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SUMMARY

Dead wood of high gquantitieqjifferent dimensions and decay stagpsovides a key habitat for a
variety of forest specieée.g fungi, lichens, bryophytes dieetles)and is acknowledged as a good
AYRAOI (2N F2NJ | ismashEnhasis @éusegr-thie tang-déay Boadicdmpenknt. The
purposewas to investigat for the first timethe dead wood dynamiin sevenSwiss mountainous
Norway spruceRicea abigsdominatedforest reserves in a permanent plot inventapd to provide
afirst referencefor the governmental biodiversity strategy imanagedstands.Therefae, lying dead
wood quantity and qualitywas assessed in field arstiatisticallyrelated to site, stand and climate
conditions, past disturbances and former management regifmethermore, he spatial pattern of
dead wood with respect to orientation ardistribution wasanalyzed.

The investigatedforest reserves featurd on average lying dead wood volumes of 80 + Zgha
generallyconsistingof large dimensions and advanced decomposition stages, two quality features
particularly important for saproxylgpeciesStatistical modeling by several erimental factors was
limited to 24 investigated permanent plots ordynd the effect of the examined factors could only be
partly understoodMore studyplots might alleviatehis problem. Concerning spatial patn analysis,
hillside orientation, slopenclinationand past wind disturbances wergaain drivers influencing the
falling direction of logsThe results of spatial pattern analysis largely confiihat the spatial pattern

of standing trees directly infences the spatial pattern ddgsand that the stand age affects tispatial
clustered or random distribution of dead wood.

The found values of dead wood quantity and quality are comparable to other coniferous forest
reserves across Europe. Neverthelesscés of former management aséill partly visible, particularly

in the diameter andspatial distributionof dead wood The analyse suggest that the governmental
biodiversity stratgy well aims the implementation o& continuoustemporal and spatiatlistribution

of dead wood, but the targeted volumes are only partly sufficient to preserve the forest biodiversity
Moreover,important quality features such dsr examplelarge dimensions are not included the
biodiversity strategy



ZUSAMMENFASSUNG

Tothdz in grossen Mengen, unterschiedlichenDimensionen und Zersetzungsstadibetet ein
wertvolles Habitat fur eine Vielfalt vomvaldbewohnenden Arter{z.B. Pilze, Flechten, Moose oder
Kafer). Zudengilt Totholzalsguter Indikator fir die Naurnaheeines Wédes Diese Masterarbeit legt
den Fokus auf die liegend€otholzkomponente.Das Ziel wardie erstmalige Untersuchung der
Totholzdynamik in siebeB&chweizerFichten Picea abiesdominierten Gebirgsaldreservaten auf
Kernflachenebene sowidie Erarbeitung imes ersten Referenzwertdér die Biodiversitatsstrategie
des Bundes in bewirtschafteten Walde®azu wurden Totholzquantitat ungjualitat im Feld erfasst
und statistischin Beziehung gesetzt zu Standdftima,friiheren Stérungen und einstiger Nutzung
Zudem wurda die raumliche Orientierung und Verteilung des Totholzes analysiert.

Die untersuchten Waldreservatgiesen ein duchschittliches liegendes Totholzvolumen v8a + 23
m3%ha auf, welches sich generell ad&cken Durchmessern und fortgeschriteen Zersetzungsstadien
zusammenset#; zwei Qualitdtseigenschaften, welche fur tothatih&ngige Arten besondevsichtig
sind. Die statistische Analyse durch die verschiedenen Umweltfaktoredwreln die geringe Anzahl
von nur 24 untersuchten Kernflachémltiert und die Bedeutung der einzelnen untersuchten Faktoren
konnte nur teilweiseerklart werden Eine grossere Anzahl an Untersuchungsflachen kdnnte diesem
Problem entgegenwirkerExposition Hangneigung undergangenaVindstérungererwiesen sich als
wichtige Einflussfaktoren beziglich ddtallrichtung desTotholz2s Die Resultate bestatigen
weitgehend dasdie rdumlicheAnordnungder steheneén Baume diejenige der liegenden totBaume
beeinflusst und dass das Bestandesalter eine Auswirkung auf dieicheraggregierte oder zufallige
Verteilung des Totholzes hat

Die Totholzquantitat undqualitat in den untersuchten Waldreservaten sind vergleichbar mit anderen
Nadelwaldreservaten in EuropAllerdings sind die SpurerergangeneHolzrutzung teilweisemmer
noch sichtbar,insbesonderein der Durchmesserund rdumlichen Verteilungles TotholzesDiese
Arbeit zeigt dass de Biodiversitatsstrategie des Bundeme kontinuierliche zeitliche und raumliche
Totholzverteilungielorientiertumsetzen will Die avisierten Volumina genigen jedoch nur teilweise
zur Erhaltung derArtenvielfalt im Waldund wichtige Qualitatsmerkmale wiezum Beispieldicke
Durchmessesinddarin nicht bertcksichtigt



RESUME

Le bois morten grandequantité et de différenés dimensios et stadede décomposition offre un

habitat fondamentat. dzy’'S 3INJ Y RS @I NA Gei.GanRigndrs lihéds mouss&sod I T2 |
coléopteresS G Said NBO2yydz O2YYS dzy 062y AYRAOF GSdz2NJ R f
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premiere valeur de référence concernant la stratégie nationale pour la biodiversité des foréts
exploitées. Pour cela, la quantité et la qualité du bois mort au sol étaient furent évaluées sur le terrain

et ensuite mises en corrélatn statistique avec le lieu, le climat, les perturbations passées et le mode
RQSELX 2A0GFGA2Y LINBOSRSYy(iSd 9y 2dziNBX f Q2NRASy Gl (A
analysées.

Les réserves forestieres examinés présentaient en moyennelumeale bois mort au sol d&0 + 23

m¥ha ; ce bois mort était en général de grosses dimensions et avait un niveau de décomposition
avancé, deux caractéristiques qualitatives particulierement importantes pour les espéces
&l LINRE&t Al dzS & de destilifféfdntt fackebrs envirdntementau ljudiimitée puisque seul

Hn fASdzE FdzNByid SidRAS&E&d 55 OS FrAdG tQST¥FSi RSa
grand nombre de placettes pourrait parer & ce probléme. Concernant le modéle SpatlQ SE L2 & A (i A
la pente et les tempétes passées ont principalement influencé la direction de chute des troncs. Les
analyses confirment en grande partie que la disposition spatiale des arbres debout affecte directement
OSttS RSa | Nb NBdes péupl¥ndetsia ub effet udibdistriutoa patiale groupée ou

au hasard du bois mort.

[ I jdzt yGAGS Sa 1 dzZl t AGS Rdz 602A48 Y2NI SEIYAYS
forestiéres de coniféeres en Europe. Néanmoins, des traces de la gpsfiofdente étaient encore

visibles dans certaines réserves forestiéres, particulierement dans la variation des dimensions et de la
distribution spatialedu bois mort Les analyses suggerent que la stratégie nationale pour la promotion

de la biodiversitt 8y 0ASY O02YLIiS RQdzyS RA&AGNAROGdziAZ2Y O2y(Ay
présentés ne sont que partiellement suffisants pour la préservation de la biodiversité en forét. De plus,

des caractéristiques qualitatives importantesmmepar exempldaprésence déois mort de grosses
dimensionsy” sént pas mentionnées.



RIASSUNTO

Grandi quantita di legno morto di differenti dimensioni e in vari stati di decomposizione costituiscono

un habitat fondamentale per la sopravvivenza di molte specie besdlmome ad esempio funghi,

licheni, muschi e coleotteri) e sono riconosciute quale buon indicatore della naturalita del bosco. In

j dzS&adl GS&A RA YFadSNItQlFidSylA2yS ax 8§ F20IFtAll
per la prima vdh le dinamiche del legno morto in sette riserve forestali di montagna dominate
RIFff Ql 0 BideSabiR a2 WAYIiSNYy2 RA NBS RA 2aaSNBII A2y,
valori di riferimento per Istrategia nazionale per la promozionelldebiodiversita nel bosca tal fine

sono state rilevate sul terreno quantita e qualita del legno morto, che sono poi state statisticamente
correlate alla localita geografica, alle associazioni forestali, alle condizioni climatiche, a perturbazioni
passae e alla storia dellprecedentegestione forestale dei siti esaminati. E stato inoltre elaborato un

modello spaziale prendendo in considerazione la direzione di caduta dei tronchi e la loro distribuzione

al suolo.

| boschi esaminati presentavano mediarteB80 + 23 riYha di legno morto al suolo, costituiti in gran

parte da alberi di grandi dimensioni e in avanzato stato di decomposizione, due caratteristiche
particolarmente importanti per le specie saprofite. Il potere esplicativo dei modelli statistéei si

rivelato limitato a causa die sole 243 dzLISNF A OA |yt AT T FGST RA O2yas3ads
ha potuto essere spiegato solo parzialmente. A questo problema si potrebbe potenzialmente ovviare
prendendo in considerazione un maggimumero di localita. Per quello che concerne il modello

AL TAIEST tQS&aLl2aAl A2zyS RSt LISYyRA2 S I &adza AyoOt
del vento, si sono rivelati fattori determinanti per la direzione di caduta dei tronchi. E stato pure
confermato come nella maggior parte dei casi la disposizione topografica degli alberi eretti influenzi
direttamente quella dei tronchi al suolo. Una maggiore eta del bosco € correlata ad una distribuzione
spaziale aggregata piuttosto che casuale del legodaral suolo.

Il volume e la qualita del legno morto nei boschi esaminati sono risultati in linea con i valori di altre
foreste primarie di conifere in Europa. Malgrado cio, in alcuni casi erano ancora visibili tracce della
precedente gestione, segnatamennellacomposizione diametrica e nelthstribuzione spaziale dei
GNRYOKA OIF RdziA I & dz2 tskategia n@diogale fpdr dai prodaizang Sdlld a4 O S
biodiversitalLJ2 E NE606S SaaSNB FRFEGOGF | NI Imdaeatpdile f Q200
continua di legno morto; malgrado cid, i volumi auspicati sono solo parzialmente sufficienti a
preservare la biodiversitd del bosco nella sua intégridltri aspetti rilevanti, come ad esempio

f QAYLRNIFYT I RA G NRohQisoho merziondatNl Y RA RAYSyaizya



LIST OF ABBREVIATIONS

AIC Akaike Information Criteria

CWD Coarse Woog Debris, lying dead wood with a minimum diameter of 7 cm anc
minimumlength of 2 m

DBH Diameter at Breast élght[cm], measured at a height of 1.3 atbove ground

ETH Swiss Federal Institute of Technolpgurich

FOEN Swiss Federal Office of the Envinoent

ha hectare: 100x100 m

MAAT Mean Annual Air Temperature [S@peasured 2 m above ground

MAP Mean Annual Precipitatioaum[mm]

NFR NaturalForest Rserve

PCA Principal Component Analysis

PP PermanentPlot

RDA Redundancy Analysis

WSL Swiss Federal Instite of Forest Snow and Landscape Research, Birmensdorf



INTRODUCTION

1 INTRODUCTION

In managed forests, dead wo@stremovedfrom the forest floowith the intention to avoid pest insect
infestations, toreduce flammable material with respect to forest firsd toallow unhindered access
for forestry operations(Montes and Carfiellas 200@)owever, standing and lyinglead woodplay
significant rolesin several ecological process@sthin the forest ecosystem First, dead wood
influences the forest microclimatas itprovideslongterm water and nutrient storagéHarmon et al.
1986) Secmd, coarse wooy debris (CWDi.e.: lying dead woddserves as an important microsite for
successful tree regeeration in higher elevatios Eichrodt 1969, Lachat et al. 201%hird, dead wood
stores carbon and thus contributeto the carbon sequestration dérest ecosysters in the global
carbon cyclédHarmon 2001)In Swiss forests, about 2%t6hs Carbor'ha) of theforest carbon stock
is storedin dead woodRigling and Schaffer 201&astly dead wood is a keglementfor biodiversity
in forests and provides a habitat for thousands of speciepending on deadand downwood
(SverdrupThygeson et al. 2014n Switzerlandabout 6000 forest organisms (mothan 20%of all
forest speciesjequire dead woodas a habitat antbr food resource(Rigling and Schaffer 2015)
Examples oBaproxylidi.e. dead wood associatedpeciesare fungi(Junninen et al. 2006bryophytes
(Odor et al. 2006)ichengUliczka and Angelstam 20Gf)beetles (Simila et al. 2003severabf them
listed as endangered inational red list§SverdrupThygeson et al. 2014)

Besides theamount of dead wood (Miller and Butler 201Q)alsoits quality (Simila et al. 2003,
HeilmannClausenand Chra G Sy aSy wnnnX [ dzi1 Suiditdspatal dismbotioE t NB A |
and continuityare decisive for the specigiversity(Edman and Jonsson 2001, Grove 2002, Sverdrup
Thygeson et al. 2014Qualityfeaturesincludethe type of dead wood (lying or standing dead wdod

the tree species, the decay stage and the dimensirge dimensioned trees are particularly

important for many specieas theydecay slower than small dimensioned trees, thus remangér in

the forest ecosystem anfbrm amore corntinuous habitat(Lachat et al. 2014)

In Switzernd, naturalforest dynamic isinvestigated systematicallywithin the longterm forest
reservegroject, a collaboratioproject betweernthe Swiss Federal Institute of Technology Zurich (ETH
Zurich, the Swiss Federal Institute for Fate Snow and Landgea ResearclWSL Birmensdorfand

the Swiss Federal Office tife Environment (FOENWunder et al. 2007%) The first naturaforest
reserve Scatlé, was established 1910 (Bugmann and Brang 2009)heorigin of the natural forest
reserve NFR network goes back tdahe late 19409 Leibundgut 1957)Sincethen, the network has
beensteadilyexpandedandtoday consistof 49 NFRgHeiri et al. 2011)Any managemet activity is
prohibitedand the forest reserve status is ensured by a longtime contétithe forest owner.

The pupose of research in NFRs is a deepederstanding otininterrupted forest developmentor
the mostpredominantforest types of SwitzerlanBugmann and Brang 200%urthermore, natural
forest research shoulgrovide reference values fahe governmentalbiodiversity policy andhe
related canbnal support measurei® managed Swiss foreqts.g. increase of dead wood amounts for
promotion of forest biodiversity(Swss Federal Office of the Environment 2018)order to compare
unmanaged angnanagedwith respect to species richnesstructural diversityand forestdynamics

1



INTRODUCTION

Since the establishment of the networke forest dynamicen Swiss NFRse explored by maas of
periodic inventories so that todalpngterm datasetsxist(partly more than 50 year®)n the level of
permanent plots (PP) or compartmer{tdeiri et al. 2011)

Traditionally,only data ofstanding treegliving and deadyvere collectedand data of lying dead trees
weremissingHowever, all componentsf dead wood butin particularlying dead woodare important

to biodiversityd t NB A { Ol . Noieoverflyilg dead wpod usugl makes ughe larger partof

total dead wood in virgiriorests (Korpel' 1997) Thus,a major part of informatiorconcerning dead
woodis lacking if only sindingdeadtrees are inventoriedSince 200The monitoring methods in the

NFR project are supplemerttdoy sample plot inventories in which allsing dead wood isecorded
systematically(Heiri et al. 2011) Samplingof lying dead woodon PP level is not performed
systematicallyue to time and budgdimitations. Neverthelesgjerrmann et al. (2012)ndertook he

effort and analyzedying and standinglead wood quantity and quality i#i4 PPs ofleciduous and
deciduousmixed NFRs. Howevestudiesabout dead wood o?P level in mountainousorway spruce
(Picea abieqL.) H.Karst) forests the secondmost important forest type in the NFR network, are
lacking.This thesis will fill this gapy analyzinghatural smakscaled forest dynamiof lying (logs with
YAYAYEFE RAIFYSOSN Il OYKH YYR YHAyifh dafeteybRokegsBheighd v | 3 &
65. 10 xn O ¥uih rédget Rvolunte@siemnumbers, tree species composition, diameter
distribution and decay classdsyingand standing dead wood datia all Swiss forestis periodically
investigatedn sample ploinventories of the National Forest Invento@randli 2010)However, this
thesis will provide a first reference value for the governmental biodiversity measures from permanent
plot inventories inpresentlyunmanaged coniferous forests.

In earlier stuliesin unmanaged and managed European foredésd wood quantity and quality were
related tomany environmental and geographical factdfer exampleHahn and Christensen (2005)
described higher dead wood volumessanbmontane beectiir forests in Slovenia than irosthern
boreal Norwayspruce dominated stand<Other studies reported ignificanly higher dead wood
volumes large dimensionedogs andor higher shares of advancetkcaystagesn forestsbeing left
unmanaged for an extended tin{8iitonen et al. 2000, Christensen et al. 2005, Burrascano et al. 2008,
Vandekerkhovet al. 2009, Seidling et al. 201a1)din stands with higliving ree volumes(Sippola et
al. 1998) which was used as a proiy site poductivity. Ina virgin beeclfiorest in Slovakighe highest
dead wood volumes occurred duringe breakdown stage(Saniga and Schitz 200Moreover,
recent major disirbances(e.g. windthrow, insect #tacks extreme weather conditionsled to
particularly highdead woodvolumes(Hahn and Christensen 2005, Seidling et al. 2004} thesis
aimsto examinewhether and if to what extentthe dead wooddata from mountainous coniferous
NFRs in Switzerlarade relatedto severalenvironmental factos.

In literature, position and falling direction of logs were analyzedet information about past major
disturbances such aorm events, insect attacks or fungal infectifideal et al. 1991, Qinghong and
Hytteborn 1991, Nagel and Diaci 200B8psberg (1986Esseen (1994 oates (1997and Huggard et
al. (1999)investigated susceptibilities to windthrown unmanagedforests andin forests with
precedingdifferent intensitiesand typesof management interventiom They concludedhat, besides

2



INTRODUCTION

the forestry policy(e.g.selective loggingHuggard et al. 199@)nd thinning(Fosberg 198¢)advanced
stand agetallertrees shallowrooting tree speciesuch as Norway spruceoist soils and pure stands
increasel the risk of windthrowThe najority ofdamaged trees was uprooted rather than broken and
the dominant falling direction corresponded with thdominant wind direction (Qinghong and
Hytteborn 1991, Coates 199AVhile storms initially weaken the fitness of trees, insect attaobr
fungal infectiors are often direct resut(Qinghong and Hytteborn 1991, Forster and Meier 2010)
When major disturbancesdid not occur log orientation is rather random thaaligned(Deal et al.
1991)

Regarding spatial patterngarson et al. (2015Jescribed random log distribution in young forests
(smaltscaled internaimortality mainly due to competition for light) and aggregatddiustered)log
distribution in oldgrowth forests (mortalitymainly due to disturbancdactorslike insects and wind).
Besides stand age Edman and Jonsson (20043sumed that the spatial pattern of standing trees
directly influences the spatial pattern of living trees, but they did not test this relation$hip thesis
attempts to fill this knowledge gajn adlition, an integrative comparison apatialpatternsof logsin
unmanaged forest@associated to compdibn caused mortality geographical factors (e.g. hillside
exposition, slope inclination) and disturbance has to my knowledgenot yet been conducted
Moreover,spatial analyses of downed logdo not exist forNorway gruce dominated stands of Central
Europe as most studiecuson forests in North Americgrosberg 1986, Deal et al. 1991, Coates 1997,
Huggard etal. 1999)or ScandinaviéQinghong and Hytteborn 1991)he third part of this thesiwill

fill this gapby mappingthe lying dead woodposition, running spatial cluster analydiar lying and
standing treesnd nterpreting the spatialog orientationwith respect togeographtal factors anghast
disturbances

The goad of this thesis are

@ To generally describe dead wood quantity and qualitiofway sprucdorest reservain
Swissmountairnousregions to compare thesdindings with results from other studies in
unmanajed foests across Europend to provide a first baseline for managed coniferous
forestsin Switzerlandegarding the governmental biodiversity policy,

(i) To assess the effesof forest history, standnd sitecharacteristics, climate and external
disturbance®n the observedyingdead wood quantity and quality, and

(iii) To analyzethe orientation and spatial distribution alead woodand to find possible
influencing factorselated to the observedspatial pattern.



