knowledge is required. Spe-
cifically, forage potential has to be quantified,
not only for main forest tree species (as we
have done for rowan) but also for other plants,
i.e. shrubs, grasses and herbs co-existing in the
area. Moreover, exact information related to
“bearable’ branch browsing and bark stripping
on commercial forest trees does not yet exist.
Therefore, currently a threshold of branch and
bark reduction that does not endanger interests
(sufficient number of undamaged trees in each
stand growth stages without implementing in-
adequately high costs for protection measures
against game) of forest owners is unknown.

On the other hand, these results indicated
that rowan, especially in young growth stages,
can play a considerable role in enhancing car-
rying capacity of forest biotops for red deer.
Therefore, traditional attitudes of foresters to
the presence of rowan in forest stands should
be re-evaluated. Rowan trees should be main-
tained preferably as young stands together
with commercial trees species, which are at-
tractive for red deer barking and stripping, for
instance, silver fir, maple and ash. This might
represent a suitable biological control for miti-
gating commercial forest damage. Moreover,

Modelling forage potential for red deer ...

foresters or hunters could establish and main-
tain specific browsing plots to entice deer from
threatened stands with commercially valuable
trees to stands with a high proportion of row-
an trees. Here, rowan trees would preferably
consist of different size trees for both brows-
ing (height under ca 3 m), bark stripping and
perhaps also for fruit consumption (those over
3 m in height).
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Kvantifikacia zoZratel’'nej biomasy mladych stromov viby rakytovej a jarabiny

vtacej pre jeleniu zver. Odhady pomocou regresnych modelov

Abstrakt

rw N

na lesnych porastoch na Slovensku, rovnako ako aj v inych krajinach strednej Eurdpy.
Jarabina vtacia (Sorbus aucuparia L.) je jednym z druhov, ktoré su najintenzivnejSie
ohryzané a lupané jeleniou zverou, obzvlast’ v rannych Stadidch vyvoja. Nas vyskum sa
zameral na vyhodnotenie biomasy jarabiny skonzumovanej jeleniou zverou vV mladych
porastoch, ktoré vznikli po velkoplosnej disturbancii na izemi Tatranského narodného
parku v roku 2004. Vytvorili sme nové modely na vypocet biomasy jednotlivych
komponentov stromu, ktoré st potencidlne zoZrateI'né jelefiou zverou na zéklade hrubky
na baze kmena ako nezavislej premennej. Vysledky ukazuju, ze podiel jednotlivych
stromovych komponentov, ktoré¢ su dostupné ako potrava pre jeleniu zver zavisi od
vel'kosti stromu. Na Urovni porastu sa celkovy potravinovy potencial zvySuje S rastom
strednej hrubky porastu. AvsSak, zatial' o mnoZzstvo kory dostupnej pri lupani narasta
s velkostou stromu, celkovd biomasa pristupnd pre odhryz (terminalne vyhonky
a konare s listami) sa zmenSuje. Napriklad podiel kory kmena na celkovom
potravinovom potencidli porastu s priemernou hribkou na bdze kmenia 20 mm bol
15 %, pri hribke 50 mm uz dosahoval hodnotu 50 %. Teoreticky, ak by bol jeletiou
zverou skonzumovany cely potencidl zoZratel'nej biomasy v mladych porastoch jarabiny
(ak uvazujeme S0 zapojom porastu 50 %) rastiici na ploche 100 m?, mohol by poskytnut’
dostatok potravy pre jedného dospelého jelena na cca 10 dni. To naznacuje, ze by sa
jarabina nemala odstrafiovat’ z lesnych porastov na uzemiach s vysokou populaciou
jelenej zveri, pretoze svojou pritomnostou znizuje riziko poskodenia inych,

hospodarsky dolezitych druhov drevin.
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trees for Cervus elaphus: estimates by regression models

Quantifizierung der Biomasse von jungen Salweiden (Salix caprea) und
Ebereschen (Sorbus aucuparia) die fiir Cervus elaphus genie8bar ist: eine
Bestimmung durch Regressionsmodelle
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Abstract

Goat willow (Salix caprea) and rowan (Sorbus aucuparia) species are the preferred
forage for large herbivores including red deer (Cervus elaphus). Both species could
be considered as suitable biological control for mitigating damage to commercial
tree species. Research activities focused on a post-disturbance area that origina-
ted after an intensive windstorm in the Tatra National Park (Slovakia). We estimated
edible biomass specifically; leader shoot, branches, foliage and stem bark in young
trees of willow and rowan. Regression models of edible biomass on a tree level were
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constructed. They covered forage by particular tree components as well as forage by
groups of components associated with forage availability for deer in the winter and
growing season. In willow, the maximum feed potential (251 g and 361 g for winter
and growing season, respectively) were found for individuals with diameter at stem
base d, of 41 mm. In rowan, the maximum feed potential (315 g and 322 g for winter
and growing season, respectively) occurred for individuals with do of 80 mm. The feed
potential was lower in rowan than in willow for trees with d, up to 50 mm, and the
opposite situation occurred in larger trees. In future, feed potential modelling could
be implemented in evaluating the carrying capacity of biotopes for red deer.

Zusammenfassung

Sal-Weiden (Salix caprea) und Eberschen (Sorbus aucuparia) sind bevorzugte Asungs-
pflanzen fur GroBherbivoren einschlieBlich des Rothirsches (Cervus elaphus). Beide
Baumarten kénnen als geeignete biologische Kontrolle fiir die Verminderung von
Wildschaden an kommerziellen Baumarten beriicksichtigt werden. Die Forschungs-
aktivitaten fokussierten sich auf eine Schadflache die durch einem intensiven Sturm
im Nationalpark Tatra (Slowakei) entstanden ist. Wir bestimmten die vom Rothirsch
verwertbare Biomasse, speziell Haupttriebe, Zweige, Belaubung und Stammrinde
von jungen Salweiden und Ebereschen. Die Regressionmodelle fiir die vom Rot-
hirsch verwertbare Biomasse wurden aufbauend auf ein Einzelbaumlevel erstellt.
Sie beriicksichtigten Asungspflanzen durch einzelne Baumbestandteile ebenso wie
Asungspflanzen von Gruppen der Komponenten verbunden mit der Verfiigbarkeit
von Asungspflanzen fiir Rothirsche im Winter und in der Wachstumsperiode. Fiir die
Salweide betrug das maximale Asungspotenzial 251 g im Winter und 361 g in der
Wachstumsperiode fiir Individuen mit einem Durchmesser an der Stammbasis do von
41 mm. Fir die Eberesche war das maximale Asungspotential 315 g im Winter und
322 g in der Wachstumsperiode fiir Individuen mit einem do von 80 mm. Das Asungs-
potential war geringer fiir Eberesche als fiir Salweide fiir Baume mit einem d, kleiner
als 50 mm, und das Gegenteil trat flir groBere Baume ein. Zukiinftig kann die Model-
lierung des Asungspotenzials in die Auswertung der Tragfihigkeit von Biotopen fiir
Rothirsche einfliel3en.
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1. Introduction

Both goat willow (Salix caprea) and rowan (Sorbus aucuparia) are not considered im-
portant for commercial purposes due to their stem characteristics, especially their
irregular shape, frequent forking, multi-stem formation and wood properties. Ho-
wever, they are common species types with modest ecological demands that allow
them to occupy less desirable sites such as post-disturbance areas. Their presence
improves soil conditions and micro-climate properties creating favorable conditions
that promote the establishment of other tree species (Myking et al., 2013).

In Slovakia, the distribution of goat willow ranges from the lowlands to the mountai-
nous regions, up to altitudes of between 1300 and 1400 m a.s.l. In contrast, rowan is
also distributed from lowlands, up to very high altitudes of nearly 2,000 m a.s.l. (Pa-
gan and Randuska, 1987). It is well documented (e.g. Shipley et al., 1998; Manson et
al., 2007; Jager and Pastor, 2010; Findo and Petras, 2011; Myking et al., 2013) that goat
willow and rowan together with aspen (Populus tremula) are tree species identified as
the preferred forage for large herbivores including red deer (Cervus elaphus). Thus, as
species identified as attractive for large herbivores (i.e. ungulate ruminating game),
with good regeneration capacity and are fast growing; they can increase the carry-
ing capacity of biotopes (hunting grounds). Therefore, their presence might reduce
damage by ungulate ruminating game (biological control) to commercial trees (e.g.
Cermak et al.,, 2009).

In European temperate forests, red deer is a largest herbivore with high forage (tree
biomass) requirements for food, including leader shoot, branches, foliage and bark.
Hell et al. (2000) showed that red deer consumed daily between 1.2 kg (calf) and 3.0
kg (adult) of biomass expressed as dry matter. Contribution of tree biomass depends
on landscape characteristics. For example, Findo et al. (1993) showed that for moun-
tainous areas in Central Slovakia (specifically the Polana Mts. and Sitno Mts.), biomass
of forest trees represented as much as 79% of total forage. Similarly, Prokesova (2004)
calculated that tree biomass contributed to 71% of total red deer feed in wetland fo-
rests in the southern part of Moravia (Czech Republic). For other region of the Czech
Republic, Fiser and Lochman (1969) estimated a much lower share (between 6% and
29%) of red deer forage was allocated to tree biomass. However, this data came from
landscapes with low proportions of forest covers. Composition of red deer feed also
changes relative to seasonally and availability of particular forage, e.g. wood plants
from 40% of total forage during the growing season to nearly 90% of total forage
during the winter season (Jamrozy, 1980; Homolka, 1990).

Red deer can cause extensive damage to forest stands including damage to leader
shoots (terminal part of stem), branch and foliage browsing and bark stripping (e.g.
Heroldova et al., 2003; Kiffner et al., 2008; Cermak et al., 2009; Iszkulo et al., 2014 and
others). However, there are not any studies detailing potential edible tree biomass by
red deer using tree biomass models constructed by components for young (small)
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trees (such biomass models can be found in Wirth et al., 2004; Pajtik et al., 2008 and
few others). So far, perhaps only one study by Konopka et al. (2012) estimates forage
resources in young trees, specifically in European ash (Fraxinus excelsior). This is a pro-
blem because there is an increase in red deer population in most of the countries in
Central Europe (Milner et al., 2007). Red deer browsing in the forest creates not only
economic loss but also, in some regions, ecological loss by threatening the biodiver-
sity of biotopes (Schulze et al., 2014).

