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Abstract

The assessment of forest condition and development is an important part of forest
management. Mathematical quantification of forest characteristics is a tool that allows a user
to evaluate ecosystem objectively and also to understand and to describe the relationships in
the ecosystem. The presented work is a compilation of sixteen original scientific papers that
are based on mathematical statistical sampling designs and that utilise a wide range of
mathematical and statistical evaluation methods including modern multidimensional methods
and geostatistical approaches.

The presented results comprise the proposal of new methods of tree species diversity
evaluation and its spatial interpolation, a new algorithm for the estimation of parameters of
Weibull function applied to the evaluation of forest stand diameter distribution in cases when
tree diameters are measured from a threshold value, which is common in forest enumeration
surveys. Furthermore, the work presents new information on the evaluation of structural
diversity in natural spruce forests covering the features of natural regeneration, dynamics, and
ecological stability. In addition, the findings concerning the relationship of the abiotic factors
to the components of tree species and structural diversity are presented. At the end of the
work, the significance of forest strutural elements as indicators of forest ecosystem
naturalness is analysed, and the proposal of anew model for the evaluation of forest
naturalness of the forests in 7" altitudinal vegetation zone, which can be considered as
a potential tool for decision- and managment-support systems, is presented.

Based on the achieved results, theoretical and practical experience it is recommended
to propose acomplex information spectrum when preparing forest surveys. The
characteristics to be inventoried should include the features of forest structure, because
structure is an important characteristic of forest stand condition and development closely
connected to all processes occurring in the ecosystem. Considering the current state of
information technologies as well as the state and the size of information databases, it is
recommended to apply the approaches of stratified sampling design in a wider context.

Keywords:

Sampling design, national inventory, biodiversity, species diversity, structural diversity,
discriminant analysis, Weibull function, method of moments, virgin forest, climate change,
Ellenberg indicator, indicator kriging, deer, dead wood, carbon, naturalness



1. Uvod

Les je zlozity ekologicky systém, od ktorého l'udskd spoloCnost” ofakdva plnenie
roznorodych funkcii. Kym v minulosti bola v popredi produk¢nd funkcia lesa, ktord sivisela
s rychlo napredujicim hospodarskym rozvojom, v poslednom obdobi kladie spolocnost
vysoké poziadavky na environmentélne funkcie lesa. S dopytom po ,.lese sa postupne rozvija
viacero lesnickych disciplin, z ktorych mnohé sa stali aj vednymi odbormi, a ktorych
vSeobecnym cielom je zefektivnit hospodarenie v lesoch. Uvedomujic si, Ze les plni
mnozstvo nenahraditelnych funkcii, sa stalo trvalo udrzatelné hospodarenie v lesoch
zékladnym principom modernych lesnych zdkonov v mnohych krajinich s vyspelym lesnym
hospodarstvom. Hospodarska udprava lesa je disciplina, ktord v sebe integruje poznatky
z takmer vSetkych lesnickych odborov a premienia ich v planovité hospodérenie v lesoch tak,
aby sa pri zostladeni zdujmov vlastnikov, obhospodarovatelov lesov a verejného zdujmu
smerovalo k naplneniu cielov trvalo udrZateI'ného hospodarenia v lesoch.

Dolezitymi ¢innostami hospodarskej dpravy lesov je zistovanie stavu a vyvoja lesov.
Této Cinnost’ je rozvijand najméa prostrednictvom lesnickej biometrie a dendrometrie. ZloZenie
a Struktdra lesa urcujui a predstavujui priestorovd biodiverzitu a su ddlezité pre produkciu,
mimoprodukéné funkcie a trvald udrzatelnost lesnych ekosystémov. Rozvoj metod
hodnotenia Struktiry lesa ma preto vyznamné postavenie vo vyskume v danej oblasti, pretoze
matematickd kvantifikdcia umoZnuje nielen objektivnejSie ohodnotit, ale v kone¢nom
dosledku aj lepSie pochopit a popisat vztahy, ktoré v ekosystéme fungujd. Strukturdlna
diverzita lesnych porastov je velmi dbleZitou charakteristikou stavu a vyvoja porastov. Uzko
suvisi so vSetkymi procesmi prebiehajicimi v ekosystéme. Poznanie a reSpektovanie tychto
zdkonitosti moZe vyznamne napomOct lesnému hospoddrovi pri obhospodarovani lesa v
meniacich sa ekologickych podmienkach a zabezpecit’ jeho trvalost’.

Predkladana praca vychadza zo suboru Sestnastich z tridsiatich pévodnych vedeckych
prac. Vo vSetkych pracach, na ktorych som sa autorsky spolupodielal, sa vyuZzivaja
matematicko-Statistické vyberové postupy pri aplikdcii zdkladnych, ale aj modernejSich a
efektivnejSich  vyberovych dizajnov. Suhrn dosiahnutych vysledkov prezentovany
v predkladanej praci ma za ciel' poukdzat’ na moZnosti komplexného hodnotenia lesného
ekosystému s ohl'adom na Siroké spektrum poziadaviek spolo¢nosti. Tento stav vyZaduje od
inventarizdcie a monitoringu komplexny pohl'ad na lesny ekosystém zahfiajici nielen
drevinovu zloZku a jej produkciu, ktord doteraz stdla v centre pozornosti, ale aj d’alSie sucasti
a charakteristiky biodiverzity lesného ekosystému vratane Struktiry lesného porastu,
regeneracie, fytocendzy, zoocendzy, stability a prirodzenosti lesnych porastov ako aj
abiotickych faktorov prostredia. Vysledky vybranych prac prezentuji navrh novych metéd pri
hodnoteni druhovej diverzity a jej priestorovej regionalizacie, novy algoritmus pre odhad
parametrov Weibulovej funkcie pri hodnoteni hribkovej Struktiry lesnych porastov v
pripadoch, ked’ sd hribky stromov merané od urcitej minimalnej hranice, ¢o je bezny pripad
pri taxdcii lesnych porastov. Zaroven prdca prezentuje nové poznatky z hodnotenia
Strukturdlnej diverzity v smrekovych prirodnych lesoch z pohl'adu regenerdcie, dynamiky a
ekologickej stability. Taktiez sa prezentuji nové poznatky vztahu abiotickych faktorov ku
zloZzkdm druhovej a Strukturdlnej diverzity a v zavere prace sa analyzuje vyznam zloZiek
Struktdry lesa ako indikdtorov prirodzenosti lesného ekosystému, ¢o vyustuje do navrhu
nového modelu hodnotenia prirodzenosti lesa pre 7. lesny vegetaCny stupenn ako
potenciondlneho néstroja pre rozhodovacie a manazérske systémy.



2. Vyberové metody — progresivny nastroj zistovania
a monitorovania lesnych ekosystémov

Lesy st vyznamnou sticast’ou prirodného bohatstva a rozhodujicou zloZkou Zivotného
prostredia, pricom plnia nezastupitel'né celospolocenské funkcie. Z biometrického hl'adiska su
tvorené velkym mnoZstvom rdznych jednotiek, napr. biotopov, dielcov, stromov a pod.
Stihrnom informécii oich parametroch, zmene, kvalitativnom stave, priestorovej polohe
ekosystému, ktoré su pouziteIné adodlezité pre rozne turovne rozhodovacieho procesu
hospodarskych ako aj environmentdlnych odvetvi nasej spolo¢nosti. Je zrejmé, Ze celoplo$né
zistovanie podrobnych a plnohodnotnych informécii o jednotkdch tvoriacich les na tak
rozsiahlych vymerdch ako v sucasnosti zaberaji lesy, nie je ekonomicky unosné a mozZné.
Dopyt po informécidch o lese, t.j. po inventarizicii a monitoringu lesa, ktorych cielom je
poskytovat’ objektivne informdicie o stave a zmendch lesnych ekosystémov, md uz takmer
storo¢nu tradiciu. V 20. rokoch minulého storocia zacina v Skandindvskych krajinach rozvoj
tychto metdd na baze Statistickych principov, ked’ v roku 1921 zrealizovali vo Finsku prvi
ndrodnd inventarizdciu lesa (Kangas a Maltamo 2006). O nieCo neskor v 60. rokoch
zaznamendvame rozvoj monitorovacich metdd, ktory prichddza z USA (Scott 1947) a pre
eurépske pomery ho dobre rozpracovali a aplikovali vo Svajéiarsku (Schmid 1963, 1967,
aktudlne a objektivne informécie prevazne o produkcii lesov. Zhruba od 80. rokov sa
verejnost’ zac¢ina zaujimat' nielen o produkénd stranku lesov, ale do popredia sa zacinaju
presadzovat aj dalSie dolezité informécie o ekoldgii lesnych ekosystémov, ¢im pri
inventariza¢nych a monitorovacich zistovaniach dochddza k rozSirovaniu informa¢ného
spektra. Dopyt po vidcSom pocte informécii stvisi aj s rozvojom ekologicko-produkéného
vyskumu a hlavne modelovania.

S avizovanym ndrastom zdujmu o kvalitné informdacie vznikal tlak na vyvoj
efektivnejSich a raciondlnejSich vyberovych metdd. Z biometrického hl'adiska je podstatou
vyberovych metdd urcit’ (Statisticky odhadnit’) nezndmy parameter — aritmeticky priemer
kvantitativneho znaku u alebo relativny podiel kvalitativneho znaku 7 v skimanom objekte
(zdkladnom stibore, ktorého presnd hodnotu zvylajne nepoznime) (Smelko 2000).
Vyberovym zistovanim dostaneme iba vyberové charakteristiky tychto parametrov xa w.
Tie sa vZzdy do urcitej miery odliSuju od i a 7z, pretoZe majui charakter ndhodnej premenne;.
Z toho dovodu sd vyberové charakteristiky zat'aZené chybami (z merania, z reprezenticie)
a preto je informdcia o ich presnosti ddlezitym poznatkom. Ciselnym ukazovatelom presnosti
urCenia parametra 4 a & pomocou vyberového x, wje chyba odhadu, ktord mozZno
symbolicky zapisat’

pre  U:AxX=t,,"s; M%:g'loo (1)
X
pre  T:AW=t,,-s. AW% =%V-100 2)

Tato chyba udava teoreticky ramec, ktory by skuto¢na odchylka (x - ), resp. (w - 1), nemala

prekrocit’ so zvolenou pravdepodobnostou P (pre P = 95% je tqn= 1,96 resp. 2,0 pri n > 30).
Strednd chyba vyberového priemeru, resp. podielu s.,s. predstavuje teoreticky rdmec pre

vyskyt skuto¢nej odchylky (x —p = Ax ) resp. (w —mt = Aw ) s pravdepodobnostou 68%.



Velkost’ strednej chyby s, s zavisi od dvoch Cinitel'ov:
e od variability (smerodajnej odchylky) zistovanej veliCiny, s ndrastom
ktorej sa chyba zvicsuje;
e od rozsahu vyberu n, t.j. od poctu jednotiek — stromov, skusnych pldch,
traktov, na ktorych sa zistovanie uskutocnilo a s rastom ktorého chyba

klesa amerne k \/; .

Vysledny odhad parametra & a 7 so zvolenou spolahlivost'ou P sa zvycajne zapisuje vo forme
intervalu spol’ahlivosti platného pre pravdepodobnost’ P%:

U=XtAx; Zn=wEAw 3)

V biologickych disciplinach vznikol cely rad vyberovych metdd, ktoré sa medzi sebou
liSia dizajnom. Ten je prisposobeny tucelu zistovanej veliCiny. Vyberovy dizajn je sihrn
rozhodnuti o druhu vyberovych jednotiek, ich rozmiestneni a pocte, ¢o ma rozhodujici vplyv
na presnost, ndklady a organizdciu vyberového zistovania. V lesnickych aplikdcidch moze
byt vyberovou jednotkou strom, skusnd plocha, porast, linia a pod.

Ciel'om mnohych vyberovych dizajnov je dostato¢ne presne charakterizovat’ zdujmové
uzemie z pohladu stavu resp. vyvoja hlavnych veli¢in. Iny variant vyberovych dizajnov sa
odvija od snahy ziskat reprezentativne udaje ako podklad pre Specidlne analyzy
a modelovanie. Oba koncepty maji svoje vyhody inevyhody. V prvom pripade ziskame
udaje, ktoré reprezentuju prevlddajice ekologické formy na danom dzemi, na strane druhe;j
takéto udaje nemusia byt vhodnym podkladom pre Specidlne ucely, napr. modelovanie,
pretoZe nevystihujui plnu Sirku skimaného ekologického gradienta. V druhom pripade mame
relativne homogénne tdaje popisujice stav resp. zmeny veli¢in pozdiZz zvoleného
ekologického gradientu, ale zdroven sa strdca mozZnost zovSeobecnenia informdcii za
hodnotené dzemie. Z viacerych hl'adisk sa preto javi potreba integracie uvedenych konceptov
a vyberové dizajny pripravovat tak, aby spiiali viacrozmerné vyuZitie. Efektivnym spdsobom
je aplikdcia Specidlnych vyberovych postupov, ktoré si uz dnes dobre zndme a dobre
matematicko-Statisticky prepracované.

Jednou z moznosti je aplikécia stratifikovaného vyberu resp. jeho roznych modifikacii.
Zakladnym crtou tohto vyberu je, Ze sa zdkladny subor rozdeli na menSie homogénne sub-
populécie (sub-jednotky), ktoré sa nazyvaju stratd. Tieto stratd sa navzdajom neprekryvaji a
teda ich suma predstavuje zdkladny subor. Ndsledne sa v kazdom strate robi samostatny
vyber, t.j. kazdé stratum predstavuje novy zdkladny sibor, ktory sa hodnoti zvlast. Vyhodou
stratifikovaného vyberu oproti jednoduchému vyberu je, Ze sa zniZi strednd vyberova chyba.
Navyse sa takymto sposobom ziskaji odhady pre kazdé stratum ako aj pre cely zédkladny
stibor. Stratifikdciu je mozné robit viacerymi spdsobmi (priamo pomocou hodnotenej
veli¢iny, pomocou indika¢nych veli¢in, prostriedkami DPZ a GIS, v teréne a pod.), pricom
k tomu mdZeme vyuZit' rézne zdroje, ktoré budu zahfiiat’ aj stratifikdciu v smere hlavnych
ekologickych gradientov, ako su napr. primédrne veliciny teplota, zrazky a pod. Vyhodou je,
ak je vypovedacia schopnost’ strat priblizne rovnakd, ¢o mdZeme zabezpecit kombindciou
viacerych monitorovacich systémov diferencovanych podla velkosti a charakteru strat.
Dolezité je tiez, aby vyberovd jednotka, napr. skusna plocha, mala homogénny charakter, t.j.
mala by plne reprezentovat' vyliSené stratum. Vyhodou takéhoto dizajnu je zachytenie
informécii pozdiZ celého gradientu faktora (-ov), o je pri ekologickych Stididch
nezanedbatelné a ziskané udaje si vhodnym podkladom pre Specidlne analyzy. Sucasne
nestricame moznost’ charakterizovat’ a zovSeobecnit’ informicie na uzemie ako celok.
Nevyhodou je potreba detailnej analyzy hlavnych ekologickych faktorov, ktoré ovplyviuju



produkciu, zdravotny stav iekolégiu lesnych ekosystémov a zdroven je potrebné poznat
podiel jednotlivych strat.

Dal§im efektivnym vyberovym dizajnom si viacfizové vybery. Viacfizovy vyber sa
skladd z viacerych faz, ktoré na seba nadvizujui. NajCastejsi je dvojfazovy vyber, kedy sa v
prvej faze zozbiera velké mnoZstvo informacii jednoduchym, ¢asovo a penazne efektivnym
spdsobom, napr. informdcie sa odhadnd, alebo sa meria ndhradnd l'ahSie zistiteI'nd premenna.
V druhej faze sa ndhodnym spdsobom vyberie sub-vzorka zo vzorky z prvej fazy, na ktorej sa
zistuji informdcie presnou metddou. Prvd a druhd faza su teda zdvislé. Pomocou udajov
ziskanych z prvej a druhej fazy sa odvodi regresia alebo pomer, ktoré sa nasledne pouzivaju
na odhad hodnoty skiimanej veli¢iny, prip. na korekciu udajov z prvej fazy.

Aplikdciu vyberovych postupov a metéd modzZeme ndjst vo vSetkych pricach, na
ktorych sa habilitant autorsky spolupodiel'al. V praci uvedenej v prilohe POl
Mergani¢ (2008) sa prezentuje zakladnd koncepcia Ndrodnej inventarizdcie a monitoringu
lesov (NIML) Slovenska, ktord sa po prvykrat uskuto¢nila v rokoch 2005-2006. Prispevok
opisuje niektoré metodické principy terénneho zberu udajov (urCovanie vySok stromov
dvojfazovou metédou, regresné rovnice uplatnené pri stanoveni objemu a sortimenticii
stromov lesnych drevin, spdsob kvantifikicie objemu mitveho dreva na skusnych plochach) a
biometrické modely pripravené pre spracovanie udajov a zovSeobecnenie vysledkov.
Vyberovy dizajn a celd koncepcia NIML boli navrhnuté tak, aby umoznovali vo zvolenych
casovych intervaloch poskytovat’” komplexné a integrované informdcie o stave a zmenich
produkénych a ekologickych charakteristik lesnych ekosystémov na celoStatnej i regionélne;j
drovni.

Filozofia a uplatnovanie efektivnych vyberovych dizajnov bola aplikovand aj vo
viacerych projektoch habilitanta, v roku 2003 pri monitoringu diverzity horskych lesov
severnej Oravy (Mergani¢ et al. 2003), v roku 2005 pri vyskume reakcie diverzity lesnych
fytocen6z na zmenu edaficko-klimatickych podmienok Slovenska (Vladovi¢ at al. 2008),
v roku 2008 pri monitorovani stavu lesnych biotopov eurépskeho vyznamu v §.p. Lesy SR
(Mergani¢ a Smelko 2008a, 2008b, 2009) a vroku 2009 pri navrhu komplexného
nepenazného a ekonomického ohodnotenia biodiverzity ako zdkladného potencidlu funkcii
lesa (Marusék et al. 2009).




3. Podstata biodiverzity — zakladu sStruktary lesnych

porastov a jej foriem ako ekologickej funkcie lesa

Odkedy sa pojem biologicka diverzita (skratene biodiverzita) v roku 1972 prvykrat
objavil vnazvoch c¢lankov v odbornej literatire (Kaennel 1998), stal sa jednym
z najfrekventovanejSich pojmov nasej planéty. Kym v 70. a zaciatkom 80. rokov oznacoval
tento termin ,,pocet pritomnych druhov* (Christie et al. 2004), v su€asnosti existuje mnozstvo
roznych formdlnych a neformélnych definicii pojmu biodiverzita. Uz v roku 1990 Noss
(1990) konstatoval, Ze pod pojmom biologickd diverzita rozumejd rozliéni l'udia rozli¢cné
veci. ,,Systematik mdze biologicki diverzitu chipat ako zoznam druhov urcitého taxénu
alebo skupiny taxénov. Genetik mdze uvazovat’ o alelickej diverzite a heterozygotnosti, kym
fytocenolég sa viac zaujima o rozmanitost arozmiestnenie druhov a vegetatnych typov*
(Noss 1990). NajcastejSie sa vSak autori odvoldvaji na Dohovor o biologickej diverzite
(Convention on Biological Diversity), ktory definuje biologicku diverzitu ako ,,rozmanitost’
ardoznorodost vSetkych Zivych organizmov vriatane ich suchozemskych, morskych
a ostatnych vodnych ekosystémov a ekologickych komplexov, ktorych sui sudcastou®.
Uvedend definicia v podstate vymedzuje tri zdkladné zlozky biologickej diverzity: genetickd,
druhovi a ekosystémovu diverzitu (Duelli 1997 in Larsson 2001, Kaennel 1998, Subade
2005). Genetickd diverzita zodpovedajuca variabilite v rdmci druhu je najzdkladnejSou
uroviou (Nunes a Bergh 2001) a v podstate sa tyka informacii obsiahnutych v génoch DNA
jednotlivych druhov (Wilson 1994 in Nunes a Bergh 2001). M6Ze byt vSak vnimand aj ako
variabilita medzi populdciami (Christie et al. 2004). Na drovni planéty Zem predstavuje
genetickd diverzita sumu genetickych informdcii zakddovanych v génoch vsetkych Zivych
organizmov (Brown et al. 1993). Druhova diverzita oznacuje diverzitu medzi druhmi na
ur¢itom uzemi. Pod terminom druh sa rozumie takd populécia, v ramci ktorej dochddza
k prirodzenému toku génov (Brown et al. 1993). V situdcidch, kedy je tazké urcit’ hranicu
medzi genetickou a druhovou diverzitou, sa odportca rozliSovat’ fenotypovi a genotypovu
diverzitu (Nunes a Bergh 2001). Ekosystémova diverzita sa vztahuje na nad-druhovu droven
a vyjadruje diverzitu spolocenstiev organizmov v urcitych stanovis§tnych podmienkach (Nunes

Hoci sa této trilogia komponentov biodiverzity stala Standardom uzndvanym Sirokym
okruhom vedcov, Noss (1990) a Redford a Sanderson (1992 in Kaennel 1998) poukdzali na
to, Ze definicia podla Dohovoru neuvazuje s ekologickymi procesmi a casovym
a priestorovym hl'adiskom, ktoré hraji v procese zachovania biodiverzity dodlezitd ulohu.
Preto niektori autori vyliSujui aj d’alSie zloZky: napr. Nunes a Bergh (2001) prirad’'uje k trom
Standardnym elementom aj funkcénd diverzitu, ktord definuji ako schopnost’ ekosystému
odolat’ urcitej hladine stresu alebo Soku bez toho, aby doslo k zmene jeho stavu a spravania.
Christie et al. (2004), ktory tiez rozoznavaji funkénd (resp. ekologicki) diverzitu, pod fiou
rozumeju komplex ekosystémovych procesov prebiehajicich v spolocenstve ako dosledok
pritomnosti jednotlivych funkénych skupin organizmov. Brown et al. (1993), Pearce a Moran
(1994) aini vSak povaZzuji diverzitu ekologickych procesov za prvok ekosystémovej
diverzity. Podobne ako Christie et al. (2004) vnimaji funk¢ni diverzitu aj Hammer et al.
(1993 in Smith 1996), ktori ju definuji ako diverzitu funkcii jednotlivych druhov
v ekosystéme. Tito autori navySe rozliSujui aj tzv. priestorovo-¢asovu diverzitu zahfnajicu
topografiu, klimu apod. Ini rozozndvaju kultdrnu diverzitu, diverzitu sprdvania, umeld
diverzitu atd’.

Ako vyplyva z uvedeného prehl'adu, vytvorit’ jednoduchd a pritom sdhrnni definiciu,
ktord by uspokojila vSetky strany, je nemozné. Preto Noss (1990) navrhol, Ze namiesto
definovania biodiverzity je vhodnejSie ju charakterizovat’ na zdklade jej hlavnych zloZiek.
Franklin et al. (1981) rozlisili tri zdkladné atributy ekosystémov: zlozZenie, Struktira, funkcia



(in Noss 1990). ”ZloZenie sa tyka zhodnosti a rozdielnosti prvkov v sibore a zahffia zoznam
druhov a miery druhovej a genetickej diverzity. Struktdra je fyzické usporiadanie systému
pocinajuc od komplexnosti stanoviSta meranej vrdmci spoloCenstva aZz po mozaiku
spoloCenstiev ainych prvkov na turovni krajiny. Funkcia zahfna ekologické a evolucné
procesy vratane genetickych tokov, naruSeni ekosystémov acyklu Zivin” (Noss 1990).
ZloZenie a Struktdra teda urCuju a predstavuji priestorovi biodiverzitu a su dolezité pre
produktivitu a trvald udrzatelnost’ lesnych ekosystémov, kym pod funkénou diverzitou
Larsson (2001) rozumie diverzitu ekologickych funckif a diverzitu druhov, ktoré dané funkcie
vykondvaju. Vychddzajic z tohto ponimania pojmu biodiverzita sa vytvara hierarchicky
systém na viacerych drovniach priestoru (populdcia, druh, biocendza, stanoviste, krajina),
zloZenia (suma prvkov genému, populdcie, druhového spolo€enstva, ekosystému alebo
krajiny) a funkcii (procesy, ktoré prebiehajui na rozli¢nych drovniach hierarchického systému)
(Biichs 2003). Podobne na zdklade koncepcie Noss-a (1990) navrhol Marcot (2007) vnimat’
biodiverzitu na troch organiza¢nych urovniach: gén, populdcia/druh, spoloc¢enstvo/ekosystém,
a v troch dimenziach: zloZenie, Struktdra a funckia (in Charnley et al. 2007).

3.1. Hodnotenie druhovej diverzity lesnych porastov na baze
vyberovych matematicko-statistickych metod

Kvantifikicia jednotlivych zloZiek biodiverzity v lesnickych a pol'nohospodarskych
aplikdciach sa v prevaznej miere zameriava na vysSie rastliny. Hodnotenie druhovej diverzity
je zaloZené na minimdlne jednom z troch nasledujicich znakov (Bruciamacchie 1996), a to
na:

e druhovej bohatosti, ako na najstarSom a najjednoduchSom ponati druhove;j
diverzity vyjadrenej iba na zdklade poc¢tu druhov;

e druhovej vyrovnanosti, ako miere rovnomernosti zastipenia jednotlivych
druhov v spolocenstve a

e druhovej heterogenite, ako charakteristike zahffiajicej v sebe druhovu
bohatost’ a vyrovnanost’ v jednom.

Pre popis a kvantifikiciu jednotlivych znakov druhovej diverzity je vypracovanych
viacero technik a metdd. Napr. pri kvantifikdcii druhovej bohatosti mdZeme siahnut’ po
metédach zaloZenych od najjednoduchSieho vyjadrenia poctu druhov az po zlozité
matematické vyrazy a procediry ako Rarefraction metdda (Sanders 1968), Jackknife odhad
(Heltsh a Forrester 1983), Bootstrap procedira (Smith & Van Belle 1984), metéda
logaritmického radu (Fischer et al. 1943), metdda lognormdlneho rozdelenia (Preston 1984 in
Krebs 1989).

Medzi d’alSie metddy vypracované k hodnoteniu druhovej diverzity mdZeme zaradit’ aj
metddu diverzitnych profilov (Gove et al. 1996), ktoré umoZiuji grafické porovnanie
diverzity medzi spolo¢enstvami.

Pravdepodobne najpopuldrnejSia a najcastejSie pouzivand je metdéda indexov. Pocas
ich historického vyvoja sa postupne vySpecifikovali tri samostatné skupiny, t.j. indexy
druhovej bohatosti (napr. NO (Hill 1973), RI (Margalef 1958), R2 (Menhinick 1964)), indexy
druhovej heterogenity (napr. Simpsonov index A (Simpson 1949), Shannonov index H®
(Shannon a Weaver 1949) a Hillove ¢isla NI a N2 (Hill 1973)) a indexy druhovej
vyrovnanosti (napr. EIl (Pielou 1975), E3 (Heip 1974), E5 (Hill 1973)). Indexy diverzity
predstavuji presne definované a teda objektivizované parametre, ktoré umoznujui exaktne
popisat’ ndjdend a pozorovanu diverzitu. Pri periodickych zistovaniach umoziuji spolu so
supisom zaznamenanych druhov efektivne sledovat’ a vyhodnocovat’ zmeny, ktoré nastali v
sledovanom tdzemi. MoZno ich vyuZit' v riadiacom a rozhodovacom procese v lesnom
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hospodarstve, napr. na kontrolu vysledkov hospodérskych opatreni alebo jednoducho na
zachytenie informdcif pre vyhodnotenie budicich zmien v druhovej diverzite.

Problematiku hodnotenia druhovej diverzity na baze vyberovych metéd mdzZeme ndjst’
vo viacerych pracach habilitanta. V praci fpmMerganié — Smelko (2004) sa popisuje nova
metdda komplexného hodnotenia a kvantifikdcie druhovej diverzity v lesnych ekosystémoch.
Bezne pouzivané indexy druhovej diverzity odraZaju len jednu zo zlozZiek druhovej diverzity a
to bud’ druhovi bohatost’ alebo heterogenitu ¢i vyrovnanost’. Ich integraciou bol navrhnuty
model BIODIVERSS, ktorym sa urcuje stupen druhovej diverzity na zdklade piatich indexov
diverzity (RI, R2, A, H* a EI). Pravdepodobnost spravnej klasifikdcie stupna druhovej
diverzity pomocou modelu BIODIVERSS je pomerne vysokd. UZ pri intenzite vyberu cca
1.5% dosiahne priblizne 90% tspesnost’.

Navrhovany model BIODIVERSS je konStruovany so Sirokou valenciou a hoci je
vytvoreny iba na bdze Styroch reprezentativnych porastov, v skutocnosti je zostaveny na
podklade 865 optimdlne velkych skusnych ploch. VyuZitie optimdlne velkych skusnych
ploch pre hodnotenie druhovej diverzity eliminuje dobre zndmy problém silnej zavislosti
druhovej diverzity od plochy hondoteného objektu, kedZe v takomto pripade dany
kvantifikator vzdy reprezentuje skupinu o rovnakom pocte stromov (priblizne 20). Preto je
spravna aplikdcia modelu BIODIVERSS podmienend vyuzitim tdajov z optimalne velkych
skusnych ploch.

Model BIODIVERSS je jednoduchy a prakticky. MdZe sa pouZit’ priamo pri hodnoten{
v teréne, pretoze jeho aplikédcia vyzaduje len vreckovu kalkulacku. Preto by jeho zavedenie do
praxe v ramci taxdcie lesov nemalo spdsobovat’ Ziadny technicky problém.

Model BIODIVERSS slizi na urCovanie biologickej druhovej diverzity stromovej
vrstvy najmé na maloplosnej (porastovej) drovni.Tento model mozno vSak s vyhodou pouZzit
aj pri regiondlnych a vel’koplosnych inventarizaciich, ak predpokladdme, Ze stupeii druhove;j
diverzity uréeny na skusnej ploche reprezentuje uréiti Gast hodnoteného tzemia. Dalgie
zhodnotenie uZ podlieha beZznym matematicko-Statistickym postupom.

V SirSom zmysle predstavuje navrhovany model BIODIVERSS ndvrh metodiky
tvorby modelu, ktory by mohol platit’ pre celoeurépske pomery. Na jeho odvodenie by bolo
potrebné spracovat udaje z viacerych porastov z r1dznych casti Eurépy, pricom
parametrizacni vzorku pre kazdy stupent druhovej diverzity by tvorilo niekol’ko porastov.
Vytvoril by sa tak jednotny systém pre posudzovanie druhovej diverzity, kde na zdklade
jednoznacne kvantitativne urcenych znakoch (indexoch diverzity) dostaneme jednoduché
kvalitativne stanovisko l'ahko interpretovatelné aj pre menej zainteresované osoby. V oblasti
prace s verejnostou by to zohralo vel'mi ddleziti dlohu napr. pri implementacii Dohovoru o
biologickej diverzite.

Aplikdcia metodickych principov habilitanta k hodnoteniu druhovej diverzity naSla
upotrebenie aj pri realizdcii Narodnej inventarizicie a monitoringu lesov SR 2005-2006.
Vprici [“Sebeii — Mergani¢ — BoSePa (2008) sa analyzuji vysledky Narodnej
inventarizdcie a monitoringu lesov (NIML) Slovenskej republiky z hl'adiska bohatosti
rastlinnych druhov ako vyznamnej zlozky biologickej diverzity. Druhovd bohatost’ sa
zhodnotila pre lesy na lesnych anelesnych pozemkoch, v lesnych vegetacnych stupnoch
a integrovanych rastovych stupnoch. V triediacich kategoéridch sa stanovil aj celkovy pocet
druhov. Vysledky sa uvddzaju vritane 95% intervalov spolahlivosti pravdepodobnosti
vyskytu poctu druhov pre stromy s hribkou nad 7 cm, krov, bylin a machov (Obrazok 1).
Vysledky poukazuju na pomerne hodnotné zistenia druhovej bohatosti slovenskych lesov.
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3.2. Hodnotenie strukturalnej diverzity lesnych porastov na baze
vyberovych matematicko-statistickych metod

Hodnotenia zaloZzené len na podklade druhovej diverzity mozu byt zavadzajuce,
pretoze niektoré ekosystémy, ktoré su prirodzene rovnorodé alebo tvorené prevazne jednym
druhom, mo6Zu z hl'adiska biodiverzity vykazovat’ rovnako vysoku vdznost’ ako silne druhovo
heterogénne spolo€enstva. Preto Franklin et al. (1981) rozozndvaji okrem druhového zloZenia
d’alSie dve primarne charakteristiky ekosystémov, a to Struktdru a funkciu, ktorym sa vSak v
rdmci Stddia diverzity venuje ovela menej pozornosti (Franklin 1988 in Noss 1990). Kym
»funkcia® zahfila ekologické aevolucné procesy vritane génovych tokov, prirodnych
katastrof a kolobehu Zivin, pod Struktirou sa rozumie hmotné usporiadanie systému (Noss
1990). Podobne definuju Struktiru aj ini autori, napr. Gadow (1999) ju charakterizuje ako
Specifické usporiadanie prvkov v systéme, kym Heupler (1982 in Liibbers 1999) ako ich
umiestnenie a vzajomné prepojenie. Vychadzajuc z tejto vSeobecnej definicie sa Struktdra lesa
definuje ako priestorové rozmiestnenie biomasy, ¢ize stromov a ich znakov (hribka, vyska a
pod.) (Zenner 1999, Gadow 1999, Gleichmar a Gerold 1998), resp. Lexer et al. (2000)
hovoria o zoskupeni biotickych a abiotickych zloZiek v lesnom ekosystéme.
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Struktiru lesa je moZné vnimat na viacerych hierarchickych trovniach (Kint et al.
2000). Na drovni krajiny je definovand ako rozrdznenie porastovych typov (O“Hara 1998)
a stupent fragmenticie biotopov (Andrén 1994). Pre vyskum biodiverzity sa vSak za
dodlezitejsSiu povazuje porastova troven (Kuuluvainen et al. 1996), pretoze plosné a vertikédlne
rozmiestnenie stromov v poraste definuje trojdimenziondlny priestor biotopu vtikov, hmyzu,
cicavcov, epifytov, nedrevnej vegeticie a pddnych mikroorganizmov (Ratcliffe et al. 1986,
Kuuluvainen et al. 1996). Porastovéa Struktira ¢lovekom nenaruSenych lesnych ekosystémov
vsebe navySe nesie informdcie o dynamike vyvoja pralesov (Hofgaard 1993).
V hospodarskych lesoch je vSak tdto veli¢ina nemenej vyznamnd, pretoZe napomdha
zhodnotit’ ich stdcasny stav, ich tzv. blizkost' k prirode a v konecnom dosledku aj ich
ekologicku stabilitu (Pretzsch 1998, Zenner 1999).

Struktira lesa sa popisuje roznymi Struktirnymi prvkami, ako je priestorové
rozdelenie, hustota, diferencovanie, zmieSanie (Zenner 1999). Pri  sprdvnom hodnoteni
Struktdry porastov je vSak potrebné ju vnimat’ komplexne ako charakteristiku zlozenu z:

e horizontdlnej Struktiry, t.j. ploSného, dvojdimenziondlneho rozmiestnenia
stromov po ploche porastu

e a vertikdlnej Struktiry vyjadrenej rozréznenim porastu vo vertikdlnom
smere (Jaechne a Dohrenbusch 1997).

Liibbers (1999) k tymto dvom zlozkdm priddva eSte aj tzv. mikroStruktdry, pod
ktorymi rozumie napr. mnoZstvo odumretého dreva v poraste, formy stromov a pod.

Gadow a Hui (1999) rozliSuju tri zdkladné znaky Struktiry:

1. pozicia, teda priestorové rozdelenie stromov po ploche lesa,

2. zmieSanie, t.j. rozmiestnenie jednotlivych druhov drevin po ploche porastu,

3. diferencidcia, t.j. charakteristiku rozdielov v rozmeroch medzi susediacimi
jedincami v horizontdlnom i vertikdlnom smere.

Na kvantifikaciu Struktdry, jej vysSie uvedenych zloziek ako aj jej rozrOznenia existuje
viacero metdd. Najstarsi, najjednoduchsi a v praxi najviac vyuZivany je slovny kvalitativny
popis zmieSania, hustoty ainych charakteristik porastu. Existuji vSak aj r6zne grafické
metody, napr. grafy rozdelenia hrubkovych, vySkovych pocetnosti, pldny rozmiestnenia
stromov, ¢i kvantitativne metdédy (indexy, Statistické metddy). Hoci su prvé dve skupiny
metéd pomerne jednoduché, zvycajne nie je pomocou nich moZzné popisat rozdiely
v Struktire do jemnych detailov. Tento nedostatok sa snazia odburat’ kvantitativne metddy.
Ciasto¢né prehlady tychto metéd uvadza Pielou (1977), Fiildner (1995), Gleichmar a Gerold
(1998), Kint et al. (1999), Liibbers (1999), Gadow a Hui (1999), Neumann a Starlinger
(2001), Pommerening (2002).

Indexy, t.j. metédy kvantifikujice diverzitu za pomoci rozlicnych Statistickych a

matematickych pristupov, predstavuji najvicSiu skupinu kvantitativnych metdd. Popisuji
bud’ jednu alebo viac zloZiek diverzity sicasne. Pravdepodobne najznamejSim Strukturdlnym
indexom je agregacny index R navrhnuty Clark a Evans-om (1954), ktory popisuje
horizontdlne rozmiestnenie stromov. Iné zndme indexy navrhli napr. Cox (1971), Pielou
(1959, 1977), Gadow (1993), Pretzsch (1996, 1998), Ferris-Kaan et al. (1998), Neumann a
Starlinger (2001), Holdridge (1967), Jaechne a Dohrenbusch (1997), Zenner (1999), Zenner a
Hibbs (2000), atd’. Posledné Styri spominané st komplexné Strukturdlne indexy popisujice
viacero Strukturdlnych zloziek spolu, kym predchddzajiice charakterizuji len jednu Cast’.
Pri popise porastovej Struktiry moZzu byt ndpomocné aj rdzne priestorové Statistické metody
(napr. geostatistika) (Kint et al. 2000). Niektoré z tychto metdd a ich pouzitie prezentuju
Biondi et al. (1994), Kuuluvainen et al. (1996), Goovaerts (1997), Mateu a Ribeiro (1998) a
Kint (1999).

Jeden z vel'mi doleZitych prvkov charakteristiky Struktiry lesného porastu je tvar
rozdelenia hribok resp. tvar hribkovych pocetnosti porastu. Zaroven je tvar hribkovych
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pocetnosti resp. ich model jednym z najddlezitejSich komponentov stromovo orientovanych
rastovych simuldtorov. Preciznost’ odhadu parametrov modelu hribkovych pocetnosti bola
aje zdujmom pozornosti odbornikov. V praci F’O"Merganié — Sterba (2006)\ sa prezentuje
novy algoritmus pre odhad parametrov Weibulovej funkcie v pripadoch, ked’ sui hribky
stromov merané od urcitej minimdlnej hranice, Co je beZny pripad pri taxécii lesnych
porastov. Algoritmus je postaveny na metdde momentov. Zikladnd rovnica kompletne]
dvojparametrovej Weibulovej funkcie napisand metédou momentov mé nasledovny tvar
(Weisstein 2003):

M(r)zbr-F[l+£j )

c

kde: r znamend poradie — rad momentu M, b a ¢ su parametere Weibulovej funkcie a 77) je
Gamma funkcia.
Momentovy zépis lavostranne orezanej funkcie je nasledovny:

0 if 0<x<T
= || flx)
M(r)=[x"-|15

if Tsx :Tx’ - fr(x )dx (5)
T [ f(x)dx r
T

Podrobna reser§ literatiry potvrdila, Ze metdda momentov je jedna z najpresnejSich
metdd odhadu parametrov Weibullovej funkcie (Al-Fawzan 2000, Nanang 1998, Ueno a
Osawa 1987, Shifley a Lentz 1985). Navyse, ako bolo ukdzané v pracach Shifley a Lentz
(1985) a Merganic — Sterba (2006), vyhodou metédy momentov si minimalne poziadavky na
udaje. Na vytvorenie hribkového rozdelenia staci poznat strednd hribku a variacny
koeficient hribok. Nase analyzy zdroven ukazali, Ze sumarne Statistiky vysledného rozdelenia
odvodeného pouzitim uvedenej metédy sa rovnaji nameranym hodnotdm. Z toho dovodu by
sa nemalo stat’, Ze skutocnd strednd hribka, ktord do modelu vstupuje, sa bude signifikantne
odliSovat’ od strednej hribky vypocitanej z generovanych tudajov. Iné metédy odhadu
parametrov, napr. regresné metddy, ktoré st zaloZené na vztahu medzi parametrami
Weibullovej funkcie a vybranymi porastovymi charakteristikami (najcasteSie stredna hrubka,
maximalna alebo minimélna hribka, strednd vyska atd’.), mo6zu viest’ k vychylenym odhadom,
ked'Zze vztahy tychto premennych nie si najméd s parametrom c¢ velmi tesné (Nagel and
Biging 1995, Biging et al. 1994, Little 1983, Van Laar and Mosandl 1989, Clutter and
Belcher 1978).

Pouzitie metédy momentov je vyhodné aj ztoho dbévodu, Ze zjednodusuje
parametrizaciu distribu¢nej funkcie. Ak zoberieme do tvahy Statisticky charakter meranych
premennych, musime si uvedomit’, Ze skutocné hodnoty strednej hriibky a varia¢ny koeficient
st len odhadované, ked’Ze su vypocitané z vyberov. Napriek tomu su tieto odhady vzdy lepSie
ako odhady maximélnej hribky. Udaje reprezentujice celd populdciu s zriedka dostupné.
Preto st merané udaje zvycajne ovplyvnené chybou z vyberu. V niektorych pripadoch, ked’
udaje pochadzaju z viacvrcholového rozdelenia alebo ked vyberovy odhad nie je dostato¢ne
konzistentny, sa Weibullové funkcia nesprava logicky. Napr. pri simuldcii hribok mdZeme
dostat’ nelogické (vel'mi vysoké) hodnoty. Ak pouzivame vel'mi mald pravdepodobnost’ F(x)
alebo Fr(x), ktord zodpovedd simuldcii 10,000,000 stromov, by v rovniciach (4) alebo (7)
uvedenych v praci Mergani¢ — Sterba (2006) modelovand maximdlna hribka nemala
presiahnut’ dvojnasobok nameranej maximalnej hribky. Ak je vysledok z rovnic (4) alebo (7)
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mimo preddefinovaného rozsahu, hodnota by sa mala vylicit' a mala by sa generovat’ nova
hodnota. Avsak, takdto situdcia nastane iba zriedka a neovplyvni Statistické charakteristiky
funkcie. Vyhodou tejto metddy oproti inym metédam odhadu je jej univerzdlnost’ a fakt, Ze
nevyzaduje Specidlne parametrizdcie, napr. pre jednotlivé druhy drevin (Obrazok 2). Napr.
Nagel a Biging (1995), ktori pouZili regresni metddu, stanovili parametre Weibullovej
funkcie pre kazdu drevinu zvlast’. Praca tieZ prezentuje novy algoritmus odhadu parametrov v
pripadoch, ked’ su hribky stromov merané od urcitej hrani¢nej hribky. Ako poukazali Zutter
et al. (1986), pouzitie kompletného Weibullového rozdelenia na popis orezanych tdajov mdze
v parametroch sposobit’ vel'ké systematické chyby. Tato chyba rastie, ak je hodnota stredne;j
hribky blizka hrani¢nej hodnote, od ktorej sa hribky stomov merali.
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Obrazok 2 Priklad odhadu Siestich roznych hribkovych pocetnosti pre Sest’ druhov drevin vo

vybranych porastoch SLP TU Zvolen (Mergani¢ a Sterba 2006)

Mergani¢ — Sterba (2006) zistili, Ze Weibullova funkcia nie je vhodnd na popis
hribkového rozdelenia mladych lesnych porastov. Podobné zistenie prezentoval Nanang
(1998), ktory analyzoval vhodnost viacerych typov rozdelenia na popis hriibkovych
rozdeleni. Autor zistil, Ze pre popis hribkového rozdelenia v mladych porastoch je vhodnejsie
log-normélne rozdelenie. Na zdklade naSich vysledkov a vysledkov Nanang-a (1998)

Ziskané informécie je moZné velmi vyhodne vyuZit pri modelovani porastovej
Struktdry. Z existujucich jednostromovych rastovych simuldtorov pouziva na zdklade naSich
vedomosti metddu momentov len rastovy simuldtor TWIGS (Miner et al. 1988) vo svojom
sub-modeli TREEGEN. Tento generator vSak vyuZiva troj-parametrovi Weibullovu funkciu a
neumoziuje modelovanie hrubkovych rozdeleni, ak su hribky stromov merané od urcitej
preddefinovanej hrani¢nej hodnoty. Z nasho pohl'adu je dvoj-parametrova Weibullova funkcia
vhodne;jsia ako troj-parametrova funkcia, pretoze logicky by mala funkcia zac¢inat’ od 0. Tento
predpoklad by mal platit’ aj vo vel'mi starych porastoch. V takychto pripadoch je napriek
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tomu, Ze funkcia zacina od 0, vel'mi nepravdepodobné, Ze pri simuldcii hribok dostaneme
hribky blizke 0.

KomplexnejSie hodnotenie Struktdry lesnych porastov mdZeme ndjst v pracach
fmsVoréék — Mergani¢ — Saniga (2006) a |P“6V0réék — Mergani¢ — Merganitova (2006)|.
V pracach sa rozoberd vyznam Strukturdlnej diverzity, pretozZe diverzita je v silnom prepojeni
na procesy i funkénost’ ekosystému. Diverzita ma blizky vzt'ah k naturdlnej produkcii, ale
v hlavnej miere sa spdja so stabilitou ekosystému. V tejto suvislosti ma dolezité postavenie
oblast’ zaoberajica sa metédami kvantifikdcie diverzity, pretoZe matematickd kvantifikdcia
umoziiuje nielen objektivnejSie ohodnotit, ale v kone¢nom ddsledku aj lepSie pochopit
apopisat vztahy, ktoré v ekosystéme funguji. Medzi prvé price zaoberajice sa
kvantifikaciou Strukturdlnej diverzity horskych lesov na Slovensku patri prica ,,Monitoring
diverzity horskych lesov severnej Oravy®. (Mergani¢ et al. 2003), z ktorej vychadzaji aj
uvedené prispevky.

V priacach sa analyzuje vplyv nadmorskej vySky a vyvojového Stddia na komplexny
index Strukturdlnej diverzity navrhnuty autormi Jaehne a Dohrenbusch (1997), na index
diferencidcie podl'a Fiildnera (1995) a na agrega¢ny index podla Clarka a Evansa (1954).
Skimané horské lesy sa nachddzaji v supramontdnnom stupni v drsnych prirodnych
podmienkach, ktoré v rozhodujucej miere formuju ich Struktiru. Toto konStatovanie sa v plnej
miere potvrdilo, pretoze z dosiahnutych vysledkov vyplyva, Ze nadmorskd vysSka
vyznamnejSie ovplyviiuje Strukturdlnu diverzitu atym aj Struktiru vyvojovych Stadii
prirodného lesa. Suhrnne je moZzné konstatovat’, Ze Strukturdlna diverzita klesa so zvySujicou
sa nadmorskou vySkou az do vySky, kde dochddza k prirodzenému rozpojeniu porastov,
odkial’ opat’ stipa. V podmienkach Babej hory ide o vysSkovu hranicu okolo 1400 m n.m.
Zaroven sa jednoznacne potvrdilo, Ze najvySSiu Strukturdlnu diverzitu maju porasty v Stadiu
dorastania, nasleduje Stddium rozpadu a optima.

Dlhodobo formovand Struktira porastov na Babej hore sa vyznacuje vlastnostami,
ktoré udrzuji tieto ekosystémy v rovnovdhe a stabilite. Strukturilna diverzita lesnych
porastov je vel'mi ddleZitou charakteristikou stavu a vyvoja porastov. Uzko stvisi so vietkymi
procesmi prebiehajicimi v ekosystéme. Poznanie a reSpektovanie tychto zdkonitosti moze
vyznamne napomOct lesnému hospodarovi pri obhospodarovani lesa v meniacich sa
ekologickych podmienkach a zabezpecit' jeho trvalost. Vysoky stupenl stability porastov na
Babej hore dokazuje aj skutoCnost’, Ze ani vetrové smrsSte v novembri 2002 a 2004 vyrazne
neposkodili tento ekosystém, hoci v dalSich horskych oblastiach na Slovensku vznikli
katastrofalne Skody. Vysoky stupen stability porastov na Babej hore je rozoberany aj v d’alse;j
préci FmVoréék — Mergani¢ — Merganicova (2007), v ktorej sa konstatuje, Ze horské lesy
predstavuji jedine¢ny a polyfunkény ekosystém. Si mimoriadne ddlezitym stabilizaénym
prvkom v krajine, ale zdroven aj rovnako dolezitym regulaénym faktorom hydrickych,
eréznych, protilavinovych a dal§ich procesov. Stabilita tohto ekosystému ma preto
mnohondsobny vyznam. V prici sa analyzuje statickd stabilita lesnych porastov v NPR Babia
hora v Oravskych Beskyddch na podklade piatich ukazovatelov: depigmenticie, defolidcie,
korunovosti, Stthlostného koeficienta a poSkodenia stromov. Z analyzy vyplyva, Ze s ndrastom
nadmorskej vysky rastie aj percento depigmentdcie, ¢o je podl'a nasho predpokladu spdsobené
vplyvom oz6nu (O3) ako fotooxidanta. V priemere je vSak hodnota depigmentacie vel'mi mala
aporasty v NPR Babia hora je moZné zaradit do stupna O - bez zmeny zafarbenia.
Z hodnotenia defolidcie vyplyva, Ze defolidcia s nadmorskou vySkou naopak klesa. Vzhl'adom
na defolidciu je moZzné zaradit porasty v NPR Babia hora do 1. stupna. Depigmenticia
a defolidcia sa vyrazne neprejavila ani v minulosti v obdobi 80. rokov, kedy boli nizsie
poloZzené smrekové porasty vyrazne poskodené vplyvom vysokého imisného tlaku
z miestnych i dial’kovych zdrojov, pretoze dany masiv je vystaveny prevladajicemu prudeniu
vzduchu, ktory prindSal mnoZstvo polutantov.
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Velkost' koruny - korunovost’ plni ddleziti dlohu vo fyzioldgii drevin a odolnosti voci
komplexu Skodlivych ¢initel'ov. Typickym javom horskych lesov v masive Babej hory je, Ze
jednotlivé smreky maju hlboké a izke koruny formované okrem genetickych vlastnosti aj ich
vzdjomnym priestorovym usporiadanim. Hodnota korunovosti hornej porastovej vrstvy
signifikantne rastie s nadmorskou vyskou. NajvysSie hodnoty dosahuje korunovost’ v §tadiu
dorastania. Na zdklade korunovosti hodnotime porasty v NPR Babia hora ako vel'mi stabilné
porasty.

Hodnoty Stihlostného koeficienta ako hlavného ukazovatel’a statickej stability lesnych
porastov potvrdili vysoku rezistenciu horskych lesov v masive Babej hory. Tento ukazovatel
signifikantne klesd s rasticou nadmorskou vyskou a vo vyskovej kategérii nad 1460 m n. m.
dosahuje vel'mi nizke hodnoty (0.35). Ide o vysoko stabilné porasty, kde je poSkodenie
porastov veternou smrStou takmer nemozné, pokial koruny nie si zatazené namrazou.
Z hladiska poskodenia stromu je hlavny faktor sneh andmraza, ktoré sa prejavili
najvyraznejSie vo vySkovej kategérii nad 1460 m n. m.

Na zdklade hodnotenych ukazovatel'ov ekologickej stability sa v praci konsStatuje, Ze
horské lesy v masive Babej hory predstavuji vysoko stabilny ekosystém dlhodobo formovany
v danej klimaticko — geografickej oblasti do stavu vnutornej homeostdzy. Tato zabezpecuje
trvali stabilitu v roznych extrémnych situdcidch. Vyznamnd tdlohu pre tento smrekovy
ekosystém hrd aj surova klima, hlavne teplota a zrdzky. Tieto faktory priaznivo pdsobia proti
Sireniu biotickych Skodlivych Cinitelov (hmyzu) a vyrazne vplyvaji na Struktiru a rastové
pomery porastov.

3.3. Vplyv vybranych faktorov na diverzitu lesnych ekosystémov

Diverzita v urCitom priestore acase je urCend kombindciou abiotickych
obmedzujicich podmienok, biotickych interakcii a ruSivych vplyvov/kalamit (Frelich et al.
1998, Nagaraja et al. 2005, Misir et al. 2007, Ucler et al. 2007, Spies a Turnier 1999).
Abiotické faktory, ako nadmorska vyska, sklon, expozicia, textira pddy, klima, atd’. urcuji
podmienky fyzického prostredia ateda aj primarne rozsirenie druhov. Tieto vztahy boli
sledované a Studované uz v 19. storo¢i (Hansen a Rotella 1999). Parametre ovplyviiujiice rast
rastliny a dostupnost’ zdrojov, napr. klima, si povazované za primarne faktory (Terradas et al.
2004), kym terénne charakteristiky, napr. nadmorska vyska, sa povazuju za nepriame faktory
pretoze nemaju priamy vplyv na rast rastliny, ale si korelované k primarnym faktorom
(Pausas et al. 2003; Bhattarai et al. 2004). Nepriame faktory sa ¢asto pouZivaju pri analyzach,
ked” informécie o primarnych faktoroch nie su dostupné (Pausas a Saez 2000). NajcasteSie sa
skima vzt'ah diverzity k nadmorskej vySke (Grytnes a Vetaas 2002, Bhattarai a Vetaas 2003,
Bachman et al., 2004), kym vplyvy ostatnych topografickych charakteristik sa preverujd len
zriedka (Johnson 1986, Palmer et al. 2000). Hoci sa moderni ekolégovia zameriavaju
predovsetkym na iné faktory, napr. prirodné rusivé vplyvy — kalamity, v poslednom case zacal
vplyv abiotickych faktorov na druhovi diverzitu v vedcov opitovne zaujimat’ (Burns 1995,

prac vSak skima len vztah faktora prostredia k po¢tu druhov drevin, ¢o reprezentuje iba jednu
zlozku diverzity. V praci F“Merganié — Quednau — Smelko (2004) sa analyzuje vplyv
vybranych vlastnosti geomorfologie (expozicia, sklon, nadmorskd vysSka, typ terénu) na
diverzitu stromovej vrstvy, ktord je kvantifikovand 9 indexami druhovej diverzity (NO, RI,
R2, H’, NI, N2, El, E3, E5). Vysledky prace ukdzali, Ze iba nadmorskd vyska md
signifikantny vztah k druhovej diverzite. Hoci su vztahy vel'mi slabé, pretoZe korelacné
koeficienty nepresahuji hodnoty 0.3-0.4, zdvislost” druhovej diverzity na nadmorskej vyske
sa zistila aj vinych pracach atento vztah sa vo vSeobecnosti v ekologickej literatire
akceptuje. Priestorovd interpoldcia stupiiov druhovej diverzity, ktoré boli uréené modelom
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BIODIVERSS, pomocou geostatistickych metdd nam dava cenné informdcie na regiondlnej
urovni. Ako pri vSetkych Statistickych metédach, vystup z modelu je odhadom skuto¢ného
stavu a nemusi sa presne zhodovat’ s realitou. Napriek tomu ndm umoZiuje vykonat’ rychle
analyzy, ktoré v prepojeni s GIS metédami umoZziuji uzivatelovi testovat’ vplyv rdéznych
faktorov na napr. druhovi diverzitu. PouZitim uvedenych ndstrojov sme mohli zhodnotit’
vztah druhovej diverzity k typu hospodarenia a k fragmentdcii porastu. Prezentovand préca
vyuZiva tudaje z regiondlnej inventarizdcie lesa. Takuto analyzu by bolo moZzné vykonat’ aj na
udajoch z lesnych hospodarskych planov. Ich vyuzitie by vSak mohlo pri kvantifikacii
druhovej diverzity na regiondlnej drovni spOsobit’ viacero problémov, pretoZe: a) v rdmci
taxdcie lesov sa zaznamendvaji len dominantné druhy, t.j. informdcie o vzacnych druhoch
chybaju, b) indexy druhovej diverzity su silne korelované s vel'’kost'ou (plochou) hodnoteného
porastu, c) klasické indexy druhovej diverzity si pozicne nezdvislé, t.j. neberi do dvahy
priestorové zmieSanie druhov. Preto je v takych pripadoch vyhodné pouZivat udaje
z inventarizacie lesa, ¢o umozni Standardiziciu hodnotiacich metéd. Kvantifikdcia stupia
druhovej diverzity modelom BIODIVERSS riesi problém rozli¢nej velkosti hodnoteného
objektu aberie do dvahy priestorové zmieSanie druhov. Mapa zndzoriiujica priestorovi
interpoldciu stupna druhovej diverzity sa moZe povazovat za jednoduchy néstroj pre lesného
hospodara, ktory je uzitocny pre hodnotenie napr. Strukturdlnej diverzity, stability lesného
ekosystému, pri praci s verejnostou ako aj z hl'adiska implementacie Dohovoru o biologickej
diverzite. Regionalizicia sa vykonala geostatistickym pristupom na béze ,,indicator krigingu.
Aplikédcia tohto druhu krigingu v naSej prici s lesnickou tématikou bola jedna z prvych
publikécii. Findlna krigingovd mapa sa ukdzala ako vhodny ndstroj pri interepretovanii
druhovej diverzity na zaujmovom uzemi.

V préci FMOzcelik — Gul - Mergani¢ — Merganifova (2008) sme skdmali vplyv
porastovych charakteristik (porastovy zdpoj, kruhova zdkladia, zdsoba, vek, strednd hribka,
pocet stromov, index heterogenity) a geomorfologickych znakov (nadmorskd vyska,
expozicia, sklon) na druhovu diverzitu na priklade neobhospodarovanych zmieSanych lesnych
porastov vo vychodnej Gastioblasti Cierneho mora v Turecku. Drevinova diverzita
a heterogenita kruhovej zdkladne skimanych lesnych ekosystémov sa kvantifikovali
Shannon-Weaver-ovym a Simpson-ovym indexom. Vztahy medzi drevinovou diverzitou,
heterogenitou kruhovej zdkladne, porastovymi charakteristikami a geomorfologickymi
znakmi sa skdmali pomocou regresnej analyzy. V praci sme zistili, Ze vztahy medzi
drevinovou diverzitou a porastovymi charakteristikami sd ro6zne tesné s korelatnym
koeficientom od 0.02 do 0.70. Koreldcia heterogenity kruhovej zdkladne s porastovymi
charakteristikami sa pohybovala od 0.004 do 0.77 (R°). Na ziklade naSich vysledkov sa
porasty s vyssou drevinovou diverzitou vyznacuju vicsou strednou hribkou, vy$$im poctom
hribkovych tried, vy$Sou kruhovou zdkladiiou a nizSou hodnotou indexu homogenity. Pri
skimani vplyvu geomorfologickych znakov na heterogenitu drevin a kruhovej zdkladne sme
zistili, 7e vietky analyzované vztahy maju koeficient determindcie R® < 0.24. Statisticky
signifikantnd koreldcia sa zistila len medzi drevinovou diverzitou a expoziciou.

V roku 1993, tj. rok po schvaleni Dohovoru o biologickej diverzite, bola na
konferencii o ochrane lesov Eurépy v Helsinkdch prijatd rezoldcia ,,Stratégia dlhodobe;j
adaptacie lesov Eur6py na klimaticki zmenu®, ktori podpisali takmer vSetky eurdpske
krajiny. Vyznamné aktivity vo vztahu k efektom globdlnej zmeny na lesy a lesné
hospodarstvo sa rozvijaju aj v ramci Medzivladneho panelu pre klimatické zmeny (IP CC),
IGBP a IUFRO - programu ,,Global Change and Terrestrial Ecosystems®, z ktorého je pre
lesnictvo najvyznamnejSia aktivita ,,Efekty globdlnej zmeny na obhospodarované lesy*
(Mind’d$ a Skvarenina 2000).