STUDY AREA

2 STUDY AREA

2.1 Naturalforest reserves

In total, seven coiferous NFRs in Swiss mountainous regiwese surveyeand investigated for dead
woodquantitiesandqualities DerborenceScatlé, BodmerenwaltleihubelwaldSeeliwaldSchweizer
NationalPark (Swiss Nationddark) and Combe Bioss@igurel). AINFRs in th&wissNFR navork
were selected which are &t least partly dominated byNorway spruce andfor which continuous
inventory data on the PP lev@lot only random samplgsare available

Combe Biosse
i

y I,

)
Leihublwaldy /3 77200 ¥ fN:tiionalp;ﬂ
) /i
= A

0 50 100 Kilometers Coordinate System: CH1903_LV03
L 1 1 1 | Author: Andrina Rimle

Figurel. Geographical location of theeveninvestigated naturaforest reservesRelief based on
DEMS50 (WSL Birmensdorf).

Allnaturalforest reserveexcept Scatlé belong thié Swisgederal inventory of landscapes and natural
monuments of national importase (Swiss Federal Office of Environment 201B)e last timber
harvesttook place about 40 yeaf€ombe Biossejp to about 300 years ad®erborenceandin Scatlé
and Bodmerenwaldjmber was probably nevesr only extensivelgxtracted(Tablel).

Tree species composition

Derborenceand Leihubelwaldre mixedNorwaysprucesilver fir (Abies albaMill.) forests with some
European larchi@rix decidudill.; Derborence) oEuropearbeech(Fagus sylvatich, Leihubelvald).
Scatle ad Bédmerenwald are pure Norway spruce foréstrge areas of Seeliwadde peat bog, along
its edges Norway spruce is growittgether with mountain pine Pinus mugdrurra ssp. mugo The
NationalPark iscoveredextensively by mountain pine, btlorway gruce interspersed with mountain
pine, Swiss stone pine (Pinus cembra L.) and European larch dominates smalCarebs Biosse is
described asilver fir-beech forest(Heiri et al. 2012)butin several PPsnore than45% of standing
basal area consists dforwayspruce(Brang et al. 2008)
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Geology

In Derborence, the parent rock ésetaceoudimestone(Droz 1994)Scatlélieson Verrucano hillside
debris(Kral and Mayer 1969B6dmerenwald is part of a large karst area with deep hollows and caves
(Liechti et al. 20119nd Seeliwald and Leihubelwdié on Schlierenflyscfstreit and Brang 2011, Streit
and Heiri 2011)NationalParkis locatedon dolomite and in parts on Verrucan@rang et al. 20119nd
Combe Bioss®n rubble slopedn the limestone landscape of the Jui&wiss Federal Office of
Topography 2015)

Climate

The seven naturdbrest reserves cover a climatic gradient from cold and dry (Natiesud) to cold
and wet (Scatle)and to extremely wet (Bodmerenwald) dnan altitudinal gradient from
uppermontané (Combe Biosse) to subalpingScatle, Bodmerenwald, Seeliwald and National Park
Tablel).

The following sectiorsummarizeseach naturaforest reserve A short description oimportant facts
and personal impressiorturing field work is given, along withcharacteristic photo of the reserve.

1 Terms used according to the Swiss definitian@ 6 SNY 2y il y¢ FyR Gadzol f LAY ¢ ®
5
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Derborence is one of the mogfistine forests in
Switzerland Hurricane Vivian (1990)amaged and
uprootedmany treeqHeiri et al. 2011)Derborence
is characterized by high lying dead wood volun
with many large diameter trees, a steep slope &
an abundant amount of young growtbf rowan
(Sorbus aucpariared elder $ambucugsacemosa
and loneysuckle l(onicera alpigenawith young

Figur2. PP1, photo: Andrina Riml30.07.201 »
SCATLE

"

Norway spruces and silver firs underneath.

Scatlé is the firsBwiss forest reservestablished
and is vaunted as one of few vimgforests in

Switzerland(Heiri and Hallenbarter 2011Huge
boulders from a posglacial rockslide characteriz
the steep slope in the forest of Scati&ilium crista

castrensis Spagnum spp. or Plagiothecium
undulatumoccur in the moss layend indicate cold
and wet climate conditionsMany lyingtrunks of
considerable dimensions serve as nurse logs

Bodmerenwald is the largest Norway spruce for
with virgin forest characteristics in thBwiss Alps
and stands out for itshigh species diversity
especially of mosses and rare lichéBgitler et al.
2015) Most trees are growing on mounds. T
forest structure is open with dense grour
vegetation consisting of ferns anéddenostyles
Large diameter logs are common

Leihubelwald is a dense forest witlallt Norway
spruces and silver fis of large diameters
Consequentlyjdht is sparse on the forest floor, bt
shadetolerant beech is common in the ba layer.
In the lying dead wood, large dimensioned logs

frequent. The storm Vivian (1990) and the followi
bark beetle infestation affected predomintiy the

southern edge of the forest resery8treit and Heiri
2011)

Figue 5. PP13photo: Andrina Rimle, 04.07.2015
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The nature forest reserv8eeliwald is part of the
federal inventory of upland and peat moors
national importance (Object humber 263Swiss
Federal Office of Environment 2007)Thus,
European blueberries VYaccinia myrtillus and
sphagnum moss Spagnum spp.) dominate the
ground vegetationLying dead woodolumesand
stem numbers are low and the logge widely
dispersed.

The Swiss National Park in the Canton of Grisol
the only National Park in Switzerland al
celebrated its 100 anniversary two years agc
Before itsestablishment, the area of the Nation:
Park was intensivelglear cut(Parolini 1995) The
highest volumes ofittle decomposedlying dead
wood were found in this forest reserve

Figure7. PP18, photo: Andrina Rimle, 22.07.2015
C BIOSSE '

pepc Among the skected forest reservesCombe Biosse
is the only onewith a considerable amount ¢
deciduous trees (Fagus sylvatica Acer
pseudoplatanusin the standing and lying wooc
The research plots are located in a deep, st¢
caldron, which has asoutheast facingand a
northwest facing side. Lying dead wood volum

o AE s M are low.

Figure8. PP16, poto: Andrina Rimle, 10.08.205
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Table 1. Detailed site information wer the investigated forest reserves. MAAT=Mean Annual Air Temperature. MAP=Mean Annual PrecipitatioviSsialais. GR=GrisonZ=Schwyz.
OW=0Obwalden. NE=Neudkha The classification of forest communities is followilgenberg and Klétzli (197.2j not stated differently, all information is extracted from various chapteBrang
et al. (2011)All information except the first four columns is related to the investigated permanent,pldtsseselection and characteristics are presented in chagter

Reserve Canton Foundation Last First/last Elevation Aspect® MAAT MAP Investigated permanent plots
management inventory®  [ma.s.l]’ ce [mm)¢ Numbers  Total Area  Forest
intervention [ha] € community

Derborence VS 1955 before 1714 19812008 14301610 NW 4.25.2 14701590 1,5,8,18 1.65 50, 679

Scatlé GR 1910 Never" 1965/2006 1660 E 3.3 1560 10, 11 0.44 579

Bodmerenwald Sz 1971 Never' 1973/2008 15001530 - 4-4.1 23802390 1,34 3.63 60

Leihubelwald ow 1972 19208 1973/2011 11001190 E 6-6.4 17201790 1, 4,10,13 1.49 46, 49¢

Seeliwald ow 1972 1960¢ 1973/1996 13801520 NW 4.25 18601950 1,2,4,5 291 57, 71"

NationalPark GR 1914 1914" 19772012 16601860 N-NE 2.335 860940 7,18, 19 1.47 58°

Combe Biosse NE 1943°P 19724 1987/2010 11301260 S/WNW  5.4-6.1 13501380 14,16, 17,19 1.86 18, 20°

aNFR inventory datdDerborence: first inventory: PP1, PP5 and PP8: 1981; PPAR:1aSt inventory: PP1 andPB: 2008; PP8: 2009; PP18: 2@sékeliwald:dst inventory PP1 and PP2: 1996; PP4
and PP5: 199National Park: first inventoryPP7: 197;7/PP18 and PP19: 1978.

b range in elevation of the investigated PPs (precise®@m). Br details, see sectiodFixed effects (Climate)in chapter3.3.4.1

€ derivation is presented in chapt&:3.51.

9 range in MAAT and MAP of the investemPPs (MAAT precise on 0.1°C, MAP precise on 10 mm). For detabstames C A E S R (Clirfiate)h Ohiayites3.3.4.1

€information about plot size has been extracted in ArcGIS from NFR inventory data (precise o&).0.01 h

" Herrmann et al. (2012)

9 Frehner and Burnand (2009erborencePP1, PP8 and PP18tdst community 504denostylo alliariag\bieti-Piceetum typicury PP5: forest community 6 EficePinetum montanag
M Kloti (1991)

"Due to its inaccessibility, the Bédmerenwald was never touched my(fitege ¢ al. 1987)

I Gross (1982)

KNFR inventory data: PP1 and PP13: forest communifffgQiseteAbietiPiceetum typicuf PP4 and PI: forest community 46\{accinio myrtilliiAbietiPiceetum typicum

! Gregor Jakobelpersonal communicatignOctober 21, 2015

™ Lienert et al. (1982)PP1 and PP2: forest community BpkagnePinetum montanal PP4 and PP5: f@eecommunity 57SHomogynePiceetum sphagnetosum

" The last thinning took plack931 in ChampléncgParolini 1995)

© Brang et al. (2008Combe Biosse: PP14 and PP16: forest communitiyesBuceAbietiFagetum); PP17 and PP19: forest community 2@i¢nostylo alliariag\bietrFagetum typicum
Pfoundation of the cantonal reser{&coConseil 2003¢stablishment in the frame of the NFR project was 1985.

F2dzy RFGA2Yy 27F H2dNB 5% ND Y 2 8@Ecpienns e oed@ toid2d8ce & bark beetle infestation in 1984 at the border of the ré&mw€onseil 2003)
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2.2 Permanent plots

I LISNXYEFYySyd LX20 Ay {é6Aaa hoboegendisiGdesttddnuninitypdl STA Y S
microtopography, state of development and stand structug@Vvunder et al. 2007)p.2) A single PP

has marked borders and geographically gediedge points. Each individual tree within B borders

above the callipering limit & . 14 cmis numberedandassessed in periodical inventories recording

tree speciesPBHin 1-cm classescondition (alive or deadnd standing or lyingand social position

(Tinner et al. 2010l data are stored in the NFR inventory databdse. this thesisin each of the

seven NFRsvo to four PPswvere selectedapplying the following three selection criteria:

1. Basal ara of the live stand consisting of at least 50Pdorway sprucépreferably)and silver
fir (monitoring datafrom Brang et al. (2008) two tree species that often coccur, apply
similar competitivepressure and their wood has similar decomposition rates (Norway spruce:
0.039 yeat; silver fir: 0.037 yedr(Hutter 2011) and thus may remaifor an equal amount of
time in the PP.

2. PPs that are still actively monitored after theaealuation of the reservaetwork in 2008.
Possible @oidance of PPwhich were heavily aficted by disturbances, e.gtorm or bark
beetle infestation §ssessmertbased on descriptions iravious clapters inBrang et al. (201})

In Scatle, two permanent plo(®P1 and PP®jith repeated inventoriegxist. As they are larg®P1:
3.47 ha; PP2: 2.89 heomparedto the other selected PRP$ intendedinsteadto investigate asquae
of 90x90 m with four sulsquaresof 455 m inPPL, whichhadbeenestablished ira student exercise
on the bachelor level at ETH Zurich in 20BBwever, aigld trip showed thatthe subsquares were
difficult to reconstructas the wood poles acting asarking pointswere missing(probably already
decomposed) Still, it was possible to reconstrucdh field the two lower subsquares (A and Djo
measure the coordinates dhe border points with &GPS (Trimble Geoexplorer 6000 seriesmbe
Navigation (Westminster, USAjand to mark the boundary linélthough the two suksquares are not
exactlyPPs, | will call thertihat for the purpose of this thesi® numberconsistentlythe PPsThetwo
newly constructed tsd in Scatléwill be denoted a®P10 (suisquare A and PP11 (subquare D).

In total, 24permanent plotsvere selected. Their size variestween0.21 and 1.65 ha (mean 0.56;ha
median: 0.52 ha The selected PPs cover 4% (Seeliwald) up % (Bbdmerenwald) in relation to the
research areafathe NFRs (compartments or BRshich is in some NFRs much smaller tharethée
reserveperimeter (Derborence, Scatleé, Bodmerenwald, NatidPak). An overview of the selected
PPdncluding information about selection criteriggiven irlable2.
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Table2. General site descriptioaver the investigated permanent pletper forest reserve The last three columns refer to
the selection criteria of the permanent plotshformation about plotsize and focal point coordinates has been extracted in
ArcGIS from NFR inventory da@oordinates arenithe coordinatesystem CH1903 LV(08hares of Norway spruce and silver
fir in standing basal area folloBrang et al. (2008)nformation about paswind disturbances is assessed from various
chapters inBrang et al. (20113nd relates to hurricane Vivian in February 1990.

Reserve PP Area PR fbcal point Share of Share of Past
number [ha] coordinates Norway silver firin  disturbance
spruce in standing
X y standing basal basal area
area [%] [%0]
Derborence 1 0.2520 583392 125400 77 0 yes
5 0.2459 583279 125409 65 0 no
8 0.6660 583400 125344 64 35 yes
18 0.4880 582788 124800 65 26 yes
Scatle 10 0.2074 722832 183434 100 0 no
11 0.2371 722829 183479 100 0 no
Bodmerenwad 1 1.1274 707068 204614 100 0 no
3 0.8446 707132 204607 100 0 no
4 1.6541 707181 204790 100 0 no
Leihubelwald 1 0.2555 653555 191023 58 35 yes
4 0.2499 653890 191122 50 44 no
10 0.4880 653701 191002 55 43 yes
13 0.5358 653676 191456 60 36 no
Seeliwald 1 0.5001 654224 195852 77 0 no
2 0.8662 654346 195447 66 0 no
4 0.6484 654453 195052 100 0 no
5 0.8976 653907 195102 100 0 no
National Park 7 0.5567 812215 171515 52 0 no
18 0.6770 808524 171545 65 0 no
19 0.239 808395 171580 69 0 no
Combe Biosse 14 0.6908 567636 217418 49 15 no
16 0.5971 567759 217544 47 6 no
17 0.3081 567807 217346 47 6 no
19 0.2689 567896 217446 60 0 no

10
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3 MATERIAL AND METHODS

3.1 Field work

To gather information about lying ddavood quantity and quality in the selected 24 Pé#somplete
inventory of all lying ded wood pieces was carried obetween 2%' June and 1% October 2015
following the method proposed bRobin and Brang (200%ience, a piece was only recordédts
angleto the grond measured less than 50 gaits thicker end wasvithin the marked boundaries of
the PP, at least 75% of the diameteere stillpresent, its minimatiameterwas at least 7 cm and its

length atleas mo NBRdzOSR G2 f Sy 3dGK xn ®p Thediaindter af hofHagY | f

ends(1 cmprecision 2 measures per sidleits length(5 cmprecisior) and its decomposition stag
were investigated. The decomposition stage was classifiedfive decay lasses according Table3
andmeasured with a pocketknifet our locations orthe log surface.In addition, the tree species and
- if detectable- the originaltree numberfrom the NFR inventoriewere recorded. Incasethe tree
species could not be identified but tleriginaltree number was foundihe species wasletermined
by consulting theNFR inventory databas®©therwise, the dead wood piece was at leclsissifiedas
coniferous or deciduoud-urthermore, the presence ofraotstock wagecordedand its volume was
estimated @ccuracy of.1 n?) in order to getpotential informationon pastdisturbance activities.

Table3. Log acay dhssifications (V) followingRobin and Brang (20Q9)

Decay class Description Penetration depth of pocketknife

Parallelalong thewood fibers Perpendicular against the

wood fibers

Class | Fresh wood No No
Class Il Hard wood Little (maximumsome mm) Little (maximumsome mm)
Class Il Soft decaying wood Simple (maximunsome cm) Little (maximumsome mm)
Class IV Spongy decaying woot  Simple (maximunsome cm) Simple (maximunsome cm)
Class V Powder wood Stronglydecayed, powdery Strongly decayed, powdery

Along with the recording process described above, data of the geographical location dédpetids
were collectedfrom set measurement points Y using a boussoléVieridianWysserKompass Ml
4006, Spectros (Kiz, Schwei2)for measuringhe azimuth é&ngle to north;accuracy ofl gon) and a
vertex Vertex 1V, HaglofL@ngsele Sweden)applyingthe éangle tool to adjust for the slopgfor
measuringhe distance §ccurag of 0.1 m).Setmeasurement points werboundary points or newly
establishedpoints. Starting at an already gaugedigepoint of the PRexample from Seeliwa)dPP4
point 84 inFigure9), Ideterminednew measurement pointoints 101, 102, 103) the PP to be able
to cover theentire areq, this becauséistance measurementwith the vertex werdimited or the view
was obstructed due to topographiew points(e.g. point 103jere calibratedby taking azimuth and
distance from he existing boundary points dormerly establishedmeasurement pointge.g. point
102)

11
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Figure9. Methodical procedure tanvestigae the spatial distribution of lying deadiood pieces.
Starting at the already gauged edge point (point 84), new measurement points egtablished
(points 101, 102 and 103), wherefiy instance theed colored logs were measured from point 10

Example from Seeliwald, PP4 (number of &§.

3.2 Volume calculations

3.2.1 Lying dead wood
The volumeof each singldying dead wood piecavas calcilated assaiming the volume of a cylinder

(formula 1), followingHerrmann et al. (2012)ndt NS A { OF

with:

0:

Q Q..

W to
C

volume of the lying dead wood piefm?]

SG ftd 6HnmMpoO

(1)

crosssection area at the large diametemd [m?]. For radius, both measures of larg

diameterwere averaged and divided by two.

crosssection area at thesmall diameterend [m?. For radius, both measures of smal

diameter wereaveraged and divided by two.
length of the Iying dead wood piecpm]

Forthe total dead wood volume pePP, the volumes dhe single pieceswere summed up, divided by

the area of the PP and expressed a¥hma. However, two important facts have to be considered when

applying the bosen volume calculation method.

First, t would have been an option to calculate the lying dead wood volumes with the formula of a

truncated cone a it has been performed Byandekerkhove et al. (2009)his would lead t®% higher

volumes on average and to maximally 12% higher volumes on PP level (Bddmerenwald, PP1) as with

the cylinder formula, as a comparison of the two calculationhods showed. As my results should

be comparable with dead wood data recordeddecidwus and deciduous mixed NHRsHerrmann

12
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et al. (2012) the only existing study about dead wood on permanent plot level in Switzerland,
calculating dead wood volumes with therfioula of a truncated cone was not an option any more

Secondthe estimatedrootstock volumes ave been excluded fronotal CWDvolume calculabns, as
the estimatiorshave proven to be difficult, and thus, thegre probally inaccurate. Totally, | found 178
rootstocks and estimated an average volumeéd&4m? per rootstock.CWDvolumes would increase
by 6% on average and by maximally 22% (Bodmeald, PP1) if the rootstock estimations would be
integrated. The numbers of rootstocks per hectare in each PP are presented in Appableix®.

Furthermore, the chosemeasurement thresholéh this thesiSY A Y A Y £  Roin)inypled St x T
of effortand time for data recordingHowever, the volume estimations are up to 28% higher compared
G2 | §KNXDBa KAl Rd Bahdli 20aBMo@dver, small diameter trees are not negligible
concerning biodiversity conservation as fine wood debris also host many si€nigs and Jonsson
MpppE . NRAY Si |t ®. Thereform, Ihdow NMEasufe@ént tBdshold & j@stifialsiem p 0

3.2.2 Standing dead wooahnd living trees

A standing dead tree is defined asnag with DBHx n  aldran inclination angle to grad of more
than 50 gonVolumes and stem numbersf standing dead andving treeswere extracted from the
last recording in the NFiRwentory dataapplying the coding fothe conditionlive or standing dead
(Tinner et al. 2010 he hst inventay took place 4earsup to 20 years agflablel). Thestockwood
volume of each single standing dead or living tregas calculatedn all forest reserves excefn
Derborenceusing thetariff modelfollowing Kaufnann (2000whichtakesthe individual tree species
and regioninto account This modelformula 2)is widely acknowledged in Switzerland @adsed in
the National Forest Inventory for volume estimations of the live si@rdndli 2010)

o 0 i i B i )

with:

w: stock-wood volume in barkm?]

