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Disertacni prace bude zamérena na vyhodnoceni zmén ve strukture lesnich porosti na Uzemi NPR Vodé-
radskych bucin ve vztahu k hlavni modelové skupiné saproxylickym broukiim. Tyto zmény struktury jsou
zasahy, které zde v minulosti byly provadény plvodné v hospodarskych porostech. Vysledky prace proto
mohou byt prenositelné i do hospodarskych les(, kde probiha management zaméreny na podporu biodi-
verzity. Hlavnim cilem prace je vyhodnotit, zda zména struktury porostl a parametry mrtvého dieva maji
vliv na biodiverzitu saproxylickych druht broukd. Jednotlivé diléi cile disertacni prace (s omezenim platnosti
na zajmové uzemi):

1. Jak struktura a pfirozeny vyvoj bukovych porostl ovliviiuje modelovou skupinu brouk.

2. Jaké parametry mrtvého dreva ovliviuji modelovou skupinu broukd.

3. Jaky je optimalni typ mrtvého dreva a atributy integrovaného péstebniho managementu podporujiciho
diverzitu modelové skupiny brouk( v hospodarskych lesich.

4. Jsou bukové porosty prostfedim hostici vétsi diverzitu modelové skupiny broukt nez smrkové nebo smi-
Sené.

Metodika

NPR Vodéradské buciny byla zfizena v roce 1955 (vydani MKS n.13600 / 55) na celkové plose 658 ha v pi-
vodné obhospodarovaném lese véetné homogennich lesnich porostu, které si ponechaly z velké ¢asto pfi-
rozenou strukturou lesa. Pro aplikovany vyzkum vyvoje struktury lesnich porost(i byly v roce 1980 zfizeny
trvalé zkusné plochy (TZP), kazda plocha ma rozméry 100 x 100 m (1 ha). Nyni jsou tyto plochy soucas-
ti dlouhodobéjsiho bezzdsahového rezimu. V minulosti byly v nékterych z téch porostl provadény zdsahy
s cilem podpory pfirozené obnovy. Atributy porostl jako napf. mikrostanovisté, mrtvé drevo a jeho roz-
kladné faze bude ziskdvano podle metodik napft. (Winter & Méller, 2008, Gossner et al., 2013). Otevienost
zapoje bude hodnocena pomoci Gap Light Analyzer (Frazer et al., 1999). Méreni struktury porostu a vyhod-
noceni dynamiky vyvoje, v€etné ptirozené obnovy, bude provadéno podle standardnich metodik, pouZzitych
napft. ve studii Remes (2006), Bilek (2009). Studie biodiverzity hmyzu bude primarné zamérena na sapro-
xylické druhy brouk, které jsou jednou z nejc¢astéji zkoumanou a nejohrozené;jsi skupinou v lesich (Seibold
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et al., 2015b; Cdlix et al., 2018). Saproxyli¢ti brouci budou monitorovani v prostoru pomoci pasivnich le-
tovych narazovych pasti. Tento druh pasti je Siroce pouzivan pro entomologické studie napf. (Alinvi et al.,
2007; Hordk & Rébl 2013, Roth et al., 2019). V modelovém Gzemi budou nejprve vybrany TZP a v nich bude
aplikovano 20-30 odchytovych zafizeni (a 5 pasti). Pro studium vyvoje a vlivu porostni struktury na diver-
zitu budou pasti umistény na tyckach v prostoru porostu. V ramci sbéru dat mrtvého drfeva budou pasti
umistény pfimo na samotné kusy mrtvé dieva (napf. torza, lezici kmeny). Instalace pasti probéhne v dub-
nu a budou aktivni po celou sezénu tzv. duben—zafi. Fixacni tekutina bude roztok vody a propylenglykolu
s kapkou jaru pro odstranéni povrchového napéti fixacni tekutiny. Nachytany entomologicky material bude
vybirdn ve 2—-3 tydennich intervalech. Mezi jednotlivymi vybéry se vybér zpracuje v laboratofi. Tzn., roztfidi
se vSechen hmyz. U fadu brouci dojde k determinaci do druh(i a nasledné roztfidéni do skupiny saproxylt
podle (Schmidl & BulRller, 2004; Seibold et al., 2015a) a taktéz podle statutu jejich ohrozeni podle (Hejda et
al., 2017). Metodika samotného sbéru entomologického materidlu a jeho vyhodnocovani je shodna napf.
(Horadk & Rébl 2013, Miller et al. 2015b).
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Abstrakt

Biologickd rozmanitost je kliCovou slozkou pro fungovani celych ekosystému. PiedevSim
bezobratlych Zivoc¢ichll za posledni 1éta v krajin¢ vyrazné ubyva. Price se tematicky zabyva
studiem biodiverzity fddu broukd (Coleoptera) v Narodni piirodni rezervaci Vodéradské
buciny. Disertacni prace je ptedlozena formou komentovaného souboru publikovanych ¢lanka
a je sloZzena z 5 publikovanych védeckych ¢lankti a 1 rukopisu v recenznim fizeni. Sbér
entomologickych dat probihal pomoci letovych narazovych pasti na trvalych zkusnych
plochich 100 x 100 m (1 ha) (TZP). Cilem préice bylo popsat odezvu diverzity a poetnosti
broukti na pfirozeny (samovolny) vyvoj porostli ponechanych bez hospodarskych zasahu. Byla
identifikovana stadia optima, rozpadu a dortistani v rdmci malého ontogenetického vyvojového
cyklu lesnich porosti. Kazdé stddium bylo reprezentované dvéma TZP. Vysledky ukazaly
nejvyssi druhovou bohatost a rozmanitost ve stadiu rozpadu. Je to ddno predevsim mnoZstvim
mrtvého dieva a silného prolomeni zépoje. Déle byly analyzovdny moznosti integrace mrtvého
dieva do hospodatskych porosttli, pfitom bylo nutné vénovat se dilezitym environmentalnim
proménnym v rdmci lesnich porosti, véetné posouzeni ekonomickych souvislosti aktivniho
managementu podporujiciho biodiverzitu. Pfimo na tuto problematiku byl vypracovin
~review* Clanek, ktery téZ obsahuje ekonomické kalkulace pti obohacovini mrtvym dfevem
zékladnich dfevin v case. Odhady hodnoty ponechaného dieva k rozkladu mohou byt az 1125-
1750 K¢é/ha/rok u smrku a buku a asi 750 K¢/ha/rok u dubu. Cilem disertacni prace bylo také
vyhodnotit bohatost saproxylickych broukli ve vztahu k parametrim leZiciho a stojictho
mrtvého dieva, coZ se ndsledné promitlo do ndvrhl integrovaného managementu bukovych
hospodafskych porosti pro podporu biodiverzity. Ochrandiskd hodnota a biomasa
saproxylickych brouki a také pocet indikatorovych ohroZenych druhti byly nejvyssi na stojicim
mrtvém dfevé (torzech). Torza, a zejména torza s tloustkou vySsi nez 35 cm, jsou stéZejni

habitat pro skupinu ohroZenych druhii brouk.

Taktéz bylo vyhodnoceno, jak se méni komunity modelové skupiny broukil mezi autochtonnimi
bukovymi porosty a alochtonnimi smrkovymi porosty. Modelovd skupina byla celed’
kovatikoviti (Elateridae). Zména dievinné skladby do zna¢né miry zménila i komunity
kovaiikt. Kovarici silné reaguji zejména na rand stadia vyvoje lesa, a to jak ve stadiu rozpadu
v ramci pfirozeného vyvoje, tak i v rastové fazi holin a kultur v ramci hospodarského cyklu. Po
homogenizaci struktury lesa, ke které dochdzi jak v rdmci vyvoje pfirozeného lesa (stadium
optima), tak i u star$ich riistovych fazi hospodarského lesa, jsou komunity kovatiki taktéz silné

redukovany a homogenizovéany. Brouci tak siln€ reaguji na zmény lesniho prostredi, at’ uz se



jednd o pfirozené nebo hospodaiské lesy. Do integrovaného péstebniho managementu by se
mélo pro posileni biodiverzity implementovat a preferovat stojici mrtvé dievo. Jednim
z diivodd je i to, Ze stojici mrtvé dfevo ma vyrazné delsi perzistenci v lesnich porostech, coz
znamena i sniZeni ndklad na opétovné obohaceni porostii mrtvym dievem. Pii padu torz na
lesni piidu bude dile mrtvé dievo plnit svoji tlohu a bude utocistém jinych komunit broukd.
Pozitivnim efektem a synergickym efektem pro podporu biologické rozmanitosti svdzanou
s mrtvym dfevem miiZze byt cyklické stiidani porostnich nik (struktury, zdpoje) v rdmci

péestebné-téZebnich operaci v hospodérskych porostech.

Klic¢ova slova: mrtvé dievo, saproxyli¢ti brouci, neobhospodafované buciny



Abstract

Biodiversity is a key component for the functioning of entire ecosystems. Invertebrates, in
particular, have been declining sharply in the landscape in recent years. The thesis focused on
studying the biodiversity of beetles (Coleoptera) in the National Nature Reserve Vod¢éradské
buciny. The dissertation is presented as an annotated collection of published articles comprising
five published scientific articles and one manuscript under review. Entomological data
collection was carried out using window traps placed in permanent 100 x 100 m (1 ha) research
plots (PRP). The aim of the study was to describe the response of beetle diversity and abundance
to the natural development of stands left to develop spontaneously. Stages of optimum,
declining and growing up within the small ontogenetic development cycle of beech forest stands
were identified. Each stage was represented by two PRP. Results showed the highest species
richness and diversity in the declining stage. This is mainly due to the amount of dead wood
and strong canopy openness. Furthermore, the possibilities of integrating deadwood into
management stands were analyzed, while important environmental variables within the forest
stands had to be addressed, including an assessment of the economic context of active
management to promote biodiversity. A "review" paper was prepared specifically on this topic,
including economic calculations for deadwood enrichment of common tree species over time.
Estimates of the value of wood left to decompose can range from 1125-1750 CZK/ha/year for
spruce and beech, and about 750 CZK/ha/year for oak. The aim of the dissertation was also to
evaluate saproxylic beetle richness in relation to the parameters of lying and standing
deadwood, which was subsequently reflected in proposals for integrated management of beech
stands to promote biodiversity. The conservation value and biomass of saproxylic beetles, as
well as the number of indicator endangered species, were highest on standing deadwood
(snags). Snags, and especially thickness of more than 35 cm, are a key habitat for a group of

endangered beetle species.

The change in communities of the model beetle group between autochthonous beech stands and
allochthonous spruce stands was also assessed. The model group was the family Elateridae
(click beetles). The change in tree species composition has largely changed the communities of
the click beetles. In particular, click beetles respond strongly to the early stages of forest
development, both in the declining stage of natural development and in the growing phase of
clearings within the forest management cycle. After the homogenization of forest structure,
which occurs both within the natural forest development (optimum stage) and in the later

growth stages of the managed forest, communities of click beetles are also strongly reduced

10



and homogenized. The beetles thus respond strongly to changes in the forest environment,
whether it is natural or commercial forest. Standing deadwood should be implemented and
preferred in integrated forest management to enhance biodiversity. One of the reasons for this
is that standing deadwood has a significantly longer persistence in forest stands, resulting in a
reduction in the cost of deadwood re-enrichment. As snags fall on the forest floor, the deadwood
continues to fulfill its role, providing habitat for various beetle communities. A positive and
synergistic effect in promoting biodiversity associated with deadwood can result from the
cyclical rotation of stand niches (structure, canopy) in the context of silviculture and harvesting

operations in managed stands.

Key words: deadwood, saproxylic beetles, unmanaged beech forest
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1. Uvod

Lesnické hospodateni je zaméfeno na nejvyssi hodnotovou ¢i objemovou produkci dievni
hmoty, coz zdsadnim zpiisobem ovliviiuje strukturu a druhové sloZeni lesa. V oblasti stfedni
Evropy se v prubéhu minulych dvou staletich jako hlavni smér lesnického hospodateni
prosadilo péstovani stejnovékych a stejnorodych jehli¢natych monokultur (Remes, 2018;
O’Hara, 2016). Tento intenzivni zpusob hospodateni, ktery vytvafi strukturné a druhové
homogenni horizontaln¢ pIn¢ zapojené lesni porosty, v§ak vede k eliminaci mnoha rozmanitych
lesnich nik. Nékteré z nich sice mohou byt v nékterych piipadech povaZovany 1 jako potencidlni
zdroj Sktdct, zdroven jsou ale dileZité pro prezivani mnoha druhit hmyzu, ale i hub, ptaka
a savcli. Dlouhodobym diisledkem tohoto zplisobu hospodafeni je potom znacny pokles
biologické rozmanitosti v lesni krajiné (Hallmann et al., 2017; Kunin, 2019; Seibold et al.,
2019; Wagner et al., 2021). Pozitivni role biodiverzity pro fungovani ekosystéml byla
mnohokrat experimentdlné dokdzana (RemeS et al., 2023) — vySSi biodiverzita podporuje
rychlejsi obnoveni produktivity ekosystému po obdobi sucha (Tilman et al., 2006), ekosystémy
s vys$si biodiverzitou zpravidla akumuluji vice uhliku (Reich et al., 2006), biodiverzita dievin

muzZe zvySovat rezistenci a resilienci i produkci lesich porost (Brang et al., 2014; Pretzsch et

al., 2013; Bauhus et al., 2017).

Zvysenim a podporou biodiverzity v lesich se zabyvd i ndrodni politika prostiednictvim
Strategie ochrany biologické rozmanitosti Ceské republiky 2016-2025 (Mach et al., 2016).
Cesty, jak systematiky ovliviiovat a podporovat biologickou rozmanitost mohou byt zaloZeny
na segregacni (konzervaiskd) nebo integracni (kombinovand) strategie, pfipadné na jejich
kombinaci (Duflot et al., 2022). Biologicka ochrana klade velky diiraz na zachovani poslednich
piirodnich lest. DileZitymi ptedpoklady pro vyskyt vyspélého lesniho druhového spolecenstva
jsou kontinuita vyskytu lesnich stanovist v cCase a mozaika porostll sloZzend z rtznych
sukcesnich stadii. Zejména taxony, jako jsou houby, hmyz, mechy a liSejniky, vykazuji v
prirozenych lesich, kde se nehospodatii, vysokou diverzitu a pocetnost (Siitonen, 2001; Paillet
et al., 2010). Téchto ,,pralesi je vSak v kulturni krajin¢ velmi madlo, a pokud by mé¢la byt
uplatnéna segregacni strategie, nebude to z pohledu ochrany biodiverzity, ale i plnéni
ekosystémovych sluzeb dostate¢né (Remes et al., 2023). V segregacnim konceptu narodni
parky a lesni rezervace chrani pfirozené lesy, které jsou zasazeny do matrice intenzivné
vyuzivanych lesti nebo plantdZi s relativné nizkou kvalitou stanovisté. V Cisté integracnim

systému se zachovdavaji strukturdlni prvky diky obnovnim opatfenim, které jsou nedilnou
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soucasti trvale udrZzitelnych nebo ptirodé blizkych lesnickych postupli. Podporuji piedevsim
minimdlni cile stanoviStnich prvka a zdrojt, ale jejich dopad je vétSinou omezen na droven
lokality (porostu). V optimalizovaném integrativnim systému jsou tato maloplo$né ochranérska
opatfeni kombinovdna se segregaénimi nastroji. Casto podporuji dynamiku ekologickych
procest v méfitku lesnich celkl a krajiny, na které se zamé&tuji narodni parky nebo ptirodni
rezervace. Segregacni néstroje v§ak mohou byt pouzity i k aktivni obnové ,,tradi¢nich* lesnich

stanovist pro specifickou ochranu ptirody (Bollmann & Braunisch, 2013).

Rezervace byly Casto zaklddany pro tcely védy a vyzkumu. V oblasti lesnickych véd tomu je
zpravidla kviili sledovani piirozené dynamiky porosti, pfirozené obnové, stavu ptid, kolobe¢hu
Zivin a vody. V recentni dob¢, kdy se vice spolenost zaobird biologickou rozmanitosti, tak
lesnicka véda zacala intenzivné zkoumat i t€émata spojend s biodiverzitou lesa a krajiny. Pfitom
je velmi dualezité zkoumani piirodnich lesti nebo rezervaci, kde se lesni ekosystémy spontanné
vyvijeji smérem k jejich pfirozenému stavu. Ve vétsSing téchto prirozenych a polopfirozenych
lesich se atributy diileZité pro biodiverzitu, jako je napf. mrtvé dievo a mikrostanoviste,
nachézeji v mnohem vyssich poc¢tech nebo objemech nez v hospodéiskych lesich (Christensen
et al., 2005). Rezervace mohou byt zaroven i refugiem mnoha ohrozenych druhti. Vyzkumy
zamé&fené na vyhodnocovani toho, jak rizné skupiny Zivocichl reaguji na rizné kvantitativni,
a kvalitativni parametry lesnich ekosystémt v rezervacich ndm muze dat zaklad pro odvozeni
takovych parametra lesnich porosti, které optimalné¢ podporuji rizné skupiny Zivoc€ichii. Na
zéklad¢ toho je mozné i vycislit ekonomické ndklady spojené s dosazenim pro biodiverzitu
dalezitych parametr struktury lesnich porostii, které jsou bezpochyby hlavni otdzkou pro
majitele a spravce lesnich majetkd. Saproxyli¢ti brouci jsou pfinegjmensim b&hem casti svého
vyvoje vazani na mrtvé dievo raznych typu a kvalit. To plati i v pfipad¢, Ze jsou vazani na jiny
obligatni saproxylicky druh, jako jsou mycetofigni brouci vazani na dievokazné houby
(Speight, 1989). Velkd cast ze skupiny saproxylickych broukli je vedena v Cervenych
seznamech ohroZenych druhti (Marhoul, 2008; Hejda et al., 2017). Integrujici management
s mrtvym dfevem a obohacovani hospodaiskych porostii o tuto slozku je poslednich letech ¢asto
feSenym tématem, napt. (Roth et al., 2019). Racionalizace tohoto usili je na misté, jelikoz
ndklady mohou byt velmi vysoké. Hledani schémat a piistupt jak efektivné a jaké podobé

zajistit mrtvé dievo v hospodéiskych porostech je ikolem pro dnesni lesnickou védu.
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3. Cile prace

(1) Jak struktura a pfirozeny vyvoj bukovych porosti ovlivituje modelovou skupinu brouka.
(2) Jaké parametry mrtvého dieva ovliviiuji modelovou skupinu broukd.

(3) Jaky je optimdlni typ mrtvého dieva a atributy integrovaného péstebniho managementu

podporujiciho diverzitu modelové skupiny broukli v hospodarskych lesich.

(4) Jsou bukové porosty prostfedim hostici vétsi diverzitu modelové skupiny broukli nez

porosty smrkové nebo smiSené.
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4. Literarni resSerse

4.1. Lesy v Ceské republice

Aktudlné se nachazi na tizemi Ceské republiky 2 693 799 ha pozemkii uréenych k plnéni funkce
les, coZ je 34,2 % plochy Ceské republiky (Zprava o stavu lesa, 2021). Plocha lesa se neustale
zvySuje od dob novovEku. Nejstars$i statistika, tzv. sumdie josefinského katastru, byla
zpracovéna v letech 1785-1789 a uvddi, Ze celkové ¢eské zemé mély celkem 1 974 060 ha lesn{
pady (Spuldk & Kacalek, 2011). Jedno z prvnich piesnych méfeni lesa probéhlo v letech 1824-
1842, kde byl zjisténo 2 224 000 ha (Poleno et al., 2007). Ke skokovému navySeni rozlohy lest
doslo po 2. svétové vdlce po odsunu némeckych obyvatel, kdy na izemi ceskych zemich pfibylo
220 000 ha lesa (Spuldk & Kacélek, 2011) a v 50. letech zalesnénim vice jak 100 000 ha
zemedélské plidy (Poleno et al., 2007). Od roku 1951 do roku 2008 vzrostla vyméra o 146 000
ha (Spuldk & Kacdlek, 2011). Od dob josefinského katastru se vyznamné zvysila lesnatost a
zaroven doslo k razantnimu zlepSeni stavu lesa. Zejména kvili dlouhodob¢ uptednostiiované
produkéni funkei lesa a také diky préaci generaci lesnika byla v poslednich letech dosazena
nejvétsi porostni zdsoba v historie CR — ca 700 mil. m?® (Poleno et al., 2007, Zprava o stavu

lesa, 2021).
4.2. Vyznam lesi

Diky rozloze jsou lesy nezastupitelnou a diileZitou sloZzkou nasi krajiny (Poleno et al., 2007).
Odveky vyznam lest pro ¢lovéka byla produkce dievni suroviny. Casto se piitom lesnictvi
uchylovalo pouze k holose¢nému zplisobu obnovy predevsim smrku a borovice (Tesat, 2007).
Tento jeden preferovany obnovni zpiisob nezarucoval vyrovnanost vynosu a zajisténi potfebné
ekologické, environmentélni stability. Opakované zakldddni monokultur stejnych dfevin,
predev§Sim smrku, prokazatelné¢ vedlo k degradaci a postupnému sniZovédni produkéniho
potencidlu pud (Podrazsky & Remes, 2002; Podrazsky, 2003), a to Casto na stanovistich, kde
smrk byl daleko od svého ptvodniho aredlu. V prib¢hu Casu a diky zménéné spolecenské

poptavce se v druhé poloviné 20. stoleti postupné ménil pohled na poslani a tcel lest.

4.3. Piirodni lesy

Pfirodni lesy jsou velmi dulezité v biologické rozmanitosti a pro zajisténi ekologické stability
(Schurman et al., 2018). V tizkém slova smyslu vyjadfuji nedotéeny lesni ekosystém lidskou

¢innosti tzv. pralesy (Prasa, 1990). Jsou charakteristické prostorovou a vékovou heterogenitou
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(Svoboda et al., 2014) s velkou tloustkovou a vertikdlni diferenciaci, s velkym mnoZstvim
mrtvého dfeva v rizném stadiu rozkladu (Christensen et al., 2005; RemeS & Bilek, 2014;
Saniga et al., 2019). Pravé pralesy lze jesté najit v odlehlych koutech svéta a velké lesni celky
uz jen v Kanad¢ a Rusku (Vyskot et al., 1984). Avsak ve stfedni Evropé¢ se typické pralesy uz
nenachazeji (Prasa, 1990; Bilek et al., 2011) a to zejména v temperatni zon¢ lest (Schulze et
al., 2019), kde byly lesy ovlivitovany piimymi vlivy, napt. té€Zbou, a také nepiimymi faktory,
jako je imisni z4t€Z nebo naruSeni kolob&éhu vodu (Podlaski, 2004). Proto v sou€asnosti bude
postaCovat definice Prusi (1990) lesa piirodniho, ktery je nebliZe k lesu nedotéenému, definice
zni: piirodni lesy maji porosty vzniklé predevsim pifirodnimi procesy a lidskou ¢innosti jsou
zmeénény jen nepatrné, toto pojeti lesa pfirodniho se pouZzivd v fadé védeckych praci napf.
(Knorn et al., 2013; Mikol4s et al., 2019). KdyzZ se hovoii o porostech, které jsou zménény jen
nepatrné, tak to vysvétluje napt. Vrska et al. (2002) tak, Ze v hluboké minulosti byla provadéna
zejména toulava sec a les nebyl zatiZen péstebnimi ikony. Bez lidské ¢innosti by pokracovaly
ve své prirozené dynamice a vyvoji k lesu pralesnimu. Nicméné¢ i téchto porostl je v Evropé
nedostatek (Svoboda, 1952; Nagel et al., 2006; Vrska et al., 2018). Celkem bylo evidovano
téméi 0,3 mil. ha ptirodnich lestt v mirném pasmu Evropy (Parviainen, 2005), v celé Evropé
pak 1,4 mil. ha, coz odpovida 0,7 % lesni pudy (Sabatini et al., 2018). Necela polovina z nich
je striktn¢ chranéna (Sabatini et al., 2018). Nejvice ptirodnich ptedev§im bukovych lest se
zachovalo v jihovychodni ¢asti Evropy, které dosud maji vysoky stupen piirozenosti (Korpel,
1989, 1995). Jedn4 se predevsim lesni komplexy v karpatském pohoii (Sabatini et al., 2018).
Hodnotné fragmenty ptirodnich lest se zachovaly také na vychodnim Slovensku (Saniga et al.,
2019). Na Ukrajin€ se vyzkumem v bukovych pfirodnich lesich zabyval napt. Lachat et al.
(2016), v Rumunsku Smejkal et al. (1995) nebo Tabaku (2000). Evropskymi bukovymi
rezervacemi se zabyval napt. (Christensen et al., 2005). I ve stiedni Evropé se zachovaly malé
fragmenty pfirodnich lest hlavn€ v horskych oblastech, které byly po dlouhou dobu dopravné
nepiistupné (Mikolds et al., 2019). Vyhleddvanim horskych piirodnich lesti na Slovenku se
vénoval Mikolas et al. (2019) a identifikoval 216 ploch o vyméie 10 500 ha. To potvrzuje
i Parviainen et al. (2005), ktery indikoval jako nejhodnotnéjsi zemé s velkymi rezervacemi a
lesy ptirodniho charakteru v poméru velikosti zemé Slovensko, Bulharsko, Albanii, Slovinsko
a Ceskou republiku. Nejvice pifrodnich lest viak neni chranéno a téZba probihé i v chranénych

uzemi (Sabatini et al., 2018; Mikolas et al., 2019).

Pfirodni lesy jsou formovany predev§im makroklimatem, piidotvornymi substraty a vodnim

rezimem (Prtsa, 1990), kompeti¢énimi vztahy a dynamikou ristu jednotlivych druhti dfevin
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(Saniga et al., 2019). Skladaji se z autochtonnich populaci dfevin, které na dané pudé tvoii
optimdlni fytocen6zu (Poleno et al., 2007). Optimdlni a relativn€ konecnou fytocendzu
nazyvame klimax. Zejména klimaxové druhy dievin jsou nejlépe adaptované, neprogresivne;jsi
a maji velkou konkuren¢ni silu (Poleno et al., 2007) na stanovisti, kde se dlouho vyvijely jejich
piedeslé generace, které prochdzely genetickou selekci (Kosuli¢, 2010). Zdrojem energie pro
pfirodni lesy je slunecni zdreni, jehoZ mnoZstvi vyuZitelné lesnim ekosystémem zavisi
pfedevS§im na zemé&pisné Siice, reliéfu terénu (sklon a expozice svahu)
a struktufe lesniho porostu (Poleno et al., 2007). Velkd rozmanitost pidnich podminek dava
piilezitost k vytvoieni druhové rozmanitého lesniho prostiedi. Riiznorodost pedologického
slozeni ptimo koreluje s rtiznorodosti dievin (Saniga et al., 2011). Vyvoj piirodniho lesa
probihd v uzavieném integrovaném cyklu (Vacek et al., 2007). Les méa charakter skupinovité

obnovovanych porostl s velmi dynamicky se vyvijejici strukturou (Vacek et al., 2007).

4.4. Vyvoj prirodnich lesu

Pfirodni lesy jsou aktudln¢€ velmi vyhleddavané pro aplikovany lesnicky a ekologicky vyzkum,
kterym se ziskdvaji poznatky o vlastnim pfirozeném vyvoji, stabilité, produkci a jinych
spontannich vlastnostech autochtonnich porostti (Korpel’, 1989; Vacek et al., 2007; Schiitz et
al., 2016). Na n¢které otazky z ekologie lesa Ize odpovédét pouze studiem piirodnich lesi
(Hunter, 1990). Za timto uc¢elem byly zaklddany prvni z bézného hospodaieni vyjmuté lesni
porosty — lesni rezervace. Nejstar$i u nds je Zofinsky prales a prales Hojnd voda
v Novohradskych horach, které byly vyhlaSeny jiz v roce 1838, ndsledované v roce 1858
Boubinskym pralesem lesmistra Johna a které byly vyuzivany pro sledovani dynamiky vyvoje

horského lesa (Prisa, 1990). V Némecku k tomu doslo az v roce 1870 (Ganghofer, 1881).

JiZ v prvni poloviné 19. stoleti bylo zaloZzeno mnoho vyzkumnych ploch, které byly piesné
meéteny (Prasa 2001). V této praci nasledovali své predchiidce v novodobé historii napi. Priisa
(1990), Schnitzlera & Borlea (1998), Bilek et al. (2011), RemeS & Bilek (2014), Hessenmoller
et al. (2018), Remes (2018), Vrika et al. (2018), Saniga et al. (2019). Pravé tyto znalosti jsou
potiebné pro odvozeni péstebnich opatfeni ovliviiujicich strukturu a vyvoj lesnich porosti. Jsou
zékladem tuspéchu pro zvysSeni jejich pfirozenosti, biologické rovnovahy ¢i autoregulacni
schopnosti (Franklin et al., 2002; Remes & Bilek 2014) a jsou zdsadni pro pochopeni dynamiky
lesnich ekosystémil bez lidské dodatkové energie (Gratzer et al., 2004). Pravé na nich bude
zaviset volba piirod¢ blizkého hospodateni, které ma zajiStovat maximdlni ekologickou

a biologickou rozmanitost lesniho prostfedi (Seymour et al., 2002; Vacek et al., 2007, Nagel &
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Svoboda, 2008; Schiitz et al., 2016), pii zajisténi kontinudlni difevoprodukéni funkce.
Ekologicka stabilita pfedstavuje schopnost ekosystému pretrvdvat za pusobeni ruSivého
vlivli (Poleno et al., 2007), aktudln¢ zejména v pribchu zmény klimatu (Nagel et al., 2017;
Seidl et al., 2017). Pfirodni lesy nejsou neménnym, nehybnym ekosystémem. Chapeme je, jako
Casoprostorovou zménu Vv populaci jedincl v porostu zplsobenou jejich zrodem, riistem
a odumienim (Saniga et al., 2019). Dlouhodoby vyvoj lesa je ddn zménou a postupnou obnovou
ekosystému po ukonceni doby ledové (Fylogeneticky vyvoj) a vyvoj samotného piirodniho lesa
(generace) v rdmci uzavienych ontogenetickych cyklt. Stfidani jednotlivych vyvojovych cykli,
stadii a fazi v rdmci pfirozené sukcese vede k velmi vyrazné zméné jak vertikdlni, tak

1 horizontalni struktury lesa (Gratzer et al., 2004)

4.4.1. Velky vyvojovy cyklus lesa

Tento vyvojovy cyklus lesa je charakterizovan sekundérni sukcesi po velkoploSné disturbanci
a celkovy priibéh probihd a7 v tadu stovek let (Poleno et al., 2011). Obnova, resp. sukcese
zacind na zcela obnazené lesni piid¢ zbavené lesniho porostu (Vacek et al., 2007). VéEtSinou se
jednd o rozpad ndsledkem rozsdhlé disturbance (Jenik, 1995; Barnes et al., 1998) zptisobené
zejména veétrnymi smrStémi, pozary, hmyzimi gradacemi, sn¢hem a zdplavami (Dale et al.,
2000; Franklin et al., 2002; Vacek et al., 2007; Pickett & White, 2013). Nékteré typy biomil
jsou na tento typ velkoplo$né obnovy lesniho ekosystému odkazany. Typickymi biomy jsou
sibifskd a severoamerickd tajga, v téchto chladnych oblastech nejsou vhodné podminky pro
rozklad organické hmoty destruenty a dochazi zde k akumulaci nekromasy, kterd se hromadi v
podobé surového humusu (Poleno et al., 2011). Ptes tuto vrstvu surového humusu neni mozna
obnova dfevin. Diky odstranéni stromového patra velkou disturbanci se na povrch ptidy dostane
slune¢ni zéafeni a v disledku vyssich teplot v téchto podminkach vznikd mnohem ptiznivéjsi
prostiedi pro destruenty a tim se zlep$i kolob¢h Zivin (Poleno et al., 2011). Samotny velky
vyvojovy cyklus ma tii stadia: pfipravny les, prechodny les a zavérecny les (klimax) (Vacek et

al., 2007; Poleno et al., 2007, 2011).

Piipravny les za¢ina pfirozenym néletem pionyrskych dievin, zejména jde o bfizu, vrby, topoly,
jefaby, olSe. Tyto dfeviny jsou velmi odolné vici nehostinnym klimatickym podminkdm po
velkoplo$né kalamité hlavné vaci pfimé slunecné radiaci, mrazu, vétru a suchu. Dieviny
piipravného lesa se vyznacuji rychlym riistem, coZ umoZznuje rychle vytvofit zapojené porosty

se vSemi funkcemi lesa. Timto se formuji vhodné pidni a mikroklimatické podminky pro
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klimaxové dfeviny, které na otevienych plochach nedokédzou odrstat. Pionyrské dieviny jsou
charakteristické svou bohatou a tém¢t kazdoro¢ni fruktifikaci s lehkymi semeny. Tyto atributy
jsou velmi vhodnou strategii pro rychlé osidlovani kalamitnich ploch. Dfeviny piipravného lesa
se vyznacuji obecné¢ kratkou zivotnosti. Pokud se pod piipravnym lesem objevi dfeviny

klimaxové, vyvoj plynule ptejde k ndslednému stadiu prechodného lesa.

Prechodny les — pii této fazi dochdzi jiz ke kolonizaci plochy citlivymi klimaxovymi dfevinami,
které zacinaji odriistat pod zastinem pionyrskych drevin. V podstaté se jednd o rtst cilovych
dfevin pod ekologickou ochranou. Tento stav probihd pomérné pomalu a ¢asto trvd mnoho
desetileti do doby, kdy za¢ne rozpad ptipravného lesa. Ve vysledku tento vyvoj pti absenci
nejriiznéjSich disturbanci, které mohou opakované jednotlivd vyvojova stadia naruSovat, vede
k postupnému nahrazeni svétlomilnych druhti dievin dfevinami k zastinéni tolerantnéjSimi.
V nékterych piipadech ovSem dreviny piipravného lesa mohou zachovat sviij vliv i v rdmci

klimaxu dokonce po celd staleti v zdvislosti na maximalnim stai{ dominujicich druhti (Bose et

al., 2014).

Zéavérecny les, kde dominuji dfeviny klimaxové, nebo klimaxovd vegetace se oznacuje

Vev s

nevyspélejsi, zaveéreCné €1 nejstabilngjsi rostlinné spolecenstvo, které se vyvinulo bez zdsahu
¢lovéka v prirodnich podminkach pod vlivem makroklimatu dzemi. Podle Polena et al. (2007)
je charakteristické pro klimaxové dreviny to, Ze ve vySSim véku zacinaji s fruktifikaci, u které
se navic projevuje nepravidelnd cykli¢nost a kolisavost v mnozstvi semen, Sifeni semen je
prostorové omezené, mnoho dfevin je Casto zdvislych na zoochorii. Typickym znakem je
i vysoka tolerance ke stinu, vysokd senzibilita vici klimatickym extrémim (nutnost ristu pod
clonou), pomaly rist zejména v mladi, vysokd akumulace biomasy pii dlouhé Zivotnosti.
Poleno et al. (2007) dodava, Ze nedulezitéjsi sttedoevropské klimaxové dieviny jsou buk, jedle,
ale i lipy a smrk, na pifthodnych piidnich podminkich téZ dub a borovice. Klimaxova
spoleCenstva ovliviiuji mnozstvi biomasy, nekromasy, charakter a kvalitu opadu ¢i rozpad
a kolob¢h Zivin. Timto poslednim stadiem se velky vyvojovy cyklus lesa uzavird (Korpel

1989).

4.4.2. Maly vyvojovy cyklus lesa

Probiha v zavére¢ném typu lesa — klimaxu. Pfedev§im zde dominuji stinné dfeviny, které velmi
siln¢ odrdzi dané stanoviStni podminky prosttedi. Urcujici je ptredevSim klima a edafické
charakteristiky (Korpel’, 1989). Cas, ve kterém se bude stddium klimaxového lesa obnovovat,

muze trvat teoreticky bez omezeni, pokud nepiijde velka disturbance a tim kolob&éh obnovy lesa
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op¢t zacina velkym vyvojovym cyklem. Na tzemi stiedni Evropy zpravidla obnova ptirodnich
lesti probihd timto tzv. malym vyvojovym cyklem lesa. Hlavni hnaci silou pro obnovu
ptirodnich lest ve sttedni Evropé je vitr (Nagel et al., 2006; Nagel & Svoboda, 2008) a hraje
dulezitou roli ve strukturdlni dynamice porosti (Nagel et al., 2006). V ramci klimaxu dochdzi
k cyklickému stiidani tif vyvojovych stadii a ¢etnych fazi (Korpel’, 1995), zpravidla zde dochazi
k maloplo$né zméné vyvojovych stadii a fazi na urcité ploSe (Vacek et al., 2007). Samotny
vyvojovy cyklus ma tfi stddia (Korpel’, 1982, 1995), kterd se nejcastéji oznacuji jako: stidium
optima, stddium rozpadu a stddium dortstani. Definice a popis téchto stadii se u rtiznych autort,
napt. Korpel’ (1995), Vacek et al. (2007), Poleno et al. (2007, 2011), v zdkladnich atributech

shoduyji, jak je ddle uvedeno Vizualizace tohoto procesu je zndzornéna na (obr. 1).
Stadium doristani

V tomto stadiu stromy hlavné¢ mladSich generaci intenzivné uplatiiuji své riistové schopnosti,
zejména pak vySkovy pfirast. Objemovy piirast taktéZ roste. Toto stddium se vyznacuje
pievahou stromil stfedni a spodni vrstvy, vyraznym stupnovitym az vertikdlnim zdpojem,
vysokou vitalitou a nepatrnou mortalitou stromu horni vrstvy. Pocet Zivych stromi i porostni
zasoba maji primérnou hodnotu. Malé svétliny a mezery, které vznikaji v porostnim zapoji po
postupném odumirani zbytku stromt piedchdzejiciho cyklu, rychle se zapojuji. V tomto Case
maji porosty nejvetsi vyskovou, tloustkovou a prostorovou diferenciaci (Korpel’ 1995, Vacek

et al., 2007, Poleno et al., 2007, 2011).
Stadium optima

V tomto stadiu se mohou rozliSovat dvé faze: fazi vystavby a fazi starnuti. Ve fazi vystavby
dosahuje porost maximalni porostni zdsoby, vySkovy piiriist stagnuje a objemovy pfirtst jiz
zacind klesat. Charakteristické pro toto stddium je, Ze porost ztraci vrstevnatou strukturu, je zde
maly pocet jedincti na plosnou jednotku a je to také pocatek odumirani nejstarSich jedinci.
V disledku  vySkové vyrovnanosti ziskdvd les dojem, ktery je typicky pro
stejnoveké horizontdlné zapojené hospodaiské lesy. Ve fazi starnuti tohoto stddia zacinaji
nejstar$i stromy hynout a pfirodni lesy se dostdvaji do posledniho stddia vyvojového cyklu

(Korpel’, 1995; Vacek et al., 2007; Poleno et al., 2007, 2011).

Stadium rozpadu

V tomto staddiu dochdzi k rapidnimu snizovani porostni zdsoby, protoZze odumirdni starych

stromll velkych dimenzi nemiZe byt pln¢ substituovdno slabym piiristem zbytku porostu
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a nastupujici nové generace. Porostni zdsoba je rozmisténa velmi nepravidelné tzv. skupinovité
az hlouckovité, kdy jednotlivé vyvojové faze jsou umistény spole¢né a mozaikovité se stiidaji
(Korpel’, 1995; Vacek et al., 2007; Poleno et al., 2007, 2011). Rozpad probiha pomérné rychle
(Emborg, 2000), tak je moznd i obnova slunnych dievin a tyto plochy mzou mit charakter

podobny mens$im holym se¢im (Szewczyk & Szwagrzyk, 1996).

Obréazek 1. Formy dynamiky pfirodnich smréin (A) v boredlni tajgové zéné (velky vyvojovy
cyklus) a (B) v horskych ekosystémech smrkového vegetacniho stupné (maly vyvojovy cyklus)
s trvalou existenci typu lesa zavéreCného (upraveno podle Schmidt-Vogt 1986). Ptrevzato
z (Vacek et al., 2007)

4.5. Vyvoj bukovych lesi

Plivodni zastoupeni buku v ¢lovékem nezménénych piirodnich lesich byl na nasem tdzemi
piiblizn¢ 40 % (Remes & Bilek, 2014; Zprava o stavu lesa, 2021). Na Slovensku se jeho
zastoupeni bliZilo az k 50 % (Saniga et al., 2019). Pfes toto rozlehlé plosné zastoupeni se
podatilo zachovat pouze nékteré piirodni porosty nebo porosty piirodé blizké. Tématikou
vyzkumu piirodnich a piirodé blizkych lesti v CR se po Ing. Pragovi vénoval kolektiv pod
vedenim doc. VrSky (2002, 2006, 2009). Ptirozené bukové porosty jsou zndmé ze
sttedoevropskych stfedohoii vcéetné pohoii Sudet (Vacek et al., 2015), ale také z uzemi
Cernokostelecka — Vodéradské buciny (Remes & Bilek, 2014), z Jizerskych hor, z izemi Bilych
Karpat a Beskyd (Prasa, 1990). Na vybrané porosty se zaméfila lesnickd véda, kterd zkouma
zékonitosti a principy fungovani lesnich ekosystémii. Strukturou a vyvojem piirodnich

bukovych lesii se zabyvali napt. Svoboda (1952), Korpel’ (1989, 1995), Piovesan et al. (2005),
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Hessenmoller et al. (2018), Saniga et al. (2019) a ptirod¢ blizkymi lesy napi. Prasa (1990),
Vrska et al. (2002) Bilek et al. (2009), Bilek et al. (2011). Bilek & Remes (2014), Vacek et al.
(2015), Zemaitis et al. (2019). Vlivu klimatu na rist buku se vénoval napf. Simtnek et al.
(2019). Bukové piirodni lesy se vyznacuji 2-3 vrstevnatou vertikdlni vystavbou a typické
stddium optima s jednovrstevnatou a vySkoveé vyrovnanou strukturou neni Casté a vyskytuje se
maximélné na ploSkdch o 10 ari (Saniga et al., 2019). Tloustkovd struktura ma typicky
dvojvrcholovy prabéh (Kucbel et al., 2012). Charakter obnovy se v§emi vyvojovymi stadii lesa
je maloplo$ny o vymeéte 8-16 arti (Vacek et al., 2007; Korpel’, 1995; Meyer et al., 2003).
Zpusobeno je to pravidelnym porusovanim zapoje, kde vétSinou se jedna o odumfieni 1 az 3
strom1 z hlavni stromové urovné (Kenderes et al., 2009), viz (obr. 2). Struktura lesa je siln¢
mozaikovitd s jemnou texturou (zrnitosti) jednotlivych vyvojovych stadii, s nejmensi velikosti
mezery v zapoji ca 100 m? (Emborg et al., 2000), s roéni dynamikou zipoje v 0,1 % plochy
(Kenderes et al., 2009). Casto se diskutovala otdzka, jakd je minimélni vyméra bukovych
ptirodnich lesii, kde dochézi k texturni vyrovnanosti ekosystému pfi uplatnéni jeho pfirozené
dynamiky a vyvoje. Korpel (1995) konstatoval minimdlni plochu 30 ha, Piovesan et al. (2005)
zjistili, Ze pfirozeny vyvoj probihd v dynamické rovnovaze i na izemi o 25 ha, zatimco Emborg
et al. (2000) z vyzkumu bukového piirod¢ blizkého lesa v Dansku sniZil tuto minimélni vymeéru
na 10 ha. Z toho vyplyva, Ze i malé porosty ptirodnich lesi od 10 ha mohou byt vyvojoveé
stabilni, zejména pokud se jednd o produkcni a regeneracni schopnost (Korpel, 1989).
Minimdlni vyméru ovliviuji pfedevsim stresové faktory, ¢im vétsi je stres, tim musi byt plocha
vetsi a naopak (Vacek et al., 2007). Se zménou charakteru pribéhu pocasi (Seidl et al., 2017)
je mozné, Ze minimélni plochy lesa pro dlouhodob¢ rovnovazny stav se budou muset navySovat.
Vyvojovy cyklus ptirodnich bukovych lesti se v podminkéch stfedni Evropy pohybuje v rozpéti
220-250 let (Korpel’, 1989; Saniga et al., 2019). Emborg et al. (2000) v bukovych ptirodé
blizkych porostech exaktn¢ vypocital dobu celého malého vyvojového cyklu lesa na 284 let,

s rozdélenim na stddium dortastani v trvani 70 let, optima 204 let a rozpadu 10 let.
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Obrazek 2. Typickd ukazka mozaikovitého
prolamovani korunového zapoje odumienim
jednoho stromu horni etdZe. V téchto mistech
nasleduje spontdnni pfirozend obnova, zejména
pod korunovou projekci pivodniho stromu.
NPR Vodeéradské buciny.

