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Abstrakt

Prace se zabyva problematikou zalesnovani zemédélské pidy z pohledu zakladani
novych porostii, vyhodnoceni starSich vysadeb a dalsich benefitt zalesiovani z pohledu
mimoprodukénich funkei lesa. Prace je sloZena ze tii tematickych okruht, Sestavenych z
5 publikaci. V prvnim okruhu byl hodnocen zejména vyskovy ptirtist a mortalita lesnich
dfevin vysazenych na nelesni pidé v obdobi tii let po vysadbé. Vysadby byly zalozeny
v Polabi v roce 2013. Na dil¢ich ploskach o velikosti 20 x 20 m (400 m?) byly vysazeny
rizné druhy lesnich dievin. Schéma vysadby se skladalo ze tii variant piidaného
organomineralniho sedimentu alginitu umisténého pifimo do jamky V okoli kofent
sazenic. Kultury byly na kontrolni varianté¢ A zalozen bez alginitu, s pfidanim 0,5 kg
alginitu na varianté B a s ptidanim 1,5 kg alginitu na varianté C. Vyhodnoceni srovnani
mortality a vySkového piirGstu neprokazalo v tfiletém obdobi jasny pozitivni ¢i
negativni trend, jelikoz vysazené dieviny reagovaly na varianty ptidaného alginitu
nejednozna¢né. Druhy tematicky okruh byl zaméfen na porostni charakteristiky
smrkovych porostll rostoucich na byvalé¢ zemédé€lské pidé v porovnani S porosty na
trvalé lesni piidé. Méfeni a nasledné hodnoceni bylo realizovano v porostech, které se
nyni blizi mytnimu véku. Na stanovistich rostoucich na byvalé zemédélské pudé byla
zjisténa prokazatelné vyssi priméma zasoba dfevni hmoty, ktera ¢inila 770 m3. ha'
(£125 SD), zatimco na lesni pidé byla zjisténa zasoba pouze 466 m. ha (x122 SD).
Srovnanim dfive zplsobenych Skod zvéfi loupdnim a ohryzem kiry byly zjiStény
prokazatelné rozdily mezi vycetni tloustkou a zdsobou zdravych stromil v porovnani se
stromy zna¢né poskozenymi. Analyza zavislosti radialniho pfirtistu na klimatickych
faktorech poukazala na vétsi citlivost stromut rostoucich na trvalych lesnich stanovistich
vici vykyviim ve srdzkovych thrnech a v primérnych teplotach. Tieti tematicky okruh
byl vénovan mimoprodukénim funkcim vysadeb na byvalé zemédélské pudé.
Vyhodnoceni efektivity vétrolami ukazalo signifikantni vztah mezi optickou porozitou
a strukturou vétrolami. Tyto hodnoty zaroven prokazatelné korelovala se sniZzenim
rychlosti vétru. Z pohledu akumulovaného uhliku Vv nadloznim humusu byl zjistén
narust se stoupajicim vékem porostl, rozdily mezi pfedchozim vyuzitim pudy vSak
prokazany nebyly. Vyssi hodnoty sekvestrovaného uhliku byly zjistény v jehli¢natych

porostech z divodu prokazatelné vyssi akumulované vrstvy nadlozniho humusu.

Kli¢ova slova: zalesnovani zemédélské pudy, mortalita, produkce porostt, skody zveéfi,

efektivita vétrolamt, akumulalce uhliku, nadlozni humus



Abstract

The thesis is focused on the problematics of afforestation of agricultural land,
specifically on the establishment of new forest stands, evaluation of structure and
function of older forest stands and also on the assessment of other non-productive forest
services. The thesis is composed from three compartments which are altogether
represented by 5 publications. In the first part, the height increment and mortality of
young seedlings were evaluated. Research plots were established in Polabi region in
2013. The subplots with different tree species of the size 20 x 20 m (400 m2) on each of
the research plots were established. Planting scheme was designed with three variants of
added organomineral fertilizer (alginite). There was control variant A without alginite
application, variant B with 0.5 kg and variant C with 1.5 kg of alginite applied to roots
of each seedling. The evaluation of height increment and mortality after three-year
period did not show clearly positive or negative effect of added fertilizer. Second theme
was focused on the characteristics of older Norway spruce forest stands established on
former agricultural land, which were compared to forest stands on standard forest soils.
There was found significantly higher stand volume on former agricultural land (770 m3
ha—1; £ 125 SD) compared to forest stands on standard forest soils (466 m3 ha—1; = 122
SD). The comparison of breast height diameter and stand volume of trees between
groups with different levels of previous bark stripping damage by ungulates showed
significant differences. Analysis of relationships between radial increment and climatic
factors pointed on higher sensitivity on oscillations in precipitation and temperature of
trees which grows on standard forest soils. In third topic, non-productive services
(wind-breaking and carbon sequestration) of forest stands established on former
agricultural land were described. Evaluation of windbreak efficiency showed significant
relationships between optical porosity and windbreak structure. These values were also
correlated with lower wind speed on the leeward side of the windbreaks. As a second
non-productive forest function of stands established on former agricultural lands, carbon
sequestration of soil organic matter was evaluated. Differences between previous land
use were not significant. Higher carbon storage was sequestrated in coniferous forest

stands compared to broadleaved forests stands.

Keywords: afforestation of agricultural land, mortality, timber production, game

damage, windbreak efficiency, carbon sequestration, soil organic matter
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1. Uvod

Ekosystémy planety Zemé jsou stdle vice ovliviilovany c¢innosti ¢lovéka, ktery
méni zivotni podminky a prostiedi pro dalsi organismy (Lanz et al., 2018; WWF, 2016).
Divodem pro tyto transformace krajiny bylo V pfedchozich staletich zejména
zemé&de€lské hospodateni, které zpusobilo znaény proces odlesiovani (Ellis and
Ramankutty, 2008). Souc¢asna situace v Evropé je vSak V porovnani s dal§imi ¢astmi
svéta odlisna. Vymeéra lesni pidy se na evropském kontinentu Vv poslednich 100 letech
postupné navySuje (Kolecka et al., 2017). Historicky byly v Evropé opétovné
zalesnovany zejména horské oblasti, a to z divodu omezovani zemédé€lstvi Vv téchto
mén¢ vynosnych uzemich a postupujiciho procesu urbanizace (Fuchs et al., 2015; Houet
et al., 2017). V posledni dobé pak Evropska unie zdiraziuje vyznam zalesnovani
nelesnich pud ve vztahu ke snizovani obsahu sklenikovych plynti v atmosféte, a tedy
K nardstu vyuziti obnovitelnych zdroju (European Communities, 2003).

Lesni porosty zalozené na nelesnich piidach maji v porovnani s lesy rostoucimi
na trvalych lesnich stanovistich mnoho specifickych vlastnosti. Casto je poukazovano
na rozdily v pudnich podminkach a rychly rist, ktery je spojen se snizenou stabilitou
lesnich porostii na byvalych zemédé€lskych ptidach (Podrazsky & Prochéazka, 2009).
Dale u téchto porostii dochazi k posSkozeni kofenovymi hnilobami, které jsou zptisobeny
z ¢asti charakterem piidniho prostiedi a z ¢asti negativnim vlivem sparkaté zvéte.

Zalestiovani nelesnich ptid v Ceské republice by mélo v budoucich letech
sledovat dva zakladni cile: ekologické, spocivajici ve zlepSeni stavu krajiny a zivotniho
prostiedi a ekonomické z divodu mozné lokalni nerentability zemédé€lské produkce
(Vacek et al., 2009). Jednim ze zpusobu feseni je optimalizace zakladani a stabilizace
porosti na byvalych zeméd€lskych pudach, s dirazem na kvalitu a dlouhodobou
udrzitelnost (stabilitu) nové zalozenych lesnich porosti (Vacek et al., 2015, 2016).
V soucasnosti by tedy mélo dochazet k podrobnému vyhodnoceni nejenom ptadniho
prostiedi, kvality a kvantity produkce, stability a zdravotniho stavu porostt rostoucich
na zemédélské piidé v porovnani s porosty rostoucimi na trvalych lesnich stanovistich.
Zaroven by mély byt komplexné vyhodnoceny ekosystémové funkce a mozné dopady

postupujicich klimatickych zmén.



2. Aktualnost reSeni a cile prace

Reseni problematiky zalesiovani nelesnich/zemédélskych pid je jednim
Z podstatnych témat v probihajicich zménach ve vyuziti ptidy na evropském kontinentu.
Disertatni prace byla rozdélena do tfi tematickych okruht, které se zabyvaji
problematikou zalesnovani nelesnich pid z rznych hledisek. V prvnim samostatném
tematickém okruhu Odrustani vysadeb na zemédélské pudé byla fesena problematika
zalesnovani zemé&dé€lské pudy v oblasti Polabi. Vysadby lesnich dievin byly na tomto
uzemi S nizkym thrnem srazek pfihnojeny alginitem (organogenni sediment). Zamérem
pridani hydroabsorbentu byla akumulace vody ve dnech bohatych na srazky a nasledné
uvoliiovani vlhkosti Vv okoli kofenového systému Vv obdobich Snizkym srazkovym
uhrnem. Tento tematicky okruh byl rozdélen na tfi dil¢i cile, a to:

1. Vyhodnoceni vlivu aplikace alginitu na mortalitu hodnocenych druhti dievin
V porovnani s kontrolni variantou.

2. Vyhodnoceni vlivu aplikace alginitu na pfirtst jednotlivych druhl drevin
sumarn¢ za tiileté obdobi po vysadbé.

3. Stanoveni obsahu nutri¢nich hodnot v asimila¢nim aparatu jednotlivych druht

dfevin rostoucich na odliSnych variantach pfihnojeni v porovnani s kontrolni variantou.

Druhy tematicky okruh byl zaméfen na hodnoceni charakteristik smrkovych
porostii rostoucich na zemédélské pudé. Srovnani riistovych charakteristik smrkovych
porosti bylo realizovano v SirS§i zajmové oblasti Neratova v Orlickych horach.
Hodnoceny byly 66 let staré porosty zaloZzené na byvalé zemédélské pudé, riistove
charakteristiky byly porovnany se srovnatelnymi porosty rostoucimi na trvalé lesni
pudeé. Zjisténé rustové charakteristiky byly nasledné analyzovany ve vztahu K diive
zpusobenému obvodovému poSkozeni kmene sparkatou zvéfi a dale ve vztahu ke
Klimatickym faktorim (teploty a srazky). Tento tematicky okruh byl rozdélen na tii dil¢i
hypotézy, a to na:

1. Stanoveni rozdilii v produkci srovnatelnych porostii rostoucich na zalesnéné
zemédelské piid€ v porovnani s porosty rostoucimi na trvalé lesni ptdée.

2. Popsani rozdili mezi strukturou a diverzitou porostl rostoucich na
zemédelské pideé v porovnani s porosty rostoucimi na trvalé lesni pide.

3. Vyhodnoceni vlivu dfive zptisobeného obvodového poskozeni borky zvéti na

radialni pfirtst smrkovych porosti ve vztahu ke klimatickym faktoriim.
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Ve tfetim tematickém okruhu byly popsany mimoprodukéni prinosy
zalestiovani zemédélské pudy. Reseni tematického okruhu bylo rozdéleno na stanoveni
efektivity vétrolami v oblasti stfedoceského regionu. Analyzovana byla struktura
vétrolamtll, optickd porozita a hodnoty rychlosti vétru v pfedem definovanych
vzdalenostech na navétrné a zavétrné stran¢ vétrolamu. V dalsi ¢asti tohoto tematického
okruhu byla formou vyhodnoceni diive publikovanych praci (review) stanovena zasoba
uhliku akumulovaného v nadlozni vrstvé humusu v porostech rozdélenych dle
ptedchoziho vyuziti pidy. Tematicky okruh byl rozdé€len na pét dil¢ich cild, a to na:

1. Popsani struktury, druhového slozeni stromového patra a indexu diverzity
dfevinné slozky vétrolamii.

2. Stanoveni optické porozity a rychlosti vétru vpifedem definovanych
vzdalenostech na navétrné a zavétrné strané veétrolamii.

3. Vyhodnoceni u¢innosti ve vztahu k optické porozité, biodiverzité a typu
vétrolamt a popsani vhodného typu vétrolamu z hlediska co nejvyssiho sniZeni rizika
vétrné eroze.

4. Kvantifikovani mnozstvi akumulovaného uhliku v nadloznim humusu lesnich
porostll podle pfedchoziho vyuziti pidy (zalesnéna zemédélskd ptida x trvala lesni
puda).

5. Analyzovani hlavnich faktord, které ovliviiuji mnozstvi akumulovaného
uhliku v nadloznim humusu, jako jsou napi. vék porostu, nadmoiska vyska a dievinné

sloZeni porostd.



3. Rozbor problematiky

3.1. Historie vyvoje povrchu planety Zemé

Globalni ekosystémy jsou stale vice ovliviiovany lidskou ¢innosti, a to at’ uz ptimo
¢i nepiimo. Clovék svym puisobenim postupné pietvaii planetu a tim méni prostiedi
a nasledn¢ také zivotni podminky pro dalsi organismy (Lanz et al., 2018; Vitousek et
al., 1997). Lesy puvodné pokryvaly piiblizné 40 % zemského povrchu (Olson et al.,
2006), plocha lesu vsak byla v pribéhu poslednich 300 let vyrazné snizena zminovanou
¢innosti ¢loveka (Keenan et al., 2015).

Z historického pohledu je mozné datovat prvni zmény zemského povrchu
zpusobené antropogennimi vlivy do obdobi neolitu (Olofsson et al., 2011). Klicovym
spoustéCem téchto zmén plisobenych clovékem bylo v minulosti cilené odlesiiovani
(Williams, 2000), které v soucasné dob¢ stale pokraCuje zejména v tropickych a
subtropickych oblastech. V roce 2015 pokryvaly lesy jiz pouze 31 % zemského
povrchu. Nejvyraznéji se pokles vymeéry lest dotyka Stiedni a Jizni Ameriky, Vychodo-
Jizni a Zéapado-Jizni Afriky a Jihovychodni Asie. Naproti tomu vymeéra ploch lesnich
porosti stoupa naptiklad ve Vychodni Asii nebo v Evropé¢ (Keenan et al., 2015).
Globaln¢ je tedy mozné konstatovat jednozna¢ny trend odlesiiovani planety, ktery bude

Vv nasledujicich desetiletich patrné pokracovat (Hansen et al., 2010; Keenan et al., 2015).

3.2. Proces odlesriovani evropského kontinentu

3.2.1. Diivody zmén povrchu Evropy

Zasadni transformaci zemského povrchu proSel v minulosti také evropsky
kontinent. Informace o historickych zménach ve vyvoji zemského povrchu poskytuji do
urcité miry pohled na krajinu jako kulturni dédictvi (Plieninger et al., 2006). Regionalni,
ale i celoevropské udaje o vyvoji vymeéry lesa jsou nejCastéji zalozeny na historickych
mapovych podkladech a dalSich zdznamech o vyuziti pady (Fuchs et al., 2015;
Gonzélez-Puente et al., 2014; Skalos et al., 2012). V ptedchozich tisiciletich byly tyto
dolozené zmény patrné zejména z pohledu zna¢ného rozsahu odlesiovani z divodu
ziskavani zemédélské pady, pastvin, ptipadné dievni hmoty, ktera byla vyuZzivana jako
stavebni surovina nebo palivo (Bradshaw, 2004; Kaplan et al., 2009, 2017; Rudel et al.,

2005; Williams, 2000; Zambrano-Monserrate et al., 2018). Jako ptiklad je mozné popsat
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napf. introdukci ovei na Island, coz zptsobilo dramatické odlesnéni ostrova velmi brzy
po jeho osidleni (Bradshaw, 2004). Tyto disturbance pusobené lidskym faktorem je
zasahuji do obdobi pted vice nez 6000 lety (Williams, 2000). S masivnim
odlesnovanim, kter¢ mélo za cil ziskavani nové zemédélské pudy, bezesporu piimo
souvisely potravni naroky neustale nartstajici lidské populace (Goldewijk, 2001). Dalsi
postupna intenzifikace lidské cinnosti a transformace pfirozenych ekosystémi na
intenzivné vyuzivanou zeméd€lskou pudu pokracovala i Vv piedchozich staletich
(Ramankutty & Foley, 1999).

Prokazatelny vliv na rozSifovani a zmenSovani vymeéry lesa v Evrop€ mély zejména
vyznamné historické udalosti, jako jsou valky, které se stfidaly s obdobimi miru.
Nejvétsi evropské konflikty dramaticky snizily pocetnost lidské populace, coz zptisobilo
omezené vyuzivani zeméd€lské pidy a opétovné zartstani diive obhospodatovanych
pozemku. Vyraznou pfi¢inou byly i vtomto obdobi klimatické zmény a zhorSovani
podminek pro zeméd¢€lstvi, coz se projevovalo opousténim zeméd¢lskych sidel v méné
priznivych podminkach. Na zéklad¢ téchto zmén dochéazelo ke vzniku fenoménu tzv.
desertified villages, tedy opousténych vesnic, sc¢imz byl spojen efekt docasného
rozSifovanim lesi. Dobfe jsou tyto posuny dokumentovany napiiklad v Britanii a
v alpskych regionech (Behringer, 2010). Cilené odlesiovani bylo realizovano zpocatku
pomoci jednoduchych nastrojii (obdobi neolitu) a nezmérného lidského usili, pozdé&ji
pak bylo vyuzivano kovovych seker (Williams, 2000). V ramci umyslného odlesinovani
pro zemédélské ucely byl mnohdy pouzivan ohen, coz je patrné ze zaznami
pochazejicich nejenom z Evropy, ale také z Ameriky a Jihovychodni Asie (Bradshaw,
2004; Carcaillet, et al., 2002; Clark et al., 2006; Olofsson & Hickler, 2008). Po
vycCerpani pudy a snizeni jeji nutriéni hodnoty doslo k opusténi vypaleného mista, které
bylo ponechéano ladem. Zeméd¢lské hospodareni bylo nasledné presunuto na dalsi nove
vypalené tzemi (Metzger, 2003). Takto ziskana puda byla zemédéelsky obdélavana po
dobu 2 — 4 let, tedy do té doby, nez doslo k vyCerpani Zivin a snizeni Grodnosti (Crutzen
& Andreae, 2006; Olofsson & Hickler, 2008). Dasledek vlivu primitivniho
zemé&de€lského hospodaieni na evropské lesy je v obdobi neolitu také diskutovan
z pohledu ovlivnéni zmén struktury na vice rozvolnéné porosty s mezernatym zapojem

(Bradshaw, 2004).



3.2.2 Lesy v Evropé v obdobi stiedovéku

Stiedovék je mozné charakterizovat védomym a ucelnym obhospodafovanim
pudy lidskou populaci, které tak piimo ovlivnilo rozmisténi lesa v Evropé (Williams,
2000). Pfesna lokalizace hlavnich lesnich komplexti neni doposud znama, nicméné
hlavni oblasti tehdejsi lesni pudy se podafilo ¢astecné zmapovat (Higounet, 1966).
Z Obr. 1 je patrné rozsiteni hlavnich lesnich komplext, které spada do stfedni Evropy,
tedy asteéné i na uzemi Ceské republiky. Tyto rozsahlé plochy lesa byly ve stfedovéku
poprvé osidleny a lidstvo tim zdsadné zmeénilo charakter krajiny. Transformace lesa na
farmy, travnaté plochy a zemédélskou pudu, at’ uz jednotlivci nebo cirkevnimi fady,
byla ve stiedni Evropé jednou z nejdramatic¢téjSich zasahi lidstva do krajiny (Pounds,
1994; Williams, 2000).
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Obr. 1. Znazornéni hlavnich lesnich komplexti v oblastech Stfedni a zapadni Evropy

v obdobi mezi 11. a 13. stoletim n. 1. (Higounet, 1966).
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Za zacatek stfedoveéku je povaZzovano obdobi padu Zapadotfimské tise, coz vedlo
ke snizeni pocetnosti lidské populace a k opétovnému samovolnému zalesnéni
kolonizovanych uzemi. Vyméra lesa se diky této zasadni udalosti evropskych déjin
vratila na uroven odpovidajici obdobi piiblizné¢ 300 let pi. n. 1. (Kaplan et al., 2009).
S naslednym populaénim ristem a stim souvisejicim rozvojem zemé&d¢lstvi
pokraCovalo opét postupné obdobi odlesiiovani Evropy. Opakované samovolné
zalesnéni piineslo rozsifeni pandemie ¢erného moru (Kaplan et al., 2009; Williams,
2000). Morova pandemie propukla kolem roku 1350. Na evropském kontinentu
nasledkem této nemoci zemielo pfiblizn€ 30 az 50 % lidské populace (Gémez & Verdq,
2017). K opétovnému narustu populace obyvatel Evropy na hodnoty ptfed propuknutim
morové pandemie doglo az kolem roku 1450. Uroveii odlesnéni se tak dostala na velmi
podobné hodnoty jako pied rokem 1350 (Kaplan et al., 2009; Williams, 2000).
V Ceskych podminkadch je vobdobi do 13. stoleti zajimavy fenomén Cceského
pohrani¢niho hvozdu, héjiciho ¢eskou kotlinu pied vojenskou invazi. Pohrani¢ni hvozd
byl hajen ¢eskymi knizaty a krali az do obdobi, kdy byl spise piekazkou jejich expanze
do sousednich tzemi za poslednich Piemyslovcil, intenzivné se zapojujicich do

evropské politiky (Podrazsky, 2014).

3.2.3 Lesy v Evropé v obdobi novovéku

V raném novoveku, tedy ramcové v obdobi let 1500 az 1850 dochazelo na izemi
Evropy k nejintenzivnéjsimu odlesiiovani, které bylo spojené opét s nartistem lidské
populace (Kaplan et al., 2009; Williams, 2000). Pocetnost obyvatel Evropy mnohdy
souvisela s urodnosti odlesnéné pudy v daném regionu, ktera byla nasledné vyuzivana
pro zemédélské ucely. Odlesnéni hlavnich regionti v ramci evropského kontinentu je

patrné z Obr. 2.
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Obr. 2. Vyvoj postupného odlesnéni Evropy v letech 1500 (vlevo) az 1850 (vpravo).

Odlesnéné plochy jsou znazornény ¢ervenou barvou (Kaplan et al., 2009).

Rozmach odlesnéni je datovan zejména do druhé poloviny novovéku, tedy do
obdobi 1700 az 1850 a to opét z divodu zemédélské intenzifikace, ktera se vyznacovala
narustem ploch, na kterych byly plodiny péstovany. Nejintenzivnéji obhospodaiované
oblasti se nachazely v jihovychodni ¢asti Anglie, ve Francii, v Polsku, v adoli Moravy
a v Mad’arsku (Ramankutty & Foley, 1999). | vtomto obdobi m¢ly na odlesnéni vliv
historické udalosti, zejména vojenské konflikty. Jako priklad lze uvézt tficetiletou
(1618 az 1648) a sedmiletou valku (1756 az 1763). Piimo ve valeénych a
v nasledujicich letech bylo v souvislosti s timto konfliktem mezi Gstfednimi evropskymi
mocnostmi odlesnéno jenom ve Francii celkem 600 000 ha lesa (Mather et al., 1999).

Poprvé v historii byl zaznamenan také prudky nartst odlesnovani ve vychodni
¢asti Evropy, a to konkrétné na izemi dne$niho Rumunska a Bulharska (Kaplan et al.,
2009). Dalsi vychodné polozené zemédé€lsky vyuzivané oblasti se rozkladaly také na
Ukrajin€ ¢i v Bélorusku (Ramankutty & Foley, 1999). Obecné je tedy mozné oznacit
novovek za obdobi s nejrozsahlejsi transformaci krajinného razu evropského kontinentu
(Kaplan et al.,, 2009). Odlesiovani vSak nebylo zplsobeno pouze vzestupem
zemédelstvi. Na zacatku 19. stoleti doslo k rozmachu vyroby zeleza a dievéného uhli.
Tyto Cinnosti vedly k dal§imu odlesfiovani, které je popisovano napi. v Pyrenejich na

uzemi Francie (Mather et al., 1999).
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Nasledujici obdobi mezi roky 1850 az 1960 bylo také ve znameni nyni jiz
postupné intenzifikace zemédélského hospodafeni ve vySe zminénych regionech
zapadni Evropy S rozvinutym zemédélstvim (Ramankutty & Foley, 1999). Na druhé
strané ve vychodni Evropé zapocala transformace lesa Vv porovnani se zépadni Casti
kontinentu vyrazné¢ pozdé€ji (Kozak et al., 2007; Kuemmerle et al., 2015;
Niedertscheider et al., 2014; Ramankutty & Foley, 1999). Zatimco na tizemi regioni
stfedni a zapadni Evropy expanze zemédélskych pozemkl na tkor lesa jiz pozvolna
zpomalovala, ve vychodni ¢asti, tedy v zemich byvalého Sovétského svazu stale
vyznamng¢ nartstala (Ramankutty & Foley, 1999). Region vychodni Evropy je obecné
charakterizovan jako tizemi, které je vhodné pro péstovani zemedélskych plodin a pro
pastvu dobytka. Pozvolnou kultivaci tohoto regionu v porovnani se Zapadni Evropou je

mozné vysvétlit nizsi pocetnosti obyvatel v daném obdobi (Kaplan et al., 2009).

3.3. Opétovny narist \yméry lesa v Evropé

V prvni polovin¢ dvacéatého stoleti zacalo v porovnani s piedchozim cilenym
odlesiiovanim dochazet k opacnému trendu. V méné vynosnych oblastech, které nebyly
dostatecné¢ vhodné pro intenzivni zemé&délské hospodafeni, dochazelo opét
k postupnému zalesnovani (Fuchs et al., 2015; Houet et al., 2015, 2017; Kolecka et al.,
2017; Niedertscheider et al., 2014). N¢ktefi autofi popisuji pozvolny narGst lesa
Vv regionalnim méfitku jiz v prabéhu 19. stoleti (Kozak et al., 2007). Tento proces, ktery
vedl kpiechodu od snizovani vyméry lesa k opétovnému zalestiovani byva
zahraniénimi autory oznaCovan jako ,forest transition, tedy ,,pfechod k lesnictvi®.
Tento vyraz je myslen z pohledu zmén v rozloze lesnich komplexi na evropském
kontinentu (Kozak et al., 2007; Mather et al., 1999; Mather & Needle, 1998; Rudel et
al., 2005). Pfechod K lesnictvi velmi tizce souvisi také s piechodem obhospodafovani
lesit od extenzivniho vyuZivani, exploatace, k planovanému lesnimu hospodateni
v dlouhodobém horizontu. V roce 1703 byla také pro vynos zlesi formulovana
koncepce ,trvalé udrzitelnosti (Nachhaltigkeit) Hansem Carlem von Carlowiczem
(Carlowitz, 2013). Dochazelo tedy ke stabilizaci rozlohy lesnich pozemki, které byly

rozsifovany v oblastech jinak zemédélsky nevyuzitelnych.
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3.3.1 Diivody opétovného nariistu rozlohy lesa v Evropé

Jako spoustéce procesu opétovného zalesnovani Evropy jsou oznacovany dva
zékladni faktory, a to: 1) hospodatsky a socialni rozvoj, ktery vedl k obecnému poklesu
ekonomické vynosnosti zeméd¢€lstvi, coZ bylo spojeno s poklesem pocetnosti obyvatel
na venkové, opusténim zeméd¢lské pudy a jejim postupnym samovolnym zartstanim;
2) politicka rozhodnuti, ktera se snazi zvysit vymeéru lesa s ohledem na obnovitelnost
a udrzitelnost produkti ziskavanych z lesa (zejména dfevni hmoty), coz vede
Kk cilenému zalesiiovani otevienych ploch, pfipadné k vysadbé plantazi (Kozak et al.,
2007; Rudel et al., 2005). Popisovany nardst lesni plochy byl na evropském kontinentu
prokazatelné zptisoben do zna¢né miry antropogennimi faktory, a nikoliv pfirodnimi
procesy (Bradshaw, 2004).

Ke zdokumentovanému nardstu vyméry lesa v obdobi 20. stoleti obvykle
dochazelo z divodu kombinace vySe popsanych faktortu (Kozak et al., 2007; Mather et
al., 1999). Zalesnovani a pfirozena sukcese uzemi, na kterych se jiz zemédélsky
nehospodafi, probihala v opusténych castech jednotlivych statd Evropy (Houet et al.,
2015; Kolecka et al., 2017). V poslednich 50 letech doslo ve zvysené mife zejména
k postupnému znovuzalesnéni pohoii procesem sekundarni sukcese (Houet et al., 2015),
coz reflektovalo pfedchozi pokles tradicniho zemédélstvi se vSemi jeho
environmentalnimi, ekonomickymi, ale i socialnimi aspekty (Kolecka et al., 2017).
Lesni porosty se pomoci pozvolné sukcese navracely do hornatych oblasti, které byly
diive po staleti ovliviiovany lidskou ¢innosti (Gellrich et al., 2007). Znovuzalesnéni
s sebou pfinaselo pozitivni efekty napt. z pohledu sekvestrace uhliku nebo obnovy
pudniho prostiedi. Opétovny nartst lesnich ploch vSak také muze ovlivnit
environmenmentalni aspekty jako pokles ¢i nardst biodiverzity, vodni rezim, atraktivitu
krajiny nebo vyssi pravdépodobnost rozsahlych lesnich pozara (Gellrich et al., 2007;

Kolecka et al., 2017). Proces sekundarni sukcese je znazornén na Obr. 3.
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Obr. 3. Sekundarni sukcese opusténé zemédélské pudy. Prava ¢ast obrazku zobrazuje
vysokou vegetaci v lesnim prostiedi. V levé ¢asti jsou vyobrazeny ruzné faze vegetace
na opusténé zemedelské pude, které jsou povazovany za sekundarni sukcesi (Kolecka et
al., 2017).

3.3.2 Nariist vyméry lesa na prikladu konkrétnich oblasti Evropy

Opétovné navraceni lesa do horskych oblasti je mozné popsat na piikladu
severni ¢asti Karpat, které se rozkladaji na uzemi Ceské republiky, Polska, Slovenska
a Ukrajiny. V obdobi mezi roky 1930 az 1990 doslo v této casti sttedni Evropy ke
zménam lesniho pokryvu rdmcoveé v rozmezi od 5 do 31 %. Nejvetsi nartst plochy lesa
byl zaznamenan v mistech, ktera byla po druhé svétové valce vylidnéna (Kozak et al.,
2007). Na uzemi Francie je vyvoj plochy lesa davan do piimé souvislosti s poétem
obyvatel v horskych oblastech. Dostupné literarni prameny srovnavaji pocetnost lidské
populace v hornaté ¢asti diive oznacované jako Nizké Alpy (nynéjsi department Alpes-
de-Haute-Provence). V roce 1870 zde zilo 154 000 obyvatel, o 30 let pozdéji to bylo jiz
pouze 118 000. Stim souvisel také dramaticky pokles pocetnosti ovci na jednu
polovinu, coz zmirnilo pastevni tlak na sukcesni stadia lesa. Na zaklad¢ téchto zmén
doSlo vtéto casti Francie po roce 1870, vprubéhu nasledujicich sta let, ke
zdvojnasobeni lesni plochy (Mather et al., 1999). Opusténi zemédélské pudy a jeji
nasledné zariistani stromy a kfovinami bylo doloZeno i ve Svycarsku. Zde je popisovano
zvétSeni plochy lesa v relativné kratkém Casovém useku (mezi roky 1980 az 1990)

01,4 %, coz piedstavuje v zemi svysokou lesnatosti zna¢ny narast (Gellrich et al.,
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2007). Rapidni zvySeni plochy lesa vobdobi po druhé svétové valce bylo
dokumentovano také v Polsku. V letech 1947 az 1997 zde doslo k nartistu zalesnéni
opusténé zemédelské pady o 1 156 000 ha, coz zpusobilo procentudlni zmény vymeéry

lesni plochy ze 20,8 % v roce 1947 na celkovych 29,2 % v roce 2010 (Sierota, 2013).

3.4. Zmény ve vyméve lesa na tizemi Ceské republiky

Stejné jako v ostatnich ¢astech evropského kontinentu dochézelo také na Gzemi
Ceské republiky v obdobi stiedovéku k odlestiovani z obdobnych divodi, které jsou
popsany vyse (Podrazsky, 2014; Spulak & Kacalek, 2011). Prvni ustanoveni, ktera byla
ptijata z divodu omezeni kradezi dieva a devastace lesa obsahovala ve vyrazné
odlesnénych oblastech méstska prava (Spulék, 2006). Celostatng platnou normu nechal
piipravit az cisaf Karel IV. Tento zakonik zvany ,,Codex Carolinus® trestal kradeze
diivi, svévolné kaceni nebo zapaleni kralovskych lest. Codex Carolinus vsak pouze
omezil devastaci stavajicich lest, zvySovanim jejich vyméry se nezabyval (Spuldk &
Kacalek, 2011).

Pokles intenzity odlesiiovani na izemi dne$ni Ceské republiky byl zaznamenéan
v souvislosti s vale¢nymi udalostmi, stejné tak, jako V jinych ¢astech Evropy. Za obdobi
husitskych valek doslo ke zna¢nému poklesu poc¢tu obyvatel, s ¢imz byla snizena mira
odlesnovani z divodu ziskavani novych zemédé€lskych pozemkii. Zna¢na plocha orné
pudy, kterd nalezela k vypdlenym lidskym sidlim, opét zartistala lesem. (Nozicka,
1957). ZvySeny napor na snizeni vyméry lesa piinesl v 16. stoleti rozmach hospodaistvi
a rozvoj hornictvi. I proto byla v ramci zabezpeéeni co nejvétsi produkce dievni hmoty
postupné¢ zavadéna péstebni péce. Ve druhé poloviné 16. stoleti byla jiz zndma uméla
obnova (Spulak & Kacélek, 2011). Prvni cilené zalesnéni nelesnich pid, o kterém byly
uchovany pisemné zaznamy, se uskutecnilo v roce 1570. Les byl vysazen a oplocen za
starou prazskou oborou (Kacalek & Bartos, 2002; Vacek et al., 2009). Dalsi zminka
pochazi z roku 1589. Ta popisuje osazeni nového tizemi dvé mile od Prahy za oborou
Hvézda. K zalesnéni byla pouzita sije semeny borovice a dubu do pfedem zorané
pudy (Spulak, 2006).

Vyznamnou historickou udalosti, ktera znamenala pozvolné zarGstani diive
vykluéenych uzemi, byla tficetiletd valka (1618-1648). Vialka zpusobila jenom

v ¢eskych zemich pokles obyvatel az o jednu tietinu. OpusSténa Uzemi postupné

cvwr
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Ceské republiky bylo popsano ve druhé poloviné 18. stoleti. V roce 1790 &inila vyméra
lesni pady podle Josefinského katastru pouze 1,974 milionu hektarti (Nozicka, 1957,
Spulak & Kacalek, 2011). Tento tidaj odpovidd 25% lesnatosti Ceské republiky.
Zvyseni rozlohy zemédelské pudy na tkor lesa bylo nutné z diivodu malo efektivniho
zemé&délského hospodareni. Odlesnéna pida zpétné zarlstala po velkych katastrofach
nebo epidemiich, kdy dochazelo k ubytku obyvatelstva a pidu jiz nemél kdo obdélavat.
Po postupném zvySeni pocetnosti lidské populace dochazelo znovu k transformaci

téchto lesnich ptid na zeméde€lsky vyuzivana policka, louky a pastviny (Lipsky, 1999).

3.4.1. Zalestiovani po prvni a druhé svétové valce

Po ukon&eni prvni svétové valky byly nelesni ptidy na uzemi Ceské republiky
zalesnovany nejprve v malém rozsahu. Intenzivngj$i zalesiiovani zacalo po roce 1923.
V téchto letech bylo kazdorocné zasdzeno 500 az 600 hektarii zemédé€lské pudy
(Spulék, 2006).

Po druhé svétové valce byl rozsah zalesnovani zpocatku také maly. Celoplo$né
vysadby byly realizovany jenom v mensi mife. Zakladany byly vétSinou pouze
ochranné lesni pasy nebo vysadby rychle rostoucich dievin. Nartst vymeéry
zalesniovanych pozemka byl spojen s obdobim odsunu némeckého obyvatelstva po roce
1945 (Kacalek & Bartos, 2002; Spuldk & Kacalek, 2011). Zalesiovani bylo dokonce
zakotveno Vv legislativé zakonem ¢. 206/1948 Sb. O zalesiovani, zfizovani ochrannych
lesnich pasu a zakladani (obnoveé) rybnikid. Zalesnény mély byt nelesni pozemky, které
nemohly byt z raznych diivodi vyuzivany pro zemédé€lské hospodareni, podobné jako
v dalsich statech Evropy (Kozak et al., 2007).

Zalesnovani se provadélo sadbou, ale i siji. Pomistné byly vyuzivany piipravné
dfeviny napf. prostiednictvim biezovych siji. Vysadba dievin na nelesnich ptadach byla
vSak neziidka neuspéS$na z divodu nedostatku pracovnich sil a zalesiovani ploch
o0 velkych rozlohach. Navrh zalesnéni planovany na roky 1959 az 1980 ¢inil v prvni
etapé v Ceskych krajich 46 000 ha, na Slovensku pak 139 000 ha. Ve druhé etap¢ bylo
pro zalesnéni uréeno na uzemi Ceské republiky 53000 ha a na Slovensku
124 000 ha (Rachman, 1962; Spulak & Kacalek, 2011). Celkové se lesni padni fond
v obdobi v letech 1948 az 1991 v Ceské republice zvétsil pfiblizné 0 9 % pidni vyméry,
celkové tedy o 222 000 hektart. Napiiklad v Pfirodni lesni oblasti 26 — Piedhofi
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Orlickych hor se vyméra lesni plidy v letech 1945 az 1990 zvysila o 1724 hektart
(Spulék, 2006; Vacek et al., 2009).

V padesatych letech 20. stoleti dochdzelo také k vyznamné vysadbé vétrolamil.
Tyto pasy drevin, které slouzily zejména k ochrané proti vétrné erozi, byly vysazovany
ponejvice na jihu Moravy. Nejrozsahlejsi ucelena sit’ vétrolami vznikla v 50. letech 20.
stoleti jizné od Brna. Od vysazovani vétrolamid v Sirokych vicefadych pasech se
pozvolna upustilo. Pozd&ji byly vysazovany dnes bézné jedno az dvoutradé liniové
vysadby, nejéastéji slozené z kultivart topolu ¢erného. Tyto vysadby jsou dominantou
zemédelské krajiny az do dnesnich dob (Ticha, 2006). V pribéhu 50. a 60. let 20. stoleti
bylo roné zalesiiovano na zemédélskych ptdach pravidelné 5 az 6,5 tisic hektara
(Vacek et al., 2009). Pozd¢ji se zalesniovani omezilo pouze na nejnutnéjsi piipady, které
Cinily vétsinou do 1 tisice hektari roéné. V 70. letech minulého stoleti se zalesnovaly
zejména v pohrani¢i takzvané rezervni zemédélské fondy. Na téchto piudach byly
nejcéastéji zakladany monokultury jehli¢natych dievin (Topka, 2003).

K dal§imu vyraznému naristu zalesnovani nelesnich pid doslo na pocatku 90.
let 20. stoleti v disledku transformace zemédélského hospodateni. Jednim z hlavnich
divodi nartstu zalesniovani byly dotacni pobidky. NejspiSe proto bylo mezi roky 1994
az 2005 zalesnéno celkem 8085 hektari zemédé€lskych pozemkili. Nejvyznamnéji se
Vv téchto letech zalesnovalo v roce 2002, kdy zalesnénd plocha dosahla vyméry 1203
hektard. V roce 2005 to bylo pouze 678 ha (Vacek et al., 2009).

3.5. Soucasny trend vyvoje lesnich ploch na uzemi Evropské unie

V zemich Stfedni Evropy doslo k nejvétsimu rozmachu zalesnovani opusténé
zemé&délské pldy, at’ uz z diivodu cileného zalesiiovani nebo ponechani pidy spontanni
sukcesi, po druhé svétové valce. Znacny nartst vymeéry lesni plidy byl patrny
v postkomunistickych zemich stiedni a vychodni Evropy (Kolecka et al., 2017), a to
zejména na Slovensku (Bezak & Mitchley, 2014; Spulerova et al., 2017), v Polsku
(Kolecka et al., 2017; Orczewska & Fernes, 2011; Szwagrzyk, 2004), v Rumunsku
(Miiller et al., 2013), na Ukrajiné (Baumann et al., 2011) a v Ceské republice (Kotecky,
2015; Spulak & Kacalek, 2011).
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Nartst zalesiovani byvalé zemédélské pidy v disledku socialné-ekonomické
premény venkovskych oblasti v Evropské unii pokracuje 1 v poslednich letech.
V prib¢hu let 1995 az 2015 doslo k zalesnéni 12,9 milionu hektari opusténé
zemedélské pudy. Z této vymery bylo piiblizné 1,5 milionu hektart zalesnéno umysiné
(Forest Europe, 2015). Konkrétni zmény ve vyvoji rozlohy lesni pudy v jednotlivych
statech Evropské unie uvadi Tab. 1. Ztabulky je patrny nejvétsi narust zalesnéni
v Irsku. V pribéhu zminovanych 25 let zde dosSlo ke zvySeni vyméry lesa o 55,8 %
(Eurostat, 2019). To je mozné jednoznac¢né vysvétlit nizkym procentem ptedchoziho
zalesnéni irského ostrova. Na zacatku 20. stoleti zabiraly lesy pouze 1 % celkového
povrchu Irska, na druhé strané pastviny se rozkladaly na 58 % ostrova (Rafique et al.,
2011; Wellock et al., 2014). Rychly narist zalesnéni byl v minulych letech podpofen
finan¢nimi pobidkami ze strany vlady. Neddvny rozmach zalesiiovani nelesnich pid
ilustruje vékové slozeni porostt, 63 % lesnich porostl je mladsich nez 20 let (Wellock
et al., 2014). Dalsi zemi, u které¢ byl zjistén druhy nejvyssi narust vymeéry lesa, je Italie.
Zde se zvysila lesni plocha v poslednich 25 letech 0 21,8 % (Eurostat, 2019). Tento
narust byl zpdsoben postupnou sukcesi opusténych horskych pastvin jizni ¢asti

Alp (Thuille et al., 2000).
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Tab. 1: Vyvoj rozlohy lesa v jednotlivych ¢lenskych statech Evropské unie v letech
1990 az 2015 (v tis. ha); (Eurostat, 2019).

Zemé rok Narist lesni
1 990 2 000 2 005 2 010 2015 plochy (v %)

Belgie 698,1 694,4 704,2 714 719,1 3,0
Bulharsko 345700 3480,00 3677,00 376100 384500 112
Ceska republika 262942 263729 264742 2657,38 266741 1.4
Dansko 679,25 721,45 599,3 634,08 657,69 -3,2
Némecko 11300,00 11354,00 11384,00 11409,00 11 419,00 11
Estonsko 240213 2450,31 246504 245296 245551 2,2
Irsko 514,36 684,44 744,46 772,86 801,24 55,8
Recko 6511,00 652500 6532,00 6539,00 653900 0,4
Spanélsko 25806,22 27 336,96 27540,76 2752538 27 626,65 7,1
Francie 16 474,00 17 093,00 16 748,00 17 163,00 17 579,00 6,7
Chorvatsko 212700 230000 2387,00 2474,00 2491,00 171
Italie 9123,00 10019,00 10467,00 10789,00 11 110,00 21,8
Kypr 356,11 38547 386,72 386,13 386,19 8,4
Lotyssko 3288,00 3364,00 341500 3467,00 3468,00 55
Litva 202500 2103,00 2194,00 2254,00 2284,00 12,8
Lucembursko 88,6 88,15 88,15 88,2 88,2 -0,5
Mad’arsko 1801,00 1907,00 198300 2046,39 2190,43 21,6
Malta 0 0 0 0,35 0,35 /

Nizozemsko 345 360 365 373,48 376 9,0
Rakousko 3894,00 395500 3978,00 400000 4 022,00 3,3
Polsko 8881,00 9059,00 920000 932900 943500 6,2
Portugalsko 452747 456061 457718 474220 490721 8,4
Rumunsko 668500 6600,00 6743,00 6919,00 6951,00 4,0
Slovinsko 122900 127100 127200 1272,00 1271,00 34
Slovensko 1921,70 192140 1931,60 193890 1 940,00 1,0
Finsko 2282323 23282,51 23300,00 23019,00 23019,00 0,9
Svédsko 30 607,00 30707,00 30762,00 3050500 30505,00 -0,3
Spojené 131
kralovstvi 279800 297400 3041,00 3079,00 3164,00 '

Evropskd unie — 175997 177834 179133 180311 181918 5,2

celkem 28 zemi
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3.6. Piedpoklidany budouci vyvoj vyméry lesa v Evropé a v Ceské

republice

Celosvétove je dle dostupnych tdaja Kk cilenému zalesnéni nebo pro zalozeni
plantadzi rychle rostoucich dievin uvazovano 385 az472 miliont hektarti opusténé
zemedé€lské piady (Campbell et al., 2008; FAO, 2008). Na tzemi Evropy je k dalsimu
zalesnéni nelesnich pd urceno 12 — 16 miliont hektari vyjmutych ze zemédélské
produkce (Campbell et al., 2008). Rozmisténi pud vhodnych pro znovuzalesnéni je
patrné z nize uvedené mapy (Obr. 4.). Vyznacena uzemi vyobrazuji zemédélskou ptdu,
kterd byla vroce 2000 zemédélsky vyuzivana, ale u které je predpoklad zarGstani
sukcesi ¢i zalesnéni do roku 2030 podle modelu predpokladanych zmén vyuziti pady
v disledku snizovani pocetnosti venkovského obyvatelstva (Navarro & Pereira, 2015;
Verburg & Overmars, 2009).

[ ] obdélavana pida
<5%

5-10%

10 - 15%

I 15-20%
B 20 - 30%
B 30-40%
B 40-50%
B 50- 75%
B - 5

Obr. 4. Rozmisténi opusténé a znovuzalesnéné pudy na tzemi Evropy. Procento pudy
vhodné k zalesnéni je zobrazeno na cCtvercové siti, vyméra jednoho ctverce Cini

100 km? (Navarro & Pereira, 2015).
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Pida vhodna pro zalesnéni se nachdzi také v Ceské republice. N&ktefi autofi
(Podrazsky et al., 2011) uvadéji rozpéti vyméry pidy vhodné pro zalesnéni v rozmezi
od 50 000 — 500 000 hektarti. Konkrétnéjsi udaje hovoti o 350 000 ha nevyuzité pidy,
kterda by méla byt vyjmuta ze zeméd€lského fondu a zalesnéna (Jarsky & Pulkrab,
2013). Posledni dostupné udaje uvazuji o rozloze ptid vhodnych pro zalesnéni na tzemi
Ceské republiky v rozsahu 813 000 az 1 820 000 ha. Popisovany §iroky rozsah je piimo
zavisly na uvazovanych podminkach a vybranych kritériich pid urcenych pro zalesnéni
(Vopravil et al., 2015). Zmény ve vyuziti pidy jsou proto pozorovany a intenzivné
diskutovany v poslednich desetiletich na izemi celé Evropy (European Communities,
2003). Ptedpokladan je dalsi nartst lesa v horskych oblastech, napt. v polskych
Karpatech dojde pravdépodobné ke zvyseni vyméry lesa ze soucasnych 47 % v roce
2013 na ocekavanych 52 % v letech 2030 — 2040 (Kolecka et al., 2017).

3.7. Specifika zalesiiovini zemédélské puidy

V porovnani se standardni lesni pidou ma zalesnéna zemédélska pida a porosty,
které¢ byly na zemédélské pidé zalozeny (zejména prvni generace lesa), znacna
specifika. Dtive provedené vyzkumy efektu zalesnovani zemédélské pldy se
zaméfovaly zejména na pudni chemismus, tvorbu nadlozniho humusu a produkci
(rychly rust) nové zalozenych porosti, pfipadné na snizeni pudni eroze (Hagen-Thorn et
al., 2004; Houet et al., 2017; Kacalek et al., 2011; Podrazsky et al., 2011; von Oheimb
et al., 2008). Dalsi hledisko nartstu vyméry lest v Evropé (Eurostat, 2019) popisuje
zejména v poslednich letech zmény zasoby uhliku v pad¢, tyto zmény jsou velmi silné
ovlivnény pravé vyuzivanim pady (Olofsson et al. 2011; Kuemmerle et al. 2015;
Kaplan et al. 2017).