K¢) tariff number:dependent on tree species and regi®g. Jura, Alps, Prea)ps

@ : modelcoefficients in dependency of the tariff number

060 diameter at breast height [cm]

6 O : individual tree, stand or site characteristics

0 : site fertility: total productivity [kg dry substance/(year*fja)

0 : indicator for develoment stage: averaged DBH tife hundred largest trees pe

hectare [cm]

tree fork(0: ng 1: ye3

altitude [m a.s.l.]

layer of a tree @: upper layer; 1: not upper layer

Accading to WSL collaborator MAndreas Zingg, who kallated allstandingtree volumesfor the
purpose of this thesjserrors in the existingNFR inventorglatain Derborence dichot allow 1o apply
formula (2). Hence, volumesf snagsand living treesvere calculatedy applying the tariffnodel 11l
of the Canton Lucerne, which is yearly published in the Swiss forestry cakSataweizer 2013)

13
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Volumes of lyingdead wood ad standing dead and livieeeswere recorded at different times and
calculated by different formula3.herefore, | will renounce any comparis@g. ratiospetweenlying
dead wood and live stand orsummationof the two dead wod components (standing or lying).
tree coded as living or standirdead in the last inventory might be recorded lying deadiuring my
field work and therefore be doubleounted.

3.3 Data analysis

All calculations and analgsivere performed usinB(Verson R-0.99.484 (R Core Team 20J)5F5patial
operations and maps creations were carried out in @eographical Information Systgi@IS}oftware
(ArcGIS, Version 10.3.1.49%8SRI 201h)The Swissaordinate systm CH1903 LVO®as utilized.
Significance level for all tests is setaf.05.

It is important to know that errors in the NFR inventory database concerning the tree coding, the
volume calculations and the coordinates of the single standing trees arebfmgsarticularly in the

first inventories. However, the data are property of WSL BirmensdwfETH Zurichnd thusl did not

make any modificationgzurthermore, in PP13 in Leihubelwald, which is located at the border of the
NFR and close to a rivernteecorded logs were obviously washed ashore from higher ground during
a heavy rainfall. Consequently, thelegs did not belong to the natural forest dynamic in the PP and
were excluded from all analysis

3.3.1 Dead wood quantity

Dead wood quantitystem dendies and volumeswas analyzed for standing and lying dead wood
separately For stem densitieper PR absolute stem countaere summed updivided by the eea of

the PP and xpressed as stems per hectare (iha). For averagevalues of dead woodolumes ad

stem numbersper forest reservaand in total, plot data wereweighted by tt5 t t Q& | NBF &A1 &
result part PPs from one NFR wesammarized and labelled by the reserve narakhoughthe
presentedvalues do noproperlyreflectthe whole NFR, bubnly theresults fromthe surveyed PRs

which are not randomly distributed within the reservand selection based on three criteria (see
chapter2.2). The weighted standard erroesredasameasure of dispersion.

3.3.2 Dead wood quiity

Lying dead wood volumes and stem numbers were stratified regarding dead wood quality (tree
species, dimensions and decay stagesindng dead woodvasonly examinedconcerningdiameters

as the lying dead wood component was the focus of this study.

In temperate broadleafforests,t NBA 1 OF S dlocuménted tidenhigivept fecies of rare
cryptogams orEuropean aslFraxinus excelsidr.), English oalkQuercus robuk.) and Norway spruce
(Picea abie$lL.) H. KarstAlsoJonsell et al. @98)reported Norway spruce among the tree spedies
be hosting themost redlisted invertebrates in Swedeilowever a stratificationregarding the tree
speciesvas onlycarriedout for coniferous and deciduous trees and not iledividualtree speciegor
two reasons. Fst, the occurrenceof the singlespecies variedreatly between the reserveand the
presence was partly in adequatedgnallamounts (AppendiXable A). Secondthe tree species could
not always be identifiedn the species levdlut only on thelevelof coniferous or deciduous trees.
14
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With respect b dimensiors, large diameter trees are definad literature as dead woodvith alarger

diameter of more than 35 cr(Similé et al. 200386 cm(Heiri et al. 2012pr even 100 cnfLutz et al.

2012) In this thesisa large dimensioned log is defined as a log with a larger diameter >30 cm according

to Herrmann et al. (2012)Additionally to large and small dimensioned Iqgsalso stratified for
extraordinarily largdyingand standingleadtrees(larger diameteor DBHx y 1 , @liéd giant trees.

In natural forestresearch, the amount of giant trees a commoly dzi SR A Y RA Ol G42NJ T2 N
naturalnesgBitler et al. 2015as large diameter trees are rare in manadeckst because timber is

usually harvestegrematurely(Sitonen et al. 2000, Jonsson et al. 2008preover, the number of

logsand snagger hectare(on reserve leveljvaspooled in4-cm diameter classesas inHeiri et al.

(2009)in orderto analyze diameter range and most abundant diameter classes.

Regarding the determination tfie decay stage, the used mébd following Robin and Brang (2009)
has the advantage that it igery simple to apply in the field. However, there are also some
disadvantages. [&it, only theoutermost layer of the lodgs considered, but theletermined classs
assigned to the whole lodhis may lead to a bias particularly in the case of large dimensioned logs
which may have a different decomposition stage in outer than innegrtaysecmd, specifications
regarding tree species are missing, although thexpose different wood propertiesand thus
decomposition behaviar(Herrmann and Bauhus 2013Jhird, the chemical composition of the log
(e.g.ratio betweenlignin and cellulose contenig unknown, but probably ingrtant for manyspecies.

As hrge dianeter trees (larger log diameter-30 cm)and advancedlecay stages (class Mytare
especiallymportant toa great variety of specigbloiland and Bendiksen 1996, Grove 2002, Heilmann
Clausen and Christensen 2003JoD et al. 2006)and rare in managed Swiss foresiRigling and
Schaffer 2015)l will particularlyfocus on thes two dead wood qualitcharacteristics.

3.3.3 Statistical testing

To investigatavhethertotal lying dead wood volumes and stem ddies differed between reserves,

a nested ANOVARAnalysis of Varianceyas set up, wheregy the data of the singlé®P were used as
input andweighed according to plot si®ormann and Kihn 2009)he nesting factor was the forest
reserve Nested ANOVA assumes a random sampling de$igavas in reality not trueas PPs are not
randomly distributed within a reserve, but facilitated statistical analysis. Further important
assumptions of nested ANOVA are equal variances of residuals, independence of errors and normal
distribution of errorgCrawley 2012)which could be fulfilled bypé-transformingthe dead wood data
Asthe nested ANOVA resulted in no differena#sCWDvolumes and stem densities veten forest
reservegfor detals see chapted.1.1), a posthoctest to evaluatebetween which particular reserves
the differencesoccurredwas not necessary.

3.3.4 Statistical modeling of deadbod quantityand quality

In order to explairthe differences in obsrveddead wood datatotal CWD volumegquantity) and
volumetric percentages of large dimensioned dead wood as well as of different decomposition stages
(quality) were modeled in dependence of several farst(detailed description in chapte3.3.4.]).
Theseexplanatoryariablescoverprocesses determining the dead wood accumulatioput) and the
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dead wood deomposition (outpuj. Total CWD volumes and dimensions were modeled in a linear
mixed effect model (chater 3.3.4.] and decay stages were examined in a multivariate andigsisd
on the five classes of decomposition sta@hapter3.3.4.9.

3.3.4.1 Total CWD volume and dimensions

Choice of the modslpe

Given the nested sample design of several PPs located in onéheFRchical structure)he linear
mixed effect modelvas chosen as the appropriate model ty@@ur et al. 2009 pplying thenlmeR
package(Pinheiro et al. 2012)Linear mixed effect modelare basedon two sorts of explanatory
variables:random effects which was the forest reserve itsetind fixed effects(Crawley 2012)The
response variables and the fixed effects (reasons for their choice and derivation) are descriadl in d
in the following sectin and the raw d&a of the fixed effects is summarized in Appentiable AO.

Response variables

The lineamixed effect model was rutwice with the following respoge variables: total CWD volumes
(VOLUME_LYING_DEADBJvolumetric percentageof large(>30 cm)3imensioned logs in total CWD
volume YOLUME_LARGE_DIMENSI@NEdata seéAppendixTable A). As volumetric percentages
of large and small dimensioned logs complement one another to 100%, onlydiomension
compmentwasmodeled.

Fixed effects

Forest history

Literature study has revealed that the longanber has not been harvested from a foregihie more
dead wood can accumate and the higher are théead wood volumegChristensen et al. 2005,
Burrascano et al. 2008, Vandekerkhove et al. 2009, Seidling et al.. Z0ig) the lack or rather the
time sincelast forestry operationSMANAGEMENT)asbeen establishedis a widely used variable
predicting dead wood volumseTime since last management was classified inteb@0years, 500
years and >100 yea(kleiri et al. 2012and data source is presentedTablel.

Site productivity

In earlier studiesite productivity was described by volume or basal area of the live {&Gipgola et

al. 1998, Nilsson et al. 2002, Nordén et al. 2004, Seidling et al. @04di) fertility(Vandekerkhove et
al. 2009)and positively relagd todead woodvolumes. Data of the live stand were extracted from the
last record in the NFR inventory databaseelxyracting the trees coded as livi@inner et al. 2010)
Volumes (VOLUME_LIVING) were calculategrasented in chapteB.2.2 Basal aredBASAL_AR[EA
was calculated as the sum of the circular af@@asured at breast heightf allliving trees divided by
the plot area Soil fertility data was not directly available, but a possible influence of the forest
community on CWD volumes and decay stagessiidsed in chaptds.2.1and5.2.3

In addition, Heiri et al. (2012proposed as a productivity index the maximal average total site
productivity following Keller (1978)(PRODUCTIVITY_KELL®&Rch wasused as the third site
productivity variableand calculated as follow§ormula 3)
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o oo G fte 3)
with:
w site productivity [kg dry substance/(ha*year)]
(i elevationof the focal pointof each permanent plofderivation see below in sectiol

GIAYIF OGS4 oY | dad @
o M constants (k{kg*m]; m:[kg]; p: [kg/m]; c:[m])

The derivation othe constantsQa , ) and wrequire information of the region (g. Jura, Prealps or
High Alps) where the study area was located, the geology {pase or baserich), the exposition

(north or south) and the steepness (e.g. sbpscarp, base of the hillside plateau). The necessary
data could be gathered from topogrhical and geological maps

Past major disturbances

Past major disturbances like storm eventseat infestations or fires have been reported to increase
the dead wood volumes ta high exteni{Hahn and Christensen 2005, Seidling et al. 2044 Yorest
fires so fardid not occur in the selecte®?Psand insect infestations are often direct consequences of
storm events(Forster and Meier 2010}Yhe presencer absenceof past severe storms (WINRgs
chosenas an appropriate variable describing disturbance regiméwerebyWIND refes hurricane
Vivian in February 199@ata were evaluatedrom various chapters Brang et al. (2011)

Climate

Climate conditionsnainly influencehe activity of microorganismsesponsible fodecomposition and
consequently thalisintegration time ofdead wood(Herrmann and Bauhus 2013Yarmer and wetter
climate conditions enhance the decomposition proc@ssrpel' 1997)nd might thus result in low
CWhDvolumesgiven thd the stand productivitydead wood input)s also low(Hahn and Christensen
2005) Mean annual precipitatiosum (PRECIPITATID&hd mean air temperatura the vegetation
period TEMPERATURMBonNthly averagdemperature >5°Cwere selead as appropriate variables
descriling the climate conditiondviean air temperature in the vegetation periahs chosennstead
of mean annual air temperaturdgo probably better describe the mean temperature when
microorganisms are actilyedecomposinglead wood.

For obtaining monthlaveragetemperature or precipitation data at any location in Switzerland, daily
values of MeteoSwis¢Federal Agency of Meteorology and Climatologseather stations were
interpolated using the daymet softwamesented by Thornton et al. (1997)he digital edvation data
determining the locatiorwas of100 m resoltion and the research groupf Land Use imamics at

WSL Birmensdorf has processed the geographical and meteorological data. Coordinates in the Swiss
coordinate system CH18@QVO03 defind the locaton for which climate data werdemanded. For each

PP, the coordinates of its focal point, extractadAircGIS from the area polygomere usedMonthly
averagedata over the reference period of 192D10 wassummed up (PRECIPITATIONaveragd

for the perod from May to October, when monthly average temperatén@n daymet interpolation
exceeded irthe majority of permanent plots the value 6fC (TEMPERATYRE
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Hillside exposition

Neesse(1999)related aspect, which corrales with solar exposurand soil moisture, substantially to
decomposition rate. Mean aspect of the hillside was calculdedcach PRas described in chapter
3.3.5.1 Afterwards, aspect watransformed into northness (NORTHNESS) by taking the cosine, so that
the aspect resulted in values between(south) and 1 (north) whereby O indicated a hillsaposition

to east or west.

Tree species composition

Tree speciescomposition in the seléaed PPsand thusdecomposition processes diffais decay rates
are, among other parametersdependent on thesubstrateand hence thetree specieqHahn and
Christensen 2005Peciduous tres (except oakwhichhoweverwasnot present in the stug areg
decomposeagenerallyfaster than coniferous tree§or example, a beech log is decomposed on average
to 95% within 25 years and a Norwsgruce or silver fir log within 80 yealsachat et al. 2014Thus,

the relative abundance adedduous tree species in the basal ai@ahe live stand (DECIDUOQW\AS
taken as thevariable to describe tree species composit{emaluation data fronBrang et al. (2008)

Modelpreparationand development

In a first step, lhe nine fixed effects and thiavo response variable were checked visually for normal
distribution using histograms. Hencéotal CWD volumewas logtransformed and volumetric
percentages of large diameter treas well aproportion of deciduous tree species in living basal area
were arcsinetransformed(Dormann and Kihn 2009n overviewover response variables arfiked
and randomeffects with their corresponding transformatios given iMAppendixTable A. Secondly,
Personcorrelationcoefficients(R) were derivel for every variable combination of fixed effe¢®achs
2013) Thebasal area and volume e live stand as well as maximal average total site productivity
following Keller (1978)and hillside expositionwere highly correlated(Appendix Table Al).
Consequentlyyolume of the live stand and site productivity followiKeller (1978)were removed
from the variable setdue to higher correlations with the other vartdes. Finally the full model
contained seveffixed effects which had a maximal correlation o#=R0.62 to each other

Starting from the full model, variables were continuously removed until Akaike Information Criteria
(AIQ did not decrease anymor&uur et al. 2009)The application of the AIC selection criteria is a
widely used method to find a set of variables best descrilregvariationin the response variable
(Dormann and KiihB009, Zuur et al. 2009, Sachs 20X®)wever, AIC searches a model with as few
parameters as possible in order to most adequately describe the datthae@mportant factorsmight

be ignored Sachs 2013 he final model was only considereghpropriate if residuals showed constant
variance and normal distributiofZuur et al. 2009 he final ariablesshouldhave a pvalue <0.05but

this requirement could noalwaysbe fulfilled, particularly not foall levels otategorical variables (e.g.
time since last management intervention), as a low AIC criterion was the primary criterion for the
variable selection.For model presentation,he marginal Rdescribingthe proportion of variance
explained by the fixed effects ordynd the conditional R which includes also the random effectss
calculated(Nakagawa and Schielzeth 2013)
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3.3.4.2 Decomposition stages

To visualize the relative abundance of decomposition stages in CWD volumes in the different PPs, |
performed a Principal Cgmonent Analysis (PCBorcard et al. 201} with the help of theveganR
package(Oksanen et al. 2007)nput data were the volumetric proportions of the CWDs individual
decay stages on PP level (absolute values in App&abie A). To reduce errors caused by zero values
(decay class I+1l), Hellinger transformation on the abundance data as descrihedendre and
Gallagher (200Was applied.

Linear relationships between environmental factors and abundance of decomposition stages in CWD
volumes were examined by a Redundancy Analysis (f#card et al. 201))using theveganR
packaggOksanen et al. 2007The response variable was the abundance data of decay stages, again
Hellinger transformed. All variables usedte linear mixed model as fixed effects were selected as
explanatory variablesThe time since last management interventiomas expressed as a dummy
variable andhe proportion of deciduous tree species in living basal avaa arcsindgransformed.A
seledion procedure both in forward and backward direction based on AIC selection criterion and
permutation test (999 random permutations) was performed to seek for a final set of environmental
factors that contribute significantly better to abundance of decamiion stages than a set of
randomly chosen factor@orcard et al. 2011 hefinal environmental variablesere only considered

as appropriate if the variance inflation factor assessing collinearitylegssthan 1qOksanen 2012)

For plotting, scores of decay classes were scaled by eigenvalues (scaling type 2).

3.3.5 Spatiadistributionof dead wood

3.3.5.1 Log orientation

For both log ads, oordinates were derivetlased on measured azimuth and distan€er each large
log end, slope and aspeat close surroundingvas calculatedn ArcGIS by includirgsquareof 6x6m
(source:DTMAV ©2016swisstopo (5704 000 000)nformation of slope ad aspectwere imported

in Ragain for further analysis. In a first stepe falling directior(orientedto north) of eachsingledead
wood piece was computedsecondly, thabsolutedifference between the falling direction of thedo
and the aspect otlose log surroundingvas calculatedQ®: log and hillside faakthe samedirection;
+180°:log and hillside wereppositely orientel). Thirdly,the aspects (at larger log end) were averaged
in each PP and so tlmeanangleof hillside orientation was calcutkd (Zar 1999)

Furthermore significantuniform circular distibution of logs in each Pias verifiedby the Rayleigh
test (Zar 1999)In addition, asumingthat the differences between log and hillsideientation were
normally distributedthe parametric Hotelling test for paired samples of angles was used in order to
test the hypothesis whether log andlleide are orien¢d inthe same direction or no{Zar 1999)
Moreover, the proportion of logs falling in hillside directiomas derivedn order to asseswhether the
aspect ofclose log surroundindpas an effect on the falling direction of logdased on my own
definition, a log was falling in hillgddirectionif the difference between log and hillsdorientation
was less than 45 Thidastanalysisstepswasconducted forall logs together and in the single PPs for
(i) all logs, (ii) alargelogs(f I NB S NJ R A I),Yii§ dlliGryslogsensted ¥lops(larger diameter
¥xMH OY | yR &f 2LIS), Giviialldng IbGRISINY I (P K3 ankiy)ralsMrHagsglength
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<20 m). However, analysis wasoppedif the number of logsn one of the five analyzed categorieas

less than 1(er plotin order to still get reliable resulesnd thus not conducted for PP5 in Derborence

at all(totally eight logs)Threshal valués 2 ¥ £ I NH S NJ &R A2 LYSS (ixQ1NT c30vhryeRd YIS v 3 (i |
set to keep the number of stems as high possible anddditionallyfor the following reasons:

1. Windthrow risk increases with tree diameter anmdore sq tree height(Lohmander and Helles
1987, Gardiner et al. 2003pplying ahreshold value of 12m for logdiametercovered87% of
all investigated logs and was in accordance with the threshold used ilN#tienal Forest
Inventory for lying dead wood assessmefsandli 2010)Trees fromthe upper canopyare more
susceptibleto windthrow (Codes 1997, Gardiner etal. 2000 f f 23a A GK | f Sy 3A(
of all log3 wereanalyzedseparatelyasthese loganay have reachedhe upper canopylayeras
living and standing trees and therefore have been more heavily exposed to higher wind speeds
than smaller trees (shorter logg)owingin lower layers

2. When plotting theslope against thebsolutedifferences between log and hillside orientatian
trend of higher density of smadifferences wa®bserved above a slop# 20°(AppendixFigure
A3), indicating that steeper slopes might causgore logs to fall in hillside direction (downslope).