Stidium vplyvu klimatickych zmien na druhovii diverzitu fytocenz naberd v stiéasnej
dobe pomerne velky vyznam, sc¢im sdvisi aj mnoZstvo kvantifikacnych matematicko-
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Statistickych metéd. Medzi vel'mi ¢asto pouzivané metddy pri vyskume dopadu klimaticko -
antropogénnych vplyvov na lesné ekosystémy patria indikatné metdédy zaloZené na
ekologickych nédrokoch jednotlivych rastlinnych druhov. Takuto metodiku navrhol aj
vo vztahu k Siestim najdoleZitejSim ekologickym faktorom: svetlo, teplo, kontinentalita,
vlhkost, reakcia na pH a dusik. Analyza spoc¢iva vo fytocenologickej analyze spolocCenstiev v
urcitej oblasti (fytocenologickom zdpise) a naslednom priradeni Ellenbergovych ekohodnot
kazdému rastlinnému druhu. Po spracovani takéhoto fytozdznamu je mozné indikovat’ vplyv
prevladajuceho faktora v hodnotenej oblasti. V pripade, Ze su k dispozicii opakované merania,
teda Casové rady, moZe byt analyza rozsirend na kvantifikiciu predpokladanych klimaticko —
antropogénnych vplyvov. Z vysledkov takychto Stidii vyplyva, Ze naozaj dochddza k zmene
druhového zlozenia, resp. pokryvnosti (kvantitativneho podielu) rastlinnych druhov, ¢o
indikuje zmenu ekologickych podmienok (Markert et al. 2003). Prevazna vécSina autorov
konStatuje tieto zmeny v suvislosti s depoziciou dusika a zakysl'ovanim (Pitcairn et al. 2003,
Ling 2003, Bohling 2003, Abolina et al. 2001, Sorensen a Tybirk 2001, Brunet et al. 2000,
Oredsson 1999, Diekmannet al. 1999, Tyler a Olsson 1997, Diekmann et al. 1998,
Roder et al. 1996). Problematike zmien bylinnej zlozky v lesnych ekosystémoch sa venovali
aj Fallkengren a Grerup (1986, 1987, 1989), Tyler (1987), Thimonier et al. (1992). Bylinne;j
synuzii ako indikatoru vyznamnych a dlhodobejSich zmien v lesnom ekosystéme sa v naSich
podmienkach venovali Ambros a Michal (1992), Ambros et al. (1995), Krizova (1994, 1996),
Ni¢ (1995, 1999), Voloscuk (2001) a Pavlenda a IStona (2000).

V pracach [""Mergani¢ — IStotia (2004) a''Mergani¢ — IStoiia — Merganifové)
je analyzovany vzt'ah medzi zmenou druhovej bohatosti lesnych fytocenéz 6. lesného
vegetacného stupiia a zmenou ekologickych podmienok. Druhova bohatost’ je kvantifikovana
troma indexami NO (Hill 1973), Rl (Margalef 1958) a R2 (Menhinick 1964). Zmena
ekologickych podmienok je stanovend fytoindikdciou druhov voci Siestim ekologickym
faktorom (vlhkost’, teplota, pH reakcia, kontinentalita, svetlo a dusik) definovanych podla
Ellenberga et al. (1992) za 29-ro¢nud periddu. Empiricky materidl predstavuje 14 vyskumnych
ploch z oblasti Strednych Beskyd zalozenych vroku 1972 za ucelom celondrodného
typologického prieskumu a opédtovne meranych v roku 2001. Plochy reprezentuju tri skupiny
lesnych typov a to Fagetum-abietino-piceosum, Abieto-Fagetum a Fageto-Abietum.

Z dosiahnutych vysledkov vyplyva, Ze v uvedenych skupinich lesnych typov doSlo za
uvedenu periddu k poklesu druhovej bohatosti. Za najvaznejsi faktor moéZeme povazovat
zakyslovanie prostredia pravdepodobne sposobené znedistenim ovzduia. Dalsimi
vyznamnymi faktormi, ktoré ovplyviiuji druhovi bohatost’ hodnotenych lokalit, su teplota,
vlhkost’ a kontinentalita. Uvedené ekofaktory Statisticky preukdzatelne spdsobuji ndrast
v pokryvnosti druhov indiferentnych k danym ekofaktorom. Rastici trend v pokryvnosti
indiferentnych druhov mozZe indikovat to, Ze dochddza k pomerne castym vykyvom
podmienok prostredia, ¢o tizko suvisi v sicasnosti s vel'mi frekventovanym javom globalnych
klimatickych zmien. V takychto podmienkach ubidaji druhy Specificky viazané na konkrétne
podmienky, resp. klesa ich pokryvnost’, ¢im sa zdkonite uvoltiuje priestor druhom so Sirokou
ekologickou valenciou. Vyskyt a rozsirovanie sa takychto druhov moZe v buddcnosti spdsobit’
problémy v typoldgii pri klasifikdcii podmienok prostredia.

V dal’sej praci [ “Mergani¢ — Merganiova — Voréak — IStotia (2008) analyzujeme
vplyv vyvojového Stddia prirodného lesa na fytocendézu. Analyza bola zamerand na
preukdzanie existencie diferenciaénych druhov viaZucich sa na vyvojové Stadia ako aj skupiny
druhov s rovnakou indika¢nou hodnotou podmienok prostredia v zmysle Ellenberga et al.
(1992). Z vysledkov analyzy vyplyva, Ze v danej oblasti sa vo fytocendze nenachddza druh,
ktorého zvySend alebo znizend pokryvnost by poukazovala na prislusnost’ k vyvojovému
Stddiu prirodného smrekového lesa. NajsilnejSi a signifikantny vztah sme zistili medzi
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pokryvnostou Polytrichum formosum Hedw. a Stddiom optima a medzi Dicranum scoparium
Hedw. a Stddiom dorastania. Zmeny v pokryvnosti tychto druhov mozeme charakterizovat
tzv. ,,velkym cyklom®. Ich pokryvnost je vysokd len v ur€itom vyvojovom Stadiu, kym
v d’al$ich dvoch Stadiach je vyrazne nizsia, avSak v oboch Stadidch zhruba na rovnakej drovni.
Urcity, aj ked’ Statisticky nesignifikantny ndznak cyklickych zmien (,,maly cyklus®) sme
zistili aj v pokryvnosti taxénov Avenella flexuosa (L.) Parl., Dryopteris dilatata (Hoffm.) A.
Gray, Gentiana asclepiadea L., Hypnum cupressiforme Hedw., Oxalis acetosella L., Rubus
idaeus L., Senecio germanicus Wallr. a Vaccinium myrtillus L., pri ktorych sa pokryvnost’
kontinudlne meni.

Z analyzy vplyvu vyvojového Stadia prirodného lesa na podiel druhov fytocendzy
s rovnakou indika¢nou hodnotou podmienok prostredia podla Ellenberga et al. (1992)
vyplyva, Ze v skimanej oblasti sa ekologické podmienky indikované fytocendzou v zavislosti
od vyvojového Stadia prirodného lesa Statisticky signifikantne nemenia. Stav porastov v danej
oblasti (trvalo rozpojeny zdpoj) a Specifické klimatické podmienky vytvaraji predpoklady
priestorovo homogénnej fytocendzy, teda stavu, ktory je podobny klimaxu.

Vplyv zveri na lesné ekosystémy je uz dlhodobo predmetom skimania vedcov
(Putman 1986, Gill 1992a, b, Gill a Beardall 2001, Rooney 2001, Coté et al. 2004). Zver
ovplyviiuje nielen vegetaciu, ale aj iné Zivocichy, bezstavovce, pddu, cyklus zZivin, atd’., a to
priamo 1 nepriamo (Putman 1986, Rooney 2001, Rooney a Waller 2003), pozitivne ako aj
negativne (Putman 1986, Reimoser et al. 1999, Gill a Beardall 2001, Créte et al. 2001, White
et al. 2004). To, ¢i a ako ovplyviiuje pritomnost’ zveri ur¢itd zlozku biodiverzity, zavisi od
hustoty zveri, druhovo a stanovistne Specifickych faktorov, a od vztahu medzi zverou
a skimanou zlozkou (e.g. konkurencia, predacia) (Putman 1986, Stewart 2001, White et al.
2004). Vo vseobecnosti vSak plati, Ze nadmernd hustota zveri ma celkovo nepriaznivy vplyv
na biodiverzitu (Putman 1986, Rooney 2001, Coté et al. 2004, White et al. 2004, Carson et al.
2005), hoci niektoré druhy rastlin, bezstavovcov a Zivo¢ichov mozu z takéhoto stavu
profitovat’ (White et al. 2004).

Struktdru lesa ovplyviiuje aj zver (Putman 1986, Gill a Beardall 2001, Rooney 2001,
Rooney a Waller 2003, Coté et al. 2004). Dostato¢ne vysokd hustota zveri modze zniZzit
vertikdlnu Struktiru lesa (Rooney 2001). Na druhej strane, pod urcitou hranicou hustoty zveri
nedochddza k Ziadnemu posSkodeniu a je badatelny len velmi maly vplyv na drevinové
zloZenie alebo na Struktdru lesa (Gill 1992a).

Zmladenie, ktoré predstavuje buddcnost’ lesného porastu, je zo stromovej vrstvy
ekosystému na poskodenie zverou najcitlivejSie (Potvin et al. 2003). Zvycajne sa rozliSuju tri
hlavné typy priameho poskodenia: odhryz, obhryz a poskodzovanie stromov vytikanim
parozia (Gill 1992a, b, Motta 1996). Hoci vSetky tieto vplyvy sposobuji poskodenie
jednotlivého stromu, na turovni porastu nemusia mat nevyhnutne negativny vplyv na
drevinovu diverzitu. Celkovy vplyv zdvisi od mnohych faktorov, napr. od naCasovania a
intenzity poSkodenia, drevinového zloZenia podrastu, od toho, aku drevinu zver ovplyviiuje,
od citlivosti dreviny na poskodenie a pod. (Putman 1986, Gill 1992a, Reimoser et al. 1999,
Coté et al. 2004). Ak napr. zver zniZi podiel najzastipenejSej dreviny v podraste resp.
zmladeni, drevinova diverzita sa moze zvySit (Helle a Aspi 1983, Gill 1992b), kym
poskodenie vzacnych a citlivych drevin moZze spdsobit’ stratu druhov z ekosystému (Martin a
Daufresne 1999).

Rooney (2001) uvéadza, Ze pred osidlenim severnej Ameriky bola hustota zveri na
danom uzemi nizka, pri¢om bola regulovand poc¢asim, predatormi, Struktdrou lesa a druhovym
zloZzenim. Zmeny v prirodnych lesoch sposobené c¢lovekom vniesli do tychto vztahov
nerovnovahu. Preto je v sucasnosti tazké stanovit’ hustotu zveri, ktord mozno v urcitych
podmienkach ocakdvat v rovnovdznom lesnom ekosystéme. Z tohto dovodu sa zakladali
dlhodobé experimenty s opldtkami, v ktorych je mozné skiimat’ reakciu lesnych ekosystémov
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na vylicenie zveri z lesa (e.g. Eiberle 1967, Leibundgut 1974, Ertl 1989, Konig a Baumann
1990, Pollanschiitz 1992, Konig 1997, Nomiya et al. 2003, Von Oheimb et al. 2003, Stone et
al. 2004, etc.). Hoci nam takéto Studie neposkytnu informacie o povodnom stave lesa, pretoze
zver sa v lese vyskytuje prirodzene, mo6Zzu vyrazne napomoOct objektivnemu hodnoteniu
vplyvu zveri na lesny ekosystém (Reimoser et al. 1999).

V prici [ “Mergani¢ — Russ — Beranova — Merganitova (2009)| analyzujeme vplyv
zveri na druhovi a vyskovu diverzitu mladych rastovych stupnov lesa v troch lokalitdch
Ceskej republiky. Skimané objekty st tvorené jednou oplotenou &astou, v ktorej bola
pritomnost’ zveri vylicend, a jednou neoplotenou castou s volnym pristupom zveri.
Empiricky materidl pre matematicko-Statistické analyzy sa ziskal vyberovym zistovanim
(inventarizdcia lesa) so systematickym rozmiestnenim skusnych pléch. Druhovéd a vyskova
diverzita sa kvantifikovala 10 indexami diverzity.

Analyzou sa zistilo, Ze nadmernd hustota zveri vyznamnym sposobom ovplyviiuje
druhovu a vySkovu diverzitu mladych rastovych stupnov lesa. Vyssi negativny vplyv zveri na
druhovu diverzitu je mozné oCakavat’ na kyslych stanoviStiach, kym na Zivnych stanovistiach
je na vplyv zveri citlivejSia vySkova diverzita. Ak je vSak hustota zveri dlhodobo pod
normovanym stavom, vyskyt zveri neovplyviiuje druhovi a vySkovu diverzitu mladych
rastovych stupnov lesa.
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4. Zlozky Struktury lesa — indikator prirodzenosti lesnych
ekosystémov

Pojmy ako biodiverzita a prirodzenost sa v ochrane prirody c¢asto pouZivaji
(Schnitzler et al. 2008), pricom prirodzenost’ sa povaZuje za jedno z najdolezitejSich kritérii
hodnotenia stavu lesnych ekosystémov (Bartha et al. 2006). Vel'mi Casto predstavuje hlavny
ndstroj podporujuci planovanie ochrany (Hoerr 1993, Schmidt 1997 in Bartha et al. 2006).
Vyznam prirodzenosti potvrdzuji aj mnohé medzinarodné dohovory a schémy, v ktorych je
zaradend medzi hlavné kritérid, napr. prirodzenost’ je jednym z celoeurépskych indikdtorov
trvaloudrzatel'ného hospodarenia (MCPFE 2002).

Hoci vo vedeckej literatire sa vo velkom diskutuje o definicii prirodzenosti (vid'.
napr. Gétmark 1992, Franklin 1998, Williams 2002, Cole et al. 2008, etc.), zvycajne sa
prirodzenost’ chdpe ako stav, ktory modZe pretrvat’ bez zdsahu cloveka (Cole et al. 2008).
Stupen prirodzenosti ako kvantitativne vyjadrenie teda indikuje intenzitu I'udskych zdsahov.
V ramci Ministerskych konferencii o ochrane lesov v Eurépe (MCPFE) sa rozliSuju tri stupne
prirodzenosti lesa: lesy bez vplyvu ¢loveka, prirodzené lesy a umelo zalozené lesy. Lesy bez
zasahu cCloveka su lesy, v ktorych st pdvodné prirodné procesy a drevinové zloZenie do
urc¢itého stupiia zachované alebo boli obnovené. Prirodzené lesy maju urcité charakteristiky
prirodného lesa, ktoré zarucCuju, Ze dynamika a biodiverzita sa priblizujd pdvodnému
ekosystému. Umelo zaloZené lesy predstavuju clovekom vytvorené lesné spolocenstva, ktoré
sa uplne odliSuji od pé6vodného ekosystému.

Stupent prirodzenosti lesa sa hodnoti na zdklade vybranych znakov (Bartha et al.
2006), najmd: pdvodnost’ druhov a genotypov, diferencidcia porastovej Struktdry (napr.
rozdelenie hribkovych pocetnosti, vertikdlna a vekova Struktira, vyskyt odumretého dreva
a prirodzeného zmladenia lesa), ako aj vyskyt arozsah antropogénneho vplyvu v danych
lesnych ekosystémoch (napr. vyskyt a metédy t'azby a obnovy lesa, priprava pody, vyskyt
lesnych ciest, rekreacné aktivity, pastva, poSkodenie lesa) (Morav¢ik et al. 2010). Celkova
prirodzenost’ je vysledkom kombindcie c¢iastkovych indikdtorov prirodzenosti. Pocet
parametrov vybratych na hodnotenie prirodzenosti sa od publikdcie k publikdcii rdzni.
Niektori autori pouZivaju len jeden indikétor, napr. Pasierbek et al. (2007) zaloZili svoj index
prirodzenosti len na hribkovom rozdeleni. Podobne Glon¢ak (2007) analyzoval prirodzenost’
len na zdklade drevinového zloZenia, kym Smidt (2002) bral do dvahy drevinové zloZenie
a Struktdru lesa. Hepcan a Coskun (2004) navrhli pre vypocet celkovej prirodzenosti aditivny
model, do ktorého vstupuju Styri indikatory: (1) vzdialenost’ od ciest, (2) vzdialenost’ od osad,
(3) biofyzickd prirodzenost (do akej miery je prirodné prostredie bez biofyzikdlneho
narusenia spdsobeného l'udskou Cinnostou), a (4) jedineCnost’ (vyskyt vzacnej prirodnej
vegetdcie). Bartha et al. (2006) navrhli komplexné hodnotenie prirodzenosti lesa na zdklade
zhodnotenia prirodzenosti zloZenia a Struktiry porastovej vrstvy, Kkrovinovej vrstvy,
zmladenia, a pddnej vegeticie. F'*Moravéik — Sarvasova — Mergani¢ — Schwarz (2010)|
prezentovali klasifikacny model stupna prirodzenosti lesa (pralesy, prirodzené a umelo
vytvorené lesy) vytvoreny pre smrekové lesy Slovenska. Model bol vytvoreny na zaklade
Statistickych principov za pouzitia rozsiahlej databdzy skusnych ploch zo smrekovych lesov 7.
vegetaéného stupiia (na zdklade klasifikdcie Zlatnika 1976). Clanok prezentuje dva varianty
tohto modelu, jeden zaloZeny na diskriminacnej analyze, kym druhy vyuziva aditivny pristup.
Analyza tdajov z horskych smrekovych lesov odhalila Statisticky signifikantné indikatory
stupiia prirodzenosti lesa: aritmeticky priemer korunovosti stromu (podiel dizky koruny
k vyske stromu), objem odumretého dreva, pokryvnost’ trdv, pokryvnost’ machov a liajnikov,
a agregacny index podla Clark a Evansa (1954). Okrem toho sa do kone¢ného modelu dodal
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variacny koeficient hribok, pretoZe jeho pritomnost’ v modeli pozitivne ovplyvnila spravnost’
klasifikdcie stupnia prirodzenosti lesa. Spravnost’ klasifikdcie bola pomocou navrhnutého
diskrimina¢ného modelu 74.5%. Pri aditivnom modeli sa definovali intervaly hodnot
integrovaného indikatora pre kazdy stupen prirodzenosti lesa s ohladom na interval chyby
aritmetického priemeru a percentily hodndt v jednotlivych stupfioch prirodzenosti lesa.
Celkova spravnost’ klasifikdcie pomocou aditivneho modelu bola 63.4%. V druhej Casti sa
navrhla schéma vyuZitia klasifikatného modelu stupna prirodzenosti lesa v rdmci
rozhodovacieho procesu vyhlasovania lesnych chranenych tzemi. V ramci tejto schémy sa
stupen prirodzenosti lesa povazuje za zakladné kritérium pri urovani hodnoty ochrany
lesnych ekosystémov. Medzi d’alSie kritérid na podporu rozhodovania sme zaradili moZnosti
zlepSenia prirodzenosti menej prirodzenych lesnych ekosystémov, ktoré su vyhlasené za
chranené, vyskyt ohrozenych druhov a vyskyt inych prirodnych hodnot.

3
2
~ 1
S
x O
-1
-2
-3
-4 -3 -2 -1 0 1 2 3 4
Root 1
Obrazok 3 Graficka interpretacia Kklasifikacie stupiia prirodzenosti lesa pomocou kanonickej

analyzy (Morav¢ik et al. 2010)
Legenda: kosostvorec — pralesy, Stvorec — prirodné lesy, krizik — umelé lesy

Ako vyplyva z predoSlej prace, odumreté drevo je ddlezitym Strukturdlnym prvkom
pre hodnotenie prirodzenosti lesného ekosystému. Pri konS$trukcii vysSie uvedeného
klasifikatného modelu stupnia prirodzenosti lesa bola zdsoba odumretého dreva druhym
najsignifikantnejSim indikatorom prirodzenosti lesa (Mergani¢ 2008). Podobne aj Studia
vztahu komplexného ukazovatela biodiverzity a ekonomickej hodnoty lesného porastu na
podklade celoslovenskych udajov z NIML SR preukdzala v tomto vztahu doéleZiti poziciu
zasoby odumretého dreva (Mergani¢ a Merganic¢ova 2008). Uvedomenie si dolezitosti
ekologickej funkcie odumretého dreva viedlo k jeho zaradeniu medzi indikatory biodiverzity
a trvalej udrzatel'nosti na Eurépskej trovni. Ministerskd konferencia o ochrane lesov v Eurépe
(MCPFE) zvolila odumreté¢ drevo ako jeden z9 Pan-eurépskych indikdtorov trvalej
udrzatel'nosti lesnych ekosystémov. Eurdpska environmentdlna agentira (EEA) zaradila
odumreté drevo medzi 15 hlavnych indikdtorov biodiverzity (Humphrey et al. 2004).
V mnohych schémach indikatorov sa odumreté drevo zarad’'uje medzi Strukturdlne indikatory.
V USA sa v rdmci FIA (Forest Inventory and Analysis program of the USDA Forest Service)
berie odumreté drevo ako indikator Strukturdlnej diverzity lesa, uhlikovych zdsob a zdsob
palivového dreva (Woodall a Williams 2005).

Pohl’ad lesnikov na odumreté drevo sa v sicasnosti meni. V minulosti sa chapal kazdy
odumrety strom ako potenciondlny zdroj ndkazy pre les, napr. z dovodu premnoZenia
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podkdérneho hmyzu a inych ,,Skodcov* lesa. Prevdadzkové opatrenia boli zamerané na
spracovanie a spefaZzenie kazdého kusa dreva, ktory sa v lese vyskytoval (Mossmer 1999).
Dnes pri presadzovani prirode blizkeho hospodérenia v lese vyznam odumretého dreva v
lesnom hospodéarstve narastd, ked’Ze najnovsie vedecké poznatky dokumentuji jeho dolezitost’
pre biodiverzitu lesnych ekosystémov (Miiller a Schnell 2003), cyklus zivin (Lexer et al.
2000) ako aj prirodzeni obnovu lesa najmd v extrémnych horskych a severskych
podmienkach (Mai 1999, Hofgaard 1993).

Odumreté drevo plni niekol'’ko vyznamnych funkcii v lesnych ekosystémoch. Vplyva
najma na
produktivitu lesnych porastov
biodiverzitu lesnych porastov
vyvoj lesnych porastov
dlhodoby kolobeh Zivin v lesnych ekosystémoch

e geomorfoldgiu lesnych pod a vodnych tokov.

Existencia odumretého dreva v lesnych porastoch zlepSuje ich produktivitu (Marra a
Edmonds 1994, Mcminn a Crossley 1993). Tento pozitivny vplyv vyplyva z vlastnosti
odumretého dreva:

e odumreté drevo je vyznamnou zdsobariiou a potenciondlnym zdrojom Zivin
® priaznivo ovplyviiuje mnozstvo organickej hmoty v pdde
e vztahom k organizmom rozkladajicim odumretd hmotu ovplyviuje kvalitu
rozkladu organickej hmoty
priaznivo ovplyviiuje podnu vlhkost’
vyvara podmienky pre Zivot symbiotickych a dusik viazicich baktérii
priaznivo ovplyviiuje podne procesy (zakysl'ovanie a podzolizacia pod)
je dolezitym substratom pre obnovu rastlinnych a zivo¢iSnych druhov.

V sicasnosti  je pravdepodobne najzndmejSim anajviac sklonovanym vyznam
odumretého dreva pre biodiverzitu lesnych porastov (Svoboda 2007). Odumreté drevo
predstavuje priestor pre zZivot mnohych Zivoc¢ichov, rastlin a hib (Montes et al. 2004), najméa
pre malych cicavcov, vtdkov hniezdiacich v dutinich stromov, machy, saproxylické huby
a bezstavovce (Humphrey et al. 2004). V Skandindvskych krajindch je na odumretom dreve
zéavislych cca 6000—7000 druhov, Co predstavuje 25% vSetkych lesnych druhov v tomto
regione (Stokland et al. 2003). Podobne je to aj v inych Castiach sveta. Preto sa odumreté
drevo povaZzuje za hlavny faktor biodiverzity najmid vzhladom k druhovej bohatosti ako
jednej zlozky biodiverzity (Schuck et al. 2004, Ferris a Humphrey 1999).

Okrem druhovej diverzity zvySuje odumreté drevo aj Strukturdlnu diverzitu, ked’Ze
jeho rozmiestnenie po poraste silne variruje. Tato priestorovd variabilita je spdsobena
vlastnostami prostredia ako je topografia alebo podne podmienky (Stokland et al. 2003), ale
zéavisi aj od vyvoja porastu a faktorov spdsobujicich mortalitu (sucho, ohen, vietor, hmyz,
atd.) (Humphrey et al. 2004). Vysledkom hlickovitej akumuldcie odumretej drevnej hmoty
vlese je vytvdranie mozaiky najroznejSich typov biotopov, ¢o zvySuje nielen druhovi
diverzitu ale aj diverzitu biotopov (Svoboda 2007).

Viaceré studie z ihlicnatych lesov poukézali na to, Ze hrubé leziace odumreté drevo je
vhodnym substrdtom pre klicenie semien a odrastanie semenacikov (Harmon et al. 1986).
Tento fenomén bol pozorovany v lesoch mierneho pasma ako aj v boredlnych lesoch (Harmon
a Franklin 1989; Szewczyk a Szwagrzyk 1991, Vorc¢édk et al. 2005), ¢o indikuje, Ze hrubé
odumreté leZiace drevo mdze hrat v dynamike tychto lesov ddleziti dlohu (Svoboda 2007).
Vhodnost” odumretého leZiaceho dreva pre uchytenie a rast mladych jedincov vSak zdvisi od
jeho kvalitativnych parametrov, najmid od stupnia rozkladu, s ktorym suvisia dalSie
charakteristiky (mnoZstvo Zivin, vlhkost’). Napr. Mergani¢ et al. (2003) zistili, Ze z celkovej
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8-stupiiovej Skaly navrhnutej Holeksom (2001) bol najvhodnej$im podkladom pre vznik
a preZivanie prirodzenej obnovy 5. a vys$si stupen rozkladu, na ktorych zaznamenali takmer
99% inventarizovanej obnovy. V ekosystémoch s bohatou synuziou podrastu je zaroven
obnova, ktord vznikla na odumretom dreve, chranena pred konkurenciou s nadzemnou
vegetaciou.

Mechanické a fyzikdlne vlastnosti odumretého dreva velkych dimenzii vyznamne
ovplyviuji geomorfologiu lesnych pdd a malych vodnych tokov v lesnych ekosystémoch
(Stevens 1997). Na povrchu lesnych pdd prispieva odumretd drevna hmota k:

e zvySeniu stability svahov a stability pddneho povrchu, ¢im zabraiuje
podnej erdzii a prispieva ku kontrole povrchového odtoku, ktory unasa
podne cCastice a organickd hmotu z pddneho povrchu

® ovplyvneniu charakteru malych vodnych tokov v lesnych porastoch

Velky vyznam pri stabilizécii pody a kontrole povrchového odtoku mé odumreté drevo najma
na prudkych svahoch, predovsetkym pri umiestneni kolmo na svah.

Odumreté drevo hrd centrdlnu udlohu v materidlnom a energetickom toku ako aj
v kolobehu Zivin. Hrubé odumreté drevo predstavuje zdsobdrenn uhlika, dusika, fosforu a
d’alSich Zivin, pricom niektori autori (Turner et al. 1995, Janisch a Harmon 2001, Holub et al.
2001, Mackensen a Bauhus 2003) ho povazujui za hnojivo s postupnym uvolfiovanim Zivin.
Stevens (1997) uvadza, Ze odumreté drevo hrubych dimenzii zdsobi ekosystém Zivinami viac
ako 100 rokov. Ztohto dovodu predstavuje odumreté drevo vyznamny clanok ochrany
ekosystému pred stratami Zivin, ku ktorym moze dojst’ pri kalamitach, a teda pozitivne vplyva
na stabilitu a rovnovahu ekosystému (Zimmerman et al. 1995, Wei et al. 1997, Arthur a Fahey
1990, Harmon et al. 1990).

Tématiku odumretého dreva mdZeme ndjst’ vo viacerych pracach habilitanta. V praci
"*Merganiovd — Mergani¢ — Vorédk (2004) hodnotime zdsobu moderového dreva
v lesnych porastoch nédrodnej prirodnej rezervicie Babia hora. Vysledky poukazuju, Ze
v skimanej oblasti je mozné so 68% pravdepodobnostou ocCakdvat’ priemernd zdsobu
moderového dreva v rozsahu 144.62 m’/ha + 19.81 m’/ha, resp. 56.95% + 8.95% zo zdsoby
zivych stromov. Analyza vplyvu skimanych faktorov potvrdila predpoklady, Ze vyvojové
Stddium Statisticky signifikantne ovplyviiuje zdsobu moderového dreva. Jeho vplyv je vSak
vyznamny Vv nizsich polohdch rezervacie, kym na hornej hranici lesa je Struktira porastov
natol’ko rozpojend, Ze vyvoj lesa prebieha v nepretrZitom cykle a §tadid je uz pomerne tazko
odliSit. Zaujimavym poznatkom je aj zistenie, Ze v Stddiu optima predstavuje zdsoba
moderového dreva priblizne 20% zo zdsoby Zivych stromov ato bez ohl'adu na vyskovu
kategériu. Dal§fm skimanym faktorom bola nadmorskd vyska, ktorej vplyv sa Statisticky
preukdzal len v rdmci hodnotenia absolitneho mnoZstva moderového dreva. Po relativizacii
k zdsobe zivych stomov sa jej vplyv nepotvrdil, pretoZze mnozstvo moderového dreva
koreluje so zasobou Zivych stromov a ta uzko koreluje s rastiicou nadmorskou vyskou.

Uvedené poznatky si vyznamnym prispevkom k obohateniu doterajSich znalosti
0 zdsobe odumretého dreva, ktori moZzno v ¢lovekom nenarusenych lesnych ekosystémoch
ocCakdvat. Hodnoty jeho mnoZstva dokumentuji, ze odumreté drevo je trvalou stcastou
prirodzenych lesnych ekosystémov na hornej hranici lesa a preto je Ziadice venovat mu
zvysend pozornost’.

V prici F**Mergani€ova — Mergani¢ (2010) sme stanovili uhlikové zdsoby v hrubom
odumretom dreve v smrekovych pralesoch v prirodnej rezervacii Babia Hora na Slovensku.
Analyzy zistili, Ze uhlikové zasoby silne zdvisia od vyvojového Stddia a nadmorskej vysky.
Najvacsie uhlikové zdsoby v hrubom odumretom dreve su v Stddiu rozpadu, ktoré je
charakteristické najva¢sim mnozstvom najmenej rozloZzené¢ho dreva (Obrdzok 4). S narastom
nadmorskej vysky uhlikové zdsoby v hrubom odumretom dreve klesaju v ddsledku nizse;j
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5. Zaver

Zistovanie stavu a vyvoja lesov je vyznamnou sucastou hospodarskej upravy lesov.
Matematickd kvantifikdcia znakov lesa je ndstroj, ktory umoZznuje nielen objektivnejSie
ohodnotit’, ale v kone¢nom doésledku aj lepSie pochopit’ a popisat vztahy v ekosystéme.

Predkladand prica predstavuje sthrn Sestndstich poévodnych vedeckych priac. Vo
vSetkych pracach sa vyuZivaji matematicko-Statistické vyberové dizajny ako aj Sirokd paleta
matematicko-Statistickych metéd zhodnotenia udajov vratane modernych viacrozmernych
metod a geoStatistickych pristupov. Z dosiahnutych vysledkov, teoretickych a praktickych
skisenosti odpori¢ame pri inventarizdcidch a monitoringu lesa navrhovat’ komplexné
informacné spektrum. Pri vybere atribitov davat’ silny dbraz na Struktiru lesa, pretoZe
Strukturdlna vystavba lesnych porastov je vel'mi doleZitou charakteristikou stavu a vyvoja
porastov, ktora tzko suvisi so vSetkymi procesmi prebiehajicimi v ekosystéme. Pri navrhu
vyberovych dizajnov odporic¢ame vzhl'adom na stav informaénych technolégif a stav a rozsah
informacnych databdz v SirSom meradle uplatiovat’ principy stratifikovanych vyberov.
Aplikdcia uvedenych principov mdZe vyznamnym spOsobom spresnit hodnotenie stavu
a vyvoja lesnych porastov.
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Some methodological aspects of the National Forest
Inventory and Monitoring in Slovakia
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ABSTRACT: The work presents the conceptual information about the National Forest Inventory and Monitoring in
Slovakia. It introduces some methodological approaches to the field data collection (determination of tree heights
by two-phase method, regression formulas for tree volumes and assortments of forest tree species, quantification of
deadwood volume in sample plots) and biometrical models prepared for data processing and generalisation of the re-
sults. The design and conception of Slovak National Forest Inventory and Monitoring were set with the aim to enable
providing complex and integrated information about the state and changes of production and ecological characteristics
of the forest ecosystems.

Keywords: tree heights; tree volume; deadwood volume; biometrical models; Slovak forestry

Basic conception of the National Forest National Forest Inventory and Monitoring in Slo-
Inventory and Monitoring in Slovakia vakia 2005-2006 was executed upon the decision

of the Ministry of Agriculture from July 1, 2004. It

In Europe, Slovakia belongs to the countries with ~ was performed on all lands covered by forest tree
arelatively high proportion of forestland (40%), rich  species, i.e. on forest lands and on other forested
in tree species composition, with variable natural lands including the protected areas. Slovak NFIM
conditions, and with intensive forest management. ~was drawn up as a combined aerial-terrestrial
It has a long tradition in detecting the forest con- sampling method with a systematic distribution of
ditions. At present, three different systems exist sample units over the whole country. In the aerial
for assessing the forest state — survey of natural images, sampling units are circular plots of the size
conditions and forest ecology, detection of forest of 2,500 m? distributed in a grid of 2 x 2 km, which
stands condition for forest management needs, and  serve for the distinction between the land catego-
the national monitoring of forest health conditions ries Forest/Non-forest and for the determination of
executed yearly in a grid of 16 x 16 km. Lately, the the forest area. The terrestrial inventory plots are
fourth system was established, namely National Fo-  established in a grid of 4 x 4 km. In these plots, in-
rest Inventory and Monitoring (NFIM) in Slovakia, formation covering the whole information spectrum
which was first executed in 2005 and 2006. Its aim is  is collected. The information spectrum is broad, as
to detect the conditions of all components of forest it consists of more than 100 variables, while four
ecosystems periodically and to observe the changes  different types and sizes of sample plots (Fig. 1) are
on national and regional levels, as by other NFIs. In  optimised to their attributes. In the terrain, the plots
the presented paper, we provide information on the  are permanently invisibly fixed, which enables peri-
basic conception of the Slovak NFIM and on some  odical observations of all attributes and variables by
methodical aspects, which can be interesting for a  the same method and at the same place over a longer
wider expert society in this field. time period. Data is collected using the computer-
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Fig. 1. Scheme of the sample plot (on the left-hand side without subplots, on the right-hand side divided into 2 subplots):
A — a constant circle with radius r = 12.62 m, on which terrain, site, stand and ecological characteristics, food sources
for animals are detected and lying deadwood and stumps are inventoried, B — two concentric circles (r = 12.62 m and
13212cm (B) and 4, , = 7-12 cm (B,),
C — a variable circle for thin trees with diameter dL3 < 7 cm, its radius r = 1.0 m, 1.41 m or 2.0 m is chosen according to

3 m) for detecting tree characteristics on trees with diameter at breast height d

tree density, D — an enlarged constant circle with radius of 25 m established for the inventory of forest edges, forest roads

and water sources

based Field-Map Technology (IFER 1999-2006).
The whole implementation of NFIM is ensured by
the National Forest Centre in Zvolen in accordance
with detailed methodological instructions (SMELKO
et al. 2005, 2006).

Slovak NFIM in its form fulfils the latest scientific
and practical requirements for the complex detec-
tion and periodical comparison of the forest condi-
tion. Its precision level is restricted to a large extent
by the lack of financial resources, and thus the grid of
the sample plots (4 x 4 km) is relatively sparse. This
will ensure sufficient precision of the final data only
on the national level (by forest area 1%, by timber
volume 1.5%), while on the regional level the preci-
sion will be 2—4 times lower. The next Slovak NFIM
is presumed to be carried out in years 2014—-2016 in a
denser grid (terrestrial 2 x 2 km, and in low forested
areas 1.41 x 1.41 km, and an aerial grid of 1 x 1 km,
or 500 x 500 m) to obtain more exact data.

Determination of tree heights by two-phase
method — a combination of estimation
and measurement

The determination of tree heights in the sample
plots belongs to serious methodological problems.
On one hand, “one tree principle” is in general
pushed forward, i.e. the requirement to know the
heights of all trees in a sample plot, which enables

J. FOR. SCIL, 54, 2008 (10): 476483
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to record the forest height structure in its whole
variation range and is also optimal for the derivation
of other variables (tree volume and its increment,
assortments etc.). On the other hand, from the eco-
nomical point of view, one is forced to consider the
measurement of tree heights on a smaller number of
trees (sample trees), and to assign to the rest of the
trees the average height value from the local height
curve derived from the sample plot or from the
general height tariff. This method has several disad-
vantages — it reduces the real variability of heights
and can cause deviations in the height of individual
trees by several metres.

Based on our previous research (SMELKO 1994), a
two-phase method, i.e. the combination of estima-
tion (E) and measurement (M), was chosen for the
Slovak NFIM. First, the heights of all #, trees in the
sample plot are estimated (qualified ocular estima-
tion is ensured by previous training). Next, a sub-
sample of 7, trees is determined, and the heights of
these trees are measured. For example, each second
or third tree is selected preferably from higher trees
(according to the principle of unequal probabilities).
It is specified that a minimum of 10 trees have to be
measured. If there are less than 20 trees in the sample
plot, all trees are measured. During the subsequent
data processing, the estimated heights /. are recti-
fied using the PPP-sampling theory with a multiple
quotient g as follows:
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The necessity for rectification is examined by a
statistical test. In the case that the quotient g does
not differ from 1.00 significantly, the rectification is
not needed, and the height estimated is considered
to be equal to that measured (i.e. deviations are not
systematic, but have a random character and are in
tolerance with natural measurement variability).

The presented method meets both above-men-
tioned requirements — it provides tree heights in the
whole variation range, while its work and time de-
mands are acceptable and the results are sufficiently
precise. The experience obtained from the database
showed that only in 21% cases the height estimations
deviated from the measurements systematically (i.e.
they were biased), in general they very closely cor-
related with the measurements, the variability of q,
(s,%) being only 9.8%.

Set of regression formulas for tree volumes
and assortments of forest tree species

Timber volume determination and its assortment
structure is a key task of every NFI, while several
specific conditions must be met. For automated
data processing, appropriate mensurational rela-

tions expressed in a mathematical form are re-
quired. The results obtained are to be stated in the
volume units used in national conditions, and at
the same time comparable on a wider international
scale. The results should also provide effective
background information for more comprehensive
utilisation.

Considering these demands, the following solution
was taken for the NFIM of the SR. The suitability of
the existing volume and assortment tables and of
their mathematical models was verified with regard
to the purpose of the NFIM. It was shown that the
volume regression formulas v = f(d, ., k) for 12 for-
est tree species (PETRAS, PAyTiK 1991) satisfactorily
describe the tree volumes (v) over the whole range of
diameters (d, ;) 0.1-100 cm and heights (4) 1.3-45 m
(see Fig. 2). Only small corrections or substitute so-
lutions were necessary. In the case of less frequent
tree species, the volume formulas for related tree
species (in accordance with morphological stem
similarity) were used. It was decided, that the tree
volumes would be determined in three volume units
as follows:

(1) commercial timber (i.e. wood with minimum
diameter at the top end 7 cm) inside bark, which
is usually used in home practice,

(2) commercial timber outside bark used in most
European NFlIs,

(3) total tree volume outside bark, which will be used
for determining the carbon content in woody
biomass and in its basic components (tree, stem,
branches, bark).
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Fig. 2. Course of the volume formula v = fd, .,
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h) for spruce and its stem volume outside bark
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The differences in those three volume units are
actually rather high — e.g. standing volume per 1 hec-
tare for all tree species from the NIML database re-
sulted in 266—-298-334 m?, i.e. their relative indeces,
being 1.00-1.12-1.25, respectively. Mathematical
models for the partition of tree volume into 6 differ-
ent assortment types (PETRAS, NOCIAR 1991) were
also shown as usable. They are derived for all main
tree species, the input data being the tree diameter
and height, quality of the bottom third of the stem
(A, B, C), stem damage (yes, no), and in the case of
the beech also the age and growth area (flysch). In the
outputs of the Slovak NFIM, aggregated assortment
types will be used, and for monitoring the changes
in the quality structure of the forest stands relative
proportions of trees in individual quality classes
will be determined. Information about tree volumes
from the models of volume and assortment tables
is interconnected. By now, the use of another diam-
eter d, from a higher part of the stem in the model
v =f{d, , h) has not been considered. Although also
in Slovak conditions DURsKY and SMELKO (2002)
found that adding another diameter d, ord, ,, im-
proves the description of an actual stem shape of the
tree and increases the precision of the tree volume
determination (standard error will decrease by 0.62),
the necessary three-argument volume modules
v= f(dl'g, h, dk) are not available at the moment.

Quantification of deadwood volume
in sample plots

Lately, standing and lying deadwood in forest
ecosystems has become more and more significant
and hence, its detection was included within almost
all NFIs in Europe. The assessment methods for
obtaining necessary information vary between the
countries; they differ in the definitions of individual
parts of this wood, in the lower limit from which it
is recorded, and in detection details. While in the
case of small-sized wood only the estimation of its
coverage in the sample plot is usually carried out, for
larger deadwood its volume is also determined.

In the Slovak NFIM, the chosen methodology al-
lows to quantify the volume of all deadwood, both
large and small-sized. Standing dead trees are in-
ventoried by the same method as living trees. In the
case of the lying large deadwood (with minimum top
diameter outside bark 7 cm), its length and diameter
at both ends of the piece situated within the sample
plot are measured, and its volume is calculated by
Smalian’s method. The stumps from felled or dead
trees are recorded if their diameter is 7 cm or more
(at the standard height of 0.2 m above ground), their
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height and diameter on the cut section are measured,

their volume is determined by stereometry, while

the shape of the bottom stem part is considered in

a simpler form (using the models of morphological

curves for all main tree species).

For the lying small-sized wood, two-phase detec-

tion was tested:

(1) The first phase is carried out on each sample
plot, or a subplot. The following characteristics
are estimated: relative coverage of small-sized
lying deadwood, prevailing group of tree spe-
cies (coniferous, broadleaved), its average di-
ameter (with precision of 1 cm), and average
decomposition grade. Relative coverage stands
for the percentual proportion of the total area
of the sample plot, which would be covered by
small-sized lying deadwood if all pieces were
placed side by side. In the case that deadwood
is huddled together, or placed into a pile, it is
estimated what area this wood would cover after
its dismantling.

(2) The second phase of detection is carried out only
on each fourth sample plot (with a random start,
e.g. on sample plots No. 2, 6, 10, etc.). Its aim is
to determine the volume of small-sized wood
in m3, which corresponds to the area, or to the
relative coverage of small-sized wood estimated
during the first detection phase. This is achieved
on the basis of sample piles taken as follows:

— From the occurring small-sized wood with the
diameter of 1-7 c¢m, a sample pile with dimen-
sions W (width) and L (length) is created in the
selected sample plot. Individual pieces of small-
sized wood are placed side by side as densely
as possible, while the width W of the sample
pile should be approximately 1 m and its length
L should correspond to the average length of
pieces with the diameter of up to 1 cm at the
top end. The pieces can be placed once from the
bottom end and once from the top end.

— For each sample pile, which is delimited by the
range poles, the following characteristics are as-
sessed. Its width W and length L are measured
with precision of 0.05 m, the prevailing tree
species and prevailing decomposition grade are
estimated, and the diameters of all small-sized
wood pieces are measured in the half of their
average length L/2 with a simple measuring tool
(Fig. 3).

— Using the data obtained, a biometric model is
derived, which expresses the real wood volume
of densely placed small-sized wood in an area of
1 m? as a function of the tree species and aver-
age small-sized wood diameter, and if necessary,
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Fig. 3. Simple measuring tool used for measuring diameter of
small-sized wood

also of other attributes influencing the given
relation. Using this model, the volume of small-
sized lying deadwood will be estimated also on
other NFIM sample plots. Fig. 4 presents such a
model derived from the 2005 and 2006 database.
As can be seen, the relation between the volume
and average diameter is tight and hence, well ap-
plicable.

Apart from the described second phase, another
alternative was also tested, namely the line intersect
sampling (SHIVER, BORDERS 1996). In each fourth
sample plot, two perpendicular lines were estab-
lished, one in the direction North-South, the other
in the direction West-East. With all pieces of small-
sized lying deadwood, diameter d, was measured at
the point of intersection with the line with a simple

measuring tool, with precision of 1 cm. The volume
of small-sized deadwood T in m3 per 1 hectare was
directly derived from the measured diameters m of
small-sized wood pieces using the formula

2 m
T="_Yd> i=1,2..m (2)
8L &'

(valid regardless of wood pieces length). This variant
showed to be less suitable for the volume estimation
than the first one, probably because of the insuffi-
cientlength L of lines set for this purpose (quadruple
the radius of the sample plot = 50.48 m).

Biometrical models used to generalise
the results from sample plots for
the whole inventoried territory

The data obtained from the sample plots have to
be numerically processed and generalised for the
whole inventoried territory using specific math-
ematical-statistical (biometrical) models, which
cannot be universal but have to correspond to the
used sampling design of the NFI and the properties
of detected variables. First, it is necessary to con-
sider if the sample plots are equal or variable in size,
if they are distributed at random or systematically
over the inventoried territory, and if the variables are
quantitative or qualitative (categorical). The aim is to
derive parameters applicable to the entire country or
its parts on the basis of a relatively small sample size
(from n sample plots), and to determine the precision
frames of their determination.

In this contribution, we discuss only two of such
parameters — total and mean values of the stand
quantitative variable, and the relative proportion of
the tree qualitative variable. The models are derived

Fig. 4. Volume of small-sized lying deadwood

Average diameter (cm)

480

41

y = 0.0033x15151 .
&g 0.030 R?2=0.77
£ o0
ae]
o
g
Z 0020}
()
N
G
= 0015}
&
w
2 o010}
£
(-
o
o 0.005
g
E
S 0000 : : ; - :
0 15 20 25 30 35 40 45

(m?) placed at 1 m? as a function of its aver-
age diameter

J. FOR. SCI.,, 54, 2008 (10): 476483



with regard to the fact that the Slovak NFIM has a
systematic sampling design and that the stand and
tree variables of trees with diameter d, , equal to or
above 12 cm were determined in the sample plot B,,
which is of a constant size of 500 m?. However, in
the cases where the sample plots were situated on
the boundary Forest/Non-forest or encompassed
different forest categories (different age, ownership
category etc.), the sample plots were divided into
smaller parts — subplots, resulting in a variable area
of the sample units.

Estimation of parameters of the stand
quantitative variable

Let us assume that we evaluate the stand quantita-
tive variable Y, e.g. timber stock, the number of trees
etc. The target parameter, which has to be determined,
is T, — actual total value of variable Y'in the whole for-
est area A. This is equal to the sum of values y, of all
i =1,2... Nindividuals (trees) in the population

N
=), (3)

or to the forest area A multiplied by average 4, re-
lated to ] ha

'['Y = A”Y (4)

In the Slovak NFIM, model (4) is used. Area A is
determined from the sample results of aerial and
terrestrial inventory. Average p, is estimated by
sample mean Y obtained by measuring the variable
Y on m, trees situated in # sample plots, each of an
area X,. Standard error of estimation T, from the
sample results is:

SY=\/AZS§+YZS§ (5)

The estimation of i, by Y can be executed by either
of the two methods described below.

A) The method “Ratio of Means”. This model is
generally valid for random sampling (LOETSCH,
HALLER 1973; COCHRAN 1977; SCHAEFFER et
al. 1990, etc.). It is based on the averages, or on
the sums of values of the quantitative variable
Y, and the area of the sample plot X, where the
average p, is estimated from the proportion
R with standard error Sz

n

Y,
=1

i

n

=)

1l
><|‘ e
I
©)

i=1
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n n n n
Y, -RX)> [} (Y% R2) X2-2R ) XY,
5= i=1 B L 7
n(n-1)X2 n(n-1)X2
The magnitude of standard error (7) is influenced
by the variability of Y, and X values, as well as by
their correlation (r,,). Similarly, the relative standard
error is derived from the relative standard errors of
these components according to the relation

S2% =V (S;%)* + (S5 %)* — 21, S7 %S5 % (8)

B) The method “Mean of Ratios”. This mod-
el was recommended by SABOROWSKI and
SMELKO (1998), and SMELKO and SABOROWSKI
(1999) for systematic sampling of unequally
sized sample plots. On the basis of the theoreti-
cal analysis and computer simulations, the au-
thors found that in the case of systematic design,
the probability to be selected into the sample is
higher for larger sample plots than for smaller
plots, what causes a systematic deviation (bias)
in the estimations. Therefore, in each sample
plot (i) the sample data Y, need to be recalcu-
lated to equal area (1 ha) using the following

formula:
Y,
Y0 =~ ©)

These hectare values Y] (i) are used for the estima-
tion of u, and Sj as follows:

Y= (10)
Z(}/ha(t) }_/ha)z
S* i=1 _
Y ha -
n(n-1)
i 2
n (i=1 Yha(i))
2 _
;I(Yha(’) 7
= (11)
nin-1)

A preliminary assessment of the data from the Slo-
vak NFIM by both methods provided e.g. for com-
mercial timber (i.e. wood with minimum diameter
at the top end 7 cm) inside bark with all tree species
these results:
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R =2662m? Sz=+ 515m® and Y, = 263.9 m?,

Sy, = *5.16 m,

The differences in the average value 2.3 m3(0.9%)
and in standard error 0.01 m? (0.2%) are not very
high. Further spatial analyses, e.g. geostatistics and
correlation analyses, did not reveal any significant
systematic trends in the distribution of the values
of basic variables over the whole country. For ex-
ample, the correlation coefficients calculated for
basal area per hectare within the distance of 50 km
fluctuate between —0.12 and 0.34. This shows that
the spatial autocorrelation between the values is
low and practically negligible. Due to these facts,
the first model A, was applied in the evaluation of
NFIM data.

Estimation of parameters
of tree qualitative variable

Let us assume that we evaluate a tree qualitative
variable, for example the relative proportion of
trees 1 in quality classes A, B, C. We estimate the
proportion 1, by, the sample proportion p, and its
standard error S,, based on the number of trees
a;belonging to class A and on the total number of
trees m,on individual sample plots i = 1, 2... . This
is a typical cluster sampling with unequal numbers
of individuals because the number of trees m, will
always vary, even if the area of the sample plots is
constant. Thus, the proportion p, and its standard
error S , has to be determined using the model
“Ratio of Means”:

ai
i=1
by =, (12)
m,
1
i=1
Zal2+p ) m?-2p, Zalm
S,0= 12 = = (13)
n(n—1)m?

It can be proved, that in this case the estimate de-
rived from binomial distribution cannot be used

(14)
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Spu=q| (15)

as this is applicable only to one-tree sampling
(sampling of individual trees over the whole area).
Although this method gives a good estimate of p,,
the calculated standard error is incorrect, having a
much lower value. Likewise, the approach based on
the proportions p, ,, assigned to each sample plot
individually is not applicable

n
ZPA(»
_ i=1

AlD)
pA(l) - mi = pA - n
S0 = (16)

This method could be used only if the total number
of trees m, in the sample plots were the same in all
sample plots. The discrepancy in the results obtained
from these three methods is documented in the fol-
lowing example. The results document the propor-
tion of spruce trees in quality class A calculated from
the Slovak NFIM database:

Ratio Binomial Method ad
of means distribution (16)
Py = 0.1235 0.1235 0.1411
SpA = +0.0162 + 0.0056 +0.0158

The presented considerations demonstrate that
the data processing of the Slovak NFIM 2005-2006
varies with regard to the model characteristics and
features of the evaluated variable.

CONCLUSION

The presented article gives information on the
basic characteristics of the Slovak NFIM, which was
first executed in years 2005—2006 as a pilot project
and its implementation at the same time. We also
present some methodological approaches to the field
data collection and biometrical models prepared for
data processing and generalisation of the results.
The NFIM methodology makes use of the existing
international experience and knowledge from our
own research at a maximum rate. It is characterised
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by a high variation in the selection of the design of
sample plots, in the assessment of variables, and in
their biometric evaluation. The aim was to optimise
the methods in such a way that they may best suit the
features of the detected variables, applied sampling
design, and economical requirements.
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Abstract This paper presents a method for complex
evaluation and quantification of tree-layer species
diversity in forest ecosystems—model BIODIVERSS.
The model was constructed for the assessment of species
diversity on a small-scale (forest-stand) level, but may be
applied with advantage to regional and large-scale
inventories. The probability of correct classification of
species diversity degree is relatively high; e.g. with a
sampling intensity of only 1.5%, the correctness of the
classification by the model is already 90%. Model
BIODIVERSS is a simple and practical tool. It can be
used directly during fieldwork, since for its application
only a pocket calculator is needed.

Keywords Biodiversity - Tree species diversity - Forest
inventory - Model - Discriminant analysis

Introduction

In 1992 the United Nations Conference on Environment
and Development was held in Rio de Janeiro, where,
in addition to other documents, the Convention on
Biological Diversity was ratified. The government of the
Slovak Republic, recognising the importance of pre-
serving biological diversity, agreed with and joined the
Convention in May 1993. On 1 April 1997, the
“National Strategy for Biodiversity Protection in
Slovakia” was approved by the Slovak government in
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response to the regulations listed in Article 6 of the
Convention. The strategy became a fundamental pro-
gramming act for the implementation of the Convention
on Biological Diversity in the Slovak Republic, and
within the specified time horizons, it is being developed
and realised according to the action plans that were
approved by the government of the Slovak Republic
(Straka and Guziova 1998).

The term “‘biological diversity” is still not uniformly
defined. In the Convention on Biological Diversity
(Article 2), this term refers to ‘“‘the variability among
living organisms from all sources including inter alia,
terrestrial, marine and other aquatic ecosystems and the
ecological complexes of which they are part”. The term
biological diversity as it is described in the Convention
thus covers not only the diversity within a species and
between species, but also the diversity of ecosystems
(Sibl et al. 1996). The trilogy of the standard compo-
nents included in the definition, i.e. diversity at the ge-
netic, species and ecosystem levels, became a
conventional definition of biodiversity.

As the above-stated biodiversity definition implies,
species diversity represents one of several important
biodiversity components. Its evaluation in a forest eco-
system is mainly focused on higher plants. A great
number of different methods can be used for the evalu-
ation of species diversity (e.g. see Ludwig and Reynolds
1988; Krebs 1989). All of the proposed methods are
usually based on at least one of the following three
characteristics (Bruciamacchie et al. 1995):

1. Species abundance—the oldest and the most simple
understanding of species diversity expressed as a
number of species in an ecosystem

2. Species evenness—a measure of the equality in spe-
cies composition in a community

3. Species heterogeneity—a characteristic encompassing
both species abundance and evenness

The most popular methods for measurement and
quantification of species diversity are certainly species
diversity indices. During their historical development,
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the indices have been split into three categories: indices
of species abundance, species evenness and species het-
erogeneity (Ludwig and Reynolds 1988; Krebs 1989).
The indices of each group explain only one of the above-
mentioned components of species diversity. In order to
evaluate and quantify the species diversity in a complex
way, we considered it necessary to develop a method
encompassing all the individual parts. The model BIO-
DIVERSS presented in this work is a proposal of such a
method.

Methods

Data used in this study come from permanent inventory
plots (PIPs) established in 1977 with the aim of exam-
ining the representativeness of forest inventory sample
plots (Smelko 1979). The PIPs are located in forest
stands with the structure typical of the forests of the
Forest School Enterprise of the Technical University
Zvolen. The areas of the PIPs range from 3-7 ha. All
trees on each PIP are numbered, and their position
within the forest stand is described by the x, y coordi-
nates in a rectangular system. For every tree the fol-
lowing basic  biometrical characteristics  were
determined: tree species, diameter at breast height, tree
height and volume.

For the purposes of this work, eight permanent
inventory plots were used. Each permanent inventory
plot represents a specific stand structure. Together they
cover the whole range of species composition from very
diverse stands (PIP 8 and 1) to pure homogenous stands
(PIP 3). Since none of the real PIPs could have been
characterised as a stand with a very high species diver-
sity, abundance and evenness, such a plot was artificially
simulated using the growth simulator SILVA 2.2 (Pret-
zsch et al. 1998). The modelled PIP (plot number 8)
represents the maximum species diversity that can occur
within the context of modern forestry. The basic
descriptive statistics of the PIPs are presented in
Table 1.

Every PIP was divided into sample subplots of opti-
mum size. The optimum size was determined in an
optimisation study of the precision and costs of the
sample inventory (Smelko 1968) and is defined as an
area encompassing approximately 15-25 (on average 20)
trees. From this definition it is clear that the optimum
size of the sample inventory plot depends on the forest
stand density.

On the optimum-size subplots, forest stand variables
[basal area (BA), stand volume (V), number of trees (V)]
were determined for each tree species separately. From
these stand variables, 12 different species diversity indi-
ces were calculated for every sample plot: NO (Hill 1973),
RI1 (Margalef 1958), R2 (Menhinick 1964), A (Simpson
1949), H’ (Shannon and Weaver 1949), N1, N2 (Hill
1973), EI (Pielou 1975, 1977), E2 (Sheldon 1969), E3
(Heip 1974), E4 and E5 (Hill 1973). The use of different
variables (BA, V, N) in the calculation of indices is well

Table 1 Basic characteristics of permanent inventory plots
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Species diversity

Number of
degree®

Size of

Species composition from BA

Number of

species

BA

Age

Area

Permanent

sample plots

sample plot

(ha)

inventory plot

(m?® ha™)

(m® ha™')

(%)

(ha™)

(years)

(ha)

78

0.04

Beech 51.8, fir 21.8, hornbeam 20.6,

maple 1.6, cherry 1.4, lime 1.0,

307.8 542

27.9

90

3.12

elm 0.7, birch 0.5, oak 0.3, ash 0.2

99

0.03

Beech 45.9, oak 44.9, fir 6.7, hornbeam

710

275.6

4

31

75

2.98

2.1, maple 0.1, cherry 0.04, lime 0.02
Oak 99.6, hornbeam 0.4, spruce 0.02,
fir 0.02, beech 0.02, lime 0.02

258

0.02

208.5 950

26.2

50

5.16

206

0.03

Spruce 58.2, fir 27.0, oak 14.7,
maple 0.04, beech 0.004

41.9 554.4 766

70

6.18

324

0.02

Oak 52.4, hornbeam 39.1, lime 5.4,

254.3 920

28.4

70

6.48

beech 2.4, maple 0.4, cherry 0.1,

fir 0.1

324

0.02

209.1 803

23.5

70

6.48

Oak 52.4, hornbeam 39.8, lime 4.9,

216

0.03

beech 2.2, maple 0.5, fir 0.1, cherry 0.1

Oak 50.5, hornbeam 39.5, lime 6.0,

300.1 672

29.6

90

6.48

beech 3.4, maple 0.5, cherry 0.1

208

0.03

Spruce 21.6, fir 20.5, larch 18.3, beech 15.8,
pine 8.1, oak 6.7, maple 2.7, elm 2.7,

lime 2.7, ash 1.1

434.1 681

38.6

72

6.25

8b

, 2 medium, 3 high, 4 very high
Artificially simulated permanent inventory plot

4] Low

b



supported. If the number of trees NV is used for the cal-
culation, the size of the tree is neglected, whereas when
using the basal area BA, the tree size is taken into ac-
count through its diameter, or more precisely by the
square of its diameter. The variable stand volume, V,
includes, in addition to the diameter, the second main
tree characteristic, i.e. its height. Before the final calcu-
lations of the indices were performed, the stand char-
acteristics determined on the sample subplots had to be
standardised on a per hectare basis, since the subplots
differed in size.

As already mentioned, each PIP in our data set rep-
resents a specific degree of diversification. In order to
enable a simple but objective comparison of biodiversity
between the stands, a scale of diversity classification was
created. Using the data, four degrees of species diversity
were defined: low (1), medium (2), high (3) and very high
(4) species diversity. The species diversity degree of a
particular PIP was assessed from complex evaluation of
its structure with regard to:

1. The number of tree species in a stand

2. Species distribution over the forest area

3. Species composition and evennessThe final degree of
species diversity of each PIP is shown in Table 1.

Model BIODIVERSS

The fundamental method of the model BIODIVERSS is
predictive discriminant analysis (Cooley and Lohnes
1971; Huberty 1994; StatSoft 1996). Using the parame-
terisation set consisting of four permanent inventory
plots (1, 3, 5 and 8), four discriminant equations were
derived, one for each species diversity degree. These
equations are the core of the model, since they serve to
classify an evaluated forest stand into one of the four
species diversity degrees. In the proposed model BIO-
DIVERSS, five indices of species diversity were taken as
independent variables: RI, R2, A, H and EI. These
indices represent all three groups of diversity and are
defined as follows:

Rl =(S—1)/In(N) (Margalef 1985) (1)
R2 =S/v/N (Menhinick 1964) (2)
s
J=>"w? (Simpson 1949) (3)
=1
s
H' ==Y [w:In(w;)] (Shannonand Weaver 1949) 4)
i=1
El1=H'/In(S) (Pielou 1975, 1977) (5)

where S is the number of species, N; is the number of
trees per ha on a sample plot, w; is the proportion of
species i on a sample plot calculated from BA per hectar.

The indices of diversity and evenness are calculated
from the species proportion assigned from basal area per
hectare BA (Merganic¢ 2001) to account for the size of
individuals in the forest stand. The given combination of
the indices gave us the best classification results from the
variety of tested combinations.

The general formula of the discriminant model is:

Discriminant score ; = Rl -bj; + R2 - bp + A-bs + H'
“big +EL-bjs+bjs

(6)

where b;,_¢ are regression coefficients and j is the degree
of species diversity (1-4). The examined forest stand is
assigned the species diversity degree for which the cal-
culated discriminant score is maximum.