5. Biodiverzita lesa

Biodiverzita je vyznamnou vlastnosti ekosystému, kde se stfetdvd a agreguje Ziva a neziva
slozka pfirody od trovné populace az po krajinné métitko (Matéjka & Viewegh, 2010), jedna
se o riiznorodost vSech Zijicich organismi v jakémkoli ekosystému v zemské biosféfe. Lesy
jsou povazovany za nejvétsi nositele biodiverzity nasi planety (Hordk, 2008; Bace & Svoboda,
2015; Liang et al., 2016). Lesnatost v Evropé je 34.8 % z celkového uzemi (Forest Europe,
2020). Na uzemi naSeho stitu podle zelené zprdvy 2021 se nachdzi 2 693 799 ha lesa, coz
odpovidd 34,2 % podilu PUPFL z celé rozlohy stitu. Diky rozloze jsou lesy nezastupitelnou
a dtleZitou sloZzkou krajiny (Poleno et al., 2007).

Clenovci (Arthopoda) jsou nejvice hojnou a nejpestiej$i skupinou Zivodichti na svété az
s jednim milionem druhl. V poslednich dekddich je vSak pozorovédn drasticky tubytek
bezobratlych ve volné krajin¢ (Hallmann et al., 2017; Kunin 2019; Wagner et al., 2021) a taktéz
v lesich (Seibold et al., 2019). Mnoho, zejména antropogennich vlivii v disledku vede ke ztraté
jak druhové bohatosti, diverzity, ale také abundanci celkové biomasy. Za hlavni pfi¢iny tohoto
ubytku v lesich se uvadéji napt. stejnorodé (monokulturni) porosty (Lépez-Bedoya, 2021).

Proptj¢im si uryvek od prof. Roubala (1915) o tehdejsi situaci v lesich ,, Nanejvys fatdlni ovsem
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jest chorobnd mdnie, zvldst posledni doby, meniti podstatné druhy drevin v té oné krajine:
primo tragicnost vtélena v zndmou praksi, sdzeti jen to, co rychle roste, bez ohledu na podnebi,
plidu, tradice, ostatni souvislosti formaci rostlin i Zivocichii na tom misteé. “ Zaroven tyto porosty
jsou péstovany zpravidla jednim hlavnim péstebnim — zplsobem (Aszaldés et al., 2022).
Vsechno toto vede k silné homogenizaci v krajinném, ale i porostnim méfitku, a tudiz k poklesu
biodiverzity na mnoha turovnich (Schall et al., 2018). Mnoha studiemi bylo napiiklad
poukdzano na vyznam oslunéni pro vysokou biologickou rozmanitost (Seibold et al., 2015a;

Miiller et al., 2015; Lettenmaier et al., 2022; Nakladal et al., 2022).

5.1. Mrtvé dievo

Nepostradatelnd slozka porosta, kterd v lesni hospodarské krajin¢ témét chybi, je mrtvé dievo.
Objem a kvalita mrtvého dieva v lesnich porostech, ktera je potfebnd pro navySeni druhové
bohatosti saproxylickych broukii byla publikovand napt. v praci Miiller & Biitler, (2010).
Soucasné objemy mrtvého dieva v porostech ani zdaleka tyto limity nedosahuji (Verker et al.,
2011; Pulleti et al., 2019). Lze tedy konstatovat, Ze odstranovani mrtvého dfeva je pro
biologickou rozmanitost Skodlivé (Thorn et al., 2018; Parajuli & Markwith, 2023). Odhaduje
se, Ze i z vice neZ 50 % se na biodiverzité bezobratlych v lesich mtze podilet pravé mrtvé dievo
(Graf et al., 2022), protoZe na mrtvém dieve je zavisly zivot mnoha druht z velice rozli¢nych
zivoc¢iSnych skupin. StéZejni je mrtvé dievo zejména pro saproxylické brouky (Miiller et al.,
2008, 2015) a jiny hmyz napft. saproxylické Diptery (Jonsell et al., 2020), pidni faunu a jiné
bezobratlé (Jabin et al., 2004; Graf et al., 2022; Zuo et al., 2023). Mrtvé dfevo je zdroven
dulezité i pro dievokazné houby (Miiller et al., 2007; Atrena et al., 2020) a taktéZ pro obratlovce,
a to predevsim pro dutinové ptaky a netopyry (Tillon et al., 2016; Basile et al., 2023). Mrtvé
drevo je dileZitou slozkou ekosystému pro ukldddni uhliku (Pan et al., 2011), pro cykly Zivin
(Wambsganss et al., 2017; Blonska et al., 2023) a zadrZovani vody (Klamerus-Iwan et al.,
2020). Aktualn¢ je téma biodiverzity velmi vyhleddavané a zkoumané (Oettel & Lapin, 2021).
Jednotliva badani se zamé&iuji asto na cilovou skupinu organismu napt. na saproxylické brouky
(Miiller et al., 2008), brouky epigeické (Podrazsky et al., 2010), herbivorni (Leidinger et al.,
2019), nebo také na komplexni vyhodnoceni riznych skupin Zivo€ichil na daném tzemi, napf.
(Sebek et al., 2016; Schall et al., 2018). Sir${ rozbor problematiky je shrnut v pracich Zumr &
Remes (2020) a Zumr et al. (2021), které jsou soucasti kapitoly vysledky v této disertacni praci.
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5.2.  Saproxylicti brouci

Podle definice Speight (1989) jsou saproxylicti bezobratli zdvisli béhem urcité ¢asti jejich
vyvoje na mrtvém nebo odumirajicim dfevé stroml. Na odumirajicich nebo odumielych
stromech (stojicich nebo padlych) nebo na houbéch, které obyvaji dfevo, nebo i na pfitomnosti
jinych dfevokaznych hub. Ulyshen (2018) uvadi, zZe saproxyli¢ti brouci zavisi bud’ piimo nebo
nepiimo na odumirajicim nebo mrtvém dievée. Piimo zdvislé jsou druhy, které konzumuji ¢asti
dreva (taktéZ kiru, floém nebo samotné dfevo) jako potravu, zatimco nepiimo zdvislé druhy
zahrnuji druhy, které se Zivi jinymi organismy, napt. dfevokaznymi houbami nebo jinymi druhy
zéavislymi na dievé, piipadné potiebuji mrtvé dievo k hnizdéni. Existuje fada dalSich definici,
avsak stdle je zde vazba s mrtvym dfevem a jejimi mikrostanovisti, vicero definic je naptiklad
ekosystémul je hmyz, ktery je velmi dulezity pro fungovéani celych ekosystému. Z tohoto
divodu je v hledacku védct pravé hmyz, velmi Casto jsou to praveé saproxylicti brouci (Seibold
et al., 2015b). Dokladem vyznamu biodiverzity saproxylickych broukl v zavislosti na vlivu
ruznych atributli jsou rozsahlé metaanalyzy (Paillet et. 2010; Gao et al., 2015; Seibold et al.,
2015b; Oettel & Lapin, 2021; Parajuli & Markwith, 2023). V disledku snah o zvySeni
biologické rozmanitosti svdzané s mrtvym dievem, se recentni studie vénuji navraceni mrtvého
dieva do hospodarskych porostii s pozitivnimi reakcemi na zvysSeni druhové bohatosti diive
chudsich hospodarskych porostii (Doerfler et al., 2017, 2018, 2020; Roth et al., 2019; Rothacher
et al., 2023). Sirsi rozbor problematiky o saproxylickych broucich je shrnut v pracich Zumr &

Remes (2020) a Zumr et al. (2021), které jsou uvedeny ve vysledcich této disertacni price.
5.3. Limitujici a ohrozujici faktory

Obecné nejvetsi hrozby (obr. 3) jsou intenzivni téZebni Cinnost bez ponechdni dfevni hmoty
v porostech k rozpadu a také intenzivni zména a zjednodusSeni druhové skladby porosti. Tvorba
a pestovani homogennich porostli, ztrita lesniho prostiedi s prerusenim stilosti vékové
posloupnosti struktury stromt (kontinuity), ztrdta stromovych veteranii bez nasledné podpory
nové generace (Schiegg, 2000a; Krésa, 2015; Nieto & Alexander, 2010; Calix et al., 2018)
ohroZzuji vice nez polovinu saproxylickych broukt (Calix et al., 2018). Dalsi hrozbou je kdceni
stromt rostoucich mimo les ze zdravotnich a bezpec¢nostnich divodu, které vSak nemusi byt
v mnoha piipadech nutné (Mertlik, 2014). Napiiklad se jedna o staré aleje a parky, jez hosti
fadu ohroZenych saproxylickych druht broukti (Jonsell, 2004; Cizek & Prochizka, 2010).

TaktéZ Casto opomijenou hrozbou je upusténi od tradicniho hospodateni, jako byly napt. slunné
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pastevni lesy, nizké lesy (Ciiek et al., 2015a, 2015b; Hordk et al., 2017; Weiss et al., 2021),
nebo sukcesni zartistani xerofilnich stanovist (Chytry et al., 2019). Sir$f rozbor problematiky

je shrnut v pracich Zumr & Remes (2020) a Zumr et al. (2021) - viz kapitola vysledky.

Hlavni hrozby pro saproxylicke brouky v Evropé

ey s I 1 1 1
Tézba, ubytek stromu

Urbamzace a rozvo] cestovniho ruchu
Zvyieni cetnosti/intenzity poZam
Monockultury a plantaze
Zmény piirodnich systémi
Zemeédelstvi a chov hospodaiskvch zvitat
Znecisteni
Naruseni zpiisobené ¢lovékem
Zmeéna klimatu a nepfiznivé pocasi
Vyuzivani biologicki{ch zdrojii
Dalgi hrozby

Invazni dmuhy

[ Obrozené druby (RE. CR. EN, VU) Druhy (DD. LC. NT)

Obrazek 3. Prehled hlavnich hrozeb, které ovliviiuji evropské saproxylické brouky (Calix et
al., 2018). pteloZeno autorem préce, tiidy druhii (RE — vymizely, CR — kriticky ohroZeny, EN
— ohroZeny, VU — zranitelny, DD — bez idajli, LC — nejméné€ zranitelny, NT — témét
ohroZeny).
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6. Metodika

6.1. Studované uzemi

Vodéradské buciny

Zalozeni Narodni piirodni rezervace Vodéradské buciny se datuje k roku 1955, kdy bylo
vyhldseno vynosem MKS ¢&. 13600/55 s vymérou vlastniho dzemi 658 ha. Aktudlni rozloha je
682 ha (Plan péce, 2023). Rezervace se nachazi v Mnichovské pahorkatiné (ptirodni lesni oblast
10: StfedoCeskd pahorkatina) v nadmotiské vysSce 345-501 m. Matecnou horninou je
granodiorit, pfevazujici pidni typ je kambizem s nizkym obsahem humusu. Primérna ro¢ni
teplota je 7,8 °C a ro¢ni dhrn srdZek 623 mm; od dubna do zafi je primérnd teplota 14,0 °C
a uhrn srdzek 415 mm. Vegetacni obdobi s prumérnou teplotou nad 10 °C trva vice nez 158 dni
(Remes & Bilek, 2014). Na zacédtku 19. stoleti na tomto izemi probéhla na plose ca 500 ha
obnova lesa tififizovou clonnou seci. Cely matetsky porost byl pfitom odstranén béhem 12—15
let. Po piipravné se¢i (kdy bylo doporuceno odstranovat z porostii jedli) ndasledovala
prosvétlovaci faze a po dalSich Ctyfech az péti letech byl proces ukoncen domytnou f4zi clonné
sete (Sramek, 1983a, 1983b). Dnesni téméf nesmiiené bukové porosty tvofici jadro rezervace
tak vzeSly z hospodatskych porostl, resp. byly vysledkem hospodarského zaméru tehdejsiho
vlastnika (rod Liechtensteint), ktefi si chtéli na tomto Gzemi vytvofit zdkladnu pro produkci

bukového dfivi pro uvazovanou vyrobu skla.

Hlavnim cilem ochrany NPR Vodéradské buciny jsou rozsidhlé bukové porosty s poloptirodni
porostni strukturou a smiSené porosty s pivodni druhovou skladbou, zejména spoleCenstva
Acidofilnich a Kvétnatych bucin, Vlhké acidofilni doubravy a Hercynské dubohabtiny. Tato
spolecenstva tvoii celkem 655 ha (96 %) rozlohy NPR Vodéradské buciny (Plan péce, 2023).
Dalsi dulezity divod ochrany je vyskyt geomorfologickych peri-glacidlnich jevl z posledni
doby ledové. Dlouhodobym cilem ochrany NPR je tedy ponechdani vétsi ¢asti lesnich porosta
samovolnému vyvoji. V soucasnosti je vice neZ polovina tizemi ponechdno spontannimu vyvoji
(Plan péce, 2023). Podil jednotlivych hlavnich spolecenstev, které jsou ponechany piirozené
dynamice vyvoje, je néasledujici: Acidofilni buciny (65 %), Kvétnaté buciny (75 %), Vlhké
acidofilni doubravy a Hercynské dubohabfiny (40 %) (Plan péce, 2023). Na zbylé rozloze
budou vyuZiviny hospodéiské zédsahy, které budou sméfovat ke zvySeni biodiverzity tzemi.
Uzemi zaroven slouzi védeckovyzkumnym a vyukovym zamérim FLD CZU v Praze. Provedlo

se zde mnoho studii spojenych s vyhodnocenim strukturdlnich parametra porostl pii ponechani
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vlastnimu vyvoji napt. (Bilek, 2009, 2011; Remes, 2008; Remes & Bilek, 2014). Cést NPR
Vodéradské buciny byla schvdlena jako evropsky vyznamnd lokalita CZ 210027 Vodéradské
buciny o rozloze 317, 4 ha novelou natizeni vlady ¢. 132/2005 Sb.

oy

Piloha M5 - Mapa stupfiii prirozenosti lesnich porosti | : o

D hranice porostl ponechanych samovolnému vyvoji
| 3a - les pfirodé blizky

| 4-les nové ponechany samovolnému vyvoji
I 5 - tes viznamny pro bicdiverzitu

B 7 - tes nepivodni

| bezlesi

I E hranice NPR Viodéradské buiny i

1] 250 500 1000 m

DAOPK CR, 2020
Mapovy podkiad: ©CUZK, 2020

Obrazek 4. Mapa stupni pfirozenosti lesnich porosti v NPR Vodéradské buciny. VétSina
plochy Stupné 5 vyhledové piejde do stupné 4, les ponechany samovolnému vyvoji (Plan péce,
2023). Na mapé¢ jsou vyznaceny trvalé zkusné plochy, na kterych probihal sbér dat na disertacni
préci.
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6.2. Sbér a analyza brouku

Studie byla realizovand na Sesti trvalych zkusnych plochdch o vyméte 1 ha (100 x 100 m). Tyto
zkusné plochy byly v rezervaci zaklddany v letech 1980 a 2005 pro sledovani pfirozeného
vyvoje bukovych autochtonnich porostt (Bilek et al., 2011). Plochy jsou souc¢asti NPR, ktera
je v bezzasahovém rezimu (obr. 4). Studijni plochy a celd oblast NPR se nachazi uvnitf velkého

lesniho komplexu, ¢imzZ se zamezuje okrajovym vliviim na spolecenstva broukd.

Brouci byli sbirdni pomoci letovych narazovych pasti (obr. 5.). //h;r‘\\
y y

e
Tento druh pasti je dnes nejvice pouZivanou a efektivni A 4 b
I: .*\‘\ ",17 /- "

technikou sbéru pro vyhodnocovani saproxylickych brouka % . ) L

(Okland, 1996; Alinvi et al., 2007). Past se skl4dala ze stiitky, | TW ')

plexisklovych panelt uspofddanych do kiize (50x40 cm),

trychtyte a zdchytné nddoby. Konzervacni roztokem byla smés

propylenglykolu s vodou v poméru 1:1,5. Kapka jaru byla
dodéna pro odstranéni povrchového napéti konzervacni tekutiny.

V roce 2023 byly pasti bez trychtyte pro vhodnéjsi sbér broukt

na leZzicich kmenech mrtvého dfeva. VSechny druhy pasti jsou

vyobrazeny ve ¢lancich ve vysledcich (Kap 7.). Pasti byly
vybirdny pravidelné po 2-3tydennich intervalech v obdobi

duben-zari.

Obrazek 5. Schématicky obrazek
letové ndrazové pasti.

Samotny nachytany entomologicky materidl byl zprvu roztfidén na fddy. Studovany tad brouci
(Coleoptera) byl uchovéan a pfistoupilo se k determinaci na druhovou troven. Pro determinaci,
ktera je velmi odborn€ naro¢nd, byla vétSina materidlii urCovana specialisty. Nebyla ur€ovana
¢eled’ Staphylinidae z diivodu velmi sloZité determinace. Tato celed’ je velmi Casto vyfazovana
z entomologickych studii, protoZe bylo zjiSténo, Ze jeji vyfazeni vyznamné neovlivni kone¢né
vysledky a zavéry (Parmain et al., 2015). Autor disertace urcoval z vétSiny Cceled¢:,
Endomychidae, Erotylidae, Lymexylidae Lucanidae, Salpingidae, Scarabaeidae; doc. Ing. Oto
Naklddal, Ph.D. urCoval tyto celedé: Cucujidae, Aderidae, Anthribidae, Biphyllidae,

Buprestidae, Cantharidae, Cerambycidae, Cleridae, Curculionidae, Dermestidae, Elateridae,
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Eucnemidae, Histeridae, Leiodidae, Lycidae, Melandryidae, Melyridae, Mycetophagidae,
Oedemeridae, Ptiliidae, Ptinidae, Pyrochroidae, Scirtidae, Silvanidae, Sphaeritidae,
Sphindidae, Tenebrionidae, Tetratomidae, Trogossitidae, Zopheridae; Pavel Prudek:

Cerylonidae, Ciidae, Corylophidae, Cryptophagidae, Latridiidae, Monotomidae; Jan Hordk

urcoval Celedé: Mordelidae, Scraptidae; RNDr. Josef Jelinek CSc. urcoval ¢eled’: Nitidulidae;

U né&kolika ¢eledi napt. Elateridae byla ¢4st materidlu uréena Jifim Brestovanskym. Déle byla

vyuzita i pomoc nékolika specialistli pro revizi n€kolika desitek exemplait, jelikoZ se jednalo

napiiklad o samici Spatn¢ urcitelné pohlavi: Ptinidae: doc. Ing. Petr Zahradnik, CSc.; Leiodidae:

Zdené&k Svec: Curculionidae-Scolytinae: Ing. Milo§ Knizek, Ph.D.

Nomenklatura druhit odpovidd z databdze Biolib.cz (Zich O. (ed.) (2023) BioLib.
http://www.biolib.cz.). Druhy broukd byly nésledné¢ klasifikoviny na saproxylické
a nesaproxylické podle seznamu druht (Schmidl & BubBler, 2004; Seibold et al., 2015a).
Klasifikace do stupiii ohroZeni podle (CR = kriticky ohroZeny, EN = ohrozeny, VU =
zranitelny, NT = témé& ohroZeny). IUCN bylo pievzato z Cerveného seznamu ohroZenych

druhii Ceské republiky — bezobratli (Hejda et al., 2017).
6.2.1. Analyza dat pro ,,review*

Clanky typu ,,review*“ byly vytvofeny na zdkladé publikovanych védeckych pracich prevazné
indexovanych na Web of Science (WOS) a Scopus (SC). Byly prostudovany a citovany
relevantni prace, které se zabyvaly tématy hlavnimi nosnymi podtituly (klicova slova): ,,mrtvé
dievo®, ,saproxylicti brouci, ,biodiverzita®, ,lesnicky management*. Rozsdhlou literarni
reSer$i byla vytvorena publikace Zumr & Remes (2020). Tato publikace se zaobira pfedevSim
syntézou publikovanych védeckych praci zprostfedkujici hlavni Zivotni a limitujici atributy
saproxylickych broukl v dneS$ni lesni krajin¢ a tvoii Kap. 7.1. této disertacni prace.

Druh4 publikace typu ,,review* Zumr et al. (2021) (Kap. 7.2.) je dil¢i soucésti feSeni
tiettho dilciho cile priace a je zaméfena na syntézu poznatki, které hraji roli pfi dvahéch
0 obohacovani mrtvym dievem hospodéiské porosty. Relevantni zdroje, dilezité pro pozitivni
ovlivnéni bohatosti saproxylickych broukt v lesnich porostech, byly vyhleddvany v databazich
(WOS, SC). Soucasti této publikace jsou i ekonomické vypocty potenciondlnich ndklada.
Ekonomicka ¢ast publikace byla navrzena pro tfi hlavni druhy dfevin buk lesni (Fagus sylvatica
L.), smrk ztepily (Picea abies (L.) H. Karst. a dub (Quercus sp.) v celém rozsahu stanovistnich
podminek. Model je vypracovan pro tii absolutni vySkové bonity (AVB): 34 (30), 28 (24) a 18

(14, 16), které predstavuji nejlepsi, primérné a nejméné piiznivé rastové podminky modelu.
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Cislo AVB znamend primérnou vysku dfeviny ve véku 100 let. Casové schéma aktivniho
managementu zaméfeného na zvysSeni diverzity saproxylickych broukt je navrZzeno pro jednu
priamérnou dobu obmyti hospodaiskych porostii (100 let) pro buk a smrk/jedli, 130 let pro dub,
které vychézeji z vyhlasky ¢. 298/2018 Sb. (Ministerstvo zeméd¢€lstvi 2018). Obohacovani
lesnich porosti mrtvym dfevem je planovano na ukony vychovnych a obnovnich zédsahi
v souladu se zdkonem ¢. 289/1995 Sb. a s pouzivanymi modely vychovy a obnovy
hospodaiskych lesnich porostii v Ceské republice (Slodi¢ik et al., 2007; Remes et al., 2016a,
2016b). Potencidlni vynosy lesni produkce odpovidajici objemu ponechanému dievu v lesnich
porostech pfi aktivnim hospodateni byly vypoéteny na zdkladé ristovych tabulek (Cerny et al.,
1996a,1996b). Vypocet respektuje riznou dobu rozkladu dfeva jednotlivych dfevin a potiebu
zachovat prekryvani fazi rozkladu béhem obohacovani dfevem. Vypocty rovnéZ odrazeji

rozdilné produkcni podminky na stanovistich, SI: 34 (30), 28 (24) a 18 (14, 16). Model
neptedpoklada odchylky od obvyklého lesnického hospodateni

6.2.2. Design sbéru dat a enviromentalnich proménnych

Cil 1. Vyvojova stadia ptirozeného bukového lesa v ramci malého vyvojového cyklu byla
identifikovdna na trvalych zkusnych plochach. Na zdklad¢ atributii typickych pro jednotliva
vyvojova stadia podle (Korpel, 1995; Emborg et al., 2000), byly plochy zatazeny do
jednotlivych vyvojovych stadii: A) stadium optima, B) stadium rozpadu a C) stadium dortsténi.
Kazdé stadium je charakterizovdno specifickymi vlastnostmi lesniho porostu, zejména
s ohledem na prostorovou a vertikalni strukturu porostu (Vacek et al., 2010). Na zdkladé¢ téchto
udajii bylo mozné plochy rozd¢lit do vyvojovych stadii. V této studii bylo kazdé vyvojové
stadium zastoupeno 2 plochami, na kterych bylo pravidelné umisténo 5 pasti. Pasti byly
umistény v minimdlni vzdélenosti 25 m od nejblizsi sousedni pasti. Sbér dat probéhl v roce
2021. V kazdé plosce kolem pasti o poloméru 10 m (314 m?) byly méfeny strukturdlni
parametry porostu. Zvoleny polomér byl obdobny jako ve studiich napt. Parisi et al. (2016)
nebo Prochdzka & Schlaghamersky (2019). V téchto plosSkdch bylo méfeno i leZici a stojici
mrtvé dievo (d >7 cm, h = 1,3 m), nasledn¢ byl vypocten i jeho objem Huberovym vzorcem:
vydetni kruhové zdkladna v poloviné délky ndsoben4 celkovou délkou = ( x r’x1). Déle bylo
stanoveno plo$né zastoupeni (%) prirozené obnovy (h>1 m) a zastoupeni pokryti rostlin.
Otevienost zapoje byla vypoctena v softwaru Gap Ligh Analyzer (Frazer et al., 1999) za pouZiti
hemisférickych fotografii vyfocenych objektivem ,rybi oko* nad kazdou pasti. Byla také

zjistovana pritomnost mikrostanovist podle metodiky Winter & Moller (2008).

33



Cil 2. Vyzkum pro vyieSeni tohoto dil¢iho cile prace byl realizovan v roce 2022. Pro stojici
mrtvé dievo na torzech kmend pro modelovou skupinu vSech zachycenych saproxylickych
brouktl. Torza byla vybirand na zdkladé metodiky Brunet & Isacsson (2009a), piicemz torza
byla rozdélena do tif tiid: 1. tfida neddvno odumfield torza bez plodnic rodu Fomes fomentarius
a s tvrdym mrtvym dievem (n 8), 2. tfida — torza s plodnicemi F. fomentarius a mirné
ztrouchnivélym dfevem (n 15), 3. tfida — torza bez plodnic F. fomentarius a mirn€ nebo velmi
siln€ ztrouchnivélym dievem (n 7). Na jednotlivych torzech bylo zjiStovano: vyska (méfeno
vyskomérem Vertex), tloustkou ve vycetni vySce (obvod/m), objem byl propocitan podle
vzorce: V= (nxd?*xh) /6 podle Brunet & Isacsson (2009a). Déle byla v souladu s metodikou
Winter & Moller (2008) a Paillet et al. (2017) zjisStovana pocetnost 4 typt mikrostanovist’, a to
mnoZstvi plodnic F. fomentarius, mnozstvi ptacich dutin (<5 cm), pfitomnost/nepfitomnost
velké ptizemni dutiny a ztrata kary (0-100 %). U torz, na kterych byly vyvéSeny pasti, se
zjistovala téZz ptitomnost/nepiitomnost padlého zbytku kmene stromu leziciho kolem torza.
Zaroven byla hodnocena otevienost zdpoje pomoci softwaru Gap Light Analyzer (Frazer et al.,

1999).

Cil 3. Terénni sbér dat pro zodpovézeni vyzkumné otazky: jaky je optimalni typ mrtvého dieva,
probéhl v letech 2021, 2022, 2023. V roce 2023 byly pasti umistény piimo k leZicim kmeniim
cca 5 cm nad zemi, pro vylou¢eni odchytu epigeickych organismil. Mrtvé dievo na zkusnych
plochich pochazi z ptirozeného vyvoje porosti. Nebyla provddéna Zadnd manipulace nebo
tvofeni novych kust mrtvého dieva. Na trvalych zkusnych plochach probihal sbér dat
v prostoru/ kontrola (2021), kmenovych torzech (2022) a padlych kmenech (2023). Pti absenci
a kvuli nerovnomérnému zastoupeni vhodnych torz, ¢i kment na studijni ploSce byly osazeny
pastmi torza a lezici kmeny v nejblizSim okoli zkusnych ploch. Jednalo se vSak o stdle stejné
porosty. Minimdlni vzdédlenost mezi pastmi byla 25 m. Kusy mrtvého dieva byly vybirany pro

umisténi pasti tak, aby v minimdalni vzdalenosti (25 m) nebyly vyznamné kusy mrtvého dieva.

Cil 4. Pro feseni tohoto dil¢iho cile byla vybrana modelovd skupina ¢eled” kovarikoviti
(Elateridae). Tato Celed’ je vysoce ekologicky variabilni a Siroce studovana, napi. (Laibner,
2000; Mertlik 2014, 2017, 2019; Horak & Rébl, 2013; Loskotova & Horéak, 2016). Pro studii
byla vyuZita data z modelového tizemi NPR Vodéradskych buéin a tizemi Voltus. Uzemi Voltus
se nachdzi na ptvodnim misté¢ bucin (Zlatnik, 1976). Pro studii bylo celkem vyuzito
a analyzovdno 50 pasti. Pasti byly umisténé na tyCky v prostoru (1,5 m), jelikoZ byla
porovndvana taktéz vyvojova stadia pfirozeného lesa a lesa v€kovych tiid. Data byla sbirdna po

dobu jednoho roku na kazdé lokalité zvlast’ Voltus (2017) a NPR Vodéraskych bucin (2021).
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U kazdé pasti bylo méfeno nékolik parametr@i porostu na plose o poloméru 20 m (1257 m?).
Tato vzdalenost nejlépe vysvétluje variabilitu v datech pro kovariky (Loskotovd & Horak,
2016). V téchto ploskach bylo méteno mrtvé dievo lezici a stojici (d >7 cm, h = 1,3 m), objem
byl vypocten Huberovym vzorcem vycetni kruhova zdkladna v poloviné délky/vysky ndsobena
délkou (m x 12 x 1(h)). Otevienost zapoje jako dileZitd proménna (Lettenmaier et al., 2022) byla
vypoctena v softwaru Gap Ligh Analyzer (Frazer et al., 1999), za pouziti hemisférickych
fotografii vyfocenych objektivem fish eye nad kaZdou pasti. Ddle byla zjiStovana pifitomnost

mikrostanovist’ podle metodiky Winter & Moller (2008).

6.3. Statistické analyzy

V jednotlivych publikacich, resp. v ramci feSeni dil¢ich cilii, byly Casto pouZity stejné nebo
podobné skupiny statistickych analyz, které jsou v zakladnim ramci uvedeny v této kapitole.
VéEtsi detail provedenych statistickych analyz je uveden v publikacich, které tvoii kapitolu
vysledky. Programy, v kterych byly provadény vypocty, jsou zejména R version 4.3.1 (R Core
Team, 2023) pouzité ,,packages jsou uvedené v jednotlivych rukopisech. Déle byly vyuZzity
programy iNEXT (Chao et al., 2016), Statistica 13 (StatSoft, Inc.) a Canoco 5 (Smilauer &
Leps, 2014).

Analyzy byly provadény na trovnich (a), (B), (y) diverzity. Pro srovnani poctti druhti a dospélct
zachycenych primérné na past (o diverzita) byl pouZit zobecnény linedrni ¥* model (s
Possionovou distribuci a log funkei pro pocty druhti a Negativné binomickym rozd¢€leni pro
abundancni data). Pfi vyskytu né€kolika faktoridlnich proménnych bylo vyuZzito vicenasobné
porovnani pomoci post hoc Tukey HSD test. Hladina vyznamnosti byla stanovena p < 0,05.
V nékterych piipadech byl pouzit ndhodny efekt (random effect) v rdmci sbéru napiiklad na
zkusnych plochach. PakliZe byly kontinualni promé&nné zahrnuty v analyze, tak byl pouzit GLM
(zobecnény linedrni model), pro modelovéni vlivu faktoru byl pouZit ,,stepwise* model podle

nejnizs$i hodnoty AIC (Akaike, 1978).

Zména komunit ¢i jejich podobnost (B) diverzita byla porovndna mezi faktorovymi
proménnymi. Pro tuto analyzu bylo pouZioa nemetrické mnohorozmérné Skalovani (NMDS).
Tento pfistup je vysoce doporucovan v ekologickych studiich (Minchin, 1987). NMDS je
nepiimé gradientovad analyza, kterd vytvaii uspofadani na zdkladé matice vzdalenosti nebo
nepodobnosti. Na rozdil od metod, které se snazi maximalizovat rozptyl nebo shodu mezi

objekty v ordinaci, se NMDS snaZi co nejpresnéji reprezentovat parovou nepodobnost mezi
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objekty v nizko rozmérném prostoru (Buttigieg & Ramette, 2014). Déle byla pouZita
abundan¢ni data a Bray-Curtis (taktéZ inciden¢ni data, Soerensenovo binomické rozd¢leni)
podobnostni matrice pro vykresleni analyz. Pro vypocet a vykresleni ordinacniho prostoru byly
vyuzity dvé dimenze. Jednotlivé faktory pro (B) diverzitu a rozdily mezi jednotlivymi
komunitami byly vyhodnoceny pomoci Permutacni vicerozmérné analyzy rozptylu pomoci

matic vzdalenosti (Anderson, 2001).

Pro odezvu (y) diverzity byla vyuzita metoda Hillovych ¢isel (q = 0, druhova bohatost) a (q =
1, exponencidlni Shannontv entropy index, q = 2, Simpsontv koncentracni index). Metodu
jsme aplikovali podle Chao et al. (2014) a pouZita byla pfevazné druhovd incidenc¢ni data na
pocet pasti, taktéZ data reprezentujici abundance (pocetnost), a to vyhradné pro ohroZené druhy,
u kterych bylo vyhodné téZ analyzovat jejich pocetnost pii rozloZeni druhové bohatosti. Pfi této
metod¢ (Chao et al., 2014, 2016) se vytvoii druhové kiivky a extrapolace na poZadovanou
uroven s intervaly spolehlivosti 95 %. Neptekryvajici intervaly spolehlivosti indikuj{ statisticky
vyznamné rozdily v bohatosti vykreslenych druhovych kiivek (Schenker & Gentleman, 2001).
Vyuzita byla téZ metoda odhadu celkového mnozstvi druhii na zdklad€ pokryti vzorku (sample
coverage) od autori Chao & Jost (2012). Tato metoda jednoduse odhadne druhovou bohatost
(pocet druhll) na zdklad¢ niz§tho vzorkovaciho usili Chao & Jost (2012). Pfi této metodé bylo
pouzito Hillovo ¢islo (q = 0, druhové bohatost) podle (Chao et al., 2014). Pro vypocet celkové
bohatosti lokality byla vyuzita data (suma tif let) incidenci saproxylickych druhti. Data byla
extrapolovana na 100 % pokryti vzorku na pocet druhil. Pro potieby fesSeni dil¢iho cile, ktery
byl zaméteny na vliv riznych typti mrtvého dieva na diverzitu, bylo provedeno pokryti vzork
na jednotlivych studovanych typech stanovist’ (kontrola, torza, leZici kmeny) a extrapolovino
az do 100 % pokryti vzorku. Nésledn¢ byla porovnana jednotlivd stanovisté s bohatosti celé
lokality. Obecné pokryti vzorkl (sample coverage) vykazuje malou miru chybovosti (Chao &

Jost, 2012).

Ochranéiska hodnota byla vypocitdna obdobné¢ jako Sebek et al. (2016) vazenym pramérem
zachycenych druhii podle vahové hodnoty a jejich kusii pro kazdou past. Vahy byly ptirazeny
pouze pro druhy z ¢eského Cerveného seznamu (Hejda et al., 2017), ato CR =4, EN =3, VU
=2, NT = 1. Navic byly druhu, ktery je veden jako pralesni relikt (Eckelt et al., 2018) do tiidy
reliktt (A), pfirazeny 2 body a reliktu skupiny (B) byl pfipo¢ten 1 bod. Odhad biomasy jsme
zjistili pomoci alometrickych kiivek podle Rappa et al. (2022). Vypocet probehl pro kazdych
saproxylicky druh, kdy byly vypocty provedeny na zdkladé primérné délky (pievzato ze
Seibold et al., 2015a), které byly poté dosazeny do rovnice pro vypocet Sitky (napt. Elateridae,
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§irka brouka = 0.3672 x (délka brouka)®’%). Tyto vypoctené hodnoty byly ndsledné dosazeny
do rovnice pro vypocet objemu jedince daného druhu podle odmocninovych vzorct pro celedi
(e.g. Elateridae, biomasa rovnice = 3E-05 x (3itka x délka brouka)'-’8’®), pfevzato od Rappa et
al. (2022). VSechny hodnoty byly vypoc€itdvany pro kaZzdou past. Nasledné porovnani
ochrandfské hodnoty s biomasou bylo vyhodnoceno Kruskal-Wallisovym testem s vyuZitim

Dunnet post-hoc testu.
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7. Vysledky

Disertacni prace se celkem sklada ze 6 védeckych ¢lankl. Celkové dva Clanky typu ,review*,
jeden s IF a druhy v databdzi SC. Dale védecké ¢lanky typu ,,original article®, v souctu byly
celkem 3 publikovany ve védeckych Casopisech s IF a indexovanych na Web of Science a dalsi

1 publikace je v recenznim fizeni.

Vysledky disertacni prace byly rozdé€leny do jednotlivych segmentl v souladu s deklarovanymi

cili.

Cile prace:
(1) Jak struktura a pfirozeny vyvoj bukovych porosti ovlivitiuje modelovou skupinu brouki.
(2) Jaké parametry mrtvého dieva ovliviiuji modelovou skupinu broukd.

(3) Jaky je optimdlni typ mrtvého dieva a atributy integrovaného péstebniho managementu

podporujiciho diverzitu modelové skupiny broukti v hospodatskych lesich.

(4) Jsou bukové porosty prostfedim hostici vétsi diverzitu modelové skupiny broukli nez

porosty smrkové nebo smiSené.

7.1. Modelova skupina brouki jako indikator stavu lesniho prostiedi.

Zumr, V.; Remes, J. (2020). Saproxylicti brouci jako indikdtor biodiverzity lesi a vliv
lesnického managementu na jejich rozhodujici Zivotni atributy: Review. Zprdvy Lesnického

Vyzkumu. 65, 242-257.
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SAPROXYLICTIi BROUCI JAKO INDIKATOR BIODIVERZITY LESU A VLIV LESNICKEHO
MANAGEMENTU NA JEJICH ROZHODUJICi ZIVOTNIi ATRIBUTY: REVIEW

SAPROXYLIC BEETLES AS AN INDICATOR OF FOREST BIODIVERSITY AND THE INFLUENCE
OF FOREST MANAGEMENT ON THEIR CRUCIAL LIFE ATTRIBUTES: REVIEW
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ABSTRACT

A group of saproxylic beetles has become a frequently used as a bioindicator of forest biodiversity. These beetles, especially endangered species,
testify very credibly to the preservation of the forest ecosystem. Intensive forest management reduces biodiversity mainly due to the absence of
dead wood. Dead wood is also a very important element for the circulation of nutrients and water, and often creates a suitable substrate for the
tree regeneration. In this paper, 159 publications dealing with forest biodiversity were analysed. In commercial forests with a full stand canopy
and no dead wood, the environment is almost uninhabitable for saproxylic beetles. The main factors that affect the biodiversity of saproxylic
beetles are: (1) sun exposure and canopy closure, as the elements that increase or decrease the temperature, and (2) dead wood of all dimensions.
Dead wood of large dimensions is not present in the production forests, and therefore the associated species are mostly endangered. Standing
snags and large trees are the largest hosts of microhabitats. Intensive forest management significantly reduces all these attributes, and therefore

results in lower biodiversity of saproxyls than in the forest reserves.

For more information see Summary at the end of the article.
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Biodiverzita je vyznamnou vlastnosti ekosystému, kde se stietdva
a agreguje Ziva a neziva slozka ptirody od urovné mistni populace az
v krajinném méfitku (VACEK 2007; MATEJKA, VIEWEGH 2010). Lesy
jsou povazovany za nejvetsi nositele biodiverzity (HoRAk 2008; BACE,
SvoBopa 2016; LIANG et al. 2016). Odhaduje se, Ze ztrata biologic-
ké rozmanitosti v prepoétu na penize mtize dosahovat az 490 mili-
ard USD ro¢né (LIANG et al. 2016). Zménou lesniho prostiedi vlivem
managementu byla zasazena béhem staleti vétsina lesti v Evropé. Ve
stfedni Evropé se odhaduje, Ze je silné¢ naruseno 82 % lesti (HANNAH
ekosystémech je hmyz, ktery je velmi dilezity pro fungovani celych
ekosystémi. Mrtvé drevo je klicové pro biologickou rozmanitost
(Parist et al. 2020). Intenzivni hospodareni bez mrtvého dreva vede
k razantnimu sniZeni lesni biodiverzity, pfedevsim citlivych saproxy-
lickych organismti (MULLER, BUTLER 2010; PAILLET et al. 2010; LiN-
DENMAYER et al. 2012; THORN et al. 2018).
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Saproxyli¢ti brouci - skupina pro hodnoceni biologické
rozmanitosti lesa

Saproxylické organismy jsou zavislé na odumfelém dfevu v jakékoli
fazi vlastniho vyvoje a v jakékoli fazi rozkladu dfeva (SPEIGHT 1989;
ALEXANDER 2008; BACE, SvOoBODA 2016; JAWORSKI et al. 2019). Jde
o vechny druhy, které bezprostfedné mrtvou dfevni hmotu obyvaji,
poziraji, ale patfi sem i vSechny druhy, které jsou odkazany na jiny
saproxylicky druh. Typickym prfikladem mutzou byt mykofigové na
saprofytickych houbach (SpeiGHT 1989; HORAK 2008). Nejpocetnéjsi
skupinou vazanou na mrtvé dfevo jsou houby a potom hmyz (Sto-
¢initelem v rozkladném procesu (BopDY, WATKINSON 1995), zejmé-
na oddéleni Basidiomycetes (BALDRIAN, VALASKOVA 2008), a hmyz
zplsobem Zzivota pomaha rozsitovat houby do vzdalenéjsich mist
(WESLIEN et al. 2011; HOFSTETTER et al. 2015). Proto jsou nejvyhle-
davanéjsi skupinou pro vyzkum bezobratlych brouci, ktefi jsou svym
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vyvojem limitovani na dfevni mrtvou biomasu (DAvVIEs et al. 2008;
HorAxk 2012). Saproxyli¢ti brouci jsou velmi oblibeni, protoze dévaji
spolehlivé idaje o zachovalosti daného prostredi (SPEIGHT 1989; Da-
VIES et al. 2008; HORAK 2008; NIETO, ALEXANDER 2010; BACE, Svo-
BODA 2016). Je to ddno zejména malou dispersni schopnosti a velmi
silnou vazbou na lesni ekosystémy (HORAK 2012), vyuzivaji také nej-
komplexnéji mrtvou dfevni hmotu a jsou esteticky populdrni pro sbér
(KrAsa 2015). Pro preziti velké fady saproxylickych druhtl je nezbyt-
na kontinuita prostredi (BRIN et al. 2016), tj. nikdy nepterusena pri-
tomnost dostate¢ného mnozstvi stanovist, ktera konkrétni obyvatelé
specifickych mikrostanovist potfebuji (ZuMR, KARAS 1981; SPEIGHT
1989; OKLAND et al. 1996; HORAK 2008; DAVIEs et al. 2008; CALIX et
al. 2018). Pravé z téchto divodt jsou za poslednich 25 let velmi vyhle-
davanou a nejstudovanéj$i skupinou saproxylického hmyzu (HorAk
2012; BACE, SvoBODA 2016). Znalosti a pozadavky na stanovisté sa-
proxylickych druht zménénych lesnim hospodafstvim jsou nezbytné
pro zavedeni uc¢innych ochranarskych aktivit (JAworski et al. 2019).