3.7.1. Zména pidnich podminek na zalesnéné zemédélské pidé
Nejvyraznéjsim faktorem, ktery odlisuje zeméd¢lskou pidu od trvalych lesnich
pud, je absence vrstvy nadlozniho humusu (Torreano, 2004). NadloZzni humus se zacina
tvofit zejména opadem a naslednym pozvolnym rozkladem a transformaci listové
biomasy at’ jiz po umélém zalesnéni pudy nebo ve fazi pfirozené sukcese (Green et al.,
1993; Kacalek et al., 2007; Kacalek & Bartos, 2002; Torreano, 2004). Dal§im odlisnym

prvkem je vrstva orni¢niho horizontu na zeméd€lské pudé, ktery pretrvava znacnou
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dobu po zalesnéni (Kacalek et al., 2011). Proces antropogenné podminéné zmény
ptdnich pomért je znacné dlouhodoby a komplikovany. SuSina nadloZzniho humusu je
akumulovana v humusovych horizontech L, F a H, jeji hodnoty dosahuji desitek az
stovek tun na hektar (Kacalek et al., 2010; Mensik et al., 2009a; Torreano, 2004).
Akumulace nadlozniho humusu je mnohem vyraznégjsi v porostech jehlicnatych drevin,
u kterych dochazi k pozvolnéjsi transformaci opadu (Berger & Berger, 2012;
Hatlapatkova et al., 2006; Podrazsky et al., 2009).

Dalsi zmény jsou patrné z hlediska charakteristiky ptidniho chemismu. Porosty
lesnich dfevin jevi obecné tendenci vyssi pudni kyselosti, pH hodnota je prevazné
kysela (pH < 7). To je podminéno vysokou akumulaci Zivin v nadzemni biomase a
obecné kyselejsim opadem ve srovnani s travnimi porosty. Vlivem odlisného mnozstvi
nadlozniho humusu na zalesnénych zemédé€lskych ptidach jsou zmény dokumentovany
pravé ve svrchnich pidnich horizontech (Hagen-Thorn et al., 2004; Kacalek et al.,
2007). Rozdily mezi pudni Kyselosti jsou pifimo zavislé na druhu dieviny, ktera byla na
zalesnéné zemédelské padé vysazena (Hagen-Thorn et al., 2004). V cCetnych
vyzkumnych pracich byl dokumentovan signifikantni pokles pidniho pH v pfipadé
zalesnéni byvalych zemédé€lskych pad jehlicnatymi dievinami, zejména smrkem
ztepilym (Hagen-Thorn et al., 2004; Kanerva & Smolander, 2007; V Podrazsky &
Remes, 2010; Vacek et al., 2009). Zaroven byly zjistény vyznamné nizsi hodnoty pH ve

starSich porostech v porovnani s porosty nizsiho stafi (Kacalek et al., 2007).

3.7.2. Sekvestrace uhliku v nadloZnim humusu a v dendromase porosti
zaloZenych na nelesnich pidach

Vyraznym piinosem ekosystémovych funkci lesnich porosti na zalesnéné
zemédeélské padeé, které ziskavaji stale vice na dulezitosti, je akumulace uhliku.
Sekvestrace uhliku je obecné ovlivnéna vyuzitim pady (Fujisaki et al., 2015; Wiesmeier
et al, 2013). Zglobalniho hlediska predstavuji lesni ekosystémy jedno
z nejvyznamnéjSich ulozist" tohoto prvku. Sekvestrace uhliku je zaroven politickym
tématem s globalnim piesahem, které je zakotveno v mezinarodnich dohodach, jako je
Ramcova umluva OSN o zméné klimatu, nebo Kjotsky protokol (Cienciala et al., 2008;
Griineberg et al., 2014; Lugato & Berti, 2008). Po zalesnéni nelesnich pid dochazi
K navySovani vazaného uhliku, a tedy ke snizeni koncentrace tohoto plynu v atmosféte

(Ahmed et al., 2016; Griineberg et al., 2014; Pukkala, 2014; Vanguelova et al., 2013).
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K akumulaci uhliku dochazi prostfednictvim fotosyntézy. Béhem tohoto procesu
se uhlik ¢aste¢né opét uvoliuje do atmosféry. Jeho ¢ast je vSak vazana v dievni hmoté
stromd a v nadloznim humusu, ktery vznika opadem asimila¢nich organt (Post &
Kwon, 2000). Zalesnovani nelesnich pid tedy slouzi nejenom k obnové degradovanych
stanovist. V celosvétovém méfitku je mozné zalesnovani povazovat za mitigacni
proces, jehoz dalsim efektem je zvySovani zasob akumulovaného uhliku (Fataei et al.,
2018), jehoz velmi vyznamna ¢ast je vazana v lesni pudé¢ (Fujisaki et al., 2015; Holubik
et al., 2014). Celosvétove je priblizne€ 75 % terestrického uhliku vazano v ptidach, z této
hodnoty je 40 % akumulovano v lesnich ptdach (Paul et al., 2002). Z celkového objemu
uhliku vazaného v lesnich ekosystémech je v lesni pidé ptiblizné obsazeno 30 az 50 %
(Griineberg et al., 2014; Paul et al., 2002; Wiesmeier et al., 2013).

Mnozstvi a rozlozeni akumulovaného uhliku v pidnim profilu je do znacné miry
zavislé na jednotlivych druzich lesnich dievin (Andivia et al., 2016; Augusto et al.,
2015), stejné tak, jako mnozstvi nadlozniho humusu, ve kterém je uhlik vazan (Berger
& Berger, 2012; Podrazsky et al., 2009). Jehli¢naté dieviny akumuluji vice nadlozniho
humusu (Griineberg et al., 2014; Schulp et al., 2008), coz se nasledné projevuje také
vy$$imi hodnotami sekvestrovaného uhliku (Kupka et al., 2013; Podrazsky & Remes,
2010). V kratkém casovém useku po zalesnéni nelesnich pud dochazi nejdiive
K pozvolnému snizeni zasoby uhliku v pudé, ktery je vazan v travinném drnu. Tento
pokles je nasledovan pozvolnym nartistem akumulovaného uhliku v nadloznim humusu,
jez se formuje jiz v mladych porostech, dalsi mnozstvi je poutano nové vznikajicimi

organomineralnimi horizonty (horizonty Ah) (Kacalek et al., 2011).

3.7.3. Produkce dievni hmoty porostii zaloZenych na nelesnich piidach
Zalesnéné zemédelské pudy jsou charakterizovany vys$sim obsahem piistupnych
zivin, které umoznuji vyssi tloustkovy i vySkovy pfirist vV porovnani s lesnimi porosty
rostoucimi na trvalych lesnich ptdach. Zvysené ristové parametry lze pozorovat jiz
v ranych fazich ristu (Bartos & Kacalek, 2011; Callesen et al., 2006). Narust produkce
dfevni hmoty je mozné ilustrovat napf. na modiinovém porostu, ktery dosahoval jiz v 8
letech po vysadbé zasobu 47 m®.hal. Zaroven byla v ramci prvniho vychovného zasahu
zjisténa primérna hmotnatost vytéZzenych kmeniéi 0,027 m3. Po osmi letech ristu
vysadeb na byvalé louce nabizi jiz tyto porosty dievni hmotu, kterou lze vyuzit jako

palivo (Bartos & Kacalek, 2011).
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Vyrazné nadprimérna produkce byla v Ceské republice potvrzena také u smrku
ztepilého (Barto$ et al., 2006; Podrazsky et al., 2011). Rozlehlé smrkové porosty, které
byly z velké casti vysazeny v ramci rozsahlych zalesnovacich praci po druhé svétové
valce (Vacek et al., 2009) se nyni blizi kK mytni zralosti. Proto je nanejvyse dulezité
vyhodnotit nejenom jejich produkci, ale také stabilitu, ktera je u téchto porostd zhorSena
nejenom z divodu zvySené produkce (Hagen-Thorn et al., 2004; Podrazsky et al.,
2011). Smrkové a borové porosty rostouci na nelesnich pudach jsou ovlivnény
negativnim projevem signifikantniho zvyseni vyskytu houbovych patogent (Sierota,
2013). Hniloby jsou zptsobeny zejména kofenovnikem vrstevnatym (Heterobasidion
annosum [Fr.] Bref.), ptipadné pevnikem krvavé&jicim (Stereum sanguinolentum [Alb. et
Schwein.] Fr.) zejména v prvni generaci lesa zalesnéného na nelesnich ptdach (Palpan,
2001; Sierota, 2013). Poskozeni stromti napadenych kofenovymi hnilobami bylo
zjisténo jiz ve véku 30 let, rozsah posSkozeni se stafim porostli narlstd. Nartst
arozsifeni infekce kmene hnilobami mize byt zplisoben také poSkozenim borky
loupanim nebo ohryzem sparkatou zvéti (Schweingruber et al., 1990; Verheyden et al.,
2006) Doposud vsak nebylo uspokojivé vysvétleno, do jaké miry je hniloba kmene
zpiisobena charakterem ptdnich podminek, a do jaké miry mtize byt napadeni kmene

hnilobami vyvolano pfedchozim poskozenim zplisobenym sparkatou zveii.

3.8. Zaméry a pFinosy zalesnéni

Vyznamnou podminkou pro uskuteénéni zalesnéni je v podminkach Ceské
republiky pfevod pozemkl ze zemédélského pldniho fondu na pozemky urcené
K plnéni funkci lesa. Zalesnéni nevyuzité pudy by mélo obecné splnit dva §irsi cile —
zlepseni ekologického, ale 1 ekonomického soucasného a pravdépodobné
nevyhovujiciho stavu (Jarsky & Pulkrab, 2013). Konkrétni cile by mély respektovat
zaméry vlastnika. Nejde tedy pouze o tvorbu lesnich porost, ale také remizk,
krajinaiskych ¢i ekologicky opodstatnénych skupin vysoké a nizké zelené, zakladani
lignikultur, zasakovacich past nebo vétrolami (Vacek et al., 2009).

Z ekologického pohledu dochazi po zalesnéni k zadrzovani srazek a celkovému
zlepSeni vodniho rezimu pud (Stoate et al., 2009; Vopravil et al., 2015). Zaroven se
zalesiiovani jevi jako jeden z nejefektivnéjSich zplsobi zmirnéni rizika erozi na
zemédélskych padach. Na vysoce ohrozenych stanovistich miize dochézet k ubytku az

10 mm ornice ro¢né (Sorriso-Valvo et al., 1995), coz ¢ini v souhrnu ztratu 100 az 150
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t/ha™! roéné (Porto et al., 2009). Signifikantni sniZeni vétrné eroze je mozné snizit do
znacné miry liniovym zalesiovanim zemédélské pidy v krajin€é v podobé vétrolamu.
Tyto mnohdy kombinované pasy stromt a kiovin slouzi jako velmi efektivni biologicka
opatfeni umoziujici spolu s dal§imi ekologickymi benefity ochranu zemédélské pudy
proti vétrné erozi sniZzenim rychlosti vétru (Chendev et al., 2015; Ferreira, 2011,
Rehagek et al., 2017).

Dopady vysadby lesnich porosti v zeméd¢lské krajiné na biodiverzitu, zejména
na hojnost a druhovou pocetnost savci a ptakt, nebyly prozatim dostate¢né
prostudovany. Reino et al., (2010) predpoklada v dusledku vysadby stroml zvySeni
poctu predatori (zejména ze tfidy savci) polnich ptakt hnizdicich na zemi. Z tohoto
hlediska se jevi jako vhodnéjsi vysadba kiovin remizi v oteviené¢ zeméd¢€lské krajing.
Obnova téchto stanovist’ muze vyrazné zvysit pocetnost druhi, jejichz unikové strategie
jsou zavislé na mnozstvi krytu v krajin¢ (Stoate et al., 2009; Wittingham & Evans,
2004). Nizka intenzita vyuziti zeméd¢lské pudy a postupné zalesnéni vytvari na druhé
stran¢ vhodné podminky pro zvySovani pocetnosti populaci velkych savci (Navarro &
Pereira, 2015). Zaroven jsou tato Uzemi opétovné obsazovana velkymi Selmami.
Stabilni populace velkych Selem se nachazeji ve vychodni casti Evropy, rekolonizace
uzemi je pak v poslednich letech zaznamenavana v oblastech Skandinavie, pohoii Alp,
ale i mediteranu (Navarro & Pereira, 2015; Stoate et al., 2009).

Zaméry zalesnéni mnohdy reflektuji ochranu rizné devastovanych pozemkd,
u nichz je zalesnéni jedinym zptisobem, jak danou lokalitu co nejrychleji stabilizovat.
Jedna se o povrchové doly, piskovny, lomy, vysypky, pfipadné plochy ohrozené erozi
(Vacek et al., 2009). V tomto ptipadé je vSak nutné peclivé volit odpovidajici dieviny
(Kupka & Dimitrovsky, 2011). Mezi izemi vhodna pro zalesnéni a pievod na lesni
pudy patii opusténé lokality vrizném stupni sukcese, u kterych jde jiz pouze
0 legalizaci stavajiciho stavu, o doplnéni bichovych porosti, piipadné o doposud
obhospodatované zemédélské pozemky se zvysenym stupném eroze pidy (Vacek et al.,
2009). Vhodn¢ zalozené porosty na nelesnich pudach se pak mohou stit vyznamnym
krajinotvornym prvkem (Stoate et al., 2009) ¢i ostrovem zelené v krajin€ s minimalni
lesnatosti (Vacek et al., 2009).
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3.9. Zakladani porostit na nelesnich puddch

Proces nového zalozeni porostl na nelesnich pidach ma v porovnani s obnovou
na lesni pud¢ zna¢nad specifika, a to zejména z pohledu odlisného terénu, ktery
umoziuje vyuziti lesnické mechanizace. Nezbytna je také dusledné ochrana vysazenych

Kultur proti sparkaté zvefi.

3.9.1. Vysadba porosti

Zakladani porosti na nelesnich pudach je do jisté miry specifické zejména
z hlediska vysadby. Pro zalesnovani zemé&délskych pid je mozno pouzit oba zakladni
zpusoby obnovy lesa. Vysazovani sazenic 1 sije maji své vyhody i nevyhody, v piipadé
zalesniovani zemédélskych pud vSak vyrazné prevlada sadba (Lof et al., 2004; Vacek et
al., 2009).

Pouziti sije je mozné realizovat né€kolika zpuisoby. Mezi zakladni varianty patii
plnosije, tedy celoplosny vysev semen na plose. Je vyuzivana nejcastéji pti zakladani
porostl s pfipravnymi dfevinami. Nejvhodnéjsi termin pro siji je v jarnim obdobi, kdy
zakladani porosti na nelesnich pidach je vysadba semenackti ¢i sazenic lesnich
drevin. Velikost sadebniho materialu je zavisla na vysce okolni butfen¢. Nejbéznéjsi jsou
sazenice mensich dimenzi, a to mezi 15 az 35 centimetry. PoCty vysazovanych dievin se
1ii podle regionalni legislativy. Napf. ve Svédsku je nejbéznéji sazeno 2 500 az 5 000
sazenic listnatych dfevin na plochu jednoho hektaru (Lof et al., 2004). Obecné je cilem
zalesniovani nelesnich pud, at’ jiz siji ¢i jamkovou sadbou, co nejrychleji dosahnout
stavu zajisténé kultury a nasledné stabilniho a odolného lesniho porostu (Mauer, 1996).
Efektivniho zalesnéni je mozné v ptipadé nelesnich pid dosdhnout s ispéchem pomoci
mechanického zalesnéni sazenic brazdovou sadbou zejména na leh¢ich pudach. Tato
metoda je zvlasté vhodna pro pouziti na nelesnich pidach z diivodu absence prekazek
v terénu (Vacek et al., 2009). Dale je mozné pouzit polomechanizovanou technologii
motorového jamkovace, ktera je v porovnani s ruéni vysadbou vykonngjsi (Balas et al.,

2016; Boja et al., 2013).
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3.9.2. Ochrana a péce o zaloZené porosty

Pro uspésné zalesnéni byvalé zemédélské pidy a nasledné odriistani sazenic je
nezbytné utlumeni okolni bufené (L6f & Welander, 2004; Navarro-Cerrillo et al., 2009;
Vacek et al., 2009). Okolni vegetace na opusténé zemédélské puadé velmi dobie
prosperuje, a tudiz konkuruje vysadbam lesnich dfevin 0 zdroje svétla, vlahy a
dostupnych zivin (Hytonen & Jylhd, 2008). Metody tlumeni ristu plevelt a bufené je
mozné rozdélit na mechanicka opatieni (kultivaci pleveli a seceni), chemicka opatieni
(aplikace herbicidll) a vytvofeni fyzické bariéry pomoci syntetickych opatfeni ¢i
organickych mulct (Dubois et al., 2000; Navarro-Cerrillo et al., 2009). Tyto metody
(zejména chemicka likvidace) jsou efektivni, nicméné ¢asto mohou dopadat také na
necilovou vegetaci, ptipadné mohou na byvalych zemédélskych pidach navysit hodnoty
pudni eroze (Navarro-Cerrillo et al., 2009). Na nelesnich pudach je proto mozné pro
omezeni bufené aplikovat efektivni vysevy tzv. ,,zivych mulci® zejména z Celedi
bobovitych, které kryji piadu, zamezuji rGstu bufené¢ a zlepSuji pidni podminky
(Navarro-Cerrillo et al., 2005; Navarro-Cerrillo et al., 2005). V podminkach Ceské
republiky se vsak nejbéznéji provadi ozinani sazenic, jejich oslapani, pfipadné jiz
zminovana chemicka likvidace buiené, a to jednou az dvakrat rocné dle vyspélosti
sazenic a jejich zastinéni (Vacek et al., 2009).

V prubéhu ristu porostu je nutné nasledné provadét vychovné zasahy. Na
zemédélskych ptdéach je upfednostiiovan zdravotni vybér. Intenzita zasahil je vyssi nez
na lesnich ptidach z divodu vysokého pfirtistu. Vychova by méla byt celkoveé zaméiena
zejména na budouci kvalitu porostu s diirazem na zvySovani jeho stability (Vacek et al.,
2009).

Dalsim specifikem nové zalozenych lesnich porostti na byvalé zemédelské pade
jsou Skody pusobené zvéii. Poskozeni se objevuje v rozsahlych komplexech lesa
zalesnénych v 50. letech 20. stoleti (mnohdy ¢isté smrkové monokultury) v sudetském
pohrani¢i Ceské republiky. Nadmérmé stavy sparkaté zvéfe piisobi v téchto oblastech
zna¢né hospodaiské Skody doprovdzené Spatnym zdravotnim stavem a stabilitou
porosti (Bartod et al., 2007). Casté poskozeni zejména smrkovych porostii bylo
dokumentovano také v dalsich oblastech Ceské republiky (Podrazsky et al., 2011).

Listnaté a smiSené porosty proto neni prakticky mozné z diivodu premnozeni
jeleni, si¢i, mufloni a dalsi sparkaté zveéfe péstovat bez ochrannych opatieni. Nejéastéji

se vyskytuji skody ptisobené vytloukanim, loupanim, okusem a ohryzem lesnich dfevin.
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Loupanim jsou poskozovany stromy v rlstové fazi mlazin aZ po slabou kmenovinu,
tedy do té doby, nez se na kmeni vytvoii hrubsi borka (Vacek et al., 2009). Vysadby
byvaji proti vlivu zvéte chranény zpravidla oplocenim celé zalesnéné plochy (Bartos et
al., 2015). Zalesnéné zemédelské pudy jsou ve srovnani s lesnimi ptidami poskozovany
také mnohem castéji okusem plisobenym srnéi zvéti. Toto poSkozeni se objevuje
zejména ve vysadbach, které se nachazeji v oteviené zeméd¢lské krajiné. Proti okusu se
pouzivaji ochranna opatieni ve formé chemické ochrany s vyuzitim repelentti (Topka,
2003), ptipadné je mozné celou plochu vysadeb chranit vySe zminénym oplocenim
(Bartos et al., 2015). Nevyhodou oploceni, které ochranuje celou plochu vysadby, je
znacna pocatecni investice. Tato mechanickd ochrana vSak zarucuje stoprocentni
ucinnost, pokud nedojde k jejimu poskozeni (Vacek et al., 2009). Problematiku
poskozeni vysadeb sparkatou zvéti 1ze do jisté miry omezit vysadbou rychle rostoucich
dfevin, jako je douglaska tisolistd nebo modiin opadavy, které moznému poSkozeni

okusem odrostou jiz 3 roky po zalesnéni (Barto§ & Kacalek, 2011).

3.10. Di‘eviny uplatiiované v ramci zalestiovani nelesnich pitd

Druhy dfevin, které jsou uplatiiovany v ramci vysadeb lesnich porostli na
byvalych zemédélskych ¢i jinych nelesnich ptdach, se vyrazné lisi podle regionu
a charakteru vysadby. V ptipad¢ postupného zalesnéni piirozenou sukcesi nejcastéji
dominuji dieviny pionyrské strategie rustu, jako je biiza, osika, ptipadné olse a dalsi
(Soucek & Spulak, 2010).

Z hlediska cilené¢ho zaloZeni porosti na nelesnich pudach byl na vétSing
zalesnéného uzemi v Ceské republice vysazen smrk ztepily (Picea abies (L.) Karst.)
zejména z diavodu vysoké produkce a provozni snadnosti (Dusek & Slodic¢ak, 2009).
Smrk ztepily byl s oblibou na zalesnéné zemédélské ptdé sazen také ve Finsku
a v dalsich zemich Evropy (Hytonen & Jylha, 2008; Irbe et al., 2015; Johansson, 2014;
Sierota, 2013). Zdalsich dfevin byl castéji jako dopln€k smrku, ptipadné
I v monokulturach vysazovan modtin opadavy (Larix decidua Mill.). V mensi mife byly
pak byvalé zemédélské pudy zalesniovany olsi lepkavou (Alnus glutinosa (L.) Gaertn.)
¢i jasanem ztepilym (Fraxinus excelsior L.) (Bartos & Kacalek, 2011; Vacek et al.,
2009, 2016, 2018). Pro zalesnéni nelesnich pid byla mnohdy vyuzivana také borovice
lesni (Pinus sylvestris L.) a to zejména na stanovistich S mensim mnozstvim dostupnych

zivin. Tento typ chudych nelesnich pud byl napiiklad v Polsku zalesnén monokulturami
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borovici lesni v celkovém rozsahu ptiblizné 700 000 ha (Sierota, 2013). Borovice je
hojné vysazovana na byvalé zemédélské puadé také ve Skandinavii (Hytonen et al.,
2017). V pripadé snizovani eroze jsou pak Vjizni Casti Evropy vysazovany méné

typické dieviny jako napt. eukalypty (Sorriso-Valvo et al., 1995).

3.11. Ekologické aspekty hlavnich dieviny uplatiiovanych v ramci

zalesiiovani nelesnich pud

Ekologické aspekty a specifika dievin uplatiovanych v ramci zalesnovani
nelesnich piid v podminkach Ceské republiky jsou popsany pro dieviny, které byly
astale jsou na téchto pidach nejCastéji vysazovany, piipadné Vtéchto podminkéach

dochazi k jejich opétovnému Sifeni sekundarni sukcesi.

3.11.1. Smrk ztepily (Picea abies (L.) Karst.)

Smrk ztepily (Picea abies (L.) Karst.) je evropskou dfevinou S jednim
z nejrozlehlejsich arealti rozsifeni, diky cemuz patii mezi dieviny ekonomicky
nejvyznamnéjsi (Musil et al., 2002). V Ceské republice rostly pivodni, piirozené
klimaxové porosty v nadmoiskych vySkach vrozmezi od 900 do 1250 m n. m.
Optimalni ristové podminky se vSak nachéazeji v nizsich polohach v rozmezi 600 az 950
m n. m. (Uradni¢ek et al., 2009). Smrk se fadi mezi polostinné az stinné dfeviny
s vysokymi naroky na ptdni a vzdusnou vlhkost (Musil et al., 2002; Uradni&ek et al.,
2009), vyhovuji mu chladnéjsi 1éta a srazky nad 700 mm ro¢né (Musil et al., 2002).

Smrk ztepily byl na zalesnénych zemédélskych pudach hojné vysazovan
zejména Vv ¢eském pohrani¢i v obdobi po druhé svétové valce (Vacek et al., 2009). Smrk
se na tomto typu pud projevuje jiz vySe zminovanou produkci. Nadprimérné produkce
jehli¢nanti na bohatych stanovistich je vSak v kontrastu s kvalitou dievni hmoty, ktera je
zhorsena castym vyskytem hnilob jiz od stfedniho véku porosta (Allikmae et al., 2017;
Podrazsky et al., 2011; Vacek et al., 2009). Ve smrkovych monokulturach se nasledné
zvysSuje riziko vyvratd a polomt, klesd vitalita porosti a snizuje se kvalita dfevni
vytéze. Proto je vhodné tyto porosty obnovovat jiz v niz§im veéku a v pripadé
nepase¢nych zptsobti hospodafeni snizit zasobu smrku postupnym zdravotnim
vybérem. (Vacek, Simon, 2009). Pii snizeném obmyti lze smrk ztepily v piipadé

zalesnovani zemédélské pady z¢asti povazovat za vhodnou ,,pfipravnou” dievinu, ktera
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muze vhodné splnit fadu funkci pionyrské dieviny (Barto$ et al., 2007). Pies uvedené
vyhrady (zejména hniloby a tim snizend stabilita porostli) zlistava smrk pro svoje cenné
hospodariské vlastnosti zakladni dievinou i pro zalesnéni nelesnich pid v polohach nad

600 m n. m. (Vacek et al., 2009).

3.11.2. Borovice lesni (Pinus sylvestris L.)

Borovice lesni (Pinus sylvestris L.) je opét dfevina s velmi Sirokym arealem
rozsifeni, ktery pokryva téméf celé izemi Ceské republiky. Jeji riistové optimum se
nachézi na vodou stiedn& zasobenych, Zivinové pomérné bohatych ptidach (Uradniéek
et al., 2009). V minulosti vSak byla vytlacena konkuren¢né silngjSimi dievinami na
mista extrémnéjsiho charakteru (Fér & Pokorny, 1993). Z hlediska ekologickych narokt
je borovice lesni vyrazné svétlomilnou dievinou. Je adaptovana na velmi Siroky rozsah
klimatickych podminek s primérnym ro¢nim thrnem srazek Vv rozpéti od 200 do 1780
milimetrt. Pfisun vody si je schopna oproti jinym dievinam zajistit z vétSich hloubek.
Uspé&sné odriista na mélkych, chudych, sussich a pis¢itych az kamenitych padach (Musil
et al., 2002).

V piipadé zalesnovani nelesnich piid je u borovice dulezité vybrat a pro vysadbu
zvolit vhodny ekotyp. Byvalé zeméd¢lské pudy jsou zpravidla zivnéjsi nez pudy lesni
a z tohoto divodu hrozi pti vybéru nevhodného ekotypu vznik netvarného porostu.
Borovice je na nelesnich ptidach zc€asti napadana kofenovymi hnilobami, zejména
kofenovnikem vrstevnatym (Heterobasidion annosum (Fr.) Bref.), podobné jako smrk
ztepily (Sierota, 2013). Borovice také trpi Skodami zptisobenymi namrazou a sné¢hem,
a proto je tfeba dodrzovat vybér nahornich ekotypt ve vyssich polohach. Dalsi zvysené
riziko borovych porostli zalozenych na byvalych zemédélskych pidach je spojeno
s pe€livou vychovou zejména v mladém véku. Pfi zalozeni kultury s mens$im poétem
sazenic nebo pii jejich nasledné vyssi mortalité hrozi zhorSeni kvality porostu vznikem

netvarnych kmend s vysokou sukatosti (Vacek et al., 2009).

3.11.3. Modrin opadavy (Larix decidua Mill.)

Modtin opadavy (Larix decidua Mill.) je vyznamnou dfevinou hor stfedni
Evropy, jeho rozsifeni zasahuje i do nizSich poloh. Je to pionyrska dfevina, kterd se
snadno zmlazuje na minerdlni pidé. V naSich podminkach je dostate¢né¢ odolny

a stabilni. Ma zvyS$ené naroky na pudni vlhkost a na jeji Gzivnost, dobfe snasi drsné
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klima (Musil et al., 2002). Jeho pfirozeny areal vyskytu je na naSem tGzemi pomérné
maly, modiin se pivodné vyskytoval pouze vV malé oblasti Sudet, piesnéji v oblasti
Jesenikd (Musil et al., 2002; Vacek et al., 2009). Dle paleoekologickych poznatku je
mozné povazovat modiin opadavy za pivodni slozku piirozenych lesti v Ceské
republice (Jankovska, 2007).

Modiin ma zna¢né naroky na svétlo, a proto je v porostu nutné uvoliiovat jeho
korunu. Optimalné roste na zivnych a hlubSich pudach, aspésné ale odrista také
na pudach skeletovitych a kyselych (Vacek et al., 2009). Nedostate¢né kryje ptidu, Casto
je ztohoto divodu péstovan se stinomilnymi listnac¢i. Vyskytuje se jako pfimes,
piirozené Cisté porosty nevytvaii (Fér & Pokorny, 1993). Monokultury modfinu jsou
nevhodné, smiSeni se doporucuje v fadach nebo v mensich hlouécich. Jeho pouziti na
byvalych zemédélskych padach se dobie hodi pro zpevnéni okrajii porostii zvysenou
piimési od navétrného kraje (Vacek et al., 2009). V dobfe smisenych porostech
predstavuje modiin vyznamnou produkéni slozku uz ve fazi prvniho vychovného
zasahu (Barto§ & Kacalek, 2011), coz potvrzuji i vysoké hodnoty primérného ro¢niho

objemového prirustu (Podrazsky et al., 2011).

3.11.4. Buk lesni (Fagus sylvatica L.)

Buk je stinnou dievinou s malymi naroky na svétlo. V oblasti svého pfirozeného
rozsiteni je buk dfevinou nesnaSenlivou se silnou konkurenéni schopnosti, a proto casto
Vytvari Cisté a nesmiSené porosty, ze kterych vytlaCuje napt. smrk ztepily (Fér, 1994).
Velmi dobie roste na cerstvych, dobie provzdusnénych humoéznich a mineralné
obohacenych ptidich. Nesnasi zamoktené a uléhavé pudy, citlivy je také k suchu
a pozdnim mrazim (Musil & Méllerova, 2005). V nasich podminkach roste nejcastéji
ve stiednich polohach ve vSech kopcovitych az horskych oblastech. Puvodni buciny
jsou dnes z vétsi ¢asti preménény na smrkové monokultury (Musil & Mollerova, 2005;
Uradni¢ek & Chmelaf, 1998).

Ve vhodnych nadmotskych vyskach (cca v rozmezi 400 — 900 m n. m.) lze buk,
zejména pii zalesnéni zivnéjSich zemé&délskych plid, povazovat za hlavni dievinu. Pro
vypéestovani kvalitniho porostu je V pfipadé zalesnéni bukem dulezité zalozit kulturu
s dostatecnym poctem jedinct (Vacek et al., 2009). Na zalesnéné zeméd€lské pude je

v ptipadé¢ bukovych vysadeb nutné v prvnich letech po zaloZeni odstranovat okolni
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vegetaci a bufen, ktera je v porovnani s bukem konkuren¢né silné a ktera tlumi inicialni

rust vysadeb (Lof & Welander, 2004).

3.11.5. Dub letni (Quercus robur L.) a dub zimni (Quercus petraea (Matt.)
Liebl.)

V Ceské republice se v sou¢asnosti vyskytuje 9 druhfi piivodnich dubi, jejich
rozliSeni je v8ak z pohledu lesnické praxe pomérné obtizné. Pro lesnicky provoz je
dulezité rozliSovat zejména dub letni a dub zimni (Vacek et al., 2009). Dub letni je na
nasem uUzemi rozSifen prevazné V nizinach v okoli velkych fek. Areal ptirozeného
vyskytu dubu letniho byl razantné zmensen preménou luznich lesii na trodna pole
(Musil & Mollerova, 2005). Jednotlivé duby letni jsou vyuZivany také jako vyznamné
krajinotvorné prvky ve formé aleji & solitérnich vysadeb (Uradni¢ek & Chmelaf, 1998).
Z divodu cileného zalestiovani méné trodnych a opusténych ptid v podhiifi proto neni
dub letni v ramci vysadeb na nelesnich ptidach tolik vyuzivan. Uplatnéni vSak najde
zejména na vodou ovlivnénych ptdach (Vacek et al., 2009).

V ramci zalesnovani zemédé€lské pudy je tedy Castéji vysazovan dub zimni.
Tento druh dubu ma celkové oproti dubu letnimu odlisné naroky. Na rozdil od dubu
letniho nesnasi zaplavy a mokré a oglejené ptdy (Uradni¢ek & Chmelaf, 1998). Odriista
na vysychavych, chudych a kamenitych piudach, ma nizsi naroky na svétlo a mén¢ trpi
na pozdni mrazy (Vacek et al., 2009). V piipad¢ postupného zardstani opusténé
zemédélské pidy sekundarni sukcesi kolonizuji duby krajinu v porovnéni s pionyrskymi
dfevinami (bfiza, borovice) velmi pozvolna. Semena jsou na vétsi vzdalenosti
porostél (Sheffer, 2012). Umyslné zalesnéni na byvalych zemd&délskych padach duby je
Vv prvnich letech po vysadbé nutné ochranovat proti vlivu bufené¢ (Valkonen, 2008),
stejné tak, jako vySe zminéné bukové vysadby (Lof & Welander, 2004). Jednozna¢nou
nevyhodou zalozeni dubovych porostli jsou V porovnani s ostatnimi (zejména
jehli¢natymi) dievinami vysoké financni ndklady z divodu vysokého poctu sazenic

a relativné drahého sadebniho materialu (Valkonen, 2008).
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3.11.6. Javor klen (Acer pseudoplatanus L.)

Javor klen (Acer pseudoplatanus L.) je rychle rostouci listnata dfevina rozsifena
zejména ve Stfedni Evropé (Uradnicek et al., 2001). Rozsifeni javoru klenu zasahuje od
nizin az do okrajovych partii hor v nadmotskych vyskach kolem 600 az 900 m n. m.
(Musil & Mollerova, 2005), jako ptimés smréin pronika do horskych oblasti az do vyse
1200 m n. m. (Vacek et al., 2009). Je to polostinna dievina, kterd v mladi snasi zna¢ny
zastin, pozd¢ji javoru nevadi ani plné osvétleni. Klen ma vysoké naroky na vzdusnou i
padni vlhkost. Vyhovuji mu zivné ptidy dobie zasobené humusem. Nesnasi zaplavy a
je citlivy k zimnim mrazim (Musil & Mollerova, 2005). Casto se vyskytuje v blizkosti
tokii ovlivnénych proudici okysli¢enou vodou a v okoli pramenist’. Pro zalesiiovani na
zivnych zemédélskych pudach je jeho pouziti vhodné. Nedoporucuje se vsak vysadba
velkych, nesmiSenych skupin (Vacek et al., 2009). Na byvalych zeméd¢lskych pidach
(zejména v oblasti Sudet) dokaze dobie plnit produkéni, a tedy i ekonomickou funkci.
Limitujicim faktorem odristani pfirozené obnovy a vétsiho rozsiteni javoru klenu je pak

okus plsobeny zejména sparkatou zveii (Vacek et al., 2018).

3.11.7. Olse lepkava (Alnus glutinosa L. Gaertn.)

Olse lepkava (Alnus glutinosa L. Gaertn.) se vyskytuje od nizin az po nadmoiské
vySky do 900 m n. m. Je to svétlomilnd dfevina, kterd prospivd na humodznich
a provzdusnénych pudach. Dobie snasi i stagnujici vodu a zaplavy (Musil & Mdllerova,
2005). Hlavni dievinou byva na podmacenych a luznich pudach 1. az 3. lesniho
vegetacniho stupné. Jeji zastoupeni zde muze Cinit az 80 % S ptimési dalSich druht
dfevin dle charakteru stanovisté, piimés tvoii na glejich naptiklad smrk, osika, bfiza
pyfita nebo vrby (Vacek et al., 2009). Je to cenna dievina a ve vhodnych podminkach
plni dobfte i produkéni funketi, jeji tloustkovy prirast kulminuje ptiblizné jiz ve 20 letech
v zavislosti na stanovisti (Vacek et al., 2016). Olse lepkava je na vySe uvedenych
stanoviStich pokladana za cennou dievinu. Lze ji povazovat také za vhodnou dfevinu

pro zalesnéni nelesnich pud ovlivnénych vodou (Vacek et al., 2009).
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4. Metodika

4.1. Obecna charakteristika zajmového uzemi

Charakteristiku zajmového uzemi je mozné rozdélit podle tematickych okruht,
které¢ byly vramci disertaCni prace zpracovany. Prvni Cast je v€novadna odristani
vysadeb zalozenych na zemédé€lské pude v oblasti Polabi. Druha ¢ast disertacni prace je
zaméfena na vyhodnoceni struktury a produkce smrkovych porosti stfedniho véku
v oblasti Orlickych hor. Tieti, tematicky oddélena cast, je pak vénovana zejména
mimoprodukénim funkcim. V této ¢asti je hodnocena akumulace uhliku v nadloznim
humusu vysadeb zalozenych na zemédé€lské padé formou syntézy poznatkd jiz
publikovanych praci. Zaroven je zde zpracovéana a vyhodnocena problematika fadovych
vysadeb (vétrolamil), které jsou vysazovany V oteviené zemédélské krajiné za ucelem

snizeni eroze pudy plisobené vétrem.
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Obr. 5. Souhrnna mapa zakresu jednotlivych TVP zahrnutych do diserta¢ni prace

rozdélena podle tematickych okruht.

Poznamka: Ref. 1 = odristani vysadeb na zalesnéné zem. pidé; Ref. 2 = charakteristiky smrkovych
porostii rostoucich na zem. pidé¢; Ref. 3a = Sekvestrace uhliku v nadloznim humusu — trvale lesni pudy;
Ref. 3b = Sekvestrace uhliku v nadloznim humusu — zalesnénd zemédélska pada; Ref. 4 = hodnoceni

efektivity vétrolamu.
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4.2. Hodnoceni odristani vysadeb zaloZenych na zemédélské piidé

Hodnoceni riistu a mortality vysadeb bylo realizovano v oblasti Polabi ve dvou
zajmovych lokalitich. Vysadby byly zalozeny na lokalitich s nizkym srazkovym
uhrnem a vysokou priamérnou teplotou. Pro uspésné odristani a mortalitu zde byl
testovan organomineralni sediment alginit, ktery byl pfiddvan ke kofenovému

systému jednotlivych zasazenych sazenic.

4.2.1. Charakteristika zajmového uizemi - Polabi

Odrastani vysadeb na nelesnich ptdach bylo hodnoceno na zalesnéné
zeméd@lské pudé pobliz obce Hovorcovice severné od Prahy. Tato oblast spada
z pohledu zafazeni dle Oblastnich plant rozvoje lesa do Prirodni lesni oblasti ¢. 17
Polabi. Pfirodni lesni oblast je charakteristicka nizkou celkovou mirou lesnatosti. Lesni
porosty se rozkladaji na plose 102 481 ha pudy, coz odpovida lesnatosti na 14 %
celkové rozlohy oblasti. Z hlediska geomorfologie tizemi spada do typu nizinnych
oblasti s Givaly a kotlinami v okoli feky Labe a jeho piitokt (UHUL, 2001).

Klimaticky je oblast charakterizovana suchym a teplym klimatem v letnich
mesicich a chladnou, suchou zimou. Primérnd délka vegetacniho obdobi zde Cini
168 dni (Koppen, 1936; UHUL, 2001). Hodnocené vysadby byly zaloZeny na
zemé&de€lské padé na suchych stanovistich. Primérna teplota vzde ¢ini 8-9 °C,
prumérny srazkovy thrn piiblizné 500 az 600 mm rocné. Vysoké teploty a nizké Ghrny
srazek ve vegetacni sezoné zde patii mezi limitujici faktory uspéSného odrhstani
zalozenych vysadeb (Tuzinsky et al., 2015).

Vyhodnoceni rdstu, mortality a nutriéniho obsahu zivin v asimila¢nim aparatu
dfevin bylo hodnoceno v lokalit¢ ,,U Lomu®“ (GPS: N 50°13.95’; E 14° 25.58)
a v lokalit¢ ,,U Hnojiste* (GPS: N 50° 14.40’; E 14° 28.12°) severovychodné od obce
Hovorcovice. Padni typ byl v lokalité ,,U Lomu* uréen jako modalni kambizem. Pady
jsou zde stiedné hluboké az hluboké s dobrou sorp¢ni schopnosti. V piipadé lokality ,,U
Hnojisté“ byl na zaklad¢ pudnich analyz urcen pudni typ jako ¢ernozem s hloubkou
profilu v rozmezi od 30 do 70 cm. Profil byl hodnocen jako degradovany se ztratami

svrchni ¢asti horizontu Am.
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4.2.2. ZaloZeni a usporadani pokusu

Design pokusu a zalozeni vysadeb bylo na obou vybranych lokalitach z ¢asti
odlisné. Porosty v lokalité ,,U Lomu“ byly zalozeny na vymére 14 400 m? Celkova
plocha vysadeb se skladala ze 36 plosek o velikosti 20 x 20 m (400 m?). Vybrané lesni
dieviny byly na jafe 2013 vysazeny do pfedem piipravenych jamek zhotovenych
motorovym jamkova¢em STIHL (Balas et al., 2016) ve sponu 1 x 1 m (400 sazenic na
plosku). Celkova plocha vysadeb byla oplocena standardné pouzivanym lesnickym
pletivem. V prubéhu pokusu nebyla na plose vyzinana ani jinak chemicky potlacovana
bufent a dalsi vegetace. V ramci vysadby byly vysazeny nasledujici dfeviny: borovice
lesni (Pinus sylvestris), smés listnatych dfevin tvofena dubem letnim (Quercus robur),
dubem cervenym (Quercus rubra) a javorem mlécem (Acer platanoides) vysazena
v fadovém smiSeni. Plocha ,,U Lomu* byla dale z ¢asti zalesnéna douglaskou tisolistou
(Pseudotsuga menziesii) v sirsim sponu 1 x 2 m (200 sazenic na plosku). Stafi sazenic
borovice lesni a douglasky tisolisté ¢inilo 2 roky, sazenice listnatych dfevin byly staré
3roky. Drfeviny byly vysazovany v systému varianty A bez piidaného alginitu
(kontrolni varianta), varianty B, kde bylo ke kazdé sazenici na plosce piidano 0,5 kg
alginitu a varianty C, vramci této varianty byl kazdy vysazeny stromek podpoien
pfidanim 1,5 kg alginitu. Pouzity hydroabsorbent mél nasledujici obsah prvka: Ca
15 528 mg/kg, Mg 1 841 mg/kg, P 42,9 mg/kg, K 196 mg/kg. Celkovy obsah dusiku
pak c¢inil piiblizné 0,207 %. VSechny tfi popsané varianty pfidaného alginitu byly
zalozeny na plochach s borovici, douglaskou a smési listnatych dfevin ve 4 variantach
opakovani.

Vyméra vysadby V lokalit¢ ,,U Hnojisté* ¢&inila 9600 m? a byla rozdélena
celkem na 23 plosek o velikosti 20 x 20 m, a dale na 4 plosky o velikosti 10 x 10 m.
Vsechny ploSky byly zalesnény na jafe 2013 motorovym jamkovaem ve sponu
1 x 1 m, podobné jako na vySe zminéné lokalité. V tomto ptipadé byly pro vysadbu
pouzity nasledujici dieviny: borovice lesni, dub letni a fadové smiseni dubu letniho,
dubu Cerveného a javoru mléce. I zde byly sazenice sazeny podle tii variant, a to bez
ptidaného alginitu (kontrolni varianta A), s pfidanim 0,5 kg alginitu (varianta B) a
s pfidanim 1,5 ky alginitu (varianta C). Hydroabsorbent byl v obou pfipadech pfidavan
do jamky a promisen s pudou, aplikace alginitu byla realizovana piimo ke kofeniim

sazenic. Chemické slozeni alginitu bylo stejné jako v lokalité ,,U Lomu*.
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4.2.3 Shér dat

Vysky odristajicich vysadeb byly méfeny na podzim (po vegetacni sezon¢)
v letech 2013, 2014 a 2015 s piesnosti na milimetry pomoci méfici laté. Pro kazdou
dfevinu na jednotlivé varianté byl néasledné vypocten prumérny ro¢ni vyskovy pfirtst.
Zaroven byla kazdoro¢né zaznamenavana mortalita sazenic. V roce 2015 byly na obou
lokalitach odebrany vzorky asimila¢niho aparatu. Na kazdé ploSce bylo na zakladé
nahodného vybéru odebrano celkem 50 listd (odebrano v srpnu 2015), piipadné

jehlic (odebrano zac¢atkem fijna 2015).

4.2.4. Analyza dat

Analyzy asimilacniho aparatu byly provedeny v laboratofi Tomas, ktera sidli ve
VULHM Opoéno podle standardni metodiky (Zbiral, 2001). Cilem analyzy bylo
stanoveni koncentrace makroprvka (N, P, K, Ca, Mg) Vv susin¢ asimila¢niho aparatu
vysazenych dfevin. Zjisténa koncentrace byla nasledné porovnana s limitnimi
hodnotami prvki podle Bergmanna (1993).

Hodnoceni vySkového ptirtistu bylo provedeno na zakladé srovnani jednotlivych
variant pomoci softwaru Statistica 12 (StatSoft, Tulsa). Mnohonasobné porovnani bylo
provedeno Kruskal-Wallis testem z diivodu nesplnéni podminek normalniho rozdéleni
dat. Mortalita dfevin v zavislosti na aplikaci alginitu byla hodnocena metodou
vicenasobného porovnani p hodnoty binomického rozdéleni (Andél, 1998). Vysledky
mortality jsou prezentovany v homogennich skupinach. Formulované hypotézy byly
testovany na 5 % hladiné vyznamnosti (o =0,05). Z diivodu odstranéni okrajového
efektu potencionalniho vlivu sousedni plosky s odlisnou variantou aplikace alginitu
byly okrajové fady vysadeb ¢tvercového designu odstranény. Z celkového poétu 400 ks
sazenic na plosce (v ptipad¢é douglasky 200 ks) bylo odstranéno 76 sazenic (respektive
36 v pripad¢ douglasky a ¢tyfech plosek o velikosti 10 x 10 m v lokalité ,,U Hnojiste*).
Pro vyhodnoceni vztahii mezi poctem sazenic, vySkou, obsahem nutri¢nich hodnot
v asimila¢nim aparatu, druhem dieviny, smiSenim a variantami pfidaného alginitu byla
pouzita analyza hlavnich komponent (PCA), ktera byla provedena v programu
CANOCO 4.5 (Lep$ & Smilauer, 2003). Data byla pted analyzou zlogaritmovana a
standardizovana. Vysledky vicerozmérné PCA analyzy byly nasledné vizualizovany ve
form¢ ordina¢nich diagrama vykreslenych v programu CanoDraw (Leps &
Smilauer, 2003).
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4.3. Hodnoceni produkce, struktury a radialniho p¥iristu lesnich

porostit ve vitahu ke klimatickym faktorim a poskozeni 7véii

Vyzkum produkce, struktury a poSkozeni smrkovych porosta zvéii byl zamétren
na rozlehlé smrkové monokultury. Tyto porosty byly zalesnény v obdobi po druhé
svétové valce a nyni se svym stafim blizi mytni zralosti. Proto je nanejvyse dulezité
vénovat témto vysadbam nalezitou pozornost. V disertacni praci byly hodnoceny

smrkové porosty z $ir§i zajmové oblasti v okoli obce Neratov v Orlickych horach.

4.3.1. Charakteristika $irS§iho zajmového uzemi — Orlické hory

Sir§im vybranym tzemim pro hodnoceni produkénich schopnosti, struktury a
stability smrkovych porostd byla Chranéna krajinna oblast (CHKO) Orlické hory.
CHKO Orlické hory byla vyhlasena vroce 1969. Rozklada se na plose 20 400 ha,
z celkové vyméry CHKO pokryvaji lesy cca 68 % oblasti (AOPK, 2014). Nejniz$im
bodem oblasti je udoli ficky Bé€la s nadmotiskou vyskou od 416 m n. m. Nejvyssim
bodem je pak Velka Destna, jejiz vrchol se nachazi v nadmoiské vysce 1 115 mn. m.
(Vacek et al., 2012). Uzemi je rovnéz chranénou oblasti piirozené akumulace vod,
nékteré partie jsou zaroven zafazeny mezi evropsky vyznamné lokality soustavy Natura
2000 (AOPK, 2014). Z geologického pohledu je pohoti soucasti orlicko-kladského
krystalinika, ve kterém jsou zastoupeny ortoruly, pararuly, svory a ruly. Mezi nejhojné&ji
zastoupené pudni typy patii kambizem, podzoly a kryptopodzoly (Vacek et al., 2012).
Vrcholové partie CHKO patii do Klimatické oblasti CH2, dalsi ¢asti Orlickych hor
spadaji do klimatické oblasti CH3 (Quitt, 1971). Rocni teploty jsou také pfimo zavislé
na nadmoiské vysce. Ve vysSich polohdch se primémé rocni teploty pohybuji
okolo 4 °C, v nizsich polohach dosahuje dlouhodoby ro¢ni prumér hodnot okolo 7 °C.
Primérny ro¢ni srazkovy thrn v oblasti se opét vyrazné méni s nadmotskou vyskou. Ve
vyssich polohach srdzky nartstaji, celkovy uhrn kolisa v rozpéti od 850 do 1300 mm.
Ve druhovém slozeni lesi je ze znacné ¢asti zastoupen smrk ztepily, coz je mozné z¢asti
vysvétlit smrkovymi vysadbami na nelesnich ptidach po druhé svétové valce. Smrk je
zastoupen 86,1 %, buk lesni 5,4 % a jedle b&lokora pouze 0,6 % (AOPK, 2014; Vacek
et al., 2012). Dle Oblastnich plani rozvoje lesa patii zajmové uzemi do Ptirodni lesni

oblasti 25 — Orlické hory.
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4.3.2. ZalozZeni zkusnych ploch, design pokusu a podrobny popis lokalit

Za ucelem porovnani a zhodnoceni produkénich schopnosti a dalSich vlastnosti
smrkovych porosti rostoucich na zalesnéné zemédélské pidé ve srovnani s porosty
rostoucimi na trvalé lesni pid¢ bylo zaloZeno celkem 12 trvalych vyzkumnych ploch
(TVP) vjihovychodni ¢asti Orlickych hor. TVP 1-4 byly zalozeny v porostech
rostoucich historicky na trvalé lesni pudé, TVP 5-12 byly zalozeny na zemé&délské pade
zalesnéné v obdobi po druhé svétové valce. VEk hodnocenych smrkovych porosti byl
na vSech TVP dle udaju zlesniho hospodaiského planu srovnatelny (66-67 let).
Nadmotiska vySka se na vybranych plochach zaloZzenych na zemédé€lské pudé
pohybovala v rozmezi od 620 do 700 m n. m., zkusné plochy zalozené na zemé&délské
pudé byly situovany v nadmoiskych vyskéach od 720 do 740 m n. m.