In the second step, the quality of the proposed dis-
criminant model BIODIVERSS was analysed along with
the influence of the sampling intensity on the probability
of correct classification. This part of the work was per-
formed as follows. On each PIP, i.c. also on those PIPs
that were not included in the parameterisation data set,
we performed repeated sampling while changing the
number of optimum-size sample subplots. The number
of subplots in one sampling ranged from 1-30, which
corresponds to the sampling intensity (f) of 0.31-
38.46%. The maximum possible number of repetitions
was set to 70 to ensure the independence of samples,
since the smallest PIP 1 can be divided into 78 optimum-
size subplots. The actual number of sampling repetitions
varied among the PIPs and depended on the number of
subplots per sampling and the area of the plot. Thus, in
cases where we simulated samples consisting of one
subplot, the sampling was repeated 70 times on each
PIP. However, if the sampling comprised two subplots,
the number of independent repetitions on each PIP was
different, e.g. on PIP 1 we could repeat this sampling 39
times under the constraint that the samples were inde-
pendent.

The results of this experiment are the probability
models of correct classification that describe the relation
between the sampling intensity and the proportion of
correct estimations in the particular degree of species
diversity. The probability model has the exponential
form:

) al;
Py, = [1 - e(*f/“‘ﬂ (7)
where p,, is the modelled probability of correct classi-
fication, j is the degree of species diversity, f is the
sampling intensity in percent defined as the ratio of the
sampling area to the total area of PIP, and a/ and a2 are
the regression coefficients.

For correct interpretation of the evaluation results, it
is necessary to define the reliability of the final value p,,,
i.e. to estimate the confidence interval in which the real
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probability of correct classification, ppcc, will lie with a
certain probability, since the p,, value is calculated from
samplings and can therefore be affected by the error.
This error consists of two elements: (1) an error of the
probability model of correct classification (due to its
fitting to data), SE;,;, and (2) an error, SEp,,, resulting
from the distribution theory of sampling ratios, since the
probability is in fact the ratio of correct estimations at a
particular degree of species diversity. The distribution of
sampling ratios is usually binomial and can be deter-
mined in two different ways:

1. If the sampling size n, i.e. the number of repeated
simulations with the same design, is large and the real
ratio p is within the interval (0.3, 0.7) or if
nxpx(1—p)>9, the binomial distribution of sampling
ratios, ps, can be approximated to normal distribu-
tion. The confidence interval CI is then defined as:

pv - (1= pur)

Cl — p=py*zy SEpy = pu * 252 - p

®)

The overall error of probability of correct classification,
SEpcc, 1s calculated as:

SEpcc = £/SE3, + SE%,, 9)

SE, is the error of the probability model and SEp,, is
the error resulting from the distribution theory of sam-
pling ratios.The confidence interval, in which the real
probability of correct classification Ppcc will occur with
a certain probability, will be determined as follows:

(10)

P 1s the modelled probability of correct classification
and SEpcc is the error of the probability of correct
classification.

Cl — ppcc = Pm :|:Za/2 . SEPCC

2. If the sampling size n is small, or if the real ratio p is
smaller than 0.3 or larger than 0.7, the distribution of
sampling ratios p,, is distinctly left- or right-skewed.
In such cases, the lower and upper limits of the
confidence interval for the sampling ratio p,, can be
derived after the transformation of this variable, e.g.
using the Fischer transformation. The limits deter-
mined in this way are then used for the calculation of
the range of the overall error. As has already been

stated, the overall error, SEpcc, consists of two ele-
ments, whereby each element can have a different
shape of distribution. Due to the lack of data it is not
possible to analyse this problem in detail. Thus, the
presented estimation is simplified, based on the
theory that the minimum probability is 0, and
the maximum probability is 1. If the lower limit of the
confidence interval, i.e. pp—2,2XSEpcc, is less than
zero or the upper limit exceeds 1, those values will be
forced to 0 or 1 respectively. The opposite limit of the
confidence interval is then calculated by adding or
subtracting double the overall error SEpcc, i.e.
0+ 2xSEpcc for the upper limit, or 1—-2XSEpcc for
the lower limit. This asymmetric confidence interval,
in which the real probability of correct classification,
Ppcc, will occur with a certain probability, is there-
Jore, in the case pyr+ z,sxSEpcc> 1, defined with the
following inequality:

CI — ppec = [(1 =2 242 - SEpcc) <pu<1] (11)

Results and discussion

The quantification of species diversity degree is per-
formed in two steps. First, the discriminant score is
calculated for each degree of species diversity (1-4) using
Eq. (6) from the real values or means of diversity indices
that enter the model as independent variables. In the
second step, the estimated scores are compared. The
stand of interest is assigned the degree of species diver-
sity for which the calculated discriminant score is max-
imum. The values of the regression coefficients in the
discriminant equations are presented in Table 2. Table 3
contains the results of the classification matrix for the
parameterisation data set. These results show that
88.65% of all the forest stands were assigned to the
correct species diversity degree, whereby the best clas-
sification was achieved for the outer degrees 1 and 4, for
which the correct classification exceeded 95%. For the
transition degrees 2 and 3, we obtained lower values of
correct classification (86.34 and 73.08% respectively).
In Table 4, the statistical characteristics of the model
are presented. According to the values of Fischer F
statistics and Wilks’ lambda, we can say that the pro-
posed discriminant model is statistically highly signifi-

Table 2 Regression coefficients

of the discriminant model Diversity Regression Species diversity degree
BIODIVERSS index coefficient
1 2 3 4
RI by —625.54 —599.78 —623.08 —653.02
R2 by 623.89 616.99 737.29 779.46
A bs 2,376.13 2,383.77 2,362.28 2,486.22
H by 1,208.42 1,194.35 1,196.97 1,282.84
El bs 404.01 436.94 422.71 426.60
be —1,201.47 —1,216.76 —1,205.33 —-1,352.92
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Table 3 Classification matrix of

the parameterisation set of the ~ Species diversity

Correct classification

Number of sample plots per species

model BIODIVERSS degree (%) diversity degree
1 2 3 4
1 95.74 247 11 0 0
2 86.34 25 278 18 1
3 73.08 2 15 57 1
4 95.17 0 0 10 197
Total 88.65 274 304 85 202

Table 4 Statistic characteristics of the discriminant model BIO-
DIVERSS

Number of variables: 5 Number of groups: 4

Wilks” lambda: 0.02591 LF=47405%%%

Input variables

Diversity Wilks’ lambda Partial 2F

index lambda

RI 0.03036 0.85 53.43%%%
R2 0.03469 0.75 105.51%**
A 0.03279 0.79 82.66%**
H 0.03852 0.67 151.66%**
El 0.03715 0.70 135.10%**

1 2
ek Fo.om(ls, 2,581):2-53, ek Fo.001(3, 935):5-45

cant (with significance < 0.001). The Wilks’ lambda can
be interpreted in the following manner: if it is close to 0,
the model is appropriate, if, on the other hand, the value
is around 1, the model is not suitable. The partial
lambda given in the third column of Table 4 provides us
with the information about the contribution of each
independent variable to the discrimination of the
dependent variable. These values confirm that all indices

Fig. 1 Graphical interpretation
of the classification of species

implemented in the model are statistically significant, i.e.
they all contribute to the discrimination of species
diversity degree. The indices H’, El and R2 have the
largest impact (Table 4).

The values of Wilks’ lambda given in the second
column of Table 4 represent another possibility for
examining the individual contributions of indices in the
classification. These values show the changes of Wilks’
lambda after omitting a particular index from the model.
For example, if the index H’ is omitted, the value of
Wilks’ lambda is increased from 0.02591 to 0.03852, i.e.
the classification will be worsened.

In order to explain the classification graphically, the
canonical analysis was applied to the data set. Figure 1
shows the position of the groups of sample plots with the
same species diversity index and their approximate
borders. From this figure it is obvious that the outer
categories of species diversity degrees have the highest
probability of correct classification because their overlap
with the neighbouring classes is the smallest. In addition,
the great variance of the points assigned to one species
diversity degree (Fig. 1) demonstrates that the model
was derived from quite heterogeneous data. These re-
sults suggest that the usage of the model is not restricted
to spatially homogeneous objects.

Root 1 vs. Root 2

diversity degrees using
canonical analysis +

Root 2

*  Degree of species diversity 1
+  Degree of species diversity 2
*  Degree of species diversity 3

Degree of species diversity 4

@ (Centroid T
....... | PR | PR Pa— PR
2 3 4 5 6 7 8 9




Table 5 encompasses the mathematic-statistical classification were calculated, one for the species diver-
characteristics of the models derived for the estimation sity degrees 1 and 4 with better classification (Fig. 2) and
of the probability of correct classification by the model the other for the degrees 2 and 3 (Fig. 3). The degrees
BIODIVERSS. Two probability models of correct were combined due to the lack of data. For a simple and

Table 5 Mathematic-statistical description of the models used for the estimation of probability of correct classification of species diversity
degree

Diversity Regression coefficients Sum of squared Correlation 100xR? n Standard
degree differences coefficient (R) error (SEy,)
al a2
1 and 4 0.376655 0.100957 0.001069348 0.84695 71.732 20 0.007
2 and 3 7.198133 0.063952 0.384644015 0.60593 36.716 60 0.080
Fig. 2 Probability model of : frerefreeenfrere} freer e frreeferered frepreeed frreneer} frree
correct classification for species —_ 1.00 ¢ |
diversity degrees 1 and 4 with =
95% confidence interval Q; 0.95 lo =
c , . . .
L 090+, Degree of species diversity 1 and 4+
T '
S 085 -
w 1
& 0.80 B
g 080,
O 1
5 075 5
3 | 0.69
S 0.70 ¥
O
s 0.65 1
> ; o Data ]
= 0.60 + T
2 — Model
8 055+ 95 % confidence interval for modelled py,
@ 050 e R I frasafusie {—— i — frsofund
O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Selection intensity of optimum-size inventory subplots (f) [%]

Fig. 3 Probability model of
correct classification for species
diversity degrees 2 and 3 with
95% confidence interval

Degree of species diversity 2 and 3

Probability of correct classification (py,)

060 ° o  Data

0551 — Model ;
0.50 95 % confidence interval for modelled py,
0.45 -ttmet=t=i=} : -

0 2 4 6 8 1012 1416 18 20 22 24 26 28 30 32 34 36 38

Selection intensity of optimum-size inventory subplots (f) [%]
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Table 6 Characteristics of the forest stand no. 12 (3.2 ha)

Sampling intensity: 3.75%

Number of sample plots: 4

Optimum size of the sample plot: 0.03 ha

Diversity indices

characteris-

Stand

tics

Sum

Tree species/species composition

Plot no.

Maple

Oak

Hornbeam

Beech

El

R2

RI

vV

(ha™")

(m® ha™!)

Zw;

XBA

(m? ha™!)

w;

BA

(m? ha™!)

w;

BA

(m? ha )

w;

BA

BA

(m® ha™")

(m? ha ")

0.31 1.27 092
029 1.30 0.93
044 094 0.86
029 1.31 094

0.15
0.16
1
0.17

8.23
2.89
0.00
3.78

0.21
0.35
0.16
0.29

7.85
11.24
4.14
9.14

0.12
0.26
0.24
0.21

4.49
8.35
6.22
6.62

0.45
0.30
0.60
0.38

16.83

9.63
15.54
11.97

Arithmetic mean of 1-4

1
2
3
4

033 121 091

0.15

practical applicability of the models, the confidence
intervals of the average modelled values were also as-
sessed. These intervals define the range within which the
real probability value should occur with the probability
of 95%.

An example of the determination of species diversity
degree using the model BIODIVERSS at the stand level

In the following, we present an example of how the
model BIODIVERSS can be used for the assessment of
species diversity within a single forest stand. For this
purpose, a fictitious forest stand (no. 12) was used.

In this forest stand, the inventory of production and
biodiversity characteristics was performed. During the
inventory, four sample plots were established within
the stand. Using their basic characteristics shown in
Table 6, the degree of species diversity for the forest
stand no. 12 can be assessed by the discriminant model
BIODIVERSS. First, the diversity indices RI-EI were
calculated. Next, the discriminant scores were deter-
mined from Eq. (6) with the regression coefficients listed
in Table 2.

The values of the calculated discriminant scores are
given in Table 7. The highest discriminant score was
1,253.6 for the third degree of species diversity. Thus,
according to the calculations, the forest stand no. 12
belongs to the third degree of species diversity. The
correctness of this classification was checked by the 95%
confidence interval of the probability of correct classi-
fication calculated from Egs. (10) or (11). From Fig. 4
we obtained the average probability of correct classifi-
cation. In our example, for the sampling intensity
f=3.75%, the average probability of correct classifica-
tion is py,=0.944, i.e. 94.4% with the 95% confidence
interval from 64-100%.

Conclusion

This paper proposes a new method for the complex
evaluation and quantification of species diversity in
forest ecosystems. In contrast to species diversity indices
that describe only one of the biodiversity components,
i.e. either species abundance, evenness or heterogeneity,
the suggested model BIODIVERSS estimates the species
diversity degree of a stand using five diversity indices
(RI, R2, 2, H and EI) and thus integrates all the partial
biodiversity components. The method is based on the
assumption that if high species diversity is observed in a
small area within the forest stand, we can presume that
the species diversity of the whole examined forest stand
will also be high. The probability of correct classification
of the species diversity degree using the model BIO-
DIVERSS is relatively high. With only 1.5% sampling
intensity, the success of classification already reaches
approximately 90%.
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Table 7 Calculation of discriminant scores [see Eq. (6)] for forest stand no. 12 and all species diversity degrees. Forest stand no. 12 is
categorised under diversity degree 3, because the highest score was achieved for that degree

Diversity b, RI b, R2 b3 y by H bs El be Discriminant
degree score
1 —625.54 043 +623.89 0.15 +2376.13 033 +1,208.42 +404.61 091 —1,201.47 1,240.44
2 -599.78 0.43 +61699 0.15 +2383.77 033 +1,194.35 +436.94 091 —1,216.76 1,250.30
3 —623.08 043 +737.29 0.15 +2,362.28 033 +1,196.97 +422.71 091 —1,205.33 1,253.16
4 —653.02 043 +779.46 0.15 +2,486.22 0.33 +1,282.84 +426.60 091 —1,352.92 1,247.36
Fig. 4 Probability of correct frerrren} frrrrren} frermrerfrererree frrrreen} s
classification of the species —_ 1.00 + _ 5
diversity degree 3 with 95% = Pm= 0.944 B(_,_,/—‘
confidence interval indicated by 2 0.95 + 3
the dark gr
ark grey area E 0.90 3
g 0851 (0.64:1.00) -
= = (L.o4]1.
2 080 Ppcc E
3
© 0.75+ +
©
© 0.70 E
S
o 0.65 s
ks
> 0.60 + T
Z 055+ T
4]
o]
8 050+ f=3.75% ¥
O 0.45 ey . e " I
0 1 2 3 4 5 6 7 8 9 10

Selection intensity of optimum-size inventory subplots (f) [%]

Although the suggested model was constructed using
data from only four stands, it has a wide valence, since it
is, in fact, based on 865 optimum-size sample plots. The
utilisation of optimum-size sample plots for the species
diversity assessment of the tree layer eliminates the well-
known problem arising from the strong dependency of
species diversity on the size of the evaluated object, be-
cause here the particular diversity quantifier always
represents a group comprising a similar number
(approximately 20) of trees. Therefore, the correct
application of the model BIODIVERSS requires the
utilisation of optimum-size sample plots.

The presented model is a simple and practical tool
that is easy to use. It can be used immediately during
fieldwork because its application requires only a pocket
calculator. Therefore, the implementation of the model
into practice within enumeration surveys should cause
no problems.

The model BIODIVERSS was designed for the
determination of biological species diversity of the tree
layer on a forest-stand scale. Nevertheless, the method
can also be applied to regional or large-scale inventories
if we assume that species diversity index determined on a
sample plot represents a certain part of the evaluated
area.

Moreover, the model can be considered as a meth-
odological proposal for a model applicable to the whole
of Europe. To derive such a European model, it would
be necessary to gather data from a large number of
forest stands throughout Europe representing all degrees
of species diversity and all growing stages. Of course, in
this case a uniform species diversity quantification sys-
tem should be applied throughout all of Europe. Such a
model would be advantageous for a consistent evalua-
tion of tree species diversity based on unambiguous
quantitative characteristics, i.e. diversity indices, which
would be valuable for the implementation of the Con-
vention on Biological Diversity.
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éEBEN, V., MEragni¢, J., Bo§gra, M.: Species richness of vegetation in Slovak forests
determined by National forest inventory and monitoring in Slovakia. Lesn. Cas.—Forestry
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The paper analyses the results of National Forest Inventory and Monitoring of
Slovak Republic (NFIM SR) from the point of species richness of vegetation, which
is considered to be an important element of biclogical diversity. Analysed data come
from 1,419 inventory plots distributed over the whole area of Slovakia in 4x4 km
square grid. Species richness and total number of species were assessed separately
for forests located on forest and non-forest land, in individual aititudinal zones, and in
integrated growth stages. The work presents the results with 95% confidence interval
of the occurrence probability of species number in the groups of trees with diameter
above 7 cm, shrubs, plants, and mosses. The results revealed valuable information about
species richness of Slovak forests.

Key words: species richness, National Forest Inventory and Monitoring in Slovakia,
frequency analysis, vegetation

Prispevok analyzuje vysiedky Narodnej inventariz4cie a monitoringu lesov (NIML)
Slovenskej republiky z hfadiska bobhatosti rastlinnych druhov ako vyznamnej zlozky
biologickej diverzity. Empiricky materidi pre analyzy pochddza z 1 419 inventarizaCnych
pléch (IP) rozmiestenych po celom vzemi Slovenska v pravidelnej steti 4x4 km.
Druhova bohatost sa zhodnotila pre lesy na lesnych a nelesnych pozemkoch, lesnych
vegetaénych stupiioch a integrovanych rastovych stuptioch. V triediacich kategériich
sa stanovil aj celkovy po¢et druhov. Vysledky sa uvadzaji vratane 95 % intervalov
spolahlivosti pravdepodobnosti v{skytu poctu druhov pre stromy s hrtibkou nad 7 cm,
krov, bylin a machov. Vysledky poukazujd na pomerne hodnotné zistenia druhovej
bohatosti slovenskych lesov. _

KPiadové slova: drihovd bohatost, ndrodnd inventarizdcia a monitoring lesov SR,
[frekvencnd analyza, vegetdcia
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1. Uvod a problematika
Biologicka diverzita je prirodzend vlastnost lesnych ekosystémov. Termin je defi-
novany ako ,,réznorodost” vietkych Zivych organizmov vratane ich suchozemskych,
morskych a ostatnych vodnych ekosystémov a ekologickych komplexov, ktorych su
sacasfou (Dohovor o biologickej diverzite). Oznacuje teda nielen ré6znorodosf v rdmci
druhov a medzi drehmi, ale aj rozmanitost (diverzitu) ekosystémov (SIBL et al. 1996
ex MEerGani¢ 2001). Hodnotenie diverzity lesného ekosystému sa v prevaZnej miere
zameriava na vyS§ie rastliny. Existuje velké mnoZstvo spOsobov, ktorymi je mozné
diverzitu hodnotit, ale v podstate kaZdy z nich je zaloZeny minimdlne na jednom
z troch nasledujiicich znakov (BrRuciaMaccHIE 1996):
1. druhovi bohatost (najstarSie a najjednoduchsie ponatie diverzity vyjadrenej iba na
zaklade poctu druhov);
2. druhova vyrovnanost (miera rovhomernosti zastiipenia jednotlivych druhov v spo-
loCenstve);
3. druhovd heterogenita (charakteristika zahfiiajiica druhova bohatosf a vyrovnanost
v jednom).
Ciefom prispevku je analyzovaf druhovi bohatost vegeticie (stromy s hribkou nad
7 cm, kry, byliny a machy) v ramci r6znych kategoérii pozemkov, lesnych vegetaénych
stupfiov a integrovanych rastovych stupiiov.

2. Material a metodika

Hodnotenie poétu druhov sa vykonalo z databazy ddajov NIML SR. Zber Gdajov sa uskutoénil
v rokoch 2005 — 2006, pri vyberovej reprezentativnej metdéde s komplexnym zistovanim informdcii
o lesoch (SMELKO ef al. 2006). V ramci NIML bola zaloZeni sief trvalych inventarizadngch pléch (IP)
v spone 4x4 km na celom dzemi SR. Celkovy pocet IP bol 3 (71 a z toho na 1 419 IP sa nachddzal les.
Na uvedenych IP bolo vykonané komplexné zisfovanie.

Druhovii bohatosf stromov s hriibkou nad 7 cm je moZné z databdzy NIML SR analyzovat dvojakym
spdsobom. Prvy spdsob je posudzovanie poctu druhov drevin na pribliZne rovnakom poéte jedincov na-
chadzajicich sa najbliZie k stredu IP, ktory bol v raimct NIML SR na podklade doterajSich vedeckych
poznatkov stanoveny na 20 jedincov — stromov (MERGANIC 2001, MERGANIC et al. 2004). Druhy sp6sob
je posudzovanie druhovej bohatosti na rovnakej plosnej vymere. V predkladanom prispevku analyzuje-
me druhovii bohatost stromov zistovanii prvym spdsobom. Hodnotenie druhovej bohatosti krov, bylin
a trdv, a machov je zaloZené na podklade redukovanych fytocenologickych zapisov (zisfovala sa len
pritomnost druhu a dominancia pri diferencialnych druhoch). Plocha, na ktorej sa fytozdpis robil, mala
vymeru 500 m? a iba v pripadoch, Ze IP padla na rozhranie nelesného a lesného pozemku, mala mensiu
vymeru (7,9 % pripadov).

Analyza druhovej bohatosti vegetécie sa vykonala v nadviiznosti na zékladné vystupy z NIML osobitne
pre nasledovné kategérie: kategdria pozemku, kde rozliSujeme les na lesnych pozemkoch a les na neles-
nych pozemkoch, 8 lesnych vegetadnych stupriov (lvs) a 6 integrovanych rastovych stupriov (1 —holina,
nalet, ndrast, kultira, 2 — Mladina, Zzidkovina, Zrdovina, tenkd kmertiovina, 3 — Stredn4, hrub4 a vePmi
hrub4 kmeiiovina, 4 — ZmieSany rastovy stupei (RS} niZsi, 5 — ZmieSany RS vyE§i a 6 — Obnovované
porasty). Pre kaZdy triediaci znak sa stanovil celkovy pocet druhov.

Polty druhov na jednotlivych IP boli zatriedené do tried druhovej bohatosti, kde pre stromy s hribkou
nad 7 ¢m, kry a machy rozliSujeme 6 tried (0, 1, 2-3, 4-5, 6-7 a 8 a viac druhov) a pre byliny 6 tried so
§irim intervalom t. j. 0, 1-10, 11-20, 21-30, 31-40 a 41 a viac druhov.
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Analyza didajov je zaloZena na frekvenCnej analyze. Pre kaZdi hodnotu relativneho podielu triedy
druhovej bohatosti je kvantifikovana jej vyberova chyba a stanoveny 95 % interval spofahlivosti, v kto-
rom by sa mala nachddzat skuto&n4d hodnota pravdepodobnosti vyskytu konkrétneho poctu druhov. 95 %
interval spofahlivosti je vypocitany zovieobecnenim teérie o normélnom a Studentovom rozdeleni, pri
ktorej sa ako kritickd hodnota rozdelenia pouZila hodnota 1,96. Pri asymetrickom intervale (hodnoty
spodného intervalu klesli pod O a hodnoty horného intervalu prekrotili 1) sa aplikoval postup MERGANIE
— SMELKO 2004. Pouzili sa nasledovné vzfahy:

n. .
Doviesa = triedy [1]
: i a'(l - ie )
SEP_:rx’eda = Prie Priei 2]
n-1
95%IS = Pyiess = 1,96 . SE, ... [3]

DPuis.  — Podiel, frekvencia triedy druhovej bohatosti,

Ri. — DOCet IP v jednotlivych triedach druhovej bohatosti v ramci kategortie,
n — celkovy pocet IP v kategérii,

SE,, ieas — Strednd chyba podielu triedy druhovej bohatosti.

Pred vlastnou frekven¢nou analyzou sa vzhfadom na nerovnakd vymeru IP pri hodnoteni druhovej
bohatosti krov, bylin a machov analyzoval vztah medzi poctom druhov a veTkosfou zostavajicej Casti 1P.
Vztah medzi poétom druhov a vymerou plochy, na ktorej bol zisfovany je teoreticky znamy a ovplyviiuje
interpretdciu vysledkov (MErGanic 2001, Krizova 1995). Pomocou regresnej analyzy a zikladného loga-
ritmického modelu (f{x) = a+& . In(x)) sa Statisticky posudzovala tesnosf uvedeného vztahu. V pripade,
¥e tesnost tohto vzfahu bola Statisticky signifikantnd (t-test, SMELKO 1998), bol podet druhov na IP s v§-
merou mensou ako 500 m? upraveny podfa modelu. Uvedend analyza sa vykonala pre vietky analyzované
veli¢iny a vietky kombinécie s triediacimi znakmi. Z hodnotenych veli¢in sa Statisticky signifikantny
vzfah medzi po¢tom druhov a vymerou zistil len pri druhovej bohatosti machov v kategorii pozemku
les na nelesnych pozemkoch (R = 0,19, t-test = 2,8, v 5. Ivs (R = 0,13, t-test = 2,2) a integrovanom
rastovom stupni - Mladina, Zfdkovina, Zrdovina, tenk4 kmefiovina (R,,= 0,16, t-test = 3,4). V ostatnych
pripadoch i8lo o nesignifikantny vzfah.

3. Vysledky
Uvadzaji sa podiely jednotlivych tried poctu druhov podfa zvolenych kategornii.

A) Druhovd bohatost stromov, krov, bylin, trdv a machov na lesnych a nelesnych
pozemkoch

Al) Stromy

Pri druhoch stromov hodnotenych na kon§tantnom poéte 20 kusov na IP dominuje
triedas 2 az 3 druhmi (obr. 1). V lesoch na lesnych pozemkoch je jej podiel nad 50 %,
pri nelesnych pozemkoch mierne, ale Statisticky signifikantne nizsi. Nasleduje trieda so
4-5 druhmi, pri¢om sa tu naopak zaznamenal signifikantne vy$8i podiel na nelesnych
pozemkoch ako na lesnych (31 % oproti 22 %). V dalsich triedach uz nie si medzi
lesnymi a nelesnymi pozemkami osobitné rozdiely. Len jeden druh dreviny sa zachytil

na menej ako 20 % IP, trieda so 6 aZ 7 druhmi zaberd podiel od 5 do 10 % a viac ako
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8 druhov netvori vy33i podiel ako 1 %. Ziadne druhy sa nezaznamenali na holinach,
resp. mladSich rastovych stuptioch, ktoré tvoria menej ako 1%-ny podiel. Celkovo
sa potvrdila druhova rozmanitost a bohatost drevin v lesoch. Spolu sa zaznamenalo
55 druhov stromov, z toho na lesnych pozemkoch 54 a na nelesnych 44. Informécie
o sihrnom pocte druhov su vSak len informativne, nedovoluji porovnanie, pretoZe
vymera lesov na nelesnych pozemkoch je takmer 7-ndsobne menSia.

A2) Kry

Triedenie podrla kategérie pozemku pri kroch ukdzalo vyrazné rozdiely v pocte
druhov. V lesoch na nelesnych pozemkoch s pribliZne rovnakymi hodnotami dominuju
triedy s 2-3 a 4-5 druhmi (obr. 1), spolu zaberaju asi 2/3 vSetkych IP. S odstupom
nasleduje trieda s jednym druhom (okolo 15 %), porovnateIny podiel zabera trieda bez
vyskytu krov a s vyskytom 6—7 druhov krov. NajniZ$i podiel (4 %) sa zistil pri druhovo

Stromy Kry
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Obr. 1 95 %-ny interval spolahlivosti podielu tried druhovych pocetnosti a ich porovnanie
podra kategérii pozemkov
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najbohat3ej triede s 8 a viac druhmi krov. Kry tvoria prirodzen sicast Struktiry lesov
na nelesnych pozemkoch a uplattiujd sa nielen ako ochranné zloZka sukcesnych vy-
vojovych §tadii pri kli¢eni a odrastani stromovitych drevin, ale zotrvavaji aj v dal§ich
vyvojovych stadisch.

V lesoch na lesnych pozemkoch je naopak najzastipenej$ia trieda bez krov (takmer
30 %), nasledujii s mierne niZz§im podielom 2-3 druhy a 1 druh (viac ako 20 %). Od
triedy so 4 a viac druhmi ich podiel vyrazne klesi aZ po asi 2% s 8 a viac druhmi
krov. Okrem odstrafiovania krov hospoddrskymi opatreniami od obnovy cez vychovu
porastov ma na nizke zastdpenie krov vplyv aj vertikdlna vystavba a spravidla husty
zapoj kortin stromov zamedzujici optimélny vyvoj krov.

Priemerny pocet krov na IP na lesnych pozemkoch bol 2, na nelesnych takmer 4.
Celkovo sa zaznamenalo na lesnych pozemkoch 50 druhov krov, na nelesnych 30.

A3) Byliny a trdvy

Porovnanie druhovej pocetnosti bylin medzi lesmi na lesnych a nelesnych pozem-
koch neprinieslo vyrazné rozdiely. Najvadsi podiel zabera trieda s 11 az 20 druhmi,
pri lesoch na lesnych pozemkoch okolo 40 %, pri nelesnych sa blizi k 45 %. Mierne
vyS$§i podiel mé trieda 1-10 druhov na lesnych ako na nelesnych pozemkoch. Triedy
31-40 druhov tvoria podiel okolo 10%, nad 40 druhov menej ako 5 %. Priemerny
pocet druhov bol na lesnjch pozemkoch takmer 16, na nelesnych 18. Podiel pléch bez
vegeticie dosahuje menej ako 1 %, na nelesnych pozemkoch sa takéto pripady vébec
nenasli. Spolu sa zaznamenalo 449 druhov bylin a 935 druhov trav, z toho na lesnych
pozemkoch 426 druhov bylin a 90 druhov trdv, na nelesnych pozemkoch 327 druhov

bylin a 64 druhov trav.

A4) Machy

Pocetnost druhov machov je spomedzi ostatnej vegetacie vyrazne najniZsia.
Zrejmy je rozdiel medzi lesnymi a nelesnymi pozemkami, nelesné si o Cosi bohat-
$ie (podiel triedy 2-3 druhov je okolo 40 % oproti asi 26 % a naopak podiel triedy
bez vyskytu machov je okolo 15 % voci asi 26 % na lesnych pozemkoch. Spolu sa
na lesnych pozemkoch zaevidovalo 38 druhov machov a na nelesnych pozemkoch
24 druhov.

B) Druhovd bohatost krov v lesnych vegetaénych stuprioch a integrovanych
rastovych stuprioch

Porovnanim pocetnosti druhov krov podfa lesnych vegetacénych stupiiov (obr. 2)
sme zachytili vyrazné rozdiely medzi 1. aZ 6. a 7. a 8. lvs. V poslednych dvoch lvs
dominuje trieda bez vyskytu krov, nasleduje trieda s vyskytom 1 druhu. Triedy s viac
ako 4 druhmi sa v tychto lvs vdbec nevyskytli. Vo vietkych niZsich lvs prevaZuje trie-
da s 2-3 druhmi krov. Po nej nasleduje v prvom a druhom lvs pocetnej$ia trieda 4-5
druhov, kym v trefom aZ Siestom lvs je to trieda s 1 druhom. Trieda bez vyskytu krov
viak zaberd tieZ vyrazny, 10 aZ 30 % podiel. Trieda nad 8 druhov krov bez rozdiclu
lvs nezabera viac ako 5 %.
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Lesny vegetacny stupen Integrovany rastovy stupeni
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Obr. 2 95 %-ny interval spolahlivosti podielu tried druhovych po€etnosti krov a ich porovnanie
podIa lvs a integrovaného RS

ZreteIne sa tu ¢rta tendencia klesania druhovej bohatosti krov so stipajicim lvs
(na kry najbohatsi je prvy a druhy lvs, nasleduji treti, Stvrty, piaty a Siesty, najmenej
druhov krov sa zaznamenalo v siedmom a 6smom 1vs).

Pri analyze pocetnosti druhov krov podTa integrovanych rastovych stupiiov (obr.
2) zistujeme, Ze najnizSie pocty pocetnosti druhov krov sa nachadzaju v mladych
jednoetaZovych porastoch (holina, ndlet, nérast), pri ktorych najviacsi podiel zabera
trieda bez vyskytu krov. So zvySujucim sa rastovym stupfiom pozorujeme stipajici
trend poctu druhov (maximum je dosiahnuté v zmieSanom RS vyS$Som). Pomerne
velkid druhovu bohatosf zaznamendvame aj v zmieSanom RS niZ§om a v obnovova-
nych porastoch.

C) Druhova bohatost bylin a trdv v lesnych vegetacnych stuprioch a integrova-
nych rastovych stuprioch

Pri vegetacnej stupnovitosti a pocetnosti bylinnych a travovitych druhov sa tiez
prejavili zreteIné trendy (obr. 3). Druhovo najchudobnejsi je 8., 7. a 1. lvs (takmer
polovicu vyskytu v nich tvori trieda 1-10 druhov a druhi polovicu kategéria 11-20
druhov). Trieda 1-10 druhov s rasticim lvs vykazuje klesanie podielu a naopak
viditeI'ne narastaja triedy s 21-30 druhmi, 31-40 druhmi a mierne aj 40 a viac
druhmi. Tento trend kondi pri 6. lvs a zvySné dva lvs maji podobni, resp. chudob-
nejSiu druhovi Struktdru bylin ako 1. lvs. Na druhy najbohatSie su teda Siesty, piaty
a Stvrty lvs.

Spolu sa najmenej druhov zachytilo v 8. lvs (48 bylin + 4 travy), v 7. Ivs (73 bylin
+ 6 trav) a 1. lvs (194 bylin a 25 trav). Ostatné lvs st pomerne vyrovnané s celkovy-
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Lesny vegetacny stupeii Integrovany rastovy stuperi
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Obr. 3 95 %-ny interval spolahlivosti podielu tried druhovych pocetnosti bylin a ich porovnanie
podra lvs a integrovaného RS

mi poCtami bylin od 215 do 298 druhov a trdv od 19 po 36 druhov (pri porovndvani
sumarnych udajov je potrebné vziaf v dvahu, Ze nie s viazané na rovnaki plo$ni
vymeru).

Z hladiska vyvoja (integrovaného rastového stupiia) porastu sa v celku nepreja-
vili rozdiely (obr. 3). Najzastipenejsia trieda 11-20 druhov dosahuje asi 40 % podiel
bez ohladu na rastovy stupeii (rozdielna je len diZka intervalu spdsobend mensim &i
va¢sim poctom pripadov). Mierne vysSiu bohatost bylinnych druhov pozorujeme pri
nizSom zmieSanom RS a mladych porastoch (holina, nélet, ndrast, kultira), triedy
21-30, 3140 a 40 a viac). Naopak, mierne niZ§ia bohatost sa zistila pri mladinach,
ztdkovinidch a tenkych kmefiovindch (vysoky podiel triedy 1-10), ale okrem tejto
kategorie rozdiel nie je Statisticky signifikantny.

Najvyssi poCet druhov sme zaznamenali v 2. agregovanom rastovom stupni (mla-
dina aZ tenkd kmefiovina) s 380 druhmi bylin a 84 druhmi trdv, najmenej v prvom
agregovanom rastovom stupni (holina, nélet, nérast, kultira) s 219 druhmi bylin a 51
druhmi trav.

D) Druhovad bohatost machov v lesnych vegetacnych stuprioch a integrovanych
rastovych stuprioch

Pri vegetaCnej stupniovitosti moZno poukdzat na postupny stipajici trend v po-
Cetnosti druhov machov so stipajicou nadmorskou vySkou (obr. 4). V niZSich lvs
prevazuju triedy s 0, resp. len jednym druhom machu, kym v siedmom a 6smom
st to naopak bohatSie triedy so 4-5, resp. 2-3 druhmi. V strednych polohach okolo
treticho az Stvrtého lvs je podiel vyrovnanejsi, s miernym maximom v triede 2-3
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Lesny vegetacny stuperi Integrovany rastovy stupei
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Obr. 4 95 %-ny interval spolahlivosti podielu tried druhovych pocetnosti machov a ich porov-
nanie podla lvs a integrovaného RS

druhov. Z obrazku 4 je zrejma vysSia pocetnost druhov machov so stiipajiicim lesnym
vegetacnym stupfiom s maximom v smrekovom lvs.

V rdmci porovnania poc¢etnosti druhov machov podla rastového stupna porastu
sa vyraznejSie rozdiely neukdzali (obr. 4). NajzastipenejSia trieda vSeobecne je 1 druh
machu, v ndletoch, ndrastoch a kultirach mierne vy3si podiel dosiahla trieda s 2-3
druhmi. Po nich nasleduje opif vyrovnane pri vietkych rastovych stupiioch podiel bez
vyskytu machov. Pri po¢te 4-5 druhov sa Statisticky vyznamne liSia Zrdoviny s malym
podielom od hrubsich kmenovin.

4. Zaver

Vysledky inventarizacie potvrdili druhovii rozmanitost a bohatost nasich lesov.
Na druhy najbohatsia skupina vegeticie, tradvy a byliny, dosiahla priemerny pocet 16
druhov na jednu IP (500 m?). Pri tejto skupine sa prejavil stipajici trend druhovej
bohatosti vzhladom na lvs s maximom v 6. lvs. Naopak pri rastovom stupni ani kate-
gorii pozemku sme nezistili vyrazné spojitosti k poctu druhov.
pozemkoch.

Analyza druhovej bohatosti krov priniesla obdobné vysledky ako pri stromoch t. j.
zistili sme vyraznejSie vy$§iu druhovi bohatosf na nelesnych pozemkoch.

Druhovo najchudobnejSou skupinou st machy, pri ktorych sa mierne prejavil
vy$§i pocet druhov na nelesnych pozemkoch ako na lesnych. So stipajicim lesnym
vegetaénym stupiiov sa zaznamenal zrejmy trend rastu po¢tu druhov machov. Pocet
druhov machov v r6znych integrovanych RS nepreukézal vicSie spojitosti.
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Priemerne sa na jednu IP (500 m?) vyskytlo 3,8 druhov stromov, 2,4 druhov krov,
2,7 druhov trdv a 14 druhov bylin a 1,5 druhu machov alebo liSajnikov.

Druhova bohatost je ddleZitou zloZkou biodiverzity a vysledky analyz poukazuji
na jej priaznivé hodnoty v lesoch Slovenska.
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Abstract The shape of the diameter distribution is one of
the important elements characterising forest stand
structure. In this work we present the application of the
method of moments for the estimation of the parameters
of a 2-parameter Weibull function. Due to its properties,
this function is often used for the description of the
diameter distribution in forestry. The work analyses the
properties of the Weibull function and its application to
a data set representing natural (virgin forest Babia hora)
and managed forests (Litschau and Forest School
Enterprise of Technical University Zvolen). The
parameters of the Weibull function are simply and reli-
ably estimated from the basic stand variables, namely
the mean diameter and the coefficient of variation of the
diameters. The method is general and does not require
specific parameterisation, e.g. for the individual tree
species. The work also presents a new algorithm for the
estimation of parameters in cases, where tree diameters
are measured from a certain minimum recording limit.
Based on this study, we suggest using the Weibull
function in forest stands only for uni-modal diameter
distribution with a mean diameter above 7 cm.
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Introduction

Forest growth and yield models, such as Silva (Pretzsch
1992), Moses (Hasenauer 1994), Prognaus (Sterba et al.
1995) or Bwin (Nagel 1995), are becoming more and
more important as they may form the core of decision
support systems. They provide the user with forecasts of
forest stand developments that may facilitate manage-
ment decisions. These individual tree growth models
need tree lists as input data, i.e. a list of the trees in a
stand or a sample plot with at least the diameter at
breast height, dbh, given. The distance dependent sim-
ulators Silva and Moses additionally need the spatial co-
ordinates of the trees.

Very frequently, tree lists are not available, but rather
some general description of the stand including its site
index, density and mean diameter. In such cases, tree list
needs to be generated from these measures. Such gen-
erators have been developed e.g. by Pretzsch (1993),
Pommerening (2000) and several others. The value of
these generators depends much on how reliably they can
reproduce the dbh-distribution of differently structured
stands. Commonly a certain kind of mathematical fre-
quency distribution of breast height diameters is hy-
pothesised, and the reliability of the generator depends
on (1) how exactly this mathematical distribution fits the
real dbh-distribution, (2) how accurate its parameters
can be estimated, and (3) how accurately the frequency
of trees within a given diameter interval can be predicted
on the basis of summary stand characteristics. Within a
stand other tree parameters, such as tree height, tree
volume, tree assortment value etc. (Bailey and Dell 1973)
and even the spatial distribution, are well correlated with
dbh; therefore, an accurate generation of diameter dis-
tribution is crucial.

Many attempts have been made to describe diameter
distributions mathematically: de Liocourt (1898) pro-
posed a reversed J-shaped model for uneven-aged
stands, which has been widely used in forestry (Meyer
1952, Leak 1965). For even-aged stands Schiffel (1904)
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proposed to use the Fekete-distribution, which depicts
the dbh as a third degree polynomial of the cumulative
frequency. Other distributions that have been success-
fully applied to the description of the dbh-distribution
are, e.g., the Gram—Charlier series, the Pearl-Reed
growth curve, Pearson’s curve, the gamma-, beta- and
log-normal distributions (Bailey and Dell 1973).

The Weibull function has become very popular for
describing diameter distributions (Nagel and Biging
1995; Biging et al. 1994; Gerold 1988; Shiver 1988;
Zutter et al. 1986; Shifley and Lentz 1985; Gadow 1984;
Little 1983; Bailey and Dell 1973) because of its flexi-
bility and ability to fit various distributions from the
reversed J-shaped, through left-skewed and symmetrical
distributions up to right-skewed distributions (Nagel
and Biging 1995; Bailey and Dell 1973). That is also the
reason why the Weibull function has earlier frequently
been used to generate diameter distributions in forest
growth simulators, e.g. Cactos (Wensel et al. 1986),
Twigs (Miner et al. 1988), Silva (Pretzsch 1992), and
Bwin (Nagel 1995).

In these applications, the parameters of the Weibull
distribution are usually derived from stand characteristics
using regression analysis. This technique can, however,
cause bias in parameter estimates. Therefore, in this paper
we present a more accurate, analytical method of
parameter estimation. We will thus describe the estima-
tion of the Weibull parameters using the method of mo-
ments, and, based on data collected in virgin and managed
forests, show the suitability of this estimation method. In
addition, we will consider the specific cases, where the
measurement of diameters does not start from zero, but
from a pre-defined recording limit (minimum diameter).

Data
Virgin forest Babia Hora

Babia Hora, with an elevation up to 1,725 m above sea
level, is an isolated mountain massif belonging to the
outer Western Carpathian mountain range lying in the
northern part of Slovakia at the border to Poland. In
1926, a 118 ha national nature reserve was established to
preserve the original forest ecosystems situated far from
human settlements. In 1974, the reserve was enlarged
and currently it covers an area of 504 ha (Korpel’ 1989),
where according to the Nature Protection Act no forest
management is performed. The reserve encompasses the
forest stands of Babia hora at an elevation from 1,100 m
above sea level composed almost entirely of Norway
spruce (Picea abies L. Karst.) with a small admixture of
silver fir (Abies alba Mill.) and rowan (Sorbus aucuparia
L.). The significance of these forest ecosystems was
confirmed by a study of the genetic structure of spruce,
which revealed that the spruce population of Babia hora
can be regarded as a gene pool of the original popula-
tions of Norway spruce of the Western Carpathians
(GOomory 1988).

In the region of the Babia Hora national nature re-
serve, 57 permanent circular sample plots were estab-
lished in 2002 (MerganiC et al. 2003), each with an area
of 0.05 ha (i.e. radius = 12.62 m). The plots are located
at an elevation from 1,100 m above sea level to the
timber line (approximately 1,500 m). They are equally
distributed to four pre-defined elevation categories (be-
low 1,260, 1,260-1,360, 1,360-1,460 m and above
1,460 m above sea level) and three development stages
of virgin forests: stage of growth, maturity and break-
down as defined by Korpel’ (1989). On each sample plot,
every tree with a diameter at breast height above 7 cm
was measured. Trees higher than 1.3 m but with dbh <
7 cm were measured on the second concentric circle. Its
radius was estimated directly in the field according to
Smelko (1968), who defined the optimum plot size as one
that contains 15 to 25 trees. However, the size of this
second concentric plot never exceeded the area of the
first circle, i.e. its maximum radius was 12.62 m.

Managed forests in Litschau

In 1977, 22 permanent plots were established in mixed
Norway spruce (P. abies L. Karst.)—Scots pine (Pinus
sylvestris L.) stands in Seilern-Aspang’s Forest enter-
prise, in the Austrian part of the Bohemian Massif. The
elevation of these stands varies between 400 and 600 m.
The predominant soil type is a podsol, sometimes with
pseudogley dynamics. The management of this enter-
prise is presently shifting from a clear-cutting system
towards a continuous-cover system with single-tree
selection harvests. The plots were established and mea-
sured in 5-year intervals in order to parameterise the first
distance dependent forest growth simulator for mixed-
species stands (Sterba 1982). The stand age ranged from
15 to 110 years, and their dominant height from 5 to
31 m. The proportion of Norway spruce (by basal area)
ranged from 27 to 100%. The plot size was between 200
and 1,600 m? depending on the dominant height at the
time of establishment. Most of the plots were heavily
damaged by snow breakage in the winter 1979/80.
Thinning was performed in 1983, releasing individual
trees that belonged to crown class “dominant’ and ““co-
dominant”, using Johann’s (1982) way to define the
neighbours being removed. All the older plots now
comprise at least one additional layer of regeneration.
At each of the remeasurements of the plots, individual
tree co-ordinates, tree species, breast height diameter,
tree height and height to the crown base were measured
for every tree exceeding a height of 1.3 m; thus there was
no diameter recording limit.

Managed forests of the Technical University Zvolen
The third set of data used in this study originates from

the permanent inventory plots (PIP) established in 1977
with the aim of examining the representativity of forest
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inventory sample plots (Smelko 1979). The PIP plots are
located in forest stands with a structure typical for the
forests of the Forest School Enterprise (FSE) of the
Technical University Zvolen. This enterprise has a total
area of 8,044 ha, out of which 7,744 ha are covered by
forests. Within the forested area, 32% is identified as
management forest, 7% as protection forest, and the rest
as the forests for special purposes (e.g. for recreation,
research, hunting). All the PIP plots are situated in the
forest stands that are subjected to forest management
according to the approved forest management plans, i.e.
management operations on these plots are not influenced
by research activities. The area of the PIP plots ranges
from 3 to 7 ha. For the purpose of this work, 9 permanent
inventory plots were used, each of them representing a
specific stand structure. Together they cover the whole
range of species composition from very diverse stands
(PIP 8 and 1) to pure homogenous stands (PIP 3).

All trees on each PIP were numbered and their po-
sition within the plot is described by their co-ordinates.
For every tree, besides tree species, the following basic
biometrical characteristics were determined: diameter at
breast height (dbh), tree height, and tree volume. Min-
imum recording dbh was 2.0 cm (PIP No. 5), 7.0 cm
(PIP No. 1, 3, 4 and 7), and 8.0 c¢cm in stands No. 2, 6, 8
and 9.

Methods
Weibull function

The Weibull distribution is named after G.W. Weibull,
who in 1939 developed a statistical theory of the strength
of materials based on the probability distribution pro-
posed by Fischer and Tippett in 1928. The name Weibull
distribution was first used by Mann (1967, 1968 cif.
Bailey and Dell 1973). The complete three-parameter
probability density function (pdf) is defined as follows:

— o el .
f(x) _c. (x a)c e () (1)
b

where: f(x) is density of trees with the size x (0 < x), ais
a location parameter, b is a scale parameter, and c is a
shape (slope) parameter.

The shape parameter ¢ is a dimensionless number. If
¢ < 1, the function has a reversed J shape. In the case
when ¢ = 1, the function becomes the exponential dis-
tribution. For I < ¢ < 3.6, the Weibull density
function is mound shaped and left-skewed, whereby
when ¢ equals 2, the curve results in the Rayleigh-dis-
tribution, which is a special case of the y>-distribution. If
the ¢ parameter reaches the value 3.6, the coefficient of
skewness of the pdf function approaches 0 meaning that
the shape of the Weibull function approximates the
shape of the normal distribution. For ¢ > 3.6 the dis-
tribution is right-skewed.

The scale parameter b has the same dimension as the
variable x, i.e. in the case of the dbh-distribution as the
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breast height diameter. Its value determines the location
of the peak of the pdf curve. Thus, if ¢ is constant an
increase in this parameter stretches out the pdf curve and
decreases its height. However, the parameter b does not
influence the overall shape or behaviour of the distri-
bution.

The location parameter o indicates the minimum
value of x and thus, the position of the distribution
along the x-axis. The value of o does not affect the shape
of the pdf function. In diameter distribution functions,
this parameter is equal to the minimum tree diameter,
re. if & = 0, the minimum diameter is 0 cm and the
distribution starts at x = 0.

Applying the condition & = 0 to Eq. 1 we obtain the
two-parameter Weibull probability density function,
which will be used subsequently. It is given by:

) = % (g)m e )

Consequently, the cumulative distribution function
(cdf) is defined as follows:

(2)

Fx)=1—e ®) (3)

Setting x = b leads to the cumulative probability
corresponding to the scale parameter b, F(b)~ 0.63.
Thus, the parameter b can be interpreted as the 63rd
percentile of the diameter distribution, i.e. about 63% of
trees have the diameter smaller than 4 (Bailey and Dell
1973).

The inverse function of the Weibull-cdf is given by:

(4)

This function is used for generating a tree diameter,
whereby F(x) is replaced by a random number from a
uniform distribution on the interval (0;1).

In forestry, inventory data are frequently incomplete,
i.e. they usually do not include observations below a
certain minimum diameter. In such cases we talk about
the truncated or censored data on the left end. For these
cases, an extra parameter (7)) needs to be included in the
Weibull-function and hence, Eqgs. 2, 3, and 4 look as
follows (Nagel and Biging 1995):

1
c

x=b-[-In(1-F(x))]

=€ () e )
Fr(x)=1- ROFSION o

1
¢

P [(g)c—ln(l—FT(x))] (7)

Estimation of Weibull parameters using the method
of moments

Analytical methods for estimating the parameters of the
Weibull distribution include the least square and maxi-
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mum likelihood methods, or the estimation from par-
ticular percentiles, or—only scarcely—from the mo-
ments (Al-Fawzan 2000).

In forestry applications, which use the Weibull
function for the description of diameter (or other) dis-
tributions, most authors estimate the parameters using
the maximum likelihood (Zutter et al. 1986; Gadow
1984; Little 1983; Bailey and Dell 1973) or percentile
methods (Gerold 1988). The method of moments is used
infrequently and often only when the intention is to
compare the applicability of selected analytical methods
for the estimation of Weibull-parameters (Kangas and
Maltamo 2000; Maltamo et al. 2000; Shiver 1988;
Nanang 1998; Ueno and Osawa 1987; Zarnoch and Dell
1985; Shifley and Lentz 1985). Few examples which deal
with the algorithm used to calculate the Weibull
parameters by the method of moments can be found in
Burk and Newberry (1984) and Ek et al. (1975).

The method of moments is, due to its simplicity and
accuracy of parameter estimation, described as the best
method by several authors, e.g. Al-Fawzan (2000),
Nanang (1998), Ueno and Osawa (1987), Shifley and
Lentz (1985). Moreover, this method is convenient as the

M) — 4.

CV_QM), can be calculated from the moments using the
following equations:

AM = M(1) (10)
QM = /M(2) (11)
SD_AM = /M(2) — (M(1))? (12)
SD.QM = \/M(2) = 2. /M(2) - M(1) + M(2)  (13)
CV_AM = SaﬁM -1000rCV_QM = S%SIM =100
(14)

Using the same mathematical principles we derived
the moment equations for the other two statistical
characteristics, skewness and kurtosis:

M(3) - M(1) - M(2) +2 - (M(1))*

(Vv - <M<1>>2)3

Skewness =

(15)

M(1)-M3)+6- (M(1))* - M(2) =3 (M(1))*

Kurtosis =

(16)

TR <M<1>>2)4

parameter calculation can be done on the basis of the
mean and variance of the dataset. Thus, the needed
moments can be estimated from the samples in an
unbiased way, whereas the estimation of maximum dbh,
which is in some cases used for the estimation of the
Weibull parameters (Nagel and Biging 1995), is
increasingly biased with decreasing sample size.

The basic moment equation of the complete two-
parameter Weibull function is (Weisstein 2003):

(®)

with: r being the order of the moment M, b and ¢ are the
parameters of the Weibull function, and I' () is the
Gamma function.

The moment equation of the left-truncated function
is given by:

/xr~ 0
T

As given in Weisstein (2003), the statistical charac-
teristics of the function, i.e. arithmetic and quadratic
mean (AM, QM), standard deviation of arithmetic and
quadratic mean (SD_AM, SD_QM), and coefficient of
variation of arithmetic and quadratic mean (CV_AM,

M(r):br~l“(1+£)

M(r) = if 0<x.) =

7x’ Sr(x)dx (9)

Complete Weibull function

Substituting SD_AM and AM, or SD_QM and QM in
Eq. 14 for Egs. 10 and 11 or 12 and 13, respectively, and
the respective moments for Eq. 8 shows, that the coef-
ficient of variation depends only on the parameter c:

[ /T (<2) — [ (ctl)]?
CVAM = \/F(Jg (il;(C)] -100 or
L 2or(e) — 2. fr(e) (e
CV_QM_\/ &) ETE 100 (17)
r(3)

The relationship between the parameter ¢ and the
coefficient of variation is depicted in Fig. la.

Similarly, simplifying Eqs. 15 and (16) reveals that
skewness and kurtosis of the Weibull function are also
independent of the parameter b.

By solving Eq. 17 iteratively for ¢ until the observed
coefficient of variation is achieved, the Weibull param-
eter ¢ can be found. Once c¢ is estimated, the parameter b
can be calculated by rearranging the moment Eq. 8 with
r = 1 in the case when AM is used, and r = 2 if QM is
applied:
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variation CV_QM of the complete Weibull function (a), and
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the parameter c¢(b)
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Figure 1b shows, how b depends on ¢ and quadratic
mean.

Truncated Weibull function

When data are truncated, it is incorrect to use the
complete Weibull function for their description (Zutter
et al. 1986). Instead, it is required to use the truncated
form of the Weibull function (Eq. 5). The estimation of
the parameters of the truncated function is, however,
more complicated than for the complete function, as the
values of coefficient of variation, skewness and kurtosis
depend also on the values of the parameter b. An
example of the relation between the parameter b and the
coefficient of variation CV_QM is given in Fig. 2.

The algorithm for the estimation of the parameters of
the truncated Weibull function consists of the following
steps:

1. Determine the point of truncation 7. In many cases,
T is not equal to the lowest measured diameter, but
the diameter, from which the measurements were
performed. This value should be given either in the
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manual for the field measurements or in the lists from
the field measurements.

2. Calculate the mean and the coefficient of variation
from the measured data.

3. Estimate the initial value of the parameter ¢ using
Eq. 17.

4. Estimate the initial value of the parameter b using
Eq. 18.

5. Iteratively change b and ¢ until we obtain the mod-
elled mean and the coefficient of variance calculated
using the moment Eq. 9 that approximate the ob-
served mean and coefficient of variation most
(Fig. 3). The change of the parameters b and c, i.e.
the iteration steps, can be set by a user with respect to
his demands on the accuracy of the estimation. In this
study the steps were set to 0.1 and 0.01 for the
parameters b and c, respectively. These values were
proved sufficient for practical use.

Although the algorithm for the parameter estimation
of the truncated function seems to be rather cumber-
some, it is very useful because (1) most forestry data are
truncated, and (2) if the estimated values of the
parameters ¢ and b for the truncated Weibull distribu-
tion are used in the complete function, the distribution

10 — b=15,T=5
9 - b=15, T=10
8 — b=80, T=5
b=80, T=10
o 7
5]
g 6
£ s
& 4
3
2
1
0

0 10 20 30 40 50 60 70 80 90 100
Coefficient of variation (CV _QM) [%]

Fig. 2 Influence of the parameter b and the minimum recording
limit 7 on the relationship between the parameter ¢ and the
coeflicient of variation CV_QM for the truncated Weibull function

! CV_QM(ce,b) [14] = CV_QM_raal—=1°

c=c- step

Fig. 3 Iteration process for estimating the parameters of truncated
Weibull function by the method of moments from quadratic mean
and its coeflicient of variance (Step 5 in the algorithm presented in
Truncated Weibull function). The iteration steps, i.e. the change of
the parameters b and ¢, were set to 0.1 and 0.01, respectively
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of the unmeasured data, i.e. the data below the point of
truncation, can be estimated.

Evaluation of Weibull function to describe the diameter
distributions of forest stands

The above-stated methodology was applied to observed
data in order to test the appropriateness of the Weibull
function for the description of diameter distributions.
The necessary statistical characteristics, i.e. quadratic
mean QM and coefficient of variation CV_QM, were
calculated from the tree diameters observed on each
plot. These observed statistical characteristics were used
to estimate the parameters ¢ and b from Eqs. 17 and 18,
respectively. The calculated parameters of the Weibull
function were applied to Egs. 2 or 5 to obtain the
modelled distribution curve. To enable visual compari-
son of the observed distribution and the Weibull pdf, the
observed breast height diameters were divided into
diameter classes.

Afterwards, the maximum difference between the
cumulated frequencies of the observed and modelled
Weibull cdf was tested by the Kolmogorov—Smirnov
test at two significance levels 0.05 and 0.01. The
modelled Weibull cdf was calculated from Eqgs. 3 or 6.
To complete the analysis, minimum and maximum
diameters were calculated from the modelled inverse
Weibull cdf, whereby the probability F(x) or Fx) of
these values was estimated from the sampling size, i.e.
from the number of trees in each specific case. More-
over, the algorithm for estimating the parameters of
the Weibull function in the case of the truncated data
(Fig. 3) was tested on the data from the managed
forests in Litschau.

Results
Virgin forest Babia Hora

The analysis was performed on 12 variants of diameter
distributions, which were derived by the aggregation of
the data from the sample plots situated in the same
elevation category and development stage. As shown in
Table 1, the modelled quadratic mean QM and coeffi-
cient of variation CV_QM are identical with the statis-
tics calculated from the observed data. According to
Kolmogorov—Smirnov tests, only 3 distributions out of
the 12 analysed variants differed significantly from the
modelled Weibull distributions. Two of these belong to
the development stage of breakdown, which is charac-
terised by a bimodal distribution. The Weibull function
is not able to simulate this kind of distribution. How-
ever, this disadvantage could be eliminated when the
bimodal distribution is divided into two unimodal dis-
tributions representing certain layers of the forest stand,
and for each part the parameters of Weibull function
may be estimated using the method of moments.
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Fig. 4 Kolmogorov—Smirnov test of the consistence of the
observed diameter distribution with the modelled Weibull distri-
bution for the best (a) and the worst (b) fit of Weibull function,
where the dashed line represents the critical value of Kolmogorov-
Smirnov test at the 5%, and dashed and dotted line represent the
critical value at the 1% level

Comparing the observed minimum and maximum
diameters with values calculated from the Weibull
function shows that the Weibull function is able to
represent the tails of the observed diameter distribution
well (Table 1). The differences between the observed and
modelled diameters are of course higher in the cases,
when the curve of the Weibull function deviates more
from the observed diameter distribution. The results of
the frequency analysis for the cases, when the values of
Kolmogorov-Smirnov test were the lowest and the
highest are shown in Fig. 4a, b, respectively.

Managed forests Litschau

On the data from Litschau, we analysed if the Weibull
function is appropriate to describe diameter distribu-
tions of management forests. In this case, an analysed
variant was represented by an observed diameter dis-
tribution of a particular tree species on a certain per-
manent inventory plot in a particular year.

The number of Norway spruce trees was sufficient on
all 23 plots during all remeasurements. Therefore, all 115
diameter distributions could be evaluated for this spe-
cies. The number of trees per variant varied between 27
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and 1,093, whereby in 30.4% of the distributions the
number was less than 50. The difference between the
observed distribution and the distribution modelled with
the Weibull function was found to be statistically sig-
nificant at the 1% level in 21 variants, i.e. in 18.2% cases
from the total 115 analysed variants (Table 2). Out of
the significant cases, 12 variants, i.e. more than half,
could be characterised as bimodal distributions sug-
gesting that in these forests Norway spruce occurred in
more than one layer.

The extent of the dataset for this tree species allowed
us to perform also other analyses, which could explain
the significant differences between the observed and
modelled diameter distributions. In the first analysis, we
tested the differences in mean diameter between the three
artificial groups defined according to the results of
Kolmogorov—Smirnov test: insignificant result, signifi-
cant at the 5% level, and significant at the 1% level.
Note that statistically significant variants with evident
bimodal diameter distribution were excluded from this
analysis.

This analysis revealed that the mean diameter of the
forest stand strongly influences the shape of the diameter
distribution. Young forest stands, characterised by a
small quadratic mean diameter QM cannot be described
by the Weibull function properly. According to our re-
sult, the Weibull function is with 99% probability not
suitable for the description of diameter distributions of
the forest stands with quadratic mean diameters below
6—7 cm.