The aim of this paper is to construct models for the estimation of edible tree bio-
mass (leader shoot, branches, foliage and bark) by red deer in young goat willow and
rowan using regression models. Also, to analyze inert-specific differences in forage
resources between goat willow and rowan and to compare these results to other bro-
adleaved species in young growth stages.

2. Material and Methods
2.1. Site description

Research activities focused on a post-disturbance area that originated after an in-
tensive windstorm on 19" November 2004 in the Tatra National Park (TNP, herein-
after). The disturbance affected approximately 12,000 ha of Norway spruce (Picea
abies) dominated forest in the TNP (Koren, 2005). The storm mostly damaged forests
between low and intermediate altitudes (between 700 and 1,400 m a.s.l.) in the TNP
with over 80% of all damaged trees located in a continual belt, approximately 35 km
long and 5 km wide, oriented in a west-east direction (Seben, 2010). The forest soils
consist mainly of cambisols and podzols and the bedrock is predominantly formed of
granodiorit. The climate is characterized by low mean annual temperatures (around
4.0°C), high precipitation (nearly 1,000 mm) and 140 days of snow cover (Volo$¢uk
et al. 1994). The fauna in the TNP is abundant, particularly the diversity of birds and
mammals. The red deer is the most frequent ungulate species and inhabits almost
the entire area of the TNP, ranging from the low altitudes, adjacent to agricultural
land, to the tree line (Volos¢uk et al. 1994). In 2014, density of red deer in the TNP was
16 per 1000 hectares. This means the population density has doubled during the last
fifteen years (Dr. Peter Kastier — pers. comm.).

During 2012 and 2013 (the eighth and ninth growing seasons post-disturbance), the
areas were prevailingly covered by young forest that originated from both natural
regeneration and planting. Pioneer broadleaved tree species such as goat willow,
rowan and aspen natural regeneration prevailed over few coniferous species e.g.
Norway spruce, Scots pine (Pinus sylvestris), European larch (Larix decidua) and silver
fir (Abies alba; Seben, 2010). However, plantations of conifer species, including sy-
camore maple (Acer pseudoplatanus) were common. Open areas among the young
forest stands were covered by grasses (e.g. Calamagrostis sp., Avenella flexuosa, Luzula
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luzuloides), herbs (e.g. Epilobium angustifolium, Senecio nemoralis) and shrubs (mostly
Rubus idaeus, Vaccinium myrtillus).

2.2. Field and laboratory work

Filed work was performed in the territories of Smokovce, Tatranské Matliare and
Vy3né Hagy which are all Protective Units and belong to the State Forests of the TNP.
Preliminary, young forest stands were identified for potential sampling and were cho-
sen in collaboration with employees at the State Forests of the TNP. Individual trees
(100 trees of each species) of different dimensions covering height interval from cca
0.5 m to approx. 4.5 m were selected. The trees were selected from 14 forest stands
with both willow and rowan trees present. The forest stands were located within the
post-disturbance area between an altitudinal range of approx. 820 and 1040 m a.s.l.
Another criterion for the selection of sampled trees was none (or negligible) damage
caused by red deer browsing. However, this was challenging as most of the willow
and rowan trees (approx. two thirds of all trees) in the stands were affected by brow-
sing.

Each tree was cut by handsaw at the ground level and a code number was marked on
the stem base using permanent marker. Tree height and diameter d, (at stem base)
were measured. Foliage and branches were divided into two groups: potentially edi-
ble biomass and inedible (or unreachable) biomass for red deer. These two groups
were defined in accordance to previous results (see also Konépka et al., 2012). Speci-
fically, branches situated above 2.0 m from the ground level and/or with a diameter
exceeding 10 mm were inedible (unreachable). Branches and foliage were identified,
cut by garden shears and packed separately into paper bags. Similarly, stems were
also packed into bags. The stems were defined as a main axis of trees, including range
from the ground level to the terminal point. Trees with a clear main stem were inclu-
ded in the analysis and we avoided multiple-stem individuals. All bags were labeled
by code number and component specification, i.e. edible foliage and branches, inedi-
ble foliage and branches, stem with bark.

The bags containing the samples were transported to the laboratory. The stems were
divided into approximately 50 cm-long sections and if trees were under 150 cm in
height they were divided into three equal sections. Three diameters were measured
on each section; the middle and the diameter at both ends. These measurements
were used to calculate the surface of stem sequences. Stems were debarked and both
bark and stem were packed separately. After few days, when foliage dropped from
the branches, for each tree we separated and identified the following sub-compart-
ments: edible foliage, edible branches, inedible foliage, inedible branches, bark (from
stem) and debarked stem. The samples were oven-dried at temperatures below 95°C
for five days and weighed at a precision of 0.1 g.
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2.3. Calculations and constructions of models

The data measured on sample trees were used to construct allometric equations for
tree compartments using stem diameter d, as an independent variable. Constructi-
ons of models for quantification of biomass in tree components were based on all-
ometric relationships which are described in e.g. Pajtik et al. (2008) and Kondpka et al.
(2010). More details on the procedure followed for the calculations and the construc-
tion of the models, including formulas 1-14, are given in Appendix 1.

Regression models were constructed and statistical analyses were performed in Sta-
tistica 10.0 and R (R Development Core Team 2012). The regression functions with
parameter estimates and goodness of fit are expressed by the coefficient of determi-
nation and are presented for each model.

3. Results and discussion

Diameter do of sampled goat willows is between 3.7 and 68.7 mm with a height ran-
ges from 0.49 to 4.50 m (Table 1). As for rowan trees, diameters do are between 5.0
and 81.0 mm and the height ranges from 0.41 up to 4.86 m (Table 2). Consumable
biomass in willow ranges between 0.4 and 249 g for branches and from 0.8 to 186 g
for foliage. Consumable biomass in rowan is between 0 and 325 g for branches and
between 1.6 and 244 g for foliage. Since all allometric models are based on diameter
do (considered the best predictor for biomass estimates but not a common charac-
teristic in forestry), the relationship between the diameter and tree height was ex-
pressed (Fig. 1a and 1b). The inter-specific comparison shows that rowan trees were
slightly taller than willow trees with the same stem thickness (diameter d,).
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Table 1: Descriptive statistics for characteristics measured on the sample trees for goat willow

C.ha‘racte- Mean | Median | Min. Max. Lowe?r Uppgr Stal:ldi:.\rd Standard | Skew-
ristics quartile | quartile | deviation error ness
Diameterdo | 5 226 37 68.7 146 333 132 13 1023
(mm)

(T;:)e height | o4 203 049 450 138 237 085 008 0.806
Branch bio- | g 43 04 1186 13 120 173 17 3526
mass (g)

Biomass of

edible bran-| 55 38 04 249 13 74 54 5 1367
ches (g)

Foliage 78 47 038 467 20 110 87 9 2.175
biomass (g)

Biomass

of edible 47 39 08 186 17 63 40 4 1492
foliage (g)

Biomass of

stem under- 153 75 0.7 1258 20 160 240 24 3.100
bark (g)

Bark

biomass on 45 27 05 265 9 54 54 5 2.365
stem (g)

Table 2: Descriptive statistics for characteristics measured on the sample trees for rowan
C'ha'racte- Mean | Median | Min. Max. Lowgr Uppgr Star:nd§rd Standard | Skew-
ristics quartile | quartile | deviation | error ness
Diameterdo | ¢ 332 50 810 176 537 214 22 0337
(mm)

(Tmrf)e height | 5 g, 274 041 486 178 3.99 121 0.12 0116
Branch 203 103 05 2715 10 374 478 ) 2812
biomass (g)

Biomass of

edible bran- 51 30 00 325 7 82 62 6 2299
ches (g)

Foliage 170 70 16 916 19 283 202 21 1622
biomass (g)

Biomass

of edible 27 18 16 244 9 32 33 3 3.805
foliage (g)

Biomass of

stem under- | 626 319 19 2749 59 1003 690 72 1132
bark (g)

Bark biomass |, 74 13 419 23 190 11 1 0908
on stem (g)
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Fig. 1: Relationship between diameter d, and tree height in (a) goat willow and (b) rowan

The inter-specific differences between biomass of the specific tree components were
relatively small (Fig. 2a and 2b, Table 3 and 4). The largest differences occurred for
stems (without bark) e.g. trees with diameter d, of 60 mm recorded biomass values
of 913 g in willow and 1369 g in rowan. For bark, trees with diameter d, of 60 mm,
bark biomass of 222 g was recorded in willow and 239 g in rowan. At the same time,
60-mm-thick trees recorded branch biomass of 699 g and 629 g in willow and rowan,
respectively, and further, retained 365 g of foliage on willow and 338 g of foliage on
rowan. The willow and rowan trees show very similar bark biomass relative to similar
stem surface and/or similar bark thickness. Our analyses suggest that bark thickness,
or biomass quantity per stem surface unit did not differ considerably between the
species (Fig. 3a versus Fig. 3b). For instance, specific surface masses of bark in trees
with diameter d, of 60 mm were 6.7 g.dm?2 and 6.4 g.dm2 in willow and rowan, re-
spectively.

116



Quantifying edible biomass on young Salix caprea and Sorbus aucuparia trees Seite 69

3000 3000
a) —--—foliage —--—foliage b)

2400 H branches

branches 2400

------- bark (on stem) -------bark (on stem)

[y

(o]

o

o
L

stem (underbark)

stem (underbark)

[y
(o)
o
o
L

600 600

Biomass by component (g)
=
N
o
o
Biomass by component (g)
=
N
o
o

0 20 40 60 80
Diameter d, (mm)

Diameterd, (mm)

Fig. 2: Biomass by tree components against diameter do in (a) goat willow and (b) rowan
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Fig. 3: Specific surface mass of bark against diameter d, in (a) goat willow and (b) rowan

Not all tree biomass is available as forage for red deer. Some parts of the trees can not
be consumed by red deer because of branch thickness (branches and stem terminal
thicker than 10 mm) or inaccessibility (usually for branch browsing over 2.0 m and
for bark stripping over 1.8 m from the ground level; see for instance Konépka et al.,
2012). Fig. 4a and Fig. 4b demonstrate models describing the share of edible branches
(foliage) to total tree biomass of branches (foliage) in both willow and rowan. While
trees with diameter d, up to cca 30 mm provide nearly 100% of branches and foliage
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for red deer forage, consumable branch and foliage biomass sharply decreases with
increasing diameter. Thus, in trees with diameter d, of 60 mm, the theoretically edi-
ble proportions of branches were 17.2% and 9.7% in willow and rowan, respectively.
Similarly, theoretically edible proportions of foliage in trees with diameter d, of 60
mm were 11.0% and 9.9% in willow and rowan, respectively. These models show that
in trees with diameter d, of 80 mm, the share of edible branches and foliage is only
approximately 3 - 4% of total component biomass.