Pocet druhti broukt na svété se odhaduje na 350 000 a v Evropé se
pocita s 29 000 (Aubisio et al. 2015). Celkovy pocet saproxylickych
druht broukd neni znam - odhaduje se, Ze v celé Evropé by se mohlo
vyskytovat kolem 4000 druhii (CALIx et al. 2018). Pocet odhadova-
nych druhii v zemich Evropy je uveden v tabulce 1.

Tab. 1.

Pocty saproxylickych druhti brouktt odhadovanych v nékterych ze-
mich Evropy

Number of saproxylic beetle species estimated in some European
countries

Citovani autofi/Cited authors Zemé/Country Druhy/Species
Marhoul (2008); Krasa (2015) Ccz 1300
Seibold et al. (2015) DE 1400
Alexandr (2002) GB 1700
Bouget et al. (2008) FRA 3000

Poznamka/Note: Mezindrodni zkratky statu podle Ministerstva vnitra (https://www.mvcr.
cz/clanek/kody-statu.aspx)/International abbreviations of the state according to the Mini-
ster of the Interior (https://www.mvcr.cz/clanek/kody-statu).

Pralesni relikty

Jedna skupina saproxylickych broukil je nazyvina tzv. pralesnimi
relikty, coz jsou druhy, které jsou odkdzany na lesni stanovisté bez
preruseni kontinuity lesa, s velkym mnozstvi mrtvého dreva velkych
dimenzi (MULLER et al. 2005; ECKELT et al. 2018). Dalsi atributy pro
preziti pralesnich reliktd jsou: velké mnozstvi mohutnych a starych
biotopovych stromil, velkd heterogenita mikrostanovist zahrnujici
dutiny, hniloby stromii, plodnice dievokaznych hub, rozdilné stupné
zapoje a odli$né rozkladné stupné mrtvého dreva (EckELT et al. 2018).
Tyto atrbibuty jsou typické pro ptirodni lesy (BAUHAUS et al. 2009).

Reliktni druhy jsou detailnéji probrany v publikacich (tab. 2). Jsou pre-
dev8im asociované na dreviny dub a buk (WALENTOVSKI et al. 2014).
Tyto reliktni druhy a mnohé velmi vzacné saproxylické druhy byly na-
lezeny v porostech jediné tehdy, kdyz byl objem velkych kustt mrtvé-
ho dieva nad 60-70 m3/ha (LACHAT et al. 2012; GOSSNER et al. 2013).
PROCHAZKA, SCHLAGHAMERSKY (2019) zjistili, Ze velmi vzdcni sa-
proxyli¢ti brouci byly pozorovani na izemi s mrtvym dfevem vice nez
70 cm tlustym a v posledni fazi rozkladu, tyto atributy v8ak musely byt
v nejbliz§im okoli odchytévajiciho zafizeni. U pralesnich reliktti nehra-
je tak dulezitou roli v zivotnim cyklu oslunéni, jako je tomu u jinych
saproxylickych druhii broukl (LACHAT et al. 2012, 2016), coz vSak pla-
ti pouze za predpokladu velkych objemt mrtvého dfeva. Byl zjistén
obdobny pocet reliktnich druhii na slunnych mistech po kalamitnich
plochach (250 m*/ha mrtvého dreva), jako v zapojenych porostech

(105 m*/ha mrtvého dfeva), pricemz vycetni tloustky Zivych a mrt-
vych stromi ¢asto prevySovaly hodnoty 70 cm. Zde detekovany objem
mrtvého dieva ptitom zcela prevysuje hodnoty zjisténé jinymi autory
(GOSsNER et al. 2013; MULLER et al. 2015b; PROCHAZKA, SCHLAGHA-
né prahové hodnoty objemu mrtvého dreva, ziskané z metadat, mo-
hou byt pro nékteré skupiny saproxylického hmyzu ptili§ malé a teprve
od tohoto minima vyse se za¢inaji objevovat napt. pravé zminované
pralesni relikty. Z téchto studii je patrné, Ze pro pralesni relikty jsou
kych dimenzi a velkého mnozstvi na jednotku plochy, které jiz podlé-
ha silnému rozkladnému procesu. Ohrozeni saproxyli¢ti brouci maji
nizkou disperzni schopnost (BRUNET, IsacssoN 2009), pralesni relikty
jsou nejohrozenéj$i z ohrozenych, a tak jejich mobilita je jesté nizsi,
a to je také jeden z dtvodi, proc¢ jsou tak vzacni. SEIBOLD et al. (2015)
broukd, které jsou zavislé na velkém objemu mrtvého dfeva slozeného
predevs$im z frakce dfeva velkych dimenzi (tab. 3), ddle brouci dortista-
jici velkych rozmérii a druhy, které jsou obyvateli nizinnych a slunnych
listnatych lest. Napt. vice nez polovina ohrozenych druht Svédska je
indikovéna na slunnd stanovisté (JONSELL et al. 1998).

Vyskyt tzv. veteranskych stromii (>70 cm) pozitivné ovliviiuje viech-
ny saproxylické brouky (LACHAT et al. 2016). Veteranské stromy jsou
stromy, které jsou nositeli velkého poctu mikrostanovist a zpravidla
dosahujici velkych rozmért (Vuipor et al. 2011; MIKLIK et al. 2017).
Dulezité jsou spiSe pocty mikrostanovist nezli rozméry samotného
stromu (BOUGET et al. 2014), presto stromy vétsich dimenz{ hosti vice
mikrostanovist (WINTER, MOLLER 2008). Mrtvé drevo velkych rozmé-
ri dokaze zdroven hostit vice ohrozenych i béznych saproxylickych
druhd hub (LoNsDALE et al. 2008) a broukii (LAMBECK 1997). Tato
frakce mrtvého dreva je viak v lesich velmi vzacna (KIrBY et al. 1998),
a vzacné saproxylické druhy broukt (GossNER et al. 2013; SEIBOLD
et al. 2015; EckeLT et al. 2018; KONSTANJSEK et al. 2018; PROCHAz-
KA, SCHLAGHAMERSKY 2019; JAWORSKI et al. 2019). Mrtva biomasa
malych rozméri je sice také hostitelem mnoha saproxylickych brou-
ka (MacagNo et al. 2015; HANDERSEN et al. 2020), predevsim ale ze
skupiny béznych druhti (PROCHAZKA, SCHLAGHAMERSKY 2019; HAN-
DERSEN et al. 2020).

Ohrozujici ¢initelé

Hlavnim ohrozenim saproxylickych brouku je intenzivni téZebni
¢innost bez ponechani dfevni hmoty v porostech k rozpadu (Rou-
BAL 1915; ZUMR, Karas 1981; CiZex 2008; MARHOUL 2008; NIE-
TO, ALEXANDER 2010; HORAK 2012; BACE, SvoBoDpA 2016; CALIX
et al. 2018). Zména druhové skladby porostd, tvorba homogen-

Tab. 2.
Seznamy pralesnich reliktd v jednotlivych kategorii a lokalit
Lists of old-growth relicts in individual categories and locations

i Kategorie/Catego
Autofri/Authors LOkaI'.t al Druh.yl g 9oy
Locality Species L .
Mdiller et al. (2005) DE 115 44 71
Eckelt et al. (2018) C.EUR 168 60 108

DE - Némecko, C. EUR - centralni Evropa. Kategorie I. obyvatelé poslednich zbytki les-
nich refugii. Kategorie II. druhy jsou schopny osidlit lesy ¢lovékem pozménéné pouze za
predpokladu, Ze se v nich budou nalézat jejich specifické podminky pro osidleni/DE -
Germany, C. EUR - Central Europe. Category I. inhabitants of the last remnants of forest
refuges. Category II. species are able to colonize managed forests only if they contain their

specific living conditions.
ZLV, 65, 2020 (4): 242-257 m
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Tab. 3.
Vybrané relikty a jejich udavana dimenze mrtvého dreva
Selected old - growth relicts and their given dimension of dead wood

Reliktni druh/Old-growth relicts

Tloust’ka/Diameter

Autofi/Authors

Rhysodes sulcatus (Farbricius 1787)

60 cm (@) Kostanjsek et al. (2018)

Cucujus cinnaberinus (Scopoli 1763)

Boros chneideri (Panzer 1795)

> 40 cm (Mod. 65-75)

Jaworski et al. (2019)

Cerambyx cerdo (Linnaeus 1758)

>60 cm Buse et al. (2008)

Rosalia alpina (Linnaeus 1758)

30-45 cm Cizek et al. (2009)

nich a stejnovékych porostit (KrRAsa 2015), ztrita lesniho prostredi
s preruSenim stdlosti vékové posloupnosti struktury stromi, ztrata
stromovych veteranli bez nasledné podpory nové generace (NIE-
TO, ALEXANDER 2010) - tyto aspekty ohrozuji vice nez polovinu
saproxylickych broukti (CALIxX et al. 2018). Dalsi hrozbou je kdceni
stromu ze zdravotnich a bezpec¢nostnich diivodd, které vSak muze
byt zbyte¢né (MERTLIK 2014) napfiklad u starych aleji a parkd, jez
hosti fadu ohrozenych saproxylickych druhi broukt (JoNSELL 2004;
Cizek, PROCHAZKA 2010). Nékdy k tomu trochu paradoxné dochdzi
i v zajmu “ochrany” piirody; je zndm piiklad, kdy vykacenim staré
jirovcové aleje doslo ke ztraté biotopu pro mnoho zvlasté chranénych
druht brouka (Cizex, PRocHAzKA 2010). Uz RouBaL (1915) pozo-
roval na zacatku 20. stoleti drasticky ubytek saproxylickeho hmyzu
a napf. GROVE (2002) zjistil, ze ubyvani saproxylickych druhu stéle
pokracuje pomérné rychlym tempem a situace se za poslednich sto
let témét nezménila. Z tohoto diivodu se v Evropském &erveném se-
znamu ohrozenych druhu vyskytovalo 436 druhti (NIETO, ALEXAN-
DER 2010), v aktudlnim penzu se tento pocet zvysil na 693 (CALIx
et al. 2018), které jsou celoevropsky ohrozeny. Pokud se v Evropé
se vyskytuje 4000 saproxylickych druhd, tak 17,5 % je celoevropsky
ohrozeno a 21,5 % ohrozeno v EU (CALIx et al. 2018). V Ceské repub-
lice se v minulém cerveném seznamu ohrozenych druhi vyskytovalo
asi 530 druhi saproxylickych broukd (FARKAC et al. 2005), coz pred-
stavuje cca 40 % bohatosti této skupiny (MARHOUL 2008), obdobné
v Némecku je ohrozeno nebo regiondlné vyhynulo 28 % druht (Sk1-
BOLD et al. 2015). OhroZenost této skupiny broukt doklada i legis-
lativni ochrana vyhlagkou MZP ¢&. 395/1992 Sb., kterou se provadéji
nékterd ustanoveni zdkona ¢. 114/1992 Sb., o ochrané ptirody a kraji-
ny. V tomto legislativnim dokumentu je evidovano 77 druht broukd,
saproxylicti jsou zde zastoupeny 29 druhy (MARHOUL 2008). Z téchto
29 je 24 druhi vedeno v Cerveném seznamu ve vysokych stupnich
ohrozenosti RE, CR a EN (MARHOUL 2008).

Mrtvé dfevo a jeho vyznam

Mrtvé drevo je dilezitou a podstatnou soucasti prirodniho prostredi
lesti (CHRISTENSEN et al. 2005; HORAK 2008, 2012; BACE, SVOBODA
2016). Mrtvym dievem se rozumi odumfelé ¢asti zivych stromd, celé
mrtvé stojici nebo lezici stromy/kmeny, dutiny kment, rizné druhy
pahyli, patezy, lezici silné a slabé vétve atd. (HORAK 2012; BACE, Svo-
BODA 2016; PULETTI et al. 2019). Intenzivni lesni hospodarstvi zpra-
vidla odstranovalo veskerou mrtvou dfevni hmotu a biotopové stro-
my (LINDENMAYER et al. 2012), a proto jsou kriticky nedostatkovymi
stanovisti v lesich (DUDLEY, VALLAURI 2005), coz zpusobilo pokles
biologické rozmanitosti (MULLER, BUTLER 2010) a vypadek nékterych
ekosystémovych funkci (CHRISTENSEN et al. 2005). Mrtvé dievo je
diilezitym médiem pro kliceni a vzrist nové generace lesa (LONSDA-
LE et al. 2008; SvoBoDA et al. 2010). ZIELONKA (2006) napt. zjistil, ze
nejlepsi substrat pro kliceni smrkovych semendacki v horskych polo-
héch kolem 1000 m n. m vznikne po 30-60 letech rozkladného proce-
su smrkového dfeva. Pomaha stabilizovat lesni piidu a predchdzi tim
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silné erozi (DUDLEY, VALLAURI 2005). Mrtvé dfevo pomalu uvoliiuje
ziviny (HARMON et al. 1986; HoLus et al. 2001) a je taktéZ rezervoa-
rem vody (HARMON et al. 1986; HARMON, SEXTON 1995). V blizkosti
bukového mrtvého dreva je detekovano vyssi pH a vy$$i koncentrace
biogennich prvkd, vyrazné vyssi kladny efekt mrtvé biomasy je zejmé-
na na pidich oligotrofnich a acidofilnich (DHIEDT et al. 2019). Mrtvé
drevo je taktéz ulozistém uhliku (HARARUK et al. 2020; HARMON et al.
2020). Listnaté dieviny maji vyssi hustotu uhliku (C) oproti jehli¢na-
tym (HERRMANN et al. 2015). Mrtva biomasa nese vyznamny podil na
lesni biologické rozmanitosti (Skorpik 1999), je biotopem pro mnoho
druht, od bakterii, hub, hmyzu aZ po vyssi rostliny a obratlovce (SiI-
TONEN 2001; LONSDALE et al. 2008). Mrtvé dfevo hosti 25 % z celkové
lesni biodiverzity (DUDLEY, VALLAURI 2005) nebo dokonce 30-50 %
(BosIkc 2005). Odhaduje se, ze kazdy paty az Sesty druh brouka je
obligatni na mrtvém dfevu (ZacH, KuLFAN 2003).

Saproxylicti brouci a rozkladny proces dfeva

Nejvice saproxylickych druhti se vyskytuje pfi pocate¢nim a stred-
nim stupni rozkladu (KLETECKA 2008; HORAK 2012; LASSAUCE et al.
2012). Stfedni stupen rozkladu je optimalni, protoze se pfitom vy-
tvari stanovisté jak s pevnym dfevem, tak s jiz ¢aste¢né rozlozenym.
Spolecné jsou nositeli velmi $iroké $kaly mikrostanovist a rizny sa-
proxylicky hmyz se ¢asové a prostorové rozdéluje podle ur¢itého typu
mikrostanovist, které dany druh vyhledava, napt. lezici tlejici kmen,
stojici kmen, odloupnuta borka, rizné druhy zlomi, vlhké ¢i suché
dutiny (NIETO, ALEXANDER 2010). Nicméné pocet velkych kmeni
v pozdnim stadiu rozpadu je prediktorem vysoké druhové bohatosti
této skupiny broukil (OKLAND et al. 1996; SVERDRUP-THYGESON 2001;
JANSSEN et al. 2017). Jednotlivé velké kmeny se silnéjsi rozkladnou
fazi jsou dulezitym mistem pro Zivot ohrozenych broukl (GOSSNER
et al. 2013). Rozkladny proces neni konstantni a méni se v zavislosti
na mnoha podminkich. V rozkladném procesu hraji dilezitou roli
klimatické podminky (PULETTI et al. 2019). Teplejsi prostfedi md za
nasledek rychlejsi rozpad dieva, a tim i sniZovani celkového objemu
mrtvého dfeva v ¢ase (PRIVETIVY et al. 2018; HARARUK et al. 2020).
Rozklad je ovliviiovan také druhem dfeviny a velikosti mrtvého die-
va (HERRMANN et al. 2015). Silnéjsi dimenze se rozkladaji pomaleji
(HArRMON et al. 2020). Vyznam ma také celkovy vlhkostni rezim ptdy
(VACEK et al. 2015) a mnozstvi srazek (HARARUK et al. 2020). Zalezi
také na samotném zplisobu odumfeni a zejména na tom, zda je mrtvé
drevo v kontaktu se zemi (lezici kmene, pafezy atd.). V tomto pfipa-
dé dochazi k mnohem rychlejsimu rozkladu nez ve stojicim mrtvém
drfevé (FRiDMAN, WALHEIM 2000; TAYLOR, MACLEAN 2007; VACEK
et al. 2015). Byl zjistén vyrazné pomalejsi (1,7-3x) rozklad stojicich
torz oproti lezicim kmentim, v zavislosti na vlhkosti torz (HARARUK
et al. 2020; HARMON et al. 2020). I borka udrzuje mrtvé dfevo vlh-
¢, a tim urychluje rozklad (Boppy, SWIFT 1984; VACEK et al. 2015).
Vsechny faktory vedouci k vy$si vlhkosti mrtvého dreva prospivaji
drevokaznym houbdm jako hlavnim dekompozitorim (CORNWELL
et al. 2009), teplota vede k vyssi aktivité jednak mikrobialni (RusseL
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et al. 2014), jednak saproxylického hmyzu (MULLER et al. 2015b;
GOsSNER et al. 2016), ktery se také podili na dekompozici mrtvého
dreva (STOKLAND et al. 2004). Pozitivni efekt teploty na rozklad dfeva
vSak neni spojen s pfimym oslunénim, protoze to vede k vysuSovani
a UV zafeni destruuje zarodky hub a jinych organismi. Efekt oslu-
néni totiz zavisi na celkovém podnebi, kdy v chladnéjsim prostredi
insolace vede k rychlejsimu rozkladu, zatimco v teplejsim prostredi
oslunéni vede k jeho retardaci (HARMON et al. 2020). Vlivy podle je-
jich dulezitosti pti rozkladu dfeva sefadil HARMON et al. (2020) takto:
druh dreviny > klima > pozice > velikost > stupen zapoje. Jednotlivé
druhy dfevin se rozkladaji v jiném ¢asovém horizontu. Dub se napft.
rozklada pomaleji nez smrk o 1,4x, borovice 1,6x a buk 1,8x (Rock
et al. 2008). Souhrnné informace o rychlosti rozkladu dfeva jsou uve-
deny v tabulce 4.

Tab. 4.

Seznam citovanych studii s uvedenou dobou pottebnou k tplnému
rozkladu dfeva (w-warmest (teplejsi prostfedi), c-coldest (chladnéjsi
prostredi); *obdobny ¢as rozkladu P. sylvestris

Cited studies and their age for complete decomposition of wood
(w-warmest, c-coldest); *similar time decomposition P. sylvestris

Rozkladny vék podle druhu drevin/Decaying time by tree species

P. abies A. alba F sylvatica
Hararuk et al. (2020) CHE 78-95 74-115  28w-52¢
Herrmann et al. (2015) DEU 83-90* 55
Kraigher et al. (2002) SVN 66
Lombardi et al. (2008) ITA 59
Privétivy et al. (2018) CZE 81 78w—106¢C
Storaunet, Rolstad (2002) NOR 64-100
Samonil et al. (2009) CZE 50-60
Sebkova et al. (2011) CZE 50-60
Vacek et al. (2015) CZE 50-85 20-40
Zielonka (2006) POL  70-80

Druh mrtvého dfeva z pohledu saproxylickych brouki

Z pohledu biodiverzity hraje dilezitou roli druh dreviny, ktery se
stava hostitelem saproxylického hmyzu. V tomto sméru maji spe-
cidlni pozici duby (Quercus sp.), na nichz je zavislé pravdépodobné
nejvice saproxylického hmyzu (Vopka et al. 2009; BACE, SvoBODA
(ALEXANDER 2013). KappEs, Topp (2004) konstatuje, Ze bukové mrtvé
drevo hosti mensi pocet druhti nez dub, naproti tomu ale ve studiich
HorAk REBL (2009), IRMLER et al. (2010) a GOssNER et al. (2016) bylo
zjisténo vice druhii na buku a jeho dfevu. Zumr (2019) zjistil az 10x
vys$$i hojnost saproxylickych broukt vézanych na mrtvé veteranské
stromy buku v porovnani s dubem, bez ohledu na oslunéni. Tento fakt
je zfejmé dan rychlej$im rozkladem dfevni biomasy buku. Podobné
zjisténi dolozil i MAacaGNo et al. (2015). Naopak je tomu u Zivych ve-
teranskych stromtl, kdy dub hosti vice nesaproxylickych druht brou-
kit (Zumr 2019). Ke stejnému zévéru dospél i LEIDINGER et al. (2020)
s tim, Zze dub mél slaby tcinek na saproxylické brouky, ale vyznam-
né pozitivné ovliviioval fytofagy v produkénich porostech. Naopak
tezebni zbytky dubu jsou nejlepsimi hostiteli saproxylickych brouki
(LassAUCE et al. 2012). Dub je povazovan za dfevinu s nejvys$$im hos-
titelskym potencidlem (CiZex 2010), zejména kvili jeho ristovym
vlastnostem: dlouhovékost, houzevnatost a s nimi spojena tvorba du-
tin, silnych vétvi, tlusta borka, miSeni mrtvého dfeva s Zivym atp. (Ct-

ZEK 2010; KrAsA 2015). Nejvice mikrostanovist na jednom stromu je
zji$tovano na dubu (Vuipor et al. 2011). Buk naopak pomérné rychle
pozitivné regeneruje zasoby mrtvého dreva v jeho prirozeném arealu
vyskytu (LARRIEU et al. 2019). Z toho vyplyva, Ze nejvice ohrozenych
druhii hosti dub a nasledné buk, kdy dub ma nejvice specialisti (Jon-
SELL et al. 1998), stejné tak pralesni relikty jsou nejvice asociovany
na dub a buk (WALENTOWSKI et al. 2014). Pfi umélém obohacovani
lesnich porostti mrtvym dievem dosahuje nejlepsich vysledka mrtvé
drevo habru obecného (Carpinus betulus), a to pomérné brzy po odu-
mfeni, coz je zdivodnovano rychlosti rozkladu a stinomilnosti drevi-
ny, coz je vhodné i pro stinné druhy saproxylického hmyzu (MULLER
et al. 2015a; GOSSNER et al. 2016). Tuto charakteristiku habrového, ale
i bukového dreva doklddd i LARRIEU et al. (2019), kdy do 15 let se malé
rozméry tohoto dfeva zcela rozlozily. To vSak predurcuje rychlou ztra-
tu vhodného dfevniho substratu pro saproxylické organismy, a pro-
to v del$im ¢asovém horizontu budou vynikat dfeviny jako jsou dub
a buk. Nejvys$si druhové rozmanitosti saproxylickych druhd hmyzu
z jehli¢natych dfevin doséhl smrk ztepily (Picea abies), a to v porov-
nani s modfinem opadavym i s introdukovanou douglaskou tisolistou
(GossNER et al. 2016; MULLER et al. 2015a). Kombinace mrtvého die-
va druhtit Carpinus-Picea dosahuji mimoradné vysokych hodnot alfa
diverzity saproxylickych broukitl (GossNER et al. 2016). Obecné plati,
ze nejhodnotnéjdi v tomto sméru jsou vtrousené druhy stanovistné
puvodni dfeviny (OKLAND et al. 1996). S postupujici rozkladnou fazi
dreva se upozaduje potieba urcitého druhu dreviny pro saproxylické
brouky (JoNsELL et al. 1998; KrAsA 2015).

Vliv hospodareni v lesich na biologickou diverzitu

Obecna teze fika, Ze neobhospodafované lesy maji vys$si biodiverzitu
nez ty obhospodatované. Diivodem ma byt fakt, Ze lesnické hospoda-
feni sterilizuje porosty od mrtvého dfeva a mikrostanovi§t (DIELER
et al. 2017). Napt. PAILLET et al. (2010) uvadi, Ze neobhospodafované
porosty hosti signifikantné vice druha saproxylickych broukd, mecho-
rosti a liSejniki, ptakl a netopyrii nezli porosty s béznym lesnickym
hospodarenim. Hlavnimi skupinami v rezervacich jsou ptaci, houby
a netopyri, coz potvrzuje i LEIDINGER et al. (2020). V nékterych pripa-
dech se vSak hospodarské porosty ukazaly jako vétsi nositelé druhové
diverzity rostlin (MATEJKA, VIEWEGH 2010; PAILLET et al. 2010; LE1-
DINGER et al. 2019), broukd Celedi Staphylinidae a Carabidae (WAR-
NAFFE, LEBRUN 2004; NEGRO et al. 2014; LANGE et al. 2014), nékte-
rych taxonomickych skupin rostlin, saproxylickych i nesaproxylickych
broukt (DOERFLER et al. 2018; LEIDINGER et al. 2020) a dfevokaznych
hub (BLASER et al. 2013). Ptesto je vyssi druhova bohatost saproxylic-
kého hmyzu zpravidla sledovana v neobhospodarovanych porostech
opadavych a smiSenych lesti temperatniho pasma (PAILLET et al. 2010;
RoTH et al. 2019) i v neobhospodarovanych porostech boredlnich lestt
(MARTIKAINEN et al. 2000), nebo v ptirodé blizkych porostech (S1-
MILA et al. 2003; JACOBSEN et al. 2020) zejména proto, Ze je v nich
zpravidla mnohem vice mrtvého dfeva (Vuipor et al. 2011; PULETTI
et al. 2019).

Narust objemu mrtvého dfeva ve spojeni s nartistem poc¢tu mikrosta-
novist vede k vzestupu béznych i ohroZenych druhti (MULLER et al.
2008; BRUNET, IsacssoN 2009; BRIN et al. 2009; MULLER, BUTLER
2010; GOssNER et al. 2013, 2016; SANDSTROM et al. 2019). To vSak
neplati pro nové zfizena bezzasahova tzemi, kde mutiZe byt vyslednd
biodiverzita stejna nebo i niz$i nez v hospodarskych lesich (ScHALL
et al. 2018; DOERFLER et al. 2018; LEIDINGER et al. 2020). SCHALL
et al. (2018) pozoroval vy$si rozmanitost viech taxonomickych sku-
pin v lesich vékovych ttid nezli v rezervacich. Coz bylo dano hlavné
kratkodobosti ztizenych rezervaci (tab. 5), se kterymi byla provadeé-
na komparace a které si zachovavaji charakter hospodarskych lesii
bez mrtvého dfeva. To je v souladu s konstatovanim PAILLETA et al.
(2010), Ze biodiverzita lesa se pti zméné hospodareni na bezzasahovy
rezim do 20 let nelisi od vychoziho stavu. Obnovuje se az po minimal-
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Tab. 5.

Stari rezervaci studované v jednotlivych studiich a jejich porovnani
s ohledem na objem mrtvého dfeva a vyslednou biodiverzitu zejména
saproxylickych brouki

Age of reserves studied in individual studies and their comparison
with respect to the volume of dead wood and the resulting biodiversi-
ty, especially saproxylic beetles

Staii rezervaci/ MNG UNMG
Period of protection VDW BD VDW BD
Blaser et al. (2013)= 10-30 17-25 1 9,7 -
Bouget et al. (2014) 30-100 22,67 - 79,9 1
Doerfler et al. (2018) 8-40 18,8 - 69,9 1
Gossner et al. (2016) 20-70 - - - 1*
Leidinger et al. (2020) 7-19 17 1 21

Mdiller et al. (2008) 15-30 17-40 - 103-272 1*
Roth et al. (2019) 24-41 18,9 - 69,9 1
Schall et al. (2018) 20-70 27,8 1 21,6 -

Stéfi rezervaci a jejich objem mrtvého dfeva s porovnanim hodnot druhu saproxylickych
broukd, symbol BD 1 vy$si rozmanitost v daném typu hospodateni MNG (hospodaisky),
UNMG (rezervace), symbol 1* pouze vys$i po¢ty druht ohrozenych saproxylickych brou-
ke, (-) data neznamendvana, & hodnoceny pouze dfevobytné houby

Age of the reserves and their volume of dead wood with comparison of values of
saproxylic beetle species, symbol BD 1 higher diversity in the given type of management
MNG (commercial), UNMG (reservation), symbol 1* only higher numbers of
endangered saproxylic beetle species, (-) no data collection, & only wood-inhabiting fungi
are evaluated

Tab. 6.

né 40 letech samovolného, prirozeného vyvoje (PAILLET et al. 2010),
nebo dokonce az po 80 letech (LARRIEU et al. 2019). To je ddno zejmé-
na rozpadem porostil a akumulaci mrtvé biomasy. Béhem 40 let samo-
volného vyvoje se objem mrtvé biomasy miZe mnohonasobné zvysit
(6x; VACEK et al. 2015) a mize byt roven hodnotam ve starych rezer-
vacich (CHRISTENSEN et al. 2005) a v pfirodnich lesich (SANIGA et al.
2019). Vyssi biodiverzita v mladych rezervacich oproti produkénim
lestim miiZe byt zfejmé zptsobena mimotradné chudymi produk¢nimi
porosty, anebo tim, Ze v rezervaci v dobé vzniku dominovaly prestarlé
porosty, kde nasledné doslo k rychlej$imu rozpadu porostii a vzniku
mikrostanovis$t (MULLER et al. 2008; RoTH et al. 2019). ProtoZe dostup-
ochrany (GOssNER et al. 2013). Neobhospodarované buciny s porosty
na hranici fyziologického véku (= 200 let) hosti 3x vice ohroZenych
saproxylickych broukd nez porosty intenzivné obhospodarované a 2x
vice nez prirodé blizce péstované porosty (MULLER et al. 2008). Jak
se véak ukdzalo v fadé studii, u béznych saproxylickych druht neni
pozorovan rozdil v zavislosti na typu managementu, kdezto ohrozené
saproxylické druhy jsou vyznamné cetnéj$i v rezervacich (DAVIES et
al. 2008; MULLER et al. 2008; BRUNET, IsacssoN 2009; BOUGET et al.
2014; GossNER et al. 2016). Je to ddno zejména vysokymi objemy mrt-
vého dfeva (viz tab 1), protoze v priméru se v rezervacich a ptirod-
nich lesich objem mrtvé biomasy pohybuje v rozmezi 40-200 m*/ha
(DuDLEY, VALLAURI 2005). V téchto podminkdach se mohu vyskytovat
bézné i ohrozené saproxylické druhy broukii (GOSsSNER et al. 2013).
Prehled rezervaci a hospodarskych porostit s jejich indikovanymi ob-
jemy mrtvé biomasy je uveden v tabulce 6 a 7.

V lesich Ceské republiky je zna¢ny nedostatek mrtvého dieva zejména
v porovnani s jeho objemy mrtvého dfeva v rezervacich nebo s do-

Ptehled objemit mrtvého drfeva v rezervacich a hospodarskych porostech

Volume of dead wood in protected areas and managed stands

Rezervace/Protected areas

Objem mrtvého dreva/

Autofi/Authors Volume of dead wood Zemé/Country
Oettel et al. (2020) 109 m3/ha AUT
Motta et al. (2011, 2015) 327 m3ha BIH
Christensen et al. (2005) 100*—220 m®/ha Evropa
Dudley, Vallauri (2005) 136 m¥ha Evropa
Saniga et al. (2019) 105-160 m®/ha SK
Bilek et al. (2011) 48* m*/ha cz
Vacek et al. (2015) 170-242* m¥ha Ccz
Hospodarské porosty/Managed stands

Leidingera et al. (2020) 19,3 m¥ha DE
Roth et al. (2019) 18,9 m¥/ha DE
Puletti et al. (2019) 9,8 m¥/ha Ccz
Vitkova et al. (2018) 9,1 m¥ha cz
Christensen et al. (2005) 10 m3/ha Evropa
Fridmana, Walheima (2000) 6,1 m3/ha SWE
Siitonen (2001) 14 m® /ha FIN

*Hodnoty objemt jsou ziskany z recentnich rezervaci (<50 let)/Volume of dead wood measured in recent forest reserves

(< 50 years)
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Tab. 7.

Detailnéjsi objemy zjiténé na izemi CR z pohledu nadmoiské vysky a kategorie lesti
More detailed volumes found in the Czech Republic in terms of altitude and forest category

CZECHTERRA Il inventarizace/lnventory

Vyskové pasmo/Altitude (m)

<400 401-700 =700
Stojici/Staying
Cerstvé souse/fresh snag 0,4 0,6 0,6
staré souse/old snag 3,3 2,5 10,2
Lezici/lLying
Cerstvé a lehce rozlozené/fresh and weak decay 3,2 3,3 7,7
stfedné a silné rozloZzené/medium and strong decay 0,5 0,9 5
Celkem/In total (m®ha) 7,4 7,3 23,5
Narodni inventarizace lest (NIL1, NIL2)/ Kategorie lest/
National forest inventory (first, second phase) Category of forest
Lezici/Lying (m?*/ha) HL LzU oL
Vasicek (2007) NIL1 55 9 18,4
Kucera, Adolt (2019) NIL2 6,7 13,8 28,8

Zdroj/Source: http://www.czechterra.cz/

Kategorie lesti: HL — hospodatské lesy, LZU - lesy zvlastniho urceni, OL — ochranné lesy/Forest categories: HL
- commercial forests, LZU - special purpose forests, OL - protective forests

porucenymi objemy pro udrzeni biodiverzity (tab. 5, 6). Naptiklad
GOSssNER et al. (2013), MULLER et al. (2015b) doporucuji 20-60 m?/
ha, HAASE et al. (1998), PROCHAZKA, SCHLAGHAMERSKY (2019) sta-
novili minimalni hodnotu pro lesy alespori 40 m*/ha mrtvého dfeva.
To odpovida tvrzeni MULLERA, BUTLER (2010), ktefi stanovili pro udr-
Zeni biodiverzity prahovou hodnotu mrtvého dfeva pro nizinné lesy
30-50 m*/ha a 30-40 m’/ha pro smiSené porosty vyssich poloh.

Kromé mrtvého drfeva vak hospodateni v lesich ovliviiuje dalsi as-
pekty lesnich porostd, jako je druhova skladba, prostorova a véko-
va struktura (KRAUT et al. 2016; HORAK et al. 2019). Rizné zptsoby
hospodareni v lesich vytvareji prostfedi pro jiné komunity broukd
(WARNAFFE, LEBRUN 2004; JOELSSON et al. 2018a). Vybérny hospo-
darsky zpusob ve stiedni Evropé tvoti hlavné stinné dfeviny buk, je-
dle a smrk (VACEK et al. 2007; AMMON 2009) a je pro ného typicka
silnd vertikalni diferenciace porosti, kdy vertikdlni korunovy zapoj
propousti pomérné nizkou intenzitu slune¢niho zafeni do nitra po-
rostu. Z pohledu mrtvého dfeva se jedna o nejchudsi hospodarsky
zpusob, protoze se zde zpravidla neprovadéji vychovné zasahy, pri
kterych se dfevni hmota ponechava v porostech k zetleni a je vétsi-
nou jedinym zdrojem mrtvého dfeva ponechdvanym v produkénich
lesich. Av$ak i tento maly atribut ve vybérném lese odpadd (ScHALL
et al. 2018). Rozmanitost broukt ve strukturné diferencovanych po-
rostech obhospodarovanych vybérnym zptsobem je pomérné mala
(PODRAZSKY et al. 2010; SCHALL et al. 2018). Také DOERFLER et al.
(2018) konstatuji, ze vznik malych mezer v porostnim zapoji nema
kyzeny svételny efekt, i kdyz i maly svételny prozitek je z pohledu di-
verzity Zadouci. SCHALL et al. (2018) zjistil z bukovych lest, Ze vybér-
ny zpusob snizuje regiondlni biodiverzitu témér o 80 % napii¢ vSemi
taxonomickymi skupinami. Biodiverzita lesa vékovych tfid byla pod-
porovana jak vzdcnymi, tak i hojnymi druhy. St¥idani vyvojovych fazi
jednotlivym vybérem stromil vede k vysoké strukturalni heterogenité
uvnitf porostu, coz je reprezentovano vysokou variabilitou véku a di-
menzi stromt. V krajinném métitku je vSak takovy vzor pomérné
monotdénni a vede k homogenizaci struktur porostt a snizeni regio-
nalni biodiverzity. Pfesto jsou porosty obhospodafované vybérnym
zpusobem stanovisti, ve kterych se mohou zachovat specifické lesni
druhy (WARNAFEE, LEBRUN 2004), zatimco holose¢né hospodareni

na ur¢itou dobu inhibuje typické lesni druhy vytvarenim doc¢asnych
bezlesi. V nékterych pripadech se ukazalo, Ze vybérné hospodareni
hosti srovnatelné druhy a podobnou abundanci lesnich druhii jako
recentni rezervace (WARNAFFE, LEBRUN 2004; JOELSSON et al. 2018b).
V mladsich porostech lesa vékovych tfid je mnohem méné mrtvého
dfeva (FRIDMAN, WALHEIM 2000; DOERFLER et al. 2017; PULLETI et
al. 2019). LARRIEU et al. (2019) zjistili, ze do 15 let od posledni tézby
vyznamné klesl objem mensich frakci mrtvého dfeva, tedy pravé toho
typu biomasy, kterého je v produkénich lesich nejvice (BACE, Svoso-
DA 2016). Holosece vytvareji podminky rané sukcesni a hosti druhy
téchto lokalit (WARNAFFE, LEBRUN 2004), zatimco ve vybérnych le-
sich se tyto druhy vyskytovat nebudou. Ani po 50 letech od opusténi
od holose¢i a prechodu na vybérny zptisob se v§ak komunity druht
neblizi rezervacim a vlivem konstantniho prosttedi se udrzuji v pod-
staté v nezménéné podobé (JOELSsON et al. 2018b).

Mikrostanovisté: kli¢ pro saproxylické brouky

Vys§i hustota tzv. mikrostanovist v chranénych lesich muize vysvétlit
rozdily v biologické rozmanitosti v porovnani s obhospodarovanymi
lesy (VUIDOT et al. 2011). Nartst vzdcnych saproxylickych brouka je
Casto ve spojeni s nartistem mrtvého dieva (MULLER et al. 2008; BRIN
et al. 2009) a po¢tu mikrostanovi$t (WINTER MOLLER 2008; BRUNET,
IsacssoN 2009). Mikrostanovi§tém se rozumi dfevokazné houby
vSech druhii, mrtva koruna z mensi ¢i vétsi ¢asti, rozlomeny dvojak,
torzo kmene s Zivoficim, malym asimila¢nim aparatem, torzo kmene
s vitalni dorustajici sekundarni korunou, korni spéla, rizné druhy du-
tin, rakovina kmene atd. (WINTER, MOLLER 2008; VUIDOT et al. 2011;
PAILLET et al. 2017). Se starnutim porostt (od zaloZeni rezervace)
se priikazné zvySuje mnozZstvi a typova rozmanitost mikrostanovist,
¢imz rezervace hosti stile vice mikrostanovist v porovnani s produke-
nimi porosty (WINTER et al. 2015; PAILLET et al. 2017; tab. 8). Doba
od vzniku rezervace nemusi byt vidy vyznamny faktor pro mnozstvi
mikrostanovist, ale pro jejich rozmanitost ano (LARRIEU et al. 2017).
Proto se doporucuje srovnavat chranéné porosty s porosty hospodar-
skymi alespon po 100letém obdobi bez lidskych zasahti (LARRIEU et
al. 2017).

ZLV, 65, 2020 (4): 242-257 247



ZUMR V. - REMES J.

Tab. 8.