Primérna roc¢ni teplota se v zajmové oblasti pohybovala okolo 6 °C, primérny
roni thrn srazek se pohyboval vrozmezi od 900 do 1100 mm s maximalnimi
hodnotami v srpnu (120 mm). Trvala snéhova pokryvka je v oblasti pfitomna piiblizné
po dobu 60 dni. Délka vegetacni sezony se v oblasti pohybuje v rozmezi od 120 do 130
dnt, primérny thrn sraZzek ¢ini vV tomto obdobi 550 mm, primérné teploty se pohybuji
okolo 11 °C (Vacek et al., 2018). Zajmové Uzemi ma charakter humidniho,
kontinentalniho klimatu (Képpen, 1936).

Réamcové udaje 0 obdobi, ve kterém doslo k poskozeni smrkovych porosth
sparkatou zveti, byly prevzaty z lesniho hospodaiského planu. Lesni hospodaisky plan
popisuje nejvetsi rozsah poskozeni zejména v obdobi staii porostii mezi 20 az 30 lety.
Toto stafi porostll je zminovano jako velmi rizikové také dalSimi autory, ktefi popisuji
zvysené riziko vzniku Skod v porostech starych 18 az 30 let (Ahlén, 1965; Mansson &
Jarnemo, 2013). Zalozené TVP se nachazeji na uzemi honitby Neratov Il (vymeéra 1 671
ha) a honitby Mala Strana (vyméra 834 ha). Primérny pocet jednotlivych druhti ulovené
sparkaté zvéie v celém zminovaném arealu (2 451 ha) ¢inil v letech 2016 a 2017 celkem
58 jedinct jelena evropského (Cervus elaphus L.), 31 jedinct srnce obecného
(Capreolus capreolus L.), 67 jedinct prasete divokého (Sus scrofa L.) a 18 jedinch
muflona (Ovis orientalis musimon Pallas.). Udaje o poétech ulovené zvéfe z obdobi, ve
kterém byly smrkové porosty poSkozeny zvéfi jsou v soucasné dobé dostupné pouze pro
celou PLO Orlické hory. V porovnani s rokem 1980 doslo k nartistu ulovené cerné
zvéte o cca 780 %, mufloni zvéte o 45 %, srnéi zvéte o 15 %, zatimco pocty ulovené

jeleni zvéfe poklesly 0 32 % (Mikeska, 1999; Vacek, 2017).
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4.3.2. Sbér dat

Pro zalozeni kazdé z 12 TVP byla pouzita technologie FieldMap (IFER-
Monitoring & Mapping Solutions Ltd.). Vymeéra jednotlivych zkusnych ploch ¢inila
625 m? (25 x 25 m, piipadné 20 x 31,25 m). Z divodu odstranéni okrajového efektu
byly TVP zalozeny v dostate¢né vzdalenosti (40-90 m) od porostniho okraje
(Cadenasso & Pickett, 2000; Deer et al., 2008). Pomoci FieldMap technologie byla
méfena korunova projekce minimalné ve Ctyfech na sebe kolmych smérech a pozice
jednotlivych stromt. Dale byla do terénniho pocitace zaznamenavana vycetni tloustka
meéfend Vprsni vySce (U jedinci s DBH > 4 cm) spiesnosti na 1 mm pomoci
dendrometrické primérky. Celkova vyska a nasazeni zelené koruny od paty kmene byla
métena pomoci vySkoméru Haglof Laser Vertex Il s presnosti na 0.1 m (Hagl6f Sweden
AB, 2010).

Poskozeni zvéii bylo hodnoceno podle metodiky Ustavu pro vyzkum lesnich
ekosystéml (IFER). Loupani a ohryz kiiry jeleni zvéfi byl méfen pomoci obvodového
pasma s presnosti na 1 mm v misté poskozeni, tedy piiblizn€ v prsni vysce. V piipadé
vice poskozenych mist na kmeni doslo k jejich souctu (prekryv poskozeni umisténych
nad sebou uvazovan nebyl). Hodnocené stromy byly poté rozdéleny do nasledujicich
kategorii: relativné zdravé stromy; resp. bez poskozeni (obvod poskozeni < 1/8 obvodu
kmene), na stromy s malym poskozenim (poskozeni > 1/8 a < 1/3 obvodu kmene) a
stromy s velkym rozsahem poskozeni (poskozeni > 1/3 obvodu kmene).

V roce 2016 (po vegetatnim obdobi) byly na TVP odebrany vyvrty vSech
stromd rostoucich na hodnocenych plochach (celkem 332 vyvrti). Vyvrty byly
odebirany pomoci Presslerova nebozezu ve vycetni vysce kolmo na osu kmene po
svahu. Sitky letokruhti byly méfeny biolupou Olympus s piesnosti na 0,01 mm na
méficim stole LINTAB. Hodnoty Siiky letokruhti byly zaznamenavany v software
TsapWin (RESISTOGRAPH).

4.3.3. Analyza dat

Rozdily mezi vy$skou a zasobou porostti rostoucich na lesni ptdé v porovnani
s porosty na zalesnéné zemédé€lské pudé byly testovany pomoci Wilcoxonova testu
porovnani stfednich hodnot. Srovnani vycetni tloustky meétené V prsni vySce bylo

provedeno Welchovym parovym testem. Kiivky popisujici vztahy mezi vySkou
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a vycetni tloustkou byly vytvoieny pomoci Néslundovy funkce
[h = DBH?(a + bDBH) ™% + 1.3] (Naslund, 1937).

Pro celkovou charakteristiku lesnich porostii byly vypocteny nasledujici udaje:
pocet stromil piepoCteny na 1 ha, hektarova vycetni kruhova zakladna, zasoba porostu
(Petrd$ & Pajtik, 1991), Stihlostni kvocient, celkovy bézny pfirlst, celkovy primérny
ptirtist, zakmenéni, stupen zapoje (Crookston & Stage, 1999) a plocha korunovych
projekci a index hustoty porostu (Reineke, 1933). Celkova diversita porosta byla
pocitana pomoci programu Sibyla 5 (Fabrika, 2003). Pocitany byly nasledujici indexy:
Arten-profil index (Pretzsch, 2006), index tloustkové a vyskové diferenciace (Fiildner,
1995), index druhové riznorodosti (Shannon, 1948), index druhové vyrovnanosti
(Pielou, 1959), index druhové bohatosti (Margalef, 1958) a index celkové porostni
diverzity (Jaehne & Dohrenbusch, 1997). Kritéria indexti uvadi Tab. 2.

Tab. 2 Ptrehled indexu, které popisuji strukturu porostu a jejich interpretace.

Kritérium Kvantifikator Oznaéeni Reference Hodnoceni

Index o Pielou 1959, sttedni hodnota o = 1; shlukovitost o >
Horizontalni  nendhodnosti (P&Mi)  Mountford 1961 1; pravidelnost a < 1
struktura ] R Clark, Evans  stfedni hodnota R = 1; shlukovitost R <
Agregac¢ni index . )
(C&EI) 1954 1; pravidelnost R > 1
Vertikalni L . rozpéti 0-1; vyrovnana vertikalni
S Arten-profil index  Ap (Pri) Pretzsch 2006
diverzita struktura A < 0.3; vybérny les A > 0.9
Tloustkova .
. . TMg (Fi)
Strukturalni  diferenciace rozpéti 0-1; nizka TM < 0.3; velmi
) . Fuldner 1995 ) )
diferenciace  Vyskova vysoka diferenciace TM > 0.7
] ] TMp (Fi)
diferenciace
Druhova ] minimum H " =0, vy$§i H' = vyssi
. H’ (Si) Shannon 1948
heterogenita hodnota
Druhova Druhova ) ] rozpéti 0-1; minimum E = 0, maximum
o E (Pi) Pielou 1975
diverzita vyrovnanost E=1

] minimum D =0, vyssi D = vyssi
Druhova bohatost D (Mi) Margalef 1958

hodnota
Jahne, Monotonni struktura B < 4;
Komplexni ] ) . .
diveri Porostni diverzita B (J&Di)  Dohrenbusch  nerovnomérna struktura B = 6-8; velmi
Iverzita

1997 ruznoroda struktura B > 9
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Srovnani rozdild stfedni vysky, zasoby porosti a vlivu stanoviSté (trvala
lesni piida x zalesnéna zemédélska puda) ve vztahu k obvodovému poskozeni stromu
(bez poskozeni, stromy s malym poskozenim a stromy s velkym rozsahem poskozeni)
bylo provedeno Kruskal-Wallisovym testem. Rozdily mezi vycetni tloustkou pro
zminéné varianty byly hodnoceny analyzou rozptylu (ANOVA), pro kterou byly
splnény podminky normalniho rozdéleni dat. Pro stanoveni signifikantnich rozdili mezi
variantami  byly pouzity nasledujici testy mnohonasobného porovnani: Siegel
a Castellantuv test (Siegel & Castellan, 1988) v pripadé¢ Kruskal-Wallisova testu
a Tukeyiv HSD test v piipadé analyzy rozptylu.

Tloustkovy piirust byl hodnocen na zakladé¢ analyzy jednotlivych letokruhi.
Letokruhové pfirtustové série byly jednotlivé kiizové datovany z divodu odstranéni
chyb spojenych s vyskytem chybéjiciho letokruhu. Analyzy ptirGstovych sérii byly
zpracovany v programu PAST (Knibbe, 2007), nasledn¢ probéhla vizualni kontrola
(Yamaguchi, 1991). V ptipadé zjisténého chybéjiciho letokruhu byl na jeho misto
vlozen letokruh o Sifce 0,01 mm. Vysledné kiivky byly déale standardné detrendovany,
poté z nich byla v programu Arstan vytvoiena letokruhova série. Pro detrendaci byl
pouzit 30-lety spline (Grissino-Mayer et al., 1992). Analyza negativnich vyznamnych
let byla provedena dle Schweingrubera (Schweingruber et al., 1990). Pro kazdy
jednotlivy strom byl testovan vyznamny rok jako extrémné uzky letokruh, ktery
nedosahuje ani 40 % z pramé&rného ptirtstu v predchozich 4 letech. Vyskyt negativniho
roku byl prokazan, pokud se takto silné snizeni ptirtstu vyskytlo alespon u 20 % stromut
rostoucich na TVP. Pro modelovani vlivu reakce radialniho pfirtstu v zavislosti na
Klimatickych faktorech (mé&si¢ni thrn srazek a primérna teplota v jednotlivych letech)
byl pouzit program DendroClim (Biondi & Waikul, 2004). Klimaticka data z obdobi let
1961 az 2015 byla ziskana z meteorologické stanice v DeStném v Orlickych horach
(656 m n. m., WGS84 50°18"24"N, 16°21'07"E).

Vztah mezi poctem stromii poskozenych loupanim kiry a poctem stromi
napadenych kmenovou hnilobou byl hodnocen pomoci Fischerova exaktniho testu
zvlasté pro TVP zalozené na zalesnéné pude, a zvlasté pro TVP na lesni pade¢.

Modelovani zasoby porostll na zakladé vycetni tloustky, obvodového poskozeni
a stanovisté (lesni x zemédélska piida) bylo provedeno pomoci zobecnéného linedrniho
modelu (generalized linear model; GLM) s gama rozdélenim. Model byl zkonstruovan

nasledovné (zapis z R software; R Core Team 2018):
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Objem kmene = Vycetni tloustka + Relativni obvodové poskozeni [%] + Typ stanovisté

Vybér nezavislych proménnych zahrnutych do tohoto modelu byl proveden
s ohledem na snadnou méfitelnost zvolenych parametri.

Zavislosti mezi strukturou, produkci a poskozenim zvéii ve vztahu ke
klimatickym faktorim byly hodnoceny pomoci analyzy hlavnich komponent (PCA).
Vysledky PCA analyzy jsou zobrazeny pomoci ordina¢niho diagramu.

Popsané statistické analyzy byly provedeny v programech Statistica 12 (StatSoft,
Tulsa) a R software (R Core Team, 2018). Plosné¢ grafy byly vytvofeny
pomoci programu Gnuplot 5.2. Analyza hlavnich komponent (PCA) byla provedena
v programu CANOCO 5 (Lep$ & Smilauer, 2003).

4.4. Hodnoceni mimoprodukénich funkci — efektivita vétrolamii

Vyzkum zaméfeny na mimoprodukéni funkce vysadeb zalozenych na nelesnich
pudach byl v této ¢asti orientovan na hodnoceni efektivity vétrolama v oblasti Sttednich
Cech. V ramci terénniho Setieni bylo provedeno méfeni struktury vétrolamt, hodnoceni
optické porozity, zhodnoceni vlivu vétrolamti na rychlost vétru a posouzeni efektivity

z pohledu mozného sniZeni vétrné eroze.

4.4.1. Charakteristika zajmového tizemi

Efektivita vétrolamt byla hodnocena na 6 TVP rozmisténych ve Stiednich
Cechach v nadmoiské vysce od 187 do 355 m n. m. Oblast ma charakter teplého,
kontinentalniho klimatu charakterizovaného relativné vysokymi letnimi teplotami
(Koppen, 1936). Primérny ro¢ni uhrn srazek zde kolisa v rozmezi od 350 do 590 mm,
primérna ro¢ni teplota se pohybuje okolo 8,3 °C. Vegetaéni sezona trva piiblizné 170
dnii s primérnou teplotou 14,1 °C a priumérnym thrnem srazek 340 mm. Zakladni

piehled stanovistnich a porostnich charakteristik TVP jsou uvedeny v Tab. 3.

44



Tab. 3. Zakladni charakteristiky jednotlivych TVP.

Nadm. . . en 2
Nazev ~ Vyméra Druh Pocet VEk Vyska
TVZ . GPS souradnice vyska Expozice
lokality ) (m) dreviny! fad  (roky) (m)
m

1 Dobroviz 1 50°6"26"N  14°13'48"E 353 S 30x19 QP,API,AC 34 68 19.1
2 Dobroviz2  50°6'37"N  14°13'46"E 355 S 30x19 QP,API,AC 34 68 18.7
3 Klapy 1 50°25'33"N  14°1'52"E 194 sV 30x24 APs,FE, UG 4-5 66 20.0
4 Klapy 2 50°25'22"N  14°1'S8"E 187 SV 30x24 FE, APs, UG 4-5 66 22.7
5 Stiedokluky 1 50°7'10"N  14°13'49"E 352 SV 30%9 QP 2 59 14.9
6 Stiedokluky 2 50°7'18"N  14°13'45"E 346 SV 30%9 QP, FE 2 59 16.0

Poznamka: !pfevladajici druh dieviny: QP — Quercus petraga, APl — Acer platanoides, AC — Acer
campestre, FE — Fraxinus excelsior, APs — Acer pseudoplatanus, UG — Ulmus glabra; ?Horni vyska
stromového patra (95 % kvantil).

4.4.2. Popis jednotlivych lokalit

Dominantnim pidnim typem jsou Vtomto $irSim zajmovém uzemi luvisoly
a kambizem¢é (TVP Dobroviz a Stfedokluky), pfipadné¢ cernozem (TVP Klapy).
V lokalit¢ Dobroviz se jednd o neprodouvavy tii az Ctyitady smiSeny vétrolam tvoieny
dvéma patry. Stromové patro je tvoifeno z 86-90 % Quercus petraea, z 5-10 % je
zastoupen Acer campestre a méné nez 3 % tvoii A. platanoides a A. pseudoplatanus.
V horni etazi stromového patra dominuje Q. petraea, zatimco javory tvofi poduroven.
16 % stromového patra je tvoreno dolni etazi, 38 % stiedni etazi a 46 % tvoii horni etaz
stromového patra. Z hlediska kefového patra zde pievlada Symphoricarpos albus
a Sambucus nigra.

Na lokalité Klapy se jednd o neprodouvavy Ctyt az pétifady tiietazovy vétrolam.
Stromové patro tvoii z 59-82 % Acer pseudoplatanus, 16-32 % zastupuje Fraxinus
excelsior, 3-9 % Ulmus glabra a méné nez 1 % zaujima Acer platanoides. Rozd¢leni
stromového patra z pohledu vertikalni rozvrstvenosti je nasledujici: 46 % dolni etaz
37 %, stfedni etaz al7 % horni etaz. V horni etazi stromového patra dominuje
A. pseudoplatanus a Fraxinus excelsior, zatimco Ulmus glabra zastupuje stromy
poduroviiové. V kefovém patie dominuje Ligustrum vulgare a Sambucus nigra.

Na lokalit¢ Stredokluky se jednd o poloprodouvavy dvourady nesmiSeny
vétrolam tvoreny jednou etazi. Stromové patro je slozeno z 99-100 % Quercus petraea
a mén¢ nez 1 % tvori Fraxinus excelsior. Z hlediska kefového patra zde prevlada

Symphoricarpos albus a Sambucus nigra.
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4.4.3. Sbér dat struktury a efektivity vétrolami

Pro hodnoceni struktury stromového patra bylo v roce 2015 zaloZeno celkem
6 TVP o velikosti 50 x 9-24 m (300-690 m?). Plochy byly zaloZeny s vyuzitim Field-
Map technologie podobn¢, jako v piipadé hodnoceni produkce porosti (viz vyse).
Mg¢fteny a nasledné hodnoceny byly stromy s vyéetni tloustkou > 4 cm, u téchto jedinci
byla zaroven méfena vyska, nasazeni zelené koruny a korunova projekce. Vycetni
tloustka byla méfena pomoci primérky s presnosti na mm, celkova vyska a vyska
nasazeni koruny byly méteny pristrojem Haglof Laser Vertex Il s piesnosti na 0,1 m
(Haglof Sweden AB, 2010). Na jednotlivych TVP byla méfena také pfirozena obnova,
ato jedinci svyskou > 1,5 m. V piipadé pfirozené obnovy byly méfeny nasledujici
charakteristiky: pozice, vyska, nasazeni a vyska zelené koruny a korunova projekce. U
ket resp. skupiny ketii s vySkou > 1,5 m byla zamétena poloha a hodnocena vyska
a souhrnna plocha korunovych projekei.

Mg¢feni rychlosti vétru bylo uskute¢néno v mésicich listopadu az bieznu (bez
asimilacniho aparatu listnatych dievin) v letech 2015 az 2017. Rychlost vétru byla
V terénu méfena prenosnym anemometrem Vantage Pro 2 (David Instruments Crop.,
Hayward, USA) v rozmezi 0,5-89 m-s™! spiesnosti £ 1 m's!, ptipadné s presnosti
+5 % (uvazovana vys$§i hodnota piesnosti). Ctyfi anemometry byly rozmistény ve vysce
piiblizné 1 m nad povrchem ve vzdalenostech troj, Sesti, deviti a dvanactinasobku vysky
vétrolamu. Jeden anemometr byl umistén jako kontrola ve vzdalenosti trojnasobku
vySky vétrolamu ze sméru vétru (Obr. 6.). Rychlost vétru byla métena vzdy minimalné
po dobu dvou hodin, data byla zaznamenavana v 10 intervalech. Na kazdé TVP bylo

méfeni realizovano vzdy nejméné ve ttech rznych terminech.

wind direction P ey 4
Ny (‘\r\)\
—_— D )

o) | 13 L6 L9 L12

A ws <9( # # 4 %

X LN y \ y y
3H 3H 3H ' 3H 3H

Obr. 6. Schéma rozmisténi anemometrti uréenych k méteni rychlosti vétru pred a za

vétrolamem. H = vyska vétrolamu; W = navétrna strana; L = zavetii.

46



Hodnoceni optické porozity bylo zaloZzeno na zakladé fotografii (rozliSeni
4928 x 3264; 16 M), snimky byly ziskany pomoci fotoaparatu Nikon D5100 (Nikon
Corporation, Tokyo, Japan). Fotografie byly pofizeny kolmo na osu vétrolamu na
navétrné i zavétrné strané. Opticka porozita byla hodnocena na tfech potizenych
fotografiich s nejvétsim kontrastem vétrolamu a podkladu. Fotografie byly potizeny

z vysky 1,6 m za pouziti standardniho stativu.

4.4.4. Analyza dat struktury a efektivity vétrolami

Struktura a rastové parametry vétrolami jako produkce, horizontalni a vertikalni
struktura a celkova biodiverzita byla hodnocena na vsech vyse popsanych TVP. Objem
jednotlivych stromid byl stanoven pomoci rovnice (Petra§ & Pajtik, 1991). Druhova
diverzita stromového patra byla hodnocena pomoci indextd druhové bohatosti D
(Margalef, 1958), druhové rozmanitosti H' (Shannon, 1948) a druhové vyrovnanosti E
(Pielou, 1975). Strukturalni diferenciace a vertikalni diverzita byla hodnocena Arten-
profil indexem Ap (Pretzsch, 2006) a indexy tloustkové TMg a vysSkové diferenciace
TMp (Fildner, 1995). Horizontalni struktura byla hodnocena indexem nenahodnosti
a (Mountford, 1961; Pielou, 1975), agrega¢nim indexem R (Clark & Evans, 1954)
a Ripleyovou L- funkci (Ripley, 1981). Celkova diverzita byla hodnocena indexem
porostni diverzity B (Jaehne & Dohrenbusch, 1997).

Popis horizontalni struktury TVP byl pocitan pomoci programu PointPro 2.2.
(© CULS, Zahradnik & Pus). Test odchylky oproti o¢ekavané hodnoté ndhodného
rozlozeni bodu byl proveden pomoci Monte Carlo simulaci. Stfedni hodnoty byly
odhadnuty jako aritmetické priméry spocitané pro 1999 nahodné vygenerovanych
bodovych struktur. Korunové projekce byly vypocitany pro kazdy jednotlivy méfeny
strom. Mapové vrstvy byly zpracovany v programu ArcGIS 10.4 (ArcMap).

Analyza optické porozity byla provedena metodikou podle Podhrazské (2011) za
pouziti programid GIMP 2.8.2, ArcGIS 10.4 (ArcMap) a standardniho balicku MS Excel
2013 (Microsoft Office). K tpraveé snimkt byl nejdiive pouzit software GIMP. Cilem
prvnich uprav snimku bylo barevné rozliseni porostu vétrolamu (Cerna barva) a pozadi
(bila barva). Nasledn¢ upravené cerno-bilé snimky byly analyzovany v prostiedi
ArcGIS for Deskop, ve kterém byla pomoci nastroje Zonal Histogram vytvofena
tabulka odpovidajici ¢tvercové siti snimku vétrolamu se Sesti fadami a dvanacti sloupci,

¢tverce maji velikost 2,5 x 2,5 m. Ke kazdé miizce tabulky byly pfifazeny hodnoty
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s poctem pixelt ¢erné a bilé barvy (Obr. 7.). Vrchni fady vétrolamu byly prolozeny
detailni Ctvercovou siti o poctu 16 c¢tverci. Vznikla tabulka byla exportovana do
programu MS Excel, ve kterém byla data nasledné analyzovana. V piipad¢ zjisténi
¢tverce s hodnotou optické porozity 100 % nebyla nasledné vy$si fada zahrnuta do
stanoveni celkové optické porozity z divodu zkresleni hodnot pro dany vétrolam. Pro
statistické hodnoceni optické porozity z pohledu vertikalni struktury byly vétrolamy
rozdéleny do vysSe popsaného systému Sesti fad se dvanacti ¢tverci v jednom fadku od

spodniho (kefového) patra az po vrchol stromového patra.

65| 51| 55|46 |49 |49 | 49 | 52 | 42 | 47 | 55 | 89| 54

48 | 53 | 50| 39|59 |49 | 58| 39|44 | 56| 53| 76| 52

H| 61 | 60 | 50 | 32 57 |48 | 65|36 | 49 | 62 [ 53| 78| 54

28 | 24| 13 9 15 5 14 | 14 | 18 | 18 | 22 | 21 | 17

SO0 |51 |47 (42|54 |43 |50 (41|47 |52 | S2| 68| 50

Obr. 7. Piiklad upravy snimku vétrolamu a nasledného hodnoceni optické porosity

Vv procentech.

Redukce rychlosti vétru byla vyhodnocena jako pomér mezi zmétenou rychlosti
vétru na navétrné strané vétrolamu a rychlosti vétru na zavétrné stran€ pomoci

nasledujici rovnice:

U = (UL/Uw) x 100 (%)
kde:

U= hodnota redukce rychlosti vétru;

UL = hodnota rychlosti vétru na navétrné stran¢;

Uw= hodnota rychlosti vétru na zavétrné strané
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Statistické vyhodnoceni dat bylo provedeno pomoci programu Statistica 12
(StatSoft, Tulsa). Data byla pied analyzou nejprve zlogaritmovana z divodu ziskani
normalniho rozdéleni (Kolmogorov-Smirnov test). Rozdily mezi indexy a optickou
porozitou vétrolamii na jednotlivych TVP byly hodnoceny pomoci analyzy variance
(ANOVA). Vyhodnoceni rozdilt bylo provedeno pomoci Tukeyova HSD testu. Vztah
mezi strukturalnimi indexy, rychlosti vétru a hodnotami optické porosity byly
hodnoceny Pearsonovou korelaci. VSechny statistické analyzy byly provedeny na
hladin¢ vyznamnosti 5 % (a=0,05). Pro hodnoceni vztahli mezi porostnimi
charakteristikami, diverzitou a optickou porozitou byla pouzita analyza hlavnich

komponent (PCA) v programu Canoco 5 (Lep§ & Smilauer, 2003).

4.5. Hodnoceni mimoprodukcnich funkci — akumulace uhliku

Stanoveni zasoby uhliku bylo vyhodnoceno formou reSersniho piispévku.
Zpracovany byly jiz dfive publikované studie v ramci tizemi Ceské republiky, které
hodnotily mnozstvi celkového nadlozniho humusu v lesnich porostech rostoucich na
trvale lesnich stanoviStich v porovnani s porosty zaloZzenymi na byvalé zemédélské
pudé. Préce, zabyvajici se akumulaci surového humusu Vv porostech se zastoupenim
raiznych druhd dfevin, byly v minulosti zpracovany na Katedfe péstovani lesa pii
Fakulté lesnické a dievaiské Ceské zemédélské univerzity v Praze, ve Vyzkumném
tistavu lesniho hospodaistvi a myslivosti a na Ustavu ekologie lesa Lesnické a dievaiské

fakulty Mendelovy univerzity v Brné.
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4.5.1. Stanoveni zasoby uhliku v nadloZnim humusu

Metodika odbérti surového humusu je uvedena vzdy v konkrétni praci, ktera
je v nasem prispévku citovana. Stanoveni uhliku v tunach na hektar vychazelo z obsahu
celkového humusu podle nize uvedené rovnice, ve které se zasoba uhliku vypocitavala
zpétné¢ z obsahu celkového humusu uvedeného v procentech. Vysledna zasoba
vypocteného uhliku vychazela ze souctu pro jednotlivé vrstvy nadlozniho humusu

v horizontech L, F a H (Saly, 1978).

Z hiejnay | hw
100 1,724
(L,F,H)

hit/na) = celkovy nadlozni humus v tunach na hektar
ho) = celkovy humus v %
1,724 = koeficient piepoétu obsahu C na celkovy humus (Saly, 1978)

4.5.2. Lokality zahrnuté do hodnoceni akumulovaného uhliku v nadloZnim
humusu

Prepocet na celkovou zasobu uhliku a popis jednotlivych lokalit s dalsi
charakteristikou je uveden v Tabulce ¢. 4 (zalesnéna zemédélska puda) a v Tabulce €. 5
(trvala lesni ptda). Jako faktory, které maji vliv na akumulaci nadlozniho humusu, jsou

uvazovany druh dieviny, vék porostu, nadmoiska vyska a lesni typ.
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Tab. 4. Studie, které byly zahrnuty do hodnoceni akumulace uhliku v porostech
rostoucich na zalesnéné zemédélské ptide.

Vek

. L. Nadmoiska Lesni Akumulace . .
Lokalita dfeviny  porostu vyka typ  uhliku (t/ha) Autofi studie
(roky)
k 53 6P1 15,38
Krucemburk o 625 (Podrézsky et al., 2011)
modfin 52 601 18,23
borovice 39 11,11
Kostelec smrk 39 12,03 (Podrazsky & Remes,
nad C. lesy biiza 39 430 4Q1 ) 2010)
douglaska 39 10,3
Destné smrk 57 860 6K 3,43 (Hatlapatkova &
v Orl. hordch  pyk 40 800 1,3 Podrazsky, 2011)
Flaje smrk 18 800 8K1 9,43 (Podrézsky, 2008)
modfin 12 800 2,83
Bystré smrk 12 517 - 5,54
v Orl. horach -
buk 12 S17 5,83 (Kacalek et al., 2010)
Krahulec briza 12 590 - 2,37
v Orl. horach — gmrk 50 600 - 17,67
dub
cerveny 3,43 '
Cesky Rudolec  biiza 2837 600-630  5KI1 a9 (P OdmZSkYZ (f(‘)glb“"hova’
smrk 10,93
modfin 14,7
borovice 11,11
Kostelec smrk 11,94 o
nad C. lesy b 39 430 4Q ) (Podrazsky et al., 2009)
douglaska 10,3
smrk 48 6P1 11,78
Krucemburk smrk 53 610-640 501 15,38 (Podrazsky et al., 2011)
modfin 52 18,23

Poznamka: Soubor lesnich typii odpovida ekosystémové klasifikaci lesa formulované pro Ceskou

republiku (Viewegh et al., 2003).

51



Tab. 5. Studie, které byly zahrnuty do hodnoceni akumulace uhliku v porostech
rostoucich na lesni ptidé.

Vek

Lokalita dfeviny  porostu Nadr,r}orSka Lesni Ak,umulace Autofi studie
vyska typ  uhliku (t/ha)
(roky)
smrk 120 33,86
Kostelec jedle 140 8,1 (Podrazsky & Remes,
nad C.lesy  puk 400-420 401 s 2010)
dub 36 511
Destné smrk 136 920 6K 2,85 (Hatlapatkova &
v Orl. hordch  pyk 100 850 4,17 Podrazsky, 2011)
Hofi K ) 797 (Podrazsky & Remes,
ofice smr 35 300 9 2005)
Kostelec smrk 61 20,51
nad C. lesy douglaska 45 420 - 12,54 (Kupkaet al., 2013)
dub 61 6,6
smrk 120 34,74
Kostelec smrk 40 13,7 (Podrazsky & Remes,
nad C. lesy buk 40 420-440 4Pl 8,45 2009)
douglaska 40 7,95
Kitiny Zmrkl y gg 520 4H 262
OUE asxa - ” (Mensik et al., 2009a)
Hirky smr 430 3K
douglaska 65 23,9
Némice smrk 30 600660 51 12,9 (Mensik et al., 2009b)
buk 40 7,3
k 110 26,6 )
Némdice smr 600-660  5S1 (Fabisnek et al., 2009)
buk 120 17,1

Poznamka: Soubor lesnich typt odpovida ekosystémové klasifikaci lesa formulované pro Ceskou

republiku (Viewegh et al., 2003).

4.5.3. Statistické hodnoceni

Pro modelovani obsahu uhliku v nadloznim humusu byl pouzit zobecnény

linearni model s nahodnymi efekty (generalized linear mixed effects model; GLMM)

s gama rozd€lenim. Pro konstrukci modelu byla pouzita data o lokalité, druzich dfevin,

véku porostu, nadmotiské vysce, land-use (zalesnéna zemédélska puda X les)

a piislusném obsahu uhliku v pidé [tha?']. Kompletni model byl zkonstruovan

Vv nasledujicim tvaru (zapis z R software):

Obsah uhliku ~ Land use + Nadm. vyska + Vék porostu + Druh dieviny + (1|Lokalita)

52



Lokalita byla povazovana za nahodny efekt, ostatni efekty byly v modelu
zatazeny jako fixni. Jako prvni byl testovan vliv land use pomoci ,likelihood-ratio*
testovani (model s parametrem land use x model bez tohoto parametru). Jako druhy
krok byla zhodnocena vyznamnost nahodného efektu (pomoci piislusné komponenty
variance). Ve tietim kroku byly postupnym odstranovanim nevyznamnych parametrti
zkonstruovany zjednodusené zobecnéné linearni modely (pomoci zpétné selekce;
,backward selection®).

Zavislost obsahu uhliku v pidé na nejvyznamnéjSich faktorech byla dale
znazornéna pomoci plosného grafu. Veskeré vypocty byly provedeny v R software (R
Core Team 2016) pomoci baliku Ime4 (Bates et al. 2015). Veskeré statistické hypotézy

byly testovany na hladin¢ vyznamnosti o = 0,05.

5. Prehled publikovanych praci

Ptehled publikovanych praci je slozen ze tfi tematickych okruht, které byly
samostatné zpracovany také v metodické ¢asti. Prvni okruh je zaméfen na fazi zalozeni
a odrlstani kultur na nelesnich pudach a je sestaven z jedné prace v databazi Scopus
a jednoho c¢lanku v Casopise Simpakt faktorem. Ve druhém okruhu je popsano
vyhodnoceni produkce smrkovych porosti rostoucich na zemédé€lské pudé ve vztahu ke
klimatickym faktorim a poSkozeni sparkatou zvéfi, prace je shrnuta v jednom c¢lanku
odeslaném do Casopisu s impakt faktorem. Tteti tematicky okruh je zaméfen na
mimoprodukéni pfinosy zalestiovani zemédélské pudy. Tato ¢ast se skladd z jednoho
clanku v databazi s impakt faktorem a jednoho c¢lanku v databazi Scopus. Prehled
publikovanych praci je tedy slozen z péti ¢lankd, u 4 praci je dizertant prvnim autorem,

Vv 1 ptipadé je tfetim autorem.

Prvni tematicky okruh je Odrustani vysadeb na zemédélské pidé:

1. CUKOR J., VACEK Z., LINDA R., REMES J., BILEK L., SHARMA R.P., BALAS M.,
KUPKA, I. (2017): Effect of mineral eco-fertilizer on growth and mortality of young
afforestations [Auswirkung von mineralischen O6kologischen diingungsmitteln auf
wachstum und mortalitdt junger aufforstungen]. Austrian Journal of Forest Science, 134
(4): 367-386.
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2. CUKOR J., LINHART L., VACEK Z., BALAS M., LINDA R. (2017): The Effects of
Alginite Fertilization on Selected Tree Species Seedlings Performance on Afforested

Agricultural Land. Central European Forestry Journal, 63 (1): 48-56.

Druhy tematicky okruh Charakteristiky smrkovych porosta rostoucich na

zemédélské pade:
3. CUKOR J., VACEK Z., LINDA R., VACEK S., SHARMA R.P. (2019): Afforested farmland

vs. forestland: Effects of bark stripping by Cervus elaphus and climate on production

potential and structure of Picea abies forests. PLoS ONE, (druhé kolo recenz. fizeni,

vypotradany minor revisions).

Tteti tematicky okruh Mimoprodukéni pfinosy zalesiiovani zemédélské pudy:

4. VACEK Z., REHACEK D., CUKOR J., VACEK S., KHEL T., SHARMA R.P., KUCERA J.,
KRAL J., PAPAJ V. (2018): Windbreak Efficiency in Agricultural Landscape of the
Central Europe: Multiple Approaches to Wind Erosion Control. Environmental
Management, 62 (5): 942-954.

5. CUKOR J., VACEK Z., LINDA R., BiLEK L. (2017): Carbon sequestration in soil
following afforestation of former agricultural land in the Czech Republic. Central
European Forestry Journal, 63 (2-3): 97-104.
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5.1. Odrustani vysadeb na zemédélské pudé

5.1.1. Effect of mineral eco-fertilizer on growth and mortality of young

afforestations

1. CUKOR J., VACEK Z., LINDA R., REMES J., BILEK L., SHARMA R.P., BALAS M,,
KUPKA, I. (2017): Effect of mineral eco-fertilizer on growth and mortality of young
afforestations [Auswirkung von mineralischen Okologischen diingungsmitteln auf
wachstum und mortalitét junger aufforstungen]. Austrian Journal of Forest Science, 134
(4): 367-386.
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Abstract

Afforestation of the marginal agricultural lands located on unfavourable climatic and
site conditions often results in a substantial failure. This problem may be mitigated
through site improvement, e.g. fertilization by fossil materials such as Alginite. The
objective of this study was to evaluate the effect of Alginite on the height growth,
mortality, and nutrient contents in the assimilation apparatus of the seedlings of
Scots pine (Pinus sylvestris L.), English oak (Quercus robur L.), red oak (Quercus rubra
L.) and Norway maple (Acer platanoides L.) on former agricultural land with an unfa-
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vourable hydrophysical regime. A research locality (9600 m?), which is located in the
central part of the Czech Republic, was divided to 27 sub-plots, and then these sub-
plots were afforested using the central hole planting method with a spacing of 1x1
m. Scots pine and English oak were planted on the monospecific basis, and English
oak, red oak and Norway maple were planted in mixture. Three different treatments
were applied on each sub-plots: no application of Alginite (control, variant A), appli-
cation with dose of 0.5kg per plant (variant B), application with dose of 1.5kg per
plant (variant C). Four hundred seedlings were planted on each sub-plot and each
variant with a particular tree species had three replications. Growth related parame-
ters and other characteristics of each plant were measured every consecutive year
after plantation (on spring 2013) to 2015. The results showed that there was a signi-
ficantly higher height growth rate of broad-leaved species, which were treated with
a variant B. However, reaction to the application of Alginite by individual species was
substantially different and the effect of fertilization was remarkably higher for Maple
compared to that for English oak. Fertilization by Alginite had a remarkably positive
effect on afforestation of the marginal and abandoned agricultural lands. Fertilization
also significantly reduced the seedling mortality rate in the first year after planting.

Zusammenfassung

Aufforstung von landwirtschaftlichen Flachen in Gebieten mit ungiinstigen klimati-
schen und standortlichen Bedingungen versagen haufig. Dieses Schliisselproblem
kann teilweise durch Diingung gemildert werden, z.B. mit einem der fossilen Dln-
gungsmitteln wie Alginit. Diese Studie setzt sich zum Ziel, die Auswirkung vom Algi-
nit auf Hohenzuwachs, Mortalitdt und Nahrstoffgehalt im Assimilationsapparat der
Samlinge der Waldkiefer (Pinus sylvestris L.), Stieleiche (Quercus robur L.), Roteiche
(Quercus rubra L.) und des Spitzahorns (Acer platanoides L.) auszuwerten, und zwar
auf einem ehemaligen landwirtschaftlichen Land mit einem ungiinstigen hydrophy-
sischen Regime. Das Forschungsgebiet (9 600 m?) befindet sich im zentralen Teil der
Tschechischen Republik und besteht aus 27 Teilflachen, die durch Lochpflanzung
mit Abstand 1x1 aufgeforstet wurden. Waldkiefern und Stieleichen wurden in rei-
nen Bestanden gepflanzt. Stieleiche, Roteiche und Spitzahorn wurden in Mischung
ausgepflanzt. Alginit wurde in drei Varianten aufgewendet: Kontrollvarieante A ohne
Zusatz, Variante B mit einer Dosis von 0,5kg pro Pflanze und C-Variante mit 1,5kg
pro Pflanze. Vierhundert Individuen wurden auf jeder Teilflaiche gepflanzt, jede Vari-
ante mit bestimmter Baumart hat 3 Wiederholungen. Die Wachstumsparameter und
andere Merkmale der einzelnen Baume wurden jedes Jahr von der Aufforstung (im
Frithjahr 2013) bis 2015 gemessen. Die Ergebnisse zeigen, dass das signifikant hohere
Hohenwachstum der Samlinge der Laubbaumarten in der Variante B lag. Jedoch die
Reaktion der einzelnen Baumarten war verschieden, wobei Anwendung von Alginit
besonders bei Ahorn im Vergleich zu Stieleiche bemerkenswert war. Die Diingung
mit Alginite hatte einen positiven Einfluss auf die Entwicklung der Landaufforstung;
eine positive Auswirkung auf die Mortalitat von Samlingen im ersten Jahr nach der
Pflanzung wurde auch bestatigt.
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1. Introduction and problem analysis

Afforestation of the marginal and abandoned agricultural lands has been an issue
in the Central Europe for last two centuries (Spuldk and Kacélek 2011). However, an
opposite trend prevailed in the earlier times, i.e., deforestation was mainly carried
out for firewood, construction materials, but also the lands suitable for agricultural
usages (Williams 2000; Kaplan et al. 2009). The first written record of agricultural land
afforestation in Bohemia came from the late 16 century in the game preserves loca-
ted nearby Prague and Karlovy Vary (Kacdlek and Barto$ 2002). Another source dates
back to 1589, which describes a new forest planting nearby Hvézda game park loca-
ted two miles away from Prague (Spulak 2006). However, afforestation of the largest
abandoned agricultural land began after the World War Il (Kacélek and Barto3$ 2002),
especially in the border regions after taking over the Sudeten land (Spulak and Kaca-
lek 2011). About 6,000 ha of the barren land was afforested every year in 1960s and
later on, afforestation was carried out at a rate of 1,000 ha per year (Cern)’/ etal. 1995).
Norway spruce (Picea abies (L.) Karst.) was the most common species in the newly
established forests with afforestation, but also there were other tree species included,
such as European larch (Larix decidua Mill.), black alder (Alnus glutinosa (L.) Gaertn.),
Scots pine (Pinus sylvestris L.) and European ash (Fraxinus excelsior L.) (Hatlapatkova et
al. 2006; Sindelaf and Frydl 2006; Vacek et al. 2015, 2016). Favourable effects of broad-
leaved tree species compared to Norway spruce were often documented (Podrazsky
and Prochazka 2009a, 2009b).

On the global perspective, there has been a large potential of afforestation of the
marginal agricultural and degraded lands. Campbell et al. (2008) reported that about
385-472 million ha of the abandoned agricultural land is suitable for establishing the
plantation of fast-growing tree species. In the Europe, the future land-use scenarios
predict a substantial decrease of agricultural land, and one of the reasons for this is
an afforestation (Rounsevell et al. 2006; Stoate et al. 2009; Ruskule et al. 2016). The
estimated area of afforestation of the marginal and abandoned agriculture land is
about 12-16 million ha (FAO 2008; Campbell et al. 2008). There is also a large area of
non-forested land suitable for afforestation in the Czech Republic. A precise estimate
depends largely on the criteria used, e.g. Podrazsky and Stépanik (2002) have repor-
ted that an area of 50,000 - 500,000 ha may be used for afforestation, and therefore it
needs to pay attention to this issue (Vopravil et al. 2015).

The most problematic phase of afforestation, particularly in the extremely harsh cli-
matic and site conditions, is undoubtedly the phase of planting. The initial growth
and establishment of plantations determine, to a great extent, the growth and de-
velopment of individual trees in the latter stages (Kupka et al. 2015). Any failure in
afforestation and reforestation is often caused by adverse soil conditions, and site
quality can also be problematic in terms of anthropogenically altered environmen-
tal conditions, and specific microsite conditions (Schéonenberger 2001; Colak 2003;
Bor(ivka et al. 2005; Fuerst et al. 2007; Balcar et al. 2012). However, tree species have
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certain mechanisms that allow successful growth and development even under the
adverse site conditions (Vacek and Hejcman 2012; Vacek et al. 2012; Kralicek et al.
2017). Besides the production aspects, the improvement of soil through increasing
infiltration and retention capacity for water, accumulation of surface humus and con-
siderable pedochemical changes have to be expected (Holubik et al. 2014; Podrazsky
et al. 2009, 2015, 2016).

Various measures could be designed to facilitate reforestation/afforestation in fore-
stry practices, which were categorized into the groups of chemical and biological
reclamation or site improvement measures (Podrazsky 1994; Podrazsky et al. 2004;
Bergh et al. 2008; Kunes et al. 2011; Hedwall et al. 2013; Peragén et al. 2015). The ame-
liorative intervention may involve the application of lime or basic rocks (Kunes et al.
2009; Pabian et al. 2012), or special slowly soluble fertilizers (Kunes et al. 2004). Also,
numerous deciduous tree species have favourable silvicultural characteristics that
support their growth in the unfavourable site conditions, especially on the mountain
regions (Augusto et al. 2002; Podrazsky et al. 2004; Cukor et al. 2017).

This study focuses mainly on afforestation of the non-forested land in the area, which
is favourable for various tree species. The non-forested lands, which represent the
limits for successful afforestation, are characterized with a higher temperature and
low precipitation in the growing season (Tuzinsky et al. 2015). One of the important
factors ensuring successful afforestation and good survival rate of seedlings is availa-
ble soil moisture on the upper horizon of the soil profile. Lack of moisture in the soil
substantially affects the root system, which is more sensitive than the aboveground
part of the plant. This problem may be partially mitigated by supplements of the fos-
sil minerals such as Alginite (Kupka et al. 2015), which, inter alia, can enhance water
uptake in the root area of seedlings.

The Alginite is an organic sediment belonging to the oil shale, which arose 3-4 milli-
on years ago during volcanic changes (Kulich et al. 2001; Kadar et al. 2015). This gray
to dark gray rock is rich in organic matter. Alginite contains 5 to 50%, even 90% of
organic matter (Szabo6 2004). It is created by aquatic algae, and therefore has a high
proportion of mineral elements such as phosphorus, potassium, calcium and magne-
sium (Gomoryova et al. 2009). Application of Alginite as one of the eco-fertilizers in
afforestation was described by Vass et al. (1997, 1998), and its effect on seedlings in
the first year after afforestation of the marginal agricultural land has also been descri-
bed by Tuzinsky et al. (2015) and Kupka et al. (2015).

The hypothesis of this study was that fertilization by Alginite might have a significant
positive effect on the growth parameters of seedlings, especially in the first year af-
ter they are planted. The objectives of this study were to (1) determine the effect of
Alginite on the survival rate (mortality) of seedlings of the selected four tree species;
(2) compare the height increment of seedlings for different variants of Alginite appli-
cation; and (3) evaluate the nutrient contents in the assimilation apparatus on three
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year’s growth of seedlings on the control sample plots, and the plots with application
of two different amounts of Alginite.

2. Materials and Methods
2.1.Study area

The effect of Alginite as an eco-fertilizer substance for site improvement at the affo-
restation of non-forested land was evaluated on the relatively dry area nearby Ho-
vorcovice village, north of Prague (Natural Forest Area Polabi 17), Czech Republic
(GPS:N50°14.4'E14°28.12"). Location and design of research sample plot are shown
in Figure 1. This area is called "U Hnojisté", and it is a former agricultural/arable land
in a warm, moderately dry area with the average annual temperature of 8 - 9° C. The
average annual precipitation on the study site varies from 500 to 600 mm and dry
vegetation period varies from 20 to 30%. A territory of the study site is characterized
by warm dry summer and cool dry winter with a narrow annual temperature range
(Koppen 1936), where average length of the growing season is about 168 days. The
soil is identified as Chernozem, 30 to 70 cm deep, rocked, eroded flat terrain (forested
arable land).

A research sample plot of size 9600 m* was divided into equal size of the 23 larger
sub-plots (each with 20 m x 20 m dimensions) and 4 smaller sub-plots (each with
10 m x 10 m dimensions). All 27 sub-plots were afforested in the spring 2013 using
the central hole planting method with a spacing of T m x 1 m. Tree species used for
planting are: Scots pine (Pinus sylvestris L.), English oak (Quercus robur L.) in a separate
row planting and English oak, Red oak (Quercus rubra L.) and Norway maple (Acer
platanoides L.) in a line mixture planting. Besides on the control sub-plots, i.e. without
application of Alginite (control. variant A), Alginite with doses of 0.5 kg (variant B) and
1.5kg of Alginite (variant C) per seedling were applied. A full doze of fertilizer was
applied on the bottom of a hole prepared nearby for each seedling. Each of the larger
and smaller sub-plots was planted with 400 and 100 seedlings, respectively.

