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noordelijk halfrond te koloniseren. Een overlevekioals de vermoedens kloppen, is de
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En natuurlijk ook dank aan alle collega’s in God&ovoor de toffe werksfeer, de vele hulp
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Summary

With a distribution range that covers most of thetimern hemisphere, common juniper
(Juniperus communis L.) has one of the largest distribution rangesalbfplant species on
earth. The last decades, however, multiple stualieseporting a significantly declining size
and plummeting number of common juniper populationgnany regions, including in the
western European lowlands and the Mediterraneamtamuregions. Failing recruitment is
one of the main reasons for this decline. In mahyhe remaining European juniper
populations, the percentage of viable seeds ity low, thereby limiting the chances for
successful regeneration. However, also other resasach as the absence of microclimate
suitable for germination and seedling establishmmeat be responsible for the lack of
recruitment. It was suggested that climate warmasg well as enhanced atmospheric
depositions can negatively affect juniper's seeabnity. However, the mechanisms behind
these effects remain unclear. The aim of this thesis to further our understanding of the
effects of climate change (changing temperature pretipitation) and air pollution
(atmospheric depositions of nitrogen and sulphum) different phases of the sexual

reproductive phase of common juniper.

We focussed on three crucial seed phases: (seexk phaSP1) the early gametophyte
development and pollination; (seed phase 2, SRf)dudevelopment of the gametophytes,
fertilization and early embryo development; (sebdge 3, SP3) late embryo development.
The seed viability of populations with and withaetruitment was compared. Only after
SP3, we found significant differences in seed Vigbibetween populations with and
populations without recruitment. Hence, this magdeanclude that late embryo development
is the most crucial phase during seed developrawever, anomalies during SP2 can have
a delayed effect on embryo development. Therefoboth seed phases were retained for
further research.

With both observational and experimental researah studied the effects of global
environmental changes on seed viability. Overadl,faund viability of SP2- and SP3-seeds
to decrease with temperature. Enhanced atmospldepositions were only negatively

correlated with SP3-seed viability.

There are different pathways through which thesdajlchange drivers possibly elaborate

their negative effects. For example, increasing peratures can negatively affect the



development and growth of the female gamethophytethe pollen tube, the male-female
synchrony in the pre-fertilization phases, the dtgwment of the megagametophyte and the
nutrition and growth of the embryo. On the othendyaboth atmospheric depositions and

warming can cause nutrient imbalances.

Although the ripening of the embryo (SP3) was id&u as the most vulnerable phase, we
found strong indications that the actual reasonddiw seed viability should be searched in
the preceding processes. For example, our trartspigeriment along a latitudinal gradient
clearly showed that significant differences in seadbility between the temperature

treatments only occurred if the seeds also expegtbrhigher temperatures during SP2.
Hence, it is plausible that anomalies, induced bgrming or enhanced atmospheric
deposition, occur during the development of thediengametophyte (SP2). However, their
effects only manifested themselves in SP3, for e@tamby leading to a malfunctioning

megagametophyte that will not be able to nourighdieveloping embryo.

In addition, with a germination experiment, we assel ideal microclimatic soil conditions
for germination and seedling establishment. We dotlmat it is highly important that juniper
seeds are in contact with mineral soil, with aisight amount of loam or organic matter, for

successful germination. For example, sod cuttimgoraate these conditions.

To conclude, our findings highlight that commoniper, arguably one of the most iconic
threatened tree species of Europe, is becomingctmviof global change. Successful
recruitment in common juniper will only occur iféHollowing conditions are met: enough
viable seed must be available (e.g. during a coperod of several years) and enough
microsites suitable for establishment must be pmiteSEne probability that microsites exist
where these conditions (viable seeds and chancessfablishment) occur at the same time
increases in larger areas where the managemeriteisdg suited for common juniper.
Concerning the low seed viability, attention sholle focused on locations where the
microclimate is expected to be colder (e.g. nolyheriented slopes or the vicinity of small
rivers) and where atmospheric depositions are |degr. not too close to busy roads and/or

farms).

This work is also an extra call for policy makeosihcrease their efforts in reducing the

emissions of greenhouse gases and reactive nitrogen



Samenvatting

Met een verspreidingsgebied dat het grootste dael het noordelijk halfrond omvat, is
jeneverbes Juniperus communis L.) één van de meest wijd verspreide van alle
plantensoorten. In verschillende Europese regimos)s de West-Europese laagvlakte en de
mediterrane berggebieden gaan de laatste dececinier steeds meer jeneverbespopulaties
dramatisch achteruit. Een falende verjonging is \emm de belangrijkste redenen voor deze
achteruitgang. In veel van de resterende Europsseve¢rbespopulaties is het percentage
levensvatbare zaden extreem laag, wat de kansesuagesvolle verjonging hypothekeert.
Ook andere redenen, zoals het ontbreken van eerokinmcaat dat geschikt is voor
zaadkieming en de vestiging van kiemplanten, kunmerantwoordelijk zijn voor het
uitblijven van verjonging. Er zijn sterke aanwijgen dat zowel klimaatopwarming als
verhoogde atmosferische deposities de zaadvitalibeigatief beinvioeden, maar de
mechanismen achter deze invloeden blijven ondykdélet doel van deze dissertatie was het
verder uitdiepen van ons begrip betreffende de ceffe van klimaatverandering
(veranderende temperaturen en neerslag) en lughilieg (atmosferische deposities van
stikstof en zwavel) op de verschillende ontwikkgsfasen tijdens de generatieve reproductie

van jeneverbes.

Initieel lag de focus op drie cruciale fases tiglel® zaadontwikkeling: (zaadfase 1, SP1) de
vroege ontwikkeling van de gametofieten en de basty (zaadfase 2, SP2) de verdere
ontwikkeling van de gametofieten, bevruchting ervaege embryo-ontwikkeling; (zaadfase
3, SP3) late embryo-ontwikkeling. We vergelekerzdadvitaliteit tussen populaties met en
zonder verjonging en vonden enkel na SP3 signifecarerschillen in zaadvitaliteit tussen
beide groepen. Embryo-ontwikkeling blijkt dus de esie cruciale fase gedurende de
zaadontwikkeling. Het is echter mogelijk dat afwigen die gedurende SP2 optreden een
uitgesteld effect hebben op de embryo-ontwikkelifgaarom werden beide fases

weerhouden voor verder onderzoek.

Met zowel observationeel en experimenteel onderzoedtudeerden we de effecten van
global change op de zaadvitaliteit. De zaadvitaliteit van zov@&#2- als SP3-zaden nam af
met stijgende temperatuur. Verhoogde atmosferisdaposities waren enkel negatief

gecorreleerd met de vitaliteit van SP3-zaden.

Vi



Temperatuur en atmosferische deposities kunneneogchillende manieren hun negatieve
effecten teweegbrengen. Zo kan een verhoogde tatoperde ontwikkeling en groeisnelheid
van de mannelijke en vrouwelijke gameten negat&hyoeden en de ontwikkeling van de
megagametofiet en de voeding en groei van het eml@ystoren. Anderzijds kunnen zowel

atmosferische deposities als verhoogde temperatigemtriéntenhuishouding verstoren.

Hoewel de embryo-ontwikkeling (SP3) werd geidecéiéird als de meest kwetsbare fase,
vonden we sterke aanwijzingen dat de werkelijkeeneth voor de lage zaadvitaliteit moeten
gezocht worden in de voorgaande processen. Hesplamatie-experiment langs een
latitudinale gradiént toonde duidelijk aan dat gerhoogde temperatuur enkel een negatieve
invloed had op de SP3-zaden als deze zaden zichldg#tens de voorgaande fase (SP2) bij
hogere temperatuurregimes ontwikkeld hadden. Daai®niet aannemelijk dat er al
anomalieén ontstaan tijJdens de ontwikkeling vangdmeten (SP2). Hun effecten worden
echter pas zichtbaar tijdens SP3, bijvoorbeeld ardddeidt tot een slecht functionerende

megagametofiet, die er op zijn beurt niet in sldejtontwikkelende embryo te voeden.

Met een kiemexperiment onderzochten we welk beheeoptimale bodemcondities en
geschikt microklimaat voor kieming en vestiging watjonging leidt. De aanwezigheid van
naakte, minerale grond die een zekere vochthoudesokciteit had bleek hierbij belangrijk.

Plaggen is een maatregel die zulke omstandighegleicrieéren.

Onze bevindingen benadrukken dat jeneverbes, méssatel een van de meest iconische
bedreigde boomsoorten van Europa, ook een slaehtedhglobal change aan het worden is.

Succesvolle verjonging van jeneverbes zal enkelrlkwoen als aan verschillende
voorwaarden is voldaan: er moet voldoende vitaadzaanwezig zijn (bv. na een relatief
koude periode van enkele jaren) en er moeten vottkenicrosites beschikbaar zijn waar de
vestiging van verjonging mogelijk is. De mogelijithelat dergelijke omstandigheden zich
tegelijk voordoen neemt toe naarmate er groterdedeh voor handen zijn waar het
gevoerde beheer compatibel is met het geschiktedneloor jeneverbes. Met betrekking tot
de lage zaadvitaliteit lijkt het nuttig om te foses op plaatsen waar kan verwacht worden
dat het microklimaat kouder is (bv. op noordeligrighte hellingen en in de nabijheid van
koude stroompjes) en waar de atmosferische deg®s#latief laag zijn (bv. niet te dicht bij
drukke wegen en/of boerderijen). Dit werk is ook extra oproep voor beleidsmakers om
hun inspanningen voor het verminderen van de witst@n broeikasgassen en reactieve

stikstof te verhogen.
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1 Introduction

1.1 Common juniper: a threatened species in many parts of

Europe

With a distribution range that covers most of tletimern hemisphere (between latitudes of
30° to 70°; Hultén & Fries 1986, Adams 2008), commumiper (Juniperus communis L.) is
one of most widespread plant species on eartltclirs in a wide variety of ecosystems (see
e.g. Fig. 1-1, Fig. 1-3, Fig. 1-4) from dunes & &®vel, heathlands and forests in lowlands,
on mountains at elevations of up to 3570 m andhin Arctic tundra. The last decades,
however, multiple studies are reporting a declirsimg and plummeting number of common
juniper populations in different regions, including the northwestern European lowlands
(e.g. Belgium: Frankard 2004 and Adriaenssetrad. 2006; the Netherlands: Oostermeijer &
De Knegt 2004; northern and western Germany: Hi§95; England: Cliftoret al. 1997),
and the Mediterranean mountain regions (Gaetial. 1999). Although the species can
locally still be very abundant and exhibit a goedeneration (e.g. in the Alps, Scandinavia
and Poland; Falinski 1980, Rosén 1995, Rosén & B2a865),J. communis communities are
listed in Annex | of the EU Habitat Directive (co8&30) due to their threatened status in

several European regions.

Fig. 1-1. Common junipers on calcareous grassi@me@en)



Numerous studies have aimed to unravel the causeeoflecline of common juniper (e.g.
Garciaet al. 1999, Verheyeret al. 2005, Ward 2007, Verheyeat al. 2009, Zeidleret al.
2009). Habitat loss and degradation and the limgerual regeneration in the remaining
populations might be important causes (Verhestead. 2005). While the protected status of
J. communis communities has largely stopped habitat destmcth@ross Europe and
stimulated appropriate management actions suclheagseimoval of competing vegetation,
regeneration is still problematic in many of thenegning populations (e.g. Garcé al.
1999, Verheyert al. 2005). More specifically, Verheyest al. (2009) revealed a triangular
relationship between the percentage of viable semub the regeneration potential in
European common juniper populations (Fig. 1-2).sTtelationship suggests that if seed
viability is low, recruitment is negligible, while case of a high percentage of viable seeds
other factors such as herbivory, summer droughttaadabsence of suitable microsites for

germination are responsible for the differencaearuitment between populations.
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Fig. 1-2. Relationship between the mean percentddgdled seeds per shrub and the percentage dpgun

seedlings (i.e. shrubs < 25 cm) in 39 populatidasiduted throughout Europe (Verheyetral. 2009).



In many of the remaining European juniper poputajothe percentage of viable seeds is
extremely low thereby limiting the chances for sssful regeneration (Garcia 2001,
Verheyenet al. 2009). In populations where viable seeds are pteether factors such as the
absence of microsites suitable for germination,rgrezing and drought stress most likely
hamper successful recruitment (Ward 1973, Fittedefanings 1975, Gilbert 1980, Ward
1982, Garcia 2001). It remains unclear why somg@rpopulations have high seed viability
and seem to recruit successfully while others aklektremely low seed quality. However,
there are strong indications that different glatbenge drivers are, at least partly, responsible
for the bad reproduction in common juniper (Verhregieal. 2009). Additionally, even on the
same shrub, some juniper seeds have a two yeanirrgpme and some seeds have a three
year ripening time (Ward 2010). It is not clear whbauses this dual strategy and whether

ripening time has an influence on seed viability.

1.2 Global change

Worldwide, environmental conditions and ecosystemes undergoing rapid change (MEA,
2005). The drivers of this global change have moatithropogenic causes, and can be
coupled in five groups: climate change, land-usange, pollution, overexploitation and
biotic invasions. They all influence plant specéesl populations (MEA 2005, Matesaeiz

al. 2010). For example, land-use change, leading bddtdoss, fragmentation, reductions in
habitat quality and habitat degradation (Matesaired. 2010), caused a general decrease of
heathlands (an important habitat for common junigee Chapter 2) throughout Europe in
the last two centuries (e.g. Piessenal. 2004, Alonso 2004, Newtost al. 2009). However,
given the protected status of many juniper popaoitetin western Europe and the findings of
Verheyenet al. (2009) concerning the negative effects of tempeeaaind nitrogen deposition
on seed viability, we focus in this thesis on tlh&bgl change drivers of climate change and

pollution.
Climate change

In the Northern hemisphere, the average surfacpdasture has increased with 1.0 °C since
the end of the ®century (NASA GISTEMP data, http://data.giss.nge@gistemp/). This
warming is unparalleled in the last millennia (Mattcet al. 2013). The present climate
change is almost exclusively caused by anthropedeantors. Human-induced changes in the

world’s radiation balance amount to 2.29 Watt pérsince 1750, while natural causes due to



changes in solar radiation contribute only 0.06 gat m2 (IPCC 2013). Hence, only climate
models in which anthropogenic causes are accountedre capable of reconstructing the
observed temperature trends. In a ‘business-ad-ssemario (RCP8.5), a worldwide
temperature increase of 2.6 to 4.8 °C is expecteth® end of the Zicentury (2081-2100)
compared to the average between 1986 and 2005 (IB@G). Models forecast strong
climate-change impacts on biodiversity with a rdatuc of more than 50 % of the current
climate range for 57 % of the plants and 34 % efahimals during the 21st century (Warren
et al. 2013).

Pollution

Before industrialization occurred in the "L.@entury, natural processes largely dominated
nitrogen emissions (~120 TG N/yr) due to low anglmgenic inputs (~12 Tg N/yr). By 2005,
the input by anthropogenic processes spectaculaigased to ~210 Tg N/yr (Galloway

al. 2004). Hence, it is no surprise that worldwide @pheric deposition of biologically
reactive N more than tripled from 1860 to the ed@90s. Moreover, by the year 2050 a 2.4
to 2.7-fold increase in eutrophication of terredtrecosystems, compared to 2000, is
predicted, probably causing an unprecedented leeosity loss and subsequent biotic
homogenisation of ecosystems (Tilmetral. 2001). This decades-long N deposition is partly
responsible for the already significant losseseofesstrial plant diversity (Clark & Tilman
2008; De Schrijveet al. 2011). Nitrogen emissions include emissions of,NRO, NG,
HNO,, HNO; and NOs), which mainly originates from burning of fossilells, and of NK
(NH3z and NH"), mainly emitted by agricultural practices. Apfdm the eutrophying effects
on ecosystems (Bobbiné al. 2010), N-depositions can also cause an acidifyffgct.
Potentially acidifying depositions comprises defiosi of SQ (both SQ and SQ%), NGOy
and NH, compounds, and can cause a significant acidifinatif the soil by by generating
protons (H). Although the emissions of sulphur (S) have begliced over much of Europe
in the past decades (UN-ECE 2003), nitrogen emmsdio the atmosphere remain elevated in
industrialized regions and are accelerating in mdayeloping regions (Gallowasgt al.
2004). Hence, soil mediated acidification is silproblem in many ecosystems (Bobbetk
al. 2010).
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Fig. 1-3. Common junipers in heathland (Belgium)

The effects of global change will become incredsimgsible in the coming decades (Rands
et al. 2010) and further the change of environments iithwplants are living. The early life-
history stages of plants, including seed produ¢t@ma amongst the most important processes
that drive plant community structure (Hedhdy al. 2009, HilleRisLamberst al. 2009,
Linkies et al. 2010, Walcket al. 2011). Sexual reproduction aids plants to adaghtmging
environments and to colonize previously unoccupiabitats (Fenner and Thompson 2005).
Hence, in the face of global change, the role ouakreproduction in the adaptation of
organisms to changing environments might becomeemomortant. However, sexual
reproduction itself is also affected by global apganSeveral studies have investigated the
influence of different global-change drivers on waxreproduction of plants, including
warming (Pefiuelagt al. 2004, De Frennet al. 2011, Koivurantaet al. 2012), elevated CO
concentrations (Thurigt al. 2003), nitrogen deposition (Callahanhal. 2008) and drought
(Demirtaset al. 2010). Fewer studies have investigated the intedraffects of several
drivers on sexual reproduction (Hovendaeal. 2008, HilleRisLamberst al. 2009, Verheyen

et al. 2009, Liet al. 2011). Even less is known about the different gsses acting during
subsequent phases of the sexual reproductive ofcpdants (but see Oweret al. 2001,
Hedhly 2011). Recently, Hedhlgt al. (2009) underlined the importance of studying the
sensitive phases (e.g. fertilization, embryogenasgependently in order to obtain a better

understanding of the effect of global change de\ee. temperature) on sexual reproduction.



1.3 Objectivesand outline of thisthesis

The aim of this thesis is to get a better undedstanof the problematic sexual reproduction
of common juniper. Before focussing on sexual rdpotion, we first give a short
introduction to the species in Chapter 2. Nextpn@vide an in-depth study of global-change
effects on seed development (Chapters 3, 4, 5 anth@ddition, as only a part of the
recruitment problem is caused by low seed viab{Ntgrheyenet al. 2009), we also studied
the establishment process (Chapter 7). In Chaptee&ynthesize our findings and add some

recommendations for common juniper conservation.

Fig. 1-4. A common juniper ticket in Zutendaal (gieim)

Fig. 1-5 gives a schematic overview of the outliehis thesis. Three observational studies
(Chapter 3-5) were performed to unravel the infagenf climate warming and atmospheric
depositions on seed viability. Following the recoemuations of Hedhlgt al. (2009), we
first searched which phases (1, cone initiation @otlination; 2, gamete development,
fertilization and early embryo development; 3, la@bryo development) during sexual
reproduction were most vulnerabléh@pter 3). In this chapter, seeds were sampled in eight
populations across Europe (four with recruitmerd &our without recruitment). Next, we
studied the influence of climate warming and atnhesjg depositions on the two most



vulnerable phases (phase two and three, i.e. gadeatelopment, fertilization and early
embryo development, and late embryo developmenQhapter 4. For this research, we
sampled seeds and studied their viability in nes lkhan 42 populations throughout Europe
and took advantage of the large variation in bethgerature and atmospheric depositions. In
a subset of twenty populations, we also analysecttiemical composition of the needles to
verify whether the nutrient status of the shrubs wa#luenced by climate warming and
atmospheric depositions and whether this might me af the mechanisms by which they
exert their negative influence on seed viabilBhépter 5). The experiment itChapter 6
was used to corroborate the observational findungjeg the gradient method in Chapter 4
concerning the negative influence of increasingpemature on seed viability. Here, we
installed a transplant experiment at four locationEurope, along a temperature gradient. At
one of the four locations we also performed an dpenchamber (OTC) experiment. In this
experiment we increased the temperature in onkeofwo plots at that location by placing a

glasshouse with open top above the shrubs.

Seed development Establishment

[ L 1 |

Causes for low seed Seed germination & seedling
viability survival

Critical phases

¢ 8 populations

* 3 seed phases

' S-eed-viab‘!lity * n * 42 populations
ripening time + 2 seed phases
Vs. recruitment » Climate change +

atmospheric depositions
vs. seed viability +
ripening time

¢ 20 populations

* 2 seed phases

¢ Climate change +
atmospheric depositions
vs. nutrient status

s Nutrient status vs. seed
viability

H * 4 locations

* 2 seed phases
Increasing temperature

vs. seed viability & Siscatinne

* Seed germination + seedling
survival vs. soil treatment

Observational

Experimental

Fig. 1-5. Schematic overview of the outline of tthissis. Chapter numbers in black frames.



Finally, Chapter 7 focusses on the establishment of common junipedisgs. In an

experiment performed at four locations in Belgiumd &he Netherlands, the effects of
different management actions such as mowing orreotbval on the soil conditions were
observed. Subsequently, we studied how these mamemeactions and soil conditions

affected seed germination and seedling survival.
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2 Common juniper: ashort introduction

2.1 Botanical characteristics

Juniperus communis (Cupressaceae) is a light demanding, dioeciousd wiollinated,
coniferous shrub or tree (Thomeisal. 2007). The form of the dense crown can be quite
variable and three phenotypes can be distinguigkégl 2-1). The columnar shape has
steeply ascending branches along the main stenon8lg¢ the fastigate form has a fairly
steep but widening crown without a clear main stemally, the prostate form is a low-to-
the-ground shrub with horizontal branches and bendops. There can be quite some
variation within one type (Stockmann 1982). In par thickets, the columnar shape is

mostly absent, while solitary individuals have aoftbe fastigate form.

—

Columnar Fastigate Prostrate

Fig. 2-1. The three growth forms of common juniffétockmann 1982).
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The leaves are exclusively needle-shaped, pridklye-green and about 10 to 15 mm long
(Fig. 2-2, Fig. 2-3). The upper side of the needteslull and trough-shaped, while the
underside is shiny and keeled. The needles areeghlat whorls of three on hexagonal
branches and remain in place for two years (Westda. 1985). Due to their high light
demands, the needles in the center of the croweklyuilie off (Vanhaeren 1983). Common
juniper has relatively nutrient rich litter and canhance soil fertility. For example in alpine
heath tundra, patches of common juniper shrubsfaaititate the growth of other plants
typical for this ecosystem (DeLuca & Zackrisson 200

Fig. 2-2. Needles and female cones of common jur{ipelgium).
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* Gemeiner Wadiolder,

Fig. 2-3. Morphological characteristics of commaniper. 1 = male cone, 2+3 = stamen, 4 = female cbnr-
female cone (longitudinal section), 6 = ripe fematme, 7 = cross-section of cone with three seeitls w
numerous resin reservoirs, 8+9 = longitudinal sectf a seed, A = male twig with cones, B = fentaligg with

cones. Images are not to scale (Thomé 1885).

13



2.2 Distribution

Of all vascular plants, common juniper has onehef largest distribution ranges. It covers
most of the northern hemisphere (Adams 2008) (Fig).

<%
o4

o var.

s = var

O  var.

7 var

["J; var.
o

Juniperus communis

communis

montana

japonica
hemisphaerica
agepressa

megistocarpa

|

Fig. 2-4. Distribution

area of common juniper iretiNorthern hemisphere (Hultén & Fries 1986). In our

research we focussed Juniperus communis var.communis.

In Europe, the species occurs in the Atlantic aimredhe continental regions and from the

boreal climates to

can be found in

the mountains of the Meditersanaea. Outside Europe, common juniper

areas with a temperate climatedrthern Asia towards the Tanshian

mountains (except in Japan) but also in Iraq aedHimalaya. In America, common juniper

occurs from Canada to New Mexico in the USA. In soaith, the species mostly occupies

higher altitudes. The species is only absent iny wearm and dry areas, such as the

Mediterranean lowlands.
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2.3 Sexual reproduction

The female bushes of juniper annually produce flestpherical, berry-like cones of
approximately 6.5 mm in diameter that take twolwe¢ years to mature. The cones contain
one to three (rarely four) seeds (Ottley 1909, @aacal. 2000, Thomast al. 2007, Ward
2010). The seed development is described in Fig. &id is based on Ottley (1909), Singh
(1978), Thomast al. (2007) and Ward (2010).

cone initiationand  pollination megasporogenesis and fertilization | ripening of the embryo and
development of growth of male and female megagametophyte
sporogenous tissue gametophyte

C

:;;wwwo

Three year cycle
| first year >| second year >| third year >

Two year cycle
| first year >| second year>

Fig. 2-5. Schematic overview of the seed developnreduniperus communis. (A) Male cone containing the
microsporangia; (B) the microspores are formedr afteiosis; (C) pollen are released; (D) female c@neen)
with three ovules; (E) ovule with integument (blpacnd nucellus (green); (F) after pollination, thellen
(black) germinates on top of the nucellus and tbhkeptube grows towards the centre of the nucellbs,
integument has closed; (G) + (H) in the centrehef mucellus, the macrospore mother cell undergasstin
divisions and forms the prothallium (red) which Iwgrow and develop into the megagametophyte; & th
archegonial complex develops from peripheral catilshe micropilar end of the prothallium (orangeda
consists of four archegonia, each containing ong egjl; (J) the pollen tube has reached the arafiabo
complex and after fertilization one or more zygoaes formed (yellow); (K) several embryonal masaes
pushed in the corrosion cavity of the megagametigptiyyough elongation of the suspensor systemaiygll
(L) generally only one embryo (yellow) survivestire mature seed. (redrawn after Ottley 1909, Si@r8,
Thomaset al. 2007, Ward 2010)

In a three year cycle the initiation of the reprciilte buds starts in autumn or early winter.
When ripe, the male strobili have three to sevengrario’s of sporofyls that all contain two
to six sporangia (Chambeesal. 1999; see Fig. 2-6 for ripe male cones). Polloratind the
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germination of the pollen takes place in springe Thegasporogenesis follows next spring
and, subsequently, the female gametophyte startkevelop. After fertilization in second
summer, the maturation of the embryo and megagahgte begins and the seed is ready for
dispersal by the end of next year’'s autumn. In @ ywar cycle, the megasporogenesis and
development of the female gametophyte advance anéhyear and follow immediately after
pollination. Fertilization then takes place in tiwst summer. The female cones reach their
full size shortly after fertilization. Their coloehanges from green to dark blue/purple during
summer and autumn of the last year of developnwiatrd 2010).

Fig. 2-6. A branch with male common juniper corgslgium)

Seeds that are ready for dispersal have a dornmahtye and need to undergo an after
ripening-process before they can germinate (Pa&l)1Different treatments have been
tested to improve germination (e.g. Pack 1921, MeV£966, Broome 2003, Adriaenssehs
al. 2006) with variable success. However, good resultseaking dormancy are achieved if
the seeds are stored at a temperature between ID&t@ with an optimum of 4 - 5 °C (Pack
1921, McVean 1966, Broome 2003). For example, B®d2003) found a germination
percentage of 50 to 60 % (viable seeds) if seede stered at 0 °C for 34 to 51 weeks with
an after-treatment of 16 to 17 weeks at 4 °C. Afthe pre-treatments, seeds were sown in
spring and a germination period of three monthofe#d. Pack (1921) found that storage in
cold (-23 °C) and moist conditions or in conditionk altering temperatures negatively
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affected germination. McVean (1966) and Broome Q0fdvise to use cleaned seeds, but

Adriaenssenst al. (2006) mention good germination results if conessawn.