3.3.5.2 Spatial pattern analysis

{LIGAFE LIGASNY 2F €238 Ay (GKS -feetidnfFRpeB ¢e81) tta ol
implemented in the R packagspatstat (Baddeley and Turner 200#) ¢ KS wuntiibn®d Qa Y
(formula 9 is a distancébased method counting the number néighborsof each log located within a

radiusi (Baddeley 2008)

b éio o o @ 1 tQamn @
with:
O : SadAYl GS Runetidnlidt tRedolisarved spatial pattern of the logs within t
PP bordefm?
i: radius r,adapted on the observed area size and geomgtry
0: PP area [rf]
g: number of logs in the PP aréa
»QHQ distance between log€andQm]
QwMonN :  edge correction weight: needed to reduce bias arising from the unadedungs

outside the PP bordg[Ripley 1988p Ly (KA a GKSairazr Gk
for polygonal areas was usé¢Ripley 1988)[1/m]

¢KS SaidAYl (-frRtionwiakdateré c@rapared with a homogeneous Poisson process
0 i (formula § describing complete spatial randomness of log distribu{Baddeley 2008)

O 1 “fi (5)

To determine statistical significance, a confidence envelope based on 100 random simulations was
derived(Edman and Jonsson 200LLpcation ofy i abovethe confidence envelope suggested spatial

clustering below spatid regularityand within spatial regularityBaddeley 2008)A representative
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example for spatial clustering and spatial randomrfess) the investigated®Pss provided inFigure
10aandFigurelOb, respectively

a) Bodmerenwald: PP4 b) Seeliwald: PP4 )
3000 —
2000 —
2000 — 1500 —
X X1000 -
1000 —
500 —
0 - 0-
| | | | | | | | |
0 10 20 0 5 10 15 20 25
radius [m] radius [m]

Figure10 (a/b). Diagrams of the- O function in BédmerenwaldPP4 (asuggesting spatial clusterirmgnd SeeliwalgPP4
(b) suggesting spatighndomnessNumber of all log within PP borders was 143 (B6dmerenwald, PP4) and 22 (Seeli
PP4). The blue line represerite theoretical random distribution (homogeneous Poisson procasd)the red line the
observed digflk 6 dzii A 2 y -fudctich)LXh& §r€yaarea limitshe confidence envelope based on 100 rando
simulations.
Spatial patterns were analyzed for all logs as well as for both dimes(&wge and smallndthe five
decay classes if tirenumberin one of the inspected categoriegas at least 1(er plot Forfewer
observatons,w A LJt $udcfich pravides an estimate only andhiardly interpretable(thus, PP5 in
Derborence wasot spatially analyzed Furthermore, it has to be considered thatA LJt $udcfiod Y
analyzegshe spatial pattern on a small scalegendent on the size of the investigated area. Thus, the

inspected radius varied between 12 m (Scatlé, PP10 and PP11) and 35 m (Combe Biosse, PP14).

In order to test the hypothesis whether the spatial pattern of standing trees directly influences the
spaial pattern of logs as assumed but not testecHiiman and Jonsson (2004patial pattern analysis
was al® conducted for standig (liveand dead) trees. However, coordinates of standing trees were
only available for plots invearied after 2007 (Derborence, Leihubelwald, National Park and Combe
Biossepnd were extracted from the NFR inventory database

Logs were reduced to thelarger endand treated as poins | a  wifliriciforSi® ol ofpoint
pattern analysisTheanalyzedareawas the shape of the PRjthin whose border the larger log ends
and the standing treeshould be located based on thecording criteriaThe aknowledgement of the
exact PPlsape is a great advantage gpatstatas it is also important to know where logs were not
observed (e.g. outside PP border) amat only the smallest rectanglaroundthe logs istaken into
account However,in a majority ofPPssome logsand standing treesvere placed outside the PP
borders(partly up to 4Poof all logsin Scatle PP11)3ue to measurement errorduring thefield work
and thus excluded from spatial pattern analydieese measurement errgrsvhichare also véible in
the mapsdepicting all loggreferences inrable7), migh have occurred because o reasons. First,
the used methodmeasuring azimuth and distance to derive standing trees or logs coordjnabess
best for flat ar@s but islimited for inclined areas, what most plotgea Second each displacement
from one measurement point to another was combined with errors, which incctagth higher
numbers of newlestablishedneasurement points.
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4 RESULTS

In total, 1807 logsvere recorded during the fieldworkanging fromeight piecesper PP (Derborence,
PP5, 0.2%ha) up to 218 pieces per PP (NatioRaitk, PP18, 0.684). A log measured on average 28 cm
at the larger diameter and 904m in length and hd a volume of 0.6 A 15 different tree species were
present in the lying dead wood (fetem numbers and amounts, see Appentliable A). 1690 logs
(94%) were conifers,117 ©%) deciduous 1162 logs (64%) were of small dimension#arger log
RA I Y S0 N345HK366)of large dimensionsvhereby 93% of all deciduoaad 63% of all conifer
belonged to small diameter treeBecomposition stage classmsés most frequent@91 logs39%) and
class lleast frequent $3 logs 3%).73% of large diametelogs consisted ofadvanced decay stages
(class IV+VRegarding tree specie®4% ofconifersand 59% of deciduouseesbelonged to advanced
decomposition staged-or 500lying deadtrunks (28%) the originaltree numbercould be assigned
The lagest log hal a volume of 11.2n%ha (silver fir in PP8 in Derborence, 120 cm at the large
diameter and 34.85 m in length), whichrresponds to the combinegblumeof the 428 smallest lag

4.1 Dead wood quantities

4.1.1 Lying dead wood

In the 24 investigated PPEWD volumesanged from 1 m%ha (Derborence, PP5) t843 m®ha
(Derborence, PP18&igurell and AppendixTable A). Considering the reserves, two showathall

(<25 ni/ha) average lying dead wood vohes Seeliwald andCombe Biosse) and four mean CWD
volumes around 100 #ha (Scatlé, Bodmerenwald, Leihubelwald and National Padble 4).
Derborence had by far the highest CWD voluif@38 + 106n%ha). The avemge CWD volumever all

PPs amounted t80 + 23m%ha.In the undisturbed PPs (e.g. PPs not indicated to be wind damaged in
Table2) the mean CWD volume was 55 + 13ha.

E reserve name
mE Ml Derborence
= Scatlé
GE" 200- B Bsdmerenwald
2 162 M Leihubelwald
> Seeliwald
g B National Park
o 100- 78 77 Combe Biosse

32 2 35 40 38 Py 31

| E

g8 18 10 11 1 4 10 13 1 ? 18 19 14 16 17 19
permanent plot number

Figurell CWD volume in the fierent permanent plots ordered by forest reserve. Numbers above bars refer to CWD volume
per hectarein the corresponding permanent plot.
Consideringstem numbers, the picture was slightly different. Thghast and lowest stem numbgr
still occured in Cerborence (PP1: 397 no./ha; PP5: 32/Ima;, Figurel2 and AppendixTable &). On
the reserve levehowever, National Park271 + 49 ndha) showedhe highest stem numbers, followed
by Deborence and Scatl@ able4). Seeliwaldand Bédmerenwaldhad the lowest stem numbers (and
not Combe Biosseith the lowestCWDvolumes). Over all reserves, 134 + 27 stems per hectare were

presenton average in the lying dead wood
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Volumes and stem numbers fluctuatépartly considerably) withinbut also between the reserves.
However,CWD volumes and stem numbers did not dignificantlybetween the reserves (rsted
ANOVA, residuals=17, p=0.51 for volumes and p=0.31 for sterbarg.

400+

reserve name

M Derborence
Scatlé
B Bsdmerenwald

218 212 ;
M Leihubelwald
Seeliwald
I National Park
Combe Biosse
0-

131011‘ 4 10 13 1 7 18 19 14 16 17 19
permanent plot number

Figurel2. CWD tem numbersn the different permanentplotsordered by forest reservéNumbers above bars refer to CWD
stem numberger hectarein the corresponding permanent plot.

n @
Qo o
O D

CWD stem numbers [no./ha]
o
O

Table4. Avergge wlumes and stem numbsrof standing and lying dead wood over the investigated permanent plots per
forest reserve and on average over all investigated permanent.pitgan and standard error is weighted by the area size of
the corresponding permanenti@s. Average volumes and stem numbers of standing dead wood have to be edgaitth

care due to recording idifferent years

Reserve Number/total Last Standing dead wood Lying dead wood
area [ha] of inventory Volume  Stem number  Volume  Stem number
investigated [m3ha] [no./ha] [m3¥ha] [no./ha]

PPs

Derborence 4/1.65 2008/09/10* 83+44 111 + 45 233+ 106 242 £ 97

Scatle 2/0.44 2006 38 + 45 43+ 20 114 + 82 250 + 26%

Bodmerenwald 3/3.62 2003 305 24 +3 79+ 12 79+t6

Leihubelwald 4/1.49 2011 35+20 100 + 17 86+ 19 148 £ 18

Seeliwald 4/2.91 1996/97 10+6 33+9 238 61 +21

NationalPark 3/1.47 2012 15+ 10 35+14 96 + 64 271 £ 49

Combe Biosse 4/1.86 2010 37+30 169 + 76 12+9 113 + 60

Average 32+9 66+ 18 80 + 23 134 + 27

1PPAL and PP5: 200®P8: 2009PP18: 2010.
2 may occumwith skewed distribution antbr few observations
3PP1 and PP2: 1996; PP4 and PP5: 1997.

4.1.2 Standing dead wood

Standing dead wood data were extracted from NFR inventory database and correspond to the last
inventory(recording 420 years ago)On plot level, snagolumesranged between 2 itha (Seeliwald,
PP2gand 124m®/ha (DerborencePPland PPBandstem numbers between 16 no./{&eeliwaldPP2)
and 342 ndha (Combe Bioss®P19AppendixTable 8). Regarding the temporal development, shag
volumes have generally increased sirtbe start of the inventory, but partlyfluctuated greatly
(DerborencePP18)On the reserve leveBeeliwald showethe lowestsnag véumes(10 + 6m¥ha)
and Derborencehe highest 83 + 44 n¥ha), whereby the range in stem numbers was determined by
Bddmerenwald Z4 + 3no./ha) and Combe Biossel69 + 76 ndha; Table4). On average over all
investigated PPs, snag volume was89 mha and stem number 6& 18 no/ha. In the plots not
damaged by hurricane Vivigihable2), the mean snag volume amounted to 24 + Jhm.
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The proportion of snags out of total stem numifstanding living and dead trees, data recorded in the
same yearwas lowest in PP1 and PP2 of Seeliwal@) @nd highest in PP19 of Combe Biosse (33%;
AppendixTable 8). On reserve level, this ratio varied between 4 + 1% (Sedhaal 20 + 6% (Combe
Biosse) and was on average over all investigated permanent plots 10 + 2%

4.2 Dead wood qualities

4.2.1 Tree species

Goniferswere very abundant irCWDvolume and stermumber and 1 deciduous treesn the lying
dead woodht all were present ithe entire investigated perimetenf Scatle, Bédmerenwald, Seeliwald
and NationaPark (AppendixTable /&). Thehighest volumeg4 + 3 m/ha) and stem number¢56+ 29
no./ha) of deciduoudreeswere present in Combe Biossghere90%of allrecorded deciduous logs
were found In two PPdn Combe Biosseeven more than 50% of CWD volumes (PP16) and stem
numbers (PP16, PP17) consisted of deciduous wWapgendixTable A and Table &). On average
over all PPs, detuous wood hadan amount of 1% ifCWDvolume and 66 inCWDstem number
(AppendixTable /A).

4.2.2 Dimensions

4.2.2.1 Large and small diameter trees

In 16 of 24 PPCWD volumes consisted more of larg80 cm)diameterthan of smalld Yo n  OY 0
diameter trees (Figure13). On PP level, volume dérge diametertrees contributed betveen 0%
(Derborence PP% and 9%4 (LeihubelwaldPP4to total CWD volumesn absolutenumbers theCWD
volumes of lage diameter trees rangeletween 0 nhaand 331m%ha (DerborencePP5 and PP18
AppendixTable A). On the reserve levelarge dimensions weralways more abundanin volume

except in Combe Biossd3% large diameter trees Appendix Table &) with highestabundancein
Derborence (9%).Over all investigated PPiargelogscontributed with 8846 and small logsith 12%

to the meanCWDvolumeof 80 + 23m%ha.

Derborence Scatlé  Bodmer Id  Leihubelwald National Park Combe Biosse

5 818 1011 1 3 4 1 4 1013 1 2 4 5 7 18 19 14 16 17 19
permanent plot number
Figurel3. Sharesf large(>30 cmyand smalb YKo n diaater trees in lying dead woadlumesin the different permanent
plotsordered byforestreserve.Absolute values are presentedAppendixTable A.
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Conceriing the stem numbers, theshareof largediameter treeswas not ashighas that involumes.
Only in five PPkrge logsvere more abundanin stem countghan smallogs, with the highest share
in PP8 in Derborencé71%,; Figure 14). Large diameter trees reachethaximally 198 nol/ha
(Derborence PP} and small diameter trees 232 rba (Scatle, PP1RAppendixTable &). On the
reserve level, onliperborence showed majority of large dimensionetbgs(6294 AppendixXTable &),
what probably alsaesulted inthe hightotal CWD volumesf 233 + 106n%ha. Overall, 86 + 18 (84)
logsper hectarebelonged to small dimensiorand48 + 15 (366) logper hectareto large dimensions

Derborence Scatlé  Bodmer Leihubelwald National Park Combe Biosse

100-
dimensions
[ small diameters
M large diameters
0-

5 818 1011 1 3 4 1 4 1013 1 2 4 5 7 1819 14 16 17 19
permanent plot number
Figure14. Share of largg>30 cm)and smallo Yo n dian¥tér trees in lying dead wood stem number in the different
permanent plots ordered by forest resenbsolute values are presentedAppendixTable A&.
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4.2.2.2 Gianttrees

In the lying dead wood, most giant trees (laryR A I Y S (1 S NJ X yund inBR8lrDesbSréliBe T 2
(9 giant trees per hectane followed by 3ho./ha(Bodmerenwald PP}, 2no./ha(BédmerenwaldPP1;
Derborence, PP3&nd 1no./ha (Bddmerenwald PP3National ParkPP18. In the remaining PPs of
Derborerce, Bédmerenwald and National Pakwell as irllthe studied PPs of Scatlé, Leihubelwald,
Seeliwald andCombe Biossegiant trees were absentn the standing dead woodiant treeswere
present in two PPs only: 9 no./ha in PP8 of Derborence and 1anm/MP18 of National Park, whereby

it is possible that a giant tree formerly recorded as standing dead was during the field work recorded
as lying dead.

4.2.2.3 Diameter distribution

The diameter distributiorf the lying dead treeshowed differences on the NF&rel.In Derborence
for instance the largerlog diametervaried between 8 cnand 120 cmand did not show a clear peak
in a certain diameter rangd-{gurel5a), similar to Bédmerenwal(AppendixFigure Ab), Seeliwald
(AppendiXrigure Ra) and partly Scatle (Appendtigure Aa). However, Bédmerenwald and Seeliwald
had much lower stem numbers and Seeliwald a smaller diameter r&geontrast the large log
diameterin Combe Biosse ranged only between 8 ard 46 cm and showed a peak in stem couatts
small diametes, with arapid decline towards larger diamete(gigurel5h). A similar picture showed
Leihubelwald (Appendi¥igure Ac) and National Park (AppendBigure Rb), but with different
diameter ranges and stem counts.
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Corsidering the standing dead tre¢secorded in the last inventoryjhe diameter distribution ofogs
was well reflected in Bodmerenwald, Leihubelwald, Seeliwald and Combe Biosse. In Derborence, Scatlé
and National Parktem counts of snagaas much lower andr with a different diameter distribution.

a) Derborence
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Figurel5 (a/b). Diameter distributon (in 4cm classes) of standinddtafrom the lastinventory recordstored in the NFR
inventory database) and lying dead wood in the forest reserves of Derborence (a) and Combe Biossau®3.répreset
the minimum diameter value of each DBH class (standing dead wood) or each larger log diameter class (lying dee
Note that xrange and yrange are the same for all diameter distribution plots and are limited by Derborefraa@e) and
National P& (y-range).

4.2.3 Decomposition stages

Decomposition kass | was abserih ten PPsclass llI+llin one PPand advanced decay stage$a&s
IV+V) occurred in all PR&\ppendixTable A). In 21 of 24 PPsidvanced decomposition stagesre

the most abundantecay classesith respect to CWDolumes(Figurel6). In the remaining PPs, class
Il (LeihubelwaldPP13;National ParkPPJ or class Il (National ParRP19 were most prevalent in
volumes. Highest abside volumes of the single decay stages were found in two PPs only: PP8 of
Derborence (class I: 19%ha; class Ill: 43 #ha; class IV: 92 #fha; class V: 181 #ha) and PP18 of
National Park (class II: 25*%ma). On the reserve level, decay class V datéid CWD volumes in all
NFRs except Bodmerenwalmhd Leihubelwald(class 1Y Appendix Table A). Highest relative
abundance of decay stage classedl Iwas found in National Park, of class Ill in Scatle and
Bddmerenwald, of clad¥in Leihubelwald and oflass V in Seeliwal@n average, class (82%)and
class V (39%pgetheraccounted for 7% of CWD volumes.

26



RESULTS
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Figurel6. Sharesof decomposition stage classeslying dead woods/olumes in the differenpermanent plots ordered by
forest reserveAbsolute values are presented in Appentiable A.

With respect to stermumbers.class IV or class V were again most prevalent in 21 PPs, butRfiin

of Scatlé (class II+11l), inBPof Leihubelwald and PP19 of National Park (clagsdlie 17). On the

reserve level, decay class V dominated stem numbers of all reserves except Leihubelwald;(class IV
AppendixTable 8). Highest poportions of decay class I+l occurred in National Park, of class Il in
Scatle, of class IV in Leihubelwald and of class IV in Seeliwald. In total, 63% of stem numbers consisted
of advanced decay classedth class V in higher proportioi38%)

Derborence Scatle Bodmerenwald Lei Id Seeliwald Nati | Park Combe Biosse

g I I II I I I decomposition stage
@ P Class |
Q
2 e Class Il
= Class IlI
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g | M Class Vv
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15 818 1011 1 3 4 1 4 1013 1 2 4 5 7 18 19 14 16 17 19
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Figue 17. Sharesof decomposition stages in lying dead wostgm number i the different permanent plot®rdered by
forestreserve Absdute values are presented in Appendiable 2.

Combining the two qualt characteristics of large dimsions and advanced decay stag€SWD
volumesranged betweerD m¥ha (Derborence, PP5; Seeliwald, PP2; National Park, PP19) and 265
m*ha (Derborence PP§ andstem numbers between @o./ha and 166 ndha (Derborence PP).