Nevertheless, the interpretation of this result must be
done with caution. The result of the test is influenced by
the size of the dataset, in our case by the number of
trees, from which the frequency analysis was performed.
Therefore, although statistically significant differences
between the observed and modelled distributions were
detected mostly in the forest stands with a small mean
diameter, these stands are composed of a larger number
of trees which on one side decreases the error, but on the
other hand causes that small differences become signifi-
cant.

The results of this analysis fit well with the time trend
in the development of the sample plots, since statistically

significant differences between the observed and the
modelled diameter distributions usually occurred at the
beginning of the experiment (young forests or old forests
stands with a high proportion of upper layer), or at the
end of the experiment, when due to the applied singletree
harvesting management vertical stand structure starts to
differentiate.

Similarly, we analysed the differences between the
three groups with regard to the coefficient of variation of
diameters. We found that statistically significant differ-
ences between the observed and modelled diameter dis-
tributions can be detected if the observed variability of
tree diameters in a stand is high, typically above 50%.

The analysed plots consisted of more tree species.
However, due to the small number of trees of a partic-
ular species on a plot it was not possible to analyse all
possible variants. Therefore, we selected only those
variants, which included more than 30 individuals of
each species. Thus, we obtained 30 variants representing
Scots pine, common beech (Fagus sylvatica L.) and other
broadleaves. Just as for Norway spruce, the estimation
of the Weibull function using the method of moments
was in most cases successful. Only four modelled
diameter distributions were significantly (at the 1% le-
vel) different from the observed distributions (Table 2),
whereby all significant variants are characterised by bi-
modal distribution.

The algorithm for the estimation of the parameters of
the Weibull function for the truncated data (Truncated
Weibull function) was applied to 93 diameter distribu-
tions with QM above 10 cm and to a minimum number
of trees 30 individuals. The goal of this analysis was to
document that the proposed method of the parameters
estimation is correct. From the truncated data only the
parameters of the truncated Weibull function should be
estimated. The obtained values should coincide with the
parameters of the complete Weibull function estimated
from the complete data. If, however, truncated data are
used to estimate the parameters of the complete Weibull
function, the estimated values of the parameters contain
a systematic error causing a significant bias in the
function statistics. Its magnitude depends on the value of
T, the data integrity below T, and the distance between

Table 2 Results of

Kolmogorov—Smirnov test Tree species Significance level Total
ikﬁz;t\/él&e;ﬁgnﬁ?&;tl‘egle Not significant Significant at 5% Significant at 1%
diameter distribution separately Number of diameter distributions/relative proportion from the
for Norway spruce, Scots pine, total number per species (%)
common beech and other
broadleaved species Norway spruce 86 8 21 115
74.78 6.96 18.26
Scots pine 19 2 2 23
82.61 8.70 8.70
Common beech 3 0 0 3
100.00 0.00 0.00
Other broadleaves 1 0 2 3
33.33 0.00 66.67
Total 109 10 25 144
75.69 6.94 17.37 100
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QM and 7. In younger and middle old forest stands the
bias can reach 1.5 to 3 cm, in the cases where diameters
were measured from the border characterising com-
mercial timber.

Hence, within this analysis we tested the coincidence
of the estimated parameters of the truncated and the
complete Weibull function. For this aim, the minimum
recording limit 7" was set to 7 cm meaning that from
each distribution trees with diameters below 7 cm were
excluded. In the next step, the algorithmus for the esti-
mation of the parameters of the truncated Weibull
function was applied to these truncated data. The results
of the analysis were strongly influenced by the original
shape of the distribution function, i.e. if the observed
complete distribution was significantly different from the
complete modelled Weibull function, the values of the
parameters estimated for the truncated Weibull function
were also significantly different from the complete
modelled Weibull function. This happened mainly for
bimodal distributions, which were observed in 22 cases
out of the total 93 distributions. After excluding these
cases we found that from the remaining 71 distributions
in 59 cases (83%), the estimated parameters of the
truncated Weibull function deviated only slightly from
their original values calculated from the complete data.
In these cases, the differences of the parameters b and ¢
between the complete and the truncated functions
caused changes of QM and CV_QM of less than 0.5 cm
and 5%, respectively. In the remaining cases the trun-
cation of the data caused a more significant change to
the shape of the distribution or to the bias in the esti-
mation due to the small number of trees that charac-
terised the diameter distribution.

In the following, we examined how the minimum
recording limit 7 influences the value of quadratic mean
QM. The analysis was performed for three 7 values: 3, 5,
and 7, with 71 distributions, out of which 63 represented
Norway spruce and 8 Scots pine. The influence of the T
value on the average difference was examined with the
analysis of variance for the following variants, while the
null hypothesis was that the average difference between
the modelled and the real value of QM is equal to 0 if:

1. The difference is calculated from the data within the
interval T — oo,

2. The difference between the modelled and the real
value of QM is calculated from the data within the
interval 0 — 7. Here, we analysed two cases dis-
tinguished on the basis of the information about the
occurrence of trees below diameter 7' (which is of
Boolean value, 0—they do not occur, 1—they occur):

(a) First, we analysed all the distributions regardless of
the information about the occurrence of trees below
diameter T3

(b) Second, the observed distributions with no trees
below diameter 7 were excluded, i.e. only filled
distributions were analysed (those where the Bool-
ean value was equal to 1).
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3. The difference between the modelled and the real
value of QM is calculated from the data within the
interval 0 — oo, in the cases (a) and (b) as defined
earlier.

In all three cases, the modelled QM was determined
from the parameters of the truncated Weibull function
for the particular interval using Eq. (11).

The results of the first tested variant revealed that T
values do not have a significant influence on the values of
QM. Positive values of average differences indicate that
the model gives systematically higher QM than the ob-
served QM. However, the absolute value of the difference
is very small (below 0.035), which in forestry applications
is negligible. This bias can be eliminated by decreasing the
convergence factor in the algorithm (Truncated Weibull
function). Tree species seems to have an effect on the
value of average difference, too, while the bias of light
demanding species (Scots pine) was only two-third of the
bias of shade bearers (Norway spruce). However, this
result is related to the distance between 7'and QM. As the
truncation limit 7" approaches the value of QM, esti-
mating the parameters of the Weibull function becomes
more difficult and a smaller step of convergence factor is
required. In the analysed data, Scots pine has higher QM
values, i.e. its diameter distributions are moved to the
right, whereas Norway spruce represents thinner stands,
where the bias is greater.

The analysis of the variant 2(a) revealed that T value
has a significant effect on the values of modelled QM
within the interval 0 — T, and that the average dif-
ferences are positively biased. Similarly to the first var-
iant, the tree species was found to influence model bias
significantly. While for Norway spruce the bias magni-
tude was approximately 2 cm regardless of the T value,
the average differences of Scots pine were close to the
values of the truncation limit 7, and increased with
increasing 7. This is caused by higher QM values for the
whole data range (i.e. 0 — oo) and by the absence of
trees with diameter below 7.

However, if only filled diameter distributions within
the interval 0 — T were analysed, i.e. the cases where
the observed QM was greater than 0 (variant 2b), T
value did not have a significant influence on the average
difference between the observed and modelled QM. Al-
though the absolute values of average differences were
always below zero indicating that the model underesti-
mates QM, they were not significantly different from 0.
We assume that reducing the convergence factor would
result in a more accurate result.

The test of the third variant documents that the
proposed method for the estimation of the parameters of
the Weibull function for the truncated data is correct
and well-founded. The average difference between the
modelled and observed QM was in all tested cases very
close to zero. The significant average difference was
found only for Norway spruce and 7 = 7 in both
analysed cases 3(a) and 3(b) due to the small distance
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Fig. 5 Example of the estimation of six different diameter distributions for six tree species that occurred within the selected managed

forests SFE TU Zvolen

between 7 and QM and the convergence factor. How-
ever, in forestry applications such values of average
differences are negligible.

Managed forests SFE TU Zvolen

For a sample of selected forest stands (PIP) we applied
the method of moments to the truncated data. The point
of truncation was T' = 7.0 cm for forest stands No. 1, 3,
4 and 7, T = 8.0 cm in stands No. 2, 6, 8 and 9, and
T = 2.0 cm for stand No. 5. From the collected data 22
different diameter distributions were created, whereby
each variant described a single tree species. Since the
forest stands are of a larger size, the diameter distribu-
tions are based on a relatively large sample of 120 to
4,850 trees. It emerged that the differences between the
observed and modelled distributions were often signifi-
cant because of the large number of trees (8 cases out of
22 tested variants), although the Kolmogorov—Smirnov
values were low (Table 3). From the results we also note
that the differences between the observed and the mod-
elled values of Dyn and Dyax decrease with an
increasing number of trees. Figure 5 documents the
flexibility of the Weibull model for describing various
shapes of distributions on an example of six different

diameter distributions. Overall, the estimation of diam-
eter distribution using the Weibull function seems to
work well also in this case.

Discussion and conclusions

The literature review confirmed that the method of
moments is one of the most accurate methods for esti-
mating the Weibull function parameters (Al-Fawzan
2000; Nanang 1998; Ueno and Osawa 1987; Shifley and
Lentz 1985). Moreover, as it was shown in this work as
well as in Shifley and Lentz (1985), the advantage of the
method of moments is its minimal data requirement. To
create the diameter distribution it is sufficient to know
the mean tree diameter and the coefficient of variation of
the diameters. Our analyses also showed that the pre-
sented procedure yields distributions with summary
statitistics that are in agreement with the observed ones
(Tables 1, 3). Therefore, it should not happen that the
actual mean diameter that enters the model as an input
variable will differ significantly from the mean diameter
calculated from generated data. Other techniques of
parameters estimation, e.g. regression methods that are
based on the relation between the parameters of the
Weibull function and selected stand characteristics (most
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frequently mean diameter, maximum or minimum
diameter, mean height, etc.), can lead to biased esti-
mates, since the relationships of these variables mainly
with the parameter ¢ are very loose (Nagel and Biging
1995; Biging et al. 1994; Little 1983; Van Laar and
Mosandl 1989; Clutter and Belcher 1978).

In addition, using the method of moments makes it
easier to parameterise the distribution function. Taking
into account the statistical character of the observed
variables, we have to be conscious of the fact that the
real values of the mean diameter and the coefficient of
variation are only estimated, since they are calculated
from the samples. Nevertheless these estimates are al-
ways better than those of a maximum dbh. Data rep-
resenting the whole population are seldom available.
Therefore, the observed values are usually affected by
sampling error. In some cases, where the data are
somehow distorted or where the sampling estimate is not
sufficiently consistent, the Weibull function will not be-
have logically. For example, during the simulation of
diameters we can obtain illogical (very high) values. If
we use a very small probability F(x) or F{(x), that cor-
responds the simulation of 10,000,000 trees, in Eqgs. 4 or
7, the modelled maximum diameter should not exceed
the double of the observed maximum diameter. If the
result from Egs. 4 or 7 is outside the predefined range,
such value should be excluded and a new value should
be generated. However, this happens very rarely and
does not affect statistical characteristics of the function.
An advantage of this method over other estimation
techniques is that it is universal and does not require
special parameterisations, e.g. for individual tree species
(Table 3; Fig. 5). For example, Nagel and Biging (1995),
who used the regression method, estimated the param-
eters of the Weibull function for each tree species sepa-
rately. The work also presents a new algorithm for
parameters estimation in cases, where tree diameters are
measured from a certain recording limit. As Zutter et al.
(1986) pointed out, the application of the complete
Weibull distribution to describe truncated data can
cause great systematic errors in the parameters. This bias
is increasing if the value of QM is close to the pre-de-
fined recording limit.

The Weibull function is not suitable for the description
of diameter distribution in young forest stands. A similar
finding was reported by Nanang (1998), who analysed the
suitability of several different types of distributions for the
description of diameter distributions. The author found
that for the definition of the diameter distribution in
young forests a log-normal distribution is more appro-
priate. Based on our experience as well as on the results of
Nanang (1998) we suggest using the Weibull function only
when the mean diameter is greater than 7 cm.

The information obtained can be applied with great
advantage to modelling of the forest stand structure.
Among the existing individual-tree forest growth simu-
lators, the only one using the method of moments is
according to our knowledge the growth simulator
TWIGS (Miner et al. 1988) in its sub-model TREE-

GEN. This generator, however, utilises the three-
parameter Weibull function and does not allow model-
ling diameter distributions if tree diameters are mea-
sured from a certain pre-defined recording limit. From
our point of view, the two-parameter Weibull function is
more suitable than the three-parameter function because
logically the function should start from 0. This
assumption should be valid also in very old forest
stands. In such cases, although the function begins from
0, it is very improbable that during the diameter simu-
lation we get a diameter close to 0.
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Structural diversity change and regeneration processes
of the Norway spruce natural forest in Babia hora NNR
in relation to altitude
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ABSTRACT: The research was focused on exploring the dynamics and forms of regeneration processes and structural
diversity of the Norway spruce virgin forest in Babia hora NNR in relation to altitude. In each developmental stage
19 sample plots were established. The structural diversity was assessed by the indices proposed by CLARK and EVANS
(1954), FULDNER (1995) and JAEHNE and DOHRENBUSCH (1997). Concerning the spatial distribution of the trees in the
virgin forest no tendency to their clustering with the increasing altitude was found in the zones below 1,460 m. The influ-
ence of the altitude was confirmed in the zone above 1,461 m where the groups of “family spruces” are typical. Diameter
differentiation was significantly higher in the growth stage. Evaluation of this attribute in terms of the altitude detected
significant diameter differentiation at an altitude below 1,260 m in the growth stage. According to the FULDNER index
the virgin forest has generally medium differentiated diameter structure. According to the complex index by JAEHNE
and DOHRENBUSCH (1997) the differentiation of the virgin forest decreases with the ascending altitude up to 1,460 m,
where the compact forest ends. Evaluation of the seedbed revealed that 46.2% of the naturally regenerated individuals
were growing on mineral soil, 52.4% on dead wood and 1.4% on wind-thrown roots. Regarding the developmental stages
46% of the individuals were found in growth stage, 23% in optimum stage and 31% in breakdown stage.

Keywords: Norway spruce; virgin forest; structural diversity; natural regeneration

Natural Norway spruce forests in the 7 spruce ecological problems such as calamities. The quanti-
forest vegetation zone serve as a laboratory for the fication of the diversity through the mathematic for-
observation of their structure and regeneration mulas allows us to evaluate this problem objectively
processes under changing ecological conditions. and to better understand the relations of a given for-
Mountain forests in the orographic unit Babia hora estecosystem. A remarkable part of their diversity is
represent the remains of natural forests on the structural diversity, which according to some authors
flysch bedrock. A major part of the virgin forests isdefined as specific arrangement of the components
in this massif has become the object of legislative  in the system (GADOW 1999) or as their positioning
protection in the form of national nature reserve  and mutual connections (HEUPLER 1982 in LUBBERS
(NNR). According to KOrPEL (1989) the knowledge  1999). According to ZENNER (1999) the structure
of the basic structural attributes of Norway spruce can be characterized horizontally, i.e. the spatial
natural forests allows us to identify their stage with  distribution of the trees, and vertically in their height
the maximum functional efficiency. In the process differentiation. LUBBERS (1999) added the amount
of investigating these issues the structural diversity and form of dead wood to these attributes. GADow
of these forest ecosystems is of great importance. Its  and Hut (1999) defined the structure as spatial dis-
quantification and understanding can significantly  tribution, mutual position and height differentiation
contribute to the explanation of the complicated ofthe treesin a forest ecosystem. For the mathematic
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description and quantification of this issue the index
methods (indices) are mostly used. The most famous
for the description of the horizontal distribution of
trees on the area of a stand is the index by CLARK
and EvAaNs (1954), based on the relation between
the real distance to the nearest neighbour and the
expected distance in the Poisson forest, i.e. in a forest
where the spatial distribution of the trees is random
(Tompro 1986).

Concerning different approaches, there are some
indices that describe the differentiation of diameter,
height and volume, respectively (FULDNER 1995) or
complex indices describing more components of the
structural diversity (PRETZSCH 1996, 1988; JAEHNE,
DOHRENBUSCH 1997; ZENNER 1999; LAHDE et al.
1999). By their help it is possible to add another
hierarchical level of the stand diversity.

Regeneration processes in a Norway spruce natural
forest are closely connected with the developmental
stage and seedbed type. According to KORPEL
(1989), and VORCAK (2005) the amount of natural
regeneration growing on dead wood increases with
the altitude and most of it appears in the initial phase
of the growth stage.

Analyzing the regeneration processes in the Na-
tional Park Bavarian Forest REIF and PRZYBILLA
(1998) found that besides the dead wood as a seed-
bed light has an important influence on the Norway
spruce seedling density. This was already been previ-
ously by Z1erL (1972). The importance of the dead
wood as a seedbed increases with the altitude of the
Norway spruce natural forest. At the altitude above
1,400 m the dead wood represents the basic form of
the seedbed (MAI1 1999).

In Babia hora NNR JALOVIAR (2006) discovered that
the ratio between the Norway spruce seedling weight
and their root system weight is twice higher on the
dead wood than on the mineral soil. HOLEKSA (1998),
who investigated the Polish part of the orographic unit
Babia hora, found that the competition and presence of
high plants especially the fern Athyrium distentifolium
inhibited the germination process of Norway spruce
seeds and that the regeneration mostly (60%) took place
on decaying dead wood and wind-thrown roots.

The objective of the paper is to describe the struc-
tural diversity and regeneration processes on the
basis of 57 research plots with the size of 500 m? that
were established in various stages of the natural for-
est developmental cycle and at various altitudes.

STUDY AREA AND METHODS

Norway spruce natural forests of Babia hora
were declared a nature reserve with the area of
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117.6 ha in 1926, later the area was enlarged up to
503.94 ha under the name NNR Kotlina pod Ba-
biou horou. The reserve is situated in the Oravské
Beskydy Mts. in the cadastral unit Oravska Polhora
on the slopes of W-SW aspect, in the altitude range
1,100-1,725 m. The bedrock is Magura-flysch and
the most frequently represented soil types are
podzolic Cambisols, Rankers and Podzols. Average
annual temperature for the reserve is 2°C (for the
vegetation period 6°C), average annual precipitation
is 1,600 mm.

Forest communities of the reserve are character-
ized by a high level of preservation of the original
status and belong to three vegetation zones: 6" spru-
ce-beech-fir, 7" spruce, 8" dwarf pine. From the
groups of forest types Fagetum abietino piceosum
(Fap), Sorbeto-Piceetum (SP) and Mughetum (M)
are present. Among the tree species Norway spruce
dominates, scattered occur rowan and sycamore
maple and beech and Silver fir are scarce. Virgin for-
ests of Norway spruce below the upper timberline
change gradually into the dwarf pine and juniper
stand. Norway spruce has a typical narrow crown
form and its wood has very fine tree rings. The
breaks and the drying-out of crown tops are very
common. Above 1,500 m a.s.l. the crown canopy of
the spruce stands is permanently open, the crowns
reach down to the ground and the stems are con-
siderably tapering.

Quantification of the structural diversity

For the research of the structure a stratified sam-
pling performed in two levels was used. The first
stratification level was the altitude divided into
4 altitudinal categories:

A — Norway spruce virgin forest below 1,260 m
a.s.l.

B — Norwaysprucevirgin forestfrom 1,261 to 1,360 m
a.s.l.

C — Norwaysprucevirgin forestfrom1,361to 1,460 m
a.s.l.

D — Norway spruce virgin forest above 1,461 m
a.s.l.

The second level for the location of the sample
plots was the developmental stage of the virgin forest
according to KorprEL (1989).

In the first 3 altitudinal categories and in each de-
velopmental stage 5 sample plots were established.
In the last altitudinal category 4 sample plots were
established in each developmental stage. In each
developmental stage of the virgin forest 19 sample
plots were established. The size of each sample plot
stabilized by GPS was 500 m?.
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Methods of the dendrometric attribute
measurement

For the measurement the Vertex hypsometer, the
calliper and the forest compass were used. From the
sample plot centre the following dendrometric attribu-
tes were measured on the trees with dbh above 7 cm:
— tree height (m),

— height to the crown base (m),

— tree location in the grades from north (azimuth),

— distance of the tree from the sample plot centre
(m),

— diameter at breast height (mm),

— crown width with the vectors x,—x, according to

the azimuth N, E, S, W (0.1 m).

The assessment of natural regeneration

The objects of the analysis were the individuals
with the height below 130 cm, which were registered
on 10 subplots each with the size of 1 x 1 m. The sub-
plots were established on the circle with the radius
of 6.2 m from the sample plot centre and spacing
between the subplots equal to 36°. At the regenera-
tion analysis the following four seedbed types for the
assessed individuals were distinguished:

— mineral soil,

— wind-thrown roots,

— stumps (broken part of the tree) with the maxi-
mum height of 1.3 m,

— dead wood.

On the subplots 4 height categories (KORPEL
1989) of the natural regeneration individuals were
distinguished:

— individuals with the height below 30 cm,

— individuals with the height from 31 to 50 cm,
— individuals with the height from 51 to 80 cm,
— individuals with the height from 81 to 130 cm.

For the structural diversity analysis of the spruce
virgin forest we used the aggregation index accord-
ing to CLARK and Evans (1954), diameter differen-
tiation index according to FULDNER (1995) and the
complex index according to JAEHNE and DOHREN-
BUSCH (1997).

Aggregation index R (CLARK, EvaNs 1954)

The aggregation index was developed for the pur-
poses of botanic and phytocoenologic studies. In
forestry research this index was used very scarcely.
Its importance increased with biodiversity and for-
est stand diversity studies. For the first time it was
probably applied in the works of PRETZScH (1996)
and FULDNER (1995).
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The aggregation index describes the horizontal
distribution of trees using the relation of the mean
distance between the reference tree and its nearest
neighbour and the expected distance between them
at the random distribution of trees in the stand.
Mathematically it is defined as follows:

n
1 Z r.
—_— L
noi=1
Rz —— (1)
Pl
0.5 x4—
n
where: r, — distance of tree i to the nearest neighbour,
n — number of trees on the sample plot,

pl — area of the sample plot (m?).

Clark-Evans index R can theoretically range from 0
at maximum tree clustering to 2.1491 at the regular
hexagonal distribution of trees. Index value equal to
1 means that the trees are distributed on the stand
area randomly. The stands with the index value > 1
show the tendency to the regular distribution and the
index values < 1 the tendency to the clustering.

For the practical use it is not enough to know the
index value, i.e. whether the distribution is clustered,
regular or random. In the nature most variables have
a stochastic character and this index belongs to this
type of variables. Therefore, it is important to know
whether the difference between the calculated index
value and the value expected at random distribution
is significant (i.e. the level of significance). This fact
can be tested as follows:

e Fe—Tr _ Pe—Tr 2
O,r 0.26136
\ 7 x
Pl
where: r, - real distance to the nearest neighbour,
r. - expected distance to the nearest neighbour,
o, — standard error of mean for the expected dis-
tance to the nearest neighbour,
n - number of trees on the sample plot,
Pl - area of the sample plot (m?).

If the calculated t-value is higher than 1.96 with
95% probability, we can state that the trees in the
stand have a clustered or regular distribution accord-
ing to the value of index R for the given stand.

Diameter differentiation index TM
(FOLDNER 1995)

Tree differentiation is another important param-

eter of the structural diversity. It can be calculated
from various tree attributes (diameter, perimeter,
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basal area, height, volume). Diameter is a commonly
used attribute, because it is simple to measure.
FULDNER (1995) quantifies the differentiation by the
following formula:

1 n
™, = — Z 1-4d.) (3)
n v
j=1
where: n - number of trees on the sample plot,

dl.]. — the relation between thinner and thicker dbh
in the analyzed neighbour tree pair.

The index values range from 0 to 1. The stands with
small diameter differentiation have the index values
near 0, while the stands with high diameter differen-
tiation reach the index values close to 1.

For better interpretation of the index his author
suggested the 4-level scale of differentiation: small
(0.0-0.3); average (0.3—0.5); big (0.5-0.7) and very
big (0.7-1.0) differentiation. Some years later
AGUIRRE et al. (1998) suggested to divide the TM
index values into the 5-level scale in order to sim-
plify the comparison of the stands as follows: low
differentiation (0.0-0.2); medium differentiation
(0.2-0.4); obvious differentiation (0.4—0.6); strong
differentiation (0.6—0.8) and very strong differentia-
tion (0.8—1.0).

Complex stand diversity index B
(JAEHNE, DOHRENBUSCH 1997)

For the evaluation of the general differentiation
the index according to JAEHNE and DOHRENBUSCH
(1997) was used, which evaluates complex diversity
at the forest stand level. The authors created the
B-index consisting of four variables of stand struc-
tural diversity:

— Index of tree species composition (A),
— Index of vertical structure (S),

— Index of spatial distribution (V),

— Index of crown differentiation (K).

1. Index of tree species composition (A)

A=log(N)x(Z-Ma_, +Ma_,) (4)
where: N — number of tree species,

VA — control parameter, the authors suggest the
value 1.5,

Ma_ — relative proportion of the most abundant
tree species,

Ma_, — relative proportion of the least abundant tree
species.

2. Index of vertical structure (S)

YBHD.__
s=1-4 ™ (5)
Y.BHD,__

i=1 X
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number of measured trees (3 thickest
and 3 thinnest trees),

dbh of the thinnest trees (cm),

dbh of the thickest trees (cm).

where: n -

BHDmin -
BHD, -

X

3. Index of spatial distribution (V)

zn:Abmin
V= 1—l=nl— x fx st (6)

where: # — number of measured distances (3 shortest and
3 longest distances between neighbour trees),
Ab - distance between trees (m),
f - correction for the stand density (in the pole-
stage and older stands it can be omitted)
1
fv-
n n
YAb . LAb
i=1 min i-1 max
+
n n
st - factor considering coppice sprouts
st=N,,;x 01 +1
N,,, — number of coppice sprouts per 250 m?
Y - control parameter.

4. Index of crown differentiation (K)

By (B
K={1-log|— +\g{<dmax 7)

— number of selected trees (2 trees with the
smallest and 2 trees with the largest crown
diameter),

Ka_, — the smallest height to the crown base (m),

Kd_. - the smallest crown diameter (m),

Kd . — thelargest crown diameter (m).

where: n

5. Complex stand diversity index (B)

B=pxA+gxS+V+K (8)
where: A — index of tree species composition,
S - index of vertical structure,
V- index of spatial distribution,
K - index of crown differentiation,

p, q — factors of importance (p = 4, g = 3).

JAEHNE and DOHRENBUSCH (1997) also offered
the general evaluation of the stand diversity accord-
ing to the B-index value:
B=>9.0 — very heterogeneous stand structure
8.0 < B < 8.9 — heterogeneous stand structure
6.0 < B < 8.0 — uneven stand structure
4.0 < B < 6.0 — homogeneous stand structure
B<4.0 — monotonous stands.
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Fig. 1. The values of index R in individual altitudinal categories and developmental stages of the virgin forest

RESULTS
Structural diversity

The Norway spruce natural forest in Babia hora
NNR is characterized by small-scale texture and
high ecological stability. From the evaluation of its
diversity on the basis of the aggregation index ac-
cording to CLARK and Evans (1954) we can state
two substantial facts. The distances between the
neighbouring trees show a tendency to clustering
with increasing altitude regardless of the develop-
mental stage. The trees with dbh above 7 cm have
regular or random distribution at altitudes below
1,460 m, which is significantly changing to cluster
distribution at an altitude above 1,461 m. This is due
to the vegetative regeneration and the form of family
spruces which create tree clusters (Fig. 1).

If we evaluate the developmental stage of the virgin
forest regardless of the influence of the altitude, it can
be said that the trees in the growth stage have a ten-
dency to clustering (R = 0.93) and the Norway spruce
virgin forest in other stages has a random distribution
of trees (R = 1.06 and R = 1.09, respectively).

Generally we can state that in the Norway spruce
virgin forest in Babia hora NNR the altitude has no
significant impact on tree clustering except the up-
per timber line, where this tendency is confirmed by
the cluster or group distribution of family spruces
due to the vegetative regeneration. A moderate ten-
dency to tree clustering was confirmed in the growth
stage as well.

FULDNER’s index TM was used for the analysis of
the diameter differentiation of the trees in the spruce
virgin forest (Figs. 2 and 3). If we evaluate the impact of
the developmental stage of the virgin forest on the TM
index value, the highest diameter differentiation can
be found in the growth stage. The analysis of variance
confirmed that T-value in the growth stage is signifi-
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cantly higher than in the breakdown stage (p = 0.0014).
The differences of TM-index between optimum and
breakdown stage were not confirmed meaning that
their diameter differentiation is equal (Fig. 2).

The analysis of the diameter differentiation accord-
ing to altitudinal zones and developmental stages of
Norway spruce virgin forest (Fig. 3) revealed that
only the virgin forest in the altitudinal zone below
1,260 m in the growth stage can be characterized as
evidently diameter differentiated. In all other altitu-
dinal zones in this developmental stage the spruce
virgin forest is moderately differentiated (Fig. 3)
according to the scale by AGUIRRE et al. (1998).
Generally we can state that according to FULDNER’s
TM index the Norway spruce virgin forest in the
growth and optimum stage has mainly medium dif-
ferentiated diameter structure except the altitudinal
zone 1,361-1,460 m, where in the optimum stage the
virgin forest has a single-storied structure with small
diameter differentiation.

Interesting values were found by the description
of structural diversity according to index B (JAEHNE,
DOHRENBUSCH 1997). Mean value of the B-index

™

0.45
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Fig. 2. The values of index TM in individual developmental
stages of the virgin forest

403

80



™

0.40 — Growth
“* Breakdown

0.35

0.30

025

0.20

below 1,260 1,261-1,360  1,361-1,460 above 1,461
Altitudinal category (m)

0.35

0.30

0.20

™
0.40

Altitudinal category (m)

—below 1,260
ae 1,261-1,360
-=-1,361-1,460
-+ above 1,461

-

0.25

Growth Optimum Breakdown

Developmental stage of the virgin forest

Fig. 3. Average values of index TM in individual altitudinal categories and developmental stages of the virgin forest calculated

for the set of trees with dbh above 7 cm

calculated for all developmental stages and altitudes
of the spruce virgin forest reached 7.5, which ranks
the virgin forest to the category of uneven structure.
If we evaluate the average B-index with regard to
increasing altitude, it reaches its highest value in
the virgin forest in the zone below 1,260 m (B = 9.8)
indicating heterogeneous structure. The high value
of the index in the first altitudinal zone is caused by a
high admixture of rowan and by gradual exchange of
the virgin forest developmental stages on small areas.
On relatively large parts of the virgin forest the phase
of selection forest structure occurs. With increasing
altitude the index declines to the value B = 4.9 at an
altitude 1,361-1,460 m, which stands for the ho-
mogeneous stand structure. Increased values of the
index B = 7.7 in the altitudinal zone above 1,461 m
are due to the cluster or group distribution of the
virgin forest at the upper timber line (Fig. 4).

While evaluating the influence of the virgin forest
developmental stage on the diversity the highest
value of the index B = 11.8 appeared in the advanced
phase of the breakdown stage and in the initial phase
of growth stage B = 11.5 (Fig. 5). According to the

B

authors of the index this is a virgin forest with very
heterogeneous structure. The lowest values of the
index were found in the optimum stage, i.e. the
virgin forest has homogeneous to monotonous
structure.

On the basis of the complex examination it can be
said that with increasing altitude the heterogeneity
of the spruce virgin forest declines to the altitude
1,460 m, where the compact forest ends and the
virgin forest changes its structure to clusters or
groups, which causes the increase of the B-index
value.

Regeneration processes

The regeneration process dynamics depending
on the developmental stage of the virgin forest and
the altitude is characterized in Table 1. From this
table some relations are obvious. The evaluation of
the number of individuals according to the altitude
revealed lower values with the increasing altitude
practically in all developmental stages of the spruce
virgin forest (Table 1). The growth stage, which cre-

B
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Fig. 4. The values of the complex index B in individual altitudinal categories and developmental stages of the virgin forest
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Fig. 5. Average values of the complex index B in individual altitudinal categories and developmental stages of the virgin forest

ates the best ecological conditions for the survival
and growth of spruce seedlings, has the highest
numbers of individuals of this tree species. A dis-
tinctive decrease occurred between the altitudinal
zone below 1,260 m and the altitudinal zone 1,260 to
1,360 m, where the number of spruce individuals
declined from the value 28,600 ha! to 7,333 ha'l. A
notable decrease was also registered between the
altitudinal zone 1,361-1,460 m and above this limit.
The difference was caused by a strong decline of
the temperature gradient and change in the overall
ecological profile of the virgin forest. At an altitude
above 1,461 m, there is a lack of warmth as well as
lower germination capacity of spruce, which causes
its lower number and lower emergence of vegetative
regeneration, which is the leading form of stand re-
generation in this altitudinal zone.

The optimum stage permanently has the lowest
number of spruce individuals at all altitudes. This is
due to unfavourable ecological conditions, above all
to the lack of warmth, which is not able to heat up
the seedbed at the existing crown canopy and thus to
start the germination process to a larger extent. The
other reason is the smaller volume of dead wood as
the basic form of the seedbed (Table 1). Compared
with the optimum stage the breakdown stage has
a higher density of spruce regeneration in all altitudi-
nal categories because of better ecological conditions
and the presence of a higher amount of dead wood.

Generally we can state the Norway spruce virgin
forest has a relatively long time period that is appro-
priate for the generation exchange below the altitude
1,460 m. In the higher altitudinal zone the vegetative
natural regeneration prevails.

Table 1. Tree species structure of natural regeneration (trees/ha) per altitudinal category and seedbed type

Altitudinal category (m a.s.l.)

Developmental stage Tree species Total per stage
below 1,260  1,261-1,360  1,361-1,460  above 1,461
spruce 28,600 7,333 6,000 250 11,444
Growth rowan 3,000 2,667 333 0 1,778
total 31,600 10,000 6,333 250 13,222
spruce 8,400 2,600 1,400 250 3,316
Optimum rowan 8,800 800 800 250 2,789
total 17,200 3,400 2,200 500 6,105
spruce 22,000 3,200 2,000 750 7,050
Breakdown rowan 1,800 1,600 0 250 900
total 23,800 4,800 2,000 1,000 7,950
spruce 19,667 4,563 2,643 417 7,193
CT:tt;;(ieyr altitudinal rowan 4,533 1,750 357 167 1,807
total 24,200 6,313 3,000 583 9,000
J.FOR. SCL, 52,2006 (9): 399-409 405
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Table 2. Tree species structure of natural regeneration (trees/ha) per altitudinal category and seedbed type

Altitudinal category (m a.s.l.)
Seedbed type Tree species Total per
below 1,260  1,261-1,360  1,361-1,460  above 1,461 seedbed

spruce 8,000 1,625 715 0 2,737
Soil rowan 3,400 1,500 357 83 1,421

total 11,400 3,125 1,072 83 4,158

spruce 67 125 0 0 53
Wind-thrown rowan 0 250 0 0 70
roots

total 67 375 0 0 123

spruce 10,667 2,250 1,286 333 3,824
Lying dead rowan 466 0 0 83 140
wood

total 11,133 2,250 1,286 416 3,964

spruce 867 563 642 83 561
Stumps rowan 733 0 0 0 193

total 1,600 563 642 83 754

spruce 19,600 4,563 2,643 417 7,175
Total per altitudinal = . 4,600 1,750 357 166 1,825
category

total 24,200 6,313 3,000 583 9,000

For the conservation of the virgin forest and the
generation exchange the question of its seedbed is
very important (Table 2). According to the evalua-
tion of the numbers of spruce and rowan individu-
als growing on the particular seedbed, the most of
the individuals were registered on dead wood (logs
and stumps) 52.4%. On the mineral soil 4,158 ha on
average were recorded, which means 46.2%. If we
evaluate the relation between the seedbed type and
altitude, an interesting fact appears regarding the
wind-thrown roots. The higher number of regener-
ated individuals on this seedbed in the altitudinal
range 1,261-1,360 m suggests that there is a higher
amount of wind-thrown trees there. On the other
side, with the increasing altitude the proportion of

the naturally regenerated individuals of spruce on
dead wood grows. In the last altitudinal zone the
regeneration on this seedbed type represented even
86% of the individuals.

The importance of dead wood increases if we evalu-
ate the relation between the area proportion of the
seedbed type and the amount of natural regeneration
(Table 3). Although the mineral soil as a seedbed type
constitutes 94.4—97.8% of the area, the number of the
regeneration individuals on this seedbed type de-
creases with the altitude. On the other hand, the area
of the lying dead wood declined with the increasing
altitude to 2%, and 0.8% at an altitude above 1.61 m.
If we consider the seedbed types that are connected
with the tree component of the virgin forest (stumps,

Table 3. Proportion of seedbed types for regeneration in the total examined area per altitudinal category (m?/%)

Seedbed type
Altitudinal category (m a.s.l.)
soil wind-thrown roots  lying dead wood stumps
(m?) 9,433.7 0.3 527.2 38.8
Below 1,260
(%) 94.34 0.00 5.27 0.39
(m?) 9,533 0.9 437.2 28.9
1,261-1,360
(%) 95 0.01 4.37 0.29
(m?) 9,784 0 199.2 16.8
1,361-1,460
(%) 97.80 0 2 0.20
(m2) 9,914.7 0 79.5 5.8
Above 1,461
(%) 99.10 0 0.80 0.10
(m?) 9,666.2 0.6 310.7 22.5
Total
(%) 96.66 0.01 3.11 0.23
406 J. FOR. SCIL, 52,2006 (9): 399-409
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logs, wind-thrown roots), their area represented
3.34% while the proportion of the regeneration grow-
ing on them was 53% of the number of individuals.

DISCUSSION AND CONCLUSIONS

The evaluation of the structural diversity using
only one index can lead to incorrect conclusions.
If we evaluate the tree distribution of the Norway
spruce virgin forest on the basis of the aggregation
index according to CLARK and EvANs (1954), our
results confirm the findings from the Norway spruce
natural forest in Polana NNR (HOLEKSA et al. 2006).
The changes in the index values in relation to altitude
are also nearly the same in this explored object. Both
spruce virgin forests appear to have random or mod-
erately regular distribution of the trees on the area
of the virgin forest. However, this index says nothing
about the range of tree diameters and heights, or
about other dendrometric attributes.

FULDNER’s index TM pointed to the tendency of
certain diameter differentiation especially in the
spruce virgin forest below the altitude 1,260 m. This
index was not used in the analysis and evaluation of
the structural diversity of the spruce virgin forest in
Polana NNR.

The complex index according to JAEHNE and DoOH-
RENBUSCH (1997) completed the information about
the structural diversity of the Babia hora spruce virgin
forest. The values of this index confirmed the decline
of the structural diversity with the increasing altitude
up to the altitudinal zone 1,460 m. Above this limit its
values are increasing again. The heterogeneous forest
structure as one of the highest diversity levels at an
altitude below 1,260 m is caused by a high admixture
of rowan and gradual exchange of the developmental
stages on small areas (200-400 m?). Such diver-
sity was not confirmed in the spruce virgin forest in
Polana NNR (HoLEKSA et al. 2006), where the virgin
forest has a monotonous structure. The reasons for
this status are better ecological conditions, soil condi-
tions and a large-scale character of the developmental
stages in this virgin forest.

The regeneration processes of Norway spruce and
rowan in this orographic unit confirmed that rowan
as an admixture in this forest ecosystem created ap-
propriate ecological conditions for the regeneration
of Norway spruce. In all developmental stages of the
virgin forest the number of individuals of both tree
species decreases with the increasing altitude. Simi-
lar results were reported by HOLEKSA (1998) from
the Polish part of the orographic unit Babia hora and
from the orographic unit Polana as well (HOLEKSA et
al. 2006). Concerning the seedbed types the results
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confirmed that 53% of spruce seedlings emerged on
dead wood and 47% on mineral soil, while the pro-
portion of dead wood was only 3.34%. These results
correspond almost entirely with the results of Ho-
LEKSA (1998). At an altitude above 1,460 m the natu-
ral regeneration on dead wood represented 86% and
on the mineral soil only 14%. This result confirms the
data presented in the paper of MA1 (1999).
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Zmena strukturalnej diverzity a regeneracné procesy smrekového prirodného
lesa v NPR Babia hora v zavislosti od nadmorskej vysky

J. VORCAK!, J. MERGANIC?, M. SANIGA®

1Stredné odborné uciliste lesnicke, Tvrdosin, Slovenskd republika
2FORIM Sobrance, Slovenskd republika
3Lesnicka fakulta, Technickd univerzita vo Zvolene, Zvolen, Slovenskd republika

ABSTRAKT: Vyskum bol zamerany na zistenie dynamiky a formy regenera¢nych procesov a $trukturélnej diverzity
smrekového pralesa v NPR Babia hora v zavislosti od nadmorskej vysky. V jednotlivych vyvojovych stadiach bolo zalo-
zenych zhodne 19 pokusnych ploch. Pri posudzovani $trukturalnej diverzity boli pouzité rozne indexy (CLARK, EVANS
1954; FULDNER 1995; JAEHNE, DOHRENBUSCH 1997). Pokial sa tyka rozmiestnenia stromov v pralese, nepotvrdil sa
vplyv nadmorskej vysky na zhlukovatenie stromov az vo vy$skovom rozpiti nad 1 461 m, kde sa jednd o skupinové
zoskupenie rodinnych smrekov. Hrubkova diferencidcia bola $tatisticky vyznamne véacsia v $tddiu dorastania. Pri
hodnoteni tohto znaku z hladiska vplyvu nadmorskej vys$ky sa vyznamna diferencidcia potvrdila v nadmorskej vyske
pralesa do 1 260 m v $tddiu dorastania. Celkovo na zdklade Filldnerovho indexu mozno konstatovat, ze prales ma
stredne diferencovand hribkova $truktiru. Na zdklade komplexného indexu (JAEHNE, DOHRENBUSCH 1997) moZno
sudit, ze rozroznenost pralesa klesa so stipajicou nadmorskou vyskou do vysky 1 460 m, kde konci kompaktny les.
Vyhodnotenim kli¢neho 16Zka bolo zistené, ze 46,2 % jedincov obnovy sa nachddzalo na pode, 52,4 % na moderovom
dreve a 1,4 % sa vyskytovalo na kop¢ekoch po vyvratoch.

Klucové slova: smrek; prales; strukturdlna diverzita; prirodzend obnova

Vyskum bol zamerany na zistenie dynamiky vrstvenie pralesa. V jednotlivych $tadidch (stadium
a formy regenera¢nych procesov a $tukturdlnej dorastania, stadium optima a $tddium rozpadu) bolo
diverzity smrekového pralesa v NPR Babia hora, na-  zalozenych zhodne 19 pokusnych pléch. Plochy boli
chddzajuceho sa v nadmorskej vyske od 1 190 m do  stabilizované systémom GPS.
1 482 m. Analyza sa vykonala v 4 vyskovych rozpa- Pre posudzovanie a vyhodnotenie strukturdlnej di-
tiachdo 1260 m,1261-1360 m,1361-1460 manad verzity boli pouzité rozne indexy (CLARK, EVvANS 1954;
1460 m n. m. diferencovane podla vyvojového §tddia FULDNER 1995; JAEHNE, DOHRENBUSCH 1997).
pralesa (Korprer 1989) na 57 kruhovych skusnych Pokial sa vykonala analyza rozmiestnenia stromov,
plochich s vymerou 500 m?2. Kritériom pre rozde- potvrdil sa vplyv nadmorskej vysky az vo vyskovom
lenie na vyskové zény po 100 m bolo vyskové roz- rozpéti nad 1 460 m, kde vegetativnha obnova ma
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vplyv na skupinové (zhlukové) rozmiestnenie stro-
mov cez proces rodinnych smrekov. Smrekovy prales
v ostatnych vyskovych zénach ma ndhodné rozmiest-
nenie stromov (obr. 1).

Pri postideni hrubkovej diferencidcie stromov na
vyskumnych plochidch hodnotenej Filldnerovym
indexom sa potvrdil $tatisticky vyznamny rozdiel
pralesa v $tadiu dorastania (obr. 2). Faktor nad-
morskej vysky a jeho vplyv na tento znak $truktary
pralesa bol statisticky vyznamne potvrdeny v nad-
morskej vyske do 1260 m v $tddiu dorastania (obr. 3).
Komplexnou analyzou pomocou tohto indexu bolo
potvrdené, Ze prales v celom vyskovom rozpiti ma
stredne diferencovant hribkova struktaru.

Komplexnd $trukturdlna diverzita hodnotend
indexom autorov JAEHNE a DOHRENBUSCH (1997)
hovori o tom, Ze rozroznenost pralesa klesd so
stipajicou nadmorskou vyskou do vysky 1 460 m,
kde konc¢i kompaktny les (obr. 5). Priemernd hodnota
zistend pre celt rezervéciu (B = 7,5) zaraduje smre-

kovy prales medzi porasty s nerovhomernou vystav-
bou, vyskovo diferencované. Najvyssia hodnota bola
zistend v $tddiu rozpadu 11,8 a v $taddiu dorastania
11,5 v nadmorskej vyske do 1 260 m (obr. 5). V tejto
vyskovej zone ide o $trukturu pralesa s velmi rozno-
rodou vystavbou.

V otézke prirodzenej obnovy (jedince do vysky
1,30 m) bol zisteny poznatok, Ze vo vSetkych stadidch
vyvojového cyklu smrekového pralesa ich pocet klesa
so stupajucou nadmorskou vyskou (tab. 1).

Vyhodnotenim vplyvu kli¢neho 16zka na pocetnost
prirodzenej obnovy bolo zistené, ze 46,2 % jedincov
sa nachadzalo na mineralnej pode, 52,4 % na mo-
derovom dreve a 1,4 % sa nachddzalo na kopcekoch
po vyvratoch (tab. 2). Na druhej strane plo$ny
podiel pddy reprezentoval 96,66 % a moderové
drevo len 3,11 % (tab. 3). Mozno kons$tatovat, ze
moderové drevo je zdsadny komponent z pohladu
typu kli¢neho 16Zka pri regeneraénych procesoch
tohto smrekového pralesa.
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STRUKTURALNA DIVERZITA SMREKOVEHO PRIRODNEHO LESA
V SUPRAMONTANNOM STUPNI NPR BABIA HORA

J. Voré¢ak, J. Mergani¢, K. Merganicova

Abstract: * Voreak, J., "'Merganié, J., "'Merganiéové, K. (‘Forestty Trades School Tvrdosin,
Medvedzie 135, SK-027 47 Tvrdosin, Slovak Republic, *FORIM - Forest research, inventory
and monitoring, Kpt. Nalepku 277/11, SK-073 01 Sobrance, Slovak Republic), Structural
diversity of natural spruce forests in the subalpine forest belt of National Nature Reserve of
Babia hora, Beskydy, 2006 (19):143-148

The importance of forest stand diversity lies in its relationship with the processes and
functionality of ecosystems. The aim of the presented paper was to analyse the influence of
elevation and development stage on the value of the complex structural diversity index
proposed by Jachne & Dohrenbusch (1997). To alarge extent, the structure of mountain
forests of Babia hora is affected by harsh climate conditions, as confirmed by the obtained
results. Elevation was found to influence structural diversity more than the development stage
of the virgin forest. The average value of the complex structural diversity index B = 7.5
indicates that the forests of Babia hora are heterogeneous and of uneven stand structure. As
elevation increases, structural diversity of the forest stands decreases until the forest stands
begin to be naturally sparsely stocked. With further increase of elevation structural diversity
increases, too. In the conditions of Babia hora, this change happens at approximately 1400 m
above sea level. The analysis of the development stages revealed that the stage of growth has
the highest structural diversity, while the lowest structural diversity is characteristic of the
maturity stage.

Keywords: structural diversity, mountain forests, diversity quantification

Uvod a problematika

Trvalost lesov a ich stabilita je zdvisld nielen od miery vplyvu exogénnych Cinitel'ov, ale
je dand aj genetickym zdkladom a usporiadanim prvkov v ekosystéme. Ekologickd stabilita
lesov teda tzko zdvisi od ich diverzity (Miegroet et al. 1996), o eSte vo vicSej miere plati
o horskych lesoch, ktoré si vystavené vo zvySenej miere pdsobeniu stresovych faktorov.
Parametre stability vychddzajd z roznorodosti lesa v Case apriestore, z produkcie a
produktivity lesnych ekosystémov av neposlednej miere zo Struktiry a vystavby. Vo
vSeobecnosti je stav horskych lesov vyslednicou genetickej, druhovej a ekosystémovej
diverzity za sucinnosti posobenia exo génny ch ¢initel'ov (Voréak 2005).

Vyznamnou zlozkou diverzity lesnych ekosystémov je popri druhovej diverzite
Strukturdlna diverzita porastov, ktord sa sklada z biotickych a abiotickych prvkov a mdze sa
tieZ charakterizovat’ ako eko-morfologickd alebo priestorovo-ekologickd diverzita (Lexer et
al. 2000). Pre sprdavnu kvantifikdciu Strukturdlnej diverzity je vprvom rade nutné vysvetlit’
niektoré zdkladné pojmy. Pojem Struktira vyjadruje vo vSeobecnosti Specifické usporiadanie
prvkov v systéme (Gadow 1999), ich umiestnenie v danom systéme a vzajomné prepojenie
(Heupler 1982 in Liibbers 1999). V ndviznosti na tuto definiciu sa Struktura lesa definuje ako

priestorové rozmiestnenie biomasy, €iZze stromov aich vlastnosti (hribka, vyska a pod.)
(Zenner 1999, Gadow 1999, Gleichmar & Gerold 1998).
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Struktiru lesa mdZeme vnimat’ na viacerych hierarchickych drovniach (Kint et al. 2000).
Na trovni krajiny je definovana ako rozr6znenie porastovych typov (O 'Hara 1998) a stupen
fragmentdcie biotopov (Andrén 1994). Pre vyskum biodiverzity sa vSak za dolezZitejSiu
povazuje porastovd uroven (Kuuluvainen et al. 1996), pretoze plosné a vertikdlne
rozmiestnenie stromov v poraste definuje trojdimenziondlny priestor biotopu vtadkov, hmyzu,
cicavcov, epifytov, nedrevnej vegeticie a pdodnych mikroorganizmov (Ratcliffe et al. 1986,
Kuuluvainen et al. 1996). Porastova Struktira clovekom nenarusenych lesnych ekosystémov
vsebe navySe nesie informdcie o dynamike vyvoja pralesov (Hofgaard 1993).
V hospodarskych lesoch je vSak tdato veliCina nemenej vyznamnd, pretoZze napomdha
zhodnotit’ ich stdcasny stav, ich tzv. blizkost' k prirode av kone¢nom dosledku aj ich
ekolo gicku stabilitu (Pretzsch 1995, 1998, Zenner 1999).

Ako uvadza Mergani¢ et al. (2003), Struktira lesa sa popisuje rdznymi Struktirny mi
prvkami, ako je priestorové rozmiestnenie, hustota, diferencidcia a zmieSanie jedincov
(Zenner 1999). Pri spradvnom hodnoteni Struktiry porastov je vSak potrebné vnimat ju
komplexne ako charakteristiku zloZent z:

e horizontdlnej Struktury, t.j. ploSného, dvojdimenziondlneho rozmiestnenia stromov na
ploche porastu
e vertikdlnej Struktury vy jadrenej rozroznenim porastu vo vertikdlnom smere.

Liibbers (1999) k tymto dvom zloZkam priddva eSte aj tzv. mikroStruktiry, pod ktorymi
rozumie napr. mnozstvo moderového dreva v poraste, formy stromov a pod.

Gadow & Hui (1999) definuju Struktiru ako subor nasledovny ch charakteristik:
® pozicia - plo§né rozmiestnenie stromov po ploche porastu
® zmieSanie - vzajomnda pozicia druhov drevin v poraste
e diferenciécia - relativne velkostné zmeny medzi susediacimi stromami v horizontdlnom a

vertikdlnom smere

Pre popis a kvantifikdciu horeuvedenych zloZiek je mozné pouzit’ viacero metdd, pricom
najvys$Siu vypovedni hodnotu maji indexové metddy, ktoré pouZivajui matematicko-
Statistické vypocty .

Material a metodika

Pri $tudiu vztahov fungujicich v ekosystéme hraji vyznamnu dlohu prirodné lesy, ked'Ze
su ¢innost'ou Cloveka najmenej narusené. Medzi takéto ekosy stémy patria aj horské smrekové
lesy v masive Babej hory v Oravskych Beskydach, ktoré boli predmetom vy skumu pri rieSeni
projektu financovaného Ministerstvom Zivotného prostredia ,,M onitoring diverzity horskych
lesov severnej Oravy“ (Mergani€ et al. 2003). V rdmci tohto projektu bolo zaloZenych 57
skusnych ploch kategorizovanych do Styroch kategdrii nadmorskej vysky (do 1260, 1260-
1360, 1360-1460, nad 1460 m n. m) atroch vyvojovych $tadii prirodného lesa (Stadium
dorastania, optima a rozpadu). Informacné spektrum tvorilo cca 55 kvantitativnych
a kvalitativnych znakov, ktoré sa na skusnej ploche merali a hodnotili. Celkovo bolo
pomeranych a ohodnotenych 2846 ks stromov s vySkou nad 1.3m a 513ks jedincov s vySkou
do 1.3m. Vytvorend databdza umoZznuje vierohodnd rekonStrukciu lesného porastu ako aj
podrobni analyzu vztahov medzi jednotlivymi jedincami, resp. stromovou a ostatnymi
zlozkami lesného ekosystému, ktoré sa daji charakterizovat parametrami Strukturdlnej
diverzity.

V predkladanej préci analy zujeme vplyv nadmorskej vySky a vyvojového Stadia na index
Strukturalnej diverzity . Pre kvantifikaciu Strukturdlnej diverzity sme pouZzili komplexny index
Strukturalnej diverzity zahfiiajici viac zloZiek Struktdry porastov navrhnuty autormi Jaehne &
Dohrenbusch (1997). Ide o tzv. B - index, ktory pozostdva zo Styroch parcidlny ch premenny ch
Strukturalnej diverzity porastu:
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Index drevinovej skladby porastu (A)
Index vertikdlnej Struktury (S)

Index priestorového rozdelenia (V)
Index diferencidcie kortn (K)

Ich presnd matematicka formuldcia je uvedend v pracach Jaehne & Dohrenbusch (1997),
Merganic et al. (2003) a Vorcak (2005).

Na zéklade vypocitanej hodnoty indexu B navrhli Jachne & Dohrenbusch (1997) aj
stupnicu pre celkové vyhodnotenie porastovej Strukturdlnej diverzity:

B>90 - vel'mi r6znoroda vy stavba porastu
80<B<8.9 -rdznoroda vystavbaporastu
6.0<B<8.0 -nerovnomernd vystavba porastu
40<B<6.0 -rovnomerna vystavba porastu
B<4.0 - monoténne porasty

Vysledky a diskusia

Horské smrekové lesy v masive Babej hory vykazuji vo vSeobecnosti vysoky stupen
diverzity - roznorodosti aprirodzenosti. Maji pestrd vystavbu atextiru, ¢o nepriamo
dokazuje aj priemernd hodnota komplexného indexu diverzity B = 7.5, ktord podl'a stupnice
navrhnutej Jachne & Dohrenbusch-om (1997) radi skumané porasty kporastom
s nerovhomernou vystavbou. Takéto porasty si na zédklade popisu uvedenych autorov
vyskovo diferencované, tvorené dvoma az troma porastovymi vrstvami s ndhodnym
rozmiestnenim stromov na ploche alen zriedkavo dochadza k ich zhlukovaniu. Tento popis
v plnej miere odzrkadl'uje skutoc¢ny stav smrekovych porastov v masive Babej hory.

Analyza vplyvu skiimanych faktorov (nadmorska vyska a vyvojové stadium) na B index
potvrdila ich signifikantny vplyv. Vplyv vyvojového Stddia sa preukdzal na 95% avplyv
nadmorskej vySky na 99.9% hladine spolahlivosti. Kombinovany vplyv oboch faktorov na
hodnoty indexu B sa nepotvrdil, preto je mozné konStatovat, Ze zdsadny vplyv na jeho
hodnoty ma faktor nadmorské vy ska.

PodrobnejSou analyzou priemernych hodndt indexu B vramci vyvojového Stadia
zistujeme, Ze najvyssiu hodnotu 8.9 dosahuje Stadium dorastania, ¢o je na hranici medzi
porastami s roznorodou a vel'mi réznorodou vy stavbou. Stadium optima md naopak najniz3iu
hodnotu 6.2, kym Stadium rozpadu je charakterizované priemernou hodnotou 7.5 (obr. 1).
V poslednych dvoch pripadoch ide o nerovnomernu vy stavbu porastov.

V zavislosti od nadmorskej vy $ky hodnota indexu B klesd od 1. po 3. vySkovu kategoriu
(obr. 2). NajvySsia hodnota indexu B v 1. vySkovej kategorii — 9.9 - je spOsobena vysokym
podielom primesi jarabiny acharakterom porastov, ked’Ze tu prebieha plynulé striedanie
vy vojovy ch $tadif a faz na malych plochach. Casti porastov sa tu vyskytuji vo vybernej fize,
¢o zvySuje Strukturdlnu diverzitu porastov vyjadreni pomocou vysSie uvedeného indexu.
Tieto porasty mdZeme podla stupnice Jachne & Dohrenbusch (1997) oznacit' ako porasty
s vel'mi r6znorodou vystavbou. V 3. vyskovej kategdrii md index najmensiu hodnotu 4.9.
Téato hodnota indikuje rovnomernd vystavbu porastu charakteristicki pre porasty tvorené
jednou drevinou — vnaSom pripade smrekom, ktoré maji jednovrstvovi vystavbu
s nerovnomerny m az nidhodny m rozmiestnenim stromov na ploche. Od 3. vySkovej kategorie
hodnota indexu B opit stipa av 4. vysSkovej kategorii dosahuje hodnotu 7.7. Rast hodnoty
indexu v 4. vySkovej kategorii je sposobeny rozpojenym charakterom porastov (bioskupiny)
a jarabinou, ktord sa v rozpojenych porastoch zacina opiat’ uplatiiovat. Na zdklade stupnice
uvedeny ch autorov ide o porasty s nerovhomernou vy stavbou.
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Priebeh priemernych hodno6t indexu Strukturdlnej diverzity B vzavislosti od
vyvojového Stddia prirodného lesa a kategdrie nadmorskej vySky (A) atestovanie
vply vu vy vojového Stadia na hodnoty indexu B (B).

Legenda:

Obrézok A: kategéria nadmorskej vysky @ do 1260 m n.m., Il od 1261 do 1360 m n.m., 4 od 1361
do 1460 m n.m., & nad 1461 m n.m.

Obrézok B: @ aritmeticky priemer, + stredné chyba, — T + 1.96 - strednd chyba

Average values of the complex structural diversity index B in individual
development stages considering elevation categories (A) and test of the influence of
the development stage on index B (B).

Legend:
Figure A: elevation category @ below 1260 m, B 1261-1360 m, ® 1361-1460 m, & above 1461 m
Figure B: @ arithmetic mean, + standard error, — 1 + 1.96 - standard error
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Priebeh priemernych hodn6t indexu Strukturdlnej diverzity B vzavislosti od
kategorie nadmorskej vySky a vyvojového Stadia prirodného lesa (A) atestovanie
vply vu kategérie nadmorskej vysky na hodnoty indexu B (B).

Legenda:

Obrézok A: Vyvojové §tadium prirodného lesa Ill Dorastanie, @ Optimum, & Rozpad

Obrézok B: @ aritmeticky priemer, + stredna chyba, — T + 1.96 - strednd chyba

Average values of the complex structural diversity index B in individual elevation
categories with regard to the development stages (A,) and test of the elevation
influence on index B (B).

Legend:
Figure A: Development stage of the virgin forest M Growth, @ Maturity, & Breakdown
Figure B: @ arithmetic mean, + standard error, — 1 + 1.96 - standard error
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Absoldtne najvyssia hodnota indexu bola zaznamenand v 1. vySkovej kategorii v Stadiu
dorastania (11.5) av $tadiu rozpadu (11.8). Ide oporasty vo faze obnovy, ktoré podla
slovného hodnotenia Jachne & Dohrenbusch-a (1997) zarad'ujeme k porastom s vel'mi
roznorodou vystavbou. Su to porasty s vybernou Struktiirou a primesou jarabiny, ktord casto
tvori pniovd vy mladnost’, ¢im zvy Suje ich diverzitu. Porasty maji vertikdlny z&poj s vyraznym
zoskupenim hlavne mladSich stromov tvoriacich hliciky. NajniZSiu rovnakd hodnotu ma
index v Stadiu optima arozpadu v 3. vySkovej kategérii (4.04). Ide o porasty na hranici
monoténnych porastov aporastov s rovnomernou vystavbou. Tdto vyskova kategbria ma
prevazne charakter jednovrstvovych smrekovych porastov (halové porasty ) s nerovnomerny m
az ndhodnym rozmiestnenim stromov na ploche, ktoré sa podl'a nasho predpokladu za¢nd
rozpadat, aby sa vytvorili vhodné podmienky pre regeneratné procesy. S cCasovym

predstihom avo velkoplo$nej forme sa takyto vyvoj uskutociiuje v Zapadnych Tatrich
v Latanej doline (Vorc¢ak 2005).