2.4 Seed dispersal

Gravity, animals and to a lesser extend wind anmdisperse the seeds of common juniper
(Piottoet al. 2003). Most of the cones will land under or in these proximity of the mother
shrub (Knol & Nijhof 2004). Mainly through birdshdre is a chance that the seeds get more
widely dispersed. Species from the thrush familyrdus spp), such as fieldfard@ (pilaris),
mistle trush T. viscivorus) and common blackbirdl( merula) are often mentioned, but also
Eurasion magpieRica pica), willow tit (Parus montanus) and black grouseTétrao tetrix)
occur as dispersers (Bergman 1963, Breek 1978,i&2@01). In addition, according to
Ward (1973) and Rosén (1988), junipers are oftemdoalong sheep walks. Hence, possibly

also sheep play an important role in the seed digpe

Although birds are often mentioned as importanpelisers, less is known about the influence
of e.g. frugivory on the seed viability. Pack (192Lipposed that the mechanical handling in
the crop and the effects of digestive juices onsted coat would facilitate the germination
of the seed. However he found no effects when degtdd the seeds with diluted citric acid.
Livinston (1972) reported a strong reduction ofngation percentages (from 37.2 % to 9.1
%) after seeds passed through the stomach of ngsriurnus vulgaris). However, a

treatment with citric acid increased the germinapercentage afterwards.

2.5 Growth conditions

Common juniper typically occurs on dry, both acidind calcareous, nutrient poor, mineral
soils, such as heath and calcareous grasslandd@teal. 1985, Garciat al. 2000, Rosén
& Bakker 2005, Maest al. 2006, Thomas 2007, Ward 2007). The species carsalsive in
open forest, but does not resist heavy shadowihgr(ibset al. 2007). Persistently high or
fluctuating groundwater levels are detrimental. ldwer, individuals can sporadically be

found in moist conditions.

Due to its slow growth (Grub& al. 1999, Ward 2007) and its high light demands (Thoema
et al. 2007), common juniper often suffers from the cotitipd of other species. It tolerates
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poor soils (Pearmaet al. 2008), but will grow relatively faster on richesils. As common
juniper is predominantly appearing on nutrient-pdamoth acidic and calcareous soils and
harsh environments (Garcéh al. 2000, Thomas 2007, Ward 2007) it is plausible that
species is excluded from its optimal habitat (eicher soils) by more competitive species
(Pearmaret al. 2006), that make better use of the available ewiisi

2.6 Human use of common juniper

The cones, needles, branches and wood of commapejuhad, and still have, multiple
applications. For example, the branches were usedeeorations for religious ceremonies
and weddings (Burny 1985, Barkman 1989), to flaviongad, as a broom (Knol & Nijhoff

2004) and the wood was used for the productionatton a small scale (Barkman 1989).

The cones are used in gin and alcoholic bittergyT¢an flavor marinades, pot roasts, liver

paté, game, sauces and soups (Charles 2013).

Traditionally, common juniper also has a medicimsg. For example, essential oils from the
cones showed to be bactericidal and extrasts frioenneedles and cones have a good
antioxidant activity (Charles 2013). As an herbaldicine, common juniper has been used as

a steam inhalant against bronchitis (Shahmier. &0#13).

In addition, extracts of common juniper are appliedosmetics and perfumery (Shahmier et
al. 2003).
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3 Critical phasesin the seed development of

common juniper (Juniperus communis)

After Gruwez R, Leroux O, De Frenne P, Tack W, \idR, Verheyen K. 2013. Critical
phases in the seed development of common junijiperus communis). Plant Biology
15:210-219

Abstract

Common juniper Juniperus communis L.) populations in northwestern European lowlarade currently
declining in size and number. An important caus¢haf decline is the lack of natural regeneratioow seed
viability seems to be one of the main bottleneckthis process. Previous research revealed a megatation
between seed viability and both temperature amdgen deposition. Additionally, the seeds of communiper
have a variable ripening time, which possibly iefiges the seed viability. However, the underlying
mechanisms remain unsolved. In order to unravel gizzle, it is important to understand in whictagds of
the seed production the main defects are situatddadnat the influence of ripening time is. In tiisidy, we
compared the seed viability of populations with avithout successful recruitment. We examined tlzeed
phases: (1) gamete development; (2) fertilizatiod early embryo development; (3) late embryo dewvalent.
After the first two phases we found no differenadhe percentage of viable seeds between popusatiith or
without recruitment. After the late embryo devela@populations without recruitment showed a sigaift
lower percentage of viable seeds. These resulgestighat the late embryo development is a bottleire the
seed development. However, the complex interachietween seed viability and ripening time makes it
plausible that the causes should be searched isetend seed phase, as the accelerated developfiet

male and female gametophyte may disturb the mateie synchrony for successful mating.

3.1 Introduction

Common juniper populations are declining in sizé anmbers in different regions, including
northwestern European lowlands (e.g. Belgium: FaathR004 and Adriaensseetsal. 2006;
the Netherlands: Oostermeijer & De Knegt 2004; mem and western Germany: Hiuppe
1995; England: Cliftoret al. 1997), and the Mediterranean mountain regionsqi@at al.
1999). Limiting sexual reproduction, caused by Isged viability may be one of the main
causes for this decline (Verheyetnal. 2005, Verheyert al. 2009). Moreover, Verheyest
al. (2009) found indications that increasing tempemtand nitrogen deposition negatively
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affect seed viability. However, the mechanisms hehhe low seed viability remain largely
unclear. Nevertheless, a range of possible caukeseaun abortion in conifers has been
identified, including a lack of ovule pollinatiodevelopmental anomalies, early or late self-
incompatibility mechanisms, and insect and diseseage (Owens 2006). In many conifer
species, seed abortion occurring in different dgwelental phases of the seed often leads to
the so called “empty seeds”, which generally sttbntain some remnants of the
megagametophyte or aborted embryo (Owens & Mor®i881 Owens 2006, Oweret al.
2008). Seed coat development, independent of embbartion was also observed in
common juniper (Garciet al. 2000).

The following developmental phases can be diststged: initiation of the reproductive buds,
development of the sporogenous tissue, meiosikrpdispersal and landing, development of
the male and female gametes after pollinationiliteation, the formation of the proembryo,
the elongation of the suspensor, the establishofahe polar meristems (root and shoot) and
the further development of the embryo (e.g. Sin@A8L Bonner 2008, Hedhkst al. 2009).
For different conifer species crucial phases wdantified by comparing the percentage of
viable seeds between the phases mentioned abovenfO$995, Owens & Morris 1998).
Similar research is still lacking for common junipe

The variation in ripening years of the seeds iglamoimportant factor to take into account in
common juniper. Normally, common juniper seedsnipethree years (Thomasal. 2007).
However, Ward (2010) found that in different popiglas the majority of the seeds ripen in
two years. She suggests that the three year cyyawie frequent in populations with a colder
climate (and vice versa) and that the ripening tocaa influence the seed vitality in some
phases.

In order to achieve a better comprehension of teeh@anisms behind the low seed viability
in J. communis in many European populations, we compare the sedallity in different
seed development phases between populations wdtip@pulations without recruitment (i.e.
the presence of shrubs smaller than 0.5 m) acrogbwestern Europe. In addition, we
assessed the possible link between seed viabititly rpening time for the different seed

development phases.
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3.2 Methods

3.2.1 Sampling, population characteristics and climate data

We selected eight large common juniper populatexress northwestern Europe: four with
recruitment (Ekulunde in southern Sweden, Kleseaczekastern Poland, Rossdach in central
Germany and Ascholdinger in southern Germany) aud Without recruitment (Mantinge
and Markelo in the Netherlands and Zutendaal anohBlgium) (Fig. 3-1).

Fig. 3-1. Location of the eight sampled populationsnorthwestern Europe (the black symbols mark the

populations without recruitment, the grey symbablsse with recruitment).

Bushes smaller than 0.5 m were considered as teani and were frequent in the first four
populations. The canopy cover above the commorpg@ugaiwas lower than 20%. Climate
data of each population were obtained from the Nmx@lim 1.10 software (F.A.O. 2005),
using nearest-neighbour interpolation of ten weastations. We deduced mean annual
temperature and mean temperature of the warmestaddst month for the period 1961—
1990 for all populations (Table 3-1).
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In the autumn of 2008, we randomly located a 3M>nBplot in each population (except in
Ekulunde, where the quadrant was 50 x 50 m). |h e&at, the height of all th& communis
bushes was recorded in six height class€afm,<1 m,<2m,<3m,<4 m, >4 m) and, in
addition, per plot, seven to eight female, conerihgabushes were selected at random. On
each selected individual, we randomly sampled tares of one, ten cones of two and ten
cones of three years old. The age of the conesdedsced from the age of the wood on
which they were growing (the cones are one yeangeuthan the wood), which, in turn was
determined by counting the growing shoots using dhaual bud scars, bud scales and
comparative leaf lengths (leaves are short and tislhwnear the annual scar) (Ward 2010).

The cones were stored in 70% ethanol.
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Table 3-1. Coordinatesf the eight sampled populations with their meanuah temperature, the mean temperature of the solel warmest month, the density of adult

juniper bushes (i.e. bushes >0.5m) and the deosjtyniper recruitment (i.e. bushg<0.5m).

Population Latitude Longitude  Altitude Mean annual Mean Mean Adult Indivuals

°) ®) (m.a.s.l) temperature temperature temperature indivuals <0.5m (ha

(°C) coldest month  warmest (ha') D)
(°C) month (°C)

Ekulunde 56. 6 16.6 45 6.56 -2.10 15.80 288 604
Kleszczele 52.6 23.3 100 6.63 -4.90 17.20 2556 1322
Rossdach 50.0 11.1 440 8.35 -1.00 17.70 333 111
Ascholdinger 47.9 11.5 550 7.87 -1.80 17.50 322 8137
Zutendaal 50.9 5.6 80 9.44 2.00 17.20 167 0
As 51.0 5.6 75 9.44 2.00 17.20 622 0
Markelo 52.3 6.5 50 8.94 1.60 16.30 478 0
Mantinge 52.8 6.6 50 8.58 1.20 16.00 489 0




3.2.2 Seed morphology and anatomy

Cone colour was observed and the occurrence oflesesgking scalesQarulaspis spp.,
Homoptera, Diaspididae) (Garcia 1998) was checkecadch of the sampled cones. Based
on visual inspection of the cones we determinedetlphases in their development (cone
phases): (1) small green cones, hardly distingbishrom leaf buds; (2) large green and
blue-green cones, the size being approximatelysibe of ripe cones; (3) large, blue ripe
cones, ready for dispersal.

As the seeds were sampled in late autumn, we egb¢atdistinguish three different phases
in the seed development (Fig. 2-5): the pollinabedle with a germinating pollen on the
nucellus (seed phase one, further referred to 4s BB. 2-5F), the seed with the suspensor
system pushing the embryonal masses in the corrosiwity (seed phase two, further
referred as SP2; Fig. 2-5K) and the mature seedyrfor dispersal (seed phase three, further
referred to as SP3; Fig. 2-5L).

In order to characterize the three observed seedgshand the corresponding criteria for
viable seeds, ten seeds from each seed phasetweiexian detail. The seeds were pulled out
of the cones and transverse sections were madeawitation microtome after embedding
the seeds in 7100 Technovit, following Leroeixal. (2007). The coupes were examined
under a light microscope. The results of this stayreported in chapter 3.3.2.

The quantitative aspect of our analysis was basestereoscopical observation of dissected
seeds. Our detailed anatomical study serves (s22)3as a base for interpretation and
classification. Seeds in any of the three phasB4,(SP2 and SP3) that had no visible signs
of anomalies were considered to have the potettdialevelop to the next phase and are
further referred to as “viable seeds”. We also regubif the anomalies were caused by the
seed predator chalcidlegastigmus bipunctatus (Hymenoptera, Torymidae; see Roques &
Skrzypczynska (2003) for a review of the seed-iigschalcids of the genukiniperus) or

by mites (e.gTrisetacus quadrisetus (Acarina, Eriophyiidae)).

Based on the seed phase and the age of the cooalawated the ripening time of the seeds
(an SP2 seed of one year old or an SP3 seed of/@ars old has a ripening time of two
years, an SP2 seed of two years old or an SP3ddhtee years old has a ripening time of
three years) and two groups were distinguisheds€gyls that ripen in less than three years

and (2) seeds that ripen in three or more years.
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3.2.3 Dataanalysis

Firstly, we examined the correlations between seelility, the age of the seed, the cone
phase and the seed phase with a non parametrien$g®a rank correlation test. The test
was performed for every population separately.

To analyse the differences in seed viability betweepulations with and without recruitment
generalized linear mixed-effect models were applisthg thelmer function in thelmed
library in R 2.13.0 (R Development Core Team 2022 viability of the SP1, SP2 and SP3
seeds, ripening time and infection wilh. bipunctatus, mites andCarulaspis spp. were
scored as 0 or 1, a binomial distribution was y$&dripening time, seeds that had a ripening
time of three or more years were scored 1, seadshtdd a ripening time of less than three
years were scored 0). To analyse the viabilityhaf 8P1, SP2 and SP3 seeds, population,
bush and cone were included as nested random eéfflens. Random effect terms for the
analysis ofM. bipunctatus, mites andCarulaspis spp infection and ripening time were
population and bush.

To study the relationships between the viabilitytlod SP1, SP2 and SP3 seeds on the one
hand and ripening time and infection wi@arulaspis spp. on the other hand, generalized
linear mixed-effect models with binomial distribartis were used. Population, bush and cone
identity were again included as nested random effeems. To detect possible
multicollinearity between the predictor variablése variance inflation factors (VIF) were
calculated (Quinn & Keough 2002) before running thedel. For the three seed phases,
VIF’'s were lower than 10 which indicates relativédyv multicollinearity (Quinn & Keough
2002). Seeds infected with mites awd bipuncatus were considered as non-viable and the
cones of SP1 seeds never contained sucking sddlesefore, correlations of these variables
with seed viability were not calculated.

3.3 Reaults

3.3.1 Populations

The two groups of four populations each were seteain the presence or absence of
recruitment. Fig. 3-2 shows that not only the @rexgcy of recruitment distinguished the two
groups, but also the height distribution showedmgjrdifferences.
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Ekulunde Zutendaal
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Fig. 3-2. Height distribution of the sampled popialas expressed as number of individuals per haimia
particular height class (£ 0.5m; 2:< 1.0m; 3:< 2.0m; 4:< 3.0m; 5:< 4.0m; 6: > 4.0m). A distinction is made

between successfully recruiting (left) and non-wéiorg populations (right).

The inverted J-shaped height distribution of th@ylations in Ekulunde, Kleszczele, and
Ascholdinger, and to a lesser degree in Rossdamhpudstrate that they all had relatively
more individuals in the lower height classes thanthie higher ones. This suggests that
conditions for sexual regeneration (e.g. seed Mwband suitable microclimate for
germination) are better than those in the populatim Mantinge, Markelo, Zutendaal and
As.
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3.3.2 Morphological and anatomical seed observations

We were able to distinguish three different phasdbe seed development (Fig. 3-3). In the
first seed phase (SP1), the pollen grain had afrgadminated and was visible on top of a
brown, smooth nucellus (Fig. 2-5F; Fig. 3-3B). Sippeared only in the small green cones.

Seeds with anomalies such as a shrivelled or htackllus or the absence of germinating

pollen were classified as non viable.

Fig. 3-3. Schematic representations of the thresemied seed phases. (A) Transverse section thraugime
with three ovules (seeds after SP1) in the ce(B}.(C) and (D) longitudinal sections through seafter SP1,
SP2 and SP3 respectively. (int) integument; (nugefius; (pt) pollen tube; (cc) corrosion cavity;c)la
archegonial complex; (su) suspensor system; (enryamal mass; (mg) megagametophyte; (mp) micropyle;
(sc) seedcoat, with inner fleshy layer (ifl), sdled layer (sl) and outer fleshy layer (ofl); (ejnbryo. Scale

bars: 200 um.

In seed phase two, most of the seeds that werergras the large green cones showed
evidence of early embryo development (Fig. 2-5K). B-3C). The state of development of
the seeds was characterized by the presence stifpensor system and different clumps of

embryonal mass in the corrosion cavity (Fig. 3-8aly one embryonal mass is represented).
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The megagametophyte was surrounded by the remattite nucellus and had not filled all
the available space within the seed coat. Both gegatophyte and nucellus consisted of
green-white and moist tissue. Failures during teeiod of fertilization mostly lead to
abortion of the megagametophytes, leaving a caldprown sac-like structure, consisting
of the megaspore wall. Sometimes, the degeneratamnot completed, but the content of
the seeds had already dried out. The third seesep{&P3) that could be distinguished was
present at the end of the predispersal embryo dpweint. The embryo and
megagametophyte were fully grown and the spaceiwithe seed coat was almost
completely filled (Fig. 2-5L; Fig. 3-3D). The twaotyledons of the embryo were clearly
distinguishable. Both the embryo and the megagarhgte had a smooth, white and moist
surface. Anomalies during the embryo developmentlead to degeneration of the embryo
and/or the megagametophyte, leaving, apart frombtbe/n sac-like structure, some other
remnants in the seeds, varying from brown, dry medteo a partly developed embryo and/or
megagametophyte. In both SP2 and SP3, seeds waasi@tally damaged by mites or kly
bipunctatus. The content of seeds attacked by mites is coelylelistorted and mostly, the
mites are still present. Damage M. bipunctatus could be recognized by the granular
content, an exit hole or the presence of the larva.

Although this method for assessing seed viabiiig. {/isually controlling for abnormalities
in the seed) generates an overestimation of tHeseea viability, Adriaenssens (2006) stated
that there is a clear correlation (R = 0.681 and @.01) with the results of more precise
methods such as a tetrazolium test (Miller, 200#)such a test, a solution of 2,3,5 trifenyl
tetrazolium choloride is added to seeds that amratgd and cut longitudinally. In the

presence of living tissue, the colourless solutions reddish.
3.3.3 Correlations between seed viability, seed age, cone phase and seed phase

As expected, we found a strong positive correlapr 0.01) between seed age, cone phase
and seed phase for every population (Appendix AE felationship of these three variables
to the seed viability was always strongly negatfge< 0.01) with the exception of the
correlation between seed viability and age in Adimgler (p < 0.05) (Appendix A). Hence,
we concluded that the seed phase equals the seeahdg-one phase as good proxy for seed

viability. Therefore we opted to study seed vidpilising the three different seed phases.
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3.3.4 Differences between populationswith and without recruitment

The percentage of viable seeds decreased with sacbessive seed phase for both
populations without (69%, 24% and 3% after SP1, &R@ SP3 respectively) and with
recruitment (49%, 22% and 13% after SP1, SP2 ald&pectively; Fig. 3-4).
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Fig. 3-4. The percentage of viable seeds after phade one, two and three (SP1, SP2 and SP3, tiespgdn
juniper populations with (1) and without (0) sucsfes recruitment across Europe. Error bars denbee t

standard error of mean.

Populations without recruitment displayed a higpercentage of viable SP1 seeds than
populations with recruitment. However, the opposias true for SP3 seeds. Only for SP3
seeds, the difference between the two groups vedistgtally significant (p < 0.001) (Table

3-2). The proportional decrease of viable seedkquean phase SP3 for populations without
recruitment. up to 88% of the viable SP2 seeds mEgeed during the third seed phase

compared to only 36% in populations with recruiten

Table 3-2. The difference between recruiting and-rexruiting populations for different responseiakbles

related to juniper seed viability and plant perfanmoe in four populations with and four populatiavishout

recruitment (SE stands for Standard Error).

Response Estimate SE z-value p-value
Seed viability SP1 -1.2925 0.9254 -1.397 n.s.
Seed viability SP2 -0.3148 0.9231 -0.342 n.s.
Seed viability SP3 2.2506 0.6319 3.562 <0.001
Probability ofM. bipunctatus infection 0.6981 0.6970 1.002 n.s.
Probability of mite infection -1.715 1.339 -1.281 .sn
Ripening time 0.9612 1.0569 0.910 n.s.
Probability of infection withCarulaspis spp. -2.1509 0.8714 -2.468 <0.05
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Only one of the other variables tested showed fogmit differences between the two groups
(Fig. 3-5; Table 3-2). In populations without reitment, a higher percentage cones were
infected with Carulaspis spp. The percentage of seeds infected Wthbipunctatus was
higher in populations with recruitment, althoughstiwvas not significant (Table 3-2). The

percentage of seeds infected wihbipunctatus or mites was always very low, mostly below

6% (Fig. 3-5).
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Fig. 3-5. Differences between populations with &by without (0) recruitment concerning the perogataf
seeds that is infected witid. bipunctatus (A) and mites (B) and the percentage of conesithatfected with

Carulaspis spp. (C). Error bars denote the standard errorezm

Most of the studied seeds ripened in less tharethears (68%). More specifically, only the

populations in Ekulunde and Kleszczele had a higketentage of seeds that ripened in three
or more years (Fig. 3-6). Seeds that ripen in tlore@ore years were absent or negligible in
the populations in As and Asholdinger. After sebdge three, also populations in Zutendaal

and Mantinge showed very low numbers of seedsxaded a longer ripening time.
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Fig. 3-6. Differences in percentage of viable sgbdtck dots, primary Y-axis) between seeds tharriin less
than three years (0) and seeds that ripen in threaore years (1) after seed phase two (SP2) s [gease
three (SP3). Error bars denote the standard efrorean. The grey bars represent the percentageedfshat
ripen in less than three years (0) and in thremare years (1) per population (secondary Y-axisfligkinction
is made between recruiting (first and third colunamd non-recruiting populations (the second andtliou
column) and between seed phase two (first two cof)rand seed phase three (last two columns).

3.3.5 Factorsexplaining seed viability

Surprisingly, the infection probability wit@arulaspis spp. had no significant influence on
the seed viability in spite of the differences betw populations with and without

33



recruitment (Table 3-3). The ripening time showedt@ng negative correlation with the
viability of SP2 seeds: seeds that developed sldwadra lower chance to be viable (Table
3-3).

Table 3-3. The effects of ripening time and probighdf infection with sessile sucking scale on jbaeiper seed
viability after seed phase two and three (SP2 @18l ®spectively) (SE stands for Standard Error).

SP2 SP3
Estimat SE zvalue P- Estimate  SE z p-
e value value value
Ripening time -2.7637 0.3934 -7.041 <0.001 0.6628.4539 1.46 n.s.
Probability - of ' infection 59,9 (5801 141  ns. 01777 05253 0338 ns.

with sessile sucking scale

After seed phase two, the viability of seeds tlaérr in three or more years reaches the
minimum in most populations, whereas seeds thanrip less than three years still show a
strong decrease during seed phase three (Fig. Begyever, beside in the populations of
Ekulunde, Kleszczele and Markelo, the viabilitytleé seeds with a ripening time of less than
three years remained higher than the viabilityedfds with a ripening time of three of more
years. Nevertheless, a relationship between seddllity after seed phase three and the

ripening time was absent (Table 3-3).

3.4 Discussion

The aim of this study was to achieve a better ceimgmsion of the mechanisms behind the
low seed viability of common juniper by comparifg tseed quality of populations with and
populations without recruitment. The most strikirgsult is the progressive and drastic
reduction of seed viability over the three seedsphBaending with a significantly lower

chance for viable seeds with a ripe embryo thatreaely for dispersal, in the populations
without recruitment. This indicates that an impottaegenerative bottleneck is possibly
situated in seed phase three. The results als@sutigt the viability of SP2 seeds is strongly
correlated with ripening time. We will firstly digss the possible reasons for viability loss
after each of the three studied seed phases wéttiadmttention for the influence of ripening

time during seed phase two and three. Next we Igheldborate on the importance of seed

predation.
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3.4.1 Seed phaseone

During the first seed phase the percentage of &iabéds decreased with up to 50%, mainly
because no pollination took place. Amongst conjfersses of up to 30% due to a lack of
pollination are not abnormal (Owens 1995, Owens &rii4 1998). Being a dioecious
species, it is possible that the pollination susdascommon juniper is even lower than in
most monoecious trees (Anderson & Owens 2000). [Hais of pollination is an important
cause of ovule abortion in most coniferous spe¢@wens 1995). However, in many
Cupressaceae, the unpollinated ovules continueeteldp normally until the fertilization
should take place, leading to a partially formeéedseoat and seeds that appear normal from
the outside (Owens 1995).

Pollination failure in common juniper can have eiint causes. Pollen availability can be
low due to late frost (Thomagt al. 2007), while Garciat al. (2002) found a positive
correlation between unpollinated ovules and the whoof precipitation during the
pollination period. In addition, a partial pollimat drop withdrawal caused by deposition of
particles other than juniper pollen (eRynus spp. pollen and inorganic particles) may reduce
the probability of successful pollination (Mugnakti al. 2007). Other possible causes of
abortion in this phase of development are frost atgam early incompatibility mechanisms
and insect damage (Owens 2006). However, the diftexr between populations with and
populations without recruitment was not significaifhere are also no indications that
common juniper is susceptible for producing invalplollen (see Box I). Hence, failure

during this phase cannot explain the low recruitinen

Box I: Pollen viability

An important phase in the sexual reproductive mead plants is the production of viable
pollen. In the male common juniper shrubs, congsaition starts in autumn (Singh 1978) but
only in the next spring, the microsporangia ardedentiated (Ottley 1909). After the last
division of the archesporial tissue (end of Aprideginning of May), the microspore mother
cells are formed and each microsporangium consise acentral mass of polygonal
microspore mother cells. Very soon the meiotic slons of the macrospore mother cells
begin and after a short time, the tetrads, comtgifour ripe microspores are formed. When

the walls of the spores are formed the mother imabks and the spores are set free inl the
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microsporangium. The microspores increase in gizkadout 15 days after the formation

the microspore mother cells, the pollen are digze(©ttley 1909).

Meiosis is an important process during pollen pobidem and normally leads to a hu

of

ge

amount of tetrads. Hence, the presence of a highepgge of aberrant tetrads (e.g.

incomplete tetrads, absence of cell walls, incotepdgtokinesis), can indicate that pollen

common juniper is susceptible for disturbancesrduneiosis.