A Czech company NOZA s. r. o. (Hutska 229, 272 01 Kladno) supplies the Alginite,
which was used in this study, and one kilogram of this mineral contained: Ca 15-528
mg, Mg 1841 mg, P 42.9 mg, K 196 mg, and 0.207% N of a total content.
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Fig. 1: Location of research sample plot "U Hnojisté" and sub-plots with application of different variants
of Alginite

2.2. Data collection

Height of each seedling was measured in 2013, 2014 and 2015, and average height
growth rate was calculated. Annual mortality was also observed. The assimilation ap-
paratus samples were taken in each sub-plot by the random selection with the ran-
dom numbers (generated in RNG, Excel) assigned to the 50 individuals, and selected
from these individuals of deciduous tree species in August and conifers in October in
2015. Three bulk samples were taken on each sub-plot for each tree species and for
each variant.

Chemical analysis of the assimilation apparatus was performed in the laboratory of
Tomas in VULHM Opo¢no using the standard methodology (Zbiral 2001). The con-
centrations of macro-elements (N, P, K, Ca, Mg) of dry matter of the assimilation ap-
paratus were compared using the classification limits reported in Bergmann (1993).

2.3. Data analysis

Height increment data obtained from 2013 to 2015 were analysed to evaluate the
effect of the application of different Alginite variants (control, variant B, variant C)
using the Statistica 12 software (StatSoft, Tulsa). The Kruskal-Wallis test was perfor-
med with the relevant multiple comparisons. Mortality was expressed in the percen-
tage of Alginite applications by tree species and years using the method of multiple
comparisons of P parameters of the binomial distribution (Andél 1998). The results
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are presented as homogenous groups. The hypotheses were tested using 5% signifi-
cance level (alpha=0.05). In order to reduce or avoid the boarder effects (edge effects)
potentially caused by treatments of neighbouring seedlings, all seedlings located ne-
arby plot-edge were excluded. We excluded 76 seedlings from each of the larger sub-
plot and 36 seedlings from each of the smaller sub-plot.

An unconstrained principal component analysis (PCA) was applied in the CANOCO
for Windows 4.5 program (Ter Braak and Smilauer 2002) in order to analyse the re-
lationships among the number of seedlings and mean height of seedling, mortality,
mean height increment, nutrient contents in the assimilation apparatus, tree species,
and variants of Alginite application. Data were centered and standardized during the
analysis. The results from PCA were visualized in the form of the ordination diagram
produced by the CanoDraw program (Ter Braak and Smilauer 2002).

3. Results
3.1. Seedling mortality

Seedling mortality of Scots pine, English oak, red oak and Norway maple in the years
2013-2015 showed substantial differences in response to the application of Alginite
(Table 1). Alginite application showed the largest difference in the first year of plan-
ting (i.e. autumn 2013). Even though positive effect of both smaller and larger doses
of Alginite was observed in Scots pine, but difference was not significant (p>0.05).
Except red oak, which responded to only high amount of Alginite application, other
deciduous species showed positive responses to both B and C variants, and all these
responses were highly significant (p<0.05). However, in the first year after planting,
it was also found that responses to the application of Alginite on both conifer and
deciduous spices were negative. The mortality rate significantly decreased in 2015
compared to that of the previous years. A response to the application of Alginite was
also positive in Scots pine, which is equivalent to that in the deciduous species.
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Table 1: Mortality of particular species after Alginite application in a period between 2013 and 2015

Number of trees Fall2013  Fall2014  Fall 2015
Species Variant planted - spring 2013 (%) (%) (%)
Pine A 972 2l6a 11.8a 1.0a
Pine B 729 174a 304b 09a
Pine C 972 214a 38.7¢c 0.8a
Qak A 972 56a l6a 21la
Oak B 972 24D 133b 4.0a
Oak C 727 26b S2c 7.5b
Oak in mixture A 276 225a 1.9a 43a
Qak in mixture B 303 69D 9.6 b l.2a
Qak in mixture C 261 27b 6.3 ab 42a
Maple A n 80a 0.6a 1.2a
Maple B 342 21b 1.2a 03a
Maple C 243 08Db 08a 04a
Red cak A 320 350a 36.5a 23a
Red oak B 328 27.7a 287a 0.6a
Red vak C 227 6.6 b 61.3b 73b

Note: Significant differences between Alginit variants are indicated with different indices

3.2. Height increment

Table 2 shows an overview of an evaluation of the growth of seedlings based on the
application of different variants of Alginite. The effect of Alginite was different for dif-
ferent species. In the first year of planting, there was a positive response for Scots pine
treated with C variant, oak also responded positively for variants B and C but only in
the monoculture, and these all responses were significant (p<0.05). The effects of the
application of Alginite on other species were positive, but they were not significant
(p>0.05). The negative response, which is also significant, was found only for maple
treated with variant C. The reaction of all tree species were mostly positive also in the
second year after planting. Different behaviour was observed on Scots pine threated
with variant B, which showed a lower height increment compared to that of variant
A, while variant C showed a large positive effect on the height increment. There was
an unclear response pattern observed for oak in the monoculture, whereas heightin-
crement was slightly higher in the mixture. A significantly large height increment was
observed for maple treated with variant B or C, and red oak responded with a higher
height increment for variant B. The effect of Alginite was positive only for red oak
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treated by variant B or Cin 2015. A slightly higher height increment was found for oak
treated with variant B, but application of a higher amount of Alginite had a negative
effect. Maple also showed an unclear response pattern on the height increment for
each of the three variants. However, there was a slightly different situation for Scots
pine, in which application of Alginite showed a negative effect, but both variants B
and C showed significantly lower height increments than those for the control treat-
ment (control, Alginite A).

Table 2: Height increment of particular tree species after Alginite application in a period between 2013
and 2015

Number Height P. Mean P. Mean P Mean P.

Bpaeles Variant of plants 2013 wvalue iner 13 value iner 14  value inerl15  value
Pinc A 972 259a 133a 232a 408u
Pine B 729 27.1b <0001 132a <0001 21.6b <0001 354b <0.001
Pinc c 972 286¢ 152b M3c 3Te
Ouk A 972 2500 T8 1420 10.7a
Oak B 972 25.5a =0.001 99h <0001 143a 049 11.7a =0.001
Oak C 727 26.5b 95hb 14.0a 88b
Oak in mixture A 276 250a 91a 144 a 11.0a
Oak in mixture n 303 252a 0.856 ®2hb <0001 156a 087 125a <0001
Ouk in mixture C 261 25.4a 80b 15.0a 8.8b
Maple A m 50.7a 1248 Bla 20.1a
Maple B 342 541b <0001 132a <0001 448D 003 254a 0.06
Muple C 243 54.4b 11.0b 42.1 ah 203a
Red oak A 320 50.7a 136a 83a 98a
Red oak B 328 60.1a <0001 129a 032 98a 037 138h 0.07
Tted oak (s} 227 6720 118a 67a 130hb

Naote: Significant differences between Alginite variants are indicated with different indices; SE: standard error

A general evaluation of the effects of Alginite on the height increments for a period
between 2013 and 2015 is presented in figure 2. Generally, height increment is posi-
tive for all broad-leaved species treated with variant B, and significant difference was
found in the height growth for maple and oak planted in the monoculture. A nega-
tive effect was observed for Scots pine treated with variant B and for oak planted in
mixture and treated with variant C.
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Fig. 2: Total height increment of seedlings after Alginite applications within three years of measurement,
differentiated by tree species; significant differences among Alginite variants are indicated by different
indices

3.3. Nutrient concentration in assimilation apparatus

Table 3 shows the concentration of nitrogen, phosphorus, potassium, calcium and
magnesium in the dry matter of the assimilation apparatus of the species of interest
according to the Alginite variants. Data showed that differences in the foliar nutrient
concentrations between the variants were insignificant (p>0.05). Nitrogen concen-
tration was higher in all four species treated with a variant with higher dose, while
lower dose resulted in positive effects in Scots pine and English oak planted in the
monoculture and mixture.

The phosphorus content was slightly higher on the plots treated with lower doses for
both oak and maple. Only maple showed a higher phosphorus content in both vari-
ants B and C. English oak reflected an increased phosphorus content only for variant
B on both mixture and monoculture plantings. Red oak responded negatively in case
of both larger and smaller doses of Alginite. However, Scots pine did not respond
irrespective of the doses of Alginite applied.

The amount of potassium in the dry matter was similar to that of nitrogen. English
oak responded positively to both Alginite doses compared to the control treatment.
Norway maple had a higher content only in the variant with an increased dose of
Alginite. In red oak, the potassium amount was always smaller after application of
Alginite. Scots pine reflected a small decrease of the potassium amount after appli-
cation of Alginite.
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Oak, in both cases (in mixture and monoculture) reacted negatively, with a reduced
calcium content versus that of the control plot. Scots pine also reacted slightly nega-
tively. In maple and red oak, the calcium content always increased only for a variant B.

The magnesium content in the assimilation apparatus proved to be less positive when
compared to other elements. The increased amount of magnesium in dry matter oc-
curred only in maple. English oak planted in a mixture did not show any changes in
the magnesium content and in Scots pine, in which doses applied, were the same.
Oak planted in monoculture indicated a reduced level of magnesium. A remarkably
reduced magnesium content was recorded in red oak for variant B.

Tab. 3: Nutrient content in the assimilation apparatus and recommended value according to Bergmann

Species Alginite N@®%) =SE P (%) +SE  K(%) =SE  Ca(%) +SE Mg(%) =SE
Oak A 1.84 0.19 0.19 002 062 003 1.93 024 021 0.01
Oak B .07 019 020 0.0z 0.66 0.03 1.75 0.24 018 0.01
Onk c 2.20 0.19 0.18 0.02 063 003 1.42 024 018 0.01
Oak in mixture A 2.00 0.19 020 002 063 004 1.76 017 019 0.01
Oak in mixture B 205 0.19 0.21 002 066 004 1.59 017 019 0.01
Oak in mixture c .01 0.19 0.19 0.02 0.66 0.04 1.71 0.17 0.19 0.01
Red oak A 205 0.20 024 002 067 005 1.54 021 020 0.01
Red oak B 205 0.20 0.18 002 065 005 1.63 021 019 0.01
Red oak C 227 0.20 0.20 0.0z .66 0n.0s 1.54 0.2 0.20 0.01
Oak Bergmann - 2.3 - 0.15-03 - 1-15 - 03-15 - 015-03

Maple A 213 018 0.18 .03 0.67 0.03 1.56 0.18 017 0.0
Maple B 207 0.18 0.21 003 063 003 1.79 018 0.8 0.01
Maple c 231 0.18 0.20 003 069 003 135 018 019 0.01
Maple Bergmann = 1.7-22 - 0.15-0.25 = 1-1.5 - 03-15 - 015-03

Pine A 1.87 0.03 0.15 0.04 063 001 0.20 001 009 0.01
Pine B 192 0.02 0.15 004 063 001 0.28 001 009 0.01
Pine C 1.59 0.04 0.15 0.04 062 0.01 0.28 0nm 0.09 0.01
Pine Bergmann 5 14-17 - 0.14-03 - 04-08 - 025-06 - 01-02

Note: higher nutrient contents in variants with Alginite compared to control plots (without fertilizer) are highlighted; values
ding to B describe the first content value as a threshold sufficiency, the second value as a threshold excess;

SE: standard ervor
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3.4. Relationships among seedling parameters, nutrient contents
and Alginite variants

The results of the PCA analysis are presented in the form of the ordination diagram
(Fig. 3). The first ordination axis explained 39.1%, the first and second axes together
explained 61.9%, and all four axes explained 86.7% variability of the data. The mor-
tality was negatively correlated with mean height and showed a small correlation
with with nitrogen and potassium. The contribution of nutrient contents to the mor-
tality in 2013 and 2014 was relatively small. The application variants A, B, C showed
low significance to the mutual relationships among seedling mortality, mean height
increment and nutrient content in the assimilation apparatus compared to larger dif-
ferences among the species. Differences among the variants were remarkable, espe-
cially for maple and red oak as marks of each record were relatively distant from one
another, but marks for oak and pine were relatively closer together, in the diagram.
Responses of tree species to the application of Alginite variants were different, when
oaks variants with higher mortality in 2015 occupied the down-left part of a diagram,
while higher increment were typical for maple and pine. Alginite application had a
high positive effect on the mortality of seedling in the first year after planting. Gene-
rally, the best Alginite variant for height growth was a variant B.
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Fig. 3: Ordination diagram showing results of PCA analysis of relationships among number of seedlings
(Density) and mean height (Height) at planting, seedling mortality (Mortality), mean height increment
(Increment) in 2013, 2014 and 2015, nutrient content in the assimilation apparatus (N, K, Ca, P, Mg), tree
species (Maple, Pine, Oak, RedOak, OakMix) and variants of Alginite application (A, B, C); small codes:
o, # m, +,1 indicate tree species with variants of Alginite application; large codes: A ,V¥ indicate tree spe-
cies or variants of Alginite application
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4. Discussion

One of the reasons why fertilizers are used in the forest crops is to reduce the mortali-
ty of seedlings in the first year, i.e. immediately after planting. There have been many
studies carried out, focusing on the causes of plant mortality in the forest crops (Erafur
et al. 2008; Barbeito et al. 2012). Some sorts of support for the planted seedlings on
the marginal and abandoned agricultural lands, which might have the unfavourable
site conditions, is often necessary (Kupka et al. 2015), and it becomes increasingly im-
portant with regard to a success of afforestation (Hatlapatkova and Podrazsky 2011).
A positive effect of Alginite application on the seedling mortality in the first year after
plantation corroborated the previously published results (Kupka et al. 2015; TuZinsky
etal. 2015). For example, mortality of red oak in the control sub-plots (control, variant
A) was more than 7 times higher compared to that with the application of variant
C. Difference of the mortality in response to treatment was not only significant for
Scots pine, but there was a positive effect of both doses of Alginite (variants B and C).
However, in the first year after planting an adverse trend has been reported for the
Alginite application in Scots pine (Tuzinsky et al. 2015). In 2014, the mortality on all
sub-plots treated with variants B and C were mostly higher than that of the control
sub-plots, but this may not necessarily be caused by the mineral fertilizer but by cli-
matic condition with higher temperature in April-June compared to the years 2013
and 2015 (Czech Hydrometeorological Institute Prague Kbely). In 2015, the results
were unclear and positive effect of the Alginite application was manifested only for
sub-plots planted with Scots pine.

Another important parameter, which reflects the response to the fertilizer applica-
tion, is the height increment of seedlings. In the past, the effect of fertilizers on diffe-
rent tree species using wood ash or ash obtained from the peats was tested (Huotari
etal. 2008; Parn et al. 2009; Erfurt et al. 2011; Kikamdgi et al. 2014). These studies have
investigated the height increment of the seedlings during the first 2-4 years after
planting; a positive influence of fertilizing by the ashes, however, was studied only
on the forested areas. The sewage sludge is another fertilizer applied to forest crops,
and those studies evaluated the sparsely wooded areas on agricultural land, which
combine forestry and pasture. Evaluating the effect of sewage sludge in combination
with nitrogen confirmed the increased height increment in red oak seedlings during
the first four years after planting (Ferreiro-Dominguez et al. 2011). Another important
study, which compared the use of sewage sludge compared to the control plots and
the area fertilized with mineral fertilizers (by 500 kg to 8% N - 24% PO, - 16% K,O per
hectare) also confirmed the positive effect of sewage sludge on the height increment
of seedlings (Rigueira-Rodriguez et al. 2010). Conversely, the use of sewage sludge in
combination with lime has led to the positive results on seedling height increments
(Mosquera-Losada et al. 2012). The effect of Alginite was only evaluated one year af-
ter planting, with a positive result in the height increment (Kupka et al. 2015; Tuzinsky
et al. 2015). The evaluation of three-year old plantations showed, in general, a positi-
ve effect in plant growth after Alginite application. Concretely variant B had a positive
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effect on the height increment for all broad-leaved trees; more remarkably for maple,
and these all positive effects may be comparable with those from the application of
sewage sludge (Rigueira-Rodriguez et al. 2010; Ferreiro-Dominguez et al. 2011).

In addition, other materials, which are based on the algae extracts, have been proven
as a convenient supportive matter for improvement of the growth of young plants in
the forest nurseries (Lorenc et al. 2016). This study has shown that Bio-Algeen® prepa-
rate significantly improved the growth and development of the aboveground parts
of seedlings, despite of the reduced mycorrhisation.

The nutrient content in the assimilation apparatus (organ) is one of the main factors
that influence the growth of forest trees (Sramek et al. 2009; Vacek et al. 2006, 2009;
Truparova and Kulhavy 2011). The nutrient content in dry matter of the assimilation
apparatus in the variants with different Alginite applications was not statistically con-
clusive. Only nitrogen reached higher values in the assimilation organs. Nitrogen is
the key element, which increases the biomass production (Hejcman et al. 2007; Sra-
mek et al. 2009; Ring et al. 2013; Peragdn et al. 2015). Furthermore, a trend has been
observed with higher concentration of the major elements in the deciduous tree spe-
cies (Hagen-Thorn et al. 2004; Sramek et al. 2009) and most strikingly in the calcium.
The actual supply of the major elements in the dry matter assimilation apparatus on
the afforested agricultural land according to Bergmann (1993) showed values appro-
aching, and often exceeding, the limit excess. In all deciduous tree species, lack of
potassium was found, which might be due to the nature of the site or soil types.

5. Conclusion

The results of our study showed a significant positive effect of Alginite application
on the mortality of seedlings in the first year after planting. The fertilization effect
was rather smaller in the second year and the results were almost inconclusive in the
third year. The positive effects were recorded in the height increment of the species
of interest and significant differences were found among them, in general, after three
year'’s period of the planting for Norway maple. Other tree species show unclear res-
ponse patterns of the height increment in response to the application of Alginite, but
Scots pine responded negatively. The nutrient contents in the assimilation apparatus
showed insignificant differences. Afforestation of the marginal farmland is of growing
importance, and therefore we need to pay more attentions to improve site environ-
ments and support the growth of forest crops. The application of organic sediments,
such as Alginite could be one of the effective ways to enhance the growth of planta-
tions, and therefore further research needs to be devoted to this topic in the future.
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Abstract

Afforestation of marginal agricultural lands is an important issue in the land use changes running in Europe at present. The aim
of the presented study is the documentation of effects of site improving material Alginite three years after afforestation of agricul-
tural land in the locality with unfavourable hydrophysical regime. The impact was evaluated on growth parameters (height incre-
ment, mortality and foliar nutrient content) of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), Scots pine (Pinus sylvestris L.)
and a mixture of English oak (Quercus robur L.), red oak (Quercus rubra L.) and Norway maple (Acer platanoides L.) seedlings
on former agricultural land in central Bohemia, Czech Republic. The research plot consists of 36 square sub-plots, each sub-plot
is 400 m? in size. Each sub-plot consists of 400 individuals, except Douglas-fir with 200 individuals. The following doses of Algi-
nite were applied: control (variant A without Alginite), 0.5 kg of Alginite (B) and 1.5 kg of Alginite (C) on both conifers and bro-
adleaves. The results showed that Alginite application had greater positive effect on height growth of seedlings than mortality,
especially variant C. In most of the cases height increments were significantly positively affected (p < 0.05) by both variants of
Alginite application only in the third year after planting. Alginite applications were also connected with differences in the foliar
nutrient content, especially with higher magnesium and phosphorus values. The highest differences among Alginite variants
were observed for Norway maple and English oak, while the lowest for red oak and Scots pine within all monitored parameters.

Key words: afforestation; soil improvement; fertiliser; plantation growth; mortality

Editor: Vladimir Seben

1. Introduction

Changes of the land use are continuously running in the
Europe for centuries (Skalos$ et al. 2012). From a his-
torical perspective, the population of Central Europe has
been engaged in reforestation of agricultural land for at
least two centuries (Spulak & Kacalek 2011). This trend
reversed tendencies commoninthe previous period, caus-
ing deforestation for the purpose of obtaining fuel, con-
struction materials, but also for gaining the land suitable
foragricultural use (Kaplan et al. 2009; Williams 2000),
throughout the whole European continent (Rowney
2015). Although some evidence on the reforestation of
non-forest lands are dated in the 16" century (Kacalek
& Bartos 2002; Spuldk 2006), the largest expansion of
afforestation of agricultural land was not until after the
Second World War (Kacélek & Barto§ 2002), especially
in the border regions after the confiscation of grounds
originally belonging to the German population (Spulak
& Kacalek 2011; Vacek et al. 2016). In the sixties of the
20" century afforestation of non-forest land reached up
t0 6,000 hectares peryear, later on annually around 1,000
hectares (Cerny et al. 1995). Another phase of afforesta-

tion and forest expansion comes in the 1990s and is still
under way (Spuldk & Kacalek 2011). Nowadays (from
2010t02014) forest areain the Czech Republicincreased
by 2,250 hayear™! (MZe 2015).

Large areas of agricultural land suitable for affores-
tation are not found only in Eastern Europe (Henebry
2009) and in some parts of Western Europe (Anthelem et
al.2001), but currently also in the Czech Republic. More
exact estimates are depending on the used criteria, for
example Podrazsky & Stépanik (2002) have reported
between 50 000 to 500 000 hectares. In the area of the
European Union thereiscca 12to 16 million haofland to
be excluded from agricultural production and thus suit-
able for afforestation from ecological as well as economic
reasons (Campbell et al. 2008). It is therefore important
to pay a great attention to this issue.

The most frequently used tree species in the newly
established forest stands was Norway spruce (Picea abies
[L.] Karst.), but also other specimen such as European
larch (Larix decidua Mill.), black alder (Alnus glutinosa
L. Gaertn.), European ash (Fraxinus excelsior L.) and
Scots pine (Pinus sylvestris L.) (Hatlapatkova et al. 2006;
Sindelar & Frydl 2006; Vacek et al. 2015, 2016). Intro-

*Corresponding author. Lukds Linhart, e-mail: linhartl@fld.czu.cz



J. Cukoretal. /Cent. Eur. For. J. 63 (2017) 000-000

duced tree species such as Douglas fir (Pseudotsuga men-
ziesii Mirbat.) or red oak (Quercus rubra L.) have been
recently gaining attention (Gruber & Nick 2000; Miltner
& Kupka 2016). Those are also used in afforestation of
former agricultural land.

The most problematic stage in the establishment and
development of forest stands, particularly in extreme cli-
matic and habitat conditions, is undoubtedly the phase
of actual planting. Survival rate and initial growth of
established stands determines further development of
plantations (Kupkaet al. 2015). Failures in reforestation
are often affected by unfavourable soil conditions. How-
ever, forest species have various mechanisms allowing
successful growth under unfavorable habitat conditions
(Vacek & Hejcman 2012; Vaceketal. 2012). On the other
hand, there is thus many practices designed to facilitate
reforestations used in forestry, categorized as chemi-
cal or biological amelioration (Podrazsky 1994, 2006a,
b; Podrazsky et al. 2003; Kacalek et al. 2009; Balcar et
al. 2011; Kunes et al. 2011). These interventions may
involve the application of lime, pulverized basic rocks
(Kunes et al. 2009) or special slowly soluble fertilizers
(Kunes et al. 2004). Furthermore, a number of decidu-
ous trees has beneficial effect on the state of forest soils
in mountain conditions (Podrazsky et al. 2004).

One of the important factors ensuring successful
reforestation and decent survival rate of young trees is
undoubtedly soil moisture in the upper horizon of the soil
profile. Moisture deficiency in the soil negatively affects
root system. This problem may be partially mitigated
by adding fossil materials such as Alginite (Kupka et al.
2015), which, besides, have the function of enhancing
water uptake in the root area of the seedlings.

Alginite is an organic sediment representing the oil
shale category, which was formed 3—4 million years ago
during volcanic changes (Kulich et al. 2001; Kadar et al.
2015). This gray to dark gray rock is rich in organic mat-
ter and contains 5 to 50%, in some deposits even 90%
of organic matter (Szab6 2004). Alginite was created
in aquatic environment of algae and therefore performs
a high content of elements such as phosphorus, potas
sium, calcium and magnesium (Gomoryova et al. 2009).
Vass et al. (1997, 1998) formerly described the use of
Alginite in forestry. The effect on seedlings in the first
year after afforestation of agricultural land was assessed
by Tuzinsky et al. (2015) and Kupka et al. (2015).

This study is focused on the afforestation of non-
forest land in areas less favourable for forest tree spe-
cies and documents the effects of Alginite fertilization on
plantations survival rate (mortality) and growth (height
increment) of Scots pine (Pinus sylvestris L.), English oak
(Quercus robur L.), red oak (Quercus rubra L.), Norway
maple (Acer platanoides L.) and Douglas fir (Pseudot-
sugamenziesii (Mirb.) Franco) three years after planting
onagriculturalland. The aim was also to assess the effect
of different Alginite doses on nutrition concentrations
in the assimilation apparatus of particular tree species.

2. Material and methods

2.1. Description of the study area

The effects and use of Alginite as supporting material
for forest stands establishment on non-forest land was
assessed at a relatively dry area near the Hovorcovice
village north of Prague (Natural Forest Area/PLO 17
Polabi) in the Czech Republic. The site is located at GPS
coordinates N50°13.95’ E14°25.58’, and provisionally
named “U Lomu”. It is a former agricultural land on
warm and moderately dry sites with an average annual
temperature of 8—9 °C. The average annual precipitation
is 500-600 mm and the expectation of dry vegetation sea-
son is 20—-30%. Higher temperatures and low precipita-
tion in vegetation season are notably limiting factors on
site (Tuzinsky et al. 2015). The research area is exposed
to the west with modal eubasic to mesobasic cambisol
on slate soil-forming substrate. The soil is deep to mod-
erately deep with medium particle size distribution and
good water storage capacity.

The research plot has a total area of 14,400 m? and
consists of 36 sub-plots designed 20 x 20 m. All sub-plots
were established using dug-hole method in the spring of
2013 inthe 1 mby 1 m spacing (400 pieces per plot). The
wholeresearch plotwasfenced and noweed trimmingwas
applied. Selected tree species were following: Scots pine
(Pinus sylvestris), and aline mix of English oak (Quercus
robur), red oak (Quercus rubra) and Norway maple (Acer
platanoides). Furthermore, Douglas-fir (Pseudotsuga
menziesii) planting stock were planted in the 1 m x 2 m
spacing (200 trees per plot). Scots pine and Douglas-fir
seedlings were two years old, all broadleaves were three
years old while all seedlings used were bare rooted.
Besides the control variant without any application of
Alginite fertilizer (variant A), two variants with the appli-
cation of 0.5 kg (B) and 1.5 kg of Alginite (C) per planting
point were planted. Alginite used in the study had fol-
lowing content of macroelements: Ca 15 528 mg/kg, Mg
1 841 mg/kg, P 42,9 mg/kg, K 196 mg/kg and N total
content was 0.207%. All the variations (3 tree species
choices by 3 variant choices) were established in 4 rep-
lications.

2.2. Sample processing

Tree heights were measured every autumn in the years
2013, 2014 and 2015 using height measuring instru-
ments while mortality of individuals was also registered.
Due to this fact the average height increments were cal-
culated. In 2015, foliage samples (leaves or needles) were
taken choosing 50 randomly selected trees (uniform
distribution of random numbers by RNG/Excel) in each
sub-plot in August from deciduous and coniferous spe-
cies, respectively. Three composite samples were taken in
each sub-plot for each tree species and for each variant.
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The analysis of assimilation apparatus was realized
in the Tomas laboratory, resident in VULHM Opoéno
according to standard methodologies (Zbiral2001). The
concentration of macroelements (N, P, K, Ca, Mg) in the
dry matter of foliage was contrasted with the classifica-
tion limits according to Bergmann (1993).

The analyses were processed in the Statistica 12
software (StatSoft, Tulsa). All data were at first log
transformed in order to meet the assumption of normal
distribution (tested by Kolmogorov-Smirnov test). The
differences between height increments of tree species
were tested by one-way analysis of variance (ANOVA).
Significant differences were consequently tested by
post-hoc comparison Tukey’s HSD tests. Unconstrained
principal component analysis (PCA) in the CANOCO for
Windows 4.5 program (Ter Braak & Smilauer 2002) was
used to analyse relationships among number of plants,
mortality, mean height, height increment, nutrient
content in the assimilation apparatus, tree species and
variants of Alginite application. Data were centred and
standardized during the analysis. The results of the PCA
analysis were visualized in the form of an ordination dia-
gram constructed by the CanoDraw program (Ter Braak
& Smilauer 2002).

3. Results

3.1. Plantation mortality

The values of seedlings mortality for individual tree spe-
cies are listed in Table 1 below. The Alginite fertiliza-
tion effect was most significantly exhibited immediately
after planting, therefore already in 2013. Both smaller
and larger doses had mostly positive impact on plants
during the whole three-year period for Scots pine. For
deciduous trees and Douglas fir, the application acted
negatively in the first year, positive impact was found for
English oak and Maple only in the B variant of Alginite
application. In 2014 the situation was different for each
tree species. Clearly positive reaction was shown by Red
oak for both doses of Alginite. Douglas fir and English
oak hadlowest mortality in control variant Aand Norway

maple reacted positively to variant C. In 2015 the reaction
was also mostly negative as in the first year after planting.

3.2. Seedlings height increment

For pine the plants significantly reacted to applications
until second year after planting in smaller dose vari-
ant, but the reaction was negative (Table 2). In 2015
the results were significantly positive for both doses of
Alginite application (p <0.05). The differences in Doug-
las fir increment reactions were statistically significant in
eachyear of measurements. The reaction was negative in
both variants of Alginite application, the highest incre-
ment was measured in control variant A.

All deciduous trees had the same trend of reaction in
the firstyear after planting (Table 2). Statistically signifi-
cant differences were registered for the C variant where
the increment was lower than in the control A variant.
For Red Oak and Norway maple we also recorded statis-
tically significant negative reaction in B variant. In 2014
the situation was different. Statistically significant posi-
tive reaction was documented for Red oak and English
oak trees in C variant of Alginite fertilization. Douglas fir
reacted positively in both doses of Alginite. Statistically
significantly lower increment was measured for Scotch
pine in Cvariant and also for Norway maple in B variant.
In general the trend of increment in 2014 was ambigu-
ous. On the other hand, in 2015 a majority of planted
trees showed the same reaction. The only exception was
Douglas fir with smaller increment for B and C variant.
All other tree species had statistically significantly higher
increments in the C variant of Alginite fertilization, Scots
pine reacted positively for both B and Cvariants (Table 2).

3.3. Nutrients concentration in assimilation

apparatus

There were no statistically significant differences
(p>0.05) for any of the values. The nitrogen concentra-
tion was higher only in the English oak growing on both
Alginite doses. Furthermore, only Scots pine growing on

Table 1. Evaluation of mortality in individual tree species reflecting Alginite applications.

Tree species Variants of Alginite Number of trees planted — spring 2013 L 2[2/3]4 2015

Pine A 1600 26.5 8.7 0.9
Pine B 1600 23.9 33 0.4
Pine C 1200 24.5 1.8 0.8
Oak A 562 5.5 6.4 4.8
Oak B 578 4.0 9.9 5.0
Oak C 722 7.9 9.8 5.4
Maple A 478 2.9 9.8 1.9
Maple B 522 1.9 10.0 33
Maple C 680 12.2 4.6 3.8
Red oak A 560 20.5 53.6 79
Red oak B 500 24.6 39.8 11.0
Red oak C 598 32.6 35.5 7.7
Douglas fir A 800 34 14 0.9
Douglas fir B 800 5.1 5.3 1.9
Douglas fir C 800 7.6 29 1.9




Pvalue 2015
<0.001
0.036
<0.001
<0.001

TSE2015
0.239
0.275
0.983
0,388
0.326
0356

Mean incr 2015
30.5a
33.1b
32.3b

6.6a

6.4a
9.7b

6.1a
9.4b
229a
18.4b
19.4b

Pvalue 2014
0.003
0.002
0.039
0.039

+SE 2014
0.230
0.265
1.325
0.945
0.317
0.320
0.337

24.6a
23.0b
S5.1a
10.7b
6.6 ab
5.8a
7.2b
12.6a
13.6b
13.1ab
4.5a

Mean incr 2014
24.3a

Pvalue 2013
0.152
<0.001
<0.001
<0.001

+SE 2013
0.186
0.225
1.375
0.329
0.185

15.4a
359a
18.5b
10.8¢c
11.5a
11.0a
9.0b
7.3a
6.7b

Mean incr 2013
15.9a

Pvalue 2012
<0.001
<0.001
<0.001
<0.001

+SE 2012
0.156
0.158
0.172
1.157
0.998
0.999
0.304
0.449
0.566
0.226
0.243

Height 2012
25.2a
24.3b
26.6 ¢
59.2b
57.1b
51.3a
279a
27.1a
34.1b
2582
27.9b
26.2a

<MO|<<mO

Variant

Tree species
Pine

Pine

Pine

Red oak
Red oak
Red oak
Oak

Oak

Oak
Douglas fir
Douglas fir

Table 2. The development of height increments after Alginite application in single years.
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C variant showed positive response. For other species
Alginite did not affect plants in nitrogen concentrations.

The most interesting results were found in phospho-
rus concentrations. The best results were performed by
English oak and Norway maple on B and C variants.
In addition, the Alginite application acted positively in
red oak and Douglas fir but only for variant B, i.e. with
smaller amount of fertilizer. Scots pine did not react to
the stimulator and phosphorus values were even in all
variants.

Diverse responses to Alginite were found in terms of
potassium concentration. Only Douglas fir responded
positively to the lower dose of Alginite. English oak and
Scots pine were the only tree species showing positive
reaction to the higher dose, i.e. 1.5 kg of Alginite. For
red oak inboth B and C variants the concentrations were
smaller than control, Norway maple potassium concen-
tration were smaller only in B variant.

The least positive concentrations were detected for
calcium. In this element only red oak responded posi-
tively on both variants. Furthermore, the positive effect
of larger Alginite dose was found in Scots pine. For other
planted tree species the concentration on both variants
was smaller than control.

In contrast, for magnesium the situation was reverse.
The concentration of this element was higher in Alginite
treated variants compared to the control variant A. The
most positive reaction was found in both oaks where the
concentration of magnesium was greater in both B and
C variants. Maple responded positively only to 0.5 kg
Alginite application. For Scots pine and Douglas fir only
Cvariant with 1.5 kg of Alginite showed positive results.

0.258
2.7b 0.505 <0.001 39a 0.491 <0.001
Sa 0.389 6.9b 0.476

<0.001

0.593
0.533

Note: Different letters indicate the significant differences from the control plots without Alginite application with probability p <0.05; £SE standard error of the mean increment.

3.4. Relationships among seedling
parameters, nutrient content and variants
of Alginite application

12.6b
9.6¢

6.
17.52a

Results of the PCA analysis are presented in the form of
the ordination diagram in Figure 1. The first ordination
axis explained 41.1%, the first two axes together 69.3%
and the first four axes together explained 96.8% vari-
ability in the data. The first axis x represented seedlings
content of calcium and magnesium in the assimilation
apparatus. The second axis y represented seedlings con-
tent of nitrogen and potassium in the assimilation appa-
ratus. Height increment in 2014 and 2015 was positively
correlated with content of nitrogen and mortality in the
first year after planting, while these parameters were
negatively correlated with potassium. Alginite applica-
tion had a negative effect on mortality in the first year,
but after rooting of seedlings Alginite had a positive
significant impact on height growth in following years.
Opposite height increment in 2013 had negative rela-
tionship with mortality in following two years. Height
of seedling in 2013 was positively correlated with con-
tent of calcium and magnesium, while these parameters

<0.114

0.235
0.569
0.466
0.537

519a
52.7a
51.3a

Douglas fir

Maple
Maple

Maple
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Table 3. Nutrient content in the assimilation apparatus of particular tree species in variants and recommended values according

to Bergmann.

. Variant o o o o o

Tree species of Alginite N[%] 1+SE P[%] +SE K [%] 1SE Ca[%] 1+SE Mg [%] 1+SE
Oak A 1.75 0.1 0.17 0.01 0.57 0.02 225 0.08 0.24 0.02
Qak B 1.97 0.1 0.2 0.01 0.57 0.02 2.22 0.08 0.28 0.02
Oak C 1.81 0.1 0.18 0.01 0.58 0.02 2.08 0.08 0.25 0.02
Red oak A 1.55 0.07 0.16 0.02 0.65 0.06 1.93 0.15 0.21 0.01
Red oak B 1.49 0.07 0.17 0.02 0.58 0.06 1.95 0.15 0.23 0.01
Red oak C 1.34 0.07 0.15 0.02 0.62 0.06 1.97 0.15 0.23 0.01
Qak Bergmann — 2-3 — 0.15-0.3 — 1-1.5 — 0.3-1.5 — 0.15-0.3 —
Maple A 1.59 0.09 0.29 0.05 0.67 0.04 2.3 0.15 0.26 0.03
Maple B 1.46 0.09 0.35 0.05 0.67 0.04 2.28 0.15 0.27 0.03
Maple C 1.55 0.09 0.31 0.05 0.65 0.04 2.12 0.15 0.26 0.03
Maple Bergmann — 1.7-2.2 — 0.15-0.25 — 1-1.5 — 0.3-1.5 — 0.15-0.3 —
Pine A 1.66 0.03 0.14 0.04 0.59 0.01 0.34 0.01 0.11 0.01
Pine B 1.63 0.03 0.14 0.04 0.59 0.01 0.33 0.01 0.11 0.01
Pine C 1.69 0.03 0.14 0.04 0.6 0.01 0.35 0.01 0.12 0.01
Pine Bergmann — 1.4-1.7 — 0.14-0.3 — 0.4-0.8 — 0.25-0.6 — 0.1-0.2 —
Douglas fir A 1.29 0.04 0.13 0.03 0.66 0.02 0.38 0.01 0.08 0.01
Douglas fir B 1.11 0.04 0.14 0.03 0.67 0.02 0.33 0.01 0.08 0.01
Douglas fir C 1.12 0.04 0.13 0.03 0.65 0.02 0.35 0.01 0.09 0.01
D. fir Bergmann — 1.1-1.7 — 0.12-0.30 — 0.6-1.1 — 0.2-0.6 — 0.1-0.25 —

Note: The higher nutrient contents in variants with Alginite compared to control plots (without fertilizer) are highlighted. Values according to Bergmann describe the first
content value as a threshold of sufficiency, the second value as a threshold of excess; +SE standard error of the mean.
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Fig. 1. Ordination diagram showing results of PCA analysis
of relationships number of seedlings at planting (Density),
heights at planting (Height), tree mortality (Mortality) and
height increments (Increment) in 2013, 2014 and 2015 and
nutrient content in the assimilation apparatus (V, K, Ca, P,
Mg), tree species (Maple, Douglas Fir, Oak, Red Oak, Pine)
and variants of Alginite application (4, B, C); Small codes:
o m 4, I indicate tree species with variants of Alginite ap-
plication; Large codes: A,V indicate tree species or variants
of Alginite application.

were negatively correlated with number of seedlings. The
contribution of mean increment in 2013 was relatively
small. The Alginite application (variants A, B, C) showed
low significance to mutual relationships among seedling
mortality, mean increment and nutrient content in the
assimilation apparatus compared to great differences

among tree species. Differences of variants of Alginite
application were remarkable especially for English oak
and maple as marks of each record are relatively distant
from one another whereas marks for Red oak and pine are
fairly close together in the diagram. Comparing variants
of tree species with different Alginite application there
were differences among one another, where variants with
broadleaves with higher mortality and content of mostly
nutrients (Ca, Mg and P) occupied the left part of the
diagram, while higher height increment of seedlings one
year after planting and density were typical for conifer-
ous (right part). Overall Alginite application had positive
higher effect on height growth of seedlings than mortal-
ity. Differences between variant A (without Alginite) and
B (0.5 kg Alginite) were smaller compared to variant C
1.5 kg Alginite), while the Cvariant had the greatest effect
on height growth.

4. Discussion

Reduction of trees mortality in the first year immediately
after planting is one of the reasons why fertilizers are used
in forestry. There are already publications focusing on
plant mortality causes on forest land (Barbeito et al.
2012) and therefore raises the question of optimal ways
of supporting newly planted trees. Those are for instance
nutrientloaded seedlings (Scott et al. 2016), water retain-
ing polymers in tree nursery substrates (Navroski et al.
2016) or different fertilization approaches (Huotariet al.
2008; Parn et al. 2009; Ferreiro-Dominguez et al. 2011;
Yang et al. 2016). Support for planting of forest trees on
agricultural land with unbalanced conditions is often nec-
essary (Kupka et al. 2015) and it becomes increasingly
important with regard to further expected afforestation
of agricultural land (Hatlapatkova & Podrazsky 2011).
Positive impact of Alginite on the seedling survival in the
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first year after plantation on this site were confirmed and
published (Tuzinsky et al. 2015) and a similar attempt in
“U Hnojisté”, approximately 3 km away from the local-
ity “U Lomu” (Kupka et al. 2015) also showed positive
effects. Definitely positive results in mortality through
the three years were only recorded on pine plots, espe-
cially in 2014. In this year we can cogitate a positive
impact of Alginite water absorbing capability, while the
spring (April-June) months were dry (Czech Hydrom-
eteorological Institute Prague Kbely) which might have
resulted in high mortality in A variant without Alginite
application. Other tree species showed rather indifferent
response to fertilization via mortality.

The height increment of seedlings, i.e. their growth,
is another factor reflecting the response to the fertilizer
application. In the past, the effect of fertilizers on differ-
ent kinds of trees using wood ash or ash obtained from
peatwas tested (Huotari et al. 2008; Kikamagiet al. 2014;
Parnetal. 2009). These works investigate development of
the seedlings height during the first 3 years after planting;
a positive influence of fertilizing by the ashes, however,
was studied only on forestland. Sewage sludge is another
fertilizer. These studies evaluated sparsely wooded sites
on agricultural land, where forestry and pasture were
combined. Evaluating the impact of sewage sludge
in combination with adding nitrogen confirmed the
increased height increment in red oak seedlings during
the first four years after planting (Ferreiro-Dominguez
et al. 2011). Positive effect of nitrogen on height incre-
ment of seedlings in 2014 and 2015 follows also from
results of PCA analysis. Furthermore Alginite applica-
tion had a negative effect on mortality in the first year
after planting, but in following years Alginite had a posi-
tive significant impact on height growth, probably due
to rooting of seedlings through used fertiliser. Another
paper, which compared the use of sewage sludge in com-
parison with the control and the area fertilized with min-
eral fertilizers (by 500 kg to 8% N —24% P,0,-16% K,0
per hectare) also confirmed the positive effect of sewage
sludge on the height of seedlings (Rigueira-Rodriguez et
al. 2010). On the other hand, the use of sewage sludge
in combination with lime has not been confirmed as a
positively functioning agent in the height of the seedlings
(Mosquera-Losada et al. 2012). Alginite influence with
positive results in height increment has only been evalu-
ated oneyear after planting (Kupka et al. 2015; Tuzinsky
et al. 2015). The three-year planting evaluation showed
a positive trend in height increment overall. In the first
year the results were somewhat negative, but this might
be caused by slow growth of the root system. The second
year after planting was heterogeneous throughout tree
species while mostly broadleaves reacted positively. The
explanation could be different root system growth rapid-
ity. Inthelast year of measurements the effect of Alginite
application was positive for almost all tree species. Due
to these results we can suspect positive Alginite influence

on agricultural land plantations. Only Douglas fir reac-
tion was negative. Positive results are comparable with
the results of sewage sludge (Ferreiro-Dominguez et al.
2011; Rigueira-Rodriguez et al. 2010).

One of the main factors that influence the growth of
forest trees is the nutrient content in assimilation organs
(Sramek et al. 2009; Truparova & Kulhavy 2011; Vacek
etal. 2009). None of the variants with different Alginite
applications showed statistical significance in the nutri-
ent content in dry matter of the assimilation apparatus.
Only slightly higher values were found for each of the
measured nutrients, with the highest for P and Mg, in at
least one of the species. Those were always recorded in
one of the variants with Alginite application. This indi-
cates a positive effect of Alginite fertilization on forest
plants for both P and Mg have a major role in growth
and formation of seedlings (Materna 1963; Vacek et al.
2006). Those contents might also reach higher values
after a longer period of growth. Furthermore, a trend
of higher concentrations of elements in deciduous trees
has been observed (Hagen-Thorn et al. 2004; Sramek
et al. 2009), most strikingly in magnesium. The actual
supply of elements in the dry matter of the assimilation
apparatus on afforested agricultural land according to
Bergmann (1993) showed values approaching, and often
exceeding the threshold of excess. In all deciduous trees,
lack of nitrogen and potassium was found, which can be
caused by the nature of the soil or the soil type and local
conditions overall.

5. Conclusions

The results showed ambiguous trend of Alginite uti-
lization on mortality of seedlings, positive effect was
discovered only for Scots pine in the whole measured
period, other planted trees reacted mostly negative for
both doses of Alginite. The positive reaction was recorded
in the height increment of most tree species in the third
year after planting. One of the reasons could be a slow
roots growth through used fertiliser. Agricultural land
afforestation is of growing importance and we need to
pay more attention to improving the soil environment
and support the growth of stands. Alginite application
is a way to effectively support plantations of specific tree
species, and therefore, more research should be devoted
to this topic in the coming years.
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Abstract

The aim of this study was to evaluate (1) effects of bark stripping and climatic factors on radial growth of Norway
spruce, (2) production and structural differences between stands established on the forestland and abandoned
farmland (afforested farmland- henceforth, farmland), and (3) interaction among the losses caused by ungulate
damages, production, diversity, and soil types. Data acquired from four permanent research plots (PRPSs) located
on the forestland and eight PRPs on the farmland were used. A number of tree- and stand-level models, stand
structural indices, tree-rings, and climate characteristics were analysed to evaluate the hypotheses. The results
show significantly higher means of DBH, tree height and basal area on the forestland compared to those on the
farmland. There was a larger mean standing stem volume on the forestland (466 m® ha™*) compared to farmland
(770 m® ha™Y). Significant difference was observed between the mean DBH and mean stem volume of healthy trees
compared to those of the trees with substantial damage (girth damage >1/3 of stem circumference). A greater
extent of the girth damage was found on 86% trees on the farmland, while 54% damage on the forestland. About
62% bark-strip damage was further deteriorated by rot infection on the farmland, while on the forestland such an
infection was only for 39% trees. The precipitation significantly positively affected the radial growth of trees that
were largely affected by ungulate damages on the farmland.

Keywords: afforestation; abandoned agricultural land; biodiversity; ungulate damage; stem rot; Central Europe


mailto:cukor@fld.czu.cz
mailto:vacek@fld.czu.cz
mailto:lindar@fld.czu.cz
mailto:vacekstanislav@fld.czu.cz
mailto:lindar@fld.czu.cz

Introduction

The global ecosystem has been increasingly influenced by the anthropic activities while humans have gradually
reshaped the planet, changing the living condition and environment for other organisms [1-4]. The main reason
for such changes concerning the landscape formation and use is undoubtedly the population growth [4,5]. A
deforestation in the past centuries was mainly due to expansion of farming [6,7] and decrease of a forested land
area was due to cutting of forests for timber as building materials or firewood [8,9]. Changes in land use have also
occurred in the last decades while the utilization of agricultural land has been much discussed elsewhere in the
world, especially in the European countries [10-12].

However, the present situation in Europe is different from the past centuries as area of the forestland has
gradually been increasing for the last 100 years [13]. As a consequence of the socio-demographic transformation
of rural communities in the past, restoration of the abandoned agriculture land with afforestation and natural
regeneration was carried out. For example, about 12.9 million hectares of the abandoned lands were afforested by
European Union in 1995-2015 [12,14] and this resulted in an annual increase of afforestation by 0.4% since 1990
[15]. Mainly, the mountain areas in Europe were afforested due to de-intensification of agriculture or abandonment
of the pasture or arable lands [16—20].

Situation in the Czech Republic is similar to the rest of other European countries, i.e., a large part of the non-
forested land or abandoned agriculture land has been suitable for afforestation. The literatures show a vast area of
abandoned agriculture land in this country was afforested in the past, for example, Jarsky and Pulkrab [21] reports
350,000 hectares of the unregistered, abandoned land that belong to the agricultural land resources, Podrazsky
and Stépanik [22] reports 50,000-500,000 hectares of the land is suitable for afforestation. The fact is that total
area of forestland in the Czech Republic has increased from 2.629 million hectares in 1990 to 2.667 million
hectares in 2015 [14].

In the past, the abandoned agricultural land in Europe was often afforested by European larch (Larix decidua
Mill.), black alder (Alnus glutinosa /L./ Gaertn.), Scots pine (Pinus sylvestris L.) and European ash (Fraxinus
excelsior L.) [23-27]. However, Norway spruce (Picea abies /L./ Karst.) was often used for afforestation in the
Czech Republic [28-30], mostly in the area of the Sudetes mountains [17]. Generally, Norway spruce is one of the
most widespread tree species in the North and Central Europe [31]. Norway spruce has about 50.3% representation
in the forests among all tree species in the Czech Republic [32]. About 86.1% forest cover on the Orlické hory
mountain is represented by Norway spruce [33]. Norway spruce is used as one of the important tree species for
afforestation in other European countries [25,34,35]. Many forest stands originated by natural regeneration after
the abandonment of agricultural lands, especially deciduous tree species [26,36,37].