Table 3: Regression models for B; — stem biomass; B, — branch biomass; B¢ — foliage biomass; r, —
proportion of edible branch biomass to total branch biomass; r¢- proportion of edible foliage biomass
to total foliage biomass; dis — stem diameter located 1.8 m from ground level; h;, — distance from
ground level to spot where stem diameter equals 10 mm; w; - specific surface area of bark; Bepar-
biomass of edible bark in goat willow. All variables are expressed on diameter d, as an independent
variable.

Eoll e b1 (S.E.) P b2 (S.E) P R: | MSE A S.D.
variable
Bs -3.178(0.189) <0.001 2479 (0.061) <0.001 0.945 0.107 1.048 0.306
M Bb -5.018 (0.236) <0.001 2.807 (0.075) <0.001 0.935 0.166 1.078 0403
Br -2.409 (0.206) <0.001 2.015 (0.066) <0.001 0.906 0.127 1.061 0.360
3 T 8.848 (1.207) <0.001 -0.200 (0.029) <0.001 0.524 0.017 - -
G 8461 (1.259) <0.001 -0.193 (0.030) <0.001 0452 0.023 — —
(10) dis -8.103 (1.273) <0.001 0.542 (0.037) <0.001 0.791 11.287 — —
(12) hio -0421 (0.078) <0.001 0.063 (0.003) <0.001 0.863 0.103 — —
(13) Ws 0.675 (0.093) <0.001 0.559 (0.041) <0.001 0.679 0.663 — —
(14) Bebark -66.085 (1.164) <0.001 3.706 (0.034) <0.001 0.995 8.700 — —
Note: abbreviations in the table captions means; b, b - coefficients, R? - coefficient of determination, MSE - mean square
error, \ - logarithmic transformation bias, and SD - its standard deviation.

In fact, while inter-specific comparisons between willow and rowan indicate litt-
le difference in biomass of specific tree components, differences occurred in their
availability for red deer. Smaller inter-specific differences were found for branches
(Fig. 4a) compared to foliage (Fig. 4b). Thus, there is a difference in biomass between
theoretically edible branches and foliage in willows and rowans (Fig. 5a versus Fig.
5b). Biomass of edible branches in willow shows a steep increase with diameter d,
compared to rowan. On the other hand, after reaching a peak, edible branch biomass
decreases quicker in willow than in rowan. While maximum edible branch biomass
(163 g) was found for willows with diameter d, of 41 mm, in rowan the maximum
value (108 g) occurred at dy 55 mm. Similarly, biomass of edible foliage in willow ma-
nifests a steeper increase in diameter d, compared to rowan. Then, after reaching a
peak, the decrease of edible foliage biomass is steeper in willow than it is in rowan.
Maximum edible foliage biomass (113 g) was found with diameter d, of 40 mm for
willow while in rowan the maximum value (55 g) occurred for diameter d, of 39 mm.
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While the amount and course of edible branches and foliage differs between species,
edible leader shoot were similar in both species (Fig. 5a versus Fig. 5b). The figures
clearly show that tree dimensions influence the proportions of biomass available for
browsing (leader shoot, branches and foliage) and bark stripping. In both species,
contribution of bark (possibly consumable for red deer stripping) ranges from negli-
gible values in small trees to 60 — 70% in the largest trees.

Table 4: Regression models for B; — stem biomass; B, — branch biomass; Bs — foliage biomass; r, —
proportion of edible branch biomass to total branch biomass; r¢- proportion of edible foliage biomass
to total foliage biomass; dis — stem diameter located 1.8 m from ground level; h;, — distance from
ground level to spot where stem diameter equals 10 mm; w; - specific surface area of bark; Bepar-
biomass of edible bark in rowan. All variables are expressed on diameter d, as an independent

variable.
Eq. | Dependent |\ s E)p b, (S.E) P bs (S.E) P RR | MSE | A | S.D.
variable
B. ’2'52 g é%‘?gg) 2'45&?25 ) - 0990 | 0028 | 1014 | 0171
() B ’7338(()%131 2 = igé%?%) - 0943 | 0280 | 1138 | 059%
Br '3'353_ é%: oV 2'2%&?4@ - 0962 | 0096 | 1047 | 0322
2411 (0.181) -0.068 (0.005)
O 1 —
: <0001 <0001 - 0635 | 0020 | - -
(10 dis ” '658. é%‘?és) 05 zggg?zm - 0931 | 8490 | - -
an hio 0.0033(()%?001) 0.1 i(())l(o()é?Oﬂ -1 153(()%1 29) 0951 0082 . B
(13) ws ] '2i é,(c?dww 10 03 ii.fd?zg) - 0789 | 0439 | - -
(14 Betire o A6<%7,o(cw) f% |3 ‘613&329) - 099 | 15900 | — -
Note: abbreviations in the table captions means; by, b,, bs - coefficients, R?2 - coefficient of determination, MSE - mean
square error, A - logarithmic transformation bias, and SD - its standard deviation.
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Fig. 4: Proportion of (a) edible branches to total branch biomass and (b) edible foliage to total foliage
biomass in both goat willow and rowan
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Fig. 5: Edible biomass for foliage, branches, bark (on stem) and leader shoot in (a) willow and (b)
rowan

Forage potential on willow and rowan biomass was expressed for winter (includes
edible leader shoot, branches and bark; Fig. 6a) and growing season (edible leader
shoot, branches, foliage and bark; Fig. 6b). Inter-specific comparisons between wil-
low and rowan show contrasting results for edible potential in both the winter and
growing season. While in willow the maximum values (251 g and 361 g for winter and
growing season, respectively) were found for individuals with diameter d,of 41 mm,
in rowan the maximum (315 g and 322 g for winter and growing season, respectively)
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occurred for trees with a diameter d, of 80 mm. The results on total feed potential
for the winter and growing seasons suggest that differences are small between wil-
low and rowan. However, it is worth explaining that red deer usually exploit branch
and foliage browsing more intensively than bark stripping. For instance, Konopka et
al. (2012) showed that in young stands of European ash, red deer consumed bet-
ween 25% and 86% of branch and foliage edible potential, while bark striping only
occurred on up to 4.2% of total available biomass. Hence, foliage and especially bran-
ches in young forest stands are more important for the carrying capacity of hunting
ground than stem bark. As for seasonal changes in tree biomass (presence or ab-
sence of foliage in crown), branches are the most important feed resource, especially
in winter time during periods of snow cover. For instance, Homolka (1990) showed
that composition of red deer diet in forest environment fluctuated during the year.
While woody plants contributed to 40% of total forage during the growing season,
in winter this proportion was nearly 90%. If an average daily edible biomass of 3 kg
per adult red deer is considered (see Hell et al., 2000), our model suggest that approx.
30 individuals of willow or rowan trees (in the case of 100%-exploitation of edible
branches) with diameter d, around 50 mm might provide sufficient diet during the
winter season. In reality, this “daily damage” to trees is very probably much higher
(only some part of consumable potential on individual trees is eaten) especially if
deer game does not have any other forage resources (e.g. during periods of snow
cover without supplementary feeding). If we consider current red deer population
density in the TNP, 16 individuals per 1000 hectares, “mean annual feed demand” of
red deer might equal 17 kg of dry mass per hectare. Thus, this amount of dry mass
represented as edible biomass (winter aspect) is approx. 170 trees of willow or rowan
with diameter d, around 50 mm.
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Fig. 6: Edible biomass by season, i.e. summer (growing season) and winter for (a) goat willow and for
(b) rowan
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The preference of willow and rowan biomass for red deer diet was identified by
Kastier and Bucko (2011) who surveyed damage by red deer browsing (specifically
leader shoot and branches) to young post-disturbance stands in TNP. They showed
a higher percentage of browsed trees in rowan (72.9%) compared to goat willow
(50.7%) and silver fir (Abies alba; 50.6%). All other species (Norway spruce, European
larch, Scots pine and silver birch) were less frequently damaged by browsing. To un-
derstand interactions between red deer and forest ecosystems, knowledge on attrac-
tiveness (quality) of different tree species for deer forage, as well as information about
edible biomass (quantity) on specific tree species are necessary. Our previous studies
(see Pajtik et al., 2011; Konopka et al., 2015) focused on models for tree components
in young trees of broadleaved species. These models for trees of certain dimensions
can be implemented for inter-specific comparisons of edible biomass between goat
willow, rowan, sycamore maple, European beech (Fagus slyvatica), European ash, and
sessile oak (Quercus petraea). In summary, branch (Fig. 7a) and foliage (Fig. 7b) mo-
dels were constructed for trees with height up to 2.0 m as nearly 100% of their bio-
mass would be theoretically available for red deer diet. The results indicate that goat
willow recorded the largest biomass of both branches and foliage in tree height bet-
ween 1.5 and 2.0 m, while the lowest biomass was for braches in maple and for folia-
ge in oak. Rowan ranked among the species with mean branch and foliage biomass.
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Fig. 7: Inter-specific comparison of (a) branch biomass, (b) foliage biomass for Acer pseudoplatanus
(Konopka et al., 2015), Fagus sylvatica (Pajtik et al., 2011), Fraxinus excelsior (Konopka et al., 2015),
Quercus petraea (Pajtik et al., 2011), Salix caprea, and Sorbus aucuparia against tree height

Feed potential modelling could be implemented to evaluate the carrying capacity
of biotopes for red deer. However, to reach this aim, additional scientific knowledge
is required. For instance, feed potential has to be quantified, not only for the main
forest tree species (as we have done for willow and rowan in this paper) but also for
other plants, i.e. shrubs, herbs and grasses co-existing in the areas that are edible for
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red deer. Further, more exact information relating to maximum branch browsing and
bark stripping on commercial forest trees is required. Consequently, the knowledge
would be utilized for decision-making on population density regulations of red deer
game to avoid serious damage to forest stands (e.g. Augustine and McNaughton,
1998; Shipley et al., 1999).