Zaver

Vyznam diverzity spociva v jej silnom prepojeni na procesy i funkcnost’ ekosystému.
Diverzita ma blizky vzt'ah k naturdlnej produkcii, ale v hlavnej miere je spdjand so stabilitou
ekosystému. V tejto suvislosti md dolezité postavenie oblast’ zaoberajica sa metddami
kvantifikacie diverzity, pretoze matematickd kvantifikdcia umoznuje nielen objektivnejSie
ohodnotit’, ale v kone¢nom dosledku aj lepSie pochopit’ a popisat’ vztahy, ktoré v ekosystéme
funguji. Medzi prvé prace zaoberajice sa kvantifikdciou Strukturdlnej diverzity horskych
lesov na Slovensku patri praca ,Monitoring diverzity horskych lesov severnej Oravy*.
(Merganic€ et al. 2003), z ktorej vychadza aj tento prispevok.

V predkladanej priaci sa analyzuje vplyv nadmorskej vysky avyvojového Stadia na
komplexny index Strukturalnej diverzity navrhnuty autormi Jachne & Dohrenbusch (1997).
Skiimané horské lesy v supramontdnnom stupni sa nachddzaji v drsnych prirodnych
podmienkach, ktoré v rozhodujticej miere formuji ich Struktiru. Toto konStatovanie sa v plnej
miere potvrdilo, pretoze z dosiahnutych vysledkov vyplyva, Ze nadmorskd vySka
vyznamnejSie ovplyviuje Strukturdlnu diverzitu atym aj Struktiru vyvojovych Stadii
prirodného lesa. Sthrnne je moZné konStatovat, Ze Strukturdlna diverzita so zvySujicou sa
nadmorskou vyskou klesd az do vysky, kde dochddza k prirodzenému rozpojeniu porastov,
odkial’ opét’ stdpa. V podmienkach Babej hory ide o vySkovid hranicu okolo 1400 m n.m.
Zaroven sa jednoznacne potvrdilo, Ze najvys$Siu Strukturdlnu diverzitu maji porasty v Stadiu
dorastania, nasleduje Stadium rozpadu a optima.

Dlhodobo formovana Struktira porastov sa vyznacuje vlastnostami, ktoré udrZuji tieto
ekosystémy v rovnovihe a stabilite. Strukturdlna diverzita lesnych porastov je velmi
dodlezitou charakteristikou stavu avyvoja porastov. Uzko sdvisi so vSetkymi procesmi
prebiehajicimi v ekosystéme. Poznanie areSpektovanie tychto zédkonitosti mdze vyznamne
napomdct’ lesnému hospoddrovi pri obhospodarovani lesa v meniacich sa ekologickych
podmienkach a zabezpecit' jeho trvalost. Vysoky stupen stability porastov na Babej hore
dokazuje aj skutocnost’, Ze ani vetrové smrSte v novembri 2002 a 2004 vyrazne nepoSkodili

tento ekosystém, hoci v dalSich horskych oblastiach na Slovensku vznikli katastrofdlne
Skody.
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Beskydy, 20 (2007): 275-282
Edi¢ni stiedisko MZLU v Brné

EKOLOGICKA STABILITA LESNYCH PORASTOV V NPR BABIA
HORA

J. Vor¢ak, J. Mergani¢, K. Merganicova

Abstract : 1Voréa’lk, J., 2Mergani(:, J., 2Mergalniéova’l, K. (lForestry Trades School TvrdoSin,
Medvedzie 135, SK-027 47 Tvrdos$in, Slovak Republic, 2FORIM - Forest research, inventory
and monitoring, Kpt. Nélepku 277/11, SK-073 01 Sobrance, Slovak Republic), Ecological
stability of forest stands in the National Nature Reserve of Babia hora, Beskydy, 2007 (20):
275-282

In the presented paper we analyse the static stability of forest stands in the National Nature
Reserve Babia hora using five indicators: depigmentation, defoliation, crown ratio, h/d ratio,
and tree damage. The data were collected using stratified sampling in 57 circle sample plots
each of 500 m”. The values of the examined features indicate that the mountaineous forests of
Babia hora belong to highly stable ecosystems formed in the long term into the state of
internal homeostasis, which guarrantees permanent stability in different extreme situations.

Keywords: static stability, depigmentation, defoliation, h/d ratio, crown ratio, tree damage
Uvod a problematika

Pod stabilitou lesného ekosystému sa v ekologickom zmysle slova rozumie bud’
nemennost’ Struktdry a funkcii jeho komponentov (autotrofné a heterotrofné organizmy)
nezdvisle od toho, ¢i je ekosystém vystaveny vplyvom rozlicnych exogénnych faktorov
(COOLIER et al. 1977 in STOLINA 1985), pripadne, ak bol ekosystém naruseny, jeho schopnost’
opdtovne vytvorit® prostrednictvom biotickych mechanizmov pdvodnud Struktdru a funkciu
jeho zloziek (ODUM 1977). Ide teda o dvojaky prejav stability lesného ekosystému, pricom
v prvom pripade sa jedna o rezistenciu a v druhom o rezilienciu ekosysténu. Tieto schopnosti
lesného ekosystému sa casto nazyvaji spoloénym ndzvom homeostatickd sposobilost,
pripadne jednoducho - homeostdza ekosystému (MARGALEF 1969 in STOLINA 1985).

Schopnost’ lesného ekosystému zotrvavat’ v dynamicky (zdanlivo) nemennom stave je
vyslednicou progresivnej sukcesie. PoCas tohto procesu sa postupne vytvéra stale pestrejsie a
zrelSie spolocenstvo rastlin a Zivocichov tesne spité s danymi podmienkami abiotického
prostredia. Homeostdza je teda vo vSeobecnosti oznacovand schopnost’ systému udrZiavat’
prvky pomocou autoregulaénych procesov v relativne statickom stave. Cim je ekosystém na
vy$Som organiza¢nom stupni, tym md vicSiu homeostaticki (vyrovndvaciu) schopnost’
(OpuM 1997). Pri sdstavnom pdsobeni exogénnych cCinitelov nemusi homeostaticka
schopnost’ vratit’ systém do vychodiskového stavu, ale mdze ho dostat’ na novi uroven —
trajektoriu (MiCHAL 1992).

Princip stability v ekosystéme a spoloCenstve rastlin vychddza z dvoch predpokladov:
po prvé z druhovej skladby a po druhé odolnosti rastlinného spoloCenstva proti poskodeniu,
vplyvu exogénnych cinitelov (MIEGROET 1996). Parametre stability, ktoré charakterizuju stav
lesného ekosystému, st (MIEGROET 1996):

. diverzita druhov vyjadrena v Case a priestore
. produkcia a produktivita
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. Struktdra a vystavba.

U lesnych ekosystémov sa optimdlnou stabilitou vyznacuji prirodné lesné
ekosystémy, pralesy (JENIK 1979, KORPEL 1989). Ich charakteristickym znakom je vyrazna
diverzita a funkcnd ustdlenost’, automatické vyrovndvanie vykyvov v Struktdre a funkcii
komponentov vyvolanych vplyvmi exogénnych cinitelov (STOLINA 1985). Dosiahnutie
ekologickej stability je povazované za najvyssi princip v sicasnej koncepcii prirode blizkeho
pestovania lesa (KORPEL & SANIGA 1995).

Vyznamnym ukazovatelom ekologickej stability horskych lesov je staticka stabilita
(VORCAK 2005). Vyjadruje predovsetkym odolnost’ porastu proti vetru, ndmraze a snehu. Pre
staticki stabilitu md vel’ky vyznam vyskyt vitdlnych stromov hornej vrstvy s hlbokymi
korunami.

Stabilita lesa, ako predpoklad trvalej drevnej produkcie a verejnoprospesnych funkcii
lesa, bola sformovand davno pred dneSnym chdpanim ekologickej stability (MOROZOV 1949
in STOLINA 1985, KONSEL 1931 in STOLINA 1985, RUBNER 1934 in STOLINA 1991).

Material a metodika

Empiricky materidl pochddza z NPR Babia hora, ktord patri orograficky do ststavy
vonkajSich Zapadnych Karpat, Casti Oravskych Beskyd, do komplexu horského masivu Babe;j
hory. Narodna prirodnd rezervacia zabera celkovo 503.94 ha a je umiestnend na zapadnych,
juznych a juhozdpadnych svahoch Babej hory v nadmorskej vyske 1100 az 1725 m n. m.
(KorpPEL 1989). Geologické podlozie je tvorené zo sdvrstvi rozlicnych flySovych hornin.
Hlavnymi pédnymi predstavitelmi sd litozem, kambizem a podzol. Priemerné rocné teploty
dosahuju vo vrcholovych polohdch 2°C, v nizsich polohach 4°C. Dlhodoby priemerny ro¢ny
uhrn zrazok je 1400 mm.

Lesné porasty st tvorené prevazne smrekom obyCajnym (Picea abies L.), vtrasene sa
vyskytujd jarabina vtacia (Sorbus aucuparia L.), jedl'a biela (Abies alba Mill.) a v spodnej
Casti Uzemia aj buk lesny (Fagus sylvatica L.). Les vystupuje priblizne do nadmorskej vysky
1460 - 1480 m n. m. Nad touto hranicou lesa nastupuje padsmo kosodreviny vystriedané v
najvyssich castiach NPR alpskymi likami.

V ramci inventarizacie zalesneného tizemia NPR Babia hora (MERGANIC et al. 2003)
bolo zaloZené 57 kruhovych skusnych ploch o rozlohe 500 m?* tak, aby boli rovnomerne
rozdelené medzi tri vyvojové §tadid (dorastanie — optimum - rozpad podl'a KORPELA 1989) a
Styri vyskové kategorie, t.j. do 1260 m n. m, 1260 — 1360 m n. m., 1360 — 1460 m n.m. a nad
1460 m n. m. Informacné spektrum tvorilo cca 55 kvantitativnych a kvalitativnych znakov,
ktoré sa na skusnej ploche merali a hodnotili. Celkovo bolo pomeranych 2846 ks stromov.
Vytvorend databdza umoznuje vierohodnu rekonStrukciu lesného porastu ako aj podrobnu
analyzu vzt'ahov medzi jednotlivymi jedincami, resp. medzi stromovou zlozkou a ostatnymi
zloZkami lesného ekosystému.

Pre ucely tejto prace boli zo zistovaného informa¢ného spektra pouzité tudaje
o depigmentécii, defolidcii, poSkodeni stromu ainformicie odvodenych veli¢in
kvantifikujicich korunovost’ a Stihlostny koeficient. Depigmentdcia a defolidcia bola
ur¢ovand s presnostou na 5% podla medzindrodne platnej metodiky pre monitoring stavu
lesov (LVU ZVOLEN 1998). Poskodenie stromu sa chdpe ako frekvencia vyskytu poskodenia
bez ohl'adu na druh poskodenia. Korunovost' je definovana ako pomer dizky koruny k vyske
stromu, Stihlostny koeficient ako pomer vysky stromu k prsnej hribke. Stromy so Stihlostnym
mensim ako 80 vel'mi stabilné a mensim ako 55 su solitéry s najvyssou stabilitou (MICHAL et
al. 1992). Uvedené veliCiny boli spracované samostatne pre dva podstubory stromov a to pre
stromy hornej a strednej vrstvy definovanych v zmysle biosociologického postavenia stromov
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v poraste podl'a Kraftovej stupnice. Hornd vrstvu tvorili stromy naddroviiové a droviiové (1,
2) a strednd vrstvu stromy ¢iastocne uroviové (3). Statistickd analyza sa vykonala pouzitim
dvojfaktorovej analyzy variancie.

Vysledky a diskusia
Depigmentdcia

Depigmenticia je vyslednicou podsobenia pddno-klimatickych faktorov, zmeny
chemizmu atmosféry a Ziarenia na fyziologické procesy rastlin, ako aj vysledkom
vnutrocenotickych vztahov. Prejavuje sa zmenou zafarbenia asimilacnych orgénov rastlin.
Vyrazny vplyv na depigmenticiu ma tiez ozén (O3), ktory mé fotooxidacny ucinok. Prvym
prejavom poskodenia ozénom je ubytok chlorofylu prejavujici sa blednutim zeleného
zafarbenia ihlic a listov, pripadne vznikom chlorotickych a neskorSie nekrotickych Skvin.
Celkova priemernd depigmentécia hornej porastovej vrstvy bez rozdielu kategérie nadmorskej
vySky (v.k.) a vyvojového Stddia Cinila 0,84+0,16% (+ strednd chyba) a strednej porastove;j
vrstvy 1,4320,37%. V obidvoch pripadoch ide o zanedbateI'nd hodnotu a predstavuje stupeii 0
podl'a pouZitej stupnice. Pri slovnom popise stupiia ide o stav asimilacnych orgdnov bez
zmeny zafarbenia. VysSie percento depigmenticie je v strednej vrstve pravdepodobne ako
nasledok vnutrocenotickych vzt'ahov a pristupu svetla. Hornd vrstva je charakteristickd
ndarastom depigmentdcie s narastom nadmorskej vysky, ¢o je podla nasho predpokladu
ovplyvnené ozénom (Os). Oz6én, ako fotooxidant zvySuje svoj ucinok prive s ndrastom
nadmorskej vysky. Ide v podstate o normélny trend, co dokazuju aj zistenia autorov INNES et
al. (1998), FLEISCHER (1999). V strednej porastovej vrstve je vo vSetkych vyvojovych
Stadiach najvyssia depigmentdcia v 3. v.k., v Stddiu optima dosahuje priemerna hodnota 3,4%.
NajvysSiu hodnotu depigmenticie 16% sme namerali na skusnej ploche 47, ktord sa
nachddzala v 3. v.k. v Stddiu optima. Ide o stupenn 1, ¢o je definované ako slabd zmena
zafarbenia asimilacnych orgdnov.

Defolidcia

Defolidcia, CiZze strata asimilacnych orgdnov (SAQO), je povaZzovand za jeden z
hlavnych ukazovatel'ov zdravotného stavu drevin (RACKO 1994). Podobne ako depigmenticia
aj defolidcia je odrazom zmeny vo fyziologickych procesoch rastlin a z4visi od obdobnych
faktorov. Najvyraznejsi vplyv na defolidciu ma zmena chemizmu atmosféry, CiZe zneCistenie
ovzduSia imisiami. Dlhodobé priame podsobenie imisii sa na lesnych porastoch prejavuje
postupnou stratou ihli¢ia, rednutim korin a naslednym uschynanim jedincov, ale aj celych
porastov. Nepriame pdsobenie imisii spdsobuje chronické fyziologické zmeny, ¢o spdsobuje
ndrast dispozicie na poskodzovanie prirodnymi Skodlivymi ¢initeI'mi biotického i abiotického
charakteru (STOLINA 1989).

Celkova priemerna hodnota defolidcie za skimanu oblast’ je u hornej porastovej vrstvy
18+1,45% a strednej 17+1,7%, Co je v oboch pripadoch 1. stupen, t.j. slaba defoliicia.
Najvyssia priemernd hodnota defolidcie bola v hornej vrstve v 1. v.k. v Stadiu dorastania a
predstavovala 33+1,3% - stredna defolidcia (obr. 1). Od 2. v.k. rastie defolidcia v obidvoch
porastovych vrstvach od Stddia dorastania cez optimum a najvysSia je v rozpade. Na Babej
hore mala na defolidciu hornej porastovej vrstvy signifikantny vplyv nadmorska vyska (IS
99.9%) a strednej vrstvy vyvojové Stadium (IS 95%). Priemernd hodnota defoliécie s rasticou
nadmorskou vyskou klesd, ¢o je spdsobené prirodzenym rozpojenim porastov. Vd’aka tomu sd
doposial’ lesy v masive Babej hory vel'mi mélo postihnuté stratou asimilacnych orgénov aj
napriek tomu, Ze v minulosti (80. roky minulého storoia) boli vystavené intenzivnemu
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pdsobeniu polutantov z miestnych i dial’kovych zdrojov znecistenia. V uvedenom obdobi boli
lesy v nizsich polohédch vyhldsené za imisné lesy.

Najvyssie hodnoty defolidcie (50%) boli namerané na ploche 21 a 22 v 2. v.k. v $tadiu
dorastania. Ide o 2. stupeni poskodenia (strednd defolidcia). Porasty na tychto plochiach sa

nachddzali vo faze doZivania so silne preriedenou hornou etdZou.

50
¢ Dorastanie
.. Optimum
40 "1+ Rozpad
= 30 E -
.© T
) P4 -
o : a 1
) " =
22
10 i
.
0 1
do 1260 1261 - 1360 1361 - 1460 nad 1461
Vyskova kategoria[m n. m.]
Obr. 1 Priebeh priemernych hodno6t defolidcie hornej vrstvy stromov v ramci
vyvojového Stadia a kategérie nadmorskej vysky.
Legenda:

Vyvojové Stadium: @ Dorastanie, ll Optimum, & Rozpad;
@, B, A aritmeticky priemer, —_T_— + 1.96 - strednd chyba
Fig. 1 Average defoliation of the upper tree layer in individual development stages
and elevation categories.
Legend:
Development stage: @ Growth, ll Maturity, A Breakdown;
@ B A arithmetic mean, — T + 1.96 - standard error

Korunovost’

Korunovost’ je nielen vyznamnym ukazovatelom statickej stability, ale hrd dolezitd
ulohu aj vo fyzioldgii drevin a odolnosti vo¢i klimatickym zmendm a znecisteniu ovzdusia.
Smrekové horské lesy v masive Babej hory su typické tym, Ze stromy maju silné a hlboké
koruny. Okrem genetickych vlastnosti smreka danej klimaticko - geografickej oblasti je to
pravdepodobne aj dosledok rozpojenej Struktiry porastov.

Celkova priemerna hodnota korunovosti hornej porastovej vrstvy je 73+1,2%, na
zdklade ¢oho sa porasty hodnotia ako vel'mi stabilné, strednd vrstva ma korunovost’ 70+1,8%
(stredne stabilny porast). Obdobne ako u defolidcie bol na Babej hore v hornej vrstve zisteny
signifikantny vplyv nadmorskej vysky na korunovost (IS 99.9%) a v strednej vplyv
vyvojového Stadia (IS 99%). Vseobecne rastie korunovost s nadmorskou vySkou, ¢o sa
vzhl'adom na vyvoj Struktdiry porastov v zdvislosti od nadmorskej vySky u prirodzenych
lesnych ekosystémov (VORCAK 2005) ocakdvalo. Najvyssie hodnoty dosahuje korunovost’ v
Stddiu dorastania u obidvoch porastovych vrstiev. V hornej porastovej vrstve v Stadiu
dorastania dosahuje v 4. v.k. hodnotu 82+2,3%, v strednej porastovej vrstve 81+0,8%, ¢o
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predstavuje vysoko stabilné porasty, teda najvysSi stupenn stability (obr. 2). Absolidtne
najvyssia hodnota korunovosti 92% bola na ploche ¢. 8, ktord sa nachddzala v Stadiu
dorastania, v 1. v.k. v strednej porastove]j vrstve. NajniZSia priemernd hodnota 54% bola v
Stadiu rozpadu v 1.v.k. v strednej porastovej vrstve. Na zdklade porovnania naSich vysledkov
s vysledkami autorov  MORAVCIK et al. (2002) mdzeme konStatovat, Ze z hladiska
korunovosti patria porasty na Babej hore v zmysle agregovanych stupiiov prirodzenosti do
stupna 1, ktory predstavuje pralesy. Toto zaradenie je potvrdenim skutocného stavu porastov

v danej lokalite aj na zdklade Strukturalnych indexov (MERGANIC ef al. 2003, VORCAK 2005).

1007 Vysoko stabilny

90t
— Velmi stabilny
z ]
"(7)' 80 \ = A
z :
[e] . 3
5 1
5 70 1 & A
X L [

60+ ~ ¢ Dorastanie

_=_ Optimum
- Stredne stabilny + Rozpad
do 1260 1261 - 1360 1361 - 1460 nad 1461

Vyskova kategdria [m n. m.]

Obr. 2 Priebeh priemernych hodno6t korunovosti hornej vrstvy stromov v ramci
vyvojového Stadia a kategérie nadmorskej vysky.
Legenda:
Vyvojové Stadium: @ Dorastanie, ll Optimum, & Rozpad;
@, B A aritmeticky priemer, _T__ + 1.96 - strednd chyba

Fig. 2 Average values of crown ratio of the wupper tree layer in
individual development stages and elevation categories.
Legend:

Development stage: @ Growth, ll Maturity, & Breakdown;
@, B A arithmetic mean, —_T__ + 1.96 - standard error

Stihlostny koeficient

Stihlostny koeficient ako hlavny ukazovatel’ statickej stability lesnych porastov md
vyznam pri posudzovani porastov hlavne s ohladom na mechanicky posobiace Skodlivé
Cinitele (vietor, sneh a ndmraza). Celkova priemernd hodnota Stihlostného koeficientu je v
hornej vrstve 0,45 a strednej vrstve 0,49. Porasty hornej aj strednej vrstvy modZeme
charakterizovat ako vysoko stabilné (MICHAL et al., 1992). Dokazom vysokej stability
a odolnosti porastov na Babej hore moZe byt aj fakt, Ze extrémne silné vetry v jeseni 2002 a
2004 vyrazne neposkodili porasty v uvedenej oblasti, napriek tomu, Ze v nizSich polohdch
v hospoddrskych lesoch vznikli kalamity v rozsahu desiatok tisic metrov kubickych.

V hornej ako aj strednej vrstve bol na Babej hore zisteny signifikantny vplyv nadmorskej
vysky na Stihlostny koeficient (IS 99.9%). S rastom nadmorskej vySky vyrazne klesa jeho
hodnota v obidvoch porastovych vrstvach (obr. 3).
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Stabilita lesnych porastov v jednotlivych vyvojovych Stadiach prirodnych a prirodzenych
lesnych ekosystémov je rozdielna. Podla STOLINU (1982) je najvysSia stabilita v Stadiu
dorastania, niZ8ia v optime a najnizsia v rozpade. Stihlostny koeficient ako hlavny ukazovatel
statickej stability lesnych porastov toto potvrdzuje len v 4 v.k. (obr. 3).

Najvyssia hodnota Stihlostného koeficientu 0,72 (stredne stabilny porast) bola zistend na
skusnej ploche 17, ktora sa nachddzala v 2. v.k. v S§tddiu optima v strednej porastovej vrstve.
Najnizsia hodnota 0,29 (vysoko stabilny porast) bola v Stddiu optima v 4.v.k. v hornej
porastovej vrstve.

0.70 : : : :
Velmi stabilny ~ 4 Dorastanie
065 ~* Optimum
0.60 _ "1 Rozpad
5 055 . |
&) ; Ca
% 0.50 —— 1. T
£
E 0.45 t - |
Zo40r | {
=035
0.30
025 Vysoko stabilny
0.20
do 1260 1261 - 1360 1361 - 1460 nad 1461
Vyskova kategéria[m n. m.]
Obr. 3 Priebeh priemernych hodnét Stihlostného koeficienta hornej vrstvy stromov
v rdmci vyvojového Stadia a kategérie nadmorskej vysky.
Legenda:

Vyvojové Stadium: @ Dorastanie, ll Optimum, & Rozpad;
@, B A aritmeticky priemer, _T__ + 1.96 - strednd chyba
Fig. 3 Average values of h/d ratio of the upper tree layer in individual development
stages and elevation categories.
Legend:
Development stage: @ Growth, ll Maturity, & Breakdown;
@ B A arithmetic mean, —_ T + 1.96 - standard error

Poskodenie stromu

Poskodenie stromu je sicastou hodnoteni zdravotného stavu porastov a ako pomocna
veli¢ina sa vyuZiva aj pri stanoveni ekologickej stability lesnych porastov. PoSkodenie
stromov hornej vrstvy na Babej hore dosahuje priemerne 51+£3,93%. S rastom nadmorskej
vySky na Babej hore signifikantne rastie aj priemerné percento poSkodenia stromov (IS
99.9%) a v 4. v.k. dosahuje az 7549,18%. V 4. v.k. dosahuje poSkodenie v hornej porastove;j
vrstve v Stddiu optima dokonca 89+4,47% a v strednej porastovej vrstve 89+4,13%.
Predpokladdame, Ze toto vysoké percento poskodenia je normdlnym javom na hornej hranici
lesa sposobené extrémnou klimou. V zimnom obdobi su vrcholky stromov poSkodzované
namrazou a snehom za sucinnosti vetra. Treba podotknit, Ze poSkodenie smreka lesnou
zverou v tychto podmienkach je zanedbatel'né, prevlada poskodenie sposobované ndmrazou a
snehom.
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Zaver

Horské lesy predstavuji jedinecny a polyfunkény ekosystém. Sd mimoriadne
dolezitym stabilizacnym prvkom v krajine, ale zaroven aj rovnako dolezitym regula¢nym
faktorom hydrickych, er6znych, protilavinovych a dalSich procesov. Stabilita tohto
ekosystému mé preto znaény vyznam. V predkladanej priaci analyzujeme statickd stabilitu
lesnych porastov v NPR Babia hora v Oravskych Beskyddch na podklade piatich
ukazovatelov: depigmenticie, defolidcie, korunovosti, Stihlostného koeficienta a poSkodenia
stromov. Z analyzy vyplyva, Ze s ndrastom nadmorskej vysky rastie aj percento
depigmenticie, ¢o je podla ndsho predpokladu spdsobené vplyvom ozénu (Os), ako
fotooxidanta. V priemere je vSak hodnota depigmentédcie vel'mi maléd a porasty v NPR Babia
hora je mozné zaradit’ do stupiia O - bez zmeny zafarbenia. Z hodnotenia defolidcie vyplyva,
Ze defolidcia s nadmorskou vySkou naopak klesa. Vzhl'adom na defolidciu je moZné zaradit’
porasty v NPR Babia hora do 1. stupna. Depigmentécia a defolidcia sa vyrazne neprejavila ani
v minulosti v obdobi 80. rokov, kedy boli niZSie poloZené smrekové porasty vyrazne
poskodené ako ddsledok vysokého imisného tlaku z miestnych i dial’kovych zdrojov, hoci je
masiv vystaveny prevladajicemu prideniu vzduchu, ktory prindsal mnoZstvo polutantov.
Velkost' koruny - korunovost integruje v sebe dolezitd tlohu vo fyzioldgii drevin a odolnosti
voci komplexu Skodlivych Cinitelov. Na zdklade korunovosti hodnotime porasty v NPR Babia
hora ako vel'mi stabilné porasty. Hodnota korunovosti hornej porastovej vrstvy signifikantne
rastie s nadmorskou vySkou. Najvyssie hodnoty dosahuje korunovost v Staddiu dorastania.
Typickym javom horskych lesov v masive Babej hory je, Ze jednotlivé smreky maja hlboké
atuzke koruny formované okrem genetickych vlastnosti aj ich vzdjomnym priestorovym
usporiadanim. Hodnoty Stihlostného koeficienta ako hlavného ukazovatela statickej stability
lesnych porastov potvrdili vysoki rezistenciu horskych lesov v masive Babej hory. Tento
ukazovatel signifikantne klesd s rasticou nadmorskou vyskou a vo vySkovej kategérii nad
1460 m n. m. dosahuje vel'mi nizke hodnoty (0.35). Ide o vysoko stabilné porasty, kde takmer
nie je mozné poSkodenie porastov veternou smrStou, pokial koruny nie su zataZené
namrazou. Z hladiska posSkodenia stromu je hlavny faktor sneh andmraza, ktoré sa
najvyraznejSie prejavili vo vySkovej kategorii nad 1460 m n. m.

Na zdklade hodnotenych ukazovatel'ov ekologickej stability mdzeme zdverom
konStatovat’, Ze horské lesy v masive Babej hory predstavuji vysoko stabilny ekosystém
dlhodobo formovany v danej klimaticko — geografickej oblasti do stavu vnutornej
homeostazy. Tato zabezpecuje trvald stabilitu v roznych extrémnych situdcidch. Vyznamnui
ulohu pre tento smrekovy ekosystém hrd aj surova klima, hlavne teplota a zrazky. Tieto
faktory priaznivo pdsobia proti $ireniu biotickych Skodlivych ¢initelov (hmyzu) a vyrazne
vplyvaji na Struktdru a rastové pomery porastov.
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Abstract The presented paper analyses the relations
between four features of geomorphology, i.e. aspect,
slope, elevation and type of terrain, and tree layer
diversity of forest ecosystems. The forest stand diversity
is quantified by nine species diversity indices (N0, RI,
R2, H', N1, N2, El, E3, E5). The data used in this study
come from the regional forest inventory of the Forest
School Enterprise, Technical University Zvolen, Slova-
kia. Within this inventory, 26 permanent tracts were
established in the systematic grid of 2x2 km, whereby a
total of 120 sample plots were created on which 1,728
trees were measured. Analyses showed that species
diversity is closely related only to elevation. However,
the relationships of the individual species diversity
indices to elevation are loose since the correlation coef-
ficients do not exceed values of 0.30-0.40. The second
part of this work presents spatial interpolation of species
diversity degrees on a regional level using geostatistical
methods. For this regionalisation, we used an indicator
kriging. The final kriging map was found to be a suitable
tool for the interpretation of tree species diversity over
the investigated area.
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Introduction

Since the second half of 20th century, changes in
biological diversity of natural ecosystems have become a
global problem due to extensive human activities. The
year 1992, when the “Convention on Biological Diver-
sity” was approved by the United Nations Conference
on Environment and Development in Rio de Janeiro,
can be considered as pivotal in this field.

In the Convention on Biological Diversity (Article 2),
the term biological diversity is defined as “‘the variability
among living organisms from all sources including inter
alia, terrestrial, marine and other aquatic ecosystems
and the ecological complexes of which they are part”.
This term, as described in the convention, thus covers
not only the diversity within species and between species,
but also the diversity of ecosystems (Sibl et al. 1996).
The trilogy of the standard components included in the
definition, i.e. diversity on genetic, species and ecosystem
levels, has become a conventional definition of biodi-
versity (Hunter 1999).

As the above definition implies, species diversity
represents one of the important biodiversity compo-
nents. Diversity within a certain space and time is
determined by the combination of abiotic constraints,
biotic interactions, and disturbances (Frelich et al. 1998;
Spies and Turnier 1999). Abiotic factors, such as eleva-
tion, slope, aspect, soil texture, climate etc., specify the
conditions of physical environment and thus the primary
species distribution. These relationships were already
observed and studied in the 19th century (Hansen and
Rotella 1999). Although modern ecologists have focused
mainly on other influencing factors, e.g. natural distur-
bances, the influence of abiotic conditions on species
diversity has recently begun to gain the attention of
researchers (Burns 1995; Rosenzweig 1995; Austin et al.
1996; Ohmann and Spies 1998; Hansen and Rotella
1999). However, most of these works analyse environ-
mental factors only with regard to the number of tree
species, representing just one part of species diversity.

101



76

In the presented work, we analyse the relations
between four geomorphology features (aspect, slope,
elevation and type of terrain) and tree species diversity
of forest ecosystems. Species diversity is here quantified
by the index methods most frequently used for its
assessment. Possible detected relationships could not
only extend the current knowledge in this field, but could
also be used for modelling tree species diversity on
regional and larger scales. The regionalisation of tree
species diversity over the whole surveyed area using
geostatistical methods is presented in the second part of
the paper. This interpolation is based on the output of
the model BIODIVERSS (Mergani¢ 2001; Mergani¢ and
Smelko, submitted), a complex species diversity quanti-
fication method.

Materials and methods
Data sampling

Data were collected within the regional forest inventory
(RFI 98) of the Forest School Enterprise (FSE) of the
Technical University Zvolen (Slovak Republic) in the
year 1998. This enterprise covers a total area of

Fig. 1 Forest school
enterprise—its general location
and location of analysed tracts

3.7

8,043.59 ha, of which 7,743.74 ha is covered by forests.
The forested area comprises 32.18% managed forests,
6.91% protected forests and the rest are forests for
special purposes (e.g. recreation, research, hunting etc.).
Regarding the species composition of forest stands,
deciduous species (mainly common beech, oak and
hornbeam) dominate (72.9%) over coniferous ones,
represented by Norway spruce, silver fir and Scots pine.
In the forest communities, mixed spruce-fir-beech, pure
beech and mixed oak-beech types prevail. The most
abundant plant sociological groups within the area of
FSE, classified according to the classification schemes of
Zlatnik (1976) and Hancinsky (1977), are Querceto-
fagetum, Fageto-quercetum and Fagetum pauper.

The sampling design applied in the RFI 98 was a
quadratic (2x2 km) net of tracts, each 100x200 m in size,
established in FSE during research on a large-scale
forest inventory for Slovak conditions (Smelko et al.
1986, 1988). Each tract is composed of six sample plots
with 100 m distance between neighbouring plots in the
tract (Fig. 1). Thus, the design can be characterised as a
systematic, one-level grouping sampling.

The advantage of using tracts within the forest
inventory is their ease of handling and that, at the end,

the working group returns to its starting point.
Slovakia ~—— Tract
AL ST TR Q)
« 100m
S
81, ka2,
T Forest school enterprise
e Zvolen
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6., 87 /88 g 9. -
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Although higher accuracy could have been achieved by
applying individual sample plots distributed around the
whole survey area, this kind of inventory would, on the
other hand, raise the inventory costs substantially.

The individual plots within each tract are composed
of five concentric circles, on which groups of trees with a
certain size were measured according to the following
scheme (Smelko 2000):

1 m?(square)
r=2.52m (20 m?
r=5.64 m (100 m?)
r=7.98 m (200 m?)
r=12.62 m (500 m?)

tree height <1.3 m

tree height >1.3 m and dbh <8 cm
8.1-16.0 cm (dbh)

16.1-28.0 cm

above 28.1 cm

Rl S

Specification of the individual concentric plots was
based on current knowledge, experience, and a simula-
tion experiment, within which the forest stand condi-
tions of Slovakia (Halaj 1957) were taken into account.
Analyses confirmed that the suggested design of
concentric circle sample plots and the algorithm of
elaboration of results is a suitable new approach for
sampling forest inventory and surveys on a larger scale.
The plots have good biometric characteristics, react
sensitively to the structure of forest stands, and are
equally accurate but economically more efficient than
classic constant circles (Smelko 2000).

Within the regional forest inventory, 27 tracts were
established with a total of 121 sample plots. In the
presented study, 26 tracts and 120 plots were used,
whereby only data from the last three concentric circles,
representing the tree layer of forest ecosystems, were
taken into account. In total 1,728 trees with diameters at
breast height over 8 cm were measured on 120 selected
plots.

From the whole RFI 98 information spectrum, con-
sisting of 55 elements which were assessed on every

Table 1 Proportion of aspects on the area of FSE determined from
RFI 98 data (n=120)

Aspect Proportion Standard error Relative standard error

(%) of proportion (%) of proportion (% %)
N 8.3 2.4 29.1
NE 15.0 5.2 34.5
E 21.7 6.6 30.3
SE 15.8 5.7 36.0
S 8.3 2.4 29.1
SW 6.7 2.9 43.6
A\ 17.5 5.1 28.9
NW 6.7 3.1 47.1
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permanent sample plot, the following four geomor-
phology features were selected for this analysis:

aspect, defined by the cardinal points as N, NE, E, SE,
S, SW, W, NW

slope gradient measured in degrees with 1°accuracy
elevation, taken from the forest stand map (1:10,000)
with 10 m accuracy

type of terrain, according to Zingg and Bachofen
(1988), divided into five categories defined as follows:

1. flat ground: no slope or slope gradient up to
S5°—plateau, tableland, terrace, base of valley;

2. summit, upper slope: convex form, water outflow
prevails—hill, upper slope, ridge, rib, earth bank;

3. middle slope: water outflow and inflow are
balanced—middle slope, steep incline, etc.;

4. foothill, depression: concave form, water inflow pre-
vails—foothill, gutter duct, ditch;

5. indefinite: impossible to classify into previous four
categories, terrain with frequent changes of slope and
aspect.

Based on the data from RFI 98, mean values or
proportions (for continuous and discrete variables,
respectively) and their statistical errors were calculated
in order to describe our area of interest. These param-
eters were calculated from the estimation models for
mean values of a particular variable in case there was an
unequal number of sample plots in a sampling group or
an unequal number of trees on a sample plot (Cochran
1977; Smelko 1997; Merganic¢ 2001).

From the results, we can state that within the FSE
region the eastern aspect and the terrain type described
as “‘middle slope” prevail (Tables 1 and 2). The FSE can
be characterised as an area with an average slope gra-
dient 13.34+0.9° (coefficient of variation 34.9%, relative
mean standard error 6.8%). The greatest slope gradient
was recorded on tracts 1, 16 and 25, situated in the
borderland of the FSE. Towards the southeast, the slope
gradient decreases. The lowest gradient was observed in
the area next to Zvolen valley (around tracts 23 and 27).
This corresponds well with the terrain type “flat
ground” that was identified on tracts 18, 23 and 27.
Relatively high slope gradients were also observed on
tracts 14 and 20, in the eastern part of the locality
“Sampor”.

The average elevation of the FSE is 522.5+31.4 m
above sea level (coefficient of variation 30.6%, relative
mean standard error 6.0%). The highest elevation is in
the north, from where it decreases towards southeast

Table 2 Proportion of existing
terrain types over the area of
FSE Zvolen estimated from

Type of terrain

Relative standard error
of proportion (% %)

Standard error of
proportion (%)

Proportion (%)

RFI 98 data (n=120)
Flat ground
Summit, upper slope
Middle slope
Foothill, depression
Indefinite

(O R ~NROS T O R

6.7 32 48.3
32.5 6.6 20.2
39.2 6.3 16.0
17.5 4.1 233
4.2 24 58.7
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into the central part of FSE. The lowest point of the
FSE is situated at an elevation of 280 m above sea level
near the village Jalna. The highest point is the peak
Laurin at the end of the Sielnicka valley (1,150 m above
sea level).

Quantification of tree species diversity

Tree species diversity was quantified by diversity indices.
From the great number of existing indices, we selected
those that are considered by the majority of authors
(Ludwig and Reynolds 1988; Krebs 1989) to be the most
suitable for numerical assessment of diversity in exam-
ined populations. These indices can be divided into three
groups:

Indices of species richness describing community diversity on the
base of number of species

NO=S (Hill 1973) (1)
R1=(S—-1)/In(N) (Margalef 1958) 2)
R2=S/VN (Menbhinick 1964) 3)
Indices of species evenness
El= H’/ln( ) (Pielou 1975, 1977) @)
E3 = (e -1)/s-1) (Heip 1974) 5)
E5=((1/4)—1)/(e H 1) (Hill 1973) (6)
Indices of species heterogeneity combining species richness and
evennesss

= —Z w;i In (w;)) (Shannon and )

- Weaver 1949)

N1 = eH (Hill 1973) )
N2=1/4 (Hill 1973) 9

where S number of species,N number of individuals, w; relative
abun;iance of tree species i

=S w? (Simpson 1949) (10)
i=1

Species heterogeneity and species evenness indices
were calculated using the species proportion determined
from the stand basal area in order to account for the tree
size by means of diameter (Mergani¢ 2001).

Before the final calculations of indices could be per-
formed, the input variables had to be transformed since
each primary sample unit is a sample plot composed of
concentric circles with stand and tree characteristics x;
representing a different area a;. According to the latest
findings (Smelko 1997; Saborowski and Smelko 1998;
Smelko and Saborowsk1 1999), these do not have the
same probability of being selected. Therefore, it is nec-
essary to recalculate all forest stand variables (e.g.
number of trees, stand basal area, stand volume) on a
per ha basis:

Vi o N :
Viha ' == Nyha ' =— generally X;= X
ai a; a;

(11)

In this way, the characteristics can be standardised,
which consequently enables their simple comparison.
The overall value of the particular stand characteristic

X on a sample plot is a sum of its values X; on all
concentric circles. The tree characteristics can be cal-
culated similarly, with the difference that one tree taken
as a representative of a particular feature, e.g. defoli-
ation percentage, represents a total of 1/a; trees. At this
point it is necessary to note that the above recalcula-
tion does not apply to the number of tree species. This
characteristic is, contrary to other stand characteristics,
e.g. stand volume, always related to the size of the
sample unit on which it was recorded and cannot be
standardised on a per hectare basis using the above
method.

Analysis of relationships between geomorphology
features and tree species diversity

Mathematic-statistical analysis of the influence of the
selected terrain characteristics on species diversity is
based on correlation analysis and analysis of variance.
Correlation analysis included the significance F-test of
the coefficient of determination (multiple R squared for
linear or quadratic form according to the regression) and
was applied to continuous surveyed geomorphology
features, i.e. elevation and slope. The relationship
between discrete terrain characteristics, i.e. aspect and
type of terrain, and species diversity indices was tested
with the analysis of variance.

Regionalisation of species diversity degree
of the forest ecosystem tree layer

Each of the diversity indices cited above describes only
one aspect of species diversity. An integrated method for
species diversity quantification is implemented in the
modelling program BIODIVERSS (Mergani¢ 2001;
Mergani¢ and Smelko, submitted). The model was
constructed using the data from the forest stands of a
relatively large size (2.98—6.48 ha), in which the position
and the basic dendrometric characteristics of each tree
are known. For the construction of the model, 865
optimally sized sample plots (the size of the plot depends
on the forest stand density, whereby the criterion is that
each plot should encompass approximately 20 trees)
were used. The model is based on the assumption that if
on a small plot high species diversity is observed, then
the species diversity of the whole forest stand will be
with a certain probability also high.

For the estimation of tree species diversity, the model
uses a predictive discriminant procedure (Cooley and
Lohnes 1962; Huberty 1994). The independent variables
that enter the model as predictors are five diversity
indices RI, R2, A, H’'and EI. Together, they represent all
three groups of diversity, i.e. species richness, evenness
and heterogeneity. Based on the values of the indices, the
model BIODIVERSS classifies the examined stand into
one of the four degrees of species diversity:
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1 (Low) Small number of occurring species (1-2)
or medium number of species (3-4) with
a very low balance in species composition
and their uneven horizontal distribution
over the forest stand area

2 (Medium) Transition degrees between 1 and 4

3 (High)

4 (Very high) Large number of occurring species (above 4),
whereby they are balanced in species
composition and have even distribution

over the forest stand area

For geostatistical analysis, the species diversity degree
was determined for one tract using the average values of
indices calculated from all of its sample plots. This
means that each tract was regarded as one spatial point
characterised by one species diversity degree. In the next
step, the geostatistical analysis of species diversity
degrees was performed using the indicator kriging. This
approach was first proposed by Journel (1983) and is
performed on binary-transformed data. Thus, it can also
be applied to categorical variables (Deutsch and Journel
1998; Marinoni 2002). In the first step of this analysis,
the so-called indicator cutoff values are defined. In our
case, these cutoff values are species diversity degrees, i.c.
values 1, 2, 3 and 4. Secondly, a binary transformation
of the interpolating categorical variable z(x) is done for
all indicator cutoff values separately, as follows:

i(x, species diversity degree)

B { 1, if z(x) = species diversity degree
=10,

Spatial variability of a particular species diversity
degree is then described by the indicator semi-vario-
gram, which is constructed from the sample indicator
semi-variogram calculated from the set of point data, in
our case from the binary-transformed values of species
diversity degree on individual tracts. The indicator semi-
variogram is created by fitting a theoretical function to a
sample indicator semi-variogram. For all species diver-
sity degrees the circular semi-variogram fitted the data

otherwise

best. Its mathematical formulation is as follows
(Pebesma 2000):
=corc- |20 i (" 2+2 (2
y(h) = Cy — 5 - arcsin 5
(12)

where / is the distance, b the range, C, the nugget effect,
and C the sill.

As a result of the described procedure, we obtain as
many variograms as cutoff values (categories of the
interpolating variable), let us assume it to be a value k.
Applying each of these variograms to indicator kriging
analysis, we get k layers of the interpolated probabilities
for k degrees of species diversity. The final kriging map
and thus also the final values of the interpolating
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variable, i.e. species diversity degree for each interpo-
lated point [x,y] are estimated from the comparison of
the k probabilities from all obtained layers.

Results

Influence of selected geomorphology features
on species diversity

The relation between the surveyed geomorphology fac-
tors and tree species diversity was tested with the cor-
relation analysis and analysis of variance as described in
a previous section (Analysis of relationships between
geomorphology features and tree species diversity).
Their usage is, in general, restricted to an assumption
that the analysed data are not autocorrelated. Due to the
applied sampling design, i.e. grouping sampling, we can
assume that the values of species diversity indices will be
spatially autocorrelated. Therefore, in the first step, the
magnitude and the spatial range of this autocorrelation
were assessed. The results showed that spatial autocor-
relation in our data exists. Nevertheless, it is significant
only up to a distance of 100 m. Moreover, the magni-
tude (power) of the autocorrelation is not large and
fluctuates between R=0.07 to 0.37.

Because of the detected spatial autocorrelation, each
statistical analysis of the relationship between the
selected geomorphology feature and species diversity
started with the analysis of autocorrelation between the
residuals by Wald’s test (Meloun and Militky 1998).
This test showed that the existing autocorrelation
between the residuals is for most species diversity indices
not significant. The significance of their autocorrelation
was detected only for indices R/ and R2, which was
taken into account when interpreting the results.

The actual analysis of the influence of geomorphol-
ogy on species diversity showed that elevation was the
most important factor and seemed to affect all diversity
indices. All of the nine coefficients of determination
differed from zero with a statistical significance of
a=0.05, eight coefficients even with «=0.01 (Table 3).
Applying a Bonferroni-Holm multiple test procedure
(Holm 1977, 1979, described in detail in Quednau 1992),
we could reject the hypothesis of “R*=0" for all of the
nine indices, with a multiple error probability of «=0.05
and for three of them with «=0.01 (Table 3, right side).
As shown in Fig. 2, the diversity first decreases with
increasing elevation up to approximately 650 m above
sea level, there it reaches its minimum, and then it rises
again.

The factor “‘type of terrain” has a statistically
significant influence only on the species richness indices,
i.e. NO, RI and R2. The Bonferroni-Holm test procedure
did not reveal a single significant difference at a multiple
level. A more detailed analysis of the influence of this
factor revealed that the highest species richness was
found at locations characterised as plateau or sites with
a very variable terrain type, classified as an indefinite
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Table 3 Linear-quadratic

F rank(F)  p(F) 0.05/(10-rank) ~ 0.01/(10-rank)

regression analysis of the Diversity indices R R
influence of elevation on the
values of species diversity No 0.34 0.12
indices, significance in RI 0.33 0.11
Bonferroni-Holm procedure: + R2 0.23  0.05
0.05,+ + 0.01 (n=120) H’ 0.34 0.12
N, 0.31 0.10
N, 029 0.08
El 0.30 0.09
E3 0.27 0.08
Foosenn=3.072 E5 0.28 0.08

°Fy, 012117y =4.791

7.67° (1) 0.000 741 ++  0.005 556 0.001 111
7.2 (3) 0.001 208 + +  0.007 143 0.001 429
324 (9) 0.042 704 +  0.050 000

7.65°  (2) 0.000 754 + +  0.006 250 0.001 250
6.30°  (4) 0.002 520 +  0.008 333 0.001 667 (1)
524> (6) 0.006 615 +  0.012 500

586 (5) 0.003 655 +  0.010 000

476*  (8) 0.010 293 +  0.025 000

5164 (7) 0.007 119 +  0.016 667

T T T T T T T T
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Fig. 2 Relation between index H’ and elevation

type. In contrast, the lowest species richness was
observed on upper and middle slopes.

Although the sample regression curves of the diver-
sity indices versus the factor slope had a similar shape as
for elevation, with the lowest diversity on the slopes with

Fig. 3 Characteristics of tree
layer species diversity on
individual tracts described by
the species diversity indices N0,
RI, H and EI
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{068 0.58

283 026
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the gradient 17° (not shown), none of the relations were
statistically significant. Similarly, aspect did not appear
to be significantly related to any of the examined species
diversity indices.

The behaviour of other indices over the range of the
independent factor is not shown since their performance
is very similar to those presented.

Species diversity in the tree layer of forest ecosystem
over the area of FSE Zvolen

In the second part of this paper, we present an overall
evaluation of tree species diversity over the area of FSE
Zvolen using the data collected within RFI 98. Figure 3
shows the characteristics of tree layer species diversity
on individual tracts described by the selected species
diversity indices NO, RI, H’and EI.

The degree of species diversity was estimated using
the model BIODIVERSS that was constructed using the
data from optimally sized sample plots. As can be seen
from the data description, within RFI 98 a different type
of sample units was applied, namely concentric circle

Species diversity - average
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sample plots. Although these concentric plots represent
one type of optimally large sample plots because they
react well to forest stand structure and at the same time
optimise both inventory accuracy and costs, their suit-
ability for diversity quantification of forest ecosystems is
to a certain extent questionable, since in some forest
stands of a particular structure the list of tree species
recorded on such plots can be incomplete. The simula-
tions on the parameterisation data set, however, showed
that the differences in the estimated degree of species
diversity between concentric and optimally sized sample
plots are not significant. Moreover, when the degree of
species diversity is estimated from the average values of
species diversity indices from all sample plots within one
tract, as done in this study, the existing differences are
further reduced.

The spatial variability of the binary-transformed
degrees of species diversity was assessed by the circle
indicator semi-variograms. Figure 4 presents the shape
of the applied indicator semi-variograms. From this
figure we can see that only three semi-variograms were
constructed, although model BIODIVERSS distin-
guishes four degrees of species diversity. This is due to
the fact that within the simulated data no tract was as-
signed the degree 4. Therefore, it was not possible to
create a semi-variogram for this degree. In all cases,
modelled semi-variance is at the beginning very small
and grows with the increasing distance between the pairs
of sample points until the culmination point (sill) at the
distance 2.275 km for species diversity degree 1, 2.6 km
for degree 2 and 2.86 km for degree 3. If the distance
between the sample points exceeds this value, the mod-
elled semi-variance will not change, it remains constant
at the sill value of 0.09, 0.256 and 0.216 for species
diversity degrees 1, 2 and 3, respectively.

Using the three circle indicator semi-variograms
within the kriging procedure, the species diversity de-
grees, estimated with the model BIODIVERSS, were

0.40
17
035} .
0.30} ” v
*
N S
8 /‘ o 32
5020" [
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£0.15] /o
() / 1’7 13
L 27 * 1
0.10 / S 24 22 >
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Fig. 4 Indicator semi-variogram of species diversity degree. Real
semi-variance: e degree 1, & degree 2, * degree 3; model semi-
variance: — degree 1, — — degree 2, - degree 3
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interpolated over the whole area of FSE Zvolen as
shown in Fig. 5. From this chart, as well as from Ta-
ble 4, it can be concluded that the predominant part, i.e.
442 +£4.8%, of the FSE area belongs to the second
species diversity degree. Alternatively, the FSE can be
characterised with an average species diversity degree of
2.234+0.14. Moreover, from Fig. 5 it can also be seen
that the areas with a high species diversity degree, i.e.
degree 3, are situated in the national nature reserve
Boky, at the edge of the “Sampor” location, around
tract 16 (local name Trnava Hora) as well as in the
surroundings of tracts 8 and 13. On the other hand, the
areas around tracts 5 and 10 have the lowest diversity
degree of 1.

Figure 6 presents the probability of the estimated
species diversity degree over the whole investigated area.
As expected, the highest probability is observed next to
the places with measurements. As the distance from
these points increases, the probability decreases.

Discussion

The current spatial structure of tree species diversity on
the FSE is the result of several factors and their inter-
actions. Abiotic factors, such as elevation, slope, aspect,
soil type etc., create together a unique complex of
environmental conditions specifying forest communities
(Spies and Turner 1999). The relation between elevation
and species diversity is generally accepted and was
documented by several authors, not only for tree species
but also regarding the diversity of plants and animals
(Rosenzweig 1995). In our analysis, elevation was found
to have a significant influence on tree species diversity
(Table 3) with the lowest values of tree species diversity
at middle elevations. This performance can most prob-
ably be explained by the fact that in the Slovak Republic
at about 600 m above sea level, beech has its optimum
(i.e. climatic conditions at this elevation, such as tem-
perature and precipitation, are the most suitable for this
species),so at these altitudes beech is so vital and com-
petitive that other species become rare.

Apart from environmental abiotic conditions, species
diversity is also influenced by other factors, e.g. position
of the forests within the landscape. As the kriging map
(Fig. 5) shows, areas with the highest tree species
diversity adjoin open agricultural land and can be hence
characterised as relatively highly fragmented forests.
This is partly in contradiction to Haila (1999), who
presents an opposite reaction to forest fragmentation.
However, the quoted work assessed species diversity
using the number of species, which is known to be
strongly correlated to the size of the evaluated area,
whereas in our work we use standardised data always
representing the same size. Moreover, it is also possible
that the influence of elevation, and thus of improved
climatic conditions, is stronger than the effect of frag-
mentation, since the area with high species diversity is
located at lower altitudes.
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Fig. 5 Species diversity of the tree layer over the area of FSE
Zvolen

High species diversity is often connected to more
complex vertical structure (Brokaw and Lent 1999).
Although in our analysis we have not tested this fact
explicitly, the results indicate the positive effect of
vertical structure, which is usually more complex on the
forest edges. Thus, the higher tree species diversity of
the fragmented forests can also be explained by this
factor.
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Today, direct human impact can affect species com-
position of the forest stands to a great extent (Palik and
Engstrom 1999). Forest management can either decrease
species diversity, if the climax tree species are favoured,
or increase diversity, for example, by introducing other
tree species. Since within the surveyed region of the FSE
protected forests comprise only 7% of the area, we also
examined the possible relations between tree species
diversity and forest management. However, the com-
parison of the final kriging map with the map of the
current management status obtained from the forest

Table 4 Proportion of degrees

of species diversity over the area Degree of Proportion Standard error Relative standard error
of FSE Zvolen estimated from species diversity (%) of proportion (%) of proportion (% %)
RFI 98 data (n=120)

Low 1 20.8 5.0 23.8

Medium 2 442 4.8 10.9

High 3 28.3 4.4 15.5

Very high 4 6.7 2.2 32.8
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Fig. 6 Probability of species diversity degree over the area of FSE
Zvolen

information system LesHIS (Fabrika 2001) did not re-
veal any significant connection between species diversity
and management.

Conclusion

The analysis of the influence of the selected features of
geomorphology (aspect, slope, elevation and type of
terrain) on tree layer diversity quantified by nine species
diversity indices (NO, RI, R2, H’, N1, N2, El, E3, E5)
showed that only elevation is significantly related to tree
species diversity. Although the relations are very loose
since the coefficients of correlation do not exceed
0.3-0.4, dependence of species diversity on elevation was
also found in other publications and is generally
accepted in ecological literature.
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Spatial interpolation of species diversity degrees
estimated with the model BIODIVERSS using geosta-
tistical methods provides us with valuable output on a
regional scale. As with all statistical methods, the
model output represents an estimation of the actual
state and does not necessarily have to coincide exactly
with reality. Nevertheless, it allows us to make rapid
spatial analyses, which in connection with GIS methods
enables a user to test the influence of different factors
on e.g. species diversity. Based on the mentioned
instruments, we were able to assess the relation of tree
species diversity to the type of management and forest
fragmentation.

The presented work uses the data collected within the
regional forest inventory. This kind of analysis could
also have been performed using the data from forest
management plans. Their utilisation would, however,
cause several problems for the quantification of species
diversity on a regional scale because:

109



84

— within forest taxation only dominant tree species are
recorded, which means that information about rare
tree species is missing,

— species diversity indices are strongly correlated to size
(area) of the evaluated forest stand,

— classic species diversity indices are distance indepen-
dent, i.e. they do not account for the spatial mixtures
of species.

Therefore, in cases as presented in this study, it is
advantageous to use data from the forest inventory,
which enables the standardisation of evaluation meth-
ods. Moreover, quantification of species diversity degree
with the model BIODIVERSS solves the problem of the
different size of the evaluated object and takes the spatial
mixture of species into account.

The map presenting the spatial interpolation of tree
species diversity degree can be regarded as a simple tool
for a forest manager, useful for the assessment of
structural diversity, forest ecosystem stability, in public
relations as well as for the implementation of the Con-
vention on Biological Diversity.
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Abstract: We studied the effects of stand parameters (crown closure, basal area, stand volume, age, mean stand diameter, number of trees, and
heterogeneity index) and geomorphology features (elevation, aspect and slope) on tree species diversity in an example of untreated natural mixed forest
stands in the eastern black sea region of Turkey. Tree species diversity and basal area heterogeneity in forest ecosystems are quantified using the Shannon-
Weaver and Simpson indices. The relationship between tree species diversity, basal area heterogeneity, stand parameters and geomorphology features are
examined using regression analysis. Our work revealed that the relationship between tree species diversity and stand parameters is loose with a correlation
coefficient between 0.02 and 0.70. The correlation of basal area heterogeneity with stand parameters fluctuated between 0.004 and 0.77 (R?). According to
our results, stands with higher tree species diversity are characterised by higher mean stand diameter, number of diameter classes, basal area and lower
homogeneity index value. Considering the effect of geomorphology features on tree species or basal area heterogeneity, we found that all investigated
relationships are loose with R?< 0.24. A significant correlation was detected only between tree species diversity and aspect. Future work is required to verify

the detected trends in behaviour of tree species diversity if it is to estimate from the usual forest stand parameters and topography characteristics.

Key words: Tree species diversity, Mixed stands, Stand structure, Geomorphology
PDF of full length paper is available with author (*ramazan@orman.sdu.edu.tr)

Introduction

Nature conservation priority was rated, using rarity, species
richness, stratification, site age, and area of the habitats (Evrendilek,
2003). Biological diversity is a key issue of nature conservation, and
species diversity is one of important components of the biological
diversity (Ito, 1997). Forest lands extend over a great number of
ecosystems, harboring a rich diversity of species and genes. Thus,
within the biodiversity conservation debate top priority was given to
forests. The diversity of tree species is fundamental to total forest
biodiversity, because trees provide resources and habitats for almost
all other forest species (Cannon et al., 1998; Pandeya et al., 2007).
To study tree species diversity of untreated, natural mixed stands is
a key to conserving biodiversity of forest ecosystems.

Biodiversity assessment is often restricted in the red listing of
threatened species and clarification of their habitat demands in forest
practices and forest management plans. However, good data and
appropriate indicators are necessary to assist policy making and
monitoring to understand the causes of changes in biodiversity and
to betterimplement protection strategies (Puumalainen et al., 2003).

Numerical quantification of biological diversity and/or its
elements can be of great value because that kind of evaluation is
objective and enables a comparison of current biodiversity status to
be made between similar ecosystems. During the last century, a
great number of different methods quantifying species diversity were

developed (Ludwig and Reynolds, 1988; Patil and Taillie, 1982;
Merganic and Smelko, 2004). However, while using any of the
proposed measures one has to be aware of the fact that diversity
changes in space and time as it is influenced by abiotic and biotic
factors, and disturbances (Frelich et al., 1998; Nagaraja et al.,
2005; Misir et al., 2007; Ucler et al., 2007). Parameters affecting
plant growth and resource availability, e.g. climate, are regarded as
primary influencing factors (Terradas et al., 2004), while the terrain
characteristics, e.g. elevation, are considered indirect factors because
they themselves have no direct impact on plant growth, but are
correlated with the primary factors (Pausas et al., 2003; Bhattarai et
al., 2004). The indirect factors are often used in the analysis when
information about the primary factors is not available (Pausas and
Saez, 2000). Most often, the relationship of diversity to elevation is
investigated (Grytnes and Vetaas, 2002; Bhattarai and Vetaas, 2003;
Bachman et al., 2004), while the effects of other topographic features
are rarely examined (Johnson, 1986; Palmer et al., 2000). In
addition, most of the published works analyse environmental factors
only with regard to species richness, representing just one component
of species diversity (Merganic et al., 2004).

This research aims to address tree species diversity
(expressed by the Shannon-Weaver and Simpson indices) in
untreated natural mixed stands of the eastern Black sea region
forests of Turkey. This study also aims to clarify the relationship of the
calculated tree species and basal area diversity with selected stand

Journal of Environmental Biology o May, 2008 o

112



292

Ozcelik et al.

BLACK SEA

Gl
i

TirsEnhy
s
u[L n

1.3.1.-.

GIRESUN

nf'.l T

HAYHLIAT / X

i

Fig. 1: Location of the sample plots in the region of interest. The number at the particular point represents the number of plots established in the area

parameters and three geomorphology features: elevation, aspect
and slope. These relationships, if found to be significant, could be
used for estimating the actual species diversity from usual forest
stand parameters and/or topography characteristics. This could
simplify the integration of biodiversity into forest management plans
or models applied for the management of natural resources.

Materials and Methods

In this study, the data collected on 26 sample plots taken by
Kapucu (1988) in the eastern Black sea region were used (Fig. 1).
The forests of this region were called “humid forests”, because the
region is the rainiest location of Turkey with an average annual
precipitation of 1,500 mm. The average annual temperature is 14°C,
with an average of 4°C in winter and 25°C in summer. The soil
conditions of the eastern Black sea region are characterised by red
podzolic soils and brown forest soils (Oakes, 1958).

All sample plots were located in mixed, natural, untreated
stands. The forest stands are mainly composed of oriental spruce
(Picea orientalis L.), nordmann’s fir (Abies nordmanniana Link.
Spach.), oriental beech (Fagus orientalis Lipsky.), scots pine (Pinus
sylvestris L.), and of a small admixture of other broadleaf species
(Fraxinus, Alnus and Populus). Sample plots were located at an
elevation of 1,100 metres to 1,900 metres above sea level. The
positions of the sample plots were selected randomly. The size of the
plots varied (Table 1) due to the condition for their establishment as
they had to encompass a minimum of 100 trees. The plots were of a
rectangular shape. On each plot, breast height diameters were
measured on trees with height of at least 1.30 m. For each tree, tree
species, diameter at breast height determined in the field. Tree height
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was measured only on 3-5 dominant trees in every sample plot.
Similarly, approximate stand age was determined from the increment
cores taken from the dominant trees for each tree species.
Stand volume in the sample plots was obtained from the local volume
tables (Kapucu, 1988). Homogeneity index was calculated from the
Lorenz curve which is a suitable tool for graphical representation
and for comparison of stand structures. Heterogeneous stands have
a low index of homogeneity, while homogeneous stands a higher
one (Bachofen and Zingg, 2001).