Pocet zjisténych mikrostanovist s riiznym typem hospodareni a druhovou skladbou
Number of identified microhabitats with different type of management and species composition

Autofri/Authors UNMG RUNMG MNG SP TS
Winter, Méller (2008) 250 120 80 1* BK
Paillet et al. (2017) - 210 175 - DB
Parisi et al. (2016) - 160 - - JD
Parisi et al. (2019) - 330 - - DB
Parisi et al. (2020) - 330/160 - 1 DB/JD
Larrieu, Cabanettes (2012) - - 50 - BK/JD
Larrieu et al. (2017) 50 85-105 10-50 - dbBK

Pozn.: Tabulka ukazujici prehled jednotlivych autort zabyvajicich se mikrostanovisti. Lze pozorovat, Ze se std-
fim ochrany roste pocet mikrostanovist (UNMG - rezervace, RUMNG - recentni rezervace, MNG - hospo-
darské porosty). T vy$$i rozmanistost sapro. druhii v porostech RUNMG, SP- 1* vys§i diverzita hodnocena
pouze u ohroZenych sap. druhtt v UNMG. Symbol (-) nehodnoceno, TS - hlavni dfevina BK - Fagus sylvatica,

DB - Quercus sp. JD - Abies alba

Note: Table is an overview of uniform authors dealing with microhabitats. It can be observed that with the age of
protection the number of microhabitats increases (UNMG - reservation, RUMNG - recent reservation, MNG
- commercial stands). 1 higher diversity of sapro. species in stands RUNMG, SP- 1* higher diversity evaluated
only for endangered sap. species in the UNMG. Symbol (-) not rated, TS — main tree species BK — Fagus sylva-

tica, DB - Quercus sp. JD - Abies alba

Listnaté dieviny vytvareji zpravidla vy$si pocet mikrostanovist (ViT-
KOVA et al. 2018), zejména dub (VuipoT et al. 2011). Nartst mik-
rostanovi$t v porostech zavisi hlavné na tloustce stromd, jejich vitalité
(WINTER et al. 2015) a na velikosti torz stojicich kment. Stromy s vy-
¢etni tloustkou nad 80 az 100 cm dokazi hostit vice nez dva druhy mi-
krostanovist (WINTER, MOLLER 2008; VUIDOT et al. 2011; LARRIEU,
CABANETTES 2012). U buku bylo zji$téno, ze s kazdym 1 cm nartstu
tloustky se navy$uje $ance na vytvoreni mikrostanovisté o 3 % (WIN-
TER et al. 2015). Nositelem nejvétsiho mnozstvi mikrostanovist a kli-
¢ovym faktorem hrajicim rozhodujici roli ve prospéch rezervaci je
mrtvé stojici dfevo — torza stromi (PAILLET et al. 2017). Bylo zjisténo,
ze od zaloZeni rezervace v rozmezi 10-50 let vzrostl objem mrtvého
dreva o 40 m’/ha, pficemz zejména od 30-50 let nastal prudky ndrtist
stromovych torz z 0 na 30 % z celkového objemu dfevni mrtvé bioma-
sy (LARRIEU et al. 2019). Presto 60% podil mrtvého dfeva v pribéhu
80 let tvorily stale padlé kmeny. S nartistajicim mnozstvim mrtvého
dfeva a vlh¢im prostiedim v rezervacich se vytvareji podminky, které
vyhovuji vice dfevokaznym houbam, v chrdnénych bucinach hlavné
druhu Fomes fomentarius (L.) Fr., ktery je zde béZzny, zato v produk¢-
nich lesich takika vymizel (MULLER et al. 2007). F. fomentarius hosti
velké mnozstvi bezobratlych a stava se jednim z klicovych mikrosta-
novist pro biodiverzitu napf. bukovych lestt (MULLER et al. 2008;
Friess et al 2018; RoTH et al. 2019). Rozmanitost mrtvého dreva
a dfevokazné houby jsou nejdtlezitéjsi nositelé vzacnych druht brou-
ki v listnatych lesich (BoUGeT et al. 2013). S rostouci tloustkou torz
kment taktéz roste pocet mikrostanovist, proto torza vétsich dimenzi
hosti vyssi pocet druhti (BoUGET et al. 2012). Velka torza (=40 cm)
se vSak v krajiné témér nevyskytuji (KIrByY et al. 1998). Vuipor et al.
(2011) dodavd, Ze nezavisi pfimo na pouzitém hospodarském zptiso-
bu. Paklize se totiz dané atributy (velké stromy a torza atd.) nachazeji
v rezervaci nebo v produkénich porostech, jsou si v poc¢tu mikrosta-
novist rovny. Nicméné stromy velkych dimenzi s rliznymi poruchami
se ve vét§iné produkenich lest nedoziji vysokého véku a zejména tor-
za stromu jsou odstranéna z dtivodu uplatiiovani zdravotniho vybéru
pii péstebnich zasazich (WINTER, MOLLER 2008; MULLER et al. 2008;
BOUGET et al. 2013; WINTER et al. 2015; PArisI et al. 2016; PAILLET
et al. 2017). Tento zdravotni vybér churavych strom je zdsadni rizi-
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ko pro ohrozené druhy, avsak z hlediska $kodicich druht Scolytidae
je jejich odstrafiovani naopak zadouci (Kappgs, Topp 2004). Jestlize
tedy torza kment hosti nejvétsi pocty mikrostanovist na jednotku
plochy, tak se stavaji jednozna¢né klicovym elementem pro biodi-
verzitu saproxylickych brouki, oproti lezicim kmenéim (BERG et al.
1994; SVERDRUP-THYGESON 2001; KappES, ToPp 2004; BOUGET et al.
2012, 2013; LARRIEU et al. 2019), ptédkd a netopyri (CHRISTENSEN et
al. 2005; ROBERGE et al. 2008; ETTWEIN et al. 2020). Je to predevsim
spojeno s vyskytem dutin, které se na torzech velmi casto vyskytuji
(PAILLET et al. 2010; DOERFLER et al. 2018; LEIDINGER et al. 2020).
Také mimotadné vzacné druhy broukd byly pozorovany na torzech
(HorAk, REBL 2009; ZuMRr 2019). Dutiny jsou dulezita proménnd
v celkové hojnosti broukd (PAIRMAN, BOUGET 2018). Torza stromu
jsou v$ak velmi ojedinéla v produkénich lesich, a i v rezervacich se je-
jich pocet zvysuje az od 30-50 let od zaloZeni rezervace (PAILLET et al.
2017; LARRIEU et al. 2019). Po stabilizaci se objem mrtvého dieva torz
v rezervacich pohybuje v rozmezi 20-30 % z celkového objemu dfevni
mrtvé biomasy (CHRISTENSEN et al. 2005; VACEK et al. 2015; PAILLET
etal. 2017; LARRIEU et al. 2019; OETTEL et al. 2020), v horskych rezer-
vacich mize byt tento podil az 50 % (CHRISTENSEN et al. 2005). Také
v boredlnich smrkoborovych lesich Svédska se podil torz pohybuje na
podobné trovni 27 % (FRIDMAN, WALHEIM 2000). Také mrtvé vétve
korun stojicich stromt (SEIBOLD et al. 2018) nebo spodni ¢asti korun
(PLEwA et al. 2017), vylu¢né u listnatych drevin (FLOREN et al. 2014),
jsou nositeli velké biodiverzity saproxylickych druhti brouki, i kdyz
objem mrtvého dfeva v korunich stromi (,crown dead wood®) se
témér nelisi v recentnich rezervacich nebo v produkénich lesich (LE1-
DINGER et al. 2020) a v priibéhu ¢asu se pohybuje v rozmezi 15-20 %
(LARRIEU et al. 2019). Vétsina saproxylu zijicich na veteranskych
stromech casto dokaze osidlit torza stromi a padlé kmeny (SPEIGHT
1989). Vyrazné vyssi pocty ohrozenych i béznych saproxylickych dru-
ht broukt jsou v dutych stromech, nizsi na veteranskych stromech
a nejnizsi na zdravych stromech (MULLER et al. 2014). Hlavnimi roz-
dilnymi mikrostanovisti byly posledni féze rozkladu dieva, stromy
velké dimenze a udrZovani stinného a vlhkého stanovisté (MULLER
etal. 2014).
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Tab. 9.

Rozbor poctili saproxylickych druhti v jednotlivych expozicich porostii
Analysis of numbers of saproxylic species in individual stands expo-
sures

Druhy/Species

Citovani autofi/ Zemé/ Expozice/Exposure
Cited authors Country p P

S/W ED/SS IN/C
Lachat et al. (2012)* EUR 74 - 28
Sebek et al. (2016) cz 182 155 110
Lachat et al. (2016) UK 60 55 57
Wermelinger et al. (2017) CHE 20 - 9
Miiller et al. (2015b) EUR 30 - 20
Seibold et al. (2016) DE 50 - 35
Horak, Rébl (2013)** Ccz 6 4 3

*pocet indikdtorovych druht; **pocet saproxylickych druht Elateridae; Expozice: S —
slunné, W — teplé, ED - porostni hranice, SS - polostin, IN - uvniti porosti, C - chladné
porosty

*number of indicator species; **number of saproxylic species Elateridae; Exposure: S -
sunny, W — warm, ED - stand edge, SS - semishade; IN - inside stands, C - cold stands

Slunce jako vyznamna slozka v Zivoté bezobratlych

Kazdé hospodatské zasahy ovliviuji svételné podminky uvnitf lesnich
porostli. Poloha mrtvého dfeva v interakci s péstebnimi zdsahy roz-
hoduje o jeho oslunéni ¢i zastinéni (KrAsa 2015). V priiméru se po-
¢ty saproxylickych druhti brouki zvysuji o vice nez 50 % ve prospéch
oslunénych expozic a teplych porostt, viz detailnéjsi rozbor v tab. 9.
Oslunéni je tedy velmi dulezité pro celkovou diverzitu a abundanci
saproxylickych brouki, pfi¢emz do starych porostt a porostnich me-
zer pronika vét$i mnozstvi svétla. Hlavni a signifikantni faktor pro
mnozstvi a rozmanitosti druhti brouku na starych veteranskych stro-
mech je také oslunéni, viz napt. Vopka et al. (2009), HORAK, REBL
(2013), HORAK et al. (2014), SEBEK et al. (2016), PARMAIN, BOUGET
(2018) a ZuMR (2019). Pro bézné saproxylické druhy brouku je dile-
masy (BOUGET et al. 2013; PROCHAZKA, SCHLAGHAMERSKY 2019).
Spolu s rostoucim objemem mrtvého dfeva rostou pocty i ohroze-
nych druhtt (MULLER, BUTLER 2010; BOUGET et al. 2013; LACHAT et
al. 2016). Vysoké hodnoty vycetni kruhové zékladny a plny korunovy
zapoj velmi silné negativné ovliviiuji saproxylicky hmyz (GossNER et
al. 2016). Naptiklad pouze 9 % ohroZenych druht Svédska preferu-
je stinné lokality s poslednimi fizemi rozkladného procesu mrtvého
dfeva, druhy na néj zavislé jsou vice tolerantni k zastinu (JONSELL
et al. 1998). U saproxylickych brouki se zvysujici se teplotou okoli
a s vy$$imi objemy mrtvého dfeva nartistd druhova pestrost a zaro-
veil se mohou tyto faktory vzdjemné kompenzovat (MULLER et al.
2015b). Na slunném misté nemad takovy vyznam mnozstvi a druh od-
rozmanitost a mnozstvi mrtvého dfeva (LACHAT et al. 2012; SEIBOLD
et al. 2016). Tato vlastnost se mize pozorovat ve studiich napt. La-
CHAT et al. (2016) nebo Parist et al. (2020). Vzdy je vSak vyhodnéjsi
vy$$i rozmanitost mrtvého dfeva, nebot vice saproxylickych brouka
si muze nalézt vhodny substrat (LACHAT et al. 2012; BOUGET et al.
2013; MULLER et al. 2015b). Zaroven nelze nahradit nékolik velkych
kment vétsim mnozstvim malych kment anebo dokonce nehroubim
(BOUGET et al. 2014). Kmeny jsou hodnotnéjsi nez vétve (BRIN et
al. 2011). Jelikoz cela fada druht nedokdze zit v malych rozmérech
mrtvé biomasy a ma stanovenou minimélni prahovou tloustku (BRIN

et al. 2011; Kraus, KrumM 2013), stejné tak s tloustkou roste po-
et saproxlickych druhiti broukt (LAsSAUCE et al. 2012; MACAGNO et
al. 2015). Druhy obecné pozitivné reaguji na tézbu dfeva, kterd snizi
korunovy zapoj a pusti tak do nitra porostti vice svétla a podpofi mi-
krostanovisté, ktera byla do té doby opomijena z hlediska atraktivity
hmyzu (GUSTAFSSON et al. 2020; KorvuLa, VANHA-MAJAMAA 2020).
Diky propustnéj$imu zapoji prosvétlenych porostii se na piidu dosta-
va dostate¢né mnozstvi slune¢ni radiace, a tim se podporuje bylinné
patro (PAILLET et al. 2010; MATEJKA, VIEWEGH 2010; LEIDINGER et al.
2019), coz pozitivné ptsobi i na vyskyt saproxylickych brouki, proto-
Ze se zvySuje moznost potravy v podobé kvetoucich rostlin (MULLER
et al. 2008; BOUGET et al. 2013). U druh, které prodélavaji vyvoj na
mrtvém dfevé, napf. tesatici (Cerambycidae), se totiz dospélci muse-
ji Zivit nektarem z rostlin; paklize vypadne zdroj potravy v podobé
kvéti, tak tesatik danou lokalitu obyvat nebude (MULLER et al. 2008;
HoRrAk 2012). Proto jsou tyto skupiny saproxylickych brouki ¢etnéjsi
pravé v proslunénych porostech, napt. v doubravach (BoUGeT et al.
2013) nebo v porostnich mezerach ¢i na kalamitnich plochach (Bou-
GET, DUELLI 2004; HorRAK 2008). Pro posileni porostni biodiverzity
se proto doporucuje udrzovat lesy ve volnéjsim zapoji (HORAK, REBL
2013; HORAK et al. 2014; LEIDINGER et al. 2019), otevienost zapoje
pozitivné ovliviiuje i epigeické druhy broukt (PODRAZSKY et al. 2010;
LANGE et al. 2014).

Shrnuti poznatki

Zpusob vyuzivani lesa ma zdsadni dopad na biodiverztiu saproxylic-
kych druhit hmyzu, protoze ovliviiuje véechny hlavni atributy, které
jsou pro vyskyt saproxylickych druht dilezité. Rezervace jsou nositeli
vét§iho mnozstvi mrtvého dreva a mikrostanovist v porovndni s hos-
podarskymi lesy, a tim jsou velmi dilezitym fragmentem vysoké bio-
diverzity v krajiné. Mnozstvi mrtvého dfeva a mnozstvi mikrostano-
vi$t se u bézné aplikovanych zptsobti hospodateni prilis nelisi a jsou
stale velmi nizka z diivodu ekonomického zhodnoceni dfevni hmoty
a taktéz z obav z rozmnozeni biotickych skudct lesnich porostu.

Z pohledu oslunéni jsou recentni rezervace zpravidla plné zapojené,
jelikozZ se jednd jesté o poziistatek hospodarskych porostt, jejichz ma-
nagement je dosud zaloZen na péstovani plné zapojenych a zakméné-
nych porostt. Tento fakt se méni ve starych rezervacich, kde postupné
nastupuje rozpad ptvodniho lesniho porostu, ¢imz dochdzi k prola-
movani zapoje a pfisunu insolace do nitra porostu. U hospodarskych
lesti nastava vétsi piisun svétla do porosttl pouze ve fazi obnovy, coz
se muze projevovat postupné a relativné dlouhodobé uvnitt porostu
(u podrostniho zptsobu hospodateni s delsi obnovni dobou), nebo
néhle s oslunénim porostnich stén (u holose¢ného zptisobu), pfipadné
se uplatnuji oba efekty (u nase¢ného zptsobu hospodateni). Vybérny
zpusob hospodarenti je z pohledu oslunéni porostit nejméné ptiznivy,
protoze vertikalni zapoj porostu vynika vysokou intercepci.

Drevinna skladba se v recentnich rezervacich taktéz vyskytuje jako
relikt po lesnim hospodateni. Staré rezervace se v tomto ohledu jiz
méni, jelikoZ se v pribéhu samovolného vyvoje spiSe uplatiuji stinné
dreviny a slunné se zpravidla nedokdzi ve vét$i mife prosadit, pokud
nedojde k plo$né rozsahlejsi disturbanci. Dfevinna skladba je v hos-
podatskych lesich odvozena ze zaméru lesniho hospodare a zavisi také
na ekologickych podminkach, které se vytvareji pti aplikaci zvoleného
hospodarského zpisobu. U nékterych zptsobt hospodafeni panuje
u volby druhové skladby pomérné velkd volnost (holose¢ny zpiisob
s umélou obnovou, ndse¢ny zpisob s kombinovanou obnovou), u ji-
nych zptisobt je druhové skladba vyznamné determinovana druho-
vou skladbou ptedchoziho porostu (podrostni zpusob s pfirozenou
obnovou), u vybérného zpisobu se vzhledem k permanentnimu za-
stinu mohu obnovovat pfedev$im stinné dfeviny. Vliv typu lesnického
managementu na hlavni atributy ovliviiujici biodiverzitu sparoxylic-
kych druhti hmyzu je sumarizovan v tabulce 10.
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Tab. 10.

Vliv bézného lesnického hospodareni na hlavni aspekty ovliviujici diverzitu saproxylickych brouktl v porovnani s rezervacemi
The effect of basic forest management on the main aspects affecting the diversity of saproxylic beetles compared to reserves

Tenké/ Tlusté/ Mikrosta- Slunce/ Drevinna skladba/ Obmyti nebo
Mrtvé difevo/Dead wood Small Large novisté/ Sun Tree species dimenze/Timber time

9 Microhabitats composition or dimension
Rezervace/ recentni/recent (< 50 let/years)  + - ? - ? X
Protected area stara/old (> 50 let/years) + + + * - X
holosecny/clear felling - - - * ? -
Hospodarské zpusoby/ nasecny/border felling - - - * + -
Silviculture systems podrostni/shelterwood - - - * - +

vybérny/selection - -

- - - +

(+) pozitivni a ¢asty vyskyt daného aspektu dileZitého pro saproxylické brouky; (-) vyskyt zcela nepatrny nebo zadny; (*) proménliva proménnd; (?) odvislé od viile lesnického hospo-

dare; x proménna v daném typu se nevyskytuje

(+) positive and frequent occurrence of a given aspect important for saproxylic beetles; (-) slight or no occurrence; (*) variable; (?) depending on the will of the forest manager; x variable

dQES not occur in the given type

ZAVER

Na zékladé provedené analyzy je zfejmé, Ze z pohledu biodiverzity je
ponechaného v lesnich porostech k uplnému rozkladu. Zejména tak-
tka uplné chybi frakce vétsich rozméra a celé kmeny, at stojici nebo
lezici, které jsou hlavnim dtoc¢istém ohrozenych druhi. Na jejich
podporu je nutné se zaméfit, jelikoz bézné druhy se budou navysovat
simultanné. Zejména stojici torza jsou klicovym domovem vzacnych
saproxylickych brouki. Absence tohoto typu mrtvého dreva zapfici-
nila, Ze mnoho druht hmyzu bylo zatazeno do penz ¢ervenych se-
znami. Relativné novym problémem, ktery by mohl inhibovat i pocéty
béznych saproxylickych druhd, je potencidlni energetické vyuzivani
tézebniho odpadu, coz by mohlo mit neblahy vliv i na stav lesnich
ptd. Druhym omezujicim aspektem jsou stinné, plné zapojené po-
rosty, které brani vstupu slune¢ni radiace do nitra porostd. Z tohoto
divodu je z pohledu biodiverzity vysoce Zadouci kombinovat raizné
hospodarské zptisoby a za vhodnych podminek i tvary lesa, jelikoZz
kazdy z nich vytvari jiné mikroklimatické podminky a také zméni
raz krajiny, i kdyZz nékde pouze doc¢asné. Tim je mozné vytvorit pod-
minky pro rtizné komunity bezobratlych a pro druhy rané sukces-
nich stadii lest, zdroven se zde muiZe uplatnit i jiné dfevinné sloZeni.
Jednotlivé hospodarské zptsoby nelze z pohledu biodiverzity jed-
nostranné plo$né upfednostiovat, protoze by to vedlo k homogeni-
zaci krajiny, a tim ke ztrté regionalni biologické rozmanitosti. Pfi
uplatniovani vhodnych péstebnich postupt dochazi k vyssi insolaci
slune¢niho zéfeni do nitra porostt, coz pozitivné ovliviiuje aktivitu
bezobratlych, a objem mrtvého dreva pak neni pro biodiverzitu tak
zdsadni. Samozfejmé se tim nesnizuji pozadavky druht na dimenze
mrtvého dfeva, ty zistavaji zachovany. Za predpokladu vyssich ob-
jemt mrtvého dfeva by se jevil jako vhodny podrostni, eventudlné
vybérny hospodarskych zpiisob, pfi niz$ich objemech mrtvého dieva
lesnich porostech je pak z pohledu biodiverzity vhodnéj$i maloplosny
holose¢ny a nase¢ny zptsob. U lesnich porostii vynatych z hospoda-
feni se biodiverzita zvySuje v pribéhu pomérné dlouhého ¢asového
k velkému objemu mrtvého dfeva a ke vzniku mnoha a rozmanitych
mikrostanovi$t. Tento bezzdsahovy rezim je vhodny ve stfednich a
vyssich polohich a na extrémnich stanovistich, napfiklad edafické
kategorie X, Y, Z. Naopak nevhodnd se pro biodiverzitu jevi konze-
rvarska strategie v nizinnych a slunnych porostech. Mimo klasické
péstovani porostti pro produkci dfeva je nutna podpora a tvorba dfive
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béznych typt hospodareni, kterymi jsou napf. slunné (oborné) pas-
tevni lesy, aleje a jiné struktury se starymi oslunénymi stromovymi
veterany.

Podékovani:
Tento ¢lanek vznikl za pomoci projektu IGA 43120/1312/3106.
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SAPROXYLIC BEETLES AS AN INDICATOR OF FOREST BIODIVERSITY AND THE INFLUENCE
OF FOREST MANAGEMENT ON THEIR CRUCIAL LIFE ATTRIBUTES: REVIEW

SUMMARY

Forest management has affected most forests in Europe over the last centuries. Intensive forest management reduces biodiversity mainly due
to the absence of dead wood, which is very important for creating rich forest biodiversity (CHRISTENSEN et al 2005; MULLER, BUTLER 2010;
HorAx 2012). In managed forests with full-canopy closure and no dead wood, the environment for saproxyl beetles is almost uninhabitable.
The saproxyl beetle group has become a frequently used bioindicator of forest biodiversity, especially endangered species (HORAK 2008; ECKELT
et al. 2018). The total number of saproxylic beetle species is estimated at around 4,000 species across Europe (CALIX et al. 2018), 21.5% of which
are threatened in the EU (CALIX et al. 2018). Saproxyl organisms are dependent on dead wood at any stage of their own development and at
any stage of wood decomposition (SPEIGHT 1989; ALEXANDER 2008; JAWORSKI et al. 2019). This has caused a large number of saproxyl species
to be listed on red lists across Europe (NIETO, ALEXANDER 2010; CALIX et al. 2018). One group of saproxyl beetles are called old forest relics,
which are species that depend on the forest environment without interrupting forest continuity, with large quantities of large-scale dead wood
(MULLER et al. 2005; ECKETL et al. 2018). Endangered saproxyl beetles have a low dispersal capacity (BRUNET, IsSACcSSON 2009), the mobility of
old forest relics is even lower, and this is one of the reasons why they are so rare. The main threat to saproxyl beetles is intensive logging with
the removal of dead wood (RoOUBAL 1915; ZUMR, Karas 1981; CiZex 2008; HOrRAK 2012; MARHOUL 2008; NIETO, ALEXANDER 2010; CALIX et
al. 2018). Furthermore, it is a change in the tree species composition of the stands, the creation of homogeneous and even-aged stands (KrAsa
2015), the loss of forest continuity with an interruption in the stability of the age structure and the loss of old veteran trees (NIETO, ALEXANDER
2010; ZuMR 2019). A key refuge for many beetle species is the old sun-exposed veteran trees (HORAK, REBL 2013; HORAK et al. 2014; SEBEK et
al. 2016; PARMAIN, BOUGET 2018; ZuMR 2019) with many linked microbiotopes. The largest hosts of microbiotopes are standing stumps and
large trees (WINTER et al. 2015; PAILLET et al. 2017). For common saproxylic beetle species, the openness of canopy is more important than the
quantity and size of wood dead biomass (PROCHAZKA, SCHLAGHAMERSKY 2019). The total amount of dead wood in forests is shown in Tables
5,6 and 7, usually less than 10 m*/ha in managed forests. Oaks (Quercus sp.), on which most saproxyl insects are likely to depend, have a special
status (VODKa et al. 2009; BACE, SvoBopa 2016) with the greatest host potential for microbiotopes (VUIDOT et al. 2011) at the same time for
saproxyl beetles (CizEk 2010) and for the most endangered species (JONSELL et al. 1998). Sunny locations have diversity and abundance more
than 50% higher than shady and cold sites (LACHAT et al. 2012, 2016; MULLER et al. 2015b; SEBEK et al 2016).

The use of the forest has a major impact on the biodiversity of saproxylic insect species, as it affects all the main attributes that are important
for the occurrence of saproxylic species. Forest reserves carry more dead wood and micro-habitats compared to production forests, and are
thus a very important fragment of high biodiversity in the landscape. The amount of dead wood and the amount of micro-habitats are not very
different for commonly used forest management methods, and are still very low due to the economic valuation of wood biomass as well as
concerns about the proliferation of biotic forest pests.

From the sunshine perspective, recent forest reserves are generally fully closure, as they are still a remnant of the former management. This fact
is different in the old reserves, where the decay of the original forest stand gradually sets in, causing the break of the canopy and the influx of
insolation into the undergrowth. As for managed production forests, there is a greater inflow of light into the stands only in the regeneration
phase, which can occur gradually and over a long period within the stand (in the shelterwood system with a longer regeneration period), or
suddenly with the sun exposure of the stand wall (in the clear-felling system). Alternatively, both effects (in the regeneration by border felling)
may be applied at the same time. The selective silviculture system is the least favourable from the point of view of the sun exposure inside the
stands, as the vertical canopy of the stands excels in high interception.

Tree species composition is also found in recent reserves as a relic from forest management. Old reserves are already changing in this respect,
as shade tolerant species are more likely to be used during spontaneous development and sunny ones are generally unable to assert themselves
more widely unless there is a more widespread disturbance. Tree species composition in managed forests is derived from the intention of the
forester and depends on the ecological conditions created by the application of the chosen silviculture method. For some silviculture methods,
there is quite a lot of latitude in the choice of the species composition (clear-felling system with artificial regeneration, regeneration by border
felling with combined regeneration). For other methods, the species composition is significantly determined by the species composition of the
previous stand (shelterwood system with natural regeneration), for the selection method, in particular shade tolerant species can be regenerated.

From a biodiversity perspective, it is highly desirable to combine different silviculture systems, as each creates different microclimatic conditions
and changes the landscape, albeit only temporarily. This makes it possible to create conditions for different invertebrate communities and for
species of early succession stages of forests, while other species compositions can also be applied here. Individual silviculture systems cannot
be prioritised unilaterally in large scale from a biodiversity perspective, as this would lead to homogenisation of the landscape and thus loss of
regional biodiversity.
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Abstract: Due to traditional forest management, the primary goal of which is the production of raw
wood material, commercial forest stands are characterized by low biodiversity. At the same time,
commercial forests make up the majority of forests in the Central European region, which means a
significant impact on the biodiversity of the entire large region. Saproxylic species of organisms are a
frequently used criterion of biodiversity in forests. Based upon the analysis of 155 scientific works,
this paper defines the fundamental attributes of the active management supporting biodiversity as
well as the preservation of the production function. Using these attributes, a model management
proposal was created for three tree species, which takes into account the results of research carried
out in the territory of the University Forest Enterprise of the Czech University of Life Sciences
Prague, since 2019. The optimum constant volume of deadwood in commercial stands was set at
40-60 m3 /ha, 20% of which should be standing deadwood. The time framework is scheduled for an
average rotation period of the model tree species, while the location of deadwood and frequency of
enrichment must comply with the rate of decomposition, the requirement for the bulkiest dimensions
of deadwood possible, and the planned time of tending and regeneration operations in accordance
with the models used in the Czech Republic. The goal of active management is to maintain the
continuity of suitable habitats for sensitive and endangered species. The estimates of the value of
retained wood for decomposition can be as high as 45-70 EUR/ha/year for spruce and beech, and
about 30 EUR /ha/year for oak.

Keywords: saproxylic beetles; deadwood; integrated forest management; deadwood enrichment;
species richness; managed stands

1. Introduction

The importance of deadwood for the biodiversity of saproxylic species of insects
and fungi, as well as for the natural functioning of forest ecosystems, has long been the
subject of research. Over the last 20 years, this topic has become the focus of attention
for commercial forests too, as deadwood is no longer seen as a product of poor forest
management. However, this issue has not been comprehensively settled in order to be
a tangible and acceptable forestry practice. To date, there have been isolated research
studies [1-3] or various original experiments, e.g., [4-8]. Saproxylic organisms are de-
pendent on deadwood at all stages of their development, and throughout any stage of
wood decomposition [1,9-11]. The largest groups bound to deadwood are fungi and in-
sects [12,13]. Fungi are the most important factor in the decomposition process [14,15],
especially the division Basidiomycetes [16], and insects are the most important vector with
active wood-seeking movement, while their way of life helps to spread fungi to more
distant places [17-19]. Saproxylic beetles are very popular because they provide reliable
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data on the preservation of the environment and are often used as indicators of forest
biodiversity [2,9,13,20-22]. Nature reserves are one of the options to preserve and create
conditions for many specific species of animals. A forest area excluded from management,
however, may not always be the most advantageous environment for saproxylic beetles.
In this respect, suitable habitats for a non-intervention regime are found especially at
higher and middle altitudes in stands predominantly consisting of three main tree species—
Norway spruce, European beech, and silver fir [23]. The non-intervention regime is also
suitable for extreme positions, steep slopes, and drying sites where the canopy is not fully
closed, and the stands remain strongly differentiated [24]. Nevertheless, a conservation
(non-intervention) strategy is inappropriate for lowland forests where local species depend
on sunny habitats, e.g., oak forests [25,26]. The absence of management would lead to the
homogenization of species composition, the closure of the canopy, and a strong reduction
of species richness of saproxylic beetles [24,27-33]. In addition, there are a number of
typical attributes of the natural forest in the reserves, towards which the development
spontaneously leads. In particular, we are talking about large volumes of coarse woody
debris (CWD), spatial heterogeneity, and the limited use of tree species, among other
factors [1]. Societally, these facets are mostly considered as beneficial, but the owners to
some extent view them as negative [1]. It is the wood production function that the owners
perceive as positive, while it is excluded in nature reserves. Therefore, a compromise is
sought between wood biomass production, and the expansion of the typical characteristics
of natural forests, as high volumes of deadwood are problematic for the economy of forest
enterprises [34]. One way to combine the production functions of forests and high biodiver-
sity is functionally integrated forest management, with an emphasis on active enrichment
of stands with deadwood [6], or retention management, which is preferred in Scandinavia,
e.g., [35]. The implementation of different methods of management depends on several
factors: socio-cultural, economic, and political [36]. In contrast to nature reserves, the goal
of silvicultural interventions in functionally integrated forest management is the gradual
increase in stand volumes and the improvement of production quality, accompanied by
active enrichment with wood necromass [37]. Active enrichment with wood necromass
may be in fact faster than the natural increase of deadwood volumes in newly established
reserves [4-7]. While conventional forest management reduces the amount of deadwood,
the number of microhabitats and the diameter differentiation of trees [37], functionally
integrated management seeks to take into account all of these attributes [4]. However, it
must be remembered that in commercial forests, it is still necessary to observe the basic
principles of forest protection and the struggle against pests with special regard to climate
change, reflected in rising temperatures and the uneven distribution of precipitation—
including periods of intense drought, which has manifested itself over the last years in
Central Europe. These factors induce long-term stress on forest stands, reducing the natural
resistance of forest tree species, and conversely, increasing the risk of an outbreak of insect
pests, e.g., [38—41].

The application of scientific findings on the importance of deadwood in the manage-
ment of production forests, which form the main share of woodlands in Central Europe, is
essential for the biological diversity in the wider region of forests. Based on a thorough anal-
ysis of scientific findings, this work aims to define the attributes of functionally integrated
forest management supporting the biological diversity of the saproxylic beetle species. The
goal is to propose appropriate management measures in the context of common forestry
practice in the Central Europe region. This paper is focused on commercial forests and does
not discuss other types of management, such as game parks, grazing forests, pheasantries,
orchard meadows, and other agroforestry systems, or similar entities in the category of
special-purpose or protection forests. Although these are undoubtedly the most important
areas for saproxylic insects in general, their share in Europe is very low [42,43]. It is neces-
sary to find out how much deadwood there is in natural forests, where it is, and what its
time dynamics are, in order to apply the findings for forest management [1]. For long-term
sustainability, it is necessary to take into account the spatial and temporal relativity of
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deadwood habitats [44]. It is also necessary to determine production loss estimations for
forest owners, and thus quantify the compensation associated with the application of the
specific deadwood-enrichment management [45]. In the analytical part, the work aims
to answer questions related to the deadwood management with an exclusive focus on
creating suitable conditions for saproxylic beetles:

What is the optimal volume of deadwood?
What provides effective enrichment?

How to maintain the continuity of deadwood?
Where is the best place to start enrichment?

In the synthetic section of the paper, an active management model was proposed to
increase biodiversity for three important tree species in Central Europe.

2. Analysis
2.1. What Is the Optimal Constant Volume of Deadwood?

Discussions are often held on the amount of deadwood left to decompose, which
is needed to comprehensively fulfill all its functions, while at the same time balance the
reproductive offer for the widest possible range of saproxylic beetles. This question is
important for the planning of wood-necromass management, as the number of saproxylic
beetles are known to increase with the amount of deadwood [6,46-52] and wood-inhabiting
fungi [23,53,54]. The number of large logs in the late stage of decay, and the constant
volume per hectare are the variables that best explain the species richness of this group
of beetles [55-57] and fungi [54]. With each m? of deadwood per hectare, the number of
saproxylic beetle and fungal species increases on average by an additional 1.2 species [5].
To some extent, even the exact optimal volume is relative, as it encounters acceptable
economic loss and other risks associated with deadwood [1]. In some published studies,
we can find a specified universal volume of deadwood for increasing and maintaining the
biological diversity of saproxylic beetles in commercial forests. This volume most often
fluctuates between 20 and 60 m3 /ha [34,44,47,58,59].

These values correlate to the diversity of wood-decaying fungi, for which the optimal
volume of deadwood might exceed 100 m3/ha, and only from 20 m3/ha do the first
endangered species begin to appear [60]. Wood-decaying fungi generally require high
volumes of necromass, sometimes exceeding 300 m3/ha [23]. Many saproxylic beetles
are linked to wood-decaying fungi [7,17,61,62]. The solar influence is essential for the
abundance and diversity of saproxylic beetles [28,63,64], and at the same time, sun exposure
can compensate for the amount of deadwood [23]. A greater amount of insolation in sunny
stands reduces the required volume of deadwood for saproxylic beetles, and vice versa
in shady cold stands [47,65,66]. The strength of the effect of sun exposure on species
richness of saproxylic beetles is more likely related to the local climate—the importance
of sun exposure diminishes and may not become a limiting factor in warmer climatic
conditions. By contrast, wood-decaying fungi react negatively to changed or opened
canopy [23]. Humid and warmer environments are very important factors for many fungal
decomposers [53,67,68]. Thus, in the case of high volumes of deadwood, sun exposure may
be a limiting factor for biodiversity [48]. At the same time, several large logs cannot be
replaced by a larger number of thin logs or even smallwood [69]. Logs are more valuable
than branches [49], as numerous species cannot live on small dimensions of dead biomass
and have a set minimum threshold diameter [49,70]. Similarly, the number of saproxylic
beetle species increases with biomass diameter [71,72].

If we compare these recommended volumes of deadwood in managed stands to the
current state of forests in 19 European countries, where there is an average of 15.6 m3/ha
of deadwood, we find significant differences [73]. More precise volumes of deadwood
identified in commercial forests are given in Table 1. The small volume of deadwood is the
main reason why commercial stands are very poor in saproxylic beetles [44,74,75]. The same
applies to the most endangered species in forest ecosystems, where these volumes are well
below the limits at which they begin to appear [44], e.g., typically over 60 m3/ha [34,48,65].
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Table 1. Volume of deadwood in managed stands (m?/ha).

Volume (m3/ha) Tree Species Country
Fridman and Walheim (2000) [76] 6.1 Coniferous Sweden
Siitonen (2001) [77] 14 Coniferous Finland
Christensen et al. (2005) [78] 10 Beech Europe
Vasicek (2007) [79] 5.5-9 Mix Czech Republic
Vitkova et al. (2018) [3] 9.1 Mix Czech Republic
Puletti et al. (2019) [73] 9.8 Mix Czech Republic
Roth et al. (2019) [7] 189 Beech Germany
Kucera and Adolt (2019) [80] 6.7-13.8 Mix Czech Republic
Leidinger et al. (2020) [8] 19.3 Beech-oak Germany
Bujoczek et al. (2021) [81] 4.1-15 Mix Poland

Tree species—the main tree species occurring in studied forest stands. Mix: forest stands with coniferous and
deciduous tree species combined.

Up to three times higher volumes of deadwood were detected in commercial stands
in mountain areas [81]. However, even this condition strongly limits the biodiversity of
saproxylic beetles because in such cold locations, a higher volume of deadwood is required
compared to warm ecosystems [47,65]. The diversity of deadwood is also important [66].
Increased volumes of deadwood—and consequently, the saproxylic beetles” diversity—
are highly correlated with the diversity of other taxonomic saproxylic groups, which
leads to an increase in the overall multidiversity of saproxylics [74]. This is due to the
inhabitation of the same or similar types of deadwood microhabitats, e.g. by fungi, lichens,
and mosses [34,54,82], also the group of Diptera [83]. This is also confirmed by the proven
causality in the number of nesting birds in tree snags only when robustly colonized by
saproxylic beetles [84].

2.2. How to Effectively Enrich the Stands

It is simple to enrich the stands just by leaving the felled logs, felling residues, and
fallen wood in place [1]. The enrichment of forest stands with only small fractions of wood
biomass is insufficient in terms of increasing biodiversity [3]. It is necessary to focus on
bulky specimens of deadwood, as this type of wood is certainly missing in the commercial
stands [85]. Therefore, thick wood fractions need to be applied [2,86]. The minimum
diameter is 15 cm [87,88], but at the same time, the increasing diameter of deadwood
increases the possibility to host bigger species of beetles [49] and a larger number of
saproxylic beetles [72] and fungi [54]. Also, Grossner et al. [34] recommend preserving
deadwood of larger dimensions in the stands, with a diameter of 50 cm and more, as much
as possible. Primeval forest relics, which are species that depend upon forest habitats
without interrupting the continuity of the forest with large amounts of bulky (>40 cm)
deadwood [11,89-93].

Diameters over 70 cm of veteran trees have a demonstrably positive effect on all
saproxylic beetles [48]. Sizeable deadwood deposits can host more saproxylic species, both
endangered and common, simultaneously [94]. However, such large fractions are very
scarce in forests [95], while they are essential for highly endangered and rare saproxylic
beetle species [11,34,59,86,92,93]. Although smaller wood necromass also hosts many
saproxylic beetles [72,96], these are mainly groups of common species [59,96]. However,
some studies still favor smaller deadwood mass over large fractions [97]. The difference is
probably due to the greater abundance of early species of saproxylic beetles rather than the
later species, which are dependent upon the later stages of wood decomposition.

Active enrichment brings about a more complicated issue—standing deadwood, the
so-called snags, or microhabitat trees [4,5]. Good results in terms of biodiversity are
provided by so-called ring-barked trees [98] or stumps of up to 4 m high (Figure 1), often
used and studied in Scandinavian countries [35,99-101]. High stumps are parts of the
trees that remain in the stand after they have been felled at a greater height. Normally,
trees are felled at a height just above the ground utilizing the lower part of the trunk to
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produce wood products. The importance of standing deadwood and its greater impact on
biodiversity than that of lying logs, especially in endangered species, is illustrated in many
cases [56,69,87,102,103]. They carry the highest number of microhabitats per unit area [104].
For this reason, it is necessary to focus on standing deadwood. The simplest, safest, and at
the same time the most economically viable way seems to be the formation of high stumps,
when at this height, we can then talk about the equivalent of snags. Nevertheless, leaving
live trees in the stands is the most frequently recommended method [1], even though there
is a far greater safety risk due to the unpredictable fall of a dying tree [3]. Leaving live
coniferous species in commercial stands does not develop high-quality microhabitats for
saproxylic organisms even after an extended period of time. It is much more convenient to
leave deciduous tree species to die naturally in the stands [105] due to their high potential
for microhabitat formation [3,106].

Figure 1. Development of a veteran tree. (a) Solitary tree, which is slowly approaching the limit of physical age and creates a
variety of microhabitats. (b) The snags are very valuable for saproxylic beetles. (c) The man-made snags (high stumps) are a
suitable substitute in places where trees cannot be left to develop spontaneously. (d) Very advanced stage of decomposition

process of the snags.

In high stumps, it will take longer for the wood to become attractive to saproxylic
species of the later stages of the decomposition process, because the decomposition of
higher stumps takes longer [68]. In some cases, decomposition took up to 3 times longer,
and was due to substantially lower moisture of the snag’s wood [76,107-109]. The point of
the attractiveness to beetles was confirmed by Jonsell and Weslien [99]. It was found that
even man-made stumps that are several years old match the species richness of natural
stumps [100]. For species of the early stages of deadwood decomposition, insolation is
more important than the diameter of the stump [101]. As the decomposition phase of
deadwood progresses, the species dependent on these stages of deadwood decomposition
will also occur [17]. With larger dimensions, however, deadwood in the form of trunk
torsos and high stumps can host more microhabitats such as cavities, and thus be a hotspot
for saproxylic beetles as well as nesting birds and bats. The larger the diameter of the tree,
the more species of common and endangered beetles [110-112], as well as Picidae birds are
found [84]. By contrast, fungi prefer lying deadwood [54].
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It has been confirmed that the volume of lying wood has effectively increased since
the introduction of integrated management, but special support for standing deadwood
is still a necessity. Even after the introduction of integrated management, the number of
torsos has not increased, while habitat trees have even decreased [4]. The share of standing
deadwood is 20-30% (mode) of the total volume of deadwood, exceeding 100 m?/ha. This
share was found in natural forests and old reserves [78,104,108,113-115]. Too many snags
on the local level (e.g., in one stand) can reduce the occupancy of individual snags, as
resource availability would be greater than the ability of beetle communities to colonize
these habitats [98]. At the same time, keeping in mind that isolation is negative, it is
important to maintain the connection between these habitats [111], preferably in groups [2].
Functionally, the trunk torsos and veteran trees are also suitable for biological forest
protection due to their great host potential. They often host large numbers of predatory,
parasitoid insects, birds, and bats, and the synergistic effect of these groups can inhibit
the growing number of pests to some extent. Deadwood itself is the host of many pest
antagonists [87]. The enrichment strategy and the subsequent change over several years
were evaluated by Doerfler et al. [5], who found that deadwood mass in production forests
increased from 8 m? (set 1) and 18.9 m? (set 2) to 13.6 m> and 67.9 m3 (set 1 > 20 cm,
set 2 > 12 cm of deadwood for timber inventory). In standard production management,
the annual increase in the average level of deadwood is only 0.18 m®/h [76]. As a result
of active enrichment, saproxylic species respond positively to the increased amounts of
deadwood in stands [5-7,116] and simultaneously increase multidiversity, including non-
saproxylic insect species [5]. It has even been found that the biodiversity of the saproxylics
in production stands has exceeded recent reserves [8], or at least equalized them [7]. This
can be proof of how suitable integrated forest management is for supporting an abundance
of insects without the need for permanent and strict conservation activities that exclude the
production function of forests. A positive effect of close-to-nature integrated management
on saproxylic beetles is also confirmed by Jacobsen et al. [117].