Forests established on the afforested agricultural land (first generation of forest) have specificities compared
to standard forestlands. Those specialities may be fertile soil condition, faster tree growth, but poorer stability
[35,38-40]. Fungal pathogen damages during a widespread root-rot disease across the forest stands, especially
Norway spruce stands on the former agricultural lands are generally observed [41,42]. The questions would arise
that what extent of stem rot and infection could be caused by soil condition and ungulate damages, especially by
red deer (Cervus elaphus L.). Norway spruce is one of the most debarked tree species by ungulates, due to its
thicker bark [43]. All these facts will be enhanced by future climate change connected to the climatic extremes,
increase of air temperature and lack of atmospheric precipitation [44-46]. Due to frequent drought and vitality loss

by subsequent fungal and bark beetle attacks, large area of Norway spruce forest has been endangered where forest



productivity has decreased and tree mortality has increased across Central Europe [47,48]. Moreover, the structure
and diversity can play the important role in the growth response to the drought stress and attack of biotic pests
[49,50].

At the beginning of the 21% century, more than 20% harvested volume of the wood was damaged by rots in the
Czech Republic [51], which was mainly due to the fungal decay by Stereum sanguinolentum (Alb. et Schwein.)
on Norway spruce. The infected spruce stands were mostly younger ones and they were already damaged by
hoofed game [52-54]. An increased population of wild ungulates [55-57] has triggered the risk to the substantial
damages of the stands by browsing and bark stripping [43,58]. By removing bark, red deer make the tree vulnerable
to the fungal infestation, leading to the rotted wood [43,58,59]. The rot origination and spreading in relation to the
production quality was investigated by several researchers, e.g., Vlad and Sidor [60] and Vlad [61]. The average
stem volume loss due to fungal rot damages has been rising remarkably [62], and consequently this has increased
the tremendous financial loss due to lower production quality [63,64].

The objective of this study was to evaluate the production (quantity and quality) and structural characteristics
of the forest stands established through afforestation on the abandoned agricultural land (hereafter termed
farmland) and spruce forests originated by plantation (hereafter termed forestland). Specifically, this study aimed
at determining (1) production and structural differences (in terms of diameter and height and stem volume of trees,
and species diversity) between these two different stand types, (2) effects of climatic factors (precipitation,
temperature) and bark stripping damages including wood rots on the radial growth and stem volume of Norway
spruce, and (3) interaction between the loss caused by wild ungulates, production, diversity in each stand type.
The study was intended to evaluate the direct effects of bark stripping on the production, structure, and indirectly
to the economic and environmental impacts to the spruce stands in terms of ongoing climate change condition.
The basic hypothesis was that spruce stands established on the abandoned agricultural lands would have a higher
production potentiality; however, quality of the production would be lower as a result of the higher loss caused by
ungulates and fungal rots. Another hypothesis was that structural differentiation would be identical for both the

farmland and forestland.

Materials and methods
Study area

The study was conducted on the twelve permanent research plots (PRP) located on the southern part of the Orlické
hory Mts, where Norway spruce is a dominant species. The study area also represents 25 Protected Landscape
Areas in Natural Forest Area in the Czech Republic. Four PRPs (PRP 1-4) are located on the forestland according
to the forest management plan and other eight PRPs (PRP 5-12) were originated by afforestation of the abandoned
agricultural land, and these stands were planted shortly after the World War 11. The age of both the stand types is
similar (67-68 years) according to the forest management plans. The elevation of the study area ranges from 620
to 700 m a.s.l. on the farmland, and from 720 to 740 m a.s.l. on the forestland. The bedrock is composed mostly
of muscovite schists, and modal Cryptopodzols and Cambisols are prevailing soil types [23]. The slope ranges

from 8 to 12 degrees with aspect facing towards the east.



The mean annual temperature on the study area is around 6 °C and mean annual precipitation ranges from
900 to 1100 mm yr~* with maximum in August (120 mm). The length of snow-cover season was 60 days with the
average maximum snow depth between 30 and 40 cm. The length of the vegetation period (growing season) ranges
from 120 to 130 days with mean precipitation 550 mm and mean temperature around 11 °C [37]. The study area
has a humid continental climate characterized by hot and humid summer and cold to severely cold winter (Cfb)
[65] and it is one of the cold regions and CH7 subregions [66].

Vegetation cover on the studied PRPs ranged between 15-35% on the farmland and 25-65% on the forestland.
Herb species (E1) in the farmland are represented by Vaccinium myrtillus (10%), Calamagrostis villosa (5%),
Avenella flexuosa (5%), Dryopteris dilatata (+), Oxalis acetosella (+), Maianthemum bifolium (+), Luzula pilosa
(+) and Rubus fruticosus (+). Moss layer (EO) is formed by Polytrichum formosum (5%), Polytrichum commune
(+), Dicranum scoparium (+) and Dicranella heteromalla (+). Similarly, on the forestland, Vaccinium myrtillus
(20%), Calamagrostis villosa (15%), Avenella flexuosa (10%), Dryopteris filix-mas (+), Oxalis acetosella (+),
Trientalis europaea (+) and Homogyne alpine (+) are found in herb layer (E1) and Pleurozium schreberi (5%) and
Polytrichum formosum (+) are found in the moss layer (EO).

In terms of phytocoenology, all PRPs belong to Piceeto-Fagetum mesotrophicum (nutrition-medium spruce-
beech sites) and alliance Luzulo-Fagion sylvaticae Lohmeyer et Tiixen in Tiixen 1954. Data on the bark stripping
were extracted from the Forest management plans of the corresponding stand types (farmland and forestland), in
which damages occurred during stand age of 20-30 years are reported. This is also mentioned by other researchers
who have reported the most vulnerable age of spruce stands to the game damages could be between 18-30 years
[58,67]. All PRPs are situated within two hunting districts known as Neratov Il with acreage of 1617 ha and Mala
strana with acreage of 834 ha. Average number of the hunted game animals in the entire forest area (2451 ha)
during 2016 and 2017 were about 58 individuals of red deer (Cervus elaphus L.), 31 individuals of roe deer
(Capreolus capreolus L.), 67 individuals of wild boar (Sus scrofa L.) and 18 individuals of mouflon (Ovis
orientalis musimon Pallas). Data of the hunted game species for whole Natural Forest Area Orlické hory Mts were
made available since 1980 for the period when forest stands were significantly damaged and population of game
increased. An increased number of their populations has been reported for different species, e.g., wild boards
(+780%), mouflon (+45%) and roe deer (+15%), however, population of red deer has decreased (-32%) [68,69].

Sampling and measurements

The Field-Map technology (IFER — Monitoring and Mapping Solutions Ltd.) was used to establish twelve PRPs,
and each of them is 625 m? (25x25 m or 20x31.25 m). The PRP dimensions were chosen according to shape of
forest stand, each PRP was established in different stand group. The distance between PRPs ranges from 70 to
4120 m and minimum distance is 490 m. The PRPs were located in the appropriate distance (40-90 m) from the
meadows in order to reduce the plot edge effects [54,70,71]. The measured variables in the tree layer are: tree
position, crown projection (at least in four directions perpendicular to each other), diameter at breast height (DBH
>4 c¢m, accuracy 1 mm) by metal calliper, total tree height and height of the live crown base from ground level
(accuracy 0.1 m) by hypsometer Haglof VVertex Laser 11 VL402 [72]. The damages caused by game animals were
evaluated using the methodology of the Institute of Forest Ecosystem Research, Ltd. (IFER) adjusted with respect
to the local conditions. Bark stripping was quantified as the proportion of stem damaged (proportion of stem

debarked) by large herbivores (red deer) that peeled off the stem tissues of the tree external to the cambium with



their teeth [73,74].The bark stripping and browsing by deer were measured along the girth of the tree stem using
a tape (to the nearest 1 mm) at breast height (130 cm), and subsequently divided into three categories: healthy trees
(damaged girth < 1/8 of stem girth), small damage (damaged girth > 1/8 and < 1/3) and large damage (damaged
girth >1/3).

In 2016, increment cores of all spruce trees on each PRP (332 individuals in total) were taken at DBH using a
Pressler auger — perpendicularly to the stem axis downslope and upslope. Tree-ring widths with the occurrence of
the rots were measured to the nearest 0.01 mm with an Olympus stereo microscope on the LINTAB measurement
table (RINNTECH) and recorded by the TSAPWIN software (RESISTOGRAPH).

Data analysis
Tree height, diameter and stem volume

We compared the differences in the individual tree characteristics such as tree height, diameter and stem
volume from forestland and farmland using Wilcoxon rank-sum test in case of height and stem volume, Welch
two sample t-test in case of diameter at breast height (DBH). We produced the height-DBH curves using the
Nislund function fitted to our height-DBH data [h = DBH?(a + bDBH)~% + 1.3][75], where h stands for total

tree height, a and b are parameters to be estimated. Only trees with DBH > 4 cm) were included in the analysis.
Stand characteristics and diversity

For a general description of the stands, following characteristics were computed: tree density, basal area, stand
volume [76], height-diameter ratio, periodic annual increment, mean annual increment, canopy closure, crown

projection area, stand density index and supplementary species ratio.

To assess the stand diversity, following indices were computed using Sibyla-5 software [77]: Arten-profile
index [78], diameter and height differentiation index [79], species diversity index [80], species evenness index

[81], species richness index [82] and total diversity index [83].

The spatial distribution was evaluated using the index of non-randomness [84,85] and aggregation index [86]
for all tree and understory layers. The criteria of diversity indices are shown in Table 1. The PointPro-2 software
(© CULS, Zahradnik & Pus) was used for computation of the horizontal stand structure. The test of the deviation

from expected values for a random point pattern was done by Monte Carlo simulation.
Effect of girth damage on height, diameter and stand volume

Testing of differences in mean height and mean stem volume between the defined levels of stem girth damage
(healthy tree, small damage, large damage) altogether with soil type (forest site, former agricultural land) was
performed using the Kruskal-Wallis test. In case of DBH, testing of the difference was performed by analysis of
variance (ANOVA). The multiple comparisons (Siegel & Castellan [87] in case of Kruskal-Wallis test, Tukey

HSD test in case of ANOVA were used to determine the significant differences between variables of interest.



Tab. 1 Overview of indices describing biodiversity and their general interpretation

Criterion Quantifiers Label Reference Evaluation
Index of non- A mean value a = 1; aggregation a > 1;
. [8489] .
Horizontal randomness (P&MI) regularity o < 1
structure Aggregation R (86] mean value R = 1; aggregation R < 1;
index (C&EI) regularity R > 1
Vertical Arten-profile . range 0-1; balanced vertical structure A <0.3;
N . AP [78] .
diversity index selection forest A > 0.9
Structure Diameter dif. ~ TMy (Fi) 76l range 0-1; low TM < 0.3; very high
differentiation Height dif. TM, (Fi) differentiation TM > 0.7
Heterogeneity H' (Si) [89] minimum A" = 0, higher H” = higher values
Species
_p ] Evenness E (Pi) [81] range 0-1; minimum E = 0, maximum E =1
diversity
Richness D (Mi) [90] minimum D = 0, higher D = higher values
Complex Stand ] monotonous structure B < 4; uneven structure
o o B (J&Di) [91] .
diversity diversity B = 6-8; very diverse structure B > 9

Tree diameter increment

Diameter increments of trees on the forestland and farmlands were evaluated via tree-ring analysis. Tree-ring
increment series were individually cross-dated (removal of errors connected with the occurrence of missing tree
rings) using the t-tests in the PAST4 software [92] and, subsequently, visually checked according to the Yamaguchi
[93] method. The curves were detrended in a standard way and mean tree ring series were created in the ARSTAN
software using the 30-year smoothing spline [94]). Analysis of the negative pointer years was done using the
methods suggested by Schweingruber [95]. For each tree, the pointer year was tested as an extremely narrow tree-
ring that does not reach 40% of the average increments of four preceding years. We considered the negative year
when there was a significant increment reduction at least on 20% trees per PRP. For paired samples, the Wilcoxon
rank-sum test was used for testing the differences between detrended tree-ring width index separately for healthy
trees and trees with large damage (each observation is a difference in the detrended tree ring width index for one
year between 1965-2015). For modelling diameter increment in relation to the climate characteristics (monthly
precipitation and temperature) the DendroClim software was used [96]. Climate data (1961-2015) were obtained
from the meteorological station at Destné in the Orlické hory Mts. (656 m a.s.l.; WGS84 50°18'24"N, 16°21'07"E).

Relationship between bark stripping and stem rot

The relationship between number of trees damaged by bark stripping and stem rot was evaluated using the Fisher’s
exact-test.



Modelling stem volume

The generalized linear model (GLM) with gamma distribution was used for modelling tree stem volume based on
DBH, girth damage and site type. The inverse value was selected as a link function (default setting in “glm”
function in R [97] software). The following form of a linear model was used to fit data (R software notation):

Stem volume = DBH + Relative circumference damage + Site type Eq. (1)

Selection of the independent variables included in this model was done from its easier application point of view
whereby these variables can be easily measured. The model outputs from farmland and forestland were compared

using various graphs.
Stand structure, productivity and game damage interactions

The interactions between structure, productivity and ungulate damage in relation to the effects of climatic factors
were evaluated using the principal component analysis (PCA) on a centred and standardized dataset. The results

of PCA were visualized in the form of an ordination diagram.
Software used

We carried out the data analyses using Statistica 12 (StatSoft, Tulsa) and R software [97]. Three-dimensional plots

were prepared using Gnuplot 5.2. The PCA was accrued out using CANOCO 5 program (Microcomputer power).

Results

Tree height, diameter and stem volume
The mean values were significantly higher for tree height (Wilcoxon rank-sum test, W=4776.5, p<0.001), DBH
(Welch two sample t-test, t=6.79, p<0.001), stem volume (Wilcoxon rank-sum test, W=6859, p<0.001) on the

farmland compared to the forestland (Table 2).

Stand characteristics and diversity

The number of trees on PRPs ranged between 304 and 720 trees hat, both on the farmland and forestland. Stand
density index also varied on both stand types, and tree density on the farmland was lower by 14% compared to
forestland, while larger differences were observed in the timber production. Total standing volume on the
forestland was 466 m? ha* (122 SD), and 770 m® ha* (125 SD) on the farmland. Norway spruce was a dominant
tree species (90.8%) on all PRPs. Among other admixed tree species are European larch (6.5%) and other tree
species such as silver birch (Betula pendula Roth), European beech (Fagus sylvatica L.) and rowan (Sorbus
aucuparia L.) that account for less than 2% species composition. The mean annual increment of the stands
fluctuated in the range of 5.16 (forestland PRP 3) — 13.94 (farmland PRP 5) m® ha* yr%, while the mean annual
increment on the farmland was higher (by 67%) than on the forestland. The crown closure was in the range of

72.3-87.5%, which also showed a higher variability on the farmland, like canopy projection area.



Tab. 2 Stand characteristics of the tree layer on permanent research plots 1-12 in 2016

PRP dbh h \Y N G \Y% HDR PAI MAI CC CPA SDI
y cm m m®  treeshal m?hat m?® hat mihaly! mihaly?! % ha

1 67 306 2152 0.68 720 52.9 487 70.3 9.5 7.27 86.3 199 0.82
2 67 335 2215 081 496 43.7 403 66.1 7.0 6.01 796 159 0.66
3 67 342 22.8 0.86 400 36.8 346 66.7 6.5 5.16 833 179 054
4 67 356 2336 0.98 640 63.8 627 65.6 8.5 9.36 875 208 0093
5 66 429 30.68 1.80 512 74.1 920 715 9.5 13.94 86.7 201 0.99
6 66 397 3165 153 512 63.2 783 79.7 7.0 11.86 79.7 160 097
7 66 479 3128 226 304 54.7 688 65.3 7.0 10.42 789 156 0.72
8 66 424 2719 167 304 42.6 508 64.1 6.0 7.70 723 128 0.60
9 66 413 30.26 1.67 480 64.2 814 73.3 8.0 12.33 76.9 146 0.88
10 66 426 3156 1.84 448 63.7 826 741 8.5 12.52 76.6 145 0.86
11 66 36.1 26.66 1.20 704 71.8 843 73.9 75 12.77 86.0 197 0.98
12 66 374 2797 131 592 64.8 777 74.8 8.5 11.77 81.8 1.7 0.92

Notes: t average stand age, dbh mean breast height diameter, h mean height, v average tree volume, N number of trees per ha, G basal area, V stand volume, HDR height-

diameter ratio (slenderness ratio), PAI periodic annual increment, MAI mean annual increment, CC canopy closure, CPA crown projection area, SDI stand density index

The fitted Néslund’s function (Fig. 1) showed the higher predicted heights with the same DBH on the farmland
compared to those on the forestland. A proportion of height variations explained by this function for trees on the
farmland was significantly higher (R? = 0. 74) than that on the forestland (R? = 0. 71). The predicted height
difference in two stand types was about 11% for DBH = 30 cm, 20% for DBH = 40 cm and 27% for DBH = 60
cm.
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Fig. 1 Relationship between diameter at breast height (DBH) and tree height of spruce on the forestland (PRPs 1—
4; parameter estimates: a = 20.5, b = 0.15) and farmland (PRPs 5-12; parameter estimates: a = 23.8, b = 0.13)
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Generally, horizontal structure was random for the forestland while spatial pattern for the farmland was mostly
random (Tab. 3). However, PRP 6 and 12 (a = 0.05) were the exceptions, where distribution of individuals in the
tree layer (R and o indices) was aggregated well. The A index indicated a slightly to strongly diversified vertical
structure (A = 0.249-0.606) without significant difference between both variants. Diameter differentiation was at
a low level (TMg = 0.162-0.295), but height differentiation reached low to medium level (TM; = 0.095-0.313)
with a higher variability on the farmland. Species richness ranged from none or low to medium diversity (D =
0.000-0.350). Species heterogeneity was only at a low level (H" = 0.000-0.298) with a higher diversity on the
farmland. Species evenness was low on the forestland (E = 0.000-0.226), while evenness on the farmland ranged
from none or low to very high (E = 0.000-0.690). Total stand diversity, B suggested a remarkable homogenous
structure (B = 2.776-4.739), except for a more diverse structure on the forestland PRP 1 (B = 5.489). Generally,
more complex species diversity was observed on the forestland (B = 4.756) compared to the farmland (B = 3.919).

Tab. 3 Diversity indices in the tree layer on the permanent research plots (PRPs) 1-12 in 2016
PRP o (P&Mi) R (C&Ei) A(Pri) TMd(Fi) TMh(Fi) H'(Si) E(Pii) D(Mi) B (J&Di)

1 0.964 1.108 0.387 0.295 0.189 0.108 0.226  0.304 5.489
2 1.105 0.937 0.372 0.213 0.181 0.064 0213 0.161 4.647
3 1.308 1.179 0.347 0.208 0.176 0.051 0.169 0.167 4.738
4 0.890 1.233 0.500 0.234 0.161 0.000 0.000  0.000 4.148
5 0.824 1.248 0.473 0.240 0.170 0.124 0412 0.160 3.708
6 0.715* 1.324* 0.606 0.280 0.152 0298 0.990 0.160 4.097
7 1.105 1.305 0.329 0.208 0.142 0.154 0323 0.350 4.470
8 0.735 1.234 0.464 0.219 0.168 0.144 0478 0.175 4.629
9 0.816 1.273 0.249 0.232 0.131 0.014 0.047 0.162 4.103
10 0.945 1.277* 0.291 0.162 0.095 0.000  0.000 0.000 2.776
11 0.823 1.124 0.408 0.280 0.313 0.031 0.103 0.153 4.247
12 0.702* 1.315*  0.605 0.200 0.231 0.000 0.000  0.000 3.318

Notes: a index of non-randomness, R aggregation index, CS index of cluster size, A Arten-profile index, TMd diameter differentiation index, TMh height differentiation index,
H ' index of species heterogeneity, E index of species evenness, D index of species richness, B stand diversity index; *statistically significant (¢=0.05) for horizontal structure

(zandR)

Effect of girth damage on height, diameter and stand volume

Differences in the mean DBH, mean height and mean stem volume were tested between different damage levels
for both stand types. The Kruskal-Wallis test showed significant differences on the mean heights and mean stem
volumes of trees for two stand types (p<0.001: chi-square test) and ANOVA test showed a significant difference
of mean DBH (p<0.001: F-test). The differences on these three characteristics for both stand types are depicted in

figure 2.
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Fig. 2 Statistical tests of differences on the mean height, mean DBH, and mean stem volume between the selected
level of stem girth damages on the forestland and farmland. Different letters above the bars indicate significantly
different variants. Error bars depict 95% confidence interval. Number of observations for each variant is depicted

in the white box inside of a corresponding bar.

In all cases, significantly different values were observed for healthy trees and trees with smaller girth damage in
both stand types. For trees with larger girth damage, no significant difference was observed, however, the values

for the farmland were higher in all cases.

Healthy trees on the farmland had a higher mean DBH by 14% compared to that on the forestland. For trees with
small damages, this difference was 36%, but it was 21% on the heavily damaged trees. A similar pattern of the
difference was observed for mean height. The differences were 28% for trees with no damage (healthy trees) on
the farmland, 39% for trees with small damage and 29% for trees with large damage. There was a greater difference
for mean stem volume. About 80% increase was observed for healthy trees and heavily damaged trees on the

farmland, even a higher increase (160%) for trees with small damage.

Tree diameter increment
Tree diameter increments were analysed using the tree-ring width measurements on the collected core samples.

The mean tree-ring width curves showed significantly high goodness-of-fits (t-tests > 5.7). This consistency
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allowed to develop a local standard chronology for the spruce stands in the Orlické hory Mts. The regional standard
tree-ring chronology indicates the relatively balanced radial growth in 1965-1982, interrupted by a decrease in
1983-1986. The year 1986 is a period of the increased radial growth, interrupted by a strong decrease in 1994, and
then in 2001, 2004, 2011 and 2016. The radial growth of healthy trees on the farmland was higher until 1976 (stand
age of 25 years). After that, the radial growth on the forestland was dominant, but this was negatively influenced

by game damage on the farmland (Fig. 3).

The years 1985, 1994, 2004 and 2016 were confirmed as the negative pointer years. There was a severe ice
damage on the spruce stands (historically the coldest January and February — average temperature -8.1 °C, in 1965-
2016 — average temperature -3.1 °C) in 1985. Severe drought also occurred (the hottest and dry June and July;
temperature > 16.7 °C, precipitation < 104 mm, in 1965-2016 — mean 14.4 °C and 243 mm) in 1994 and 2004, and
there was a very dry summer (historically the driest vegetation season < 300 mm, in 1965-2016 — mean 14.4 °C
and 617 mm) in 2016.
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Fig. 3 Average tree-ring width series on the forestland (grey) and farmland (black) by ungulate damages. Curves
were produced only for healthy trees and trees with large damage as an illustration to show the effects caused by

damages.

The detrended ring-width indices of the heavily damaged and healthy trees were compared separately for
forestland and farmland. These indices were lower for the heavily damaged trees on both stand types, however,
difference was significant for farmland (p = 0.047: Wilcoxon rank-sum test), while a non-significant result was
observed for forestland (p = 0.24).

Climatic factors for a period between 1961 and 2016 showed a significant effect on the diameter increments
(Fig. 4, Tab. 4). Temperature was identified as a major factor influencing the diameter increment of Norway
spruce. Monthly and annual temperature had a higher effect on the radial growth of healthy trees (trees with no
damage or small damage) compared to the effect of precipitation, while trees on the forestland were significantly
more vulnerable to climatic factors. Temperature in the vegetation season had a positive effect on the radial growth
of trees on the forestland, especially on June (r = 0.36). On the contrary, a more pronounced positive effect of

temperature on the farmland was at the beginning of the current year, especially on March (r = 0.35).
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Precipitation had a less effect on the diameter increment on the farmland compared to the forestland. A higher

impact of precipitation on the radial growth was observed in the previous years with a maximum positive effect

on July (r = 0.53) as in the current year (r = 0.38). A more pronounced positive effect of precipitation on the radial

growth was observed for those trees, which were strongly affected by ungulates on the farmland. Generally, bark

stripping and subsequent stem rotting were found more closely related to precipitation than temperature. For

instance, on the farmland, only one pointer month was observed, while trees with severe damage were very

vulnerable to draught (6 pointer months).
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Tab. 4 Pearson’s correlation coefficients calculated between spruce tree radial increment and climate for various

combination of tree health status and climatic variables. Statistically significant correlations are in bold (p < 0.05)

and underlined (p < 0.01).

Variant Temperature
ActAnn  ActVeg LasVeg ActNon Actl-1ll. ActVI-VII.
Farmland Healthy trees 0.19 0.07 -0.05 0.25 0.24 0.06
Forestland Healthy trees 0.28 0.17 -0.09 0.32 0.33 0.07
Farmland Large damage -0.13 -0.29 -0.26 0.05 0.08 -0.31
Forestland Large damage  0.00 -0.05 -0.29 0.05 0.14 -0.12
Variant Precipitation

ActAnn ActVeg LastVeg ActNon  Actl-  ActVI-VII.
I1.
Farmland Healthy trees -0.05 -0.26 0.17 0.17 0.19 -0.10
Forestland Healthy trees -0.08 -0.04 0.32 -0.05 -0.06 0.24
Farmland Large damage 0.17 -0.13 0.18 0.36 0.33 0.03
Forestland Large damage  0.16 0.19 0.50 0.05 0.05 0.41

ActAnn — annual value (mean temperature or sum of precipitation) of the given year, ActVeg — value in the

vegetation season of the given year, LasVeg — value in the vegetation season of the previous year, ActVeg — value
in the vegetation season of the given year, ActNon — value outside the vegetation season of the previous year,

Actl-I11l — value in January—March of the given year, ActVI-VII — value in June-July of the given year.

Relationship between bark stripping and stem rot
Relationship between the numbers of trees damaged by bark stripping in relation to the stem rot is presented in

Table 5. Significant differences were observed for both stand types (p<0.001).

Tab. 5 Numbers of trees by damage types for forestland and farmlands
Forestland

Stem damage

present absent
present 33 2
Stem rot
absent 51 70
farmland
Stem damage
present absent
present 104 3
Stem rot
absent 65 25
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Generally, only a few trees with stem rot but without bark damage were observed. On the farmland, most trees
(104 trees) showed both damage types, and 59% trees damaged by bark stripping were also affected by subsequent
rot infections. However, a different situation was found for forestland, where only 39% trees damaged by red deer
were also affected by rot infection. Most of the trees (70 trees) on the forestland were not damaged. The
development of the rot infection caused by Stereum sanguinolentum in the spruce stem is illustrated in Fig. 5. The
beginning of the rot infection is located at the spot where the bark was stripped by red deer and the infection has

expanded vertically along the tree bole.

e

Fig. 5 Red heart rot on Norway spruce caused by Stereum sanguinolentum (Alb. et Schwein.) Fr. after preceding

bark stripping by red deer in the Orlické hory Mts.

Modelling stem volume
Results of the generalized linear stem volume model (GLM) (Eq.1) are presented in Tab. 6. The model includes

effects of site type, relative girth damage and DBH on the stem volume variations within a particular stand type.
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Tab. 6 Results of a generalized linear (GLM) model

Variables:

Estimate t-value p-value
Intercept 2.09 241 <0.001
DBH -0.002 -19.3 <0.001
Relative circumference damage 0.003 2.2 0.032
Site type -0.41 -6.7 <0.001

Value DoF

Null deviance: 165.23 270
Residual deviance: 65.07 267

The model (Eq. 1) explained 61% variations in the stem volume. All selected explanatory variables had significant
effects on the stem volume. The stem volume was significantly affected by the percentage of damages on the girth
(Figure 6). For instance, trees with DBH of 60 cm with 60% of stem girth damage reached only 58% stem volume

of the healthy trees. With increasing DBH, this difference would be remarkably higher.
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Fig. 6 Graphical representation of the generalized linear model for the prediction of stem volume for forestland
(A) and farmland (B).

interactions of stand structure, productivity and game damage

The PCA showed that the first ordination axis explained 37.5% variability (Fig. 7). The first two axes explained
62.4% variability and all four axes explained 87.2% variability. The x-axis represents stand volume and crown
projection area which were negatively correlated with tree species diversity. The second y-axis represents
structural differentiation which was positively correlated with canopy closure while DBH showed negative
correlation to both indices.
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Overall stand diversity was positively correlated with species heterogeneity, richness and evenness, while these
measures were negatively correlated with stand volume, height, diameter, ungulate damage, and stem rot. The
stand types showed the lower mutual relationships between diversity indices compared to the differences in the
production measures, especially in stand volume, increment, diameter and height. The PCA also show large
differences among the individual PRPs. Differences within a particular stand type were remarkable, especially for
PRPs on the farmland, where the marks of each record were relatively distant from each other whereas PRPs on

the forestland showed a higher homogeneity. The stand type has no substantial effect on the occurrence of large
girth damage or on the spatial patterns of trees.
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Fig. 7 Ordination diagrams showing the results of PCA of relationships between stand characteristics (Volume,
CPA crown projection area, Basal area, DBH diameter at breast height, Height, Canopy crown closure, Density
number of trees, HDR height-diameter ratio, SDI stand density index/stocking), structural diversity (Ai Arten-profil
index, TMdi diameter differentiation, TMhi diameter differentiation, Ri aggregation index), species diversity (Ei
evenness, Di richness. H'i heterogeneity), complex diversity (B index), game damage (Damage percentage of
damaged trees, DamageMax occurrence of damage >1/3 of stem), stem rot (Rot) and type of stand origin (e
Foresland, m Farmland); Codes indicate the stand type and number of PRPs associated with it.

Discussion

The literatures [98-101] report that the spruce stands were established on the farmland in the past where adequate
amounts of the nutrients were available. These stands are more productive compared to the stands on the forests
with identical localities and stand conditions [39,40,102-104]. Moreover, higher timber production would be
possible on the farmland, not only due to availability of more amounts of the nutrients, but also due to favorable
physical properties of the topsoil (higher maximum capillary capacity and aeration of soil layers), more favorable
soil sorption complex and microbial conditions [105-107]. Because of these more appropriate physicochemical
properties of the soil and improved condition of light and temperature for initial growth stages of spruce, the radial
growth would be faster on the farmland compared to that on the forestland. Thus, the spruce stands on the farmland
would have a greater amount of assimilation apparatus, which is also connected to the positive effect of a greater

proportion of the horizontal precipitation. Our findings are thus consistent with those published results. Analysis
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of the stem volume of large trees (bole up to 7 cm top diameter) shows that the production potential of the spruce
stands on the farmland could be higher by 65% relative to that on the forestland. This also indicates the production
potentiality of the farmland is higher (by 33%) than that listed in the growth tables [108]. Cukor et al. [40] has also
reported this for the Orlické hory Mts where the spruce stands are at the age of 60 years on the farmland had higher
standing volume (by 19%) than on the forestland. Compared to the values given in the growth tables [96], standing
volume is higher by 24-47%. Similar results were reported by Podrazsky et al. [39] for the Bohemian-Moravian
highlands, where spruce stands on the farmland were 50 years and had higher standing volume (3%) than that on
the forestland, and this value is higher by 50% compared to that in the growth tables [96]. The production potential
of a particular stand type largely depends on the silvicultural tendings, which may have considerable influences
on the stand growth (stand diameter and height) [109]. These studies also show that mean diameter in a particular
tending of the spruce stands at the age of 40 years increase with decreasing number of trees per hectare. It may be
true for mean height also.

There were higher mean values of the variable of interest on the farmland compared to the forestland (DBH:
33.5cmvs. 41.3 cm; height: 22.5 mvs. 29.7 m; basal area: 49.3 m? ha? vs. 62.4 m? ha?). On the other hand, spruce
stands on farmland may also be vulnerable due to heavy rainfall, where severe water erosion can occur, especially
after afforestation and on the steep slope [110,111]. During afforestation, it is necessary to consider applying the
dewatering system through the deeper furrows on the contour lines for minimizing water erosion and make the
water supply to the planted seedlings easier. It was also applicable to our cases, where artificial planting was
carried out. In addition, the strips of pickled stones were established between the fields in the past, which were
mostly covered by deciduous trees (especially with a kernel and a crane) in our study areas. Our results are
comparable to those by Cukor et al. [40], which show that mean DBH of the spruce stands at the age of 60 years
on the farmland is higher (by 48-63%), mean height 11% higher, and mean annual volume increment 23-46%
higher on the farmland than those given in the growth tables [96]. Podrazsky et al. [39], on the other hand,
concluded that high production of the spruce stands on the farmland is not due to larger mean diameters, but due
to more number of trees per hectare at about similar level of the mean heights.

Our results show that that horizontal structure of the tree layer is random for most of the PRPs, except 2 PRPs
(6 and 12) of the farmland where structure is aggregated. Similar results were reported in previous studies for
spruce-beech stands, e.g., Vacek and Leps [112], Zahradnik et al. [113] in spruce stands, Vacek et al. [114] and
Kralicek et al. [115]. For spruce stands on the farmland, random to moderately regular structure was observed by
Vacek et al. [111]. Horizontal structure of forest stands is largely influenced by ungulate damages [69] and
silvicultural practices [113]. Deer are often clustering to the groups in forest [116,117], and this is associated with
the aggregated distribution of the trees damaged by these animals [118]. Subsequently, heavily damaged trees are
harvested, and an aggregated structure of tree layer can occur, as in our case on the farmland. In term of total
biodiversity, results of PCA showed a higher complex diversity on the forestland compared to that on the farmland
at an expense of the stand production characteristics.

A larger extent of the ungulate damages (damage of 85.8% trees on the farmland and 53.8% trees on the
forestland) may be explained by extensive afforestation on the large area within a short period in 1950’s, which
resulted in the even-aged spruce stands in large area [17]. This may provide better shelter conditions for wild
ungulates, where hunting was more difficult than in the uneven-aged stands. Many studies [52,53,119] show

Norway spruce is one of the most vulnerable species to the bark stripping by ungulates. Other admixed tree species
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(larch, beech, birch, rowan) are also bark stripped, however, we did not carry out the study on them. Cermak and
Jankovsky [120] stated that red deer might make the wound sizes ranging from few to hundredth cm?, for example,
Cermak et al. [120,121] found wound size up to 1000 cm?. The wound size depends on the ungulate’s behaviour,
tree properties, year, and season or weather [122,123]. Larger wounds mostly occur on the trees with larger boles
[120,124,125]. Many studies [120,126,127] demonstrated that larger the wound and earlier the occurrence, higher
would be the chance of wood being rotted in a larger extent with increasing bole size. Even small wounds can
influence the tree for a longer time, for example, a wound of 5 cm width could be healed within 10-20 years, a
wound of 5-10 cm width could be healed within 20-30 years, and wound larger than 10 cm width could be healed
within 40 years [108,128]. Henzlik [129] reported that the quality of standing volume was diminished by 20-30%
and this could be decreased by 10% due to bark stripping and browsing. The study of bark stripping on the Beskydy
Mts. Showed, on an average, a loss of timber quality by 7-9% [120]. Simon and Kolaf [130] reported a loss of the
standing volume by 20-30% on the Jeseniky Mts. Cermédk and Malik [131] stated that, on an average, 56% trees
were bark stripped and browsed by Prostéjov red deer damaged, and out of this, 82% damaged trees were affected
by red heart rot disease caused by Stereum sanguinolentum fungus in the Municipal Forests. These studies also
reported that trees with red heart rot were accounted for the highest proportion during age class 111 whereby 92%
trees were damaged by bark stripping. The rot disease could affect 10-94% stem mass of trees, and disease might
spread vertically with an average rate from 1.3 to 28.1 cm y*. For example, rot disease could spread up to bole
height from 1.25 m to 4.38 m, which also related tree age and development stage [132].

The extent of stem decay in the spruce stands established on the farmland in the Neratov area has been assessed
by Vacek (not published). In this locality, tree stems at 59 years of age (stand characteristics: average height 26
m, average diameter 38 cm and average volume 1.2 m®) were affected by rot within 1-9 m from the base of the
stem. The average extent of decay measured from the base of the stem was 4.2 m. However, it is difficult to
quantify losses caused by poorer quality of the wood. Economic losses were quantified in the Scandinavia, e.g.
rots caused by Heterobasidion spp were estimated to approximately €0.5-1 billion per year [133].

About 80% spruce trees damaged by bark stripping and browsing by red deer and subsequently affected by the
rot caused by Stereum sanguinolentum in southern Russian taiga [134]. Similar damages are reported in the Polish
part of Krkonose Mts. [135]. About 8-28% loss in the value production of the spruce stands due to bark stripping
and browsing is reported by Eidmann [136] in the western part of Germany. The greatest damage of the spruce
stands made by red deer was reported on 20-40 years of stand age [137], while Koltzenburg [138] and Cermak et
al. [121] reported 15-30 years of age and Gill et al. [139] 18-38 years. In this range of age, tree stems have partly
been self-pruned from the lower dead branches while bark is still smooth and suitable for stripping and browsing
[120].

Among the ungulate species, red deer accounts for spruce damage to a decisive extent. At around 1980 in the
Czech Republic, 98% loss was incurred by bark striping and browsing that were caused by red deer, in 1983 Fanta
[140] reported 76% loss, followed by mouflon (21%), and the remaining 3% loss was due to sika deer (Cervus
nippon Temminck) and fallow deer (Dama dama L.). The damage caused by red deer is a crucial problem for
conifer stands in the Czech Republic [54]. A higher loss can be expected as a result of the increasing population
density of the red deer, not only on the local scale [141,142], but also on the national scale in the Czech Republic
[143]. However, problems of the damages caused by red deer are also reported to be solved in many other European
countries [58,144,145].
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The monitory value of the bark stripped stands is mostly from 70 to 95% of the expected value without incurred
losses [136]. Similar value (73-92%) has been also reported by Safranek et al. [64]. The comparison of different
realization does not include the increment loss, it only reflects the loss of the produced timber supply. A reduction
of the ungulate population should not be the only measure leading to a decrease in the damage caused by red deer,
but also positive results can be obtained by broader food supply [146].

The precipitation and temperature significantly influence on the radial growth of spruce in relation to the
damage caused by ungulates and stand types. On the Orlické hory Mts., lower temperature may be the limiting
factor of the radial growth as on the foothills and mountainous areas of the Europe [115,147-149]. We found that
trees growing on the forestland are more vulnerable to the effects of climatic factors compared to the spruce stands
on the farmland due to the nutrient deficiency [111]. Trees with greater bark stripping and browsing damages and
rotting would more suffer from higher precipitation deficit (or drought). In Switzerland, precipitation is reported
to have significantly higher effect on the radial growth of the damaged trees compared to the healthy dominant or
suppressed trees [150]. As in our case, tree-ring analysis of the damaged trees in Finland shows a strong positive
correlation with June precipitation compared to that in the heathy trees [151]. The precipitation for healthy trees
on the farmland had less effect on the radial growth, but might play key roles for the accelerated damages. As in
Germany [152] and Norway [153], June and July temperature most significantly affected the radial growth of
spruce in our studied area also. Generally, healthy trees (or trees with no damage or a little damage) are
characterized by the positive effect of temperature on the radial growth. However, lack of precipitation as a limiting
factor is typical for growth of the severely damaged trees. The dendrochronological results together with other
results presented in our article may be useful for making the effective harvesting plans of the spruce stands in both
forestland and farmland. The ongoing global warming with frequent occurrence of the extreme climate events,
especially droughts [154-156] may be the greatest threat to damaged trees, which ultimately exert the negative

influence on the stability and production capacity of the forest stands regardless of their origin.

Conclusion

Our results suggested that there was a relatively low timber volume on the forestland (466 m® ha*) than that
on the spruce stands established on the abandoned agricultural land (farmland- 770 m?® hal). A higher extent of
bark damages caused by red deer found on the farmland (bark loss of 85.8% trees) and that on the forestland (bark
loss of 53.8% trees). Analysis of the radial growth indicated that trees with severe damages and decay significantly
negatively affected by high precipitation deficit (drought), while healthy trees which were little affected by bark
stripping and browsing were less affected by precipitation deficit. The trees with an impaired health status that was
caused by bark stripping in the past might have been attacked by bark beetles to a greater extent in the last decade
when global climate change might have already happened.

The damage caused by wild ungulates on the spruce of stands of the Orlické hory Mts. is a much crucial issue
both from economic and ecological perspective due to a greater extent of the degradation and decay of woods.
Apparently, the most efficient method of alleviating losses of this type would be to reduce the population density
of red deer to a level that it could be compatible to the local environmental conditions and making the wintering
enclosures in the forests. The presence of wolves has substantially contributed to alleviation of the losses caused
by ungulates in the nearby Sudetské Mezihoti Mts. A reduction of the red deer population remains a key factor

that enhances the resistance of the spruce forests to other biotic and abiotic factors.
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Abstract

Windbreak is one of the key factors for making the agriculture systems successful through reduced wind erosion, improved
microclimate, increased biodiversity, and production potentiality of timber and agricultural crops. Even though windbreak
occupies only a small part of agricultural landscape, its advantages on the ecological and economical perspective are quite
high. This study evaluated the effects of three windbreak types on the wind erosion control in relation to their structural
diversities, wind-speed reduction, and optical porosities in the central part of the Czech Republic. Diversity in the windbreak
was evaluated based on its species diversity, vertical structure, spatial pattern, and complexities. Wind speed was measured
at the different distances on the leeward side of the windbreak and one station placed on the windward side as a control.
Windbreak characteristics were described by terrestrial photogrammetry method using the values of optical porosity. The
timber volume of the windbreaks with rich biodiversity species ranged from 224 to 443 m* ha™'height of the windbreak on
the. Results of the windbreak efficiency showed significantly closer relationship between optical porosity and structural
indices. The optical porosity significantly correlated with wind-speed reduction, especially in the lower part of the
windbreak. A significant dependency of the windbreak efficiency on the tree dominant height was also observed for each
windbreak type. The most significant effect on the wind-speed reduction in terms of structural indices had total diversity
index and Arten-profile index describing vertical structures, which are recommended together with the optical porosity to
evaluate the windbreak efficiency in controlling wind erosion.

Keywords Airflow - Wind-speed reduction - Optical porosity * Structural diversity * Production - Czech Republic

Introduction

The agricultural farming, which involves forming and using
the landscape based on its quality, has always been a main
reason of economic development in the Europe for the past
few centuries (Ellis and Ramankutty 2008; Jepsen et al.
2015). The agriculture landscapes have been substantially
changed through the intensification of land use and farming
that has steadily been increasing over the past 150 years
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(Ramankutty and Foley 1999; Erb 2012). The intensifica-
tion of land use includes gradual unification of the land
blocks by means of the efficient agricultural machineries,
which have an unstoppable advancement through time
(Robinson and Sutherland 2002; Steen et al. 2012). With
this mechanism, there has been a decrease in the size of
biotopes, such as field boundaries, groves and woods
(Robinson and Sutherland 2002; Wrzesien and Denisow
2016). Minimizing the sizes of these biotopes does not only
mean a significant decrease of biodiversity (Wrzesiei and
Denisow 2016), but also an increased migration and transfer
of soil particles from one place to other by water and wind,
which could cause the landscape destruction and soil ero-
sion as well. These problems increased significantly due to a
large-scale farming and an intensification of land use in the
Europe (Robinson and Sutherland 2002). The negative
changes on the quality of landscape and soil had occurred
mainly during 1950s in the Czech Republic, because of an
increased wind erosion (Pasdk 1970). This particularly
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affected the south Moravia, which is considered as one of
the most wind-erosion-affected regions in the central Eur-
ope (Podhrazska et al. 2015).

The windbreak and shelterbelt are the barriers, which
significantly reduce wind speed and prevent wind erosion
(FAO 1989). The windbreak created through plantation of
tree and shrub species is one of the effective biological
measure in reducing wind speed and increasing ecological
effects that are supportive to agriculture farms (Torita and
Satou 2007; Chendev et al. 2015; Rehadek et al. 2017).
Besides acting as soil protection against wind erosion,
windbreak also improves the local environment along the
windbreak through various ways (Ferreire 2011; Kuhns
2012), such as improvement in evapotranspiration, protec-
tion of crops, amelioration of microclimate, and creation of
new bio-communities that are largely supportive to
increasing yields of the main and subsidiary crops (Campi
et al. 2009; Alemu 2016; Nerlich et al. 2013). The wind-
break also provides shelter for various animal and bird
species (Ferreire 2011), and thus helps increase biodiversity
through improvement of a sum of both biotic and abiotic
factors in the agricultural landscape (Fukamachi et al. 2011;
Sreekar et al. 2013; Alemu 2016).

Since primary function of the windbreak remains the
reduction of wind erosion (Bird et al. 1992; Ferreire 2011;
Chendev et al. 2015; Rehacek et al. 2017), this stops
transferring soil particles from one place to another.
Transfer of soil particles has negative impacts on the local
environment that may cause degradation of soil quality and
crop damages (Burke 1998). Destructive activity of wind is
significantly influenced by landscape conditions, especially
by geological and soil characteristics (surface roughness,
soil texture, soil aggregation, soil moisture), climate (rain-
fall, wind speed), and anthropogenic factors (farming
activities, vegetation cover, estate size) (Brandle et al. 2004;
Hupy 2004; Li et al. 2007; Du et al. 2017). Agricultural land
is often prone to wind erosion, especially during the time
when soil surface is not protected by planted trees or shrubs
against erosion-causing factors (Wolfe and Nickling 1993).
For the purposes of mitigating wind erosion on the agri-
culture landscapes, windbreaks are often built in several
countries in the Europe and outside, e.g. China, Canada,
Australia, and United States, especially in their arid and
semi-arid regions (Kort 1988; Cleugh and Huhges 2002;
Peri and Bloomberg 2002; Brandle et al. 2004; Alemu
2016).

The windbreak is properly characterized based on its
structures, such as spatial structure (Forman and Gordon
1986; Heisler and Dewalle 1988) which is mainly described
by porosity (Wan et al. 2005; Stfeda et al. 2008; Stredova
et al. 2012). Spatial structure of the windbreak influences
the efficiency on controlling wind erosion (Cornelis and
Gabriels 2005; Straight and Brandle 2007). External
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structure of the windbreak consists of width, height, shape,
and orientation, and its internal structure consists of amount
and arrangement of branches, leaves, and trunks of trees or
shrubs (Brandle et al. 2004). The windbreak is also char-
acterized based on its level of porosity, such as porous
(porosity ca. 60%), medium porous and nonporous (por-
osity ca. 20%) (Abel et al. 1997). The effect of the wind-
break on the wind-speed reduction can be in the range of 20
—35 times the height of the windbreak on the leeward side
(Heisler and DeWalle 1988; Abel et al. 1997; Vézina 2001,
Vigiak et al. 2003; Brandle et al. 2004; Janecek et al. 2012).
These studies have shown significant relationships between
reduction of the windbreak efficiency and values of optical
porosity. Spatial structure of the windbreak changes
throughout the year based on the phonological phases of
woody plants. The leafy windbreak in a vegetation period
has a bigger impact on reducing wind speed compared to
the windbreak without foliage during winter (Stfeda et al.
2008; Rehacek et al. 2017).

Vegetation diversity of the windbreak can also be
described using structural indices and functions, which have
frequently been used to evaluate forest stand structures
(Pretzsch 2009; Vacek et al. 2014; Kral et al. 2015; Bilek
et al. 2016; Kralicek et al. 2017). Stand structure is eval-
uated horizontally (Clark and Evans 1954; Mountford 1961;
Geyer 1999; Bulusek et al. 2016) and vertically (Ferris-
Kaan et al. 1998; Pretzsch 2006). However, only few stu-
dies have been carried out on the vertical stand structures
(Vacek et al. 2015b), which more significantly influence the
windbreak efficiency compared to the horizontal structures
(Zhu et al. 2003). Using the complex diversity indices,
which include indices describing both stand structures and
functions, can be more effective means of evaluating
windbreaks (Jachne and Dohrenbusch 1997; Neumann and
Starlinger 2001) than using only structural indices (McEI-
hinny et al. 2005). The indicators of species diversity also
play important roles from the structural point of view
(Shannon 1948; Margalef 1958; Pielou 1975). The tax-
onomical structure of a windbreak is thus one of the crucial
parameters predetermining its wind reduction efficiency.

The literature dealing with the impact of the windbreak
on the wind erosion control is either based on the numerical
models (Bitog et al. 2012; Speckart and Pardyjak 2014) or
wind speed and optical porosity (Loeffler et al. 1992;
Rehécek et al. 2017). However, knowledge of the multiple
approaches of establishing complex indices in relation to the
diversity of woody plants of the windbreak is still lacking.
Thus, a general objective of this study was to determine the
effects of three different windbreak types on the wind ero-
sion in the central Bohemia region of the Czech Republic.
Specific objectives were (1) quantification of structure,
species and complex diversities of tree layer and shrubs of
the windbreaks; (2) determining optical porosity of the
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Fig. 1 Location of six permanent 12°E 13°E WE 15°E 16°E L 18°E
research plots in the windbreaks
in three localities of the Czech
Republic (gray color indicates
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windbreaks and wind speed at different distances on the
leeward side; (3) assessing the windbreak efficiency in
terms of wind-speed reduction, optical porosity, and bio-
diversity; (4) determining the relationships among optical
porosity, wind speed, and biodiversity of the windbreaks
and (5) identifying the most appropriate type of the wind-
break in terms of reducing wind erosion. This study was
mainly based on the hypothesis that wind-speed reduction
would have the strongest correlation with total complex
diversity in terms of the indices used. The results presented
in the article may be useful for creation of the windbreaks
and their evaluation.