The basic statistics of stand parameters and geomorphology
features are given in Table 1.

Quantification of tree species diversity: To evaluate species
diversity different indicators were formulated. Among them the most
common methods are the “Shannon-Weaver Index (SW)” and the
“Simpson Index (SI)” (Ludwig and Reynolds, 1988; Merganic and
Smelko, 2004). It was stated that the Shannon-Weaver and Simpson
indices are successfull tools for the evaluation and quantification of
plant and animal diversity, and are easy and practical measures of
area diversity (Dale et al., 1994). These indices are closely related
and they can be derived from the same one-parameter family of
diversity indices (Keylock, 2005). Gorelick (2006) stated that both
Shannon’s and Simpson’s indices have stood the test of time and are
still generally regarded as the premier measures of ecological
diversity.

Shannon-Weaver index (SW)

S
SW ==Y p,-In(p,)

i=1

(1)
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Table - 1: Basic statistics and geomorphology features of sample plots
Parameters No. of Min. Max. Mean Sta|.1da.1rd
plots deviation
Stand parameters Plot size [m?] % 433 2,400 1.563.38 587.02
Number of trees (N/ha) [pes/ha] % 496 2.398 1.179 51947
Number of tree species (TS) [pcs] % 2 4 3 0.74
Basal area (BA) [m?/ha] % 2385 80.48 58.71 14.55
Number of diameter classes (DC) [pcs] % 7 2 13 446
Volume (V) [m¥ha] % 205 1,033 619 206.52
Stand age (A) [yrs] % 45 150 & 26.52
Diameter (Ds) [cm] % 181 298 26.90 6.53
Homogeneity Index (HI) % 165 4.81 266 0.68
Tree species diversity (SW) % 0.339 1.096 0.7566 0.1925
Tree species diversity (Sl) % 0179 0.665 04849 0.1100
Basal area heterogeneity (SW) % 1.8613 28702 23755 0.3362
Basal area heterogeneity (Sl) % 0.8314 0.9363 0.8910 0.0345
Geomorphology Elevation (m) % 1,120.00 1,900.00 1,663.27 179.70
features Slope (°) % 0.00 39.00 23.54 9.83
Aspect % Relative proportion (%)
N 1 42.31
SW 5 19.23
Plain 2 769
NW 2 769
NE 2 769
S 1 385
W 1 385
SE 1 385
E 1 385

Note: Shannon-Weaver index (SW), Simpson index (SI)

Simpson index (SI):

S
SI=1-"p} 2)
i=1

Where p, is the proportion of species i on the sample plot calculated
from number of trees N, basal area BA per hectare and S is the
number of species.

Using the formulas (1) and (2) of the two species diversity
indices SW and S, tree species diversity values were calculated
from two stand parameters: number of trees (N) and basal area
(BA). The calculation of the heterogeneity indices using the different
stand parameters was performed in order to examine and document
the influence of tree dimensions on the index value. The calculation
from the number of trees N neglects tree size, while the estimation of
heterogeneity from BA accounts for the size of the tree (Merganic
and Smelko, 2004).

Basal area heterogeneity: The heterogeneity of basal area was
estimated by the indices SW and SI. To determine the basal area
heterogeneity of the sample plots, trees on each sample plot were
classified to diameter classes of 4 cm width. Basal area of one

diameter class was obtained by multiplying the basal area of the
mean tree in the diameter class with the number of trees in the
particular diameter class. Total basal area of the sample plot was
calculated as the sum of the basal areas of all diameter classes.
The relative proportion of the basal area of the i" diameter class
from the total basal area was taken as the input value p for the
calculation of the SW and Sl indices in the formulas (1) and (2).
Note that in this case the variable Sin the formulas represents the
number of filled diameter classes.

The relationship between tree species diversity, basal area
heterogeneity and stand parameters or geomorphology
features: To examine the relation between tree species diversity
and basal area heterogeneity and stand parameters or
geomorphology features, linear and non-linear (quadratic and
logarithmic) models were used and tested using the SPSS packet
(SPSS, 2004) and the Mathcad program (Mathsoft Inc, 2004). The
significance of priority in the examined statistical relations was
determined according to the coefficient of determinaton R?, standard
error of estimination SE and a-values of treated linear and non-
linear regression models. The type of the model was selected not
only with regard to its significance but also by accounting for its
logical behaviour.
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From the stand parameters the following parameters were
included in the analysis: Crown closure CL, homogeneity index H,
number of tree species TS, number of filled diameter classess DC,
and number of trees per hectare N/ha, basal area BA/ha, stand
volume V/ha, stand age A and mean stand diameter Ds. When
analysing their relationship to tree species diversity, in three cases
(for N/ha, DC, Ds), a quadratic model was used, while for the other
relationships a linear model was applied. Similarly, the relationship
between the basal area heterogeneity values and selected stand
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parameters was also investigated. Linear regression was applied in
the majority cases while the logarithmic model was used to describe
the relation between basal area diversity and number of diameter
classes DC and mean stand diameter Ds.

The examined geomorphology features were elevation,
aspect, and slope. Also in this case, the relationship between them
and tree species and basal area heterogeneity was tested using
linear and non-linear regression analysis. To apply this kind of
analysis to all cases, the aspect as a categorical variable was
converted to degree values. The best results were obtained with the
quadratic model for all of the examined relationships except the one
between basal area heterogeneity and slope, where linear model
explained more variability.

Results and Discussion

Tree species diversity and basal area variability: The values of
tree species diversity obtained from the SW index fluctuated between
0.339 and 1.096, Sl ranged from 0.179 to 0.665 (Table 1). In both
cases, tree species diversity was highest if the ratio values of all
present tree species were equal or rather similar. Similar results
were also obtained for basal area heterogeneity.

How does plot size affect selected diversity quantifiers?:
Species diversity is highly dependent on the size of the analysed
population. Due to the fact that the sample plots included in this
analysis differ in their size (Table 1), it was of great importance to
examine the influence of the plot size on the diversity quantifiers.
Regression analysis revealed that all relationships between plot size
and tree species diversity quantifiers (SW, ,, and Sl ,,) are
nonsignificant. This result suggests that the plots represent the
minimum area, i.e. at the microsite level tree species heterogeneity
will notincrease if the plot is enlarged. Therefore, the data and the
tree species diversity values derived from them can be used for
further analyses without any modifications.

However, in the case of basal area heterogeneity, the
analysis showed a significant correlation between basal area
heterogeneity and plot size (Fig. 2). Using these results, the values
of basal area heterogeneity were detrended by dividing the actual
value with the value from the calculated regression. The following
analyses were performed using these detrended values.

Relationship between tree species diversity and stand
parameters: In general the relationships between tree species
diversity and examined stand parameters are loose, since the
correlation coefficient R fluctutaes between 0.02 and 0.70 (i.e. R%is
from 0.00 to 0.49). Nevertheless, some relations were detected to be
significant (Table 2). Regarding the use of the different stand variables
(N and BA) in the calculation of tree species diversity, higher and
significant correlations were obtained if diversity values were derived
from the basal area rather than from the number of trees.

If the number of trees N was used as the basis for the
calculation of tree species diversity, the analysis revealed three
significant relations between the Shannon-Weaver Index and closure,
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number of tree species, and number of filled diameter classes, and
one significant relation between the Simpson index and closure,
although in all cases the correlations are low (R? < 0.22; Table 2).
When tree species diversity was calculated from BA, significant
correlations with homogeneity index, number of tree species, number
of diameter classes, mean stand diameter, and basal area were
found for both indices (Table 2).

The results of the analysis indicate that tree species diversity
increases in parallel with increasing stand closure, number of tree
species, basal area, stand volume, and age, but decreases with an
increasing homogeneity index (Fig. 3). Regarding the three
relationships where quadratic regression was used for their
description, it was found that tree species diversity first decreases
with the increasing number of trees per hectare until it reaches its
minimum at approximately 1,400 - 1,600 trees per ha, and then it
begins to rise. Similar behaviour was observed for the relationship
with the number of diameter classes and mean stand diameter.

Relationship between basal area heterogeneity and stand
parameters: The statitical analysis of the relationship between basal

Journal of Environmental Biology o May, 2008 o

Ozcelik et al.

area heterogeneity and selected stand parameters revealed that
similar relationships between basal area heterogeneity values and
all selected stand parameters were obtained by both diversity indices
SW and SI. All examined relationships except the ones between
basal area heterogeneity and number of tree species and closure,
were significant. The highest R? value was obtained for the number
of diameter classes followed by mean stand diameter, homogeneity
index and stand volume (Table 2).

Generally, basal area heterogeneity increases in parallel
with increasing age, basal area and stand volume, but decreases
with an increasing number of trees per hectare and homogeneity
index (Fig. 4). Increasing number of diameter classes DC and
mean stand diameter Ds results in higher basal area heterogeneity,
but this trend slows down when DC and Ds reach higher values
(Fig. 5).

Relationships between tree species diversity and basal area
heterogeneity and geomorphology features: The analysis
revealed a significant correlation between calculated tree species
diversity (SW) and aspect regardless of the stand parameter (N,
BA) used for the calculation (Table 3). In the case of Sl index,
significant correlation with aspect was found only if Sl was derived
from N. Slope had a significant effect only on SI,. However, all
significant relationships are loose with R2< 0.24. Elevation did not
appear to be significantly related to any of the examined tree species
diversity indices (Table 3).

Regarding the performance of tree species diversity both
indices, when calculated from N, first decrease with aspect. The
lowest tree species heterogeneity is at the aspect of around 90° (i.e.
east), after which the diversity begins to increase. If BA was used to
calculate tree species diversity, this first increases with aspect, and at
230° (i.e. west) it reaches its maximum (Fig. 6). The same behaviour
was observed for the relationship of SW and Sl versus slope,
whereby the minimum heterogeneity was at slopes of 10° and the
maximum at around 23-30°. Similarly, with increasing elevation tree
species diversity firstincreases up to approx. 1,800 m above sea
level, where it reaches maximum and then decreases.

The relationship between the geomorphology features
and basal area heterogeneity was analysed in the same manner.
For elevation and aspect, a quadratic model was used, while for
slope a linear regression model was applied. According to the
results of the analysis, none of the geomorphology features have
a significant effect on basal area heterogeneity (R?<0.5 and
>0.05, Table 3).

Since the analysis of the relationship between the plot size
and tree species diversity did not detect any significant correlation,
for a better understanding of these values we apply the verbal scale
of species diversity suggested by Merganic et al. (2004), although
he worked with optimally sized sample plots. The scale has four
degrees of species diversity (low, medium, high, and very high)
determined by the values of the particular index. According to this
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scale, the calculated values indicate that the evaluated forest stands
have a high degree of tree species diversity.

From the examined stand parameters number of filled
diameter classes has the highest correlation with tree species diversity
(Table 2). Although in our analysis the quadratic model described
this relationship best, in general our results correspond with the
findings of Huang et al. (2003) who found a positive relation between
the number of diameter classes and species diversity.

According to Pitkanen (1998) the significant stand variables
for the classification of biodiversity are the number of tree species,
and mean stand diameter, which was confirmed also in the presented
analysis (Table 2). Generally, tree species diversity increases in
parallel with increasing mean stand diameter (Denslow, 1995).

Homogeneity index is the only stand parameter with a
negative relationship to tree species heterogeneity (Fig. 3) due toits
character. Higher values of the homogeneity index indicate evenaged
stand structure, whereas the values between 1.3 and 2.8 are
characteristic for unevenaged stands (Kapucu, 1988) with a more
complex vertical structure. In such stands, high species diversity can
be expected (Brokaw and Lent, 1999). Our results support this
hypothesis, as the highest tree species heterogeneity was observed
on the plots with the lowest homogeneity index (Fig. 3).

Unlike in the number of works, that documented positive
correlation between species diversity and stand density (Palmer et
al., 2000; Steege et al., 2003), our results did not reveal a strong
significant relationship with the number of trees per hectare. This is
due to the different approach of quantifying species diversity: while
the cited works dealt with species richness, in the presented work we
examined species heterogeneity encompassing both species
abundance and species evenness in a studied community
(Bruciamacchie et al., 1995). Thus, both tested indices reacted not
only to the number of species, but also to their equality in species
composition, whereas the SWindex is mainly sensitive to the level of
evenness in species composition, but less to the numberof species.
On the contrary, Sl index reacts more to species abundance and
less to species evenness (Hubalek, 2000; Liang et al., 2007).

Similarly, although our findings correspond with those of
Fridley (2003) about the positive relationship between species
richness and above-ground production (here represented by stand
volume), in our case the correlation was very low and nonsignificant
(Table 2).

The collected information of the influence of stand age on
plant species diversity varied. Several studies showed a positive
correlation (Kirby, 1988; Kiyono, 1990; Ohsawa and Nagaike, 2006),
whereas Sykes et al., (1989) demonstrated a negative correlation
with stand age. Nagaike et al. (2003) expressed that increasing
stand age did not directly contribute to higher species diversity and
richness, which was proved also in our analysis (Table 2).
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Statistical analysis of the relationship between basal area
heterogeneity and stand parameters revealed significant relations
between basal area heterogeneity and the number of diameter
classes, mean stand diameter, homogenity index and number of
trees (Table 2). As expected, basal area heterogeneity is significantly
correlated and increases with increasing number of diameter classes
(Fig. 5), because this variable enters the calculation of basal area
diversity. Nevertheless, to obtain the highest basal area heterogeneity,
apart from the high number of diameter classes the ratio values of
diameter classes should also be equal or similar, since the calculation
of basal area heterogeneity using the SW and Sl indices accounts
for the number of diameter classes as well as for the level of evenness
in the distribution of the trees in the diameter class.

Johnson (1986), who described topographic position by
elevation, slope and aspect, also found its strong influence on species
composition of the forests. Our analysis revealed that from these
three geomorphology features aspect influences tree species diversity
atmost (Table 3). However, our data do not allow us to state at which
aspect the lowest or highest diversity can be expected, since the
experimentis unbalanced, i.e. the number of plots in individual aspect
groups is unequal (Table 1, Fig. 6).

From the topographic characteristics, the effect of elevation
on species diversity is most often examined in the scientific literature
(Grytnes and Vetaas, 2002; Pausas et al., 2003; Bhattarai et al.,
2004). Very often hump-shaped curves with maximum species
diversity at mid-elevations were reported (Bhattarai and Vetaas,
2003; Bachman et al., 2004). A similar pattern was observed in our
analysis, although the correlation was nonsignificant (Table 3). Such
loose relationships between species diversity and elevation with
R?= 0.3 and 0.4 were reported in other studies (Merganic et al.,
2004).

Biodiversity protection and maintenance is animportantissue,
which should be integrated into forest management plans or models
applied to the management of natural resources. In this context, the
main task is to quantify the biodiversity numerically. This study
documented how this could be performed using simple index
techniques. Another possibility could be to estimate the actual
biodiversity status from the usual forest stand parameters and
topography. Although our analysis did not reveal any strong
correlations, we detected some trends in the behaviour that would
require more thorough studies in the future.
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REAKCIA DRUHOVEJ BOHATOSTI A POKRYVNOSTI LESNYCH
FYTOCENOZ NA ZMENU VLHKOSTNYCH A TEPLOTNYCH
PODMIENOK V SMRECINACH 6. VEGETACNEHO STUPNA
STREDNYCH BESKYD
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Abstract
Merganic, J., IStonia, J. (Forest Research Institute, Department of ecology and biodiversity of
forest ecosystems, T. G. Masaryka 22, SK-960 92 Zvolen, Slovak Republic), Response of
species richness and coverage of plant communities to changes in thermal and humidity
conditions in spruce forests of 6th altitudinal vegetation zone in the Central Beskids,
Beskydy, 2004 (17): 65-72

The presented work analyses the relationship between the change in species richness
of plant communities in spruce forests situated in 6th altitudinal vegetation zone and the
change in coverage of the plant species that react to thermal and humidity conditions over a
period 29 years. For this analysis we used 14 sample plots established in 1972 within the
frame of the national habitat type survey, which were re-measured in 2001. The plots
represent three forest type groups: Fagetum-abietino-piceosum, Abieto-Fagetum a Fageto-
Abietum. The results suggest that in the analysed forest type groups species richness is
declining, which corresponds with the statistically significant increase in coverage of the plant
species that are indifferent to thermal and humidity conditions.

Keywords: species richness, moisture, temperature, forest plant community, climate change
1. Uvod

Sotva sa v poslednom desatroci trochu zlepsil zdravotny stav lesov, ktoré sa zacali
zotavovat’ z neunosnej, kyslej imisnej zdtaze auZz nad nimi visi novd hrozba, hrozba
z globélnej zmeny klimy 1 z naruSenej ochrannej funkcie atmosféry. OcCakdva sa, Ze zmena
klimy bude nielen vyznamn4, ale tak rychla, Ze Cast’ jedincov v nich, ba aj niektoré druhy
drevin, na vicsej Casti terajSich stanovist’ nebudd schopné sa na fiu adaptovat’ a ustipia.

Lesné ekosystémy ako dolezitd zloZka biosféry v neddvnej minulosti citlivo reagovali
na neunosnu imisnd zataz. ESte citlivejSiu reakciu oCakdvame pri zmene klimy, ktord vel'mi
zuzi existenciu najmi ihlicnatych drevin, z nich hlavne smreka. Viac-menej podobné zmeny
postihnd aj syndziu podrastu, ktord je v silnej interakcii sinymi biotickymi zlozkami
ekosystému a mnohokrat sa vyuZiva aj ako indikétor pre Specifické ciele.

Priebehy pocasia za posledné dve decénia s CastejSimi vyskytmi zosilujicich vykyvov
extrémneho pocasia nds presviedCaju, Ze sme svedkami uz zapocatych klimatickych zmien.
Nakoniec isamotné klimatické merania potvrdzuji, Ze v tomto obdobi priemernd teplota
stipla cca o jeden stuper.

Problematikou zmien bylinnej zloZky v lesnych ekosystémoch sa venovalo viac
autorov, napr. FALLKENGREN & GRERUP (1986, 1987, 1989), TYLER (1987), THIMONIER et al.
(1992) a ini. Bylinnej synuzii ako indikdtoru vyznamnych a dlhodobej$ich zmien v lesnom
ekosystéme sa v naSich podmienkach zacali venovat’ az v 90-tych rokoch AMBROS & MICHAL
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(1992) AMBROS et al. (1995), KrRIZOVA(1994, 1996), NIC (1995, 1999), VOLOSCUK (2001)
a PAVLENDA & ISTONA (2000).

Cielom predkladanej price je analyza zmeny druhovej bohatosti bylinnej synuizie
lesnych fytocen6z za 29-ro¢nd periédu. Zmena v druhovej bohatosti sa posudzuje jednak
vzhl'adom ku zmene vyskytu teplomilnych a vlhkomilnych indikatorov a jednak vzhl'adom na
zmenu v pokryvnosti druhov indiferentnych voci tymto ekologickym faktorom.

2. Empiricky material a metodika

Predmetom analyzy je 14 vyskumnych ploch zalozenych vroku 1972 za ucelom
narodného typologického prieskumu. Plochy sa nachddzaji v nadmorskej vyske 800 az 1250
m n. m. voblasti Pilska a Pard¢a, ktord orograficky zatriedujeme do Strednych Beskyd.
Podlozie je mozné charakterizovat’ ako nevapnity flySovy pieskovec. Po typologickej stranke
reprezentuji vyskumné plochy v danej oblasti najrozSirenejSie lesné spoloCenstvd 6.
vegetacného stupna. Z edaficko-trofickej (ekologickej) klasifikdcie reprezentuji 3 plochy rad
A so skupinou lesnych typov (slt) Fagetum-abietino-piceosum (Fap), rad B so slt Abieto-
Fagetum (AF) — 4 plochy a medzirad A/B zastupuje hlavne slt Fageto-Abietum (FA) — 7
ploch (ZLATNIK 1956, 1976, HANCINSKY 1972).

Vroku 2001 sa na wuvedenych plochich vykonali opakované kompletné
fytocenologické zdpisy aj s odberom pddnych vzoriek. Forma fytozdpisov je urobend podla
zauzivanych metodik v zmysle Skoly Prof. Zlatnika.

Kvantifikacia druhovej bohatosti

Druhova bohatost’ je najstarSie a najjednoduchSie ponatie druhovej diverzity a
vyjadruje sa na zdklade poctu druhov. Diverzita je tym vicSia, ¢im viac druhov sa v danom
spoloc¢enstve nachddza. Vo vSeobecnosti sa oznacuje indexom NO.

Z dalSich indexov, ktoré kvantifikuji druhovd bohatost’ a z historického hladiska
patria k najznamejSim, sd indexy R/ a R2. Autori, ktori tieto indexy zaviedli, sa snazili
zohl'adnit’ vplyv velkosti skimanej populdcie tak, Ze k nej ,relativizovali* poc€et druhov.

Matematickd formulacia vybranych indexov druhovej bohatosti je nasledovna:

NO =S (HILL 1973) [1]
RI1 = (S-1)/In(P) (MARGALEF 1958) [2]
R2 =S/-/P (MENHINICK 1964) (3]
kde: S —pocet druhov
P —celkova pokryvnost bylinného krytu

Kvantifikacia ekologickej indikacie faktorov prostredia bylinnymi druhmi

Ekologickd analyza vybranych spolocenstiev vychddzala =z kvalitativnych
a kvantitativnych znakov fytocendzy (druhova diverzita, abundancia a dominancia). Tie su
podl'a ZLATNIKA (1976) vysledkom posobenia faktorov prostredia a sd rozhodujicim
indikdtorom jeho vlastnosti. Hodnotenie zmien prostredia pomocou ekologickej analyzy
spoc¢iva v kvantifikdcii ekocisla pre kazdy rastlinny druh vzhladom na ekologicky faktor
definovany podl'a ELLENBERGA et al. (1992). Standardnym postupom (KRIZOVA & NIC 1997)
a automatizovanym spracovanim (JANKOVIC et al. 1999) sa vypocitali priemerné ekohodnoty
pre kazdy hodnoteny faktor, pricom pre ucely tejto prace sme pouZili vysledky viaZzuce sa k
vyskytu teplomilnych a vlhkomilnych indikatorov.
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3. Vysledky a diskusia

V prvom kroku sme analyzovali vplyv hustoty, veku porastu a celkovej pokryvnosti
bylinného krytu na indexy druhovej bohatosti, ekocisla a pokryvnost’ indiferentnych druhov.
Preukdzanie vplyvu tychto faktorov je potrebné zohladnit’ pri nasledovnych analyzach. Je
totiZ zndme, Ze zakmenenie vyznamne koreluje s vyspelostou lesného porastu, napr. s vekom
a samozrejme ovplyviuje celkovid pokryvnost’ bylinného krytu. V stbore skimanych dat
predstavuje koreldcia medzi zakmenenim a pokryvnostou bylinného krytu hodnotu —0.61,
teda pokryvnost’ stiipa so zniZzujicim sa zakmenenim. Okrem zakmenenia vplyva vek porastu
na pokryvnost’ bylinného krytu aj inou formou. Napr. pri rovhakom zakmeneni st v mladych
a starych porastoch iné podmienky pre existenciu bylinného krytu spdsobené polohou kortn.
Viacnédsobnou regresnou analyzou sme preto otestovali, €i existuje Statisticky vyznamny
vplyv tychto faktorov na hodnotené indexy druhovej bohatosti, ekocisla a pokryvnost’ druhov
indiferentnych na teplo a vlhkost. Ani v jednom pripade sa tento vplyv nepreukdzal a preto je
mozné jednoduchym spdsobom testovat’ rozdiely (Studentov t test vyznamnosti diferencie)
skumanych veli¢in vyplyvajtice z vyvoja fytocendz za 29-ro¢nu periddu.

Analyza zmien vo fytocenologickej indikacii teplotnych a vlhkostnych podmienok
prostredia

Analyza vyvoja ekocisiel (ELLENBERG et al. 1992) naznacuje, Ze dochddza k miernym
zmendm v bylinnych spolocenstvach v dosledku meniacich sa ekologickych podmienok. Na
jednej strane ubtda teplomilnych druhov, t.j. pokles ekocisel popisujicich faktor teplo
(obrazok 1A), na strane druhej pribidaji druhy obl'ubujice humidne stanovistia (obrdzok
1B). Tento trend je moZné pozorovat’ vo vSetkych troch hodnotenych slt. Vysledky analyzy
koreSpondujui so vSeobecne zndmymi poznatkami o tom, Ze s pribidajicou vlhkostou klesé
teplota. Pri druhoch indikujtcich teplo sa v slt FA vst tento vysledok potvrdil aj Statisticky
$ 95% spolahlivost'ou. SilnejSiu reakciu rastlinnych druhov zaznamendvame pri hodnoteni
faktora vlhkost’, kde sme obdrzali dva Statisticky signifikanktné vysledky ato v slt Fap vst
a AF.

Obr.1  Priebeh atestovanie zmeny v hodnotich ekocisel charakterizujicich reakciu
bylinnych druhov na teplo — EKO_TE (A) a vlhkost — EKO_VLH (B) v zavislosti
od skupiny lesnych typov

Fig. 1 Performance and statistical test of the change in eco-numbers (ELLENBERG et al.
1992) characterising the response of the plant species to thermal — EKO_TE (A) and
humidity conditions — EKO_VLH (B) in each examined forest type group
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Zaujimavé poznatky priniesla aj d’alSia Cast’ analyzy zamerand na zhodnotenie vyskytu
indiferentnych druhov. Vzhladom na teplo sa nezistila vyraznd zmena pokryvnosti
indiferentnych druhov (obrdzok 2A). V slt Fap vst sa pohybuje tito zmena okolo nuly, pricom
je charakteristickd vel'mi vysokou variabilitou. V slt FA vst je ndznak, Ze pokryvnost
indiferentnych druhov v priemere ubudla anaopak v slt AF onieCo vzrastla. Ani jeden
vysledok sa vSak nepotvrdil Statisticky.

In4 je situdcia pri hodnoteni zmeny v pokryvnosti indiferentnych druhov s ohl'adom na
vlhkost’ (obrdazok 2B). Vo vSetkych troch slt ich pokryvnost’ vyrazne stipla, o sa potvrdilo aj
Statisticky na 95% spolahlivosti. Rastici trend vich pokryvnosti moZe indikovat' to, Ze
dochddza k pomerne cCastym vykyvom podmienok prostredia. V takychto podmienkach
ubtidaju druhy Specificky viazané na konkrétne podmienky, resp. klesd ich pokryvnost’, ¢im
sa zékonite uvolnuje priestor druhom so Sirokou ekologickou valenciou Zivotaschopnosti.
Nérast pokryvnosti takychto druhov mo6Zze mat za dosledok, Ze v budicnosti bude
problematické klasifikovat’ podmienky prostredia na zéklade fytoindikatorov.

Obr. 2  Priebeh a testovanie zmeny v pokryvnosti indiferentnych druhov vzhl'adom na teplo
— PID_TE (A) a vlhkost — PID_VLH (B) v zavislosti od skupiny lesnych typov

Fig.2  Performance and statistical test of the change in coverage of the plant species that
are indifferent to thermal — PID_TE (A) and humidity conditions — PID_VLH (B) in
each examined forest type group
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Analyza zmeny v druhovej bohatosti lesnych fytocenéz

Ako uz bolo uvedené, druhova bohatost’ je hodnotend troma indexami druhovej
bohatosti NO, R1 a R2. Z analyzy vyplyva, Ze k najvicSej zmene v poCte druhov doslo za
sledované obdobie 29 rokov v slt AF (obrdzok 3). Této zmena predstavuje v priemere o -5
druhov niz§iu pocetnost’ v roku 2001 ako v roku 1972. V slt FA vst m4 tdto zmena priemernd
hodnotu -1.3 druha. NajniZ§iu zmenu sme zaznamenali v tretom hodnotenom slt Fap vst
s priemernou hodnotou +0.3 druhu. Jedine v tomto slt doSlo k zvySeniu poctu druhov za
sledované obdobie. Vo vSeobecnosti je potrebné poznamenat’, Ze ani jedna diferencia sa vSak
nepreukdzala Statisticky vyznamne.

Pri hodnoteni druhovej bohatosti s oh'adom na rozsah pokryvnosti bylinného krytu
(zohl'adnenie velkosti populdcie), pricom podmienka rovnakej vymery fytocenologickej
plochy je splnend, zistujeme, Ze za sledované obdobie doslo k poklesu v druhovej diverzite
vo vSetkych hodnotenych slt. Odrdzaji to hodnoty indexov RI aj R2 (obrdazok 4A a4B).
Rozdiel v interpretacii tychto indexov spociva v tom, Ze index R/ silnejSie reaguje na plochy
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s nizSimi celkovymi pokryvnostami ako index R2 (Mergani¢ 2001). Pri indexe R/ je zmena
v druhovej bohatosti v slt Fap vst dokonca na hranici Statistickej vyznamnosti a pri indexe R2
v tejto slt ide uZ o Statisticky signifikantnd zmenu potvrdend na 95% spolahlivosti.

Obr.3  Priebeh atestovanie zmeny druhovej bohatosti kvantifikovanej indexom NO
v zavislosti od skupiny lesnych typov

Fig. 3 Performance and statistical test of the change in species richness characterised by
the index NO in each examined forest type group
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Obr.4  Priebeh a testovanie zmeny v druhovej bohatosti kvantifikovanej indexom R/ (A)
a R2 (B) v zavislosti od skupiny lesnych typov

Fig.4  Performance and statistical test of the change in species richness characterised by
the index R/ (A) and R2 (B) in each examined forest type group
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ZavereCnd Cast’ analyzy je zamerand na to, ako vySSie uvedené faktory prostredia
indikované lesnou fytocenézou ovplyviiuji druhovi bohatost. Je zalozend na jednoduchej
korelacnej a viacndsobnej regresnej analyze. Z vysledkov uvedenych v tabul’ke 1 vyplyva, Ze
medzi zmenou v druhovej bohatosti a zmenou v pokryvnosti druhov indiferentnych na teplo
a vlhkost’ existuje Statisticky vyznamny vzt'ah. Obrdzok 5 prezentuje ukazku vzt'ahu medzi
diferenciami v absolitnom pocte druhov (index NO) a diferenciami v pokryvnosti druhov
indiferentnych na vlhkost'.

Dodato¢nou viacrozmernou regresnou analyzou vsak zistujeme, Ze zmenu v druhovej
bohatosti Statisticky signifikantne ovplyviuje iba zmena v pokryvnosti druhov indiferentnych
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na vlhkost’, ktord v sebe pravdepodobne integruje aj zmeny vyplyvajice z reakcie lesnej
fytocendzy na zmeny v teplotnych podmienkach.

Tab.1  Korelacnd analyza vztahu medzi zmenou druhovej bohatosti a zmenou pokryvnosti
bylinného krytu indikujiceho teplotné a vlhkostné podmienky prostredia (¥*95% a
**99% hladina spol'ahlivosti)

Table 1 Correlation analysis of the relationship between the change in species richness and
the change in the coverage of plant species indicating thermal and humidity site
conditions (significant relationships at ¥*95% and **99% significance level)

Ekologicky faktor
Teplota Vlhkost’
Index > 1 . i 1 .
Pokryvnost’ indiferentnych Ekohodnota Pokryvnost’ indiferentnych Ekohodnota
druhov druhov
Korela¢ny koeficient (Rxy)
NO -0.6921 ** 0.1699 -0.7428 ** -0.4084
R2 -0.6311 * 0.1845 -0.5337 * -0.4887
RI -0.7168 ** 0.0311 -0.6697 ** -0.4248

Obr.5  Vztah medzi diferenciami v absolitnom pocte druhov (index NO) a diferenciami
v pokryvnosti indiferentnych druhov na vlhkost'.

Fig.5  Relationship between the differences in absolute number of species (index N0) and
the differences in the coverage of the species indifferent to humidity
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Abieto-Fagetum a Fageto-Abietum.

V predkladanej préci je analyzovany vztah medzi zmenou druhovej bohatosti lesnych
fytocendz 6. lesného vegetacného stupiia a zmenou pokryvnosti bylinného krytu reagujiceho
na teplotné a vlhkostné podmienky za 29-ro¢nu periédu. Empiricky materidl predstavuje 14
vyskumnych ploch zaloZzenych vroku 1972 za tufelom celondrodného typologického
prieskumu. Plochy reprezentuju tri skupiny lesnych typov a to Fagetum-abietino-piceosum,

Z dosiahnutych vysledkov vyplyva, Ze v uvedenych skupindch lesnych typov
dochddza k poklesu druhovej bohatosti, ¢o koreSponduje so Statisticky preukdzatelnym
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ndarastom v pokryvnosti indiferentnych druhov. Tento poznatok naznacuje, Ze globdlne
klimatické zmeny ovplyviuju aj vyvoj v lesnych fytocendézach. Rastiici trend v pokryvnosti
indiferentnych druhoch moéZe indikovat to, Ze dochddza k pomerne cCastym vykyvom
podmienok prostredia. V takychto podmienkach ubudaji druhy Specificky viazané na
konkrétne podmienky, resp. klesa ich pokryvnost’, ¢im sa zdkonite uvoltfiuje priestor druhom
so Sirokou ekologickou valenciou Zivotaschopnosti. Narast pokryvnosti takychto druhov nesie
so sebou aj riziko pre hospodarsku tpravu lesov, pretoze v budicnosti bude problematické
klasifikovat’” podmienky prostredia na zdklade fytoindikdtorov. Tento predpoklad je vsSak
potrebné preverit podrobnejSou analyzou zmien pritomnosti a zastipenia diferencidlnych
druhov, ktoré s typickymi predstaviteI'mi konkrétnych stiborov lesnych typov.

Pod’akovanie
Praca vznikla v ramci rieSenia projektu ,,Vplyv globdlnej klimatickej zmeny na lesy
Slovenska®.
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Beskydy, 18 (2005): 111-118
Ediéni stredisko MZLU v Brné

REAKCIA DRUHOVEJ BOHATOSTI A POKRYVNOSTI LESNYCH
FYTOCENOZ NA ZMENU EDAFICKO-KLIMATICKYCH
PODMIENOK V SMRECINACH 6. VEGETACNEHO STUPNA
STREDNYCH BESKYD

J. Merganic¢ - J. Istona — K. Merganicova

Abstract
1Merganié, J., 2Iétoﬁa, J., Merganicovd, K. (IFORIM — Forest research, inventory and
monitoring, kpt. Nalepku 277/11, SK-073 01 Sobrance, Slovak Republic, *Forest Research
Institute, Department of ecology and biodiversity of forest ecosystems, T. G. Masaryka 22,
SK-960 92 Zvolen, Slovak Republic), Response of species richness and coverage of plant
communities to changes of edaphic and climatic conditions in spruce forests of 6th altitudinal
vegetation zone in the Central Beskids, Beskydy, 2005 (18): 111-118

The presented work analyses the relationship between the changes in species richness
of plant communities in spruce forests situated in 6th altitudinal vegetation zone over a period
29 years and the corresponding temporal change in the coverage of the plant species that are
sensitive to edaphic and climatic conditions. For the analysis 14 sample plots were used. The
sample plots were established in 1972, and re-measured in 2001. They represent three
different forest type groups: Fagetum-abietino-piceosum, Abieto-Fagetum a Fageto-Abietum.
The results show that in the analysed forest type groups species richness is declining. The
environment acidification was found to be the main factor causing this decline. The other
analysed factors, i.e. temperature, humidity and continentality, have a significant positive
effect on the coverage of the species that are indifferent to these factors. The increase of the
coverage of the indifferent species can be induced by frequent changes of environment
conditions due to the global climatic changes. In future, the expansion of such species may
cause problems in the classification of site conditions based on phytocenological surveys.

Keywords: species richness, moisture, temperature, light, continentality, soil reaction,
nitrogen, forest plant community, climate change, Ellenberg ecovalues

1. Uvod

V poslednych desatroc¢iach doSlo pod vplyvom zloZitého synergicky pdsobiaceho
komplexu ¢lovekom podmienenych faktorov k velmi vyraznému ovplyvneniu Zivotného
prostredia na celej Zemi. Této situidcia podmienila rozvoj metdd kvantifikdcie a analyzy
tychto zmien, ich moZnych pricin a sa stala predmetom mnohych pric. V minulom ro¢niku
,Beskydy 2004 sme obozndmili vedecku verejnost’ s pracou, ktorej predmetom bola analyza
reakcie druhovej bohatosti a pokryvnosti na zmenu vlhkostnych a teplotnych podmienok.
V tomto roc¢niku si kladieme za povinnost dokoncit uvedend analyzu v SirSom, ale
komplexnejSom kontexte. Vzhl'adom k tomu zaberaju v predkladanej praci kapitoly vysledky

Ciel'om préce je analyza zmeny druhovej bohatosti bylinnej synizie lesnych fytocen6z
za 29-ro¢nu periéddu. Zmena v druhovej bohatosti sa posudzuje vzhl'adom ku zmene vyskytu
fytoindikatorov reagujicich na pH, kontinentalitu, svetlo a dusik, ale aj vzh'adom na zmenu v
pokryvnosti druhov indiferentnych voci tymto ekologickym faktorom. Zdiverecnym
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¢iastkovym ciel'om je sibornd analyza reakcie zmeny druhovej bohatosti na vplyv komplexu
6 ekofaktorov, t.j. vlhkost’, teplota, pH, kontinentalita, svetlo a dusik definovanych podla
ELLENBERGA et al. (1992).

2. Empiricky material a metodika

Predmetom analyzy je 14 vyskumnych ploch zaloZenych v roku 1972 reprezentujicich
tri trofické rady, t.j. rad A so skupinou lesnych typov (slt) Fagetum-abietino-piceosum (Fap),
rad B so slt Abieto-Fagetum (AF) a medzirad A/B zastupuje hlavne slt Fageto-Abietum (FA)
(ZLATNIK 1956, 1976, HANCINSKY 1972). BliZ§{ popis je uvedeny v MERGANIC & ISTONA
(2004).

2.1 Kvantifikacia druhovej bohatosti

Druhova bohatost’ bola kvantifikovana tromi indexami, t.j. indexom NO (HILL 1973),
RI (MARGALEF 1958) a R2 (MENHINICK 1964). Bliz§i popis je uvedeny v MERGANIC &
ISTONA (2004).

2.2 Kvantifikacia ekologickej indikacie faktorov prostredia bylinnymi druhmi

Hodnotenie zmien prostredia pomocou ekologickej analyzy spociva v kvantifikécii
ekocisla pre kaZzdy rastlinny druh vzhladom na ekologicky faktor definovany podla

Vv

ELLENBERGA et al. (1992). BliZsi popis je uvedeny v MERGANIC & ISTONA (2004).

3. Vysledky a diskusia
3.1 Analyza zmien vo fytocenologickej indikacii podmienok prostredia — pH reakcia

Uvodna analyza, ktoré ¢iastoéne siaha nad ramec fytoindikaénych analyz, je zamerana
na zmenu v reakcii (pH) vrchnej vrstvy pody. SliZi pre porovnanie priebehu hodnot
charakterizujuicich reakciu fytoindikatorov (priemernd hodnota ekocisla) na zmenu veliCiny,
ktord je predmetom fytoindikdcie (priemernd hodnota pH). Z porovnania obrazkov 1 a2A
mdzeme vidiet, Ze ich zmeny su identické. Z obrazku 1 vyplyva, Ze za 29-ro¢nd periédu
doslo v prechodnom trofickom rade (A/B) a v Zivnom rade (B) k Statisticky signifikantnému
zakysleniu. Na tito skutoCnost’ reagovali aj fytoindikdtory kyslosti a v FA vst a AF vst
(obrazok 2A) zaznamendvame Statisticky preukdzatelni zmenu v priemernych hodnotich
ekocisel. Z obrazku 2B, kde je zndzorneny priebeh priemernych diferencii v pokryvnosti
indiferentnych druhov, je vidiet takmer opacnii reakciu. Pokryvnost’ tychto druhov v Fap vst
klesa, kym v FA vst a AF vst stipa. V dvoch pripadoch (Fap vst, AF vst) ide o vysledok
Statisticky signifikantny na 68% spolahlivosti. Statisticky signifikantné zakyslenie
v zivnejSich trofickych radoch sa prejavilo zvySenou pokryvnostou druhov indiferentnych k
pH. V kyslom rade sa dominancia fytoindikatorov kyslosti eSte viac zvyraznila.

3.2 Kontinentalita

Toto ekocislo vyjadruje reakciu rastlinnych druhov na rozdiely v teplote a vzduSnej
vlhkosti poCas diia a roka. Z obrazku 3A vyplyva, Ze v ZivnejSich radoch doslo k Statisticky
signifikantnému zvySeniu priemeru ekohodnoty tohto faktora, t.j. zvySil sa vyskyt a
pokryvnost” druhov zndSajicich kontinentdlnejSiu klimu. Pri pohlade na pokryvnost
indiferentnych druhov (obrdazok 3B) k tomuto faktoru sme medzi hodnotenymi obdobiami
nezaznamenali vyraznejSie rozdiely, ¢o je mozné potvrdit’ s 95% pravdepodobnostou.
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Obr. 1  Priebeh a testovanie zmeny priemernych pH hodndt v zdvislosti od skupiny lesnych

typov
Fig. 1 Performance and statistical test of the change of average pH values in each

examined forest type group
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3.3 Svetlo

Dalsie ekoéislo charakterizuje intenzitu osvetlenia, ktord je pre rastliny pocas
vegetacného obdobia optimdlna. Pri pohlade na zmenu hodnét priemernych ekocisel
(obrazok 4A) zistujeme v ZivnejSich radoch Statisticky silny (na 95% spolahlivosti) kladny
posun. V kyslom rade sa tdto tendencia taktiez potvrdila, aj ked’ s niZSou pravdepodobnostou
(68%). Prezentované diferencie dokazujui zvySenie pritomnosti druhov s vy$§imi narokmi na
svetlo. Jednou z moZnych analyzovanych pricin bola zmena v zakmeneni (redukcia zdpoja so
zvySujicim sa vekom), ale vztah k tejto zmene sa Statisticky nepotvrdil. Ide vSak o maly
rozsah suboru, ktory mohol spdsobit’ nesignifikantnost’ tohto vysledku.

Ako vidiet’ na obrazku 4B, druhov indiferentnych k svetlu naopak ubudlo, resp. ich
pokryvnost’ sa zniZila. Tento jav sa potvrdil vo vSetkych troch hodnotenych slt Statisticky
signifikantne, aj ked” pri rozdielnej spolahlivosti (v Fap vst, FA vst na 68% av AF vst na
95%). Pokles pokryvnosti indiferentnych druhov logicky stvisi so zvySenym vyskytom
svetlomilnych druhov, ¢o dokumentuji zmeny priemernych ekocisel (obrdzok 4A).

3.4 Dusik

Ekocislo charakterizuje naroky druhov na dusik a vyjadruje zavislost’ ich vyskytu od
zasoby minerdlneho dusika v pdde pocas vegetacnej doby. Priebeh priemernych diferencii
ekocisel (obrazok 5A) md velmi podobnud tendenciu ako priebeh diferencii pri analyze
zaoberajucou sa pH reakciou. V ZivnejSich radoch (A/B, B), teda v FA vst a AF vst doslo
k vyraznej z4pornej Statisticky signifikantnej zmene. Suvisi to s poklesom pH, ¢im dochddza
k spomaleniu humifikacnych procesov a mineralizicie dusika, atym k obmedzeniu jeho
pristupnosti pre rastliny. Spravanie sa pokryvnosti indiferentnych druhov ukazuje
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(obrazok 5B), Ze v slt Fap vst (rad A) sa vplyvom nezmenenej reakcie pH ich pokryvnost
vel'mi nemeni resp. je tu tendencia k ich poklesu. V prechodnom rade A/B (FA vst) a Zivhom
rade B (AF vst) je naopak ndznak k zvySeniu ich pokryvnosti.

Obr.2  Priebeh atestovanie zmeny v hodnotich ekocisel charakterizujicich reakciu
bylinnych druhov na reakciu pH — EKO_pH (A) a priebeh a testovanie zmeny
v pokryvnosti indiferentnych druhov vzhladom na reakciu pH — PID_pH (B)
v zavislosti od skupiny lesnych typov
Fig.2  Performance and statistical test of the change in the ecovalues (ELLENBERG et al.
1992) characterising the response of the plant species to pH — EKO_pH (A) and
performance and statistical test of the change in coverage of the plant species that
indifferent to pH — PID_pH (B) in each examined forest type group
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Obr.3  Priebeh atestovanie zmeny v hodnotich ekocisel charakterizujicich reakciu
bylinnych druhov na kontinentalitu — EKO_KO (A) a priebeh a testovanie zmeny
v pokryvnosti indiferentnych druhov vzhladom na kontinentalitu — PID_KO (B)
v zéavislosti od skupiny lesnych typov
Fig. 3 Performance and statistical test of the change in the ecovalues (ELLENBERG et al.
1992) characterising the response of the plant species to continentality — EKO_KO
(A) and performance and statistical test of the change in coverage of the plant
species that are indifferent to continentality — PID_KO (B) in each examined forest
type group
A) B)
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Obr. 4

Fig. 4
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Obr. 5

Priebeh a testovanie zmeny v hodnotich ekocisel charakterizujicich reakciu
bylinnych druhov na svetlo — EKO_SV (A) a priebeh atestovanie zmeny
v pokryvnosti indiferentnych druhov vzhl'adom na svetlo — PID_SV (B) v zavislosti
od skupiny lesnych typov

Performance and statistical test of the change in the ecovalues (ELLENBERG et al.
1992) characterising the response of the plant species to light — EKO_SV (A) and
performance and statistical test of the change in coverage of the plant species that
are indifferent to light — PID_SV (B) in each examined forest type group
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Priebeh a testovanie zmeny v hodnotich ekocisel charakterizujicich reakciu
bylinnych druhov na dusik — EKO_N (A) a priebeh atestovanie zmeny
v pokryvnosti indiferentnych druhov vzhl'adom na dusik — PID_N (B) v zavislosti
od skupiny lesnych typov

Performance and statistical test of the change the in the ecovalues (ELLENBERG et
al. 1992) characterising the response of the plant species to nitrogen — EKO_N (A)
and performance and statistical test of the change in coverage of the plant species
that are indifferent to nitrogen — PID_N (B) in each examined forest type group
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Tab. 1

Viacndsobnd regresnd analyza vplyvu Siestich ekofaktorov (pH — reakcia pH, SV —
svetlo, N — dusik, TE — teplota, VLH — vlhkost’, KO — kontinentalita) kvantifikovana
ekocislami (EKO) podl'a ELLENBERGA et al. (1992) na reakciu druhovej bohatosti —
index NO (¥*95% a **99% hladina spol'ahlivosti)

Table 1 Multiple regresion analysis of the influence of six ecofactors (pH value, light,
nitrogen, temperature, humidity, continentality) quantified with ecovalues by
ELLENBERG et al. (1992) on species richness (lEcofactor, *Standardised regression
coefficient, 3Partial correlation, 4Regression coefficient, SStandard error of
regression coefficient, %Student’s ¢ value, "Intercept, significant relationships at
*95% and **99% significance level)

3 — 7 p 5 ”
1 *Standardizovany Parc1avln),/ Reg.r esny Strednd SStudentova
Ekofaktor regresny koeficient korelaény | koeficient chybaa, b Statistika
koeficient (b) koeficienta

EKO_pH 1.081710 0.776185 10.04104 2.459268 4.082937 **

EKO_SV 0.593725 0.559869 4.79157 2.138112 2.241030 *

EKO_N 0.164031 0.213583 0.691360

EKO_TE -0.110922 -0.149162 -0.477028

EKO_VLH -0.094270 -0.113918 -0.362601

EKO_KO -0.103992 -0.100703 -0.320077

’ Absoliitny koeficient (a) 1.57829 2.191272 0.720263

Tab.2  Viacndsobnd regresnd analyza vplyvu Siestich ekofaktorov (pH — reakcia pH, SV —
svetlo, N — dusik, TE — teplota, VLH — vlhkost’, KO — kontinentalita) kvantifikovana
pokryvnostou indiferentnych druhov (PID) na reakciu druhovej bohatosti — index
NO (*95% a **99% hladina spol'ahlivosti)

Table 2 Multiple regresion analysis of the influence of six ecofactors (pH value, light,
nitrogen, temperature, humidity, continentality) quantified with the coverage of
indifferent plant species ('Ecofactor, “Standardised regression coefficient, *Partial
correlation, 4Regression coefficient, Standard error of regression coefficient,
SStudent‘s ¢ value, 7Intercept, significant relationships at *95% and **99%
significance level)

3 — 7 p 5 ”
1 *Standardizovany Parc1avln§/ Reg.r esny Strednd %Studentova
Ekofaktor regresny koeficient korela¢ny koeficient chybaa, b Statistika
koeficient (b) koeficienta

PID_pH 0.411230 0.722187 0.138289 0.044150 3.13224 *

PID_TE -0.426089 -0.674071 -0.228976 0.083639 -2.73765 *

PID_KO -0.374875 -0.649277 | -0.404109 0.157789 -2.56107 *

PID_VLH -0.381895 -0.606905 -0.170640 0.074487 -2.29086 *

PID_SV 0.128597 0.315420 0.940135

PID_N -0.097409 -0.180269 -0.518369

’ Absoliitny koeficient (a) 2.667358 2.116314 1.26038
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3.5 Integrovany vplyv skimanych faktorov na druhovi bohatost’

Suborny vplyv hodnotenych ekofaktorov na druhovd bohatost’ (NO, RI, R2) sme
testovali viacndsobnou regresnou analyzou samostatne prostrednictvom hodnot ekocisel
a pokryvnosti indiferentnych druhov. Tento vztah bol analyzovany na vSetkych plochich
spolu bez ohl'adu na skupiny lesnych typov z dovodu malého rozsahu dit. V tabulke 1
uvadzame jej vysledky pre hodnoty ekocisel a vzhl'adom k indexu NO. Z nej vyplyva, Ze
najtesnejs$i vztah k zmene v pocCte druhov (index NO) ma ekofaktor pH. Sved¢i o tom
najvyssia hodnota Studentove;j ¢ Statistiky ako aj hodnota parcidlneho koeficienta, ktory udava
tesnost’ koreldcie medzi hodnotenymi veli¢inami pri vylic¢eni vplyvu ostatnych ekofaktorov.
Druhym ekofaktorom, ktory vyrazne vplyva na zmenu v druhovej bohatosti, je ekofaktor
svetlo. Jeho vyznamnost’ sa potvrdila s 95% pravdepodobnostou. Ostatné ekofaktory vysli
z analyzy ako nevyznamné. Vysledky tejto analyzy potvrdzuji doteraz zndme tendencie
v zakysl'ovani prostredia vplyvom jeho zna¢ného znecistenia.

Pri sledovani vplyvu ekofaktorov na zmenu v druhovej bohatosti kvantifikovanu
indexami R/ a R2 sme dospeli k obdobnému vysledku s tym rozdielom, Ze najvyznamnejSim
a jedinym Statisticky vplyvnym ekofaktorom bola reakcia pH.

Vysledky druhej Casti sthrnnej analyzy zameranej na preukdzanie vplyvu
hodnotenych ekofaktorov na druhovi bohatost’ (index NO) prostrednictvom fytoindikacie
zmien v pokryvnosti indiferentnych druhov st uvedené v tabul’ke 2. Z nej vyplyva, Ze pokles
druhovej bohatosti je spOsobeny zvySovanim pokryvnosti resp. vyskytom druhov
indiferentnych voci Styrom ekofaktorom ato pH reakcii, teplote, kontinentalite a vlhkosti.
Z nich najsilnejsi vplyv ma pokryvnost’ druhov indiferentnych voci pH reakcii.

Pri sledovani vplyvu tychto ekofaktorov na reakciu druhovej bohatosti kvantifikovanu
indexami R/ a R2 sa Statisticky signifikantne preukazal iba jediny ekofaktor a to teplota.

4. Zaver

V predkladanej préci je analyzovany vztah medzi zmenou druhovej bohatosti lesnych
fytocen6z 6. lesného vegetacného stupna azmenou ekologickych podmienok. Druhova
bohatost’ je kvantifikovand troma indexami NO (HiLL 1973), RI (MARGALEF 1958) a R2
(MENHINICK 1964). Zmena ekologickych podmienok je stanovend fytoindikéaciou druhov voci
Siestim ekologickym faktorom (vlhkost’, teplota, pH reakcia, kontinentalita, svetlo a dusik)
definovanym podl'a ELLENBERGA et al. (1992) za 29-ro¢ni periédu. Empiricky materidl
predstavuje 14 vyskumnych ploch z oblasti Strednych Beskyd zaloZenych v roku 1972 za
ucelom celonarodného typologického prieskumu. Plochy reprezentuju tri skupiny lesnych
typov a to Fagetum-abietino-piceosum, Abieto-Fagetum a Fageto-Abietum.

Z dosiahnutych vysledkov vyplyva, Ze v uvedenych skupindch lesnych typov doslo za
uvedenu periddu k poklesu druhovej bohatosti. Za najvaznejsi faktor mézeme povazovat
zakyslovanie prostredia pravdepodobne spOsobené zneistenim ovzdusia. Dal$imi
vyznamnymi faktormi, ktoré ovplyviiuji druhovi bohatost’ hodnotenych lokalit, su teplota,
vlhkost' a kontinentalita. Uvedené ekofaktory Statisticky preukdzatelne spOsobuji ndrast
v pokryvnosti druhov indiferentnych k danym ekofaktorom. Rastuci trend v pokryvnosti
indiferentnych druhov moZe indikovat’ to, Ze dochddza k pomerne castym vykyvom
podmienok prostredia, ¢o tzko suvisi v sicasnosti s vel'mi frekventovanym javom globédlnych
klimatickych zmien. V takychto podmienkach ubudaji druhy Specificky viazané na konkrétne
podmienky, resp. klesa ich pokryvnost’, ¢im sa zdkonite uvol'nuje priestor druhom so Sirokou
ekologickou valenciou. Vyskyt a rozsirovanie sa takychto druhov méze v budicnosti spdsobit’
problémy typoldgii pri klasifikdcii podmienok prostredia, avSak tito hypotézu je potrebné
preverit podrobnejSou analyzou na rozsiahlejSom empirickom materidli.
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Abstract: Merganic, J., Merganicova, K., Vor¢ak, J., Istonia, J., 2008: Relationship between plant
communities and developmental stage of natural spruce forest in the subalpine forest belt of Na-
tional Nature Reserve of Babia hora. — Beskydy, 1 (2): 155-162

Thework presentstheresultsfrom the survey of plant communitiesinforest stands
of national nature reserve Babia hora. The relevés were collected on 57 sample
plots situated at an elevation ranging from 1,222 m to 1,503 m above sea level. The
plots are equally divided between the three developmental stages of virgin forests.
The analysis revealed that in the studied area no plant species can be accounted
for the differentiation between the developmental stages. Ourresults indicate that
in the conditions of Babia hora two types of cyclical changes of plant species oc-
cur: a small and a large cycle of plant communities. The analysis of the influence
of developmental stage on the proportion coverage of plant species with the same
Ellenberg’s indicator value showed that environmental ecological conditions are
not affected by the developmental stage of virgin forest. The status of forest stands
(permanently released canopy) and specific climate conditions of Babia hora are
preconditions for spatially homogenous plant communities.

Keywords: virgin forest, developmental stage, plant community, Ellenberg’s indicator value, co-
variance analysis

Uvod a problematika

Pralesy predstavuji v Strednej Eurépe kli-
maxové Stadium ekosystémov (Krizovd et al.
1992). Zakladnou ¢rtou klimaxu je dynamicka
rovnovaha medzi prijatou, t.j. fixovanou ener-
giou a energiou spotrebovanou (Krizova et al.
1992), ¢o z produkéného hladiska znamena
Jnulovy* prirastok (Vacek 2003). Podla Korpe-
la (1995) sa v stredoeurépskych podmienkach
takdto rovnovdha dd dosiahnut na ploche 30
az 60 ha v zdvislosti od geografického izemia
a lesného typu. Na men3ich plochich je moz-
né pozorovat prirodzentt dynamiku vyvoja

lesného ekosystému. Vyvoj stredocurépskych
pralesov prebicha cez tzv. maly vyvojovy cyk-
lus (Zukrigl etal. 1963, Mayer et al. 1972, Prti3a
1990, Korpel 1995 atd.), ktory autori charakte-
rizuju striedanim sa niekolkych vyvojovych
Stadii. Korpel (1995) vylisil tri $tadid vyvojové-
ho cyklu: stadium dorastania, optima a rozpa-
du, pri¢om kazdé z nich definoval na zdklade
vlastnosti drevinovej vrstvy lesného ekosys-
tému. Cielom predkladaného prispevku je na
priklade smrekového prirodného lesa v NPR
Babia Hora zistit, ¢i sa jednotlivé vyvojové 5ta-
did odli¥ujtajvdruhovom zlozenifytocenézy.
V ramci tejto analyzy chceme tiez preverit, ¢i

155

136



156

J. Merganic, K. Merganicovd, J. Vorédk, ]. Itoria

existujeindikaény druh, ktory by mohol slizit
ako pomocny ukazovatel pri vyliSovani vyvo-
jovych stadii prirodného lesa v danej oblasti.
Zarovei si kladieme za ciel zhodnotit vplyv
vyvojového $tadia na ekologické podmienky
indikované fytocen6zou v danej oblasti.

Material a metodika

Udaje pouZité v tejto praci pochddzaji
z inventarizdcie NPR Babia hora vykonanej
v roku 2002 (Mergani¢ et al. 2003). NPR Babia
hora patri orograficky do sdstavy vonkajich
Zipadnych Karpat, ¢asti Oravskych Beskyd,
do komplexu horského masivu Babej hory.
Nérodna prirodna rezervacia zaberd celkovo
503.94 ha a je umiestnend na zapadnych, juz-
nych a juhozdpadnych svahoch Babej hory
v nadmorskej vyske 1100 az 1725 m n. m. (Kor-
pel 1989). Geologické podlozie je tvorené zo
sdivrstvi nevépnitych flySovych pieskovcov.
Hlavnymi pddnymi predstavitelmi st podzol
a kambizem, len v malej miere litozem. Prie-
merné ro¢né teploty dosahujt vo vrcholovych
polohach 2 °Ca4°Cvnizsich polohidch a prie-
merny ro¢ny thrn zraZok je 1400 mm.

Lesné porasty st tvorené prevazne smrekom
oby€ajnym (Picea abies /L./ Karst.), vtrisene
sa vyskytuja jarabina vtacia (Sorbus aucupa-
ria L.), jedla biela (Abies alba Mill.) a buk lesny
(Fagus sylvatica L.). Les vystupuje priblizne
do nadmorskej vysky 1500 m n. m. Nad touto
hranicou lesa nastupuje pasmo kosodreviny
vystriedané v najvys3ich partiach NPR alpin-
skymi likami.

V ramci inventarizacie zalesneného tizemia
NPR Babia hora bolo zalozenych 57 kruho-
vych skusnych ploch o rozlohe 500 m? tak, aby
boli plochy rovnomerne rozdelené medzi tri
vyvojové §tadid (dorastanie—optimum-rozpad
podla Korpela (1989)) a Styri vyskové katego-
rie, t.j. do 1260 m, 1260-1360 m, 1360-1460 m
anad 1460 m n. m. V prvych troch vyskovych
kategériach sa v kazdom vyvojovom 3tadiu
zalozilo po 5 skusnych ploch a v poslednej,
najvyssej vyskovej kategérii po 4 skusnych
plochéch, pretoze tdto kategdria tvori plodne
nepatrnt ¢ast zaujmovej oblasti.

Stcdastou terénneho 3etrenia boli aj fytoce-
nologické zapisy bylinnej a krovinnej vrstvy.
Plocha fytocenologického zépisu bola lokali-
zovana v strede skusnej plochy a zodpovedala
poziadavke stanovistnej a floristickej homo-
genity. Tvar plochy bol stvorcovy a jej vimera
mala 25 m?, ¢o v danych lokalitich zodpoveda
vymere minimédlneho aredlu a spadd do in-
tervalov odpordéanych vymer fytocenologic-

kého zépisu podla Mueller, Domboisa, Ellen-
berga (in Krizova 1995). Pokryvnost druhov sa
odhadovalav%.Na 57 skusnych plochach bolo
vykonanych 581 databdzovych zdznamov
a sthrnne sme zachytili 39 taxénov (Adenosty-
les alliariae (Gouan) A. Kern., Athyrium distentifo-
lium Tausch ex Opiz, Avenella flexuosa (L.) Parl.,
Bistorta major Gray, Calamagrostis arundinacea
(L.) Roth, Calamagrostis villosa (Chaix ex Vill.)
J. F. Gmel, Cardamine amara L., Dicranum scopa-
rium Hedw., Dryopteris dilatata (Hoffm.) A. Gray,
Eupatorium cannabinum L., Gentiana asclepiadea
L., Homogyne alpina (L.) Cass., Hypnum cupressi-
forme Hedw., Galeobdolon luteum Huds. emend.
Holub, Luzula sylvatica (Huds.) Gaudin, Lycopo-
dium clavatum L., Maianthemum bifolium (L.) F. W.
Schmidt, Plagiomnium affine (Blandow ex Funck)
T. J. Kop., Moneses uniﬂom (L.) A. Gray, Myosotis
sylvatica subsp. sylvatica, Nardus stricta L., Oxa-
lis acetosella L., Phytewma spicatum L., Pleurozium
schreberi  (Brid.) Mitt., Polytrichum formosum
Hedw., Prenanthes purpurea L., Primula elatior (L.)
L., Ranunculus platanifolius L., Rhytidiadelphus tri-
quetrus (Hedw.) Warnst., Rubus idaeus L., Acetosa
arifolia (All.) Schur, Rumex alpinus L. 1759 non
L. 1753, Senecio germanicus Wallr., Sphagnum gir-
gensohnii Russow, Stellaria nemorum L., Vaccinium
myrtillus L., Vaccinium vitis-idaea L., Veratrum al-
bum subsp. lobelianum (Bernh.) Arcang., Viola
biflora L.). Nazvy druhov st uvedené podla
Marholda etal. (1998).

