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Summary

Objectives
The aimof the study was to obtactomprehensive knowledge of the regeneration ecology of

the pioneer tree species silver bir&@e(ulapendulaRoth), goat willow §alix capred..) and

rowan Sorbus aucuparid..). The findings should contribute to better management of the
natural regeneration of disturbed sites (e.g., windthrown sites) by pioneer tree dpeufes.

ficient knowledge ofthe e gener ati on ecol ogy of pioneer tr
abilities to assess the success of regeneratisnnaofthrown sitesuncertain.The focus of the

study was on the seed dispersal of silver birch, goat willow and rowan on windthrosvn site

The ability of pioneer tree species to form a soil seed bank in closed forest areas was also
studied.

Materials and methods

The study took place in the years 2015 and 2016. The study sites were located on the slopes
and mountain tops (plateaus) of thieuringian Forest (72900 m a.s.l.), on five windthrown
openareas f43ha) created by the storm O6Kyrilld in
tree species were mapped within the forested search zone around each site. This zone extend-
ed 200 m for #ver birch and rowan and 500 m for goat willow. Following the mapping of
these seed trees and an analysis of their spatial distribséied,traps were placed along two

or four crossing line transectaith intervals of 20n between trapsThe traps werdunnel

shaped net seed traps for silver birch (@2, seed traps with a sticky, ndnying gluefor

goat willow (0.043m2) anddropping traps for seeds dispersed endozoochorously by frugivor-
ous birds (0.25n?). A phenomenological model andodelbased geostatistics were used to
investigate silver birch and goat willow seed dispersal. For goat willow a parentage analysis
wasperformed at one of the study sites usinglearDNA-primers.

The soil seed bank study was carried out in thmeeh stands, spruce stands with admixed

birch, spruce stands with one isolated birch @ed pure spruce stands in the Tharandter For-

est and in the Thuringian Fore§oil core samples with a diameter of 162 were taken

from the litter layer and the minérsoil to a depth of 1@8m. The soil samples were placed in

a greenhouse and seed germination was checked every 14 days. An artificial seed burial ex-
periment was also carried out. Silver birch seeds, rowan seeds and rowan fruits were buried in

mineral soilat depths of Z2m, 5cm and 1@&m. At intervals of 6 months sample sets were

-1V -



Summary

removed from the soil and the germination capacity checked. The analysis of the soil seed
banks was based ormgralized linear mixed models (GLMM) and generalized linear models
(GLM).

Results

1 The 2year study of théemporal and spatial dispersal of seeds @alix capreaon five
Kyrill -felled areas involved one year with lower seed production and one with more
bountiful seed production. The duration of the spring seed rainabast 12 weeks in
2015, and only 6 weeks in 2016 because of contrasting weather conditions. The highest
seed numbers of 2B56n per trap occurred close to the base of the seed trees. Beyond
350m from the seed trees, up to the maximum distance in thg sf870m, the aver-
age numbers of seeds per trap 2.6 seeds) were independent of the dispersal distance,
inclination, the number of seed sources and the dispersal direction (anisotropy).
Parentage analyseshowed that 296 of the saplings stemmed framne of the 20 parent
trees within the 508n search zone extending from the edge of the open area. The seed
dispersal distances of the most successful seed parents were betw&80B50The
saplings revealed a higher allelic variation than the 20 paress, indicating external

gene flow and long seed and pollen dispersal distances.

1 During the 2year study of Betula pendulaseed dispersalon two Kyrill-felled areas
there was a mast year and a fmoast year. Independent of the site, the seed production
rate of a silver birch seed tree with a mean diameter at breast height (dblgnofp26-
dicted by isotropic inverse models was approximately 3063880000 seeds in 2015 and
1,430,0001,530,000 seeds per tree in the mast year 2016. Directionality (apisatr-
verse modelling) of seed dispersal around an individual seed tree could not be confirmed.
The model results revealed the isotropic model (no directionality) to be an appropriate
approach for all sites and years. The mean dispersal distances (MD®B@ra and
97m (uphill) and 367 and 380m (downhill). The maximum seed numbers occurred
within 40-50m of a seed tree, amounting to 2,0l®?2 in the noAmast year and

9,557n m2 in the mast year.

1 Thestudy of endozoochorous seed dispersah the five sites felled by the storm Kiyrill
showed a preference of frugivorous birds for perches and resting places (structural ele-
ments) from which to defecate onto open areas &ppings per m2). On completely
open area$ with no structural elemenisan aveage of 0.4 droppings per m2 was rec-

orded. The highest mean bird dropping density was observed under towering dead
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branches (20 m?2), upturned root plates (4r6m2) and high stumps (31 9m=2). Young,
small diameter silver birch, rowan and spruce traed,structural elements less tham 1

in height generally, were avoided by frugivorous birds as a place from which to defecate.

1 The abilities oBetula pendulaand Sorbus aucupariato form a soil seed bank differed.
Between 56100% of the buried silver ibch seeds were still viable after 2.5 years,
whereas only 36 % of the rowan seeds buried without pulp arti9®%6 of the rowan
seeds within pulp were viable. The maximum durations of storage in the soil predicted for
silver birch seeds and rowan seedshvand without pulp by GLM were 12 years, 4.5
years and 3 years. An influence of the storage depth was found for silver birch seeds on-
ly.

The investigation of the soil seed banks of birch in three birch stands and nine spruce for-
ests with different numbersf admixed birch seed trees showed a strong correlation be-
tween the number of seed sources and the seed density in the soil. The birch stands con-
tained the highest mean densities of viable birch seeds in soil, betweénl428 m2.

The analysis of théifferent soil layers showed significantly declining birch seed densi-

ties with increasing soil depth across all sites.

Conclusions and implications for silviculture

The results of thestudy showed that the fructification 8fetula pendulaSalix capreaand

Sorbus aucuparis influenced by weather conditions, with the three pioneer tree species fail-
ing to produce high numbers of seeds every year (mast anthastnyears). The three species
differed in their strategies to compensate for low seed pranfuati nonmast years. This

must be considered when implementing a concept for the reforestation of disturbed sites based
on natural regeneration by pioneer tree species.

Goat willow was the only one of the three specie studied with characteristics codiegpo

the general assumptions made about pioneer tree spEb&segeneration success of goat
willow is dependent upon the variable but generally high annual seed production and long
seed dispersal distancesg§60m). Theazimuth directionpositionand number of seed trees

have no meaningful influence on seed numbers at a distance of more tinainddb® the seed
source.

The limited mean seed dispersal distance®6e880m determined for silvebirch were influ-

enced by site inclination, the seed tleeation (valley, slope or plateau) and the distance be-
tween the seed tree and the windthrown site. Silver birch seed shadow is also influenced by

the number of seed sourc@® compensate for the limited dispersal distances and the signifi-

-VI -



Summary

cantly lower sed production in noimast years, silver birch is able to build up a shenin
persistent soil seed bank.

The regeneration cycle of rowan is more reminiscent of that of a -$biedant tree species.
Unfavorable weather conditions often result in a comepfeilure to produce seeds. The
enormous regeneration potential of rowan on disturbed sites stems primarily from a seedling
bank, which is built up oveyears. Theseed rain in any given year and its shertn persis-

tent soil seed bank are of secondarpamance.

Forest management t ar g silvenlgrchand dosan sded teebs o pt i |
necessary to ensure successful natural regeneration giviemitee seed dispersal.lhe om-
nipresence of goat willow seedsnders specific spatiahanagement measures for its estab-
lishment unnecessary. Detailed knowledge of the regeneration ecology of the studied pioneer
tree species makes possible an approach to silviculture that is targeted to the conservation and
revitalization of pioneer tree sgies in managed forests. The expected increase in the fre-
guency of disturbances, and their unpredictability, means that the ability of forests to naturally

regenerate using pioneer tree species is likely to grow in importance.

- VII -
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Zusammenfassung

Zielstellung
Ziel des Forschungsprojektes war der Gewinn umfassender verjingungsokologischer Kennt

nisse zu den Pionierbaumarten Sandb{Betula pendulaRoth), Salweide(Salix capreal.)

und EbereschéSorbus aucuparid..) im Hinblick auf eine naturliche, eingriffsfreie Wieder-
bewaldung von Schadflachen (z.B. nach Sturmwurf). Die Abschéatzung des Besiedlungserfol-
ges von Schadflachen durch Pionierbaumarten ist aufgrund unzureichendegwegsoko-
logischer Kenntnisse gegenwartig noch mit groRen Unsicherheiten verbunden. Daher befasst
sich die vorliegende Untersuchung mit der Samenausbreitung von Sandbirke, Salweide und
Eberesche auf Sturmwurfflachen. Ferner wurde das Vermogen der Paumerten zum
Aufbau einer Bodensamenbank in geschlossenen Waldflachen studiert.

Material und Methodik

Die Untersuchungen fanden auf finfla ha grof3en KyritSturmwurfflichen (Januar 2007)

in den Hoch und Kammlagen (75900 m 4. NN) des Thuringer Wids in den Jahren 2015

und 2016 statt. Alle potenziellen Samenbaume der Pionierbaumarten wurden in den angren-
zenden, geschlossenen Fichtenbestanden lokalisiert. Dabei wurde eine Suchzone von einer
Distanz von 200 m zu den Sturmwurfflachen fur Sandbirke Elvetesche und eine Distanz

von 500m fur Salweide festgelegt. Als Versuchsdesign wurde in Abh&ngigkeit der vorgefun-
denen Samenbaumdichten underteilungen ein Kreuz bzw. Sterntransekt auf den
Sturmwurfflachen etabliert. Entlang der Transektlinien wurale 20 m Samenfallen instal-

liert. Als Samenfallen kamen fir die Sandbirke Netztrichterfallen (0,2 m?), fir die Salweide
Klebfallen (0,043 m?2) und fur die endozoochore Ausbreitung durch frugivore Vogelarten Kot-
fallen (0,25 m?) zum Einsatz. Fur die Modetling der Samenausbreitung von Sandbirke und
Salweide wurden inverse Modelle bzw. geostatistische Modelle erstellt. Zudem wurden auf
einer der Sturmwurfflachen genetische Nachkommenschaftsanalysen bei Salweide mittels
Kern-DNA-Primer durchgefuhrt.

Die Bodensamenbankuntersuchungen fanden in jeweils drei geschlossenen Birkenbestanden,
FichtenBirken-Bestanden, Fichtenbestanden mit einer einzeln eingemischten Birke und rei-
nen Fichtenbestdnden im Tharandter Wald und Thiringer Wald statt. Mittels eines 10,2 cm
breiten Stechzylinders wurden 10 cm tiefe Bodenproben gewonnen. Die Lagerung der Proben
fand im Kaltgewachshaus statt, wo alle 14 d die gekeimten Samen erfasst wurden. Weiterhin
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wurde ein Eingrabungsexperiment installiert. Daflr wurden Sandbirkensamees@éHzar-
samen und Ebereschenfrichte ion2, 5cm und 10cm tiefen Mineralboden vergraben und in
sechsmonatigen Intervallen jeweils eine Keimprobe zum Test der verbliebenen Keimfahigkeit
entnommen. Die Auswertung der Bodensamenbankuntersuchungen erfotgtegaiterali-

zed linear model@GLM) undgeneralized linear mixed mod€SLMM).

Ergebnisse

1 Wahrend der zweijahrigen Untersuchung zur zeitlichen und raumlisbherenausbrei-
tung von Salix capreaauf funf Kyrill-Sturmwurfflachen konnten ein schwacheres und
ein starkeres Samenjahr nachgewiesen werden. Des Weiteren erstreckte sich der Samen-
flugzeitraum im Frahjahr in Abhéngigkeit von den klimatischen Bedingungen tber 12
Wochen in 2015 und 6 Wochen in 2016. Die hochsten Samenmengen-66 Z&men
je Falle wuden jeweils unter den Kronen von Salwek&amenbdumen nachgewiesen.
Ab einer Entfernung von 350 zum Samenbaum bis zur untersuchten Distanz von
870m wurden, unabhangig von der Distanz, der Hangneigung, der Anzahl der Samen-
baume und der Windrichtung (Awotropie), im Durchschnitt 0;8,1 Samen je Falle er-
fasst.
Die genetischen Analysen zur Nachkommenschaéirgaben, dass 28 der untersuch-
ten Verjungungspflanzen von einem der 20 lokalisierten Elternbaume in der bewaldeten,
500m breiten Suchzone abstanant Die Ausbreitungsdistanzen der nachweislich am er-
folgreichsten verjingten Samenbaume betrugen dabeB@3h. Insgesamt zeigte die
Salweidenverjiungung eine hohere Allériation, als die 20 Elternbaume, was auf einen

externen Genfluss und lange Samemd Pollenausbreitungsdistanzen hinweist.

1 Im Zuge des zweijahrigen UntersuchungszeitraumsSammenausbreitung vonBetula
pendulaauf zwei Kyrill-Sturmwurfflachen konnten ein Mastjahr und ein Zwischenjahr
nachgewiesen werden. Die Ergebnisse der invevieaellierung mittels isotroper Mo-
delle ergaben dabei flachenunabhangig Produktionsmengen fur einen Samenbaum von
20cm im Brusth6hendurchmesser (Bhd) von 300-866.000Samen je Baum im Zwi-
schenjahr 2015 und 1.430.6Q(30.000 Samen je Baum Mastjahr D16. Mittels
raumlicher Modellierung der Samenausbreitung konnte keine Anisotropie (richtungsge-
bundene Ausbreitung) belegt werden. Unabhé&ngig von den beprobten Flachen und Unter-
suchungsjahren, belegen die Modellschatzungen allesamt eine isotrope (richgergs
bundene) Ausbreitung der Samen. Die mittleren Ausbreitungsdistanzen (MDD) beliefen

sich dabei hangaufwarts auf-88 m und hangabwarts auf 3880m. Maximal abgela-
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gerte Samendichten von 2.015 r# im Zwischenjahr und 9.557Y m2 im Mastjahr fan-

den sch bis 4050 m Entfernung zum Samenbaum.

Die Untersuchungen derendozoochoren Samenausbreitungauf funf Kyrill-
Sturmwurfflachen weisen auf eine bevorzuge Nutzung der Vogelarten von URast
Sitzgelegenheiten (Strukturelemente) auf Freiflachen zum Absetzen von Kot hin (2,7
Kothaufen je m?2). Unter Freiflachenbedingungeshne Strukturelementeergaben sich

im Mittel 0,4 Kothaufen je m2. Die hdchsten mittleren Kotdichten wurden unter aufra-
genden Totasten (20 n3y umgeklappten Wurzeltellern (4,6 n?jnund Hochstubben

(3,9 n n®) nachgewiesen. Schwach dimensionierte Verjingungspflanzen der andbir
Eberesche und Fichte, und Strukturelemente unter einem Meter H6he wurden dagegen

weitgehend fur das Absetzen von Kot gemieden.

Das Vermoégen zum Aufbau einBodensamenbank durchBetula pendulaund Sorbus
aucuparia unterschied sich deutlich. 880% der eingegrabenen Sandbirkensamen wa-

ren auch nach 2,5 Jahren keimfahig, wohingegen ledigltb% der eingegrabenen
Ebereschensamen ohne Fruchthtlle wi® & der eingegrabenen Ebereschensamen mit
Fruchthtlle vital waren. Die Auswertung mittels GLM progtizierte einen kompletten
Verlust der Keimfahigkeit nach 12 Jahren, 4,5 Jahren und 3 Jahren der Sandbirkensamen,
sowie der Ebereschensamen mit und ohne Fruchthiille. Ein Einfluss der Lagerungstiefe
war nur fir Sandbirke nachweisbar.

Die Untersuchungen ddBodensamenbank von Birke in Fichtenbestanden mit unter-
schiedlichen Birkensamenbaumanteilen ergab einen straffen Zusammenhang zwischen
der Anzahl von Samenquellen und den nachgewiesenen Samendichten im Boden. In den
Birkenbestanden fanden sich stelie hdahsten Dichten von 489.142 Birkensamen

jem?2. Die Analyse unterschiedlicher Bodenschichten zeigte zudem signifikant abneh-

mende Birkensamendichten mit zunehmender Bodentiefe.

Schlussfolgerungen und waldbauliche Handlungsempfehlungen

Die Ergebnisse derdersuchungen zeigen, dass die Fruktifikation Betula pendulaSalix

capreaund Sorbus aucuparialurch klimatische Verhéltnisse beeinflusst wird, weshalb die

drei Pionierbaumarten nicht alljghrlich hohe Samenmengen produzieren (Mastjahre und Zwi-

schenjahe). Zum Ausgleich von Produktionsdefiziten in den Zwischenjahren unterscheiden

sich die Pionierbaumarten in ihrer Strategie. Dies gilt es bei der Umsetzung des Konzeptes

einer natUrlichen, eingriffsfreien Wiederbewaldung von Schadflachen nach Sturmwahf du

die Naturverjingung von Pionierbaumarten zu beachten.



Zusammenfassung

Die einzige der drei Pionierbaumarten, die dem allgemeinen Bild einer Pionierbaumart ent-
spricht, ist die Salweide. lhr Besiedlungserfolg ist allein von den aktuellen, alljahrlich variie-
renden, abedennoch stets hohen Samenproduktionsmengen und den enorm weiten Ausbrei-
tungsdistanzen (800m) abhéangig. Hinsichtlich der Samenausbreitung haben die Himmels-
richtung, die Position der Samenbaume und die Anzahl vorhandener Samenquellen ab einer
Distanz von50m zur Schadflache keinen bedeutenden Einfluss auf die abgelagerten Samen-
mengen mehr.

Die auf 86380m limitierte Samenausbreitung von Sandbirke wurde dagegen stark vom Ge-
landerelief (Hangneigung), der Position der Samenbaume (Tal, Kuppe, Hanglage) und der
Distanz der Samenbaume zur Sturmwurfflache beeinflusst. Zum Ausgleich der limitierten
Samenausbreitung und deutlich reduzierten Samenmengen im Zwischenjahr ist Sandbirke
jedoch zum Aufbau eineshortterm persistenteBodensamenbank befahigt.

Den gesamten Verjungungszyklus betrachtend entspricht die Eberesche eher einer Schluss-
waldbaumartUnter ungunstigen klimatischen Bedingungen kommt es h&ufig zum kompletten
Ausfall der Samenproduktion. Ihr enormes Wiederbewaldungspotential von Sturmwurffla-
chen speist sich hauptsachlich aus dem Aufbau einer Samlingsbank und weniger durch den
aktuellenSamenregen oder dehnortterm persistenteBodensamenbank.

Die limitierte Samenausbreitung von Sandbirke und Eberesche macti eifeu ml i che Op
mi erungi der Samenbaumpositionen durch die
allgegenwartigen Omnipgsenz von Weidensamen ist dies fur Salweide nicht zwingend not-
wendig.Das detailreiche Wissen zur Verjingungsokologie der untersuchten Pionierbaumarten
ermoglicht eine gezielte waldbauliche Steuerung im Sinne des Vorhalts und der Pflege von
Pionierbaumarte im Wirtschaftswald. Dies ist gegenwartig und zukinftig vor allem von be-
sonderer Bedeutung, daifgrund der zu erwartenden Zunahme von Schadereignissen und
deren Unvorhersehbarkeit die Fahigkeit der Walder zur natirlichen Wiederbewaldung von

Schadflachenlurch Pionierbaumarten zunehmend an Interesse gewinnen wird

-X| -
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1.1 Introduction

1.1.1 Importance and relevance of the study

Since the 19 century, singldayered conifer forests, such as Norway spriRieea abied..)

and Scots pineRinus sylvestrid..) forests, have lBn established outside of their natural
range,due to the need for fast and higblume timber production. Ondbese forest sites

were dominated by beech and @s¥eber & Jenssen 2006, Zerbe 2009, Lof et al. 2@0)-

ing the 20" century large open sites, the result of storms, fires, insect cakamitikrepara-

tion fellings after the world wars, were reforested mainly with conifers. These forests are
characterized by low species richness and homogenous stry®uoéfs 2013). Thesignifi-

cant discrepancies between the tree species native and aagpedificsites and the mono-
cultural forests that actually inhabit them, unsuited to the conditions in which they are found,
are revealed by the frequent occurrence of lsgde abiotic (snow damage, drought, storm
and fire) and biotic (insect calame$) disturbances (Lof et al. 201®@xofft 2013). As climate
change proceeds, the abiotic and biotic risks will intensify and the problems associated with
the selection of inappropriate, conifeee species will gromMonocultural forests are also
vulnerable to factors caused by anthropogenic activities, such as air pollution, acid rain and
soil acidification. These anthropogenic threats led, for example, to the phenomenon of forest
dieback in the 1980s (Krause et al. 1986, Schulze 1989). The wide rapgtemtial disturb-

ances are ultimatelyhé result of the low resilience and adaptability of the current conifer
stands, often leading to damage to huge areas when disturbancesKdimkeet al. 2000,
Weber & Jenssen 2006, Keidel et al. 2008, Knocké @088, Lof et al. 2010)

The consequences of rapid lasgmEale deforestation are the destruction of timber, the econom-
ic basis of forestry, and of habitats for numerous species. But much worse are the impacts on
the complex ecosystem services forestvigfor society and on the role forests play in in-
fluencing the climate. Largscale disruption to forest ecosystems can lead to the decoupling
of nutrient cycles, the modification of water regimes, the increased release of carbon dioxide
and nutrients tltough accelerated decomposition and recomposition processes of organic mat-
ter in and on the soil, wash out, soil erosion, partial water eutrophication and the creation of
opportunities for further damage by subsequent disturbgl¢eklgemuth et al. 199%)ale

et al. 2001, Seidl et al. 2014, Vilhar et al. 2014, Muscolo et al. 281d)mpensation of nu-

trient losses on disturbed sites may fail until the regeneration of sites occurseseaval of

above ground litteis restoredWohlgemuth et al. 1998R06hrig et al. 2006)The earliest pos-

sible regeneration of disturbed areas and their ecosystem functions is vitally important, as



Chapter 1

identified in BWaldG 811 paragraph 1 amd state forest laws (e.gS&dchsWaldG 820 and
ThuringerWaldG 8§28

Forestry has trié to counter new disturbances using proven silvicultural concepts, such as
adaptation of the spatial structure of forest (esgries of cutspr targeted stand development
(Edelhoff 1992, Dale et al. 2001ln keeping with the goal of sustainable, muiti€tional

forest manageent,for the last 30 years a process of restoring unstaisider forests to natu-

ral, uneveraged, mixedoroadleafforestssuited to local site conditions has been underway
(Zerbe & Kreyer 2007, Ammer et al. 2008, Knocke et al.82@@uth et al. 2017). Knocke et

al. (2008) wrote that informatioon the impact of the proportions of admixed tree species in
coniferous forests varies between studiefias been proven, however, that the presence of
deciduous trees in coniferous foresignificantly reduces the extent of the disturbances
caused by storngsee Ammer et al. 2008, Clasen et al. 2008, Frischbier 2011). In mixed
stands, the fact that spruce can assimilate after the deciduous trees have lost their leaves, until
late autumn owinter, means the trees can develop longer crowns, which enhances their phys-
ical stability (Schitz et al. 200Bnocke et al. 2008).

Recent extreme weather events have shown that the forestry sector must assume the inevita-
bility of severe storms (DMG 200QFrohlich 2011, IPCC 2012, Kaulful3 2012) and that these

will have stark consequences in spite of the forest restoration measures that have taken place.
Over the last 30 years there has been a tendency towards more frequent storiiiRadeifts

& Simmer 2M2, Majunke et al. 2008, Becker et al. 2016, Gregow et al. 2ahd)with cli-

mate change it is to be expected that their frequency and intensity will only(Dedevet al.

2001, Frohlich 2011, IPCC 2012, Molter et al. 20l&rgescale disturbances torests in
Germany occurring since the 1990s have generated salvage wood volumes ranging from 11.0
73.7 millionm3 (Majunke et al. 2008). Thisdicates that, in spite of all of the preventive
measures undertaken by foresters, storm events will inevitabtinae to cause disturbances

in the future. In 2007 the storm Kyrill generated 37 million m3 of salvage wood in Germany
(Majunke et al. 2008)and 30,50ha of open forest in the federal state North Rhine
Westphalia NordrheinWestfalehand 11,000ha inthe federal state Thuringi& latringery.

The disturbed areas of forest were similar in size to -cdets(Leder et al. 2007, Thiringen
ForstA6R 2017).

Due to the increasing frequency of severe storms and their negative consequences for forest
ecosystemgdamage, expansion of already disturbed sites, later bark beetle ,attatl)na-

ble ecological silviculture and forest management strategies aim to achieve prompt reforesta-

tion or regeneration of disturbed sites with fgsiwing tree species (Leder 2Q0Brang
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2005, Zerbe & Kreyer 2007, Keidel et al. 2008, Knocke et al. 2008, L6f et al. 2010, Aldinger
& Kenk 2000, Unseld & Bauhus 2012, ThiuringenForst 2013). For the purposes of restoration
or regeneration, foresters can avail of trees already establsh#te site (seedling banks,

trees planted under the previous canopy), soil seed banks or naturally regenerated pioneer
trees. Shadelerant and intermediate tree species can also be planted on open sites (Roéhrig et
al. 2006, Ammer et al. 2008, Lof et 2D10).

Since the observed increase in the frequency of dsggke disturbances, the integratioh

natural regeneration of pioneer tree species, sudbetida spp.,Populus tremula.., Salix
capreal. andSorbus aucuparid.., has been more widely incorporated in recommendations

for the reforestation of open sitéBhe atificial reforestation (planting or seeding) of open
sites is timeconsuming and cosihtensive. Forestry companies rarely possess the financial
and human resomces necessary to ensure the clearance of all disturbed sites within a short
timeframe, nor for the subsequent artificial reforestation. A-saging approach to reforesta-

tion is to make use of the pioneer tree species occurring naturally. A pionests farses

from the natural regeneration of pioneer tree spe@dinger & Kenk 2000, Dale et al.

2001, Lassig & Motschalow 2002, Leder 2003, Brang 2005, Leder et al. 2007, Keidel et al.
2008, Lof et al. 2010, Unseld & Bauhus 2012, ThiringenForst 201tBEe course of succes-

sion, provided there are sufficient seed trees in the vicinity. Pioneer tree species are, therefore,
becoming more and more important as key species in the context of forest manggement

der 2003, Leder et al. 2007, TharingenForst30

Compared to shae®lerant climax tree species (e.g., beech and silver fir), which are less tol-
erant of extreme weather conditions, pioneer tree species are characterized by regular fructifi-
cation, long seed dispersal distanceer@la & Alm 1990, Atiknson 1992, Zerbe 2001, Ku-
zovkina & Quigley 2005, Argus 2006lynynenetal. 2010 t ywi ec et al . 2013
2016, Huth et al. 20)7and the ability to grow on open site&dchmidtSchitz & Huss 1998
underunfavorable weather conditions (see Rehatal. 2010). Pioneer tree species can colo-
nize large aream the first year after a disturbance, thereby mitigating many of the negative
consequences associated with disturbed (open) dredsr(et al. 2007)The very fast juve-

nile growth of pioneerree species compared to other spemeans that theequestratiomf
COqreleased during and after the disturbance resumes more queeklyost & Kwon 2000,
Aguilos et al. 2014). Climax species caaturally migrateor be plantedinder the protective
shelter of pioneer standse@uction of opessite climate conditions, deflection of browsing
pressure, stem quali#snhancing effect for target tree speki@dhis shelter (Forest climate)

is required by climax tree species for successful establisi@emtidtSchitz & Huss 1998,
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Aldinger & Kenk 2000, Leder et al. 2007))o create the conditions of a forest climate, these
pioneer tree forests must have high stocking densitids666-3,300n ha' (SchmidtSchiitz

& Huss 1998, Aldinger & Kenk 2000, Ledet al. 2007, TMLNU 2009, Hynynen et al. 2010).
Forest management exploiting succession and integrating pioneer tree species facilitates a
rapid regeneration of disturbed areas but can also lead to improved functioning of forest eco-
systemgKnocke et al. 208, Zerbe 2009).iBneer tree specidgave a high degree of ecologi-

cal importance for all forest ecosystems in terms of the diversity of species, structures and
habitats (Perala & Alm 1990, Leder 1992, Raspé et al. 2000, Argus 2006, Zerbe 2009,
Hynynen etal. 2010). Pioneer tree species provide habitats and food for many organisms (in-
sects, birds, small mammals) (Kay 1985, Patterson 1993, Leder 1995, Humphrey et al. 1998,
Schmidt 1998, 1999, Hacker 1999, Priha 1999, Regvar et al. 2010) and enhance fenil and

est climate conditions (Hornwsarolt 1974, Schiechtl 1992, Prien 1995, Kuzovkina &
Quigley 2005, Baum et al. 2009 this way the functional and ecological deficits (e.g., soll
acidification) associated with traditional forestry (i.e., managementasfocultural conifer
forests) can be compensated. An increasing number and spread of pioneer tree species in for-
ests is, therefore, both desirable and necegsaeyTMLFUN 2011).