In this exploratory research, we examined if theeee indications that the pollen originati

from northern Belgium, a region were common junipas an extremely low seed viability,

shows any abnormalities. We sampled a male coaecofnmon juniper shrub from a natu

of

ral

population in northern Belgium, crushed it and stddhe tetrads under a microscope. A total

of 442 tetrads was counted, of which 97.1% weremiadr The high percentage of normal

tetrads suggests that meiosis is mostly runninghabr

A second method to estimate pollen viability istbg size variation of ripe pollen (Kelbt

al. 2002). The diameter distribution of an amount @fgn should be centralised around gne

peak. More than one peak indicates a group of paeligh anomalous sizes (e.g. smaller o
for inviable pollen or bigger ones for diploid patl). Pollination with these pollen could le

nes
ad

to inviable seeds. In this part of the researchcmshed a ripe cone, again from a northern

Belgian male shrub, and measured the diametereopdiien. Fig. 3-7 shows only one pegak

around an average diameter of 14.15 um, which mpepable to diameters measured
common juniper pollen by Nept al. (2005). Hence, most of the pollen had normal sares

could be considered viable.

Frequency
8
|

Pollen diameter (um})

Fig. 3-7. The diameter distribution of the polleithin one male cone.
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Although we only studied two male cones, the rasaftthis exploratory research indicate
that there are no strong indications that commaoipgr pollen are susceptible for anomalies
during their development. These findings made wsdéeto not further study this phase in the

sexual reproduction of common juniper.

3.4.2 Seed phasetwo

Nearly equal proportional decreases occur in botugs during the second seed phase.
During this phase the megasporogenesis is initidtedpollen tube reaches the archegonia,
fertilization takes place and the first steps irbeyn development are taken. There seems to
be a complex interaction between the male and fergametophyte before fertilization.
Healthy pollen and the pollen tube within the ovstenulate the ovule development by
producing or triggering the production of hormongsch as auxins, gibberellins and
cytokinins (Fernandet al. 2005, Owengt al. 2005). Singh (1978) stated that the vicinity of
the pollen tube influences the development and rattun of archegonia in several
gymnosperms. The growth of the pollen tube posgibtyuires specific secretions from the
female gametophyte (Fernandb al. 2005). On the other hand, Owens & Blake (1985)
indicated that, in most conifer species, pollenasrequired for a normal development of the
megagametophyte and archegonia. An extra commitaduring this phase in common
juniper is the variation in ripening time of theeds. Although the three year cycle is mostly
recorded (e.g. Ottley 1909, Garaghal. 2002, Thomaset al. 2007), we found that the
majority of the seeds (68%) ripened in less thaeetyears. Ward (2010) suggests that the
ripening time could be influenced by the growtheraff the pollen tube, which can be
influenced by temperature (see also Heddlgl. 2009). In our study, the populations with
recruitment experienced harsher winters becaushighfer latitudes, altitudes or a more
continental climate, compared with the populatiafithout recruitment. The two populations
with the coldest winters (Ekulunde and Kleszczék) relatively more seeds that ripened in
three years than in two years. This is consistetit the findings of Ward (2010) in the UK,
where the ripening period of the seed cones of comjuniper was strongly biased to two
years in the southern sites, whereas in the nortsiegs, there was a higher chance of finding
cones that needed three years to ripen. Compeftaionutrients between the cones can also
be an explanation for the longer developing timea(®V2010) and for seed viability (Fenner
& Thompson 2005). Our data show no relation betwsssd viability and cone density (data
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not shown) and a negative correlation betweenigening time of the seeds and the viability
of SP2 seeds. The latter correlation was also fanynd/ard (2010). Owens (1991) suggested
that the more time the reproductive cycle needs,nlore opportunity there is for climatic
and other factors to diminish seed viability. FdP2Sseeds this could be a plausible
explanation. However, no such correlation was folancEP3 seeds (see discussion below).
In Picea abies, Owenset al. (2001) found a higher rate of abortion of megagapteytes in
case of higher temperatures during the period duration, fertilization and pro-embryo
development. Fertilization itself may be less leabb perturbations. For example, Owens &
Morris (1998) found little anomalies during ferzéition in Abies amabilis. Self- or other
incompatibility mechanisms are often put forwardaasimportant reason for seed abortion
during this phase (e.g. Karkkaineh al. 1999, Owens 2006, Oweres al. 2008). As a
dioecious species, there is no self-incompatibigue but the pollen in common juniper may
still be unsuitable if it is originating from gemelly closely related, nearby individuals
(Fenner & Thompson 2005). This could be a poss#xplanation for the decline in the
percentage of viable seeds during the second phltkeugh Vanden Broecét al. (2011)
found that genetic diversity within juniper popudets in northwestern Europe is still
relatively high. In short, the low percentage adble SP2 seeds can be ascribed to a lack of
pollination (which finds its origin during seed @ieaone) and disturbance of the growth of

pollen tube, archegonia and megagametophyte.

3.4.3 Seed phasethree

In the third phase, a strong difference in peragntaiable seeds was recorded between
populations with and without recruitment (13% vs¥% Jespectively). Not only did
populations without recruitment have a significdower percentage of viable seeds, the
proportional decrease between SP2 and SP3 wasvaiyohigh. During this phase, the
embryo develops a radicle, hypocotyl, plumule aatyledons (Singh 1978, Bonner 2008).
The megagametophyte goes through a phase of mmetsti activity with accumulation of
resources such as lipids, starch and protein (SI®J18, Owenst al. 2008); a process that
already started prior to fertilization (Bonner 2DO0&urther maturation of the seed is
accomplished with a certain amount of seed dryikgrZ et al. 1994). Seeds in which
fertilization did not take place can appear viabletr example, foAbies amabilis it has been
demonstrated that in ovules that were not pollohatee megagametophyte with fertile eggs

develops normally for a certain period after theiquein which fertilization should have
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taken place (Owens & Morris 1998). Hence, abortiothis phase can still be triggered by
the degeneration of unfertilized eggs, because dhele was not pollinated, or by
incompatibility mechanisms (Owens 2006, Owetnal. 2008).

The correlation found between the viability of S§&&ds and the ripening time was absent in
SP3 seeds. This means that during the third seasephthe decline in viability was much
larger for seeds that ripen in less than threesydan for other seeds. This decline is more
pronounced in populations without recruitment. Sebht ripen in three or more years show
almost no decline during the third seed phase.d@eghe growth of the pollen tube, also the
megagametophyte is subject to important changes, tkee preparation for food reserve
storage (Owenst al. 2008) during seed phase two. Hence, it is poséilale because of the
accelerated tube growth, the male-female synchfenguccessful mating in seeds that ripen
in less than three years is disturbed (Herrero Raf& the expression of this perturbation is
delayed until seed phase three. Owens (1995) anen®©w& Morris (1998) also state that
irregularities causing abortion or abnormal develept of a reproductive structure, can take
place long before the anomaly has occurred.

Disturbances during seed phase two can be causdughgr temperatures (Hedhly 2009,
Verheyenet al. 2009, Ward 2010), shortage of nutrients (FennefFh®&mpson 2005) and
nitrogen deposition (Verheyeet al. 2009), which are all variables that can influetice

reproductive biology of common juniper (Ward 2010).

3.4.4 Seed predation

Seed predation is often mentioned as an importansec of viability decrease (e.g. Owens
2006, Verheyert al. 2009). For common junipek). bipunctatus and mite attacks normally
destroy the seeds. However, the low number of kdtheeeds and the absence of significant
differences inM. bipunctatus and mite incidences between populations with aittiowt
recruitment indicates that this is likely not respible for the differences in seed viability
between the two population groups. On average, mones were infested wit@iarulaspis
spp. with significant higher attacks on populatievithout recruitment. Garcia (1998) found
that heavyCarulaspis spp. attack indicated low seed viability, but heeefound no relation

between the presence @érulaspis spp. on the cones and the seed viability.
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3.45 Conclusion

We conclude that anomalies in the ripening of timdryo may be an important factor helping
to explain differences in recruitment success ohmmn juniper across Europe. However,
looking in more detail at the complex relationshgtween seed viability and ripening time,
we consider it plausible that the causes need teebeched earlier in the seed development.
Notably during seed phase two, i.e. between thanigation of the pollen and the
fertilization. Seeds that ripen in three or morargeshow already a low viability after seed
phase two and seeds that ripen in less than tke@s ghow a strong decrease during the third
seed phase. This strong decrease could be explajndte accelerated development of the
pollen tube and megagametophyte in seeds havingodes ripening time. Possibly this
disturbs the male-female synchrony for successfating. This may help to explain the
negative correlation between temperature and séaallity (Verheyenet al. 2009). As
temperatures are expected to increase, commorejumpy become even more threatened in

the coming decades in Europe.
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4 Negative correlations between temperature and
atmospheric depositions and the seed viability of

common juniper (Juniperus communis)

After Gruwez R, De Frenne P, De Schrijver A, Lerddx Vangansbeke P, Verheyen K
(2014). Negative effects of temperature and atmeagpliepositions on the seed viability of
common juniperJuniperus communis). Annals of Botany 113:489-500

Abstract

Environmental change is increasingly impacting gstesns worldwide. However, our knowledge about the
interacting effects of various global-change drivem sexual reproduction of plants, one of theiy ke
mechanisms to cope with change, is limited. Here stvgly, on populations of poorly regenerating and
threatened common junipedufiperus communis), the correlation of four global-change driverssitg
temperatures, nitrogen deposition, potentially iginly deposition and altering precipitation pattey with two

key developmental phases during the sexual reptiothyé.e. gametogenesis and fertilization (seedsphtwo,
SP2) and embryo development (seed phase three, &RBdn the ripening time of the seeds. In 42 [adjouns
throughout the distribution range of common junipeEurope, 11943 seeds of two developmental phases
sampled. Seed viability was determined using seisdection and related to accumulated temperature
(expressed as growing degree days), nitrogen atehiielly acidifying deposition (nitrogen plus ship) and
precipitation data. Precipitation was not corraldtee viability of the seeds and on the ripenimggti Increasing
temperatures were negatively correlated with trebility of SP2 and SP3 seeds and decreased theingpe
time. Potentially acidifying depositions were négaly correlated with SP3 seed viability while enbad
nitrogen deposition was linked to lower ripeningnés. Higher temperatures and atmospheric deposition
apparently affected SP3-seeds more than SP-2 ddedgver, this is possibly a delayed effect asganiseeds
develop practically independently, due to the absesf vascular communication with the parent pkrartly
after fertilization. We propose that the failure rdtural regeneration in many European juniper [atjmns

might be attributed to climate warming as well akanced atmospheric deposition of nitrogen andhsulp

4.1 Introduction

In order to get a better understanding in how dzffie global change drivers can influence the
sexual reproduction in plants, Hedlyal. (2009) underlined the importance of studying the

sensitive phases during reproduction. In this arapte follow such an approach in the
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coniferous shrub common junipeiutiperus communis L.) to assess the effects of increasing

temperature, altering precipitation and atmosphagjmositions across its distribution range.

Verheyenet al. (2009) found a negative relationship between seauility on the one hand
and increasing temperature (expressed as meanlaroudng degree-days above 0 °C) and
enhanced nitrogen deposition on the other handcommbination with climate warming,
changing precipitation patterns are often put fedvas important drivers of sexual
reproduction in plants (e.g. Owens 1995, Wadcal. 2011). Although Verheyeet al. (2009)
found no relationship between seed viability oergmmmon juniper seeds and precipitation,
there can still be an influence during other phadeke sexual reproduction.

The most critical phase of predispersal seed dpwsdnit in common juniper occurs during
embryo development (seed phase three, cfr. Ch@ptétowever, it remains unclear whether
the reasons for the failure of embryo developmertius in this phase or in the previous
phase of the growth of the pollen tube, gametogsndertilization and early embryo
development (seed phase two, cfr. Chapter 3),feseht processes during seed development
can regulate each other (Fig. 4-1).

1
Seed Phase 2 | Seed Phase 3
!
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A !
Pollination —> Growth pollentube (_ p !
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I 1 F
BT : C fertilization -i—> Embryo development
1 1
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v ¢ i
Development female gametophyte :
1
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1

Fig. 4-1. Schematic of the relationships betweenkby processes during the seed developmedaroperus
communis (full arrows for important relationships, dottedaavs for less important relationships). Arrows A-G

are explained in the text.

Two processes that need to be successful to akotifation are pollen tube growth and
female gametophyte development (Fig. 4-1 D andiErerequisite for pollen tube growth is

that pollination supplies healthy pollen (Fig. AL There also seems to be an interaction
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between the pollen tube and the female gametogRyge 4-1 B and C). In some species, a
normal development of the ovule is promoted bybken or pollen tube, that triggers the
production of hormones such as auxines, gibbesedimd cytokinins (Fernands al. 2005;
Owenset al. 2005). However, many gymnosperms show a normaldpment of the female
gametophyte until shortly after the period of ferétion, even without pollen (Owens &
Blake 1986, Owens 1995, Owens & Morris 1998). Glowt the pollen tube on the other
hand often requires the presence of a healthy fegeihetophyte (e.g. Fernanetaal. 1997,
Takaso & Owens 1996, Drews & Koltunow 2011), prdpdiiecause it provides specific
secretions such as electron dense substances f@mrothallial cells (Takaso & Owens
1996, Fernandeet al. 2005) (Fig. 4-1 B). During the pre-fertilizatiortage, the female
gametophyte not only forms the archegonia and etjg lbut also prepares, for instance, for
seed reserve storage (Owestsal. 2008). Thus, the female gametophyte in gymnosperms
accumulates nutrients before fertilization (Vuoséual. 2009) and at the moment of
fertilization, the megagametophytes have almosthea their full development and there is
practically no vascular communication between tleeds and the ovuliferous scales.
Therefore, in general, the seeds are autonomoas fafttilization (Owens & Blake 1986,
Owens 1991) and the megagametophyte nourishes dilielogping embryo (Durzan &
Chalupa 1968, Vuoskat al. 2009). Thus, the development of the female ganmgtepnot
only directly influences the fertilization (Fig. 4E) and indirectly the growth of the pollen
tube (Fig. 4-1 B), but anomalies during this pheae also lead to nutritional problems during

embryo development (Fig. 4-1 G).

In common juniper, an additional complexity is tkateds can ripen in two or in three years.
In the latter case, fertilization is postponed &ore year. A lag between pollination and
fertilization is found in different conifers (e.different Pinus species; Singh 1978), but the
reasons remain unclear. It appears that the ptlilea goes in dormancy while the female
gametophyte is slowly developing. Shortly befondilfieation, the pollen tube revives due to
unknown cues (Williams, 2009). Willson & Burley @3 suggested that delayed
fertilization increases the time for selection ailengametophytes and female archegonia, but
they also mentioned the possibility that short odpctive seasons force plants to spread
pollination and fertilization over one year (Wills& Burley 1983). However, there is still no
consensus. In common juniper, the pattern of spething can be dichotomized, with some
seeds required a time interval of a few months @thérs a full year. These two strategies

may appear within the same shrub (Chapter 3). T&ioowledge, this dual strategy is absent
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in other conifers. In addition, a complex relatioipsbetween the ripening time of the seeds
of common juniper and the seed viability appearsxist. Most seeds ripening in three years
already have low viability shortly after fertilizah, whereas the viability of seeds ripening in
two years decreased mostly during embryo develop(@apter 3).

In the present study, we sampled of the hitheratially widest spread of populations (to our
knowledge) of common juniper and collected seed$waf different development phases
(shortly after fertilization and at the end of egtbripening). By sampling in 42 populations
throughout Europe (from Sweden to Spain and fraetaid to Poland), we are able to take
advantage of the wide climatic and deposition graisi (De Frennet al. 2013) in this area.
We examined the influence of four global-changeats (increasing temperature, nitrogen
deposition, potentially acidifying depositions aaltering precipitation patterns) on the seed
viability of common juniper after both seed devetmmt phases and on the ripening time.
The aim of the present study is therefore to thst following hypotheses: (1) that the
influence of global-change drivers on seed viabibtmore pronounced after seed phase two,
which indicates that this phase is more vulnerabi@ (2) that these global-change drivers are

determinants of which ripening time strategy ocdnrseed.

4.2 Methods

4.2.1 Population, shrub and seed characteristics and sampling

Seeds of 42 populations across the species’ disiwib range in Europe (Fig. 4-2 A and
Appendix B1 and B2) were sampled in autumn of 2608 2010 (8 and 34 populations
respectively). Populations consisted of at leastr@vidual shrubs growing in unshaded
conditions (i.e., not below other tree species).eéith population three to eight (with a
median of five) cone bearing shrubs were randormalgcted. Per shrub, three branches were
randomly selected, of which on average 28.7 (x84 SP2 seeds and 23.2 (+ 9.9 SD) SP3

seeds were sampled.
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Fig. 4-2. The locations and characteristics of the 42 sampled European common jlumiperys communis)
populations. Per map, the size of the dots is a relative measure for the GDD>0°C (growing degree days above 0
°C base temperature) during embryo development (A); the amount of potentially acidifying deposition (N + S;
keq ha yeaf’) (B); the percentage viable SP2 (C) and SP3 seeds (D) per population; and the percentage seeds

that ripen in three instead of two years (E).
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Different characteristics were measured and estidhah three different levels: population,
shrub and seed. The age of the seeds was deduredHe age of the woody branches on
which the cones (containing the seeds) were gro{thecones are always one year younger
than the wood). The age of the wood can be detexnbyy counting the growing shoot
internodes that are separated by the annual bud. #ataking the seed phase and the age of
the seed into account, we then calculated the ingetime of the seeds (see Chapter 3). For
every seed, the number of growing degree days abd\& base temperature (GRJ2; cf.
Hall et al. 2002) was calculated for three important proceskesig seed development:
pollination, fertilization and embryo developmebtepending on the collection date, seed
phase and the ripening time, data of different yeard seasons were used (Appendix B3).
Daily minimum and maximum temperatures of each faimn were obtained from the
nearest weather stations (see Appendix B1l) and tesedlculate the GDLR-c. When the
population and the weather station had differetitudies, a mean adiabatic lapse rate of 5.5
K-km™ (Kérner 2007) was applied. The GRR: ranged between 257.6 and 1633.8 with an
average of 979.5 (x 245.6 SD) for the spring ofipation, between 775.7 and 2164.1 with
an average of 1554.8 (x 243.8 SD) for the summdentilization and between 1217.9 and
5074.7 with an average of 3344.8 (+ 786.7 SD) lfieryear of embryo development (Fig. 4-2
A). As temperatures during winter were highly ctated with temperatures for spring of
pollination, summer of fertilization and year of leryo development (each time a p < 0.001
and a Pearson’s correlation index of 0.73, 0.49 @@ respectively), we decided to use
temperature data from periods during which the smalopment was active. To illustrate

the large-scale temperature gradients in the stegipn, we refer to Appendix B4.

Nitrogen and sulphur deposition data were obtaiftech the European Monitoring and
Evaluation Programme database (http://www.emep.iEMEP is the ‘Co-operative
Programme for Monitoring and Evaluation of the Laagge Transmission of Air pollutants
in Europe’ and provides scientific information dretemission, transport and deposition of air
pollutants. Here, data for 2008 were used: tota&t (wdry) inorganic nitrogen (NH+ NOy)
depositions expressed as kghy@ar and potentially acidifying (NK + NO, + SQ)
depositions expressed as ked.lyaar' in 50 x 50 km grid cells covering Europe. Nitrogen
depositions ranged from 1.84 to 36.05 kg.lpaai* with an average of 12.21 kg:hgear"

(+ 6.9 SD). Potentially acidifying depositions radgrom 0.20 to 3.03 keq.haear' with an
average of 1.17 keq.figrear* (+ 0.60 SD) (Fig. 4-2B).
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Next, the annual amount of precipitation in therypeeceding the time of sampling was
calculated per population using the monthly preéatmn data from Climatic Research Unit
(CRU) time-series datasets (Haretsal. 2013). Yearly precipitation ranged from 467.9 to
2280.8 mm.year with an average of 858.9 mm.yéqe 301.1 SD).

Correlation between temperature variables, atmagptepositions and annual precipitation
were low, while the correlation between nitrogerpaigtion and potentially acidifying

deposition was very high (Appendix B5).

Finally, for each population we estimated two sbidracteristics in different classes: texture
of the first 50 cm (sandy, sandy loam, loamy, cjayend bedrock type (calcareous vs. non-

calcareous).

At the shrub level, three characteristics: proportof needle loss, cone density and plant
height, were estimated. Different classes of netafle (<20%, <40%:;40%) were used as
an indicator for the health of each shrub. Conesitgnvas subdivided in three classes: low
(the cones appear scattered and it is difficufirtd any), normal (the cones appear scattered,
but they are rather abundant), dense (large chusfectones are abundant). Finally, the height
of each shrub was measured and classified in ff¥erent height classes (<0.5 m, <1 m, <2

m, <3 m and> 3m).

4.2.2 Seed analyses

The viability of all sampled seeds was assessethégns of stereoscopic observations of
dissected seeds (6609 seeds for SP2 and 5333 fee&i’3). Seed analysis in this research
was similar to the seed analysis in Chapter 3. Eleseeds that had no visible signs of
anomalies were considered to have the potentidételop to the next phase and are further
referred to as ‘viable seeds’. Viable SP2 seedsepted a megagametophyte and nucellus
consisting of green-white and moist tissue, not eiely filling the space within the seed
coat (Chapter 3). Viable SP3 seeds consisted adnaloryo and megagametophyte with a
smooth, white and moist surface. In this phasepstrall space within the seed coat is filled
(Chapter 3). In both SP2 and SP3, seeds were ocedlyidamaged by mites (e h.isetacus
guadrisetus [Acarina, Eriophyiidae]) or by the seed predatdnalcid Megastigmus
bipunctatus (Hymenoptera, Torymidae; see Roques & Skrzypczy(2k83) for a review of
the seed-infesting chalcids of the gedusiperus). The content of seeds attacked by mites is

completely distorted and, mostly, the mites alé@tesent. Damage byl. bipunctatus could
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be recognised by the granular content, an exit boléne presence of larvae. For both seed
phases, seeds were scored on the base of viglitity viable or viable), presence of mites
and M. bipunctatus (absent or present) and the ripening time (twdhoee years). Mean
infection rates with mites and. bipunctatus were calculated for each shrub and population.

4.2.3 Dataanalysis

To study the relationships between the seed viglufi SP2 seeds (viable or not), SP3 seeds
(viable or not) and the ripening time (2 or 3 yea®sed-level data throughout) on the one
hand, and the climatic, environmental, soil, shamol seed (ripening time) variables (fixed-
effect terms) on the other hand, generalised linesxed modelling with binomial
distributions was applied, using tggmmML function of theglmmML library and thdmer
function of thelme4 library in R 2.15.1 (R Development Core Team 20Ripening time
was only included in the models concerning the iitgliof SP2 and SP3 seeds. Populations
were treated as clusters within thlenmML function and as random effects within timaer
function. In a first step, all variables were eatkin the model on a one-by-one basis. Per
dependent variable (viability of SP2 and SP3 semus ripening time), variables with a
significance level of 0.1 were selected for multiate modelling. Autocorrelation between
the selected variables was checked by calculatiegvariance inflation factor (Quinn &
Keough 2002). In case of autocorrelation (notabdyween GDDRyc during pollination,
GDDsg:c during fertilization and GDRy-c during embryo development and between nitrogen
deposition and potentially acidifying depositionsihly the most significant variables were

selected.

Subsequently, all possible models for the threeeddent variables (i.e. built by each
combination of the selected fixed-effects termsjng 384 models in total) were compared
using the Akaike’s Information Criterion, adjustEd sample size (Alg (Hurvich & Tsai
1989). TheAAIC. of a model was then calculated as the differeretevden the Al of the
model with the best fit and the AJ©f that model. Models withAIC: < 4 were considered
equivalent (Bolker 2008). To determine the relaiimportance of the explanatory variables,
the sum of Akaike weights of the set of all top misdDelta AIG < 4) in which the variable
appeared (Burnham & Anderson 2002) was used. Thakakweight reflects the weight of
evidence in support of a particular model relatveghe entire model set, and varies from 0

(no support) to 1 (complete support). For each angdiory variable the relative importance
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was calculated by summing the Akaike weights of thedels containing the variable.
Finally, the averaged parameters of the top madete calculated using the model averaging
function based on the Alf the MuMin package in R). In addition, for eagpendent
variable, we calculated the r? for the model wille tlowest AIG using the following
function: r2.corr.mer<-function(m){Imfit<-Im(model.response(model .frame(m)) ~ fitted(m));
summary(Imfit)$r.squared}.

Finally, to visualize the effects of temperaturigéragen deposition and potentially acidifying

depositions on seed viability and ripening time, eadculated the proportion of viable SP2
and S3 seeds and the proportion of seeds thatedpiarthree years per population. A similar
procedure was followed for shrub height, cone dgrad needle loss, where the proportion

per class was calculated.

4.3 Resaults

As expected, seed viability declined between seease two and three (Fig. 4-2). The
average percentage of viable SP2 seeds per papulais 38.2% (+/-18.6 SD) with a
minimum of 2.3% and a maximum of 73.8%. For SP3sdbe average was 10.9% (+/-
14.6% SD) with a minimum of 0% and a maximum of288. The seed viability exhibits a
large variability for both SP2 seeds and SP3 sdaatsexample, 12 populations (in Belgium,
France, Germany, Italy, the Netherlands, SpainthadJK) had extremely low percentages
(<1%) of viable SP3 seeds. Conversely, populatisitls higher percentages of viable SP2
seeds (>40%) were situated in Scandinavia, on ttie af eastern Germany towards
northeastern Italy, on the axis north-central Sgaimards south-eastern France, in Ireland
and the southwest of the UK (Fig. 4-2 C). After R8st of the Scandinavian populations
still had relatively high percentages of viabledse&>20%), together with three populations

in southern and central Germany and Austria andrigie population (Fig. 4-2 D).

Infection rates with mites and. bipunctatus were relatively low for populations (mean 8.3%
and 3.1%, respectively), although infection rategdividual shrubs can be significant (e.g.
93.3% and 76.9%, respectively). In only one popaiatmore than half of the seeds were
infected with mites (53.4%), whil. bipunctatus infection rates always stayed below 20%.

Most of the seeds ripened in two years (64.5%)rteéen populations had more than 90% of

their seeds ripening in two years and for nine jamns this percentage dropped below
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10%. Seeds with a three year ripening time werenipaiound in Scandinavia, but
populations with high percentages were also preseSpain and southeastern France (Fig.
4-2 E).

Selection of the variables for multivariate modwedlilead to different results for the viability
of SP2- and SP3-seeds and ripening time. For thbildy of SP2-seeds, the factors
precipitation, mite infection rate, type of bedrpskil texture, needle loss and ripening time
did not have a significance level lower than 0.hedJe variables were therefore considered as
not important and excluded from the model selectmocedure. In a similar way,
precipitation, mite and/l. bipunctatus infection rate, type of bedrock, soil texture argkdle
loss were excluded for SP3-seeds and precipitatiotg, infection rate and soil texture for
ripening time. In addition, autocorrelation occuarigetween the temperature variables, and
between the atmospheric deposition variables, tieguin a selection (on the base of the
factor with the highest significance level) of GRE during pollination and potentially
acidifying deposition for SP2-seeds; of GR3I2 during embryo development and potentially
acidifying deposition for SP3-seeds; and of GBPBin the year before sampling and nitrogen

deposition for ripening time.