Hodnotenie podmienok prostredia je zalo-
zené na bioindikaénych vlastnostiach rastlin-
nych druhov definovanych podla Ellenberga
et al. (1992). Kazdému rastlinnému druhu vo
fytocenologickom zdzname sa priradia indi-
kaéné ¢isla (ckoéisla) 6 ckologickych faktorov
(svetlo, teplota, vlhkost, kontinentalita, dusik,
reakciana pH, Ellenberg et al. 1992). Pre kazdy
ekologicky faktor sa vypo¢itaji percentudlne
podiely pokryvnosti indikaénych ¢isel, t.j. po-
diely stictovej pokryvnosti druhov s rovnakou
indika¢nou hodnotou.

Pre analyzu vztahov medzi vyvojovym 3ta-
diom a fytocen6zou sme pouzili viacrozmer-
nu regresnd analyzu a zmie3any model ana-
lyzy kovariancie. Pre G¢ely regresnej analyzy
boli kategorické premenné (vyvojové stadium)
prevedené na ,dummy* premenné.

Vysledky a diskusia

Vplyv vijvojového stdadia prirodného lesa na pokryvnost
druhov fytocendzy

Vysledky parcidlnych korelaénych koeficien-
tov viacrozmernej linedrnej regresic medzi vy-
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vojovym Stidiom a pokryvnostou konkrétneho
druhu po elimindcii vplyvu nadmorskej vysky
vovieobecnosti nazna¢uji velmislabt zavislost
pokryvnosti konkrétneho taxénu od vyvojové-
ho 3tddia. V $tadiu dorastania sa hodnoty par-
cidlnych korela¢nych koeficientov pohybuja
v rozmedzi hodnot -0.25 do 0.30, v $tadiu opti-
mav rozpati -0.21 do 0.31 a v 3tadiu rozpadu od
-0.23 do 0.19. Najsilnejsi a signifikantny vztah
sme zistili medzi pokryvnostou Polytrichum for-
mosum Hedw. a §tddiom optima, kde dosiahol
parcidlny korelaény koeficient hodnotu 0.31, &o
znamend, ze tento druh méd v $tddiu optima vys3-
$iu pokryvnost ako v ostatnych dvoch 3tadiach.
Velmi podobnti tesnost vztahu sme zistili aj
medzi Dicranum scoparium Hedw. a $tadiom do-
rastania s hodnotou parcidlneho korela¢ného
koeficienta 0.30. Tieto vysledky v3ak neddvaja
odpoved na otdzku, ¢ je tieto dva druhy mozné
povazovat zaindika¢né druhy vyvojovych stadii
v danej oblasti. Pre tento Géel sme pouzili dvoj-
faktorova (vyvojové stidium, druh) analyzu ko-
variancie, ktorou sme komplexnejsie testovali
interakciu vplyvu faktorov na pokryvnost dru-
hov fytocenézy. Kovarianénou premenou bola
nadmorskd vyska, ktord ma nielen v danej oblas-
ti ale i vo v§eobecnosti vyrazny vplyv na viacero
ckologickych charakteristik. Z vysledkov ana-
lyzy vyplyva, ze interakcia vplyvu skimanych
faktorov je 3tatisticky nesignifikantna (tab. 1), t..
7e sa vo fytocen6ze v danej oblasti nenachddza
druh, ktorého zvy3end alebo zniZena pokryv-
nost by poukazovala na prislusnost k vyvojové-
mu $tadiu prirodného smrekového lesa.

K podobnym zaverom dospeli v jedlovo-bu-
kovych pralesoch Ujhazy et al. (2005) a Samo-
nil a Vrgka (2007), ktori zistili len velmi slaby
naznak zmeny druhov fytocenézy v zévislos-

ti od vyvojového stidia. Kym nesignifikanté
rozdiely vo fytocenéze medzi stidiami jedlo-
vo-bukového pralesa Samonil a Vrska (2007)
vysvetlujd vyskytom malych medzier v poras-
te a teda nedostatoénym priamym osvetlenim
podrastu, smrekové prirodné lesy v oblasti
Babej hory sa naopak vyznacuju trvalo rozpo-
jenym zapojom (Merganic et al. 2003). V oboch
pripadoch sav3ak jednd o vyrovnané svetlost-
né a mikroklimatické podmienky, ktoré da-
vajd predpoklad, ze pocas vyvojovych 3tadii
tychto ekosystémov dochidza vo fytocendze
kminimalnym a $tatisticky nesignifikantnym
zmenam.

Naprick 3tatisticky nesignifikantnym vy-
sledkom sme pri podrobnej3ej analyze mohli
prijednotlivych druhoch podobneako Ujhazy
etal.(2005) a Samonil a Vrgka (2007) pozorovat
urcity ndznak cyklickych zmien. V podmien-
kach Babej hory st tieto zmeny dvojakého
charakteru. Zmeny v pokryvnosti Polytrichum
formosum Hedw. a Dicranum scoparium Hedw.
mozeme charakterizovat ,velkym cyklom*
(obr. 1, 2). Ich pokryvnost je vysoka len v ur-
¢itom vyvojovom $tadiu, kym v dalsich dvoch
stddidch je vyrazne nizsia ako vo vrcholovom
stadiu, avsak v oboch 3tididch zhruba na
rovnakej trovni. Zmeny prebichajtice v ,ma-
lom cykle“, pri ktorom sa pokryvnost druhu
kontinudlne meni, sme zistili v pokryvnosti
taxénov Avenella flexuosa (L.) Parl., Dryopteris
dilatata (Hoffm.) A. Gray, Gentiana asclepiadea L.,
Hypnum cupressiforme Hedw., Oxalis acetosella L.,
Rubus idaeus L., Senecio germanicus Wallr. a Vac-
cinium myrtillus L.. Napr. pokryvnost taxénu
Oxalis acetosella L. narastd od Stadia dorastania
krozpadu (obr. 1). Naopak, taxén Dryopteris di-
latata (Hoffm.) A. Gray (obr. 2) ma najvyssiu po-

Tab. 1: Analijza kovariancie vplyvu vijvojového stadia a druhu na pokryvnost druhov fytocendzy.
Tab. 1: Covariance analysis examining the influence of developmental stage and plant species on plant species
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Pozndmka: % — pocet stupriov volnosti pre reziduél je po&itany pouzitim Satterthwait metédy;

hladina spolahlivosti - *95%, **99%

Note: % — degrees of freedom for residual calculated by Satterthwait method; significance level -

*95%, **99%
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Obr. 1: Pokryvnost taxénov Polytrichum formosum Hedw. (,velky cyklus®) a Oxalis acetosella L. (,maly cyk-
lus®) vo vijvojovijch stadidch privodného smrekového lesa v NPR Babia hora (@ - aritmeticky priemer, T +1.96 -
strednd chyba (IS 95 %). Vijsledky analyjzy sii Standardizované na priemer nadmorskej vijsky ako kovarianénej
premennej 1352.7 mn.m.)

Fig. 1: Coverage of two species Polytrichum formosum Hedw. (,,large cycle®) and Oxalis acetosella L. (,,small cy-
cle®) inthe developmental stages of natural spruce forests in National Nature Reserve of Babia hora (8- average,

T +1.96 - mean error (95 % confidence interval). The results of the analysis are standardised for an average of

covariatevariable elevation equal to 1,352.7 m above sea level)
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Obr. 2: Pokryvnost taxénov Dicranum scoparium Hedw. (,velky cyklus®) a Dryopteris dilatata (Hoffm.) A.
Gray (,malyj cyklus®) vo vijvojovych stddidch prirodného smrekového lesa v NPR Babia hora (8 - aritmeticky
priemer, T +1.96 - strednd chyba (IS 95 %). Vijsledky analijzy sii Standardizované na priemer nadmorskej vjsky
ako kovarianénej premennej 1352.7 mn.m.)

Fig. 2: Coverage of Dicranum scoparium Heduw. (,,large cycle*) and Dryopteris dilatata (Hoffm.) A. Gray (,,small
cycle®) in the developmental stages of natural spruce forests in National Nature Reserve of Babia hora (# - aver-
age, T +1.96 - mean error (95 % confidence interval). The results of the analysis are standardised for an average of
covariatevariable elevation equal to 1352.7 m above sea level)

Vplyv vijvojového stddia prirodného lesa na podiel
druhov fytocendzy s rovnakou indikaénou hodnotou
podmienok prostredia podla Ellenberga et al. (1992)

Obdobnym spdsobom ako v predoslom pri-
pade sme pomocou viacrozmernej linedrnej
regresie otestovali vplyv vyvojového §tidia na
podiel druhov s rovnakou indika¢nou hodno-
tou. Hodnoty parcidlnych korelaénych koefi-

kryvnost v $tadiu dorastania, ktord postupne
k stadiu rozpadu klesa. Tax6n Rubus idaeus L.
savyznacujenajnizsou pokryvnostou vstadiu
optima anajvyssou v §tadiu rozpadu.
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Tab. 2: Analyza kovariancie vplyvu vijojového $tadia, ekologického faktora a Ellenbergovho indikacného éisla
na podiel pokryvnosti druhov s rovnakou indikacnou hodnotou.
Tab. 2: Covariance analysis examining the influence of developmental stage, ecological factor and Ellenberg’s
indicator value on the coverage proportion of plant species with the same indicator value.
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Poznamka: « — polet stupriov volnosti pre rezidual je po¢itany pouZzitim Satterthwait met6dy;
hladina spolahlivosti - *95%, **99%
Note: % — degrees of freedom for residual calculated by Satterthwait method; significance level -

*95%, ¥**¥99%

Faktor: Teplota
Factor: Temperature

Ellenbergove indikaéné ¢islo: 2
Ellenberg’sindicator value: 2
indikatory zimy az chladu (alpinske druhy)
coldness indicators (alpine species)

Faktor: Svetlo
Factor: Light

Ellenbergove indikaéné ¢islo: 4
Ellenberg’sindicator value: 4
tielomilné az polotieriomilné druhy
sciophilous species
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Obr. 3: Podiel pokryvnosti druhov s rovnakou indikacnou hodnotou vo vjvojovijch Stddidch prirodného smreko-
vého lesa v NPR Babia hora (8 - aritmeticky priemer, T + 1,96 - strednd chyba (IS 95 %). Vijsledky analijzy si
Standardizované na priemer nadmorskej vijsky ako kovariancnej premennej 1352,7 m n.m.)

Fig. 3: Coverage proportion of plant species with the same Ellenberg’s indicator value in developmental stages of
natural spruce forests in National Nature Reserve of Babia hora (# - average, T + 1.96 - mean error (95 % con-
fidence interval). The results of the analysis are standardised for an average of covariate variable elevation equal

t0 1.352.7 m above sea level)

cientov sa medzi podielom indika¢ného &isla
avyvojovym Stddiom pohybovali v 5tadiu do-
rastania od -0.24 do 0.27, v 5tidiu optima od
-0.23 do 0.31 av §tadiu rozpadu v rozpéti hod-
notod -0.21 do 0.21. Signifikantné vztahy sme
zistili medzi podielom pokryvnosti indikato-

rov zimy az chladu (alpinske druhy) a stadiom
optima (s hodnotou parcidlneho korela¢ného
koeficienta 0.31), podiclom pokryvnosti tie-
fiomilnych az polotiefiomilnych druhov opét
so §tadiom optima (0.29) a podielom pokryv-
nosti druhov subkontinentalnych a $tddia do-
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rastania s hodnotou parcidlneho korela¢ného
koeficienta 0.27. Trojfaktorovou analyzou
kovariancie sme komplexne otestovali vplyv
faktorov: vyvojové stadium, ekologicky faktor
a indika¢né ¢islo na podiel pokryvnosti dru-
hov s rovnakou indika¢nou hodnotou. Z ana-
lyzy vyplyva, ze v skimanej oblasti sa ekolo-
gické podmienky indikované fytocenézou
v zévislosti od vyvojového stadia prirodného
lesa 3tatisticky signifikantne nemenia (tab. 2,
obr. 3).

Podobnu analyzu vykonali v jedlovo-bu-
kovych pralesoch Salajka a Razula aj Samonil
a Vrska (2007), ktori medzi vyvojovymi 5ta-
diami zistili Statisticky signifikantné rozdiely
v pddnej reakcii pH a pddnom dusiku indiko-
vanych fytocenézou.

Zaver

V predkladanej praci analyzujeme vplyv
vyvojového 3tidia prirodného lesa na fytoce-
nézu. Analyza bola zamerand na preukazanie
existencie diferenciatnych druhov viazucich
sa na vyvojové §tadid ako aj skupiny druhov
s rovnakou indika¢nou hodnotou podmienok
prostredia v zmysle Ellenberga ct al. (1992).
Z vysledkov analyzy vyplyva, Ze sa vo fytoce-
nézevdancjoblastinenachddzadruh, ktorého
zvydend alebo zniZend pokryvnost by pouka-
zovalanaprislusnostk vyvojovému stadiu pri-
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rodného smrekového lesa. Najsilnejsi a signifi-
kantny vztah sme zistili medzi pokryvnostou
Polytrichum formosum Hedw. a $tddiom optima
amedzi Dicranumscoparium Hedw. a3tddiom do-
rastania. Zmeny v pokryvnosti tychto druhov
mozeme charakterizovat ,velkym cyklom*
Ich pokryvnost je vysoka len v uréitom vyvo-
jovom 3tddiu, kym v dalgich dvoch stadiach je
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podmienky indikované fytocen6zou v zavis-
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Summary

The presented paper analyses the effect of the developmental stages of virgin forests on their
plant communities. For the analysis, we used the data from the survey of plant communities in
theforest stands of national nature reserve Babia hora performed in 2002 as a part of forestinven-
tory. The relevés were collected on 57 sample plots situated at an elevation ranging from 1,222 m
to 1,503 m above sealevel. The plots are equally divided between the three developmental stages
of virgin forests: stage of growth, maturity, and breakdown as defined by Korpel (1989).

The analysis was aimed at examining if any of the recorded plant species or a group of species
with the same indication value of environmental conditions according to Ellenberg et al. (1992)
can be used for differentiating between the developmental stages of virgin forests.

The relationship between plant communities and developmental stages was examined using
multiple regression analysis and amixed model of covariance analysis, while for the purposes of
regression analysis the categorical variables (developmental stage) were transformed into dum-
my variables.

The results revealed that in the studied areano plant species can be accounted for differentia-
ting between the developmental stages. The significant relationships were found between the
coverage proportion of Polytrichum formosum Hedw. and stage of maturity, and between Dicranum
scoparium Hedw. and stage of growth. The changes in the coverage proportion of these two plant
species can be characterised by a ,large cycle“ Their coverage is high in one developmental stage,
while in the other two stages their coverage is markedly lower, though in both stages at a similar
level. A trend toward cyclical changes, which was however not found significant, was also ob-
served in the coverage of Avenella flexuosa (L.) Parl., Dryopteris dilatata (Hoffm.) A. Gray, Gentiana as-
clepiadea L., Hypnum cupressiforme Hedw., Oxalis acetosella L., Rubus idaeus L., Senecio germanicus Wallr.
a Vaccinium myrtillus L. Unlike for the two above mentioned species, the coverage of these species
is changing continually characterising a ,small cycle®.

The environmental conditions were assessed indirectly using Ellenberg’s indicator values of
six ecological factors: light, temperature, humidity, continentality, nitrogen, and soil reaction
(Ellenberg et al. 1992). For each ecological factor, precentage coverage proportions of indicator
values, i.e. the proportions of cumulative coverage of species with the same indicator value, were
calculated. The analysis of the influence of developmental stages on the proportion coverage of
plant species with the same Ellenberg’s indicator value showed that environmental ecological
conditions are not affected by the developmental stage of virgin forest. The status of forest stands
(permanently released canopy) and specific climate conditions of Babia hora are preconditions
for spatially homogenous plant communities.
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Abstract

MerganicJ., Russ R., Beranovd J., Merganic¢ova K.: Assessment of the impact of deer on the di-
versity of young trees in forest ecosystems in selected localities of the Czech Republic. Ekologia
(Bratislava), Vol. 28, No. 4, p. 424437, 2009.

The presented paper analyses deer impact on tree species and height diversity of young trees in
three localities of the Czech Republic. The selected localities consisted of one fenced part, where
deer has been excluded for a long time; and an unfenced part with free access to deer. The data were
collected within the framework of the statistical forest inventory based on systematic sampling of the
inventoried area. Tree species and height diversity were quantified using ten diversity indices.
The analysis revealed that excessive deer densities pose a threat both to tree species and height
diversity of young trees. Higher negative deer impact on tree species diversity can be expected on
acidic sites, while height diversity is more sensitive to deer influence on fertile sites. However,
if deer densities are low and do not reach the carrying capacity of the site, deer presence has no
effect on tree species and height diversity of young trees.

Key words: deer impact, tree species diversity, height diversity, diversity indices, fencing

Introduction

The impact of deer on forest ecosystems has long been considered (Putman, 1986; Gill, 1992a,
b; Gill, Beardall, 2001; Rooney, 2001; Coté et al., 2004). Deer affects not only vegetation,
but also other animal groups, invertebrates, soil, nutrient cycling, etc., while the effects may

* Corresponding author
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be both direct and indirect (Putman, 1986; Rooney, 2001; Rooney, Waller, 2003), as well
as positive and negative (Putman, 1986; Reimoser et al., 1999; Gill, Beardall, 2001; Créte
et al., 2001; White et al., 2004). To state if and how deer presence influences a particular
element of woodland biodiversity depends on deer density, species-specific and site-specific
factors, and on the relationship between deer and the examined element (e.g. competition,
predation) (Putman, 1986; Stewart, 2001; White et al., 2004). However, in general exces-
sive deer densities usually exert an adverse overall effect on biodiversity (Putman, 1986;
Rooney, 2001; Coté et al., 2004; White et al., 2004; Carson et al., 2005), although some
plants, invertebrates and animals may benefit from it (White et al., 2004).

Forest regeneration representing the future forest stand is most vulnerable to damage caused
by deer when considering the tree layer of the ecosystem (Potvin et al., 2003). In general,
three major types of direct damage can occur: browsing, bark stripping, and fraying trees with
antlers (Gill, 1992a, b; Motta, 1996). Although all these effects are classified as damage to
a particular tree, considering the forest stand as a unit they do not always have to have a negative
influence on its tree species diversity. The overall impact is related to many different factors,
e.g. to timing and intensity of damage, to tree species composition of the understorey, to what
species is affected by deer, to the susceptibility of the tree species to damage etc. (Putman,
1986; Gill, 1992a; Reimoser et al., 1999; C6té et al., 2004). If e.g. deer reduces the proportion
of the most abundant tree species in understorey/regeneration, this can increase tree species
diversity (Helle, Aspi, 1983; Gill, 1992b), while damaging rare and vulnerable tree species
can cause species loss from the ecosystem (Martin, Daufresne, 1999).

Furthermore, damage by deer has an influence on the forest structure (Putman, 1986; Gill,
Beardall, 2001; Rooney, 2001; Rooney, Waller, 2003; Coté et al., 2004). When deer densities are
sufficiently great, the vertical habitat complexity of forest ecosystems may be reduced (Rooney,
2001). On the other hand, below a certain threshold of deer density no damage occurs and very
little effect either on species composition or on woodland structure is apparent (Gill, 1992a).

As Rooney (2001) pointed out on an example in North America, in the pre-settlement
period deer densities were low and regulated by weather, predators, and forest structure and
composition. Human induced changes to natural woodlands brought imbalances in these
relationships. Hence, it is now difficult to know what level of deer density can be expected
in a sustainable forest ecosystem for any particular conditions. To obtain such information,
long-term exclosure experiments have been established to study the response of forest
ecosystems to deer exclusion (e.g. Eiberle, 1967; Leibundgut, 1974; Ertl, 1989; Konig,
Baumann, 1990; Pollanschiitz, 1992; Konig, 1997; Nomiya et al., 2003; Von Oheimb et al.,
2003; Stone et al., 2004; etc.). Although such studies do not provide us with the information
about the desired status of the forest because deer naturally belong to forest ecosystems,
they can support objective judgements of deer impact (Reimoser et al., 1999).

In the presented paper we examined an indirect influence of deer presence on young trees
in the forest understorey using the data from long-term exclosures. The analysis consisted
of two partial goals:

(1) to evaluate how deer influences tree species and height diversity of young trees, which
is in accordance with Reimoser et al. (1999), who suggested that total tree density, spe-
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cies composition, and height structure are the main indicators of deer impact on forest
regeneration,
(2) and to assess how site fertility affects deer impact on diversity of young trees, if at all.
Tree species and height diversity of young trees was quantified using ten most common
diversity indices in order to analyse and present the reaction of each of them, which can in
future help a scientist to select the most appropriate index for a particular task.

Material and methods

Site description

Within the presented work the data from three different forest regions of the Czech Republic were used: Brdskd vr-
chovina (locality Svitd Anna), StfedoCeska pahorkatina (locality Libet), and Jihomoravskeé uvaly (locality Ranspurk
and Cahnov). All localities consist of one fenced (control) and one unfenced part with free access to animals.
The fenced part of Sviita Anna has a size of 47.46 ha (fenced since 1970’s) while the unfenced part covers 25.13
ha. Regarding the site characteristics, 60% of the experiment area is represented by acidic edaphic series (acidic oak
beech forests) (UHUL, 2001). The locality is situated at an elevation of 491 m a.s.l., has an average annual temperature
of 7.7° and a mean annual precipitation of 571 mm. Coniferous tree species, namely Norway spruce (Picea abies
Karst.), Scots pine (Pinus sylvestris L.), silver fir (Abies alba Mill.), and European larch (Larix decidua Mill.), make
up approximately 70% of species composition. The amount of broadleaved species, from which the most common are
oak (Quercus sp.) and hornbeam (Carpinus betulus L.), is in the fenced part 10% higher than outside the exclosure.
There are several deer species present in the locality: red deer (Cervus elaphus L.), fallow deer (Dama dama L.), white

(%) ' , i )
100 —— NPR RanSpurk and Cahnov
...... r LibeF
gol ~ Svata Anna
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40
20
o e R e
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Fig. 1. Relative values of deer density (thin line) standardised in the units of roe deer (Cervus elaphus) density
per 1,000ha and their carrying capacity (heavy line) in the examined localities.
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tailed deer (Odocoileus virginianus Bodd.), and roe deer (Capreolus capreolus L.). Deer densities in the unfenced
part have consistently exceeded the carrying capacity (by a factor of 3) for over a long time (Fig. 1).

The exclosure of the locality Libet covers 28.74 ha (fenced since 1970’s). The unfenced part has an area of
18.64 ha. Acidic edaphic series (acidic oak beech forest) prevail in this locality (UHUL, 2001). The locality is
situated at an elevation of 408 m a.s.l., has an average annual temperature of 8.1° and a mean annual precipitation
of 614 mm. The main tree species are Norway spruce, and Scots pine. Oak and hornbeam are the most common
broadleaves. In the exclosure, the proportion of broadleaved species is higher by about 10% than in the unfenced
part. Within the locality, only roe deer occurs from deer species, whereby in the long term its densities have never
reached the carrying capacity of the locality (Fig. 1).

The last locality consists of the two state nature reserves Ranspurk (fenced since 1983) and Cahnov (represents
unfenced control site). Both reserves are hardwood floodplains (elm hardwood floodplain) (UHUL, 1999). The
locality is situated at an elevation of 165 m a.s.l., and has a mean annual temperature of 9.7° and an average annual
precipitation of 527 mm. There are only broadleaved species present in the reserves, whereby field maple (Acer
campestre L.), narrow-leaved ash (Fraxinus angustifolia W ah1e nb.), hornbeam, and oak are the dominant species
there. The locality is characterised by the presence of roe deer, fallow deer, and red deer. In the long term, deer
densities have fluctuated around the carrying capacity of the locality, usually being below it (Fig. 1).

Material

In all three localities, the data were collected within the framework of the statistical forest inventory. As a sampling
design systematic sampling was applied, i.e. the sample plots each of size 500 m> were established in a regular
net over the inventoried area. In the locality Svitd Anna in total 69 sample plots were established, out of which
39 plots were located in the fenced area and 32 plots in the unfenced part. In Libef 25 plots were situated in the
fenced part and 24 plots in the unfenced part. In the last evaluated locality 23 and 22 sample plots were established
in the reserves RanSpurk and Cahnov, respectively.

From the total of 50 variables assessed during the inventory, we used the information about site, parent stand,
species composition, frequency and height configuration of young trees in the understorey, i.e. of the trees with
a minimum height of 10 cm and a maximum diameter at breast height of 6.9 cm. Within the sample plots, the
young trees were assessed by stratified sub-sampling on three circle sub-plots, each with a radius of 2m (i.e. area
12.57 m?).

Quantification of tree species and height diversity of young trees

Tree species and height diversity of young trees in the understorey was quantified using diversity indices. From
the great number of existing indices we selected those that are considered by the majority of authors (e.g. Ludwig,
Reynolds, 1988; Krebs, 1989) as the most suitable for numerical assessment of diversity in examined populations.
These indices can be divided into three groups:

e indices of species richness describing community diversity on the base of number of species

NO =S (Hill, 1973) [1]
R1 = (S-1)n(N) (Margalef, 1958) [2]
R2=S/-IN (Menhinick, 1964) [3]

e indices of species heterogeneity combining species richness and evenness

A :l—iw,2
i=1

(Simpson, 1949) [4]

S
H'==Y (w, In(w)
i=1 (Shannon, Weaver, 1949) [5]
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N1 = (Hill, 1973) [6]
N2 =1/A (Hill, 1973) [7]

* indices of species evenness that quantify the equitability of species in community

El = H/In(S) (Pielou, 1975, 1977) [8]
E3 = (e"-1)/(S-1) (Heip, 1974) [9]
E5 = ((I/M)-1)/( €*-1) (Hill, 1973) [10]

where S is the number of tree species or height classes; N is the number of individuals; and w, is the relative
abundance of tree species or height class i.

Species heterogeneity and species evenness indices were calculated using the species or height class propor-
tion determined from the number of individuals. Considering the interpretation of the above-mentioned indices,
higher values always indicate higher diversity.

Statistical analysis of deer impact on diversity of young trees in understorey

The analysis of deer impact on diversity of young trees is based on simple or hierarchical analysis of variance. The
examined factors were deer presence (fenced and unfenced part) and site fertility described by integrated edaphic
series (acidic versus fertile sites). The Tukey test was used to test the significance of the differences between the
levels of the particular factor.

For correct interpretation of the obtained results the homogeneity of the experiment must be ensured. However,
in long-term experiments such as the one presented here, it is difficult to meet this requirement, because of the
problems to maintain the conditions at the starting level (Gill, Beardall, 2001), and hence, to exclude the influence
of side factors. Therefore, prior to analysis the homogeneity of the conditions inside and outside the exclosures
was tested using the principles of contingency tables, analysis of variance, and regression analysis.

Results

Examining homogeneity of site and stand conditions inside and outside exclosures

The homogeneity test examined seven potential factors that can affect the interpretation of
the results: slope, type of terrain, aspect, edaphic series as a parameter integrating site condi-
tions, age of the parent stand, stand closure, and the proportion of the side light. According
to the results of the homogeneity test, no significant differences in site and stand conditions
between the fenced and the unfenced part of the locality Svita Anna were detected.

In Libef significant differences between the fenced and the unfenced part were found
in the edaphic series and stand closure, while the exclosure consists of more fertile sites,
and its forest stands are characteristic of lower closure. Due to these facts, more detailed
analyses were made to examine the relationship between stand closure and the values of
tree species and height diversity for the fenced and the unfenced part and the acidic and
fertile edaphic series separately. In the acidic edaphic series outside the exclosure signifi-
cant relationship was detected between closure and the indices S, RI, H, A, NI and N2.
The situation was similar in the case of height diversity indices, where the homogeneity
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test detected significant relationship between closure and all indices except R2. In the next
step, the values of the significant indices were corrected for the influence of closure, i.e.
new values of the indices were obtained from the regression for the average value of stand
closure in the fenced part. Further analyses were performed with these corrected values. To
eliminate the differences between the edaphic series, indices were compared only within
one edaphic series.

The test of the last locality comprising the Nature Reserves Ran$purk and Cahnov revealed
the identity between them. Overall, after the correction of the data in Libef we can state that
the homogeneity between the compared parts of the localities is assured.

Deer impact on tree species diversity of young trees

In the first examined locality Svitd Anna, the ratio between the broadleaved and coniferous
tree species in species composition of young trees is balanced, whereby in the exclosure
broadleaved species and in the unfenced part coniferous species slightly prevail. Young
trees in the fenced part are mainly silver fir, Norway spruce, oak, and hornbeam, but there
is also a considerable amount (approx. 10%) of fast-growing broadleaves. In the unfenced
part, spruce, and hornbeam are the most common species among the young trees. The fac-
tor “fence” was detected as a significant factor influencing tree species diversity of young
trees, while the factor “edaphic series’” was not proven to have a significant influence in this
locality (Table 1). It means that significant differences were found between the fenced and
the unfenced part, but not between the acidic and fertile edaphic series within a certain part
(Fig. 2). Significant deer impact was found for nine out of ten diversity indices (Table 1).
As shown in Fig. 2, higher values of indices were obtained for the fenced part in all three
components of diversity (richness, heterogeneity, evenness). In the acidic edaphic series,
significant differences between the fenced and the unfenced part were detected in all exam-
ined cases, while in the fertile edaphic series this was found only for H“and A. Considering
the sensitivity of indices to deer impact, R1, A and ES5 were the most sensitive indices from
the groups of species richness, heterogeneity, and evenness, respectively.

In the case of Libef, among young trees broadleaved species prevail both in the fenced
and the unfenced part, although in the exclosure their proportion is by about 10% higher.
Species composition of young trees consists mainly of Norway spruce, oak, hornbeam and
fast-growing broadleaves (silver birch — Betula verrucosa Ehrh., wild cherry — Cerasus
avium (L.) Moench., European aspen — Populus tremula L., rowan — Sorbus aucuparia
L., black alder — Alnus glutinosa Gaertn.).

Regarding tree species diversity, it was necessary to evaluate deer impact separately for
each edaphic series using the corrected values as described in section 3.1. Analysis of vari-
ance did not detect a significant influence of the factor “fence”, and hence of deer presence,
on any of the examined diversity indices. Fig. 2 presents that in the acidic edaphic series
higher tree species diversity was observed in the unfenced part. In contrast, the results for
the fertile edaphic series show an opposite trend, since all indices except S and R/ indicate
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T ab le 1. Hierarchic (Svitd Anna) and simple (RanSpurk and Cahnov) analysis of variance examining the
influence of the factor “fence” (i.e. deer impact) and the factor “integrated edaphic series” on the values of tree
species diversity.

Locality
S oz State Nature Reserves
Diversity index | Factor Svitd Anna Ranspurk and Cahnov
p p

fence 0.0006 HEE 0.0731
S

edaphic series*fence 0.6178

fence 0.0002 sk 0.7652
RI

edaphic series*fence 0.7281

fence 0.1002 0.0054 sk
R2

edaphic series*fence 0.1703
H fence 0.0000 sk 0.9197

edaphic series*fence 0.2971

fence 0.0000 sk 0.9030

edaphic series*fence 0.1693

fence 0.0001 sk 0.8232
N1

edaphic series*fence 05533

fence 0.0001 sk 0.5518
N2

edaphic series*fence 0.5699

fence 0.0000 sk 0.5285
El

edaphic series*fence 01524

fence 0.0001 sk 0.2974
E3

edaphic series*fence 0.1684
E5 fence 0.0000 sk 0.3230

edaphic series*fence 0.1488

Note: Significance level: ***p < 0.001=99.9%, **p < 0.01=99% and *p < 0.05=95%; grey part indicates fields
where the analysis was not possible

higher diversity in the exclosure. The most sensitive indices were E3 and N2 regardless of
the edaphic series.

In Ranspurk and Cahnov species composition of the young trees is very similar to that of
the parent stand, while field maple highly prevails. Narrow-leaved ash, and hornbeam are
also frequent among the young trees. This last locality is characteristic of only one edaphic
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Fig. 2. Relative values of tree species diversity of young trees in the fenced and the unfenced part of each
examined locality described by diversity indices S - E5.
(Legend: Arithmetic mean: @ — fenced part, Bl — unfenced part; Interval, inside which the real mean should oc-

cur with probability 95% (7, standard error of mean): _L — fenced part, ... — unfenced part; Integrated edaphic

series: . —acidic, — fertile; Locality: [ - Svita Anna, - Libef, e State Nature Reserves RanSpurk
and Cahnov)

series present in both reserves Ranspurk and Cahnov. Hence, within the analysis only the
influence of the factor “fence” was tested. As shown in Table 1, the only significant differ-
ence between the fenced and the unfenced part was found for R2. In seven out of ten cases,
higher values of diversity indices were calculated for the unfenced part (Fig. 2). The most
sensitive indices to deer impact were R2 and S.

Deer impact on height diversity of young trees

In Svitd Anna, a significant influence of deer was detected for all indices except R2 (Table
2). The factor “edaphic series” had a significant effect only on N1, although S, R1, H “and N2
were close to critical value p = 0.05 (Table 2). As presented in Fig. 3, higher average values
of the majority of indices were observed in the fenced part regardless of the edaphic series.
The analysis revealed significant differences between the fenced and the unfenced part only
in the fertile edaphic series in the case of S, R1, H', A, NI and N2. The most sensitive indices
were S, H and EI representing richness, heterogeneity, and evenness, respectively.
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T able 2. Hierarchic (Svitd Anna) and simple (RanSpurk and Cahnov) analysis of variance examining the
influence of the factor “fence” (i.e. deer impact) and the factor “integrated edaphic series” on the values of height
diversity of young trees.

Locality
O " State Nature Reserves
Diversity index | Factor Svita Anna Ran3purk a Cahnov
p p
fence 0.0053 oK 0.0000 Ak
N
.0641
edaphic series*fence 0.06
fence 0.0121 * 0.0000 HEE
RI
edaphic series*fence 0.0740
fence 0.9750 0.0804
R2
edaphic series*fence 0.3149
fence 0.0043 ok 0.0000 HEE
H
edaphic series*fence 0.0551
fence 0.0072 ok 0.0000 Ak
edaphic series*fence 0.1216
fence 0.0110 * 0.0000 Ak
NI .
edaphic series*fence 0.0355
fence 0.0321 * 0.0000 Ak
N2
edaphic series*fence 0.0514
fence 0.0139 * 0.0000 Ak
El
edaphic series*fence 0.2829
fence 0.0283 * 0.0003 Ak
E3
edaphic series*fence 0.3487
ES fence 0.0252 * 0.0000 HEE
edaphic series*fence 03029

Note: Significance level: ***p < 0.001=99.9%, **p < 0.01=99% and *p < 0.05=95%; grey part indicates fields
where the analysis was not possible

In Libeft, the analysis did not detect any significant impact of deer on height diversity of
young trees. According to the results shown in Fig. 3, in the acidic edaphic series higher
height diversity in the exclosure was obtained only from two indices S and R/. When ex-
amining the fertile edaphic series, the values of R2, H’, A, NI, N2 and E3 suggest that the
fenced part has higher height diversity of young trees (Fig. 3). The most sensitive indices
in the acidic and fertile part were S and N2, respectively.
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Fig. 3. Relative values of height diversity of young trees in the fenced and the unfenced part of each examined
locality described by diversity indices S - E5.
(Legend: Arithmetic mean: @ — fenced part, Bl — unfenced part; Interval, inside which the real mean should oc-

cur with probability 95% (t

/2
series: ‘ —acidic, A —fertile; Locality: [~ Svita Anna, i Liber, e State Nature Reserves Ranspurk
and Cahnov)

standard error of mean): | — fenced part, ... — unfenced part; Integrated edaphic

The analysis of the last locality consisting of the two reserves RanSpurk and Cahnov
revealed a significant deer impact on height diversity of young trees in all cases except R2,
which is close to the critical value (Table 2). Fig. 3 documents that all indices exhibited
higher values of height diversity in the fenced part RanSpurk. Regarding the sensitivity of
indices, the results coincided with those obtained for Svitd Anna, i.e. the most sensitive
indices were S, H and E1.

Discussion

From the three examined localities, locality Svitd Anna was found to be influenced by deer
the most. This locality has been under intense pressure due to the excessive deer density for
the last ten years (Fig. 1), which has affected both the tree species and height diversity of
young trees. The influence of deer was apparent in all components of tree species diversity,
i.e. in richness, heterogeneity, and evenness, while the values of all the calculated indices
were higher in the exclosure (Table 1, Fig. 2).
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The analysis showed that due to high deer pressure the risk of the loss in tree species
diversity is higher on the acidic sites, whereas the height diversity of young trees is more
threatened on the fertile sites (Fig. 2). Considering tree species diversity, fertile sites
provide suitable conditions for more tree species (Barnes et al., 1998), and hence, deer
selection does not have such profound effects on tree species richness as on acidic sites
(Fig. 2). Coté et al. (2004) also reported that deer impact is larger in low-productivity
habitats.

On the other hand, fertile sites are characteristic by denser and more diverse ground
vegetation (Barnes et al., 1998). Therefore, such sites are more attractive to deer, also be-
cause of the higher nutrient content of the plants from the fertile sites (Gill, 1992a). If deer
density is too high, as it is in Svitd Anna, where the average deer density during the last
ten years was 3 times higher than its carrying capacity, the height diversity of young trees
is more affected on fertile sites (Fig. 3).

In addition, excessive deer pressure usually leads to a reduction in palatable plant spe-
cies and the spread of unpalatable ones or those tolerant to deer damage, mainly ferns and
graminoids (Kirby, 2001; Rooney, 2001; Carson et al., 2005). This shift in plant composi-
tion may inhibit tree regeneration (Kirby, 1990; Kirby, 2001; Coté et al., 2004). Selective
feeding of deer is also documented by the values of E/-ES5 that are significantly lower in
the unfenced part regardless of site fertility (Fig. 2). Similar findings were observed in the
evaluation of the height diversity of young trees (Fig. 3), because most browsing by deer
usually occurs at an intermediate level between ground and full reach (Gill, 1992a; Ellenberg
et al., 2001; Coté et al., 2004).

Locality Libef is the opposite example to Svitd Anna, as here deer densities have
always been far below the carrying capacity (Fig. 1). Therefore, the analysis of the deer
impact on forest ecosystem could hardly detect any significant influence of deer. In
several cases (e.g. index S), a higher diversity was found in the unfenced part. Similar
results were reported also for ground vegetation by Rambo and Faeth (1999), Von Oheimb
et al. (2003), Stone et al. (2004), etc. Helle and Aspi (1983) showed that moderately
grazed areas by reindeer had the highest species richness, since this grazing pressure
created space for the plants, which would be in ungrazed areas out-competed (Putman,
1986). Higher diversity of the unfenced part may also be caused by management prac-
tices, as e.g. Reimoser and Gossow (1996) documented that ungulates impact depends
on the applied silvicultural system. Although the management analysis detected that
the same management prescription was to be applied in both fenced and unfenced parts
of the locality Libef, according to the information obtained from the forest enterprise
the forest stands inside the exclosure were in reality left to natural development until
the 1990s, while in the unfenced part clear-cutting, shelterwood and selection systems
were applied. This fact can explain the obtained results, because the usual management
practices are aimed at maintaining a certain species composition, which does not have
to coincide with the natural status. Hence, tree species diversity can be higher in the
unfenced managed part than inside the exclosure, because intermediate frequencies of
disturbance increase species diversity when compared with no or very low disturbance
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frequencies (Barnes et al., 1998). In addition, clear-cutting can also lead to increased
tree species diversity through promoting pioneer tree species (Barnes et al., 1998;
Brokaw, Lent, 1999).

The State Nature Reserves RanSpurk and Cahnov represent the locality in which the
silvicultural human influence can be excluded. Nonetheless, the only significant differ-
ence in tree species diversity between the fenced part RanSpurk and the unfenced part
Cahnov was detected for the index R2 (Table 1, Fig. 2). In addition, although in general
RanSpurk has a higher species richness than Cahnov, R2 indicates the opposite. This is
due to the character of the index, as it accounts for the size of population and is sensi-
tive to a wide range of individuals’ frequencies. It was the frequency of young trees that
caused the opposite reaction of R2 as expected, since in the unfenced part Cahnov the
frequency of young trees is only half their frequency in RanSpurk. Interestingly, a higher
tree species heterogeneity and evenness was also observed in the unfenced Cahnov (Fig.
2). This may be explained by the fact that in RanSpurk, where higher species richness
was detected, new tree species can occur thanks to deer exclusion, but their proportion
in species composition is small.

Considering height diversity of young trees, the results of the analysis revealed signifi-
cantly higher height diversity in the exclosure RanSpurk than in Cahnov (Table 2, Fig. 3).
This corresponds with other works, which reported a simplified vertical structure of forest
stands as a result of deer impact (e.g. Gill, 2000; Rooney, 2001).

Conclusion

While assessing deer impact on forest ecosystems, it should not be forgotten that deer have
always been a considerable component of their natural biodiversity. Therefore, within the
sustainable forest management the efforts should focus on keeping deer densities at sen-
sible levels, which depend on site-specific and species-specific conditions. The results of
our analysis support this statement, since only excessive deer densities pose a threat to tree
species and height diversity of young trees. Higher negative deer impact on tree species
diversity can be expected on acidic sites, while height diversity is more sensitive to deer
influence on fertile sites. With low deer densities that do not reach the carrying capacity
of the site, no significant effect of deer presence on tree species and height diversity of
young trees has been detected.
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Abstract The article analyses the possibilities of devel-
oping an integrated indicator and a model of the assessment
of forests naturalness using the data from the database of
mountainous spruce forests situated in the Western Car-
pathians of Slovakia. The article presents two variants of
such a model, one based on discriminant analysis, while the
second one using an additive approach. The analysis of the
data from mountainous spruce forests revealed significant
indicators of forest naturalness degree: the arithmetic mean
of the ratio between crown length and tree height, the
deadwood volume, the coverage of grasses, the coverage of
mosses and lichens, and the aggregation index. In addition,
the coefficient of variation of tree diameters was included
in the final model, since its presence in the model had a
positive influence on the correctness of the classification of
the forest naturalness degree. The correctness of the clas-
sification of the proposed discriminant model was 74.5%.
For the additive model, the ranges of the values of the
integrated indicator were defined for every degree of forest
naturalness by taking into account the error ranges of the
arithmetic mean values and the percentiles of the values in
individual degrees of forest naturalness. The overall cor-
rectness of the classification with the additive model was
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63.4%. In the second step, the scheme how to apply the
classification model of the forest naturalness degree in the
decision-making process of designating as a forest pro-
tected areas was proposed. In this scheme, the degree of
forest naturalness is considered as a basic criterion for the
determination of nature-conservation value of forest eco-
systems. As further decision-making criteria we identified
the possibility to restore, or the possibility to improve the
naturalness of less natural forest ecosystems, which are
designated as protected; the occurrence of the endangered
species; and the occurrence of other natural values.

Keywords Indicators and models of forest naturalness -
Evaluation of forest naturalness - Forest protected area -
Decision-making support in forest utilisation

Introduction

Forest naturalness, or more precisely a degree of forest
naturalness, is a significant indicator of the intensity of
human interventions in forest ecosystems, i.e., it specifies
the extent of human influence (Cluzeau and Hamza 2007).
There exist a number of less or more detailed classifica-
tions of forest naturalness with a common feature that the
scale begins with the forests in the original state repre-
senting the highest degree of forest naturalness and ends up
with man-made forests (Welzholz and Biirger-Arndt 2004).

Naturalness is a pan-European indicator of sustainable
forest management (SFM) belonging to the set of criteria
and indicators for sustainable forest management (No. 4.3)
proposed within the framework of the Ministerial Confer-
ence on the Protection of Forests in Europe (MCPFE
(Ministerial Conference on the Protection of Forests in
Europe) 2002). In this context, forests are divided into
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forests undisturbed by man, which encompass forests with
least human interventions; modified natural forests, semi-
natural forests and plantations (productive and protective),
which cover man-made (artificial) forests.

According to the Global Forest Resources Assessment
2010 (FAO 2007), forests are distinguished into primary
forests defined as naturally regenerated forests of native
tree species with no clearly visible indications of human
activities and with not significantly disturbed ecological
processes; other naturally regenerated forests which are
also regenerated naturally but the indications of human
activities are clearly visible; and planted forests, where the
trees established through planting or seeding prevail.

The degree of forest naturalness is assessed through
various indicators, mainly: nativeness of species and
genotypes, differentiation of stand structure (e.g. diameter
frequency distribution, vertical and age structure, occur-
rence of deadwood, natural regeneration of forests and
coverage of ground vegetation), as well as the existence
and extent of human influence in particular forest ecosys-
tems (e.g. occurrence of timber felling and forest
re-establishment and the applied methods, soil scarifica-
tion, existence of forest roads, recreational activities,
grazing, forest damage). (e.g. McComb and Lindenmayer
1999; Miiller-Starck 1996; Peterken 1996; Scherzinger
1996; Frank 2000).

Some European countries assess forest naturalness at
a sample plot level within the framework of their national
forest inventories. However, such an assessment provides
summary information on individual degrees of forest nat-
uralness only at national or regional levels.

Since the assessment of forest naturalness is very
demanding from the points of methodology, applied tech-
niques and funding, its realisation is reasonable if this
indicator is an essential element in a specific decision-
making process. In forestry, forest naturalness is of the
greatest significance in the decision-makings that deal with
the designation of forests as protected areas, and in the
second step that determine the need and the urgency of
their management (cultivation, tending) in such a way,
which will secure the protection of their biological diver-
sity and/or of other natural values. For these purposes, it is
required to perform detailed surveys of forest naturalness
focusing particularly on such forest ecosystems which are
the subject of decision-making processes whether they are
to be declared protected areas or not.

In the case of protected forest areas, at least of those
with the highest status of protection, one expects them to
be very close-to-nature, with almost no human influence. It
is assumed that only in such forests the natural develop-
mental cycle, the adequate tree species composition, the
age structure, and other components of forest naturalness
have been preserved or have recovered. The maintenance

and enhancement of these features should be the primary
goal of nature conservation (Welzholz and Biirger-Arndt
2004; Bartha and others 2006).

From the perspective of nature conservation, the forests
undisturbed by man are of great value, particularly if they
are large compact forest areas. Such forests can serve as
reference areas, where natural ecological processes can be
studied; and can also contribute to the development of
close-to-nature forest management methods (MCPFE
2007). In the conditions of Central Europe, such forests
occur only scarcely and hence, are very precious. Owing to
functioning natural ecological processes, they should be
left to self-regulating processes without any human
interventions.

Because of the above-mentioned reasons it is required to
know the actual degree of forest naturalness in protected
areas, and in the forest ecosystems, which have the
potential for being protected, since it can be taken as an
objective criterion for decision-making about forest use
and consequently about forest management (Hoerr 1993;
Schmidt 1997). This is a generally applicable requirement
and a need for achieving the optimal and the most effective
use of forestland.

Hence, our goal was to prepare and propose a generally
applicable method for the derivation of an integrated
indicator and a model of forest naturalness degree. Our
requirement was to obtain unit values of the indicator and
the variability of such a magnitude, that the differences
between the individual degrees of forest naturalness would
be significant. In order to examine the practical applica-
bility of the proposed method, it was developed for a
specific case of forest ecosystems located in a spruce alti-
tudinal vegetation zone (hereinafter called SVZ).

We selected this type of ecosystems due to two reasons.
First, this forest community is very valuable with signifi-
cant ecological and social functions including nature-con-
servation functions (Korpei 1989). Secondly, extensive
national and international scientific activities (e.g. S4C
Initiative, Mountain Research Initiative, International Sci-
entific Committee on Research in the Alps ISCAR) have
been carried out in the forests of SVZ. During the scientific
works performed in the years 1999-2002, a large amount
of data suitable for solving our task was gathered, since the
need for the research of naturalness of forest ecosystems
was respected already in the process of data acquisition.

Materials and Methods
Database

The SVZ is the highest altitudinal vegetation zone (VZ)
with forest and tree-like vegetation in Slovakia (Fig. 1). It
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Fig. 1 Distribution of spruce vegetation zone over the area of
Slovakia. Similar forest types occurred in other European mountain
ranges (e.g. Alpine and Carpathian regions in Romania, Ukraine,
Poland, Austria, Germany, Switzerland, France and Czech Republic);
Legend: Boundary of the Slovak Republic, Forest stand area, Spruce
vegetation zone

is situated above spruce-beech-fir VZ, in which typical
well-grown management forests occur. Forests in SVZ
reach smaller heights (at an upper zone line the trees are
dwarfed), and have a character of protective forests. At
higher altitudes, SVZ merges into mountain pine VZ. The
SVZ is located at an elevation from 1,250 to 1,550 (1,600)
m above sea level. Total annual precipitation is 1,100—
1,600 mm per year. Vegetation season lasts from 70 to
100 days, and mean annual temperature is approximately
2-4°C.

Apart from Norway spruce (Picea abies (L.) K.), other
tree species, namely rowan (Sorbus aucuparia L.),
European larch (Larix decidua Mill.), Arolla pine (Pinus
cembra L.), Sycamore (Acer pseudoplatanus L.), Euro-
pean beech (Fagus sylvatica L.), Silesian willow (Salix
silesiaca Willd.), Carpathian birch (Betula pubescens ssp.
carpatica Willd.), Great sallow (Salix caprea L.), and
Dwarf mountain pine (Pinus mugo ssp. mugo Turra), also
occur in these stands with a proportion of up to 30%,
approximately. The age, diameter, and height structure of
the forests in SVZ should be highly (horizontally and
vertically) diversified to ensure the fulfilment of important
ecological functions.

Almost identical forest types spread over the whole
Alpine and Carpathian region, less frequently they can be
found also in other European mountain ranges (Palearctic
habitat 42.21: Alpine and Carpathian subalpine spruce
forests).

Empirical material was collected in permanent research
plots (PRP) by preferential and non-random sampling.
This sampling is common in ecological studies, which are
mainly aimed at ecological gradients, because it covers
a broader range of vegetation variability (Rolecek and
others 2007). The PRPs were established as circle plots of
a size of 100-1,000 m? in order to meet the prerequisite
that a minimum of 25 trees occurr within each plot. The
PRPs were localised using the global positioning system
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(GPS). The methodological intention was to establish
PRPs in such a manner that detailed information about the
natural and stand conditions (inclusive of forest natural-
ness) of forests in SVZ could be obtained (Table 1).
In the process of the methodology preparation, indicators
suitable for the description of the state of structurally
differentiated forests that were assumed to be related
to the forest naturalness degree were identified and
proposed.

To assess and to characterise natural and stand condi-
tions of PRPs, a lot of information was collected: forest
type, soil type and crown closure were determined; basic
mensurational parameters were measured; and the devel-
opmental phase and the degree of forest naturalness of the
stand inside the PRP were assessed. Tree crown length was
calculated as the difference between tree height and height
to crown base. For age analysis, a required number of core
bores were collected. The coverage of ground vegetation
(grasses, herbs, mosses, lichens, subshrubs, and shrubs), the
conditions for natural regeneration of spruce, and existing
natural regeneration were also assessed.

In total, 122 PRPs were established. Table 1 presents the
summary information about the data structure with regard
to natural and stand conditions of the PRPs, in which they
were established (forest eco-region, group of forest types,
degree of forest naturalness, and elevation). As shown in
Table 1, the category Natural forests having 94 sample
plots is the most abundant, while the category of Man-
made forests has the lowest frequency.

Classification of Forest Naturalness for Parametrisation
of Classification Model

The classification of forest stands into degrees of forest
naturalness was based on the categorisation of Zlatnik
(1976) (Table 2). The assessed degree of forest naturalness
resulted from the detailed, though subjective evaluation of
the forest status. Naturalness was assessed as a rate of
human influence on a forest on the base of visual features
that indicate human interventions (inclusive of forest
management), which affect tree species, spatial and age
structure (Fleischer 1999) of forests in SVZ. Each PRP was
assigned one degree of forest naturalness from the scale
A to G (Zlatnik 1976), which were further aggregated into
three degrees: Primeval forest, Natural forest, Man-made
forest (Moravcik and others 2003; Moravéik and others
2005; Moravcik 2007a, b) prior to data processing due to
the insufficient number of plots in the degrees of the finer
scale from A to G. For further processing and evaluation of
information from 122 PRPs, the database system “Moun-
tainous forests” was created in the environment MS Access
2000.
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Table 1 Data structure with regard to natural and stand conditions

Degree of forest naturalness, n/%

Primeval forest Natural forest

Man-made forest

17/13.9 94/77.1 11/9.0

Of it the stage of Of it the stage of Of it the phase of

Growth Optimum Disintegration Growth Optimum Disintegration Tending Regeneration
2 9 6 32 36 26 2 9

Forest eco-region, n/%

Velké Fatra Polana Nizke Tatry Vysoké Tatry
7/5.7 12/9.8 85/69.7 18/14.8
Group of forest side types, n/%

SP, LP sup AcP sup FP sup CP
84/68.9 22/18.0 9/7.4 7/5.7
Elevation (meters above sea level), n/%

Up to 1,350 1,351-1,400 1,401-1,450 1,451-1,500 1,501-1,550 1,551 and above
14/11.5 21/17.2 29/23.8 32/26.2 19/15.6 7/5.7

Table 2 Criteria for the classification of stands by the naturalness classes

NC Name

Signs of anthropic effect; signs of stand structure

A Primeval forest
B  Natural forest

Without any effect of human activity

Appearance of primeval forest without obvious signs of anthropic activity, possible selective felling in past,

natural forests affected by natural disasters left to natural development are included as well

Semi-natural forest

Slightly altered forest
Markedly altered forest

QmmgAa

Completely altered forest

Natural tree species composition, altered spatial structure due to extensive human activity
Predominantly natural forest Natural signs predominate over anthropic signs

Forest with natural as well as anthropic signs, the latter ones prevail

Forests only with anthropic signs but of natural appearance

Forest stand only with anthropic signs of its origin or formation

Proposal of Indicators of Forest Naturalness
for Classification Model

Considering the structure and the type of data stored in the
database system “Mountainous forests”, a number of
indicators that were assumed to be related to a degree of
forest naturalness were proposed.In total, 25 different
indicators of naturalness of forest ecosystems in SVZ were
quantified, while tree species diversity was represented
with 10 indicators, and structural diversity with 15 indi-
cators (Table 3).

Tree species diversity was quantified with five indices of
species richness, two indices of species heterogeneity, and
three indices of species evenness (Table 3). The indices of
species heterogeneity were calculated from the proportion
of basal area of particular tree species from the total basal
area in a sample plot.

The indicators of structural diversity reflect the diversity
of structural elements of a forest ecosystem in horizontal
and vertical directions. From 15 proposed structural indi-
cators, two characterise vertical diversity (number of tree
layers determined on the base of the sociological position
of trees, and “Arten Profil” (species profile) index (Pret-
zsch 1996), while horizontal diversity is quantified by an
aggregation index (Clark and Evans 1954). The remaining
structural indicators are relatively simple and easy to be
quantified, and are also related to static stability, stand
density, and site quality. The average ratio of crown length
to tree height, and the average ratio of tree height to tree
diameter were calculated from the trees ranked in 1st to 3rd
sociological layers. The indicators describing the coverage
of herbs, grasses, mosses and lichens, shrubs and subshr-
ubs; the coverage of phases describing the conditions
for natural regeneration (juvenile, optimal, senile); the
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Table 3 Calculated indicators of naturalness of forest ecosystems

Tree species diversity

Structural diversity

Category Indicator Formula Units Reference Indicator Formula Units Reference
Species Index NO— NO=S DIM Hill (1973)  Number of tree layers Z=j DIM
richness living trees 2 s 7
Index NO— NO=S DIM Hill (1973)  Arten profil index (A) A=3%> PjlnP; DIM Pretzsch
mosses and =1j=1 (1996)
lichens i-f:r
O
Index NO— NO=S DIM Hill (1973)  Aggregation index (R) R = O:/W DIM Clark and
shrubs and VA Evans
subshrubs (1954)
Index R1 R1 = (S — 1)/In(M) DIM Margalef Coefficient of variation CV_D1.3 = 5%1 % Smelko
(1958) of tree diameter (2000)
(CV_D1.3) 2”:7/
hi v
Index R2 R2 = SIVM DIM Menhinick Average ratio of crown AM_K = ‘*}{4 % Smelko
(1964) length to tree height (2000)
s (AM_K) S
d; v
Species Index A l=1=-3p? DIM Simpson Average height/diameter AM_HDR = 5~ DIM Smelko
heterogeneity "Szl (1949) (h/d) ratio (AM_HDR) (2000)
Index H' H' =—>"p;-In(p;) DIM Shannon and Coverage of grasses PK T =p; %
i=1 Weaver (PK_T)
(1949)
Species Index El El = H’/ln(S) DIM Pielou (1975) Coverage of herbs PK_B = p; %
evenness and (1977) (PK_B)
Index E3 E3 = (eH’ — 1) DIM Heip (1974) Coverage of mosses and PK M = p; %
S=1 lichens (PK_M)
Index E5 E5 = ((1/2)— 1)/ DIM Hill (1973) Coverage of shrubs and PK K = p; %
-1 subshrubs (PK_K)
Coverage of juvenile PK_JS = p; %
regeneration stage
(PK_JS)
Coverage of optimum PK_OS = p; %
regeneration stage
(PK_OS)
Coverage of senile PK_SS = p; %
regeneration stage
(PK_SS)
Coverage of natural PK_NR = p; %
regeneration (PK_NR) .
= 3
Deadwood volume MOD = m M’/
(MOD) ha

S number of species; M number of individuals, number of living trees in a sample plot; m number of deadwood individuals (stumps, lying
deadwoood); p; probability, proportion of ith species or category in a sample plot; p;; proportion of trees of ith tree species in jth stand layer; Z
number of layers—stories of the stand; r; distance between ith tree and its closest neighbour (m); A area of a sample plot (mz); d tree diameter;
SD, standard deviation of tree diameters in a sample plot; ¢/ crown length; & tree height; v volume

coverage of natural regeneration were visually estimated in
the field and are given in relative values (%) (Moravcik and
others 2005).

Classification Model of a Degree of Forest Naturalness
Two variants of the classification model of forest natural-

ness were proposed, one based on the principles of dis-
criminant analysis, while the second one uses an additive
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approach to derive the integrated indicator of the degree of
forest naturalness.

The discriminant model is derived as an application of
multivariate statistical analysis, so-called predictive dis-
criminant analysis (Cooley and Lohnes 1971; Huberty
1994; StatSoft 1996; Merganic¢ and Smelko 2004). Its role
is to classify the sampling unit on the base of several
quantitative variables into one of the pre-defined qualita-
tive classes, in our case into one of the three degrees of
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forest naturalness. Using the data from the database, three
discriminant equations were derived, each for one degree
of forest naturalness. These discriminant equations serve
for the classification of an evaluated forest stand into one of
the three degrees of forest naturalness.

Secondly, we proposed an integrated indicator of forest
naturalness degree. This indicator belongs to complex
indicators that combine several diversity components into a
single value. The indicator is based on an additive
approach, while the partial components are given in real
measurement units. Mathematical formula of the integrated
indicator of the degree of forest naturalness (I/ISP) is as
follows:

HSP = ID; + ID; + .. .ID, (1)

where ID partial indicator of the degree of forest
naturalness

Data Adjustment to Meet the Needs for the Derivation
of the Classification Model of the Degree of Forest
Naturalness

The relation between a diversity indicator and an area, for
which the indicator was assessed, is known from a number
of theoretical and practical studies. Due to the varying area
of our sample units, we tested the relationship between the
values of the partial indicators of forest naturalness and the
area of the sample plot. The analysis revealed that 9 indi-
cators (R1, R2, the average ratio of crown length to tree
height, the average ratio of tree height to tree diameter,
coverage of herbs and grasses, coverage of juvenile and
senile phases and deadwood volume per hectar) had a
significant relationship with the plot area (p < 0.05). This
result is logical and is mainly coupled with the effect of the
developmental stages. The significant influence of the
developmental stage on the indicators of forest naturalness
was found in 16 out of 25 cases. Since the plots were
distributed among the developmental stages, the varying
area of the sample plots should not have a negative influ-
ence on subsequent analyses and on the creation of the
classification model of the degree of forest naturalness. On
the contrary, the estimates of the average values and the
variation of the indicators derived from tree data (the
average ratio of crown length to tree height, aggregation
index atc.) are even more representative, since they always
represent a similar group of trees (approx. 25 trees).