2.3. Maintaining Constant Volume Continuity

The continuity of deadwood over time is essential for the maintenance of biodiversity,
so that the supply of microhabitats for invertebrates is constantly evolving and emerg-
ing [50,118,119]. If a species does not find their particular type of microhabitat to establish
in the landscape, they will persist in their current location, and upon losing it, they will
completely disappear and become regionally extinct [120]. Therefore, it is necessary to
supply deadwood more often than only once during the entire production period (rotation),
as the decomposition process of wood is relatively short in some cases. The metadata
assessment shows that wood of European beech (Fagus sylvatica, L.) decomposes fastest,
in 20-60 years. The wood of Norway spruce (Picea abies, L. H. Karst) decomposes within
50-100 years on average, and wood of silver fir (Abies alba, Mill.) within 70-110 years,
depending on the conditions and dimensions [67,68,108,109,121-128]. By contrast, oak
(Quercus sp.) is rather stable, and its wood standardly decomposes for at least 90 years in
all circumstances [129].

For this reason, it is necessary to carry out the enrichment at least three times within
the European beech rotation period, two times in the case of Norway spruce, and once is
sufficient for the average oak rotation period, which is 115 years in the Czech Republic
(Information on Forest and Forestry 2019). Similarly, enrichment in the range of 2540 years
is recommended by Pfivétivy et al. [67]. Alternatively, it is recommended to keep standing
trees in the stand to decay naturally, to bridge the period when deadwood is not left
purposely in place after regeneration felling [1,3]. In order to create a practical methodology
for forest owners—in connection with financial compensation—it will be necessary to
calculate in more detail the necessary enrichment phases according to the site conditions
and their original rotation periods.
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2.4. Where to Enrich the Stands?

To select appropriate deadwood management, it is necessary to consider the mobility
of species [81]. Generally, beetles disperse poorly due to their seasonal development, and
because the stage of the active adult is relatively short [119]. Thus, saproxylic insects
have a low ability for dispersion, decreasing with the rarity of individual species [130].
It also weakens the mobility of endangered and primeval forest relics [9,50,131]. It has
been found that the continuity of microhabitats and large pieces of deadwood in forest
stands perhaps play a more important role for saproxylic beetles, fungi, and lichens than
the amount of wood necromass alone [119,131], or at least the continuity has an additive
effect [50,57]. In production forests, however, the continuity of deadwood has disappeared,
and so the implementation of integration principles based on increasing necromass begins
at “square one” (Figures 2 and 3). For this reason, it is advantageous to start enriching the
stands with deadwood in production stands near natural forests, old reserves, and other
forest refugia of rare saproxylic beetle species. The distance must be as close as possible
to the boundaries of these locations because the mobility and dispersal space capacity of
saproxylic beetles, fungi, and lichens were found to be very low. The extent of dispersion
activities is reported for 100-150 m [118,132], 20-200 m [82,133], and 100-400 m? [59,134].
Cavity-living species only occur in close proximity to the cavities, some of them not leaving
them at all, e.g., [135,136].

Figure 2. Development of the natural accumulation of deadwood in unmanaged stands within
70 years of abandonment in the University Forest Enterprise of the Czech University of Life Sci-
ences Prague.

Regardless of location, however, it has been documented that the very enrichment
in shelterwood and selection-managed production beech stands has led to an increase in
saproxylic insects [5,7], as beetles respond very positively to an increase in deadwood in all
area scales [82]. Integrated management with an emphasis on deadwood accelerates high
biodiversity and reinforces ecosystem services in production stands, whose fulfillment of
these attributes so far has been rather problematic, e.g., [7]. At present, it is forest reserves—
often former production forests that have been taken out of management—which serve
as biodiversity hotspots. However, in newly established forest reserves, biodiversity
does not significantly increase until at least 40 years of development [74]. If close-to-
nature integrated management is applied on a larger scale, forest reserves can be used to
spread endangered saproxylic organisms that necessarily need specific types of deadwood
microhabitats. At the same time, the reserves will be used to monitor the natural dynamics
of the development of forest stands left to natural influences. Even after the widespread use
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of integrated principles in production forests, it is not intended nor economically feasible
to increase deadwood to 130 m3/ha, as is the average in beech forest reserves—hence
the unfailing importance of reserves [78], Table 2. Such high volumes of deadwood are
necessary for the life of many species of primeval forest relics.

Figure 3. Stages of enrichment: (0) A stand with no deadwood. (a) The first leaving of the wood to
disintegrate. (b) A medium-intensity decomposition degree at about 2/3 of the time period of the
enrichment. (c) A barely visible, highly decomposed log and the following phase of the purposeful
leaving of the deadwood in the site. The arrow above the picture indicates the decomposition process,
the lighter the shade, the more decomposed the wood.

Table 2. Volume of deadwood in the forest reserve.

Volume (m3/ha) Tree Species Country

Christensen et al. (2005) [78] 100 *-220 Beech Europe

Dudley and Vallauri (2005) [85] 40-200 Broadleaved Europe
Bilek et al. (2011) [137] 48 * Beech Czech Republic

Motta et al. (2011, 2015) [138,139] 327 Mix Bosnia & Herzegovina, Italy

Vacek et al. (2015) [108] 170-242 * Mix Czech Republic

Saniga et al. (2019) [140] 105-160 Beech Slovakia

Oettel et al. (2020) [115] 109 Mix Austria

Tree species—the main tree species occurring in studied forest stands. Mix: forest stands with coniferous and deciduous tree species

combined, * recent reserve.

Deadwood is one of the features typical of natural forests [1]. From this point of
view, even commercial stands with rather substantial amounts of deadwood cannot fully
substitute natural forests with all their attributes [141]. On the other hand, the artificial
enrichment of stands with deadwood increases biodiversity relatively quickly compared
to newly established reserves, while maintaining the important wood production func-
tion of the forest [5-7]. Larrieu et al. [114] found that in lowland oak-beech stands left
to spontaneously develop for over 10-50 years, the volume of deadwood increased by
40 m3/ha, yet after 65 years of development, the incidence of larger pieces of deadwood
(diameter > 30 cm) was very scarce. Fallen logs are mostly small in size <10 cm [95]. This
low number of thick dead logs, even after such a long period of spontaneous development,
is a problem for primeval forest relics and other highly endangered saproxylic beetles that
are dependent on large fractions of wood necromass. Within integrated management, it is
possible to intentionally enrich with deadwood, even those with large dimensions, quickly
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and easily, but on the other hand, it significantly increases the economic loss for the forest
owner, even though the stands will perform this ecosystem function for a very long time.

3. Synthesis—A Case Study of Active Management

The attributes of forest management supporting biodiversity were derived from the
above-mentioned extensive analysis of published scientific findings. The attributes of
active forest management were defined for three important tree species in the commercial
forests of the Czech Republic and wider Central Europe: Norway spruce (Picea abies [L.] H.
Karst.); European beech (Fagus sylvatica L.); and oaks (Quercus sp., including Quercus robur
L. and Quercus petraea [Matt.] Liebl.). These are the conditions of a temperate forest at the
altitudes of 100-1200 m a.s.l., which correspond to the average annual temperature: 3-10 °C,
and the annual total precipitation of 450-1300 mm. Active management is designed
to create the best possible conditions in terms of biodiversity, which means leaving a
significant volume of deadwood in the stands. However, its practical application may be
less extensive, depending on the potential and motivation of the forest owner. Management
measures are designed for all three tree species groups within the whole range of site
conditions. The model is developed for three site indexes (SI): 34 (30), 28 (24), and 18 (14,
16), which represent the best, average, and least favorable growth conditions of the model
species. The SI number stands for an average height of the tree species at 100 years of age.
The time scheme of active management aimed at increasing the diversity of saproxylic
beetle species is designed for one average rotation period of commercial stands (100 years
for beech and spruce/fir, 130 years for oak), which is based on Decree No. 298/2018
Coll. (Ministry of Agriculture 2018). The enrichment of forest stands with necromass is
planned for the scheduled period of tending and regeneration interventions in accordance
with the used models of tending and regeneration of commercial stands in the Czech
Republic [142-144]. Potential yields of forest production, corresponding to the volume
of wood left in forest stands under active management, were calculated on the basis of
the yield tables [145,146]. The design of active management is shown in the diagram
(Figures 3 and 4). The visualization respects the different rates of decomposition and the
need to maintain the overlap of decomposition stages during the enrichment with wood at
the age of thinning (pole stage), and at the time of regeneration felling (stemwood stage).
The quantification of enrichment is given for the particular tree species in Tables 3-5. The
calculations also reflect the different production conditions of the sites, SI: 34 (30), 28
(24), and 18 (14, 16). The model does not expect deviations from the usual silvicultural
practice applied for the particular tree species; the difference compared to the standard
management lies in leaving a certain amount of wood in the stands to decompose.

Age 0 20 40 60 30 100 120 140 160 180
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Figure 4. Simplified visualization of dendromass enrichment phases (green color) and necromass

(brown color) according to tree species.
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Table 3. Design of active deadwood (DW) management for Norway spruce/silver fir.

SI Age Volume DW Standing DW Mean DBH Volume Stock Total Volume Production Loss in Volume Production
8 m°/ha m3/ha cm m°/ha m°/ha %
100/0 60 38
34 55 20 25
75 20 33
z 100 827 1046 9.6
100/0 60 32
28 55 20 20
70 20 25
z 100 620 737 13.6
100/0 64 24
16 50 20 14
70 16 20
x 100 324 360 27.8
Table 4. Design of active deadwood (DW) management for European beech.
ASI A Volume DW Standing DW  Mean DBH  Volume Stock  Total Volume Production  Loss in Volume Production
&e m3/ha m3/ha cm m3/ha m3/ha %
100/0 60 15 26
35 20 13
45 20 19
¥ 55 20 2
70 30 15 28
x 150 30 648 874 17.1
100/0 60 15 32
35 20 10
45 20 14
28 55 20 17
70 30 15 18
z 150 478 596 25.2
100/0 93 15 24
50 18 12
18 65 19 17
80 20 15 22
z 150 30 260 317 47.3
Table 5. Design of active deadwood (DW) management for oak.
ASI A Volume DW Standing DW  Mean DBH  Volume Stock  Total Volume Production  Loss in Volume Production
&e m3/ha m3/ha cm m3/ha m3/ha %
130/0 30 10 41
30 65 10 20
80 10 25
x 50 10 622 789 6.3
130/0 30 10 52
24 70 10 27
85 10 32
x 50 10 424 516 9.7
130/0 34 10 23
14 55 11 12
75 5 17
x 50 10 182 201 249

3.1. Norway Spruce

A necromass enrichment model was designed for this tree species in accordance with
the expected decomposition time, which corresponds to approximately half of the rotation
period. With the planned continuous volume of 50 m®/ha, it means leaving 100 m3/ha
in the stands for the entire rotation. The first stage of enrichment with deadwood occurs
during the major harvest, when 60 m>/ha of wood is left to decay. This is about 7% of
the mature stand volume in the SI 34, 10% in the SI 28, and 20% in the SI 16. Another
enrichment with deadwood begins at the age of 55 (20 m3/ha) and then at the age of 70
(75) (again, 20 m?/ha), when thinning is carried out (Figure 4, Table 3). Preferably, sterile
snags and trees of low economic value are left to decompose. If there is a risk of bark pest
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infestation, it is necessary to debark the wood mass, which significantly increases the costs.
In terms of forest protection, Norway spruce is the most delicate tree species in deadwood
enrichment. For this reason, active enrichment with standing spruce deadwood is not
computed.

3.2. European Beech

Due to the fact that beech wood decomposes rather quickly, it is necessary to supply it
quite often to ensure the planned continuous volume and to leave about 150 m3/ha during
the rotation period, which is the largest volume among the examined tree species. The
first phase of enrichment with deadwood occurs during the major harvest, when 60 m>/ha
of wood is left to decay. This is about 9.3% of the mature stand volume in the SI 34 and
12.6% in the SI 28. In the worst sites represented by ASI 18, it was necessary to increase
the enrichment at the time of the major harvest to 93 m3/ha (39.7% of the mature stand
volume), because the available volume of wood from standard thinning would not be
enough to provide the necessary amount of wood to decay. At the time of the major harvest,
approx. 15 m3/ha of the planned volume of trees would be left standing to die naturally
and then decompose, which represents approximately 3-5 trees. Standing trees can be
combined with at least 4 m high stumps. Another enrichment with deadwood would begin
at the age of 35, 45, and 55 years (always 20 m®/ha) and then at 70 years (30 m®/ha), at the
time of standard thinning (Figure 4, Table 4). In the poorest sites, further enrichment would
be limited to thinning at the age of 50, 65, and 80, every time leaving approx. 20 m?/ha to
decay. During the last enrichment, about 15 m3/ha of the planned volume would be left
standing to die naturally. Trees with low economic value (trees with cavities and visible
rot, crooked, forked, and damaged trees) would preferably be left to decay.

3.3. Oak

Unlike spruce—and especially beech—oak wood decomposes relatively slowly. For
this reason, it is sufficient to enrich the oak stands with the smallest volume of deadwood,
which is equal to the recommended amount of 50 m>/ha during the rotation period. The
first stage of enrichment with deadwood takes place during the major harvest, when
30 m3/ha of wood is left to decay. This is about 5% of the mature stand volume in the
SI 30 and 7% in the SI 24. In the poorest sites, represented by SI 14, it was necessary to
increase the enrichment during the major harvest to 33 m3/ha (18% of the mature stand),
because the available volume of wood from the standard thinning would not be sufficient
to ensure the necessary amount of wood to decompose. At the time of major harvest,
approx. 10 m3/ha of the intended volume of trees would be left standing to die naturally
and then to rot, which represents approximately 1-3 trees. Standing trees can be combined
with at least 4 m high stumps. Further enrichment with deadwood should take place at the
age of 65 (70), and 80 (85) years (always 10 m3/ha) in accordance with the tending models
(Figure 4, Table 5). In the poorest sites, further enrichment might be limited to thinning at
the age of 55 and 75, leaving 11 m3/ha and 5 m?/ha. Trees with low economic value (trees
with cavities and visible rot, crooked, forked, and damaged trees) would preferably be left
to decay.

4. Discussion and Conclusions

The proposed management model suggests a relatively rapid enrichment of stands
with deadwood, which is a key factor in increasing the diversity of saproxylic organisms.
At the same time, the production function of forest stands—and thus the use of wood—
is not suppressed. Management is designed to be applicable to current standard forest
management models. However, it is obvious that alternative, close-to-nature silvicultural
methods are also important for increasing biodiversity in commercial forests. Changing
silviculture systems are creating different conditions for many invertebrate communi-
ties [128,147] and the landscape is regionally heterogeneous [148]. Based on an analysis of
scientific findings, the volume of wood mass actively left to decay, which is supposed to
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be continuously present in forest stands, was calculated at 40-60 m3/ha. This is a volume
attempting to balance a wide range of requirements for saproxylic beetles, other ecosystem
functions and economic considerations. This volume will ensure the survival of many
endangered species, with the exception of critically endangered primeval forest relics, for
which this volume may be insufficient, but is already approaching a stage where they are
likely to occur [44,65]. Compared to actual volumes in Europe, there is at least 3 times less
dead biomass on average in commercial stands [149]. The actual enrichment process is
assessed in relation to the rate of decomposition of the examined tree species deadwood,
and on the models of tending and regeneration silviculture measures. The most intensive
management model is designed for beech stands (150 m®/ha per rotation period), while
the least intensive enrichment is designed for oak stands (50 m>/ha per rotation period).
Enrichment during the stand development is shifted to more advanced stages, when it is
possible to leave wood of larger dimensions in the stand, which is especially important for
increasing the diversity and abundance of rare species of saproxylic beetles. Deadwood
over 15 cm of diameter has the best properties. These larger fractions maintain suitable con-
ditions for extended periods of time. Standing deadwood should be kept in groups, with
at least a few individuals representing a share of 20-30% of the total volume of deadwood.
High stumps are available and safe standing deadwood. Due to economic aspects, labor
intensity, and the effect on biodiversity, it is clear that creating such high stumps should be
performed on trees with diameter at breast height (DBH) >35 cm. When created by har-
vester technology, even occupational safety precautions are met. In terms of the diversity
of dead biomass, it is necessary to naturally preserve dead trees and their parts, as they are
often damaged and contain important microhabitats—provided that there is no threat to
forest stands by pests. This type of deadwood can be expected in the longer term from the
trees that will be left standing to die naturally in the stand. Advantageously, a tree left in
the stand gains space and time to grow to large dimensions, thus increasing the number
of microhabitats [106,150,151]. A future veteran tree growing outside the closed stands
will be preferable to saproxylic species, as evidenced by many studies, e.g., [27,32,112],
while numerous rare species live only on these veteran trees. Considering the significant
decline of old trees in the landscape [152,153], it is also possible to slightly reverse the
unfavorable situation. However, the forest manager will find it difficult to select convenient
places where these unique trees can be left to die naturally. Suitable sites include places
where a substantial loss of the stand-growing area does not pose a problem, and where no
significant crown projection is an obstacle to the growth of the new forest. From a safety
perspective, it is necessary to avoid places frequently visited by people.

A continuity of nutrient/residence stability is undoubtedly a key issue. To maintain
stability, it is necessary to enrich several times during the rotation period, depending on
the type of species. It is three times for F. sylvatica, two times for P. abies, and once for
Quercus sp. during their rotation period. In terms of standing wood, the production of
high stumps in regeneration felling will be combined with leaving several live trees in
place to die naturally. To conserve rare early-successional species, it is necessary to ensure
a continuous input of dying trees by prolonging rotation times in mature forests [154]
and other rare species [92]. The starting point of functionally integrated management
is not tied to specific sites or conditions. This management concept can be used almost
wherever the diversity of the landscape is observed. However, from the point of view of
saproxylic beetles with rather limited mobility, it is appropriate to start enrichment in the
immediate vicinity of forest reserves or other important refugia of endangered beetles. This
will create a backbone network in the sense of a green corridor to more distant localities
for easier dispersal of these species into the landscape. As a matter of fact, reserves are
not a complex solution in the landscape where an area several times larger is occupied by
commercial stands.

The proposed management for increasing the biodiversity of saproxylic species re-
duces timber production. Nevertheless, our concept of active forest management can be
classified as Medium-Combined Objective Forestry in the sense of the Duncker et al. [155]
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classification, as it attempts to combine the fulfilment of multiple functions and needs in
a single stand. The absolute amount of loss is influenced by the proposed management
parameters, which reflect the tree species. The lowest production loss is in oak because the
proposed volume of wood to be left in the stand is the smallest (50 m®/ha for 130 years).
In contrast, the highest loss is recorded for beech (150 m?/ha for 100 years). The relative
amount of loss in relation to the total volume production is significantly affected by the
quality of the site. It varies between 6.3% (oak, SI 34) and 47.3% (beech, SI 18). An approxi-
mate estimate of the financial damage for the given tree species and the circumstances of
the Czech Republic can be made using the study by Pulkrab [156], who calculated the eco-
nomic effect of the timber-production function for all main tree species and habitat types. If
we assume that the level of monetization will be the same, then the potential economic loss
would be in the range of ca 20 EUR /ha.year (oak) to 45 EUR /ha.year (spruce). However,
when applying the recommended methods in the management proposal, a reduction of
this loss can be expected due to the preferential leaving of low-value trees to decay. While
the economic loss in the application of the proposed model is comparable between sites,
the share of this loss in total profit varies considerably, from ca. 10% (SI 30, oak) to ca. 100%
(ASI 28, beech). This financial loss is somewhat less than reported by Doerfler et al. [5]
and Roth et al. [7], who documented a loss of 80-90 EUR/ha-year in Germany. In our
case, however, we calculated the actual potential loss by subtracting the estimated costs of
harvesting and transporting the wood to the customer from the value of the deadwood left.
If we considered only the value of the left wood, we get an amount of 45-70 EUR /ha.year
for spruce and beech, and about 30 EUR/ha.year for oak. Moreover, in the poorest beech
and oak habitats (SI 14, 18), standard management is unprofitable, so the application of the
proposed management in payments for ecosystem services could mean a positive economic
outcome and therefore a high incentive for forest owners. These values correspond to the
potential ecosystem function of these stands and could be used to derive payments for
this service to the forest owner. By comparison, these amounts are equivalent to 20-30%
of the flat rate payment in 2020 for agricultural land in the Czech Republic, or 15-25% of
the subsidy for organic farming. When applied generally to all commercial forests in the
Czech Republic, this would mean an annual payment of approximately 1.9 billion CZK,
which corresponds to about 76 million EUR. Still, these financial values are only indicative
ones; it is necessary to provide a more precise analysis in a separate economic study.
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Small-scale spontaneous dynamics
in temperate beech stands

as an importance driver for beetle
species richness

Vaclav Zumr™, Jifi Reme$ & Oto Nakladal

Natural dynamics in forests play an important role in the lives of many species. In the landscape of
managed forests, natural disturbances are reduced by management activities. This usually has a
significant effect on insect diversity. The effect of small-scale natural dynamics of protected beech
stands on the richness of saproxylic and non-saproxylic beetles was investigated. Sampling was
carried out by using flight interception traps in the framework of comparing different developmental
stages: optimum, disintegration, and growing up, each utilizing 10 samples. We recorded 290 species
in total, of which 61% were saproxylic. The results showed that the highest species richness and

thus abundance was in the disintegration stage. In each developmental stage, species variation

was explained differently depending on the variable. Deadwood, microhabitats, and canopy
openness were the main attributes in the later stages of development for saproxylic beetles. For
non-saproxylics, variability was mostly explained by plant cover and canopy openness. Small-scale
disturbances, undiminished by management activities, are an important element for biodiversity.
They create more structurally diverse stands with a high supply of feeding and living habitats. In
forestry practice, these conclusions can be imitated to the creation of small-scale silvicultural systems
with active creation or retention of high stumps or lying logs.

Forest ecosystems are one of the most important carriers of regional biodiversity'. Over several centuries, forests
have been largely changed into managed stands with simple stand structures®. Few untouched natural forests
have been conserved®, usually only in the higher, inaccessible areas*. The early stages and final stages of forest
development have almost disappeared from the landscape®. They are typically caused by natural disturbances®”.

Invertebrates are strongly affected by anthropogenic landscape changes and are, therefore, in decline
globally®-'%. Beetles are the most studied group of insects, especially saproxylic, deadwood-dependent beetle
species'!, which are also one of the most threatened groups in forests'> *. In fact, for many saproxylic species,
the continuity of habitat conditions is more important than the amount of deadwood itself'¥, which is primar-
ily determined by the previous management. Removing all deadwood leads to a decline in saproxylic species'.
Natural beech forests are of high value for conservation of this group of beetles'> '°. Therefore, forest reserves
are often newly established in areas where at least an autochthonous tree species composition is observed!” 5.
The main aim of establishing reserves is to maintain and enhance biodiversity in a specific area'> °. The num-
ber of species found in reserves that have been protected for a relatively short period of time is generally lower
when compared to ancient protected forests'2. However, these sites may be a regional refuge for a high number
of saproxylic species in the future. In recent years, so-called integrative management, which is characterized by
active deadwood enrichment, has been frequently studied®*~*2. If stands around protected areas are managed in
this alternative way, species that exclusively inhabit the current reserves may spread to more distant locations®.

The reason for protection is also to maintain the natural dynamics of forest stands**-?°. As a rule, intensive
logging has adverse consequences for saproxylic beetle biodiversity when removing wood after a disturbance’.
The natural development of forests results in the gradual disturbance of homogeneous structures, usually by
wind?” 2, but also by insect outbreaks and fire*. Forests were also shaped by large herbivores in the past®®3!.
These disturbances resulted in a highly structured heterogeneous landscape®. Naturally formed forest stands
contain numerous attributes that support biodiversity. Typically, these are high volume and large deadwood
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Figure 1. Location of the study area and adjustment of permanent plots in the study area. The map was created
in the Paint 3D application (Microsoft, Win10).

dimensions®, which are required for the most endangered saproxylic beetle species** 3. Other important attrib-
utes for saproxylic beetles are microhabitats®*” and, due to canopy openness, increased exposure of the interior
of stands® .

The research focused on the response of beetle (Coleoptera) richness to the natural small-scale dynamics of
recently protected beech stands. These dynamics periodically appear in climax forests*. Disturbance typically
takes place over areas of several ares through the death of a few trees in the group**>. However, scientific work
has focused mostly on large-scale disturbances such as windstorms**~*°. For this study, three basic derived growth
stages of small-scale natural forest development were used according to Korpel*® and Emborg*. Two research
questions were posed: (1) Does species richness differ between developmental stages? (2) What variables of the
stand in each stage best explain species preference?

Materials and methods

Study location. The study was carried out in Czech Republic (Central Europe) in the area of the Vodéradské
buciny (49° 58' N, 14° 48’ E). The area is located 40 km east of Prague (Fig. 1). The Vodéradské buciny has an area
of 682 ha, dominated by beech (Fagus sylvatica L.) stands 180 + years old. The present beech stands were renewed
between 1800 and 1820 by natural regeneration through the shelterwood silvicultural system. Predominant for-
est types are Fagetum acidophilum and Querceto-Fagetum acidophilum. The completely dominant soil types are
Cambisols: modal oligotrophic, dystric, and arenic. The average annual temperature is 7.8 °C (8.5 °C in recent
years) and the average annual precipitation is about 650 mm. The forest area lies at an altitude of 345-501 m. The
area has been excluded from management activities since 1955. The area is used to conserve natural beech forests
to support regional biodiversity, as well as for research purposes, e.g., to monitor spontaneous regeneration and
the dynamics of stand structure'®#.

Design of study. The developmental stages of natural beech forest within the small developmental cycle
were identified in permanent research plot in study area (Fig. 1). These permanent research plots, each with an
area of 1 ha (100 x 100 m), were established in the period 1980 with aim to describe growth and development
of old beech stands®. Based on these data, it is possible to classify parts of the stands into developmental stages.
In this study, each developmental stage was represented by 2 plots on which 5 traps were regularly placed. Traps
were at a minimum distance of 25 m from the nearest adjoining trap.

The development stages: (A) the optimum stage; (B) the disintegration stage; and (C) the growing-up stage
on based typicall atributes according’®*’. Each stage is characterized by specific forest stand characteristics: (A)
Optimum stage—high stock volume, low number of trees, horizontal canopy. (B) Disintegration stage—canopy
break down, tree mortality, large volume of deadwood, reduction of stand stock. (C) Growing-up stage—large
number of trees per area, majority of young trees, autoreduction of young stands, vertical canopy - the crowns
touch each other and interpenetrate in the vertical direction (Fig. 2). The study area is situated inside a large
forest complex, thus avoiding edge effects on beetle communities.

For this research, input environmental variables were quantified (Table 1) on the research plots in the close
proximity of monitoring samples (radius 10 m, area 314 m?). This included all lying dead wood from diameter
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A) Optimum

B) Disintegration C) Growing-up

Figure 2. Schematic drawing of the developmental stages of beech forests with their typical structure. The
schematic drawing was created in the Paint 3D application (Microsoft, Win10).

Optimum Disintegration Growing up
Deadwood m?/ha 13.7 (0-95) +30.39 92.2 (0-207)£86.5| 40.1(0-143)+53.5
Microhabitats pc/plot 1.3 (0-4)+1.25 7.4 (1-20)£5.6 5.2 (0-30) +8.89
Generation % 5.0 (0-30)+9.4 48.5 (10-80)+23.1 52.5(0-95)+30.4
Plants % 2.5 (0-5)+2.6 14.5 (5-45)+13.0 3.5(0-15)%5.3
Canopy openness % 5.9(2.9-9.5)£1.84| 13.2(6.9-22.5)+5.24| 9.5(5.3-15.0)+2.9

Table 1. Table showing the variables surveyed by stage. The mean value is marked in bold. In brackets
is range (minimun-maximum) and followed by the Std. Dev.

d>7 cm volumes measured as 1 x g, , (length x basal area at half the length of the log) and standing dead wood
from size d>7 cm; h> 1.3 m volumes measured as 7 x d; 5 (3.14 x diameter at breast height?). The dead woods
dimensions obtained by manual measurement. Dead wood was then converted to m*/ha. Furthermore, the num-
ber of microhabitats was summarized according to the methodology*®. Plant cover and natural renewal (genera-
tion) was assessed as a percentage of the buffer around the trap. Tree canopy openness was assessed by analyzing
hemispherical photographs (fisheye lens) using Gap Light Analyzer 2.0. The program analyzes the percentage
of light transmission through the tree canopy to the ground at the trap location and converts it into % values.

Beetle sampling. The model group for the study was the order Coleoptera. Data were collected during
April-September 2021 using 30 passive interception flight traps (unbaited). Traps were picked every 2-3 weeks.
Each traps consisted of a roof, plexiglass barrier, funnel, and collection container. The roof of the trap was
made of a plastic dish that was 45 cm in diameter. Underneath the roof, there were two plexiglass panes per-
pendicular to one another, forming a 40 x 50 cm (width x height) barrier (Fig. 3). The preservative was propyl-
ene glycol solution (1:1.5) with a drop of degreasing agent as detergent. Traps were placed on poles at 1.5 m
above the ground (Fig. 3) representing the optimal flight height of the beetles®. Ten monitoring samples were
placed at each developmental stage. The collected material were determined into species level, except for the
family Staphylinidae due to problematic determination. However, the absence of this family will not affect the
final assessment, because it is highly correlated with other beetle species®'. Species were classified follow by list
Schmidl and Bufller®, and Seibold et al.** into saproxylic species and non-saproxylic. Saproxylic beetles are
depend on deadwood of all types and sizes and also on other organisms living on deadwood, e.g., mycetophages
on tree fungi or carnivor to other obligate saproxylic species. Species were ranked according to their degree of
threat according to the Red-List of Endangered Species of the Czech Republic, Invertebrates®. The taxonomy of
species corresponds to the concept of Zich O. (ed.) (2022) BioLib. http://www.biolib.cz.

Data analysis

One-way analysis of variance ANOVA was used to compare differences in species richness of saproxylic, non-
saproxylic and endangered species (mean observed richness per trap) between the three developmental stages of
natural beech stands. Verification of normality was performed by Shapiro-Wilk tests (no normality distribution
for endangered species group—was used nonparametric ANOVA Kruskal-Wallis test). The post hoc Tukey HSD
method was used to compare differences between stages. For all group was checked the homogenity of variance
using Bartlett test According by>. Analysis were perfomed in Statistica 13 software (StatSoft, Inc.)

In addition, species accumulation curves were generated by classic formula for Chao1°® > was used to esti-
mate the total site number of beetle species. Analyses were computed in the EstimateSWin910 software with
the number of randomizations 1000°. Rarefaction- extrapolation approach that estimated the rate of increase
in the number of species per number of samples, was used similarly to Seibold et al.**. Curves were generated
to compare developmental stages with each other based on Chao et al. Chao et al.®* in the Inext program Chao
et al.%!. Data were calculated based on incidence data with 200 bootstraps, and 3 sets of cumulative curves were
calculated according to Hill's numbers q=0 (species richness), q=1 (exponential of Shannon’s entropy index), and
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Figure 3. Passive interception flight traps located in optimum stage of beech forest.

q=2 (inverse of Simpson’s concentration index). Hill numbers offer some distinct advantages over other diversity
indices®. The method of non-overlapping confidence intervals was used for the significance of diversity curves®.

Redundancy analysis (RDA) with log transformation using the all constrained canonical axes test was used
to monitor the significance of species preferences by stage distribution. This analysis used a scheme of Van Dob-
ben circles (T value biplots) to test the significance of a specific species preference on the explained variable.
All ordination calculations were with 4499 unrestricted Monte Carlo permutations. Canonical corespondence
analysis (CCA) was used for dimensional representation of species richness on a categorical variable develop-
ment stage, was used split-plot design (restricted 4499 Monte Carlo permutations) with the whole plot freely
exchangeable, according®. RDA (log) method to test individual canonical axes, it was determined which envi-
ronmental variables explained the greatest variability from the observed sample of captured species separately
by stage—summarized the effects of explanatory variables using a Monte Carlo permutation test of significance
of variables separately for each group of beetles. All ordination calculations were with 4499 unrestricted Monte
Carlo permutations All ordination calculations were performed in the CANOCO 5 program for multivariate
statistical analysis using ordination methods®* .

Results

Study site. A total of 290 species were recorded (supplementary 4S), with a total number of 8380 individu-
als. The species of 26 adults could not be identified. Saproxylic species totaled 177 (61%), and 113 species (39%)
were non-saproxylic. There were 22 saproxylic species from the Red-List, and no non-saproxylic endangered
species were found. Estimates of the maximum numbers of species (Chao1) inhabiting the study site varied con-
siderably by beetle group, with an increase of probably 31% (54 + species) estimated for saproxylic species and
an increase of 28% (32 + species) for non-saproxylic species. For this group (non-saproxylic), this sum of species
is probably the maximum for the locality (Fig. 4).

Developmental stages. Absolute numbers of species recorded in development stages are shown in the
Venn diagram (Fig. 5).

PCoA diagram showed different composition of beetle communities within development stages (Fig. 6).
Within the group of saproxylic F(2;27) =10.7514; p=0.0004) and non-saproxylic species F(2;27) =7.5971;
Pp=0.0024, a significant difference between the stages was detected. For the endangered species, the difference
between stages was on the edge of significance KW-H(2;30) = 5.4687; p =0.0649) (Fig. 7). Multiple comparisons
showed that the disintegration phase was tendency richer for all dependent variables (Fig. 7).

The species preference for developmental stages according to RDA is exclusively directed to the disintegra-
tion stage and partially to the optimum stage (Fig. 8). Similarly, traps located in disintegration stage captured a
much higher number of species compared to other developmental stages (Fig. 9). Diversity indices according
to Hill's numbers (q=0,1,2) were also highest in the disintegration stage, non-overlapping confidence intervals
especially compared to growing up phase(Fig. 10). Saproxylic species dominated the stages 59-67% and thus
did not show large proportional differences. The lowest ratio of saproxylic to non-saproxylic species occurred
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Figure 4. Total species estimates of study site by Chaol. The curves show the accumulation of saproxylic
(black) and non-saproxylic (grey) species at the site.
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Figure 5. Venn diagram - shows the absolute recorded unique numbers of species in each stage (solid circles).
Between each stage are the species that are shared within the stages (dashed circles) and in the middle is the sum
of species shared for all stages simultaneously.
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Figure 6. PCoA summarize the beetle species communities similarity/dissimilarity by development stage of
beech stands. Red circle indicates optimum stage. Brown cicrle indicates disintegration stage and Green circle
indicates growing up stage.
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Figure 7. Mean number of beetle species by stage over the study period. According to beetle group (1)
saproxylic species (2) non-saproxylic species (3) red-listed species. Vertical error bars denote standard deviation
(SD), end of chart mean (mean+ SD) Letters above error bars indicated differences by Tukey HSD Post Hoc test.
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Figure 8. Van Dobben (T value biplot): visualization of overall species preference at stages of autonomous
development of beech stands. Test of all canonical axes (pF 2.8; p=0.002). The test was performed from the
entire list of recorded species (N > 1), and the 40 best-fit species were selected for visualization. Species whose
arrow ends in a yellow circle are significantly associated with the disintegration stage.

in the disintegration stage and the highest in the optimum stage. The occurrence of Red-Listed species ranged
from 6 to 8% of the total number of species.

At each stage, a different environment was created. Redundancy analysis (RDA) was used to find the variables
that best explained the species preference. At the optimum stage, a single significant variable was found—plant
cover for both groups of beetles (Table 2, Fig. 1S). This was in contrast to the disintegration stage, where the
number of microhabitats and the volume of deadwood were conclusively positive. For non-saproxylic species,
plant cover was borderline significant (Table 2, Fig. 2S). As the development progressed, the canopy openness,
deadwood, and microhabitats, which preferred saproxylic species, became significantly more pronounced at
the growing-up stage. For non-saproxylic species, canopy openness explained most of the preference (Table 2,
Fig. 35).

Discussion

Study site. In the recently unmanaged beech forests, 177 saproxylic species (Chaol estimate up to 231 spe-
cies) were observed, slightly over 60% of the total number of species. This is consistent with the percentage values
found by Parisi et al.® and supports the assumption that saproxylic beetle species make up the majority of beetle
biodiversity in forests. This relatively high number of species demonstrates that beech forests are of high conser-
vation value for this group of beetles. In European beech forests, the number of saproxylic species is estimated at
800-860'°. In comparison with Miiller et al.'>, between 20 and 22% of the total saproxylic beetle species richness
was observed in this study (Chaol estimates up to 27-29%). Flight interception traps are an effective tools for
evaluating beetle biodiversity in the landscape. This type of trap captures local beetle species effectively®” *® and
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Figure 9. Diagram of sample by development stage of beech stands, which the size of each circle indicates the
species richness of the samples (absolute number of species in the trap) CCA (pF=1.3; p= <0.001).

5 10 {5 2

Number of éampling units

~
=

o
L2

= eroleied == ertiapoaied

Species diversity

B Distiegaion (] Guingup | Optium

40 : ‘ ‘

5 10 15 20
Number of sampling units

Species diversity

5 10 {5 )
Number of sampling units

Figure 10. Species gamma diversity curves split separately by cycles divided into Hill's numbers q=0 (species
richness), q=1 (exponential of Shannon’s entropy index), and q=2 (inverse of Simpson’s concentration index).
The curves were extrapolated by the same number of samples, the colored shaded areas are the 95% confidence

interval. Solid symbols represent the total number of study samples.

Saproxylic species Non-saproxylic species

Optimum Plants (28.3%; pF 3.2; p=0.01) Plants (50.6%; pF 8.2; p=0.01)
Microhabitats (16.2%; pF 1.5; p=0.01)

Disintegration Plants (15.5%; pF 1.5; p=0.07)
Deadwood (15.2%; pF 1.4; p=0.05)
Canopy openness (22.0%; pF 2.3; p=0.05)

Growing up Microhabitats (19.3%; pF 1.9; p=0.05) Canopy openness (24.1%; pF 2.5; p=0.05)
Deadwood (18.8%; pF 1.9; p=0.05)

Table 2. Table of variables that best explained species preference in each stage separately.
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is an appropriate method for comparisons between different forest habitats®. Flight intercept traps are a highly
complementary method of beetle monitoring to wood incubation comparisons, and thus well capture the true
density of beetle communities, not only capturing the more active species’”".

In general, beetles have a limited dispersal potential due to their long larval development and the short-term
stage of actively dispersing adults. Species dispersal is time-limited, and having suitable deadwood to colo-
nize during this period is essential’%. Indeed, in terms of life-history strategies, saproxylic species are not very
dispersive®® 7. New suitable sites are colonized very slowly by endangered species because they have limited
mobility”*. Particularly important is the group of so-called forest relicts, which needs uninterrupted habitat
continuity and large amounts of deadwood”. For these reasons, saproxylic species are considered bioindica-
tors of forest ecosystems’® and are therefore the most studied insect group'' and one of the priority groups in
conservation strategies'”.

Developmental stages. We detected natural dynamics as an important driver of species richness in for-
ests. Beetles are sensitive to environmental change, but this may also be due to management activities, especially
in terms of insolation”. On the other hand, they respond negatively to the removal of all deadwood, e.g., Thorn
et al”, Zumr and Reme$’®. Each developmental stage creates different natural conditions, and therefore, beetles
respond differently to each stage”. The disintegration stage is the early successional stage of the newly forming
beech stand. In this study, areas of early disturbance were confirmed to be sites of high beetle richness**>%. How-
ever, this phase lasts for a relatively short time, typically up to 20 years”, after which species richness declines
rapidly, according to our observations. Compared to large-scale disturbance, however, this period of high diver-
sity seems to last longer in small-scale disturbances. Declines in invertebrate species and reductions in plant and
tree richness have been observed as early as 3-5 years after the onset of large-scale disturbances*> . Small-scale
dynamics may be more favorable to beetles, as the patch is generally not disturbed enough to homogenize the
entire area with a strong successional cover of herbs and shrubs, supporting the thesis®. In the disintegration
stage, the higher species diversity was mainly due to the presence of deadwood and microhabitats in our analysis.
The importance of microhabitats was thus confirmed!* *®. In protected beech stands, the most common wood-
boring fungus is Fomes fomentarius®. The most abundant microhabitats in our study were wood-decay fungi,
especially of the genus Fomes, which are very important microhabitats for saproxylic beetles®.

The role of deadwood for saproxylic beetle species richness has also been confirmed® %°. The natural
small-scale dynamics of development creates structurally heterogeneous stands, which is important for beetle
diversity” 5. Due to its complexity, small-scale disturbances appear to be preferable and able to substitute large-
scale disturbances®. At different stages, plant cover, among others, was found to be the best explanatory variable
for both saproxylic and non-saproxylic species. For saproxylic species, this could be an extension of the food
supply of floricuolus species. Non-saproxylic species are much more plant-associated, as they are generally plant
or plant root eaters. For example, the family Nitidulidae and its genera Brassicogethes®” and Lamiogethes®” are
dependent on forest plants of the Brassicaceae B. and Lamiaceae L. The larvae of Strophosoma melannogramum
(Forster, 1771) of the family Curculinoidae feed on roots of the genera Rumex L. and Deschampsia L.%8. Also,
species of the genus Athous (Esch. 1829) devour roots, and some species have trophism similar to the genus Dalo-
pius (Esch. 1829), whose predatory larvae seek food in the root system of herbs. The genus Agriotes (Esch. 1829)
feeds directly on the roots of herbs®. The investigated significance of plant cover in our study can be confirmed
by the importance for a wider range of non-saproxylic species, as also found for the non-saproxylic Carabidae
and Staphylinidae by the authors®. Beech stands enter a stage of disintegration at around 250 years of age*’. The
spatiotemporal formation of new suitable conditions for beetles in the growing-up stage can be complicated,
as beech wood decomposes rapidly, and even large logs decompose within 50 years®" 2. Under dense natural
regeneration, highly decomposed deadwood can occur as early as the initial period of the growing-up stage.
The invertebrates inhabiting this substrate tend to be shade-tolerant species®, usually earthworms (Lumbrici-
dae), and the beetles are mainly the epigeic, usually non-saproxylic Carabidae and Staphylinidae®. In beetles,
it is observed that some species have adapted to tree shade and are more shade tolerant® *°. For example, oak
(Quercus sp.) grows in the warm lowland parts of Europe. Saproxylic beetle species living on oak, therefore,
respond sensitively and positively to the increase in temperature®” and are therefore strongly influenced by the
canopy openness®® . The importance of insolation for beetle diversity is far more significant in oak forests than
in beech forests, especially for the threatened species'®. Nevertheless, it was confirmed in this study that insola-
tion is an important factor in increasing beetle diversity also in beech stands®* 719192 Other invertebrates, such
as spiders'® and Carabidae'®" %1% In the disintegration stage, there were not only more beetle species but also
more adult individuals recorded in this study. Compared to the optimum stage, the beetle abundance was twice
as high, and when compared to the growing-up stage, the abundance was almost 1.5 times higher. This finding
is consistent with the assumption that invertebrate biomass increases linearly with higher temperatures (caused
by canopy openness). However, the positive effect of temperature increase for invertebrate biomass growth has
its limits and leads to a decrease in biodiversity in cases of temperature increase beyond the optimum'®. From
the perspective of climate change adaptation, a small-scale silvicultural scheme seems to be the best option'””.
This, when supporting beetle feeding substrates in managed forests using small-scale restoration elements, can
lead to the creation of adapted resilient forest stands with widely advanced biodiversity.