4, Conclusions

Our results suggest that goat willow and rowan could enhance carrying capacity of
forest biotopes for red deer. Both species are palatable for red deer, especially young
goat willow provides above-average (compared to other broadleaved species) edible
branch and foliage potential. Our estimates show that “winter” (leader shoot, bran-
ches and bark) and “summer” (leader shoot, branches, foliage and bark) feed poten-
tial was lower in rowan than for willow for small trees (up to diameter d, around 50
mm) with the opposite situation for larger trees. It is suggested that the traditional
approach of foresters: the inclusion of willow and rowan in young stands, should be
re-considered. In principal, both willow and rowan could be maintained within young
stands in “reasonable” proportions alongside commercially important trees species.
This is extremely important in the case of commercial species which are attractive for
red deer browsing and stripping, e.g. silver fir, maple and ash in territories with a high
population density of game. The presence of willow and rowan might present a suita-
ble biological control for mitigating damage by red deer to commercial tree species.

Moreover, we suggest establishing and maintaining specific browsing plots to ent-
ice red deer away from threatened stands with commercially valuable trees, towards
stands with a high proportion of willow and rowan trees. Combining these species
(“two species are better than one”) to establish browsing plots would create inter-
specific differences in development of edible potential with tree size and would also
provide a diverse food resources. The browsing plots would preferably consist of in-
dividuals with variable dimensions to provide biomass for both browsing and bark
stripping and fruit consumption from rowan.
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Appendix 1. Procedure for constructions of models

A particular model was constructed to estimate the specific surface mass of bark (i.e.
weight of bark from 1 dm? of stem surface). Specific surface mass of bark originated
from data based on total bark biomass of the entire surface of stem. Allometric equa-
tions for biomass of tree components were based on the form:

B=e(b,+b21nd0)/l N
where b;, b, are coefficients and A is logarithmic transformation bias.

Edible biomass on a tree level was quantified specifically for each tree components,
i.e. leader shoot, branches, foliage, and stem bark. As for potentially edible branch
biomass (Bey) a relationship based on total biomass of branches (B,) was implemen-
ted:

where rb is the proportion of edible biomass of branches to the total biomass of bran-
ches. The proportion was calculated using data that originated from sample trees
referring to branch biomass (both edible and total). Beta regression, proposed by
Ferrari and Cribari-Neto (2004) was used to model the proportion of the part of a
tree biomass eaten by a deer species. This type of regression is used for modelling
continuous variables that assume values are in the standard unit interval, e.g. rates,
proportions, or concentration indices. The model is based on the assumption that a
response variable is beta-distributed. Moreover, the motivation to use beta regres-
sion lies in the flexibility delivered by the assumed beta law. The beta density can
assume a number of different shapes depending on the combination of parameter
values, including left- and right-skewed or the flat shape of the uniform density (Cri-
bari-Neto and Zeileis, 2010).

The beta regression model is defined as:
gl =x"B=n;

where 3= (B, ..., BJ"is a kx T vector of unknown regression parameters, x; = (Xi, ..., Xi)"
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are independent variables or co-variates and n; is a linear predictor (i.e. n; = BoXi + ... +
B, and finally, g(.): (0,1) is a link function. In this study we tested the following link
functions:

logit : exp(X * B)/[1 + exp(X * B)]; complementary loglog: 1 - exp[-exp(X * B)]; log:
exp(X * B); and Cauchy: 1/2 + ATAN(X * B)/pi

To select the link function that best explain the variability and the shape of data dis-
tribution we employed the AIC method (Akaike, 1974).

A similar procedure was used for the edible biomass of foliage. However, the most
suitable method for calculating proportion of edible branch (rb) and foliage biomass
to total biomass of the components in goat willow is Cauchy function therefore this
was implemented:

1 +arctg(b, + bzdo)

r,(r,) = 2 - 3)

and for rowan loglog function:
r,(r;) =1-exp(—-exp(b, +b,d,)) 4)

To model edible biomass of leader shoot, it was assumed that browsing is limited by
maximum distance 2.0 m from the ground level and stem diameter of 10 mm. This
means that if a tree has diameter d, of up to 10 mm, theoretically the whole stem can
be consumed by red deer. Therefore, the edible biomass of the leader shoot is equal
to the total biomass of the stem (expressed by allometric equation). On the other
hand, if diameter d, is large than 10 mm quantity of edible biomass of leader shoot
does not increase but remains constant under the condition that volume of stem
with diameter d, is conform with volume of leader shoot at the point of browsing
equaling 10 mm:

B, =B (5)

fordo <10 mm,
eventually B, =B, (6)

for dy >10 mm and d, < dy-,, Where d,._, is diameter conforming with spot on stem
situated 2.0 m from the ground level.

As for modeling edible bark on stem, it is anticipated that red deer brows trees with
minimum diameter d, of 20 mm and at the same time, bark browsing can reach a
height up to the point where stem diameter (d,) equals 10 mm and is a maximum
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distance up to 1.8 m from the ground level (see Konopka et al., 2012). Biomass of
edible stem bark (Bepar) Was calculated for individual sample trees using the formula:

Bebark =S * Wy (7)
where S is area of edible bark and w is specific surface mass of bark.

The area (S) was calculated using the formula for surface of truncated cone with ra-
dius of lower base ry, radius of upper base r, and height hy:

S = Jr(r(m + rk)s, where § = \/h,f + (VO.O —”k)2 (8)

If stem diameter at 1.8 m is more than 10 mm, then h,=1.8 m and the related diameter
is expressed as:

d

On the other hand, if stem diameter at 1.8 mis less than 10 mm, then ry in the formula
(8) is equal to 5 mm and h,=h,,. The relationship between diameter d, gz and diameter
do in both trees species was established from data measured on the sample trees and
expressed by means of linear function:

dg =b +b,d, (10)

Height h;, where rowan stem reaches a thickness of 10 mm was for rowan calculated
by quadratic relationship:

By, =bd? +b,d, +b, (11)
and for willow by linear function:
My = b, +b,d, (12)

To express the relationship between specific surface mass of bark w; and diameter do
the following allometric equation was used:

w, =bdy (13)
Then, calculated values B in both tree species were fitted by linear function:

B, =b +b,d, ,fordo>20mm (14).
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5.4 Stru¢ny suhrn najvyznamnejsich vysledkov

Skonstruovali sme alometrické rovnice na vypocet suSiny biomasy jednotlivych
komponentov stromu pre dreviny buk lesny, dub zimny, javor horsky, jasenn Stihly,
jarabinu vtaciu a vibu rakytovi. Parametre tychto rovnic a Statistické charakteristiky pre
nezavislé premenné hribka na baze kmena, vyska stromu a ich vzdjomna kombinacia

uvadzame v prilohach 1-6.

Pre vysSie uvedené dreviny sme odvodili BCEFy a opisali vyhody a nevyhody
vypoctu biomasy pomocou alometrickych rovnic a BCEFov. Urobili sme medzidruhové
porovnanie hodndét BCEFov pre jednotlivé frakcie stromu pre dreviny javor horsky,
jasenn Stihly abuk lesny. Tiez sme ukdzali Struktiru biomasy tychto drevin

a medzidruhové rozdiely v jej alokacii do jednotlivych komponentov.

Sledovali sme prisposobenie asimilacnych organov buka na zatienenie a pomocou
odmeranej Specifickej listovej plochy SLA a vytvorenych alometrickych rovnic na
vypocet suSiny listov sme odvodili index listovej plochy LAI pre dané stanoviste.

Priemerné hodnoty LAI sa pohybovali okolo 15 m*.m™

, o st hodnoty podstatne vyssie
ako v dospelych porastoch buka (pod 10 m”.m™). Urobili sme medzidruhové porovnanie
SLA a LAI medzi bukom a smrekom. Celkovo sme zistili SirSiu plasticitu listov vo

vzt'ahu ku svetelnym podmienkam pri buku nez pri smreku

Rast buka a jeho ¢istd roéntl primarnu produkciu sme porovnavali s rastom smreka
ajeho NPP. Porasty buka a smreka rastli v rovnakych podmienkach vo vyskumnom
objekte Vrchslatina. Zaznamenali sme iba malé rozdiely v zasobe kmenov buka
a smreka ak bola zasoba vyjadrena v tonach na hektar. Zaroven sme pre tieto porasty
vypocitali aj rastova u€innost v zavislosti od parametrov listov a jemnych korenov.
Zaznamenali sme priblizne rovnaku rastova U¢innost’ vyjadrenu v ro¢nej produkcii
kmena s korou na jednotku listovej plochy, ale takmer 5-nisobne vyS$Siu rastovi
ucinnost’ v prospech buka, ak je vyjadrend v ro¢nej produkcii kmenia na hmotnostna

jednotku suSiny listov.

Zostrojili sme regresné modely na vypocet zoZrate'nej biomasy na urovni stromu
a porastu pre jarabinu vtaciu a vibu rakytovu na zaklade hrubky na baze kmena ako
nezavisle] premennej, ktord predstavuje teoreticky potravinovy potencidl pre jeleniu

ZVEr.
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6 DISKUSIA

Pri tvorbe alometrickych rovnic na vypocet biomasy jednotlivych komponentov
stromu a naslednej tvorbe expanzno-konverznych faktorov biomasy BCEF, ktoré boli
vytvorené za rovnakym uéelom, sa preukazali vyhody a nevyhody obidvoch metdd. Co
sa tyka presnosti stanovenia biomasy su obidve metddy rovnocenné, avsak najvacSou
nevyhodou pri pouzivani BCEF je fakt, ze su zalozené na objeme kmena. Tato
nevyhoda prameni zo stavu, ked’ existuje cely rad matematickych funkcii na vypocitanie
objemu kmena dospelych stromov, avSak rovnice na vypocet objemu kmena stromov
v inicidlnych §tadiach rastu su zriedkavé. Preto nevyhnutnou sucastou tejto prace bolo
aj alometrické odvodenie objemu mladych stromov javora a jaseila. Pri konsStrukcii
BCEF sa preukazal jeho prudky pokles pri frakciach celkovej biomasy, nadzemne;j
biomasy, korenov a listov pri najmensich stromoch javora, jaseiia a buka. Vysledky
koreSponduju s rovnakymi zisteniami pre dreviny dub a borovica (Pajtik et al., 2011)
a smrek (Pajtik et al., 2008). Hodnoty BCEF pre konare st vyrovnané (dub, borovica),
alebo mierne rastil (buk, javor, jasen). Mozeme konStatovat, zZe hodnoty BCEF pre
vSetky frakcie stromu sa viacmenej stabilizuji pri vSetkych drevinach akonahle strom
dosiahne hrubku na baze 60-70 mm, ¢o naznacuje pripustnost pouzivania jednej
»defaultnej* hodnoty pre dospelé stromy konkrétneho druhu a moéZeme to hodnotit’ ako
vyhodu tejto metddy. Na skutocnost, Zze hodnoty BCEF su vo vysSom veku takmer
konstantné poukazal vo svojej praci Lehtonen et al. (2004).