Material and Methods
Study Site

The study was carried out in the windbreaks on six per-
manent research plots (PRP) in three localities (two repe-
titions) with altitude varying from 187 to 355 m above mean
sea level, in the central Bohemia region of the Czech
Republic. The territory has warm summer temperate climate
according to Koppen climate classification (Koppen 1936),
or rather by a detailed region Quitt classification (Quitt
1971)-it belongs to warm district. The mean annual pre-
cipitation varies from 350 to 590 mm and mean annual
temperature fluctuates around 8.3 °C. The length of growing
season lasts for 170 days with mean temperature 14.1 °C

and mean amount of precipitation is 340 mm. The parent
rock of this region is formed mainly by limestone, basalt,
and slate. Dominant soil types are Luvisols and Cambisols
for PRP Dobroviz and Stredokluky, and Chernozem for
PRP Klapy. Each PRP is shown in Fig. 1 and basic char-
acteristics of PRP are presented in Table 1.

In the locality of Dobroviz there is a three-to-four rows
mixed windbreak consisting of two tree layers. The tree
layer is made up from the following: 86-90% Quercus
petraea (Matt.) Liebl., 5-10% Acer campestre L. and less
than 3% is made up from A. platanoides L. and A. pseu-
doplatanus L. In the upper tree layer, the most dominant is
Q. petraea, while maple trees form lower layer. About 16%
of the tree level is made up by lower layer, 38% by middle
layer, and 46% by upper tree layer. In shrub layer, more
prevalent species are Symphoricarpos albus (L.) S. F. Blake
and Sambucus nigra L.

In the locality of Klapy there is a nonpermeable four-to-
five-rows three-tree layer windbreak. The tree layer is made
up from 59 to 82% by Acer pseudoplatanus, from 16 to
32% by Fraxinus excelsior, and from 3 to 9% by Ulmus
glabra Huds. and less than 1% is formed by Acer plata-
noides. The division of tree layer from the vertical stratifi-
cation is as follows: 46% lower layer, 37% middle layer,
and 17% upper layer. In the upper layer, dominant types are
A. pseudoplatanus and Fraxinus excelsior L., while Ulmus
glabra represents the trees that are suppressed and sub-
leveled. In the shrub layer, more prevalent species are
Ligustrum vulgare L. and Sambucus nigra.
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Table 1 Overview of basic characteristics of permanent research plots in windbreaks

Altitude (m) Exposure Size (m) Speciesb

Number of rows Age (y) Height® (m)

PRP* Name GPS coordinates

ID1  Dobroviz 1 50°6'26"N  14°13’48"E 353 N
2D2  Dobroviz 2 50°6'37"N  14°13'46"E 355 N
3K2 Klapy 1 50°25'33"N  14°1'52"E 194 NE
4K2 Klapy 2 50°25'22"N  14°1'58"E 187 NE
5S1  Stredokluky 1 50°7'10"N  14°13'49"E 352 NE
6S2  Stredokluky 2 50°718"N  14°13'45"E 346 NE

30x19 QP, AP, AC 3—4 68 19.1
30x19  QP, AP, AC 3—4 68 18.7
30x24 APs, FE, UG 4-5 66 20.0
30x24 FE, APs, UG 4-5 66 22.7
30x9 QP 2 59 14.9
30x9 QP, FE 2 59 16.0

*Permanent research plots—marks indicate: plot ID, locality abbreviation, number of couples in the same locality

®Main tree species: QP, Quercus petraea (Matt.) Liebl.; APl, Acer platanoides L.; AC, Acer campestre L.; FE, Fraxinus excelsior L.; APs, Acer

pseudoplatanus L.; UG, Ulmus glabra Huds.
‘Dominant height of tree layer (95% quantile)

In the locality of Stredokluky, there is a semi-permeable
two-rows pure species windbreak made up by one tree
layer. The tree layer is made up from 99 to 100% by
Quercus petraea and less than 1% by Fraxinus excelsior. In
rare shrub layer, more prevalent species are Symphor-
icarpos albus and Sambucus nigra.

Data Collection

Six PRP of 30 x 9-24 m (270-720 m2) were established in
2016 using the Field-Map technology (IFER-Monitoring
and Mapping Solutions Ltd; Smelko and Mergani& 2008) to
determine the tree layer structures. All individuals with
breast height diameter (DBH) >4 cm and their crown pro-
jections were located using this technique. The crown radii
were measured at least in four directions perpendicular to
each other, from the center of the bole. DBH, height and
height of live crown base were measured in all trees. Height
to live crown base was measured at the point where bran-
ches formed a continuous whorl of a crown. DBH of the
tree layer were measured with a caliper (accuracy mm)
while tree heights and crown heights were measured with
the Vertex laser hypsometer (Haglof Sweden; accuracy
0.1 m). All trees and stand characteristics were measured
following the inventory protocols prepared by Forest
Management Institute (FMI 2003). Natural regeneration
from height>1.5m was measured on each PRP. The
characteristics measured for recruits are position, height,
height to live crown base, and crown projection area. Shrub
individuals or continuous groups were recorded, but indi-
viduals with height > 1.5 m and their crown projection areas
were measured. Heights were measured with an altimeter
rod (accuracy in cm). Field studies were carried out in
accordance with the notification provision of the nature
protection, and therefore not detrimental to wildlife and soil.

Measurement of wind speed was carried out during the
period without foliage from November to March in
2015-2017. Wind speed was measured during favorable
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Fig. 2 Scheme of wind-speed measurement and anemometry positions
(H windbreak height, W windward side, L leeward side)

wind conditions, hence having sufficient wind speed and in
a direction perpendicular to the windbreak +20°. The ter-
rain measurement was carried out using portable anem-
ometers Vantage Pro 2 (David Instruments Corp., Hayward,
USA) with range 0.5-89 ms ™' and accuracy + 1 ms ™' or =
5% whichever is greater. Anemometers were placed at the
height of 1 m above the surface. Four anemometers were
placed on the leeward side at 3, 6, 9, and 12 multiples of the
height of the windbreak (H), and one check anemometer
was placed on the windward side at the distance of 3H
(three times the height of the windbreak) (Fig. 2). Minimum
time used for measurement was 2h and the data were
recorded at 10 s intervals. Three field measurements of wind
speed were performed for each of PRP.

The optical porosity was determined based on the pho-
tographs (with resolution 4928 x3264; 16 M) taken by
digital camera Nikon D5100 (Nikon Corporation, Tokyo,
Japan). The same stretch of the windbreak delineated in the
terrain by pegs and GPS coordinates was pictured and
assessed. The photographs were taken in the perpendicular
axis to the windbreak for both windward and leeward sides.
The optical porosity was assessed on three photographs
with the most contrast of the windbreak and background.
Photographs were taken from the height of 1.6 m using
standard tripod (Reh4&ek et al. 2017).

Data Analysis
Structural and growth parameters, quantity of production,

horizontal and vertical structures, and total biodiversity in
all individuals of the tree layer on each sample plot were
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Table 2 Overview of indices describing stand structures and their interpretations

Criterion Quantifiers Label Reference Evaluation
Species diversity Richness D; (Mai)  Margalef (1958) Minimum D = 0, higher D = higher values
Heterogeneity H' (Shi) Shannon (1948) Minimum H“= 0, higher H”= higher values
Evenness E, (Pii) Pielou (1975) Range 0—1; minimum E =0, maximum E =1
Vertical diversity Arten-profile index Ap (Pri) Pretzsch (2006) Range 0—1; balanced vertical structure Ap < 0.3;
selection forest Ap > 0.9
Structure Diameter dif. TM, (Fi) Fiildner (1995) Range 0—1; low TM < 0.3, medium 7M = 0.3-0.5,
differentiation Height dif. ™, (Fi) very high differentiation TM > 0.7
Horizontal structure Index of nonrandomness « (Pi&Mi) Pielou (1975); Mountford Mean value @ = 1, aggregation a > 1, regularity «
(1961) <1
Aggregation index R (C&Ei) Clark and Evans (1954) Mean value R = 1, aggregation R < 1, regularity R
> 1
Complex diversity Stand diversity B (J&Di) Jachne and Dohrenbusch ~ Monotonous structure B < 4, uneven structure B =

(1997)

6-8, very diverse structure B >9

assessed. Tree volume was calculated by volume equations
(Petra§ and Pajtik 1991). The indicators assessed for tree
species diversity are species richness D; (Margalef 1958),
species heterogeneity H' (Shannon 1948), and species
evenness E; (Pielou 1975). Structural and overall diversity
was assessed based on these indices: Arten-profile index Ap
(Pretzsch 2006), diameter TMy and height differentiation
index TM, (Fiildner 1995), index of nonrandomness «
(Pielou 1975; Mountford 1961), aggregation index R (Clark
and Evans 1954), and total diversity index B (Jachne and
Dohrenbusch 1997). All these indices are defined in Table
2.

Characteristics describing the horizontal structure of
individuals on the sample plots were calculated using
PointPro 2.2 software (Zahradnik and Pus). The test of
deviation against the expected values for the random layout
of points was carried out by Monte Carlo simulation.
Medium values were estimated using the randomly gener-
ated 1999-point structures. Moreover, crown closure
(Crookston and Stage 1999) and crown projection area for
each individual were calculated. Layout maps were created
in the ArcGIS 10.4 (Esri).

The optical porosity was determined applying the
methodology devised by Podhrazska et al. (2011) with the
use of software GIMP 2.8.2, ArcGIS 10.4 (ArcMap), and
table processor MS Excel 2013 (Microsoft Office). The
images were firstly processed in the graphical program
GIMP and then converted to gray-tone images, and gra-
phical adjustment to highlight and distinguish vegetation/
cover from the background was subsequently made by
using trim, brightness, and contrast tools. A function
threshold was applied in order to create a binary image
(black grid = vegetation/cover, white grid = background).
The photograph adjusted in this way was subjected to
analyses in the program setting of ArcMap. The adjusted

image was transformed based on the delineated pegs to the
square grid with 6 rows and 12 columns.

One square of the grid was of the size 2.5 x2.5m for
lower rows of the windbreak. A more detailed grid with
each square of size 2.5x2.5m divided into 16 smaller
squares was used for upper rows of the windbreak. The tool
Zonal Histogram (Fig. 3) was used for subsequent analyses
of the binary image. A detailed analysis of the upper row
using smaller squares was carried out for the purposes of
enhancing accuracy to determine the overall optical poros-
ity. When there was a square with optical porosity of 100%
in the highest row, the upper row was not included into
establishing the overall optical porosity so as not to influ-
ence the value of the overall optical porosity in the wind-
break. For statistical evaluation of the optical porosity in
term of vertical structure, windbreaks were divided into six
layers according to 2.5 m (12 squares in one line) from the
bottom of shrub layer to the top of tree layer.

The wind-speed reduction was assessed as a ratio
between wind speed on a leeward side and wind speed on a
windward side using the following equation
U= (U./Uyw) x 100 (%), where U is the wind-speed
reduction, Uy the wind speed on a leeward side, and Uw
the wind speed on a windward side.

Statistical analyses were carried out using the Statistica
12 software (StatSoft). Data were log-transformed to
acquire the normal distribution (tested by Kolmogorov
—Smirnov test). The differences in diversity indices and
optical porosity of the windbreaks among PRPs were
evaluated using one-way analysis of variance (ANOVA)
and consequently by post-hoc Tukey HSD test. In addition,
the effectiveness of structural indices, wind speed, and
optical porosity were evaluated using the Pearson correla-
tion coefficients. Unless otherwise stated, 5% level of sig-
nificance was used for all analyses. The unconstrained
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Fig. 3 Example of modification of the photography and evaluation of the optical porosity (%)

Table 3 Basic indices of the

windbreak bisdiversity on Six PRP D, Mi) H' (Si) E, (Pi)  Ap (Pri) R (C&Ei) TMy(F) TM, (Fi) B (J&Di)

gg‘;ga“em research plots 1-6in 1y 0574 5 0239\, 0342\, 0480 —»  LI191R 0334\, 0283\, 8.129 /
D2 0.698 7 0283\, 0364\, 0471 -  1.009% 0408 - 0327\, 8.765
3K1 0500 > 0500 - 0718 / 0737 7/ 1018 0399\, 0281\, 9.560 //
4K2 0795 7 0393\, 0465 — 0498 — 0945 0448 — 0351\, 9316 7/
551 0796 /7 0034 \\ 0044 \\\. 0.155\\, 1.080%R 0618 7 0498 - 8.093 /
652 0488 - 0067 \\ 0111\ 0348\, 1022%R 0442 > 0373\, 7.885 —

D, species richness index, H' species heterogeneity index (entropy), E| species evenness index, Ap Arten-

profile index, R aggregation index for tree layer (tendency to

aggregation, R regularity), TM, diameter

differentiation index, TM,, height differentiation index, B total diversity index; arrows: \,\, low, \, low-
medium, —medium, / high, /' very high value

principal component analysis (PCA) in the Canoco 5 pro-
gram (Microcomputer Power) was used in analyzing the
relationships between stand characteristics, diversity, and
porosity in order to reveal similarity of all records. Data
were log-transformed, centered, and standardized before
carrying out PCA. Scattered plots were divided into two
parts for better interpretation and results of the PCA were
visualized with an ordination diagram.

Results
Diversity and Structure of Windbreak

The indices describing biodiversity of the windbreak on PRP
including the tree layer, shrub layer, and natural tree regen-
eration are presented in Table 3. Species richness indicated
moderately rich to very rich windbreaks (D = 0.488-0.796).
The heterogeneity based on entropy H' showed low to
moderate biodiversity (H' = 0.067-0.500). Species evenness
was moderate to high (£ = 0.044-0.718). In general, from the
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species diversity point of view, the highest values were found
on PRP Klapy (3Kl1, 4K2), while PRP Stredokluky (5S1,
6S2) showed very low diversity. According to Arten-profile
index, the vertical structure varied from moderately to
strongly (Ap =0.471-0.737) on PRP Dobroviz (1D1, 1D2)
and Klapy (3K1, 4K2), respectively, and low variety on PRP
Stredokluky (5S1, 6S2) (Ap =0.155-0.498). Diameter dif-
ferentiation of the structure was moderate to high (TMy =
0.334-0.618) and height differentiation was predominantly
moderate (TM;, = 0.281-0.498), while on PRP 1D1 and 3K1
it was small (TM;,, =0.281-0.283). The tree crown differ-
entiation (part of B index) was high (K =2.869-2.916). The
total diversity in PRP Dobroviz (1D1, 2D2) and Stredokluky
(5S1, 6S2) denoted uneven to diverse structure (B=
7.885-8.765) and in PRP Klapy (3K1, 4K2) it denoted very
diverse structure (B =9.316-9.560).

According to both indices determined (R = 0.945-1.191,
a = 0.806-1.474), horizontal structure of the tree layer was
random (Fig. 4). The prevalent random distribution of tree
layer individuals based on their distances (spacing) was also
indicated by L-function (Fig. 5). In addition, tree stem
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Fig. 4 Horizontal structure of
tree layer (DBH 24 cm-large
symbol) and understory (DBH <

PRP 1D1 - Dobroviz 1

PRP 2D2 - Dobroviz 2

4 cm, shrubs—small symbol)
with displayed crown projection
area of the windbreaks on the
permanent research plots

0

25 5 10 25 5 15

5
m

Species

o Quercus petraea

© Acer platanoides

® Acer campestre

o Acer pseudoplatanus

PRP 3K1 - Klapy 1

— Spec;:ies - — e
. o Quercus petrae + Prunus avium
> g{;%gﬁgﬁga,%‘g albus > © Acer platanoides » Symphoricarpos albus
< Syringa vulgaris * ® Acer campestre « Sambucus nigra =
2z <K © © Acer pseudoplatanus » Crataegus oxyacantha X

& Acer negundo Lonicera xylosteum

PRP 4K2 — Klapy 2

0

Species —— L2 L Species e i 15
= & Acer pseudoplatanus v Prunus padus < o Acer pseudoplatanus - Prunus padus
= @ Ulmus glabra o Cornus alba e? = Ulmus glabra o Cornus alba e?
~ O Fraxinus excelsior » Symphoricarpos albus o O Fraxinus excelsior » Symphoricarpos albus
< Rosa canina + Sambucus nigra 4 Acer negundo + Sambucus nigra
Crataegus oxyacantha + Syringa vulgaris © Acer platanoides
- Ligustrum vulgare
PRP 5S1 — Stredokluky 1 PRP 6S2 — Stredokluky 2
2
0
0 25 5 10 15 0o 25 s 10 15
Species ) Species — s
2O Quercus petraea Prunus spinosa O Quercus petraea v Prunus spinosa
= ® Juglans regia Symphoricarpos albus O Fraxinus excelsior « Sambucus nigra <
Prunus avium Ligustrum vulgare +  Prunus avium - Rosa canina X

Fraxinus excelsior
Acer campestre
Syringa vulgaris

e e e

r e+

layouts had the aggregated patterns according to their dis-
tances up to 1 m, and 2 m in the locality of Dobroviz (PRP
1D1, 2D2). There was a tendency to regularity at the dis-
tance from 3 to 5m (even spacing of trees and rows) for
PRP 5S1 and 6S2. The tree crown projection area

Sambucus nigra
Rosa canina
Lonicera xylosteum

< v Symphoricarpos albus

* Lonicera xylosteum
Ligustrum vulgare

(converted per hectare plot) in the tree layers ranged from
2.2ha”! (PRP 6S2) to 3.7ha~' (PRP 2D2), and crown
closure ranged from 0.84 to 0.96. When comparing the
absolute timber volume of the windbreaks, the lowest
volume was detected on PRP 5S1-224m*ha™! (relative
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Fig. 5 Horizontal structure of selected permanent research plots from
each locality expressed by the L-function; the black line represents the
L-function for real distances of trees on the PRP; the bold gray line
represents the mean course for random spatial distribution of trees and

volume V 83m*ha~! with the windbreak size being 25 x
400m) and the highest volume on PRP 4K2-443 m’ ha™'
(relative V 443 m®> ha™!). The average volume in the locality
of Dobroviz (PRP 1D1, 2D2) fluctuated around 303 m®> ha ™!
(relative V 243 m*>ha™!).

While comparing individual biodiversity indices, type
of the windbreak had a significant effect on its structure
and diversity (p <0.001-0.05). The windbreaks differed
significantly among each other in terms of the species
heterogeneity index H’ (Fp, ¢y=44.1, p<0.001) and
evenness index E (F» 9)=25.1, p<0.001). Based on the
Arten-profile index, vertical structure was the lowest in
the two-row windbreak in the locality of Stredokluky
(581, 6S2) (F, 9y=12.2, p<0.01), but there was a sig-
nificantly highest diameter differentiation TMy (F2, 9=
5.9, p <0.05). The overall diversity of the windbreak was
the highest in the locality of Klapy (3K1, 4K2) made up
from 4 to 5 rows. On the contrary, a significant difference
was not confirmed in the species richness, spatial dis-
tribution, and height differentiation among the types of
windbreaks.

Optical Porosity

In terms of the optical porosity, the windbreaks in the three
localities differed significantly from each other (Fp, 9y = 59.7,
p <0.001; Table 4). In case of the windbreaks in the locality
of Klapy (3K1, 4K2), a significant difference within one
locality was observed (p < 0.01). The highest optical porosity
was found for the windbreak in Stredokluky (5S1, 6S2) (51%
+9SD) while the lowest optical porosity was found for the
windbreak in Klapy (3K1, 4K2) (27% + 6 SD; p <0.01). The
optical porosity positively correlated with vertical structures
(divided into six layers) of the windbreak (r = 0.42; p <0.01).
This correlation was the most significant on PRP 3K1 and
4K2 (p <0.001); however, this trend was not confirmed on
PRP 5S1 and 6S2 (p > 0.05). The lowest optical porosity was
observed in the lowest shrub layer (15% + 11 SD), and por-
osity was quite even in other layers (41.7—45.3%).
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the two thinner central curves represent 95% interval of reliability;
when the black line of tree distribution on the PRP is below, respec-
tively above this interval, it indicates a tendency of trees toward reg-
ular distribution, respectively aggregation

Table 4 Optical porosity differences by vertical layer (1-shrub layer,
6—top tree layer) of the windbreaks on six permanent research plots
1-6

Vertical layer Optical porosity (mean % + SD)

1D1 2D2 3K1 4K2 581 6S2

6 42+12 5120 33+16 455 — —

5 32+15 57+13 25+8 44+7 51+x9 49+12
4 40+8 48+8 218 43+x7 60x13 51x13
3 42+10 42+8 24+9 35+6 628 67=x15
2 48+13 3810 115 26+x6 62+13 6514
1 105 18x6 0zx0 6+2 22+9 32+13
Total mean 36+5 42+4 19x5 35+3 518 5110

Wind Speed Reduction

The wind speed on the leeward side significantly increased
(r=0.83, p<0.001) with increasing relative distance
(multiples of the upper height of the windbreak) from the
windbreak, respectively and its efficiency decreased (Table
5). According to our measurement, the windbreak efficiency
was observed more significant for the higher number of
rows. The locality of Klapy (3K1, 4K2) with the highest
number of rows 4-5 has the most significant efficiency in
comparing with the others PRP. The differences in wind-
breaks’ efficiency in terms of the wind-speed reduction
reached between 9.7 and 15%. The smallest difference was
observed in the closest distance from the windbreak (3H).
Significant effect of the windbreak on reducing wind speed
was observed for all distances evaluated even on the
furthest location (12H).

Relationship Between Windbreak Efficiency, Optical
Porosity and Stand Characteristics

Results of the PCA are presented in Fig. 6. The first ordi-
nation axis explained 66.6%, the first two 83.4% and the
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Table 5 Field measurement data
(from November to March in
2015-2017) of the wind-speed

PRP Locality Optical

porosity (%)

Wind speed
(range, m s’l)

Anemometer position /wind-speed reduction
(mean % + SD)

reduction with total optical 3H 6H 9H 12H

porosity of the windbreaks

without foliage 1D1, Dobroviz 39 4.4-9.1 44.1+ 474+ 743 + 79.6 £
2D2 12.4 13.1 11.7 10.6
3Kl1, Klapy 27 4.5-7.4 412+94 593+19 68.0+84 72.2+9.1
4K2
581, Stredokluky 51 4.5-6.3 509+69 624+ 79.4+32 85.6+2.3
6S2 10.1

2 - speed in the distance 6H and aggregation index (tendency of
av

iE1 551b
iAp 6S2b Stredokluk

iH

DomHeight Win12H

Size Win9H

DBH
Density Por2-5

Por1-3

Age "\orume 112 2020 Win3H
Dobroviz 5,
1D1b<>2 .
o Height
-1.2 1.2

Fig. 6 Ordination diagram showing relationships among tree layer
characteristics (Density number of tree stem, Volume timber volume,
DBH diameter at breast height, DomHeight dominant height, Height,
Age), width of windbreak (Size), diversity indices (iAp Arten-profile
index, iTMd diameter differentiation, iTMh height differentiation, iD1
species richness, iH "~ species heterogeneity, iE] species evenness, iB
total diversity, iR aggregation), optical porosity (Porl/-3 o.p. of lower
part, Por3—6 o.p. of upper part, Por2-5 o.p. of middle part without
shrub and top layer), wind speed on the leeward side (win3/6/9/12H
relative wind speed in the distance from the windbreak to the stand
position in 3, 6, 9, 12 times the height of windbreak) and locality
(Stredokluky, Klapy, Dobroviz); Codes: @, V¥, ¢ indicate number of
PRP (1-6) with locality (S, K, D) with number of couple in the same
locality (1, 2) and half part of windbreak (a, b)

first four axes together explained 97.6% variability in the
data. The first axis X represents width of windbreaks, ver-
tical Arten-profile index, and species heterogeneity together
with wind speed. The second axis Y represents the mean
height of a tree layer and species richness. Wind speed in
distances 3H, 9H, and 12H from the windbreak positively
correlated with optical porosity, while these parameters
negatively correlated with a total diversity, Arten-profile
index, species evenness and heterogeneity, size of the
windbreak and dominant height of the tree layer. The timber
volume positively correlated with mean age and number of
trees in the windbreak, while these parameters negatively
correlated with height and diameter differentiation, wind

aggregation with increasing number of trees). The mean
height and species richness had minimum impacts on the
windbreak efficiency. The contribution of species richness
was relatively small. The windbreaks significantly differed
for PRPs. PRP with two tree rows with higher optical
porosity, wind speed on the leeward side and structural
differentiation occupied a right part of the diagram while
PRP with three and four tree rows was characterized by
higher dominant height, total diversity, vertical structure,
species diversity, and timber volume (left part of Fig. 6).
Differences in one type of the windbreaks were remarkable,
especially for the locality of Klapy (3K1, 4K2) as record
marks were relatively distant from each other, whereas
record marks for Dobroviz (1D1, 2D2) and Stredokluky
(5581, 6S2) were fairly close together in the diagram. Gen-
erally, increasing size and structural complexity of the
windbreak had positive effects on the wind-speed reduction.
The structural indices, which mostly influence the
windbreak permeability (relative wind speed) are index of
complex diversity B (r=—0.81) and Arten-profile index
describing vertical structure (r= —0.73). The strongest
correlation was found at the distances of 3H and 6H. The
indices of species diversity E; (r = —0.72) and evenness (r
= —0.69) also significantly negatively correlated with wind
speed (p<0.05). Wind speed behind the windbreak was
also significantly influenced by dominant height of the
windbreak vegetation (r= —0.76, p<0.01). The optical
porosity was correlated with wind speed (r = —0.80), par-
ticularly bottom part of the windbreaks (r = —0.84).

Discussion

We found moderate to very rich species richness in woody
parts of the windbreaks investigated in three localities.
Similar results have been reported in southern Moravia of
the Czech Republic (Koliba¢ova 2000; Ticha 2009). How-
ever, relatively higher diversity of woody species in the
windbreaks has also been reported in other studies, e.g.
Muzikovd and Jare§ (2010). Forming a higher species
diversity in the windbreak has been a long tradition in
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southern Moravia (Sanovec 1948), while lower species
diversity can be found elsewhere in the USA (Stoeckeler
1962; Brindle et al. 2004; Singh 2010). In the latter case,
the windbreaks were often created by only one species of
woody plant (Lee et al. 2010). Woody leafy/deciduous
plants of various species have frequently been planted to
build the windbreaks in the Czech Republic (Tichd 2009;
Muzikova and Jare§ 2010). Significantly different stand
structures and species compositions have been reported in
other countries, e.g., in northern America or Canada, where
windbreaks often consist of only coniferous woody plants
(Brandle et al. 2004; Lin et al. 2007; Lee et al. 2010).
However, no report of appropriate comparisons is available
among the indices describing windbreak biodiversity in the
existing literature because of a little attention paid to the
issues.

Our study show different windbreak types have different
significant effects on the structure and species diversity,
which are influenced mainly by width of the windbreaks.
The biggest influence on the wind-speed reduction was
marked in the index of overall diversity B and Arten-profile
index describing vertical structure of the windbreaks. It is
necessary to consider this fact when building the individual
windbreak types in a particular environmental condition of
the forest stands (Straight and Brandle 2007). The wind-
break is necessary both from ecological and economic
points of view, and therefore structure and sizes of a
windbreak need to be optimal for achieving desired objec-
tives (Pasdk 1970; Tichd 2009). The windbreaks provide
habitat for various types of wildlife, have the potential to
contribute benefits to the carbon balance equation and
economic profits associated with climate change (Brandle
et al. 2004; Vacek et al. 2015a; Bosela et al. 2016). A much
beneficial windbreak seems to be a closed, quadrangle
network with longer side, made up perpendicular to the
direction of the prevalent wind and neighboring cross-
windbreaks to catch the wind blown from the sides (Fekete
1961). Appropriate width of the windbreak has been
reported by Cablik and Jiva (1963), which varies from 8 to
11 m, and height reaching up to 16 m, in the locations with
dusty storms. When woody plants are fully grown, 5-7
rows windbreak could fulfill the desired objectives. More
numbers of row of alternating trees are more effective than
one- or two-row windbreaks (Bitog et al. 2012), which is in
line with our results. Minimum spacing of rows should vary
between 1.5 and 2m and distance of seedlings and young
plants between 0.7 and 1.5 m, depending on the type of
species planted and maturity of the planting materials used
(Pasak 1970; Heisler and DeWalle 1988).

In our study, the horizontal structure of tree layers was
random based on the indices and L-function examined. The
random to regular spacing of tree layers in the windbreaks
has been reported in southern Moravia (Ticha 2009). Tree
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layers of the windbreaks also represent the production
potential that can be higher compared to other layers. The
timber volume of a 4—5-row windbreak at the age of 66
reached nearly to 450 m* ha™! (sizes approx. 25 x 400 m) in
the locality of Dobroviz. Similar production potentials were
also found in other studies (Brandle et al. 1992, 2004).

The highest optical porosity was found in the windbreak
of Stredokluky (51%), while the lowest optical porosity was
observed in the windbreak of Klapy (27%). The optical
porosity, in our case, was positively correlated with vertical
stand structures (divided into six layers) of the windbreak (r
= 0.42). Similar windbreak porosities were also observed in
the measurements for southeast of the Czech Republic. In
this case, porosities of leafy windbreaks were found to be a
little less than 30%, and it reached up to 50% after losing
foliage (MuzZikov4 and Jare§ 2010). Similar porosity values
(20-50%) have been also reported in the windbreaks in
China (Yang et al. 2017). Frequently recommended por-
osity value lies between 40% and 50% (Muchova et al.
2008; Podhrazska et al. 2008) and this range can be con-
sidered to the most efficient in terms of mitigating wind
surges (Brandle et al. 2004; Yang et al. 2017). This is also
supported by the findings of Forman and Gordon (1986)
and Cleugh and Huhges (2002), who found the windbreaks
having moderate porosities as optimal ones. The windbreak
porosity is significantly affected by number of rows, inter-
row distance, height differentiation, amount and density of
leaf and branch of tree or shrub species of the windbreaks
(Bitog et al. 2012; Kuhns 2012). The porosity decreases
with decreasing structural complexities of the windbreak
(Thuyet et al. 2014). The porosity decreases with increased
abscission (leaf falling), and therefore level of porosity may
change from season to season (Heisler and Dewalle 1988;
Gardiner et al. 2006; Muzikova and Jares 2010). Coniferous
trees used in the windbreaks have indisputable advantages
of the windbreaks in terms of their optical porosity (Lin
et al. 2007; Lee et al. 2010).

In a series of the wind-speed studies carried out so far,
significant correlations have been found between the reduced
wind speed around the windbreak and optical porosity (r=
0.80; Rehacek et al. (2017)) and correlation coefficients could
increase to the maximum (r = 0.94). However, other literature
does not describe such relationship using the correlation
coefficients (Abel et al. 1997; Vigiak et al. 2003). The wind-
speed reduction was observed behind the windbreak (leeward
side), with the highest efficiency for 4—5-row trees and
shrubs planted in the locality of Klapy. However, decreasing
wind speed with the smallest effect on wind erosion was
found in Stredokluky, where two-row windbreak exists, and
this can be due to smaller width and height, less complex
specie composition and low level of optical porosity of the
windbreak. The effect of the windbreak on reducing wind
speed was found in all distances, even in the distance 12H
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from the windbreak, which is not in line with the results by
Wu et al. (2013). Brandle et al. (2004) have stated that the
wind-speed reduction of multiple row windbreaks is between
40 and 55% at the distance of 12H. However, in this study the
wind-speed reduction was observed in the range from 79 to
86% at the distance of 12H. Heisler and DeWalle (1988) and
Vigiak et al. (2003) have published that the protective area on
a windward side is up to the distance of 35H. However, the
wind-speed reduction of 80% has been observed to the dis-
tance of 17H (Vigiak et al. 2003). Thuyet et al. (2014) have
observed the influence of the windbreak of 80% up to the
distance of 20H according to the windbreak structure.

Conclusion

This study shows that well-established and well-maintained
windbreaks provide ecological benefits, such as increased
production efficiency, biodiversity, amelioration of micro-
climate, and protection of the local environment. The
windbreaks significantly contribute to a decreased wind
speed, thereby protecting soil against wind erosion,
increasing land productivity, protecting agricultural crops,
increasing recreational values of the landscape. The optical
porosity along with suitable structural indices, especially
those based on the complex diversities are recommended for
efficient and effective windbreak establishment. Moreover,
the windbreaks even have high production functions, par-
ticularly in terms of wood production in the tree layers,
which can be utilized by land owners through a gradual
renewing of the windbreaks established on their field plots
or parcels. However, less attention has been paid by land-
owners to the issues of the windbreaks, i.e. particularly for a
long period until windbreaks grow up and start providing
ecological and economic benefits. If the windbreaks were
properly created, taken care, and kept intact or well main-
tained, they have long-lasting positive effects on the local
environment of agricultural farms. Thus, agrarian policy
should be made in favor of establishing the effective and
efficient windbreaks. The windbreaks will always have
increasingly bigger importance in agricultural landscapes
with a minimum extent of the forest coverage for a given
perspective of the global climate change.
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Abstract

Soil organic carbon (SOC) is a great component of the global carbon cycle and plays significant role in terms of
climatic changes and agricultural land-use. An important management concern is the extent of SOC stocks seques-
tration when farmland is converted to forest stands. We have reviewed the literature about changes in SOC stock in
relation to altitude and stand age and sought differences between former agricultural land and origin forest stands.
Accumulation of SOC was monitored in 17 examples (41 samples) in 9 locations across the all Czech Republic with
focus on the main tree species Norway spruce (Picea abies [L.] Karst.). Results showed a significant increase of
SOC stock in an afforested farmland with increasing stand age. Another factor was the altitude. With increasing
altitude, the carbon stock in our model gradually decreased. From the data analyzed comparing forest stand and
former agricultural land, similar carbon sequestration was documented for both variants with higher SOC for forest
stands. However, other conditions affecting SOC stock should be taken into consideration, especially silvicultural
management, topography, disturbances, soil properties and cultivation. The general tendencies of SOC changes at

the investigated sites are comparable to those in other studies across the Europe.

Key words: carbon storage; soil organic matter; abandoned farmland; land-use change; temperate forest soil
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1. Introduction

Forestryis characterized by long-term production cycles
(Cienciala et al. 2008) and multifunctionality of forest
ecosystems. Forest provides people with a wide range
of resources and ecosystem services (Kindler 2016).
These benefits are often subdivided into three groups —
ecological forest functions, socio-cultural benefits and
forest products, especially wood products (Stenger et al.
2009). Ecological forest function comprise prevention of
soil erosion, local climate regulation (de Groot et al. 2002;
Vacek et al. 2003), and — gaining in importance nowa-
days — carbon sequestration (Vanguelova et al. 2013;
Griineberget al. 2014; Pukkala 2014; Ahmed et al. 2016).
Forest ecosystems’ potential to accumulate SOC and,
therefore, mitigate climate change attracts an increas-
ing number of researchers in the environmental field
(Cienciala et al. 2008). Forest soils hold an important
position in evaluation of forest ecosystems dynamics in
anthropogenically influenced areas (Furst et al. 2007).
Carbon sequestration is also a political issue with global
significance, embodiedin international agreements, such
as the Climate Convention (UNFCCC - United Nations’

*Corresponding author. Jan Cukor, e-mail: cukor@fid.czu.cz

Convention on Climate Change) and the Kyoto Protocol
(Ciencialaetal. 2008; Lugato & Berti 2008; Griineberg et
al. 2014). The role of forests in the global carbon cycle is
thus carbon sequestration from the atmosphere through
photosynthesis. During this process, carbon is released
into the atmosphere again, or its part isbound to the tree
biomass and soil organic matter (SOM) (Post & Kwon
2000).

Overall, forests represent a very important carbon
repository (Vacek et al. 2013; Holubik et al. 2014; Fuji-
saki et al. 2015), with its greater part bound in the forest
soil (Guo & Gifford 2002). It is estimated that approxi-
mately 30 to 50% of total carbon content in forests is
located in soils (Dixon et al. 1994; Paul et al. 2002; Pan
etal.2011; Wiesmeieretal. 2013; Griinebergetal. 2014).
The amount of accumulated carbon and its distribution
in the soil profile is influenced by individual tree species
(Augusto et al. 2015; Andivia et al. 2016). Carbon accu-
mulation is also significantly affected by the type of eco-
nomicland use (Blanco-Canqui et al. 2014; Wiesmeier et
al. 2015; Fujisaki et al. 2015); in some cases, cultivation
of forest soils can even reduce SOC (Murty et al. 2002).
Afforestation of agricultural land can — together with
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other benefits such as higher timber mass production or
higher biodiversity (Podrazsky et al. 2011; Woziwoda et
al. 2014; Vacek et al. 2016; Cukor et al. 2017a; Vacek
et al. 2017) — significantly increase the carbon content
bound in the ecosystem (Kacalek et al. 2011), which in
turn contributes to reducing carbon concentrations in the
atmosphere (Novaraetal. 2014; Woziwoda et al. 2014).

The potential of abandoned agricultural land and the
total of land suitable for afforestation is quite consider-
able, from a global perspective. Over the world, there are
approximately 385 — 472 million hectares of abandoned
farmland suitable to be afforested with fast-growing
tree species (Campbell et al. 2008). Similarly in Europe,
where agricultural land is assumed to be partially turned
into forest land as well (Rounsevell et al. 2006; Stoate et
al. 2009; Ruskule et al. 2016). An increase in forest land
area and a decrease in farmland area has been observed
in Europe since the early 19* century (Wulf 2004; Prish-
chepov 2012); currently, an area of approximately 12 —
16 million hectares (FAO 2008; Campbell et al. 2008) is
considered to be afforested on this continent. The area of
agricultural and non-forest land suitable for afforestation
can be illustrated on the example of the Czech Republic.
The exact size of land suitable for afforestation depends
on the criteria of evaluation; in most cases, the estimates
range from 50,000 to 500,000 hectares (Podrazsky &
Stépanik 2002; Vopravil et al. 2015).

Areas of the land suitable for afforestation are vast,
therefore it is important to pay attention not only to pro-
duction capabilities of various tree species growing on
non-forestland, but also to other factors, including accu-
mulation of carbon. In the present study carbon seques-
tration is studied in the soil organic matter in stands of
most common tree species growing in the Czech Repub-
lic (Norway spruce /Picea abies [L.] Karst./, European
beech /Fagus sylvatica L./, English oak/Quercus robur
L./) andtree species with generally highwood production
(Europeanlarch/Larix decidua Mill./, Douglas fir/ Pseu-
dotsugamenziesii Engelm./). The objective of our study is
to investigate how carbon content in the surface humus
changes within the altitudinal gradient, species compo-
sition (coniferous x deciduous) and the age of the stand
onthe permanent forest land in comparison to afforested
farmland. The development of carbon content in upper
humus layer in relation to above-mentioned variables is
based on studies already published.

2. Methods

Determination of carbon content in the surface humus of
various tree species was based on all previously published
dataavailable for the Czech Republic. In the past, studies
dealing with raw humus accumulation on agricultural
land and on permanent forest land were elaborated at
the Department of Silviculture of the Faculty of Forestry
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and Wood Sciences of the Czech University of Life Sci-
ences in Prague, at the Forestry and Game Management
Research Institute, and at the Forest Ecology Institute of
the Faculty of Forestry and Wood Technology of Mendel
University in Brno. Distribution of particular locations
within the Czech Republic is shown in Fig. 1.
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Fig. 1. Location of research plots on former agricultural land
(gray circles) and in forest stands (black triangles).

The methodology of holorganic humus collection
is always described in the particular work, cited in our
paper. Calculation of carbon in tonnes per hectare was
based on total humus in accordance with the following
equation which calculates the carbon content from the
total humus in per cents. The resulting carbon accumu-
lation was based on the sum for particular layers of the
humus in L, F and H horizons (Saly 1978).

Ay 100 1724
h oy total upper-layer humus in tonnes per hectare

—total humus in %
— coefficient of C content converted to total
humus (Saly 1978).
Conversion to the total carbon accumulation and descrip-
tion of particular localities are presented in Table 1 (affor-
ested agricultural land) and in Table 2 (permanent forest
land).

%,

1.724

3. Statistical evaluation

The location, stand type (broadleaved vs. coniferous),
age, altitude (m AMSL), land use (former agricultural
land/forest) and relevant soil carbon content data were
available for statistical analyses. Tree species were sepa-
rated into two groups (coniferous and broadleaved) for
obtaining more records in each of this group. For mod-
elling of soil carbon content (t ha™!), generalized linear
mixed effect model (GLMM) was selected as the first
approach. All computations were performed in R soft-
ware (R Core Team 2016).
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Table 1. Carbon accumulation on former agricultural land.

Carbon accumulation

Locality Treespecies ~ Age[years] Altitude [meters] Forestsite type [tha ] Authors
Pine 39 11.11
Kostelec nad Cernymi lesy Spruce 39 430 401 12.03 Podrazsky et al. 2010
Dg fir 39 10.3
s S . Spruce 57 860 343 . fLe
Destné v Orlickych horach Beech 0 300 6K 13 Hatlapatkova & Podrazsky 2011
. Spruce 18 800 9.43 o
Flaje Larch 1 800 8K1 2.83 Podrazsky 2008
Bystré v Orlickych horach Spruce 12 7 4K 5.54
Beech 12 517 4K 5.83 .
- Kacalek et al. 2010
Krahulec v Orlickych horach Birch 12 290 4K 237
Spruce 50 600 4K 17.67
Red oak 343
. Birch 4.19 o1 . ‘
Cesky Rudolec Spruce 28-37 600-630 5K1 10.93 Podrazsky & Ulbrichova 2004
Larch 14.7
Spruce 48 6P1 11.78
Krucemburk Spruce 53 610-640 601 15.38 Podrézsky et al. 2011
Larch 52 18.23
Krahulec v Orlickych horach Spruce 100 600 4K 47.82 Bartos et al. 2014

Note: Forest site type is classified by the Czech forest ecosystem classification (Viewegh et al. 2003). Explanatory see Table 2.

Table 2. Data for carbon accumulation on forest soil.

Carbon accumulation

Locality Tree species Age Altitude  Forest site type [tha ] Authors
Spruce 120 33.86
Kostelec nad Cernymi les Fir 140 400-420 401 8.1 Podrazsky & Remes 2010
ymiiesy Beech 36 12.84
Oak 36 5.11
s S . Spruce 136 920 2.85 ‘ o
Destné v Orlickych horach Beech 100 850 6K IRY, Hatlapatkova & Podrazsky 2011
Horice Spruce 35 300 3K 7.97 Podrazsky & Remes 2005
Spruce 61 20.51
DG fir 45 420 4K 12.54 Kupka et al. 2013
Oak 61 6.6
Kostelec nad Cernymi lesy Spruce 120 34.74
S 40 13.7 A .
ech 10 420-440 4p1 515 Podrézsky & Remes 2009
Dg fir 40 7.95
Kitiny Spruce 60 520 4H 2
Dg fir 60 6 <
Mensik et al. 2009b
Harky Spruce 65 430 3K 34
DG fir 65 239
Spruce 30 12.9 .
Néméice Beech 0 600-660 581 73 Mensik et al. 2009a
Spruce 110 600-660 581 26.6 Fabianek et al. 2009

Note: Forest site type: 6P — Piceeto-Abietum variohumidum acidophilum, 60 - Piceeto-Abietum variohumidum mesotrophicum, 4Q — Querceto-Abietum variohumidum oligotrophicum, 6K —
Piceeto-Fagetum acidophilum, 8K — Piceetum acidophilum, 5K — Abieto-Fagetum acidophilum, 40 — Querceto-Abietum variohumidum mesotrophicum, 4P — Querceto-Abietum variohumidum
acidophilum, 4H — Fagetum illimerosum trophicum, 3K - Querceto-Fagetum acidophilum, 58 — Abieto-Fagetum mesotrophicum (Viewegh et al. 2003).

The soil carbon content data were fitted with gamma
distribution via R package MASS (Venables & Ripley
2002), while goodness of fit were subsequently tested
by Kolmogorov-Smirnov test.

The full model (GLMM) was constructed as follows
(notation from R software):

Carbon ~ Land Use + Altitude + Age + Stand type +
(1]Location)

The carbon content data were identified as random
selection from gamma distribution with parameters
o=1.83 and  =0.14. The goodness of fit was tested by
Kolmogorov-Smirnov test (p = 0.99).

The sampling location was identified as random
effects, while all other effect were considered fixed. Com-
putations of GLMM were performed via R package Ime4
(Bates et al. 2015).

At first, effect of land use was tested via likelihood-
ratio test (model with land use parameter vs. model with-
out land use parameter). Secondly, the effect of location

was evaluated. Thirdly, further models (simplified, with
non-significant or unreliable factors due to data insuf-
ficiency omitted in comparison to full model) were con-
structed — separate models (generalized linear model —
GLM) for these predictors were computed.

The dependence of soil carbon content on the most
significant factors was graphically represented. All
hypotheses were tested at a=0.05.

Unconstrained principal component analysis (PCA)
in the Canoco 5 program (Microcomputer Power) was
used to analyze relationships among SOC, stand age,
altitude, climatic factors (mean temperature and pre-
cipitation), site humidity and nutrients (transformed
from Czech forest ecosystem classification), ecological
groups, tree species and land use (forest stand, afforested
farmland) in order to reveal similarity of 41 records. Data
were log-transformed, centered and standardized during
the analysis. The results of the PCA analysis were visual-
ized in the form of an ordination diagram.
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4. Results

Testing for significance of land use showed non-signifi-
cant results (p =0.97) and this parameter was therefore
omitted. The random effect of location showed relatively
lowvariance (8.1E-4) and due to relatively low number of
records for some locations was not considered in further
analyses.

The testing for significance of effect of tree type was
evaluated by likelihood-ratio test (p = 0.0015), while
coniferous forests showed significantly higher amount
of soil organic carbon. In general, there was ca. 1.66 times
higher carbon accumulation in coniferous stands com-
pared to stands of broadleaved tree species. For further
details about average carbon content depending on stand
type see Fig. 2.
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Fig. 2. Average carbon content in coniferous and broad-
leaved stands depending on its age (years). Coniferous forests
showed significantly higher amount of soil organic carbon
content (p=0.0015).

The likelihood-ratio tests showed significant results
forboth predictors (p=0.02 for altitude and p=0.001 for
stand age). Representation of model — see Fig. 3.
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Fig. 3. Model for response of carbon content to altitude and

the age of the stand. The “heatmap” at the base of the plot
shows projection of estimated function.

The accuracy of the model is depicted by Fig. 4 — his-
togram of differences of recorded data from suggested

100

model. The accuracy was evaluated for all selected tree
species and separately for Norway spruce.
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Fig. 4. Histogram of differences of data from suggested mod-
el. The accuracy was evaluated for all available records and
separately for Norway spruce.

The relationships between SOC, site parameters,
climate and tree species are presented in Fig. 5 by the
PCA analysis. The first ordination axis explained 45.9%
of variability in the data, the first two axes together 70.5%
and the first four axes together explained 94.1%. The first
x-axisrepresented the SOC stock and mean temperature
with altitude and sum of precipitation. The second y-axis
represented site parameters (humidity and content of
nutrients). SOCwas positively correlated with stand age
and temperature, while these parameters were negatively
correlated with altitude and precipitation. Site humid-
ity and richness had low impact on content of carbon.
Remarkable differences were observed among ecologi-
cal groups (especially for Acidophilum series in terms of
carbon), as marks of each record are relatively distant
from one another whereas marks for forest stand and
afforested agricultural land were fairly close together
in the diagram. Tree species were significantly different
from one another, but higher SOC stock were typical for
coniferous (left part of diagram).

5. Discussion

The most significant factor that distinguishes agricul-
tural land from permanent forest habitats is the null
occurrence of upper-layer humus (Torreano 2004). After
afforestation of the agricultural soil, a considerable part
of the accumulated carbon is concentrated in the upper
layers, gradually formed by forest litter; its formation
and accumulation is noticeable already in young stands
(Kacalek et al. 2011). In the phase immediately follow-
ing the afforestation of agricultural land, there is a slight
decrease in soil organic carbon. In the years to come,
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Fig. 5. Ordination diagram showing results of the PCA analy-
sis of relationships among SOC (Carbon), stand age, altitude,
climatic factors (mean temperature and sum of precipita-
tion), site humidity and nutrients/richness (transformed from
Czech forest ecosystem classification), ecological groups
(Trophicum nutrient-rich — mesotrophic, Acidophilum acidic -
oligotrophic, Variohumida gleyed — strongly fluctuating water
tables) tree species (Coniferous, Broadleaves; Spruce, Beech,
Birch, Larch, Fir, DG fir, Red oak, Oak, Pine) and land use
(Forest forest stand, Farmland afforested agricultural land);
Codes indicate: * forest stand, a afforested farmland; ¢ tree
species, ® ecological groups.

its content is only increasing, and, subsequently, the
growth of SOC on afforested agricultural land is gradu-
ally documented with increasing age of forest stand and
thuswith increasing accumulation of upper-layer humus
(Laganiére et al. 2009; Segura et al. 2016).