Large dimensions and advanced decomposition stagagimallycontributed to 85% of total CWD
volumes (Seeliwald, PP4) and to 59% of total stem numbers (Derborence, PP8). On reserve level,
proportions of volumes and stem numbers ranged between 31% and 9§8éatively between 7%

and 60%, with lowest values in Combe Biosse and highest in Derborence. Overall, 70% of total CWD
volumes and 29% of lying stem numbers consisted of high quality lying dead wood.
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4.3 Statistical modelingf dead wood quantitgnd quality

4.3.1 Total CWD volume

After the selection procedure for linear mixed effect models applying the AIC selection criteria, the
final combination of variablebest explaining the total CWD volumes in the 24 investigated PPs
included as fixed effects time since lasanagement, presence of windorthness of the hillside and
proportion of deciduous tree species in living basal gfahleb). The first thredactors were positively
correlated with CWD volumes, the fourtiegdively. The marginal3Rwhich describes the proportion

of variance explained bthe fixed effects only, was 0.48 and the condition3liRcluding also the
random effe¢, was 0.73, indicating that the reserve itself expd for 25% of total variance

Table5. Final linear mixed effect model explaining total CWD voluthe. randoneffect (forest reservels marked in blue.
A detailed explanation of the fixegffectsis giverin the sectiond C A E S R in8Ha@e®33i4.4 ¢

log(VOLUME_LYING_DEADMANAGEMENT + WININORTHNESSrcsineDECIDUOUS RESERVE

Coefficient Estimate Standard Error t-value p-value
Intercept 2.74 1.00 2.74 0.02
Last management 5000 years 0.94 1.31 0.72 0.51
Last management >100 years 0.62 1.05 0.59 0.59
wind 1.68 0.69 2.43 0.03
Northness 0.94 0.49 1.92 0.08
Deciduous tree species -0.74 1.92 -0.39 0.71

4.3.2 Dimensions

Volumes of largé>30 cm)dimensioned logs were negatively correlatedtih@® amount of deciduous

tree species in basal area of the live stéifidble6). Volumes of small dimensioned logs weherefore

positively associated with deciduous tree speciBise fixed effects explained 26% of total variance

(marginalR?) and both the fixed and the random effects 38% (conditiorfal R

Table6. Final linear mixed effect model explaining t@umetric percentages of largé>30 cm)dimensioned logs itotal

CWD volume. The random effect (forest resgrigemarked in blue. A detailed explanation of the fixed effedfivenin the

aS0GA2Y & Ochapté33A T SO0 & ¢
arcsine/OLUME_LARGE_DIMENSIPNScsineDECIDUOUS RESERVE

Coefficient Estimate Sandard Error t-value p-value
Intercept 1.11 0.09 12.10 <0.001
Deciduoudree species -0.77 0.32 -2.43 0.03

4.3.3 Decomposition stages

When visualizing theelative abundance of decastages in CWD volumes tihe 24 PPs, the first
principal component (P&L) of the PCAexplainedfor 42% of total variance and the send principal
component (PCA2jor 26% (Figure 18). The first axigistinguished between fresh anghedium
decompodtion stages (classtli+lll) and advancedecay stages (lassIV+/) and the second axis
contrasted most between decay class |l aledayclasdll. Permanent plotsof National Park and Scatlé
were rather well aggregated, whereby plots of Seeliwald and partly Combe Biobgeed a rather
varied picture considerig decay class distributionFresh decomposition stages (class I+ll)
characterized Nationd&ark and advanced decatages Derborence, Leihubelwald and PP4 and PP5 of
Seeliwald. Bédmenwald and Scatle consisted predominanfymediumdecaystages (classl).

28



RESULTS

0.6-
Class Il
Class |
0.3- reserve name
@® Derborence
) Scatlé
8 ® Bddmerenwald
= 00- )
g ® | eihubelwald
< Seeliwald
® National Park
03- Combe Biosse
Class IV
06- Class Il

—GI‘S —6.3 DiO 0j3 Ojﬁ
PCA1 (23%)

Figurel8. Principal Component Analysis (PCA) showing the differences mldteve abundances o
decompodtion stages in CWD volumes of the different permanent plots colored iBsfaeserve.
Numbers above datreferto permanent plot numberVectors for decay stages are marked in blac

In the RDAthe final set ofenvironmental variables best explaining the abundance of decomposition
stagesfollowing the AIC selection criteriacludedtime since last forestry opation of 2050 years
aga past wind disturbancgeprecipitation and exposition of thehillside (northness) Thefirst axis
(RDA1xccountedfor 24% ofobserved variatiorand the second axis (RDA2) for 13%grel9). The
adjustedR was 0.3. The first axis is mainly shaped by wjmésence/absencand the second axis by
short/medium or longime since last management interventioRecay stage composition in all plots
of National Park wer@egativelycorrelatedwith past wind disirbance and precipitation, whereby
most plotsin Derborence and Leihubelwald were positively correlated witbse two variables
Bddmerenwald and Scatlé were negatively associated with time since last managemeslof@frs
agoandSeeliwald and Comtgiossamainlypositively.
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Figure19. Redundancy Analysis (RDA) showing the relationships between the decay class
environmental factors (black vectors) in the different permanent plots. Decay class names in
indicate theR S O & \&diok ehdpiris. Numbers above dots refer to permanent plot numbe
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4.4 Spatiadistribution oflying dead wood

4.4.1 Log orientation

On average20% ofall logs were falling in hillside direction. This percentage #lighcreased on
steeperslopes Generallylog orientation peakedh direction of hillside gradier{tf there was one)On

PP levelthe numberof all logs falling in hillside direction rang&dom 9% (Seeliwald PP4)to 37%
(Combe Bioss#P17 Table7). The proportion of logs falling in hillside direction of the inspected five
categories gee chapter3.3.5.) varied greatly, from 6% (largkogs on steep slopes, n=17,
Leihubelwald PP) up to 39% (largéogson steep slopes, n=33, Combe Bigg$2R16 but a general
pattern could not be identifiedThe Rayleigh test indicating a uniform log orientation was significant
in Satle PP11 and Bodmerenwald PHal§le7). The Hotelling test sheing no differences between
log andaspect of close log surroundimgas significant ilBddmerenwald®P3and Leihubelwald PP4

A similar pattern in log orientan distribution suggested PPRP8 and PP18 of Derborence, PP1 and
PP4 of Bédmerenwald and PRAfd_eihubelwald. In th& plots in Derborence, which alocated on a
steep slope17-25% of all logs were falling downslofdeable7). However, another 485% was shifted

by about 45° with respect to slope oriextion (DerborencePP 1 Figure20b). InLeihubelwald PP10s
situated on a small plateaand more than 25% oéall logs were oriented to northeast. In PP1 and PP4
of Bédmerenwald, which are located in a relativiidy area with small mounds, about 55% of all logs
peaked in northeastern to southeastern direction, whereby thekpgaPP1 was more pronounced.
GCommon features of these six PPs wettgat particularly longr and large logs showed a greater shift
or peakinto one direction than sharand small logs, respeutly,that a great majority of these logs
were of decay class IV and, more so, claaad/that all PPs exhibited spatial clusterimglfle?).
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Poisson processind the red lineli KS 26 A SNIWSR R A duildidn)o Tad grey \areaolimitheXosfidence
envelope based on 100 random simulations.
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Table7. Results obpatial analysisf lying dead trees and standirfiving and deajltreesin the dfferent permanent plotordered by forestreservavl 8 f SA 3IKQa G(Said AyRAOIFGSa
orientation and Hotelling test examines whether mean angle of log orientation and mean aspdos®@fog surroundingre likewise oriergd. Figure referenes refer to map depiction of all logs,

log orientation plots and diagrams ef O function of all logs within PP borders for eggérticular permanent plot.The spatial pattern of standing trees (results are presented in the last two

columns) was analyzei coordinates of standing treesere available in the NFR inventory database, which evdgthe case for inventories run after the year 20&patial patternin PP5 in

Derborence was not analyzed because of eight logsamdyno coordinates availablerfstanding trees

Reserve PP Slope Number of  Significance of Proportion of  Spatial pattern Figure Number of Spatial pattern

number orientation logs allall wl &t SA 3| alllogs falling analysis ér all reference standing trees: analysis for all

(inclination)  within PP Hotelling test in hillside logs within PP (A: Appendix) | all/all within PP standing trees
borders for all logs direction [%] borders borders within PP borders

Derborence 1 N/NW (~30°)  100/90 no/no 20 clustered Figure20 248/248 varying

5 - 8/8 - - - Figure A - -

8 N/NW (~30°) 185/146 no/no 17 clustered Figure & 247/236 clustered

18 NW (~30°) 107/105 no/no 25 clustered Figure & 172/167 clustered
Scatle 10 E (~30°) 79177 no/no 19 clustered Figure X - -

11 E(~30°) 32/17 yes/no 28 random FigureA8 - -
Bodmerenwald 1 - 92/80 no/no 10 clustered FigureA9 - -

3 - 52/44 yeslyes 15 clustered Figure AOQ - -

4 - 143/143 no/no 16 clustered Figure A1 - -
Leihubelwald 1 E (~20) 40/39 no/no 15 random Figure A2 215/210 clustered

4 E/SE () 28/28 nolyes 19 clustered Figure A3 302/293 clustered

10 E/SH~10°) 64/62 no/no 19 clustered Figure A4 521/490 clustered

13 NE (~16) 88/82 no/no 15 clustered Figure A5 430/405 clustered
Seeliwald 1 NW (~20) 57149 no/no 12 clustered Figure A6 - -

2 NW (~158) 30/30 no/no 17 varying FigureAl7 - -

4 W (~10) 22/22 no/no 9 random Figure A8 - -

5 N/NE (~16) 69/68 no/no 13 clustered Figure A9 - -
National Park 7 N (~25°) 125/121 no/no 26 clustered Figure R0 398/394 clustered

18 NE (~P°) 218/195 no/no 24 clustered Figure R1 571/564 clustered

19 N (~20) 56/51 no/no 18 random Figure R2 273/272 clustered
Combe Biosse 14 S (~25°) 37/36 no/no 27 clusteed Figure R3 603/574 clustered

16 S (~25°) 51/46 no/no 31 varying FigureA24 347/333 varying

17 NW (~35°) 67/64 no/no 37 varying Figure &5 284/264 varying

19 W (~35) 57/56 no/no 12 random Figure R6 281/269 random
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4.4.2 Spatial pattern analysis

4.4.2.1 Lying dead wood
Concerning spatial pattern analysi§ PPs showed a clustered pattern dflags within PP borders,
five PP random pattern and spatial pattern of three PPs varied within the inspected r@dibie7).
A regular spatial pattern was not observed. On the reserve level, only all PRsboiréhce and

| RYSNBy gl fR a4dzZ33Sa0GSR I OfdzZAGSNBR LI GOSNy o Ly
differed, but in general, a clustered pattern was more frequent than a random pattern. Besides in one
PP (Seeliwald, PP4), the spatial pattof all logs was not similarly reflected by the pattern of the
diameter or decay classgsut a trend could not be identified.

4.4.2.2 Standing trees

Spatial pattern of standing (living and dead) trees could only be analyzed for plots intihdielst
inventoty took place after the year 2007 (before, comates were not measured). Of 14 plots totally
analyzed, terPPssuggested spatial clusteriraf all standing trees within PP borders, oR®spatial
randomness anthree PPsspatial variatior(Table7). On the reserve level, all PPs in Leihubelwald and
National Park indicated spatial clustering whereas in the remaining reserves (Derborence and Combe
Biosse) the spatial patterwas notuniform over all investigated PPis1 11 of 14 plas, the spatial
pattern of logs corresponded witthe spatial pattern of standing trees.
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DISCUSSION
5 DISCUSSION

5.1 Dead wood quantity and quality

The purpose oftte first part of this thesissito generally describe dead wood quantity and quality of
Norway spruce fordgeserves in Swiss ratainous regions, to compare thefiadings with results
from other studies in unmanaged forests across EufppeferablyPicea abieforests)and to provide

a first baseline for managed coniferous forests in Switzerland regargingavernmental biodiversity

policy.

5.1.1 Volumes

Lying dead wood volumes in ti24 investigated PPamounted to 80 + 23 #tha on average (1:233
m?¥ha on reserve levelTable4; 1-343 m%ha on plot level AppendixTable A). Standing dead wood
volumesreached in the last inventory on average 32m¥ha (10-83 m¥/ha on reserve levellable4;
2-124 n/ha on plot leve] AppendixTable &8). When comparindying and standingdead wood
volumesin the investigated PRsith other Europeanstudies inunmanagedor old-growth forestsof
different tree species compositiofTable8), it has to be kept in mind that measurement thresholds
differed with respect to diameter and lengtRkurthermore dead wood volumes vaityighly, depending

for instance on forest typgHahn and QOfistensen 2005)site conditions(Sippola et al. 1998)
exceptional events such as storms or dry weather perigdeby et al. 1998)development stage
(Saniga and Schutz 20@t)decomposition condition@Korpel' 1997)Additionally, my findings of lying
dead wood volumes are pbably underestimated due to the calculation method and the omitting of
root stock estimations (see chapt&r2.1).

Table8. Dead wood wlumes ofsnags logsand in total (without stump®r branches)n Europeanforest reserves obld-
growth forests of different tree species compositiordered by broadleaf forests, mixed coniferous and deciduous forests

and coniferous forestsThe measurement threshold was not always reportgd {olumevalues are given for the mean +
standard error(a) or standard deviation (l&nd (in parenthesis) the range over the investigated study plots

Dominant tree Region Measurement Dead wood volume[m?ha] Referene
species threshold for Snags Logs Total
shag/log
diameter [cm]
Fagus sylvatica Europe -I5 39 94 130 £ 103 Christensen et
(1-282) (3-456) (6-550)  al. (2005)
Fagus sylvatica Central Itdy 2.5/10 10+16° 12+24 22 Burrascano et
al. (2008)
Tilia cordata/ Poland -I5 - (52-94) - Kirby et al.
Carpinus betulus (1991)
Fagus sylvatica/ Switzerland a/7 25 + 42 44 + 12 69+ 13 Herrmann et al.
Abies alba (1338)  (20-100) (49129) (2012)
Fagus sylvatida Slovakia -l- (41-82)  (140198) (181-280) Kaorpel' (1997)
Abies alba
Picea abies
Picea abies Slovakia -/- (1855) (26-141) (50-183) Korpel' (1997)
Picea abies Germany -/- 56 28 84 Rauh and
(10-180)  Schmitt (1991
Picea abies Southern 10/10 33 77 110 + 32 Siitonen et al.
Finland (70-184)  (2000)
Picea abies Finish 1/5 5 13 18 Sippola et al.
Lapland (1998)
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On average, my findings of lyiagd standingdead wood are comparable or even exceed volumes
reported from unmanaged forests of different tree species composition across EUropenaged
Swiss forsts, total deadvood (standing and lyingjolumes amount t84 m%ha, with highest values

in the conifer dominatedNorthern Alps(46 m%ha) and lowest in thedeciduous dominatedSwiss
Midlands (24n%ha), whereby the measurement threshbfor standing dead wood wd cmand the
one for lying dead wood 7 c@randli 2015)

The presented lying and standing dead wood volumes exceed in a majority of investigated PPs the
recommended total dead woodolumes of 10 rffha for a seminatural silviculturg(Kaufmann et al.
2010)and of 20 n¥ha (Jura) respectively of52m*ha (Prealps, Alps) targeted in the national forest
policy 2020Q(Swiss Federal Office of the Environment 20E8)ythernore, they surpasshe suggested
habitat threshold ofstanding(18 m¥/ha) and of lying(15 m¥ha) dead wood volumesor subalpine
Picea abieforests, whe the majority of dead wood associated specisl particularly the threg¢oed
woodpecker Picoides tdactylug, an umbrella specieshould be presen(Butler 2003) In addition,
total dead wood volumes of 280 m¥ha as recommended biiller ard Butler (2010¥or boreo-
alpine pine-spruce forests are exceededlndeed, some species require volumés above the
suggested threshokl For examplahe rare fungusAntrodiella citrinelldivingon Norway spruce dead
wood requiresvolumes>134 ni/ha (Bassler and Muller 20103lthough such precise volume data are
probably difficult to evaluate in practicethey still indicatethat some species are dependent on
extraordinarilyhigh dead wood amountdn this thesis CWD volumes of six single PPs and of two
reserves on averagexceededl00 n¥/ha (Figurell and Table4), amountsassumed to b&ommon
before European fiestswere intensively exploited by humaf¥ilsson et al. 2002)

In summary, the standing and lying dead wood volumésarway spruce dominated NFRs presented
in this thesisare comparable with values found ahers unmanaged (purdicea abieforests across
Europe and arehigher than dead wood volumes in manageconifer stands of Switzerland.
Recommended total dead wood volumes by the Swiss government are exceeded.

5.1.2 Stem numbers

Stem densities ithe lying dead wood averaged to 134 + 27 stems per hectar€f@Ino/ha on
reserve level Table4; 32-397 no/ha on PP levelAppendixTable &) and in the standing dead wood
to 66 +18 stems per hectare (2469 no./ha on reserve levelable4; 16342 no./ha on PP level,
AppendixTable B). Referencesoncerningdead woodstem numberdrom other studies in European
unmanagecdoniferousforests are rare as dead woodlumes were often theesearchfocus.Nilsson

et al. (2002)eported80-230 lying dead treeper hectare respectively30-180 standing dead tregser
hectare(diameter threshold >10 cngnd Siitonen et al. (200@Jescribed 354 standing dead trees per
hectare (DBH >5 cm). Both studies were conducted in Scandindeiavay spruce dominated old
growth forests

5.1.3 Tree species

CWD voluras and stem numbers of deciduous trees were low except in Combe RAggsendixTable
A5), the only selected forest reserve with a considerable amount of deciduous tree s{Eeaigss
sylvatica Acer pseudoplatanysn the live $and (Brang et al. 2008)
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5.1.4 Dimensions

On average38% ofCWD volumesand 36% o€CWDstem numbersn the studied NFRonsisted of large
diameter trees(>30 cm AppendixTable /). In comparisonHerrmann etal. (2012)documentedin
Swiss deciduous ancdiduousmixedforest reserveg6% of lying dead wootb be consisting of large
diameter trees (>30 cm)n addition,Sippola et al. (1998ported from oldgrowth Piceaabiesforests
in Finland22% of total dead wood volumemd 2% of total dead wood stem numbers be of large
RA I YS { S NHnSwissonanadged forasts, large diameter tre0(em)are underrepresented in
total dead wood volumes with a proportion 86% (Brandli 2010)In short the investigated plots
feature extraordinarily high lying dead woaalumes andtem numbers of large dimensions.

Regarding giant trees, a common used @did 2 NJ F2 NJ | T BNtlerael &.5201%)F G dzNJ f
references from European forest reserves and Swiss managed forests could only be found for living
but not for dead trees. In the investigated seven N et al. (2012)eported the amount of giant

trees per hectarean the live stando be none (Seeliwald and National Park), three (Combe Biosse),
seven (Bédmerenwald), eight (Scatlé) or (Berborence and Leihubelwaldn the lyingand standing

dead woodgiant trees were absent in more reserves and if present, their number was.lowsgech
dominated stands of Central Eurogdgilsson et al. (2002Jocumented 1617 giant trees per hectare

and Y 2 NLJS U regoneedd $18 (giant trees pr hectarein Picea abieslominated stands in the
Western Carpathians (Slovakia) Swiss managed forests;2lgiant trees per hectare occur in the live
stand(Brandli 2010)In brief, Swiss NFRs are regarding giant trees in the live stand not yet comparable
with other unmanaged forests in Europet in a more natural condition than Swisanaged forests

With respect tothe diameter distribution of standing and lying dead treemjaller diameters were

much more frequent than larger diameters in Leihubelwald, National Park and Combe Biosse
(AppendixFigure Ac and Figure R&b; Figurel5b), whereby the diameter range in the firsto listed
reserves was widethan in the ldter. Diameter distribution of standing and lgjndead wood
corresponded well to each othexcept in National Parlsiiagsn much lower stem counts thdngs.

Such a diameter idtribution (reversed khaped)is characteristic forather young forestsn early
development stageflinder 1998, Siitonen et al. 200®hat these three forests reserve apeY 2 N1.JS U
1995)as they werananaged for the last time aut 100 years ag¢Tablel). Although National Park

was earlier established as a forest reserve than Leihubelwald and Combe Biosse, the diameter
distribution is still indicative for a young forest. A possible reason for that observation couldbe t

the lower site productivity and the cold and dry climate conditions in National PaendixTable

A10) may have a decelerating effect on tree growiid thus on the development of large diameters
Furthermore dead wood islso the slowestlement innatural foressto recoverafter a management
intervention(Siitonen et al. 2000Wwhich wasntensivein National ParParolini 1995)

In Derborence, Scatle, Bédmerenwalid SeeliwaldFigurel5aand AppendiFigure Aa, Figure Ab
andFigure Ra), the diameteswere more evety distributedand larger diameters were highly present
(particularly in Derborence and Bodmerenwald). This type of diameter distibis indicative for
older forestswith a smalscale pattern of different development stages next to each ofithénder
1998, Siitonen et al. 2000)he kst forestry operation in Derborence took place more than 300 years
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ago and Scatle and Bodmerenwald were never managebl€l). High stem counts of large diameter
treesin the lying dead wooth Derborence could also be related to hurricane Vivianp@gs of large
dimensiongeachingthe upper canopy layesis standing trees were rather downed during this heavy
storm as they wre more susceptible to windthrow than small diameter trees growing in lower canopy
layers(Coates 1997)n Seeliwald however, a rather young reserValflel), trees wee extracted for

the last time about 50 years ago, but management was always of lemsity Gregor Jakober,
personal communicatiorOctober 21, 2015 why few trees could probably still reach large diameters
The low stem conts may be related to thémited site productivity due to the location in a peat bog.