Pocas rastu vSetky dreviny zvacSuju distribuciu biomasy do kmeiia a do konarov,
zatial' ¢o znizuju relativny prirastok korefiov a asimila¢nych orgénov. V alokacii
biomasy su vSak jasné rozdiely medzi drevinami a tiez ak porovnadvame prezentované
vysledky pre listnaté¢ dreviny javor, jaseii a buk s predoSlymi pracami (Pajtik et al.,
2008; Pajtik et al., 2011), kde sa zistovala alokacia biomasy aj pre ihlicnaté dreviny
(smrek, borovica) uvidime vyrazné rozdiely medzi skupinou listnatych a ihli¢natych
drevin. Znacné rozdiely medzi listnatymi a ihli€énatymi drevinami boli v pomere
podzemnej a nadzemnej biomasy (R/S ratio), kde listnaté dreviny vykazuju vysSie
hodnoty R/S ratio nez dreviny ihlicnat¢ (Kondpka et al., 2010). Naopak, malé
medzidruhové rozdiely sa zistili medzi mladymi javormi, jasefimi a bukmi v zasobe
biomasy celého stromu vyjadrenej na zéklade hrubky na baze kmena, ako aj v pomere

R/S ratio. Tieto poznatky poukazujii na to, Ze ak chceme redukovat neistotu
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v ocenovani zmien v zasobe uhlika, musime vo vicSine pripadov pouzit druhovo
Specifické koeficienty.

Nase vysledky ukazuju, ze Struktura biomasy a podiely jednotlivych frakcii sa
vyrazne menia hlavne do veku, kym strom dosiahne 30 mm hrabku na baze kmena.
Tieto zmeny suvisia s rastovou stratégiou v najmladSom veku (primarna snaha obsadit’
dostato¢ny podny priestor), ktora sa neskdr meni na prioritu boja o svetlo.

Alokacia biomasy, listovd plocha, index listovej plochy a rastové javy dvoch
najvyznamnejsich drevin na Slovenku — buka a smreka sa sledovali vo vyskumnom
objekte Vrchslatina v priebehu rokov 2009-2015. Zistilo sa, ze buk mal va¢si podiel
kmena a mensi podiel kondrov ako smrek, zatial’ ¢o podiel asimila¢nych organov bol
priblizne rovnaky. S velkostou podielov jednotlivych komponentov tzko suvisia
prispevky tychto Casti do Cistej primarnej produkcie (NPP). Buk ma vyS$iu NPP kmeia
ako smrek (o 2-4 Mghalrok! v&istych 12-14 roénych porastoch s plnym
zakmenenim), ale niz§iu NPP kondrov (o 0,8-1,5 Mg.ha'.rok™). NPP asimilaénych
organov nevykazuje vyznamné rozdiely. Naopak, ¢o sa tyka zasoby asimilacnych
organov, existovali vel'ké medzidruhové rozdiely, pretoze ich zdsoba je pri smreku
oproti buku priblizne trojnasobna.

Pri merani plochy listov a ihlic sme zistili, ze ich velkost’ sa zvidc¢Suje od dolnych
Casti koruny k jej vrcholu, pricom diferencie vo vel'kosti plochy listov s vdcsie u buka
ako u smreka. Tieto vysledky su v protiklade s pracami Barnu (2004) a Tognettiho et al.
(1998), ktori zistili, ze velkost’ listov sa zvdcSuje so zatienenim, ale koreSponduju
s pracou Canhama (1988), ktory zistil vacsiu listova plochu v hornych osvetlenych
Castiach koruny u druhov Acer saccharinum Marsch. a Fagus grandiflora Ehrh. Listova
plocha zaroven rastie aj s vel'kostou stromu az do urcitej hodnoty, kedy dochadza k jej
stabilizacii. Specificka listova plocha (SLA) rastie so zatienenim, takze najvyssie
hodnoty st v spodnej Casti koruny. To znamena, Ze listy v zatienenej Casti si najmensie
azaroven aj najtenSie. ZvacSovanie SLA srastom zatienenia je pravdepodobne
prisposobenim sa na lepSie zachytenie svetla v zlych svetelnych podmienkach
(Niinemets et al., 2001). Taktiez sme zistili Statisticky vyznamné rozdiely v SLA pri
stromoch rozdielneho sociologického postavenia. Nadaroviiové, uroviiové a vrastavé
stromy ukazuju silnt zavislost SLA od umiestnenia listov v korune. Naproti tomu,
poduroviiové stromy rastice v trvalom zatieneni nevykazuju rozdiely v SLA

v jednotlivych Castiach koruny.
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Hodnoty LAI v pozorovanych porastoch pocas sledovaného obdobia pravidelne
rastli a7 na hodnotu 15 m®.m™. Tieto hodnoty si pomerne vysoké a je predpoklad, Ze
postupne budu kulminovat’ a v dospelosti klesnu pod hodnotu 10 m*.m™. Hodnoty LAI
pod touto hranicou sa vyskytuju vo vacsine prac (napr. Bréda, 20023; Leuschner et al.,
20006), s vyssimi hodnotami sa stretdvame vynimocne (Ford, 1982; Albrektson, 1984;
Bolstad a Gower, 1990). Waring et al. (1985) predpoklada, Zze pri vysokej miere
olistenia moZe tato hodnota vynimo&ne dosiahnut’ aj 20 m*.m™.

Ked’ sa rastova uc¢innost’ (GE) vyjadrila ako prirastok na suSine kmena na jednotku
listovej plochy (g.m™) v zavislosti na vyske stromu, nezaznamenali sa signifikantné
rozdiely medzi bukom a smrekom. Avsak pri vyjadreni GE ako prirastku susiny kmena
na jednotku susiny listov (g.g™") je GE buka v porovnani so smrekom d’aleko vysiia, o
je zapric¢inené tym, Ze pri zhruba rovnakej listovej ploche porastov buka a smreka je
SLA buka priblizne Styrikrat vyssia ako SLA smreka.

Stanovistné zasoby jemnych koretiov boli podobné v oboch porastoch, avSak nasli
sme signifikantné medzidruhové rozdiely v ich morfologii. Jemné korene buka su tenSie
a intenzivnejSie rozvetvené s vacSou hustotou koretlovych zakonceni ako jemné korene
smreka. GE prioboch drevindch rastie s velkostou stromu. Ked sa GE vyjadrila
pomocou biomasy jemnych koreniov, boli jej hodnoty vyssie pri buku, opacna situdcia
nastala ak GE bola vypocitand na zéklade plochy jemnych koreniov. Najvicsie
medzidruhové rozdiely (viac ako pitnasobne v prospech smreka) boli zistené pre GE
vyjadrent na pocet koretiovych zakonceni.

Poslednou oblast’ou, ktorou sa tato praca zaobera, bola kvantifikdcia ohryzu drevin
jelenou zverou a vypocet potravinového potencialu pre jarabinu vtaciu a vibu rakytovu.
Vysledky vyskumu pre jarabinu vtac¢iu ukazali, ze odhryz kondrov a terminalov bol
najcastejsi vo vyske 121 — 130 cm od Grovne pddy. Vyskytoval sa od bazy kmena az do
maximalnej vySky 240 cm, avSak nad 200 cm bol vel'mi zriedkavy. Podobna frekvencia
vo vztahu na vzdialenost od urovne terénu bol aj pri obhryze kory, ale iba do
maximalnej vySky 180 cm. Tieto vysledky s takmer uplne zhodné s idajmi ziskanymi
pre jasen Stihly v oblasti Javoria a Polany (Konodpka et al., 2012). Renaud et al. (2003)
uvadza, Ze ohryz jelenmi suvisi s ich velkostou, pritom najcastejSie sa vyskytuje vo
vyske pleca zveri.

Pri priprave modelu na urovni konéra sa zistilo, Ze suSina drevnych Casti a listov sa
dala tesne vyjadrit v zavislosti od hribky dy. Specifickd plosna hmotnost kory,

vyjadrujiica hmotnost’ 1 dm? suiny kory kmefia bola odvodena na zaklade hrabky d,.
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Na trovni stromu sa pomocou odobratych vzornikov odvodili $tyri funkcie vyjadrujice
potravinovy potencidl v deleni: listy, kondre, termindl a kora. Aj tu sa ako nezavisla
premenna pouzila hribka dy. V pripade konarov a listov potencial rastie az do urcitej
hodnoty (maximum pre listy bolo pri cca 35 mm, pri konaroch 55 mm) a nasledne klesa.
V pripade kory sa obhryz ocakaval od hrubky dy priblizne 20 mm, potom rastie s
vel'kostou stromu (s hrubkou kmena sa zvac¢Suje aj jeho povrch a zaroven rastie aj
hrabka kory). V pripade terminalu potencial rastie od najmensich stromov, pri hrubke
cca 10 mm sa stabilizuje a pri asi 20 mm (zodpoveda vyske okolo 2 m) je uz terminal
pre jeleniu zver spravidla nepristupny, resp. sa takéto poskodenie vyskytuje iba
ojedinele. Tieto modely su v oblasti potravinovej ekologie prezivavej raticovej zveri
priekopnicke. Ziadne podobné vysledky sme v odbornej literatiire nenasli, preto nebola
moznost’ ich konfrontovat’ s poznatkami z inych prac.