This trend of an increasing content of accumulated
carbon with increasing age has also been confirmed by
our model, which describes rising carbon content in
stands up to the approximate age of 120 years. As no
statistically significant differences for forest and affor-
ested agricultural land were found, the processed data
showed comparable carbon sequestration for both land
uses. However PCA analysis suggests, that there is a
higher SOC content on the forest soils; this results can
be caused by lower age of examined stands on farmland.

Another factor that significantly affected the content
of carbon in the upper-layer humus was the altitude. In
accordance with our model, the carbon content declined
gradually with the rising altitude. Different results were
found in Germany, where a higher carbon stock depos-
ited inupper-layer humus at higher elevations and alpine
sites where thick organiclayers are common (Wiesmeier
et al. 2013; Griineberg et al. 2014). Nevertheless, these
results are from alpine areas, where generally higher
hummus accumulation occurs because of extreme cli-

matic and site conditions. This results were not included
inthis study, examined gradient was between 300 to 920
meters above sea level.

However, from the statistical analysis, there is evi-
dent, that coniferous tree species accumulate more
upper-layer humus (Schulp et al. 2008; Wiesmeier et
al. 2013; Griineberg et al. 2014) and that is why they
often have a substantial content of accumulated carbon
(Mensik et al. 2009a; Podrazsky & Reme$ 2010; Kupka
et al. 2013). On the other hand, this well documented
difference between coniferous and deciduous tree spe-
cies has in our study a lower importance compared to
significant influence of site conditions (Augusto et al.
2003; Holubik et al. 2014).

Other conditions that may affect the accumulated
carbon content in the upper-layer humus are: different
forest management, previous land use, stand character-
istics, pre-planting disturbance, soil clay content, thin-
ning, fertilization, liming, forest fires and, to some extent,
the climatic zone (Lal 2005; Schulp et al. 2008; Laga-
niere et al. 2009; Vacet et al. 2009, 2010; Matéjka et al.
2010; Blanco-Canqui et al. 2014; Griineberg et al. 2014;
Seguraetal. 2016). These circumstances, however, were
not taken into account in our generalized model, which
is based on data already published, as we lack sufficient
data for the Czech Republic. Nonetheless it was shown
that afforestation of agricultural land brings, among
otherbenefits atlocal scale, an increase in the carbon con-
tentin units to tens of tonnes per hectare, which canresult
in animportant effect on the global C budget if sufficient
agricultural land is converted (Paul et al. 2002). That is
why afforestation of agricultural land not only on sites
suitable for forest trees but also in less favourable locali-
ties will gain on importance as a measure improving soil
conditions. Here, planting can be supported by various
types of fertilization and other measures aimed at better
growth and the survival rate of seedlings (Podrazsky et
al. 2003; Kunes et al. 2009; Tuzinsky et al. 2015; Cukor
etal. 2017b).

6. Conclusions

The paper confirms the hypothesis about the influence
of altitude and stand age on the SOC stock in the studied
localities in the Czech Republic. However, relatively lim-
ited and variable number of samples on the compared var-
iants must be considered when interpreting the present
results. Stand age has significant positive effect on SOC
content, while carbon stock decreased with increasing
altitude. Difference between forest stands and afforested
farmland, such as conifers and broadleaves was lower
in the studied case (minor importance of tree species)
compared to site. Considering the current knowledge
about this important topic and still the lack of studies
about carbon sequestration in soil following afforestation
of former agricultural land, it is necessary to continue in
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research to answer all questions and ambiguities. The
studies should be focused on other factors significantly
influencing the carbon content in the soil, especially
impact of forest management, soil cultivation, previous
land use and actual climatic changes.

Acknowledgments

This study was supported by the Internal Grant Agency (project
no.B03/17), Faculty of Forestry and Wood Sciences, Czech Uni-
versity of Life Sciences, Prague.

References

Ahmed, I. U., Smith, A. R., Jones, D. L., Godbold, D.
L., 2016: Tree species identity influences the verti-
cal distribution of labile and recalcitrant carbon in a
temperate deciduous forest soil. Forest Ecology and
Management, 359:352-360.

Andivia, E., Rolo, V., Jonard, M., Formanek, P., Ponette,
Q.,2016: Tree species identity mediates mechanisms
of top soil carbon sequestration in a Norway spruce
and European beech mixed forest. Annals of Forest
Science, 73:437-447.

Augusto, L., De Schrijver, A., Vesterdal, L., Smolander,
A., Prescott. C., Ranger, J., 2015: Influences of ever-
green gymnosperm and deciduous angiosperm tree
species on the functioning of temperate and boreal
forests. Biological Reviews, 90:444—-466.

Bates, D., Maechler, M., Bolker, B., Walker, S., 2015:
Fitting Linear Mixed-Effects Models Using Ime4.
Journal of Statistical Software, 67:1-48.

Bartos, J., 2014: Biologické a ekonomické aspekty
zalesnovani zeméd¢lskych pad. Disertaéni prace,
Praha, FLD CZU v Praze, 128 p.

Blanco-Canqui, H., Lal, R., 2004: Mechanisms of carbon
sequestration in soil aggregates. Critical Reviews in
Plant Sciences, 23:481—-504.

Campbell, J. E., Lobell, D. B., Genova, R. C., Field, C.
B., 2008: The global potential of bioenergy on aban-
doned agriculture lands. Environmental Science &
Technology, 242:5791-5794.

Cienciala, E., Exnerova, Z., Schelhaas, M. J., 2008:
Development of forest carbon stock and wood pro-
duction in the Czech Republic until 2060. Annals of
Forest Research, 65:603.

Cukor, J., Balas, M., Kupka, I., Tuzinsky, M., 2017a: The
condition of forest stands on afforested agricultural
land in the Orlické hory Mts. Journal of Forest Sci-
ence, 63:1-8.

Cukor, J., Linhart, L., Vacek, Z., Balas, M., Linda,
R., 2017b: The Effects of Alginite Fertilization on
Selected Tree Species Seedlings Performance on
Afforested Agricultural Land. Forestry Journal, 63:
48-56.

102

de Groot, R. S., Wilson, M. A., Boumans, R. M. J., 2002:
A typology for the classification, description and val-
uation of ecosystem functions, goods and services.
Ecological Economics, 41:393-408.

Dixon, R. K., Brown, S., Houghton, R. A., Solomon,
A. M., Trexler, M. C., Wisniewski, J., 1994: Carbon
Pools and Flux of Global Forest Ecosystems. Science,
263:185-190.

Fabianek, T., Mensik, L., Tomaskova, 1., Kulhavy, J.,
2009: Effects of spruce, beech and mixed commercial
stand on humus conditions of forest soils. Journal of
Forest Science, 55:119-126.

Fujisaki, K., Perrin, A. S., Desjardins, T., Bernoux, M.,
Balbino, L. C., Brossard, M., 2015: From forest to
cropland and pasture systems: a critical review of soil
organic carbon stocks changes in Amazonia. Global
change biology, 21:2773-2786.

FAOQ, 2008: Fighting food inflation through sustainable
investment: grain production and export potential
in CIS countries e rising food prices: causes, conse-
quences and policy responses. Rome: Food and Agri-
culture Organization of the United Nations; 2008
March 10. 16 p. Sponsored by the European Bank
for Reconstruction and development and the FAO.

Griineberg, E., Ziche, D., Wellbrock, N., 2014: Organic
carbon stocks and sequestration rates of forest soils
in Germany. Global Change Biology, 20:2644-2662.

Guo, L. B., Gifford, R. M., 2002: Soil carbon stocks and
land use change: a meta analysis. Global Change Biol-
ogy, 4:345-360.

Hatlapatkova, L., Podrazsky, V., 2011: Obnova vrstev
nadlozniho humusu na zalesnénych zemédélskych
pudach. Zpravy lesnického vyzkumu, 56:228—234.

Holubik, O., Podrazsky, V., Vopravil, J., Khel, T., Remes,
J.,2014: Effect of agricultural lands afforestation and
tree species composition on the soil reaction, total
organic carbon and nitrogen content in the upper-
most mineral soil profile. Soil & Water Research,
9:192-200.

Kacalek, D., Dusek, D., Novak, J., Slodi¢ak, M., Bartos,
J., Cernohous, V., Balcar, V., 2011: Former agricul-
ture impacts on properties of Norway spruce forest
floor and soil. Forest Systems, 20:437-443.

Kacalek, D., Novak, J., Bartos, J., Slodicak, M., Bal-
car, V., Cernohous, V., 2010: Vlastnosti nadlozniho
humusu a svrchni vrstvy pidy ve vztahu k druhtim
drevin. Zpravy lesnického vyzkumu, 55:19-25.

Kindler, E., 2016: A comparison of the concepts: Ecosys-
tem services and forest functions to improve inter-
disciplinary exchange. Forest Policy and Economics,
67:52-59.

Kunes, 1., Balcar, V., BeneSova, T., Balas, M., Zadina,
J., Zahradnik, D. et al., 2009: Influence of pulveri-
zed limestone and amphibolite mixture on the growth
performance of Alnus incana [L.] Moench planta-
tion on an acidified mountain site. Journal of Forest
Science, 55:469-476.



J. Cukoretal. /Cent. Eur. For.J. 63 (2017) 97-104

Kupka, I., Podrazsky, V., Kubecek, J., 2013: Soil-forming
effect of Douglas fir at lower altitudes —a case study.
Journal of Forest Science, 59:345-351.

Lal, R.,2005: Forest soils and carbon sequestration. For-
est Ecology and Management, 220:242-258.

Lugato, E., Berti, A., 2008: Potential carbon seques-
tration in a cultivated soil under different climate
change scenarios: A modelling approach for evalu-
ating promising management practices in north-
east Italy. Agriculture Ecosystems & Environment,
128:97-103.

Matéjka, K., Vacek, S., Podrazsky, V., 2010: Develop-
ment of forest soils in the Krkono$e Mts. in the period
1980-2009. Journal of Forest Science, 56: 485-504.

Mensik, L., Fabianek, T., Tesar, V., Kulhavy, J., 2009a:
Humus conditions and stand characteristics of arti-
ficially established young stands in the process of the
transformation of spruce monocultures. Journal of
Forest Science, 55:215-223.

Mensik, L., Kulhavy, J., Kantor, P., Remes, J., 2009b:
Humus conditions of stands with different propor-
tions of Douglas fir in the Hirky Training Forest Dis-
trict and Krtiny Training Forest Enterprise. Journal
of Forest Science, 55:345-356.

Murty, D., Kirschbaum, M. U. F., McMurtrie, R. E.,
McGilvray, A., 2002: Does conversion of forest to
agricultural land change soil carbon and nitrogen?
a review of the literature. Global Change Biology,
8:105-123.

Novara, A., La Mantia, T., Riihl, J., Badalucco, L.,
Kuzyakov, Y., Gristina, L., Laudicina, V. A., 2014:
Dynamics of soil organic carbon pools after agricul-
tural abandonment. Geoderma, 235-236: 191-198.

Pan, Y. D., Birdsey, R. A., Fang, J. Y., Houghton, R.,
Kauppi, P. E., Kunz, W. A. et al., 2011: A Large and
Persistent Carbon Sink in the World‘s Forests. Sci-
ence, 333:988-993.

Paul, K. 1., Polglase, P. J., Nyakuengama, J. G., Khanna,
P.K.,2002: Changeinsoil carbon following afforesta-
tion. Forest Ecology and Management, 168:241-257.

Podrazsky, V., Stépanik, R., 2002: Vyvoj ptid na zales-
nénych zemédélskych plochach — oblast LS Cesky
Rudolec. Zpravy lesnického vyzkumu, 47:53-56.

Podrazsky, V., Remes, J., Ulbrichov4, 1., 2003: Biologi-
cal and chemical amelioration effects on the localities
degradedbybulldozersite preparartioninthe Ore Mts.
—Czech Republic. Journalof Forest Science, 49:141—
147.

Podrazsky, V., Ulbrichov4, 1., 2004: Restoration of forest
soils on reforested abandoned agricultural lands.
Journal of Forest Science, 50:249-255.

Podrazsky, V., 2008: Tvorba povrchového humusu pfi
zalesnovani zemédélskych ploch a po buldozerové
ptipravé v Kru$nych horach. Zpravy lesnického vyz-
kumu, 53:258-263.

Podrazsky, V., Remes, J., 2009: Soil-forming effect of
Grand fir (Abies grandis [Dougl. ex D. Don] LindL.).
Journal of Forest Science, 55:533-539.

Podrazsky, V., Remes, J., Hart, V., Moser, W. K., 2009:
Production and humus form development in forest
stands established on agricultural lands — Kostelec
nad Cernymi lesy region. Journal of Forest Science,
55:299-305.

Podrazsky, V., Remes, J., 2010: Vliv druhové skladby
lesnich porostid na stav humusovych forem na zemi
SLPvKostelci nad Cernymi Lesy. Zpravy lesnického
vyzkumu, 55:71-77.

Podrazsky, V., Prochazka, J., Remes, J., 2011: Produkce
a vyvoj pidniho prostiedi porostti na byvalych
zemédélskych pidach v oblasti Ceskomoravské
vrchoviny. Zprévy lesnického vyzkumu, 56:27-35.

Podrazsky, V., Remes, J., Tauchman, P., Hart, V.,
2010: Douglaska tisolista a jeji funkéni ¢inky na
zalesnénych zeméd¢€lskych pidach. Zpravy lesnick-
ého vyzkumu, 55:12-18.

Post, W. M., Kwon, K. C., 2000: Soil carbon sequestra-
tion and land-use change: processes and potential.
Global Change Biology, 6:317-327.

Prishchepov, A. V., Radeloff, V. C., Baumann, M., Kue-
mmerle, T., Miiller, D., 2012: Effects of institutional
changes onland use: agricultural land abandonment
during the transition from state-command to market-
driven economies in post-Soviet Eastern Europe.
Environmental Research Letters, 7:13.

Pukkala, T., 2014: Does biofuel harvesting and continu-
ous cover management increase carbon sequestra-
tion? Forest Policy and Economics, 43:41-50.

R Core Team, 2016: R: Alanguage and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.

Rounsevell, M. D. A., Reginster, 1., Aratjo, M.B., Car-
ter, T. R., Dendoncker, N., Ewert, F. et al., 2006: A
coherent set of future land use change scenarios for
Europe. Agriculture, Ecosystems and Environment
114:57-68.

Ruskule, A., Nikodemus, O., Kasparinskis, R., Prizavoite,
D., Bojare, D., Brimelis, G., 2016: Soil — vegetation
interaction in abandoned farmland within the tem-
perate region of Europe. New Forests, 47:587-605.

Schulp, C.J. E., Nabuurs, G.J., Verburg, P. H., Waal, R.
W., 2008: Effect of tree species on carbon stocks in
forest floor and mineral soil and implications for soil
carboninventories. Forest Ecology and Management,
256:482-490.

Segura, C., Jiménez, M. J., Nieto, O., Navarro, F. B.,
Fernandez-Ondoiio, E., 2016: Changes in soil orga-
nic carbon over 20 years after afforestation in semi-
arid SE Spain. Forest Ecology and Management,
381:268-278.

Stenger, A., Harou, P., Navrud, S., 2009: Valuing envi-
ronmental goods and services derived from the for-
ests. Journal of Forest Economics, 15:1-14.

103



J. Cukoretal. /Cent. Eur. For.J. 63 (2017) 97-104

Stoate, C., Baldi, A., Bejca, P., Boatman, N. D., Her-
zon, 1., Doorn, A. et al., 2009: Ecological impacts of
early 21st century agricultural change in Europe —
A review. Journal of Environmental Management,
91:22-46.

Saly, R.,1978: Poda, z4klad lesnej produkcie. Bratislava,
Priroda, 235 p.

Torreano, S., 2004: Soil development and properties. In:
Burley, J., Evans, J., Youngquist, J. A. (ed.): Encyclo-
pedia of Forest Sciences, Vol. 3. Oxford, Elsevier, p.
1208-1216.

Tuzinsky, M., Kupka, 1., Podrazsky, V., Prknova, H.,
2015: Influence of the mineral rock alginite on sur-
vival rate and rate-growth of selected tree species on
agricultural land. Journal of Forest Science, 61:399—
405.

Vacek, S., Podrazsky, V., Mikeska, M., Moser, W. K.,
2003: Introskeletal erosion threatin mountain forests
of the Czech Republic. Journal of Forest Science,
49:313-320.

Vacek, S., Hejcman, M., Semelov4, V., Remes, J., Podraz-
sky, V., 2009: Effect of soil chemical properties on
growth, foliation and nutrition of Norway spruce
stand affected by yellowing in the Bohemian Forest
Mts., Czech Republic. European Journal of Forest
Research, 128:367-375.

Vacek, Z., Vacek, S., Remes, ., Stefanéik, I., Bulugek, D.,
Bilek, L., 2013: Struktura a modelovy vyvoj lesnich
porostti v NPR Trékov—CHKO Orlické hory, Ceska
Republika. Forestry Journal, 59:248-263.

Vacek, Z., Vacek, S., Podrazsky, V., Kral, J., Bulusek, D.,
Putalové, T.etal., 2016: Structural diversity and pro-
duction of alder stands on former agricultural land at
high altitudes. Dendrobiology, 75:31-44.

104

Vacek, Z., Vacek, S., Bulusek, D., Podrazsky, V., Remes,
J.,Kral, J., Putalova, T., 2017: Effect of fungi patho-
gens and climatic factors on production, biodiversity
and health status of ash mountain forest. Dendrobi-
ology, 77:161-175.

Vanguelova, E. 1., Nisbet, T. R., Moffat, A. J., Broad-
meadow, S., Sanders, T. G. M., Morison, J. I. L.,
2013: A new evaluation of carbon stocks in British
forest soils. Soil Use and Management, 29:169-181.

Venables, W. N., Ripley, B. D., 2002: Modern Applied
Statistics with S. Fourth Edition. Springer, New
York.

Viewegh, J., Kusbach, A., Mikeska, M., 2003: Czech
forest ecosystem classification. Journal of Forest
Science, 49:74-82.

Vopravil, J., Podrazsky, V., Khel, T., Holubik, O., Vacek,
S., 2014: Effect of afforestation of agricultural soils
and tree species composition on soil physical charac-
teristics changes. Ekologia, 33:67-80.

Wiesmeier, M., Prietzel, J., Barthold, F., Sporlein, P.,
GeuB, U.,Hangen, E. etal., 2013: Storage and drivers
of organic carbon in forest soils of southeast Germany
(Bavaria) — Implications for carbon sequestration.
Forest Ecology and Management, 295:162—-172.

Wiesmeier, M., von Liitzov, M., Sporlein, P., GeuR, U.,
Hangen, E., Reischl, A. et al., 2015: Land use effects
on organic carbon storage in soils of Bavaria: The
importance of soil types. Soil & Tillage Research,
146:296-302.

Woziwoda, B., Parzych, A., Kopeé, D., 2014: Species
diversity, biomass accumulation and carbon seques-
tration in the understorey of post-agricultural Scots
pine forests. Silva Fennica, 48:1119.

Waulf, M., 2004: Plant species richness of afforestations
with different former use and habitat continuity. For-
est Ecology and Management, 195:191-204.



6. Syntéza vysledki

V ramci pifedlozeného souboru 5 publikovanych praci byly zjistény nove,
originalni poznatky o moznostech zalesiovani zeméd¢lské puidy v mistech s limitujicim
uhrnem srazek. Ujimavost sazenic, ndslednd mortalita a vySkovy pfirtst byly
hodnoceny na vybranych druzich listnatych a jehli¢natych dievin, které jsou v ramci
zalestiovani nelesnich pid v praxi vysazovany. Vyzkum byl zaméfen na vyhodnoceni
jednotlivych variant vysadeb s pfidanim organomineralniho sedimentu alginitu.
Vysledky ukazaly nejednoznaény vliv piidaného hydroabsorbentu na pramérny
vyskovy pftirGst jednotlivych druht vysazenych dfevin v prvnich tfech letech po
vysadbé. Stejné nejednoznacné vysledky s rozdilnymi a Casto protichiidnymi statisticky
prokazatelnymi vysledky byly zjiStény v pfipad€¢ hodnoceni primérné ro¢ni mortality
a obsahu nutri¢nich hodnot v asimila¢nim aparatu vysazenych dievin.

Dalsi ¢ast prace byla v€novéana srovnani porostnich charakteristik smrkovych
porostil rostoucich na byvalé zeméd¢€lské ptidé v porovnani se stejné starymi porosty na
lesni pudé. Mgefeni a nasledné hodnoceni bylo realizovano v lesnich porostech
zalesnénych po druhé svétové valce, které se nyni blizi mytnimu véku (stafi 66 let).
V hodnocenych porostech byla zjiSténa prokazatelné vyssi zasoba na zalesnéné
zemé&delské pidé v porovnani s porosty rostoucimi na trvalé lesni pidé. Srovnanim
diive zpiisobenych a dosud velmi dobie patrnych Skod zvéfi loupanim a ohryzem kury
byly zjistény prokazatelné rozdily mezi vycetni tloustkou a zasobou zdravych stromu
V porovnani se stromy znacné poskozenymi. Zaroven byl prokazan vliv klimatickych
faktorti (teploty a srazek) na radialni pfirist smrku ve vztahu k poSkozeni zvéfi. Analyza
zavislosti rustovych parametri na klimatickych faktorech poukazala na vétsi citlivost
strom rostoucich na trvalych lesnich stanovistich vici vykyvim ve srazkovych
uhrnech a Vv primérnych teplotach. Stromy poskozené loupanim, ohryzem kulry
a naslednym rozvojem houbovych patogenli v kmeni soucasné trpi z divodu srazkového
deficitu.

V radmci feSeni disertacni prace byly dale zjistény velmi cenné poznatky Vv ¢asti,
jez se veénuje mimoprodukénim funkcim vysadeb zaloZzenych na nelesni pudé.
Z pohledu méné standardnich vysadeb na nelesnich piidich byla provedena terénni
Setfeni s cilem vyhodnoceni efektivity vétrolami rostoucich v oteviené zeméd¢€lské
krajin¢. Vysledky ukazaly signifikantni vztah mezi optickou porozitou a strukturou
vétrolaml. Opticka porozita zaroven prokazateln¢ korelovala se snizenim
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rychlosti vétru, a to zejména v ptipadé vysokych hodnot porozity v dolni c¢asti
vétrolamu. Efektivitu vétrolami soucasné pozitivné ovlivnila horni vyska stromového
patra. V ptipad¢ hodnoceni rychlosti vétru za pomoci strukturalnich indext byl zjistén
vyznamny vztah mezi snizenim rychlosti vétru a vétrné eroze a hodnotami indexa
celkové diverzity a Arten-profil indexu. Tyto indexy je tedy mozné doporucit pro
posouzeni ucinnosti vétrolamu.

V pribéhu transformace zemédélské pidy v dasledku odriistani zalozenych
vysadeb dochazi k postupné sekvestraci uhliku, jehoz zna¢na Cast se akumuluje ve
vznikajicim nadloZznim humusu. Vysledky hodnoceni ukézaly vyznamny narist uhliku
vazaného v nadloznim humusu na zalesnéné zemédélské ptude jiz v prvnich desetiletich
po vysadb¢. Prokazan byl nartst zadsoby uhliku se zvySujicim se staifim porostli. Na
druhé strané ukazal model vyvoje akumulace uhliku klesajici zasobu v kontextu se
stoupajici nadmoiskou vyskou, a tedy i S klesajici produkei porostii. Rozdily v zasobé
akumulovaného uhliku v nadloznim humusu konkrétnich porosti jsou ovliviiovany také
dalsimi faktory, jako jsou péstebni zdsahy, zemsky povrch, pludni podminky
a disturbance. Vyss$i hodnoty sekvestrovaného uhliku byly zjistény v jehlicnatych
porostech z diivodu prokazateln¢ vyssi akumulované vrstvy nadlozniho humusu.

Mnoho dal$ich vysledkl feSenych v ramci disertacni prace je prezentovano ve
vySe piedlozenych originalech péti publikaci, které se k tématim piimo vztahuji.
Syntéza vybranych vysledkt je dle prezentovanych tematickych okruht podrobnéji

popséna V nasledujicich kapitolach.

6.1. Odristani vysadeb na zemédélské piidé — vybrané vysledky

Odrstani vysadeb zaloZenych na zemédélské ptd¢é bylo hodnoceno zejména
Z pohledu vlivu aplikace alginitu na mortalitu a vySkovy pfirtst sazenic. Vybrané

vysledky jsou prezentovany v nasledujicich kapitolach.

6.1.1. Vliv alginitu na mortalitu vysadeb

Vyhodnoceni mortality sazenic borovice lesni, dubu letniho, dubu cerveného
a javoru mléce ukazalo v letech 2013 az 2015 prokazatelné rozdily v reakei jednotlivych
druha dievin na aplikaci alginitu. Detailni ptehled vysledki pro lokalitu ,,U Hnojisté* je

popsan v Tabulce ¢. 6. Nejvyraznéjsi vliv na mortalitu sazenic byl pozorovan jiz
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Vv prvnim roce, tedy v ramci hodnoceni prvni vegetacni sezony po jarni vysadbeé.
Pozitivni vliv byl zjistén u borovice lesni, nicméné vysledky nebyly signifikantni. Na
piikladu listnatych dievin se aplikace hydroabsorbentu projevila jiz prikazné,
nejvyrazngji reagoval dub cerveny, a to predevSim na vyssi davku alginitu.
Pozoruhodné vysledky byly zaznamenany v piipadé dubu letniho, jehoZ mortalita byla
V prvnim roce nizs$i ve smési v porovnani S vysadbou v monokultute. Ve druhém roce
po vysadb¢ byla vSak reakce stromi opacnd. Trend mortality vysadeb rostoucich na
variantach s pfidanym alginitem byl spiSe negativni, pfihnojeni se tedy projevilo vyssi
mortalitou. V poslednim hodnoceném roce byly vysledky jiz nejednozna¢né. Hodnoty

mortality se pohybovaly pouze v jednotkach procent.

Tab. 6. Mortalita jednotlivych druhd dievin po aplikaci alginitu v letech 2013 — 2015.

Varianta  Podet vysazenych Mortalita Mortalita Mortalita
alginitu  stromi v roce 2013 2013 (%) 2014 (%) 2015 (%)

Druh dieviny

A 1222 209 a 116a 41b
Borovice lesni B 900 18,6 a 29,3 ¢ l4a
Cc 900 170 a 22,6 b 1,2a
A 1567 33b 53a 34a
Dub letni B 1594 1,7a 12,1b 54a
C 1209 1,1a 6,2a 8,2b
A 368 128Db 34a 26a

Dub letni ve
. B 396 40a 84b 46a

smési

Cc 310 13a 78b 57a
A 439 59b 22a 05a
Javor mle¢ B 400 10a 20a 0,8a
C 280 1,1a 1,1a 04a
A 396 338¢c 37,8b 6,1a
Dub cerveny B 406 278b 30,0a 44a
C 284 4,6 a 58,7¢c 9,8a

Poznamka: Statisticky prokazatelné rozdily mezi variantami aplikace alginitu jsou oznaceny pomoci

odli$nych indexu.

Vyhodnoceni mortality na lokalit¢ ,,U Lomu* ukédzalo zejména po prvni
vegetacni sezoné spiSe nejasné vysledky bez ziejmého trendu. Na variantu B a C
reagovala v celém hodnoceném obdobi pozitivné pouze borovice lesni. Zvysena

mortalita byla v prvnim roce zjisténa pro listnaté dieviny a douglasku tisolistou.
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Pozitivné reagoval pouze dub letni a javor mlé¢ na varianté B, tedy s pfihnojenim 0,5 kg
alginitu. V roce 2014 byla situace odli$na. Vyrazn¢ pozitivni reakce byla zjisténa pouze
u dubu cCervené¢ho a jiz zminéné borovice. V roce 2015 se mortalita pohybovala
fadove jiz jen Vjednotkach procent obdobng, jako v pifipadé vySe popisované

lokality ,,U Hnojisté*.

6.1.2. Vliv alginitu na vy§kovy piirast vysadeb

Vliv ptidaného alginitu na vyskovy pfirlst jednotlivych druhd dievin byl do
znacné miry rozdilny, stejné tak, jako v ptipadé¢ mortality. V lokalité¢ ,,U Lomu” byl
zjistén signifikantné vyssi pfirtst u borovice lesni na varianté C (o 1,0 cm; p < 0,001),
U dubu letniho na variantach B i C (cca o 1 cm; p < 0,001) a v ptipad€ javoru mléce na
varianté¢ B (o 2,3 cm; p < 0,001). V roce 2014 byl pozitivni pfirist zjistén v ptipadée
borovice na varianté¢ C, javor mlé¢ reagoval signifikantné na obou variantach piidaného
alginitu. Vyssi pfirtst byl zaznamenan také u dubu ¢erveného na varianté B. Posledni
méfeny rok pak ukdzal nejasny trend u vSech dievin. Vyskovy pfirtst borovice byl
nejvetsi na kontrolni varianté bez pfidani alginitu, ve srovnani s variantou B byl vyssi
dokonce 0 4,8 cm (p < 0,001). Celkovy vyskovy pfirtst za sledované obdobi 2013 az
2015 je shrnut na Obrazku ¢. 8. Zde je patrny pozitivni vliv stfedni davky piidaného

alginitu (varianta B) na vSechny listnaté dfeviny zahrnuté do experimentu.

Total increment related to selected treatment and species

150 4

100

a Treatment
a
3 a b a b ab .A
B

c

Total increment [cm)

P. sylvestris A. platanoides Q. rubra Q.robur (mixture) Q. robur
Species

Obr. 8. Celkovy vyskovy piirust sazenic po aplikaci alginitu v obdobi 2013 az 2015
popsany pro jednotlivé druhy dfevin v lokalité ,,U Hnojiste*.

Poznamka: Statisticky prokazatelné rozdily mezi variantami aplikace alginitu jsou oznaceny pomoci

odlisnych indexi.
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Nejasné vysledky byly zjistény také ve druhé hodnocené lokalité ,,U Lomu”.
Signifikantni vysledky v prvnim roce hodnoceni byly spiSe negativni (tedy snizeny
ptirist), zejména u dubu cerveného, kde ¢inil rozdil mezi kontrolni variantou A
a variantou C celkem 25,1 cm (p < 0,001). Obdobné¢ reagoval také javor mléc, i v tomto
pfipad€ byl zjiStén negativni vliv vy$§i davky ptfidaného alginitu. Srovnani hodnot
piirustu v dalSich letech pfineslo opét rozporuplné vysledky bez jasného trendu pro

jednotlivé druhy lesnich dfevin a varianty pfidaného hydroabsorbentu.

6.1.3. Vztahy mezi parametry sazenic, obsahem Zivin a variantami alginitu
Vysledky PCA analyzy jsou v pfipadé¢ plochy ,,U Lomu“ prezentovany
prostiednictvim ordina¢niho diagramu (Obr. 9.). Prvni ordinac¢ni osa vysvétluje 39,1 %,
prvni a druhd osa vysvétluje celkem 61,9 % a prvni Ctyfi osy dohromady pak vysvétluji
86,7 % variability dat. Mortalita byla negativné korelovana s primérnou vyskou,
zaroven se ukazaly nizké hodnoty jeji korelace s obsahem dusiku a drasliku
v asimilacnim aparatu. Aplikace jednotlivych variant alginitu se ukdzala jako méné
vyznamna pro vztahy mezi mortalitou sazenic, primérnym vyskovym pfirtistem
a obsahem zivin v asimilatnim aparatu v porovnani se zna¢nymi rozdily mezi druhy
vysazenych dfevin. V ptfipad€ javoru a dubu cerveného byly pozorovany vyznamné
rozdily mezi variantami aplikace alginitu, zatimco v piipadé dubu a borovice jsou
rozdily relativné malé. Reakce jednotlivych druhi dfevin na aplikaci riznych variant
alginitu byly rozdilné, napt. vysokd mortalita u dubu letniho v roce 2015 (dolni leva
¢ast diagramu). Na druhé stran¢ vysoky primérny vyskovy pfirtist byl zjistén u javoru
mléce a borovice lesni (horni ¢ast diagramu). Aplikace alginitu méla pozitivni efekt na
mortalitu sazenic v prvnim roce po vysadb¢. Z celkového hlediska je mozné vyhodnotit

variantu B (pfidani 0,5 kg) jako ¢astecn€ vhodnou.
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Obr. 9. Ordina¢ni diagram analyzy hlavnich komponent (PCA) — vztahii mezi poétem
vysazenych sazenic (Density), mortalitou (Mortality), primérnym vyskovym pfirdstem
(Increment) v letech 2013-2015, obsah nutri¢nich hodnot v asimila¢nim aparatu (N, K,
Ca, P, Mg), druhem vysazenych dievin (Maple — javor, Pine — borovice, Oak — dub,
RedOak — dub cerveny, OakMix — dub smés) a varianty pfidaného alginitu (A, B, C);
malé symboly: o,O,l,*,I oznacuji druh dfeviny s variantou aplikace alginitu, vétsi
symboly A,V popisuji druh dievin nebo varianty aplikace ptidaného alginitu. Uvedeny

diagram popisuje vysledky plochy ,,U Lomu®.

6.2. Charakteristiky smrkovych porostit rostoucich na zemédélské
pudé — vybrané vysledky

Charakteristiky porostti rostoucich na zemédé€lské pidé byly hodnoceny ve
smrkovych porostech z pohledu produkce, struktury a radialniho pfirtstu. Zaroven byl
vyhodnocen vliv klimatickych faktorti (srazek a teplot) a vliv obvodového poskozeni
ktry loupanim a ohryzem jelenem evropskym na radidlni pfirGst stromi. Vybrané

vysledky jsou popsany v nasledujicich kapitolach.
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6.2.1. Produkce smrkovych porostii rostoucich na zemédélské pidé

Primérné hodnoty zdkladnich produkénich charakteristik smrkovych porostt
rostoucich na zemédélské pide byly v porovnani s porosty rostoucimi na trvalych
lesnich stanoviStich prokazatelné vyssi. Signifikantni rozdily byly zjistény u stéedni
porostni vysky (Wilcoxonuv test, W = 4776,5; p < 0,001), primérné vycetni tloustky
(Welchiv dvouvybérovy t-test, t = 6,79; p < 0,001) a zasoby porostd (Wilcoxonuv test,
W = 6859; p <0,001).

Pocet stroml na jednotlivych TVP se pohyboval v rozmezi od 304 do 720
jedinc ha™ bez zjisténého rozdilu mezi porosty rostoucimi na zemédélské a trvalé lesni
pudé. Celkova primérma zasoba na lesni ptidé ¢inila 466 m3. hat (122 SD), zatimco na
zalesnéné zemé&délské ptidé byla zjisténa primérna zasoba 770 m®. ha® (125 SD). Na
vSech TVP byl dominantni dfevinou smrk ztepily, jehoz zastoupeni zde C¢inilo
v pruméru 90,8 %. Z dalsich druhti dievin byl v hodnocenych porostech piitomen
modiin opadavy (6,5 %), a dale pak vtrousené dieviny jako bfiza bélokora (Betula
pendula Roth), buk lesni (Fagus sylvatica L.) a jefab pta¢i (Sorbus aucuparia L.).
Primérny roéni piiriist kolisal v rozmezi od 5,16 m®. ha! rok! (TVP na lesni ptidé) do
13,94 m3. ha? rok® (TVP na zemédélské padé). Konkrétni idaje viech hodnocenych
charakteristik jsou popsany v Tabulce ¢. 9.

Tab. 9. Primérné porostni charakteristiky na TVP 1-12 v roce 2016.

VP ¢ dbh h \ N G \Y% HDR CBP CPP CC CPA SDI
cm m m®  stromyha®! m?ha' mdhat md haty! mihatly! % ha

1 67 306 2152 0,68 720 52,9 487 70,3 9,5 7,27 86,3 199 0,82
2 67 335 2215 0,81 496 43,7 403 66,1 7,0 6,01 796 159 0,66
3 67 342 228 086 400 36,8 346 66,7 6,5 5,16 833 1,79 0,54
4 67 356 2336 0,98 640 63,8 627 65,6 8,5 9,36 875 2,08 093
5 66 429 30,68 1,80 512 74,1 920 71,5 9,5 13,94 86,7 2,01 0,99
6 66 397 3165 1,53 512 63,2 783 79,7 7,0 11,86 79,7 160 0,97
7 66 479 31,28 2,26 304 54,7 688 65,3 7,0 10,42 789 156 0,72
8 66 424 2719 167 304 42,6 508 64,1 6,0 7,70 72,3 128 0,60
9 66 413 30,26 1,67 480 64,2 814 73,3 8,0 12,33 769 146 0,88
10 66 426 3156 184 448 63,7 826 74,1 8,5 12,52 76,6 145 0,86
11 66 36,1 26,66 1,20 704 71,8 843 73,9 75 12,77 86,0 197 0,98
12 66 374 2797 131 592 64,8 77 74,8 8,5 11,77 81,8 17 0,92

Poznamka: t - vék porostu, dbh - primérna vycetni tloustka, h - stiedni porostni vyska, v - primérny objem stromu,
N — pocet stromd na hektar, G - vycetni kruhova zékladna, V - objem porostu, HDR - §tihlostni kvocient,
CBP — celkovy bézny priirist, CPP — celkovy primérny piirtst, CC — stupen zapoje, CPA — plocha korunovych
projekei, SDI — index hustoty porostu
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6.2.2. Struktura hodnocenych porosti

Horizontalni struktura porostii rostoucich na trvalé lesni ptidé byla ndhodna,
Vv pfipad¢ porostll na zalesnéné¢ zemédélské pidé bylo prostorové rozmisténi Stromi
témét nahodné. Na plochach 6 a 12 (a = 0,05) bylo zjisténo agregované rozmisténi
jednotlivych stromi ve stromovém patie (R a a indexy). Hodnota Ap indexu poukazala
na témer diversifikovanou az silné diversifikovanou vertikalni strukturu (Ap = 0,249-
0,606) bez prokazatelnych rozdil mezi variantami ve vyuziti pady. Index tloustkové
diferenciace se pohyboval v relativné nizkych hodnotach (TMq = 0,162-0,295), zatimco
index vyskové diferenciace dosahoval nizkych az sttednich hodnot (TMn = 0,095—
0,313) s vysokou variabilitou v porostech na zalesnéné zeméd¢lské padé. Index druhové
heterogenity byl opét na velmi nizkych hodnotach (4" = 0,000-0,298) se zjisténou vyssi
diverzitou na TVP 1-4. Index druhové vyrovnanosti se pohyboval v piipad¢ zalesnéné
zemédelské pudy v rozmezi nizkych hodnot (E = 0,000-0,226), zatimco v ptipadé
lesnich ptid dosahovaly hodnoty nizké az velmi vysoké variability (E = 0,000-0,690).
Index druhové bohatosti se pohyboval v nizkych hodnotach (D = 0,000-0,350), nulové
hodnoty byly zjistény v ptipadé TVP 4, 10 a 12. Index celkové porostni diversity
ukdzal na znaéné¢ homogenni strukturu porosta (B =2,776-4,739) s vyjimkou
TVP 1 (B =5,489). Obecné byly zjistény vyssi hodnoty celkové diversity na trvalych
lesnich stanovistich (B = 4,756) ve srovnani S porosty rostoucimi na zalesnéné

zemedélské pude (B = 3,919). Konkrétni hodnoty jsou uvedeny v Tabulce ¢. 10.
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Tab. 10. Indexy diversity stromového patra na TVP 1-12 méfené v roce 2016.

o R Ap
Tve (P&Mi)  (C&EJ) (Priy TMd (Fi) TMh(Fi) H'(Si) E(Pii)) D(Mi) B (J&Di)
1 0,964 1,108 0,387 0,295 0,189 0,108 0,226 0,304 5,489
2 1,105 0,937 0,372 0,213 0,181 0,064 0,213 0,161 4,647
3 1,308 1,179 0,347 0,208 0,176 0,051 0,169 0,167 4,738
4 0,890 1,233 0,500 0,234 0,161 0,000 0,000 0,000 4,148
5 0,824 1,248 0,473 0,240 0,170 0,124 0,412 0,160 3,708
6 0,715* 1,324* 0,606 0,280 0,152 0,298 0,990 0,160 4,097
7 1,105 1,305 0,329 0,208 0,142 0,154 0,323 0,350 4,470
8 0,735 1,234 0,464 0,219 0,168 0,144 0,478 0,175 4,629
9 0,816 1,273 0,249 0,232 0,131 0,014 0,047 0,162 4,103
10 0,945 1,277* 0,291 0,162 0,095 0,000 0,000 0,000 2,776
11 0,823 1,124 0,408 0,280 0,313 0,031 0,103 0,153 4,247

12 0,702* 1,315* 0,605 0,200 0,231 0,000 0,000 0,000 3,318

Poznamka: o - index nendhodnosti, R - agrega¢ni index, Ap - Arten-profil index, TMd - index tloustkové
diferenciace, TMh - index vyskové diferenciace, H - index druhové heterogenity, E - index druhové vyrovnanosti, D -
index druhové bohatosti, B - index porostni diverzity; *signifikantni rozdily (a = 0,05) pro horizontalni strukturu (a a
R).

6.2.3. Vliv obvodového poskozeni na vySku, vycetni tloustku a zasobu

porosti

Rozdily mezi primérnou vycetni tloustkou, primérnou vyskou a zasobou
porostd byly testovany mezi jednotlivymi variantami rozsahu poskozeni pro oba typy
piedchoziho vyuziti pady (zalesnéna zemédélska puda x lesni puda). Hodnoceni
Kruskal-Wallisovym testem ukazalo prokazatelné rozdily v primérné vySce a primérné
zasob& porostli mezi vySe zminénymi typy stanovist’ (p < 0,001). Prokazatelné rozdily
ve vycetni tloustce ukazalo vyhodnoceni analyzou rozptylu (p < 0,001). Rozdily mezi
jednotlivymi porostnimi charakteristikami ve vztahuk obvodovému poSkozeni

a vlastnostem stanovisté jsou patrné z Obr. 10.
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Obr. 10. Statistické vyhodnoceni rozdilt mezi primérnou vyskou, vycetni tloustkou
a prumérnym objemem stromu mezi jednotlivymi variantami V zavislosti na rozsahu
poskozeni v porostech rostoucich na trvalé lesni pud¢ Vv porovnani se zemédélskou
pudou. Prokazatelné rozdily jsou oznaceny odliSnymi indexy. Chybové tise¢ky ukazuji

95 % interval spolehlivosti.

Zjisténd prumérnd vycetni tlouStka relativné zdravych stroml rostoucich na
zem&délské pudé (poskozeni borky do 1/8 obvodu kmene) méla v porovnani se
zdravymi stromy rostoucimi na trvalé lesni ptde o 14 % vétsi DBH. Prokazatelny rozdil
byl zjistén také u slabé poskozenych stromil, hodnoty DBH byly na zemédélské pudé
vyssi 0 36 %, stejné tak u silné posSkozenych stromti (DBH vyssi o 21 %). Obdobny
trend byl zjistén také v ptipadé charakteristik praimérné vysky. Nejvyznamnéjsi rozdily
byly zjistény v pfipad¢ primérné zasoby porostl. Primérnd zasoba zdravych a malo
poskozenych stroml byla na zemédélské pideé v obou piipadech vyssi o cca 80 %.
V ptipadé lesni pudy byly signifikantni rozdily zjistény mezi zdravymi stromy

V porovnani se siln€ poskozenymi jedinci.
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6.2.4. Radialni pririst a vliv klimatickych faktori

PrirGst byl hodnocen pomoci méfeni Sitky letokruhli odebranych vyvrth.
Letokruhy byly hodnoceny pouze pro zdravé stromy a pro stromy s vysokymi
hodnotami obvodového poskozeni z duvodu zduraznéni vlivu posSkozeni sparkatou
zveii. Primérné letokruhové kiivky na jednotlivych TVP ukazaly vysokou hodnotu
spolehlivosti coz umoznilo pfipravit regionalni standardni letokruhové chronologie (t-
test > 5,7) pro zajmovou lokalitu v Orlickych horach. Z regionalni standardizované
letokruhové chronologie je patrny relativné vyrovnany radialni rust v letech 1965 az
1982, ktery je prerusen poklesem v letech 1983 az 1986. V roce 1986 opét doslo
K nartistu hodnot radidlniho pfirtistu, tento nartst byl prerusen v roce 1994, ke snizeni
doslo znovu v letech 2001, 2004 2011 a 2016.

Radialni pfirst zdravych stromi na zemédé€lské pidé byl vyrazné vyssi
v obdobi do roku 1976 (v€k porosta 25 let). Po tomto obdobi byl dominantni rast
strom na lesnich stanoviStich. Tento fakt je moZzné zdivodnit zvySenym poskozenim
kiry zveri v porostech na zemédélské pude, coz je patrné z Obr. 11. Roky 1985, 1994,
2004 a 2016 byly z pohledu radialniho pfirastu potvrzeny jako negativni. V roce 1985
bylo zaznamenano poskozeni smrkovych porostii abiotickymi C¢initeli (poskozeni
ledem), kdy mésice leden a tnor byly historicky nejchladnéj$im. Primérmné teploty
Vv téchto mésicich v roce 1985 ¢inily -8,1 °C, naproti tomu primérna teplota v obdobi
1965-2016 pak cinila -3,1 °C. Roky 1994 a 2004 byly na druhé strané jedny
Znejsussich, kdy primeérnd teplota v meésicich Cervnu a cervenci ¢inila 16,7 °C
a srazkovy uhrn byl niz$i nez 104 mm. Naproti tomu dlouhodobé primérné hodnoty
teplot a srazek v obdobi 1965-2016 ¢inily 14,4 °C a 243 mm. Obdobné teplotni vykyvy
se opakovaly také v roce 2016.
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Obr. 11. Primérné hodnoty radidlniho pfiristu stroml rostoucich na zalesnéné
zemédelské piade (Cerna) a na trvalé lesni piidé (Sedd) s ohledem na poskozeni kury

sparkatou zvéii.

Pusobeni klimatickych faktori v obdobi 1961 az 2016 ukazalo prokazatelny vliv
na radialni pfirdst hodnocenych stromt (Tabulka ¢. 11). Jednim z hlavnich faktora,
které ovlivnuji radidlni ptirast, byly teploty. Mési¢ni a ro¢ni teploty mély v porovnani
se srazkami vétsi vliv zejména na tloustkovy pfirast zdravych stroma, ptipadné stroma
s nizkym rozsahem poskozeni zvéti na obou typech hodnocenych stanovist. Vliv srazek
se na druhé strané projevil signifikantné na trvalych lesnich stanovistich. Teploty mély
ve Vegetacni sezon€ pozitivni efekt na radidlni pfiriist stromt rostoucich na lesni pudé
zejména v Cervnu (r = 0,36). Naproti tomu vyraznéji pozitivni efekt teplot na porosty
rostouci na zalesnéné zemédélské pudé byl zjistén na zacatku aktualniho roku, a to
zejména v kvétnu (r = 0,35).

Ztetelny vliv srazek byl zjistén v porostech rostoucich na trvalych lesnich
stanovistich. Zasadni vliv na radidlni ptirast se projevil v pfedchozim hodnoceném roce
snejvyS$im pozitivnim efektem v mésici Cervenci (r = 0,53), stejné tak, jako
v aktualnim roce (r = 0,38). Vyraznéjsi pozitivni efekt srazek na radialni prirtst byl
zjistén pro stromy rostouci na byvalé zemédelské pude, jejichz borka byla v minulosti

siln€ poskozena sparkatou zvéfi.
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Tab. 11. Pearsoniv korelacni koeficient, ktery byl stanoven pro vztahy mezi radialnim
piirustem, zdravotnim stavem a vlivem stanovist¢ v kombinaci s klimatickymi

faktory. Signifikantni hodnoty korelaci jsou vyznaéeny tuéné (p < 0,05), piipadné

podtrzeny (p < 0,01).
) Teplota
Varianta
ActAnn ActVeg LasVeg ActNon Actl-lll.  ActVI-VII.
Zdravé stromy - z. pida 0,19 0,07 -0,05 0,25 0,24 0,06
Zdravé stromy - les. puda 0,28 0,17 -0,09 0,32 0,33 0,07
Vysoké poskozeni - z. ptiida -0,13 -0,29 -0,26 0,05 0,08 -0,31
Vysoké poskozeni - les. 0,00 -0,05 -0,29 0,05 0,14 -0,12
puda
) Srazky
Varianta
ActAnn  ActVeg LastVeg ActNon  Actl-lll.  ActVI-VII.
Zdravé stromy - z. pida -0,05 -0,26 0,17 0,17 0,19 -0,10
Zdravé stromy - les. puda -0,08 -0,04 0,32 -0,05 -0,06 0,24
Vysoké poskozeni - z. piida 0,17 -0,13 0,18 0,36 0,33 0,03
Vysoké poskozeni - les. 0,16 0,19 0,50 0,05 0,05 041
puda

Poznamka: ActAnn - ro¢ni hodnota (prumérna teplota nebo thrn srazek) v daném roce, ActVeg - hodnoty
ve vegetacni sezéné v daném roce, LasVeg - hodnoty ve vegeta¢ni sezoné predchoziho roku, ActVeg -
hodnoty ve vegetacni sezén¢ v daném roce, ActNon - hodnoty v mimo vegetacni sezéné v predchozim
roce, Actl-Ill - hodnoty pro mésice leden az bfezen v daném roce, ActVI-VII - hodnoty pro mésice

Cerven a Cervenec v daném roce.