The most important variables affecting the viapibf SP2 seeds were temperature (GP®
during pollination), infection rate witN. bipunctatus on a population level and shrub height,
which all had a negative influence (Table 4-1, Hg3 A & Fig. 4-4 A). Potentially
acidifying deposition had only a marginally negatmfluence (Table 4-1, Fig. 4-3 B). The
ripening time strategy for a given seed had nouerfice on the viability of SP2-seeds.
However, since the r2 was relatively low (0.16)aige part of the variation in the data is not
explained by our predictor variables.
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Fig. 4-3. Relationships between accumulated tenpergdGDD>0°C during the spring of pollination feeed
phase two, GDD>0°C during embryo development fedsghase three and GDD>0°C during the year before
sampling for the ripening time) (A, C, E), potelfitiaacidifying deposition (keq ha-1 year-1) for deghase 2
and 3, and nitrogen deposition (kg N ha-1 yearfdr yipening time (B, D, F) on the one hand, anability of
SP2-seeds (left column), viability of SP3-seedddffid column) and the seed ripening time (right ool A

smoothing spline is fitted to the continuous data.

The patterns were slightly different for SP3 seédable 4-2). Here both potentially

acidifying depositions and temperature (G during embryo development) were

negatively correlated with seed viability (Fig. 423& D). In addition, also their interaction

was important and indicated that the negative tatiom with temperature was more

pronounced in populations with a lower potentiatydifying deposition. In addition, shrub

height and cone density showed an important negaiid positive correlation, respectively
(Fig. 4-4 D & E). Seeds that ripened in three ydad a slightly greater chance of being
viable than seeds that ripened in two years, hatdfiect was less pronounced (Table 4-2).
For SP3, the model with the lowest Altad an? of 0.24.
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Table 4-1. Model selection statistics for the asalyf the effects of GDD>0°C during the springpoflination, potentially acidifying deposition, tinénteraction, infection
rate with M. bipunctatus, cone density and shrubHhteon the viability of seed phase 2 seeds. Drées of freedomAAICc: difference in values of the corrected Akaike
Information Criterion between a model and the Inestlel; Weight: Akaike weight indicating the relaigupport for the model; Importance: the relatwmpartance of the

explanatory variables based on the sum of the Akaiights of the models in which the variables appe

Intercept Growing  Potentially GDD:PAD Infection Cone density Shrub Df AAICc  Weight
degree days acidifying rate withM. height
(GDD) deposition bipunctatus
pollination (PAD)
3.50 -3.09E-03 -1.19E+01 + 8 0 0.48
3.55 -3.02E-03 -9.79E-02 -1.21E+01 + 9 1.85 0.19
3.40 -3.12E-03 -1.17E+01 + + 10 1.92 0.18
3.96 -3.41E-03 -4.47E-01 3.27E-04 -1.24E+01 + 10 .723 0.08
3.45 -3.06E-03 -9.51E-02 -1.19E+01 + + 11 3.78 70.0
Importance— 1.00 0.34 0.07 1.00 0.26 1.00 - - -

+: factorial variable is included in the model

Table 4-2. Model selection statistics for the as@lyf the effects of GDD>0°C during embryo devetent, potentially acidifying deposition, their irdetion, cone density
and shrub height and ripening time on the viabibtyseed phase 3 seeds. Df: degrees of freedéwgc: difference in values of the corrected Akalkéormation Criterion

between a model and the best model; Weight: Akeikight indicating the relative support for the mipdportance: the relative importance of the erplary variables
based on the sum of the Akaike weights of the nihelvhich the variables appear.

Intercept Growing degree Potentially GDD:PAD Cone Shrub Ripening Df AAICc Weight

days (GDD) acidifying density height time
embryo deposition
development (PAD)
4.70 -2.07E-03 -6.95E+00 1.72E-03 + + + 12 0 0.65
5.15 -2.16E-03 -7.18E+00 1.77E-03 + + 11 1.20 0.36
Importance— 1 1 1 1 1 0.65 - - -

+: factorial variable is included in the model
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Fig. 4-4. Relationships between shrub height (AQD, cone density (B, E, H) and needle loss (Q) Bn the
one hand, and viability of SP2-seeds (left columigbility of SP3-seeds (middle column) and thedsegening
time (right column). Shrub height classes: 1: <0,2:, <1 m, 3: <2 m, 4: <3 m, 5:3m; needle loss classes: :
1: <20%, 2: <40%, 3= 40%; cone density classes: : 1: low, 2: normatiedise.

Ripening time was mostly determined by nitrogencd#pon, the bedrock type, cone density,
shrub height and needle loss (Table 4-3, Fig. 4aBdFFig. 4-4 G-1). Seeds originating from
populations with a higher nitrogen deposition covgng on soil with a calcareous bedrock
more often had a ripening time of two years. Shnwiik a greater cone density had more
seeds that ripened in two years and vice versgafl@r shrubs or those with a larger needle
loss. Higher temperatures (GBRf: during embryo development) led to shorter ripening
times, but this effect was less pronounced (Fig.H). The interaction between temperature
and nitrogen deposition was of minor importancee model with the lowest AlGxplained
almost 500 of the variation (r2 = 0.49).
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Table 4-3. Model selection statistics for the asmlpf the effects of GDD>0°C during the year befsampling, nitrogen deposition, their interactio@, bedrock type, cone
density, shrub height and needle loss on the nijgetime of the seeds. Df: degrees of freedamitCc: difference in values of the corrected Akalkéormation Criterion
between a model and the best model; Weight: Akeikight indicating the relative support for the mipdportance: the relative importance of the erplary variables

based on the sum of the Akaike weights of the nm®uhelvhich the variables appear.

Intercept Growing Nitrogen GDD:ND Bedrock Infection rate Cone Shrub height Needle- Df AAICc Weight
degree days deposition type with M. density loss
(GDD) year bipunctatus
before
sampling
6.18 -2.29E-03  -5.53E-01 1.06E-04 + 1.58E+01 + + + 15 0 0.22
2.14 -1.20E-03  -1.56E-01 + 1.75E+01 + + + 14 0.11 0.21
3.17 -1.47E-03  -1.32E-01 2.30E+01 + 13 1.08 130
8.24 -2.69E-03  -7.14E-01 1.43E-04 + + + + 14 1.15 0.13
7.27 -2.56E-03  -5.18E-01 1.03E-04 2.00E+01 + + + 4 1 122 0.12
-1.91 -1.88E-01 + 1.96E+01 + + + 13 1.64 0.10
2.84 -1.21E-03  -1.84E-01 + + + + 13 2.67 0.06
-1.15 -2.18E-01 + + + + 12 3.99 0.03
Importance— 0.87 1 0.47 1 0.78 1 1 1 - - -

+: factorial variable is included in the model



4.4 Discussion

The aim of this study was to achieve a better wstdrding of the influence of four global-
change drivers (increasing temperatures, enhandesgen and potentially acidification
deposition and altering precipitation patterns)tioa viability and ripening time of common
juniper seedsJuniperus communis). We focussed on two key seed developmental phases
i.e., growth of the pollen tube, megagametogenef@silization and early embryo
development (seed phase 2, SP2) and ripening drtteyo (seed phase 3, SP3), that were
identified as crucial for the sexual reproductiyele of this species (Chapter 3). Both needle
loss and shrub height (as a rough proxy for ageelBd978, Forbes & Proctor 1986) can be
seen as a measure for senescence. Cone dendlity othér hand relates to the vitality of the
shrub. This can explain the relationships betweenecdensity, shrub height and seed
viability. Precipitation was shown to have no igftice. In the following sections, we focus
on the important effects of temperature and enltthratenospheric depositions on seed

viability of common juniper.

4.4.1 Temperature effects

We showed that increasing temperatures were nefatoorrelated with seed viability of
both SP2 and SP3 seeds of common juniper and peomotpening time of two years.
Different patterns can be seen between the twoiestudevelopmental phases. For the
viability of the SP2 seeds, the GRJ2: during springtime were most important, while, tioe
SP3 seeds, only the GR§x: during embryo development showed a significanggative

correlation.

Our results differ from what is found in other gesd on conifers where a positive
relationship between higher temperatures and sexdulity was revealed (e.g. Despland &
Houle 1997, Nolandt al. 2006, Meuniegt al. 2007). However, the latter studies were often
performed at the northern distribution range limitghereas our study included common
juniper populations from a wider geographical ateawv temperatures and late frosts during
pollination are often mentioned as a reason fdinfaipollination and ovule abortion during
further seed development (e.g. Owens 1995, Thoehas. 2007). Therefore, a lack of
pollination cannot explain the negative relatiopshietween seed viability and the

temperature during the spring.

57



During SP2, there are two processes (the develdpofi¢he female gametophyte and growth
of the pollen tube) that can help to explain thgatiwe effects of temperature on seed
viability (Fig. 4-1).

First, higher temperatures can induce abnormaliiethe female gametophyte (Franz &
Jolliff 1989, Kozaiet al. 2004) or other female structures (Sahial. 1983, Hedhlyet al.
2003, Hedhlyet al. 2004, Hedhlyet al. 2005), which can lead to abortion of the seedoS&c
little is known about the direct effects of higheamperatures on the viability of the
germinating pollen (but see Yourgy al. 2004, Steinacher & Wagner 2012). However,
several studies hypothesised that the ovule andiléemametophyte might be important
regulators of pollen tube growth (e.g. Gifford & dter 1989, Takaso & Owens 1996,
Fernandoet al. 2005, Drews & Koltunow 2011). Thus, through infigeng the female
gametophyte, increased temperatures can have aedinéffect. In addition, due to their
separate influences on the pollen tube and femagetpphyte, high temperatures also have
detrimental effects on the male-female synchronyhi pre-ferilization phases (Ziret al.
2010, Hedhly 2011). Hence, both mechanisms, i.e. tlegative influence of higher
temperatures on the viability of the female gameyte and the different effects on the
growth speed of both female gametophyte and ptliee, may lead to unviable SP2 seeds.

Higher temperatures during the spring of the pation and the summer of the fertilization
seem to have no influence on viability of SP3-seledshaps cones with aborted seeds have
been shed by the third year, which can mask thiéset® On the other hand, GD§a: during
embryo development had a negative influence on seadility. Possibly, higher
temperatures may disrupt the meristimatic activitfy the female gametophyte with
accumulation of resources such as lipids, stardnpaoteins (Singh 1978, Oweatsal. 2008)
and the nutrition and growth of the embryo. Oweinal. (2001) and Crose&t al. (2003), for
instance, found a higher rate of abortiorPinea abies andLinum usitatissimum under higher
temperatures during embryo development. An indinegiative effect of temperature on the
viability of SP3 seeds due to malfunctions durihg pre-fertilization development of the
female gametophyte could not be detected as GidMuring that period had no significant

effects.

Warmer temperatures during the last year beforepbagn(for SP2 and SP3 seeds) led to
shorter ripening times. The negative correlationtevhperature with ripening time can be
explained by an altered development of the male femdale gametophytes and their
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interactions. As common juniper can be consideredld adapted speciesf.(its relatively
northerly distribution range and the assumptionto&urvival in Central Europe during the
last glacial maximum; Michalczy&t al. 2010), there is a probability that the mechanigm o
delayed fertilization to overcome shorter reprotuciseasons has developed in this species
(Willson & Burley 1983). Longer reproduction seasodiue to higher temperatures can

reduce the need for such mechanisms, leading igharchance of shorter ripening times.

To further our understanding of the role of highemperature in the described processes,

research on a biochemical level is needed.

4.4.2 Effectsof nitrogen and potentially acidifying deposition

Acidifying depositions appear to be negatively etated to seed viability after seed phase
three. We can assume that nitrogen deposition heimidar effect as both variables were
highly correlated. This correlation was almost abs&ter seed phase two. In addition, the
correlations of temperature and potentially acidifydepositions had a significant interaction
after seed phase three: in populations with lowempinlly acidifying depositions, the
negative correlation of temperature was pronouneddle the correlation was slightly
reversed in populations with high depositions. Sesmimpled from individuals growing in

areas with high nitrogen depositions also ripenedenn two instead of three years.

Our results correspond with different studies destrating that nitrogen (e.g. Vergestral.
2003, Liet al. 2011) or potentially acidifying depositions (Wegtim & Craker 1987, Feret
al. 1990, Munzuroglet al. 2003, Vergeeet al. 2003) negatively affect plant performance in
terms of seed quality. However, other studies tsn@vn that nitrogen depositions can also

increase seed quality (e.g. Drenovsky & Richar@852.

Nitrogen and potentially acidifying depositions ¢afluence seed viability in a direct way by
creating nutrient imbalances and causing decreagtdke and leaching of cations including
K*, C&" and Md" in the plant (Bobbinket al. 1992, Krupa 2003), leading to nutritional
deficiencies (e.g. Pearson & Stewart 1993). As tfug influence of temperature, the
biochemical mechanisms behind the effects on sealility need more research. For
example, C# plays a role in the control of conifer pollen turewth (Fernandet al. 2005)
and detoxification products such as arginine, néédease of a higher uptake of NHand
NH; through canopy exchange (Krupa 2003), can havertliag effects (Durzan & Chalupa
1968, Durzan 2002).
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Nitrogen and potentially acidifying depositions caaiso indirectly influence plant
performance as it causes a reduction of mycorrtagaeciations in several species (Malcova
et al. 1999, Krupa 2003). For common juniper, symbiosith wnycorrhiza (especially with
arbuscular myccorhiza (AM), Thomaat al. 2007) can be important; Bakker (1988)
suggested a possible relationship between presanoeycorrhiza and the viability od.

communis shrubs.

Our results show a correlation with potentiallydifging depositions only after seed phase
three. One would expect a better correlation afés=d phase two since, as in most conifers,
seeds are largely autonomous shortly after featib®i. However, it is possible that anomalies
during seed phase two (e.g. badly developed megsatgainyte due to nutrient deficits) only
lead to seed abortion during seed phase three, wWemegagametophyte nourishes the
developing embryo. Similarly, nutrient imbalancesl aignalling disturbance can also alter
the ripening time of the seed development.

There was no correlation between ripening time seetl viability after seed phase two and
of it was of much less importance than the conatatbetween potentially acidifying
depositions and temperature after seed phase fhines, there is no clear evidence that the
potentially negative effects of increased tempeestunitrogen depositions and potentially
acidifying depositions on seed viability are actthgough changed ripening duration of the
seeds. For both SP2 and SP3-seeds, only 16 to @4tP& variation was explained by the

models. Hence, there are still other causes pes&iblow seed viability (e.g. microclimate).

4.4.3 Conclusions

The negative correlations between temperaturegetr deposition and potentially acidifying
deposition and the viability of both SP2 and SP&dseof common juniper suggest that these
global-change drivers potentially affect differdgy processes of the sexual reproductive
cycle of Juniperus communis including pollen tube growth, megagametogenesiseanbryo
development. Thus, our findings put forward that thilure of natural regeneration in many
European juniper populations might be attributedcliomate warming as well as high
atmospheric deposition of nitrogen and sulphur.
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5 Do climate warming and atmospheric deposition
correlate negatively with seed viability of common
juniper (Juniperus communis) via their impact on

the nutrient status of the plant?

After Gruwez R, De Frenne P, De Schrijver A, Vargimke P, Verheyen K. Climate
warming and atmospheric deposition affect seedilitiaof common juniper (Juniperus
communis) via their impact on the nutrient stattithe plant. Ecological Research, accepted

with major revisions

Abstract

Global environmental change is increasingly affegtspecies worldwide. One of the emblematic victims
among plants is common junipelugiperus communis). Many populations of common juniper throughost it
distribution range are declining. The relative ladkgerminable seed production, resulting in lowhabilities

for successful natural regeneration, is one ofniiaén reasons for this decline. Climate warming elavated
atmospheric depositions are negatively correlatéth weed viability of common juniper, but the drgi
mechanisms remain unclear. One of the possibleyaathis via the influence of these global-changeeds on

the overall nutrient status of the plants, whichturn, can affect seed viability. Here we repbd tesults of a
sampling campaign of needles and seeds in 20 jupipgulations spread across Europe. First, we etuttie
correlation between increasing temperature, elevatdentially acidifying atmospheric depositionsl aitering
precipitation on the one hand and the needle reétmogN), phosphorous (P), carbon (C), sulphur, potas,
calcium (Ca) and magnesium (Mg) concentrations @rid and N:P ratios on the other hand. Second, we
assessed the relationship between needle compositid seed viability. Both temperature and poténtia
acidifying depositions were correlated with needlgrient concentrations. Changing nutrient avalighi
leaching and the dilution effect probably altered nutrient status of the shrubs. Low needle Pa@hMg
concentrations were related to low seed viabilityhus, a shortage of these key elements during seed
development and seed nutrient storage, can leaddmalies and seed abortion, thereby helping ttagxthe

low seed viability of juniper across Europe.

5.1 Introduction

In Chapter 4 we found that mainly two global-chardyevers, i.e. climate warming and
enhanced airborne depositions of potentially agidif substances such as nitrogen (N) and

sulphur (S), were negatively correlated with setbility of common juniper. Moreover, the
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negative correlations with increasing temperatwese found both after fertilization and
during embryo development. Correlations with patdiyt acidifying depositions were,
however, only pronounced after embryo developmdiite mechanisms behind these
correlations, however, remain unclear. Although ¥eeind no correlations between
precipitation and seed viability (see Chapter #)dging its influence can still be important
as precipitation correlated events such as droceyhtaffect the sexual reproduction in plants
(Demirtaset al. 2010).

Several studies showed mostly negative correlati@mteeen foliar concentrations of N and
phosphorous (P) and temperature (Reich & Oleksydp42Manet al. 2005, Zheng &
Shangguan 2007, Kargj al. 2011; but see Yuan & Chen 2009,) and positiveetations
with N deposition (Innes 1995, Thimonietr al. 2010, Sardanst al. 2011, Blanest al.
2013). Far less is known about the effects of tlggsbal-change drivers on tissue nutrient
concentrations of potassium (K), magnesium (M@n8 calcium (Ca) (but see Sardahal.
2011).

Macronutrient concentrations in foliage, in turandnfluence seed production and quality.
For example, foliage N, P and K concentrations sftbwositive correlations to the number
of flowers inMalus spp. (Marschner 1995) and to the number of conelet the seed weight
in Pinus sylvestris (Karlsson & Orlantder 2002). Indeed, the macrdents N, P, S, K, Ca
and Mg play an important role in plant growth amainp functioning (Marschner 1995). It is
well known that N and S compounds accumulate asrves during seed development
(mostly as proteins), but also P, Mg, K and Casaguestered within mature seeds (lebtt
al. 1995). Beside as a reserve, K, Ca and Mg alst &tegulative role (e.g. osmoregulation,
cell extension and cell wall stabilisation) (Marseh 1995). For common juniper, Lucassen
et al. (2011) found a relationship between the chemioahmosition of the needles and the
seeds on the one hand, and the abundance of ggemiiDutch populations (i.e. positive for
K and P concentrations and negative for aluminiunmncentrations). Hence, a possible
pathway to explain why temperature and atmosplagositions are negatively correlated
with on seed viability is via their potential inlace on macronutrient concentrations in the

plant (which are represented by the concentraiiotise needles.

Here we report the results of a large-scale sagpmlampaign of needles and seeds of two
development phases (that is, seeds sampled shiighfertilization and at the end of embryo
ripening) in 20 common juniper populations througihBurope (from Sweden to Spain and
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from the United Kingdom to Poland). We took advgetaof the wide climatic and

atmospheric deposition gradients (De Freehal. 2013) in this area to study how three
global-change drivers (increasing temperature,mi@téy acidifying depositions and altering

precipitation) were correlated with the macronuirieconcentration in the needles. In
addition, we link the macronutrient concentratiarthe needles to the viability of the seeds
after both seed phases. We specifically assessedotltowing hypotheses: (1) the three
global-change drivers are correlated with the maartent concentrations in the common
juniper needles and (2) these macronutrient coreteois are, in turn, related to seed

viability of juniper.

5.2 Methods

5.2.1 Sampling

Seeds of 20 populations across the species’ disivib range in Europe (Fig. 5-1 and
Appendix C1 and C2) were sampled in autumn of 2@tpulations consisted of at least 30
individual shrubs growing in unshaded conditions.(inot below the canopy of other tree
species). In each population three to five (aveaget 0.5 SD) cone bearing shrubs were
randomly selected. Per shrub, three branches vamgbomly selected, of which on average
32.7 (= 7.7 SD) SP2 seeds and 21.7 (+ 8.6 SD) &B8sswere sampled. In addition, from
each branch, all the one year old needles wereatell and pooled per shrub (cfr. the manual
of ICP-forest; Rautiet al. 2010). The 20 populations considered here con$iatsubset of
the populations used in Chapter 4 for which neadteient concentrations were available.
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Fig. 5-1. Location and population number of the glath common juniper populations. More informatianthe

sampled populations is available in Appendix C1 @a¢dpopulation numbers refer to Appendix C1 and C2

5.2.2 Environmental variables

Temperature is expressed as the number of grovégoed days above 0 °C base temperature
(GDDsgec; cfr. Hall et al. 2002), which was calculated for the year precediegsampling.
Daily minimum and maximum temperatures of each faimn were obtained from the
nearest weather stations (see Appendix C1 and i@Pused to calculate GRBPc. When the
population and the weather station had differemtudles, a mean adiabatic lapse rate
correction of 5.5 K-k (Kérner 2007) was applied. The GRf: ranged between 1275.1
and 5074.7 with an average of 3333.9 (+ 861.9 SD).

Nitrogen and sulphur deposition data were obtaiftech the European Monitoring and
Evaluation Programme database (EMEP)(http://wwwpemg. EMEP is the ‘Co-operative
Programme for Monitoring and Evaluation of the Laagge Transmission of Air pollutants
in Europe’ and provides scientific information dretemission, transport and deposition of air
pollutants. Here, averaged data for 2006 to 201€ewsed: total (wet + dry) inorganic
nitrogen (NH + NOy) depositions expressed as kg heai* and potentially acidifying (NK

+ NGy + SQ) depositions expressed as ked lyaar' in 50 x 50 km2 grid cells covering
Europe. Nitrogen depositions ranged from 4.85 tdl28&g.hd .year* with an average of
13.19 kg .ha.year-1 (+ 6.38 SD) and potentially acidifying dsjtions ranged from 0.51 to
2.38 keq.ha.year! with an average of 1.25 keq-hgeai* (+ 0.55 SD).
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Next, the average annual amount of precipitatiorthi five years preceding the time of
sampling was calculated per population using tharlyeprecipitation data from EMEP.
Average yearly precipitation ranged from 652.3 8934 mm.yeat with an average of
978.1 mm.yeat (+ 295.1 SD). We used a five year average to lbe gucover the whole
development period of the seed (three years) plsisoa period before the start of the seed

development but in which the nutrient status ofgshmib can be influenced.

Finally, for each population we estimated two sbidracteristics in different classes: texture
of the topsoil (0-50 cm) (sandy, sandy loam, loaolgyey) and bedrock type (calcareous vs.

non-calcareous).

5.2.3 Needleanalyses

Needles were dried to constant weight at 70 °Ci&h. Concentrations of P, K, Mg and Ca
were obtained after digesting 100 mg sample with ral HCIO, (65%) and 2 ml HNQ
(70%) in Teflon pots or 4 h at 140 °C. Phosphoras measured colorimetrically according
to the malachite green procedure (Lajttaal. 1999). K, Mg and Ca concentrations were
measured by atomic absorption spectrophotometry2@d®kS, Fast Sequential AAS). The
concentrations of N, S and C were measured usingleanental analyzer (Vario MACRO
cube CNS, Elementar, Germany). The variables theatewonsidered for further analyses

were needle concentrations of N, S, C, P, K, Ca, &g ratios of C:N and N:P.

5.24 Seed analyses

The viability of all sampled seeds was assessethégns of stereoscopic observations of
dissected seeds (3111 seeds for SP2 and 2063 feeei’3, in total). Again, following the
method in Chapter 3, seeds that had no visiblessdjanomalies were considered to have the

potential to develop to the next phase and arédureferred to as ‘viable seeds’.

5.25 Dataanalysis

To quantify the variation in chemical needle comias within and between populations
analysis of variance was performed using the aaetfan in R 2.15.1 (R Development Core
Team 2012).

Linear mixed effects models using the Ime-functminthe nlme-library in R 2.15.1 (R
Development Core Team 2012) were applied to deterntine relationships between the

chemical composition of the needles and environalerdriables (temperature, potentially
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acidifying deposition, precipitation, and the istetion between temperature and depositions)
(fixed effect terms). Population was added to tloeleh as random effect term to account for
the sampling within populations. Multicollinearitypetween temperature, potentially
acidifying deposition and precipitation was veufidy calculating the variance inflation
factor (Quinn & Keough 2002).

For each dependent variable, all possible modets Kuilt by each combination of the
selected fixed-effects terms) were compared ushey Akaike’s Information Criterion,
adjusted for sample size (AJC(Hurvich and Tsai 1989). Th&AIC. of a model was then
calculated as the difference between the AdCthe model with the best fit and the AIGf
that model. Models witAAIC. < 4 were considered equivalent (Bolker 2008). T@geine
the relative importance of the explanatory variaptee sum of Akaike weights of the set of
all top models AAIC < 4) in which the variable appeared (Burnham & Asder2002) was
used. The Akaike weight reflects the weight of ewice in support of a particular model
relative to the entire model set, and varies frofm® support) to 1 (complete support). For
each explanatory variable the relative importan@s walculated by summing the Akaike
weights of the models containing the variable. lyndhe averaged parameters of the top
models were calculated using the model averagingtion based on the Al®f the MuMin
package in R. In addition, for each dependent bjave calculated the r2 for the model
composed by all variables that had a importancédnighan 0.60, using the following
function: r2.corr.mer<-function(m){Imfit<-Im(model.response(model .frame(m)) ~ fitted(m));
summary(Imfit)$r.squared}..

To verify whether nitrogen deposition had a similafluence as potentially acidifying
depositions, the whole procedure was repeatednititbhgen deposition instead of potentially

acidifying depositions as fixed effect term.

To study the influence of the chemical compositibthe needles on seed viability after seed
phase two and seed phase three, the same methoadef selection was used. In this case,
generalized linear mixed modelling with binomialstdibutions was applied, using the
gimmML function of the gimmML library and the Iméunction of the Ime4 library. This
function allows to use binomial distributions sirsaed viability is expressed as 0 (not viable)
or 1 (viable). After testing for multicollinearitpetween the variables that characterize the

chemical composition of the needles by calculatimg variance inflation factor (Quinn &
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Keough 2002), only concentrations of N, S, C, P(&, Mg were selected as fixed effect

terms. Again, population was added to the modehadom effect term.