Kombinaciou udajov nameranych na pokusnych plochach a modelov (iroven konar
a strom) sa odvodili findlne modely potravinového potencialu na Grovni porastu. A to
samostatne pre kondre, listy, termindl a koru. Tu sa zistilo, Ze dendromasa zoZrateI'nych
konarov a kory rastie so strednou hriibkou porastu, v pripade listov a terminélu najprv
kvantita rastie, potom klesd. Po zosumovani hodnét odvodenych tymito modelmi (ide
teda o ,,zozrateI'né* mnozstva susiny vSetkych Styroch zloziek) sme zistili, Zze celkovy
potravinovy potencidl rastie so zvd¢Sovanim strednej hribky porastu. Po spriemerovani
udajov zo vSetkych pokusnych ploch sme zistili, Ze potravinovy potencial pre odhryz
jelefiom bol 32 kg susiny na 100 m* (10 kg terminaly, 12 kg konare a 10 kg listy).
Priemerny potencial pre obhryz bol 3 kg susiny kéry na 100 m”. To spolu predstavuje
35 kg zozratelnej dendromasy na 100 m?. Hell et al. (2000) zdokumentoval, 7e denna
spotreba jelenej zveri je medzi 1,2 kg (jelienca) a 3,0 kg (dospely jedinec) v prepocte na
susinu. Pri velkom zjednodusSeni tejto problematiky by teoreticky jednému dospelému
jelenovi malo ako potravinovy zdroj postacovat’ ro¢ne iba 0,4 ha takychto porastov (ale
pri ich totdlnom poSkodeni). V skutocnosti vSak na sledovanych plochach jelenia zver
zozrala iba 11,8 % potencidlu pre odhryz a 0,9 % pre obhryz. Uvedeny odhad GZivnosti
treba brat' len ako modelovy, pretoZze jelen neexistuje na izolovanom uzemi, kde su
homogénne porastové podmienky. Aj tieto poznatky st novatorské a nenasli sme ziadne
iné podobné vysledky tykajuce sa potravinového potencidlu v biomase lesnych drevin

pre prezivavu raticovl, najma jeleniu zver.
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7 ZAVER A DOPORUCENIA PRE PRAX

Hlavny prinos tejto prace spoc¢iva v tom, Ze sa zaobera mladymi porastmi do veku
priblizne 10 rokov (definuje sa maximalnou hrubkou kmena stromu rovnou 7 cm),
ktorym sa doposial venovala miniméalna pozornost. Originalitu zvyraziuje
predovsetkym fakt, ze sa jedna o inicialne $tadia buka lesného, duba zimného, javora
horského, jasena Stihleho, jarabiny vtacej a viby rakytovej, ktorych zdsoby biomasy
pomocou Specifickych rovnic zostrojenych pre tieto dreviny dodnes nikto nezistoval.
Na Slovensku boli vytvorené objemové rovnice pre dospelé stromy jasenia (Petras,
Pajtik, 1991), ktoré vyjadruji objem kmena a spenazitelny objem stromu (hrubiny do 7
cm). Udaje o ostatnych komponentoch biomasy stromu absentuji aj na urovni
dospelého stromu. V ramci Eurdpy zozbierali a generalizovali rovnice biomasy Zianis
(2005), Muukkonen, Mékipdéd (2006) a Muukkonen (2007). Z tychto prehl'adov zistime,
Ze rovnice biomasy su pre uvedené druhy drevin vzacne, alebo neboli vobec zostrojené.
Navyse to st vSetko rovnice vhodné iba pre dospelé stromy (jednak tym, ze v mladosti
je iny pomer komponentov biomasy stromu, ale aj tym, Ze hlavnou nezéavislou
premennou je DBH, ktora sa u stromov mensich ako 1,30 m ned4d odmerat). Dal$im
pozitivom tejto prace je, ze sa zaobera aj kvantifikovanim podzemnej biomasy, ¢o nie je
vzdy bezné a prispieva tak ku rozSireniu poznatkov o koreniovej biomase, ktoré su
nevyhnutné na zlepSenie naSich vedomosti o alokacii uhlika ajeho zasobach
v terestrickych ekosystémoch.

Modely pre biomasu mladych jedincov listnatych drevin umoznia, napr. odhadnat
zasoby biomasy, resp. uhlika v porastoch vzniknutych po velkoploSnych kalamitach.
Takéto kalamity sposobuji vyrazny pokles uhlikovych zasob (jednak v biomase drevin
ako aj v pddnom prostredi) v krajine. AvSak chybaji objektivne informécie o néslednej
kompenzacii uhlikovych strat prostrednictvom vyvoja naslednych porastov. Ako priklad
modzeme uviest’ situdciu na Uzemi Vysokych Tatier, kde doSlo v ddsledku dvoch
rozsiahlych vetrovych kalamit (2004 a 2014) a premnoZeniu podkérneho hmyzu (najma
pocas rokov 2008-2011) k vyraznej redukcii plochy starych porastov s prevahou
smreka. V sGcasnosti su tieto postdisturbanéné plochy pokryté mladymi lesnymi
porastmi, ktoré predstavuji relativne mali zdsobu biomasy, avSak st typické
dynamickym prirastkom (vyznamna medziro¢na akumulacia uhlika).

Novatorské pristupy tejto prace su aj vo vedeckej implementacii regresnych

modelov  stromovych komponentov pre odvodenie produkéno-ekologickych

134



charakteristik sledovanych drevin (Groven jedinca a porastu). Z hl'adiska fixacie a obehu
uhlika je dolezité poznat’ nielen celkovll kvantitu biomasy, ale aj jej Struktiru. Treba si
uvedomit, ze drevné casti stromov (hrubé korene, kmen a konare) viazu uhlik
dlhodobo, asimila¢né organy ajemné korene uhlika fixuju kratkodobo — st teda
v lesnom ekosystéme ,,cestami® pre obeh uhlika. Preto modely biomasy z produk¢éno-
ekologického hladiska musia vyjadrovat’ nielen celkovi stromovi biomasu, ale aj
jednotlivé komponenty. UkazovateImi akymi su, napr. rastovd ucinnost a alokacny
koeficient sa na tizemi Ceska a Slovenska takmer nikto nezaoberal. TaktieZ nie su
v nasich krajinach dostupné odhady ¢istej primérnej produkcie pre lesné ekosystémy.

Dalsim priekopnickym prvkom dizertatnej prace je vyuzitie alometrickych vztahov
pre exaktné stanovenie biomasy drevin zoZratej raticovou prezivavou zverou, ako aj
odhad potravinového potencidlu pre tito skupinu zveri. Pre tento ucel sa vytvorili
modely roznej urovne, t.j. stromovy komponent (konare, listy, kmenova kora), cely
strom a lesna porast. Takéto poznatky mézu v kombinacii s niektorymi d’al§imi udajmi
(napr. potravinovy potenciadl krov a prizemnej vegetacie, resp. exaktnd kvantifikacia
,unosné¢ho* poskodenia lesnych drevin) posluzit’ ako podkladovy materidl pre odhad
uzivnosti jednotlivych polovnych revirov anasledne pomockou pri planovani
pocetnosti jelenej zveri. Ked'ze jelenia zver je v sucasnosti najzadvaznejSim skodlivym
¢initelom v mladych lesnych porastoch, harmonizacia zdujmov lesného hospodarstva
a pol'ovnictva je jednou z priorit lesnickej praxe v Cesku a na Slovensku.

Vytvorené alometrické rovnice na odvodenie mnozstva biomasy v mladych lesnych
porastoch moézu posluzit’ pri spresneni udajov o zasobach uhlika pre medzinarodné
reportovanie. TaktieZ prispievajil k lepSiemu pochopeniu procesov alokacie biomasy
v tychto porastoch ajej vplyvu na fixaciu (drevné Casti) a obeh (asimilacné organy,
resp. jemné korene) uhlika. Na ich zédklade je moZzné stanovit’ potravinovy potenciél
sluziaci nasledne na odvodenie ekologicky unosnych stavov zveri v lesnych oblastiach.

Problematika dizertacnej prace nadvézuje na projekty rieSené v Narodnom lesnickom
centre, Lesnickom vyskumnom fustave Zvolen, predovsetkym APVT-27-023504
»~Kvantifikacia biomasy lesnych porastov 1. vekového stupna® (roky realizécie: 2005-
2007) a APVV-0268-10 ,,Komparacné Studie Struktiry primarnej produkcie v porastoch
buka a smreka“ (roky realizacie: 2011-2014). Dalej vznikla aj v su¢asnosti rieseného
projektu APVV-0584-12 , Matematické modely aloké4cie biomasy v mladych porastoch
vybranych druhov listnatych drevin®“. Uvedené projekty financovala Agentira na

podporu vyskumu a vyvoja v Bratislave. Do tychto projektov sa zapojil Sirsi kolektiv
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rieSitelov, a to hlavne z Narodného lesnickeho centra, Lesnickeho vyskumného tstavu
Zvolen. Pri rieSeni Uloh uvedenych projektov sa vyuziva medzinarodna spolupraca,
napr. doc. Dr. Martin Lukac (Univerzita v Readingu, Velka Britania), a to hlavne pri

konzultaciach ciastkovych vysledkov.
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Priloha 1  Statistické charakteristiky alometrickych rovnic na vypocet biomasy pre buk lesny

Regresné koeficienty bo, by, by, ich $tandardné chyby (S.E.), p-hodnoty (P), koeficienty determinacie (R?), stredné §tvorcové chyby rezidui
(MSE), logaritmické transformac¢né biasy (M) a ich Standardné odchylky (S.D.) pre nezavislé premenné (N.P.) dy (v mm), h (v m), a ich vzajomnt
kombinaciu