Vztahy mezi poctem stromli napadenych hnilobou, které byly v minulosti
poskozeny loupanim borky sparkatou zvéti, jsou uvedeny v Tabulce 12. Prokazatelné
rozdily byly zjistény jak pro porosty rostouci na trvalé lesni padé, tak pro porosty
rostouci na zalesnéné zemédélské padé (p < 0,001). Obecné byly v hodnocenych
porostech nalezeny pouze jednotky stromti napadenych kmenovou hnilobou bez
predchoziho poSkozeni sparkatou zvéti. V ptipad€ zemédélské pidy bylo 59 % stromil
poskozenych loupanim kury sparkatou zvéti zaroven napadeno hnilobou. Na druhé
strané v piipad¢é porosti rostoucich na trvalych lesnich stanovistich bylo hnilobou

napadeno pouze 39 % stromt diive poskozenych zvéii.
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Tab. 12. Pocet stromu dle piitomnosti hnilob a poskozeni sparkatou zvéii dle stanovist.

Lesni ptida

Poskozeni zveri

ano Ne
Kmenova ano 33 2
hniloba ne 51 70

Zalesnéna zemédélska pida

Poskozeni zveri

ano Ne
Kmenova ano 104 3
hniloba ne 65 25

Rozvoj poskozeni hnilob zpisobenych kotfenovnikem vrstevnatym (Stereum
sanguinolentum [Alb. & Schw., Fr.]) v kmeni stromu je patrny z Obr. 12. Vstup infekce
houbovych patogenii se nachdzi v misté diivéjsiho odstranéni kliry jelenem evropskym,

hniloba se v kmeni dale §ifi vertikdlnim smérem.

Obr. 12. Napadeni smrku ztepilého kofenovnikem vrstevnatym po piedchozim

poskozeni kliry zpisobenym jelenem evropskym.
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6.2.5. Modelovani objemu stromii ve vztahu ke stanovisti a poSkozeni zvéri
Pouzity model popisuje 61 % variability dat objemu stromt. Vsechny vybrané
vysvétlujici proménné mély prokazatelny vliv na objem, ktery byl signifikantné
ovlivnén procentem obvodového poskozeni kiiry zptisobeného jelenem evropskym, coz
je patrné z nasledujiciho obrazku (Obr. 13). Napi. stromy s vyCetni tlouStkou 60 cm
s 60 % obvodovym poskozenim kiry dosahovaly pouze 58 % objemu neposkozenych
stromd. Rozdily mezi objemem poSkozenych a neposkozenych stromi vyrazné

naristaly s vycetni tlouStkou.
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Obr. 13. Grafické zobrazeni zobecnéného linearniho modelu popisuje odhad objemu
stromt na trvalé lesni padé (A) v porovnani se zalesnénou zemédélskou pudou (B) ve

vztahu k poskozeni borky jelenem evropskym.

6.3. Mimoprodukcni prinosy zalesiiovani zemédélské pidy — vybrané
vysledky

V kapitole hodnotici mimoprodukéni prinosy zalesnovani zemédélské pudy jsou
uvedeny dva tematické okruhy, které jsou zaméteny na posouzeni efektivity vétrolamu
a akumulaci uhliku v nadloznim humusu porosti rostoucich na zalesnéné zemédélské

pudé. Vybrané vysledky jsou uvedeny VniZze popsanych, samostatné zpracovanych

kapitolach.
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6.3.1. Hodnoceni efektivity vétrolamii

Vétrolamy rostouci na TVP 1-6 byly nejprve hodnoceny z hlediska indext
biodiverzity. Na vybranych lokalitach se jednalo obecné o druhové stfedné bohaté az
velmi bohaté vétrolamy (D = 0,488-0,796). Riznorodost dle indexu druhové
heterogenity H" ukazuje na nizkou az stfedné bohatou biodiverzitu (A" = 0,067-0,500).
Hodnoty indexu druhové vyrovnanosti se pohybovaly v relativné Sirokém rozmezi, coz
poukazuje na stfedni az vysokou biodiverzitu (E = 0,044-0,718). Obecn¢ dosahoval
z pohledu druhové diverzity nejvyssich hodnot vétrolam na lokalit¢ Klapy (TVP 3K1
a 4K2), na druh¢ stran¢ lokalita Stiedokluky ukazuje na velmi nizkou diverzitu.

Hodnoceni vertikalni struktury dle Arten-profil indexu ukazalo na stiedné az
silné rozriznéné vétrolamy na TVP Dobroviz a Klapy (Ap = 0,471-0,737), vétrolamy
Vv lokalit¢ Stiedokluky byly vyskové rozrtiznény relativné¢ malo (Ap = 0,155-0,498).
Zjisténa tloustkova diferenciace struktury byla obecné na hodnocenych lokalitach
stfedni az vysoka (TMg = 0,334-0,618). Pro vyskovou diferenciaci byly vypocteny
sttedni hodnoty indexti (TMn = 0,281-0,498). Celkova diverzita na TVP Dobroviz
a Stredokluky znac¢i nerovnomeérnou strukturu (B = 7,885-8,765), na TVP Klapy velmi
raznorodou strukturu (B = 8,480-8,795). Konkrétni hodnoty jsou uvedeny v Tabulce 13.

Tab. 13. Pfehled indexu hodnoticich biodiversitu vétrolamt na TVP 1-6 v roce 2016.

D H E Ap R TMg  TM B
(Mi)  (Si)  (Pii) (Pri)  (C&Ei)  (Fi) (F)  (J&Di)

TVP

ib1 0,574 0,239 0,342 0,480 1,191 0,334 0,283 8,129
2D2 0,698 0,283 0,364 0471 1,009 0,408 0,327 8,765
3K1 0,500 0,500 0,718 0,737 1,018 0,399 0,281 9,560
4K2 0,795 0,393 0,465 0,498 0,945 0,448 0,351 9,316
581 0,796 0,034 0,044 0,155 1,080 0,618 0,498 8,093
6S2 0,488 0,067 0111 0,348 1,022 0,442 0,373 7,885

Poznamka: D - index druhové bohatosti, H - index druhové heterogenity, E - index druhové
vyrovnanosti, Ap - Arten-profil index, R - agrega¢ni index, TMq - index tloustkové diferenciace, TMp -
index vyskové diferenciace, B - index celkové porostni diversity

Horizontalni struktura stromového patra byla hodnocena dvéma indexy, pficemz
byla na hladiné vyznamnosti o= 0,05 zjisténa nahodna struktura (R = 0,945-1,191;
a =0,806-1,474). Na lokalit¢ Stiedokluky (TVP 5S1 a 5S2) byla zjisténa tendence
k pravidelnému rozmisténi stromového patra ve vzdalenosti od 3 do 5 m (pravidelny

rozestup fad stromtl). Piiklad zjisténé horizontalni struktury je patrny z Obr. 14.
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Obr. 14. Horizontalni struktura stromového a ketového patra s vyobrazenou korunovou
projekci vétrolama na TVP v lokalité Sttedokluky.

Srovnanim celkové porostni zdsoby vétrolamti byla zjiSténa nejnizsi zasoba na
TVP 5S1 (224 m3. ha™!). Nejvyssi zasoba byla zjisténa v lokalité Klapy. Na TVP 4K2
byla vypodtena zasoba 443 m®. ha!. V lokalité Dobroviz (1D1, 2D2) kolisala primérna
zasoba kolem cca 330 m®. ha™.

Prokazatelné rozdily mezi vétrolamy na jednotlivych lokalitich byly zjistény
z hlediska optické porozity (Fe, 9) = 59,7; p < 0,001). V piipadé TVP 3K1 a 4K2 byl
zjistén prokazatelny rozdil v ramci jedné lokality (p < 0,01). Signifikantné nejvyssi
hodnoty optické porozity byly popsany pro vétrolam Stredokluky (51 % + 9 SD), na
druhé stran¢ nejnizsi opticka porozita byla vyhodnocena na lokalit¢ Klapy (3K1, 4K2;
27 % + 6 SD; p < 0,01). Opticka porozita zaroven prokazateln¢ koreluje s vertikalni
strukturou vétrolamu rozdéleného na 6 pater (r = 0,42; p < 0,01). Hodnoty korelace byly
nejprokazatelnéjsi na TVP 3K1 a 4K2 (p < 0,001), v ptipadé TVP 5S1 a 6S2 tento trend
nebyl zjistén (p > 0,05). Obecné byly nizké hodnoty optické porozity zjistény
V nejnizsim kefovém patie vétrolamu (15 % + 11 SD), v dalSich patrech byla jiz opticka
porozita velmi vyrovnana (41,7-45,3 %).

Zasadni hodnocenou charakteristikou byla rychlost vétru na zavétrné strané
vétrolamu. Rychlost vétru se signifikantn€ zvySovala s relativni vzdalenosti (ndsobky
horni vysky vétrolamu) na zavétrné strané (r = 0,83; p < 0,001), tzn. s naristajici
vzdalenosti od vétrolamu Klesala jeho ucinnost. Nejvyssi Géinnost stanovena rychlosti

vétru pomoci anemometrtt byla zjisténa v lokalit¢ Klapy, na druhé strané nejnizsi
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schopnost redukce rychlosti vétrnych poryvi byla zjisténa v lokalité¢ Stredokluky.
Rozdily v t¢innosti vétrolamt byly v fadech jednotek procent (9,7—-15,0 %). Konkrétni

hodnoty jsou uvedeny v Tabulce 14.

Tab. 14. Rychlost vétru stanovena na zakladé méfeni v mimovegeta¢ni sezoné (listopad

2015 az btezen 2017) v ptedem definovanych vzdalenostech od vétrolamu.

Opticka  Rychlost Umisténi anemometru /
Lokalita porozita ~ vétru  relativni rychlost vétru v (%) = SD

(%) (ms?) 3H 6H 9H 12H
Dobroviz 39 4491 441+124 474+131 T43+117 796+106
Klapy 27 4574  412+94  593+19 680+£84 722491

Stredokluky 51 4,5-6,3 509+69 624+101 794+3,2 85,6 +2,3

Poznamka: Hodnoty na zavétrné strané jsou udavany v procentech z rychlosti vétru zméfené na navétrné

stran€ vétrolamu.

6.3.2. Akumulace uhliku v nadloZznim humusu

V pfipadé hodnoceni akumulace uhliku v nadloZznim humusu byly nejprve
hodnoceny mozné rozdily mezi porosty rostoucimi na zalesnéné zemédélské pudé
v porovnani s trvalymi lesnimi stanovisti. Rozdil mezi akumulaci uhliku ve vztahu
k pfedchozimu vyuziti pidy nebyl signifikantni (p = 0,97), a proto nebyl tento parametr
Vv nasledujicim hodnoceni uvazovan. Sekvestrace uhliku byla dale hodnocena z pohledu
zékladniho rozdé€leni dievin na jehlicnany a listnace. Tato charakteristika byla testovana
pomoci likelihood-ratio testu. Prokazateln¢ vyssi zdsoba uloZzeného uhliku ve vrstveé
nadlozniho humusu byla zjisténa v porostech jehli¢natych dievin (p = 0,0015).
Primérnou zasobu akumulovaného uhliku v porostech jehli¢natych a listnatych dievin

popisuje Obr. 15.
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Obr. 15. Primé&rna zasoba uhliku uloZzeného v nadloznim humusu porostt listnatych

a jehli¢natych dfevin ve vztahu ke staii porostt.

Pro stanoveni trendu vyvoje zasoby akumulovaného uhliku v nadloznim humusu
byl sestaven model, ktery popisuje vyvoj sekvestrovaného uhliku ve vztahu
k nadmotiské vysce a véku porostl. ,Likelihood-ratio test ukazal signifikantni vliv
obou faktord (p =0,02 pro nadmotskou vysku a p = 0,001 pro staii porosti). Vyvoj

akumulovaného uhliku v nadloznim humusu je patrny z Obr. 16.
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Obr. 16. Model vyvoje zasoby uhliku v nadloznim humusu ve vztahu k nadmoiské

vySce a veéku porosti.

7. Diskuse

7.1. Odrustani vysadeb na zalesnéné zemédélské pudé

Jednim z divodd, pro¢ jsou obecné hnojiva v lesnictvi pouzivana, je snizeni
mortality sazenic bezprostfedné po vysadbé, tedy v prvnim roce po zalesnéni. Vlivu
hnojiv na mortalitu vysadeb lesnich dfevin se v minulosti vénovala fada studii (Barbeito
et al., 2012; Erefur et al., 2008; Hytonen et al., 2017). S ohledem na mnohdy neptiznivé
podminky vramci zalesiovani byvalé¢ zemédé€lské puady je v nékterych piipadech
vhodné tyto podminky upravit pomoci riznych variant ptfihnojeni (Hatlapatkova &
Podrazsky, 2011; Kupka et al., 2015). Pfevazné pozitivni vliv aplikace alginitu na
mortalitu sazenic lesnich dfevin byl na totoznych lokalitaich pfedb&ézné vyhodnocen jiz

V prvnim roce po vysadbé (Kupka et al., 2015; Tuzinsky et al., 2015).
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Dalsi dilezity parametr, kterym by mély sazenice pozitivné reagovat na aplikaci
hnojiv, je vySkovy ptirast. V minulosti byly v ptipad¢ snah o zvySeni hodnot pfirstu
vysadeb lesnich dfevin testovany rtizné typy hnojiv jako napi. dfevény popel ¢i popel
ziskany zraseliny. Tyto studie potvrdily pozitivni efekt na vyskovy pfirtist v prvnich
letech po vysadbé. Vliv piihnojeni byl vSak testovan pouze na lesni pidé. Aplikace
hnojiv byla vétSinou realizovana na padach ¢i stanovistich, kterd byla pro Gspésné
odristani kultur lesnich dfevin neptizniva (Erefur et al., 2008; Huotari et al., 2008;
Kikamaigi et al., 2014; Pérn et al., 2009).

Dalsi latkou, testovanou pro hnojeni lesnich dfevin, byly odpadni kaly.
Efektivita aplikace tohoto druhu hnojiva v kombinaci s pfidanim dusiku byla potvrzena
zvySenym vySkovym piirdastem dubu cerveného na agrolesnickych stanovistich
v Casovém useku Ctyt let po vysadbé (Ferreiro-Dominguez et al., 2011). Pozitivni vliv
hnojeni odpadnimi kaly na vyskovy pfirtst vysadeb dubu cerveného potvrdila také
studie Rigueiro-Rodriguez et al. (2010).

Vliv aplikace alginitu na vySkovy pfirist byl doposud hodnocen pouze v prvnim
roce po vysadbé také s pozitivnimi vysledky, podobné, jako v ptipadé odpadnich kalt
(Kupka et al., 2015; Tuzinsky et al., 2015). Vyhodnoceni vyskového pfirtistu v asovém
useku tii let po vysadbé v obou zminovanych lokalitdich vSak ukézalo nejednoznacny
trend. V lokalit¢ ,,U Lomu“ byl statisticky prokazan pozitivni vliv na vy$kovy ptirtst
pouze u javoru mléfe a dubu cCerveného, a to jen v pfipadé aplikace 0,5 kg
alginitu (varianta B). V lokalit¢ ,,U Hnojisté*“ byl zjistén signifikantné pozitivni vliv
pouze V ptipad¢ varianty B u borovice lesni. Varianta C se projevila prokazatelné
pozitivné v pfipad¢ vysadeb dubu a javoru. Tyto pozitivni vysledky je moZné ramcoveé
srovnat s pfihnojenim pomoci odpadnich kalia (Ferreiro-Dominguez et al., 2011;
Rigueiro-Rodriguez et al., 2010). Pozitivni vliv aplikace dalsiho biologického
prostiedku Bio-Algeen tvofeného moiskymi fasami na rust sazenic smrku ztepilého byl
také prokdzan v lesnich Skolkach. Aplikace ptipravku se mimo jiné projevila
signifikantnim nardstem vahy celkové susiny nadzemni casti sazenic (Lorenc et al.,
2016).

Prokazatelné rozdily nebyly zjistény v pfipad¢ vyhodnoceni nutri¢nich hodnot
Vv suSiné¢ asimilaéniho aparatu. ZjiSténé hodnoty byly na vSech variantiach vySSi nez
doporucené rozmezi obsahu nutri¢nich hodnot popsané dle prace Bergmanna (1993).

Obsah zivin V asimila¢nim aparatu je pfitom jednim z hlavnich faktoru, ktery zasadné
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ovlivituje rist lesnich dievin a ktery muze rast limitovat (Sramek et al., 2009;
Truparova & Kulhavy, 2011; Vacek et al., 2009). Trend nartistu hodnot byl patrny
zejména v pripad¢ dusiku, ktery je kliCovy pro narist celkové produkce biomasy
rostlin (Peragén et al., 2015; Ring et al., 2013; Sramek et al., 2009).

V ptipadé vysadeb zalozenych na zemédélské pudé je tfeba aplikaci hnojiv
peclivé zvazit. Zalesnovani zemédélské pidy by meélo byt cileno zejména na pidy
ohroZené erozi, pidy se snizenou urodnosti ¢i plidy v podhorskych az horskych
oblastech (Kolecka et al., 2017; Vacek, 2009). Vyuziti hnojiv je v pfipadé snizovani
mortality a lepsiho odristani vysadeb lesnich dfevin obecné pouzivano na stanovistich
extrémniho charakteru se zhor§enymi ptidnimi podminkami (Clarke et al., 2018; Kohler
et al., 2019; Vacek et al., 2019). V piipadé piihnojeni vysadeb na zemédélské pudé
alginitem bylo ptfedpokladano zlep$eni vodniho rezimu pudy v bezprostifednim okoli
kofenti sazenic. Caste¢né pozitivni efekt popsany v prvnich letech po vysadbé (Kupka et
al., 2015; Tuzinsky et al., 2015) nebyl v souhrnném hodnoceni tiilet¢ého obdobi

jednoznac¢né potvrzen.

7.2. Charakteristiky smrkovych porostii rostoucich na zemédélské
pudé

Porosty smrku ztepilého, které byly v minulosti zalozeny na byvalé zeméd¢elské
pude¢, jsou charakterizovany signifikantné vys$si produkci v porovnani se srovnatelnymi
porosty rostoucimi v obdobnych klimatickych a stanovistnich podminkach (Alriksson &
Olsson, 1995; Podrazsky et al., 2011; Vacek et al., 2009; Wall & Hytonen,
2005). Zalesnéné zemédélské pudy jsou obecné charakterizovany vyssim obsahem
piistupnych zivin, které jsou pro lesni dieviny znaénym benefitem (Armolaitis et al.,
2007; Falkengren-Grerup et al., 2006; Valtinat et al., 2008; von Oheimb et al., 2008).
Nicméné vyssi produkce dievni hmoty na zalesnéné zeméde€lské pidé neni zpuisobena
pouze obsahem dostupnych Zivin. Pro lesni dfeviny jsou piiznivé také dalSi vlastnosti
diive zemédélské pudy, jako fyzikalni vlastnosti (kapilarni kapacita a provzdusnéni
pudnich vrstev) ¢i sorpéni komplex a mikrobialni podminky (Kacalek et al., 2009;
Podrazsky et al., 2011; Vopravil et al.,, 2014). Tyto popsané fyzikalné-chemické
vlastnosti spolu se svételnymi podminkami pozitivné ovliviiuji pocateni odristani

vysadeb lesnich dfevin na zalesnéné zemédélské pudé v souvislosti s vét§im nartstem
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asimila¢niho aparatu. V uvahu je tfeba vzit i1 skuteCnost, ze zemédé&lské pldy se
vétSinou nachazely v pfiznivéjSich edafickych a klimatickych podminkach nez trvala
lesni stanovisté.

Nase zjisténi jsou tak v souladu s diive publikovanymi pracemi. Vyhodnoceni
zasoby hroubi smrku ztepilého ukazalo na produkéni potencial porosti zaloZzenych na
zemédé€lské pude, ktery byl v naSem ptipad€ vyssi az o 65 %. Produkéni potencial je
zaroven vyssi o cca 33 % v porovnani s ristovymi tabulkami (Cerny, 1995). Obdobné
vysledky dokumentoval ve své praci také Podrazsky et al. (2011) v oblasti
Ceskomoravské vrchoviny ve smrkovych porostech starych 50 let. Zde byla zasoba
porostli na zeméd€lské pudé vyssi o cca 50 % v porovnani s rustovymi tabulkami.
Zaroven je nutné brat v iivahu hodnoty porostnich charakteristik v kontextu péstebnich
zasaht, které vycetni tloustku a vysku stromil rostoucich na zemédélské pude vyrazné
ovliviiuji (DuSek & Slodic¢ak, 2009). V ndmi hodnocenych porostech byly hodnoty
pramérné vycetni tloustky, vysky a kruhové zékladny wvyrazné¢ vyssi (vyCetni
tloustka: 33,5 cm vs. 41,3 cm; vyska: 22,5 m vs. 29,7 m; kruhova zakladna 49,3 m? ha'
vs 62,4 m? ha'l).

Hodnocena horizontalni struktura stromového patra byla ve vétSing ptipadii
nahodna. Vyjimku tvofily TVP 6 a 12 na byvalé zemédé€lské pidé, na téchto zkusnych
plochach byla zjiSténa agregovand struktura. Obdobné vysledky byly v pfipadé
smrkovych porosti publikovany jiz v minulosti (Kralicek et al., 2017; Vacek et al.,
2014). Diive hodnocené smrkové porosty rostouci na zemédélské pudé mély spise
pravidelnou strukturu, coz je dano cilenym zalesnénim s vétSim pravidelnym sponem
sazenic a naslednym men$im poctem vychovnych zasahti (Vacek et al., 2009).
Horizontalni struktura je tedy jednoznacné ovlivilovana péstebnimi zasahy (Zahradnik
et al., 2010). Stejn¢ tak mize byt do znacné miry pozménéna vlivem sparkaté zvéte
(Vacek, 2017). Jelenoviti casto negativn¢ pusobi na lesni porosty v pocetnych
skupinach (Coulson et al., 1997; Plante et al., 2004), coz pfimo souvisi s agregovanym
rozlozenim Skod v lesnich porostech (Havranek et al., 2018).

Znatny vyskyt poSkozeni zvE€fi v hodnocenych porostech (celkem poSkozeno
85,8 % stromil rostoucich na zeméd¢lské pude a 53,8 % stromil na ptivodné lesnich
stanovistich) je mozné do ur€ité miry vysvétlit masivnim rozsahem zalesiiovacich praci
v kratkém casovém obdobi 50. let 20. stoleti. V téchto letech byly zalozeny rozlehlé,
stejnovéké smrkové monokultury (Spulak & Kacélek, 2011). Tyto porosty svym
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charakterem dostupnych krytovych moznosti do znacné miry omezily efektivni lov
sparkaté zvére, ktera se ve vétSim poctu objevila az po 2. svétové valce. Vyskyt skod
zaroven ovlivnilo také druhové slozeni porostii. Smrk ztepily je jednou z nejcastéji
poskozovanych dfevin loupanim a ohryzem kiry pusobenym sparkatou zvéri (Gill,
1992; Vospernik, 2006; Welch et al., 1997).

VI0iv poskozeni zv€éii na rist jednotlivych stromd vyrazné ovliviiuje rustové
parametry. Vstup houbovych patogenti a néaslednd sniZzena stabilita a produkce je
ovlivnéna velikosti zptisobené rany na kmeni (Cermék et al., 2003; Scott, 1998; Welch
et al., 1987), ktera mize Cinit desitky az stovky cm? (Cermék et al., 2004, 2003).
Rozsah poskozeni je dan mnoha faktory, jako je v€k porostl, klimatické podminky,
ro¢ni obdobi a chovani jednotlivych druhti sparkaté zvétre (Vasiliauskas et al., 1996;
Vasiliauskas & Stenlid, 1998). Poskozeni stromu kmenovou hnilobou souvisi nejenom
s rozsahem poskozeni, ale také s ristovou fazi, ve které k loupani ¢i ohryzu doslo. Diive
zpusobené poskozeni se nasledné projevi vétsim rozsahem infekce kmene houbovymi
patogeny (El Atta & Hayes, 1987; Roll-Hansen & Roll-Hansen, 1980). Hniloba pak
muze v Kmeni vystupovat az do vysky nékolika metrti v zavislosti na véku porostu
a dobé poskozeni (Cermak et al., 2011). Rozsah hniloby v 59letych porostech
rostoucich na zalesnéné pidé¢ ¢inil dle Vacka v praméru 4,2 m v rozmezi od cca 1 do 9
metrt (dosud nepublikovana data). Rozvoj hniloby v kmeni poSkozeného stromu piimo
souvisi nejenom s jiz zminénou stabilitou porostd, ale také se snizenou produkei,
kvalitou dfevni hmoty a néaslednymi ekonomickymi ztratami, které¢ je mozné v SirSim
meéfitku vycislit pouze ramcoveé. Celkové ekonomické ztraty zptisobené Heterobasidion
spp. byly napf. na uzemi Skandindvie stanoveny Vv rozsahu 0,5-1 miliardy €/rok
(Ronnberg et al., 2013)

V ptipadé¢ nami hodnocenych porosti v oblasti Orlickych hor byla zjisténa
vysoka mira ptitomnosti kmenovych hnilob u strom, které byly v minulosti poskozeny
zveti. Diive poskozené stromy bez ptitomnosti hniloby v kmeni byly v zajmovém
uzemi objeveny pouze vyjimecné (2 stromy na byvalé zemédelské pade a 3 stromy na
trvalé lesni pud¢). Piitomnost houbovych patogenti v difive poSkozenych stromech je
vsouladu sudaji dalsich autorti (Vasiliauskas & Stenlid, 1998; Vospernik, 2006).
Ptiblizné 80 % poskozenych jedincti smrku ztepilého bylo napadeno kofenovnikem
vrstevnatym v oblasti ruské Tajgy (Smirnov, 1981). Obdobné poznatky byly popsany

také v polské ¢asti Krkono§ (Domanski, 1996). Stromy jsou loupanim a ohryzem kiry
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poskozovany nejcastéji ve véku 20-40 let (Eckmiillner, 1985). Podobné staii porosti
popisuje také Gill et al. (2000), podle jehoz zjisténi jsou porosty nejcastéji poSkozovany
ve veéku 18-38 let. Dalsi autofi popisuji kratsi Casovy tsek rozmezi stafi porostu mezi
15-30 lety, tento vék je z divodu vzniku $kod zvasté problematicky (Cermék et al.,
2004; Koltzenburg, 1985).

Podle diive publikovanych zjisténi dosahuji porosty poskozené loupanim
a ohryzem sparkatou zvéii pouze 70-95 % zpenézitelné hodnoty v porovnani s porosty
neposkozenymi (Eidmann, 1952). Na tomto rozmezi se autofi shoduji, nap. Safranek et
al. (2016) popisuje velmi podobné zpenézeni Vrozmezi 73-92 % hodnoty
neposkozeného porostu. Srovnani vsak ve vétsin€ ptipadl neuvazuje ztraty na produkci
dfevni hmoty.

Z pohledu vlivu klimatickych faktord byl zjistén prokazatelny vliv srazkového
uhrnu a prumérnych teplot na radialni pfirtist smrku ztepilého ve vztahu k pfedchozimu
poskozeni zvéfi a typu stanovisté. V Orlickych horach mohou byt nizké teploty
limitujicim faktorem radidlniho pfirGstu stejné tak, jako Vjinych podhorskych
az horskych oblastech Evropy (Kralicek et al., 2017; Mékinen et al., 2002; Meyer &
Briker, 2001). Podle naSich zjiSténi byly stromy rostouci na trvalé lesni pudé vice
nachylné¢ Kk vykyvim diky pusobeni klimatickych faktort v porovnani s lesnimi
stanovisti zalozenymi na byvalé zemédélské ptid€. Tyto rozdily je mozné do urcité miry
vysvétlit niz§imi hodnotami pfistupnych zivin na trvalych lesnich pidach (Vacek et al.,
2009). Stromy s vysSim rozsahem obvodového poskozeni a naslednym rozvojem
kmenové hniloby byly obecné vice citlivé na nedostatek srazek. Obdobné prikkazny vliv
srazek na radialni pfirtist poskozenych stromt ve srovnani se zdravymi byl popsan také
ve Svycarsku (Meyer & Briker, 2001).

Zjisténé vysledky jednoznacné potvrdily negativni vliv dfive zplsobeného
poskozeni zvéii ve smrkovych porostech na obou typech hodnocenych stanovist. Vyse
popsané poskozeni je v Ceské republice piisobeno zejména jelenovitymi. Diive
publikované udaje piipisuji nejvétsi podil Skod pisobenych loupanim a ohryzem kury
jelenu evropskému (ptiblizné€ ze 76 %), dalsi Cast zpiisobuje muflon, jelen sika a dan¢k
skvrnity (Fanta, 1983). Skody putisobené jelenem evropskym jsou v Ceské republice
zésadnim problémem zejména v jehliGnatych porostech (Cermak & Strejdek,
2007). Vysokou miru poSkozeni je mozné vysvétlit narustajici pocetnosti populaci

sparkaté zvéfe véetné jelena evropského, a to nejenom pomistné (Cukor et al., 2017;
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Vala & Ernst, 2011), ale také v ramci celého uzemi Ceské republiky (FMI, 2017).
Skody na lesnich porostech souvisejici s narfistem pocetnosti kopytnikti jsou také
popisovany v fad¢ dalSich evropskych zemi (Baltzinger et al., 2016; Heinze et al., 2011,
Mansson & Jarnemo, 2013; Reimoser, 2003).

7.3. Hodnoceni efektivity vétrolamii

Z hlediska druhové bohatosti dfevinné slozky je mozné popsat hodnocené
vétrolamy jako druhové stfedné bohaté az velmi bohaté. Podobné vysledky druhové
diverzity uvadi z oblasti jizni Moravy Kolibacova (2000) a Ticha (2009). Tyto studie
uvadéji v neékterych pripadech dokonce vétsi diverzitu zastoupenych dievinnych druhi
podobné jako Muzikova & Jares (2010). Vysoka druhova diverzita je dana do jisté miry
dlouhodobou tradici vétrolami v oblasti jizni Moravy (Sanovec, 1948). Naproti tomu
niz§i druhova diverzita byla popsana v podminkach USA (Brandle et al., 2004;
Stoecker, 1962), kde jsou vétrolamy Casto tvofeny pouze jednim druhem dieviny (Lee
et al., 2010). V Ceské republice jsou pro vysadbu vétrolamti také mnohem &astéji
pouzivany listnaté dieviny (Muzikova & Jare§, 2010; Ticha, 2009). Jina situace je
naptiklad v Severni Americe a v Kanadé¢, kde jsou vétrolamy mnohdy slozeny vyhradné
z jehli¢natych dievin (Brandle et al., 2004; Lee et al., 2010; Lin et al., 2007). Pro
srovnani indexti biodiverzity vétrolamti nebylo mozné vyhledat zadné porovnatelné
hodnoty, jelikoz jim v doposud publikované literatufe nebyla vénovana dostate¢na
pozornost.

Pii porovnani jednotlivych indext biodiversity mél typ vétrolamu v nami
provedené studii signifikantni efekt na jeho strukturu a diverzitu, coz je zejména u
struktury ovlivnéno S§ifi studovanych vétrolamt.. Tuto skute¢nost je proto tfeba brat
vuvahu pii budouci vysadbé jednotlivych typid vétrolamt v danych stanoviStnich
podminkach. Vicefadé vétrolamy jsou v Ceské republice bézné (Muzikova & Jares,
2010; Ticha, 2009), naproti tomu Vv zahrani¢i jsou ¢asto vysazovany pouze jednotadé
vétrolamy (Lin et al., 2007; Santiago et al., 2007; Tamang et al., 2010; Van Thuyet et
al., 2014). Obecné jsou vétrolamy s vice nez dvéma fadami povazovany za efektivnéjsi
(Bitog et al., 2012).

Pro budouci vysadbu vétrolami je tfeba optimalizovat strukturu sité
z ekologickych i ekonomickych hledisek (Pasak, 1970; Ticha, 2009). Vyhodna je

zejména uzaviend, Ctyithelnikova sit’ s del§imi stranami, tvofenymi hlavnimi vétrolamy
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kolmo na smér prevladajicich vétri a vedlejSimi pfi€nymi vétrolamy k zachyceni bo¢né
vanoucich vétra (Fekete, 1961). Odstupova vzdalenost hlavnich vétrolamt se fidi
ucinnosti vyspé€lého vétrolamu a typem pady. Na suchych a vysuSnych pudach je to
300400 m, na hlinitych pidach 500-600 m. Vedlejsi pasy mohou byt od sebe vzdaleny
az 1000 m (Fekete, 1961; Heisler & Dewalle, 1988; Holy, 1978). Minimalni §iika
hlavnich pasi vétrolamu je uvadéna Vv rozmezi od 8 do 11 m (Cablik & Juva, 1963),
v polohach s prasnymi boufemi az 16 m, pii¢emz vétrolam, vysoky pii plné vzrostlych
dfevinach az 25 m, by mél byt slozen z 5 az 7 tad stromu, pfipadn¢ z 9 az 11 tfad
stromt. Pti zakladani vétrolami se voli rozestup fad minimalné 1,5-2 m a vzdalenosti
sazenic 0,7-1,5 m, a to podle druhu vysazované dieviny a vyspélosti sadebniho
materialu (Heisler & Dewalle, 1988; Pasak, 1970).

Horizontalni struktura stromového patra je podle zjistovanych indext a L-
funkce v nami provedené studii ndhodna. Nahodné az pravidelné rozmisténi stromu ve
vétrolamech zjizni Moravy uvadi také Ticha (2009). Stromové patro ve vétrolamu
reprezentuje prevaznou ¢ast produkcéniho potencidlu. Nami stanovena zasoba Ctyf az
pétifadych vétrolamti dosahovala ve véku 66 let az cca 450 m3 ha’!, tyto zjisténé
hodnoty jsou srovnatelné s tdaji z dalSich studii (Brandle et al., 1992; 2004).

Signifikantné nejvyssi opticka porozita byla urena u vétrolamu v lokalité
Stredokluky (51 %), naopak nejnizsi opticka porozita byla zjisténa u vétrolamu Klapy
(27 %). Opticka porozita v nasem piipadé signifikantné pozitivné koreluje s vertikalni
strukturou (rozd€leni na 6 pater) vétrolamu (r = 0,42). Podobné vysledky porozity
vétrolami byly zjistény také pii méfeni na jihovychodé Ceské republiky (Muzikova &
Jares, 2010). Obdobné hodnoty porozity (20 az 50 %) byly zjiStény naptiklad také
u vétrolamti hodnocenych v Ciné (Yang et al., 2017). Jedna se tedy o standardni
hodnoty pro toto srovnavané kritérium. Obvykle jsou vsak doporucovany hodnoty na
zjisténé horni hranici, tedy v rozmezi 40-50 % (Podhrazska, 2011). Toto rozmezi je
povazovano za nejvice efektivni z hlediska zmirnéni narazt vétru (Brandle et al., 2004;
Yang et al., 2017). Obdobnou optickou porozitu dokladaji také dalsi autoii (Cleugh &
Hughes, 2002; Forman & Gordon, 1986), ktefi povazuji stfedné porézni vétrolamy za
optimalni. Porozitu vétrolamu ovlivituje vice faktord, jako pocet tad, jejich vzdalenost,
vyskova diferenciace, hustota olisténi a vétveni, které je dano pouzitymi dfevinami
tvoficimi vétrolam. Porozitu je mozné snizit kombinaci raznych druht dievin s riznou

stavbou koruny tak, aby byl vétrolam co nejméné nachylny vici poryvim vétru (Van
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Thuyet et al., 2014). Porozita se zvySuje také v disledku opadu listi, méni se tak
Vv prub&hu ro¢nich obdobi (Gardiner et al., 2006; Heisler & Dewalle, 1988; Muzikova &
Jare§, 2010). Nespornou vyhodu maji v tomto ohledu jehlicnaté dieviny (Lee et al.,
2010; Lin et al., 2007). Z nasich poznatkt, ale i z prace dalsich autort (Vigiak et al.,
2003) vyplyva velmi obtizné stanoveni aerodynamické porozity z diivodu jeji znacné
variability v pribéhu méieni. Proto se Castéji pouziva opticka porozita na zakladé
digitalizovanych fotografii vétrolamu (Stiedova et al., 2012).

rychlosti vétru podileji. Prokazatelné hodnoty korelace mezi optickou porozitou
a snizenim rychlosti vétru uvadi napt. Rehacek et al. (2017). V nasi praci byl z pohledu
redukce rychlosti na zavétrné strané vétrolamu nejlépe hodnocen vétrolam v lokalité
Klapy, ktery je popisovan jako ¢tyf az pétifady. Naopak nejmensi vliv na snizeni
rychlosti vétru byl zjistén v lokalit¢ Stredokluky, tedy u dvouradého vétrolamu. Vliv
vétrolamti na redukcei rychlosti vétru byl zjistén ve vSech métenych vzdalenostech na
zavétrné strané vétrolamu, tedy 1 ve vzdalenosti 12H, coz neodpovida nékterym diive
publikovanym vysledkim (Wu et al., 2013). Na druhé strané¢ Brandle (Brandle et al.,
2004) popisuje snizeni rychlosti vétru ve vzdalenosti 12H az o 55 %.

7.4. Akumulace uhliku v nadloZnim humusu porostit na zemédélské
pudé

Nejvyraznéjsim faktorem, ktery odliSuje zemédélské pudy od trvalych lesnich
stanovist' je nulovy vyskyt nadlozniho humusu (Torreano, 2004). Zna¢na cast
akumulovaného uhliku je po zalesnéni zemédélské piady soustiedéna pravé do
nadloznich vrstev, které se postupné vytvaieji opadem zejména asimilacniho aparatu
lesniho porostu. Jeho formovani a akumulace je znatelna jiz v mladych porostech
(Bartos & Kacalek, 2011). V bezprostiedni fazi po zalesnéni zemédélské pidy dochazi
nejprve k mirnému poklesu uhliku vazaného v povrchovych padnich horizontech.
V dalsich letech se jiz zasoba pouze zvySuje, narist sekvestrovaného uhliku vazaného
v organické slozce pudy na zalesnénych nelesnich ptidach je nasledné postupné
dokumentovan se stoupajicim vékem porostu, a tedy s narGstajici akumulaci nadlozniho

humusu (Laganiére et al., 2010; Segura et al., 2016).
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Popisovany trend zvySujici se zasoby akumulovaného uhliku se stoupajicim
vékem potvrdil také nami zkonstruovany model, ktery vykresluje stoupajici zdsobu
uhliku v porostech az do pfiblizného staii sta let, tedy do véku porostd, pro které bylo
mozné ziskat dostate¢né mnozstvi diive publikovanych dat. Ze zpracovanych udajt dale
vyplynula srovnatelna hodnota sekvestrace uhliku pro lesni a zalesnéné zemédélské
pudy, respektive zde nebyly zjistény statisticky vyznamné rozdily ve vztahu k véku
porostd. Dalsim faktorem, ktery zasobu uhliku v nadloznim humusu vyrazné ovlivnil,
byla nadmoiska vyska. Se stoupajici nadmotskou vysSkou zdsoba uhliku dle naseho
modelu pozvolna klesala. Odlisné vysledky byly zjistény v Némecku, zde byla ve
vyS§ich nadmoiskych vyskach dokumentovana zvySend zasoba uhliku uloZeného
v nadloznim humusu V horskych stanoviStich s nizkymi hodnotami organické pudni
vrstvy (Griineberg et al., 2014; Wiesmeier et al., 2013). Nami zkonstruovany model
nezahrnuje vysloven¢ horské polohy, ve kterych by mohl byt vliv nadmotské vysky na
zvySovani zasoby nadlozniho humusu patrny. Vliv jednotlivych dievin nebyl statisticky
testovan. Jehlicnaté¢ dfeviny vSak akumuluji vesmés vice nadlozniho humusu
(Griineberg et al., 2014; Schulp et al., 2008; Wiesmeier et al., 2013) a z tohoto duvodu
maji v této padni vrstvé mnohdy také vétsi zasobu akumulovaného uhliku (Kupka et al.,
2013; Mensik et al., 2009a; Podrazsky & Remes, 2010). Podle histogramu rozdili nami
vypracovany model dobife popisuje zasobu uhliku v nadloznim humusu pro smrk
ztepily, ale plati i pro ostatni hodnocené dieviny, které nemohly byt pro nizky pocet
zaznamu detailngji testovany.

Mezi dalsi faktory, které mohou zasobu akumulovaného uhliku v nadloznim
humusu ovlivnit, patii rizné zptisoby lesnického hospodaieni, z ¢asti piedchozi vyuziti
pudy, charakter stanovisté, disturbance, probirkové zasahy, hnojeni, vapnéni, lesni
pozary a klimatické pasmo, ve kterém se dané stanovisté nachazi (Griineberg et al.,
2014; Laganicre et al., 2010; Schulp et al., 2008; Segura et al., 2016). Tyto okolnosti
vSak nebyly vnasem zobecnéném modelu, ktery vychazi zjiz publikovanych dat
zohlediovany, a to zdivodu nizkého mnoZstvi dat, ktera jsou pro region Ceské
republiky dostupna. Je tedy ziejmé, ze zalesovani nelesnich piid mimo piinost
v lokalnim méfitku zaroven pfispiva ke zvysSeni zasoby uhliku akumulovaného
v nadloznim humusu v fadu jednotek az desitek tun na hektar. Tato skute¢nost miize mit
ve vysledku v ptipadé zalesnéni dostate¢né velkych ploch prokazatelny vliv na globalni

bilanci uhliku (Paul et al., 2002). I proto je dulezité v zalesiiovani zemédélskych pud
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pokracovat nejenom na pro lesni dieviny vhodnych stanovistich, ale také na méné
piiznivych lokalitach. Zde je mozné vysadby podpofit riznymi druhy hnojeni a dal$imi
opatfenimi sméfujicimi k lepSimu rdstu a ujimavosti sazenic (Kune§ et al., 2009;

Podrazsky et al., 2003; Tuzinsky et al., 2015).

8. Zavér a doporuceni pro praxi

Resena problematika vyzkumu a nasledného hodnoceni vysadeb rostoucich na
zalesnéné zemédé€lské pude je originalni zejména z pohledu komplexniho zpracovani
zdanlivé nesourodych témat. Posledni desetileti a zejména posledni roky davaji
lesnickému sektoru jednoznacny signal, ktery sméfuje ke snizeni vyznamu produkéni
funkce lesnich porosti a zaméfuje se na ekosystémové pojeti lesnictvi. I proto budou
nabyvat na vyznamu témata akcentujici sekvestraci uhliku ¢i omezeni vétrné eroze
v krajin¢. Publikované vysledky disertacni prace by mély k této velice aktualnim
problematice prispét a dale ji rozvijet.

Nov¢ zakladané porosty na nelesnich pidach je nezbytné zalesiiovat
Vv lokalitach, které svym charakterem odpovidaji pozadavkim dlouhodobé strategie
Evropské unie. V kontextu Ceské republiky se jedna o podhorské az horské oblasti
s vysokym rizikem ohroZeni erozi. Neptiznivé pidni podminky nelesnich piid je mozné
upravit riznymi variantami pfihnojeni, nicméné aplikace alginitu neprokdzala
jednozna¢né pozitivni vliv na mortalitu a vySkovy ptirtist vysadeb. Pro zalesiiovani
nelesnich ptid bude tedy nutné hledat dalsi alternativy mozné podpory riistu vysazenych
lesnich dievin.

Hodnoceni smrkovych porostl v ristové fazi kmenovin rostoucich na zalesnéné
zemédelské ptdé ve vyssich nadmotskych vyskach ukazalo na vysoké hodnoty celkové
zasoby dfevni hmoty. Produkce je vSak na téchto stanovistich do znaéné miry ovlivnéna
ptitomnosti houbovych patogenti. Kvalita a primérny objem stromd prokazatelné
ovliviiuje také predchozi poskozeni sparkatou zvéfi. Stromy Sdosud patrnym
obvodovym poskozenim v rozsahu >1/3 obvodu kmene maji signifikantné nizsi
hodnoty méfenych rustovych charakteristik. Takto poskozené stromy jsou zaroven
nachylné ke klimatickym vykyvim, coz v kombinaci s houbovymi patogeny vyrazné
snizuje stabilitu porostl. Proto je nanejvyse nutné zna¢né poskozené jedince z porostl
pfednostné odstraniovat jiz pii vychovnych zésazich. Neodvratnd bude tedy i rychla

obnova vyrazné poskozenych a nestabilnich porosti.
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Vzhledem K postupujici klimatické zméné a intenzifikaci zemédélského
hospodateni budou v nasledujicich letech nabyvat na vyznamu protierozni opatieni,
mezi ktera je mozné fadit vysadby vétrolamt v oteviené zeméd@lské krajing. Jejich
efektivita velmi tizce souvisi s optickou porozitou. V podminkach Ceské republiky, kde
je vétrnou erozi ohrozeno vice nez 22 % zemédélskych pud, se vyskytuji vyhradné
vétrolamy slozené z listnatych dievin. Hodnoty optické porozity se Vv téchto
vétrolamech vyrazné€ €ni v mimovegetacni sezoné€ z diivodu opadu asimilacniho aparatu.
Vétrna eroze se vSak v mimovegetaénim obdobi jevi jako mimotadné problematicka.
V tomto obdobi jsou navic vétrnou erozi pti promrznuti ohrozeny zrnitostn¢ tézké pudy.
Pro budouci obdobi se tedy nabizi alternativa zakladat vicetadé vétrolamy v kombinaci
s fadami jehli¢natych dievin, coz by mélo zajistit vyssi schopnost redukce rychlosti
vétru v pribéhu celého roku.

Jehlicnaté dieviny je mozné vyuzit vramci zalesiovani nelesnich pad také
z hlediska akumulace uhliku vazaného v nadloznim humusu. Mnozstvi akumulovaného
uhliku Vv nadloznim humusu je v porostech jehli¢natych dfevin v mytnim véku zhruba
dva a pul krat vyssi v porovnani s listnatymi dfevinami. Porosty tvorené jehli¢natymi
dfevinami jsou vSak zejména V poslednich letech ohroZeny biotickymi i abiotickymi
faktory, které zpusobuji postupny rozpad predevsim smrkovych porosti V raznych
rustovych fazich.

Tyto bezprecedentni udalosti ndm vsSak zaroven poskytuji moznost relativné
rychle upravit druhové slozeni vysoce labilnich nesmiSenych smrkovych porosti
smérem k porostim stabilnéjsim a vzhledem k aktudlnim stanovistnim a ekologickym
pomérim vhodné smiSenym. Z tohoto divodu lze pak vysledky pielozené disertacni

prace jednoznacné povazovat za aktualni a jejich dalsi rozvijeni je velmi potiebné.
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9. Seznam pouzitych zkratek

Ah anhydromorfni lesni humusovy horizont

ANOVA analyza rozptylu

AOPK Agentura ochrany pfirody a krajiny

Ap Arten-profil index

B index celkové porostni diverzity
uhlik

Ca vapnik

CBP celkovy bézny pfirtst

CC stupen zapoje

CPA plocha korunovych projekci

CPP celkovy prumérny piirtst

Czu Ceska zemédglska univerzita

D Marfalefiv index druhové bohatosti

DBH vycetni tloustka

E Pieloutv index druhové vyrovnanosti

FAO Organizace pro vyzivu a zeméd¢elstvi

FLD Fakulta lesnicka a dievaiska

G vycetni kruhova zakladna

GLM zobecnény linedrni model

GLMM zobecnény linedrni smiseny model

GPS globalni polohovy systém

h vyska stromu

H vyska vétrolamu

Shannontiv index druhové heterogenity

HDR Stihlostni kvocient

HSD test test vyznamnych rozdila

CHKO chranéna krajinna oblast

IFER Ustav pro vyzkum lesnich ekosystémi
K draslik

L zavétrna strana vétrolamu

Mg hot¢ik

N pocet stromu
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p p-hodnota

P fosfor

PCA analyza hlavnich komponent

pH vodikovy exponent

PLO pfirodni lesni oblast

R Clark-Evansuv agrega¢ni index

r Pearsontiv korela¢ni koeficient

SD smérodatna odchylka

SDI index hustoty porostu

t vek porostu

TMy Fiildneruv index tloustkové diferenciace
TMp Fiildnertv index vyskové diferenciace
TVP trvale vyzkumna plocha

U hodnota redukce rychlosti vétru

UL hodnota rychlosti vétru na navétrné strané
uw hodnota rychlosti vétru na zavétrné strané
USA Spojené staty americké

UHUL Ustav pro hospodaiskou tipravu lesti

% objem stfedniho kmene

\Y zasoba porostu

W navétrna strana vétrolamu

o Pielou-Montfordav index nenahodnosti
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