1.1.2 Research interest - regeneration ecology

The most important deciduoysoneer tree species of European temperate forestshage s

and downy birchBetula pendulaRoth andB. pubescenkhrh.), common aldeA{nus gluti-

nosa(L.) Gaertn.), common aspeRdpulus tremuld..), goat willow Salix caprealL.) and

rowan Sorbus aucuparid..). Thesespecies have always regenerated successfully and, as a
consequence, managed to persist in Europeos
actively cultivated.

Throughout the history of forestry there have been periodaglwhich various target tree
species have been promoted, such as spruce, pine, oaks or beech. There has never been any
such promotion of deciduous pioneer tree species. Up to now in Germany, the pioneer tree
species have been left to regenerate by thieesgMantel 1990, Lang 199@&,4ssig &
Motschalow 2002R6hrig et al. 2006). These species have received no attention from forest-
ers and have always been considered secondary tree species. They occupy only very small
proportions of the total forest area ghtel 1990). In the 2Dcentury these species were even
considered weeds and removed from young stands in favor of the main tree Sfiegies.

only purpose, if indeed they had one, was to promote high quality stems amongsgéhe
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tree species durinthe early stages of stand developm@ibhrig & Gusson 1990, Lassig &
Motschalow 2002, Koski & Rousi 2005).

In the past silver fir Abies albaMill.) and common yew Taxus baccatd..) were unremit-

tingly overused by foresters but the tending and promatieasures for these specigsre
inadequate. As a consequence, a continuous reduction of their numbers took place until they
disappeared from many parts of Germése Pietzarka 2005, Huth et al. 2017). Today silver

fir is being reintroduced on many suitlbsites through seeding and planting, at considerable
expense in terms of the time and financial costs involved (Kenk & Guehne 2001, Ammer et
al. 2002). This example of the use and restoration of studel@nt tree species contrasts with

that of pioneerspecies Despite the difficult circumstances facing pioneer tree species over
centuries, surprisingly, the species were able to survive and maintain their place in the forests,
albeit with only small proportions compared to the managed target tree sf@egie8aden
WuerttembergBaden Wirttembetd.2 %, Hessen 7.2, Thuringia [Thiringer) 7.4 %, Ba-

varia Bayerr] 7.7%; BMEL 2012).Clearly these lighttemanding pioneer tree species have
special ecological strategies that they employ withinrdgeneration cycle to ensure their
survival under all circumstances.

However, the survival of the pioneer tree species up until today does not guarantee their con-
tinued existence in the future. The sn@lbportions of pioneer treesill foundin forestsare

mainly attributed to clear cutting in the past and, more recently, to disturbance events result-
ing in largescale disturbed areas. Pioneer tree species are able to establish and survive on
these large open sitesh@ question that arises, however, asviwill it be possible to maintain
pioneer tree species under a continuous cover forest with significantly lower numbers of large
disturbed areas? To address titiss important to understand the ecological strategies of pio-
neer tree species; i.e., theaquirements for the successful regeneration and establishment of
young trees. Only then might foresters be able to produce stand conditions suitable for the
persistence of these speciesi{anagement of habitat structure for pioneer tree species).

To asess the likelihood of the natural regeneration of windthrown sites by pioneer tree spe-
cies their regeneration strategies must be understood in all aspects and for all stages of the
regeneration cycle, from flowering to the established seedling {Fig see Fischer et al.
2016). Empirical information about therdquency of fructification, seed quantities and the
spatial and temporal distribution of seeds are central parameters in regeneration ecology. Soil
seed banks and seedling banks may also be iamgddr successful regeneratiddkpglund

& Verwijst 1989, Thompson et al. 199Wagner & MiullerUsing 1997, Raspé et al. 2000,
Stancioiu & O6éHara 2006
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- age, vitality and dimensions
- weather and soil conditions
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Fig. 1.1Stages of the regeneration cycle and the main aspects for assessment of regeatteatisrand poten-
tial (based on Harper 1977)
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- directionality
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Some information about the ecology of pioneer tree species is known from prior research, but

many gaps remain and much of the information that does exist in relation to the regeneration

ecology of pioneer gzies is contradictory. For example, it is widely held and has been
shown that seed production by birch (downy and silver birch), willow (willow species) and

rowan carvary between years, such as between mast andhashyears (Sarvas 1948, 1952,

Bjorkbom1 9 7 1,

Houl

e & Payette

1990,

Sperytns

199

Cameron (1996) and Argus (2006) observed high seed production numbers annually. If pio-

neer tree species do not have high seed crops each year, do they employ other strategies fo

successful regeneration, such as by establishing a soil seed bank and seedling bank? Or are

the long seed dispersal distances characteristic of pioneer tree species sufficient to compen-

sate for low levels of seed production locally?

The ability of tempeate pioneer tree species to form a soil seed bank and to regenerate from

this seed reserve discussed controversially in the literatulfehas been claimed that birch
seedsregenerate primarily from the annual seed rain and not from seed reservesai the
(Hill 1979, Heinrichs 201Q)yet birch seeds have also been classed as belonging to the short
term persistent soil seed bank type (viabig ylears)(Thompson et al. 1997). Willow seeds

-7-
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are shorlived and under natural conditions remain viable folya few weeks after matura-

tion (Lautenschlager 1994, Barsoum 2002), so that the seeds can persist in the soil for only a
short period. However, this reported high rate of viability loss is contradicted by findings pub-
lished by Brown & Oosterhuis (19819taaf et al(1987), Bakker et al. (1996a), Bekker et al.
(2000), Berger et a(2004) and Ddlle & Schmidt (2009xho recorded willow seeds imin-

eral soil sampleDue to embryo and seed coat dormancy, and sometimes secondary dorman-
cy, buried rowan seedsn remain viable in soil for up to 5 years according to Erlbeck (1998).
But Grime et al. 1988 (cited by Raspé et al. 2000) and Ddélle & Schmidt (2e@&mined

that rowan seeds persist fess than a yeavVhile rowan can build up a seedling bank under
shelter( Gr anstr°m 1982 200&l, ekgyavi &ct WwiLeadwo & 2008
light-demanding birches and willows generally cannot (Atkinson 1992, Mihdk et al. 2005).
Nevertheless, goat willow arrch have also been found to grow under shetftehe under-

story Skvortsovl999,Perdereaet al. 2014, Bartsch & Rorig 2016).

The results of previous studies about the seed dispersal distribution of pioneer tree species
have also revealed a high degree of variation, and occasional contradR{easien (1971

found that Aout 90% of willow seeds wer@eposited within n of a seed tre€Gage &

Cooper (2005vithin 200m, whereasSchirmer (2006)nentioned seed dispersal distances of

2-3 km. The reported maximum seed dispersal distances of\arghbetween 19t (Sarvas

1948) and 55@00m (McEuen & Curran 2004, Huth 2009). The endozoochorous dispersal of
rowan seeds by birdsthe main vector for dispersal over long distan®@=kker et al. 1996b)

I occurred mainly within 40n of the seed treet y wi e ¢ e lHowevér,.Led@ Q1292)) .
found high rowan regeneration densities at distances af, 5800350m and 550n from

seed treedt should be noted here that most results pertaining to seed dispersal distances in
pioneer tree species were ained fromclosed forests or small gaps. Few studies have con-
sidered seed dispersal from closed forests to areas ofdeatge disturbance, resulting in a
corresponding lack of knowledge.

Many studies revealed the regeneration of disturbed sites byepimee species to be insuffi-
cient(e.g., Lassig et al. 1995, SchlitiSchitz & Huss 1998, Wolgentuet al. 2002, Heurich

2009, Went 2011, Brang et al. 201Bhe assessment of the natural establishment of seedlings
on windthrown areas by pioneer tree spsdaces uncertainties due to insufficient knowledge

of the different regeneration stages. Given the wide extent of the open questions identified
above, it was not possible to address all of the relevant aspects of the regeneration ecology of
deciduous pineer tree species as part of this studig fill some critical gaps in the

knowledge of the regeneration cycle of pioneer tree speiesmphasis here was placed on

-8-
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addressing the issue of seed dispersal over large distances into disturbed siteharadibn t

ity to build up a soil seed bank. These aspects were chosen to facilitate better -tiegisian
processes concerning the urgency of reforestatieasures (planting, seeding) and the natural
regeneration of disturbed sites as part of forest maragem

For the purposes of the study, the pioneer tree species occurring most frequently in Germany
were chosen, namely goat willo@dlix capreal.), silver birch Betula pendulaRoth) and

rowan Sorbus aucuparid..). Between 2014 and 2017, seed dispersaliss took place on
windthrown sites (storm Kyrill in 2007) on the slopes and mountain tops of the Thuringian
Forest (Appendix [1p.ii). The soil seed bank studies were located inTim@andter Forest

and Thuringian ForegAppendix 1 and 2p.ii). Information about the distribution and num-

bers of pioneer seed trees in the stands around the windthrown sites was also deemed to be of
high importance Appendix 3 p.iii). The results of the study should contribute to better re-
generation scenarios forstlirbed sites (success or failure) by pioneer tree species, especially
following storms. Adopting a practive approach, the regeneration scenarios should allow for
the introduction of pioneer trees to stands asdwance mitigation measure before disturb-

ances occur.

1.3 Aims, scope and hypotheses

The investigations of the regeneration ecology of pioneer tree species undertaken as part of
this study focused on (i) spatial and temporal seed distribution patte®as>otapreaBetula
pendulaand Sorbusaucupariaon windthrown sitesand (ii) seed storability ofalix caprea

Betula pendulaand Sorbus aucuparian the soil of closed coniferous forests. In ordedés

termine the link between deposited seed densities on the ground and seed disperss,distanc
it was necessary to consider the influence of the number of seed trees, their spatial distribution
and the relief of the sitesdlley, slope, plateguTo analyze seed densities in soil seed banks,

the storage duration of seeds in the soil was teatebthe dependence of seed densities in the
soil on seed tree numbers studi€d.limit the broad scope of the work, investigations of es-
tablished young trees on disturbed sitesdedling banks) was not part of the research.

The overarching aim was to t@in knowledge of the relevant aspects of regeneration ecology.
The findings shoulallow for the determination of a theoretical minimum seed tree density
required in forests to ensure silvicultural sufficient seed input and subsequent successful re-
generabn in the event of a disturbance. This requires information about the spatial distribu-
tion patterns of seeds around seed trees. From the results general silvicultural recommenda-

tions shall be derived fdhe inclusion (conservation and promotiafi)seedtrees of pioneer

-9-
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species in managed forest®¥here there is no integration of pioneer tree species in managed
stands, or this integration fails, the sites of lasgale disturbances will in future have to be
artificially reforested (with high resource uns).

There were four hypotheses guiding the stoldjectives and the research questions:

1) Due to varying annual weather conditions, pioneer tree species do not produce high seed
numbers every year (Sarvas 1948, Welktly & S
al. 2012). It is assumed thet some years seed production may be too low to ensure suc-

cessful regeneration.

The fructification process of pioneer tree species is influenced by site and climate
conditions, individual vitality and tree dimensionBhese factoranfluence the
frequency of and the intervals between good seed crops, as well as the amount of
seed produced Kul | mann 1993, Sperens 1997, Kel
2012). Unfavorable weatheronditions have negative effects on frucation,

similar to the effect on heaxgeeded tree species (Wohlgemuth et al. 2016).

2) Seeds of pioneer tree species are not omnipresent on all sites, independent of the pres-
ence of seed trees. The seed numbers deposited on disturbed sites varyatoynsider
to limited seed dispersal (distance to seed tree) and environmental conditions (= relief,
wind and vegetation cover) (Hill & Stevens 1981, Leder 1992, Stoyan & Wagner 2001).

2a) The numbers of seeds of pioneer tree species deposited on wind#ites depend on
the distances to seed trees. The spespesific seed numbedecrease rapidly with in-
creasing distanceleder 1992, Huth 2009). It is assumed thafficient and dense regen-
eration cannot be expected on open sites located far fromsseedes.Considering the
high seedling mortality rates, the seed numbers necessary for successful regeneration
(see Sarvas 1948) are found only in the vicinitalix capregaBetula penduland Sor-
busaucuparis eed trees (Ryvar decrtal2@I3) , Hut h 2009

Although seeds of pioneer tree species are dispersed over large distracesmn-
ochorously dispersed seeds (birches and willows) have a sgpe@$ic sinking
rate (see Kohlermann 1950).nBozoochorously distributed seeds (rowan)sare-
ject to the action range of the dispersal vector (e.g., small mammals and frugivorous
birds) (Bakker et al. 1996b, Kollmann 2000). Therefore, pioneer tree species have

l ong but not unlimited dispersal di stanc
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2b) The patial patterns of anemochorously distributed seeds are influenced by wind (direc-
tion, speed and turbulence) and the relief (Hill & Stevens 1981, Daniels 2001, Wagner et
al. 2004, Moon et al. 2013). It is assumed that seeds are dispersed over longeredistan
in the main wind direction than against the main direction. Therefore, higher seed densi-
ties must be found at greater distances from seed trees in the main wind direction than in
the opposite direction (Stoyan & Wagner 2001, Wagner et al. 2004, Vétigit 2008).
Relietinduced downhill seed dispersal should also lead to longer seed dispersal distanc-
es (Hill & Stevens 1981).

The very light and small seeds are wrandomly dispersed by wind (Greene &
Johnson 1996), with the result that seed densitiesnat equal in all azimuth
directions around a seed treeigstropy). The seed shadow should reflect the main
wind direction, which is shown by directionality &nisotropy). However, seed
dispersal on disturbed sites is also influencethtgral windsand wind turbulence,
normal features of open sitékohlermann 1950, Moon et al. 2013)jurbulence
may affect the main wind direction and tthieectionalityof seed dispersal observed
in closed forests (Stoyan & Wagner 2001, Wagner et al. 2004, Wright260s3,
Huth 2009).

It is assumed that the reliefducedlengthening (downbhill) or shortening (uphill) of
seed dispersal distances are causedldye inclination in combination with the
sinking rate of the seeds.

3) Seeds oBetula pendulaand Sorbusaucupariaare storable in the soilenabling these
species to build up a soil seed bdfdtanstrom & Fries 1985, Erlbeck 1998). Therefore,
these pioneer tree species should be able to regenerate from their seed reserves in the
soil. The shoHived goat wilow seeds (Lautenschlager 1994 the other hand, are not
capable of establishing a soil seed bank.

Temperate tree species lack the ability to form a-temg persistent soil seed bank
(Donelan & Thompson 1980, Bossuyt & Hermy 2001), but birch andneWwauld

be able to form a shetérm persistent soil seed bank (Thompson et al. 1997). This
seed reserve in the soil could facilitate the regeneration of disturbeckwsiesf
there is no birch or rowan seed rain (i.e., pioneer seed trees werkelEdoby

storm)
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1.4 Study outline

The st udYhe ability oftpibneed treé species to mitigate the effects of site disturb-
ance by fast and effective natural regenerationc o mpr i ses seven chapter
eral introduction to the studand the topicdhapter ).

In the following chapters, the most important aspects of the regeneration ecology studied in
relation to the pioneer tree species silver birch, goat willow and rowan are presented. Howev-
er, as it was not possible to presentodlthe results obtained over the course of the study in
the research papers making up chaptessil the following short chapter summaries the ma-

jor aspects excluded from the papers and the corresponding results are also briefly presented
(in italics).

In chapter 2the results of the study &alix capreaseed dispersal from spruce forests onto

five windthrownforest sites in the Thuringian Forest, Germarg, presented. The study took
place in 2015 and 2016 using sticky, runying seed trapsThe influence of seed tree num-
ber,relief and directionalityon seed shadow were considered in this stAdyarentage anal-

ysis of the saplings established on a windthrown site was perfdor&dstantiate the seed

trap data.

In chapter 3the results of uphill and downhiBetula pendulsseed dispersal on two wind-
thrown forest sites in the Thuringian Forest, Germang,presented. The study took place in
2015 and 2016 usiniginnel shaped seed trapsverse modelling of isotropic and amiigpic

seed dispersal were used to analyze the influence of seed crop, relief, seed tree numbers and
the position of the seed trees (valley, slope or plateau).

Chapter 4contains the analysis from 2015 of the impact of structural elements at five wind-
thrown forest sites in the Thuringian Forest, Germany, on endozoochorous seed dispersal by
birds. Combined knowledge of the behavior of frugivorous bird species and plant characteris-
tics is necessary to predict teffectivenesof endozoochorous seed dispéréar example,

of rowan.

Data onSorbus aucupariseed dispersal by birds could not be presented as it was originally
intended. The fructification of rowan seed trees in the Thuringian Forest was very low in the
study years 2014 to 2016. As a consequermean seeds were not found in the bird drop-
pings collected on the dropping traps all studysites.Only the spatial patterns of bird
droppings orwindthrownforest sites were analyzed.

Chapter 5contains a review of soil seed banks of deciduous pidreeispeciesBetulaspp.,

Alnus glutinosaSalix spp.,Populus tremulaand Sorbus aucupariain European temperate
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forests. The review summarizes general findings on the ability of pioneer tree species to form
a soil seed bank and highlights gaps inkhewledge.

Chapter Gs based on the conclusions of the soil seed bank review presented in chapter 5. The
chapter contains the details of an artificial seed burial experiment for seBdtutaf pendula
andSorbus aucupariastablished in a conifer forastthe Tharandter Foresgermanyand a

soil seed bank investigation for silver birch in spruce forests in the Thuringian Forest and
Tharandter ForesGermany.The burial experiment focused on the seed storability of silver
birch and rowan in soil, andheéir ability to regenerate from a soil seed bank in a temperate
forest. The soil seed bank investigation looked at seed densities in the soil with regard to a
variation in the number of seed sources.

The results obtained for the artificially buried seefiSalix capreavere not presented in the
chapter, because no seeds remained viable after the first storage period of six months. The
results of the soil seed bank investigation for rowan seeds in the soil around individual seed
trees in a spruce forest weenlso omitted due to a lack of viable rowan seeds in the soil.

Finally, chapter #eatures a general discussion of all of the findings of the study and the de-
rived recommendations for silvicultural practice to ensure the conservation and revitalization
of seed trees of pioneer tree species and to promote the regeneration of disturbed forest sites

using pioneer tree species.
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2.1 Abstract

The natural regeneration 8&lix capredl.. in disturbed forest areas is an important ecological
phenomenon occurring during succession in temperate and boreal forests. Knowledge of the
timing and extent of seed dispersal in goat willow is still rudimentary. We studied seed dis-
persal and genetmffspring relationships on five stordisturbed forest sites {83 ha) at 715

900m a.s.l. in the spruegominated Thuringian Forest over gy@ar period. The duration of

the seed rain was 3 months in 2015, and only 6 weeks in spring 2016. The seexhldisper
curve resembled a negative exponential function with a steep Slopdighest seed numbers

of 23-156n per trap occurred close to the base of the seed trees. Farther than 350 m from the
seed trees, average numbers ofZ)Bseeds per trap were reded independent of dispersal
distance, inclination, the number of seed sources and the dispersal direction. Trapped seed
numbers at the study sites were quite similar within a given year, but differed significantly
between years. Parentage analyses weredabut at one of the five study sites. One hundred
saplings and all of the 20 potential parent trees located within a search zaneal® 500m

from the edge of the open area were analysed. Twengyper cent of the saplings were as-
signed to onefahe 20 parent trees. The longest confirmed ségukdsal distance was up to
800m. Saplings showed a higher allelic variation than the 20 parent trees, therefore indicating

external gene flow as well as long seed and pollen dispersal distances.

Keywords
Seed rain, Goat willow, Genetic diversity, Pioneer trees, Natural regeneration, Disturbances

2.2 Introduction

Salix ssp. is a laye genus with approximately 3300 species worldwide (Argus 2006
Dickmann and Kuzovkin2014), and a higtecological redvance within forest ecosystems
(Barnes et al. 1998; Richardson et al. 2014). Willanes known to enhance the soil nutrient
status, to decontaminageils via phytoextraction, to rapidly regenerate and colatézeaged
forest areas, to premeerosion of exposesbil, e.g., on disturbed forest sites, to act as struc-
tural elementsvith a longterm stabilizing effect, and to providebitats and food for many
organisms (see Horvéarolt 1974; Kay 1985; Kuzovkina and Quigley 2005; Argus 2006;
Baum et al. 2009; Regvar et al. 2010).

Among the most important physiological and autoecological characteristics of willow species

are drought tolerance, adaptation to opie light regimes, and high tolerance to low nutrient
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availability, which enable Wibws to colonize and restore disturbed sites. Together with other
pioneer tree species, the genus is able to initiate pioneer communities on disturbed sites and to
thus reestablish a forest ecosystem (Argus 2006; Kuzovkina and Quigley 2005). At disturbed
sites, the surface shading provided by pioneer trees recreates forest climate conditions for
subsequent climax tree species which require shelter for successful establishment (Kuzovkina
and Quigley 2005; Zerbe 2009). Due to their low site requirementghamdability to with-

stand extreme climatic conditions, willow species are also important colonists in forest areas
with altered disturbance regimes due to climate change.

Willow species may be also cultivated in plantations to produce biomass for lgypemer

duction (Kuzovkina and Quigley 2005), and some speciesSde albaare even used for

timber and veneer production (Schirmer 20@Bpat willow (Salix caprea is the most im-

portant willowspecies in European temperate and boreal forests, dsenoderate drought
tolerance and its ability to persist to sonegree in the forest understory (Skvortsov 1999;
Dorken2011; Perdereau et al. 2018). capreas one of the fevadmixed tree species found

within managed spruce foresas high altitudes (Suitt 2006; Perdereau et al. 2014). Early
flowering, dioeciousS. capreads pollinated by wind andhsects, with wind accounting for up

to 50 % of pollination(Vroege and Stelleman 1990; Fussel 2007; Doétterl e2Cdl4). The

small seeds (1.5mm) withcotton hairs (i,ep pl umedd) are wind disper
r o us 0lpng distaaces in May and June (Brouwer and Stahlin 1QfABmelar and Meusel

1986; Skvortsov 1999).

The seed dispersal of anemochorous and zoochdreeisspecies has been invgated in
numerous studies (s&é&cVean 1953, 1956; Matlack 1989; Wagner 1997; HA988; Karls-

son 2001; Wagner et al. 2004; Gageand Co2p@r0 5; ¢t ywi ec and Ledwo&E

Schmiedele t al . 2013; tywiec et awbrldwid2 digtridgtion Ho we \
and ecological importance, velijtle research has been conducted on the seed and seedbed
ecology of the will ow 82003%.Zasada and Devimore 97¢,nd C

Niiyama (1990), Lede(1992), Sacchi and Price (1992), van Spler et al. (1995)KufRner
(1997) and Chantal and Granstrom (2007) stugegterns in established seedlings of willow
species. Howevesuch studies of established young trees are limiteédrs of the precise
information they can provide about sedigpersal distances. This lack of information about
seed dispersalistances in regeneration studies can be overcomsibg methods like seed
trapping and distance to seed sowrcearentage analyses (Nathan and Mtllendau 2000).
Numerous studies haveghlighted the enormous dispersal potential of willow seeds (see

Ryvarden 1971; Brouwer and Stahlin 1975; Lautenschlager 1994; Barsoum 2002; Gage and
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Cooper 2005; Kuzovkina and Quigley 2005; Argus 2006; Seiwa et al. 2008). However, there
is only very little specific information on the dispersal distances of willow species. Gage and
Cooper (2005) reported that more tharP®@f the seeds of a willow community were depos-
ited within 200m of the seed trees. But at a distance of X80@om the seed trees, the-

thors still recorded a seed density of3Dn m?2. Ryvarden (1971) assumed shorter dispersal
distances for willow, as 9% of all seeds were caught withimbof the seed source.

Generally, dispersal distance is influenced by many factors, such asnseglology and
weight, vertical and horizontal wind direction, wind speed, turbulence, release height and ve-
locity, as well as relief and vegetation cover (Okubo and Levin 1989; Skarpaas et al. 2006;
Seiwa et al. 2008). Secondary dispersal by wind andrvigtikely also important for the
transport of willow seeds (Gage and Cooper 2005; Seiwa et al. 2008; Boland 2014). More
than 50% of willow seeds deposited on dry sand were transported a second time by wind
(Gage and Cooper 2005). To date, there is fitsaifit empirical information on seed dispersal
distances and the seed tree densities required for the successful regenefticapogaon
disturbed forest sites.

Genetic parentage analyses provide insights into gene flow via pollen or seeds of a specific
parent tree population (Cortés et al. 2014). Perdereau et al. (2014) recorded seed and pollen
dispersal over more than 200 km betw&ercapregpopulations in Irednd by applying geno-
typing, which suggested no barriers to gene flow as a consequence of human landscape frag-
mentation at this scale. A study of chloroplast DNA variation by Palmé et al. (2003) also re-
ported no significant genetic diversity f&: capreapopulations in Europe because of high
willow seed and pollen dispersal distances.

In order to assess the natural regeneration potentidl chpreaseedlings on windthrown
forest sites, informatioabout the temporal and spatial patterns of seed raieeded. Up to

now, it has been assumed that the abundandehe spatial pattern of parent trees in the area
surroundinga particular disturbed site are important determinants whach forest managers
could base silvicultural decisions relation to thedesired natural regeneration concept. To
confirm or reject this assumption, we therefore studied dispersal ofS. caprean 2015 and

2016 using seed trapnd performed parentage analyses of established sapimgsnd-
thrown sites in Thuringia, GermanThere werdour hypotheses guiding the study. (1) Wil-
lows do not have high seed crop every year. We assume that willow gestliction has an
interannual variability similar to maseedingtrees. (2) The start of the seed rain is influ-
encedby weathe conditions, whereas the length of the seed painod shows interannual

variations. (3) Willow seeds adispersed by wind over long distances, but the seed density
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depends on the distance to the seed source, decreasing veiiidigicreasing distancg4)
However, the number afeposited willow seeds is also influenced by the numberesent
seed trees, relief inclination and directionality. #ésume that a group of seed trees may pro-
duce overlappingeed shadows, resulting in higher seed numbarsiththevicinity of a sin-

gle seed tree. Downhill seed dispersaividgd will increase dispersal distance, while uphill
dispersalwill decrease distances. Therefore, a directionality ostexl shadows due to wind
should be obvious in the studispeciegsee Huth 2009; Stoyan and Wagner 2001).

2.3 Materials and methods

2.3.1 Study area

The study area is located at high elevations and along the ridges of the Thuringian Forest, a
mountain range in the federal 1DtA&t5eNJEQf. THuriis
ed between 400 and 982 above sea level (a.s.l.), with a prevailing seudsterly exposi-

tion. The area is characterized by many slopes and an almost total absence of plateaus (Burse
et al. 1997; Waesch 2003; Gauer and Aldinger 200B¢ mean annual precipitation ranges
from 800mm in the soutiwest to 1200nm along the ridges and falls to a level of 7 in

the northeast (Burse et al. 1997; Gauer and Aldinger 2005; Bushart and Suck 2008). The an-
nual average temperature in theiosgvaries between 4 and°6 (Burse et al. 1997; Bushart

and Suck 2008). The area is influenced by an Atlantic, moderately coaghaistl central
mountain climate (Burse et al. 1997; Gauer and Aldinger 2005). The prevailing winds are
from the southwestyith a secondary wind maximum originating from therth-east. The
average annual wind speed in the study &¥€a54.5m s (Biirger 2003). The dominant soil

types ofthe forest sites are lobvase cambisols with low to mediumutrient contents (Gauer
andAldinger 2005). The landscapeatures a largely contiguous forest system, with 9@®0
forestcover, some small upland meadows in stream valley®erasional small raised bogs.