5.3 Resaults

5.3.1 Chemical composition of the needles

Needle concentrations were very variable, espgcfall Ca- and Mg-concentrations (Table
5-1). Although the among- and within-populationigiity was relatively high (Table 5-1),
our values are in agreement with values found @nliterature (Fig. 5-2). Average N and S
concentrations were higher than values found irlitesture, while Mg concentrations were
lower. For K, Mg, C:N and N:P, most variability arced between populations (Table 5-1
and Fig. 5-2). Both variability within and betwepopulations was important for N, C, P and
Ca (Table 5-1 and Fig. 5-2). Only for S, variatmostly occurred within populations (Table
5-1 and Fig. 5-2).
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Table 5-1. Needle concentrations of nitrogen (NJsbon (C), sulphur (S), phosphorus (P), potassidin (
calcium (Ca), magnesium (Mg), and C:N and N:P gticAlso the population effects on nutrient coniions

are given (proportion explained is given by r?).

Mean Min Max Standard Coefficient
" " " o o Fi9.75 p-value r2
(g-kg?) (g-kg?) (g-kg?)  deviation of variation
N 14.46 8.29 21.54 2.61 18.05 5.17 <0.001 0.57
S 1.11 0.56 1.82 0.24 21.62 1.25 0.244 0.24
C 507.03 482.52 524.87 9.8 1.93 3.73 <0.001 0.49
P 1.22 0.69 1.92 0.28 22.95 4.24 <0.001 0.52
K 5.76 1.66 10.84 1.58 27.43 7.99 <0.001 0.64
Ca 10.59 151 25.25 4.65 43.91 9.52 <0.001 0.55
Mg 1.44 0.53 3.02 0.50 34.72 6.67 <0.001 0.71
C:N 36.34 23.88 61.38 7.46 20.53 7.17 <0.001 0.70
N:P 12.19 7.31 19.28 2.15 17.64 491 <0.001 0.67
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Fig. 5-2. Average needle concentrations of nitrofe)) sulphur (S), carbon (C), phosphorus (P)apsium
(K), calcium (Ca), magnesium (Mg), C:N and N:P lwe different populations. The full lines, the dattiees
and dotdash lines mark the average value for theifép elements found by Rodin & Bazilevich (196Hgnry
(1973) and Thomas (2007), respectively. The pofulatare order from low to high latitude, and thenbers

correspond with those of Fig. 5-1. Error bars dersdéndard errors.
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5.3.2 Climatic and atmospheric variablesvsfoliar chemical composition

Temperature was strongly negatively correlatedetd N and P and to a lesser extent to S
while C:N was positively related (Table 5.2). Poigiy acidifying depositions correlated
negatively with leaf N, P, Ca and positively wittagd C:N (Table 5.2). Interactions between
temperature and potentially acidifying depositiamsre important for leaf N, P and C:N.
Nitrogen content of the leaves was negatively dated to potentially acidifying depositions
in the cold and moderate cold regions, while inmerregions, the relationship was positive.
The correlation of potentially acidifying deposii®with P was most pronounced in cold and
moderately cold regions. The correlation of prdeipon was positive with K and C:N and
negative with N (Table 5-2). The correlations of déposition are similar to those of

potentially acidifying depositions (results not aim).

Except for S, the models could explain at leas#®0f the variation of the needle chemical

composition.
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Table 5-2. Importance of temperature, potentiadligifying depositions, precipitation and the intetian between temperature and potentially acidgyiteposition on the
needle concentrations of nitrogen (N), carbon §Q)phur (S), phosphorus (P), potassium (K), calcf@a), magnesium (Mg), and ratios of C:N and N:BR.ilaportance of

one indicates high influence, “-“ means that thalde was not retained in any of the models.

Temperature Acidifying deposition Precipitation Temp:Acid R2
Importance  Coefficient  Importance Coefficient Importance Coefficient Importance  Coefficient
N 1 -3.29E-03 1 -4.28E+00 0.84 -1.36E-03 1 - 0.51
S 0.69 -2.09E-05 1 1.74E-01 0.27 1.05E-05 0.23 - 0.10
C 0.22 -2.25E-04 0.32 -8.02E-01 0.2 3.45E-04 - - 0.49
P 1 -2.87E-04 0.85 -3.42E-01 0.16 -1.06E-06 0.66 - 0.49
K 0.32 6.05E-05 0.6 4.98E-01 0.65 9.93E-04 0.04 - 0.67
Ca 0.3 1.96E-04 1 -4.11E+00 0.48 1.51E-03 - - 0.72
Mg 0.3 -2.73E-05 0.26 -2.60E-02 0.31 -7.13E-05 - - 0.63
C:N 1 9.92E-03 1 1.16E+01 0.78 3.56E-03 1 - 0.60

N:P 0.28 9.68E-05 0.3 1.79E-01 0.37 -4.60E-04 - - 0.56




5.3.3 Chemical composition vs seed viability

The viability of SP2-seeds was mostly correlatethweaf K concentrations (negatively) and
Mg concentrations (positively). The relationshipghwthe viability of SP3-seeds showed
contrasting patterns: leaf N and S were negatigelyelated with SP3-seed viability while

seed viability was positively correlated with [€aaind Ca (Table 5-3).

Table 5-3. Importance of the needle concentratmnsitrogen (N), carbon (C), sulphur (S), phosplso(R),
potassium (K), calcium (Ca) and magnesium (Mg)tfer viability of SP2- and SP3-seeds. An importaoice

one indicates high influence.

SP2 SP3

Importance  Coefficient Importance  Coefficient
N 0.57 -4.35E-02 1 -4.90E-01
S 0.69 -3.58E-01 0.88 -1.07E+00
C 0.21 3.30E-03 0.34 1.89E-02
P 0.22 7.35E-02 1 4.73E+00
K 1 -2.35E-01 0.66 -3.06E-01
Ca 0.68 3.47E-02 1 1.83E-01
Mg 1 5.08E-01 0.26 2.06E-01

5.4 Discussion

The aim of this research was to achieve a bettéenstanding of the mechanisms behind the
negative correlations between warming and enhamEgbsitions and seed viability of
common juniper. Changing precipitation patternsevef minor importance for the seed
viability. We assessed the potential effects o¢hglobal-change drivers on the leaf nutrient
status of common juniper as a possible pathwayh& rtegative correlations with seed
viability. We first discuss how temperature andegpially acidifying depositions may affect
the chemical composition of the needles. Second;largy how differences in the chemical

composition of the needles can explain seed vigbili

54.1 Temperature and potentially acidifying depositionsvs. foliar chemistry

Leaf nutrient concentrations often reflect the reutr availability in the soil (Aerts & Chapin
2000, Hobbie & Gough 2002). Hence, a part of thegdavariability in leaf nutrient
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concentrations between populations can be explamedlifferences in soil conditions.
However, for most of the elements, our models erpthmore than 50 % of the variation.
Increasing temperature correlated negatively whh ¢oncentrations of N, P and S in the
needles of common juniper, and positively with @i&l-ratio. The correlations with N were
only pronounced in areas with a low acidifying dgfion. It is possible that an increase in
relative growth rate as a response to higher teatpess is accompanied with a dilution
effect on the internal N, P and S pool (e.g. WeiK&lsson 2001, Doiroet al. 2014). This
dilution effect theory is supported by the negatigkationships between temperature and N
concentration in the needles in regions with loveeidifying depositions. Acidifying
depositions are strongly correlated with nitrogepasition. Thus, in regions that are more N
limited, the N pools are insufficiently amplifieth keep up with the possible higher growth
rates due to warmer temperatures. Also physiolbgicelimation can lead to higher N- and
P-concentrations in colder regions (Reich & Olek&@94). For example, Hikosaka (1997)
found for different plant species that optimal |&atoncentration increased with decreasing

temperature.

Similar to other studies (e.g. Innes 1995; Augustirel. 2005; Thimonieret al. 2010;
Sardanst al. 2011), potentially acidifying depositions were igsly correlated with needle
N-concentrations (in the warmer regions) and S eotrations. Potentially acidifying
depositions consist of N and S particles. Hencas ihot surprising that, due to higher
availability, the uptake by the plants increaseading to higher concentrations in the needles
(Augustinet al. 2005). A possible hypothesis to explain the intgoa with temperature for
the N concentration is that at higher temperatuhesshrubs grow strong enough which leads
to a fast N and S uptake. In colder climates, Nedéon is typically lower and competition
for N, e.g. with micro-organisms, is higher. In dgboh, mineralisation of N is lower at colder
temperatures (Rustatial. 2001).

Phosphorus and Ca concentrations were negativelelated with potentially acidifying
depositions. Soil acidification, due to potentialgidifying depositions, can decrease the soil
Ca-concentrations and has also an influence orbithevailability of P in the soil. This, in
turn, can influence the concentrations in the resedfor example, soil acidification also led
to lower Ca-concentrations in the leaves K#gus crenata (lzuta et al. 2004) and N
deposition and acid soils negatively affected Qad &-concentrations ifagus sylvatica

leaves (Duquesnast al. 2000). A decreased uptake and leaching of catiookjding C&*
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caused by potentially acidifying depositions (Botdbet al. 1992, Schabergt al. 2001,

Krupa 2003) are possible mechanisms to clarifyialaeer Ca concentrations in the needles.

Also the reduction of mycorrhizal associations eausy the potentially acidifying
atmospheric deposition (Malcowh al. 1999, Krupa 2003) can help to explain the lower P-
concentrations in the needles. Common juniper isnilmaassociated with arbuscular
mycorrhiza (AM) (Thomasgt al. 2007) and a major role of AM is to assist the atde plant
with the uptake of P, especially in low P soils (&& Chandel 2010), where common

juniper naturally occurs (Thomasal. 2007).

5.4.2 Foliar chemical composition vs. seed viability

We found that needle nutrient concentrations cateel with seed viability of common
juniper. Foliar nutrient concentrations can be adgproxy for the nutrient status of the whole
plant (e.g. Jett 1987), and thus for the nutri¢atus of the seeds and their formation. For
example, seed weight can be correlated to the edédP and K concentrations (Karlsson
2006). Seed mass was positively correlated, andhdingber of seeds negatively correlated,
with needle N concentrations Rinus sylvestris (Savonen & Saarsalmi 1999). Also in e.g.
Malus sp., the number of flowers was positively cormedaivith the concentration of N, P and
K in the foliage (Marschner 1995). Foliar nutriemtsn also have a direct effect on the
development of seeds; leaf P possibly regulatesures allocation between vegetative and
reproductive development (Aerts & Chapin 2000).

Needle Ca- and Mg-concentrations correlated p@sjtiwith the seed viability. There are
several possible explanations for this effect. Ewample, both elements are involved in
enzyme activity (Ravest al. 1999) and the proportion of Ca-pectate in the wellls is of
importance for fruit ripening in plants (Marschri&€95). If the Ca concentration falls below
a critical level in fast growing tissues such astérand storage tissues, cell wall stabilization
and membrane integrity can be affected (Marsch®®5)L Also, low levels of Mg can
disturb the export of e.g. carbohydrates from seucacsink sites in plants, as the element

plays an important role in this process (Marscirg£5).

Phosphorus is not only important for plant viagilliut also influences seed quality and
germinability (Bishnoiet al. 2007, Baetert al. 2010). This is reflected in our results by the
positive relation between the needle P-concentraiod seed viability. In seeds, P is

typically stored as phytate. Phytates are alsonth@n storage sites of K, Mg and, in some
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cases, Ca and they are involved in the starch sgigtlduring seed development (Marschner

1995). Hence, P deficiency can restrict seed faonat

Both N and S concentrations were negatively caedlavith seed viability and the average
concentrations were lower than those found indtime (Fig. 5-2). On the one hand, their
influence can also act directly. For example, déation, needed in case of a higher uptake
of NH;" and NH through canopy exchange, often leads to altersitiorthe composition of
amino acids as plants will choose to store thelssmpf nitrogen in compounds with low C:N
ratios (e.g. arginine) (Krupa 2003). Among aminagcarginine is reported to be the most
abundant in the female gametophyte of the corffieus banksiana (Durzan & Chalupa
1968). Signalling in plants can also be disturbe@dm@inine acts as an endogenous source of
stress-related nitric oxide (NO), a molecular sighat provides the signalling of adaptive
structural and functional changes for survival dmabituation, but also for damaging
reactions, leading to cell death and necrosis (@u2002). On the other hand, if N and S are
sufficiently accessible to the plants, a fastemghocan lead to deficiencies in other elements
including Ca and Mg (Marschner 1995). As tempemtaorrelates negatively with N
concentrations, we can assume that the negativelabons between temperature and seed
viability are not working through N concentrations.

5.4.3 Conclusions

The among-population variability in needle nutrieonhcentrations of common juniper was
strikingly high. Both temperature and potentialtydifying depositions were correlated with
the chemical composition of the needles. Changutigent availability, leaching and uptake,
possibly play an important role in the altered mumir status of the needles and, probably of
the whole shrub, including the seeds. In additiardilution effect caused by augmented
growth can also be of importance. A shortage oMB,and Ca, key elements during the
nutrient storage throughout the seed developmant,le&ad to anomalies and seed abortion,
thereby explaining the low seed viability of commjaniper in different regions throughout

Europe.
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6 Juniper threatened by climate war ming: evidence
from warming and transplant experiments along

a latitudinal gradient

After Gruwez R, De Frenne P, Vander Mijnsbruggevengansbeke P, Verheyen K. Juniper
threatened by climate warming: evidence from wagrand transplant experiments along a
latitudinal gradient. In preparation.

Abstract

Climate change is predicted to strongly affect hiedsity in the 21st century. Common juniper is idiyp
becoming one of the most emblematic victims. Duailing recruitment, its populations are decregsmsize
and number in several regions in Europe. One ofnian causes for this failure is low seed viabjlipartly
induced by increasing temperatures. However, oderstanding of the mechanisms behind this effeotines
incomplete. Here we experimentally assess the enflte of temperature on two key developmental phases
during the sexual reproduction, i.e. gametogenesid fertilization (seed phase two, SP2) and embryo
development (seed phase three, SP3). At four aites) a latitudinal gradient in Europe (from Sobthnce to
Central Sweden), we installed a transplant experiméh shrubs originating from Belgium. At the B&ln site

we also experimentally warmed juniper shrubs usinglatively large open-top chamber. Seeds of betd
phases were sampled during three consecutive ya@aiseed viability was determined. Temperaturatnes)y
affected the seed viability of both SP2- and SR&Isalong the latitudinal gradient. Interestinghg effect on
embryo development (SP3) only occurred in the thedr, i.e., only when also gametogenesis andifation
took place in warmer conditions. Our findings ursdere the negative effects of increasing tempezainrseed
viability of common juniper. Moreover, we foundatyg indications that this negative influence mosttys via
disrupting the growth of the pollen tube, the depehent of the female gametophyte and the fertibraSP2).

This, in turn, can lead to a failing embryo develgmt, for example, due to nutritional problems.

6.1 Introduction

The global climate system is currently undergoing d its most rapid changes from the past
65 million years (Diffenbaugh & Field 2013). Subsenqtly, these changing environmental
conditions are predicted to strongly affect biodsity during the 2% century (Thomast al.
2004, Warreret al. 2013). Species that are already stressed by gtbbal environmental
threats such as pollution, invasive species anddtaltestruction and fragmentation will be
particularly at risk (Thomaat al. 2004, Hofet al. 2011).
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One such species, common junip&m{perus communis), is arguably one of the most iconic

threatened tree species of Europe.

There is increasing evidence available that comjaniper is becoming a victim of climate
change. The relative lack of germinable seed pribalucresulting in low probabilities for
successful natural regeneration, is one of the massons for the decline of many
populations across Europe (Verhewtal. 2005, Verheyemrt al. 2009, Chapter 4). Based on
observational studies using variation in climatd aitrogen deposition along latitudinal and
elevational gradients, atmospheric deposition ardeasing temperatures were found to
negatively affect seed viability of common junip@ferheyenet al. 2009, Chapter 4).
However, the exact mechanisms acting during sulesgqahases of the sexual reproductive
cycle remain unclear. To better develop managemtarts of juniper populations across
Europe, it is therefore essential to achieve aebetderstanding of the mechanisms behind
the effects of warming on juniper seeds. For examHbedhlyet al. (2009) underlined the
importance of studying the sensitive stages (@udilization, embryogenesis) independently
in order to obtain a better understanding of tHiectfof temperature on sexual reproduction.
For common juniper, the most critical phase dunmgdispersal seed development occurs
during embryo development. However, it is also pmsghat warming already affects seed
viability during the growth of the pollen tube afeimale gametophyte, and fertilization
(Hedhlyet al. 2009, Chapter 3, Chapter 4).

Here we apply warming and transplant experimermsghb large-scale latitudinal gradient in
Europe to experimentally assess the effects of waynon viability of juniper seeds
following (i) growth of the pollen tube and femaj@ametophyte, and fertilization and (ii)
embryo development. We installed transplant expamis) at four sites along a latitudinal
gradient in Europe (from South France to Centraé@m). The warming experiment using a
relatively large open-top chamber was set up irgiBel. Seeds were sampled during three
consecutive years. We specifically assessed thewiolg hypotheses: (i) warming has a
negative influence on juniper seed viability, angd ¢he negative effects of rising
temperatures are most pronounced during the grafthhe pollen tube and female

gametophyte, and fertilization compared to effelcisng embryo development.
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6.2 Methods

6.2.1 Experimental design

In autumn of 2011, we planted groups of nine junglgubs (since the species is dioecious,
always consisting of two males and seven femalé@hjma surface area of 1.2 x 1.2 m?) at
four locations along a latitudinal gradient (TyraatCentral Sweden (59.2°N, 18.3°E, 4 m
above sea level, a.s.l.), Melle in Belgium, lowvalion (51.0°N, 3.8°E, 15 m.a.s.l), Waimes
in Belgium, relatively high elevation (50.5°N, 6E,°673 m.a.s.l) and Auzeville-Tolosane in
Southern France (43.5°N, 1.5°E, 170 m.a.s.l) (Eidl). In Belgium, only at the low
elevation, two groups were planted. One group aflshwas retained as control group, while
the other group was experimentally warmed usingopen top chamber (OTC). The
rectangular OTC was 2 m high and had ground sudiaea of 1.5 x 1.5 m2. At the top edge
of the OTC, we installed an open top rectangulaamyd of 0.3 m high, with an open top
area of 1.2 x 1.2 ncfr. Xu et al. 2009; see Fig. 6-2).

Fig. 6-1. Location of the different sites in thartsplant experiment (S: Central Sweden; BH: Belgibigh

elevation; BL: Belgium, low elevation; F: Southdfrance) and of the warming experiment (BL).
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Fig. 6-2. Picture of the open top chamber at Befgiow elevation.

The OTC was produced from aluminium profiles at toeners (< 3 cm wide to minimize
shading) and extruded polycarbonate plates (visibe UV light transmission 86 %, IR light
transmission < 5 %, DIN 5036; Quinn Plastics, DiamryNorthern Ireland).

Mother plants growing in natural populations in tern Belgium were vegetatively
propagated by cuttings in the summer of 2008, amthér grown to three year old potted
plants following standard nursery practices, atrthesery of the Research Institute for Nature
and Forest (50.7°N, 3.9°E). Pot size was 4 |, aomg standard, commercially available soil
for growing woody species. In the field sites, 8feubs were transplanted to pots of 12 |,
again using standard potting soil. Hence, the potvall have influenced the growth in the
first years after plantation (during the time o texperiments) in a similar way in the
different sites, fading putative effects of hetemogous soil conditions at these sites. Three
year old plants were between 1.00 m and 1.20 matal most of them already in a
reproductive stage. Although we made sure thatedavere not planted at the same site, the
shrubs were further randomly divided over the défe sites, regardless of the populations of
the mother plants. The genetic diversity both betwand within populations is still high
(Vanden Broeclet al. 2011) thereby probably making the origin of thetimeo plants less

important (but see Appendix D1 for more informajion
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6.2.2 Seed sampling, seed analysis and shoot length

In the period of October — December of 2011, 2048 2013 we randomly sampled, if

available, ten cones with SP2 seeds and ten coilesS®R3 seeds on every female shrub at
each site. The sampling of 2011 took place jusbheethe shrubs were transplanted at the
experimental sites in the nursery and can therdjereonsidered as a pre-treatment control.
Since the shrubs were still relatively young anelddsmaturation takes two to three years, the

amount of SP3-seeds was relatively low that year.

The viability of sampled seeds was assessed by snefrstereoscopic observations of
dissected seeds (2707 seeds for SP2 and 1636fse&133, in total) following the methods
in Chapter 3. Seeds without visible signs of an@esalere considered to have the potential
to develop to the next phase and are further exeto as ‘viable seeds’. Although this
method tends to overestimate seed viability inflkfrem tetrazolium tests, results from both
methods are significantly correlated (r = 0.68% 198 seeds, p < 0.01; Adriaenssens 2006).
More specifically, viable SP2 seeds contained aagametophyte and nucellus consisting of
green-white and moist tissue, not completely fjlime space within the seed coat (Chapter
3). Viable SP3 seeds consisted of an embryo andgaagetophyte with a smooth, white and
moist surface. In this phase, almost all spaceiwitie seed coat was filled (Chapter 3). The
shrubs displayed large variability in seed viapilitanging from 15.8 % to 100 % per shrub
for SP2-seeds and from 0 % to 100 % per shrub R3-&eds (Appendix D2). The average
seed viability was consistently higher for SP2 semmmpared to SP3 seeds (24 % on average
over the three sampling years).

According to the trade-off theory of resource adlii@an, a particular period of sexual
reproduction implies a certain cost to the platiisicost can, for example, be expressed as a
change in vegetative growth (Fenner & Thompson 200% take possible resource
allocation, but also weather, ontogenetic and o#ffacts, into account, the length of the

longest, last year’'s shoot of each shrub was medsaitrthe same time as the seed collection.

6.2.3 Environmental variables

The air temperature was measured during the whaqlerement at two-hourly intervals in the
middle of each group of shrubs (0.40 m above grdendl) using Decagon Temperature
probes connected to Decagon Em50 dataloggers (DecBgvices Inc., Pullman, WA,

USA). For each day, the minimumg(f) and maximum (., temperatures were calculated.
The temperature in central Sweden was used aseneferfor easier comparison of the
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“warming” treatments. On average, the differencesji, were + 2.1 °C (£ 0.2 °C SE), + 5.7
°C (x 0.2 °C SE) and + 6.8 °C (x 0.2 °C SE) forddein at high elevation, Belgium at low
elevation and Southern France, respectively. Tieeage T..x differences were + 0.3 °C (z
0.2°C SE), +4.4°C (2 0.2 °C SE) and + 8.4 °@(& °C SE) for Belgium at high elevation,
Belgium at low elevation and Southern France, rebgdy (see Appendix D3 for more

information on monthly temperatures at the difféteansplant sites).

Similarly, temperatures were logged in the OTC ielglim with Decagon Temperature
probes connected to Decagon Em50 dataloggers. Veage Tin and Thax differences
between the plot without and the plot with expentaéheating were -0.3 °C (x 0.04 °C SE)
and +2.9 °C (x 0.1 °C SE) respectively.

6.24 Dataanalysis

To analyse the effects of the warming and transglaatments per year, generalized linear
modelling with binomial distributions was appliegding theglm function in R 2.15.1 (R

Development Core Team 2012). Seed viability wasrially expressed as 0 (not viable) or
1 (viable). In the transplant experimeste andshoot were used as fixed effect terms. The
sites, expressed as ordinal factors, were ordegedndreasing temperature ((1) central
Sweden; (2) Belgium at high elevation; (3) Belgiamlow elevation; (4) Southern France)
for the transplant experiment. In the warming ekpent, site was replaced by the

experimental temperature treatment ((0) no warm(ihgyvarming).

To study the differences between the sites in thasplant experiment, Tukey's honestly

significant difference tests were performed, usirgglht function of themultcomp library.

6.3 Results

6.3.1 Transplant experiment

Before transplantation, there were only minor défeces in seed viability between the shrubs
that were assigned to the different sites (Tablg.Gdowever, already after one year, shrubs
that were growing in colder sites had a higher S&& viability (Table 6-1; Fig. 6-3). It is

remarkable that only for the sites with the largdifferences in temperature, the differences

were highly significant. Seeds of shrubs transgldritetween sites with smaller temperature

84



differences displayed no or only marginal viabiltifferences, especially when taking into

account the differences before transplantation.

Table 6-1. The effects (parameter estimates) oftrdmesplant site and warming treatment on viabitifyseed
phase 2 seeds and seed phase 3 seeds for therdifferars of sampling. Shoot length was included as
covariate. For the transplant experiment, the &fe€ temperature were assessed by comparing sabitity
between the different sites (S: Central Sweden; Belgium, high elevation; BL: Belgium, low elevatioF:

Southern France).

Seed phase 2 seeds Seed phase 3 seeds

Before Before

. After transplantation . After transplantation
transplantation transplantation

2011 2012 2013 2011 2012 2013
Site BH-S -0.43 -0.56 0.19 0.29 036 -0.68*
BL-S -1.14 * -1.05*  -0.89 * -1.45 0.7 -1.89 *
F-S -0.25 152 R ] G4 e -0.67 -0.88  -5.63 ***
Transplant BL-BH 0.71 -0.49 -1.08 *** 1.74* 0.34  -1.21 %+
experlment
F-BH 0.18 0.96*  -1.82 * -0.96 052  -4.95 ***
F-BL 0.90 -0.47 -0.75 *** 0.78 0.18  -3.74 %
Shoot length -0.03** 0.04 0.05* -0.04 *** 0.03 0.04*
Warming Warming 1.67 ** -1.3** -0.23 0.58 0.69 1.2 ***
experiment Shoot length -0.01 0.09 ** 0.03 -0.03 0.07*  0.06 **

*p < 0.05; *p < 0.01; ** p< 0.001

In 2013, the differences between sites were highgpificant for both SP2- and SP3-seeds,
with more viable seeds at colder sites, except éetvthe sites in central Sweden and at the
higher elevation in Belgium. There was no or onlgrginal covariation between the length

of the shoots and seed viability, except for bethdsphases in 2011 (negatively).

Based on Appendix D3 we also found that the diffees in average temperatures between
2012 and 2013 were only for Belgium high elevatiogher than 1.0 °C (i.e. 7.4 vs. 6.3 °C).
However, the seed viability at that site did noamfped significantly over these two years
(Fig. 6-3).
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Fig. 6-3. Viability of juniper phase 2 (SP2) seédsand C) and phase 3 (SP3) seeds (B and D) itrdisplant
and warming experiments (in percentage viable spedshrub). Bars at the left of the dotted linlesvs pre-
treatment values. Error bars represent standaotse(s: Central Sweden; BH: Belgium, high elevatiBh.:

Belgium, low elevation; F: Southern France)

6.3.2 Warming experiment

In 2011, shrubs planted in the open top chamberahkdger amount of viable SP2-seeds
than the shrubs planted in ambient air (Table €id; 6-3). Even though an initial higher

percentage of viable SP2 seeds in the warming plats present before the experimental
treatments started, the SP2 viability decreasest afte and two years of warming. In 2012,
the opposite was true for SP3 seeds. Shoot leragthalpositive influence on seed viability
for both SP2- and SP3-seed in 2012 and only for&fe8s in 2013.