N. P. E trf;‘lfl‘s bo SE. p b, SE. p b, SE. P R? MSE A SD.
Kmeh 4034 | 0164 | <0001 | 2852 | 0063 | <0.001 0923 | 0167 | 1.0836 | 0438
Kondre 5082 | 0218 | <0001 | 3117 | 0084 | <0,001 0891 | 0295 | 1142 | 059

o |Lisy 3,750 | 0,183 | <0001 | 2375 | 0071 | <0,001 0871 | 0207 | 1,102 | 0486
Korene 2060 | 0.179 | <0001 | 2361 | 0069 | <0001 0874 | 0199 | 1,098 | 0495
Nadz. cast | 3.288 | 0.144 | <0001 | 2.777 | 0056 | <0,001 0937 | 0129 | 1063 | 0364
Cely strom | -2.521 | 0,132 | <0,001 | 2,639 | 0051 | <0,001 0941 | 0108 | 1,053 | 0336
Kmen 3108 | 0043 | <0001 | 2302 | 0073 | <0,001 0854 | 0318 | 1166 | 0.672
Kondre 1833 | 0069 | <0001 | 2324 | 0117 | <0,001 0703 | 0803 | 1474 | 1671

o [Lisy 2206 | 0058 | <0001 | 1712 | 0098 | <0,001 0643 | 0573 | 1308 | 1,068
Korene 2064 | 0061 | <0001 | 1651 | 0102 | <0,001 0607 | 0620 | 1298 | 0,949
Nadz cast | 3.669 | 0048 | <0.001 | 2.161 | 0082 | <0001 0806 | 0396 | 1216 | 0855
Cely strom | 4,094 | 0,050 | <0,001 | 2000 | 0085 | <0,001 0767 | 0427 | 1226 | 0853
Kmeft 1530 | 0.163 | <0001 | 1.848 | 0065 | <0001 | 1,015 | 0054 | <0001 | 0975 | 0054 | 1.026 | 0222
Kondre 4768 | 0364 | <0001 | 2630 | 0144 | <0001 | 0423 | 0121 | <0001 | 0901 | 0270 | 1.130 | 0.560

o |Hs 3286 | 0317 | <0001 | 2.188 | 0126 | <0.001 | 0.188 | 0105 | 0076 | 0873 | 0205 | 1.100 | 0479
Korene 2898 | 0314 | <0001 | 2336 | 0124 | <0001 | 0025 | 0104 | 0809 | 0874 | 0200 | 1098 | 0493
Nadz cast | -1486 | 0186 | <0001 | 2,054 | 0074 | <0001 | 0.731 | 0062 | <0001 | 0966 | 0070 | 1,034 | 0266
Cely strom | -1236 | 0,197 | <0001 | 2,124 | 0078 | <0,001 | 0521 | 0065 | <0,001 | 0957 | 0079 | 1,038 | 0285




Priloha 2  Statistické charakteristiky alometrickych rovnic na vypocet biomasy pre dub zimny

Regresné koeficienty bo, by, by, ich tandardné chyby (S.E.), p-hodnoty (P), koeficienty determinécie (R?), stredné $tvorcové chyby rezidui
(MSE), logaritmické transformacné biasy (A) a ich Standardné odchylky (S.D.) pre nezavislé premenné (N.P.) dy (v mm), h (v m), a ich vzajomnt
kombinaciu

N. P. E trf;‘lfl‘s bo SE. p b, SE. p b, SE. P R? MSE A SD.
Kmeh 4311 | 0224 | <0001 | 2959 | 0071 | <0.001 0942 | 0240 | 1121 | 0544
Kondre 6,025 | 0215 | <0001 | 2963 | 0068 | <0,001 0947 | 0221 | 1,107 | 049

o |Lisy 5954 | 0221 | <0001 | 2,768 | 0070 | <0,001 0936 | 0234 | 1,106 | 0459
Korene 1954 | 0150 | <0001 | 2066 | 0046 | <0,001 0941 | 0124 | 1065 | 0401
Nadz. cast | 3.952 | 0206 | <0.001 | 2.931 | 0065 | <0.001 0950 | 0203 | 1,09 | 0469
Cely strom | -2.612 | 0,175 | <0,001 | 2,646 | 0005 | <0,001 0956 | 0146 | 1,070 | 0382
Kmen 3471 | 0045 | <0001 | 2516 | 0046 | <0,001 0965 | 0147 | 1,074 | 0419
Kondre 1839 | 0086 | <0001 | 2388 | 0089 | <0.001 0871 | 0535 | 1271 | 0.89%

o [Lisy 1370 | 0,074 | <0001 | 2269 | 0077 | <0,001 0891 | 0398 | 1,190 | 0,700
Korene 3511 | 0053 | <0001 | 1,719 | 0051 | <0,001 0898 | 0213 | 1112 | 0553
Nadz cast | 3.769 | 0050 | <0.001 | 2468 | 0052 | <0001 0954 | 0186 | 1,095 | 0483
Cely strom | 4369 | 0,051 | <0,001 | 2207 | 0053 | <0,001 0942 | 0189 | 1,099 | 0503
Kme 20066 | 0,170 | 0.698 | 1324 | 0063 | <0001 | 1491 | 0053 | <0001 | 0993 | 0029 | 1014 | 0171
Kondre 4263 | 0432 | <0001 | 2284 | 0161 | <0001 | 0619 | 0135 | <0.001 | 0956 | 0186 | 1.092 | 0473

o |Hs 3577 | 0412 | <0001 | 1852 | 0153 | <0001 | 0835 | 0129 | <0001 | 0954 | 0169 | 1077 | 0399
Korene 0226 | 0289 | 0436 | 1398 | 0107 | <0001 | 0611 | 0091 | <0001 | 0956 | 0092 | 1047 | 0333
Nadz cast | 0201 | 0194 | 0303 | 148 | 0072 | <0001 | 1317 | 0061 | <0001 | 0991 | 0038 | 1,019 | 0,199
Cely strom | 0389 | 0201 | 0,056 | 1490 | 0075 | <0,001 | 1054 | 0063 | <0,001 | 0989 | 0040 | 1,020 | 0209




Priloha 3  Statistické charakteristiky alometrickych rovnic na vypocet biomasy pre javor horsky

Regresné koeficienty by, by, by, ich $tandardné chyby (S.E.), p-hodnoty (P), koeficienty determinacie (R?), stredné §tvorcové chyby rezidui
(MSE), logaritmické transformac¢né biasy (A) a ich Standardné odchylky (S.D.) pre nezavislé premenné (N.P.) dy (v mm), h (v m), a ich vzajomnt
kombinaciu

N. P. | Frakcia stromu | by S.E. p b, S.E. p b, S.E. P R? MSE A S.D.
Kmefi s korou | -4.169 | 0.150 | <0,001 | 2.914 0.046 | <0,001 0.976 0.112 1.064 0.421
Kmeii bez kory | -4.700 | 0.156 | <0,001 | 3.011 0.048 | <0,001 0.976 0.132 1.070 0.443
Konére -8.107 | 0342 | <0,001 | 3.351 0.101 | <0,001 0.926 0.443 1.225 0.800

0 Listy 2,650 | 0.173 | <0,001 1.950 0.053 | <0,001 0.933 0.162 1.082 0.473
Kora 4607 | 0.146 | <0,001 | 2.528 0.045 | <0,001 0.970 0.115 1.060 0.396
Korene 2595 | 0.153 | <0,001 | 2.226 0.047 | <0,001 0.960 0.119 1.060 0.370
Nadz. dast’ 3342 | 0127 | <0,001 | 2.755 0.039 | <0,001 0.981 0.088 1.044 0.324
Cely strom 2432 | 0.115 | <0,001 | 2.583 0.035 | <0,001 0.983 0.067 1.034 0.276
Kmefi s korou | 3.194 | 0.051 | <0,001 | 2273 0.040 | <0,001 0.971 0.149 1.077 0.435
Kmefi bez kéry | 2.906 | 0.052 | <0,001 | 2.348 0.041 | <0,001 0.971 0.157 1.081 0.448
Konére 0.386 | 0.135 0.005 2.583 0.101 | <0,001 0.882 0.708 1.335 0.959

N Listy 2329 | 0.079 | <0,001 1.459 0.062 | <0,001 0.853 0.357 1.182 0.705
Kora 1.773 | 0.044 | <0,001 1.977 0.034 | <0,001 0.971 0.111 1.056 0.360
Korene 3.109 | 0.085 | <0,001 1.648 0.066 | <0,001 0.868 0.391 1.205 0.753
Nadz. Gast 3.632 | 0.056 | <0,001 | 2.133 0.044 | <0,001 0.960 0.1832 1.0942 0.482
Cely strom 4.140 | 0.066 | <0,001 1.969 0.051 | <0,001 0.941 0.234 1.120 0.552
Kmefi s korou | -0.832 | 0.174 | <0,001 1.577 0.068 | <0,001 1.094 0.053 | <0,001 0.996 0.023 1.011 0.153
Kmeti bez kory | -1.223 | 0.178 | <0,001 1.617 0.069 | <0,001 1.140 0.054 | <0,001 0.996 0.024 1.012 0.157
Konére 5912 | 0.775 | <0,001 | 2.463 0301 | <0,001 0.741 0.237 0.002 0.934 0.402 1.195 0.709

do.h Listy 2.626 | 0.466 | <0,001 1.941 0.181 | <0,001 0.008 0.142 0.956 0.934 0.164 1.082 0.473

> |Kora -1.490 | 0.194 | <0,001 1.278 0.076 | <0,001 1.022 0.059 | <0,001 0.993 0.029 1.014 0.167
Korene 2797 | 0404 | <0,001 | 2.307 0.157 | <0,001 | -0.066 0.122 0.589 0.960 0.120 1.059 0.367
Nadz. Gast -0.783 | 0.194 | <0,001 1.729 0.075 | <0,001 0.840 0.059 | <0,001 0.994 0.028 1.014 0.167
Cely strom -0.784 | 0.241 0.002 1.923 0.094 | <0,001 0.539 0.073 | <0,001 0.989 0.043 1.021 0.218




Priloha 4  Statistické charakteristiky alometrickych rovnic na vypocet biomasy pre jasef §tihly

Regresné koeficienty by, by, by, ich $tandardné chyby (S.E.), p-hodnoty (P), koeficienty determindcie (R?), stredné §tvorcové chyby rezidui
(MSE), logaritmické transformac¢né biasy (A) a ich Standardné odchylky (S.D.) pre nezavislé premenné (N.P.) dy (v mm), h (v m), a ich vzajomnt
kombinaciu

N. P. | Frakcia stromu | by S.E. p b, S.E. p b, S.E. P R? MSE A S.D.
Kmefi s korou | -4.374 | 0229 | <0,001 | 2.997 0.075 | <0,001 0.954 0.140 1.072 0.430
Kmeii bez kory | -5.129 | 0247 | <0,001 | 3.147 0.081 | <0,001 0.951 0.163 1.088 0.516
Konére 9.108 | 0.624 | <0,001 | 3.738 0.197 | <0,001 0.835 0.562 1.256 0.792