As can be seen in Table 1, the numbers of the plots
(PRP) in individual degrees of forest naturalness, as well as
the numbers of the plots in individual developmental stages
(growth, optimum, disintegration) within the naturalness
degrees are imbalanced. Due to this and the above-stated
facts, it was required to equalise the number of the sam-
pling units in individual developmental stages and in

individual degrees of forest naturalness. The missing plots
were added by random replication of the existing sample
plots using bootstrap technique (Chernick 2008; Yu 2003)
until the number of the plots in the most abundant devel-
opmental stages was reached in other stages, too. In this
way, the numbers of the plots in less abundant develop-
mental stages and Ist, 2nd, and 3rd degree of naturalness
were set to 9, 36, and 9 plots, respectively.

Results

Two different variants of the integrated complex indicator
and the model of the degree of forest naturalness were
proposed, one as a discriminant model, while the other one
as an additive model.

Discriminant Model

From a great number of the examined combinations of the
indicators (see Methods for the list), the best results of the
correct classification of the degree of forest naturalness
were obtained using the combination of the following six
indicators: the arithmetic mean of the ratio between crown
length and tree height (AM_K), the deadwood volume
(MOD), the coverage of grasses (PK_T), the coverage of
mosses and lichens (PK_M), the aggregation index (R),
and the coefficient of variation of tree diameters
(CV_D1.3). The general formula of the final discriminant
model looks as follows:

Discriminant score ; = AM_K - bjy +MOD - bj, + PK_T
by + PK_M - bjys + R - bys
+CV_D1.3- bjﬁ + bj7

(2)

where: J 1st to 3rd degree of forest naturalness

The values of the regression coefficients in individual
discriminant equations are given in Table 4.

The classification of the degree of forest naturalness is
performed in several steps. First, the discriminant score of
each naturalness degree (1-3) is calculated from the par-
ticular discriminant equation using the real values of the
partial indicators. An evaluated location, a stand, or in our
case a sample plot, is assigned such a degree of forest
naturalness, for which the calculated discriminant score is a
maximum.

The results of the classification matrix of the parame-
terisation data set are presented in Table 5. As can be seen
in this table, the overall correctness of the classification of
the degree of forest naturalness using the proposed dis-
criminant model is 74.5%. The highest probability of cor-
rect classification is in marginal classes (degrees 1 and 3),
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Table 4 Values of regression coefficients of the derived discriminant model

Partial indicator of a degree of forest naturalness

Regression coefficient

Degree of forest naturalness

1 2 3
Arithmetic mean of crown length/tree height ratio (AM_K) [%] b, 1.2521 1.1154 0.9108
Deadwood volume (MOD) [m>/ha] b, 0.0306 0.0139 0.0058
Coverage of grasses (PK_T) [%] b3 —0.0290 0.0070 0.0059
Coverage of mosses and lichens (PK_M) [%] by 0.1708 0.1132 0.0693
Aggregation index (R) bs 36.7123 33.5378 30.8615
Coefficient of variation of tree diameter (CV_D1.3) [%] be —0.0348 —0.0615 —0.0723
Absolute coefficient by —73.8718 —57.0578 —40.3190

while the lowest probability is in the middle class (degree
2, 68.5%).

Following Table 6 presents the statistical characteristics
of the model. According to the values of Fischer F and
Wilks® Lambda statistics we can, with 99.9% probability,
say that the proposed discriminant model is highly signifi-
cant. The Willks® Lambda can be interpreted in the fol-
lowing manner: if its value is close to 0, the model is
appropriate; if, on the other hand, the value approaches 1, the
model is not suitable. The partial Lambda values given in the
third column of Table 5 provide us with the information

Table 5 Classification matrix of the discriminant model

about the contribution of each independent variable to
the discrimination of the dependent variable. Five out of six
selected indicators are significant, which means that their
contribution to the discrimination of the degree of forest
naturalness is significant. Although the sixth indicator, the
coefficient of variation of tree diameters, was insignificant,
its presence in the model improved the classification. The
indicators AM_K and MOD have the largest influence on the
discrimination of the degree of forest naturalness.

In order to explain the classification graphically, the
canonical analysis was applied to the data set. Figure 2

Degree of forest naturalness Correct classification in%

Degree of forest naturalness according to the model

1 2 3 Total
Number of plots
1 85.2 23% 4 0 27
2 68.5 15 74* 19 108
3 94.4 0 1 17* 18
Total 74.5 38 79 36 153

 Indicates the cases with correctly classified degree of forest naturalness

Table 6 Statistic characteristics of the discriminant model

Discriminant model

Number of variables: 6

Number of groups: 3

Wilks” Lambda: 0.43676

F12200) = 12.401%%%

Input variables

Indicator Wilks” Lambda Partial Lambda F3,035) 95%**,
99.9%***
Arithmetic mean of crown length/tree height ratio (AM_K) [%] 0.587 0.744 24.944%%*
Deadwood volume (MOD) [m*/ha] 0.491 0.889 9.062%**%*
Coverage of grasses (PK_T) [%] 0.469 0.932 5.314%*
Coverage of mosses and lichens (PK_M) [%] 0.465 0.940 4.608%*
Aggregation index (R) 0.458 0.953 3.580**
Coefficient of variation of tree diameter (CV_D1.3) [%] 0.442 0.988 0.862
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Fig. 2 Graphical interpretation of the classification of forest natu-
ralness degree with the discriminant model using canonical analysis;
Legend: Degree of forest naturalness: primeval, natural, man-ma

shows the position of the groups of the sample plots with
the same degree of forest naturalness and their approximate
borders. From this figure it is obvious that the marginal
categories of naturalness degrees have the highest proba-
bility of correct classification because their overlap with
the neighbouring class is the smallest.

Additive Model

The partial indicators in the additive model are the same as
in the discriminant model, i.e. the arithmetic mean of the
ratio between crown length and tree height (AM_K), the
deadwood volume (MOD), the coverage of grasses (PK_T),
the coverage of mosses and lichens (PK_M), the aggrega-
tion index (R), and the coefficient of variation of tree
diameters (CV_D1.3).

The significance of the model was tested by single-
factor analysis of variance. The analysis revealed signifi-
cant differences between the average values of IISP of the
degrees of forest naturalness (the whole model F, 150y =
21.849%** Tukey test). Figure 3 presents the graphical
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Fig. 3 Intervals of the integrated indicator of forest naturalness
(IISP) specified for the three degrees of forest naturalness (primeval,
natural, man-made forests); Legend: percentile 26-74% = 48% of
values, 95% confidence interval (1.96' standard error), mean

interpretation of the model. The range of IISP values was
divided between the degrees of forest naturalness using the
weighted approach, taking into account the error ranges of
the average values of /ISP and the percentiles of the values
in every degree of forest naturalness. The objects, e.g. the
stands, with the /ISP values exceeding the value of 267
represent primeval forests; the /ISP values in the range
from 182 to 267 indicate that the forests are natural, while
the values of /ISP below 182 classify the objects as man-
made forests.

The correctness of the model classification was deter-
mined on the base of the categorisation of individual plots
into the degrees of forest naturalness. The overall cor-
rectness of the classification using IISP is 63.4%. The
individual degrees of forest naturalness 1, 2, and 3 were
correctly classified in 74%, 56%, and 89% of cases,
respectively.

Comparison of the Models

The results of the classification of the forest naturalness
degree indicate that both variants of the classification
model have a similar probability of the correct classifica-
tion of the assessed object into the forest naturalness
degree. The discriminant model behaves better, since its
probability of correct classification is by approximately
11% higher than the probability of the additive model.
Higher efficiency of the discriminant model is evident
mainly in the proportion of correct classifications in 1st and
2nd degrees of forest naturalness. From the point of prac-
tical applicability, the additive model is simpler to use, but
considering the current capacity of computers, it is also not
difficult to apply the discriminant model in the form of a
small computer program.

Discussion
Strengths and Weaknesses of the Approach

As we already stated in the introduction, the knowledge
about the degree of naturalness of forest ecosystems is of
great importance. Its objective assessment is essential in
the decision-making process dealing with forest utilisation
and subsequent forest management. According to Hoerr
(1993) and Schmidt (1997), naturalness is the most sig-
nificant and widely applied criterion for the evaluation of
nature conservation, and serves as a key tool in analyses
and as a support in planning nature conservation measures.
Unfortunately, the assessment of the degree of forest nat-
uralness lacks the application of the complex objective
procedures and methods not only in Slovakia, but also in
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other countries. This situation results from the facts that
research has not provided the practice with any suitable
methodological mechanisms that would enable its scien-
tifically based and statistically provable determination. The
same fact has been reported by Bartha and others (2006)
who mentioned that in the last decades, a number of
authors developed procedures for the assessment of forest
naturalness. However, in all these schemes subjective ele-
ments have been included. The assessed values of the
indicators depend partially on the expert judgement and
partially on their estimation. In addition, the experts make
decisions, which attributes are to be assessed and what their
weight is. The classification of forest naturalness proposed
by Zlatnik (1976) for Slovakia is also primarily based on
subjective expert evaluation of the extent of human influ-
ence on forests (Table 2).

In Slovakia, several authors dealt with the evaluation of
forest naturalness in protected areas using typological
surveys (Smidt 2002; Glon&dk 2007; Viewegh and Hokr
2003; Bublinec and Pichler 2001; Polak and Saxa 2005).
These works are characterised by insufficiently complex
evaluation of forest naturalness, since the authors primarily
assess the suitability of tree species composition. For
example, Gloncak (2007) identified areas which require
active management of forest ecosystems in protected areas
by comparing real tree species composition with model
using GIS tools. The disadvantage of this method is a high
level of subjectivity needed for the development of the
model of natural tree species composition. On the other
hand, precise distribution of the values of naturalness of
tree species composition in GIS environment is a practical
advantage of this method.

In Slovakia, the proposal of the network Natura 2000
was based on the assessment of qualitative attributes of
forest ecosystems using numerical quantifiers (Smelko ex
Poldk and Saxa 2005; Smelko and Fabrika 2007). How-
ever, this system assessed also features which were not
directly connected to forest naturalness (e.g. forest health
status, adverse external influences), and when evaluating
the majority of attributes, artificial securing of forest status
needed from the point of nature conservation was accepted.
Hence, this system was more likely aimed at the assess-
ment of nature conservation values than at naturalness of
ecosystems. The final proposal of the network Natura 2000
is currently widely criticised, partly also for insufficient
consideration for forest naturalness.

In contrast to the above-mentioned methods, our pro-
posal is based on more precise data gathering methods, it
deals with exclusive relationship with forest naturalness,
and allows to account for the specifications of particular
biotopes. And above all, it presents the proposal of math-
ematical and statistical assessment, formulation and pre-
sentation of results.

@ Springer

The developed model is easily applicable in practice and
its application does not require intensive material and
technical background. The applicability of the model for
the classification of the degrees of forest naturalness has
already been successfully tested on independent data (see
Merganic and others 2009). The method is applicable
outside SVZ or even outside Slovakia. In any other con-
ditions, appropriate indicators of forest naturalness need to
be selected, data need to be gathered, and the model needs
to be re-parameterised. The coupling of the model with
statistical inventory and GIS tools can enable the creation
of detailed maps of naturalness of forest ecosystems. Such
information is important for planning as well as for prac-
tical application of nature conservation measures. The
model is a powerful tool for objectifying the assessment
and the evaluation of the development of forest ecosystems
within monitoring schemes.

It is important to realize, that some important indicators
of forest naturalness, such as preservation of original
genetic diversity or preservation of original gene pool of
main tree species, are not included in the model. It is
mainly due to low availability of necessary data and
extremely demanding methods of their gathering. There-
fore, in case of having “natural stand structure”, our
method can evaluate forest stands established from the
planting stock of non-native provenance. However, in
reality, such cases should be rare, because the formation of
natural stand structure is time-consuming and complicated,
and majority of artificially planted forests had not enough
time to develop to this state. Yet, old forest stands estab-
lished from non-native planting stock and tended with
methods imitating natural processes, could the model
evaluate as natural. To summarise above mentioned, the
inclusion of an indicator related to the gene pool of main
tree species would improve the model, but limited avail-
ability of needed data makes this improvement just theo-
retical at the moment.

In Slovakia, 57.1% of forests are currently included in
any type of the protected areas within the national and/or
European network of protected areas (Moravcik and others
2008). The proportion of their area has been growing
continuously in spite of the fact that current protected areas
cover to a great extent altered forest ecosystems, where the
restoration of natural biodiversity is not feasible or requires
active management.

Nevertheless, there exists a group of supporters of pas-
sive nature conservation, who promote self-regulation also
of the forest ecosystems with a very low degree of forest
naturalness. Such an approach results in a large-scale
breakdown causing the destruction of the protected ele-
ment, the creation of hardly reforestable clearings, and the
decrease of the required functional effectiveness of these
forests.
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Due to these reasons, we present the proposal for
objective evaluation of the degree of forest naturalness in
such a way that can be used as a basis for efficient appli-
cation of differentiated methods of utilisation and sub-
sequent forest management. Assessment Guidelines for
Protected and Protective Forests and Other Wooded Land
in Europe (MCPFE 2003) can be regarded as one tool for
differentiated management of protected forests. In Guide-
lines, three classes of forests, in which biodiversity is the
main management objective, were defined. Class 1.1
comprises the forests where no active direct human inter-
ventions can take place. In class 1.2, only minimum human
interventions are permitted. Class 1.3 comprises the forests
designated for biodiversity conservation through active
management.

According to Gregus (1989), any forests can fulfil
required functions best in such conditions, which correspond
to the status of forests not influenced by humans. The better
the approximation of such an untouched forest stand struc-
ture, the more likely it is that the forest is able to develop
solely by means of its own self-regulating processes.
Therefore, the basic goal of the classical concept (close-
to-nature) of forest silviculture should be the preservation,
enhancement, or restoration of the functionally effective
forest stand structure similar to natural and primeval forests.
This goal is inter alia of great economic importance, since it
gives a manager the possibility to diminish the treatments to
minimum, and to meet the required goals very efficiently and
with minimum negative influences on nature and environ-
ment. In this context, the proposed assessment of forest
naturalness has good preconditions for its application in the
process of determining the need and the urgency of man-
agement measures in the scope of developing more efficient
close-to-nature forest silviculture.

Application Areas

Application of the Classification Model in the Decision-
Making Process About the Designation and Management
of Forest Ecosystems in the Spruce Vegetation Zone (SVZ)

As we already stated in the introduction, currently there are
no objective and widely applied methods for the determi-
nation of the degree of forest naturalness and for the
decision-making whether the forest can or cannot be des-
ignated as a protected area. In this decision-making pro-
cess, the naturalness degree is the most significant
criterion. Hence, we suggest using the proposed method-
ology of the integrated indicator of forest naturalness in
order to determine this degree of forest naturalness. The
majority of scientists who deal with this issue recognise the
close relationship between the degree of forest naturalness

and the nature-conservation value of forest ecosystems.
This knowledge is reflected in all relevant documents that
deal with the assessment of protected forest areas. Owing
to this, the degree of forest naturalness has a clear position
in the decision-making process about the designation of the
forest ecosystem a protected area. The higher its natural-
ness indicated by the degree of naturalness is, the more
legitimate it is to designate it as a protected area. Apart
from that, there tends to be the rule that the increasing
naturalness of the ecosystem increases the degree of its
protection. The forest ecosystems in the closest-to-nature
state are the most precious, and in addition, they are also
the most capable of existing by means of their own intrinsic
regulating processes. Due to this, these ecosystems should
be protected to the highest degree.

Apart from naturalness, the declaration scheme also
accounts for the conservation of endangered species
according to the Convention on Biological Diversity. If
threatened species survive in unnatural ecosystems, it is
required to conserve also these ecosystems by applying
such a management that secures their preservation and
consequently also the preservation of endangered species.
A similar approach is applied in the case of other natural
values. If, from any reasons, an ecosystem with a lower
degree of forest naturalness is considered to be designated
as a protected area, the necessity to protect it should be
thoroughly explained, and the possibility to reconstruct it to
a closer-to-natural forest ecosystem should be analysed and
validated.

Following the above-stated facts, the decision-making
process about the designation a protected forest area can be
visualised as presented in Fig. 4.

Although this decision-making algorithm is generally
valid, there exist several exceptions. It can happen that also
ecosystems with a high degree of forest naturalness can
disappear, since their conservation is in an unfavourable
state. On the other hand, some unnatural ecosystems with
a great nature conservation value, which do not require any
management for their maintenance, can also exist. Such
cases are, however, exceptional, and do not negate the
given connections and relations between the degree of
forest naturalness of forest ecosystems, their nature-con-
servation values, and eventually the necessity of the dif-
ferentiated measures to be realised by a man with the aim
of maintaining their stability. In the decision-making pro-
cess of designating protected areas in such specific cases as
described above, it is required to reach a consensus, based
on objective justification, on the designation of less natural
areas as protected, or on the application of inevitable cor-
rection measures in order to improve the condition of
forests ecosystems that are natural to a high degree, but are
disappearing.
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Evaluation
of forest
ecosystem (FE)

Is FE YES
sufficiently

natural?

Designate as a protected area (PA) /
Keep as a protected area

Is restoration
of FE possible
and needed?

Designate as a PA/ Keep as a PA |

Is it a habitat YES
of endangered

species?

Designate as a PA/ Keep as a PA I

Any natural

values? Designate as a PA/ Keep as a PA

Do not designate / Do not keep as PA

Fig. 4 Decision-making process about the designation as a protected
forest area

Conclusion

The presented methodology for the evaluation of forest
naturalness on the base of the selected indicators of tree
species and structural diversity is an objective tool that can
support decision-making process concerning the use of
particular forest ecosystems for biodiversity conservation
within the scope of nature and landscape conservation. It
can not only contribute to the knowledge of the actual state
of forest naturalness in protected areas, but can also pro-
vide decision-makers with the support in taking right
actions aimed at enhancing the state, or in deciding to
change the use of forests with low natural values (natu-
ralness, biodiversity). The currently proposed methodol-
ogy, if applied within the practical forest management, can
lead to the improvement of ecological stability of forests
and landscape.

Although the approach has already included several
aspects of forest naturalness, it can be further enhanced by
taking into account other components, e.g genetic diver-
sity...? The coupling of the model with statistical inventory
and GIS tools can enable the creation of detailed maps of
naturalness of forest ecosystems. Such information can
further improve planning and practical application of nat-
ure conservation measures.
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Beskydy, 17 (2004): 137-142
Ediéni stredisko MZLU v Brné

ZASOBA ODUMRETEHO DREVA V NPR BABIA HORA
K. Merganicova, J. Mergani¢, J. Voréak

Abstract

Merganicova, K.l, Merganic, J .2, Vorcak, J 3 (lUniversity of Natural Resources and Applied
Life Sciences, Vienna, Gregor Mendel Stralle 33, A-1180 Vienna, Austria, 2Forest Research
Institute, T. G. Masaryka 22, SK-960 92 Zvolen, Slovak Republic, 3Forestry Trades School,
Medvedzie 135, SK-027 44 Tvrdo$in, Slovak Republic) Timber volume of dead wood in
National Nature Reserve Babia hora, Beskydy, 2004 (17): 137-142

The work presents the results from the survey of the volume of dead wood that can be
observed in the forest stands of the national nature reserve Babia hora. The values are derived
from 57 sample plots, each of size 500 m” The results showed that the expected average
volume of dead wood lies with 68% probability in the range 144.62 m*/ha + 19.81 m’/ha, or
56.95% + 8.95% from the volume of living trees. The analysis of the factors influencing the
amount of dead wood revealed that the development stage has a statistically significant
impact on its volume, with the largest accumulated amount of dead wood in the stage of
breakdown and the lowest in the stage of maturity. Elevation was found to be a statistically
significant factor influencing its absolute volume, but it does not affect its relative amount, i.e.
the proportion of dead wood from the living stand volume, due to the significant relationship
between elevation and stand volume of living trees.

Keywords: dead wood, mountain spruce forest, Babia hora

Uvod a problematika

Pohl’ad lesnikov na mftve-moderové drevo sa v sucasnosti meni. V minulosti sa chipal
kazdy odumrety strom ako potenciondlny zdroj ndkazy pre les, napr. z dovodu premnoZenia
podkdrneho hmyzu a inych ,,Skodcov* lesa. Prevddzkové opatrenia boli zamerané na
spracovanie a spenaZzenie kazdého kusa dreva, ktory sa v lese vyskytoval (Mossmer 1999).
Dnes pri presadzovani prirode blizkeho hospodérenia v lese vyznam moderového dreva v
lesnom hospoddrstve narastd, ked’Ze najnovsie vedecké poznatky dokumentuji jeho ddlezitost
pre biodiverzitu lesnych ekosystémov (Miiller a Schnell 2003), cyklus zivin (Lexer et al.
2000) ako aj prirodzenti obnovu lesa najmid v extrémnych horskych a severskych
podmienkach (Mai 1999, Hofgaard 1993).

Podla najnovSich pokynov pre prevadzku je preto odporicané ponechat’ cast
moderového dreva v lese, napr. Ammer (1991) odporica ponechat’ vidy cca 5 — 10 m® dreva
na hektar. Moller (1994) zase tvrdi, Ze v porastoch by malo ostat’ 5% z celkovej porastovej
zasoby, ¢im by sa zabezpecil prirodzeny vyvoj daného lesného spolocenstva.

Na vSetky potencidlne funkcie odumretého dreva vplyva nielen jeho vyskyt v poraste,
ale aj mnoZstvo a dimenzie odumretych Casti stromov a ich stupen rozkladu (Hagan a Grove
1999). Ked’Ze hospodarske lesy su ovplyvnené ¢innost'ou ¢loveka, najvhodnej$imi objektami
na skimanie mnozstva a stavu moderového dreva, ktoré sa v priebehu Zivota lesa v poraste
akumuluje, st ¢lovekom nenaruSené tzemia. V naSej praci sme sa zamerali na nédrodnu
prirodnd rezervéaciu Babia hora v Oravskych Beskydéach. Cielom tejto prace bolo nielen
kvantifikovat’ zdsobu odumretého dreva na izemi NPR, ale aj zistit, ktoré faktory ovplyviuju
jeho mnoZstvo v poraste. Z moZnych potenciondlnych vplyvov sme hodnotili vplyv
vyvojového Stadia a nadmorskej vysky.
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Metodika a popis oblasti

Udaje pouZité v tejto praci pochadzaji z komplexnej inventariziacie NPR Babia hora
vykonanej v roku 2002 (Mergani€ et al. 2003). NPR Babia hora patri orograficky do sustavy
vonkajSich Zapadnych Karpat, Casti Oravskych Beskyd, do komplexu horského masivu Babe;j
hory. Nérodnd prirodnd rezervicia zaberd celkovo 503.94 ha a je umiestnend na zdpadnych,
juznych a juhozapadnych svahoch Babej hory v nadmorskej vySke 1100 az 1725 m n. m.
(Korpel’ 1989). Geologické podlozie je tvorené zo suvrstvi rozlicnych flySovych hornin.
Hlavnymi podnymi predstaviteI'mi st litozem, kambizem a podzol. Priemerné rocné teploty
dosahuju vo vrcholovych polohdch 2°C a 4°C v nizsich polohdch a priemerny ro¢ny thrn
zrazok je 1400 mm.

Lesné porasty st tvorené prevazne smrekom obyCajnym (Picea abies L.), vtrasene sa
vyskytujui jarabina vtacia (Sorbus aucuparia L.), jedla biela (Abies alba Mill.) a buk lesny
(Fagus sylvatica L.). Les vystupuje priblizne do nadmorskej vySky 1500 m n. m. Nad touto
hranicou lesa nastupuje pdsmo kosodreviny vystriedané v najvysSich partidch NPR alpskymi
ldkami.

V rdmci inventarizdcie zalesneného tzemia NPR Babia hora sme okrem tradi¢nych
dendrometrickych charakteristik lesného porastu zaznamendvali a hodnotili aj zdsobu
moderového dreva. Celkovo sa zaloZilo 57 kruhovych skusnych ploch o rozlohe 500 m? tak,
aby boli plochy rovnomerne rozdelené medzi tri vyvojové S§tadid (dorastanie — optimum -
rozpad podl'a Korpel'a 1989) a Styri vyskové kategdrie, t.j. do 1260 m, 1260 — 1360 m, 1360 —
1460 m a nad 1460 m n. m. V kazdej vySkovej kategérii a v kazdom vyvojovom Stadiu sa
zalozilo po 5 skusnych ploch (okrem najvysSej vySkovej kategoérie, kde sa zalozili len 4
skusné plochy v kazdom S$tddiu, pretoze tito kategdria tvori ploSne nepatrnd Cast’ zdujmovej
oblasti a bolo tu tieZ problematické najst’ a vylisit’ jednotlivé vyvojové Stadid).

Celkovo bolo pomeranych 2846 ks stromov. Z tohto poctu bolo 1738 ks zZivych
stromov, 414 ks odumretych stojacich stromov (suchdrov), 225 ks pnov a 469 ks leziacich
odumretych stromov vedenych pod ndzvom lezanina. Na stojacich mftvych stromoch sa
merala hrdbka d;3; avySka. Na odumretych leZiacich kmenoch sa zaznamendvala hribka
v polovici kmeia dy, a diZka, ale len tej Sasti kmea, ktord spadd do skusnej plochy. Na piioch
sa merala hribka dg 5.

Objem stojacich suchdrov sa pocital pomocou trojparametrovej funkcie — hribka d; 3,
vySka anepravd vytvarnica, pricom vytvarnica bola ur¢end podla Pollanschiitza (1974)
a Schielera (1988). KedZe v zdujmovej oblasti je pomerne vela stromov poSkodenych snehom
a ndmrazou, ktorych terajSia namerand vySka je zvicSa nizSia ako ich povodnd, pre vypocet
vytvarnice sa Vv takychto pripadoch pouzivala tzv. modelovd vyska stromu odvodena
z vyskovej krivky (vid. Mergani¢ et al. 2003). Tymto spdsobom  sme zamedzili
podhodnoteniu skutocného objemu stromu. Objem leZaniny bol pocitany podl'a Huberovej
metddy a objem piiov zjednodusene ako objem valca s vyskou 0.3m.

Vysledky

Priemernd zistend zdsoba moderového dreva v NPR Babia hora bez ohladu na
nadmorskd vysku a vyvojové Stadium inila 144.62 m*/ha + 19.81 m’/ha (stredna chyba), o
je v percentudlnom vyjadreni 56.95% =+ 8.95% zo Zzivej zdsoby. S nadmorskou vySkou
absolitne mnoZstvo moderového dreva klesa, kedZe v prvej vyskovej kategorii, t.j.
v nadmorskej vyike do 1260 m n. m. bola jeho priemerna zdsoba 235.36 m*/ha + 44.98 m*/ha,
kym v druhej uZ len 187.75 m*/ha + 36.83 m’/ha, v tretej 109.35 m’/ha + 29.78 m’/ha a vo
Stvrtej iba 21.37 m’/ha + 5.42 m’/ha. V relativnom vyjadreni je priemerné mnoZstvo
moderového dreva vzhl'adom k zdsobe Zivého porastu v prvych troch vyskovych kategdridch
takmer zhodné (71.24% v 1. kateg6rii, 72.39% v 2. kategorii a 64.54% v tretej kategorii +
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17.61%, 16.93% a22.66%). V poslednej vySkovej kategorii je vSak jeho podiel ovela niZsi,
v priemere tvori 21.55% + 4.33% zo Zivej zasoby.

Pri porovndvani zdsoby moderového dreva v jednotlivych vyvojovych Stadidch sme
zistili, Ze maximdlne absoldtne ako aj relativne mnoZstvo moderového dreva sa pozorovalo
v §tadiu rozpadu (247.53 m’/ha + 44.62 m’/ha, tj. 113.15% + 20.29% zo zdsoby Zivého
porastu). Stadium optima je naopak podl'a odakdvania charakteristické najniZSou priemernou
zdsobou moderového dreva, ktord &inf 90.85 m’/ha + 16.63 m’/ha alebo 20.54% =+ 2.45% zo
zivej zasoby. Aj ked’ priemerné absolitne mnoZstvo moderového dreva v Stadiu dorastania
(95.48 m’/ha + 22.60 m’/ha) sa takmer neodliguje od §tddia optima, percentudlne viak tvori
moderové drevo o takmer 20% viac zo zasoby Zivych stromov ako v optime (37.16% =+
7.64%). Tento vyssi podiel zdsoby moderového dreva je logicky, kedZe v dorastani je
v porovnani s optimom nizka zasoba Zivého porastu.

Podobné vysledky dostaneme pri analyze priemernych absolitnych hodnot pre urcitd
kombindciu vyvojového $tadia a vyskovej kategorie, ktoré sii zobrazené na Obr. 1A. Stadid
dorastania a optima sa ani v jednotlivych vySkovych kategéridch vyznamne neliSia v zdsobe
moderového dreva, kym Stddium rozpadu sa vo vSetkych vySkovych kategéridch okrem
poslednej vyznaCuje vyrazne vysS$Sim mnozstvom moderového dreva. Obr. 1A tiez dobre
dokumentuje pokles absoliitneho mnoZstva moderového dreva s nadmorskou vyskou. Ak sa
vSak zdsoba moderového dreva relativizuje k zdsobe zZivych stromov, tento trend sa strati
(Obr. 1B). Zaujimavostou je, Ze Stddium optima sa vyznacuje takmer zhodnym podielom
moderového dreva zo Zivej zdsoby (cca 20%) v kazdej vyskovej kategorii.

Obr. 1: Priebeh absolitnych (A) priemernych hodndt zdsoby moderového dreva aich
relativizovanych hodndt ku zasobe Zivych stromov (B) v jednotlivych vyvojovych Stadidch
a vyskovych kategoriach.

Fig. 1: Performance of absolute average volumes of dead wood (A) and their ratios to the
volume of living trees (B) in particular development stages and elevation categories.
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Aj ked’ analyza priemernych hodnét zistila urcité trendy v zdsobe moderového dreva
v zavislosti od vyvojového Stadia a nadmorskej vysky, pre Statistické potvrdenie ich vplyvu
na sledovanu veli¢inu sme vykonali dvojfaktorovi analyzu variancie. Vysledky tejto analyzy
potvrdili, Ze oba faktory su Statisticky vyznamné (Tab. 1), aj ked’ ich interaktivny vplyv sa
nepotvrdil ako signifikantny. Ak vSak analyzujeme mnoZstvo moderového dreva
relativizované k Zivej zdsobe porastu, zistime, Ze nadmorskd vySka sa stdva nesignifikantnym
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faktorom vplyvajicim na zdsobu moderového dreva (Tab. 2). Vyvojové Stadium vSak ostdva
Statisticky vyznamnym faktorom.

Tab. 1: Dvojfaktorova analyza variancie vplyvu vyskovej kategorie a vyvojového Stadia na
absolttne hodnoty zdsoby moderového dreva.
Table 1: Bifactorial analysis of variance of the influence of elevation category and
development stage on the absolute values of the dead wood volume.

Hladina
Suma Pocet Priemer R spolahlivosti
Drevina Faktor Stvorcov | stupfiov | Stvorca test *95%
odchylok | volnosti | odchylok *%*99%
*#%99.9%
1 2 3 4 5 6 7
Vyskovi kategéria’ 117453.95 3 139151.32 | 10.222 | 0.000 *%**
Spolu® | Stadium' 136635.02 2| 68317.51 | 11.891 | 0.000 *#*
(Sm+Jr) | Stadium*Vyskova kategéria | 13442.12 6 | 2240.35| 1.170 | 0.339
Chyba — Rezidual "' 11490.21 45| 255.34

Column No. 1 Tree species, 2 Factor, 3 Sum of squares of residuals, 4 Degrees of freedom, 5 Average sum of
squares, 6 Fischer F test, 7 Significance level; "Together Norway spruce and rowan, ’Elevation category,
“Development stage, ''Error - Residual

Tab. 2: Dvojfaktorovd analyza variancie vplyvu vyskovej kategoérie a vyvojového Stadia na
hodnoty zdsoby moderového dreva relativizované ku zdsobe Zivych stromov.

Table 1: Bifactorial analysis of variance of the influence of elevation category and
development stage on the ratio of dead wood volume to the volume of living trees.

Hladina
Suma Pocet Priemer F spolahlivosti
Drevina Faktor Stvorcov | stuptiov | Stvorca test *95%
odchylok | volnosti | odchylok *%*99%
*4%099.9%
1 2 3 4 5 6 7
Vyskovi kategéria’ 6633.93 31 2211.31 | 2.538 | 0.068
Spolu® | Stadium' 42163.05 2| 21081.53 | 16.129 | 0.000 ***
(Sm+Jr) | Stadium*Vyskova kategéria | 4216.30 6| 702.72| 1.613 | 0.166
Chyba — Rezidual"' 2614.03 45 58.09

Column No. 1 Tree species, 2 Factor, 3 Sum of squares of residuals, 4 Degrees of freedom, 5 Average sum of
squares, 6 Fischer F test, 7 Significance level; "Together Norway spruce and rowan, ’Elevation category,
"“Development stage, ''Error - Residual

Diskusia

Podobné absolutne mnozstvo moderového dreva ako v rdmci naSej inventarizécie
zistili v sledovanej oblasti na slovenskej ¢i pol'skej strane Babej hory aj ini autori. Napr.
Korpel’ (1989) nameral na svojich trvalych vyskumnych plochich v priemere 158 m’/ha v
roku 1980 a 161 m*/ha o7 rokov neskor. Z ddajov uvedenych Jaworskim a Karczmarskim
(1989, 1995) vyplyva, Ze priemernd zdsoba moderového dreva bola na ich vyskumnych
plochich na severnej, t.j. pol'skej, strane Babej hory v roku 1984 82 m’/ha, kym v roku 1994
stipla na 165 m’/ha. Podl'a Jaworskeho a Palucha (2001) bola priemerna zdsoba na nimi
zistovanych plochach 172 m*/ha v roku 1986 a 126 m’/ha v roku 1996. Holeksa (1998, 2001)
zase uvadza v ramci svojho 14.4 ha vyskumného objektu priemerni zdsobu moderového
dreva 131 m’/ha.
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Aj ked’ sa absolitne hodnoty jednotlivych autorov od seba vel'mi neodliSujd, ich
relativizdcia k zdsobe Zivych stromov odhal'uje zaujimavé skuto¢nosti. Kym v naSom pripade
tvori moderové drevo priemerne 57% zo zivej zasoby porastu, na zdklade Holeksovych
zisteni (Holeksa 2001) dosahuje mnoZstvo moderového dreva len tretinu, t.j. 32%, zo z4soby
zivych stromov. Naopak, na plochich Jaworskeho a Palucha (2001) sa zdsoba moderového
dreva blizila zdsobe Zivych stromov, ked v roku 1996 c¢inila 87% a v roku 1986 dokonca
121% zo zivej zasoby porastu. KedZe hodnoty ostatnych autorov pochddzaji z malého
mnoZzstva vyskumnych objektov (3 az 5) o relativne malej vymere (0.2 az 0.5 ha) s vynimkou
Holeksovho objektu, zistené hodnoty sa tazko mdzu povazovat’ za reprezentativne pre celd
oblast Babej hory, pretoZe zasoba moderového dreva sa po ploche porastu velmi meni
(Miiller a Schnell 2003).

NaSe zistenia tykajuce sa mnozstva moderového dreva v jednotlivych vyvojovych
Stadidch sa odliSujd od poznatkov od Holeksu (1998), ktory na svojom vyskumnom objekte
zistil, Ze zasoba moderového dreva rastie od Stiddia dorastania cez optimum po rozpad.
Predpokladdame, ze zistené rozdiely mdzu byt spdsobené jednak malou reprezentativnost'ou
jeho vyskumného objektu pri zovSeobecniovani vysledkov vyskumu na celd skimant oblast’,
ako aj vplyvom subjektu pri vyliSovani vyvojovych stadii.

Zaujimavym poznatkom je ovela niZ§ia zistend zdsoba moderového dreva v najvyssej
vyskovej kategorii v porovnani s d’alSimi troma skupinami. Vysvetlenim mdze byt registracna
hranica 7cm, od ktorej sa moderové drevo zaznamendvalo. Porasty na hornej hranici lesa sa
vyznacuju mensimi dimenziami a preto mézeme predpokladat’, Ze chyba v désledku merania
presahuje v tychto Castiach chybu, ktorej sme sa dopustili v nizZ§ich nadmorskych vyskach.

Vyznamny vplyv nadmorskej vySky sa na zdklade analyzy variancie prejavil len na
absolitne mnozstvd moderového dreva, ale nie na ich relativizované hodnoty k Zivej zdsobe
porastu. Tento fakt je moZné vysvetlit' zdvislostou zdsoby moderového dreva od zdsoby
zivého porastu (Kiihnel 1999), ktord podobne ako moderové drevo s rasticou nadmorskou
vyskou klesa (Merganic et al. 2003).

Zaver

V' predkladanej prdci hodnotime zasobu moderového dreva v lesnych porastoch
narodnej prirodnej rezerviacie Babia hora. Vysledky poukazuji, Ze v skimanej oblasti je
mozné so 68% pravdepodobnostou ocakdvat’ priemernt zdsobu moderového dreva v rozsahu
144.62 m*/ha + 19.81 m’/ha, resp. 56.95% + 8.95% zo zdsoby Zivych stromov. Analyza
vplyvu skimanych faktorov potvrdila predpoklady, Ze vyvojové Stadium Statisticky
signifikantne ovplyviiuje zdsobu moderového dreva. Jeho vplyv je vSak vyznamny v niz§ich
polohach rezervicie, kym na hornej hranici lesa je Struktira porastov natol’ko rozpojend, ze
vyvoj lesa prebieha v nepretrzitom cykle a $taddid je uZ pomerne tazko odliSit. Zaujimavym
poznatkom je aj zistenie, Ze v Stadiu optima predstavuje zdsoba moderového dreva priblizne
20% zo zésoby Zivych stromov ato bez ohl'adu na vyskovi kategériu. Dal§im skimanym
faktorom bola nadmorska vyska, ktorej vplyv sa Statisticky preukdzal len v rdmci hodnotenia
absolitneho mnoZstva moderového dreva. Po relativizacii k zdsobe Zivych stomov sa jej
vplyv nepotvrdil, pretoZze mnozstvo moderového dreva koreluje so zadsobou Zivych stromov
a ta uzko koreluje s rasticou nadmorskou vyskou.

Uvedené poznatky si vyznamnym prispevkom k obohateniu doterajSich znalosti
o zasobe moderového dreva, ktord mozno v ¢lovekom nenaruSenych lesnych ekosystémoch
oCakdvat. Hodnoty jeho mnozZstva dokumentuji, Ze moderové drevo je trvalou sucast'ou
prirodzenych lesnych ekosystémov na hornej hranici lesa a preto je Ziadice venovat’ mu
zvysSenud pozornost’.
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ABSTRACT: Although coarse woody debris (CWD) represents one of the major carbon pools in natural forest ecosystems,
little information is available about its CWD carbon stocks. This study demonstrates the importance of proper estima-
tion of carbon stocks in CWD, which accounts for the decay process of CWD, on an example of a natural mountainous
spruce forest located in Central Europe. The study accounts for aboveground coarse woody debris including standing
dead trees, lying deadwood, and naturally formed stumps. Basic mensurational information (diameter, height, decay
class) about dead wood was collected in the field during the inventory of the forests of the nature reserve Babia hora.
The data were used for the calculation of CWD timber volume. In the next step, CWD timber volume was converted
to carbon stock using the carbon proportion of 50.1% and density values of decay classes derived from the informa-
tion published elsewhere. The analysis revealed that when CWD timber volume was converted to carbon stocks using
the basic wood density of fresh wood, C stocks were overestimated by 40% or more depending on the developmental

stage and elevation. The results also revealed that as the elevation increases, CWD carbon stocks decrease and the

differences between the developmental stages diminish.

Keywords: Babia hora nature reserve; deadwood; decay; elevation; natural forest; wood density

Recently, dead wood has become a widely dis-
cussed issue in forestry studies. The importance of
its occurrence in forest stands has been emphasised
in conjunction with the functioning and productiv-
ity of forest ecosystems (HUMPHREY et al. 2004);
biodiversity (FERRIS, HUMPHREY 1999; HUMPHREY
et al. 2004; SANIGA, SANIGA 2004; SCHUCK et al
2004); storage of nutrients and water (HARMON
et al. 1986; KRANKINA et al. 1999); soil develop-
ment and protection against soil erosion (STEVENS
1997); rock fall and avalanches (KUPFERSCHMIDT et
al. 2003); natural regeneration (HARMON, FRANK-
LIN 1989; M A1 1999; VORCAK et al. 2005, 2006; ULBRI-
CHOVA et al. 2006); climate change and accumulation

of greenhouse gases in the atmosphere (LOMBARDI
et al. 2008; ZELL et al. 2009). In carbon sequestra-
tion studies, deadwood is recognised as an important
component for conserving carbon stock. For exam-
ple, in the USA 14% of the total forest carbon pool is
stored in deadwood (WoODALL et al. 2008).
Deadwood is usually divided into coarse and fine
woody debris, although the minimum threshold di-
ameter value varies a lot (0—35 cm, CIENCIALA et al.
2008). According to IPCC (2003), the border diam-
eter is 10 cm. HARMON and SExXTON (1996) found
that below this diameter the decay rate increases
exponentially, while above this diameter the decay
rate decreases only slowly. From the two catego-
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No. COST-STSM-FP0603-04966, and by the Ministry of Agriculture of the Czech Republic, Project No. QH91077.
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ries, coarse woody debris (CWD) is regarded as a
more significant component due to its dimensions
and substantial time during which it persists in the
ecosystem. Hence, CWD acts as a long-term car-
bon sink until the decomposition process is com-
pleted, which can sometimes take up to 1,000 years
(FELLER 2003) depending on wood characteristics
(tree species, dimensions), climate characteristics
(temperature and moisture, WOODALL, LIKNES
2008) and the position on the ground (contact with
the ground, RADTKE et al. 2004).

In spite of the recognition of the importance of
CWD for carbon sequestration, the studies deal-
ing with carbon stock in deadwood in Europe are
still scarce. Research of the forestry community
usually deals with the volume of coarse woody de-
bris (e.g. SANIGA, SCHUTZ 2002; JANKOVSKY et al.
2004; RAHMAN et al. 2008; SEFIDI, MOHADJER 2010;
etc.). However, from the works realised elsewhere
in the world it is known that during the decompo-
sition process coarse woody debris looses not only
its volume, but also mass and density (KRANKINA,
HARMON 1995; HARMON et al. 2000; COOMES et al.
2002). Therefore, for the correct estimation of CWD
carbon stock, additional parameters to those usu-
ally measured biometrical characteristics (diameter,
length) are needed, namely the density of a particu-
lar decay class and carbon amount in CWD.

The goal of the presented paper is to examine
the importance of taking into account the decom-
position process in carbon stock estimation even
though no nutrient analyses and measurements of
wood density are available from the studied region.
This is a usual case in forestry studies, since de-
tailed analyses are both time-consuming (ZELL et
al. 2009) and cost demanding. On the basis of the
published works on CWD decay, we hypothesised
that using a single value of wood density for all de-
cay classes can produce incorrect and misleading

results. Therefore, for the estimation of CWD car-
bon stock in the presented paper we approximated
wood densities of particular decay classes of CWD
on the basis of published values from other regions.
In the next step, we compared this approach with
simple estimation of carbon stock using only one
value of wood density for all decay classes.

MATERIAL AND METHODS

Babia hora is an isolated mountain massif be-
longing to the outer Western Carpathian mountain
range situated in the northern part of Slovakia at
the border with Poland. The massif of Babia hora
is built of tertiary flysch rocks, mainly sandstones,
marl, claystones, slate and conglomerates. The soil
types that occur in the area are raw soil, Andosol
and most frequently Podzol. The mean annual
precipitation is 1,600 mm, and the mean annual
temperature 2°C. The forest stands are almost en-
tirely composed of Norway spruce (Picea abies [L.]
Karst.) with a small admixture of rowan (Sorbus
aucuparia L.) and Silver fir (Abies alba Mill.).

In 1926, a nature reserve was established to pre-
serve natural mountainous spruce forest ecosys-
tems in this region. Originally the nature reserve
encompassed 117.6 ha, but in 1974 the reserve
was enlarged and currently its area is 503.94 ha
(KorpEL 1989). In the region of the nature reserve,
57 permanent circular sample plots were estab-
lished in 2002 (MERGANIC et al. 2003), each with
an area of 0.05 ha (i.e. radius = 12.62 m). The plots
are located at an elevation ranging from 1,173 m
to 1,503 m a.s.l,, the latter representing the timber
line in this region. The plots are equally divided
between the three main developmental stages of
virgin forests: stage of growth, maturity and break-
down as defined by Korper. (1989), i.e. each group

Austria

Romania
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Fig. 1. Location of sample plots

in the Nature Reserve Babia hora.

stands of mountain dwarf pine,
Sample plots in the developmental
stage of: ® — Growth, B — Maturity,
A— Breakdown
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consists of 19 plots (Fig. 1). The plots were further
equally divided between four elevation categories
(below 1,260 m; 1,261-1,360 m; 1,361-1,460 m;
above 1,460 m a.s.l.) in order to detect an elevation
gradient in data.

In each plot, dead standing trees or snags and
lying dead wood (lying stems and stumps) above
7 cm in diameter were recorded. The category of
stumps encompassed all naturally formed stumps
and snags of the height smaller that 1.3 m, since
the examined area is excluded from management
practices. For dead standing trees and snags taller
than 1.3 m in height, their tree height and diameter
at breast height were assigned. In the case of lying
dead wood, its total length and diameter at % of its
length was measured, whereas for stumps only the
diameter at 0.3 m height was determined.

The decay class was assessed using the 8-degree
scale as proposed by HoLEKsA (2001). The decay
classes are characterized on the basis of the pres-
ence or absence of bark, twigs and branches, log
shape, texture, and position with respect to the
ground. Decay class 1 represents the least decayed
dead wood with intact bark, present twigs and
branches, round shape, smooth surface, intact tex-
ture, and the position elevated on support points.
As the decay process proceeds, the twigs, parts of
branches and bark become traces to absent. For ex-
ample, in decay class 4, only stubs of branches of
diameter greater than 4-5 cm are present, a knife
can slide up to 3 cm into a log, and crevices up to
0.5 cm deep are present. In the next decay classes,
bark and branches are absent, wood becomes softer
and fragmented, and the round shape becomes el-
liptical. Decay class 8 represents the most decom-
posed dead wood, when the log is on the ground
overgrown by mosses and vascular plants. Due to
a high frequency of crown and stem breakage, tree
volume of dead standing trees was calculated using
an integral equation, which was based on the mod-
els of stem shape derived by PETRAS (1986, 1989,
1990). The simplified form for calculating the vol-
ume of stem inside bark is as follows:

IR
T - 2
= x |dlh.,hM,d, . ,a,sp) dh (1)
40,000 .([ ( i 1.3 p)
Where:
v —tree volume in m?,

hR - real (measured) tree height in m,

hM - simulated tree height in m (estimated from the
diameter-height curves derived from undamaged
trees, MERGANIC et al. 2003),

dl

d - tree diameter at the i tree height (h) in cm,

; — tree diameter at 1.3m height in cm,
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a - vector of tree-species specific parameters in the
model of stem shape,
sp — tree species.

The volume of stumps was estimated as the vol-
ume of a cylinder of the height equal to 0.3 m. The
volume of lying dead wood (logs) was calculated
as the volume of a second degree paraboloid using
Huber’s formula:

v=hxg, (2)
Where:
v —volume of the log in m?,

h - length of the log in m,
&,, — cross-sectional area at % length of the log in m>.

Total volume of coarse woody debris was given
as a sum of the volumes of standing dead trees,
stumps and lying logs.

Carbon storage in wood is obtained by converting
the volume mass into the amount of carbon stored in
this pool. For this conversion, carbon content in wood
and wood density need to be known. Usually, carbon
content in wood is estimated to be 50% (COOMES et
al. 2002). WEiss et al. (2000) published more precise
data for individual tree species of Central Europe. Ac-
cording to these authors, carbon content in Norway
spruce wood is 50.1% of the dry mass and remains
stable during the whole decomposition process of
deadwood (BUTLER et al. 2007). Basic wood density
of Norway spruce living trees fluctuates between
0.41 g-cm™3 (BUTLER et al. 2007; MORELLI et al. 2007)
and 0.45 g-cm~3 (WEIss et al. 2000). As wood decays,
basic wood density decreases steadily (HARMON et al.
2000) depending on many factors as it is described
e.g. in RADTKE et al. (2004).

Since in our research object Babia hora no meas-
urements of CWD wood density were performed,
for the calculation of carbon amount in CWD we
used the values published from other locations.
Our literature review revealed that most of the
studies dealing with the decay of CWD of Norway
spruce (Picea abies [L.] Karst.) came from northern
Europe (KRANKINA, HARMON 1995; N&SSET 1999;
HARMON et al. 2000; YaTskov 2001). From the
two lately performed European studies, one comes
from Italy (MORELLI et al. 2007), while the other
one comes from Switzerland (BUTLER et al. 2007).
For the purpose of our work we used the informa-
tion about wood density of Norway spruce CWD in
different decay stages provided by N&SSET (1999),
HARMON et al. (2000), YaATSKOV (2001), BUTLER et
al. (2007) and MoRELLI et al. (2007).
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Table 1. Basic wood density of Norway spruce coarse woody debris per decay class calculated from the derived linear

model Equation (3)

Decay class according to the scale of HOLEKsA (2001)

0 (living trees) 1 2 3 4 5 6 7 8 Avg
Density (g-cm™3) 0.430 0.394 0.357 0.321 0.284 0.248 0.211 0.175 0.138 0.266
Since each of the mentioned studies uses another ~ C(%) - carbon concentration in percent of the dry

scale of wood deterioration with a different num-
ber of decay stages (3 to 8), the scales were first
converted to the scale of HoLEKsA (2001) applied
in Babia hora considering the verbal description of
the decay degrees. HoLEKSA (2001) distinguishes
8 decay classes, while 0 stands for living trees, class
1 represents the least decomposed deadwood, and
class 8 the most decomposed deadwood.

After the harmonisation of the different scales,
the values of wood density were plotted against the
harmonised degree of decay, and a regression was
applied (Fig. 2). The analysis revealed that linear re-
gression in the form

density_, = 0.430180 — 0.036464 x decClass_,, (3)

described the relationship best (R? = 0.880). The pa-
rameter density.,,, stands for the basic wood density
of coarse woody debris given in (g-cm™), and dec-
Class_.,p, stands for the decay class (1 to 8) according
to the scale of HOLEKSA (2001). The intercept equal
to 0.430180 represents basic wood density of living
trees, while the regression coefficient —0.036464 de-
termines the reduction of basic wood density due to
the deterioration. The statistical test of the regression
coefficient revealed that it was highly significant from
0 (¢ = —16.69), which indicates a significant reduction
of wood density in the course of decomposition pro-
cess. The derived function (3) was used for the cal-
culation of the final values of basic wood density for
each decay class as given in Table 1.

The volume of coarse woody debris can then
be converted to carbon stock using the following
formula:

Cewpi = Vewni X Pewni X C(%) x 10 (4)

Where:

i — decay class [1 to 8 according to the applied
scale of HOLEKSA (2001)],

Cewp; — carbon stock of CWD in the i decay class in
kg C-hal,

Vewn — wood volume of CWD in the i decay class in
m3hal,

Pown; — Wood density of CWD in the i decay class
taken from Table 1 in g-cm~3,
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mass taken from WEiss et al. (2000) for Norway
spruce (50.1%).

RESULTS AND DISCUSSION

The results revealed that carbon storage in dead-
wood varies depending on the developmental stage
of the forest, while the highest amount of carbon is
stored in the stage of breakdown (Table 2). This stage
is represented by more than 3 times higher carbon
stock in deadwood than in the other two stages. The
difference in carbon storage is higher than the dif-
ference in deadwood volume between the develop-
mental stages, since the stage of breakdown is char-
acterized by 2.6 and 2.7 higher volume of deadwood
than the stage of growth and maturity, respectively
(MERGANICOVA et al. 2004). This difference results
from the decomposition process, when the stage of
breakdown is characterized by a significantly greater
amount of the least decomposed deadwood (decay
classes 1 and 2; Fig. 3a), which has higher wood den-
sity than the more decayed CWD (Fig. 2).

On the contrary, in the stage of growth the great-
est timber volume of deadwood is accumulated in
the last decay class 8 (Fig. 3a). Although this volume
is significantly higher than the volume in all other

0.50
© BUTLER et al. (2007)
0.45} HARMON et al. (1999)
6 MORELLI et al. (2007)
& 0.40 » NAESSET (1999)
g 0.35 £ WEIss et al. (2000)
> + YaTskov (2001)
> 0.30
;:
o 0.25
©
8 0.20
o
= 015 .
0.10 cor
0.05

o 1 2 3 4 5 6 7 8
Decay class

Fig. 2. Applied model for the estimation of the basic

wood density of Norway spruce coarse woody debris

(density .y, = 0.430180 — 0.036464 x decClass_,) using

literature values for CWD decay classes (decClass

according to the scale of HOLEKsA (2001).

CWD)
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Fig. 3. Timber volume (a) and carbon storage (b) in coarse woody debris in particular developmental stages distributed

along 8 decay classes defined by HoLEKsA (2001), where represents 95% confidence interval

classes in the stage of growth (Fig. 3a), the carbon
stock in decay class 8 and the stage of growth is
slightly lower than the carbon stock in decay class 2
in the same developmental stage (Fig. 3b) due to
lower wood density (Table 1). The same pattern
can be observed in the stage of maturity and de-
cay classes 2 and 8 (Figs. 3a and 3b). In the stage
of breakdown, large differences in the deadwood
volume in early and late decay stages become even
more profound in carbon stock.

If the elevation as a significant factor is account-
ed for in the analyses, both deadwood volume and
carbon stock of CWD show a decline in all three
developmental stages with increasing elevation
(Fig. 4). This reduction follows the pattern of de-
creasing dimensions of trees with increasing eleva-
tion (MERGANIC et al. 2003). At upper elevations,
climate characteristics are less favourable, which
negatively affects forest productivity, and hence
also the amount of CWD accumulated in the for-
est (FELLER 2003). The highest deadwood volume

as well as the highest carbon storage was found in
the stage of breakdown and the first elevation cat-
egory (Fig. 4). The other two stages, i.e. the stage of
growth and maturity, are characterized by a very
similar volume or carbon stock of coarse woody
debris. As the elevation increases, the differences
between the stage of breakdown and the other two
stages diminish, and in the last elevation category
become insignificant (Fig. 4).

The absolute values of carbon stock in CWD vary
from 1.6 to 64.4 t C-ha! depending on the develop-
mental stage and the elevation category as it can be
seen in Fig. 4. The values are higher than those re-
ported by KRANKINA et al. (2002) for Russian boreal
forests (0.1-0.7 t C-ha™!) or by Woodall et al. (2008)
for the USA (from 2.16 to 11.35 t Cha™!), since in our
study we addressed natural forests excluded from for-
est management practice. However, our overall aver-
age value for the whole nature reserve (23.4 t C-ha™};
Table 2) corresponds with the values from natural
forests from other parts of the world, e.g. CHEN et al.

Table 2. Average carbon stock in coarse woody debris in particular developmental stages. In the calculation we ap-
plied weights derived from the spatial proportion of the developmental stages in individual elevation categories, i.e.
we used 12 weights as follows: 1% elevation category — stage of growth (G) 0.026, maturity (M) 0.051, breakdown (B)
0.026; 2™ elevation category — G 0.095, M 0.238, B 0.143; 3" elevation category — G 0.058, M 0.25, B 0.077; 4™ eleva-
tion category — G 0.012, M 0.012, B 0.012

Average (@) carbon stock Confidence interval 95%

Developmental stage

in CWD (t Cha™) @-2xSE @ +2xSE
Growth 12.9% 5.0 20.9
Maturity 12.0° 4.1 20.0
Breakdown 44.55 36.5 52.4
Together 23.4¥% 15.5 31.3

SE — Standard error; Sstandardized for an average of a covariate variable elevation equal to 1,352.7 m a.s.l; Wweighted average
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Fig. 4. Deadwood volume (a) and carbon storage (b) in developmental stages (® growth, B maturity, ¢ breakdown)
and elevation categories, where represents 95% confidence interval

(2005) and CooMEs et al. (2002) reported 17.3 + 3.0
and 28.9 + 8.5 t C-ha™! from old-growth riparian for-
ests in Canada, and indigenous forests in New Zea-
land, respectively. Unfortunately, we have not found
any information about CWD carbon stock in other
virgin forests of Europe.

Expressed in relative values, in the area of inter-
est the highest amount of carbon stored in CWD is
presentinstanding dead treesand snags (61 + 6.5%),
followed by lying dead wood (38 + 6.5%) and natu-
rally formed stumps, in which on average only 1%
(0-5%) of aboveground CWD carbon is stored. This
distribution of carbon stock differs from the distri-
bution of CWD volume among individual catego-
ries (50% dead standing trees, 48% lying deadwood,
2% stumps, MERGANIC et al. 2003) due to the effect
of the decomposition process.

In order to examine whether it is important to ac-
count for the changes in wood density due to wood de-
terioration, we estimated carbon storage in deadwood
in the Babia hora nature reserve in three different ways:
(1) using the basic wood density of living trees (i.e.
0.430 g-cm~3, see Table 1) for all decay classes, or (2) by
applying the derived basic wood densities for each de-
cay class (from Table 1), or (3) using the average basic
wood density of coarse woody debris (i.e. 0.266 g-cm~3)
calculated from the derived linear regression (3).

The results show that if the deterioration is not ac-
counted for and the basic wood density of living trees
is used in the calculations, the estimated carbon stock
in coarse woody debris can be as much as twice higher
than if the effect of wood decomposition is included
in the estimation of carbon storage (Table 2; Fig. 5a).
Although the overestimation of carbon stock differs
between the developmental stages and the elevation
categories, it is significant in all cases (the ratio is al-
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ways significantly different from 1, see Fig. 5a). In the
stage of breakdown, the overestimation is the lowest
although the absolute values of carbon stock are the
greatest (Fig. 4), because this stage is characterized by
a large input of deadwood in early stages of deterio-
ration (Fig. 3). On average, carbon storage is overes-
timated by 35%, 65%, and 66% in the stage of break-
down, growth, and maturity, respectively.

If the average basic wood density of coarse woody
debris is used for the conversion of deadwood volume
to carbon stock, the results show that carbon stock is
underestimated in the stage of breakdown (Fig. 5b).
This is so because the highest proportion of CWD is
in early decay classes 1 to 4 (Fig. 3) with greater basic
wood density than the applied average density. The
underestimation is significant in all but the first eleva-
tion category, where a large amount of CWD was also
observed in decay classes 7 and 8 (Fig. 6a).

In the stage of growth and maturity, carbon stock
is highly overestimated in the first elevation cate-
gory (Fig. 5b). In the second elevation category, the
estimation of CWD carbon stock using an average
CWD density is equal to the estimation using in-
dividual values of CWD densities from Table 1. In
upper elevation categories, CWD C stock was un-
derestimated both in the stage of growth and in the
stage of breakdown (Fig. 5b). This corresponds with
the distribution of coarse woody debris in the de-
cay classes, when with the increasing elevation the
shift in the proportion of CWD in decay classes has
been observed (Fig. 6). While in the first elevation
category and the developmental stages of growth
and breakdown the highest amount of deadwood is
in the last decay class 8 (Fig. 6a), in the second el-
evation category the differences between the decay
classes are much smaller with starting prevalence
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Fig. 5. Relative deviation of CWD carbon stock estimation when the decrease of deadwood density is not incorporated in the
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the carbon stock of coarse woody debris calculated with fresh wood basic density (i.e. 0.430 g-cm™3, C_ L) and carbon
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stock of CWD using the decreasing wood densities from Table 1 (C_ D); (b) represents the ratio between the carbon stock

of coarse woody debris calculated with average wood density of deadwood (i.e. 0.266 g-cm™3, C_ ,A) and carbon stock of
CWD using the decreasing wood densities from Table 1 (C__ ,D)

of early decomposed CWD (Fig. 6a). In the third breakdown (Fig. 6¢), and the fourth elevation cat-
elevation category, decay class 2 is the most abun-  egory is also characterized by higher CWD volume
dant in both developmental stages of growth and in early decay classes 1 to 4 (Fig. 6d).
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CONCLUSION

In the presented study we estimated the carbon
stock in coarse woody debris in spruce virgin for-
ests of the nature reserve Babia Hora in Slovakia,
which has been found to be highly dependent on
the developmental stage and the elevation. CWD
carbon stocks are the greatest in the stage of break-
down characterized by the largest amount of the
least decayed deadwood. As the elevation increases,
CWD carbon stocks decrease due to lower forest
productivity expressed in lower tree dimensions at
the upper timberline, and the differences between
the developmental stages diminish.

The current lack of exact information and knowl-
edge of the decay process of coarse woody debris in
Central Europe can hinder precise carbon invento-
ries. We demonstrated that the carbon stock could
be highly overestimated if the decay process of the
deadwood is not accounted for. There is an urgent
need for further research in the field of coarse
woody debris decomposition in order to better un-
derstand the nutrient cycle of forest ecosystems,
and to be able to provide reliable data on green-
house gas emissions which are countries obliged to
report under the United Nations Framework Con-
vention on Climate Change.
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