Conclusion

This research confirmed that the reserve, although recently established, may be a suitable habitat for saproxylic
beetles. Some species have been found and confirmed from sites many tens of kilometers away. Thus, it can be
inferred that the study area has supported several microhabitats in the past where these rare beetles have survived,
and after the establishment of the reserve, many suitable microhabitats have occurred, and where the species
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have naturally proliferated and are easier to detect. The results obtained from this research allow us to answer
the research questions that were defined in the introduction.

1

)

It has been confirmed that the natural small-scale dynamics of native stand development creates many
essential habitats for saproxylic beetles, and the highest species diversity has been documented in the
disintegration stage. Thus, we do not give weight to the time period since the establishment of the reserve
according to Paillet et al.'?, but we are inclined toward the argument'® ** that what is more important is
how quickly suitable conditions for beetle life are established in the stands.

The synergy of food and habitat heterogeneity enhanced canopy openness and has been shown to create
the conditions for an increase in saproxylic beetle biodiversity*> . Plant cover was another important
variable for non-saproxylic species. If the goal is to increase species diversity on a broader landscape scale,
management of commercial, managed forests must be modified in addition to the establishment of reserves
(the extent of which faces economic and social limits). As a non-management conservation strategy, it can
be very inappropriate for many beetle species, especially sun-preferring species®. Any preference for one
management method leads to a substantial homogenization of regional biodiversity'®. Solutions can be
sought in integrative management*>'%, creating suitable ecological niches through deadwood enrichment.
There, rarer species from small-area reserves that abound with high volumes of deadwood may gradually
spread''®. It is also advisable to maintain a mosaic of habitats with specific forms of management, e.g., open

sunny pasture forests, which are extremely unique in biodiversity'!! as well as, e.g., coppice forests''.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary
information files.
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ARTICLE INFO ABSTRACT

Keywords: Snags are an important component of beech forests that promote biodiversity. However, their occurrence is

Deadwood completely marginal in managed stands. Creating snags in these stands would greatly enhance biodiversity. We

gf’lzf’pter_a investigated whether snag dimensions were important for saproxylic beetle richness since they were easily
iodiversity

transferable parameters to forest management and assessed the presence of other snag microhabitats affecting
beetle communities. Data collection was performed using passive flight traps placed on thirty snags in a recent
beech reserve. A total of 6706 adults belonging to 231 saproxylic species (53 Red List species, 23%) were
captured. The results showed that the most important snag parameters were the diameter (thickness) and canopy
openness of the surrounding stands. The occurrence of Fomes fomentarius, the volume of snag and decay class 3
were marginally significant in terms of the preference of all saproxylic species. Alpha diversity was reduced by an
advanced degree of decay and a surprisingly deep stem cavity. After dividing snag thickness into categories (<35
cm; 35-70 cm and >70 cm DBH), we found that categories with snag diameter greater than 35 cm showed little
differences in all saproxylic and Red List species richness and diversity indices and exhibited the highest similarity
in beetle communities. Regarding recommendations to forest managers in terms of optimization and simplifica-
tion of practical procedures, we suggest actively creating high stumps to act as snags greater than 35 cm in DBH
diameter to promote biodiversity in beech management stands.

Active management
Endangered beetles

1. Introduction

Deadwood (DW) is a crucial element of natural forests for carbon
sequestration (Martin et al., 2021), water storage, anti-erosion function,
nutrient cycling, soil prosperity (Paletto and Tosi, 2010; Dhiedt et al.,
2019; Klamerus-Iwan et al., 2020) and biodiversity (Parajuli and Mark-
with, 2023). Deadwood is a key habitat for various saproxylic groups of
invertebrates (Gao et al., 2015; Zumr et al., 2021), fungi (Friess et al.,
2019; Yang et al., 2021), bryophytes, lichens, and vascular plants (Dit-
trich et al., 2014; Hofmeister et al., 2016) and for cavity-nesting bird and
bats (Ettwein et al., 2020; Basile et al., 2023a), in recent studied dead-
wood may be important also for nonsaproxylic invertebrates taxa (Sei-
bold et al., 2016; Graf et al., 2022). The often-studied group of
invertebrates are saproxylic beetles (Seibold et al., 2015b). These beetles
are among the most threatened in forests (Calix et al., 2018). Saproxylic
beetles, during at least part of their development, are associated with
dead wood of different types and qualities. This is true even when they
are linked to another obligate saproxylic species, such as mycetophagous
beetles bound to wood-destroying fungi (Speight, 1989). Deadwood is

* Corresponding author.
E-mail address: zumr@fld.czu.cz (V. Zumr).
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found in a very low volume in today's commercial forests (Puletti et al.,
2019). A stand managed for timber production contains only approxi-
mately 10 m3ha~! of DW (Fridman and Walheim, 2000; Kapusta et al.,
2020). These volumes are well below the observed optimal DW volumes
in temperate deciduous and mixed forests which is 30-50 m>ha~!
(Miiller and Biitler, 2010). Moreover, forests with low DW volumes pose
a challenge for saproxylic organisms (Bujoczek and Bujoczek, 2022). This
is the reason why more and more saproxylic species are becoming en-
dangered (Calix et al., 2018). The consistent application of salvage log-
ging also impacts many other animals (Thorn et al., 2018; Basile et al.,
2023a). Large volumes of DW are typically reported in old-growth forest
reserves (Christensen et al., 2005). Meanwhile, saproxylic beetles
respond strongly to DW volumes (Gao et al., 2015; Miiller et al., 2015),
and, therefore, it is essential to enrich DW in managed stands to increase
saproxylic beetle species abundance (Doerfler et al., 2018, 2020), partly
also in nonsaproxylic species (Seibold et al., 2016). DW is thought to
increase forest biodiversity by 30%-70% (Dudley and Vallauri, 2005;
Graf et al., 2022). European beech (Fagus sylvatica L.) is one of the most
important native tree species in Europe and is an essential component of
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most forests in Central Europe (Brunet et al., 2010). Beech and mixed
forests have been converted to intensively managed coniferous forests
over the last few centuries (Hahn and Fanta, 2001). However, this has
disrupted the important continuity of the forest environment (Mollier
et al., 2022), which is crucial for the most endangered species, referred to
as primary forest relicts (Eckelt et al., 2018). Management stands differ
greatly from the natural state in terms of their structure, including DW
volumes (Christensen et al., 2005) and microhabitats (Winter and Moller,
2008; Vuidot et al., 2011; Asbeck et al., 2022), which also affects species
composition in forests (Zumr et al., 2022a). Natural forests and protected
forests are very biodiverse (Schneider et al., 2021; Zumr et al., 2022b).
Miiller et al. (2013) stated that saproxylic beetle species richness in beech
forests represented 70% of the total Central European saproxylic beetle
species. The distribution of lying and standing DW in natural forests
corresponds to a ratio of approximately 70%: 30% (lying: standing), and
standing DW volumes are higher in protected forests (Christensen et al.,
2005; Tavankar et al., 2021). Standing DW exhibits lower moisture
content, which promotes biodiversity because saproxylic beetle diversity
decreases with higher wood moisture content (Macagno et al., 2015).
Most microhabitats important for saproxylic beetles, e.g., fruiting bodies
of fungi (Friess et al., 2019) and cavities (Henneberg et al., 2021), host
standing log snags in forests (Vuidot et al., 2011; Paillet et al., 2017).
Therefore, standing DW is richer regarding saproxylic beetle species
compared to logs lying on the forest floor (Kappes and Topp, 2004;
Bouget et al., 2012). Standing DW in beech forests highly influences
saproxylic beetle richness (Redolfi De Zan et al., 2014) and the abun-
dance of threatened species (Gibb et al., 2006; Bouget et al., 2014), as
well as that of birds and bats (Roberge et al., 2008; Tillon et al., 2016;
Urkijo-Letona et al., 2020; Basile et al., 2021). Actively created high
stumps are almost identical to natural stumps in terms of the species
composition of beetles (Jonsell et al., 2004). Stump diameter is one of the
essential variables used in forest management. Zumr et al. (2021)
recommend the creation of the equivalent of snags in the form of high
stumps to support saproxylic beetles. At the same time, snags do not
present major barriers to silvicultural management when compared to
lying logs. Snags decompose much more slowly than lying DW (Vacek
et al., 2015; Bradford et al., 2021) and, thus, could potentially perform
environmental functions over a much longer period.

The aim of our study was to identify and quantify the effect of the
variables that most influence the species richness of saproxylic beetles on
snags. These variables included snag characteristics and canopy open-
ness. Concerning the possible application of the results to forestry prac-
tice, a next question was whether there were differences between snag
classes with small, medium and large snag thickness (Gossner et al.,
2013). The results of the study could provide guidance that would
effectively promote biodiversity of saproxylic beetles in managed beech
stands. These findings should also contribute to establishing thresholds
needed to maintain biodiversity in forest ecosystems (Tsikas and Kar-
anikola, 2022; Oettel et al., 2022).

2. Materials and methods
2.1. Study area

The study area was located in Central Bohemia, 30-40 km southeast
of Prague, in the National Nature Reserve (NNR) Beechwood of Vodérady
(49°58'15.117" N, 14°46'56.541"” E) at an altitude from 345 to 501 m
a.s.l. The parent rock was granite, and the most represented soil cate-
gories are oligotrophic and mesotrophic Cambisols. The mean annual
temperature was 7.9 °C, and the mean annual precipitation was 671 mm
(Climate station Ondrejov; Czech Hydrometeorological Institute). The
duration of the vegetation period with the mean temperature above 10 °C
was more than 158 days. The predominant forest community was an
acidophilous beech forest. The National Nature Reserve Vodéradské
buciny was established in 1955 on a total area of 658 ha with the
objective to protect extended old beechwoods with semi-natural stand
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structures (mainly associations Lugzulo-Fagetum and Asperulo-Fagetum)
and scattered geomorphological peri-glacial phenomena. The study area
has been excluded from normal forest management since 1955. The
territory was valuable due to its large areas of senescent beech stands
supporting regional biodiversity and natural forest stand dynamics.
These old beech stands were established by natural regeneration. Be-
tween 1820 and 1850, almost 500 ha of the area was regenerated using
the three-phase shelterwood felling (Bilek et al., 2009, 2014).

2.2. Environmental variables

The study was conducted in an unmanaged beech forest. Traps were
placed on snags of a similar overall development stage (Fig. 1). The snags
were classified into three classes according to the modified methodology
of Brunet and Isacsson (2009a):

1. Living snags and recently dead snags without fruitbodies of Fomes
fomentarius and with hard dead wood (n = 8)

2. Dead snags with fruitbodies of F. fomentarius and slightly decayed
wood (n = 15)

3. Dead snags without fruitbodies of F. fomentarius and moderately or
highly decayed wood (n = 7)

The height of the snags (h-meters) was measured using a digital
altimeter with a VERTEX ultrasonic rangefinder with an accuracy of 0.1
m. The thickness of the trunk, expressed as diameter at breast height
(DBH-centimeters), was measured using a forestry belt initially in the
field as circumference (O) and then converted to a diameter (:%). The
volume of snags was estimated according to the formula for an ellipsoid
cone according to Brunet and Isacsson (2009a). The volume of the snag
was calculated by the formula V = @ (V=volume, d = DBH, h = snag
height in meters). The canopy openness was determined using hemi-
spherical photographs taken with a fisheye lens over each trap. The
analysis was performed using Gap Light Analyzer software. The software
converted the transmittance of sunlight through the crown canopy into a
percentage for each trap location. The presence/absence of a fallen log
was recorded as a part of the broken stem lying around a studied snag,
according to Brunet and Isacsson (2009a). Furthermore, we used the
classification of four types of microhabitats, according to Winter and
Moller (2008) and Paillet et al. (2017). 1) Cavities with an entrance > 5
cm formed mainly by woodpecker species (Dryocopus martius, Den-
drocopos sp., Picus viridis). 2) Deep stem cavities with mould and rotten
wood in the base of the tree. 3) Fruitbodies of F. fomentarius were white
rot fungi decomposing polysaccharide (cellulose) as well as lignin.
F. fomentarius was an important habitat for a high number of arthropods
and represents one of the elements of the old-growth beech forest (Miiller
et al., 2007; Friess et al., 2019). 4) Bark loss: patches with bark loss of at
least 5 cm were caused mainly by bark stripping after the tree has died or
by the natural falling of surrounding trees. The recorded characteristics
of the snags were shown in Table 1.

| 2 3 4 O

Fig. 1. The developmental stages of the snags used for beetle trapping were
those indicated by the red square. Snag decay development classes were ac-
cording to Hayden et al. (1995).
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Table 1
Snag characteristics.
Variables Type Mean Min Max
DBH (cm) Continuous  55.3 20.7 130.9
Height (m) Continuous 11.1 3.6 22.2
Volume (m®) Continuous 3.2 0.6 9.1
Canopy openness (%) Continuous  11.4 4.7 42.5
Fruitbodies of F. fomentarius (pcs.) Continuous 5.3 0.0 78.0
Bark loss (%) Continuous ~ 42.5 5.0 100.0
Cavity bird Continuous 0.6 0.0 7.0
(pes.)
deep Categorical 7 yes 23 no
stem
Fallen logs (presence- Categorical 16 14 no
absence) yes
Decay class 3 classes Categorical ~ 1st: 9 2nd: 3rd: 7
14

2.3. Beetle sampling

Data collection was carried out in 2022. An unbaited flight intercept
trap was used to collect entomological material (Fig. 2). The trap con-
sisted of a roof, a plexiglass barrier, a funnel, and a catch basin. The
assembled trap measured 90-100 cm in length. A total of 30 traps were
used, which were active during the period from April to September, and
materials were collected regularly every 2-3 weeks. Traps were placed
directly on beech tree trunks (trap-south direction, one trap per trunk) at
a height of 1.5 m with a minimum spacing of 25 m, and the vast majority
were separated by a much greater distance. The average distance was
100 m, and the distribution of traps was not uniform due to the irregular
distribution of snags. The preservative solution was propylene glycol
(1:1.5), with a drop of detergent to break surface tension. The collected
material was identified to the species level. The families Staphylinidae
and Scydmanidae were not identified due to the high degree of difficulty
of determination and lack of experts. However, excluding the family
Staphylinidae would not bias the results of the study, because it was
highly correlated with other saproxylic beetle species (Parmain et al.,

Fig. 2. Traps hung on the snag.
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2015). Species were categorized as saproxylic species or nonsaproxylic
species according to Schmidl and Bufler (2004) and Seibold et al.
(2015a). Captured species that were not included in these lists were
classified as nonsaproxylic species and were not included in further an-
alyses. Following Seibold et al. (2015a), we classified species by micro-
habitat guilds of larvae: 1) dead wood and bark substrates, 2) cavities,
and 3) fungi. The taxonomy and nomenclature of the species corre-
sponded to the concept of Zicha (2022) (http://www.biolib.cz). The
species were further classified as critically endangered (CR), endangered
(EN), vulnerable (VU), or near threatened (NT) according to the IUCN
Red List of Endangered Species of the Czech Republic, Invertebrates
(Hejda et al., 2017).

2.4. Data analysis

2.4.1. Microhabitats evaluation

We used ordination analyses to evaluate microhabitats for species
preferences of saproxylic beetles. This approach evaluated individual
beetle species and plotted them in ordination space. A forward selection
method based on linear (gradient 1.9 SD units long) constrained redun-
dancy analysis (RDA) was used to express the preference of all saproxylic
beetle species to environmental conditions. Thus, the best subset of
environmental variables was selected to summarize the variability in
beetle species composition (all saproxylic species; Red List species).
Abundance data of all saproxylic species were centered and log-
transformed. Group Red List species were used in forward-constrained
unimodal (gradient 4.7 SD units long) canonical correspondence anal-
ysis (CCA) without log-transformed abundance, using centered data.
Calculations with 4999 unrestricted Monte Carlo permutations were used
for all analyses. Contour plots of the number of beetle species and con-
tour plots of the Shannon-Wiener index were generated for visualization
of both model groups. Canoco 5 software (Smilauer and Leps, 2014) was
used for ordination analyses. The number of species captured in traps
(alpha diversity) was also analyzed. For this evaluation, we used stepwise
parsimony of a generalized linear model (Poisson distribution, log link
function) based on the lowest value of the Akaike information criterion
(Akaike, 1978). The model was used for two dependent variables: species
richness of all saproxylic beetles and Red List species. The significance of
the variables was tested at the 0.05 confidence level. Analyses were
performed in Statistica 13 software (StatSof, Inc.).

2.4.2. Thickness classes

Each snag was sorted into the thickness class following Gossner et al.
(2013), into small, medium, and large (<35 cm; 35-70 cm; >70 cm)
diameter at DBH of snag classes. In this frame, we analyzed alpha (a),
beta (), and gamma (y) diversity of saproxylic beetle species.

The number of species per trap (alpha diversity) captured in thickness
classes of snags was evaluated by the generalized linear model with
Poisson error distribution (log link function) using package glmmTMB
(Brooks et al., 2017). These data were analyzed using the post-hoc Tukey
multiple comparison test within the package emmeans (Lenth, 2023). To
study the similarity of saproxylic beetle communities (beta diversity)
living on the surveyed snags, we expressed the similarity/dissimilarity of
the investigated thickness classes using nonmetric multidimensional
scaling (NMDS), which plots similarities in saproxylic beetle species
communities. This method was appropriate for ecology to study com-
munities (Minchin, 1987; Smilauer and Leps, 2014). For NMDS analysis,
we used “metaMDS” function implemented in the “vegan” package with
an abundance approach Bray-Curtis distance with two dimensions
(Oksanen et al., 2022). The significance of the difference among thick-
ness classes was calculated by permutational multivariate analysis of
variance using the function “adonis2” in the package “vegan” with 9999
permutations (Anderson, 2001). Analyses were performed in R version
4.3.1 (R Core Team, 2023).

We generated species cumulative curves (gamma diversity) based on
the approach Chao et al. (2014). Abundance data was used for the
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assessment of Red list species, and for all saproxylic species incidence
data were used according to the thickness class of snag. Data were
replicated with 200 bootstraps, similar to Chao and Jost (2012). This
rarefaction-extrapolation approach, which estimated the rate of increase
in species per number of samples, was often used in studies (e.g. Seibold
etal., 2018; Weiss et al., 2021). The diversity indices were based on Chao
et al. (2014) with Hill numbers: g = 0 (species richness) and q = 2 (the
inverse of Simpson's concentration index). Hill’s numbers have distinct
advantages over other diversity indices (Chao et al., 2014). Subse-
quently, we also used a coverage-based approach according to Chao and
Jost (2012) to determine the sample coverage and estimate of species
richness (g = 0) of saproxylic beetles on the beech snags. Analyses were
performed in Inext software (Chao et al., 2016).

Indicator species analysis (IndVal) was used to identify species that
indicate specific classes of snag diameter (Dufrene and Legendre, 1997).
Based on this approach, it is possible to detect species that reliably
indicate habitat affiliation (Smilauer and Leps, 2014). Saproxylic beetle
species with more than three samples’ incidences were included in the
analyses. We used presence-absence values (binary). The IndVal analyses
were calculated using the CANOCO 5 software (Smilauer and Leps,
2014).

3. Results

A total of 6706 individuals of 231 saproxylic beetle species (Supple-
mentary Materials) were recorded on the snags. Among them, 53 Red List
(23%) species were found. Two were CR: Ennearthron pruinosulum, Hylis
cariniceps; ten were EN: Cerylon deplanatum, Corticeus fraxini, Eucnemis
capucina, Hylis olexai, Isorhipis melasoides, Melandrya caraboides, Pycno-
merus terebrans, Synchita separanda, Synchita undata, Synchita variegata
and other 15 were VU, 26 were NT. The saproxylic species Ptilinus pec-
tinicornis (Ptinidae) was the most abundant species, with 1367 adults.
Curculinidae (including Scolytidae), Cerambycidae, Ciidae and Tene-
briniodae were the most species-rich families (Fig. 3). High sample
coverage of 96% was recorded with thirty traps. Extrapolation to 100%
sample coverage would require 200 traps. The estimated species richness
of the snags was 306 saproxylic beetle species (lower confidence level
267 — upper confidence level 346). The last 4% of sample coverage
corresponded to a 31% increase in species richness.

Cis fagi
(Ciidae)

Taphrorychus bicolor
(Curculionidae)

Rhagium mordax
(Cerambycidae)

Number of species

Erotylidae —] @«

Mycetophagidae
Dermestidae
Melyridae
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3.1. Microhabitats response

The alpha diversity response of the model groups to the environ-
mental snag variables was significant for all saproxylic species (Df = 6;
AIC = 233.58; y2 = 96.31; p < 0.0001) and Red List species (Df = 5; AIC
=160.08; 2 = 51.39; p < 0.0001) based on the regression model results
(Table 2). Multivariate analysis of species preferences explained a sig-
nificant proportion (40.1%) of the variability using a forward selection of
the significant variables (Fig. 4, Table 3) from a global permutation test
with all variables, which was 55.9% (pF = 2.1; p = 0.0002). The pref-
erence for Red List species CCA explained 15.7% (Fig. 5, Table 3) of the
variability in the dataset, which was conclusively explained by a minority
of the global permutation test of 44.8% (pF = 1.3; p = 0.006). The
Shannon-Wiener index showed species richness preferences in both
groups (Figs. 4 and 5). The diversity index in all saproxylic species
increased with canopy openness, while in Red List species, this trend was
observed with increasing volume of snags.

3.2. Thickness classes

Captured numbers of species per trap (alpha diversity) were signifi-
cantly different between thickness classes for tested groups — all the
saproxylic species (y2 = 18.40, Df = 2, p < 0.001) and for the Red List
species (y? = 24.70, Df = 2, p < 0.0001). Large and medium snags were
similar, but differences increased between large and small snags for all
species (Fig. 6). Species curves according to Hill numbers (q = 0, 2) were
very similar (gamma diversity) in the medium and large thickness clas-
ses, showing conclusively higher values compared to the small snag class.
Species cumulative richness did not differ between the medium and large
classes (Fig. 7). According to NMDS, thickness classes were most similar
in species composition (beta diversity) for medium and large snags. Small
snags had the lowest degree of intersection within these classes. How-
ever, communities were marginal insignificant p = 0.06 (Fig. 8). Red List
species were the most abundant in medium and large snag; however, the
large snag had significantly the highest Simpon’s diversity index (Fig. 7).
A total of 113 (78%) of the 144 species tested were found to be indicative
of the snag size class. The majority of species were associated with large
snags 56 (50%), medium snags 37 (33%) and small snags 20 (27%). For
Red List species, the preference of indicator species was similar patterns
(Table 4).

Bolitophagus reticulatus
(Tenebrionidae)

Ipidia binotata
(Nitidulidae)

Ptilinus pectinicornis
(Ptinidae)

Lymexylidae 1 —
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Fig. 3. The richness of saproxylic families recorded during the study. The six richest families were shown with their most abundant species (photos by Leica and edited

with Core]DRAW, May 2021).
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Table 2
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Results of the importance of environmental variables on the alpha diversity of the studied beetle groups. A sigma-restricted generalized linear model with a Poisson
distribution stepwise parsimony model according to AIC values was used. Significant differences are marked (p < 0.05). S.E., Standard error.

All saproxylic species

Red list species

Parameter Estimate S.E. p Parameter Estimate S.E. P
Intercept 3.409 0.112 <0.001 Intercept 0.829 0.242 <0.001
Diameter 0.005 0.001 <0.001 Diameter 0.012 0.002 <0.001
Canopy 0.015 0.004 <0.001 Canopy 0.029 0.009 0.001
Bark loss % —0.002 0.001 0.067
Deep cavity No 0.150 0.037 <0.001 Deep cavity No 0.229 0.095 0.016
Decay class 2 0.130 0.040 0.001 Decay class 2 0.199 0.103 0.053
Decay class 1 0.036 0.045 0.423 Decay class 1 0.087 0.108 0.423
1.5 — — 1.5 — —
a Loess Model R* 85.1% b Loess Model R* 46.3%
Canopy
70 Canopy
80
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Fig. 4. The isolane trend of a) preference of species richness of all saproxylic species and b) Shannon-Wiener diversity indices of samples by stepwise selected
variables. RDA ordination diagram of the first two axes was shown (Axis 1 eigenvalues 0.1802; Axis 2 eigenvalues 0.1105).

Table 3

Result of forward selection multivariate analysis of significant variables for beetle species of model groups related to variables of the snag habitats by multivariate

analysis.

All saproxylic species

Red List saproxylic species

Variables Explains% pF p Name Explains% pF p
Diameter 12.7 4.1 0.0002

Canopy 10.7 3.8 0.0002 Canopy 10.5 3.3 0.002
F. fomentarius 7.1 2.7 0.0012

Decay class 3 5.4 2.1 0.0016

Volume 4.2 1.7 0.0186 Volume 5.1 1.6 0.018

3.3. Guild composition

The most common species captured were wood-bark-dwelling (153
species), the next group was fungicolous (66 species), and the last was
cavity-dwelling (13 species), as shown in Table 5. For the Wood-bark
group, confirmatory variables explained 35.9% of the global permuta-
tion test explained variation 57.1% (pF = 2.2; p = 0.0002). For the
Fungicolous group, confirmatory variables explained 36.0% of the total
explained variation 53.0% (pF = 2.1; p = 0.0004), Cavity explained
24.7% of the total explained variation 45.3% (pF = 1.6; p = 0.019).

4. Discussion
Our study found that snag characteristics strongly influenced the

saproxylic beetles attached to snags. The most important parameters
were the thickness of the snag trunk and the openness of the stand patch.

Lindhe et al. (2005) also found a similar pattern on high stumps. Thus, we
assume that natural snags are comparable to actively formed high stumps
in this respect (Jonsell et al., 2004). The openness of the patch was a key
factor for high beetle abundance, as confirmed by, e.g. Nakladal et al.
(2022) and Lettenmaier et al. (2022). In contrast to some authors (Jonsell
et al., 2004; Brunet and Isacsson, 2009a) who found snag thickness to be
a variable of minimal importance, this variable's importance was crucial
in our study. Our finding corresponded with Rappa et al. (2022), as well
as beetle biomass increasing with tree thickness. The snag decomposition
phase had a marginal but negative effect on alpha diversity, while Brunet
and Isacsson (2009a,b) found the snag decomposition phase to be the
most important negative variable. However, even the advanced decom-
position phase represented a life niche for a number of species, which
was also why we detected it as a conclusively marginally important
variable in species preferences in our study, especially from the group of
saproxylic species inhabiting DW substrates. This trend was mainly
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Fig. 5. The isolane trend of a) species richness of Red List species and b) Shannon-Wiener diversity indices of samples by stepwise selected variables. RDA ordination
diagram of the first two axes was shown (Axis 1 eigenvalues 0.640; Axis 2 eigenvalues 0.306).
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Fig. 6. Number of species recorded in the study among thickness classes. Solid lines in the box were median values; the box indicated the interquartile range (Q1—Q3)
and whiskers min-max values. The letters above bars indicated significant differences by multiple comparison post hoc Tukey test.

observed in shaded advanced decomposed snags. This result was
consistent with the finding of Jonsell et al. (1998), saying that higher
decomposition stages can be inhabited by shade-dwelling saproxylic
beetle species. We did not expect deep stem cavities to negatively affect
saproxylic beetle alpha diversity, as they are widely known to be one of
the most important microhabitats for this group of beetles (Miiller et al.,
2014; Henneberg et al., 2021). This could be explained by the fact that
cavity-dwelling species very rarely leave their cavity, e.g,
cavity-dwelling species of Elateridae (Mertlik, 2019a, 2019b). Never-
theless, Hennenberg et al. (2021) noted that cavity communities are also
influenced by stand-level structure. The low mobility of cavity species
and rare species (Brunet and Isacsson, 2009b) and the study area being a
recent reserve with a history of managed stands may have lost the con-
tinuity of suitable cavity microhabitats, and recolonization of these mi-
crohabitats may only occur over a longer period. Continuity is an

important parameter for saproxylic species (Brin et al., 2016), especially
for rare species (Eckelt et al., 2018). Increasing environmental temper-
ature allows faster recolonization of suitable habitats, but cavity-nesting
species hardly respond to this change (Della Rocca and Milanesi, 2020).
Other explanations for the negative effect of deep stem cavities may be
that they occurred mainly on advanced decomposed snags, generally
leading to lower species richness (Brunet and Isacsson, 2009a), and
cavity characteristics may also be less suitable for saproxylic species (Cuff
et al., 2021). The abundance of F. fomentarius fruiting bodies was found
to be a less important but statistically conclusive parameter for the group
of all saproxylic species. The most central attribute was for the fungico-
lous guild of species mainly of the family Ciidae and, e.g., the species
Bolitophagus reticulatus. Our findings support the conclusions of Friess
et al. (2019), who suggests that snags represent an essential element that
creates a refuge for many species, especially the fungicolous guild, but
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Fig. 7. Sample-size-based rarefaction and extrapolation sampling gamma diversity curve showing Hill's numbers. (a) All saproxylic species, incidence data; (b) Red
List species, abundance data. g = 0 (species richness) and g = 2 (the inverse of Simpson’s concentration index) of model groups of saproxylic species by the diameter
classes of snags. Colored shaded areas are the 95% confidence intervals. Solid symbols represent the total number of study samples (a) and total number of species (b).
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Fig. 8. The nonmetric multidimensional metric (NMDS) shows the similarity of
samples based on thickness classes. Bray-Curtis distance was used. Solid points
indicate centroids.

also for other saproxylic species in terms of wood decomposition. How-
ever, these fungal species are rarely present in beech-managed stands
(Miiller et al., 2007). The absence of F. fomentarius may partially explain
why intensively managed beech stands are biologically poor (Miiller
etal., 2008; Roth et al., 2019). Endangered species preferences have been
linked to canopy openness, snag thickness and volume. These parameters
are the main reasons saproxylic species are red-listed and are related to
the life history strategies of these species. The importance of large vol-
ume and thick snag dimensions for endangered species are also found by
Miiller et al. (2010) and Prochazka and Schlaghamersky (2019). The
most threatened species depend on the sunlit massive dimension of DW
(Seibold et al., 2015a).

Table 4

Characteristic Red List species affiliated with the thickness classes of the beech
snags. Binomial distribution was used, and a minimum of three incidences of
species were included for IndVal analyses (Dufréne and Legendre, 1997).

Small (<35 cm DBH) Medium (35-70 cm DBH) Large (>70 cm DBH)

Aeletes atomarius
Allecula morio

Colydium elongatum
Corticeus unicolor
Cucujus cinnaberinus
Dorcatoma chrysomelina
Dorcatoma minor
Ischnomera sanguinicollis
Neomida haemorrhoidalis
Palorus depressus
Pseudocistela ceramboides
Pycnomerus terebrans
Uloma culinaris

Corticeus bicolor
Hylis olexai

Ipidia binotata
Melandrya caraboides
Nemadus colonoides
Stictoleptura scutellata
Synchita undata

Abdera flexuosa
Anaspis melanostoma
Conopalpus testaceus

Species were classified according to the IUCN Red List of Endangered Species of
the Czech Republic, Invertebrates (Hejda et al., 2017).

4.1. Implications for management

Conservation-oriented forestry aims to maintain populations of forest
organisms by improving the conservation value of managed forests (Gibb
etal., 2006). Stem diameter is the main dendrometric variable in forestry
management. It is easily transferable to the active promotion of biodi-
versity in managed stands. According to our results, we recommend the
use of high stumps as an artificial equivalent of a snag greater than 35 cm
DBH in to promote saproxylic beetle species richness. From an economic
point of view, the same level of snag dimensions is indicated (Zumr et al.,
2021). This dimension will provide many other animals with a broader
range of habitat options. Snags greater than 30 cm DBH have the most
significant potential to occur in cavity-dwelling bird communities (Smith
et al.,, 2008). At measurements greater than 30 cm, the white-backed
woodpecker occupancy probability on snags increases significantly
(Ettwein et al., 2020), as does the occurrence of tree fungi (Urkijo-Letona
etal., 2020). Therefore, snags greater than 25 cm DBH are recommended
to support cavity-nesting birds such as woodpeckers (Bush et al., 2009).
Our findings may lead to a redirection of targeted attention to support
biodiversity in beech management forests, as simple methodology is very
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Table 5
Result of forward selection multivariate analysis of significant variables for beetle species of model groups related to variables of the snag habitats by multivariate
analysis.
Wood-bark Fungicolous Cavity
Variables Explains% pF p Explains% pF P Explains% pF P
Diameter 11.8 4.2 <0.001 6.1 2.5 0.01 18.4 6.3 <0.001
Canopy 11.8 3.7 <0.001 9.6 3.7 <0.01
Decay class 3 7.8 2.9 <0.001
Volume 4.6 1.8 <0.01
F. fomentarius 20.3 7.1 <0.001
Bird cavity 6.3 2.3 0.057

welcome in practical forestry management. This could lead to a very
rapid increase in snag numbers, as they are almost absent in managed
forests (Zumr and Remes, 2020), and the occurrence of snags greater
than 30 cm in forest management stands at almost zero (Sweeney et al.,
2010; Kapusta et al., 2020). Larger snag dimensions are critical because
they are key attributes for the long-term persistence of the snag in the
forest stand (Parish et al., 2010; Oettel et al., 2023), thus promoting
biodiversity in forests in the longer term. In managed stands, this would
create valuable longer-term DW microhabitats for many saproxylic spe-
cies, even in terms of creating new habitats in a no-connectivity envi-
ronment that saproxylic beetles will gradually colonize (Janssen et al.,
2016; Basile et al., 2023). However, the creation and maintenance of
good quality DW habitat is, in many cases, more important for saproxylic
organisms than the explicit maintenance of the forest continuity
(Komonen and Miiller, 2018). At the same time, at the established min-
imum level (>35 cm DBH) and above, snag may provide a refuge for
scarce saproxylic species in beech forests. One can agree with the high
preference of endangered species for large deadwood diameters. Also, in
several species, the highest preference for species occurrence was found
to be in the range of 30-60 cm DBH, e.g., Cucujus cinnaberinus (Scopoli
1763), Rosalia alpina (Linnaeus 1758), and Rhysodes sulcatus (Farbricius
1787) (Cizek et al., 2009; Kostanjsek et al., 2018; Jaworski et al., 2019).
Many authors have recommended a DW volume for saproxylic beetles in
beech forests with an intersection of DW values of 40 m3-ha~' (Miiller
and Biitler, 2010; Gossner et al., 2013; Prochazka and Schlaghamersky,
2019). The average snag volume in our study greater than 35 cm was 4
m?, or 10 snag pieces-ha™!. A similar recommendation for maintaining
ecological processes was suggested for an average of 9 large snags-ha~!
(Marage and Lemperiere, 2005). This may be an economically viable rate
for forest management companies, as a snag greater than 35 cm DBH
occurs in a beech reserve at 30 snags~ha’l (Keren et al., 2018).

5. Conclusion

Our study identified a subattribute of forest stands that largely in-
fluences saproxylic beetle biodiversity. The search for applicable ap-
proaches transferable to forestry practice is essential for sustainable
forest management and conservation. An unprecedented insect decline
has been observed in recent decades (Kunin, 2019; Wagner et al., 2021),
especially in forest ecosystems (Seibold et al., 2019). Therefore, efforts
should be made to increase the amount of DW and focus on elements
missing in managed stands, which are very often snags (Bujoczek and
Bujoczek, 2022). Targeted creation of high stumps as the equivalent of
snags greater than 35 cm DBH in beech-managed forests can be highly
beneficial in promoting biodiversity. Combined with cyclical manage-
ment practices that create diverse niches in managed stands, this
approach can synergistically affect saproxylic beetle richness.
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7.5. Optimalni typ mrtvého dieva a atributy integrovaného péstebniho
managementu podporujiciho diverzitu modelové skupiny brouki v hospodaiskych
lesich.
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Abstract

Deadwood plays a key role in supporting the biodiversity of saproxylic organisms, with
saproxylic beetles representing one of the most diverse and extensively studied groups. A
significant number of beetles from this group are currently listed as endangered in the Red List.
The main reason for their vulnerability is the scarcity of dead wood in managed forest
landscapes. In addition to other management recommendations, there have been recent efforts
to enrich stands with dead wood to promote biodiversity.. An important parameter for forestry
enterprises is the optimization of these interventions. The study investigated the abundance,
species richness, gamma diversity, conservation value and biomass of key components of
deadwood in natural forests using window traps. A total of 89 traps were used for saproxylic
beetle monitoring, of which 29 were placed on lying logs, 30 on snags and 30 as controls in
forest stand space. A total of 35,011 beetles were recorded in 564 species (61 families). Notably,
20,515 of these belong to saproxylic beetles (59%) in 311 species (55%), with 62 classified as
Red-List species (20%). In the group of 'all saproxylic beetles', the results indicate that o
diversity and vy diversity (q=0) remain consistent across various deadwood types, while 3
diversity showed significant differences. Significant differences were found in the Red-List

species group, where a diversity and vy diversity differed, with higher values observed in snags.
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Sample coverage to 100% (a sum of three years species dataset) showed richness of the whole
studied locality of 391 species, including 74 Red-Listed species. Comparing the sample
coverage of the studied stand categories showed that all saproxylic species exhibit a pronounced
preference for inhabiting areas featuring lying logs. Conversely, Red-List species exclusively
inhabit snags, with B diversity being more similar to snags and forest stand space. Notably, both
the conservation value (weighted average by conservation status) and beetle biomass are
significantly highest in snags, whereas stand space show the lowest values across all measured
saproxylic beetle indices. Furthermore, the use of traps set on the poles in forest stand space
resulted in an underestimation of the actual stand richness by 20-25%. Conclusion: Snags stand
out as an indispensable feature in beech forests, playing a key role in promoting high species
diversity, especially among Red-List species, and supporting the biomass of saproxylic beetles.
Consequently, it becomes crucial to incorporate a higher percentage of standing deadwood in

managed forests or actively create equivalent environments by introducing high stumps.

Key words: Snags, Coleoptera, Fagus sylvatica, Unmanaged forests, Red-List, Coarse woody

debris

Introduction

A decline in insect abundance and diversity has been observed in the forest landscapes
(Hallmann et al., 2017; Seibold et al., 2019). This decline is a consequence of the previously
preferred clear-cutting silvicultural system based on even-aged monocultures (Brockerhoff et
al., 2008; Lopez-Bedoya, 2021;Aszalds et al., 2022; Mason et al., 2022). These practices lead
to landscape diversity homogenization (Schall et al., 2018, 2020) and salvage logging of all
deadwood (Thorn et al., 2018). Deadwood, an important component of ecosystems, serves
essential functions such as carbon storage (Pan et al., 2011), nutrient cycling (Wambsganss et
al., 2017; Blonska et al., 2023), and water retention (Klamerus-Iwan et al., 2020). Moreover,

deadwood plays a key role in promoting biodiversity in forests (Parajuli and Markwith, 2023),
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supporting various organisms such as saproxylic insects, soil fauna and other invertebrates
(Jabin et al., 2004; Miiller et al, 2008, 2015; Sandstrom et al., 2019; Jonsell et al., 2020; Graf
et al., 2022; Zuo et al., 2023). It is also crucial for the habitat of wood-decaying fungi (Miiller
et al., 2007; Atrena et al., 2020) and provides nesting sites for cavity-dwelling birds and bats
(Tillon et al., 2016; Basile et al., 2023). Saproxylic beetles (deadwood-dwelling species)
represent one of the most studied groups of animals in forests (Seibold et al., 2015a). Currently,
there is a shortage of deadwood in managed forests for this group of beetles (Miiller and Biitler,
2010; Pulleti et al., 2019; Zumr and Remes, 2020), leading to an increase in the list of
endangered saproxylic species (Nieto and Alexander, 2010; Célix et al, 2018). In Central
Europe, around 40% of all saproxylic species are listed on the Red List (Marhoul, 2008; Seibold
et al., 2015b). For this reason, there is an effort to look for ways to enrich managed stands with
deadwood (Roth et al., 2019; Doerfler et al., 2020), which can help to increase the species
richness of saproxylic beetle species, but also many non-saproxylic (facultatively saproxylic)
species (Seibold et al., 2016; Graf et al., 2022). The majority of naturally occurring deadwood
in beech forests or reserves comprises lying logs to standing snags in a ratio of 70:30
(Christensen et al., 2005). The attractiveness of dead wood for saproxylic beetles is influenced
by various factors: canopy openness (Lettenmaier et al., 2022), moisture content (Macagno et
al., 2015), decomposition stage (Seibold et al., 2023), tree species (Gossner et al., 2016;
Edelmann et al., 2022, 2023), dimensions (Zumr et al., 2023), position (Bouget et al, 2012),
deadwood continuity (Schiegg, 2000a, 2000b), and microhabitats such as cavities or wood-
boring fungi (Friess et al., 2019; Nakladal et al., 2023). Each beetle species requires a
combination of several of these microhabitats for successful development, and saproxylic
beetles actively seek appropriate substrates for living (Graf et al., 2022b). The higher the

specialization and the smaller the intersection of conditions, the higher the risk of threat.
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Beech is a widespread tree species in Europe. Beech reserves and old-growth forests with large
amounts of dead wood are important for saproxylic beetles (Paillet et al., 2010; Miiller et al.,
2013; Schneider et al., 2021; Zumr et al., 2022b). In past, beech forests were generally
converted into coniferous monocultures (Brunet et al., 2010; Zumr et al., 2022a), often grown
in full canopy and low deadwood, which strongly reduce beetle species richness (Christensen
et al., 2005; Miiller et al., 2015; Seibold et al., 2016). However, active deadwood enrichment
in managed beech forests can be advantageous in combination with different silvicultural

systems, providing more diverse mosaic habitats in forest stands (Schall et al., 2018, 2020).