The study area is dominateg singlelayered, everaged Norway spruc®rests Piceaabies

(L.) Karst.), althoughLuzuloFagetumand AsperuleFagetumbeech forests are the predomi-

nant potential naturalegetation types (Frischbier et al. 2014).

We selected five study sites @) located on slopeand mountain tops (plateaus) higher
elevations and nedhe ridges of the Thuringian Forest (A80m a.s.l.).The choice of sites

made it possible to investigate uphdbwnhill and level seed dispersal. Each site consisted of

an open area surrounded la forested search zoné ®00m. The open areas were wind-
thrown by t he January 2007 éFinloeKat. 2009).I1Béfore time storm, the sites

were dominated by 6800-yearold spruce stands. Aftehe storm, the damaged areas were
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completely cleared, angb willow seedtrees were present in the open areas. site of the
open areas ranged froml2.7ha (Table2.1), and no closed regeneration layer had yet estab-
lished atany of the study sites. The open areas were surroundé8-b¥2-yearold spruce
forests admixed wit a small humbeof isolatedBetula pendulaRoth Salix capreal. and
Sorbus aucuparid. The meteorological data for the seaeabping periods are listed in Table
2.2.

Table 2.1 Study site datal{BH diameter at breast higparent treedemale and male willow treesged trees
only female willow treesSD standard deviatiorrelief-induced dispersatlassifications of further investigated
study sites by geostatistical models)

Open area at study site A B C D E
Reliefinduced dispersal - OUphi - O6Leve 6Downt
Elevation above sea level (m) 845900 735765 840-880 865895 715775
Mountain peak Mounta_in Mountain peak

Topography with one slope piﬁ)kp\;vgh Flat area with slopes Slopes
Size of open area (ha) 5.98 4.03 7.46 5.59 12.70
Seed traps (n) 27 26 38 34 41
Female/male trees within 500
forested search zone around tt 2/4 15/7 0 11/9 126/130
open area (n)

(
TS e s s - T
Dbh + SD of parent trees (cm)  16.2+ 4.6 19.8+ 9.8 - 16.5+6.4 16.5+4.3
Dbh + SD of seed trees (cm) 135+35 16.1£6.3 - 17575 174+ 46

Table 2.2 Meteorological data (haif our | y val ues; cli mat-& 0At 8t7iNp 2 4&jG rNo sasne
46 Nj 59n O0O) o fperiotsen 2818 @ chonths) and POiL6N(Y5 months) in the studySDestgndard
deviation)

2015 2016
From mid- May  Jun Until mid - From mid- Jun
Apr Jul May
Wind spead (m/s)
Minimum 0.9 0 0 0 0 0.5
Maximum 7.2 7.6 9.2 7.2 5.0 5.3
Mean 3.3 3.2 3.3 3.1 2.2 2.2
SD 1.2 15 14 1.2 0.7 0.9
Wind direction (°)
Mean 161 208 185 234 189 190
Median 217 236 234 252 223 237
SD 109.6 95.6 1026 71.2 95.2 92.6
Mean temperature (°C) 7.5 10,1 134 185 11.6 14.6
Precipitation (mm/month) 19.9 351 96.0 68.9 58.5 129.0
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2.3.2 Experimental design

Within the 500m forested search zone at each study site, we mapp8dapredrees that
were expected to po banndiainetel at preagt highddblt)eusimge e d s
blumax Bluetooth GP8013 Receiver. For ead capredree, we recorded the dbh and de-
termined its gender during flowering season. The search zone distancerofvi® chosen

as a compromise between feasibility and prior knowledge of goat willow sgmstshl (Gage

and Cooper 2005). Except for site G126 female (i.e., seed) trees were identified at each
study site, mostly located along forest edges or roadsides. At site C, no seed trees were found
within the 500m search zone. Although the searchtalice was expanded to 9@0at this

site, no seed trees were identified.

At all study sites, 2811 seed traps were placed within the open areas. Due to their vast areal
extent, seed traps were placed along two crossing line transects with intervals dje20

tween the traps, rather than along a regular grid @Fig - see also Bjorkbom 1971; Greene

and Johnson 1996). The orientation and length of the line transects were not uniform, due to
the differences in the size and shape of the open areas. Theafisects extended over the
entire open area of each study site and into the surrounding spruce forests. The minimum dis-
tances between the seed trees and the nearest seed trap ranged between 76 &hdbb®4

2.1).

In order to gain knowledge about seligpersal close to seed trees in the forest, a total of 63
additional seed traps were placed around three selected individual goat willow seed trees (b,
d, and e) located along forest roads in or near the search zone at study sites B, D and E, re-
spectively(504, 554 and 276). The selected trees b, d, and e had a height of 13.5, 8.7 and
13.7m, and a dbh of 22.1, 27.9 and 2618, respectively. Seed traps were place along two or
three line transects extending along forest roads for up o &@ay from thse trees (Fig.

2.1b).

The deployed seed traps featured a sticky;chany i ng substance (glue pr
© 2017 F. Schacht GmbH & Co. KG) covering a surface area of @®48ee also Gage and
Cooper 2005; Kollmann and Goetze 1998; Werner 1911%. glue was painted onto stand-
ardized transparent foils, which were wrapped around vertical cylinders to allow for analysis
of both seed shadow and dispersal direction (Eitc). The cylinders were fixed onto a bar

1.5m above the ground. The traps wehecked every 3 or 4 weeks, when the foils were re-
placed. The seeds on the foils were then counted in the laboratory. Seed dispersal in the open
areas was studied in 2015 and 2016 for 3 months-fprd to mid-July) and 1.5 months

(mid-May to end of June respectively. Seed dispersal around the single trees in the forested
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zone was only studied in 2016 (ridy to end of June). In 2015, the seed rain produced by
goat willow seed trees located in the lowlands (at approximately4®8.1.), well outsidéne
study area, started a month earlier than at the-dighhde study sites. In 2016, the seed rain

took place simultaneously at all altitudes.

a o Seed traps c
o Male goat willow trees
* Female goat willow trees
[ Open site B i
_______________ . _.- Forested search zone distance |
i ~~.._|__0of 500m
4 ‘\_\
o L Foam rubber
/ ", 1 .
/ “\ . 5 cylinder
f \ | | surface area:
! e 3 o 0.043 m?
i >
i\ %T 'ﬁ‘: Half trap area
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\.\ ;,.
| /
\‘ 'I
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‘\\ yd
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Fig. 2.1 a Example of the experimental study design in the open areas, e.g., studylsiEd@nple of the ex-
perimental study design around individ&allix capreaseed trees located in the forested search zone, e.g., seed
tree b.c Technical specifications of the sticky seed traps

2.3.3 Genetic analysis
At the study site D, the gene flow wastimmated using genetic markers. Genetic analyses of
established saplings provided supporting information relating to seed dispersal. All potential

parent trees within the 500 forested search zone around the open area at study site D were
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identified and gnotyped. Twigs were sampled from 180capreasaplings chosen randomly
within the open area and from all 20 parent trees (9 males and 11 females) during the spring
of 2016. Sapling positions were recorded using GPS. Their age was determined by counting
the growth rings at the stem base. Sapling ages varied between 2 and 9 years, with a mean age
of 5years. All analysed willow saplings had established after the cyclone Kyrill (2007). The
age of the parent trees was unknown.

DNA was extracted from frozernuld tissue using DNeasydaGt (Qiagen, Hilden). Different
nuclearDNAprimers were tested (Barker et al. 2003; Hanley et al. 2006), and finally, seven
nuclear loci were genotyped: SB880, SB24, SB38, SB49, SB80, Sa54B and Cha475. The
fragment lengths were adyaed with an ABI3110-capillary sequencer. The number of differ-

ent alleles (Na) and the genetic diversity (Ne, Ef)) were calculated per locus and sample
size (n) of the parent tree and offspring population using GendExPeakall and Smouse

2012).The formula used to determine the genetic diversity was:

: 21)

with pi being the frequency of the= 1 k afleles at a locus in a population (Nei 1978). In
the sapling population, Na and Ne of one individual could not be determined in almost all loci
(see Table2.5). The genetic distance (D, Eg2) of the accumulated allele differences per
locus between thievo populations was calculated as follows:

O aé¢@ (2.2)

with | being the normalized gene identity between the populations (Nei 1972, 1978). Parent-

age was assessed by simple exclusion based on multilocus genotypes. Exclusion was calculat-
edusingg he program 0Genflussd (Leinemann not p u
tween potential parents and offspring to reject parentage for a specific sapling. Trees lacking a
given allele can readily be excluded as potential parents. Whenever a sadimgentified as

offspring of a particular female goat willow tree, the distance between the parent tree and the

sapling was measured and recorded as the respective seed dispersal distance.

2.3.4 Seed trap data analysis
As seed count data were nparmaly distributed but approximately negatiomially
distributed, differences in seed numbers among the different study sites and between the two

study years were analysed using the Kruskalllis H-test. Where significant differences
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were ascertaineg (< 0.05), the Maninwhitney U-test was applied with a Bonferroni correc-

tion as an adjustment method to obtain additional information about the groups of differences
(zar 2010). Significant differences were accepteg &t0.05. Statistical analyses were con-
ducted using the statistics software R (version 3.3.2). Quantum GIS (QGIS 2.4.0 Chugiak)
was used to create maps of all study sites based on original forest maps and aerial orthophoto-
graphs. These maps were used to outline the boundaries of the open eaehsstudy site, to
determine the surrounding 5@ forested search zone, and to mark the positions of parent

trees, sampled willow saplings, and seed traps.

2.3.5 Geostatistical models

Modelbased geostatistics were applied to test for the effectstaide to goat willow seed

trees on trapped seed numbers. Inverse models ar@aevelloped tools for the analysis of
horizontally oriented seed traps (Clark et al. 1999; Ribbens et al. 1994; Stoyan and Wagner
2001). However, inverse models cannot be iedplo data obtained from seed traps with a
vertically oriented trap surface. Thus, we chose a flexible geostatistical approach which al-
lows handling spatially autoorrelated data. Regrettably, geostatistical models do not provide
the seed dispersal keinaf a single seed tree, because these models can only consider the
nearest seed tree as influential to data from individual seed traps. Like also reported by Gage
and Cooper (2005), Leder (1992) and Ryvarden (1971), our model does not explicitly account
for overlapping seed shadows of multiple seed trees in an area.

Within R (R Core Team 2014), we used the 06gce
to fit nonGaussian models using the INLA procedure (version 1.7.4). INLA performs a wide
range of Baydan statistical analyses by applying sophisticated approximations for handling
the numerical difficulties that commonly arise in this context (Rue et al. 2009). Details of the
statistical models are given in Tal28.

Starting from suitable prior distriions, we obtained approximate posterior distributions and
credible intervals (Robert 2007, Sect. 5.5). In analogy to confidence intervals, a parameter is
considered significant if the 0.9%edible interval with endpoints defined by the 0.025th and
0.975h quantiles of the posterior distribution does not include 0. However, the interpretation
differs from confidence intervals: it does not refer to the hypothetical distribution assuming
the parameter is exactly 0, which typically has zero probahihiyerthe prior; rather, the
deviations manifestinthemselves in the data are significant enough to statehthia is at

least a 97.86 chance of drawing the correct conclusadoout whether the parameter is great-

er or less than 0.
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Table 2.3 Specification of the Bayesian geostatistical model: assumptions regarding prior distributions and the
distribution of the data

Parameter/data  Distribution

Hyperparameters Range Gamma with 0.025th and 0.975th quantiles at 20 and 100
Precision 112 Gamma such that has a distribution witl0.025th and 0.975th
guantiles at 0.1 and 3.0
Size (shape) 60 PC pr i atthe sgeaneadot of 2Himes the KL divergenc
of a mean 1 gamma distribution with shagem one with shape
approaching B, with suitable
tial distribution with rate parameter 7 (Simpson et al. 2017)
Fixed effects Intercepta Nor mal with mean O and varie
Slopeb Normal with mean 0 and variance 1000

Random effects  gpatial fieldu (s)  Joint normal with mean zero and covariangg—0 “— for
(wherei are the

o points with distance, whereK; is a modified Bessel function
points in the plane)

(Matérn correlation structure)

Observed numbers n; at points for Independent negative binomial with meé@an ¢ s tami nlgng
of seeds trapsi =1, €  size parametar, equivalently, Poisson with mean

Q distminlg  whereV(s) are additional independent
noise terms such th&  has a mean 1 gamma distribution wit
shaper (NB2 regression model)

A general question in the Bayesian context isrthimistness of the results against possible
misspecification®f the priors Berger 1985, Sect. 4.7), particularfythere is little advance
knowledge. In our case, the distributiohthe range parameter follows typical distaners
pected from experience in the field, while the priorsthe fixed effects are rather flat and are
not expectedo dominate the results. The size parameter, which comvelslispersion, has a
distribution chosen in order favour values representing a small overdispersion, aagyn
case can be seen as part of the spatial random Tieédremainig parameter is the standard
deviationt (or the precision 112), which appears to be the most criticale. We therefore
repeated our computations with a breadge of other plausible priors fér While the gen-
eral patterns remain qualitatively similathe choice is clearlyisible in the corresponding
posterior distributions. Sufficierdaution is therefore needed when interpretingsthéstical
results, and, in particular, one should avaithching too much meaning to precise numerical
values.

The estimation of the range and standard deviationhefrandom part of the model is also
performed during thétting procedure. Here, the rangeagives an exact sense the conven-
tional concept of the area of influence o$ample (Chilés and Delfiner 1999) is derived
from avariogram and quantifies the distance between two pomtsplane beyond which the
correlation of values measuredl these points, e.g., the number of seeds in alisgmmes
small. The standard deviatidrmeasures thstrength 6the spatial random effects.
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To create geostatistical models of seed rain, thesgdsaobtained in 2016 from the open area

at study site$, D and E were combined with the 2016 data sethefespective individual

willow trees b, d and e in theresed zone as sitspecific data sets B (= B+b), (& D+d)

and E (= E+e). The data sets were splitintocttet egor i es oO6uphi I I 6 (B),
hi | | 6the(b&sis of thareligklated seed dispersal.

2.4 Results

The numbers of trapped seeds at open arekswere significantly higher in 2016 than in
2015 (ManiWhitneyU-test:p = 0.003). Average seed numbers at the five open areas ranged
between 0.6 and 118per trap in 2015 and t2L1n per trap in 2016 (Fi@.2).

o
A A

A

b ab
44 o o o o

o
| % % ? & E % W
0 —
2015 2016 2015 2016 2015 2016 2015 2016 2015 2016
Seed collecting period [year]

Seeds per trap [n]
o)
o o o] o]

Fig. 2.2 Salix capreaseed numbers [n per trap] collected in 2015 2046 in the open areas. Lower and upper
case letters indicate significagifferences among studijtes (A-E) in 2015 and 2016, respectivékruskalWal-
lis H-test:p < 0.05).White circles show outlierand black circles inside the boxes are mean values

In both years, the highest mean seed numbers occurred at open area E, next to a stand consist-
ing of S. capreaSorbus aucupariandBetula pendulaas well as at open area \Where no

seed trees were found within the extended A0f@rested search zone. The lowest seed rain

over the 2year study period was observed for the open area at study site B, located more than
504m from the nearest seed source (T&hlg. The comparigo of all open areas showed no
significant differences of deposited seed numbers in 2016 (Kr\Mg&bils H-test:p > 0.05).

In 2015, open area B differed significantly from open area A and E (pairwisel Mémimey

U-test:p < 0.05).
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2.4.1 Temporal patterns of seed dispersal

In 2015, seeds were trapped for a period of three months, fromMpniidto mid-July. In the

first month, only goat willow seeds produced by seed trees in lowland areas outside the study
area were caught. Gsite observation revealed theatkins at the higlaltitude sites and on

the ridges were still closed at this time. One month later, the goat willow seed rain had also
started at the higher altitudes, including the seed trees at the study sites. With the exception of
site E, the high& percentage of seeds were deposited in the seed traPg ¥6pduring the

first month of the 2015 collection period (early = péigril to mid-May). The seed rain con-
tinued from midMay until the end of the collection period in midly, but the relativepro-

portion of deposited seeds decreased3d % (Fig.2.3).

In 2016, the seed rain took place simultaneously at all altitudes over a period of 6 weeks from
mid-May to the end of June. The vast majority of all seedsl(#®6) was trapped in the first

pat of this period (early = mid/lay to earlyJune). At open areas A and E, there was no

measurable seed rain in the remainder of the collection period (late <Jeadyo the end of

June).
8 80 8 80 |
3 e 3
© [r— e
£ 60 £ 60 -
D @
8 38
s 40 s 40 -
() ]
g g
Q &
0 —r L 01— : -
A B Cc D E A B C D E
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2015 = OEarly @Mid mLate 2016 = CEarly mLate

Fig. 2.3 Percentage dbalix capreaseeds collected in the opareas at study sites-& in 2015 (left) and 2016
(right) during each 4veekly collection period (2015 = early: m#pril to mid-May, mid: midMay to mid-June,
late: midJune to midluly; 2016 = early: miday to earlyJune, late: earijune to end of Juhe

2.4.2 Dispersal distance and spatial patterns of seed dispersal

In this section, trapped seed numbers are presented by distance to the nearest seed tree, and
overlapping seed shadows may occur in all traps. For the individual willow seed trees located

in the forested search zone, maximum seed numbers of 23 (tree e), 106 (tree b)rapdrl56

trap (tree d) were recorded in 2016 close to the stem base and underneath the tree crowns
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(Fig. 2.4b-d). No visibly differing trends were observed for transecisnted in different di-
rections. Seed rain distribution and trapped seed numbers differed among individual willow
trees, with seed numbers generally decreasing rapidly with increasing distance from the re-
spective seed source. On averages2etls per trapere caught at 460 m distance from the

seed source in the forested zone. At the open area of site B, which featured the largest dis-
tances between seed source and tragsseé®ds per trap (average of $ekeds per trap) were
recorded 70@B70m from the sed sources. The seed rain around the individual goat willow
trees in the forest and in the open areas resembles a graph of a negative exponential function

with a steep slope (Fig.4a).
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Fig. 2.4 a Combined 2016 dataset of trapealix capreaseed numbers [n] around individual seed trees b, d and

e in the forested search zone and in the open areas at study sites B, D and E plotted against distance to seed
source [m].b-d S. capreaseed numbers per trap [n] around the individual seed treeard] d in the forested

search zone in 2016 depending on seed dispersal direction and plotted against distance to seed source [m]. Note
the differenty-axis scales for all plots and tkexis in Fig.2.4a

In 2016,S. capreaseeds were dispersed at the study sites in a pattern shown ZbRig-ar-

ther than 350n from the respective seed source, no differences in depastatl numbers

with respect to the number of sesalirces (isolated seed trees at study sites B anddfawsl

of seed trees near study site E), relief inclinatistody site BO up hi I | 6 ,-0lse wellyd s i
and study site-0 downhi I | 6) or directi o oméniedig 24 east ,
and2.5). The associated maps of the sekddows estimatl using geostatistical models are

shownin Fig. 2.5b. The geostatistical model predictions for theee data sets were signifi-

-38-



Chapter 2

cant for the expected valueslofarithmic distance to the nearest seed trap and trapiped
low seed numbers (see Taldd). Models revealed onlglightly differing spatial patterns for
estimated uphill (sit@), level (site D) and downhill (site E) dispersal (F2pb). The good-
ness of fit of the models can be assessed bgdirelation of the measured data and the graph
of the negativeexponential function which was used for geostatisticatielling in Fig.2.4a.
While Fig.2.5b shows modelled maximgbat willow seed dispersal distances of -B00 m,

the measured data sets featured no dispersal limit @G from the seedource (Fig.
25a).
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Fig. 2.5 a Interpolated distribution oBalix capreaseeds [n] trapped in 2016 for the sifgecific data sets B + b,

D + d and E + eb Salix capreaseeds per trap [n] predicted by geostatistical models for thepsitfic data sets

B + b, D +dand E + e. The isolinesdrandb represent smoothed values from 53 (B + b), 52 (D + d) and 59 (E
+ e) trap positions. Note the different sfigecific scads of distance ¢axis) and seed nhumbers#yis).
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Table 2.4 Results of geostatistical negative exponential dispersal mo@®alof capreaseeds for 2016: charac-
teristics of the posterior distributionSIp standard deviation)

Data set of study site Mean SD 0.025th quantile 0.975th quantile
B Interceptd 3.67 0.96 1.75 5.59
Slope® -0.58 0.17 -0.92 -0.24
Rangeko 44.02 15.59 20.82 81.40
Standard deviatiod 0.92 - 0.55 1.52
Sizei 3.57 1.59 1.43 7.54
D Intercept® 5.57 0.93 3.76 7.48
Slope® 091 0.17 -1.27 -0.58
Rangé&deo 41.86 15.46 18.52 78.41
Standard deviatiod 0.63 - 0.35 1.06
Sizei 5.63 2.56 2.16 12.03
E Intercept® 266 0.74 1.16 4.10
Slope® -0.39 0.14 -0.67 -0.11
Rangeko 49.39 15.89 25.14 87.02
Standard deviatiod 0.75 - 0.47 1.20
Sizei 35.48 62.82 3.85 174.73

2.4.3 Genetic parentage analysis

For 29 of the 100 goat willow saplings analysed at study site D, a specific parent tree was
successfully assigned from the group of potential parent trees. It was possible to identify 3 of
the 11 female and 8 of the 9 male goat willow trees as parentasshgned offspring sam-

ples were evenly distributed, without detectable spgegaktic variations (Fig2.6). A mini-

mum of 71% of the sapling population originated from parent trees located outside of the
500m search zone. Only 4 of the aforemention8ds@plings originated from a pairing of a

seed and pollen parent located within the study site and the corresponding search zone. An
additional 10 saplings were assigned to a seed parent and 15 saplings to a pollen parent, sug-
gesting an external gene flovia seed for 8% of the sampled saplings and via pollen for

81%. The closest female and male parents were locatech2zd 280mn from the nearest

edge of site D, respectively. The seed dispersal distance of the most successful seed parent
(with 8 offsping identified) was between 550 and 800 The age of the offspring ranged
between 2 and 9 years, with a large number@&fyéarold saplings.

All 100 + 20 sampled individuals had a unique multilocus genotype. The estimated genetic
variation of the parentree and sapling populations revealed a higher allelic variation in the
regenerated population (average 16 alleles per locus). The markers exhibited a range of 9 al-
leles per locus of parent population. The variation was particularly high in the locu8,SB34
where 11 alleles were observed for parent trees and 25 alleles for saplings. Altogétiadr 63

the sampled saplings had-called privatealleles, which occurred only in the offspring popu-
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lation. Upon comparison of the genetic diversity values of tqmuations, the locus SB349
revealed quite similar values for both parents and offspring. The genetic distance as 3.8
Overall, genetic diversity within the sapling population was higher than in the parent popula-
tion (Table2.5).

4415200°0'0 4415600°0'0 4416000°0'0

Parent tree collective

B Male goat willow trees
* Female goat willow trees

Offspring collective
® Assigned to a seed parent
© Assigned to a pollen parent
®  Assigned to a seed and pollen parent
o Assigned to no parent tree
[ 1Open site D

5612406°0'N

5612006°0'N

5611606°0'N

\ll
0 100 200 300 400 500m %
M

Fig. 2.6 Offspring of the localizedbalix capregparent tree poulation within the 500n forested search zone at
the study site D. Only saplings that were assigned to a specifiqpaestt are connected to the corresponding
parent by an arrow

Table 2.5 Number of different allelesNa), genetic diversityNe = ?)lpkerdogus, and sample siz® ©f the
parent tree and offspring population at study site D
Loci Parent trees Offspring
n Na Ne n Na Ne
SB880 20 3 1.054 99 4 1.489
SB24 20 10 3.980 100 17 4.373
SB38 20 13 8.889 99 19 9.479
SB349 20 11 5.128 99 25 5.064
SB80 20 12 8.511 99 17 8.751
Sa458 20 13 8.247 99 21 7.675
Cha475 20 4 2.524 99 7 2.625
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2.5 Discussion

2.5.1 Seed production and temporal patterns of seed dispersal

The resultgevealed a high variability in seed production between the two studied years, as
assumed in the first hypothesis. Herrera et al. (1998) described that intermittent large and
small seed crops are highly frequent in woody species. Pioneer tree speciestsreiide
also be considered mast species like classically known-froégtg trees such as beech or
oak. The phenomenon of mdatiting in tree species is predominantly observeavind-
pollinated species, in environments with changegpurce availality, variable weather con-
ditions, and digh density of seed predators (Kelly 1994; Herrera €t988; Kelly and Sork
2002). In many cases, it is difficuid determine a single factor responsible for triggering a
mast year, but Kelly et al. (2002) niemed weather athe most frequent and important fac-
tor. Bastide and vaNredenburch (1970) and Gage and Cooper (2005)ralsarded differ-
ences in trapped willow seed numberaipfto 50% between seed years due to weather con-
ditions. Frost events in sprg may lead to reduced seed productonl germination capacity
of willow seeds (Young an@lements 2003; Gage and Cooper 2005).

At the level of the individual tree, seed production is gisoerally influenced by the vitality
and dimension of theeedtree; for example, by its crown radius (Fischer eR@ll6). In a
variety of willow species§. alba S. daphnoidesS. elaeagnqgsS. triandraandS. purpure
even small individualsf only 23 m height may produce 22,00@0,000seeds in a particular
year (Karrenberg et al. 2002; Karrenbargl Suter 2003). The measured data and the geosta-
tistical models in this study also showed a high variabitythe number of seeds deposited
close to the individualillow seed trees, likely owing to traelated ariation inseed produc-
tion.

The differences observed in 2015 between goat willmgated in lowland areas (459
a.s.l.) and at high altitud€s 715m a.s.l.) with respect to the start and duratiomhef seed
rain (see hypothesis 2) may result fromtadteinducedclimatic variability (Kolodziej and
Frihauf 2008 Scheffler and Friuhauf 2011). Densmore and Zasada (1883l the phenom-
enon of altitudenduced variation of thperiod of seed maturation to be common in Alaskan
willow species. In the casé 8. capreathe onset of the seed rasidelayed by 2.5% 0.16
days per 100n altitude (Zielloet al. 2009). The seed trees at the study sites would hamee
been expected to fructify already-18 days after thgoat willows located in lowland areas.
However, temperatur@so exerts a strong influence on flowering time in wilkpecies, with
cold temperatures delaying flowering. An eanlgirm period in spring (as was the case at the

Thuringiansites in 2015) may thus lead to an earlier onsdtogfering in willow species
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compared to years with a long wintaénd a cold spring (as recorded for the study sites in
2016) (Mosseler and Papadopol 1989). Willow populations béatg to release seeds in a
particular year do not necessardiso releasseeds late in succeeding years (Densraock
Zasada 1983). Mosseler and Papadopol (1989)ddiserved an influence of spring tempera-
ture on the lengtbf the flowering period in Canadian willows. Warmer temperatrtesslted

in extended flowering duratiomas we als@bserved in our study.

Air humidity and the extent of wind turbulence atber important factors in the seed release
process. In willowsmature capsules will only open during periods of laiw humidity
(Kohlermann 1950). Strong winwirbulencewill increase the amount of seed released from
capsulexompared to high wind velocities without turbuleri8&arpaas et al. 2006). The en-
vironmental conditions ainumidity, wind turbulence, temperature, wind speed\aimdl di-
rection, which infuence seed release (Kohlermak®60; Sarvas 1952; Skarpaas et al. 2006;
Huth 2009), aresubject to an extreme temporal variability. Theref@eeds which are re-
leased over longer periods may be subjetdeslgreater variation in environmental conditions
than seeds released over shorter periods. Huth (200®xdanple, found significant month
specific differences imvind direction and speed, which were reflected in the seadow of

B. pendulaThus, the interannual variabilibf the start and duratioof willow seed rain may
lead tovarying spatial patterns of the seed shadow (Houle 1988jan and MulleLandau
2000). Local spatial patterred seed rain can also differ between mast andmastyears
(Houle 1998).