0 Listy 3969 | 0255 | <0,001 | 2.388 0.083 | <0,001 0.912 0.174 1.085 0.435
Kora 4658 | 0204 | <0,001 | 2.630 0.066 | <0,001 0.952 0.111 1.053 0.331
Korene 3301 | 0243 | <0,001 | 2454 0.079 | <0,001 0.925 0.146 1.077 0.452
Nadz. dast’ 3839 | 0209 | <0,001 | 2.925 0.068 | <0,001 0.959 0.117 1.057 0.360
Cely strom 2999 | 0200 | <0,001 | 2.769 0.065 | <0,001 0.959 0.099 1.049 0.332
Kmefi s korou | 3.523 | 0.056 | <0,001 | 2.206 0.061 | <0,001 0.944 0.171 1.096 0.601
Kmefi bez kory | 3.160 | 0.059 | <0,001 | 2.317 0.065 | <0,001 0.942 0.193 1.119 0.773
Konére 0.698 | 0.168 | <0,001 | 2.785 0.189 | <0,001 0.753 0.841 1.433 1.174

N Listy 2345 | 0.070 | <0,001 1.721 0.077 | <0,001 0.864 0.270 1.129 0.554
Kora 2271 | 0.047 | <0,001 1.942 0.052 | <0,001 0.946 0.124 1.060 0.358
Korene 3.171 | 0.075 | <0,001 1.780 0.084 | <0,001 0.853 0.288 1.156 0.719
Nadz. Gast 3.874 | 0.057 | <0,001 | 2.140 0.062 | <0,001 0.938 0.178 1.093 0.522
Cely strom 4279 | 0.062 | <0,001 | 2.048 0.069 | <0,001 0.920 0.193 1.100 0.525
Kmefi s korou | -0.906 | 0.372 0.017 1.667 0.139 | <0,001 1.052 0.103 | <0,001 0.980 0.060 1.038 0.399
Kmeti bez kory | -1.460 | 0.409 | <0,001 1.739 0.153 | <0,001 1.113 0.114 | <0,001 0.978 0.073 1.052 0.535
Konére -6.807 | 1.152 | <0,001 | 2.830 0.431 | <0,001 0.795 0.339 0.022 0.847 0.529 1.244 0.782

do.h Listy 2219 | 0596 | <0,001 1.717 0223 | <0,001 0.531 0.165 0.002 0.923 0.156 1.075 0.411

> |Kora -1.502 | 0321 | <0,001 1.419 0.120 | <0,001 | 0.958 0.089 | <0,001 0.981 0.045 1.022 0.222
Korene 2.043 | 0.056 | <0,001 1.968 0211 | <0,001 | 0.394 0.160 0.016 0.931 0.137 1.073 0.450
Nadz. Gast -0.795 | 0355 0.028 1.757 0.133 | <0,001 0.923 0.099 | <0,001 0.981 0.055 1.031 0315
Cely strom -0.589 | 0372 0.117 1.838 0.140 | <0,001 0.754 0.106 | <0,001 0.976 0.060 1.032 0.301




Priloha 5  Statistické charakteristiky alometrickych rovnic na vypodet biomasy pre jarabinu vtaciu

Regresné koeficienty by, by, by, ich $tandardné chyby (S.E.), p-hodnoty (P), koeficienty determindcie (R?), stredné §tvorcové chyby rezidui
(MSE), logaritmické transformac¢né biasy () a ich Standardné odchylky (S.D.) pre nezavislé premenné (N.P.) dy (v mm), h (v m), a ich vzajomnt
kombinaciu

N. P. | Frakcia stromu | by S.E. p b, S.E. p b, S.E. P R? MSE A S.D.
Kmefi s korou | -2.515 | 0.088 | <0,001 | 2.412 0.025 | <0,001 0.990 0.028 1.014 0.171
Kmeii bez kory | -3.218 | 0.094 | <0,001 | 2.546 0.027 | <0,001 0.990 0.033 1.016 0.183
Konére 7336 | 0312 | <0,001 | 3.334 0.090 | <0,001 0.943 0.280 1.138 0.596

0 Listy 3383 | 0.161 | <0,001 | 2237 0.046 | <0,001 0.962 0.096 1.047 0.322
Kora 2591 | 0.092 | <0,001 1.966 0.027 | <0,001 0.984 0.032 1.016 0.179
Korene 3396 | 0.169 | <0,001 | 2.476 0.049 | <0,001 0.966 0.105 1.056 0.382
Nadz. dast’ 2423 | 0.099 | <0,001 | 2.499 0.029 | <0,001 0.989 0.034 1.017 0.190
Cely strom 2.067 | 0.104 | <0,001 | 2.485 0.030 | <0,001 0.987 0.038 1.019 0.198
Kmefi s korou | 2.861 | 0.078 | <0,001 | 3.066 0.073 | <0,001 0.951 0.142 1.074 0.441
Kmefi bez kory | 2.453 | 0.080 | <0,001 | 3.242 0.075 | <0,001 0.953 0.149 1.078 0.450
Konére -0.018 | 0.193 0.927 4332 0.182 | <0,001 0.871 0.632 1.393 1.443

N Listy 1.651 | 0.109 | <0,001 | 2.792 0.103 | <0,001 0.890 0.278 1.154 0.704
Kora 1.790 | 0.067 | <0,001 | 2.501 0.063 | <0,001 0.946 0.104 1.053 0.358
Korene 2.188 | 0.122 | <0,001 | 3.076 0.116 | <0,001 0.886 0.352 1.196 0.798
Nadz. Gast 3.186 | 0.094 | <0,001 | 3.135 0.090 | <0,001 0.934 0.202 1.112 0.584
Cely strom 3.522 | 0.100 | <0,001 | 3.104 0.095 | <0,001 0.924 0.227 1.125 0.615
Kmefi s korou | -1.317 | 0.161 | <0,001 1.857 0.071 | <0,001 | 0.749 0.092 | <0,001 0.994 0.017 1.008 0.129
Kmeti bez kory | -1.843 | 0.164 | <0,001 1.909 0.072 | <0,001 0.859 0.093 | <0,001 0.995 0.017 1.008 0.130
Konére 6.976 | 0.690 | <0,001 3.162 0308 | <0,001 0.244 0.416 0.560 0.943 0.282 1.137 0.592

do.h Listy 3389 | 0390 | <0,001 | 2.240 0.171 | <0,001 | -0.004 0.222 0.987 0.962 0.097 1.047 0.322

> |Kora -1.575 | 0.191 | <0,001 1.495 0.084 | <0,001 | 0.635 0.109 | <0,001 0.988 0.023 1.011 0.153
Korene -3.684 | 0408 <0,001 | 2.610 0.179 | <0,001 | -0.181 0.232 0.438 0.966 0.106 1.056 0.379
Nadz. Gast -1.666 | 0220 | <0,001 | 2.149 0.096 | <0,001 0.470 0.124 | <0,001 0.990 0.030 1.015 0.178
Cely strom -1.586 | 0243 | <0,001 | 2262 0.106 | <0,001 0.299 0.137 0.032 0.988 0.036 1.018 0.196




Priloha 6  Statistické charakteristiky alometrickych rovnic na vypocet biomasy pre vibu rakytovi

Regresné koeficienty bg, by, by, ich $tandardné chyby (S.E.), p-hodnoty (P), koeficienty determinacie (R?), stredné §tvorcové chyby rezidui
(MSE), logaritmické transformac¢né biasy (A) a ich Standardné odchylky (S.D.) pre nezavislé premenné (N.P.) dy (v mm), h (v m), a ich vzajomnt
kombinaciu

N. P. | Frakcia stromu by S.E. P b, S.E. P b, S.E. P R? MSE A S.D.
Kmen s kérou | -3.178 0.189 <0,001 2.479 0.061 <0,001 0.945 0.107 1.048 0.306
Kmen bez kory | -3.886 0.202 <0,001 2.601 0.065 <0,001 0.943 0.122 1.055 0.331
Konare -5.018 0.236 <0,001 2.807 0.075 <0,001 0.935 0.166 1.078 0.403

d Listy -2.409 0.206 <0,001 2.015 0.066 <0,001 0.906 0.127 1.061 0.360
Kora -3.510 0.177 <0,001 2.166 0.057 <0,001 0.937 0.094 1.043 0.290
Korene -3.537 0.193 <0,001 2.346 0.062 <0,001 0.937 0.111 1.052 0.330
Nadz. Cast’ -2.305 0.149 <0,001 2.425 0.047 <0,001 0.965 0.066 1.029 0.232
Cely strom -2.035 0.146 <0,001 2.406 0.047 <0,001 0.965 0.064 1.029 0.231
Kmen s kérou 2.542 0.066 <0,001 3.063 0.086 <0,001 0.928 0.140 1.069 0.390
Kmen bez kory | 2.106 0.065 <0,001 3.230 0.086 <0,001 0.935 0.138 1.068 0.386
Konare 1.613 0.125 <0,001 3.237 0.164 <0,001 0.801 0.505 1.269 0.944

h Listy 2.335 0.094 <0,001 2.344 0.124 <0,001 0.786 0.289 1.153 0.650
Kora 1.515 0.070 <0,001 2.636 0.092 <0,001 0.893 0.160 1.080 0.430
Korene 1.953 0.091 <0,001 2.780 0.120 <0,001 0.846 0.271 1.135 0.573
Nadz. Cast’ 3.360 0.080 <0,001 2.907 0.105 <0,001 0.889 0.206 1.105 0.508
Cely strom 3.589 0.080 <0,001 2.879 0.105 <0,001 0.886 0.208 1.104 0.501
Kmen s kérou | -0.809 0.212 <0,001 1.414 0.088 <0,001 1.457 0.110 <0,001 0.980 0.039 1.019 0.195
Kmen bez kory | -1.254 0.207 <0,001 1.417 0.086 <0,001 1.619 0.107 <0,001 0.983 0.037 1.018 0.192
Konare -4.569 0.442 <0,001 2.605 0.184 <0,001 0.275 0.229 0.233 0.936 0.165 1.079 0.412

do, Listy -1.939 0.382 <0,001 1.803 0.159 <0,001 0.290 0.199 0.148 0.908 0.125 1.061 0.363

> |Kora -1.834 0.263 <0,001 1.413 0.109 <0,001 1.031 0.136 <0,001 0.961 0.060 1.029 0.246
Korene -2.441 0.336 <0,001 1.854 0.140 <0,001 0.674 0.175 <0,001 0.945 0.097 1.048 0.322
Nadz. ¢ast’ -0.912 0.025 <0,001 1.801 0.094 <0,001 0.854 0.117 <0,001 0.977 0.043 1.021 0.206
Cely strom -0.705 0.225 0.002 1.810 0.094 <0,001 0.815 0.117 <0,001 0.977 0.043 1.021 0.207