6.4 Discussion

By applying an unusual combination of warming arahs$plant experiments across Europe,
we were able to experimentally assess the effdctgaaning on seed viability of common
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juniper. In the transplant experiment, the negaitifleience of increasing temperatures from
north to south was already visible after one yeatlie SP2-seeds. After two years, the effect
was even more pronounced. Viability of SP3-seeds avdy negatively affected after two
years. During seed phase two, higher temperataesdicectly induce abnormalities in the
female gametophyte (Franz & Jolliff 1989, Koztial. 2004) and other female structures
(Saini et al. 1983, Hedhlyet al. 2003). In addition, it is hypothesized that theulevand
female gametophyte might be important regulatongotien tube growth (e.g. Fernanelaal.
2005, Drews & Koltunow 2011). This is thus a poksipathway of an indirect effect of
temperature on seed viability. Finally, via diffietenfluences on the growth of the pollen
tube and female gametophyte, high temperaturesatsanhave detrimental effects on the
male-female synchrony in the pre-fertilization pdsaéZinnet al. 2010, Hedhly 2011).

During embryo development (SP3), higher temperatoray disrupt meristematic activity of
the megagametophyte with accumulation of resousteh as lipids, starch and proteins
(Singh 1978, Owenst al. 2008) and the nutrition and growth of the embmijowever, the

effect of increasing temperatures on SP3-seeds augurred when gametophyte
development, fertilization and early embryo develept had taken place under warmer
conditions and this effect on SP3-seeds in 2013m@® pronounced than the influence of
temperature on SP2-seed viability in 2012. Thismgly suggests that abortions during
embryo development can have their cause in seeskpte. For example, anomalies during
the growth of the female gametophyte can lead tma@dly developed megagametophyte,
which in turn can disturb the nourishment of theadeping embryo during seed phase three.

In the transplant experiment, except for SP3-se.ed2011, we found no indications that
vegetative growth was correlated with seed vigbiltssuming that shoot growth correlates
with resource allocation, this indicates that thecation of resources to vegetative growth or
sexual reproduction is of minor importance for commnjuniper. Furthermore, the correlation
between shoot length and the SP3-seed viabili®0ihl should be assessed with caution as

the amount of sampled seeds was very low.

The results of the OTC-experiment were less eqaivdtrst, there was already a significant
difference in the viability of SP2-seeds in 201&fdoe the experiment had started. Second,
we found a negative relationship with temperatoretiie viability of SP2-seeds in 2012 and
a positive relationship for SP3-seeds in 2013. Akoot length correlated positively with
seed viability in different years. In addition, tlfferences in temperature were much
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smaller compared with the differences measuredthéntiansplant experiment. An important
drawback of this method is also that other abiatid biotic factors such as precipitation,
relative air humidity, herbivory or pollination cée affected by the enclosed design of OTCs
such that the temperature signal is confounded e¥itnges in other environmental variables
(De Frenneet al. 2010). We are also aware that the fact that wenwacdeplications of the
open-top chamber is a major drawback. Howevergthgre only a limited amount of male
and female shrubs available, so a larger experahedgsign was not possible. Hence,
especially the results of the OTC-experiment shbeldssessed within this context.

In this experiment we found no indications that aoon juniper in Belgium demonstrates
local adaptation concerning seed viability. Shrdiist were planted in Belgium did not
perform better than shrubs that were transplaragtidr away. However, this conclusion can
not automatically be generatized for the regiorthid experiment as we did not transplant
shrubs from e.g. Sweden or France.

The average seed viability in this experiment wagimhigher compared to seed viability of
juniper recorded across Europe (e.g. SP3 seedityaifi< 3 % in Chapter 3, compared to an
average of 60 % in this experiment). The reasomstHs higher seed viability are not
completely clear. It is possible that younger amarervital shrubs have a higher chance of
producing viable seeds. The age of the cuttingeeastart of our experiment was about three
years. In addition, during those three years, knalss grew in optimal conditions, in nutrient
rich standard potting soil for woody species. Communiper typically occurs on nutrient
poor soils (both acidic and calcareous) and rethtivharsh environments such as in
heathlands and alpine ecosystems (Gaatcéh. 2000, Thomast al. 2007, Ward 2007). Yet,
fertilization experiments had no influence on theve/al and growth of juniper plants
(Thomaset al. 2007). However, shortage of soil phosphor, calcamd magnesium can have
negative influence on the seed viability (ChapterHence, it is still possible that common
juniper prefers richer soils but is outcompetedther species on these sites (Pearstah.
2008).

The results of this research deliver strong indicest that increasing temperatures decrease
the seed viability of common juniper, particulably disrupting the growth of the pollen tube
and female gametophyte, and fertilization. Since thegative effects of increasing
temperature on embryo development (SP3) only owdwen the growth of the male and
female gametophytes, fertilization and early emhdgeelopment (SP2) took place in warmer
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conditions, this enhances the hypothesis that theegses during seed phase two are most
vulnerable for increased temperatures. However retadively high seed viability that was
measured in this experiment compared to evidencewfseed viability in the European
lowlands (Chapter 4) shows that, besides temperatalso other factors such as soil
conditions and shrub age can influence seed Migbiience, as climate warming seems
inevitable in the coming decades, more researchowm seed viability and regeneration of
common juniper can be increased is needed to petais threatened species. Nevertheless,
the findings of this study can help to soundly miopolicy and management decisions
regarding the conservation of juniper communitiégr instance, management of common
juniper could be focussed on populations with cotderoclimates (for example north facing
slopes (Scherrer & Korner 2010) and the vicinity sohall rivers (Fridley 2009)) or on
populations that grow on richer soils. Also inciegshe number of young individuals in a

population with shrubs originating from cuttingsiggive an extra input of viable seeds.
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7 Effects of management actions on the recruitment
of threatened common juniper populations

(Juniperus communis)

After Gruwez R, Hommel, PWFM, De Frenne P, De $ebriA, Huiskes HPJ, de Waal RW,
Vangansbeke P,Verheyen K. Effects of managemeiunacbn the recruitment of threatened
common juniper populationsJyniperus communis). Submitted to Plant Ecology and

Evolution.

Abstract

Common juniper is one of the most wide spread @paties. However, the last decades juniper papoaare
decreasing in size and number in different regidask of recruitment, caused by extreme low seatbility
and the absence of suitable microsites for receuitris the key reason for this decline.

For successful germination, the seeds need gape iexisting vegetation and a soil with a relatveigh base
saturation degree. Sod cutting, rotavation andnigmare three management actions in heathlandshthe
potential to achieve these conditions. Howevely thetual effects on seed germination and seedlingival of
common juniper are still not known. Here we ing@dlin four different sites in Belgium and the Netheds a
sowing experiment to assess how these managem@msaalone or in various combinations) influerscel
characteristics and recruitment of common junip&ie also determined the preferred soil conditions fo
improved seed germination and seedling survivabofimon juniper.

Our results corroborate that bare ground is preferar germination of common juniper. SecondlyyIsilt and
lutum portions in the soil and low soil organic teatcontent (two soil characteristics that canibkeld with
drought stress) seemed to have a negative impatibns that lower those characteristics, as dedpcstting,
should be avoided at drought-stressed locationsedAoth restrictions are met, the soil pH is andrtgmt
characteristic to determine whether liming is astwéty or not, although this measure should beetawith

caution on nutrient poor soils.

7.1 Introduction

Together with European yewdxus baccata) and Scots pineP{nus sylvestris), common
juniper is the only native coniferous tree spedie8elgium and the Netherlands. In these

regions, the species mainly occurs on nutrient pacid, sandy soils, typical for heaths and
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drift sands. Due to land-use changes related toexdtation, agriculture and urbanisation, the
area of heathland and drift sands has largely mietlin the 28 century (Webb 2002,
Piessengt al. 2004, Piessenat al. 2005). In addition, increased atmospheric depositif
nitrogen and sulphur caused soil acidificationhia temaining heathlands and disturbed the
nutrient balance (Bobbinkt al. 1998). Despite the efforts during the latest desafibr
stopping habitat destruction and degradation, gairte of common juniper is still on-going
in these regions, mainly because of a lack of reoant (e.g. Verheyeret al. 2009).
Verheyenet al. (2009) revealed a triangular relationship betw#en fraction of recently
recruited individuals and the percentage viablelsée a population. This means that if seed
viability is low, recruitment is negligible, whiliea case of a high percentage of viable seeds
other factors such as herbivory, summer droughtthadabsence of suitable microsites for
germination are responsible for the differencesesruitment between populations. Thus, not
only low seed viability causes the lack of recrwtr(Ward, 1973, Fitter & Jennings 1975,
Gilbert 1980, Ward 1982, Garcia 2001).

For successful recruitmenthe seeds need gaps in the existing vegetationsaidvith a
relatively high base saturation degree. In addjtsmeds should be covered by a thin layer of
soil, kept relatively moist and germinate in opeabitats, free of shade-casting vegetation
(McVean 1966, Livingston 1972, Ward 1973, FitterJ&nnings 1975, Cliftomt al. 1997,
Hommel 2009). Although grazing by e.g. sheep antllecxan help to achieve these
conditions (e.g. Fitter & Jennings 1975, Hommel @00this management also risks
eliminating new seedlings and damaging the matunegbs by grazing (Ward 1973, Clift@h

al. 1997). Taking this risk into account and the algethreatened status of the remainihg
communis populations in Belgium and the Netherlands, thisrea need for other soil

treatments to obtain suitable microsites for geatiam.

Removal of organic material by sod cutting such tegps are created and competition of
other plants reduced is an often used managenmsamntitgie to maintain oligotrophic systems
such as heathlands (Aerts & Heil 1993). However tu the on-going acidification of
heathlands in Belgium and the Netherlands, thepiis shifting towards the aluminium and
iron buffer range resulting in elevated soif Aavailability (pH < 4.5; Bowmast al. 2008).
High soil AR* concentrations can be toxic for plants and pregenmination of seeds (Ulrich
& Sumner 1991; van den Beeyal. 2003). The toxicity of Al* can be reduced if the &lis
complexed with organic compounds (Ulrich & Sumn@81). However, through sod cutting,

the organic matter concentration in the soil aredrédduction potential of Al may decrease.
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Additional liming to move the soil in the cationa®ange buffer range (8 > pH{#) > 4.5;
Bowmanet al. 2008) can therefore be useful (van den Ber. 2003, Dorlandet al. 2004).
Finally, rotavation, i.e. mechanically breaking tilne soil, can also create bare ground. As a
pronounced pH gradient exists in sandy heathlansl @e Bakker 1979), rotavation can also
increase soil pH due to mixture with lower, lesgdawil. However, this management can

negatively influence other species as their see# ban get buried too deep.

Although the above mentioned management action® lptential for ameliorating the
conditions for germination and seedling survivalcommon juniper, the actual effects and

their mechanisms are still not known.

Here we experimentally assess how management adhdmeathlands including sod cutting,
rotavation, and liming (alone or in various combioms) influence soil characteristics and
determined the preferred soil conditions for imm@\xommon juniper seed germination and
seedling survival. Finally, we studied the direffeets of the different management actions in

heath on the recruitment of common juniper.

7.2 Methods

7.2.1 Experimental design

Two similar experiments to examine the influence different soil treatments on the

recruitment of common juniper were conducted ingigeh and the Netherlands.

In Belgium, the experiment was installed during wheter of 2008-2009, two months before
sowing. We installed 24 1 x 1 m? experimental pltdwo different sites in the Campine
region (Mechelse Heide (N51.0°, E5.6°, 95 m.a.eh)l Ten Haagdoorn Heide (N51.0°,
E5.4°, 72 m.a.s.l.)). The plots were installed i & rows. Treatments 3 to 6 (see further)
were randomly mixed in the first four rows. The tether treatments (without sod cutting;
see further) were in the last two rows. There walistance of 0.5 m between each plot
(except between row four and five, where the dtawas 1.0 m). Both sites are dry
heathlands on a poor, loamy (11.3 % loam at Meehidlside and 9.0 % at Ten Haagdoorn
Heide) sandy soil dominated I&alluna vulgaris shrubs of approximately 0.5 m high. At
each site six treatments were applied (4 replicagedreatment and per site): (1) control (no
treatment (C)); (2) fencing (F); (3) fencing + desy cutting (F+S); (4) fencing + deep sod
cutting + lime addition (F+S+L); (5) fencing + deepd cutting + rotavation (F+S+R); (6)
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fencing + deep sod cutting + lime addition + rotava (F+S+R+L). Fencing (1.5 m high,
0.05 m mesh width, and until 0.2 m depth in thé) soicluded small (e.g. rabbits) and large
(e.g. roe deer) mammalian herbivores. In the satihgutreatment, we removed the organic
layer while in the ‘rotavation’ treatment, the saihs turned over and mixed until a depth of
0.3 m. In the lime addition treatment, 2000 kg' ltlomitic lime (48 % CaO + MgO; 33 %
CaO; 15 % MgO; max. 6 mm granules) was added tpltts.

We used seeds of four different provenances toaggsermine the effects of seed origin and
seed viability. We sampled seeds in Belgium (As15, E5.6°)), but also in populations
from regions in Europe where seed viability islstédlatively high (Ekulunde (N56.6°,
E16.6°) in Sweden, Kleszczele (N52.6°, E23.3°) ofaRd, Rossdach (N50.0°, E11.1°) in
Germany) (see Chapter 3 for more information onseh@iniper populations). During
November and December of 2008, ripe cones werelsdnpeach of the populations on 10
to 15 randomly selected, cone bearing shrubs. Quitie winter of 2008-2009, the cones
were stored outdoors, shaded and dry in open plpets. Every plot was divided into four
subplots of 0.4 x 0.4 m2. In early February we sbwvee cones in these subplots (25, 20, 30
and 30 seeds per subplot for the Ekulunde, KleszcARossdach and As populations,
respectively) and, where sod cutting was appliegered them with a thin layer of soil. We
also avoided a buffer zone of 0.1 m around eacplstubp exclude edge effects. Germination
(i.e. if the first needles were visible) and sualiwf the seedlings (i.e. the needles remain
green) was recorded in autumn of 2009, spring amghan of 2010 and summer and autumn
of 2011. For each population, the average amouseetls per cone and the percentage of
potentially viable seeds was determined by operirgubset of 50 cones per population,
counting the seeds in the cones and cutting theéssdethe embryo and megagametophyte
were white and smooth, the seeds were considerpdtastially viable (see Chapter 3 for a

detailed account of the methods). Seed viabilitgeination happened in winter of 2008.

Second, in the Netherlands, the experiment was iakalled on two locations: Mantinge
(N52.8°, E6.6°, 50 m.a.s.l.) and Markelo (N52.38,%, 50 m.a.s.l.). The soil of the first site
developed in drift sand and has a very low loamemn(1 %). The second location has a soll
that developed in cover sand with a loam conteriaof7 %). Each experimental site existed
of 28 plots of 1.5 x 1.5 m2 of which the centraftdd x 1 m?2) was used to sow the seeds and
the exterior for the soil sampling. Seven differ&eetatments were applied to the plots: (1)
fencing (F)); (2) fencing + shallow sod cutting &); (3) fencing + deep sod cutting
(F+S2); (4) fencing + deep sod cutting + litter didd (F+S2+Li); (5) fencing + deep sod
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cutting + rotavation (F+S2+R); (6) no fence + dsep cutting + lime addition (S2+L); (7)
fencing + deep sod cutting + lime addition (F+S2+h)the shallow sod cutting treatment,
the sod was removed until a depth of c. 2 cm, wihildhe deep sod cutting treatment the sod
and part of the mineral soil rich in organic matietil a depth of c. 5 cm was taken away. In
plots with litter addition, a layer of 5 cm thickmmon juniper litter was spread over the plot.
Similar to the Belgian experiment, rotavation tutrewver and mixed the soil until a depth of
0.3 m. Liming was performed by spreading 2000 kg ti@lomitic lime (84 % CaCO3; 10 %
MgCO3). The fencing again excluded herbivores saghabbits and roe deer (same type of
fences as in Belgium). The plots were divided iro taqually-sized subplots. In the first
subplot, c. 1000 cones per subplot were sown betwebruary and March 2008. The cones
were sampled in the autumn and winter of 2006-200three areas in the Netherlands
(Dwingelderveld (N 52.8 °, E6.4°), Mantinge (N52.&6.6°) and Junner Koeland (N52.5°,
E6.5°)). The average amount of seeds per cone laadpércentage viable seeds were
estimated using the data of the Dutch populati@mspded Chapter 3. In the second half of
the subplots, c. 800 cones per subplot were soviviairch 2009. These cones were sampled
in November 2008 in a common juniper population,inBo (N52.9°, E6.8°) in the
Netherlands, which still exhibits high levels otmaitment (up to 70 seedlings/m?2). Similarly
to the Belgian experiment, a subsample of 50 carsessused to calculate the average amount
of seeds per cone and the viability. However, gubsample was only studied after the

sowing event.

During both sowing events the cones were placedun rows and covered with c. 0.5 cm

sand, except in the reference plots (F), wherednes were sown randomly and not covered.

Germination and survival of the seedlings was meorin the spring, summer and autumn of
2008 and 2009, in the summer and autumn of 2010nate autumn of 2011.

The movement of the cones, caused by the wind aimg made it hard to determine with
certainty whether a seedling was originating froeeds of the first or the second sowing
event. Therefore we analysed germination and gegdlirvival of the two subplots together
and used the average of both sowing events foammeunt of seeds per cone and the seed

viability.
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7.2.2 Soil sampling and analysis

In each subplot of the Belgian experiment, 4 saihples (0-10 cm) were collected during
winter 2011-2012, pooled per plot, dried at 40 6€48 h, and sieved through a 1 mm mesh.
In the plots where there was no sod cutting, theusilayer was removed before soil samples
were taken. The soil pH-KCI of each sample wasyaeal using a glass electrode (Orion,
Orion Europe, Cambridge, England, model 920A) aftdracting 14 mL soil in a 70 mL KCI
(1 M) solution. The percentage of silt + lutum (ot is the part of the soil consisting of
particles< 2 um) in the soil was estimated using procedurfeth® Dutch Soil Survey
Institute (Conform Soil Survey Staff (1975)). Soriganic matter was estimated by loss on
ignition (four hours at increasing temperature lu#B0 °C) as soil organic matter = 100 - %
of ashes residue. Total phosphorus (P) was coletnically analysed following the method
of Scheel (1936).

NH."-acetate- EDTA extractable*'KMg?*, C&* and AP* concentrations were analysed by
atomic absorption spectrophotometry (AA220, Agiléerechnologies Belgium, Diegem,
Belgium) after shaking 10 g of dry soil in 50 mL Nkacetate-EDTA solution (192.5 g
NH, -acetate, 50 mL acetic acid, and 29.225 g EDTAytéd to 2 L) for 30 min.

In the Netherlands, in each plot the humus layes described and four soil samples (0-10
cm) were collected, pooled, air dried and sieveduph a 0.5 mm mesh. If present, the litter
layer was removed before sampling. Moisture wasrdehed after drying the sieved
samples at 105 °C for 4 h. The weight of the aiediisoil was corrected for its moisture
content. We determined pH-KCI and the percentageliof lutum in the soil similarly as for
the sites in Belgium. Soil organic matter was eated by loss on ignition (at 380 °C) as soll
organic matter = 100 - % of ashes residue Totalsphorus (P) was analysed using a
Kjeldahl-destruction). Exchangeable %aMg®*, K* and N& was analysed by atomic
absorption spectrophotometry after a Bascomb etdraat pH = 8.1 (Bascomb 1964).

7.2.3 Dataanalysis

To calculate the effects of the different treatrsemm the soil characteristics, the Belgian and
Dutch data were analysed separately. For both ewmpets, linear mixed-effects models with
the Imer function of thelme4 library in R 2.15.1 (R Development Core Team 20d2ye
applied andsite of the experiment was added as random-effect. To fulfil normalitydan

homoscedasticity assumptions, logarithmic transédions were performed on soil organic
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matter, silt + lutum-content, pH, P, g C&" and AF* for the Belgian experiment and on
soil organic matter, silt + lutum-content, Rgnd C&" for the Dutch experiment.

To analyse the influence of three soil characteggsoil organic matter (OM), silt + lutum
content and pH), fencing and rotavation on gernonaand mortality of juniper seedlings,
linear mixed-effects models with tigem function (if no random effect factor was added) on
the one hand, antimer function of thelme4 library on the other hand, in R 2.15.1 (R
Development Core Team 2012) were applied. Firstptioportion of potentially viable seeds
that germinated at the end of 2011 and the prapodf seedlings that survived by the end of
2011 were calculated per plot. OM, silt + lutum teom, pH, rotavation and fencing were
included as fixed effect factors. To control whettlee effects of OM, silt + lutum content
and pH were due to differences between or withgations and due to physical differences
caused by deep sod cutting, four different modedésewrun: (1) without random effect
factors; (2) withsite of the experiment as random effect factor; (3) waiébp sod cutting as
random effect factor, and (4) withite of the experiment andeep sod cutting as random
effect factor. The models were compared by calmgathe Akaike’'s Information Criterion
(AIC) for each model (Hurvich & Tsai, 1989): modelisth the lowest AIC were retained
since these have the best fit. Due to differentsmeag methods in the two experiments,

other soil characteristics could not be includethia analysis.

In the final step, the Belgian and Dutch data wagain analysed separately. We calculated
the proportion of seeds that germinated at theoér2®11 per plot for the Dutch data and per
subplot for the Belgian data.

The effects of the soil treatments on the portibrgerminated seeds were analysed with
linear mixed-effect models, using thee-function. Ste of the experiment andrigin of the
sown seeds were added to the models as randontsefibeche Belgian experiment and only
site of the experiment for the Dutch experiment. fieet normality and homoscedasticity
assumptions, germination proportion was first aessquare-root-transformed. The same
method was used for mortality, where we calculdkedproportion of seedlings that died at
the end of 2011.
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7.3 Resaults

7.3.1 Germination ratesvs. origin

We counted only 176 seedlings for ca. 260,491 seeeds across both countries. Thus,
average germination rates were very low, especfalyseeds that originated from Belgium
and the Netherlands (Table 7-1). The Belgian selesfdayed extremely low seed viability.
The Rossdach population (Germany) delivered thet miable seeds. Absolute germination
rates differed with a factor of ca. 50, while gemation rates of the viable seeds were less
different between the origins (a factor of ca. 1id)the latter case, germination rates in the

Dutch experiments were still very low.

Table 7-1. Information on the number of sown sed#usr viability and the percentage of germinatedds per

origin.
Number Number
Percentage of Percentage Percentage
- of Average  Number of . . .
Origin cones  seeds/cone sown seeds viable seedlings seeds viable seeds
seeds across germinated germinated
sown
all plots
Ekulunde (Sweden) 1200 291 3492 3.87 7 0.20 5.18
Kleszczele (Poland) 960 2.57 2467.2 4.32 18 0.73 .8916
Rossdach (Germany) 1440 2.62 3772.8 26.62 66 1.75 57 6
As (Belgium) 1440 2.58 3715.2 0.65 2 0.05 8.28
The Netherlands 86400 2.86 247044.2 3.35 83 0.03 00 1.

7.3.2 Soil characteristicsvs. treatment

In Belgium, the effects of liming (treatments F+Saihd F+S+R+L) on the soil are very clear
for pH and the concentrations of g C&" and AF* (Fig. 7-1 G, H, K, L). In both
treatments pH, Mg-concentration and Gaconcentration were significantly higher than in
the control plots and Al-concentrations were significantly lower (Table )7-Zotal P-
content was in all treatments were sod cutting fglake significantly lower (Table 7-2).

The Dutch experiment showed significant increaggs-on all treatments (Table 7-2) except
in the plots where only shallow sod cutting (F+&Igk place. Soil organic matter strongly
decreased in treatments with deep sod cutting Eedmthe treatment with deep sod cutting
and litter additions. M- and C&'-concentrations were significantly lower in plotsttw
treatment F+S2+R and with treatment F+S2 and highehe plots with treatment S2+L
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(Table 7-2). The percentage silt + lutum was remarkably lower in Mantinge and in treatments
F+S2, S2+L and F+S2+L (Table 7-2), the percentages significantly decreased compared with
the control (F). Total P-content was in all treatments were sod cutting took place significantly
lower except for the rotavation plots (Table 7-2).
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Table 7-2. Soil variables in the different treattisecompared to the control. The direction of thews indicates a highet) or lower () value in the treatment than in the

control. The number of arrows reflect the significa of the statistical test.

Country Treatment Soil variables
Belgium Log(OM) Log(silt + lutum) Log(pH) Log(P) Log(Md") Log(C&") Log(A*)
F n.s. n.s. n.s. n.s. n.s. N n.s.
F+S ! n.s. n.s. 1l n.s. n.s. n.s.
F+S+L 1 n.s. " ) m " Wl
F+S+R ! n.s. n.s. 1l n.s. n.s. n.s.
F+S+R+L n.s. n.s. 11 1l "1 M1 1Ll
the Netherlands Log(OM) Log(silt+Ilutum)  pH  Log(P) Log(Md") Log(C&"
F+S1 n.s. n.s. n.s. n.s. n.s. n.s.
F+S2 ) 1 m l L L
F+S2+Li 1Ll n.s. (Al 1l n.s. n.s.
F+S2+R n.s. n.s. (Al n.s. 1 !
S2+L Ll I m 1 1M 1
F+S2+L 1Ll 1 1 | n.s. n.s.

n.s.: not significant| or 1: p <0.05, || or 11: p<0.01, ||| or 177: p <0.001, F: fencing; S: deep sod cutting in Belgium; S1: shallow sod cutting; S2: deep sod cuttinthé
Netherlands; L: liming; R: rotavation; Li: additiari common juniper litter; OM: soil organic matter.



7.3.3 Germination and mortality vs. soil characteristics

The amount of organic matter in the soil had a iBgant positive influence on the
germination in all models except when only site waed as a random-effect factor (Table
7-3). This suggests that the effect is partly du@verall differences in soil organic matter
between the different sites (Fig. 7-1 C, D, O, ywever, there is still a significant effect
within the sites and within plots with or withouéep sod cutting. The silt + lutum content
only had a significantly positive effect if site svaot used as a random effect factor (Table
7-3), thus it is mostly caused by the differentrailesilt + lutum contents of the four sites
(Fig. 7-1 E, F, Q, R). There is a significant pivgitrelationship between pH and germination

for all models except if site + deep sod cutting m@ndom effect factors (Table 7-3).

The positive pH effect persisted, even if site eeg sod cutting was used as random effect
factor. Hence, subtle differences in pH betweemsplothe same location or in the same level

of sod cutting, can have an influence on germimatio

Table 7-3. The effects (estimates) of soil organatter, silt + lutum content, pH, rotavation anddi@g on the
germination success and mortality calculated byguédur models: (1) without random effect factqg) with
site as random effect factor; (3) with deep sodimyitas random effect factor, and (4) with site alegp sod

cutting as random effect factor.