2.5.2 Dispersal distance and spatial patterns of seed dispersal

Dispersal distances appear to be greater for \gisgersedvillow seeds featuring a pappus
than for species with wingexkeds or seeds dispersed by birds (see McVean, 1953 PI56;
ala and Alm, 1990; Karlsson, 2001; HW009). Thespatial pattern of the goat willow seed
rain in this studyexhibited a negative exponential distribution in relatiodigpersal distance,
as previously described by Greene dontinson (1996) and Hughes and Fahey (1988) for tree
seedswith aremochorous dispersal. Small peaks of more thase28s per trap were ob-
served within 10n of individual seedrees (see Fig.4b-d), and the highest seed numbers of
up to156n per trap were observed underneath the tree crdwdistance frequency dishu-
tion resembling a leptokurtigattern was also observed by Gage and Cooper (2006)re-
ported seed numbers of 200,000n m2 close toAmerican willow species. The same pattern

was found byRyvarden (197}, who trapped 1,608eedsn™ around alpinewillow species.
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Like in all aforementioned studies, overlappisged shadows were also a problem in our
study.

Seed bulks and ripe catkins are likely the reasons fosiimgficant fit of the negative expo-
nential function of ougeostatistical model anaif the recorded seed number peakse to
seed trees. Our observations revealed large nurobéaien catkins under tree crowns, with
capsules either opeor still closed. Ryvarden (1971) also observed large nundferatkins
directly beneath trees, thi only 7% of all trappedseeds dispersed more thamSrom the
seed source due their occurrence as seed bulks. The fine hairs of wileeds cause seeds
to intertwine in the capsules, whichdrenen mostly rel eased as 0sec¢
the seedulks may disintegrate into smaller units or single seadgss the seeds are previ-
ously deposited on the groundaaught up in vegetation (Kohlermann 1950; Ryvarden 1971;
Karrenberg and Suter 2003). The sinking rat& ofiminalisseed bulkss 3.8sm, which is
significantly faster than th8.3sm™ of single seeds (Kohlermann 1950). This differeimce
sinking rates explains why many of the willow séetks were deposited near seed trees.
Nevertheless, the geostatistical models inghesentedstudy confirmed long dispersal dis-
tances of 50B00m for individual goat willows, which confirms hypothesis 3.dar study,

0-6 seeds per trap were recorded anhCand 14 seeds per trap at 250. Gage and Cooper
(2005) measuredeed densiti of 3200n m? and 6100n m? within 50m and 200m of a
seed source, respectively. Therefore, the dispéisences of5. capreado not differ from
other willow speces. The large seed numbers ed 0 per trap measureat open area C, de-
spite an abence of seed trees within tB@0m search zone, give testimony to the huge seed
dispersalcapacity of goat willow. The assumption of a very large sksgersal capacity is
supported by the fact that lowland ged@tlow seeds were trapped at the higititude study
sitesin spring 2015, while the seed rain of local seed treembaget started. Kohlermann
(1950) reported a sinking raté 7.2sm™ for S. capreabased on which Schirmer (2008)I-
culated seed dispersal distances «f Kin, even at lomwind speeds. Imbert and Lefévre
(2003) reported maximurseed dispersal distances 68 km for a black poplar population
whose seeds are morphologically similar to willow.

Secondary drift likely also contributes to such long dispatiséhnces (Matlack B®; Gage
and Cooper 2005Depending on soil texture und moisture, up ta¥60f the willow seeds
initially deposited on the ground may drétvay afterwards due to wind (Gage and Cooper
2005; Seiweet al. 2008), thus leading to longer dispersal distaidesenormous distances
that individual tiny seeds may spreedn also be explained by the drift to higher altitudes

broughtabout by convective air currents, as observed, e.g., atutlg site B (Lautenschlager
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1994; Karrenberg et al. 200Rarrenberg ad Suter 2003). Gage and Cooper (20@pprted

a small but constant and, therefore, distaaoceldirectioni ndependent seed r ai
of approximatelyl0-30 seedsn?, which reached all of their studjtes. Based on our results,

we assume aeed sourcendependenbackground level of 2. goat willow seeds per trap,

even i f there is only a thespegiessnmmadrea. 6backgr ou
The absence of any clear directionality in the seedpaiterns observed around individual

seal trees but also in thepen areas in relation to seed tree position is unexpectadanem-

ochorous species (see hypothesis 4). This abserieeofionality may be caused by turbu-

lence, secondary drifor seed flow from seed trees located outside thelys sites.
Kohlermann (1950) referred to lower level, lateral winds ofaan wind direction, which can
influence dispersal distanead direction regardless of seed mass and sinking rateclogen

to seed trees. In open areas, wind profiles have aitlogec shape with an increase in wind

speed with heightibove ground. Even solitary trees in open areas, andvidréiral and hori-

zontal arrangement within the site, magerrupt this logarithmic profile. In addition to tem-

poral effects on wind speednd direction within the observatigoeriod, wind profiles thus

become more complex becausgbulence and variable wind speeds at all heights above

ground disturb simple patterns (see Moon et al. 2013).

2.5.3 Genetic parentage analysis

Seed dispersal affects the gene flow, gene structure and diversity of populations and collec-
tives (Barnes et al. 1998; Nathan and Mullandau 2000). The low allele coincidences be-
tween the parent and the regeneration population as well as the highesr rmirabdditional

alleles of saplings suggest a significantly lar§ercapregparent population than the mapped
trees. Goat willow seed trees within and beyond the study site may have contributed to the
regeneration. The natural regeneration at studyDsit@ok place in the years 20PD13; the
cyclone Kyrill cleared the site in 2007. It is possible that certain parent goat willow trees con-
tributed to the natural regeneration during this time period and then died before our study
started in 2015. Howevethe removal of willow seed trees was prohibited by the public forest
owner after the storm event in 2007, and multiple deaths of goat willows due to natural dis-
turbance after the storm seem unlikely. Saplings cannot have originated from the seed bank,
as wllow seeds remain viable on and in the soil only for short time periods (Junttila 1976;
Niiyama 1990; Worrell 1995; Karrenberg and Suter 2003). Taking into account the large dis-
persal distances of the goat willow pollen and seeds, it thus seems likelyettiegh number

of alleles in the sapling population is due to external gene flow.
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A high level of gene flow into willow populations was also reported by Kikuchi et al. (2011),
Trybush et al. (2012) and Perdereau et al. (2014). Due to seed dispersaVégtive air, the
parent trees of saplings at higher elevations may also be located in lowlands in our study.
However, Imbert and Lefevre (2003), Petit et al. (2005), Hoshikawa et al. (2012) and Perde-
reau et al. (2014) agree on the comparatively miner @bgene flow through seed compared

to gene flow via pollen. Perdereau et al. (2014) found the gene flow r&&e dapreay pol-

len to be seven times higher than by seed. In their study, seed dispersal comprised #bout 13
of the total gene flow, but ¢hauthors observed gene flow via goat willow seeds and pollen of
more than 20@m, which corresponds to an unimpeded gene flow. Gene flow via seed is
characterized by nerandom spatial patterns due to the influence exerted by wind or water
(Imbert and Ledvre 2003; Wagner et al. 2004). However, gene flow can also result in a rather
random pattern in case of strong microsite influence and seedling mortality (Cortés et al.
2014; Nathan and Mulldtandau 2000). Thus, the results of our study reflected arrethe

dom pattern.

The high allele diversity and the richness of the studied sapling population argue against the
genetic isolation of the small parent population within the study site, although there is a gen-
eral lack ofS. capredrees in the Thuringiandfest Mountains overall. The high genetic vari-
ation within the population, influenced by external gene flow, cross breeding and admixture
(Ojango et al. 2011), complies with the findings of Imbert and Lefévre (2003), Palmé et al.
(2003), Kikuchi et al. (201), Trybush et al. (2012) and Perdereau et al. (2014), all of whom
found only slight or no genetic differences within European willow populations. The findings
of these studies therefore support the results of our parentage analysis and the assumption of
external gene flow.

Results from parentage analysis, seed trapping and geostatistical modelling all suggested that
S. capreaseeds may disperse as far as B0fflom their seed source. However, as the search
zone for potential parent trees was limited t@ B0around the open areas at our study sites,
we were unable to detect dispersal distances longer exceedimg @06 to the limitations of

our study design, even though goat willow seeds are likely dispersed over considerably longer

distances.

2.6 Conclusions for silvicultural practice
Often, a rapid natural or manual reforestation after disturbiarmeguired by law. In the con-
text of climate changehe reforestation of disturbed sites becomes even myertant. Up
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until now, too little was known al theseed dispersal distancesSfcaprean order to be
able toestimate the inexpensive natural regeneration capadifhedpecies.

Assuming comparable wind patterns, the meas8redpreaseed numbers of-4n per trap

at distances far frorseed t e e 850rf)@emonstrate in a central European contieat (1)

the azimuth direction has no significant influercrethe seed dispersal direction of individual
trees, (2)he relative position (direction) of seed trees is not impoftanthe number otle-
posited seeds on disturbed sites, €)dhe number of seed trees has no meaningful influence
on seed numberat a distance of more than mOfrom seedsources, which refute hypothesis
4. Parentage analyses confirnmibd (4) important role of an exteingene flow foithe regen-
eration observed at study site D; this parent populatomprised more goat willow trees than
were locallymapped within the 506 forested search zone. The studyseéd dispersal and
the genetic analyses revealed a previoustierestimated dispersal potentiaSofcaprea

In the context of the reforestation of disturbed site$lmaprea the measured seed numbers
should be sufficient t@stablish a natural regeneration layer (independent of anashon
mast years), if apppiate consideration is given browsing (Chantal and Granstrom 2007)
and herb competitiopressure (= sapling mortality), a sufficient numbef mi cr osi t es
sitesd) exists f qHarper 4970, asdoptiondl sitg and chimaticadgbnd o n
tions prevailduring the germination and establishment phase Jaatila 1976; Densmore
and Zasada 1983; Sacchi and Pfie82; Young and Clements 2003).

Ecological research on germination and sapling developmmEntshown that goat willows
germinate ifmediatelyafter being deposited on bare mineral soil without a huamaslitter
layer, with good water availability and oparearadiation levels of more than 20 (Gage

and Cooper 2009Wlihdk et al. 2005). If conditions are unfavourable, sestherfail to ger-
minate or seedling mortality may reat®0% (Densmore and Zasada 1983; Sacchi and Price
1992; Seiwa et al. 2008). Therefore, seed dispersal distanceséeal,availability) is not the
factor limiting the natural regeneratiof goat willow onregeneration sites; rather, unfavour-
ablegermination conditions and sapling mortality ntegyrestricting factors.

Any Ospati al opti mi z at ofparedt trees iy meanseokfarestanian-t ot
agement is unnecessatye to the omnipresencé willow seeds at the studsites. However,
silvicultural practice could integrate measufes conservation, vitalization and propagation
of willow seed trees at or near steaxposed sites in spruce foreatshigher altitudes, in or-
der to improve theeddf-regulationpotential of these forests and the natural regeneration of

future disturbed areas.
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3.1 Abstract

Particularly after disturbance events, the early successional cdiatida pendulas experi-

encing renewed silvicultural interest with respect to the natural regeneration of large disturbed
forest areas. To ensure successful regeneration, reliable empirical information concerning
seed production and seed dispersal distances are ngcéssacase study, we therefore stud-

ied the seed dispersal Bf penduldrom two adjacent spruce stands to large stfeited sites

at high altitudes in the Thuringian Forest (Germany) ovey@a2 period. We applied inverse
modelling to describe the stancedependent seed distribution using a negative exponential
kernel. Maximum seed numbers of 2,015 B (nonmast year) and 9,557 nfr{mast year)
occurred within 4660 m distance to a seed tree. The predicted seed production rate of a birch
seed tree(20 cm in dbh) was approximately 350,000 n fre@onmast year) and
1,500,000 tree! (mast year). Regardless of the seed crop, the dispersal distances were simi-
lar in both years. The isotropic model showed mean dispersal distances of 86rar{d®7

hill) and 367 and 38fnh (downhill) for the two years. No directionality in seed dispersal was
found. The findings showed birch seed dispersal to be strongly influenced by site inclination,
seed tree position (valley, slope or plateau) and distance to thefstled site. Furthermore,

the seed shadow is influenced by the number of seed sources. Therefemdaptd forest
management should include the Ospati al opt il
network of small seed tree groups scatter®re or less regularly within pure conifer forests.

Keywords

Silver birch, Seed rain, Pioneer trees, Disturbances, Forest restoration, Inverse modelling

3.2 Introduction

As an anemochorously dispersed pioneer tree species with a wide natural rariferasier,

silver birch Betula pendulaRoth) has a high ecological value within temperate and boreal
forest ecosystems (Rinson 1992; Hynynen et al. 201 Gilver birches enhance soil nutrition

and soil stability, provide watershed protection, act as structural elements with-t@riong
stabilizing effect, and provide habitats and food for many organisms (see Patterson 1993;
Humphrey et al. 1998; Ferris diHumphrey 1999; Priha 1999; Beck et al. 2016). In some
European countries, like England, Sweden, Finland and Laway birch is the most im-
portant broadleaved tree species for timber production, plywood or veneer production (Cam-
eron 1996; Luostarineand Verkasalo 2000; Hynyneegt al. 2010. Within their natural geo-
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graphical range in Europe, birch species were often considered as a forest weed and, there-
fore, rigorously thinned out of forest stands during the last century (R6hrig and Gussone
1990; Koski and Rousi 2005). Howevesilver birch recently received renewed interest with
respect to forest management at higher altitudes. The importagbeepbirch in forest man-
agementhas recently been increasibgpe cause of (a) thetlyandexci es o
tensively recolonize disturbed sites due to its high annual seed production and its fast juvenile
growth, even in open areas with extreme climatic conditions (Perala and Alm 1990; Atkinson
1992; Zerbe 2001; Hynynest al. 2010, and (b) the heigened risk of catastrophic events in
central European spruce forests. Pioneer forests composed of birches are able to quickly close
water and nutrient cycles and thus soon create a forest climate appropriate for the establish-
ment of climax tree speciesdibe 2009).

Therefore, empirical information about the seed production, seed dispersal distances, and de-
posited seed numbers silverbi r ch i s required to establish
ment systems that anticipate the high risk of catastropleatgy particularly in mountain
spruce forests, and to ensure successful birch regeneration on disturbed sites. The seed pro-
duction of a mature singléger birch tree can range between 30,000 and 10 million seeds per
year (Arnborg 1948 cited in Perala aAtin 1990; Popadyuk et al. 1995; Huth 2009). The
small winged nuts (1-2.0mm) are mainly dispersed by wind between June and November
(Brouwer and Stahlin 1975; Huth 2009).

Above all, seed dispersal is an important driver for species movement, sitezatitoniand

the restoration of treeless or disturbed areas (Skarpaas et al. 2006). Huth (2009) reported
mean seed dispersal distances of 37 tm30r admixedsilver birch trees within closed Nor-

way spruce forests. Different studies determined the hidiest seed densities within dis-
tances of 25 to 56 around the source trees (Sarvas 1948; Fries 1984). The phenomenon of
secondary seed dispersal by wind after a transitory deposition is important, in particular for
the transport of birch seeds in largstogation areas (Matlack 1989; Bakker et al. 1996). For

B. lenta,the secondary seed dispersal distance across snow was three times longer than the
measured primary seed dispersal (Matlack 1989), but secondary seed dispersal distance
reached only 15 whenthe snow was melting (Greene and Johnson 1997). However, most
studies on aspects of birch seed distribution have been conducted within closed forest stands
(e.g., Skoglund and Verwijst 1989; Houle and Payette 1990; Graber and Leak 1992; Leder
1992; Houlel998; Wagner et al. 2004; Huth 2009). Only few studies focused on the seed
dispersal of birch in open areas or large gaps (Bjorkbom 1971; Hughes and Fahey 1988;

Greene and Johnson 1996; Karlsson 2001), although knowledge about the seed dispersal dis-
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tance fom surrounding forest stands and seed distribution limits is necessary key information
to develop recolonization and restoration management strategieZl{aeeet al. 2016;
Holmstrom et al. 2017)

As shown in different wind tunnel experiments, experirakergsults under controlled condi-
tions cannot easily be transferred to real field conditions (Augspurger and Franson 1987,
Johnson and West 1988, cited in Bakker et al. 1996; Kadereit and Leins 1988; van Dorp et al.
1996; Greene and Johnson 1997). Thik lafdransferability is caused by highly complex and
variable environmental factors related to field conditions (e.g., wind conditions, site surface
relief and ground vegetation cover or seed characteristics) (Fenner 1985; Okubo and Levin
1989; Skarpaas eil. 2006). Therefore, reliable information about the temporal and spatial
patterns of seed rain in open areas is needed to assess the natural regeneration pBtential of
pendulaseedlings. This applies particularly to the large windthrown forest areasntral
Europe, which were created by the storm events of the last decades (Gregow et al. 2017) and
will probably become more and more frequent with progressing climate change (Mdlter et al.
2016).

In this case study, we observed the seed disperddl péndulain 2015 and 2016 at two
windthrown forest sites in Thuringia, Germany. The aim of the study was to investigate the
amounts, densities and spatialtdimition of slver birch seeds in storifelled, treeless areas

at high altitudes (72375m a.s.l) originating from adjacent closed mountain forests. Initial-

ly, the tanporal and spatial patterns alfver birch seeds were empirically recorded, with sub-
sequent calculation of mean dispersal distances (MDD) by means of inverse modelling. We
assume that odels showed directionality (anisotropy) for birch seed dispersal. Furthermore,
the influence of seed crop, relief inclination and seed tree numbers around the studied storm
felled sites as well as the position of the seed trees (valley, slope or plaézauhcluded in

the analyseskinally, we used simulations to spatially optimize the positioning of the seed

trees in relation to the studied sites with regard to optimal seed distribution in the open areas.

3.3 Materials and methods

3.3.1 Study area

The study area is located at high elevations and along the ridges of the Thuringian Forest, a
mountain range in the federal state of Thur.i
is situated between 488B2m above sea level (a.s.l.), with a prevalisouthwesterly

exposition. The area is characterized by many slopes and an almost total absence of plateaus
(Burse et al. 1997; Waesch 2003; Gauer and Aldinger 2005). The mean annual precipitation
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ranges from 80@nm in the soutiwest to 1,200nm along tle ridges and falls to a level of
700mm in the nortkeast (Burse et al. 1997; Gauer and Aldinger 2005; Bushart and Suck
2008). The annual average temperature in the region varies bet@e€h(Burse et al. 1997,
Bushart and Suck 2008). The area is infleexd by an Atlantic, moderately cool and moist
central mountain climate (Burse et al. 1997; Gauer and Aldinger ZD0&)prevailing winds

are from the soutlvest, with a secondary wind maximum originating from the resst.

The average annualind speedn the study area is 345m s (Birger 2003). The averaged
meteorological data (based on Hadfurly values) for the seed trapping periods of the
presented study (2015 and 2016) are listed in TallleWhile noextreme events in wind

speed were obsexd, the wind direction showed a high variability during the study periods.

Table 3.1 Aggregated meteorological data (basedonhaffur | y val ues; <climate stati ol
37Nj 24n N and 10 AmoAtssepdaming p&ipds m 2015 ainde201f6 o the study dPésase
note that the data of July and Novemberass only studied days and not the entire month {idAta not availa-

ble due to measurement failur& - standard deviatign

2015 2016
n:irg-?ul Aug Sep Oct ulr;/tllNeoavr_ n:i:;)-?ul Aug  Sep  Oct umlll\&rly_

Wind spead (m/s)

Minimum 1.0 0 0 0 0.7 0 0.6 0 0 1.2

Maximum 72 83 99 46 4.4 47 52 64 65 3.5

Mean 36 29 18 20 2.4 1.8 22 21 23 2.5

SD 142 122 092 088  0.78 075 0.87 1.06 111  0.62
Wind direction (°)

Mean 228 159 204 180 237 184 218 178 176 273

Median 253 181 235 214 233 226 250 206 222 283

SD 86.7 985 122.2 100.8 247 1052 89.6 1022 106.2  53.3
Mean tempera- 111 182 98 6.0 9.9 17.7 149 144 51 3.8
ture (°C)
Precipitation 06 652 743 NA 0.4 706 69.6 748 1279 45
(mm/month)

The dominant soil types of the forest sites are-b@ase cambisols with low to medium nutri-

ent contents (Gauer and Aldinger 200B)e regional landscape features a largely contiguous
forest system with ~90 % forest cover, some small upland meadows in stream valleys and
occasional small raised bogs. The study area is dominated by-lsipgied, everaged Nor-

way spruce forestdP{ceaabies(L.) Karst.). Without anthropogenic influence, the potential
natural vegetation would be dominatedlwzuloFagetumandAsperuleFagetumbeech for-
ests(Frischbier et al. 2014)

We selected two study sites (B and B)né apart from each other, loeat on slopes at higher

elevations of the Thuringian Forest (F1%5m a.s.l.). Each site consisted of an open area
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surrounded by a forested search zone offi0Beechapter3.3.2 p. 63. The open areas were
windthrown by the st ©(finketaK 2009). Réptesentative foatimeu a r y
region, the stand conditions before the storm were dominated -ip@B&arold Norway

spruce. After the storm, the damaged areas were completely cleared, and no birch seed trees
were present in the open areBie size of the open areas waskaland 12.ha, respectively
(Table3.2), and no closed regeneration layer had yet established at any of the study sites. The
open areas were surrounded byl®%yearold Norway spruce forests admixed with a small

numberof adult isolatedBetula penduldroth, Salix capred.. andSorbus aucupari&. trees.

Table 3.2 Descriptive study site and birch seed tree data (Pladlameter at breast high, Sbstandard
deviation)

Open area at study sites B E
Relief-induced dispersal ouphill 6 6downhi |l
Elevation above sea level [m] 735- 765 715- 775
Topography mountain peak with slopes slopes
Size of open area [ha] 4.0 12.7
Number of seed traps [n] 54 41
Number of seed trees [n] within the 200 m

16 83
forested searchonearound the open area [n]
Minimum distance between seed tree and s

12 74
trap [m]
Average Dbh of seed trees = SD [cm] 31.1+47 20.7+44

Located along slopes, the choice of study sites allowed us to separately investigate uphill (site
B) and downhill (site E) seed dispersal. The seed tregiteaB were locateth the valleyat
approximately 714r30m a.s.l, and they were equipped withesktrapsrom the seed sources

all the wayto the uphillplateau a760m a.s.l.(Fig. 3.1). At site E, seed trees were mainly
found on a plateau (78805m a.s.l.) within astand consisting oBalix caprea, Sorbus
aucupariaandB. pendulaand seed trapsere placed close to the seed sources on the upper

slope (775m a.s.l.) and downhill along the slope to the valley (@17&.s.1.).
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o Seed traps

% Birch seed trees

O Open area

= Young spruce stand
mm Forested Search zone distance of 200 m

Height above sea level [m]
B 540 B 640 B 740 N 840

BN 560 W 660 W 760 W 860
BN 530 N 680 W 780 1 880
I 600 N 700 W 800 900
B c20 B 720 N 820

Fig. 3.1 Maps of the experimental study design at sites B (top) and E (bottom)

3.3.2 Experimental design

Within the 200m forested search zone at each study site, we mapp@dp@hdularees that

were expected to pot emdiameterlatybregstr hmll [doh]eseesRoe d s
padyuk et al. 1995; Roloff and Pietzarka 2010) using a blumax Bluet&®#GL3 Receiver.

For eachB. pendulatree, we recorded the dbh and observed flowering in both years. The
search zone distance of 200was chosen as a compromise between feasibility and prior
knowledge of suggested effective birch seed dispersal distanopen and forested sites
(Sarvas 1948; Karlsson 2001; Huth 2009). Sixteen and 83 seed trees VRltrddand 13

37 cm in dbh were identified at sites B and E, respectively (TaB)e

At the study sites, we placed 54 (site B) and 41 seed traps (site E). Due to the vast areal extent

of the open areasged traps were placed along two crossing line transects (site E) and four
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crossing line transects (site B), with intervals oi2®etwea the traps, rather than along a
regular grid (Fig3.1 - see also Bjorkbom 197Greene and Johnson 1998 he aientation

and length of the line transeat®re not uniform, due to the differences in #iee and shape

of the two open areas. The line tsantsextended over the entire open area of each study site
and into the surrounding Norway spruce forests. The minimum distances between the seed
trees and the nearest seed trap were 12 and(14ble3.2).

The funnelshaped seed traps had a diametdr.BfMm and surface area ofl®@6m?2. To ensure

the functioning of the seed traps despite strong winds, a perforated plastic cup weighted with
a stone was placed into each fursiehped net. The percolated plastic cups allowed rain wa-
ter to runoff. The nefunnels were fixed onto a barni above the ground. The traps were
emptied periodically every 3 to 4 weeks and the number of seeds per trap was counted. The
seed dispersal sampling periods each lasted 4 months frordulgido early November in

2015 and 206.

3.3.3 Data analysis

Mean seed densities per m2 were calculated for each seed trap across both study sites and
years. Differences between seed densities at the two sites and between the two sampling years
were analysed using the Mahvhitney U-test, beause the data were not normally distributed

(zar 2010). Significant differences were accepted @wvalue of <0.05. Furthermore, Quan-

tum GIS (QGIS 2.4.0 Chugiak) was used to create maps of both study sites based on original
forest maps and aerial orthophotographs. These maps were used to outline the boundaries of
the open areas at each study site, to determinsuitieunding 20@n forested search zone,

and to mark the positions of seed trees and seed trap8.(5ig.

3.3.4 Seed dispersal model

A phenomenological model (provided ass&ipt) developed by van Putten et al. (2012) was
used to investigate birch seddpersal, including the effect of wind direction, the probability
of seed deposition at certain distances from the seed source ane-edatdath prediction of

seeds per tree and per year. The applied model is capable of accounting for the direction of

sed dispersal, thus differentiating between
means that seed densities are equally dispe
tropicd dispersal account s f o seedadendity distribut i o n al

tions (Wagner et al. 2004; Walder et al. 2009). We fitted seed shadows using the isotropic

model and the anisotropiw-shift elliptic distorteddistance model with the free parametgrs
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y ando. The parametdp (coherency) determindke flattening of the elliptic contour lineg,

(rotation) describes the rotation of the elliptic contour lines around a seed tree along the com-
mon axis, ana (drift) moves the centre of elliptic contour lines into a positive direction along

the common ®s (van Putten et al. 2012). The most important algorithms were described by

van Putten et al. (2012). To model the distaticep e ndent seed di stri buti
the model in the Cartesian coordinate systeng)( we used the negative expotial distribu-

tion as a density function (d(y), Eq. 3.1):

(3.1)

The dispersal distance within the negative exponential function is described by the parameter
& The valuery) describes the distance between the position of the seed trees and seed traps
using the Cartesian coordinatesandy, where seed density is known. Other models, e.g.
lognormal, have been tested without improving the results. The fecundity of a sdéwvaree

calculated using the following equatidaq 3.2):

. QzZO® (32)

with Uas a fecundity parameter defining the allometric relationship between the dbh (mm)

and the seed production of a tree. Isotropic and anisotropic seed dispersal was modelled sepa-
rately for each study site (B and E) and year (2015 and 2016). The two sasdyeit split

into the categories O6uphil | the réli@&relateal sed disd o wn h i
persal.Inverse modelling was applied to fit the observed seed densities. The seed number
modelled for each seed trap was calculated by summinget rain at a specific location

relative to all seed trees. The mean dispersal distance (MDD) in the negative exponential ker-

nel equals: In the case of isotropic modelling, the parameter equals MDC&Epearmann’s
correlation coefficient including-value was used to test the relation between observed and
predicted seed densities. Additionall vy, Ak a
check the goodness-fit of the statistical models. General references to isotropic and-aniso

tropic inverse mdelling can be found in Okubo and Levin (1989), Ribbens et1804),

Clark et al. (1999), Skarpaas et al. (2004), Wagner et al. (2004), Soubeyrand et al. (2007),
Walder et al(2009) and van Putten et al. (2012).
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The parametric bootstrap approach, désctiby Faraway (2006) and Tekle et al. (2016), was
usedto compare isotropic and anisotropic inverse modelditd to make a decision on the
significance level (i.e. which modshowed a better fit to the empirical dat@e likelihood

ratio test (LRT) allows comparing models with different numbers of parameters by means of

differences in log likelihood between them. Bootstrap samples (data sets) were generated un-

der a O6nul | model 6 (isotmmptermodédhenushnogl €

tive model s6 (anisotropic model) were then
ratio statistic was computed. This procedure was repeated 99 times for each study site and
year. The differences in log likelihdobetween the isotropic and anisotropic models were
used to derive an empirical distribution of LRT, where the-hytlothesis was true. The

value was estimated by comparing the empirical distribution of LRT to the observed values of
LRT output (Farawag006; Tekle et al. 2016). All computations were performed using the R

software version 3.3.2 (package: boot; R Core Team 2014).