Studies assessing the size of lying beech logs have been addressed, e.g. by Schiegg (2001). The
comparison of saproxylic beetles between deadwood types (lying x standing) in beech is not
well studied, for example, compared to oak (Franc, 2007; Bouget et al., 2012). At the same
time, beetle biomass studies and verified biomass quantities between deadwood types have not
received sufficient attention in beech forests, which contrasts with the studies focused on the
flying biomass of region scale (Seibold et al., 2019; Welti et al., 2022) or of beetle guilds (Rappa
et al., 2022). Beetle biomass is an important aspect in the feed chain. Declining beetle biomass
may indicate a lack of food for insectivorous organisms. Several recent studies focused on
spatial diversity following the enrichment of different combinations of deadwood, for example,
Rothacher et al. (2023). Using traps mounted on poles may underestimate stand biodiversity
assessments, as many saproxylic species hardly leave their home substrate (Gouix et al., 2015;
Kostanjsek et al., 2018; Nakladal et al., 2023). We sought to assess the extent to which the
sampling method of saproxylic beetles underestimates the stand species richness. Foresters
prioritize simplicity and ease of application in their efforts in active conservation. This study
aimed to identify the most suitable attributes of deadwood in beech stands, contributing to the

highest richness of saproxylic beetles and have greater conservation value.

Study objectives:
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I.  Does the position of beech deadwood affect the community and richness, biomass, and
diversity of saproxylic beetles? Are there any differences between groups of all
saproxylic beetles and Red-List species?

II. Does the placement of traps affect the assessment of the stand saproxylic beetle
richness? Can the traps mounted on poles have a biasing effect on the richness of
saproxylic beetles in stands?

Methods

Study area

The study was conducted in the Czech Republic (Central Europe) in the forest area of the
Vodeéradské buciny (49.96N,14.78E) (Fig. 1). The forest area is situated at an altitude of 345—
501 m. The Vodéradské buciny forest reserve covers an area of 682 ha and is dominated by
acidophilic beech stands (Fagus sylvatica L.) aged 180+ years old. The study site represents
one of the best conserved deciduous forest complexes in the central part of the Czech Republic
(Central Bohemia) (Care Plan, 2023). The current beech stands underwent natural regeneration
through shelterwood system between 1800 and 1820. Since 1955, the area has been excluded
from standard forest management. Presently, over sixty percent of the reserve is left for
spontaneous development, as outlined in the Care Plan (2023). The study was situated in six
permanent plots of 1 ha (100 x 100 m), Fig 1. These plots were established in 1980 and 2005

within the reserve to monitor the natural development of native beech stands (Bilek et al., 2011).
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Figure 1 Location of the study area and placement of permanent research plots.

Design of study

The studied deadwood types (standing deadwood — snags; lying deadwood — logs) originated
from the natural development of the stands, with no manipulation or creation of new deadwood
pieces. Data collection in the permanent plots took place in the following study categories:
forest space as control (2021), snags (2022) and lying logs (2023). In instances where suitable
snags or logs were irregularly located in the study plot, traps were placed on snags or logs in
the immediate vicinity of the research plots. However, these locations were still the same stands.
The minimum distance between traps was 25 m. Deadwood pieces were selected for trap
placement so that there were no significant deadwood pieces within the minimum distance (25
m). Individual deadwood types were selected based on thickness so that diameter was
distributed evenly (lying log: mean 43.9 cm (min-max: 9-110 cm), snag: mean 55.3 cm (min-
max: 21-131 cm). Differences in diameters were evaluated by one-way ANOVA, revealing

non-significantly different results. Additionally, deadwood types were evenly distributed
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according to decay classes: 1, freshly dead (1-2 years); 2, initiated decomposition (loose bark,
tough sapwood); 3, advanced decomposition (soft sapwood, partly tough hardwood); and 4/5,

extremely decomposed and moldered, following Gossner et al. (2013).

Beetle sampling

Data collection was carried out in 2021, 2022 and 2023, employing identical window traps for
the study. Each trap was composed of a roof, plexiglass barrier, funnel, and a catch container.
Thirty traps were used in each year, with 29 in 2023, resulting in a total of 89 traps used
throughout the study. The traps were active from April to September and were regularly
collected every 2-3 weeks. In 2021, the traps were mounted on poles at a flight height of 1.5 m,
evenly spaced across the plots (Fig 1A). In 2022, the traps were set directly on beech snags,
oriented in a southward direction, with one trap per trunk, positioned at a height of 1.5 m (Fig
1B). In 2023, traps were directly placed on lying logs, maintaining 5 cm above the ground (by
using sticks, Fig 1C). Elevating the traps at the lying logs prevented epigeic organisms from
directly entering the traps. The preservative solution was a propylene glycol solution (1:1.5)
with a drop of detergent to disrupt surface tension. The collected material was determined to
species level. Representatives of the family Staphylinidae were not determined due to the high
difficulty of determination and the lack of experts for determination. The exclusion of the
family Staphylinidae will probably not bias the study results (Parmain et al., 2015) because
Staphylinidae species richness is highly correlated with saproxylic species richness and shows
very similar responses to the environment. Species were grouped into saproxylic species and
non-saproxylic species according to (Schmidl and BuBler, 2004; Seibold et al. 2015a). Any
captured species not accounted for in these classifications were subsequently categorized as
non-saproxylic species. The taxonomy of the species corresponded to the concept of Zich O.
(ed.) (2022) BioLib. http://www.biolib.cz. Further categorization of the species included levels

of threat (CR=Critically Endangered, EN=Endangered, VU=Vulnerable, NT= Near

106



Threatened), following the Red List of Endangered Species of the Czech Republic,

Invertebrates (Hejda et al., 2017).

Fig. 2. Ilustration of the position of traps to collect data: forest stand space/control (A), snag (B) and lying logs
©

Data analysis

The following analyses were performed in R version 4.3.1 (R Core Team, 2023). A generalized
linear 42 model (Poisson distribution and log function for a number of species and Negative
binomial distribution for abundance) was used to compare the numbers of species and
individuals captured per trap (o diversity). For models, we used the package glmmTMB
(Brooks et al., 2017). For multiple comparisons, differences between study categories were
analyzed in the package "emmeans" (Lenth, 2023) with post hoc Tukey HSD test and

differences visualized by the package "multcompView" (Graves et al., 2023).

The calculation of conservation value followed a methodology similar to that of (Sebek et al.,
2016) by weighting the average of captured species by point score and their individuals for each
trap. Point score were assigned only for species on the Czech Red List (Hejda et al., 2017),
namely CR =4, EN =3, VU =2, NT = 1. In addition, species listed as primeval forest relicts

(Eckelt et al., 2018) were allotted points based on their relict status, with those in the relict class
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(A) receiving 2 points, and the relict group (B) receiving 1 point. For example, Pycnomerus
terebrans has assigned a Red-List status of Endangered (EN) with a score of 3; additionally,
P. terebrans belongs to primeval forest relict groups (B), earning one additional point. In total,

this species enters the analysis (weighting average) with 4 points.

Biomass estimates were derived utilizing allometric formulas following the methodology in
Rappa et al. (2022). Calculations were performed for each saproxylic species, incorporating
mean lengths sourced from Seibold et al. (2015a), which were fitted into the formula for width
(e.g. Elateridae, width allometry = 0.3672 x (length)® 7%). These width values were then
substituted into the formula for the biomass allometry of an individual of a given species, based
on the family-level formulas (e.g. Elateridae, biomass allometry = 3E-05 x (widthx
length)!787%) as specified in Rappa et al. (2022). All values were calculated for each trap.
Statistical comparisons between study categories, type’s conservation values and biomass were
evaluated by the Kruskal-Wallis test with the Dunn's post-hoc test (p-values adjusted with the

Holm method) in the package "coin" (Hothorn et al., 2008).

We have quantified the community composition (3 diversity) of saproxylic beetles using Non-
metric multidimensional scaling (NMDS) based on abundance data. For calculation, we used
the package "vegan" with function metaMDS (Oksanen et al., 2022) with dissimilarity matrix
"bray". Differences in communities were evaluated through Permutational Multivariate
Analysis of Variance using Distance Matrices (Anderson, 2001), applying the "adonis2"
function included in the 'vegan' package with 9999 randomizations. To evaluate the association
of saproxylic beetle species to study categories in the stand, we employed the Indicator Species
Analysis (IndVal) approach (Dufréne and Legendre, 1997). For this analysis, the package
"indicspecies" was used with the "multipatt" function (De Céceres and Legendre, 2009). The
significance level of 0.01 was set to increase the importance of preference for saproxylic beetle
species.
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The estimation of y diversity was approached using the sample coverage method by Chao and
Jost (2012) and the Hill number (q=0, species richness, q=1 the exponential of Shannon’s
entropy index), as proposed by Chao et al. (2014). This method provides a simpler estimation
of species richness (number of species) based on lower sampling effort, as described by Chao
and Jost (2012). These calculations were performed to evaluate sample coverage, performed in
the software iINEXT (Chao et al., 2016). To evaluate the effect of deadwood on the whole site
richness, sample coverage was extrapolated to 100% based on the incidence data of saproxylic
beetles spanning the entire 3-year dataset. Subsequently, sample coverage for each studied
categories and beetle group was extended up to SC 100%, and the results were compared to the

richness of the whole site.

Results

A total of 35,011 beetle individuals were captured, representing 564 species across 61 families.
Additionally, 162 beetles individuals could be identified only at the genus level. Of this total,
20 515 individuals (59%) were saproxylic in 311 species (55%), among which 62 species (20%)
were classified under the Red List category (1S - Supplement). The analyses were conducted
only on saproxylic beetles. The distribution of unique and shared species is shown in the Venn

diagram (Fig 2).
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Fig. 3. Venn diagram — shows the absolute recorded unique and
shared numbers of saproxylic species (Red-List species) in
each study categories.

4.2 Species composition

Among study categories, significant differences were found among all saproxylic individuals
(%2 6.98; p=0.03), Red-List individuals (¥2 23.92; p<0. 001), all saproxylic species (y2 116.31;
p<0.001), and Red-List species (y2 88.08; p<0.001). The overall numbers of saproxylic beetle
individuals and species were notably similar between logs and snags, in contrast to control. The
largest differences in both species and individual counts were observed within the Red-List
group, where snags showed higher numbers of species and adults captured per trap (Fig. 3).
Sample coverage (SC) based on incidence data of saproxylic (q=0) beetle species collected over
the three-year period reached 98.4%, encompassing 311 species (number of traps, n = 89).
Extrapolation of SC to 100% showed a site richness of 391 species (n =480). When considering
all saproxylic beetles, there was no significant difference in the number of species captured and
diversity (q=0, q=1) when comparing deadwood types (Snags, Logs). The lowest species
richness and diversity was recorded in control (q=0 species richness, q=1 the exponential of

Shannon’s entropy index).

In comparison to the entire site, the lying logs slightly (non-significantly) contributed more to

the increase in the study stands with common species, approaching more closely to the
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maximum estimated species richness of the site (Fig 4). Regarding Red-List species, significant
differences were evident between the study categories, with more species and diversity recorded
on the snags. Extrapolation to 100% for snags showed a value for Red-List species close to that
observed for the entire site (Fig. 5). The communities of all saproxylic beetles were strongly
different from each other (p < 0.001) (Fig 6A), as were those of the Red-List species group (p
<0.001). However, the communities at the snags were notably close to those at the forest stand
space (Fig 6B). Of the total 70 species tested, 30 (including 3 Red-List species, 10%) species
were associated with lying logs (alpha 0.01); 28 species (9 Red-List, 32%) were associated with

snags, and 8 species (1 Red-List, 13%) were associated with stand space (= control) (Table 1).
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Table 1. Saproxylic species associated with study categories. IndVal method was used, alpha = 0.01 (Dufréne
and Legendre, 1997). The Red-List species (Hejda et al., 2017) are underlined.

Log

Snag

Control

Mycetophagus quadripustulatus
Ruteria hypocrita
Cryptophagus micaceus
Orthoperus atomus
Anisotoma humeralis
Anaspis ruficollis
Latridius consimilis
Anisotoma orbicularis
Hylis foveicollis
Epuraea variegata
Aspidiphorus orbiculatus
Anaspis frontalis
Epuraea longula
Cychramus variegatus
Epuraea neglecta
Ptenidium turgidum
Platystomos albinus
Malthinus flaveolus
Cerylon fagi

Mycetina cruciata
Uleiota planatus

Cis festivus

Anaspis flava

Cyllodes ater
Prionocyphon serricornis
Acalles camelus
Orchesia undulata
Schizotus pectinicornis
Stephostethus alternans
Amphicyllis globiformis

Cis fagi

Tillus elongatus

Melasis buprestoides
Stereocorynes truncorum
Stictoleptura scutellata
Ampedus nigroflavus
Paromalus flavicornis
Melanotus villosus
Sulcacis fronticornis
Crypturgus subcribrosus
Ischnomera caerulea
Cryptophagus labilis
Dorcatoma chrysomelina
Paranovelsis punctatus
Trypodendron lineatum
Allecula morio
Mycetophagus quadriguttatus
Procraerus tibialis
Pycnomerus terebrans
Mpycetochara axillaris
Eucnemis capucina
Abraeus granulum
Mycetophagus piceus
Aeletes atomarius
Ptinomorphus imperialis
Plegaderus caesus
Ampedus balteatus
Xyleborinus saxesenii

4.3 Biomass and Conservation value

Conservation value was significantly different between study categories (y2 28.7; p<0.001),
and biomass also showed significant differences (¥2 19.7; p<0.001). The conservation value
and biomass were significantly highest at snags (Fig. 7). Among Red-List species, Hylis olexai
(188 ind.) recorded the highest abundance, Corticeus unicolor (34 incid.) showed the highest
incidence, and Stictoleptura scutellata (1.2%) displayed the highest biomass. Notably, five
families contributed the majority of the biomass (89%), with the family Elateridae accounting
for 47% of the total biomass (Fig 8). The top ten captured species represented 83.7% of the
total biomass (Fig 9), with Melanotus villosus standing out as the single species contributing

the largest proportion at 33%.
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Fig. 7. Comparison of conservation values (A) and biomass estimates of saproxylic beetle per trap (B) across
different study categories. Boxes indicate the interquartile 1-3Q, the solid line in the box represents the median,
and the error lines are min-max values. The letters above the bars show differences determined by the Kruskal-
Wallis test and Dunn's post-hoc test (p-values adjusted with the Holm method)
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Fig. 8. The top five families covering the largest biomass proportions. Forty families represent the rest of the
biomass (11 %).
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Fig. 9. Species contributing the largest biomass and their overall share of the total captured biomass. the top ten
species are shown. Abbreviations: Mel_vill, Melanotus villosus (Elateridae); Prio_cori, Prionus coriarius
(Cerambycidae); Mel_cast, Melanotus castanipes (Elateridae); Rha_mord, Rhagium mordax (Cerambycidae);
Dor_para, Dorcus parallelipipedus (Lucanidae); Pti_pect, Ptilinus pectinicornis (Ptinidae); Sin_cyl, Sinodendron
cylindricum (Lucanidae); Myc_quad, Mycetophagus quadripustulatus (Mycetophagidae); Hyl_derm, Hylecoetus
dermestoides (Lymexylidae), Sti_scut, Stictoleptura scutellata (Cerambycidae).

Discussion

Deadwood is an essential habitat for saproxylic beetle species (Parajuli and Markwith, 2023).
In managed forests, however, the amount of dead wood, especially of large dimensions, is
usually low compared to forests that develop without management (Gossner et al., 2013;
Seibold et al., 2015a). This may have a negative impact on saproxylic species diversity, as
management forests are highly prevalent in Central European conditions. A simple solution
seems to enrich managed forests with deadwood of large dimensions only after the
recommended volumes (30-50 m>®/ha) have been reached (Miiller and Biitler, 2010). However,
this may be problematic for forest management if the economic losses incurred are not
financially compensated, e.g. through payments for ecosystem services (Zumr et al., 2021). But
there are several other factors affecting the diversity of saproxylic beetle species, some of which
can be achieved by intensive forest management. It has been found that effects of forest
management on saproxylic beetles are complex and linked primarily to tree species

composition, tree species associations of beetle species, and to canopy cover (Gossner et al.,
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2016; Endelmann et al., 2022). If deadwood is available, saproxylic beetle species can benefit
from the main silvicultural measures recommended for adapting forests to climate change:
establishing mixed stands and carefully reducing canopy closure to reduce interception
(Ammer, 2017). Nevertheless, it is clear that increased attention needs to be paid to deadwood,
particularly with regard to its effectiveness in relation to biodiversity. Therefore, our study
evaluated the contribution of standing and lying deadwood to diversity and abundance of

saproxylic beetles in a beech forest.

The position of deadwood

We observed that the richness between lying logs and snags in the group of all saproxylic
beetles showed relatively small variation. Moreover, lying logs were associated with slightly
(non-significantly) more species of common saproxylic species within the stand. After
extrapolation, gamma diversity (q=0) closely approximates the site richness. Uhl et al. (2022)
found that lying logs are richer not only for saproxylic beetles but also for fungi. This stands in
contrast to oak environments, where snags generally showed higher richness, as observed by
Bouget et al. (2012), or Franc et al. (2007), who identified a similar pattern in oak comparable
to what we found in beech in our study. Many studies have also compared richness between
low and high stumps according to the management (Lindhe and Lindelow, 2004; Jonsell et al.,
2004). However, no stumps were present in our study reserve, as the study stands have not been
managed in decades. In natural and beech reserves, the main components of deadwood volume
are reportedly lying logs in a ratio of 70:30 (mean) with snags (Christensen et al., 2005).
Saproxylic beetle communities were found to be very diverse, indicating that each study stand
category hosts distinct beetle communities. Similar findings were reported by Graf et al.)
2022b). Consequently, this heightened diversity of forest patches may support a greater
diversity of species, particularly at the regional level (Schall et al., 2018). Also, microclimate

conditions may influence saproxylic beetle species (Miiller et al., 2015). While our study does
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not include environmental variables, such as canopy openness, it is important to note that our
research was conducted within the same research plot and identical stands. Therefore, the
canopy openness conditions remained consistent across the study area. Additionally, prior
research found that saproxylic beetle species richness is positively influenced by stand
microclimatic conditions, including canopy openness (Lettenmaier et al., 2022; Rothacher et

al., 2023).

However, major differences were found for the Red-List group of saproxylic beetles. Rare and
Red-List species provide unique functional contributions, and their loss may disproportionately
impact ecosystem functions (Burner et al., 2022). In this study group, the snags showed
significantly higher richness and conservation value, including numerous indicator species from
the Red-List category. A similar pattern was observed in oak wood (Kappes and Topp, 2004;
Bouget et al., 2012). The importance of standing beech deadwood for Red-List species increases
with deadwood diameter (Zumr et al., 2023). After extrapolation to 100% sample coverage
(g=0), the richness of this beetle group notably expands for snags, almost completely matching
the Red-List species richness of the entire site. This finding may indicate that snags serve as a
crucial habitat for Red-List saproxylic species in beech stands. A comparable observation was
reported by (Graf et al., 2022b), who suggested that saproxylic species could be aware of the
suitability of the environment for their further development and dispersion even before landing
on a specific type of deadwood. The presence of Red-List species was exclusively associated
with snags. This alignment with the strong preference of Red-List species for standing
deadwood, coupled with their limited mobility is evident as the fewest Red-List species were
captured in the stand space (control). Hence, we agree with Ranius (2006) and Brunet and
Isacsson (2009), that colonization ability differs between common and Red-List species, the
latter of which exhibit lower dispersal ability. At the same time, a limited ability to colonize

suitable parts of the habitat may be due to small population size, a low dispersal rate and range,
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high dispersal mortality, or low ability to establish a new population, for example, due to limited
fecundity or ability to compete with other species (Ranius et al., 2006). The discussed findings
are consistent with the principles of active deadwood enrichment in managed stands (Doerfler
et al., 2017, 2018), emphasizing the importance of high stumps as equivalents to snags, as
recommended by other authors (Lindhe and Lindeléw, 2004; Jonsell et al., 2004; Zumr et al.,
2021). Given the limited representation of snags in forest landscapes, stem residues from felling
activities constitute the primary form of dead wood (Verkerk et al., 2011). In particular, the
largest volumes of snags are found only in forest reserves (Christensen et al., 2005; Paillet et
al., 2017; Zumr and Remes, 2020). However, the absence of snags in managed forests results
in the deprivation of saproxylic beetle communities, particularly those associated with Red-List

species.

Beetle biomass

In our study, the greatest biomass (all saproxylic beetles) values were measured in standing
dead wood - snags. This contrasts with the findings of Rappa et al. (2022), who reported that
lying logs increased saproxylic biomass in forest stands and decreasing with increase forest
stand structural complexity. In our case, this may be explained by the fact that insect biomass
increases with temperature (Welti et al., 2022). Snags, being more exposed to sunlight, could
enhance the poikilothermic response of beetles, while lying logs, in contact with the forest floor,
tend to be wetter and thus cooler. The important fungus Fomes fomentarius prefers snags (Lira
Dyson et al., 2024), and the diversity of saproxylic beetles has been observe to rise in correlation
with increasing F. fomentarius fruiting bodies biomass (Friess et al., 2019). However, this
fungal species is generally not very abundant in managed beech forests (Miiller et al., 2007).
Invertebrate biomass, including saproxylic beetles, has been declining over the past decades
(Seibold et al., 2019). Despite snags being an integral aspect of dead wood in forests, they are

notably scarce (Verkerk et al., 2011). This could provide a partial explanation for the observed
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decline in invertebrate biomass in forest landscapes. Notably, the family Elateridae contributed
nearly 50% of the total biomass of saproxylic beetles. This highlights the high ecological
variability of Elateridae, a family that has been frequently studied (Laibner, 2000; Hordk and
Rébl, 2013; Gouix et al., 2015; Zumr et al., 2022a), and also accounts for the largest proportion

of saproxylic beetle biomass in beech forests.

Trapping methods

For data collection, we used window traps, a widely adopted method of collecting beetles in
entomological studies (Miiller et al., 2015; Graf et al., 2022; Nakladal et al., 2023). Window
traps are a highly efficient and effective tool for studying saproxylic beetles (Okland, 1996;
Alinvi et al., 2007). Nevertheless, we observed different patterns of saproxylic beetles in
different deadwood and trap placement types. While many studies assess biodiversity using
traps mounted on poles within stand areas (Doerfler et al., 2018; Prochazka and Chlaghamersky,
2019; Rothacher et al., 2023), this method appears to underestimate the true richness of
saproxylic beetles directly associated with deadwood by 20-25% (Hill number q=0). Notably,
Red-List species were predominantly captured in traps directly placed on deadwood. Thus, the

enriching effect of deadwood might be significantly higher than indicated in some studies.

The method of beetle capture itself may have implications for the results and conclusions of the
study. Lying logs may possibly create a flight barrier and, therefore, making beetles less
detectable. However, the abundance captured with lying logs was similar to that on snags. At
snags, beetles can fly around the trunk and eventually fall into the traps. However, following
Graf et al. (2022b), we assume that saproxylic species actively seek out their future dead wood
substrate and are already aware of its suitability for their life cycle before landing on it. While
data collection was carried out in different consecutive years, the stands remained identical.

Changes and variations in stand structure within three years are negligible in old deciduous
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forests, with the beetle community showing minimal alterations (Martikainen and Kaila, 2004).
In cases of significant disturbances, such as windstorms, more sunlight may reach the interior
of stands, leading to warmer localities and larger inter-annual variations in trap interceptions
(Lachat et al., 2016). However, old-growth beech forests are mainly characterized by shaded
and cooler microclimates with small interannual variations (Thom et al., 2020; MaliS et al.,
2023). Therefore, we assume that inter-annual data collection is of limited importance in our

study compared to the significance of the type of deadwood studied.

Reservation as an opportunity

The study was situated in a beech reserve, where a total of 311 saproxylic beetle species (SC
100%, 391) were recorded. Notably, Miiller et al. (2013) published an estimate of 800-860
saproxylic beetle species in European beech forests. After excluding the families Staphylinidae,
which were not identified in our study for a more accurate comparison, the species count ranged
from 679 to 739. This corresponds to 42-46% of the estimated species richness (SC 100%, 53-
58%) documented in European beech forests in our locality. Our extrapolated site species
richness is estimated with lower trapping effort (89) compared to the more than one thousand
window traps used in Miiller et al. (2013). However, the sample coverage method yields less
biased comparisons of richness between communities with a lower total sampling effort (Chao
and Jost, 2012). The species counts discussed above underscores the significance of our study
beech reserve as a crucial habitat for saproxylic beetles. Even recently established reserves can
be very speciose, which is in agreement with Schneider et al. (2021). The richness of the studied
beech reserve may be attributed to favorable geographical and climatic conditions (Schneider
et al., 2021). The high number of saproxylic species emphasizes their key role as the primary
component of beetle diversity in forests in their native state. Consequently, managed stands
tend to be poorer in this beetle group (Paillet et al., 2010; Gossner et al., 2013). However, only

20 species from the Red List were found in one of the oldest beech reserves in Europe (Hordk
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et al., 2016). This might be attributed to the higher altitude, lower trapping effort, and also the
possible effect of dense natural regeneration in long-term unmanaged beech, resulting in a
permanently homogeneous environment and a decrease in species richness (Chytry et al., 2019,
Hilmers et al., 2018). Generally, sunny beech stands proved to be much higher in species
richness compared to shady stands, as studied by many authors (Miiller et al., 2015; Seibold et
al., 2015; Lettenmaier et al., 2022). Additionally, the continuity of suitable habitat, crucial for
many species, has generally disappeared in recent reserves (Brin et al., 2016; Mollier et al,
2022). Many recent beech forest reserves in Europe predominantly consist of protected
formerly managed stands (Brunet et al., 2010), resulting in a starting point for biodiversity at
low levels (Roth et al., 2019). Deadwood volumes and various microhabitats tend to increase
with time since the abandonment of management (Paillet et al., 2017). Likely due to non-
disturbed forest continuity, the study forest site history is dated back to at least 1735 (Sramek
1983a, 1983b). Probably due to sensitive forest management in ancient times (mainly
shelterwood system) Sramek (1982), populations of very rare species, including many Red-List
species, probably survived in our study area. For example, Clypeorhagus clypeatus
(Eucnemidae), Ennearthron palmi and E. pruinosulum (Ciidae) are recorded at only three sites
in the Czech Republic, including a one very ancient game park and two protected sites with

lowland old oak stands (NCA CR, 2024).
Conclusion and management recommendations

The position of deadwood affects the richness and communities of saproxylic species in beech
forests. For all saproxylic beetle species richness, there was no significant difference between
lying log and standing snags, however communities were significantly different. Red-List
species showed a significantly higher preference for snags. Each deadwood type hosted distinct
beetle communities. Given the high conservation value and biomass of beetles captured on

snags, it suggests that prioritizing snags, particularly those of larger dimensions (>35cm dbh)
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(Zumr et al., 2023), during active deadwood enrichment could be beneficial. A positive aspect
of snags is their longer-term persistence in the stand than lying logs, which undergo faster
decomposition over time (Oettel et al., 2023). Additionally, once a snag stem falls to the forest
floor, another stage in the evolution of deadwood is created, hosting a different community of
saproxylic beetles. Protecting historically appropriately managed beech stands for biodiversity
may be a good option, but complete abandonment from management can have a strong negative
impact on biodiversity (Schall et al., 2018; Mic6 et al., 2022). Considering this, integrated forest
management that includes the targeted creation of high stumps as the equivalent to snags can
be recommended. This aspect can highly increase the overall stand richness of saproxylic
beetles. However, dispersal activity of mainly Red-List species was found to be low, as they
were exclusively recorded in traps mounted on deadwood compared to traps placed in the space

stand. This highlights the need for integrated management schemes (Duflot et al., 2022).
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The natural composition of forests has undergone significant changes over recent centuries. A closer-to-natural
tree species composition has long been perceived as key to a high biodiversity. We investigated the impact on
communities of click beetles (Elateridae) caused by changes in the tree species composition of spruce mono-
cultures compared to reference sites of recently unmanaged natural beech forests. To collect data, passive
interception traps were distributed within managed spruce stands of different age classes and natural beech
forests of various developmental stages. The beetle species richness was slightly but not significantly higher in the
beech forests. The saproxylic species group was significantly more common in the spruce stands, whereas the
group of nonsaproxylic species was significantly more abundant in the beech stands. In the commercial stands, the
significantly highest species richness was in the clearings (0-10-year-old stands), and at this forest age class, the
vast majority of the beetle species occurred in the spruce stands. In the developmental stages of the natural forest,
a slightly higher beetle richness was found at the disintegration stage. The study results suggested that different
tree species compositions and stand structures affect the communities of click beetles and substantially change
their species composition and thus their response to external influences. Therefore, management of stands using
diverse silvicultural systems is recommended for creating diverse ecological niches in forests.

1. Introduction 2021), which accelerate significantly with increasing air temperatures

(Park Williams et al., 2013). Therefore, alternative forest management

The majority of forests in Europe have changed over recent centuries
due to forest management (Hannah et al., 1995). Only a fraction of one
percent of native forests remains in Europe (Sabatini et al., 2018). Most of
the forest area in Europe has been converted to simple stands of spruce
(Picea abies K.) and pine (Pinus sylvestris L.) (Hahn and Fanta, 2001). In
these monocultures, a sharp decline in biodiversity has been observed
(Brockerhoff et al., 2008), especially in insects (Seibold et al., 2015a;
Lépez-Bedoya et al., 2021), wood-inhabiting fungi (Miiller et al., 2007;
Blaser et al., 2013), birds, and bats (Roberge et al., 2008; Ettwein et al.,
2020). A soil degradation effect has also been documented in these stands
(Podrazsky and Remes, 2005, 2010). These simple stands are very sen-
sitive to changes in external natural conditions. In particular, they are
highly susceptible to heavy winds and insect outbreaks (Hlasny et al.,
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models are being sought to achieve higher biodiversity (e.g., Roth et al.,
2019; Gustaffson et al., 2020), better soil conditions, and higher stand
stability (e.g., Brang et al., 2014; Remes, 2018). Indeed, the way forests
are managed influences the most important attributes of forest biodi-
versity. The most important attributes include deadwood (Christensen
et al., 2005; Klepzig et al., 2012), the species composition of stands
(Oxbrough et al., 2016; Horak et al., 2019), the degree of insolation or
canopy closure (Lachat et al., 2012, 2016), and the abundance of mi-
crohabitats (Winter and Moller, 2008). Deadwood is crucial because it
contributes enormously to forest biodiversity (Dudley and Vallauri,
2005; Graf et al., 2022). In particular, standing deadwood hosts more
saproxylic beetle species than fallen deadwood (Sverdrup-Thygeson,
2001; Bouget et al., 2012). Saproxylic beetles are the most studied forest
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organisms (Seibold et al., 2015b), as they are considered bioindicators of
the state of the forest environment (Zumr and Remes, 2020) and are
dependent on deadwood of any development stage or type (Speight,
1989; Jaworski et al., 2019).

Click beetles (Elateridae) are primarily associated with forest and
forest-steppe environments (Laibner, 2000; Zbuzek, 2017). They develop
in forest soil, soil litter, and deadwood microhabitats (Laibner, 2000).
The family Elateridae includes many of the most threatened species that
are at risk due to current intensive forest management (Calix et al.,
2018). Landscape management is why more than 60% of the species in
this family are at risk in the Czech Republic (Zbuzek, 2017), while
Europe-wide, 25% of click beetles are in the Critically Endangered (CR),
Endangered (EN), Vulnerable (VU), Near Threatened (NT) categories,
and 8% are in those categories without NT (Nieto and Alexander, 2010).
Almost half of the species of the family Elateridae living in Europe are
endemics (Nieto and Alexander, 2010). The vast majority of the species
included on the Red List of Threatened Species are saproxylic click
beetles associated with deadwood in any form (Laibner, 2000). Their
flight activity is primarily related to warm sunny days (Laibner, 2000),
and they are relatively easy to survey using flight interception traps
(Horak and Rébl, 2013). A large group of rare species of click beetles are
cavity specialists that rarely leave their habitats (e.g., Gouix et al., 2015;
Mertlik, 2017, 2019). The ecology of many click beetles has not been
adequately investigated (Johnson, 2002; Nieto and Alexander, 2010),
and hence, new monitoring methods are emerging, e.g., using phero-
mones in Elater ferrugineus Linnaeus, 1758 (Harvey et al., 2017a; b). The
most endangered saproxylic beetles are known to have poor dispersal
activity (Brunet and Isacsson, 2009). The family Elateridae is important
to study because it is widely variable ecologically, abundant in species
and specimens (Thomas et al., 2009), and tends to be the most frequently
captured group of beetles in entomological studies (Parisi et al., 2016).
This fulfils the prerequisites for the family Elateridae to serve as bio-
indicators of the state of the local environment.

In our study, we investigated the impact of intensive forest manage-
ment on the biodiversity of Elateridae compared to that in unmanaged
stands, which can be considered natural for their given habitat condi-
tions. We posed the following research hypotheses: 1) Forest manage-
ment with its influence on the overall structure and the nature of stands
has no effect on the biodiversity of click beetles; 2) there is a significant
difference in click beetle richness between stands of allochthonous
spruce and stands with autochthonous tree species composition; and 3)
the age structure of the stand affects the diversity of the captured model
group. We have also addressed the research question of what other
variables significantly support the biodiversity of click beetles.

2. Materials and methods
2.1. Study areas

The study was performed in the forests of Central Europe in the Czech
Republic (Table 1). Two geographically similar forest study sites were
selected at elevations ranging from 400 to 700 m a.s.l., with pure beech
stands forming their climax geobiocoenoses (Zlatnik, 1976). One site was
not substantially altered by forest management. It was part of a complex
of protected natural beech stands where no management has been carried
out over the last 20-70 years. The other study site represented standard
Central European commercial forest stands that have been converted in
the past from natural forests (in this case, from beech stands to
spruce-dominated ones).

Table 1
Description of study sites.
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The site in the Voltus sampling area represents a standard Central
European commercial forest. Twenty traps were placed in 0-181-year-
old stands that were classified into 5 classes, and each age class had 4
replicated samples. To assess the influence of the developmental stage of
natural beech forests, the Jevany sampling area was selected, where
stands of three developmental stages (Fig. 1) were singled out: A) an
optimum stage, which had the largest stand stock, a lower number of
trees, horizontal closure, and a structure similar to that of commercial
stands, B) a disintegration stage, which had canopy openings, dying
trees, a decreasing stand stock, and a substantial accumulation of dead-
wood, and C) a growing up stage, which had a large number of trees per
area, a predominance of young individuals, significant self-reduction of
young stands, and vertical canopy closure (Korpel, 1982; 1995; Saniga
etal., 2019). Ten traps were placed at each developmental stage site. The
individual traps were more than 50 m apart, only in one case the distance
was 25 m, but the vast majority were located much farther away in other
localities. The monitored plots were purposefully delineated inside of
forest complexes to avoid data biasing by edge effects.

2.2. Study groups and collection methodology

This study targeted the family Elateridae, which is considered one of
the most threatened groups of beetles due to the intensive management of
their habitat (Calix et al.,, 2018). This group was further divided into
saproxylic and nonsaproxylic species according to Laibner (2000), Schmidl
and Bupler (2004). The division by habitat and trophic relationships was
made according to Laibner (2000) and Mertlik (2014). The taxonomy of
the species corresponded to the concept of Zicha O. (2021) BioLib
(http://www.biolib.cz). The species were further classified according to
the Red List of Endangered Species of the Czech Republic, Invertebrates
(Hejda et al., 2017). Flight interception traps were used for the study: 20 in
commercial stands and 30 in natural beech stands, for a total of 50 traps.
Data were collected for a year at each separately site in Voltus (2017) and
Jevany (2021). Sampling units (traps) were picked up at two-to three--
week intervals during April-September. Each trap consisted of a roof,
plexiglass barrier, funnel, and collection container. The roof of the trap was
made of a plastic dish that was 45 cm in diameter. Underneath the roof,
there were two plexiglass panes perpendicular to one another, forming a
40 cm x 50 cm (width x height) barrier. The traps were placed at a height
of 1.5 m above the ground to have the best chance of capturing the species
(Ruchin and Egorov, 2021). The preservative was a salt or propylene
glycol solution (1:1.5) with a drop of degreasing agent as detergent.

2.3. Study variables

All selected variables (Table 2) were quantified in circles with radii of
20 m (1,257 m?). The response of species composition to the environ-
mental variables is the best at a 20-m radius (Loskotova and Horak,
2016). The canopy closure was determined using hemispherical photo-
graphs taken with a fisheye lens over each trap. The analysis was per-
formed using the Gap Light Analyser software. The ground cover for each
buffer was measured as the proportion of plants and bare soil as litter and
upper humus horizons in the stand. In addition, we quantified the
amount of fallen deadwood >7 cm in diameter (measured as length x
basal area) and standing deadwood (tree torsos with a minimum height
of 1.3 m), the volumes of which were determined as the height times the
basal area (r x r%). For each radius, the volume of dead wood was
measured and then converted to hectares. Microhabitats were surveyed
according to the methodology of Winter and Moller (2008).

Sampling area Management Elevation (m a.s.l.) Precipitation (mm) Annual temperature (°C) Soil type Latitude-longitude
1 Voltus Spruce/managed 550-635 550-650 5.5-9.0 Acidophilic 49°34'45.3" N, 13°50'49.1” E
2 Jevany Beech/unmanaged 450-500 550-650 7.0-8.0 Acidophilic 49.9702431° N, 14.8053208° E
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Fig. 1. Depiction of growth and developmental stages of stands. The top pictures show commercial stands from clearing to mature stages. The bottom pictures show

the developmental stages of natural beech forests.

Table 2
Mean values of measured variables by study site.
Beech Spruce
Mean Min-max Mean Min-max
Deadwood (m>ha ) 58.2 0-231.0 4.0 0-13.4
Microhabitats (pcs) 6.5 0-40.0 0.6 0-4.0
Plants (%) 4.8 0-27.5 30.1 5.0-82.5
Bare soil (%) 49.3 5.0-97.5 45.5 10.0-85.0
Canopy openness (%) 9.6 2.9-22.6 26.7 8.2-90.0

2.4. Statistical analysis

We used a gamma diversity estimation method for the two study sites.
Rarefaction-extrapolation approach that estimated the rate of increase in
the number of species per number of samples, was used similarly to
Seibold et al. (2018). We used the Inext programme (Chao et al., 2016) to
analyse the species richness and diversity curves. Sample based rarefac-
tion was used to generate the species richness curve, where the estimated
richness profile (200 bootstraps, incidence data) was calculated. Di-
versity indices are based on Chao et al. (2014) with Hill numbers: g =
0 (species richness) and ¢ = 1 (exponential of Shannon's entropy index).
Hill numbers offer some distinct advantages over other diversity indices
(Chao et al., 2014). Parameter q characterizes the degree of dependence
on rarely occurring species. If it is zero, we get an index that gives the
total number of species present, thus the weight of rare species is the
largest. When g equals one, we obtain an index that represents the
number of all commonly occurring taxa and is characterized by the
exponential of the Shannon's entropy index.

We used nonmetric multidimensional scaling (NMDS, Bray—Curtis
distance) to plot differences in communities within a site (beech vs.
spruce). NMDS is a robust ordination approach that attempts to represent
pairwise (dis)similarity between objects as faithfully as possible in a low-
dimensional space (Buttigieg and Ramette, 2014). Significance was
tested using distance-based RDA (Legendre and Anderson, 1999) calcu-
lated with the CANOCO 5 software.

Differences in click beetle richness (all, saproxylic, and non-
saproxylic) between natural beech and commercial spruce stands were
evaluated using the generalized linear model (GLM) with a Poisson dis-
tribution (Log link function). Differences between age classes were
evaluated using a post hoc Tukey HSD in a general linear model. The
influence of individual environmental variables on the click beetle
richness was assessed using a generalized linear model (Poisson distri-
bution). All the variables we obtained were entered into the GLM model
(Table 2), and best modelling subset (according to the lowest Akaike
information criterion (AIC) value was separately used to determine the
significant variables for the two stand types (natural beech and spruce
stands). Statistical analyses were performed in the Statistica 13 software
(StatSoft, Inc.). An alpha value of 0.05 was calibrated for all statistical
computations.

Site-specific preferences of the species were tested using a unimodal
constrained canonical correspondence analysis (CCA) method with log
transformation. Constrained linear redundancy RDA (log) analysis with
all canonical axis tests was used to determine the species preference for
the examined stand ages and stages. All ordination analyses were
computed with 4,499 unrestricted permutations. Calculations were per-
formed in the CANOCO 5 multivariate statistical analysis software using
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ordination methods (Leps and Smilauer, 2010; Smilauer and Leps, 2014).

3. Results

A total of 3,165 click beetles were captured during the study. They
belonged to 29 species, 12 of which were saproxylic and 17 were non-
saproxylic (Checklist species in Table 6). In the commercial spruce
stands, 1,475 individuals of 18 species were captured. In the natural
beech forests, 1,690 individuals of 24 click beetle species were captured.
Click beetle communities were significantly different between sites (F =
13.1, p < 0.001) (Fig. 2).

3.1. Species diversity

Most click beetle species preferred the beech forest (Fig. 3). A sig-
nificant difference in alfa diversity was not confirmed (Table 3). Sap-
roxylic species were more abundant in commercial spruce stands in
contrast to non-saproxylic species, which were more abundant in beech
stands (Table 3). The overall species (gamma) diversity was slightly
higher in the natural beech stands than in the spruce stands while there
was no difference for Shannon diversity (Fig. 4). The number of sap-
roxylic species did not differ between sites in terms of Hill numbers (g =
0) (Fig. 5). This contrasted with nonsaproxylic species, which were more
abundant in beech stands than in spruce stands (Fig. 5).

3.2. Age structure

Spruce stands: the species richness of managed stands was highest in
the clearings, to which almost only the saproxylic species responded,
while no significant differences were found for nonsaproxylic species
(Table 4, Fig. 6). Fifteen species (80%) of the click beetle found in the
managed spruce stands were in the youngest growth stages of the forest
(clearings and plantations up to 10 years old; Figs. 6 and 7). The post hoc
test showed that there were no differences in beetle preferences for stand
ages from 40 years, indicating a mature stand build-up and a micro-
heterogeneous homogenization at the site (Fig. 6).

Beech stands: there were no significant differences in the all beetle
richness in the beech stands by GLM (Table 4). The disintegration phase
was in tendency richer in saproxylic species than the growing up phase.
Similarly, individual species favoured the optimal phase during its slow
transition to the disintegration phase and subsequently the disintegration
phase itself (Figs. 6 and 7). Again, the nonsaproxylic species showed no
changes according to environmental conditions (Table 4, Fig. 6).
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Fig. 2. Nonmetric multidimensional scaling (NMDS) shows differences in beetle
communities within the studied managed and unmanaged localities.
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Fig. 3. Species preference (CCA) for study sites by dominant tree species rep-
resented (F = 11.7, p < 0.001). Explained variation by axes: axis 1 (19.60%);
axis 2 (17.58%).