5.1.5 Decomposition stages

With respect to decay stage3 2o of CWD volumesn the studied coniferous NFRbelongedon
averageto advanced decomposition stagéslass IV+VAppendixTable A) in contrast to 53%n
deciduous and deciduoumixed NFRs in Switzerlatiderrmann et al. 2012)n old-growth Picea abies
forests inFinnish Lapland, decay clagshd IV aranost present in lying dead wood volumippola

et al. 1998) In Swisdorests, only abut 10% of CWD volumes considtadvanced decomposition
stages, but more than 70% of decay class | af@rdindli 2010)In brief, the investigated®Psexhibit
highershares of advanced decomposition classes thanrdtirest reserves or managed Swiss forests.

In Swiss forestdead wood of large dimengis and advanced decay stagesai® (Rigling and Schaffer
2015) Similar results are documented from managed Norway spruce dominated stands in Finland
(Siitonen et al. 2000)n managed forests, primarilgrge diameter trees are harvested and logging
waste (e.g. branches), which is left behind in the forest, is of small dimen@{iny et al. 1998)
Advanced decomposition stages develop only after an extended time without any human interference
or natural disasters such as storm eveatshark beetle infestationgJonsson et al. 2005However,

these two quality characteristicfound in high shares ithe investigated forest reservebave been
identified to hog a great diversity of bates (Jonsell et al. 1998, Simila et al. 2003, Brin et al. 2011)
fungi(Hoiland and Bendiksen 1996, Odor et al. 2068)ophytegOdor et al. 20063nd lichengUliczka

and Angelstam 2000Not all of the species investigated time mentioned studies occur on Norway
spruce logs, but many of them are listed in the national red liswitiz8rland and other countries:or
example, the mosslungermannia leianthaacknowledged to be a good indicator for -@bwth
forests,occurs préerably on beech logs of large diameters and of intermediate and advanced decay
stage(Odor et al. 2006andis listed as awinerable species in the Swisational list ofhigh priority
speciegSwiss Federal Office of Environment 2011)

5.1.6 References for forest management and biodiversity conservation

To improve the conditions for dead wood associated organismSwissmountainous coniferous
regions, it is important to have a natural referen@NDvolumes of 8t 23m%ha and snag volumes
of 32 + 9m¥/ha, recorded in a complete enumeration on plot leveprovide afirst baselineof volumes
which can be obtainetbday under unmanaged conditiongiowever,dead woodvolumes fluctuate
also in prisine forests(Korpel' 1997)dependindor instanceon development stagéSaniga and Schiitz
2001)or the type and frequency of disturbancésirby et al. 1998)hus, a volumeange may be more
appropriate. hie presented volume valuesay bestill too high as gracticableguideline in managed
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stands. From a management technical perspective, the tataddvood volumesf 20 n¥/ha (Jura)
and 25 ni/ha (Prealps and Alps) fananagedorests targeted in the national forest policy 20@8wiss
Federal Office of the Environment 20X8ay bemore adequate becaussecured working conditions
for forestry workers are of high priority but can be negatively affected by high dead wood volumes
(Imesch et al. 2015However, from a biological point of view, | only partly apprihveegovernmental
recommendations regarding deadood volumeskFirst, specifications about lying and standing dead
wood, one of the most important quality characteristichristensen et al. 2005re missing Seond,
the total dead wood volumesf 33 n¥/ha suggested bRiitler (2003) whenthe majority of dead wood
associated species in subalpifieea abieforests should be present, aret met. In addition also the
recommended values bButler (2003)do not fulfill the requrements of all species as some (e.qg.
Antrodiellacitronelld require much highedead woodvolumes(see chapteb.1.1). Nevertheless,he
considention of the requirements of such specializedecies may be, certainly on adarscale,
difficult to realizein managed forestand it may be better to promote at least timeajority of saproxylic
species to preserve and promote forest biodivers@pnsequently, forest reserves are particularly
valuable as they can feature thesetmigolumes required by rare specias could be demonstrated in
this thesis Figurell) and instudies inother unmanaged forestsr@ble8).

Besides a first baseline about volumalso a variety of diffeent quality features imecessaryor many

of saproxylic speciesligher amounts of lying than standing dead wd@hristensen et al. 20053
broad diameter distbution (especially large diametergNilsson et al. 2002) different decay stges
(especially advanced(Hoiland and Bendiksen 1996)uprooted trees (HeilmannClausen and
Christensen 2003nd an extensive spatial distributioas well agemporal continuity(Grove 2002,
SverdrupThygeson et al. 2014)e importantfor a high species richnesghe dead wood quantity and
guality inthe seveninvestigated\FR<overon averageall mentioned rguirement. However, spatial
distribution wasonly examined once (for the purpose of this thesis) and on a small scale (for details
see chapteb.3.2. longterm dataabout temporal continuityon plot levelis only available forreags

and not for logsbutshowed a continuoupresence partly withhigh fluctuationgAppendixTable 4).

Regarding dead wood qualithe national forest policy2020 aimdo designae 3-5 so-calledhabitat
trees per hectare (DBH>70 cor ftonifers)in managed forestantil 2030(Swiss Federal Office of the
Environment 2013)Howevera habitat tree has notecessarily dead componentgcause e.g. a nest

of a bird of prey alreadgufficesas selection criterion. Nevertheless, the set amount seems promising
from my point of view compared to the recorded amount of living giant trees in the selected forest
resewves (see chapters.1.4. Furthermore, the spatial continuity of dead waqoidnportant for the
specienetwork, is in my opinion well suppted by the maintenance and neestablishmenbf forest
reserves (larger areas) ary stepping stones such as efffowth islandsand habitat trees.The
temporal continuity is taken into account as forest reserves are uscatlractual protected over 50
years which is however only efficient on the lotgym if the contract is renewed sever@imes.
Regrettablyprecise specificationsbout the dimensiosare lackingLarge dimensioned dead wood is
rare in managed forestdut particulally important for many species as it formgantinuous habitat
(Lachat et al. 2014)tus, large diameter trees shoulak prioritized for forest biodiversity promotion
and be left in the forest so that aleday classes (especially advanced) can develop
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In summary, the investigated plot® the mountairous coniferous forest reserves in Switzerland
feature higher dead wood volumes of better qualityarger dimensions and of more advanced
decomposition staggghan Swiss managed fores(Brandli 2010, Rigling and Schaffer 2045y are
comparableto unmanaged coniferous forests across Eurafin respect to dead wood quantity and
guality. In a majority of plots, volumes recommended for a seaiiural silviculturglKaufmann et al
2010)or for a high speciesliversity (Butler 2003)and targeted in the national forest poli¢$wiss
Federal Office of the Environment 2018k exceededThe frequent large diameter and advanced
decomposed logs form an excellent substrate forasiety of species, many of them endangered.
Therefore the examined forest reservese highly important to achieve the objectives of the national
forest policy 2020 as thagicorporate already many characteristicssofatural forest dynamic andre
valuable with regardto a high forest biodiversity and thereservationof threatened species.

5.2 Statistical modeling of lyirpad wood quantity and quality

The aim of tle second part of this thesistd assess the effects of different environmental factorshsu

as forest history, stand characteristics, site conditions, climate and external disturbances on the
observed lying dead wood quantity and quality with the help of statistical modeling.

It has to betaken into accounthat the capacity oftatistical maleling oflyingdead wood quantity
and qualitycould not be exploited efficientlgue to the low numbe of 24 investigated PPs only
Furthermore, there is high probability of extraordinarily high or low valusscause o& local random
effect asplot siz was relatively smalbgtween 0.21 ha and 1.65 haA great variety of explanatory
variablesreportedto be important for dead wood dynamids literature couldnot be included in the
final due to theproblemof overfitting the modelor due to exclusionluring the selection process by
applying the AIC criteriofBachs 2013Although the preseted final sets of variables best explained
the observed dead wood data, they have to be regarded with ,casewith a higher number of
investigated plot®r less extreme valugthey may be different

Regrettably, lhe large data set ofiigh quantity {807 recorded logy and high quality was strongly
reduced to 24 observations for modelingnother recording method (e.g. on sample piostead
permanent plotlevel) may result in more observations per forest resefugthermore, he research
plots would be nore regularly distributed within the research perimetgrthe forest reservendthe
effect of extreme values on the modeling processld be reduced.

5.2.1 TotalCWD volume

Higher total CWD volunsavere positvely associated with longer time sine last forestry operation,
the presence of windand theincreasingnorthness of a hillsidebut negativelywith an increasing
amount of deciduous tree speciesthre living basal are@lable5). These four factors are discussed in
the following section Still, it has to be kept in mind thaithough the forest reserve explained 25% of
total variance in the final linear mixed effect mod€WDvolumes between reserves were not
significantly differentn the nested ANOVA teandmodeling CWDolumesmay only capture trends.
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Time since last management intervention

AlsoChristensen et al. (2003purrascano et al. (2008nd Buitler and Lachat (2009bserved dead
wood volumes to increase with progressive timecarnast management interventiofThis relation
could begenerallyverified in the investigated forest reserveshereby extraordinarily high CWD
volumes in Ddyorence may not only be related #long time since last forestry operatipbut also
to ahigh dead woodnput caused by hurricane VivigHleiri et al. 2011)Seeliwald and Combe Biosse
showed the lowest CWD volumédsigurell), a result that corresponds with the factahin these two
forest reserves théime sincethe lastcuttingwas shortest compared to the other selected NFRble

1) and large diameter trees containing high volumes could not yet devEligprel4).

A factor not considered in the set of explanatoryighbles as difficult to determine due to smadcale

occurrence particularly in oldgrowth forests and due to manytermediate formsand overlaps is

closely linked tahe time sincethe last foresty operation: development stagéelhe entire cycle of
devebpment stages starts with tree recruitment, which is followed by a growimgtage, an optimum

and a brealdown stage and lasts iNorway sprucevirgin forests about 350 yeas Y 2 NLIJS,U M ddp |
whereas the duratiomay vary dependent on site and climatic conditidiganagement interventions

restart (after cleacutting) or interrupt this cycle on a small scale like the PRe.@timum stage with

generally low CWD voluméSaniga and Schiitz 20@bDminates in most Siss NFRE@Heiri et al. 2011)

but much higher CWD volureavere reported in the brealown staggSaniga and Schuitz 2001)

Therefore, an increase in CWD volumes may be expected in future decades in Leihubebliald|dse
National Park and Combe Biosse, which face a relatively short time since last management intervention
and/or a diameter distribution charactetis for younger forestssge chaptei5.1.4 and may be in a

late growup or early optimum stage. But also in ejdowth and never managed forests with a rather
smaltscaled pattern of different development stages next to each other, lying dead wood volumes
fluctuate (Korpel' 1997)In Bodmerenwald for instanckjechti et al. (2005Jocunented in a sample
plotinventoryd Y S| 4 dzZNBY Sy G (i ¢ontBcieig theRyeax20@4, whidhicovereowever

a larger area than the one of the investigated PE®/Dvolumesof 37 m¥/ha (in comparison to
recorded 79 + 12 #tha ten years later in this thesis). In Derborence, | perdgndo not expect a
prospective tremendous dead wood increase becausgan has already felled many large diameter
trees containing high volumeand lying dead wood volumes already exceed CWD volumes found in
other European coniferous NFRs and-gtdwth forests Table8).

Pastwind disturbance

Wind as anajor catastrophic and random event leads to a dead wood input of great eittatin and
Chrisensen 2005, Seidling et al. 201%his effect could be confirmed by dead wood data from the
examined PP&.he pbtsPP1, PP8 and PPib8Derborencein whichin February 1990urricane Vivian
caused manyrees to beuprooted or damagedHeiri et al. 2011)showed the highes€CWDvolumes
over all investigated PRBigurell). Also in the two wind affected plo{®P1 and PP}t Leihubelwald
(Streit and Heiri 2011}otal CWD volumes were higher than in thedisturbed plots PP4 arfdP13In
addition, dispersedvivianrelated wind damageswvere reported in PP1 and PP4 of Bédmerenwald
(Liechti et al. 201), in which higher volumes were found thanthre less disturbed PP3
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Hillside exposition

The final model suggested that theone north oriented the slope is, the higher are the dead wood
volumes. To my knowledge howevenrthnessof a hillsidewasneve directly related to lying dead
wood volumes in earlier studies, brather to decomposition rate@Naesset 1999)he authorstated
enhanced decomposition processes on sites where solar exposureitsdlife.g. orth and east
oriented slopes) and related this effect to the higher soil moisture due to restricted evaporation.
However, there may occur an opposite effect, namely thatnorth andeast aiented slopes, the
temperature is alsdower than onsunnier west and south orienteslopesand consequently,he
microbiological activity igeduced and the decomposition process decelerat¢lorpel’ 1997,
Herrmann and Bauhus 201%)n a soutloriented slope, it would bevice versahighertemperatures
acceleratedecompositionwhile dryer conditionsreduce decomposition.In a southoriented forest
reserve insouthwesternGermany withFagus sylvata, Abies albaand Picea abiesHerrmann and
Bauhus (2013kported that decay rate was rather temperature than moisture controlled. If this result
could be transformed to northoriented slopes, the results biNeesset (1999)which analyzed
decompsitionratesafter clear cuttingsri southeastern Norway, would be refuted

The controllingof the decomposition procesby either temperature or moisturavith respect to
hillside orientation seems to be difficult to determine. In additialso the treespecies, the log size or
the log contact with the forest floor influence theelocity of thedecompaosition proces@Naesset 1999,
Herrmann and Bauhus 2013nd an enhanced decomposition leads only to low CWD volumes if the
dead wood input is low(Hahn and Christensen 200%)ead wood input however is significantly
positivelyrelated to site productivitySippola et al. 1998, Nilsson et al. 2002, Nordén et al. 2004)
averageandto intermittent past disturbance¢Seidling et al. 2014jwo factors which may also vary
with different expositionsFor examplestrong winds or storms in Switzerland predominantly blow
from the west(Swiss Federal Office bfeteorology 2015and thus windthrow damages causirtgh

dead woodinputsare likely to bemost frequent onwesternoriented slopes.n short, there are many
factors influencing dead wood volumes atie determination of the singleeffects are a challage.
Northness was probably only included as a final variable as Derborence with extraordinarily high CWD
volumes isdcated on rather northoriented slopes.Such extreme valuegreatly influence a model
output, particularly if the number of examined plois small.

Tree species composition

The amount of deciduous tree species wagatively correlated witlCWD volumesut was regarding
the p-value not significantCombe Biosse is the only studied reserve with a coraditie amount of
deciduous treegAppendix Table &), butthe combined effect obther charaderistics of this reserve
maywell be responsibléor the low total CWD volume&or example, the recorded logs were primarily
of small diametersind thus of low volume@-igureld). This effect however can be related to the short
time since lassilviculturalintervention (Christensen et al. 2008) to the rather youngdevelopment
stage(Saniga and Schitz 200Eurthermore, deciduous logs were in Combe Bidsgelsoin general

of smaller diameters than coniferous logs. As tbeus of this master thesis li@n coniferous forest
reserves, conifersmay dominate over deciduous trees and diihvanks to a better adaptation to the
current climate and site conditionget more light and resources and thus develop larger diameters.
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An additional variabl@robably inflencing dead wood dynamic but not includedthe modeling due

to already threevariables related tosite productivity is the forest community Varying forest
communities within one reserve generally resulted in different volumes or decay stages. Forexampl
PP5 in Derborence with considerable low CWD volumes was not affected by Vivian, but is also mapped
as another forest communityype as the other three PPs, name&s the low productive forest
community EricePinetum montanagFrehner and Burnand 2009 imilar results showed Combe
Biosse where volumeson PP leveliffered with varying forest communitylin Leihubelwald and
Seeliwalddifferencesin CWD volumes could not be observed with respect to forest commnunit

rather differences in thelecomposition stageomposition(Figurel8, discussion see chaptér2.3).

5.2.2 Dimensions

Volumesof large(>30 cmyiameter trees weranegatively correlated witthe shae of deciduous tree
species in the live stand (and small diameter trees positiVeligle6). As considerations are similar to
total CWD volumefarge diaméer trees contain high volumes3ee discussion above (chapte?.]).

5.2.3 Decomposition stages

TheRedundancy ralysis(RDAYesulted in fourfinal variablesassociated to dexy stagestime since

last management of 260 years, past wind disturbanceferring to hurricane Viviamprecpitation and

the hillside expositiorfFigurel9). It has to be taken into account thétte abundance of decay stages

in CWD volume was taken as a response variable, whereby large diameter trees with high volumes
mainly determine e proportions of each single decay stages and therefore the outcome of the RDA
and the position of the PPs in the PCA pkag(rel8). The following disussion part is structured by
forest reserves as mosf themwere characteized by a similar decay stage composition.

National Park

Theinvestigated plots in National Pavkere well aggregatedh the RDA Figure19) and showed a
relatively hgh abundance of frestiecay stages (class l#ddmpared to theother investigated forest
reserves The area of National Park was intensively cleatr before the establishment as forest
reserve in 1914Parolini 1995)In the year 1850, the forest in Il Fuorn (area of PP7) ansi@tdarea
of PP18 and PP19) walenost completely cleared, walbwas also extracted afterwards airdll Fuorn
the last woodcutting took place in 19XParolini 1995)Since then, a natural forest dynamic could
develop therelIn National Park, trees are growing relatively slowdy(site productivity, cold and dry
climate) and logsof large dianeters are not yeabundant(AppendixFigure &b). As a resultlarge
diameter trees with high volumesiay notbe dead for many decademnd thus feature rather fresh
decay stagesAnother reason for the relativellligh amount of less decomposed logs could be that
because of absent windthrow, usually responsible for mechanicaadasor uprootingCoates 1997)
treesmay remainstanding dead for a long timevhere decomposition is slower thavhen lying on
the forest floor(Hahn and Christensen 200%yYhensnagsopple, they decomposelewly due tothe
substratetype (Norway spruce, but particularuropean larcliHahn and Christensen 2008andeven
more due to the microbiological decomposition proceskeceleratedby dry and cold climatéKorpel'
1997, Herrmann and Bauhus 2013)
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Derborence and Leihubeald

Derborence and Leihubelwaldere mainly characterized lwecay stage ¥nd to a less extent by decay
stage IMFigurel8). Three plots in Derborence (PP1, PP8 and PP18) and PP10 in Leihubelwald were,
partly extensively, affeted by wind damages causég hurricane Vivian in wintet990 (Heii et al.
2011, Streit and Heiri 20112 majority of damaged treesmay have skipped the snag stagerned
directly into logs as stormsnainly cause uprooting rather thasnapping(Coates 1997and were
decomposed for the past 26 yeata.comparison, Norway spruce logs in Finland required on average
27 years to reach decay clasgMéakinen et al. 2006)in midnorthern Sweden 40 yeafKruys et al.
2002) and in Northern Finland and Northern Russia-843 years (Aakala 2010) However,
decomposition rate is dependent on climafdaesset 1999, Kruys at. 2002, Herrmann and Bauhus
2013) Decompositionprocessesnf Norway spruce (and also silver fir, the second important tree
spedes in these two reserves, with similar decomposition rate constafititter 2011) in Central
Europe are faster than inigh northern latitudegHahn and Christensen 2008)onsequently|ogs
nowadays irdecay stage Yhay berelated to hurricane Vivian, wth caused windthrowf the - at that

time standing- trees 26 years ago, long enough to dsishadvanced decay stagender the present
climate conditionsThis relation may be supported by the fact thadrticularlylarge diameter trees
with high volumetric contenfaffect the RDA output more than small diateetrees)were downed by
Vivian due to a higher susceptibility to windthr@as growing in upper canopy laydfsoates 1997)

Thehigh amount of decay classmay be related to the trees that dieshortly after Vivian because of
the following bark beetle infestatiofHeiri et al. 2011, Streit and Heiri 201E)yesh decay stages (class
I+11) were rare probablfor two reasons. Firgg, residence time of logs in decay class | is shortest, but
longest for decay class Yerrmann et al. 2015Consequently, only treethat died recently were
assigned to fresh decay stages. Sedpnalany large diameter trees already died in Vivian or shortly
afterwards More recently, rather small diameter trees containing low volundesd and thus less
influencing the RDA output. A heavy storm event such as Viviarraadam event In the wind-
damagedplots of Derborence ah Leihubelwaldadvanced decay classéand CWD vomes)have
probablyan unnaturaly high presence. \Wuld Vivian have occurred only twears ago, fresh decay
stagesmight be much more frequentin comparison,hte undisturbed plot$P13 in Leihubelwald for
example showed a higher abundance of less decused loggFigurel8).