3.3.5 Simulations for practical management decisions

To apply our findings of seed dispersal in a practical context and t@msugfvicultural
management decisions in the context of reforesting disturbed sitesltevnative scenarios

of seediree distribution were designed for study sites B and E, based on tkspao#fec seed
dispersal model results wittiDDs of 100 and 350n, respectively. A regular distribution of

seed trees on a 100 grid surrounding the open areas (i.e. 30 trees) was compared with an
aggregated seed tree distribution of the same tree numbers. The simulation was done for two
conceptual forested sites wia size of 4ha (700m x 600m) in which the two differently

sized and shaped open areas from study sites B and E were integrated. All birch seed trees
were assumed to have a dbh ofc2® and to produce 1.5 million seeds as fitted by inverse

modelling in2016.

3.4 Results
3.4.1 Seed production

The densities of the deposited seeds in both open areas and surrounding forests were signifi-
cantly higher in 2016 than in 2015 (Maklivhitney U-test:p < 0.001). Average seed densities
ranged between 93 and @32 in 2015 and 445 and 86m?2 in 2016 at sites B and E, re-
spectively (Fig.3.2). Overall, the recorded birch seed densities in traps were at least four
times higher in 2016 than in 2015, with aximum of 9,557 (site B) and 31Im™ (site E).
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In both yeas, birch seed numbers tended to be higher at site B, but this difference was not
significant (ManrWhitney U-test:p > 0.05).

B E
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Seed collecting period [year]

Fig. 3.2 Betula pendulaseed densities [n # collected in 2015 and 2016 at study sites B and E. Lower and up-
per casdetters indicate significant differences betwestndy sites in 2015 and 2016, respectively. Stars mark
significant differences between years at each study MigargWhitney U-test:p < 0.05. White circles show
outliers and black circles inside the bexae mean values

The allometric relationshipsetween tree dbh and seed producfamisotropic models were
very tight. The f e&g.8.23) fibithe years 2045¢222) of 2016¢3.6) 6 U6
were relatively similarjndicating a slightly lower fecundity of seed trees in 2015. The ex-
pected seed production rate of the isotropic inverse model for a birch seed tree with a mean
dbh of 20cm was approximately 300,08%6,000 (2015) and 1,430,000630,000 seeds per

tree (2@6) (Table3.3). Birch seed trees with 148 cm in dbh produced 0.1%4.5 million and
0.626.5 million seeds per tree in 2015 and 2016, respectively3Bp.
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Fig. 3.3 Isotropic nverse model predictions of seed production per seed tree depending ¢diatheter at
breast height) in 2015 and 2016
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3.4.2 Seed dispersal and spatial patterns

The source treeelated pattern of cumulated trapped seed numbers followed a negative expo-
nential function (Fig3.4). The highest seed densities at the study sites were found close to the
seed sources, e.g., at the northern edge of the open area at site B or close to &stand of
caprea, Sorbus aucupariand B. pendulawithin a spruce forest neighbours adjacenth®

open area at site E (see F8jl). Seed densities decreased rapidly with increasing distance
from the seed source. At a distance of f0@rom the seed sources, mean seed densities of
only 24 and 41 m2 were observed at site B (uphill dispersalyl & (downhill dispersal) in
2015, respectively, compared to 114 and 48i2 in 2016. During the same period, seed
densities of only 125n m2 were recorded downhill at a distance of 80rom the seed
sources at site E. In both years, the number efisérapped at the same distance from the
seed source was slightly higher at site E compared to site B3@#)g.
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Fig. 3.4 Complete set of measur8&#tula pendulaeed densities [n #hat study sites B and E in 2015 and 2016
related to the distandeom the seed source [m]. Note the different scales of idvecy
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The probability distribution of the seed dispersal distance of a single tree in the anisotropic
models was quite similar to that of the isotropic models, although the predicted seedsshadow
clearly showed directional variatiomgble3.3 andFig.35).Val ues of b, 2, Y,
terize the spatial distribution of the anisotropic seed shadows, are listed in3Tabkdt-

hough the anisotropic models featured higher AIC values (with the exception of study site B
in 2016), the bootstrap results indicated that the anisotropic model wapavaereterized

and that the isotropic model was an appropriate approach faealbsd years (bootstrap>

0.22). According to the isotropic model, the estimated uphill and downhill mean dispersal
distances at site B and E were @7(2015) and 86 m (2016) and 367Y(2015) and 380 m

(2016), respectively (Tabl®3 andsee left of kg. 3.5).

Table 3.3 Inverse modelling results of isotropic and anisotropic dispersal (exponential functiBejuté pen-
duaseeds for 20fl&c amdd it2spt,lasea(é¢lle r e-m oy at y o +driftarhog Spear- o
manédés corr el atpivan useed fidduction af a dingle sped tree with a dbh ah20

Site Year Model V] & b % ) AlC loglike rho p a

B L Isotropic 2.02 96.73 - - - 509.92 -252.96 0.522 0.0001 301,16¢
& Anisotropic | 2.15 430.60 0.065 -0.791 2.334 511.07 -250.54 0.602 0.0000 343,74¢
© lIsotropic 3.64 8580 - - - 675.87 -335.93 0.636 0.0000 1,526,30!
& Anisotropic | 3.71 136.37 0.791 0.490 1.029 667.18 -328.59 0.804 0.0000 1,641,35:

E L2 Isotropic 221 367.08 - - - 329.37 -162.68 0.463 0.0023 366,02¢
& Anisotropic | 1.30 234.89 0.005 0.888 185.673 337.16 -163.58 0.473 0.0018 146,69¢
€ Isotropic 3.57 379.77 - - - 413.72 -204.86 0.716 0.0000 1,427,13!
& Anisotropic | 2.14 124.03 0.839 0.600 2.143 420.50 -205.25 0.812 0.0000 339,41(
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3.5 Discussion

3.5.1 Seed production

Rough knowledge about the number of seeds per seed tree and the quality of the seed crop in
a particular gar is important to forecast the probability of natural regeneration in disturbed
areas. The amount of seeds produced by an individual tree is influenced by e.g. tree stem and
crown dimension, vitality and age (Sarvas 1948, 1952; Moles et al. 2004) aasnmeyl
weatherdependent pollination and flowering success (Sarvas 1952).

The fecundity parameter U of the indisatesa opi ¢
strong correlation between tree dbh and seed production, as previously assumed and
confirmedfor birch by Sato and Hiura (1998), Wagner et al. (2004) and Huth (2009). There is
solid evidence for strict allometric relationships between growth parameters, sdtin,as
crown radius or basal area of a traed the individual seed crop of a treeriez 1975;
Greene et al. 2004; Huth 2009; Pante Canova 20)8Therefore, the seed crop of birch trees

of variable size can be easily estimated based on theiriidbie seed production is not
hampered by low viability or unfavourable weather conditicgee (Grisez 1975). Birches

with limited growing space, small crown projected areas and crown volumes have lower seed
crops than large solitary individuals (Sarvas 1948gvertheless, Huth (2009) noted a
restriction of these relationships. With the on sgttsenescence of a tree, its seed crop
progressively decreases while its diameter and crown dimension generally continue to
increase. The strength of the relationship therefore decreases with increasing tree age.

The predicted seed production of a singikeh seed tree in 2016 was four times higher than

in 2015.According tothe findings of Sarvas (1948), 2016 can be described as good seed year.
Birch is known for a large interannual variability in seed production (Sarvas 1948; Houle and
Payette 1990; Kluhan 1993; Huth 2009), which is mainly a response to the climatic
conditionsof the previous yeafKullman 1993; Holmstrom et al. 2017). On average, good
seed years (i.e. smalled mast years) occur every three years (Sarvas 1948), during which the
percenage of seed germination is significantly higher than in intervening-ifrast) years
(Sarvas 1952; Bjorkbom 1971; Houle and Payette 1990). For a sitvglebirch, Denisow

(2007, cited in Huth 2009) reported a seed production of 4G0@DO seeds in intervening
years and 3-4.9 million seeds in a mast year. Compared to our study, significantly higher
seed crops of individual trees with up to -Z@RO0 million seeds (dbh of 280cm) were
reported by e.g., Arnborg (1948, cited in Perala and Alm 1990), Popadyuk et al. (1995),
Wagner et al. (2004) and Huth (2009). In the present study, the slightly lower seed production

of 0.66.5 million seeds per singleeed tree (dbh of 382cm) in a mast year might have
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resulted from smaller birch tree crowns due to strong spruce competition and a lack of release

thinning in the past.

3.5.2 Directionality

Due to nomrandom anemochorous seed dispersal, previous studiitesm showed
directionality for birch seed dispersal (Wagner et al. 2004; Wright et al. 2008; Huth 2009).
However, this was not clearly confirmed by results of the present study. An explanation for
the surprising isotropy of seed dispersal in this studghmbe the relatively long seed
collection periods (four month). The variability of wind directions and wind speeds occurring
during a period of four months boosted and modified by turbulence and varying wind
speeds in the open areas due to vegetatwarcand structure (see Moon et al. 200 3hay
explain the lack of observed anisotropy. While the-halirly meteorological data (TabBel)
showed no extreme wind events during the two study periods, with a maximum wind speed of
9.9m s, the monthly nean wind direction featured high standard deviations of +25 to +122°,
On some days during the study periods, the variability of the wind direction was as high as
+206°. The observedotropic distributions are thus plausible, because no prevailing wind
direction was identified for both study periods dmith seeds were dispersed in a variety of
directions The assumption that the anisotropic models reveal a better fit to the empirieal four
month data was therefore rejectddoule and Payette (1990) foundigotropic spatial
patterns of the seed shadowsBofalleghaniensisfter subdividing the seed rain period into
shorter study periods. Had we chosen shorter periods for emptying the seed traps in this study
(e.g. 14 day periods), we might have also bd#e t detect anisotropy by inverse modelling
(Wagner et al. 2004).

However, shorterm analyses of 14 day periods would not be useful for deriving silvicultural
recommendations, because in this context the entire period of seed rair4 neorghs in
sunmer and autumn, has to be considered. For silvicultural practice it is important to know
that equally distributed seed racan be expected around seed trees if strong wind regimes

with variable wind directions prevail at a specific site.

3.5.3 Spatial patterns and seed dispersal distances

As expected, the highest seed densities where observed close to the seed trees. At study site B,
where birch seed trees were positioned at the edge of the open area, higher densities were
observed up to distances of-BOm. Similar results were reported by Sarvas (1948), Fries
(1984), Skoglund and Verwijst (1989) and Cameron (1996). In our study, the trapped seed
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numbers at site B decreased rapidly at distances exceedmg(&€e Fig.3.4). The seed
distribution thus sowed a negative exponential seed dispersal kernel, as Bjorkbom (1971),
Hughes and Fahey (1988), Greene and Johnson (1996) and Karlsson (2001) previously
reported forB. alleghaniensisB. pendula B. pubescencandB. papyrifera In theory, one

may expecta lognormal distribution of the distances that the tiny and lightweight wind
dispersed seeds travel (Stoyan and Wagner 2001; Huth 2009), but the majority of records in
this study showed no peaks at certain distances from sesd(aeén Greene and Jaum

1996 Stoyan and Wagner 2001; Huth 2009). A feasible explanation for this observation was
given by Marquise (1969), who reported that primarily the heaviest and viable birch seeds
were deposited close to the seed trees.

In the present study, sedspersal distances within the sites were similar for both years
regardless of extent of seed production. Large differences of dispersal distances only occurred
between the study sites. The modelled mean isotropic dispersal distancegsJfMDbirch

seed distributed from the forest edge into the open area at site B were 86 amdaS7
detected by Wagner et al. (2004) and Huth (2009) for birch in level closed forest stands. In
contrast, the MDIg of 367 and 38@n modelled for seed disperdabm within the adjacen
spruce forest stands into the larger open area E indicated dispersal distances thairwere
timeslarger Hughes and Fahey (198&)aniels (2001) and Karlsson (2001) recorded lower
dispersal distances of A25m for B. alleghaniensisB. perula andB. pubescens open

areas than observed in the present study.

Our very contradictory results of MDD are only comparable with studies from McEuen and
Curran (2004), whdound seed dispersal distances Bf papyrifera of 700m between
landscape frgments. The long distances were explained by an enormous seed tree presence
(see also Zhao et al. 2016) and their extremely high seed production numbers. Similarly, we
also had a huge seed source presence in the form of a mixed-valk@mbirch stand at
distance of 74n from the open area at site E. This potential explanation is further be
confirmed by Greene and Johnson (1928)ao et al. (2016) and Holmstrom et al. (2017)
who mentioned that seeds are dispersed over larger distances if the sizecahdpg
openings increases, if seed source densities are located close to forest edgesdtride
density is high. Therefore, to increase the probability of getting birch seeds ontefedtedn

sites, an increasing number of seed sources would lmedeeith longer distances to the
respective sites. Nevertheless, the few birch seed trees around the open area at site B were
standing at the forest edge, making it actually more likely that seeds would disperse over

larger distances than in closed forgstelmstrom et al. 2017).
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Thus, another effect should be considered: the religfpugh this effect has not often been
mentioned in previous studiel this study, it seems that the dispersal distances of birch
seeds decreased uphgité B) or increasd downhill(site E)depending on the inclination and

seed tree position (valley, slope or plateau) relative to the Stdled site. Hill and Stevens

(1981), who studied soil seed banks, found an3éhorter distance for uphill deposition of

birch seedshan for downhill depositiorBased on the estimated MRRE) we may therefore
assume a strong effect of inclination on the dispersal distance of birch seeds. However, the
two study sites were not selected rigorously enough to test for inclination efents. of the

other aforementioned factors, e.g. differently sized open areas, seed tree densities and
distances between seed sources and forest edges, may also have influenced the dispersal
distances.

The distance of long dispersal is particularly deterchibg secondary dispersal (Matlack

1989; Greene and Johnsons 1997), but this factor can be neglected in the present study due to
similar ground vegetation cover and thus likely similar secondary dispersal in both open
areas.Based on our data, we have naibe to check for secondary seed dispersal in any

way.

3.6 Seed dispersal scenarios for silvicultural management decisions

3.6.1 Seed dispersal scenarios

The abundance and the spatial pattern of potential seed trees near a particular disturbed site
are important determinants upon which forest managers could base silvicultural decisions
about a riskadapted reforestation concept and a preventativeadaked seed tree manage-

ment.

Based on these results, scenarios of regular and aggregated seed tree distributions around the
studied open areas were created to show that the distribution, the distance between seed trees
and the disturbed sites, and the indima have varying effects on the deposited seed
densities.For analysing the scenarios, we could only consider the open bezasise the

open area at site B represents a hilltop with only uphill seed dispersal (not the forested areas),
and the sloped opearea at site E forms a relief funnel which only represents downhill seed
dispersal.

For an even, systematic seed tree distribution, the comparison of seed shadows between both
sites showed higher deposited seed densities in the vicinityesf at sitd (Fig. 3.6a and c),

because the same number of produced seeds are distributed uphill over smaller distances than

downhill (see Fig.3.5). However, in an undisturbed forest with a systematic seed tree
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distribution, there would be no parts without seed e the seed shadows of single seed trees
would overlap at both sites. If disturbances interrupted the systematic seed tréeliggeds
observed at the studied stofelled areas and no seed trees were left in the disturbed area,
approximately 2€25n m?2 birch seeds would still reach the hilltop (site B) and the valley (site

E), independent of the inclination. It seems like there are no differences between sites, but the
different sizes of the open areas must be considered when interpreting theoscéhtre

open area at site B were to exceed the size of the open area at site E, the seed densities
deposited in the open area would be considerably lower, which illustrates the aggregated
distribution of the same numbers of seed trees &p and d).At distances of 250m

between the seed trees and the forest edges, the seeds dispersed uphill with the shorter MDD
are not able to reach the entire open area at site B, only the southern part. In contrast, the seed
shadow of the seeds dispersed dowrfindm the aggregated seed trees at site E does not
really differ from the spatial pattern of systematically distributed seed trees. At least20

seeds are reaching almost all parts of the stefied area at site E with the exception of one

small spaoin the north.
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The seed dispersal scenarios showed that in case of an even, systematic seed tree distribution,
inclination differences are not clearly affecting the seed shadow, anchKimaiis of birch

dispersal distances (MDD) can generally be compensated, especially for uphill seed dispersal.
However, if seed trees are aggregated and unevenly distributed, the effect of the inclination is
clearly visible in the resulting seed shadowtHe latter case, the inclination has an important
influence on regeneration success of stéetied sites in addition to the distance between the

seed sources and the open area as well as the number of seed trees or tree groups.

3.6.2 Conclusions for si lvicultural management decisions

The findings of our case study indicated a strong influence of (i) site inclination and (ii) seed
tree position (valley, slope or plateau) and distance to a Stdied site on the seed dispersal

of B. pendula The birch seed shadow is also influenced by (iii) the number of seed sources.
In the context of the natural regeneration of disturbed sité3. [pendula it must be noted

that seed dispersal is restricted compared e.g., to anemochorously di§adrsssp. (Gage

and Cooper 2005; Tiebel et al. 2019).

Willis et al. (2016) hence highlighted the importance of local seed source availability for
successful birch regeneration. Sarvas (1948) mentioned that at least 100 im200viable

seeds are necesgdor successful regeneration and recommends a density of 4 ha’8of

B. pendulaseed trees, while Safford and Jacobs (1983) advocate a seed tree number of 7 to
12n ha? for B. papyrifera Although the relation between the seed numbers depositéteon
ground and the actual number of established seedlings was not subject of the present study, it
can be concluded from our results and model fits in combination with previously published
studies that certain seed densities are not sufficient for sugcesgéneration. Regeneration
success depends on many unpredictable conditions, which were not investigated in this study,
and themortality rate of birch seedlings can reach up t&®8 germination conditions are
unfavourable(Kinnaird 1974). For succsful regeneration, birch seeds need microsites like
bare ground with optimal moisture and light conditions (see Marquis 1966; Kinnaird 1974;
Skoglund and Ver wij st 1989, Karl sson 2001;
Willis et al. 2016).

However, lased on Sarva's (1948) minimum recommendation of 100 se&dge can give
recommendations on the required seed tree numbers in fddestged from the uphill and
downhill mean dispersal distances and the deposited seed numbers at study sites B.and E (c
Fig. 3.4 and3.6), 4 and 161 ha' seed trees are needed under unfavourable conditions, e.g.

nonmast years, respectively. This corresponds to seed tree grid intervals of 60 rand 30
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respectively. For small groups of trees, the distance can be slayigdy, as illustrated in Fig.

3.6. Higher source numbers are needed for ensuring the natural regeneration of disturbed sites
if the present seed trees produce insufficient seed crops as a result of lacking tending
measuresThus, the aforementioned setde numbers should be considered as minimum
numbers.

For the practical management of regenerating disturbed sites, it can be concluded that seed
dispersalis very sensitive to the distribution, the number and loss of seed trees in nearby
forests as wellsathe size and inclination of disturbed areas. With respect to uphill dispersal,
we assume that areas with insufficient numbers of deposited seeds will probably always occur
in disturbed sites, unless the area is completely surrounded by seed trees.dindtstsirbed

sites of more than Ha, it is thus impossible to ensure a full cover of natural birch
regeneration due to the limited seed dispersal distances. The natural regeneration of such large
areas therefore should be supported by additional réfbicas measures. In addition, seed
trees surviving after a disturbance event must not be removed from the disturbed sites and
seed trees in the vicinity of the sites should be promoted and vitalized wherever possible.
Advance regeneration, which establdhenderneath the canopy prior to the disturbance
event, can also provide valuable benefits for regenerating disturbed sites. For the regeneration
of small disturbed areas, which usually occur more frequently (Brang et al. 201iSk

adapted forestmanagne nt shoul d i nclude the O0spatial o]
conifer forests, due to the limited dispersal distance of birch seeds in general. A few groups of
aggregated seed trees within a forest stand or some seed trees along the st éolgst

roads in otherwise pure conifer forests are not sufficient for regenerating disturbed areas, but
can be a good initial for the integration of birch trees in conifer forests. Along forest roads,
paths or trailshirch trees have the possibilibf unrestricted crown growth on one side and

thus more proliferous seed productiodowever, a network ofmore or lessregularly
distributed individual birches is needed within conifer forests, preferably even of small groups
of seed trees, because sildiaral measures are easier to implement (see Cameron 1996;
Hynynen et al. 2010) and the chances of successfully regenerating more distant sites is higher.
For birchesCameron (1996) mentioned required thinning intervals dfygars for ensuring a

good ecown growth. Conservation, vitalization and propagation are important factors for
annual birch seed crop quality and quantity, which makes more sense for tree groups than for
single trees due to costs and the regulation of interspecific competition.
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4.1 Abstract

The role and mechanisms of endozoochorous seed dispersal in the natural regeneration of
disturbed forest areas are still poorly understood. In central European forests endozoochorous
seed dispersal is carried out by birds and mammals. Bads the largest impact in terms of

the dispersal distance. Combined knowledge of the behaviour of frugivorous bird species and
of plant characteristics is necessary to prediceffectivenes®f seed dispersalVe studied

the spatial patterns of bird appingsunder different structural elements such as stumps, up-
turned root plates and young tress on five windthrown forest si&31§d) at higher eleva-

tions and near the ridges (#260m a.s.l.) in the spruedominated Thuringian Forest in
Germany. Thaverage density of bird droppings differed significantly between dropping traps
on unobstructed open areas (04h2) and on dropping traps under structural elements on
open areas (2m?). The highest bird dropping densities occurred uriderering cad
branches (20 m?2), upturned root plates (4r6m?2) and high stumps (3rf9m2). Dropping
densities of 2 nm?2 were recorded under young spruce trees on disturbed sites and under
neighbouring old spruce forests. Dropping traps under artificialeziesrsuch as fences, un-

der low sawn stumps and under young birch and rowan trees captured almost no droppings.
The results showed that birds mostly defecated from structural elements greatenthian 1
height. This essentially means that birds most aksted on dead parts of trees with a perch
height of at least in and with horizontal structures. The spatial distribution patterns of bird

dispersed seeds on open areas depend, therefore, on the presence of such structural elements.

Keywords

Bird droppings, Dropping traps, Structural elements, Fruiting trees, Succession

4.2 Introduction

Monospecific, everaged and large scale Norway spruce forests at moderately high elevations
in central Europe are prone to severe disturbances brought ab@axafople, by snow, storm

and bark beetled ¢f et al. 2010Profft 2013). As a consequence, artificial reforestation is a
seemingly unavoidable, and costly, implication of this kind of forest management. Often,
however, forest companies lack the financiatl @auman resources required to ensure the
timely clearance from sites of damaged timber and the reforestation of the disturbed areas. A

cheaper alternative is natural succession by pioneer tree species.
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Pioneer forests in central Europe consist of treeispdike Betulassp.,Salix ssp.,Populus

ssp. andsorbus aucupari&., which can colonise damaged areas rapidly after disturbance due

to their regular fructification and capacity for large seed dispersal distances. Pioneer trees are
able to mitigate theegative consequences associated with these open areas quickly, provided
there are sources of pioneer seed trees in the vicinity of disturbed areas. Over time, pioneer
tree species may also compensate the negative ecological effects caused by homogenous
Norway spruce and Scots pine forests and act as lasting stabilising structural elements. These
species generally also enhance forest biodiversity. Therefore, pioneer tree species have a high
ecological relevance within the aforementioned ecosystems (sed 3%y Perala & Alm

1990, Leder 1992, Schmidt 1998, 1999, Hacker 1999, Raspé et al. 2000, Kuzovkina &
Quigley 2005, Argus 2006, Hynynen et al. 2010, Zerbe 2009).

Pioneer tree species differ in relation to their seed distribution mechanisms. Seeds can be dis-
persed by wind (6édanemochorousd), water (6hy
McVean 1956, Perala & Alm 1990, Worrell 1995, Raspé et al. 2000). The seed dispersal of
anemochorous pioneer tree species has been investigated in numerous studiesefsee
1992, Karlsson 2001, Wagner et al. 2004, Huth 2009). The mechanisms of zoo¢hanous
especially of endozoochoroiidispersal and its ecological and economic contribution to the
regeneration of disturbed forest areas are still poorly understdbot¢®onnell & Stiles

1983, McDonnell 1986, Hoppes 1987, Jordano & Schupp 2000, Stiebel 2003, Albrecht et al.
2012).

Endozoochorous seed dispersal, or dispersal after the passage of seed through the animal di-
gestive tract, is carried out mainly by birdsg(e blackbird, starling and thrush) and small
mammals (e.g., dormouse, bank vole, brown vole and squirrel) (Erlbeck 1998, Schmidt 1998,
Paulsen & Hogstedt 2002). After consumption of the dmding fruit, the undamaged seeds

are deposited elsewhere thetanimals (Bakker et al. 1996, Paulsen & Hogstedt 2002). As
small mammals often have a small dispersal range, the distribution capability is limited (Bak-
ker et al. 1996, Kollmann 2000). Birds provide for the largest seed dispersal distance in endo-
zoochory for example, of rowan see8drbus aucuparid..).

An important aspect in the dispersal behaviour of birds is that the perches or habitats where
defecation takes place are not chosen randomly (Obeso et al. 2011). Birds generally prefer to
rest within proéctive forest edges or in more or less closed forest (Gregor & Seidling 1997,
Jordano & Schupp 2000, Stiebel 2003, tywiec
species differ in their habitat requirements (Stiebel 2003, Albrecht et al. 2012). Open are

without structural elements such as young trees, root plates, standing deadwood and stumps
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are largely avoided by birds, as these bare sites offer no perches and resting places or protec-

tion against predators (McDonnell & Stiles 1983, Stimm & Boswal€41%tiebel 2003,

t ywi ec & L eldowev€E lozad feuB availability in open areas attracts many bird

species (McDonnell & Stiles 1983, Albrecht et al. 2012). dis&ibution of the seed of endo-

zoochorously dispersed tree species by frugivorouss bindy, therefore, be hampered by

structural limitations on disturbed forest sites.

To predict endozoochorous seed dispersal on open areas, knowledgpasttoeaging be-

haviour of bird species and of the characteristics of the opensaneaessaryBy using rec-

ords of deposited droppings one can obtain knowledythe behaviour of fruitonsuming

bird species (McDonnell & Stiles 1983, Garcia et al. 2007, Guitian & Munilla 201@015

we studied the spatial patterns of bird droppingsmomdthrown forest sites in Thuringia,

Germany. We adopted a case study approach as this represents a good means of studying

complex phenomena in ecology and so enhancing understanding of and underpinning existing

general ecological theory (Baxter & Jack 200B)e aimof the case study presented herein

was to answer the following three questions:

i) Are there more bird droppings in dropping traps under structural elements on windthrown
sites than in dropping traps on open areas without these elements?

i) Are certainstructural elements preferred by frugivorous birds on open areas?

iii) Is the height of a structural element an important factor that can serve to determine the

relevance of an element as a dropping site?

4.3 Materials and methods

4.3.1 Study area

The chosen study area is located at high elevations and along the ridges of the Thuringian
Forest region, which is a mountain range in
10A4506E) . |t i s$-982m &abova tea tbvell{astl. wwith sepailing South
westerly exposition. The region is characterised by many slopes and a near absence of
plateaus (Burse et al. 1997, Waesch 2003, Gauer & Aldinger 2005). The mean annual
precipitation ranges from 8dnm in the southwest to 1,20@m along theidges and falls to
700mm in the northeast (Burse et al. 1997, Gauer & Aldinger 2005, Bushart & Suck 2008).
The annual average temperature in the region varies betwéeél 4Burse et al. 1997,
Bushart & Suck 2008). The area is influenced by an Atlantiogerately cool and moist
central mountain climate (Burse et al. 1997, Gauer & Aldinger 2005). The dominant soil types

of the forest sites are cambisols with low levels of base saturation and low to medium nutrient
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contents (Gauer & Aldinger 2005)he Iandscape features a largely contiguous forest system

of approximately 100,000a, with ~90% forest cover, some small upland meadows in stream
valleys and occasional small raised bogs. The study area is dominated bylasiegid,
evenaged Norway sprucefests Picea abieqL.) Karst.), whereas the predominant potential
natural vegetation types would be dominated LlizuloFagetumand AsperuleFagetum

beech forests (Frischbier et al. 2014).