Table 3

Results of the comparison of the number of species within the model groups by
site. A sigma-restricted generalized linear model with a Poisson distribution was
used. Significant differences are marked (p < 0.05). Estimate with positive value
represents higher numbers of species in the study site. S.E., Standard Error.

Estimate S.E. p value

All species
Beech-Spruce 0.004 0.052 0.933
Saproxylic species

Beech-Spruce —0.289 0.081 0.001
Nonsaproxylic species
Beech-Spruce 0.228 0.072 0.002

3.3. Environmental variables

For all species richness only one variable was found to be important,
canopy closure (openness). The most important variable in spruce stands
is canopy openness (Table 5). The species diversity of click beetles, both
of saproxylic and nonsaproxylic species, showed a demonstrable increase
as the canopy opened (Table 5).

In the beech stands, the situation was similar, even with the lesser
importance of the canopy openness, although it remained marginally
significant for all species richness (Table 5). In the beech stands, no
significant effect was found on the number of saproxylic and non-
saproxylic species (Table 5).

4. Discussion

Our study showed that forest management is an important factor
influencing the species richness of click beetles in forest stands. Forest
management affects the overall species composition while altering the
occurrence of the species themselves, which respond differently to
altered natural conditions as observed in our study. In particular, the
importance of insolation (reduced canopy closure) for click beetle species
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Table 4

Species richness of click beetles in the study locality (overparameterized generalized linear model, Poisson distribution). S.E., Standard Error.

All species

Saproxylic sp. Nonsaproxylic sp.

Estimate S.E. p Estimate S.E. p Estimate S.E. p
Spruce 0-10
Forest age (year-old) 10-40 -1.35 0.29 <0.001 —-2.37 0.60 <0.001 —0.69 0.37 >0.05
40-80 —0.52 0.22 <0.05 —-0.63 0.30 <0.05 —-0.53 0.35 >0.05
80-120 -0.77 0.24 <0.01 —-0.83 0.32 <0.01 —0.69 0.37 >0.05
120+ —0.69 0.24 <0.01 —0.69 0.31 <0.05 —0.69 0.37 >0.05
Beech Developmental stage Disintegration
Optimum —-0.31 0.16 >0,05 —-0.38 0.18 >0.05 -0.21 0.19 >0.05
Growing up —0.52 0.16 >0,05 —0.60 0.19 <0.05 —-0.09 0.19 >0.05

was detected. Click beetles are sensitive to changes in the whole
ecosystem. The study sites and their dominant species (Picea abies and
Fagus sylvatica) correspond to the most abundant tree species in Central
Europe. Therefore, we suggest that our results may contribute to
addressing the issue of biodiversity loss in the region's commercial for-
ests. These two tree species are good indicators of the degree of
anthropogenic influence on forest ecosystems in Central Europe, as
spruce has been (and still is) the most commercially exploited tree species

in the region, and spruce stands were most often established on sites that
were previously occupied by native beech stands (Leidinger et al., 2021).

When comparing the study sites (both types of stands), a higher
overall species richness of click beetles in the natural beech stands was
documented, yet the difference was statistically insignificant. In other
studies, natural and seminatural stand composition has been shown to be
important for beetle diversity (e.g. Lopez-Bedoya et al., 2021). However,
though these studies were conducted over other years and it is difficult to
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Table 5

The results of the model for the captured numbers of all detecting species. The
stepwise generalized linear model with a Poisson distribution based on the
lowest AIC value was used for detecting the most important variable. Positive
significance variable are marked.

Beech Estimate S.E. p

All species Canopy openness 0.03 0.14 0.0504
Saproxylic sp. Canopy openness 0.04 0.24 >0.05
Nonsaproxylic sp. Canopy openness 0.02 0.16 >0.05
Spruce

All species Canopy openness 0.01 0.002 <0.001
Saproxylic sp. Canopy openness 0.15 0.003 <0.001
Nonsaproxylic sp. Canopy openness 0.01 0.004 <0.050

compare them to each other, after ten years of research on the distribu-
tion of saproxylic species in the forest, Martikainen and Kaila (2004)
found that the dynamics of common species barely changed, suggesting
that the samples in this case could be compared. In our study, we

captured only common species that were indicative of the local
environment.

In the saproxylic click beetle group, a slightly larger number of spe-
cies was observed in the spruce stands than in the beech stands. Species
richness and diversity of saproxylic species in spruce stands was evident,
especially in the first years after deforestation when the area was exposed
and the new stand was just becoming established. This was consistent
with the theory that click beetles generally prefer sunny habitats (Horak
and Rébl, 2013; Mladenovic et al., 2018). Another reason may be that we
monitored common saproxylic species. For these species insolation of the
forest is particularly important (Bouget et al., 2013; Prochazka and
Schlaghamersky, 2019), which was consistent with our findings.
Nevertheless, significant increases in saproxylic biodiversity, and espe-
cially for threatened species, is mainly related to the amount of dead
wood (Gossner et al., 2013; Seibold et al., 2016). A low proportion of
saproxylic click beetles was detected in natural beech forests, which did
not support the assumption that the higher volume of deadwood in
natural and protected stands leads to a higher diversity of saproxylic click
beetles compared to that in managed forests, as has been documented
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Table 6
List of observed species and their numbers, broken down by site.

Elateridae Saproxylic status Habitat Trapped specimens
1 2 Spruce Beech
Agriotes pilosellus N S - 19
Agriotes sputator N S - 1
Agrypnus murinus N S 3 4
Ampedus balteatus Y DW 518 4
Ampedus erythrogonus Y DW 20 1
Ampedus nigrinus Y DW 38 3
Ampedus pomorum Y DW 47 10
Ampedus sanguineus Y DW 24 -
Anostirus castaneus Y DW 3 2
Anostirus purpureus Y DW 1 2
Athous haemorrhoidalis N S - 10
Athous subfuscus N S 162 804
Athous vittatus N S - 92
Athous zebei N S 63 257
Cardiophorus nigerrimus N S - 2
Cardiophorus ruficollis Y DW 55 -
Dalopius marginatus N S 120 322
Denticollis linearis Y DW - 14
Hemicrepidius niger N S - 1
Limonius minutus N S 3 -
Melanotus castanipes Y DW 70 27
Melanotus villosus Y DW 31 63
Nothodes parvulus N S - 5
Omualisus fontisbellaquaei N S - 2
Paraphotistus impressus, NT N S 5
Pheletes aeneoniger N S 85 43
Procraerus tibialis Y DW - 1
Selatosomus aeneus N S - 1
Sericus brunneus N S 227 -

Saproxylic status: Y, Yes; N, No; Inhabited biotope: DW, Deadwood; S, Soil; NT,
Near threatened.

(Miiller et al., 2008). Possible reason for this discrepancy is the relatively
compact canopy closure and its low variation within the succession of
natural beech stands. In our study sites, even in the disintegration stage
area, the canopy was not completely open and thus lacked prominent
stand gaps. Lachat et al. (2016) showed that the abundance of saproxylic
species was substantially higher in the stand gap than under the canopy
of natural beech forests. This corresponds to the regeneration stage on
the bare soil in the commercial stands. Thomas et al. (2009) observed
that stand gaps of up to 0.2 ha do not have a significant effect on changes
in the communities of click beetle species, which was consistent with our
findings.

The stand age structure was of great importance for the diversity of
click beetles. Their species richness was highest in the clearings of clear-
cut spruce stands. In these areas, species were recorded when they were
no longer present during subsequent growth. The change in stand
structure as a result of the growth and development of commercial spruce
stands leads to the creation of a full canopy, and thus to a loss of
microclimatic and microhabitat variability, leading to the disappearance
of previously occurring species. A diverse mosaic of age classes is key to
promoting a higher biodiversity in stands that are clear-cut. In these
cases, even clear-cutting can be more valuable to overall biodiversity
than selection management of forests with vertically closed canopies that
have low development dynamics (Schall et al., 2018). Nevertheless, as
climate change is underway, selection management of forests and similar
close-to-natural silvicultural systems are increasingly promoted for
example by Brang et al. (2014) and Banas et al. (2018) for improved
adaptation to warmer climatic conditions (Hagerman and Pelai, 2018).
However, from the point of view of invertebrate diversity, it seems
preferable to promote management systems that include early succes-
sional stages rather than silvicultural systems that homogenize the
landscape and where early succession-stage species and many others will
not occur (Warnaffe and Lebrun, 2004). In this study, saproxylic species
were found to be responsive to changes in stand structure at the study
sites, while nonsaproxylic species were barely responsive, and species
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diversity was relatively even throughout stand development, as docu-
mented by Stenbacka et al. (2010) for example. Within the group of
nonsaproxylic, soil-inhabiting click beetles, substantially greater differ-
ences in species diversity were detected when comparing the two sites.
The soil properties of nonnative spruce commercial stands have been
studied for many decades. The degradation effect and reduction in mi-
crobial activity of forest soils have been documented, for example, by
Fabianek et al. (2009) and Podrazsky and Remes (2012). According to
our research, the condition of the forest soil was probably the deter-
mining factor responsible for the increased diversity of nonsaproxylic
click beetles in the natural beech forests compared to spruce stands. Soil
degradation leads to species loss and changes in the species composition
of epigeic beetle species (Elek et al., 2001; Oxbrough et al., 2016), and
this appears to be true for nonsaproxylic, soil-inhabiting click beetles, as
this group is influenced by soil chemistry and nutrients (Kula, 2010). In
terms of nutrient levels in the humus horizon, wireworms (click beetle
larvae) appear to be more abundant in soils with excessive phosphorus
and calcium contents, as well as those with optimal potassium levels
(Kula, 2010). This aspect is probably the determining factor for the
higher diversity of soil-inhabiting click beetles in the natural deciduous
beech stands than in the nonnatural spruce stands represented in our
study. In deciduous and mixed stands, the nutrient base content in forest
soils and humus horizons is usually several times higher (Poleno and
Vacek, 2011). Basic elements leaching from the soil lead to, among other
things, the formation of podzolic soil types and soil moisture deficiency
(Poleno and Vacek, 2011). An analogy can be drawn from research on
communities of the family Carabidae: Sroka and Finch (2006) found that
high soil moisture was a key attribute for the diversity of ground beetles,
which was confirmed by Kacprzyk et al. (2021), higher pH and carbon
content also have an influence. A significantly higher species diversity of
ground beetles has been demonstrated in cambisols than in podzols
(Tyler, 2008). Similarly, earthworms are virtually absent in spruce stand
soil due to its acidity and aridity, while earthworm communities are the
richest in broadleaved mixed stands (Schelfhout et al., 2017).
Evaluation of differences in soil properties from the study sites was
not the focus of this study but appeared to be a very important factor in
the overall click beetle diversity. According to the cited sources, moisture
and a rather rudimentary environment are important for most soil fauna.
Beech stands cover the soil with their canopy and maintain a suitably
moist microclimate. On the other hand, dense canopy cover has been
shown to be undesirable for saproxylic species diversity (Sebek et al.,
2016; Horak et al., 2018). However, the litterfall of beech leaves con-
tributes to the maintenance of mull and mull-moder humus forms that are
suitable for soil fauna. Another factor was the presence of deadwood,
which was relatively abundant in the studied beech stands, especially
those in the disintegration stage. Beechwood is a major releaser of N, Mg,
Ca, K, and P nutrients to the soil (Dhiedt et al., 2019), and it serves as a
reservoir and source of water (Harmon and Sexton, 1995). Deadwood
also increases soil microbial activity (Minnich et al., 2021).
Soil-inhabiting click beetles respond positively to these effects (Kula,
2010). In this context, the question arises as to whether soil-inhabiting
click beetles can also be saproxylic species. If so, then they could be
influenced by deadwood and be tertiary to quaternary saproxylic beetles.
This would mean that more than 25% of forest biodiversity could be
affected by deadwood (Dudley and Vallauri, 2005; Graf et al., 2022).

5. Conclusion

This study showed the change in composition and distribution of click
beetle species in commercial spruce and natural beech stands. The po-
tential diversity of the beetles in terms of salient microhabitats and
deadwood increased as the beech stands evolved. Gradually, this can
mean that large amounts of deadwood can partially compensate for a lack
of insolation (Lachat et al., 2012; Miiller et al., 2015). With establishment
of the next generation of forests through regeneration and new growth,
complete shading will gradually prevail, and thus, the invertebrate
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biodiversity will be reduced. Conversely, commercial forests can benefit
from repeated disruption of the canopy by silvicultural interventions, and
if these are combined with deadwood enrichment, forest biodiversity can
be greatly increased as recommended by various researchers (e.g.,
Doerfler et al., 2020; Zumr et al., 2021). In addition, if mixed stands are
created through forest regeneration, a high species diversity can be
achieved without losing an important function of timber production.
Saproxylic beetles will benefit from the alteration of forest develop-
mental stages, and nonsaproxylic and soil-inhabiting species will benefit
from the mixed stand composition and the beneficial effect on the soil of
the mixture of tree species. This integrated silvicultural approach can
become even more valuable than a conservative strategy, especially at
mid- and lowland elevations, due to the mixing and rotation of diverse
ecological niches and the dependence of thermophilic species on open
habitats for example. Forest management can thus actively create and
conserve biodiversity (Leidinger et al., 2020).
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8. Diskuse

Cil 1. Ve studované oblasti jsme po sob¢ jdoucich tif let sbirali entomologicka data. Celkem
jsme zachytili vice neZ 35 tis. kust broukd, ktefi byli zatazeni do 564 druhii. Z toho bylo 25 tis
kust zatazeno mezi 311 saproxylickych druht. Na zdkladé extrapolace podle Chao & Jost,
(2012) lokalita dosahuje bohatosti 394 saproxylickych druhti. Publikované odhady bohatosti
bukovych lesti (Miiller et al., 2013), bez Staphylinidae, se pohybuji v rozmezi 679-739 druht.
Zaznamenany pocet druht odpovidd 42-46 % odhadované bohatosti bukovych lesi. Pii
porovnani extrapolovanych hodnot se tento podil zvysi az na 53-58 %. Tyto vysoké pocty
druhil a vysoky podil z celkové odhadovaného poctu druhti obyvajicich bukové lesy doklada
vyznam studované lokality NPR Vodé¢radské buciny. Taktéz vysoky pocet druhti z ¢erveného
seznamu (Hejda et al., 2017) a pralesni relikty (Eckelt et al., 2018) podtrhuji pfirozenost
bukovych porostli s mnoha dilezitymi nikami mrtvého dieva. Nemén¢ diilezitd je kontinuita
lesniho prostiedi (Schiegg, 2000a, 2000b; Mollier et al., 2022). Studovana lokalita nebyla nikdy
odlesnéna a byla pravdépodobné obhospodarovana citlivé, dokladem muze byt prvni doloZeny
nélez Clypeorhagus clypeatus pro oblast Cech (Bohemia) pii nasem sbéru dat (Nakladal &
Zumr, 2022). Tento druh je zndm jen z nékolika exempldii zaznamenanych zejména

v bukovych starych lesich Slovenska (Mertlik, 2023).

Motorem pfirozené dynamiky lesnich porostli mtiZze byt vitr, poZar (Seidl et al., 2017; Meyer et
al., 2021; BlaZej, 2023) a v minulosti také velci bylozravci (Vera, 2000). Zpravidla byly
charakterizovdny vétSimi plochami disturbanci. V tomto dil¢im cili disertace byl zkoumaén
pfirozeny rozpad porostl vétSinou dany fyzickym stdiim jednotlivych stromt a celych porosti.
Spontdanni  vyvoj lesnich  porosti  hraje  vyznamnou roli pro  saproxylické
i nesaproxylické brouky, jelikoZ kazdé stadium a faze vyvoje zprostiedkuje rozdilné porostni
niky. Predevs$im se jedna o kliCové faktory, jako je mrtvé dievo a vysSi propustnost slunec¢niho
zateni do nitra porostil. Tyto dva faktory jsou v bukovych lesich nepostradatelné (Miiller et al.,
2015). AvSak nic neni stdlé a zejména pak bukové lesni porosty s pfirozenou dynamikou je
velmi proménlivé a dynamické prostiedi. V jednotlivych stadiich a fazich vyvoje porostl se
meénily komunity broukt i druhova bohatost. Pfirozené bukové porosty maji pomérné kratkou
rotaci generaci, obvykle 200-250 let (Emborg et al., 2000). I samotné bukové dievo ma
v porovnani s ostatnimi dfevinami nejkratsi dobu dplného rozkladu, ktera se pohybuje okolo 50
let (Hararuk et al., 2020). Nejdelsim stadiem vyvojového cyklu bukovych porost je stadium

optima, které dosahuje az 2/3 celého Zivotniho cyklu bukového porostu (Emborg et al., 2000).
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Stadium rozpadu matecného porostu je naopak nejkratSim vyvojovym stadiem bukového lesa
a trva velmi kratkou dobu. Struktura je maloplo$né a zdhy se uvolnény prostor vyplni bujnou
ptirozenou obnovou. Nésledné je pozorovéan pokles bohatosti a diverzity brouki. MiiZe to byt
taktéZ negativné ovlivnéno metodou sbéru, kterd z principu chytd spiSe létavé druhy.
V porostech s velkym zastoupenim pfirozené obnovy je pfirozen¢ snizena letova aktivita
broukt. StéZejnim faktorem pro Zivot fady bezobratlych je oslunéni (Lettenmaier et al., 2022).
Piili§ hustd pfirozend obnova lesa zahy piistup oslunéni do nitra porosti siln€¢ redukuje. Husta
piirozend obnova je v tomto smyslu nezadouci i pro brouky vizané na veteranské stromy
(Sebek et al., 2016), u nichz by se mélo ptistupovat k aktivnimu odstraiiovani pfirozené obnovy
v jejich okoli (Mertlik, 2017; Lariviere et al., 2023), pokud neni eliminovana (okusem) vlivem
zvéte, coz se vSak déje zejména jen v oborach. Z hlediska doporuceni do praxe se jevi jako
vhodné;jsi volba obnovy maloplosnymi holosecnymi prvky s vystavky a s integrujicimi prvky
mrtvého dfeva. To by mohlo byt i formou vysokych pafezii v centru maloplosného obnovniho

prvku, coz by imitovalo piirodni vyvoj bukovych lesi.

Cil 2. Charakteristiky torz do velké miry ovliviiuji Zivot saproxylickych broukti na nich
navazanych. Bylo zjiSténo, Ze tloustka kmene a otevienost zdpoje v porostu byly hlavnimi
parametry vysvétlujicimi nejvice variability v datech. Zde byla studovdna bukova torza, avSak
podobny vzor byl nalezen i u jehlicnatych vysokych patezii (Lindhe et al., 2005). Diky témto
skute¢nostem se da predpokladat, Ze aktivné vytvotrené vysoké patezy by mohly byt srovnatelné
s pfirodnimi torzy (Jonsell et al., 2004). Na rozdil od nékterych autorit (Jonsell et al., 2004;
Brunet & Isacsson, 2009a), kteii shledali tloustku torz jako proménnou s minimdlnim
vyznamem, v nasi studii byl vyznam této veliiny zdsadni. Vyznam velké tloustky dubovych

torz potvrdil napt. i Bouget et al. (2012).

Otevienost zdpoje je kliCovym faktorem pro vysokou bohatost broukil, coZ potvrzuje napf.
Naklddal et al. (2022); Lettenmaier et al. (2022). Margindlni, ale negativni vliv pro alfa
diverzitu hrala rozkladna faze torza, coz odpovida vysledkiim Brunet & Isacsson (2009a), ktefi
vSak pfedstavuje Zivotni niku pro fadu druht, také proto byla ve studii detekovdna jako
prikazné (i kdyZ margindlng) diileZitou proménnou v preferencich druhti, zejména ze skupiny
saproxylickych druhti obyvajici substraty mrtvého dieva. Tento trend byl pozorovén predevsim
u zastinénych, pokrocile rozloZzenych torz. To je v souladu se zjiSténim Jonsell et al. (1998)
o tom, ze vys$i rozkladné faze dokdZi obyvat stinomilné saproxylické druhy broukad.

Neocekavali jsme, Ze hluboké a velké dutiny na bazi torza budou negativné ovliviiovat diverzitu
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saproxylickych brouki, toto mikrostanovisté je pro tyto saproxylické druhy brouki stézejni
(Miiller et al., 2014; Hennenberg et al., 2021). MiiZe to mit n¢kolik vysvétleni. Malou mobilitou
dutinovych druhti, ktefi velmi sporadicky opoustéji svoji dutinu, napf. dutinové druhy
Elateridae (Mertlik, 2014, 2017, 2019). Dalsim vysvétlenim muze byt i to, Ze komunity dutin
ovliviiuje i struktura porostli (Hennenberg et al., 2021). Obecné¢ dutinové druhy jsou z vétSiny
vzacné a malo mobilni (Brunet & Isacsson, 2009b). Studované tizemi jsou piivodni hospodarské
porosty, avSak recentn¢ ponechané samovolnému vyvoji. Pivodnimi hospodatrskymi zdsahy se
mohla do zna¢né miry vytratit kontinuita vhodnych dutinovych mikrostanovist’ a rekolonizace
téchto mikrostanovist muze probihat az v delsim obdobi. Kontinuita je dalezitym parametrem
pro saproxylické druhy (Brin et al., 2016; Mollier et al., 2022). Dalsi vysvétleni negativniho
vlivu hluboké a velké dutiny na bazi torza miZe spocivat v tom, Ze se vyskytovaly zejména na
pokrocile rozlozenych torzech, coz obecné vede k niz§imu druhovému bohatstvi (Brunet &
Isacsson, 2009a) a téZ mohou byt nékteré parametry dutin méné vhodné pro saproxylické druhy
(Cuff et al., 2021). DilleZitym, byt margindln¢ daleZitym statisticky prukaznym parametrem,
byla abundance plodnic F. fomentarius. Podle zjiSténi (Lira Dyson et al., 2024) druh houby
preferuje torza, stézejnim atributem se stal pro mycetophdgni skupinu broukti hlavné Celedi
Ciidae a napft. druhu Bolitophagus reticulatus (Tenebrionidae). NaSe zjisténi podporuji zaveéry
Friess et al. (2019), Ze se jednd o velmi dileZzity prvek, ktery vytvaii itocisté mnoha druhtim,
zejména mycetophagni skuping, ale i ostatnim saproxylickym druhtim z pohledu rozkladu
dfeva. Tento druh houby je vSak velmi ztidka pfitomny v bukovych hospodatskych porostech
(Miiller et al., 2007). Absence F. fomentarius mtze byt dil¢i pficinou, pro kterou jsou intenzivni
bukové hospodaiské porosty biologicky chudé (Miiller et al., 2008; Roth et al., 2019). Na rozdil
od skupiny vSech saproxylickych druht, preference ohroZenych druhii byly spjaty s otevienosti
zéapoje, s tloustkou a s objemem torza. Tyto parametry mrtvého dieva jsou hlavnimi divody,
pro¢ jsou tyto saproxylické druhy vedeny v Cerveném seznamu a souvisi to s Zivotnimi
strategiemi téchto druhti. Vyznam velkého objemu torz silnych dimenzi pro ohroZené druhy
zjistili téZ Miiller et al. (2010) a Prochdzka & Schlaghamersky (2019). Nejvice ohroZené jsou
ty druhy, které jsou zavislé na oslunénych mohutnych dimenzich mrtvého dieva (Seibold et al.,

2015a).

Cil 3. Bylo zjisténo, Ze mezi bohatosti lezicich kmenl a torzy nejsou pro skupinu vSech
saproxylickych brouki velké rozdily. Z pohledu extrapolace do druhové bohatosti
saproxylickych brouki se ukdzalo, Ze se leZici kmeny mirné vice podili na obohacovani

béznych saproxylickych druhii daného porostu. Gamma diverzita (q = 0) se po extrapolaci
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nejvice priblizuje bohatosti lokality. Podobné zavéry formuloval i Uhl et al. (2022). Porovnéani
vlivu pozice mrtvého dfeva na diverzitu saproxylickych druhli je u buku nedostate¢né
vyhodnocend, proto chybi dulezitd doporu¢eni do potenciondlniho integrovaného
managementu. Jind situace je u druhé nejvyznamng&jsi listnaté dfeviny dubu. Porovnéni
napiiklad provedl Bouget et al. (2012), nebo Franc et al. (2007), ktery u dubu zjistil podobny
vzorec jako v nasi studii u buku. Zaroven druhovou bohatost taktéZ vyznamné ovliviuji
mikroklimatické podminky porostu, které jsou spojené napft. s otevienosti zdpoje (Lettenmaier
et al., 2022; Rothacher et al., 2023). Torza pozitivné ovliviiovala vyskyt skupiny ,,Red-List*
saproxylickych broukt, jejich ochranaiskou hodnotu i celkovou biomasu. Co se tykd piimo
vyS$sitho bohatstvi ohroZenych druht, tak dubova torza hosti vice ohroZenych druhti nez leZici
kmeny, obdobné jako v nasi studii (Kappes & Topp, 2004; Bouget et al., 2012). Pozitivni
vyznam stojiciho bukového mrtvého dieva pro Red-List species se zvétSuje s jejich tloustkou

(Zumr et al., 2023).

Tato skupina broukil se po extrapolaci (q = 0) na 100 % SC u torz prakticky zcela shoduje
s bohatosti Red-List species celé lokality. Toto zjiSténi mtiZe indikovat, Ze hlavnim dtociStém
druhii saproxylickych druhi z ¢erveného seznamu jsou v bukovych lesich torza. Bylo tak
potvrzeno, Ze ohroZené druhy vysoce preferuji stojici mrtvé dievo a vykazuji téZ slabou
mobilitu (Brunet & Isacsson, 2009b), jelikoZ v prostoru porostu bylo zachyceno nejméné druhii
Vziacné druhy brouki jsou nepostradatelnou slozkou celych ekosystémil (Burner et al., 2022).
Diskutovand zjiSténi souhlasi s ndvrhem managementu aktivnim obohacovanim hospodaiskych
porosti mrtvym dievem (Doerfler et al., 2017, 2018), a zejména s vyuzitim vysokych pafezi
jako ekvivalentd torz, jak doporucuje fada autorti (Lindhe & Lindelow, 2004; Jonsell et al.,
2004). Jelikoz jsou torza velmi slabé zastoupend v lesni krajiné, hlavni podil mrtvého dfeva zde
tvoii tézebni zbytky (Verkerk et al., 2011). NejvétSi objemy torz jsou pouze v lesnich
rezervacich (Christensen et al., 2005; Paillet et al., 2017). Diky absenci torz jsou tak
hospodaiské lesy ochuzeny o komunity saproxylickych brouka Zzijicich na torzech, a to
pfedevSim pravé téch ohrozenych.

Biomasa saproxylickych brouki je zatim velmi malo zkouména. Recentné se tomu vénoval
Rappa et al. (2022). V nasi studii byla nejvyssi hodnota biomasy zjisténa u stojictho mrtvého
dfeva — torz. Na rozdil od nas zjistil Rappa et al. (2022), Ze leZici kmeny zvySuji biomasu
saproxyll v porostu. V nasem piipad¢€ to miize byt vysvétleno tim, Ze biomasa hmyzu nardsta

s teplotou (Welti et al., 2022). Torza jsou vice vystaveny slune¢nimu zdfeni a tim se muze
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navySovat biomasa poikilothermnich broukt, naopak leZici kmeny spojené s lesni ptidou jsou
vlhéi a tudiZ chladnéjsi. Biomasa bezobratlych v¢. saproxylickych brouki za posledni dekady
klesa (Seibold et al., 2019). Dil¢im aspektem mrtvého dieva v lesich jsou torza, avSak tento
dilek mrtvého dieva prakticky chybi (Verkerk et al., 2011). To mtze byt dil¢im vysvétlenim,
pro¢ biomasa bezobratlych v lesich zaznamendva pokles. Nejvétsi biomasu saproxylickych
broukt vytvofila ¢eled’ Elateridae, a to téméi 50 %. TudiZ bylo zjiSténo, Ze Elateridae jsou nejen
vysoce ekologicky variabilni ¢eledi, asto jsou zkoumdny (Laibner, 2000; Hordk & Rébl, 2013;
Gouix et al., 2015; Zumr et al., 2022), ale tvofi i nejvétsi podil biomasy saproxylickych broukt

v bukovych lesich.

Cil 4. Substituce hlavni porostni dfeviny ma velky dopad pro komunity kovatikovitych. Obecné
zménou jsou do velké miry ovlivnény i pudni charakteristiky (Podrdzsky & Remes, 2002;
Podrazsky, 2003). Celkové rozdily v poctu druht nebyly vyrazné, avSak gamma (q = 0)
diverzita byla rozdilna. Zcela jiné bylo sloZzeni komunit kovaitikti. Kazda dfevina vytvaii odliSné
prostiedi a tim tvofi jiné niky lesniho prostfedi. Druhova kompozice z pohledu saproxylickych
kovaiikt nebyla rozdilna pro gamma diverzitu (q = 0), pfesto vice saproxylickych kovaitikl se
zachytilo (praimérné na past) ve smrkovych porostech. Obecné saproxyli¢ti kovafici jsou silné
spjaty s mrtvym dfevem a jeho nikami (Mertlik, 2014), tudizZ bylo ptekvapujici, Ze v bukovych
porostech s vysokymi objemy mrtvého dfeva byla druhova bohatost saproxylli velmi nizka.
Patrné€ to je dédno absenci vyslovené¢ slunnych porostnich expozic, které kovatici radi obyvaji
(Laibner, 2000; Hordk & Rébl, 2013). Proto se vice saproxylickych druhii zachytdvalo
(primérné na past) ve smrkovych porostech, coz bylo zpiisobeno vyskytem holin s vysokou
slune¢ni expozici. To bylo zaroven i nejdileZzitéjsi zjisSténou envi-proménnou. Zaroven bukové
dfevo a jejich hlavni rozklada¢ F. fomentarius tvoii bilou hnilobu, kdy obecné kovatici a
predevsim ti ,,vzdcni* jsou vazani na ¢erveny trouch (Laibner, 2000). Tyto dva faktory mohou
byt klicové a mohou ,negativné” ovliviiovat saproxylické druhy kovaiikti v bukovych

rezervacich.

Obecné byla skupina nesaproxylickych kovatikd, tzn. pidnich kovaiiki vice zaznamendvéana
v bukové rezervaci. Pudni kovatici jsou fytofigni nebo karnivorni (Laibner, 2000). Pidni
charakteristiky pod piisobenim smrkovych porosti maji trend degradovat. I tento vliv na ptdni
podminky mtze mit sekundarné€ vliv na pudni kovatiky (Kula, 2010). Soubézné s melioracnim
efektem mrtvého dfeva na lesni piidu v bukové rezervaci mize mit mrtvé dievo pozitivni vliv
i na hojnost ptidnich kovatikll. Zaroven zprostfedkovava potravni nabidku z pohledu kotfenti

z bylinného patra, které je v bukovych lesich mirn¢€ bohatsi. Taktéz byl zjiStén negativni dopad
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smrkového opadu degradujiciho ptidu i na hojnost ZiZal, ale i stievlika (Tyler, 2008; Schelfthout
et al., 2017). Tento aspekt je pravdépodobné urcujicim faktorem pro vyssi diverzitu pidnich
broukt v pfirozenych listnatych lesich, oproti neptirozenym smrkovym porostiim zastoupenych
v na$i studii. V listnatych a smiSenych porostech je obsah bazi v lesnich pudéach
a humusovych horizontech obvykle n¢kolikandsobné vyssi (Poleno et al., 2011). Vyplavovani
bazickych prvkl z pidy vede mj. ke vzniku podzolovych ptdnich typt a k nedostatku pidni
vlahy (Poleno et al., 2011). Analogii 1ze vyvodit z vyzkumu spolecenstev Celedi Carabidae.
Sroka & Finch (2006) zjistili, Zze vysoka pudni vlhkost byla kli¢ovym atributem pro diverzitu

Vv

pudnich broukd, coz potvrdili i Kacprzyk et al. (2021), vyssi pH a obsah C taktéZ ovliviiuje
komunity epigeickych broukil. Vyrazné¢ vyssi druhova diverzita ptidnich broukt byla prokdzéna
v kambizemich nez v podzolech (Tyler, 2008). Podobn¢ se ve smrkovych porostech prakticky
nevyskytuji v ptidach zizaly, kvuli jejich kyselosti a nizsi vlhkosti, zatimco spolecenstva ziZal

jsou nejbohatsi v listnatych smiSenych porostech (Schelthout et al., 2017).
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9. Zavér a doporuceni pro praxi

Ubyvéani biologické rozmanitosti je celospoleCensky problém. Hleddni cest, jak tento
nepiiznivy trend zvratit je dilezitym tkolem i pro lesnickou védu i praxi. Terénni sbér dat a
provedené analyzy v této disertani praci byly zaméfeny na vyhodnoceni vlivu atributh
bukovych lest stfednich poloh na bohatost saproxylickych druha broukt. Tato skupina muize
byt negativné postiZena lesnickymi hospodaiskymi zdsahy, zejména v minulosti ploSné
uplatiovanym schematismem péstovani stejnov€kych monokultur. Péstebni zasahy vSak
mohou byt pro udrZeni nebo zvySeni biodiverzity také relevantni a prospésné. Jde napiiklad o
“tradi¢ni” management nizkych a stfednich lesii, nebo pastevnich lesnich formaci, zakladani a
pestovani smiSenych porostil, vytvafeni riznych porostnich nik variabilnim selek¢nim tlakem,
intenzivni droviiové zdsahy podporujici pfirast nejkvalitngjSich stromu, které zaroven zvysSuji
pristup svétla do porostli nebo kombinace vice péstebnich modeli. Z pohledu biodiverzity
saproxylickych druhti broukti vSak zlistiva problémem Casto kompletni odstraniovani habitata
mrtvého dieva. Je tfeba také pocitat s Casovou promeénlivosti tvorby a zaniku vhodnych
habitat(, a to i pfi vyuZivani pfirozend sukcese, kterd vyznamné méni ekotypy stanovist’ (Chytry

etal., 2019).

(1) Jak struktura a p¥irozeny vyvoj bukovych porosti ovliviiuje modelovou skupinu
broukii. Bylo zjisténo, Ze samovolny vyvoj je dulezitym faktorem pro hlavni studovanou
skupinu saproxylickych brouki. V porostech, které jsou ponechany samovolnému vyvoji se
vytvéreji atributy diilezité pro brouky (saproxylické i nesaproxylické). Bylo zjisténo, Ze mrtvé
dfevo a otevienost zapoje jsou hlavnimi determinanty pro vyskyt saproxylickych brouki, tyto
atributy jsou ve zvySené mite dosahovény ve stadiu rozpadu. Na plochéich, kde probihal rozpad
mateiského porostu, byl také detekovan pro mnoho druhti dilezity bylinny pokryv. Ten je
z hlediska phytophagnich druhii stéZejni, ale stejné tak pro florikolni saproxylické druhy.
Pfenos téchto zavért do doporuceni pro hospodarské lesy neni automaticky, protoze lesnictvi
je hospodafska ¢innost, kterd zatim ekonomicky profituje pouze z prodeje dievni hmoty. Ta je
zarovenl jedinecnou obnovitelnou surovinou a jeji vyznam v souvislosti s probihajicimi
klimatickymi zménami narastd. Nelze tedy jednoduSe plosné¢ nahradit hospodaiské porosty
rezervacemi bez managementu, kde by se uplatiovala pouze konzervativni (segregacni)
strategie ochrany piirody. To by mélo negativni dopady jak na lesnictvi, tak i na
dfevozpracovatelsky pramysl. Zaroven ani pro samotnou biodiverzitu neni vZdy konzervacni

Vv s

strategie tou nejvhodnéjsi volbou, a to predevsim pro slunné lesni biotopy (Hordk et al., 2014)
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a lesni formace s veteranskymi stromy (Miklin & Cizek, 2014; Sebek et al., 2016). Mnohdy
jsou promyslené hospodaiské zasahy vitdny (Mertlik, 2017; Mic6 et al., 2022). Lesni rezervace
by nicméné mély vytvéret sit’ hotspotl biodiverzity v krajiné, z kterych se muze §ifit i do

hospodafskych lesi, zejména pokud tam bude aplikovdn zminény integracni management.

(2) Jaké parametry mrtvého dieva ovliviiuji modelovou skupinu brouku. Na zakladé
provedeného vyzkumu i analyzou relevantnich zdroji bylo zjisténo, ze vedle doporuc¢eného
objemu mrtvého dfeva je zdsadni jeho dimenze (tloustka), objem a oslunéni, a to predevsim
pro ohrozené saproxylické druhy hmyzu. Tato zjisténi lze zapracovat do integrovaného
péstebniho managementu, ktery umozni propojit produkéni funkci 1 podporu a ochranu
biodiverzity. Integrace pottebného podilu mrtvého dieva do zdmérné variabiln€ uplatiiovanych
pestebnich schémat mtze na velké ploSe, defacto na tizemi celého statu, postupné dosdhnout
vyznamného pozitivniho efektu na biodiverzitu lest. Jelikoz hospodarské porosty zaujimaji
nejvétsi podil z plochy lesti v Ceské republice. Je viak ziejmé, Ze s tim spojené naklady nejsou
schopny nést lesnické subjekty, a tak podle vdhy spolecenské poptavky m¢l tyto naklady nést
stat, napt. formou plateb za ekosystémové sluzby lesa. To by ovSem pozadovalo vypracovat
metodiku pro objektivni vyhodnoceni mnoZstvi a typt mrtvého dieva, aby bylo mozné
potenciondlni platby kontrolovat. Odhad nékladii pro ponechani urcitého ,,optimédlniho* objemu
mrtvého dieva pro zdkladni dieviny redukované rozkladnym procesem byly vyc¢isleny na ¢astku
mezi 750-1750 K¢/ha/rok. Celkové ndklady by potom zdvisely na ploSe hospodaiskych lesii,

kde by se tento management aplikoval.

(3) Jaky je optimalni typ mrtvého dieva a atributy integrovaného péstebniho
managementu podporujiciho diverzitu modelové skupiny brouku v hospodaiskych lesich.
Dil¢im cilem vyzkumu aplikovatelnym do lesnické praxe bylo navrhnout, jaky typ mrtvého
dfeva by lesni hospodaii méli preferovat z hlediska nejvyznamnéjSiho efektu pro posileni
biologické rozmanitosti v bukovych lesich. Na zdklad¢ vysledkll je doporuceno preferovat
stromova torza, mozné je téZ jako ndhradu aktivné vytvaiet vysoké patezy. Doporuceni sméiuje
na optimdlni dimenze d;3>35 cm. S t€mito dimenzemi by se optimélni objem mrtvého dfeva
dosahl pii 10 kusech na hektar (10ks/ha/ d13>35 cm). V tomto ptipadé¢ se miiZze do urcité miry
snizit odhad nédkladii zminénych vyse. Jelikoz torza setrvdvaji v porostu podstatné delsi dobu
(Oettel et al., 2023) a re-obnova objemu mrtvého dfeva by mohla byt v pozdéjSim cCase.
Vyhodou stojictho mrtvého dieva je také to, Ze neni pfekdzkou pro téZebné-pestebni ¢innost.
Oproti tom lezici mrtvé dfevo vétSich dimenzi pfedstavuje v hospodaiskych porostech

vyznamnou komplikaci pro realizaci péstebnich a téZebnich operaci, coz miliZze zvySovat

149



ndklady na obhospodafovani téchto porosti. AvsSak torza podléhaji postupnému rozkladu a
casem spadnou na lesni ptidu. Je proto dileZit4 tato torza (vysoké pafezy) vytvaret mimo lesni
cesty a p&Siny. A z bezpeCnostnich diivodi by neméla vyska umélych pafezi vyraznéji

prekracovat 4 m.

(4) Jsou bukové porosty prosti‘edim hostici vétsi diverzitu modelové skupiny brouku nez
porosty smrkové nebo smisSené. V tomto cili byl vyhodnocen vliv rozdilné druhové skladby
(autochtonni buk a alochtonni smrk) na komunitu kovaitikli. V rdmci druhové bohatosti (poctu
druhti) a diverzity nebyl shledany velké rozdily. Avsak zcela byla zménénd druhova kompozice
a jejich komunity se vyznamné liSily v rdmci studovanych faktord. TaktéZ byly vyrazné odliSné
stanoviStni skupiny (saproxylické a nesaproxylické). Saproxylické byly mirné hojnéjsi ve
smrkovych porostech a bukovych porostech naopak nesaproxyli¢ti (pudni) kovafici.
Nesaproxyli¢ti kovartici pravdépodobné tézili z lepSich padnich pomérti v bukovych porostech
a saproxyliCti kovafici ve smrku z vyznamnéjSiho vlivu oslunéni. Z toho plyne zavér, ze
pestiejsi druhova skladba (v€etné€ napf. i zapojeni smrku do smési) zvySuje biodiverzitu broukt
(Eldemann et al. 2023). Stiidani vyvojovych stadii lesa je Casto hnaci silou pro vysoce
rozmanité komunity zkoumanych kovaiika, alei epigeickych broukl, ¢meldku, pionyrskych
drevin, saproxylickych brouku atd. (Warnaffe & Lebrun, 2001; Meyer et al., 2021; Perlik et al.,
2023). ZvySovani oslunéni interiéru lesnich porostl lze zatim obtiZzné vytvaret v mladSich
porostech a v porostech stfedniho véku i z diivodu legislativnich omezeni vyplyvajicich z
lesniho zdkona. Nicméné do urcité miry 1ze z tohoto hlediska akceptovat prostorove variabilni
holosecnou formu obnovu v rdmci hospodateni v lese v€kovych tiid, protoZe zajiStuje
vyznamné sttidani lesnich nik. Ranné sukcesni niky/stddia oslunéného lesa jsou ve vétsi mite
dosahovdna pouze pfi vyuZiti holoseCnych prvkii obnovy. Podobny efekt mulZze piinést i
vyuzivani nizkého a stfedniho tvaru lesa (Weiss et al., 2021). V soucasnosti je cCasto
doporucované vybérné hospodateni, jako vrchol tzv. pfirod¢ blizkého zplisobu pestovani lesa.
Z hlediska biologické rozmanitosti v§ak neni optimalnim zptisobem hospodateni. Regiondlni
biodiverzita je pfitom velmi redukovéna (Schall et al., 2018). Vhodnéjsi postup pro podporu
biodiverzity spo¢ivd v prostorové kombinaci raznych péstebnich systémi, véetné vyuziti

holose¢nych obnovnich prvki
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