Seeliwald and Combe Biosse

Decay classes Beeliwald and Combe Biossere positively correlated with ghorttime span since
last forestry operatior(Figurel9). The high abundace of advanced decay stages may be related to a
first wave of tree dieoff after the last cuttings A development towards a more balanced forest
structure is still running, as also the low presence of large diameter trees indi€agesel4).

In addition, PP4 and PP5 of Seelinaddsisted of more advanced decay stages th&i andPP2 This
effect may be related to the location of the PPs in the peat bog and the associated forest community.
PP1 and PP2 ldoseto the center d the peat bog anédre mappedasthe low productiveSphagne
Pinetum montanadorest community in contrastto PP4 and PR%vhichare situated ratheron the
edge of the moor andnapped asthe more productiveHomogynePiceetum sphagnetosuiiorest
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community(Lienert et al. 1982)The higher site productivity in PP4 and PRaSprobablyled to more
trees of larger diameterd-{gurel4) and thus to an earlier tree dieff with respect to time sincéast
management interventioymeaning a longer decompositi@panand therefore more advanced decay
stagedoday. Theacidity gradienin Seeliwald from the center to the edge of the peat bog may provoke
due to a high internal smadicale variability in soil conditior@® unevenlyspread distribution in decay
classegFigurel8), but not large differences wmolumes Figurell).

Scatlé and Bodmerenwald

Scatle and Bédmerenwaldere negatively correlated with a short time since lagekiry operation
(Figure18) as these two forest reserves were never managbable1). The dstribution of decay
classeshowed highest abundance of decay class Il and I\Wwasdather balancedn comparison to

the young forest reserves (Seeliwald @oimbe Biosgeand to the winedamaged plots in Derborence
and LeihubelwaldAppendixTable A). A rather balanced distribution of decay classes and particularly
diameter classesra characteristic for olgyrowth forests(Siitonen et al. 2000)

In onclusion statistical modeling aoflead wood quantity and qualiyy mountainous coniferous forest
reserveshy several environmental factofge.g. forest history, stand and site characteristics, climate
conditions and disturbance regimeyas Imited due tothe relatively small number of onlg4
investigated permanent plst The extreme values of some plots mgrgatlyinfluence the seleabn
of the final variablesAlthough some factors such as time since last management intervention and
external disturbaneswere (in congruence with other studies)gnificantly related talead woodthe
effects of for exampldhe climate gradient, which the investigated forest resesw@ver, or site and
stand conditions could not be completely understootihe determinationof the effect of a single
variableon dead wood dynamic is challenging, there are manyactors and interactionglaying a
role. Therefore, a higher numbesf observation plots which aremore evenly distributedwithin a
forest reserve or cover othertsiconditions than the one studied, may be helptalthe seven fores
reserves, preferably Norway spruce dominated permanent plots were selected, but in about 15 silver
fir dominated plots (particularly in Derborence), lying dead wood records are miasihgould be
conducted in future studiesAdditionalplots covering a broader range of sitéand climateconditions
than examined in this study maye located innewly established forest reserves or irrdets left
unmanaged foseveraldecadesasthey are abundantin the Alps anaspeciallythe souttern side of
the Alps(Brandli 2010)

5.3 Spatial disthution of lying dead wood
The goal othe third part of this thesis i analyze the orientatin and spatial distribution aflead
wood and to find possible influencing factors relatedhe observed spatial pattern.

5.3.1 Log orientation

Given that in only twdPPs logs were randomly oriedt, there may be soméactors other than
randomness discussed in this sectinfiuencingthe falling direction of logdn eightplots, more than

20% of allogswere falling in hillside orientatio(iTable7). However the definition of a log falling in
hillside direction is quite tight. Log orientation plots indicated that for example in PP16 of Combe
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Biosse, more than 60% of all logs (n=51) were fallinigegouth, souheast or southwest on the sith
oriented slope, bubnly31% were falling downslope based on my own defini{gee chapteB.3.5.1).
Moreover, he proportion of logs falling downslope generally increased with steeper sl@msendix
Figure B). These resultsuggest that hillside expositiaand steepness of slope haae effect onthe
falling direction of logsNicoll et al. (20053howed that on a 30° slogessforce wasneeded to uproot
trees downslope thanupslope.According to them, mechanical anchorage is more adapted to resist
winds blowing upslope than downslopes wind speeds are more intense on the luv side of a hill, and
therefore treesfall more easily downslopeDuringthe field workhoweverl observedree crownsto
grow asymmetricallandbeingmore developed downslopthan upslopgprobablydue to more spce

and ligh). In stormy weather and/or with heavy snow covehe higher massf the tree crownpulling
downslope mightcausea failure of root ahorage and therefore leading twees falling rather
downslope than upslopedowever a low number of logéke inmany plots inScatlé, Seeliwald and
Combe Biosse may have a big influenceresult interpretationsfrom log orientation analysiand
should be regarded with care

Hillside expositionand slope inclination are not the only factqessiblyinfluencing spatial patterns.
In Derborence (PP1, PP8 and PP18), Bodmerenwald (PP1 and PP4) and Leihubelwalal(piBt)
with more than 60 logand thusregarded agrustworthily interpretable the log orientationindicated
a clearpeak(Figure20 and Appendixigure A, Figure &, FigureA9, Figure Al andFigure A4). In
PPdocatedon a slope (Derborece), this peak waprimarily not congruent wih hillside exposition
Referred PPs in Bédmerenwald and Leihubelwald were not located on a 3lbisgeakin log
orientation canprobablybe relatedto hurricane ViviarfHeiri et al. 2011, Liechti et al. 2011, Streit and
Heiri 2011)At closeby MeteoSwiss weather stations (Si®31 630118 575480 m a.s.l.; Pilatué61
910203 41Q 2106 m a.s.l.)westerly wind gusts of 10437 km/h were measuredat that time
(Z'graggen and Hostettler 20Q¥glues far abovéhe critical wind speedsf 50-60 km/hrequired to
break or uproota Norway sprucdree (Qinghong and Hytteborn 1991, Gardiner et al. 2000jact,a
highnumberof uprooted trees was recordeid the fiel in these six PR&\ppendixTable &).

In Derborence, thepeak in falling direction of logsas not always congruent with predominantly
western wind directionsduring hurricane Vivian(Z'graggen and Hostettler 2007However,
turbulences along mountain dges and the relatively steep slope-30°) may have played a
counteractingrole. In contrastthe western wind direction in Bodmerenwal@idler 2001nd the
southwesten wind direction in Leihubelwal@chiiepp 1995re in correspondenceith the observed
eastern and northeastern orienéd logs, respectively. In Bodmerenwald, logs in PP1 showed a clearer
peaktowards theeast than in PP4. As PP]dige to its locationmore exposed to west wis and PP4
isd KA RRSY ¢ &é mokiy which stormbdamages were most extens{igéechti et al. 2011)
dispersed ®©rm damages might be higher in PRA. contrast, log orientation ilPP3, whib was
probably in the leeof PP1, did not peak in one direction awds even significantly uniforigT able7).
Moreover, PP3 showedower lying dead wood/olumesthan PP1 and PP&igurell), anadditional
referencethat PP3 was less wirdisturbed
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Beside alearpeak in falling direction, a second common feature of these six plots was that particularly
long andlarge diameter itees of decay class IV and mainly decay class V formed this peak. These two
characteristics are an additional indicator for Vivfdiscussion in chaptér.2.3. Snalland short trees

did not exhibita dominant falling directio but rather a chaotic distribution pattern, suggesting they
perished for competitive reasons rather than external impacts such as stormpests(Deal et al.
1991) The still considerable amount of logs fadlidownslope in Derborence may be related to the
trees that died standing some years after Vivian due to the subsequent bark beetle infegtdgioin

et al. 2011)andthe first factors presented (hillside orientation and steepness of slope) were probably
the main drives influencing the falling directionf logs However, neither hillsidexpositian, slope
inclination, past storm event:or internal competitionmay cover all pragsses of natural forest
dynamicrelevant for log orientationSoil conditions such as the base of the topsoil or the moisture
may have an influence, but were not investigatadthis study. This gap could be filled by further
research.

In conclusionit can be said that log orientation in about a quarter of itigegted PPs was affected by
hurricane Vivian, whereby large and long legsre falling predominantly invind directon. In te
remaining plots, especialthe steep ones, théalling direction of logs was mainly congruent wilie
exposition of the hillsidandlogs were falling downslope. In rather fladisturbedplots logs tended
to be randomly oriergd.

5.3.2 Spatial paern analysis

Spatial pattern analysis suggested for each plot eittrandom or clustered log distributiofTable7).

In this thesis, | could confirnm 11 of 14 PPthe hypothesis fronEdman and Jonsson (200hamely
that the spatial pattern of logs is directly influenced by the spatial pattern of standing traesse
growth is particularly h mountainous regiondimited to suitable sitegKenkel 1988, Szwagrzyk and
Czerwczak 1993Also in Bédmerenwaldwhere the pattern of standing trees was not analyzed
because ofmissing coordinatesl could observe thaphenomenon. Te growth of living trees is
restricted tothe small mounds scattered in therest. Onlythe moundswith their existing soil layer
offer favorable conditions for young growth, while the groundthe hollows is often bare and the
temperature possibly too low. Tis peculiartopographyinfluences thedistribution of the living trees
and thus thesignificantly clusteregattern of the lyingdead treesn all plots in Bodmerenwald

In addition to the spatial aggregation of the living trees, ale tand age and the related mortality
patternsinfluence the spatial log distributio.arson et al. (2015)escribed that in youngoniferous
forests (<60 years), Isgend to random distribution due to densHgependent competitie mortality
when trees die intact and standing andt because of an external disturbanddsolLutz and Halpern
(2006)described inyoung foests rathermortality by suppressiorthan by mechanical damages (e.qg.
uproating or stem snappingdaused by disturbancef this study, permanent plots facing either a
short, medium or long timeisce last mangement intervention, a variabl@hich could le used as a
proxy for stand agesxhibited spatial randomnegsalso in the older forest reserves National Park and
Scatle) In the National Parkthe time span since last cuttingsay not be enough to establish spatial
clustering in allhree PPs as it isharacteristic for olegrowth forestswhichLarson et al. (201%)efined
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as forests with a stand age >300 years. In PP11 of Sedileh suggested a random spatial pattern,
only about half of all logs wasinalyzed. The remainingds were exclueld from spatialpattern
analysis as they were located outside the PP borders. It is therefore possible that all logs together
would be clusteredparticularlyas the neighboringlot PP10 showed spatial clustering and Scatlé is
an oldgrowthforestandhasneverbeencut (Tablel). In any case it has to be considered that the size
of the permanent plots is rather small (0-2165 ha) and that only smeadtale spatial patterns could

be captured, but nbprocesses otthe stand or the landscapevel.For that,studies in larger plots of
several hectarewould be necessary.

In contrast old-growth forests (>300 years) tend to spaliyatiusteredstructures (Larson et al. 2015)
caused by densitindependent agents such asow pressure, storm events aimbect attackgLarson

and Franklin 2010B5now breakage rarelyakes place in the investigated forest reserves as it occurs
most likely in deciduous forests below 1000 m a.s.l., where trees are not adapted to heavy snow loads
(Rottmann 1985, Nykanen et al. 199%) the storm and partly insectffected plots inDerborence,
Bddmerenwald and Leihubelwalthe logswere in fact clustered(Table 7) and Derborence rad
Bddmerenwald are olgrowth forests Table1l). Especially in Bodmerenwald, the clustering was
strongly significant, probably alé@cause othe aggregation of living trees on mounds (see abdwe)
young and udisturbed forest reserves like Seeliwald or Combe Bjossme plots als@xhibited
spatial clusteringln Seeliwald, a smadicale disturbance may have occurrex the number of
rootstocks in PP5 indicadeln Combe Biosse, the clustering was of litiggngicance

As a conclusion of the spatial analysis, it can be said that hillside orientation, steepness of slppe and
wind were important drivers with respect to the observed pattern of log orientation. Furthermore, it
could be confirmed that the spatiabftern of standing trees mainly influences the spatial pattern of
lying trees. In additiorthe spatial pattern of logs could not be consistently related with time since last
management intervention used as a proxy for stand age. Neverthglmssg reseres exhibited rather
spatially random distributed logs and older reserves rather spatially clustered distributed logs, as it
was reported by arson et al. (2015)
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CONCLUSION
6 CONCLUSION

This master thesis examisen a permanent plot inventorythe dead wooddynamicin seven
mountainousPicea abiedominatedforest reserves in Switzerlandth a focus on the lying dead wood
component Dead woodf high quantities and different quality characteristfravides a habitat for a
greatvariety offores species, many of them endangered, and is acknowledged to be a good indicator
F2NJ I F2 NB aMyaultssligiedeihbtf vy S & a @

(1) Theinvestigated forest reserves feature high dead wood volumes of good quality (large dimensions
and advanced decay gjas)and are thus valuable for the preservation and promotion of a high forest
biodiversity The observed values ar@roparable to other coniferousinmanaged forests across
Europe higher than in Swiss managed stands and exceed the dead vadumes targetd in managed
forests by the national forest policy 2020

(2) Thegovernmentaly demanded dead wood volumesiay be adequate from a management
technicalperspective, but do not meet the requirements of a majority of saproxylic speliesaims
consideringhe spatial and temporal continuityf dead woodare satisfyingHowever, not altjuality
featuressuch as large dimensionsquiredfor a high species richness are incorporated in the strategy

(3) Time since last management interventiand pastwind disturbanceswere significantly related to
lyingdead woodbut overal| statistical modeling was limited due to a low number of observatidhs

effect of for exampleclimate conditionssite productivity and stand characteristicgould not be

completely unlerstood A bigger dta set mayhelp solvinghis problem.

(4) Regarding the spatial log orientation, past storm events ariengiortant influencing factor fothe
falling direction of logsWithout any external disturbancégs preferablhyfall downslopeon inclined
areasand are ather chaotically distributed ifiat areas

(5) My data supporthe hypothesighat the spatial pattern of logs is mainly influenced by the spatial
pattern of standing treeg-urthermore, i could belargelyconfirmed that brest reserves with eather
high stand agexhibitspatial clustering of logs whereby youngerdst reserves tentb showspatial
randomness.

Asonly smaHscaled dead wood dynamic was investigatidger study areas may be necessary to
study dead wood gnamic onstand or landscapével. In additionmost of theinvestigated forest
reserves still show traces of past management and do not represent virgin forests. Nevertheless, the
observedvalues of dead wood quantity and quality provide a first basdlmananaged forests and
indicate what values can be obtained today in Swiss mountainous regions under unmanaged
conditions.

The present master thesis is part of the natural forest dynamic research embedded in the forest
reserve project by ETH Zurich, VWBsimensdorf and the Swiss Federal Office of the Environment.
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9 APPENDIX

9.1 Appendix ADead wood quantitieand qualities

APPENDIX

Table A. Volumes oflying dead wood in total and idifferent categpries(tree species, dimension, decomposition staigedhe 24 different permanent plots ordered by forest reseruait for dl

columns except the first threis n¥/ha. Volumes smaller 1 #tha but not zero are indicated by <1.

Reserve PP Area [ha] Total Trees species Decomposition stage
number Conifers Deciduous Large (>30cm { Yl £ f 0o Chssl Classll Classlll ClasslV ClassV
Derborence 1 0.252 216 216 <1 181 35 1 1 37 82 95
5 0.2459 1 <1 <1 0 1 0 0 0 0 1
8 0.668) 343 343 0 331 12 19 9 43 92 181
18 0.488 207 207 <1l 199 9 0 17 14 81 95
Scatlé 10 0.2074 155 155 0 125 30 0 15 41 46 53
11 0.2371 78 78 0 74 4 0 12 17 24 24
Bddmerenwald 1 1.1274 77 77 0 70 7 0 5 26 35 11
3 0.8446 49 49 0 44 5 0 14 13 16 5
4 1.6541 96 96 0 91 4 2 4 18 41 30
Leihubelwald 1 0.2555 120 112 8 104 16 0 2 9 75 35
4 0.2499 79 79 0 76 3 0 17 0 22 40
10 0.448 96 91 5 88 8 0 1 12 38 45
13 0.5358 64 64 <1l 51 14 0 1 25 23 14
Seeliwald 1 0.5001 32 32 0 15 17 1 3 12 3 14
2 0.8662 6 6 0 2 4 0 1 2 1 2
4 0.6484 20 20 0 17 3 0 0 1 3 16
5 0.8976 35 35 0 29 6 0 2 3 8 22
National Park 7 0.5567 40 40 0 17 23 6 7 14 5 8
18 0.6710 162 162 0 132 30 14 25 34 28 62
19 0.2389 38 38 0 16 23 4 17 7 4 5
Combe Biosse 14 0.6908 3 3 <1 0 3 0 0 1 1 2
16 0.5971 9 1 8 3 5 0 2 1 3 3
17 0.3081 22 14 8 7 15 4 3 3 3 10
19 0.2689 31 28 3 19 12 0 1 6 6 17
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Table 2. Sem numbersof lying dead wood in totaind in different categories(tree species, dimension, decomposition stagejhe 24 different permanent plots ordered by forest reserve
Furthermore, numbers of rootstocks per hectare estimated to contain at least a volume off4 ane presentedUnits for all ctumns except the first thre&s no/ha. Stem numbers are rounded
to zero decimal places.

Reserve PP Area [ha] Total Tree species Dimension Decomposition stage Rootstocks
number Conifers Deciduous Large (>30cm { YI f f ¢ Chssl Classll Classlll ClassIV ClassV
Derborence 1 0.252D 397 393 4 198 199 4 20 75 127 171 36
5 0.2459 32 20 12 0 32 0 4 0 4 24 0
8 0.666 278 278 0 197 81 5 18 41 80 135 27
18 0.488 219 217 2 137 82 4 33 25 55 102 37
Scatle 10 0.2074 381 381 0 149 232 0 29 92 125 135 24
11 0.2371 135 135 0 80 55 0 38 38 25 34 13
Bddmerenwald 1 1.1274 82 82 0 26 56 0 5 19 34 24 17
3 0.8446 62 62 0 27 35 0 14 17 21 9 8
4 1.6541 86 86 0 48 38 2 7 17 21 39 18
Leihubelwald 1 0.2555 157 145 12 59 98 4 23 8 74 47 31
4 0.2499 112 112 0 48 64 0 8 8 52 44 4
10 0.448 143 136 7 45 98 2 11 20 42 67 4
13 0.5358 164 162 2 28 136 4 21 69 45 26 17
Seeliwald 1 0.5001 114 114 0 22 92 2 16 36 14 46 8
2 0.8662 35 35 0 3 32 0 1 9 8 16 6
4 0.6484 34 34 0 14 20 0 5 6 23 5
5 0.8976 77 77 0 26 51 0 7 11 18 41 12
National Park 7 0.5567 225 225 0 23 202 27 45 52 36 65 7
18 0.677 322 322 0 105 217 25 59 74 66 97 25
19 0.2389 234 234 0 21 213 8 63 59 54 50 13
Combe Biosse 14 0.6908 54 33 20 1 53 1 7 14 6 25 0
16 0.5971 85 18 67 8 77 0 22 10 20 33 3
17 0.3081 218 101 117 13 204 3 29 49 26 110 0
19 0.2689 212 156 56 33 179 7 22 33 52 97 0
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Table 8. Volume and sten numbers of standing dead woaxktracted from NFR wrentory datain the 24 different permanent plots ordered by forest reserie data ¢) indicates plots in which
standing dead wood was not present or not recorded. In Scatle, standing dead wood in the origin plot PP1 was recordeshditigon of tee numbers until 1965 was not possible anymore
for the smaller selected plots PP10 and PRRtio refers tahe proportion of snag stem numbeo total (standing living and dead) stem numliethe last inventoryVolumessmaller than Im%ha
but not zeroare indicated by <1Stem numbers are rounded to zero decimal places.