We selected five study sites ) located on slopes and mountéaps (plateaus) at higher
elevations and near the ridgef the Thuringian Forest (72®0m a.s.l.). Each site consisted

of an open area surrounded by Norway spruce forest stands. All open areas originated with
the storm O6Kyrill & al2009). Befareatheystor2ifeOsites efei n k e
dominated by 6800 yearold Norway spruce stands. After the storm, the damaged areas
were completely cleared, and no rowan seed trees were present in the open areas. The size of
the open areas on these studgssranged from 4-02.7ha (Table4.1), and only limited tree
regeneration had occurred. The surrounding forest stands were also dominated by 59
122yearold Norway spruce forests, admixed with a small number of isolated Betllé

pendula Roth), willow (Salix capreal.) and rowan $orbus aucuparial.) trees of a

comparable age.

Table 4.1 Characteristics of the study sites and the experimental design

Study sites A B C D E

Elevation above sea 845 900 735 765 8401 880 865 895 715775

level [m]

Toooaraph mountain peak mountain peak flat area mountain peak slopes
pography with one slope  with slopes with slopes P

Size of open area [ha] 5.98 4.03 7.46 5.59 12.70

Experimental design of 2 crossing line 4 crossing line 2 crossing line 4 crossing line 2 crossing line

dropping trap positions transects transects transects transects transects

Number of dropping
traps in neighbouring 5 13 6 7 7
spruce forests [n]

Number of dropping

traps located near struc: 23 43 32 51 34
tural elements [n]

Number ofdropping

traps without connectior 23 43 32 48 33

to structural elements [n
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4.3.2 Experimental design

Dropping traps were used to catch bird droppings on the windthrown sites. The traps were
placed in 2015, along either two or four crossing tra@sectwith intervals of 20m between

the traps, covering the open areas on each study site. The number, orientation and length of
the line transects were individually adapted togkpanse and shape of each study site. The

line transects werextendedver the entire open area of each study site and into the surround-

ing spruce forestd~(g. 4.1).

0 50 100
[ m TN R

| Dropping trap without
o - ¢ structural element

o Dropping traps on open area
% Dropping traps in forest
Open area C

Fig. 4.1 Example of the experimental study design on study site C with two crossing lisedtsn

The dropping traps consisted of textile piecesering a surface area of 0.28 and affixed

to the soil surface with hooks. Rainwater could percolate through the textile while bird drop-
pings remained on the textile surface. For each marked point along the line transects (see Fig
4.1), one trap waplaced on the ground in a location without a structural element within

of the marked point (category: Owithout str
directly next to a structural element loghteithin a maximum radius of 1@ from the

mak ed point (category: 6 w4.1). Mhe otal oful €¢ttraps with- e | e m
out structural elements on open sites was lower than the 183 traps on open sites with structur-

al elements. The reason for this was the high number of structuratrekempresent on the

study sites. The 38 additional dropping traps located in the neighbouring spruce forests (cate-
gory: oOforestdo) were placed close to the bas
The four main categories of structural element with the patentserve as resting places for

birds on open areas were as follows: (i) deadwood (Eegds sylvaticasaplings, towering

dead branches, upturned root plates, low and high stumps), (ii) established young trees of the
species Norway spruce, silver biralowan and European beech, (aijtificially introduced

elements (game fencing and individual tree protectars}, (iv) old spruces on forest edges

(Fig. 4.2). The heights of the selected structural elements ranged between @rgb 25m.
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This varietyof available structural elements allowed for study of the endozoochorous disper-
sal of seed by frugivorous birds on the five stdefted study sites. The variation in the types,
heights and numbers of the chosen structural elements is presefigdii and Tablet.2.

All dropping traps were mapped using a blumax Bluetooth - receiver. The traps
were checked and cleaned every 3 or 4 weeks from July to November 2015, and only drop-

pings of frugivorous birds were counted.

i) Deadwoods iv) Adult trees

Dead beech Towering dead branch Upturned root plate
(2.0-8.0 m) (1.4-22m) (1.2-2.5m) (1.0-20 m) (0.35-1.0 m)
n=2 n=9 n=14 n=31 n=7

ii) Young trees iii) Artifical elements

Spruce Birch Rowan Beech Tree protection Fence

(0.7-12m) (1.2-2.8 m) (1.3-2.6 m) (1.5-2.0 m) (1.5-2.0 m) (2.0 m)
n=92 n=4 n=9 n=2 n=2 n=1

Fig. 4.2 The categories of structural element considered in the study differentiated by type, height (in brackets)
and number (h

4.3.3 Data analysis

The mean bird dropping density per m2 was calculated for each dropping trap. Differences
between the birdropping densities between the study sites and the structural elements were
analysed using the Krusk#allis H-test as the data were not normally distributed. Where
significant differences were ascertaingd<( 0.05), the Man#Whitney Utest was applied

with a Bonferroni correction as an adjustment method to obtain additional information about
the groups of differences. The Spearman and Pearson correlation coeffiamias used to

test association between amszesor trap numbers with recorded budopping densities (Zar
2010). The statistical analyses were conducted using the R software version 3.3.2 (R Core
Team 2014).
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4.4 Results

The dropping traps situatedthint he cat egories Owithout struct
el ement 6 rapnedentédf4% (1e9draps), 466 (183 traps) and % (38 traps) of all

400 traps installed, respectively.

The numbers of each the various types of structural element occurring within plots of the cat-
egory O6with struct ur alyfoethed88eanoppifg trepi ldcedtians st-d g u i
uated on open areg$able4.2). The most frequently used structural element on open sites

was young spruce trees, accounting fof®0f all 183 samples. The frequencies of the drop-

ping traps connected to youngdseof other species as the corresponding structural elements

were 5% rowan, 26 birch and 24 beechDropping traps next told spruce trees on forest

edges accounted for% of the 183 dropping trap locations situated in open areas under struc-

tural elemats. The deadwood elements category accounted fét 8f all 183 traps with

structural elements in open areas, including/dfigh stumps, 86 upturned root plates, %@

towering dead branches% low stumps and % dead beech.

Table 4.2 Characterisation of recorded structural element heights and nearby bird droppingsojm afi study
sites AE (N4 - number of recorded droppingssiNnumber of studied structural elements, maxaximum, min
- minimum, sd- standard deviation)

Structural element cate- Element height Bird droppings

gory Nt Frequency m] Nd [n m?
x [%0] min  mean max| X min mean max *sd
With structural element 183 100
Deadwood
Dead beech 2 1.1 20 50 80|24 4 120 20 +£11.3
Towering dead 9 4.9 14 17 22180 0 200 84 +308
branch
Root plate 14 7.7 12 17 25|64 O 4.6 48 +12.6
High stump 31 16.9 11 35 20.0[120 O 3.9 56 +10.6
Low stump 7 3.8 04 07 10| 4 0 0.6 4 +29
Young trees
Spruce 92 50.3 07 28 12 | 9% O 1.1 16 +£29
Birch 4 2.2 12 20 28| 0 0 0 0 -
Rowan 9 4.9 1.3 18 25| 0 0 0 0 -
Beech 2 11 15 18 20|12 O 6.0 12 85
Artificial elements 3 1.6 18 19 20| O 0 0 0 -
Old spruce trees 10 5.5 >20 >20 >20[17 0 17 12 +36
(forest edge)
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Fig. 4.3 Aggregate bird droppings [n?] for each dropping trap position, including all study sites

A total of 166bird droppings were recorded on the 400 traps, corresponding to an average
density of 0.42roppings pem2 However, whereas bird droppings werdlected from 2346

of the 183dropping traps situated under structural elements on open sites, @niyf 8he
179t r aps O6without structur al el ementsd produ
were found under deadwood elements, but the frequeindsoppings varied greatly between

elements within the deadwood categofyg( 4.3). The highest mean bird dropping density

was collected undegowering dead branchesgith 20n m?2, followed byupturned root plates

(4.6nm?), high stumps (3.8 m?) andfinally low stumps (0.6 m?). Dropping traps situated

under artificial elements, and under young birch and rowan trees received no droppings. An
average of 1.Hroppings pem2 were found under young spruce and 12 on traps near

old spruce trees dbrest edgesl n t he nei ghbouring spruce st:
mean dropping density was In8n?2 (Table4.2). The more frequent use of certain structural
elements () was not associated with a greater probability of the sampling of birgidgsp

(Ng) on these dropping traps (Pearson correlationd.44,p = 0.173).

A comparison of the mean droppimg’ damdi 6 wet!
structur al nenk) evithetimetcategoryd Bi. 9h o ut str {0Anm?3) al el
revealed significant differences (Kruskalallis H-test:p = 0.0001- Fig. 4.4).
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Bird droppings per m?

*
— wekke
T *
*
o *
n=38 n=

n=183
I

‘:79

T
Forest

With structural Without structural

elements

elements

Dropping trap categories

Fig. 4.4 Mean bird droppingsn n?] recorded for the three categories of dropping trap position, including all
study sites (MamiWhitney U-test:p < 0.001)

With the exception of site E, the recorded mean densities of bird droppings on each open area

wer e

hi gher on traps under structur al el emer
creasing from 0.5 m?2 on site A to 7.9 m2 on site C (Fig4.5). Considerably smaller densi-
were found on dropping traps O6without

ties

ranging from 0.3 m?2 (site D) to 0.7n m2 (site B). On the trapm the neighbouring forests

anaverage of €.8 droppingger m2 were sapied. Althoughno faeces were detected on the

traps on the largest study site (site E, area: A&)/no negative correlation was found be-

tween the site size and the recorded dropping densities per category (without structural ele-

ment, with structural eteent, forest) independent of the occurrence of structural elements

(Spearman correlation:< -0.17,p > 0.096).

o
2 A Forest With structural elements Without structural elements
n=5 n=13 n=6 n=7 n=7 | n=23 n=43 n=32 n=51 n=34 | n=23 n=43 n=32 n=48 n=33
a a a a a ab a a a b a a a a a
M
E g8+ .
7] o
Q
g o
é & o
]
o
E
o g - o o
o o o
] o (o]
o o o o
% — L S = 1——% 2 @ 2 e
e
T T T T T T T T T T T T T T T
A B C D E A B C D E A B C D E
Open areas

Fig. 4.5 Bird droppings fi 2] for each of the study sites-B andthe threecategories of dropping trap position:
e | e irsdterd irdiGate(sigri dd | e)

6foresto

(lreft),

6with

structur al

nificant differences between the areag AMannWhitney U-test:p < 0.05)
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The preference dfugivorous birds for different heights of the structural elements considered
was also assessed. Faeces of frugivorous birds were only recorded on dropping traps located
near stuctural elements higher thamiin height. Further analysis was done for lrgest

and tallest categories of structural element: young trees and deadwood. As can be seen in Fig
4.6, birds used allailable deadwoods from20 m in height, while droppings in the vicinity

of young trees were only dmd under individuals betweerd4lm in height. No bird droppings

were recorded on trapstuated under young trees4>n. No correlation between element
heights and dropping densities was detected for either of the above element categories, or the

structural elements in general (Speamnmoarrelationr < 0.1 andp> 0.1- Fig. 4.6).

15
80

= r=-0.148 . r=0.066
p=0.128 p=0.609

10
60
1
°

oo0

Bird droppings per m?
Bird droppings per m?
40
1

20

Height of young trees [m] Height of deadwoods [m]

Fig. 4.6 Measured bird droppings [n12] under young trees (left) and deadwoods (right) on all open pletted
against the heights [m] of the structural elements pvalue of correlation, r Spearmarcorrelation coeffi-
cieny.

4.5 Discussion

The recorded densities of frugivorous bird droppings on traps can be used as an indicator of
the birdsé preferred resting places in dist
storm.

The results of thetudy revealed that structural elements are a requirement for the input of
seed by means of endozoochorous seed dispersal by frugivorous bads@egs were rec-

orded exclusively in the vicinity of structural elements. Stiefted areasvithout structiral

elements have low potential for sufficient natural regeneration of tree species by means of
endozoochorous seed dispersal by birds (see McDonnell & Stiles 1983, Jordano & Schupp
2000). Comparable results were documented by Ferguson and Drake (1999yami ec and
L e d wo E whef@uodird droppings mostly under trees of closa$ts, and rarely in

large gaps or open areas without structural complexity. McDonnell and Stiles (1983), Koll-
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mann (2000) and tywiec and Ledwo®& (2008) m
places that protect them against predators and offeda field of view during defecation
Therefore, structural elements in open areas, which can be used as perches, attract birds and
increase seed input through bird droppings (McDonnell & Stiles 1983, Ferguson & Drake
1999, Kollmann 2000).

e |

Jordano and Schupp (2000), Stiebel (2003y, wi ec et al . (2013) and

tioned that birds usually defecate seeds within a radius-4030 around the seed source due

to the short retention time of the indigestible seeds in the gmullof frugivorous birds of

30 minutes to a maximurof two hours (Barnea et al. 1992, Bonn & Poschlod 1998). This
results in secalled seed shadows with high seed densities in the immediate vicinity of seed
trees and resting places (Stimm & Boswald 1994, Jordano & Schupp 2000). This behaviour of
frugivorouws birds, their movements and their speaiscific habitat preferences influence the
spatial patterns of seed distribution significantly (Hoppes 1987, Jordano & Schupp 2000, Na-
than & MullerLandau 2000). To facilitate the arrival of seed of endozoochlyrdigpersed
tree species on | arge disturbed forest sit
felled areas should be avoided.

The results of this study showed a preference of frugivorous birds for standing structural ele-
ments and elements lagst Im high. This was reflected in the findings presented by McDon-
nell and Stiles (1983) and McDonnell (1986). Those authors mentioned that structural ele-
ments with prevailing vertical structures, horizontal branches and a suiffi@ech height of
atleast 1.5m are the resting places most frequently chosen by birds on open areas, independ-
ent of crown cover and the resulting predator protection. In our study, bird droppings were
only found in the vicinity of young trees where these did not excead™height. We as-

sume this upper limit may be a methodical restriction associated with the positioning of the
dropping traps on the ground. With increasing tree height and increasing branchiness, the
probability of faeces being caught on the dropping tragsedses. We assume that droppings
were probably intercepted by one of the many branches above the dropping trap, as droppings
were recordedn trapsunder deadwood structurap to 20m in height

The results othis study also revealed that birds restdead tree parts more often than on
other structural elements. Young birch, rowan and spruce trees of low dimensions were
avoided by frugivorous birds, probably due to the vertieatignted and flexible branches.

The highly elastic thin twigs and branche and t heir propensity t
weight may have rendered them unattractive as resting places. The horizon¢gitgd, less

flexible branches of European beech trees were more frequently used as perches but the num-
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bers of young beech tre®n these higher elevation sites in the Thuringian forest is low, espe-
cially after disturbances. Artificial structural elements without horizontal structures, such as
fences or tree protectors, appeared not to be valldenatives to deadwood structur@s

young trees (see Stimm & Boswald 1994).

4.6 Conclusions for silvicultural practice

The best conditions to enhance endozoochorous seed dispersal by frugivorous birds in storm
felled areas can be created by (i) leaving lying and standing deadwoodngih branches,

(i) leaving a sufficient number of tall stumps with branches and (iii) leaving upturned root
plates. These elements promote gosaging seed input by frugivorous birds and accelerate
succession (see Stimm & Boswald 1994, Dale et al. ,286é&bel 2003). Structural elements

are also useful for certain bird species as breeding and nesting places (Hunter 1999, Fuller
2013).

Several studies investigating ornithology and regeneration in connection with endozoochorous
seed dispersal have sho#rat birds are able to move seeds from source trees over distances
of 100m (Leder 1992, Bakker et al. 1996, Stiebel 2003). Where already established, young
trees of species dispersed by birds should be maintained onfst@thareas, even though

they are not often used by birds as resting places.-lfeaiing tree speciesych as rowan,
produce fruits at an early age and in abundant quantities in the absence of competition pres-
sure (Gockel 2016). The young trees established on disturbed areas contribute to a spatial
network of seed sources and make open areas more attfactiveds due to thavailability

of fruits (McDonnell & Stiles 1983, Herrera et al. 1994, Albrecht et al. 20mt#% will fur-

ther encourage endozoochorous seed flow into open areas.

In terms of the practical management of the regeneration of -$étled areas or other dis-
turbed forest areas it can be concluded that complete site clearance, connected with a reduc-
tion of structural diversity, is justified neither from an economic nor an ecological perspec-
tive. The only legitimate reason for partial siteazance might be the removal of operational
hazards, which may originate from obstacles such as upturned root plates or standing dead-
wood. Retained seed trees of the desired species are a prerequisite to preserve the connectivity
of species between stoffelled sites and neighbouring forests (Gregor & Seidling 1997,
Gockel 2016).
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5.1 Abstract

The ability of shoHived tree species such as birch, alder, willow, poplar and rowan to form
even a shofterm soil seed bank is discussed controversially in the literature. Soil seed banks
are an importantomponent of succession and regeneration in ecosystems. Following disturb-
ance, buried viable seeds germinate and the seedlings that establish cover the disturbed, ex-
posed soil surfaces. The objective of this study was to review the literature on sdibeked
research carried out in central and newtbst European temperate forests to provide an over-
view of the ability of pioneer tree species to form a viable seed bank. The review of 33 publi-
cations revealed that birch is the only pioneer tree speciesnpferate forests with longer

lived seeds, persisting in the soil febYears. Birch seeds remain bia in deeper soil layers
(5-10cm), so birch may be assigned to the shemin persistent soil seed bank type. The
seeds of alder, willow and poplar wduppear to be shelived. Maximum seed densities of

all tree species were found in the upper soil layers. With increasing soil depth, seed density
declined. Viable seeds of rowan were not detected in any of the soil seed bank studies, alt-
hough seed treesere present. We found that in spite of the capacity for long seed dispersal
distances, high densities of birch, alder and willow seeds were only observed in close proxim-
ity to seed trees. The higher the numbers of seed trees, the higher the seed dessile
Maximum seed densities were recorded during and shortly after seed rains had occurred. Our
results reveal that a birch seed bank may compensate for years of low seed production levels.
However, as the seed bank is only stierin persistent, imust be supplemented by fresh
seeds from surrounding seed trees as often as possible to guarantee a continuous capacity for

regeneration.

Keywords
Betulg Buried Seeds, Propagule Bank, Seed Density, Viable Seeds, Germination

5.2 Introduction

Soil seed bnks are an important component in the succession and regeneration of ecosys-
tems. Soil seed banks are buried seed reserves, which are viable and able to germinate under
changing environmental conditions (Fenner 1985, Thompson et al. 1997, Berger ettpl. 200
The formation of a soil seed bank is a strategy developed by plants to prevent germination
under unfavorable soil and climate conditions (Bradbeer 1988, Leck et al. 2008, Saatkamp et

al. 2014). In disturbed areas of forest, seeds of different speeiggaated an opportunity to
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germinate and cover the open soil surface, even though these species may not have been rep-
resented in this area for long time (Fenner 1985, Bossuyt & Hermy 2001). Soil seed banks
could contribute significantly to the reforestett of disturbed woodlands. They may also
compensate for a recent absence of seed sources within or around a damaged area.

Soil seed banks of forests generally exhibit lower species diversity and seed densities than
those present in other ecosystems (Kedas & Zobel 1998, Hopfensperger 2007, Bossuyt &
Honnay 2008). Deciduous, young or managed forests are characterized by larger seed num-
bers and greater species richness than coniferous, older or unmanaged forests (Donelan &
Thompson 1980, Bossuyt & HermyY)@1, Godefroid et al. 2006, Ebrecht & Schmidt 2008,

Plue et al. 2010). The seed bank compositions of northern and western European forests differ
from those of eastern European forests (Bossuyt et al. 2002). The composition of seed banks
and ground floran forests also differ from each other (Bossuyt & Hermy 2001, Bossuyt et al.
2002, Zobel et al. 2007). In central European temperate forests, soil seed banks predominantly
contain herbaceous plant species of early or middle successional stages. The lseadeban
refreshed by seeds of species that emerge in case of disturbance in forest ecosystems. Species
of early or middle successional stages are light demanding species, adapted to disturbances,
and able to form a persistent soil seed bank (Donelan & Teomp980, Bossuyt et al. 2002,
Godefroid et al. 2006). Hopfensperger (2007) suggested that pioneer species, present in early
successional stages, can form a persistent seed bank at the beginning of succession to wood-
land. Seeds of ancient, shadéerant brest species, shrubs and tree species in general, are not
well represented in the soil seed bank, because the seeds of these species do not remain viable
for long (Donelan & Thompson 1980, Bossuyt & Hermy 2001). However, pioneer tree spe-
cies are also regded as light demanding species. In Eurdgetulaspp.,Salix spp.,Populus
spp.,Alnusspp. andSorbus aucupari&. represent deciduous pioneer tree species. These tree
species are shelived species, which produce large quantities of seeds, have long seed dis-
persal distances and exhibit fast juvenile growth (Perala & Alm 1990, Raspé et al. 2000,
Zerbe 2001). Pioneer tree species are very common in early successional stages and in dis-
turbed woodlands in central Europe (Zerbe 2001). With climate change, and the associated
increase in the frequency and intensity of disturbances (e.g., storm &=t et al. 2014),

pioneer tree species are of growing importance for natural reforestatidngonsequently

their soil seed banks too. Pioneer tree species can regenerate rapidly and successfully colonize
large areas in years of high seed production (Perala & Alm 1990, Leder 1992, Raspé et al.
2000, Argus 2006). As a consequence, pioneer pe@es can mitigate negative consequenc-

es associated with disturbed areas, such as soil erosion and the loss of nutrients (Barnes et al.
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1998, Schoélch 1998, Argus 2006, Zerbe 2009, Fischer et al. 2016). However, pioneer tree
species exhibit irregular se@doduction patterns (mast yedrSarvas 1952, Bjorkbom 1967,

Holm 1994, Osumi & Sakurai 1997, Sperens 1997, Hynynen et al. 2010). A question that
arises is whether pioneer tree species have the potential to regenerate from a soil seed bank in
norrmast yeses, as shown by Hopfensperger (2007) for pioneer species. Currently little is
known about the capacity of pioneer tree species in European temperate forests to establish
seed banks, or how long their seeds persist in soil. Some burial experiments slatwed th

wan and birch seeds remain viable in soil for more than 5 years (Miles 1974, Granstrom &
Fries 1985, Granstrom 1987, Skoglund & Verwijst 1989) and sometimes viable birch and
willow seeds were detected in soil samples collected from deeper mineralysosl (Hill &

Stevens 1981, Staaf et al. 1987, Bakker et al. 1996a, Kalamees & Zobel 1998, Ddlle &
Schmidt 2009). However, the ability of pioneer tree species to form at least -deshoseed

bank is controversial in the literature. The short viabiigriod of pioneer tree seeds after
dispersal is often mentioned and many authors support the hypothesis that pioneer tree species
do not generally form a seed bank (Hill & Stevens 1981, Amezaga & Onaindia 1997, Buckley
et al. 1997, Ebrecht & Schmidt 200Beinrichs 2010). By contrast, Granstrom & Fries
(1985), Osumi & Sakurai (1997), Erlbeck (1998), Rydgren et al. (1998) and Decocq et al.
(2004) suggested that birch, alder and rowan may make up part of the forest seed bank. If pio-
neer tree species have ttapacity to establish a seed bank, years with low levels of fructifica-
tion can be compensated for and the colonization of open areas, for example, would not de-
pend exclusively on annual seed rain (Osumi & Sakurai 1997).

In this review, available data pemning to densities of birch, alder, willow, poplar and rowan

in soil seed banks in central and nentbst European temperate forests are documented based
on a survey of the literature. The aim was to summarize the general findings and to identify
knowledye gaps concerning the soil seed bank with respect to thesdistubitree species.

This speciespecific information were discussed in the context of the meaning of the soil
seed bank, and in relation to disturbance regimes, succession and reprahodtigg.

5.3 Methods of literature search

Our review is based on studies carried out in central and-nash European temperate for-

ests published in the period 19290 1 3 . The keywords fAseed bank
Aburied seedso ameiren uwietdh iei tchoembimf or est o or
selected when the seed density per m2 could be calculated in order to make the results compa-

rable with those of other studies. A total of 33 studies from 14 countries matched the criteria
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(Fig.51).Most of papers were found by searching
the papers had to be published in international peer reviewed journals with an impact factor.
Only 3 papers included in the review were published in-peer reviewed journal® of

which were written in English (Ebrecht & Schmidt 2008, Heinrichs 2010, Jedrzejczak 2013).
These papers were found through citations within other international soil seed bank papers.
The forests presented in all of the chosen studies were considdrediistinct sample plots
wherever the authors classified the study sites and their sample plots as independent (e.g.,
Staaf et al. 1987, Dougall & Dodd 1997, Doélle & Schmidt 2009). In this way, 136 sample
plots were recorded, which differed in their higs, forest types, stand ages, canopy densi-

ties and management strategies (seder@h in Supplementary materigd 131). The mean

seed density per m2 of bircBétulaspp.), alder Alnus glutinosdL.] Gaertn.), aspenRopu-

lus tremulal.) and willow (Sdix spp.) was calculated for each plot. The soil samples differed

in their depths and in terms of the soil layers. Authors took samples from humus and mineral
soil, or only from the mineral soil layer. In some cases no information about whether litter and
humus were removed prior to sampling was provideable 5.1). In this paper the term
Abircho 1 s (BetdadpenduleandBepulbescens nw Sdlixs pip. 6 used t o
cate all willow species detected in soils. This corresponds to the approaches used by the au-

thors of the selected studies.