No random : Deep sod  Site + deep sod
effect Site cuttin cuttin
factor 9 9
Soil organic matter 0.26*** n.s. 0.32%** 0.31**
Germinati Silt + lutum content 0.27** n.s. 0.28*** n.s.
ermination 0.97%*  0.65"* 056 n.s.
success )
Rotavation n.s. n.s. n.s. n.s.
Fence 0.94*** n.s. 0.86*** 0.69*
Soil organic matter n.s. n.s. n.s. n.s.
Silt + lutum content n.s. n.s. n.s. n.s.
Mortality pH n.s. n.s. n.s. n.s.
Rotavation n.s. n.s. n.s. n.s.
Fence n.s. n.s. n.s. n.s.
** p<0.01
*** p < 0.001

The model with site + deep sod cutting as randdecehad the lowest AIC (234 vs. 493 for
the model without random effects, 294 for the maowigth location as random effect and 336

for the model with deep sod cutting as random #&fféa this model, only the amount of soill
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organic matter has a significant positive influeocegermination (Table 7-3). Based on the
data, fencing had a positive effect on germinatidowever, it is more likely that some

seedlings that germinated outsite the fence weneeidmately consumed by herbivores before
they could be counted. Hence, this is probablyrgafact that explaines more about mortality

than about germination.

None of the variables had a significant effect crtality.

102



Belgium The Netherlands

Mechelse Heide Ten Haagdoorn Heide Mantinge Markelo
03 006
W geminated seeds A B M
B dead seedings

o
)
I

[ 004 —

[=]
T
—i
T

002 —

Proportion (viable seeds) of
germinated seeds and died
seedlings per treatment

Average OM (%)
per treatment
- =)

]

@

[

Average percentage silt +
lutum (%) per treatment

Average pH-H,O
per treatment
N &

=)

8

Average P content (ppm)
per treatment
g ¥ 8

=]

w o

Average Mg and Ca
content (log(ppm)) per plot

Average Mg, Ca and Al
content (log(ppm)) per treatment

o LggEg  ongggoz “gg3fzz  ~5§2Ez
u‘iE% ug%% Lm%gﬁg u.u.Egmg

Fig. 7-1. The average proportion of germinated seadl dead seedlings per treatment and per sitéoartide
different soil variables. Error bars indicate vhiiidy. The proportion germinated seeds and diestibegs was
calculated by dividing the number of seedlings aetl seedling by the number of viable seeds (nate t
different Y-axis scales in (A), (B), (M) and (N)F: fencing; S: deep sod cutting in Belgium; Slalkiw sod
cutting; S2: deep sod cutting in the Netherlanddining; R: rotavation; Li: addition of common jiper litter;
OM: Soil Organic Matter).
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7.3.4 Germination and mortality vs. treatment

In three of the four sites, no seeds germinatedevhe sod cutting took place (Fig. 7-1 A, B,
M, N). A second remarkable fact is the extreme g@emination rates in Mantinge, which is
likely due to the low loam percentage in that da 1%) in comparison with the other sites
(7% — 15.7%).

Table 7-4. Germination and mortality rates in tlifedent experimental treatments, compared to thetrol
plots. Because no seeds germinated in the comatnients in the Netherlands, F+S1 was used asotont

comparison for mortality.

Country Treatment Germination Mortality
t-value p-value t-value p-value

Belgium F 0.329 n.s. 0.722 n.s.
F+S 1.881 n.s. 1.173 n.s.
F+S+L 2.450 <0.05 1.024 n.s.
F+S+R 1.270 n.s. 0.951 n.s.
F+S+R+L 0.746 n.s. 1.040 n.s.

The Netherlands F+S1 1.362 n.s. - -
F+S2 2.527 <0.05 0.389 n.s.
F+S2+Li 1.242 n.s. 0.772 n.s.
F+S2+R 3.865 <0.001 1.724 n.s.
S2+L 2.247 <0.05 2.118 <0.05
F+S2+L 3.587 < 0.001 1.045 n.s.

n.s.: not significant, F: fencing; S: deep sodingttn Belgium; S1: shallow sod cutting; S2: deed sutting in
the Netherlands; L: liming; R: rotavation; Li: atidn of litter.

In Belgium, treatment fencing + sod cutting + limi(F+S+L) was most successful, and it
was the only treatment that resulted in signifigamore seedlings than the control (Table
7-4). However, the significance level is rather Iothis trend is less visible in Fig. 7-1.
However, this is partly caused by the fact thatdat in the figure were split up for the two
sites. In the Dutch experiment, no seeds germinat#ae control (fenced) plots (F) and two
treatments (F+ S2+R and F+S2+L) were most sucde@&dble 7-4). Two other treatments
(F+S2 and S2+L) were also significant better tHadontrol treatment (Table 7-4). Despite
the differences in significance in the Dutch exmpemt, comparisons between these four

treatments showed no differences in success (sasodtshown).
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Mortality occurred in all treatments except for B+B the Netherlands (Fig. 7-1 M, N).

However, only the non-fenced plots in the Dutchezkpent had significant higher mortality

rates than the control plots (Table 7-4). In Fid &, B, M and N, this effect is less visible,

but when comparing the length of the black bar$ whie length of the grey bars, it is clear
that only for this treatment, more than half of seedlings died.

7.4 Discussion

The main goal of our research was to assess tletefbf heathland management on
germination and seedling establishment of commapgr. Second, we aimed to explain
recruitment patterns by changing soil conditionglamthe different management practices.
Deep sod cutting in combination with liming or nediéion were most successful to improve
recruitment in common juniper. This effect can maime explained by the creation of bare
soil. Effects of pH and the amelioration of thedasaturation degree however, seemed to be
more induced by the different soil conditions bedwehe sites than by liming. In addition,
low silt + lutum or OM concentrations (which podgilcan be linked with drought stress)
were revealed as an important factor for germimative first discuss the differences in seed
viability and germination success between the psigof the seeds and between the
experimental sites. Second, we explain the diffeiggrmination rates depending on the
treatments and the soil conditions. Finally, thespnt and coming challenges for common
juniper and several practical advises concerniegctkation of suitable conditions for juniper

recruitment in heathlands are summarized.

Seed viability of common juniper in Belgium and tNetherlands is extremely low. It is
unsurprising that seeds that originated from pdpmra with relatively high percentages of
viable seeds (e.g. Rossdach) had the best abg@utenation success. This is in accordance
with the findings of Verheyest al. (2009) who revealed a triangular relationship leemv
seed viability and the percentage recruitment jpopulation. However, germination rates
were still very low (max 1.75 %), regardless of trggin and percentage of viable seeds,
which suggests additional causes for failing geatnam. In the Dutch experiment,
germination rates were exceptionally low (0.03 ¥)e sites and soil treatments were more
or less comparable between the two experiments grabably other variables such as

drought stress and predation were responsible Heset differences. Due to these low
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germinantion rates, the results should be integdretith caution. However, there are still

some trends visible that can be useful for manageme

Our results corroborate previous conclusions @.ard 1973, Cliftoret al. 1997, Hommeét

al. 2009) on the need for bare soil for germinatiorcommon juniper seeds. Little or no
seeds germinated on the plots without sod cutgrgept in the Mechelse Heide in Belgium,
where the organic layer was rather thin. This tasuurther corroborated by the plots where
litter of common juniper was scattered: only oncpk where the litter was already

decomposed, seedlings could establish.

Secondly, an extreme low silt + lutum portion ie 8oil and low soil organic matter content
seems to have a negative impact on the germinatgpecially the remaining organic matter
in the soil after deep sod cutting must be suffittie high. This is highlighted by the

germination rates and silt + lutum and organic eratbntents of the soil in the Mantinge vs.
other sites (Fig. 7-1). Moreover, the most sucegdséatment that included sod cutting in
Mantinge, led to relative high soil organic matéed silt + lutum contents (Fig. 7-1 M, O,

Q). These findings make it plausible that drougless is the second most important factor in
the failing germination of common juniper seedspath soil organic matter (Stevenson &
Cole 1999) and silt + lutum (Fitter & Hay 2002) ¢emt are responsible for elevated water
availability in the soil. In addition, this can alkead to a cooler microclimate. Average silt +
lutum concentrations were at least 2.6 % highethie Belgian sites than in the most
successful Dutch site (Markelo). As the nutrienhaantrations and pH of the soils were
comparable (Fig. 7-1 G, H, T and K, L, X), it ikdly that the large differences in

germination rates can possibly be explained by towater availability or a warmer

microclimate (in Markelo) and, to a lesser extemfylantinge, caused by a lower silt + lutum

and/or soil organic matter content.

Although the bare soil and silt + lutum and OM cemications seem to be two key factors in
the germination process, there is still variationgermination success between comparable
plots related to these factors. For example, alth@od cutting is effective for the creation of
bare ground and the removal of excessive nutrigmiiscompeting vegetation (e.g. Niemeyer
et al. 2007), this is not always sufficient to resultsignificantly higher germination rates
(e.g. the Belgian experiment). A combination witlamagement that increases the soil pH
seems often necessary. The on-going soil acidibicadf heathlands, a natural process on
sandy soils that is accelerated due to the litteneath vegetation and due to atmospheric
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deposition of mainly nitrogen and, today to a lessgent, sulphur (Roelofs 1986, Aeetsal.
1991, Urenet al. 1997), is associated with a decrease of exchalgéalse cations and the
increase of exchangeable soifAtoncentrations (Bownmaet al. 2008). Also in our study
area, pH-KCl-values of soils in the control ploterev lower than 3.6 (i.e. a pH-@ of 4.4
after conversion sensu Azedegbal. (2013)) and situated within the aluminium and iron
buffer range (pH-BED < 4.5; Bowmaret al. 2008). Thus, there is a risk of negative toxic
effects of AP*, for example on plant roots, with typical symptoassroot length reduction, a
dying off of the root tip meristem and a reductizinthe C&*- and Md*-uptake (Runge &
Rode 1991). Sod cutting up to the mineral soil ic&nease the pH due to the removal of the
acidic top layer (Van Den Berg al. 2003). This was most pronounced in the deep sbd cu
treatment in the Netherlands. However, pH valuesareed rather low, and, in Belgium,
when not limed, pH values hardly reached the cagwchange buffer range (max soil pH-
H,O of 4.7). In addition, at low pH values, sod aqujtican have a negative impact on
germination as the removal of organic compoundsiaesl the capacity of complexing the

toxic aluminium (Van den Berg al. 2003) and acidification accelerates.

Former studies therefore proposed additional linaftgr sod cutting to increase soil pH and
base saturation (De Graafal. 1998, Van den Bergt al. 2003). In our study, liming had a
strong positive effect on the pH. In Belgium, liginas necessary to lead to significantly
better germination rates than in the control plblswever, in the Netherlands, there was no
difference in germination success between the tlvercsuccessful treatments without liming
(F+S2 and F+S2+R; results not shown). It is posdivht the subtle higher pH after deep sod
cutting in the Netherlands compared to the Belggperiment can explain this effect. This
means that in the Belgian experiment, extra limmgeeded to sufficiently raise the pH.
Surprisingly, rotavation in Belgium seemed to nalige the influence of liming. Increase of
pH and cation-concentrations were accompanied $tyoag decrease of Zlconcentrations

in Belgium. These findings support the assumptibAId* toxicity inhibiting germination
and seedling establishment of common juniper. Téa&tiihent with both deep sod cutting and
rotavation in the Netherlands (F+S2+R) led to argjrpH increase. Probably this effect was
generated by the combination of the removal ofatie top layer and the mixture with less
acidic subsoil. A positive consequence is thatstbieorganic matter and silt + lutum content
did not significantly decrease, probably due to tome with organic matter from the deeper
soil. Both soil organic matter and silt + lutum amgportant as they improve the buffering

capacity of the soil. In other successful treatmesiit + lutum and/or soil organic matter
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content are lowered. Thus, it is possible that gbsitive effects of liming and deep sod
cutting are not sustainable due to a lower capadfitthe soil to retain a large amount of
cations. In addition, if too much liming causesighhincrease of the soil pH, it can reduce the
soluble phosphorus by forming insoluble Ca phosgh@ivhite & Taylor 1977, Stevenson &
Cole 1999). This in turn can negatively affect $keedling survival. Liming had no significant
effects on seedling survival. However, the monatibuld be relatively high in limed plots,
especially in the Netherlands (Fig. 7-1). Therefdhgs treatment should not be applied ill-
considered. Although rotavation seems a good optimncreate suitable germination
conditions, this management action should be datie caution as the roots of adult, extant
common juniper shrubs can be damaged when thegpgm®ached too near (Verheyeiral.
2005).

The treatments had no significant effect on theisal of the seedlings except for the plots
outside the fence in the Dutch experiment. In tledgBn experiment, the plots outside the
fence were covered with other vegetetation (no @ating). Hence, the germinated seeds
were less visible to herbivores such as deer diit@abn the Netherlands, seedlings outside
the fence had no cover and, thus, were an easy @eaing sheep, cattle, deer or rabbits can
lower seedling survival and successful recruitntgr@ommon juniper (Ward 1973, Cliftaat

al. 1997). For example, collapses of rabbit populatibg myxomatosis marked periods of
expansion of many common juniper populations inUte (Ward 1973). Thus, fencing can
support the survival of juniper seedlings, espécihen they germinate after a sod cutting

treatment.

7.4.1 Conclusions

Our results reveal a complex relationship betwesmuitment success, soil conditions and
management. The most important prerequisite seerbg that seeds have contact with the
mineral soil to allow germination. A second impaitéactor is probably water availability or

a cool microclimate. Soils with low percentage®iganic matter and/or silt + lutum are less
suitable for germination. Actions that lower thgercentages, as deep sod cutting, should be
avoided at drought-stressed locations. When batiicgons are met, the soil pH of the top
soil is an important characteristic to determinesthier liming is a possibility or not, although

this measure should be taken with caution on mitpeor soils.

Our study highlights the precarious condition ofmtoon juniper in the northwestern

European lowlands. In this region, the speciesessiffrom an extremely low seed viability,
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which can be explained by the negative influencénofeasing temperatures and nitrogen
deposition (Verheyemt al. 2009, Chapter 4). These negative effects on sesdlity are
enhanced by the eutrophying and acidifying effeétatmospheric deposition on heathlands
(Krupa 2003), deteriorating germination conditioftowever, despite low seed viability,
seedlings of local origins were found in our expets. Therefore it is still useful to create
optimal germination conditions on places where aigbeed input can be expected: near the
mother shrub (although conditions there are legeui@ble due to direct competition) and
under or near possible roosting places for bir@é tlnd to disperse juniper seeds (mainly
trushes Turdus spp.); Bergman 1963, Livingston 1972, Breek 1938rcia 2001) such as
large stones, solitary trees or forest edges (gston 1972, Garcia 2001, Hommel 2009).
Additional fencing will probably improve survivahances for the seedlings. Nevertheless, a
significant higher input of viable seeds is necgss$a lead to sustainable populations: with
the spectacularly limited number of seedlings in@xperiment (176 seedlings emerged from
ca. 260,491 seeds sown), one average mother treedwrautlly produce one seedling per

year.
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8 General discussion and conclusion

The last decades, the size and number of comma@pejupopulations are declining in several
parts of Europe. Lack of recruitment due to a rigilisexual reproduction is an important

reason for this decline.

Here we assessed the effects of several globalgehdirivers on crucial phases of the sexual
reproductive phase using both observational anderaxpntal approaches. First, we
determined which of three seed developmental phases most crucial (Chapter 3). Then
we studied how different global-change drivers wargelated with seed viability during the
two important phases (Chapters 4-6). Finally, im@kr 7, since low seed viability is not the
only reason for the lack of recruitment, we deteedi the optimal soil conditions for seed
germination and seedling survival. In this closkttapter, we first briefly summarise our
findings and discuss management implications, uklagders (northern Belgium) as a case

study. We end with some recommendations for funtesearch.

8.1 Sexual reproduction in common juniper

8.1.1 Crucial seed phases

We focussed on three crucial seed phases duringetkigal reproductive cycle of common
juniper: (seed phase 1, SP1) the early gametomlggtelopment and pollination; (seed phase
2, SP2) further development of the gametophytestiliZation and early embryo
development; (seed phase 3, SP3) late embryo gewelat. In general, we found a
progressive and drastic reduction of seed viabditgr the three seed phases (on average, 59,
23 and 9 % viable seeds after SP1, SP2 and SP&ctesby). There are multiple reasons
possible for this decline: the lack of pollinatig@wens 1995) and frost damage (Owens
2006) (SP1), disturbed growth of the pollen tubd/anfemale gametophyte (Oweaisal.
2001, Fernandcet al. 2005) which, in addition, can result in a distubmale-female
synchrony within the developing seed (Herrero 20&2), disturbed development of the
megagametophyte and embryo (SP3). Although we fanunalies after SP1 (i.e. lack of
pollination or a shrivelled ovule), they could nekplain the presence or absence of
recruitment in the different populations. We alsdné find indications that pollen viability
could be a problem (Box 1). Therefore, this seedsphwas not further studied. Only after

SP3, we found significant differences in seed Vigbibetween populations with and
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populations without recruitment (Chapter 3). Hertbées made us conclude that late embryo
development is the most crucial phase during segdldpment. However, anomalies during
SP2 can have a delayed effect on embryo developf@mnens 1995, Owens & Morris
1998). Therefore, both seed phases were retaimddrtber research. In addition, a complex
relationship between the ripening time of the segdsommon juniper and the seed viability
appears to exist. Most seeds ripening in threesyaleady have low viability shortly after
fertilization, whereas the viability of seeds ripemnin two years decreased mostly during
embryo development. Shorter ripening times allowléss time for external environmental
factors to interact with the seed and negativefgcafseed viability. This can explain why
seed viability of SP2 seeds that ripen in less thaee years is relatively high. However, due
to a faster development during SP2 some processgsoasibly not completed or the male-
female synchrony is disturbed, leading to anomaligsng SP3. This can explain the strong
decrease in viability after SP3 for seeds thatripdess than three years. Thus, in our further
research it was also important to zoom into theat$f of global-change drivers on ripening

time on the one hand and the effect of ripeningeton seed viability on the other hand.

8.1.2 The effect of increasing temperatures and enhanced atmospheric depositions on
the viability of common juniper seeds

Both increasing temperature and enhanced atmospldEpositions were negatively
correlated with seed viability of juniper (Chaptets— 5). In addition, in Chapter 6 we

experimentally confirmed the negative effects af@asing temperatures on seed viability.

There are different pathways through which thesdajlchange drivers possibly elaborate
these negative correlations. For example, incrga@mperatures can negatively affect the
development of the female gamethophyte or otheaferstructures (e.g. Kozeai al. 2004,
Hedhly et al. 2003), the growth of the pollen tube (through éf$ects on the female
structures; e.g. Fernanda al. 2005), the male-female synchrony in the pre-iegtilon
phases (Zinret al. 2010, Hedhly 2011), the development of the megagaphyte and the
nutrition and growth of the embryo. On the othendyaboth atmospheric depositions and
increasing temperatures can cause nutrient imbadaiChapter 5). For example, faster
growth which is induced by higher temperatures gamerate a dilution effect on the internal
N, P and S pool (e.g. Doirat al. 2014). Enhanced atmospheric depositions possily to

a decreased uptake and leaching of cations (e.gpaKiR2003). Also the reduction of

mycorrhizal associations caused by atmospheric giépo (Malcovaet al. 1999; Krupa
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2003) can help to explain the lower P-concentrationthe needles of common juniper. In
addition, we found that a shortage of P, Mg andkég,elements during the nutrient storage

throughout the seed development (Marschner 1988)lead to anomalies and seed abortion.

Although the ripening of the embryo (SP3) was id&u as the most vulnerable phase, we
found strong indications that the actual reasownsiishbe searched in the preceding processes
(e.g. the development of the male and female ggrvhgte, fertilization and early embryo
development, i.e. SP2). For example, the trans@aperiment (Chapter 6) clearly showed
that significant differences in seed viability betn the temperature treatments only occurred
if the seeds also endured higher temperatures giUsiR2. Hence, it is plausible that
anomalies, induced by increased temperatures aaneed atmospheric deposition, occur
during the development of the female gametophyte2]SHowever, their effects only
manifested themselves in SP3, for example by leamira malfunctioning megagametophyte
that will not be able to nourish the developing eyob

Enhanced atmospheric depositions and warming weleded with shorter seed ripening
times. This phenomenon is hard to explain, as,utokmowledge there are no other plants
where seeds can ripen in two or in three years,vamete both types of ripening strategies
can be found within one individual. Being a coldapttd specie<f; its relatively northerly

distribution range and the assumption of its suaiviin Central Europe during the last glacial
maximum; Michalczyket al., 2010), there is a probability that the mechanandelayed

fertilization to overcome shorter reproduction semshas developed in common juniper
(Willson & Burley, 1983). Longer reproduction seasodue to higher temperatures can
reduce the need for such mechanisms, leading igheethchance of shorter ripening times.
Nevertheless, using the large scale sampling datapter 4, we found no important effect

of ripening time on the seed viability.

8.1.3 Effects of management actionson the recruitment

Although low seed viability is a major restriction the sexual reproduction of common
juniper, Verheyeret al. (2009) revealed that low recruitment can also hateer causes.
Hence, if seed viability is high, e.g. a suitablienoclimate for establishment or the absence
of grazing is still important. In Chapter 7, we slea that soil conditions, influenced by
management actions, played an important role inl ggEmination and seedling survival.
Most importantly, we found that the seeds needdzktm contact with mineral soil to be able
to germinate (see also e.g. Cliftenal. 1997). For example, sod cutting can create these
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conditions. A second important factor is probablgtev availability or a cold microclimate.
Soils with low percentages in organic matter anditir+ lutum have a lower capacity to
retain water (Stevenson & Cole 1999, Fitter & Haf02) and are less suitable for
germination. In sites with low silt + lutum conceations, actions that lower the organic
matter in the soil, such as deep sod cutting, shbel avoided to prevent drought-stress.
When both restrictions are overcome, the soil pltheftop soil is an important characteristic
to determine whether liming is a possibility or .ndbnetheless, this measure should be taken
with caution on nutrient poor soils as too muchidigncan cause a high increase of the soil
pH, which can reduce the soluble phosphorus byifagrimsoluble Ca phosphates (White &
Taylor 1977, Stevenson & Cole 1999). This, in tucan have a negative impact on the

seedling survival.

8.2 Management implications

We will discuss the management implications of fmalings using a case study of juniper in
Flanders (see Gruwex al. 2010b). In 2008, we assessed the conservatiamsd68 of the
72 remaining common juniper populations in Fland¥ra a simple, deterministic model (i.e.
no randomness is included), we calculated how réiffemanagement actions could have an

influence on this conservation status after a jpeoic23 years (Fig. 8-1).
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Fig. 8-1. Schematic overview of the management mdskesed on the population characteristics in 2008,
conservation status of the common juniper poputatim 2008 is assessed. Population characteriatsts
determine which management actions will be apphetthe different populations. The model calculdtess the

different management actions change the conservataius of the populations after 23 years.

In brief, in this model we calculated the numberirafividuals in each population after 23
years with the following formula:

A = X*(1-m) + Y*r

With A being the number of individuals after 23 yeatr#he number of individuals in 2008,
the number of female individuals in 2008, the mortality rate and the proportion of
recruiting individuals produced by a female shrub23 years. Bothm and r can be
influenced by different management actions andrenmental variation (more information
is available in Gruweet al. 2010b).

The assessment of the conservation status was basstk population characteristics: (1)
number of individuals per population, (2) perceetagable shrubs, (3) percentage female
shrubs, (4) recruitment (number of shrubs smaliant0.5 m), (5) percentage soil cover and
(6) canopy closure above the juniper shrubs (T&blg. The number of individuals in a
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population is an important measure for its survival population needs a minimum of
individuals to maintain itself (Shaffer 1981). Wait®73) considered 100 individuals as a
minimum for a viable common juniper population. dddition, the viability of the shrubs
themselves is also important for the survival @ thtal population. Furthermore, the input of
seeds (via female shrubs) and the presence ofitreent to replace at least the parent shrubs
are essential for a sustainable population. Finadil cover and canopy closure have an

influence on the establishment of seedlings anditidality of the shrubs, respectively.

Table 8-1. Overview of the features and thresholslsd to determine the conservation status. (A) g¢®p
sufficient, (C+) moderately degraded, (C-) highda,gchded,-{-) extinct.

Conservation status

Characteristic A B C+ C- +
Number of individuals* > 100 ex. > 100 ex. ¥ n<100 I<n<5 0
Percentage vital shrus >75 % B0<x<75%  25<x <50 % < 25%

Percentage female shrubs 28<80% 20<x<80% > 80, < 20% > 80, < 20%

More juveniles Less juveniles

Recruitmeri? No recruitment  No recruitment

than adults than adults
Percentage soil cover < 25% 2% < 50% 50K x < 75% > 75%
Percentage canopy closure < 25% 25< x < 50% 5K x < 75% >75%

(1) vital shrub = shrub with less than 10% needks] (2) recruitment = number of juveniles (youhgubs

smaller than 0.5 m); * adult individuals

The characteristic with the lowest value determitesoverall status of the population. To
estimate the future status of a population, it ecassary to determine the expected
recruitment and the mortality. By using our ownadand data from Van Dijk (1982), we
calculated that, under optimal germination condsgioone female shrub annually produces
0.006 vital, reproducing individuals, assuming adsgiability of 2.5 % (based on the seed
viability in the Flemish populations in Chapter 13da7), a germination percentage of 8.3 %
(Chapter 7), a survival after ten years of 0.006n(\Dijk 1982) and an average of 4774 seeds
per shrub (based on the results of the Flemischilptpns in Chapter 3). To incorporate the
effects of climate change in our model, we als@wdated an alternative factor taking in to
account a decrease in seed viability of 96 % wileempteratures rises about 2.6 °C (based on
the results for seed viability in Belgium low eléoa and Southern France in Chapter 6). In

that case, each female shrub annualy produce0dd?2 vital, reproducing individuals.

Mortality was estimated by using data from Verhegeal. (2005) who found that in a period
of 23 years, 46 % of the shrubs in Heiderbos ir{lAanders), had died.
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We then assessed the influence of three manageactinhs on the future status of the
populations: (i) decreasing crown closure if croslwsure was higher than 25%, (ii) creating
bare soil in populations with a percent ground cafevegetation higher than 25 %, and (iii)
plant additional young shrubs until the populatreaches a size of 100 individuals. In our
model, opening op the crown cover to less than 28é¢reased the chance of mortality with
10 %. Creating 25 % bare soil in the population enagcruitment possible (Chapter 7).
Hence, in populations where the area of open sadl Mss than 25 % of the total population
area, female shrubs produced annually zero indalduThe third management action
(increasing the population size), called ‘transtmed, is often applied and necessary to
create sustainable populations of juniper (Gord®861 Menges 2008). For northwestern
Europe, in theory, the restrictions for the origirthe plant material are rather low as all the
common juniper populations in this region are \ahy indistinguishable in terms of their
gene pool (Vanden Broed al. 2010). If local adaptations are absent for comiooiper,
one could consider to use plant material in traargptions originating from the south to
tackle problems such as climate change (‘assistegtation’). Although we found no
indications for local adaptation in common junifeze Chapter 6), further research is needed
to give a conclusive answer on this topic. Henoettie moment, it remains recommended to

use plant material of local origin to conserve dgengiversity.