Reserve PP 1stinventory 2" inventory 34 inventory 4™ inventory Ratio [%]
number Year Volume Stem Year Volume Stem Year Volume Stem Year Volume Stem
[m%ha] number [m%ha]  number [m3%ha] number [m3ha] number
[no./ha] [no./ha] [no./ha] [no./ha]
Derborence 1 1981 <1 67 1990 13 48 2008 124 155 15
5 1981 <1 138 1991 3 183 2008 5 207 10
8 1981 <1 29 1990 69 84 2009 124 90 13
18 1982 <1 27 1991 221 139 2010 46 68 7
Scatle 10 1965 - - 1977 - - 1989 - - 2006 61 53 18
11 1965 - . 1977 - - 1989 - - 2006 18 34 12
Bodmerenwald 1 1973 - - 1988 - - 2003 27 20 7
3 1973 - - 1988 - - 2003 18 20 6
4 1973 - - 1988 - - 2003 38 28 10
Leihubelwald 1 1973 - - 1983 - - 1995 56 70 2011 42 70 11
4 1973 - - 1983 - - 1995 68 132 2011 77 132 13
10 1983 - - 1995 - - 2011 33 98 11
13 1983 - - 1995 - - 2011 15 101 14
Seeliwald 1 1973 - - 1984 - - 1996 5 26 2
2 1973 - - 1984 - - 1996 2 16 2
4 1973 - - 1986 - - 1997 24 42 6
5 1973 - - 1985 - - 1997 9 46 6
National Park 7 1977 - - 1992 - - 2012 4 18 4
18 1978 - - 1993 - - 2012 25 44 8
19 1978 - - 1993 - - 2012 15 50 5
Combe Biosse 14 1987 18 130 2010 16 158 18
16 1987 7 82 2010 19 75 13
17 1987 16 253 2010 45 227 25
19 1987 49 376 2010 119 342 33

59



APPENDIX

9.1.1 Appedix AlTree species

Table A. Absolute $2m numbers and their amountsf totally 1807logs dividedinto coniferous and deciduousee species
Percentages smaller than 1 but not zero are indicated by <1.

Coniferous tree species Deciduous tree species
Name Stem number % Name Stem number %
Picea abie#l. Karst 1045 58  Fagus sylvaticeL. 33 2
Abies albaMill. 108 6 Fraxinus excsiorL. 10 <1
Pinus sylvestris. 3 <1  Acer pseudoplatanus. 9 <1
Pinus mugesp. mugo 70 4 Populus nigra.. 1 <1
Pinus cembré. 14 <1l  Betula penduldoth 1 <1
Larix deciduamill. 54 3 Salix capred. 2 <1
unidentified 296 22 Sorbus ari€Crantz 6 <1
Sorbus aucuparib. 5 <1
Sorbus hyprida. 1 <1
unidentified 49 3
Total 1690 94  Total 117 6

Table A. AverageCWD wlumes, stem numbersand correspondingshare of coniferous and deciduougood over the
investigatel permanent plots per forest resenand onaverage over all investigated permanent gladvlean and standard
error is weighted by the area size of the correspondgiegmanent plots Volumes and percentages smaller than E/fma)
but not zero are indicatebly <1.

Reserve Coniferous wood Deciduous wood

Volume % Stem number % Volume % Stem number %

[m3ha] [no./ha] [m¥ha] [no./ha]
Derborence 233 +£107 >99 239+99 99 <1l+<l <1 3+4 1
Scatlé 114 +82 100 250+ 261 100 0 0 0 0
Bodmerenwald 79+12 100 79+6 100 0 0 0 0
Leihubelwald 83+17 97 143+17 97 3+3 3 5+4 3
Seeliwald 23+8 100 61+21 100 0 0 0 0
National Park 96 +64 100 271+49 100 0 0 0 0
Combe Biosse 8+8 64 57+43 50! 4+3 36 56+ 29 50!
Average 80+23 99 126+ 27 94 <1+<1 1 9+6 6

! slightly more coniferous wood

9.1.2 Appendix A2Dimensions

9.1.2.1 Large and small diameter trees

Table /8. AveragegCWD wlumes stem numbersindcorrespondinghare ofarge(>30 cmjynd smalt Xo ndiatater trees
over the investigated permanent plstperforest reserveand onaverage over all investigated permanent pldi4ean and
standard error is weighted by therea size of the corresponding permanent plots

Reserve Large diameters (>30 cm) SmallRA YSGSN&E 6
Volume % Stem number % Volume % Stem number %
[m¥ha] [no./ha] [m¥ha] [no./ha]
Derborence 22+104 94 150+ 63 62 13+9 6 92+45 38
Scatlé 98+55 86 112+73 45 16+27 14 137+187 55
Bodmerenwald 73 +12 94 36+7 46 5+x1 6 43+6 54
Lehubelwald 75+19 88 42+11 29 11+4 12 106+ 25 71
Seeliwald 16+x7 71 16+6 26 7+3 29 45+17 74
NationalPark 7061 73 60+43 22 26+4 27 210+8 78
Combe Biosse 55 43 10+9 9 74 57 103+53 91
Average 7022 88 48+ 15 36 10+2 12 86+ 18 64
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9.1.2.2 Diameter distribution
a) Scatle
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type of dead wood
Bl standing dead wood
lying dead wood

type of dead wood
Bl standing dead wood
[Mllying dead wood

type of dead wood
[l standing dead wood
[H1ying dead woed

Figure A. (a/b/c). Dameter distributon (in 4cm classes) of standingdtafrom the lastinventoryrecord stored in the
NFR inverdry database) and lying dead wood in the forest reserves of Scatlé (a), Bédmerenwald (b) and Leihubel
X-values representhe minimum diameter value of each DBH class (standing dead wood) or each larger log diamet
(lying dead wood). Note #t xrange and yange are the same for all diameter distribution plots and are limited

Derborence (3tange) and National Park-(gnge).
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a) Seeliwald
50+
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b) National Park
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l.--_- Pl standing dead woed
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2

stem numbers [no./ha)
(91}
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DBH/larger log diameter [cm]
Figure 2 (a/b). Dameter distributon (in 4cmclasses) of standingldtafrom the lastinventoryrecord stored in the NFF
inventory database) and lying dead wood in the forest reserves of Seeliwald (a) and National Pavkl(l8s Xepresent
the minimum diameter value of each DBH class (standirzgldeod) or each larger log diameter class (lying dead wo
Note that xrange and yrange are the same for all diameter distribution plots and are limited by Derborefre@@e) and
National Park (yange).

9.1.3 Appendix 8: Decomposition stages

Table A. AverageCWD wlumesand correspondinghare ofdecomposition stageever the investigated permanent plots
per forest reserveand onaverage over all investigated permanent plotdean and standard error is weighted by the area
siz of the correspondingermanent plos. Volumes and percentages smaller than B/tra) but not zero are indicated by
<1

Reserve Decomposition stage
Class | Class Il Class lll Class IV Class V
Volume % {Volume % | Volume % | Volume % Volume %
[m3/ha] [m3/ha] [m3ha] [m3ha] [m3/ha]
Derborence 818 3 9+6 4 1 27+15 12 { 73+29 31 {116+58 50
Scatlé 0 0 14+3 12 {28+ 25 {35+23 30 38+31 33

Bodmerenwald <1 #<1 1 7+3 9 203 25 | 33%6 42 187 23
Leihubelwald <l+<1 <1 4+5 5 14+9 16 {36+18 43 31+13 36
Seeliwald <1<l <1 1+1 6 4+3 17 4+2 18 13+5 59
National Park 10+5 10 { 17+4 18 | 22+12 23 {15+12 16 32+28 33
Combe Biosse <1+<1 6 1+<1 12 2+2 14 2+1 19 65 49
Average 2+1 3 6+12 8 15+3 18 | 26%7 32 31+12 39
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Table 8. AverageCWD &m numbersand corresponding share decomposition stagesver the investigated permanent
plots per forest reserveand onaverage over all investigated permanent gldvlean and standard error is weiigll by the

area size of the corresponding permanent plots

APPENDIX

Reserve Decomposition stage
Class | Class Il Class lll Class IV Class V
Stem % Stem % Stem % Stem % Stem %
number number number number number
[no./ha] [no./ha] [no./ha] [no./ha] [no./ha]
Derbaence 4+1 2 21+9 9 {3520 14 68 +33 28 | 114t 40 47
Scatlé 0 0 {34+10 14 | 63457 25 | 72+1068' 29 81+10% 32
Bodmerenwald 11 1 8+2 10 | 17+1 22 25+4 32, 27+8 34
Leihubelwald 3x1 2 16£6 11 | 34+26 23 5011 34 45%16 30
Seeliwald 0+1? 0 5+4 8 13+7 21 12+3 20 31%8 51
National Park 2317 9 54+8 20 { 63+11 23 5315 20 77+20 28
Combe Biosse  2+2 2 18+7 16 | 21+12 18 20+13 18 52+31 46
Average 4+2 3 17+4 13 i 28x6 21 34+6 25{ 51+11 38

Y mayoccurwith skewa distribution and few observations
2 mayhappenwhenrounding he numbers

9.2 Appendix B: Statistical modeling of dead wood quantity and quality

Table A. Explanatory(in red) and response variablgsandom efect: in orange fixedeffects in white) in the linear mixed

effect model.Total lying dead wood volume was used as a response variable for explaining dead wood dvialtitetric

percentage of largelimensioned logs was used as a response variable for explaining variatialead wood quality
6 GBESBR STFSOuGae

(dimensions)A detailed description of the fixed effedtsgiverh y (G KS &aS0O0GA2Y
Variable Description Unit Scale level Transformation
VOLUMELYING_DEAI Total lying deadvood volume m?ha numerical logarithmic
VOLUMELARGE Volumetric percentage of large % numerical arcsine
DIMENSIONS (>30 cmyimensioned logs on
total CWD volume
RESERVE Nested effect of the forest - categorical
reserve
MANAGEMENT Time since ladbrestry operation years categorical -
(2050, 56100, >100 years)
BASAL_AREA Basal area of the live stand m?%ha numerical -
VOLUME_LIVING Volume of the live stand m¥ha numerical -
PRODUCTIVITY_KELI Maximal average total site kg/(ha*year) numerical -
productivity followingKeller
(1978)
WIND Presence or absence of past - categorical -
storm events
PRECIPITATION Mean annual precipitation sum mm numerical -
(reference periodl981-2010)
TEMPERATURE Mean temperature in vegetation °C numerical -
period (MayOctober; reference
period 19812010)
NORTHNESS Cosine of plot expositionk, 1) , - numerical
derived from aspect calculations
on larger log end in ArcGIS
DECIDUOUS Percentage share of deciduous % numerical arcsine

trees in basal area of live stand
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Table A0. Explanatory variables in the linear mixed effect model (only fixed effects) and in the multivariate analysis (Redunalgsig/RDA). Basal area and volume of the live stand and site
productivity followingKeller (1978yere used as a proxy for site productivity. Mean air temgture in the vegetation period and precipitation cover the climate conditions. A detailed description

2T (GKS OINAlIofSa Aa LINBaSyiliSB34uly (G(KS aS0GAaz2zy GCAESR S¥FF¥SOGaégd Ay OKLE LI SN

Reserve PP Time sirce last Basal Volume Maximal average total Past Mean air  Preciptation Northness Proportion of
number management areaof oflive site productivity disturbance temperature in [mm] [-] deciduous tree
intervention live stand stand following Keller(1978) the vegetation species in living

[years] [m?%ha] [m%ha] [kg/(ha*year)] period [°C] basal area [%)]
Derborence 1 >100 66 748 2244 yes 10.45 1481 0.93 0
>100 38 394 2232 no 10.54 1475 -0.05 5
8 >100 50 594 2200 yes 10.03 1524 0.94 0
18 >100 48 567 1928 yes 9.50 1589 0.82 0
Scatlé 10 >100 62 644 2711 no 8.73 1564 0.07 0
11 >100 40 418 2692 no 8.79 1562 0.03 0
Bddmerenwald 1 >100 55 590 332 no 9.35 2391 0.97 0
3 >100 59 634 328 no 9.35 2391 0.97 0
4 >100 42 433 430 no 9.53 2376 0.77 0
Leihubelwald 1 50-100 40 496 2531 yes 11.40 1785 0.28 4
4 50-100 68 883 4134 no 11.89 1722 -0.28 6
10 50-100 76 1004 4037 yes 11.55 1764 -0.24 0
13 50-100 57 700 2614 no 11.49 1766 0.48 4
Seeliwald 1 2050 35 389 1854 no 10.29 1857 0.54 0
2 2050 21 174 1601 no 9.86 1908 0.83 0
4 2050 55 641 1290 no 9.47 1953 0.62 0
5 2050 57 653 1502 no 9.76 1925 0.95 0
National Park 7 >100 31 297 1344 no 8.19 939 1.00 0
18 >100 59 584 1802 no 9.28 872 0.63 0
19 >100 60 567 1821 no 9.39 865 0.93 0
Combe Biosse 14 2050 54 679 4198 no 11.39 1345 -0.87 34
16 2050 56 709 3885 no 11.05 1364 -1.00 45
17 20-50 59 607 1448 no 10.72 1379 0.71 45
19 2050 72 785 1377 no 10.65 1383 0.17 37
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Table Al Pearson correlation coefficientsffbetwveen A ESR STFFSO0Gas 6KAOK FNB RSaZONAGSR

S T ¥ S Gchadtér3.314yl Red colored are the variables excluded from the full model due to high correlations with other
variablesThe variable DECIDUOUS &lasady been arcsinransformed.
—
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Z ) - @) = w = x
< < O o = o w @)
BASAL_AREA 0.019
VOLUME_LIVING -0.14 0.93
PRODUCTIVITY_KELLE -0.23 0.27 0.46
WIND 0.25 0.24 0.26 0.23
PRECIPITATION -0.069 -0.093 0.0029 -0.36 -0.0048
TEMPERATURE -0.49 0.33 0.54 0.62 0.25 0.053
NORTHNESS 0.36 -0.57 0.38 -0.82 0.11 0.18 -0.57
DECIDUOUS -0.57 0.21 0.28 0.36 -0.22 -0.27 0.56 -0.61
9.3 Appendix CSpatial log distributio
2 o Cpriie N L A TN I L .
s ¢ - g.f. "%.:‘.- ,:. .:-‘.?.*\. c:.n" o Lt .t *
g150- "."' '.“:.'.."' g .-'"-" l'. A :.- '}
5 * ""‘ ..":.':.l".-‘......"t'."l vt
2 CoL iy el B taen Tl .
§ r * EO."J¥k1:.g..§;3-== |.-‘ﬁ g ': L -‘-“. .o .
z . Rl XS ”""'j floteds” o - .';.,'._' . e,
a o500 MR T oL A H c: i A . .
§ ...- -§. -, -!,‘- o #;q" .‘;::..":;&'o’ :"o. . '
> mhlgeey % - ﬁ-' ..
8 . -.:’.‘.;‘.;‘5,;.._3_ ?'; .&.,-?ﬁ AT .
5 04 ¢ o0t mEy YN e 0 » XA .
OIJ 20 : 6‘0 Brﬂ

40

Slope []
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9.3.1 Appendix ClLog posiin, orientation and spatial patteanalysis
9.3.1.1 Derborence
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9.3.1.4 Leihubelwald
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9.3.1.5 Seeliwald
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of <20 cm, 2680 cm, 3640 cm, 4650 am and >50 cm, with larger log diameter as referetlpper ight panet Rdative

frequency of log orientation in 45lasses stratified by log length of 5 m clas¥esmlues in the legend represent minimui
length value of each cladsower right panel: Diagram of the O function for all logs within PP borders (n=30) indicati
spdial variation. The blue line represerttge theoretical random distribution (homogeneous Poisson procasd)he red
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simulations.

2 0 & S NI S Riurietiord). (Thelgeyziieh Bmjitbe donflddrife @v€ape bdsed on 100 randc



APPENDIX

508 o
---..,_------ "-
L ‘.\
4515 '“\
- *h.
" S o
. \ s, o
5. w
o, k=]
.,
.,
¥
K
.
———
L) "
- s &
) v
"~ A 4
‘!‘ )
*a, S
s, J
. A\ \ 4
.. — F 8 18 28 38 48
s, ‘r' larger log diameter [cm]
*, T
. Jaay 2500 -
., r
Q‘. ‘l
", i 2000 —
y,, .’
* g
o ',' 1500 =
‘s‘ rd Coordinate System: CH1903 LV03 3“:
0 10 20 Meters A Source: DTM-AV © 2016 swisstopo (5704 000 000) 1000 -
Author: Andrina Rimle
500 -
N decomposition stage = larger log end
A Class Ill % root stock o1 L i ] ; ]
Class IV L __3PP border o 5 10 15 20
Class V radius [m]

Figure A8. Seeliwald, PP4 (n=2). Slope: W, ~10°. Left: Spatial depictitiog thickness corresponds to diameter clas:
of <20 cm, 2680 cm, 3840 cm, 4850 am and >50 cm, withriger log diameter as reference. Uppéght panet Relative
frequency of log orientation in 45lasses stratified by larger log diameter of 10 cm clas$eslues in the legenc
represent minimum diameter value of each classwer right panel: Diagram of the O function for all logs within P
borders (n=22) indicating spatial randomness. The blue line represents the theoretical random distribution (homog

Poisson procesd) Y R U KS NBER fAYS 0KS 2-fudchIThdrgreRR aréalilNiihe auifidedcy
envelope basedn 100 random simulations.
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Figure A9. Seliwald,PP5 (n=6Q Slope: N/NE, ~10°. Left: Spatial depictiomg thickness corresponds to diameter clas:
of <20 cm, 2680 cm, 3640 cm, 4650 am and >50 cm, with larger ldgameter as referencdJpper ight panet Relative
frequency of log orientation in 45lasses stratified by log length of 5 m clas¥eslues in the legend represent minimui
length value of each clagsower right panel: Diagram of thie O function forall logs within PP borders (n=68) indicatil
spatal clustering. The blue line represeritge theoretical random distribution (homogeneous Poisson procasd)the
NER fAyS GKS 20 asS NIuSchRon)RTheiglieNdrea limitde 2oyffidaioe dnisiofe dadeéd ory100 rando
simulations.
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9.3.1.6 National Park
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Figure R0. National Park, PP7 (n=125lope: N, ~25°. Left: Spatial depictibng thickness corresponds to diameter clas:
of <20 cm, 260 cm, 3340 cm, 4850 am and >50 cm, with larger log diameter as referetdgper ight panet Relative
frequency of log orientation in 45asses stratified by larger log diameter of 10 cm clagéeslues in the legend represer
minimum diameter value of each classwerright panel: Diagram of the O function for all logs within PP borders<(t21)
indicating sp#al clustering. The blue line represertte theoretical random distribution (homogeneous Poisson proce
FYyR GKS NBR fAyS (KS Rfanat®oIIR Rreyraied lintkke dodfidehc ¢nvetopeibasedda 10
random simulations.

Figure R1. National Park, PP18 (n=318lope: NE, ~20°. Left: Spatial depiction. The flat area in the upper right cor
reservoir Lai da Ova Spimg thickness corresponds to diameter classes of <20 30 2@n, 3640 cm, 4650 am and >50
cm, with larger log diameter as referendgpper ight panet Relative frequency of log orientation in 48&sses stratified
by decompoition stage classed.ower right panel: Diagram of the O function for all logs within PP borders (n=19
indicating spatl clustering. The blue line represertt® theoretical random distribution (homogeneous Poisson proce
and the red line the obs€f SR R A & (i NJ& 0 -GlzficioR)y Thedgvey drdfa Btz Zonfidence envelope based on 1(

random simulations.
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