-20 0 20 40

o
38 L’L\/—«/

-20

Fig. 5.1 Location of the 33 selecteditseed bank studies in Eurape
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Table 5.1 Summary of the 33 selected seed bank studies in central anewesttiEuropean temperate forests

and the information about seed densities provided. (3
tested or not;-§ humus layer not tested; -humus layer tested separately; (++) humus and mineral soil layer
tested together; (5) soil sample depth€§0cm i n the miner al soil . (A) Temper

samples before seedlifmnergence treatment; (2) cold stratificatidrsoil samples integrated within the seed-
ling-emergence treatment. (8) Species: (?) the species or genus with individually defined small numbers in the
soil was excluded from the presentation; (+) species or genus detertsgedies or genus not detetté/-)

tree species excluded, which germinated in sterile cotnéryd

Seedlingemergence method g 5 &~ Specied®
50 ©Q
Date of ~ Depth of y Attificial 35 3 & 8 4 o g
Author(s) & Year soil core(¥) Tempera:ure( ) light 3T & 2 é 8 9 g & 2 E é g
sampling  (cm) (range‘Cor 4y 8c §S 225 = 5553
aday/night) night)y & S &S g 3 § a5 9 2
Amrein et al. 2005 Jan (-) 10 16°C 16/8 h 5 - - - -
Augusto et al. 2001 Feb ()5 nursery and closed 7 v - )
shade house
Bakker et al. 1996a Apr (-) 10 25-45/15°C + 4.5 + - + - -
Bekker et al. 2000 Mar (?) 10 25/15°C 12/12h + 3 + o+ o+ - -
Berger et al. 2004 Feb, Mar, g g ) _ )
Jun, Sept (+) 35 glasshouse 6-9 pm 34 + +
Bossuyt et al. 2002 Mar, Sept (-) 20 14-25°C 16/8 h 5 + - - - -
Brown & Oosterhuis 1981 ap, ()15 glasshous® . 24 + - + - -
Buckley et al. 1997 . > unheated polythene ) g ) _ _ )
Nov-Feb (?) 10 tunnel 6-9 +
Decocg et al. 2004 Jun ()20 20/16°C 12/12h 62 + + - - -
Dolle & Schmidt 2009 Mar ()30 unheated glasshous 12 + - o+ - -
Donelan & Thompson 198 May 7 unheated glasshous 3 + - - - -
Dougall & Dodd 1997 Apr (-) 10 polythene tun- 4 + ) ) )
P nel/glasshouse
Ebrecht & Schmidt 2008 Mmar (+) 10 unheated glasshous 0 + - - - -
Fal i EBGska 199 Mar/Apr, 5 o
Sepioct )3 18- 22°C + 36 0+ + o+ - -
Grandin 2001 Jul (+) 15 22/5°C Y 16/8 h 16 + 2 2 2 ?
Granstrom 1982 Jul (+)5 22/12°CY 186h + 6 + - - - -
Granstrom 1988 Apr (+)6 22/12°CY 18/6 h 632 + - o+ - -
Heinrichs 2010 Mar (+) 20 unheated glasshous 12 + 2 - o+ ?
Hester et al. 1991 May (++) 5 g|assh0use 12 + - - - -
Hill & Stevens 1981 Apr (+) 10 unheated glasshous 8 + - - - -
JankowskeB§ as z ¢ z Mar (?)5 unheated glasshous 43 o+ - - - -
JankowskeéB g a s z ¢c z early .
1998 spring (-) 10 unheated glasshous 8 + - - - -
Jaroszewicz 2013 Jun ()10 unheated glasshous 25 + 2?2 ? 2 ?
Jidrzejczak OctNov (?)10 18-24°C 12/12 h 5 + - - - -
Kalamees & Zobel 1998  May ()10 unheated glasshous >4+ - - - -
Kjellsson 1992 Mar, Apr  (++) 17.5 22/12 °CY 16/8 h 4 o+ o+ - - -
Komulainen etal. 1994 3, (++) 10 25°C + >1020 + - - - -
Milberg 1995 May (?)8 20/8°CY 16/8 h 122 + 2 2?2 2 ?
Miller & Cummins 2003 3y Aug  (++) 5 6-25°CY 12/12 h 125 + - - - .
Mitschell et al. 1998 Feb (?)6.3 polyethylene tunnel 152+ - - - -
Staaf et al. 1987 unheated glasshous
Apr )5 (10-30°0) 8 o+ - - -
Thompson & Grime 1979 Oct-Oct
(every6 (++)3 20/15 °C 16/8 h 125 - - - - -
weeks)
Warr et al. 1994 May, Jun (?) 15 shade tunnel 1012 + - - - -
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5.4 Species-specific reproductive ecology determining the potential of soll

seed banks

It is often assumed by practitioners that a bountiful fructification of picneerspecies recurs
annually. However, like intermediate and climax tree species,-bhenlt species exhibit ir-
regular seed production patterns, influenced by soil and climate conditions, and the individual
fitness of seed trees (Sarvas 1952, Bjorkbor671Holm 1994, Osumi & Sakurai 1997,
Sperens 1997, Hynynen et al. 2010). The germination percentage of the seeds also varies from
year to year, with mast years usually characterized by the highest germination rates (Sarvas
1952, Bjorkbom 1967, Holm 1994,s0Omi & Sakurai 1997, Sperens 1997, Raspé et al. 2000,
Hynynen et al. 2010). However, pioneer tree species exhibit seed morphologies, seed disper-
sal distances as well as requirements for germination and seedling establishment that are dif-
ferent from those fointermediate and latsuccessional species (McVean 1953, Atkinson
1992, Lautenschlager 1994, Worrell 1995, Raspé et al. 2000). Despite differences between
their fruits and seeds, birch and alder (winged nuts), willow and poplar (catkins, seeds with
papps) and rowan (small seeds within a red fleshy fruit) can be analyzed together as each
group possesses morphological similarities (McVean 1956, Perala & Alm 1990, Worrell
1995, Raspé et al. 2000).

Birches can produce-20 million winged seeds per tree (Bler & Alm 1990, Huth 2009),

which are 1.82.0 mm in size without the wings (Brouwer & Stéhlin 1975). Seed rain takes
place mainly from June to November (Perala & Alm 1990, Huth 2009). From November until
the end of the following June, the seed rain fallsess than 100 seeds per m2 (Huth 2009).
Mean dispersal distances by wind vary between 60 and 100 m (Fries 1984 cited in Perala &
Alm 1990, Karlsson 2001, Huth 2009), but the highest seed densities are deposited within
distances of 250 m (Bjorkbom 1971Fries B84 cited in Perala & Alm 1990 Fig. 5.2).
Maximum propagation distances amount to-880 m (Huth 2009). Most seeds germinate in
spring after dispersal (Perala & Alm 1990). Alder seed trees generally produce lower seed
numbers (240,000 seeds pere) than birch. The diaspores of alder have smaller wings and
larger seed nuts (2825 mm), and their mean and maximum dispersal distances from seed
trees are 30 m and 60 m, respectively (McVean 1953, Brouwer & Stahlin 1975). High seed
densities were fand within distances of less than 10 m (McVean 1953, 1956, Karlsson 2001).
Seeds of alder trees are mature in November, but most are only released in February and
March, and, like birch, germinate predominantly after dispersal in spring (Pietzarka & Roloff
2010). Seeds of birch and alder do not exhibit dormancy (McVean 1953, Atkinson 1992). The

spatial distribution of deposited seeds on soil depends on the position of the seed trees and on
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the dispersal agents (Bakker et al. 1996b). The distribution of-egprsed seeds tends to

be norrandom (Greene & Johnson 1996). This applies especially to birch and alder but also
to willow and poplar. Deposited seeds of these species are often spatially aggregated because
the seeds are brought in dense infructesceftddl & Stevens 1981, Kjellsson 1992, Dougall

& Dodd 1997).

Seed production per tree

birch: 2,000,000-10,000,000 seeds
alder: 240,000 seeds
poplar & willow: 45,500-740,000 seeds

(McVean 1953, Perala & Alm 1990, Karrenberg et
al. 2002, Karrenberg & Suter 2003, Huth 2009)

{} - seed transition to the next phase

Mean seed dispersal
distances and densities

seeds per m?

(McVean 1953, Bjorkbom 1971, Fries 1984,
Karlsson 2001, Gage & Cooper 2005, Huth 2009)

seeds deposited far Seed storage (soil seed bank)
from seed source

|: transient seed
bank (<1 year)

Il: short-term
seed bank
(1-5 years)

requires time
high mortality

Il: long-term

seeds deposited seed bank
near seed source (>5 years)

E ! v e (Bekker et al. 2000, Thompson et al. 1997, 1998,
birch | alder ; poplar | willow Bakker et al. 1996a, Onaindia & Amezaga 2000)

seed movement

soil depth [cm]
i

- seed transition to the next phase

Successful germination and seedling development

Fig. 5.2 Schematic diagram showing the relation between seed production, seed d@mbssd storage in soil
of birch, alder, poplar and willow

Willows and poplars can produce between 45,500 and 740,000 seeds per tree (Karrenberg et
al. 2002, Karrenberg & Suter 2003). The witidpersed (anemochorous) willow and poplar
seeds possess hairs to facilitate flight and range in size betwegrb Orin ad 1.02.5 mm,
respectively (Brouwer & Stahlin 1975). Maximum willow seed dispersal distance8 &h®

are much longer than for birch and alder (Schirmer 2006). For this reason, Gage & Cooper
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(2005) always adopted a b adosegdsmeum.dNevertheless, (i
the largest densities of deposited seeds were measured at distances of be&feenfBim

willow seed trees (Gage & Cooper 200%ig. 5.2). The small seeds of both genera are
shortlived (Worrell 1995, Barsoum 2002, Young&ements 2003). Regarding early flower-

ing (spring) poplars and willow species, ligalix capred.., seed rain takes place from April

to June (Chmelar & Meusel 1986). Seeds lying on soil that do not germinate immediately
after dispersal lose their vialtyliafter 26 weeks (Junttila 1976, Niiyama 1990, Leder 1992,
Worrell 1995, Karrenberg & Suter 2003). In contrast, seeds of late flowering (summer and
autumn) willow species remain viable until the next spring (Chmelar & Meusel 1986), which
means a lifespaof about half a year.

The fruits of rowan ripen between August and October (Raspé et al. 2000). Fruits and seeds
are dispersed endozoochorously, by birds and small mammals. The seeds of rowan exhibit
embryo and seed coat dormancy. If rowan fruits areeatn by animals, the seeds germinate

in the second year after maturation, when embryo and seed coat dormancy is broken under
natural conditions (Raspé et al. 2000). Sometimes the seeds undergo a second period of dor-
mancy when temperatures rise above @@fter winter or cold storage (Spethmann 2000). In
such cases, seeds can remain viable for up to 5 years in the soil (Erlbeck 1998). Birds, as the
main consumer of rowan fruits, have a significant influence on the spatial patterns of seed
distribution. Brd droppings were mostly found under trees in more or less closed forests, and
only very rarely in large gaps or open areas lacking structural complexityec & LedwdE

2008). Structural elements are used as perches by birds (McDonnell & Stiles 1988). Mo
frequently, birds drop seeds up to 40 m from seed ttegsi€c et al. 2013). In the case of
endozoochory, the density patterns of rowan seeds in the soil are clumped rather than random-
ly distributed (Clark et al. 1998, ywiec et al. 2013).

5.5 Characterization and classification of soil seed banks

Si mpson et al . ( 1ad Sidblp seedmprdsensan prandsoiltohaasbcjatedi

litter constitute the soil seedbankb Seeds buried in the upper s
er) have in most cases only been part of the seed bank for a short time. These seeds are proba-
bly part of the last seed rain, thus the character of the seed bank in the upper soil is prevailing-

ly transient (Graber & Thompson 1978, Bakker et al. 1996a, 1996b, Osumi & Sakurai 1997,
Houle 1998, Heinrichs 2010). Given the speapscific timing of seed rain, the time of sam-

pling represents an important piece of information for the interpretatioeeof densities in

transient seed banks. Seeds found in deeper mineral soil layers are older and have persisted in
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the soil for a longer period (Kjellsson 1992, Bakker et al. 1996b, Thompson et al. 1997).
Therefore, information on seed depth can be used aslaect method to determine the seed
longevity in the soil of a particular tree species. Buried seed experiments have contributed to a
better understanding of the duration of seed viability in deeper soil layers. The experiments
demonstrated what mighippen to seeds in relation to viability, decomposition and mortality
over time during storage in soil (Granstrém 1987, Skoglund & Verwijst 1989).

Litter cover and litter thickness are also two very important factors. Thick litter protects de-
posited seedagainst movement, drought, predation and early germination, and so may help
to maintain higher viability (Granstrom & Fries 1985, Egawa & Tsuyuzaki 2013). Almost no
viable seeds were found on sites without litter protection. Thin litter, including Jee@s-

ample, will be carried away by wind and accumulated at other places (Egawa & Tsuyuzaki
2013). Independent of the species, the number of viable seeds on and in peatland increased
with litter thickness. The thickness of the humus layer determinesetiad pf time required

by seeds to penetrate litter and humus. During this time seeds are subject to mortality (Sarvas
1952, Van Tooren 1988, Holm 1994). Small, light and dry seeds without pulp are less prone
to predation than larger seeds (Leck et al.9)9Bindings of glass bead experiments (the size
and weight of the beads corresponded to rowan fruits) revealed t48t%0of all glass beads
moved 1 cm in the soil over arBonth period, whereas 4 % were transportégd @n (Van

Tooren 1988, Burmeier el. 2010). Small seeds pass through litter faster, reaching the humus
and mineral soil layer in a shorter time than larger seeds or beads (Egawa & Tsuyuzaki 2013).
This is an advantage for pioneer tree species with regard to their strategy of fast tofoniza

of disturbed areas: the small, light and dry seeds without pulp (Leck et al. 1989) achieve
quicker contact with the mineral soil and can germinate successfully.

Soil seed banks can generally be classified according to the seed longevity of the Hpegcie

is, the period of time for which a seed stays viable and capable of germination. The classifica-
tion most widely applied is that described by Thompson et al. (1997, 1998), who differentiat-
ed four types. The first type (I) includes all species widimgient seed banks with a persis-
tence in the soil of less than 1 year. Species with sbort persistent seeds-flyears) are
assigned to type Il. Type lll is as a letegm persistent seed bank and includes species with
seeds that persist in the sal fat least 46 years. Species that cannot be assigned to any seed

bank type are combined in type IV.
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5.5.1 Soil seed bank of Betula spp.

Houle (1998) found that birch seeds are viable for less tfagears under field conditions,

due to multiple causeof mortality. Mortality rose to 99 % under certain climate conditions
(Houle 1998). However, 580 % of birch seeds buried artificially in soil were still viable
after 35 years of storage (Granstrom 1987, Skoglund & Verwijst 1989). After 5 years stored
birch seeds were partly degraded, but680% remained viable (Granstrom 1987). It is as-
sumed that birch seeds decompose within a period7of&ars (Sarvas 1952). Skoglund &
Verwijst (1989) concluded that, at a depth of 10 cm, birch seeds buried wmiltheve a theo-

retical halflife in forest soil of roughly 13 years, but less than 1 year in the soil of wet mead-
ows. In wet soils, early germination and fungal attacks lead to higher mortality rates (Harper
1955 cited in Ludwig et al. 1957). Birch seedsve on bare ground germinated in the first
year (Miles 1974). Therefore, seeds found in deeper mineral soil probably did not originate
from the previous seed rain and so were part of the soil seed bank.

In most of the publications analyzed, birch was thly tree species exhibiting a high degree

of consistency in soil seed banks in central and nee$t European temperate forests (83 %

of sample plots). Often birch was the second most abundant species of all, including herba-
ceous plant species. Howeveoyrge authors found the extent of birch seed in the soil to be
negligible (Hill & Stevens 1981, Staaf et al. 1987, Buckley et al. 1¥atulaspecies were
present in all kinds of forest type, but seed densities depended on the presence or absence of
seed eurces. Large numbers of seeds can be found in the soil in the vicinity of seed trees
(Bossuyt & Hermy 2001 Fig. 5.2). Birch seed density ranged from 1 to 1100 seeds per m2 in
coniferous stands, mostly spruce and pine forests (Granstrom 1982, Komeaaled 994,

Warr et al. 1994, Dougall & Dodd 1997, Augusto et al. 2001, Miller & Cummins 2003, Ber-
ger et al. 2004, Heinrichs 2010, Jaroszewicz 2013). In deciduous foi88%0) ¥iable seeds

per m? were detected (Staaf et al. 1987, Kjellsson 1992, Wair £094, Dougall & Dodd

1997, Jankowsk8laszczuk et al. 1998, Augusto et al. 2001, Bossuyt et al. 2002, Miller &
Cummins 2003, Decocq et al. 2004, Jedrzejczak 2013). The seed density on succession sites
ranged from 6 seeds per m?2 in gear old Norwayspruce clear cut (Heinrichs 2010) to a
maximum of 3120 seeds per m2 in a ldegn overgrown grassland (Kalamees & Zobel
1998). Highest densities of B¥60 seeds per m? were found in pure or bdchminated
stands (Hester et al. 1991, Kjellsson 1992, Waal. 1994, Jankowslalaszczuk 1998, Kal-
amees & Zobel 1998, Mitschell et al. 1998, &sltia 1999, Miller & Cummins 2003, Doélle &
Schmidt 2009). However, 0 to 144 viable seeds per m? were detected in soils of deciduous and

coniferous forests without anyature trees or seedlings in the proximity (Granstrom 1982,
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Staaf et al. 1987, Amrein et al 2005). Hill & Stevens (1981) detected more viable birch seeds
in a 4yearold clear cut of a former Douglas fir plantation than seedlings in the vegetation
layer, an indication that birch seeds remain viable in the soil for a longer time than is fre-
guently assumed.

The birch seed density in different soil layers was reported for only a few samples. Various
authors mentioned that birch seeds are mostly found in tmeidher uppermost soil layers

(Hill 1979, Granstrom 1988, Houle 1998, Sullivan & Ellison 2006). Houle (1998) concluded
that less than 2 % of birch seed rain reaches the persistent seed bank. The numbers of birch
seeds found at different soil depths rangexinf 1-188 seeds per m2 in the litter and humus

layer (Granstrom 1982, Staaf et al. 1987)4801seeds per m? at a depth &6 @m in mineral

soil, independent of seed source presence or absence (Granstrém 1982, Staaf et al. 1987, Au-
gusto et al. 2001, Jaspewicz 2013). In samples taken at a depth-bd £m in deciduous and
coniferous forests 3 and 71 birch seeds per m2 were detected (Jaroszewicz 2013, Jedrzejczak
2013). Regardless of the occurrence of seed trees, an average of 33 seeds per m? were present
in the mineral soil down to a depth of-20 cm (Bossuyt et al. 2002), which may lead one to
assume that birch seeds live longer in the soil than is often assumeB.ZFigVith increas-

ing soil depth, the number of viable birch seeds declined, butmechhigh enough for refor-
estation. On succession sites, where many seed sources are available for seed supply, 324
seeds per m? were recorded in the humus and litter layer (Hill & Stevens 1981). At depths of
0-5 cm and B10 cm in the mineral soils of thesées, densities reached-2880 seeds per

mz2, and 26880 seeds per mz2, respectively (Hill & Stevens 1981, Bakker et al. 1996a, Kal-
amees & Zobel 1998).

Irrespective of the timing during the year of soil sample collection, high densities of viable
birch seeds could always be found. Highest seed densities38520viable birch seeds per

m2 occur in the period from May to June (Warr et al. 1994). Thetsesiuthe studies showed

that seed densities were more dependent on the presence or absence of seed sources than on
the timing of soil sampling or on the forest community of the sampling site (Kjellsson 1992,
Houle 1998, Bossuyt & Hermy 2001).

The different studies, and the different assessments of birch seed longevity, explained the var-
ying assignments of birch to the contrasting soil seed bank types, which ranged from purely
transient (Bekker et al. 2000), through transient/stesrh persistent (Thompsecet al. 1997)

to shortterm/longterm persistent (Bakker et al. 1996a). The assumption made by Olmsted &
Curtis (1947), Bakker et al. (1996b) and Graber & Thompson (1978) that seed rain from out-
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side of a stand is necessary for the regeneration of theespegere birch seed trees are not

present on a site, due to an insufficient seed bank, cannot be supported without new research.

5.5.2 Soil seed bank of Alnus glutinosa (L.) GAERTN.

Viable alder seeds were detected in the soil seed bank less oftenirtitaseeds (10 % of
sample plots). This is probably due to the lower frequency of alder trees than birch in Europe-
an managed forests. Seeds were only found in soils where there were seedctosgdeg
(Kjellsson 1992, Faliska1999, Decocq et al. 2004Fig. 5.2). Alder seeds were mainly de-
tected on meadow and hayfield succession sites aged betv&fege@rs. The seed density
ranged between 8 and 216 seeds per m2. The maximum was found-yeard@ dry hay-

field. In contrast to this, the maximum nher recorded on a wet hayfield succession site was
only 80 seeds per m? (Bekker et al. 2000). IntdQL75yearold deciduous forests;2 alder

seeds per m2 were observed (Kjellsson 1992, Decocq et al. 2004). The highest alder seed den-
sity recorded in hmus and mineral soil was 354 seeds per m2, which was obtained from a
mixed limealderbirch forest (Kjellsson 1992). No alder seeds were detected in coniferous or
mixed stands. The studies presenting the findings from such stands provided no information
about the presence of alder seed trees or woodlands, in contrast to soil seed bank studies un-
dertaken in deciduous stands or on succession sites. Apart from the study by Decocq et al.
(2004), no viable alder seeds were found in soil samples taken betweemtM&gecember;

not even from samples taken next to alder seed trees (Kalamees & Zobel 1998, Warr et al.
1994). This is a clear indication of a transient seed bank.

The number of alder seeds transported vertically in the soil, and the depth of transgpadrt, co
not be derived in any detail from the studies evaluated. Kalamees & Zobel (1998), who col-
lected samples without litter from a pioneer forest with alder and birch, detected high numbers
of viable birch seeds but no viable alder seeds. Only in one eagéow densities of 2.4 and

3.2 viable alder seeds per m2 were confirmed in two mineral soil samples taken close to seed
trees in June (Decocq et al. 2004). However, studies providing the occurrence of alder seeds
in the soil indicated that they tend te more prevalent in the upper soil and in the humus
layer than in the lower soil layers (Fig2). Kjellsson (1992) concluded, therefore, that alder
seeds are shelived and that large seed numbers in the soil were probably due to recent seed
rain.

The luried seed experiment by Granstrom (1987) indicated a shorter lifespan of alder seeds
than for birch. Early germination in the field before sampling could not be ruled out, but after

1.5 years of seed storage in soil the proportion of viable seeds wassald and only 2 %
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after 5 years. Interestingly, the pericarp and wings of buried alder seeds were still intact, while
parts of birch seeds had begun to decompose (Granstrom 1987). It seems unlikely that after a
long period of vertical drift many aldeeads reach the deeper soil layers in a condition allow-

ing for germination. Decocq et al. (2004) claimed that alder can establish a more persistent
seed bank, whereas Thompson et al. (1997), Bekker et al. (2000) and Onaindia & Amezaga
(2000) assigned aldeo the transient seed bank type. Considering the lack of available data
and literature, a reliable statement on the alder soil seed bank type is not possible. Some re-
sults suggested a transient seed bank, but this seems to have been influenced irepalit by p
arities of the sites in question. In future research, typical alder sites such as floodplains should

be included in sampling.

5.5.3 Soil seed banks of Salix spp. and Populus tremula L.

The results provided o8alix spp. were often no more specific than a mere reference to the
genus dAwill owo. Therefore, it is not possi bl
spite the common assumption that willows have siwvet seeds (Junttila 1976, Niiyama

1990, Barsum 2002, Young & Clements 2003), the genus was the second most abundant
pioneer tree species in the papers analyzed, occurring in 17 % of all sample plots. Poplar
seeds, morphologically similar to willow seeds, were almost always absent in soil seed banks
(1 % of sample plots). Three European aspen seeds per m? were observed only once by Hein-
richs (2010) on a succession site, which indicates a rapid loss of poplar seed viability in soil
(Worrell 1995, Barsoum 2002).

Viable willow seeds germinated predomimly in soil samples from succession sites, where
seed trees were present. The highest recorded number of willow seeds was 350 seeds per m2
on a 15yearold meadow succession site dominated by wil{&aliBka 1999). Summarizing

all succession studies,eskdensity ranged from 6 to 350 seeds per m?2 (Bakker et al. 1996a,
Fali®ka 1999, Bekker et al. 2000, Ddélle & Schmidt 2009). A few willow seeds were also
present in some soil samples from beech forests, with 7 and 28 seeds per m? (Staaf et al.
1987), in Noway spruce forests with 11 and 104 seeds per m? (Granstréom 1988, Berger et al.
2004), and in 6%ear old mixed beeebpruce forest with 156. capreasseeds per m? (Berger

et al. 2004). All of these authors studied the humus and mineral soil layers. $tudgesS.

alba L. grew at high frequencies in the vegetatiof247%), but no viable seeds were identi-

fied in the soil (Bissels et al. 2005). Gurnell et al. (2006) also detected willow species in the

vegetation along a newly created riverbank but nohéenseed bank. The authors explained
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the results by assuming transience of the seeds and immediate germination after ground con-
tact.

Information on willow seed densities in different soil layers and at different depths was rare in
the evaluated studies.&af et al. (1987) observedl4 willow seeds per m2 in the humus lay-

er and in the mineral soil at a depth 5 @m in a beech forest. Bakker et al. (1996a), by con-
trast, recorded 80 goat willow seeds per m? in sofhed soil samples taken from-20 80

yearold Juniperusshrubland, whereas 80 seeds per m? were detected 10 ard soil sample

in annually grazedluniperusshrubland. Six seeds &. capreawere present only once in
mineral soil sampled from a succession site (Ddlle & Schmidt 2009) uiibes reported the
absence of willow seed trees, which highlights long willow seed dispersal distances (Schirmer
2006) and the possibility of formation of a willow soil seed bank (&®). However, viable

willow and poplar seeds were only derived froamgles collected in March and April (Staaf

et al. 1987, Granstrom 1988, Bakker etl@96a, Faliska 1999, Bekker et al. 2000, Berger et

al. 2004, Dolle & Schmidt 2009). Samples taken near willow and European aspen seed trees
in May and June contained niable seeds foeither genus (FalEka 1999, Decocq et al.
2004) due to a rapid loss of germination ability after deposition on soil (Barsoum 2002). This
also provides a strong indication of a transient seed bank for both genera.

Information about willowseeds artificially buried in the soil could not be found in the litera-
ture. Thompson et al. (1998) concluded that willows do not have a persistent seed bank. Cer-
tain aspen an&alix spp., especiallys. capreaan early flowering species, were assigned to

the transient seed bank type (Thompson et al. 1997, 1998, Bekker et al. 2000), Bhereas
alba, a late flowering willow species, was assigned to the-teng persistent seed bank cat-
egory (Berger et al. 2004). Perhaps the high numbers of viable willow sesarded in the

soil had all fallen into cracks or were from Hkawering willow species. It also seems possi-

ble that willow seeds protected by soil are viable for a longer time than those on the ground
surface or humus layer, or that the movementhefdmaller and lighter seeds to deeper soil
layers proeeds rapidly, as documented @anvlooren (1988) and Burmeier et al. (2010).

5.5.4 Soil seed bank of Sorbus aucuparia L.

In contrast to all the other pioneer tree species mentioned, rowan was not found in any of the
soil seed bank studies, although seed trees were present in some of the study areas (Granstrom
1982, Decocq et al. 2004, Doélle & Schmidt 2009, Heinrichs 20Mizdgzak 2013). Often

the only indication of successful reproduction was the presence of young rowan trees in the

herb and shrub layer, for example, in conifer forests (Granstrom 1982, Heinrichs 2010). With
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secondary dormancy, the seeds can be part afdiheeed bank for at least2lyears (Leder

1992). However, the findings of this review indicate that rowan seeds are always absent from
the soil seed bank. Grime et al. (1988 cited in Raspé et al. 2000) and Ddélle & Schmidt (2009)
assigned rowan to theansient seed bank type, because seeds persist in soil for less than 1
year. In contrast, Hill (1979), Leder (1992) and Erlbeck (1998) agreed that rowan seeds can
remain viable in the soil for long time, up to 5 years. Based on the above, it would appear
possible that rowan has a shtetm persistent seed bank. This assumption would seem to
have been confirmed by an experiment with buried pomes, which showed that more than 80
90 % of the seeds remain viable after 2 years storage in the soil. Duringdhge#r the abil-

ity to germinate decreased to-30 %, but some rowan seeds remained viable after 5 years of
storage (Granstréom 1987). Up to 9 % of fresh, stratified rowan seeds exposed under field con-
ditions germinated in the second or third year afberisg (Miles 1974). Due to the clumped
distribution of rowan seeds by birds (McDonnell & Stiles 1983), future studies of the occur-
rence of rowan in soil seed banks should take into consideration the structural elements used
as perches by birds (Tiebel ét2017).

5.6 Conclusions

Pioneer tree species are sHored, light demanding species, which are very important for the
successful colonization and reforestation of large disturbed woodlands in central ard north
west Europe. Soil seed banks can drigforestation in the absence of seed rain. Soil seed
banks in woodlands play an important role in succession and in the regeneration of disturbed
areas in European temperate forests.

This review showed that pioneer tree species do not possess the kingtefrin seed banks

that certain herbaceous species can have. The findings suggest that birch is the only pioneer
tree species of temperate forests in central and northwest Europe with alikeaysoil seed

bank. Often birch was the second most abunsgjp@ties in soil and the only pioneer tree spe-

cies with a high degree of consistency in soil seed banks. In medium to deeper soil tayers (5
10 cm) birch seeds seem to have at least a-stont persistent seed bank. Alder seeds are
poorly represented in fest soils compared to birch, so a reliable statement on alder soil seed
bank type is not possible; the few results available suggest a transient seed bank. The studies
for willow and poplar seeds partly confirmed the assumption of very-bhedt seedsalt-

hough willow was the second most abundant pioneer tree species in soil seed banks and also
found in mineral soil (&6 cm). Surprisingly in the case of rowan, the only fleBhjted pio-

neer tree species with proven seed dormancy, a transient seed Urstnenassumed due to
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the absence of rowan seeds in the soil. Buried seed experiments showed, however, that rowan
seeds can build up a sheerm persistent seed bank due to dormancy.

Statements on the seed densities of pioneer tree species in thé diditsent coniferous and
deciduous forest types cannot be given. The reason for this is that these seed densities are
primarily influenced by the number of and the distance from seed sources, and the seasons of
seed production and seed dispersal. Ouievevevealed that the successful regeneration of
birch, alder and willow depends mainly on the proximity of seed trees. Therefore, the proxim-
ity of trees is important for the regeneration of species with 4ilredt seeds. The findings of

the review alsondicate a dependence between seed density in the soil and the season in
which soil sampling occurs. Maximum seed densities of birch, alder and willow were detected
during and shortly after seed rain. No statement can be made in this regard in relagion to r
wan and poplar.