We studied the effects of three management scenaridhe populations in Flanders: (1.1) a
business-as-usual scenario, where none of the reareag actions is applied; (1.2) a scenario
where necessary crown closure is decreased and sodres created; and (1.3) where

necessary, crown closure is decreased, bare sailemted and the number of shrubs is
increased up to 100 individuals. The same scenawr@e repeated using the correction for

climate change (scenario 2.1, 2.2 and 2.3).

For the scenarios without climate change, this iodeexercise highlighted only minor

differences between a business-as-usual scenagagigo 1.1) and the scenario where only
canopy closure and open soil are treated (scefid)qTable 8-2). In both scenarios, about a
guarter of the Flemish populations will disappepb31. However, in scenario 1.2, a higher

amount of the populations gets a C+ quotation.
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Table 8-2. The number of populations per type afseovation status (a) and per limiting factor fog@od
conservation status (i.e. the factors that haveatsbelow A) (b), in 2008 and for the differenamagement
scenario’s in 2031. Scenarios 1.1, 1.2 and 1.3oddake climate change into account, scenarios22land 2.3
take a temperature increase of 2.6 °C into accd@tgood, (B) sufficient, (C+) moderately degradéd-)
highly degraded 4) extinct.

2031 (different scenarios)

2008

11 1.2 1.3 2.1 2.2 2.3
(a) Conservation status
A 0 0 0 0 0 0 0
B 0 0 0 47 0 0 3
C+ 8 6 19 18 6 19 62
C- 60 44 32 3 44 32 3
+ 0 18 17 0 18 17 0
Number of surviving populations in 68 50 51 68 50 51 68

Flanders

(b) Limiting factor for a good conservation status (several factors possible
per population)

Number of individuals 62 65 65 18 65 65 62
Percentage vital shrubs 58 55 55 4 55 55 4
Percentage female shrubs 44 50 46 4 50 a7 4
Recruitment 67 68 68 68 68 68 68
Soil cover 45 45 0 0 45 0 0
Crown closure 47 47 0 0 47 0 0

In contrast, scenario 3 (canopy closure, bare @il planting extra individuals) saves all
populations from extinction (which is not surprgjrand increases the conservation status of
most of the populations to a B-level. However, nafethe populations reaches a good
conservation status (A). The most important redsorthis failure is the low recruitment in
all the populations (Table 8-2b). Hence, managemicused on common juniper
conservation e.g. creating good growth conditiams$ @n ideal microclimate for germination
and seedling survival is undoubtable necessaryuseful to maintain sustainable juniper
populations. However, in regions where recruitmsrabsent due to very low seed viability,

enforcing the populations or creating new poputetiby planting seems inevitable.

If we take temperature increase of 2.6 °C into antothe results for scenarios 2.1 and 2.2
are the same as for scenarios 1.1 and 1.2. Theofaacruitment was already an important
reason for the low status of the populations amslrgmains the same. However, in scenario
2.3, only three populations reach a conservatiatustof B and in 62 populations, the low

number of individuals is one of the main reasonstfes quotation (compared to 18 in
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scenario 1.3). Seed viability is so low in a climathange scenario that, already after 23
years, the discrepancy between recruitment andafitgriowers the number of individuals in
a population below 100. Hence, due to climate charfforts to ameliorate the conservation

status of common juniper populations will havertorease even more.

To conclude this section, we propose a few guidslithat can help to preserve common

juniper in the future in Belgium specifically anidndlar regions in northwestern Europe:

- Overall, this work is an extra argument to policgkars to increase their efforts in
reducing the emissions of green house gases amgnit (e.g. in traffic, industry and
agriculture).

- Focus the efforts for creating sustainable poputation large areas where the
management is already suited for common junipeg. (beath and calcareous
grasslands);

- Seed viability is negatively correlated with tengiare and atmospheric depositions.
Hence, it can be interesting to pay special atentio locations where the
microclimate is expected to be colder (e.g. nolyherented slopes or the vicinity of
small rivers) and where depositions are lower (ed. to close to highroads and
farms);

- To stimulate establishment of new individuals framatural recruitment, it is
necessary to create gaps in the vegetation with $x@t. In addition, to avoid drought
stress, the amount of organic matter or silt atwhhushould not be too low (>3 % and
> 8 % respectively). Ideally, the pH should realsé tation exchange buffer range
(about 4.7). Hence, additional liming can be anarptHowever this measure should
be taken with caution on nutrient poor soils;

- Younger individuals seem to have a higher percentalgviable seeds (see e.g.
Chapter 4 and 6). Hence, it is useful to identifgdtions with seedlings and protect
them from grazing by e.g. rabbits or deer;

- Finally, successful recruitment in common junipell wnly occur if several of the
following conditions are met: enough viable seedstrhe available (e.g. during a
colder period of several years), enough microstetable for establishment must be
present (e.g. by sod cutting, but also by othetudignces) and there should be
enough dispersers (e.g. a short time invasiofuodus pilaris). Hence, the larger the
area with suitable habitat, the higher the charicaslocations exists where all these

conditions occur at the same time. In this respeid,possible that due to habitat loss
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in the past, chances for recruitment started toedese. This could have led to an
increase of the average age of the shrubs, whithrmcan have resulted in a lower
seed viability (see Chapter 4 and 6). Although thiscess is hypothetical, it still
stresses the importance of protecting young jurspeubs.

8.3 Perspectivesfor further research

Based on the different findings in this thesis, imber of suggestions to further our
understanding of the low seed viability and prold@mrecruitment of common juniper are

proposed.

First, to further unravel the mechanisms behind tlegative effects of increasing
temperatures and enhanced atmospheric depositdsitoaal research is needed at the
bio(geo)chemical level. It can be useful to studly éffect of these global change drivers on
the biochemical composition (e.g. amino acidscstalipids, ...) of the female gametophyte
(and in later phases the megagametophyte) andntbeye. A second step in this research
would be to link this biochemical composition teedeviability. An experiment with young
clones of common juniper that are experimentaltyngr at contrasting levels of temperature
and atmospheric depositions could answer thesetignes Seeds should then be sampled
regularly. In a final stage, the percentage viabpee seeds should be assessed and linked to
both the treatments and the biochemical composdfdhe seeds that were sampled in earlier

phases.

Secondly, in our transplant experiment (Chaptem@),found that the seed viability on the
shrubs was high, compared to seeds that were sdnmpi&atural populations. The reason for
this surprising pattern was not clear, but there swme possible questions that can be
addressed. For instance, studies including youmgbshvs. old shrubs, cuttings vs. natural
regeneration from seeds, rich soil vs. poor soul¢de performed. Experiments in which
different fertiliser treatments are applied to adilirubs, cuttings and natural regeneration

from seeds can help to explain the differencegadwiability.

Finally, it is often mentioned that grazing by espeep and cattle can help to achieve ideal
conditions for the establishment of common junifeeg. Fitter & Jennings 1975, Hommel
2009). In addition, the presence of common junig@ubs is often associated with sheep

walks (Ward 1973, Rosén 1988). However, this mamage also risks damaging young and

120



mature juniper shrubs (Ward 1973, Cliftenal. 1997). The question remains if grazing is a
good management option to promote recruitment airaon juniper. A large scale sowing
experiment in grazed and ungrazed plots could angwsequestion. Our findings in Chapter
7 emphasize that it is important to use seedsafeasampled in populations with a high seed
viability. If seed viability is low, chances for igeination are also low and then, there is a risk

that possible trends cannot be supported by statist
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Appendix A

Table A. Correlations between seed quality, coree agne phase and seed phase for the differentgimms

Population Cone age Cone phase Seed phase
Ekulunde Seed quality  Correlation Coefficient -.233(*) -.168(**) -.202(*)
N 406 406 406
Cone age Correlation Coefficient .586(**) .525(**)
N 464 406
Cone phase Correlation Coefficient .801(**)
N 406
Kleszczele Seed quality  Correlation Coefficient -.338(*) -.400(*) -.375(**)
N 403 403 403
Cone age Correlation Coefficient T45(*) 739(*)
N 421 404
Cone phase Correlation Coefficient .889(*)
N 404
Rossdach Seed quality  Correlation Coefficient -.215(*) -.138(*) -.202(*)
N 477 477 477
Cone age Correlation Coefficient .657(**) 17 (%)
N 486 477
Cone phase Correlation Coefficient .931(*)
N 477
Asholdinger Seed quality  Correlation Coefficient -.140(*) =247 (%) -.284(*)
N 312 312 312
Cone age Correlation Coefficient .646(**) 184(*)
N 322 312
Cone phase Correlation Coefficient .890(**)
N 312
Zutendaal Seed quality  Correlation Coefficient -.410(*) -.328(**) -.449(*)
N 390 390 390
Cone age Correlation Coefficient A31(*) 573(*)
N 402 390
Cone phase Correlation Coefficient .857(*)
N 390
As Seed quality  Correlation Coefficient -.366(**) -.484(*%) -A4T71(*)
N 452 452 452
Cone age Correlation Coefficient 765(*%) 784(*)
N 456 452
Cone phase Correlation Coefficient .988(**)
N 452
Markelo Seed quality  Correlation Coefficient -.286(**) -.486(*) -.460(*)
N 439 439 439
Cone age Correlation Coefficient 701(*) .666(**)
N 465 440
Cone phase Correlation Coefficient .953(*%)
N 440
Mantinge Seed quality  Correlation Coefficient -.294(*) -.450(*) -.489(*)
N 459 459 459
Cone age Correlation Coefficient .662(**) .651(*)
N 488 461
Cone phase Correlation Coefficient .948(**)
N 461

*p <0.05;*p<0.001
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Appendix B1
Legend of the Table B1 (see next page)

(*) No data available

(1) Limnological Station, Borucino - Meteorologyda@limatology Department - University of Gdansk|dhal

(2) Klein Tank, A.M.G. and Coauthors, 2002. Dailgtaket of 20th-century surface air temperature and
precipitation series for the European Climate Assesit. Int. J. of Climatol., 22, 1441-1453.

(3) Données du SLF © 2012, SLF

(4) Agenzia Regionale per la Prevenzione e Protezidmbientale del Veneto, Dipartimento per la Sieua

del Territorio, Centro Meteorologico - Ufficio Vdiazione Dati e Climatologia
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Table B1. Additional information on the sampled piggpions (populations are ordered from low to Haffitude).

Population Year of

Latitude Longitude

Elevation Number of Number of Number of

number  sampling Country ©) ) (m above sampled sampled sampled Weather station Source weather data
sea level)  shrubs SP2 seeds SP3 seeds

1 2010  Spain 41.79 -2.839 1240 5 176 52 Soria /heg@. knmi.nl/ (2)

2 2010  Spain 4302 -6.228 1420 5 149 ceon VIrgen 4l recaknmi.nil (2)

3 2010  Italy 43232 11176 320 5 173 124 Sloetgiico OrtO - Iwww.biometeo. it

4 2010 France 43.26 0.87 300 5 167 122 ToulousgrBla http://feca.knmi.nl/ (2)

5 2010 Italy 43.456 11.417 358 5 171 117 GaiolEhmanti  NA (¥)

6 2010 France 43.76 6.369 1285 5 167 97 Comps-sub»A  http://france.meteofrance.com/
7 2010 France 43.815 6.246 692 5 122 84 Aiguines tp:/kitance.meteofrance.com/
8 2010 France 43.979 5.473 1100 5 166 121 SainstGhr www.meteofrance.com

9 2010 France 44.032 5.349 810 5 191 100 Sainshri www.meteofrance.com

10 2010 France 44,101 5.45 1007 5 162 118 SainstGhr www.meteofrance.com

11 2010 France 44.864 5.479 1500 5 224 9 liserech2 http://feca.knmi.nl/ (2)

12 2010  ltaly 45871 11653 619 5 163 80 EZY%r;‘iéolﬁ;app%ttp://www.arpa.veneto.it @)
13 2010 Italy 45.888 11.474 1095 5 163 99 Asiagoq@orto) http://www.arpa.veneto.it (4)
14 2010  Switzerland 46.861  9.229 2128 3 69 63 gg?lﬂeegﬂtgﬁgg” "http:/fwww.slf.ch/ (3)

15 2010  Austria 47272 11.265 805 5 105 159 'Fnlﬂztr’lg‘fg'; ZAMG Tirol und Vorarlberg

16 2008 Germany 47.863 11.508 550 7 126 173 Muenche http://eca.knmi.nl/ (2)

17 2010 France 49.786 2.305 100 5 142 123 Glisy p:/Htance.meteofrance.com/
18 2010 Germany 49.973 11.308 450 5 163 109 Bamberg http://www.dwd.de/
19 2008 Germany 50.021 11.085 440 8 153 260 Bamberg http://www.dwd.de/




Population Year of

Latitude Longitude

Elevation Number of

Number of Number of

number  sampling Country ©) ) (m above sampled sampled sampled Weather station Source weather data
sea level)  shrubs SP2 seeds SP3 seeds

20 2010 Belgium 50.1 5.185 345 5 173 116 Humain p:Mitww.kmi.be
21 2010 Germany 50.211 6.384 595 5 191 106 Schfmegthaus  http://www.dwd.de/
22 2010 Belgium 50.443 5.868 535 5 161 95 Mont-Rigi http://www.kmi.be
23 2010 Germany 50.755 8.32 419 5 174 122 Dillembur http://www.dwd.de/
24 2008 Belgium 50.92 5.554 80 7 155 197 Ell hitpd. knmi.nl/ (2)
25 2008 Belgium 51.017 5.577 75 8 168 277 Ell Hepa.knmi.nl/ (2)
26 2010 UK 51.142 -1.643 120 5 162 139 Boscombendow http://eca.knmi.nl/ (2)
27 2010 UK 51.226 -0.437 175 5 117 171 Mickleham tp:Hivww.metoffice.gov.uk/
28 2010 Netherlands 51.549 6.012 50 5 175 112 Arcen http://eca.knm{2)I/
29 2010 Germany 51.948 13.491 115 5 143 140 Baruth http://www.dwd.de/
30 2008 Netherlands 52.28 6.52 50 8 126 246 Hupsel http://eca.knm{2)l/
31 2008 Poland 52.594 23.343 100 7 131 228 Brest tp:/fleca.knmi.nl/ (2)
32 2008 Netherlands 52.792 6.625 50 8 159 260 Hoogeveen http://eca.khin2)
33 2010 Germany 52.929 9.353 40 5 162 130 Rotenburg http://www.dwd.de/
34 2010  Poland 54196 17.965 190 6 148 116 g'trgt"i‘;’r']"’gég";‘l'mmo http:/Awww.ug.gda.pl (1)
35 2010 Ireland 54.456 -8.374 19 5 171 104 Ballgsba http://feca.knmi.nl/ (2)
36 2010 Sweden 55.665 13.371 70 5 147 122 Lund :/Mattpwv.smhi.se/
37 2010 Sweden 56.537 16.474 45 5 157 128 Olandsbro http://www.smhi.se/
38 2008 Sweden 56.576 16.604 45 8 287 55 Olandsbron  http://www.smbhi.se/
39 2010 Sweden 59.184 18.375 4 5 165 97 Stockholm ttp:/faww.smhi.se/
40 2010 Sweden 59.848 17.778 36 5 126 122 Uppsala ttp:/Nwww.smhi.se/
41 2010 Norway 62.225 9.548 1030 5 144 105 Fokstugu http://met.no/
42 2010  Sweden 64.233  19.785 179 5 115 g2 vindeln- http://Awww.smhi.se/
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Appendix B2

Fig B2. Location and population number of the sadptommon juniper populations (for information e t

populations, see Appendix B1).
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Appendix B3

Table B3. Detail of the seasons that were takem a@uicount for calculation the GDD>0°C of the sprifg
pollination, the summer of fertilization and theayef embryo development for SP2-seeds with a ripaa of
three years (SP2RT3) and two years (SP2RT2) an8R8rseeds with a ripen time of three years (SP3RAS
two years (SP3RT2).

Season
© SP2RT3 SP2RT2 SP3RT3 SP3RT2
Year of sampling Winter
Autumn embryo development embryo development
Summer fertilization fertilization embryo devefopnt embryo development
Spring pollination  embryo development embrygelepment
Winter embryo development  embryo development
1 year before sampling Winter embryo developmerembryo development
Autumn embryo development embryo development
Summer fertilization fertilization
Spring pollination pollination
Winter
2 years before sampling Winter
Autumn
Summer
Spring pollination
Winter

©) Winter (20/12-20/3); Autumn (21/9-20/12); Summ2t/6-20/9); Spring (21/3-20/6).

Appendix B4
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Fig. B4: The latitudinal temperature gradient ie thorthern extratropical hemisphere. (a) Map of rtiean
annual temperature in the Northern extratropicahiephere. (b) Relationships between latitude an@érme

annual and July temperatures (De Freetrat. 2013).
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Appendix B5

Table B5. Pearson’s correlation between three enmiental variables. All the correlations were nigmisicant
(p-value >0.05), except the correlation betweeremtidlly acidifying deposition and nitrogen depimsit (***),

which had a p < 0.001 (n = 39).

Growing degree Potentially acidifying

days year before Nitrogen deposition

. deposition
sampling
Potentially acidifying 0,222
deposition '
Nitrogen deposition 0.222 0.988***
Annual precipiation -0.301 0.126 0.103
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Table C1. Population characteristics (part one)

. . _ Elevation Number Number Number
Population Country Latgude Longltude (m above of of of Soil texture Type of bedrock
number °) ®) sea level) sampled sampled sampled
shrubs SP2 seedsSP3 seeds

1 Spain 41.79 -2.84 1240 5 176 52 loamy calcareous
2 Italy 43.23 11.18 320 5 173 124 sandy loam calwas
3 France 43.26 0.87 300 5 167 122 clayey calcareous
4 France 44.86 5.48 1500 5 224 9 loamy calcareous
5 Italy 45.87 11.65 619 4 145 60 sandy loam catmme
6 Italy 45.89 11.47 1095 5 163 99 sandy loam calwas
7 Switzerland 46.86 9.23 2128 3 69 63 sandy cabcamre
8 Austria 47.27 11.27 805 5 105 159 sandy calcareou
9 Germany 49.97 11.31 450 5 163 109 sandy loam acos
10 Belgium 50.1 5.19 345 5 173 116 loamy non-calcas
11 Germany 50.21 6.38 595 5 191 106 loamy non-oeices
12 Belgium 50.44 5.87 535 5 161 95 clayey non-calmas
13 Germany 50.76 8.32 419 5 174 122 sandy loam catrareous
14 UK 51.23 -0.44 175 4 111 119 sandy loam calesreo
15 Netherlands 51.55 6.01 50 5 175 112 sandy nioa+emus
16 Germany 51.95 13.49 115 5 143 140 sandy noreadas
17 Germany 52.93 9.35 40 5 162 130 sandy non-eadoar
18 Sweden 55.67 13.37 70 4 114 101 sandy loam aloareous
19 Sweden 56.54 16.47 45 5 157 128 sandy loam realcs
20 Sweden 59.18 18.38 4 5 165 97 sandy loam naaeaus




Table C2. Poplation characteristics (part two)

N- Po_te.nti_ally
Population deposition aC|d|fy|_ng Precipitation Temperature .
number (kg.ha dzggsﬂgns (mm.yea‘rl) (GDD>0°C) Weather station Source weather data
“year) l.yeqa.\rl)
1 5.66 0.54 699.3 3790 Soria http://eca.knmi.fl/ (2
2 9.29 0.94 906.1 5074.7 Siena Orto Botanico tpoiv.biometeo.it
3 9.72 0.84 836.3 4877.6 Toulouse-Blagnac htt@/keoni.nl/ (2)
4 10.44 0.97 12114 2315.9 liserech2 http://ecaikihi2)
5 28.13 2.38 1076.4 as612 TOve de'G%rl‘l"i‘ﬁpa loc. Pra’ o Iwww.arpa.veneto.it (4)
6 20.09 1.69 1461 2598.2 Asiago (aeroporto) htpuil.arpa.veneto.it (4)
7 8.7 0.76 1693.4 1275.1 Crap Masegn - http://www.slf.ch/ (3)
Schneestation

8 7.81 0.69 1605.2 3324.3 Innsbruck-Flughafen ZAMBI und Vorarlberg
9 14.42 1.37 909.8 3049.4 Bamberg http://www.dwd.de
10 14.97 1.46 949.9 3353.6 Humain http://www.kmi.be
11 15.88 1.63 1004.4 2897.8 Schneifelforsthaus /Miyw.dwd.de/
12 17.62 1.76 902.8 2970.5 Mont-Rigi http://www. Kpei
13 13.62 1.4 907.5 3170 Dillenburg http://www.dwed.d
14 11.2 1.12 829.9 3494 Mickleham http://www.metafgov.uk/
15 25.25 2.28 829.1 3703.7 Arcen http://eca.knih{2)l
16 13.25 1.32 726.6 3292.3 Baruth http://www.dwd.de
17 18.61 1.73 846 3375.3 Rotenburg http://www.dwf.d
18 9.21 0.95 804.4 3217.3 Lund http://www.smhi.se/
19 5.06 0.61 652.3 NA Olandsbron http://www.smhii.se
20 4.85 0.51 710.4 3102.3 Stockholm http://www.sedii

NA: data not available



Appendix D1

Table D1. Information on the origin of the shruBspulation names and information are acquired f@rwvez
et al. (2010a). If more than one shrub was origigafrom the same mother shrub, this was denotéld el (x

being the code of the moder shrub).

Number of shurbs

Site Shrub code Gender Poplation in population Clone
Sweden St.1 female  Kattevennen 820 cl2
Sweden St.2 female Heiderbos 7000

Sweden St.3 female 32 4

Sweden St.4 female 84 1 cl9
Sweden St.5 female Heiderbos 7000

Sweden St.6 female  Kattevennen 820 cll
Sweden St.7 female  Kattevennen 820 cl7
Sweden St.8 male Heiderbos 7000

Sweden St.9 male Kattevennen 820

Belgium high elevation Hv.1 female Heiderbos 7000

Belgium high elevation Hv.2 female 84 1 cl9
Belgium high elevation Hv.3 female Kattevennen 820 cl3
Belgium high elevation Hv.4 female Kattevennen 820 cl4
Belgium high elevation Hv.5 female  Kattevennen 820 cl5
Belgium high elevation Hv.6 female Kattevennen 820 cll
Belgium high elevation Hv.7 female Zutendaal 129 8 cl
Belgium high elevation Hv.8 male Heiderbos 7000

Belgium high elevation Hv.9 male Kattevennen 820 clé
Belgium low elevation Go.1 female Zutendaal 129

Belgium low elevation Go.2 female Heiderbos 7000

Belgium low elevation Go.3 female Zutendaal 129

Belgium low elevation Go.4 female Zutendaal 129 cl8
Belgium low elevation Go.5 female 84 1 cl9
Belgium low elevation Go.6 female Kattevennen 820 cl7
Belgium low elevation Go.7 female  Kattevennen 820 cl5
Belgium low elevation Go.8 male Kattevennen 820 cl6
Belgium low elevation Go.9 male Zutendaal 129

France To.l female  Kattevennen 820 cl3
France To.2 female 457 11

France To.3 female 20 8

France To.4 female 25 5

France To.5 female Zutendaal 129

France To.6 female Heiderbos 7000

France To.7 female  Kattevennen 820 cl4
France To.8 male Kattevennen 820 cl6
France To.9 male Zutendaal 129

Open top chamber GS.1 female Kattevennen 820 cl7
Open top chamber GS.2 female Heiderbos 7000

Open top chamber GS.3 female Zutendaal 129

Open top chamber GS.4 female Kattevennen 820 cl2
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Site Shrub code Gender Poplatioanfrznssglj;zglrj]rbs Clone
Open top chamber GS.5 female Kattevennen 820 cll
Open top chamber GS.6 female 84 1 cl9
Open top chamber GS.7 female 7 8

Open top chamber GS.8 male Zutendaal 129

Open top chamber GS.9 male Heiderbos 7000

Appendix D2

Table D2. The minimum, maximum, and mean (+ SE)@aages viable seeds per shrub for the whole
experiment (three years) and for each year separate

Seed phase 2 seeds Seed phase 3 seeds
Min Max Mean + SE Min Max Mean = SE
Total 15.8 1000 84.1+18 0.0 100.0 60.6+3.3
2011 67.6 1000 924+16 0.0 100.0 42.8+6.7
2012 48.1 1000 86.1+2.6 50.0 100.0 77.0+2.6
2013 158 1000 745+3.8 0.0 100.0 59.1+59
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Table D3. The average monthly minimum and maximemgteratures (°C) at the four sites of the transmaperiment during the runtime of the experiment.

Average monthly minimum temperature (°C) Average monthly maximum temperature (°C)
Month vear Central Belgium,_ high Belgium_, low  Southern Central Belgium,_ high Belgium_, low  Southern
Sweden elevation elevation France Sweden elevation elevation France
11 2011 15 3.1 5.2 8.5 4.9 10.0 11.8 15.7
12 2011 2.1 -0.4 4.6 3.9 14 3.8 8.6 11.9
1 2012 -5.1 -1.0 3.5 2.7 -1.4 2.9 7.8 10.2
2 2012 -10.0 -6.0 -2.0 -3.5 -1.5 -1.0 4.2 6.0
3 2012 -2.3 2.3 4.2 3.1 6.0 10.1 13.3 17.3
4 2012 -1.5 1.2 4.5 6.6 8.2 8.8 12.6 16.0
5 2012 4.2 6.9 9.9 10.5 175 16.1 18.9 21.8
6 2012 7.7 8.2 12.3 13.9 18.0 15.8 19.7 26.1
7 2012 11.9 9.8 134 13.6 23.9 18.2 21.9 27.0
8 2012 11.0 10.7 13.7 16.3 21.0 20.4 24.4 30.0
9 2012 7.0 6.5 10.1 12.8 134 15.0 19.7 24.4
10 2012 15 4.5 8.2 10.0 6.7 11.3 151 20.2
11 2012 0.1 1.3 5.4 5.8 3.3 5.7 9.9 13.8
12 2012 -6.9 -1.0 3.9 3.6 -3.7 2.4 7.4 115
1 2013 -9.5 -3.3 0.0 1.4 -3.9 -0.1 4.0 8.4
2 2013 -6.7 -4.8 0.1 0.9 -0.4 -1.3 4.3 9.0
3 2013 -12.5 -4.3 0.2 5.1 1.7 1.4 6.4 13.7
4 2013 -3.2 1.0 4.3 6.3 9.4 9.0 13.6 15.9
5 2013 6.0 4.4 7.6 8.2 175 12.0 15.4 17.4
6 2013 9.7 7.9 11.4 11.8 22.6 16.4 20.2 22.1
7 2013 10.9 12.1 14.1 16.3 22.5 215 25.0 30.4
8 2013 10.1 9.7 135 15.0 23.4 194 23.7 27.7
9 2013 8.2 7.7 10.8 13.2 16.6 154 195 24.3
10 2013 NA 6.4 9.8 11.6 NA 12.0 16.7 21.0
11 2013 NA 0.4 4.6 4.9 NA 4.4 9.4 11.3

NA: no data available
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