This review revealed a number of open questions concerning the capacity of all European
pioneer tree species to establish seed banks. These issues are connected to: (a) the seed viabil-
ity under different soil conditions and litter thiclase (b) the speed of seed movement into
deeper soil layers; and (c) the direct correlation between the proximity of seed trees and the
resultant number of seeds in the soil. At present, it can be concluded that birch, representative
of pioneer tree specias temperate forests of central and northwest Europe, has the capacity

to establish a seed bank of a duration & {ears, sufficient to compensate for years with
lower levels of seed production and to regenerate successfully after disturbance. Hibwwever,

soil seed bank must be supplemented by fresh seeds from surrounding seed trees as often as

possible in ordeto guarantee continuous regeneration.
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Supplementary material

Table S1- Summary of the 33 seed bank studies in central and-n@sh European temperate forests selected.

Author(s) Date Country Forest type Age [yr]
Amrein et al. 2005 Switzerland Deciduous forest ancient
Augusto et al. 2001 France, northeast Beechforest 57
Oak forest 76 & 78
Douglas fir plantation 65
Pine plantation 43 & 65
Spruce plantation 35 & 65
Bakker et al. 1996a Sweden Juniper shrubland on former grazing lanc 20

Juniper shrubland on former grazing lanc 55
Junipershrubland on former grazing land 80

Bekker et al. 2000 Netherlands Succession on dry and wet hayfield 7
Succession on dry and wet hayfield 15
Succession on dry and wet hayfield 20
Succession on dry and wet hayfield 25
Berger et al. 2004 Austria Secondary Norway spruce stand 53-65
Mixed beechspruce stand 89
Bossuyt et al. 2002 Belgium Mixed beeckoak stand 55
Mixed beeckoak stand 97
Mixed beeckoak stand 116
Brown & Oosterhuis 1981 England, east Abandoned coppice wood 30-40
Buckley et al. 1997 England, south  Beech plantation 36
Beech plantation 52-58
Oak plantation 40-55
Corsican pine plantation 27-28
Hazel coppice with oak standards n.a.
Hazel coppice with oak and ash standarc  n.a.
Ash-beech stand mature
Decocq et al. 2004 France, north ([))aekc iduous forest of former coppice with ancient
Dolle & Schmidt 2009 Germany Succession on former arable field 22
Succession on former arable field 36
Donelan & Thompson 1980 England Succession on former grassland 50
Succession on former grassland 80
Succession on former grassland 100
Oak forest 200
Dougall & Dodd 1997 Eggtland, south- Conifer plantation 0-10
Conifer plantation 10- 20
Conifer plantation 21-40
Conifer plantation > 65
Broadleaf plantation ancient
Seminatural broadleaf edge habitats ancient
Ebrecht & Schmidt 2008 Germany Beech forest ancient
Mixed beech forest ancient
Norway spruce stand ancient
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Author(s) Date Country Forest type Age [yr]
Fal i Eska 1999 Poland, Belarus Succession from meadow 0
Succession from meadow 5
Succession from meadow 10
Succession from meadow 15
Succession from meadow 20
Grandin 2001 Sweden Suc'cession from shoreline to mixegruce mature
deciduous forest
Granstrom 1982 Sweden, north Pine stand 16
Pine stand 29
Pine stand 50
Spruce stand with scattered pine 120
Spruce stand with scattered pine 169
Granstrém 1988 Sweden Norway spruce forest on former heathlan 30
Norway spruce forest on former heathlan 35
Norway spruce forest on former heathlan 64
Norway spruce forest on former heathlan 73
Clearfelled Norway spruce forest 85
Heinrichs 2010 Germany Norway spruce forest ancient
Clearfelled Norway spruce forest 4
Hester et al. 1991 Scotland Succession on heathland 17
Succession on heathland 28
Succession on heathland 36-37
Succession on heathland 48
Succession on heathland 63
Hill & Stevens 1981 England Clearfelled Douglas fir plantation 4
Sitka spruce plantation on former heathle 5- 10
Sitka spruce plantation on former heathle 17-18
Sitka spruce plantation on former heathls 29- 30
Sitka spruce plantation on former heathle 30- 31
Sitka spruce plantation on former heathls 36 - 45
Japanese larch plantation on former heat 37
land
Scots pine plantation on former heathlanc 37
Oak wood n.a.
JankowskeB g a s z ¢ z 1998 Poland, Belarus Primary mixed forest ancient
Secondary deciduous forest ancient
‘;ﬁnkowskeB 9asz2Cz998 Poland, Belarus Hornbeam forest ancient
Oak forest ancient
Jaroszewicz 2013 Poland, Belarus Sprucepine stand ancient
JAadr zej czak 2013 Poland, south Beech forest n.a.
Kalamees & obel 1998 Estonia Succession on grassland 20
Succession on grassland long
term
Kjellsson 1992 Denmark Maple stand 40
Beech forest 62 & 70
Deciduous stand 141 & 145
Mixed beeckoak stand 175
Oak-ash stand of former hazel coppice
forest 180
Komulainen et al. 1994 Russia, north Pine forest young
Milberg 1995 Sweden, south  Succession on grassland 18
Miller & Cummins 2003 Scotland Oak-birch woodland n.a.
Pine woodland n.a.
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Author(s) Date Country Forest type Age [yr]
Mitschell etal. 1998 England Succession on heathland 23
Succession on heathland 30
Succession on heathland 43
Succession on heathland 48- 49
Staaf et al. 1987 Sweden, south  Beech forest 90
Beech forest 95
Beech forest 100
Beech forest 110
Beech forest 140
Beech forest 150
Thompson & Grime 1979 England Deciduous forest ancient
Warr et al. 1994 Eggfnd,souﬂ» Cut oak coppice forest 8
Cut oak coppice forest 24-25
Abandoned hazel coppice forest 74
Abandoned oak coppiderest 78
Abandoned oak coppice forest 94
Felled cherry and ash stand 2
Oak stand 45
Birch woodland on abandoned fields 80-90
Oak woodland (abandoned coppice) 140
Mixed conifer stand 18
Hybrid larch stand 20
Douglas firestand 20& 24
Norway spruce stand 24
Sitka spruce stand 28-29
Sitka spruce stand 42
Japanese larch stand 42
European larch stand 53
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Do birch and rowan establish soil seed banks sufficient to
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6.1 Abstract

Aims To determine the contribution of buridktula pendulaL. and Sorbus aucuparid..
seeds to the regeneration of disturbed forest sites.

MethodsFirstly, an artificialseed burial experiment was initiated with rowan and birch seeds.
Second, the birch seed reserves in the soil of Norway spruce forestdetarainediepend-

ent upon varying numbers of seed sources.

ResultsThe predicted maximum storability periods for legribirch seeds was 12 years, com-
pared to 4.5 years for rowan seeds with pulp and 3 years without pulp. Birchrereatsed
viable in the soil at a depth of tén significantly longerthan at &cm and Zm. The lower
storage capacity of rowan seeds was alestrated by irsoil germinations of 22 % of seeds
without pulps and 418 % of seeds with pulps before excavatidhe studyof birch seed re-
servesrevealed a significant link between the quantity of viable birch seeds and the presence
of seed sources.e8d densitiesn the different stand categoriesached 484,142n m? in

birch stands, 32679n m? in spruce stands with admixed birch tree$981 m? in a spruce
stand with a single birch tree an8® m in pure spruce stands.

ConclusionsBirch and rowan seeds are able to form a stearh persistent soil seed bank, but

acontinuousnput of fresh seeds is required

Keywords
Betula pendulaSorbus aucupariaPropagule bank, Seed burial experiment, Germination,

Pioneer trees

6.2 Introduction

Soil :2ed banks are reservoirs of viable seeds stored in the soil for a period of time (Bossuyt
and Honnay 2008; Leck et al. 2008). Changing environmental conditions can cause disturb-
ances. These disturbances may in turn be followed by favorable conditiabing seeds

stored in the soil seed bank to germinate successfully (Bossuyt and Hermy 2001; Thompson
et al. 1997). Soil seed banks also serve to preserve population genetics ovBosisugt(and

Honnay 2008;Hopfensberger 2007), buhe duration of sed viability is species specific
(Thompson et al. 1997). Whereas the seeds of some herbaceous species can remain viable for
decades (Kjellsson 1992; Telewski and Zeevaart 2002), the seeds produced by most tree spe-
cies are viable for only a few years. Tinees with the longest known seed longevity in the

soil arePrunus serotind&hrh. andPrunus pensylvanich.f., the seeds of which remain viable
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in the soil for 25 years and up to 30 years, respectively (Marquis 1975). Given the compara-
tively short viabiity of tree seeds, most previous soil seed bank studies have focused on her-
baceous plants (e.g. Bernhardt and Poschlod 1992; Bossuyt and Honnay 2008; Hopfensperger
2007). Herbaceous plants are usually the largest group of plant species presented in the soi
seed banks found in all soil types and ecosystems (see JankBwiskas z c zuk 1998,
berger and McGraw 2004; Staaf et al. 1987; Zobel et al. 2007). Past studies of soil seed banks
have also dealt with succession processes and landscape clsemeSrastrom 1988;
Hopfensperger 2007; Kjellsson1992; Olmsted and Curtis 1947). AlthBagbuyt and Hon-

nay (2008)mentioned thatal seed banks are important sources of seeds and drivers of the
regeneration of disturbed forest sites, tree species have recailyechinor consideration in
previous soil seed bank studies, especially in studies focusing on central Europe.

The natural regeneration of disturbed sites in the temperate forests of Europe depends mostly
on widespread early successional tree speciel,asigenera detulaspp.,Salixspp.,Popu-

lus spp.,Alnusspp. andSorbus aucuparid. (Argus 2006; Atkinson 1992; Zerbe 2001). The
regeneration of pioneer tree species primarily follows a recent seed rain rather than seedling
emergence from a soil seed bank (Buckley et al. 1997; Graber and Thompson 1978; Heinrichs
2010; Hill and Steven$981; Olmsted and Curtis 1947). The contribution of seeds of pioneer
trees buried in the soil to the regeneration of disturbed forest sites has rarely been considered
(see Tiebel et al. 2018), even though the seed of pioneer tree species may makefigoipart

seed banks. At different sites Augusto et al. (2001) determined birch seed densities in the soill
of 45n m?2, Berger et al. (2004) found 1,0892, while Mitchell et al. (1998) observed be-
tween 852,534n m2. The genusSalixis known for its vey shortlived seeds (Argus 2006;
Worrell 1995), yet Staaf et al. (1987) found up tonI¥?2 willow seeds in mineral soil and
Bakker et al. (1996) 80 m=2. Tiebel et al. (2018) determined that there exists a general lack

of information about the occurremof rowan(Sorbus aucuparijaseeds irsoil seed banks.
Erlbeck (1998) and Hill (1979) espoused the opinion that rowan seeds remain viable up to
five years in the soil due to embryo and seed coat dormancy (Raspé et al. 2000). The pioneer
tree species modtequently detected in soil seed bank studies is biB#tula spp.) (see
Dougall and Dodd 1997; Huopalainen et al. BKjellsson 1992; Olano et al. 2002; Sullivan

and Ellison 20067iebel et al. 2018)Assumptions about the duration of storage in thieo$o

birch seeds vary from less than one year to more than 13 years (Buckley et al. 1997; Skoglund
and Verwijst 1989). The findings in relation borch seed densities in soil also varied vastly
between studies depending on the number of seed sourcesl @i@l. 2018), but thisas not

yet been considered in any study of soil seed banks. As part of the research carried out in the
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study presented here, therefotiee focus was on the storability in a temperate forest of the
seed of silver birch compared that of rowan seed.

The following five hypotheses were formulated at the outset of the stydyhe seeds of

birch and rowan may be part of the skHerm persistent soil seed bank (viatikd years),

with a large proportion of the seeds still viahliter one year (Bakker et al. 1996; Erlbeck
1998; Hill 1979; Skoglund and Verwijst 1982) Rowanseeds remain viable in the soil for
longer than birch (Raspé et al. 2008).Seed survival rates are higher in deeper soil layers
than in the upper layer§&(anstrom and Fries 1985; Skoglund and Verwijst 1989) due to bet-
ter protection against drought, light and predation (Grime et al. 1981; Tiebel et al. 2018). 4) A
higher density of birch seeds in the soil seed bank is due to higher numbers of seedttrees, wi
the result that a soil seed bank with a sufficiently high potential for regeneration after disturb-
ance can only develop in pure and mixed birch for&t$he number of buried viable birch
seeds decreases with increasing soil depth, because seed moirdmeleeper soil layers
requires time and many seeds lose their viability before this movement occuar(sSeaor-

en 1988.

6.3 Materials and methods

The study was divided into two segiudies: A and BAn artificial seed burial experiment
(study A) was performed to study the germination capaci§edfila penduld.. and Sorbus
aucuparial. seeds stored in soil over 2/8ars. Seed burial experiments are a good means of
testing the remaining viability of seeds stored in soil as the storage depth and the initial
germination capacity of the buried seeds are all known. The aim was to determine which
seeds remain viable in the soil for longer: birch (according to Tiebel et al. 2018) or rowan
(according to Hill 1979)The aim of the secondvastigation (study B) was to determine the
density of birch seeds in humus and mineral soil layers in temperate wooa$aadanction

of the number of available seed trees.

6.3.1 Study areas

The studies (A and B) were located at high altitudes and dlengdges of the Thuringian
Forest (50A4006N acolineand AubrBodtagdtitudes af the tharandtee
Forest (50A576N and 13A3006E) in the Ger mar
respectively (Burse et al. 1997; Gauer and Aldirg§#)5; Fiedler and Hofmann 1978).

The area in the Thuringian Fore$hjiringer Wald is situatedbetween 40®82m above sea

level (a.s.l.), with a prevailing southesterly exposition, many slopes and an absence of
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plateaus (Burse et al. 1997; Gauer and Aldinger 2005; Waesch 2003). The mean annual
precipitation ranges from 708m in the nortkeast up to 1,200hm along the ridges. The
annual average temperature in tegion varies between@°C. The area is influerd by an
Atlantic, moderately cool and moist central mountain climate (Burse et al. 1997; Bushart and
Suck 2008; Gauer and Aldinger 2005). The dominant soil types of the forest sites -are low
base cambisols with low to medium nutrient contents (Gauer ahidg&r 2005).

The study area in Saxony situated between 2660m a.s.l.,on the northern edge of the
eastern Ore Mountain&fzgebirgé, where it forms the transition betweéiil country and

low mountain rangeqFiedler and Hofmann 1978; Nebe 1982)heT annual average
temperature in the region varies between7/73C and the mean annual precipitation ranges
from 819850mm (Goldberg et al. 2002Yhe area is located at the transition between the
oceanic influenced climate of the central German maunngnd hill country and the
continental inland climatéNebe 1982), quite similar to the Thuringian For&sie geology of

the region has given rise medium to deep brown soils that predominate on the forest sites,
as well as dry sands and podsols wikwv Inutrient contents and silty brown earths (Nebe
1982; Schwanecke and Kopp 1996).

Both landscapes feature a largely contiguous forest system, witbof8Best cover in the
Saxony study area and ~9®in the Thuringian. These are mainly sintglgered, een aged
Norway spruce forest$’(cea abiegL.) Karst.). The predominant potential natural vegetation
types ard_uzuloFagetumand AsperuleFagetumbeech forests in the Thuringian Forest and
LuzuloFagetum and Galio ordoratiFagetum beech forests in the &ahandter Forest
(Frischbier et al. 2014; Menzer et al. 2010)

For study A the artificial seed burial experiment, an old, pure coniferous forest in the
Tharandter Forest with a closed canopy and no ground vegetation (only litter) was chosen.
For study B soil core sampling in the forest, were taken from four different stand types
differentiated by the species composition of the canopysténd types). Sampling was
repeated three times on comparable sitestdy sites). The different stand typesosen in

the Tharandter Forest wepeire birch stands (Bi) angpruce stands with small number of
admixed birch trees (BBp). In the latter stand type a birch seed tree was present
approximately every 5, corresponding to a density oBtirch seed trees péectare. The
stand types considered in the Thuringian Forest consisted of spruce stands with one isolated
birch tree within a radius of more than 200(Sp(Bi)) and pure spruce stands (Sp) (Table

6.1). The sampling sites associated with each stand type @earacterized by similar soil
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conditions fnoist with low to moderate nutrient contenénd topography to ense that the

differences in the birch seed banks in the soil were due to the contrasting stand compositions

Table 6.1 Forest data for the sieused in the soil seed bank investigation carried out as part of study-B (Bi
birch stand, SyBi - mixed sprucebirch stand, Sp(Bi) spruce stand with one birch tree, Sgpruce stand)

location Tharandter Forest Thuringian Forest
Bi Sp-Bi Sp(Bi) Sp
study site no. 1| 2]3|a]s5]6| 7| 8|9 |10]1]a1
stand type O6birch 6spruce |6single b Osprucce
mi xed b spruce
tree species Betula pendula Picea abies, Picea abies, Picea abies,

Betula pendula Betula pendula Sorbus aucuparia

age ofdominanttree 25 84 68 106 125 109 | 74 66 66 74 88 78
species [year]

basal area [m?/ha] 15 42 19 37 40 40 24 35 37 21 31 31
sampling procedure

date of sampling Mar 2016 Mar 2016 Oct 2015 Oct 2015
number of samples [n 9 9 16 16

6.3.2 Data collection

Study A- Artificial seed burial experiment

On 25 September 2015 seeds and fruits collected from mature biBdtiek(penduld..) and

rowans Sorbus aucuparid..) (= seed sets) were filled in IBnx 20cm net bags with soil

and sewn up. Eacbag contained either 50 birch seeds, 50 rowan seeds or 18 rowan fruits
(approx.50 rowan seeds). While removing rowan seeds from the pulp for the purposes of the
experiment, it was possible to obtain an average seed number per fruit and so to calculate the
number of fruits required per bag to give 50 seeds. The bags were buried at depthsg of 2

5cm and 1@&m in mineral soil at two plots in a coniferous stand locatedapart.Two sepa-

rate plots were chosen to spread the risk of loss, for example, deedredation or plot
destructionAfter burial of the bags, the original humus and litter layer were restored.

At intervals of six months between April 2016 and April 2018 sample sets (one bag per seed

set, layer and plot) were removed from the soitatlect 100 seeds from each seed set and

|l ayer to test the ger mieadliiomg reamersg eorfc es tmeate
in the greenhouse for the rowan seed sets (desdrived t he f ol | o wka h9§9).sect i
The birch seeds were place a climate chamber at a constant€580% relative humidity

and 16h lighting per dayISTA 2012) In addition, 400 fresh birch and rowan seeds were

used to test the initial germination capacity before burial, according to the methods of the In-
terndional Seed Testing Association (ISTA 2012).
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Study B- soil core sampling in the forest

Seed bank sampling took place in either October or March. The samples in the Tharandter
Forest were collected in March 2016, after smoelt and before germination (Gle 6.1). In

the Thuringian Forest the soil samples were taken in October 2015 because the area often has
a high degree of snow cover until spring. On each study site in the Thuringian Forest line
transects of 156h were established and 16 soil cores weigectedat defined intervals of-1

30m (seeHuth 2009). In the Sp(Bi) study sites the transects started at the birch seed trees.
Given the small s of the birch forest area (623 ha) in the Tharandter Forest, on each
study site nine soil coramples were taken in a regular grid of 5 mm.5

All cylindrical soil core samples had a diameter of IdhP2(81.92cm? and reached a depth

of 10cm into the mineral soil. The soil core samples were subdivided into three lageais (=
samples): (Hhumus and litter, (ii) upper mineral soil layerg@m) and (iii) lower mineral

soil layer (510cm). The soil samples were stored dry for one week in the laboratory. A sieve
with a mesh size of Bimx 4 mm was used to remove root fragments and stonestfre soil

samples (Gross 1990; Olano et al. 2002). The samples were filled into trays, applied in a layer
of 3cm fill height. The trays were placed in a greenhouse exposed to daylight and kept con-
tinuously moist through regular watering. Additional cohtrays with sterilized sand were

used to check for subsequent seed input in the greenhouse (contamination) over the duration
of the study period. Each week the number of successfully germinated seeds was recorded and
these then removed from the traysisTimeans of determining the number of viable seeds in
the soil is referred to ad<Ekall®). Thegered brispeg € me
cies of the emerged seedlings were determined onlyderspeciesf the number of germi-

nating seeds stagted, the soil samples were allowed to dry, were mixed and watered again.

The investigation of each sample ended 1.5 years after the date of soil collection.

6.3.3. Statistical analysis

In study A the relationship between the germination capacity of setedburied in soil and

the factors storage time, burial depth and plot location were analyzed using logistic regres-
sion. The logistic regression represented a special case of generalized linear models (GLM)
due to the binominal character of thepeéndentvariable (Faraway006; Zuur et al. 2009).

Using the binomial GLM for either the absence or the successful germination of seeds, the
expected trend towards declining seed viability with increasing storage time was modeled.
Thenumbers of emerged seedlings soil sample of 81.9@n2in study B were converted to

density per m? to render the results comparable with the findings of other studies. Differences
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in the seed densities between study sites and stand types were analyzed using the Kruskal
Wallis H-ted as the data were not normally distributed (Zar 2010). The generalized linear
mixed models (GLMM) were used to assess the effect of stand type and soil layer (fixed ef-
fects) on germinated birch seeds (dependent variable). We tested whether the nunaber of v
ble birch seeds in the soil depends on the number of seed tree sources and on the depth of
storage in the soil. &sted andom effects were the locality, study sites and sample numbers.
To model the GLMM in R software version 3.3.2 (R Core Team 2014)githenADMB
package (version 0.8.3.3.) was applied. gimmADMB usedtit@ematic differentiatiomodel

builder (ADMB) to fit the parameters (Bolker et al. 2012). The advantages of ADMB are the
range of distribution families, the range of link functions and the use of the MCMC method
(Markov chain Monte Carlo) to summarize uncertainties (Bolker @088, 2012Zuur et al.

2009. As the germinated birch seeds exhibited a negative binomial distribatiogarithmic

link function was used for modeling (Zuur et al. 2009).

Significant differences in all models were acceptedmtaluelevel of< 0.05. The necessary
homoscedasticity of variance and normality were checked and confirmed with plots of residu-
als and quantiles from fitted models of GLMM and GLM.

6.4 Results
6.4.1 Study A - Artificial seed burial experiment

Germination rates

The initial germinationcapacity of freshly harvested birch seeds up to October Béfthe
burial was 32%, compared to 6% for rowan. After the first winter period in soil, the total
germination capacity of buried rowan seeds reachetil0826, which clearly exceed# the

initial germinationcapacity of fresh seedmd was not observed in any other seed sets over
the whole observation period. Over the rest of the storage time in s@kriinéation capaci-

ty of rowan seeds and the other buried seed sets exhibitgh degree of variatiorkig. 6.1a
reveals the developmeat the germination percentages of all seed sets in all soil layers over
the study periodRowan seeds with and without puipd almost lostheir viability in all soil
layers after two years, whe® after 2.5 years tlgermination capacity of birch seeds was as
high as at the beginning of the experiméFtie germination capacity of birch seeds was al-
ways higher in spring than in autunifrhe same trend was naibserved for rowarNeverthe-

less, thedgistic regression model results showed a significant negative influence of storage

time on all soil stored seed sets (Tabl2 and Fig.6.1b). The model results predicted that
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almostall rowan seeds, without and with pulp, and all birch seeds wouldduawgletely lost

viability after 3, 4.5 and 12 years, respectively.
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Fig. 6.1 a Total germination capacity [%] of birch seeds (top), rowan seeds (middle) and rowan fruits (bottom)
stored in mineral soil at depths of 2, 5 andct®in a coniferous forest. The germination capacity was tested at
intervals of 6 months from April 2016 tophl 2018. Mature, fleshy seed sets were buried in October 2015 be-
fore testing the initial germination capacity [%5].GLM predictions of germination capacities for birch seeds
(top), rowan seeds (middle) and rowan fruits (bottom) in soil over thgeagstudy period
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Table 6.2 Logistic regression model results (GLM) for total germination capacity of buried seed sets, stored over
2.5 years in mineral soil at depths of 2, 5 anatm0in two study plots in a coniferous forest (r.80t signifi-
cant)

seedsets effects estimate  std. error z-value p-value
birch seeds intercept -0.863 0.135 -6.380 0.000  ***
storage time -0.148 0.033 -4.516 0.000 ***
soil depth: &cm 0.097 0.139 0.695 0.487 n.s.
soil depth: 1&m 0.320 0.136 2.357 0.018 *
plot 2 -0.142 0.111 -1.275 0.202 n.s.
rowan seeds intercept 1.785 0.151 11.822 0.000 ***
storage time -0.916 0.043 -21.139 0.000 ***
soil depth: 5cm 0.149 0.146 1.021 0.307 n.s.
soil depth: 1&cm 0.032 0.146 0.220 0.826 n.s.
plot 2 -0.440 0.120 -3.669 0.000 ***
rowan fruits intercept 1.113 0.134 8.312 0.000  ***
storage time -0.562 0.035 -15.904 0.000 ***
soil depth: 5cm -0.531 0.133 -3.994 0.000 ***
soil depth: 1@&m -0.624 0.134 -4.659 0.000 **=*
plot 2 -0.239 0.109 -2.181 0.029 *

The effect of storage depth on the seed viability differed between seed sets. While the germi-
nation capacity of rowan fruits decreased significantly with increasing soil depth, the model
results showed no significant differences in germination capacityofean seeds without

pulp. In contrast, birch seeds showed a significantly better germination capacitgratsbil

depth than in the upper two soil layers. TahR illustrates the pronounced effects of storage

at the different soil depths germination capacities for all seed sets and shows that the trend
towards decreasing germination capacity over time mentioned above remains unaffected by
burial depth.

The germination capacity of rowan seed sets was found to differ significantly betwdamth

plots in the coniferous stand (Tal#e€). There was no significant difference in the case of
birch. However, over time fewer seeds remained viable in the moister ground of plot two for

all seed sets than in the drier soil of plot one.

Seed germination in soil

During the excavations, already germinated s@edsil were observed for both artificial bur-
ied rowan seed sets, but not for buried birch seeds. Bet®weand 226 of all rowan seeds

in the buried net bags germinated in spring before excavavhereas none germinated in
autumn (Fig.6.2a top). The highest germination frequencies in soil in both plots occurred in
the first spring after burial and were exhibited by the seeds buriednat(28% and 26%).

After 2.5 years of storage the genation percerdges at Zm had decreased te4X6. How-
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ever, the germination percentages ati0soil depth remained similar over time. This con-
trasting seed germination behavior in soil was confirmed by significant differences revealed
in the GLM resultyTable6.3). Nevertheless, the model results showed a generally negative
effect of storage time aseed germination in the soil before excavaffeig. 6.2b top).

In the case of the rowan fruits germimatifrequencies in the soil 0f4B % were observeth

the second spring. The highest germination percentages always occurrad abi? depth,

after the pulp had begun to decompose (6@a bottom). The rowan fruits at depths afrb

and 10cm exhibited no morphological changes after the first wintbereas at 2m the pulp

was soft and had started decomposing. By autumn 2016 no fruits were deteatedahife

in the lower layer the pericarps were still hard and intact. In the second autumn (2017) no
fruits were found in any layer. The model resuktvealed significantly loweseed germina-

tions for rowan fruitsin the deeper soil layers during storage, but a significantly increasing
number of germinated seeds in all layers generally over time (G&bbndFig. 6.2b bottom).

The comparison, therafe, revealed that the germination behavior of the two rowan seed sets

in soil over time was different.

Fig. 6.2 aSeed germinations in soil [%] of total seeds buried in mineral soil at depths of 2, 5 amdfdOro-

wan seeds (top) and rowan fruits (bottom) before excavation. The early seed germination in soil was checked at
intervals of 6 months from April 2016 to Ap2018. Mature rowan seeds and fleshy fruits were buried in Octo-

ber 2015b GLM predictions of seed germinations in soil for rowan seeds (top) and rowan fruits (bottom) over
2.5 years of storage
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