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die op zeer onherbergzame plaatsen kan voorkomen en erin geslaagd is bijna het volledig
noordelijk halfrond te koloniseren. Een overlever ook: als de vermoedens kloppen, is de
jeneverbes tijdens de laatste ijstijden niet “teruggetrokken” naar de zogenaamde refugia
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die op de valreep nog mijn copromotor werd. Terecht! Ik denk niet dat ik dit had
klaargespeeld als ik niet zo dikwijls en zo gemakkelijk beroep kon doen op jou.
Ik wil ook van de gelegenheid gebruik maken om de voorzitter en de leden van de
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Leroux. A special thank to Prof. dr. Bente Graae, who came all the way from Norway.
En natuurlijk ook dank aan alle collega’s in Gontrode voor de toffe werksfeer, de vele hulp
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Summary
With a distribution range that covers most of the northern hemisphere, common juniper
(Juniperus communis L.) has one of the largest distribution ranges of all plant species on
earth. The last decades, however, multiple studies are reporting a significantly declining size
and plummeting number of common juniper populations in many regions, including in the
western European lowlands and the Mediterranean mountain regions. Failing recruitment is
one of the main reasons for this decline. In many of the remaining European juniper
populations, the percentage of viable seeds is extremely low, thereby limiting the chances for
successful regeneration. However, also other reasons, such as the absence of microclimate
suitable for germination and seedling establishment, can be responsible for the lack of
recruitment. It was suggested that climate warming as well as enhanced atmospheric
depositions can negatively affect juniper’s seed viability. However, the mechanisms behind
these effects remain unclear. The aim of this thesis was to further our understanding of the
effects of climate change (changing temperature and precipitation) and air pollution
(atmospheric depositions of nitrogen and sulphur) on different phases of the sexual
reproductive phase of common juniper.
We focussed on three crucial seed phases: (seed phase 1, SP1) the early gametophyte
development and pollination; (seed phase 2, SP2) further development of the gametophytes,
fertilization and early embryo development; (seed phase 3, SP3) late embryo development.
The seed viability of populations with and without recruitment was compared. Only after
SP3, we found significant differences in seed viability between populations with and
populations without recruitment. Hence, this made us conclude that late embryo development
is the most crucial phase during seed development. However, anomalies during SP2 can have
a delayed effect on embryo development. Therefore, both seed phases were retained for
further research.
With both observational and experimental research we studied the effects of global
environmental changes on seed viability. Overall, we found viability of SP2- and SP3-seeds
to decrease with temperature. Enhanced atmospheric depositions were only negatively
correlated with SP3-seed viability.
There are different pathways through which these global-change drivers possibly elaborate
their negative effects. For example, increasing temperatures can negatively affect the
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development and growth of the female gamethophyte and the pollen tube, the male-female
synchrony in the pre-fertilization phases, the development of the megagametophyte and the
nutrition and growth of the embryo. On the other hand, both atmospheric depositions and
warming can cause nutrient imbalances.
Although the ripening of the embryo (SP3) was identified as the most vulnerable phase, we
found strong indications that the actual reasons for low seed viability should be searched in
the preceding processes. For example, our transplant experiment along a latitudinal gradient
clearly showed that significant differences in seed viability between the temperature
treatments only occurred if the seeds also experienced higher temperatures during SP2.
Hence, it is plausible that anomalies, induced by warming or enhanced atmospheric
deposition, occur during the development of the female gametophyte (SP2). However, their
effects only manifested themselves in SP3, for example, by leading to a malfunctioning
megagametophyte that will not be able to nourish the developing embryo.
In addition, with a germination experiment, we assessed ideal microclimatic soil conditions
for germination and seedling establishment. We found that it is highly important that juniper
seeds are in contact with mineral soil, with a sufficient amount of loam or organic matter, for
successful germination. For example, sod cutting can create these conditions.
To conclude, our findings highlight that common juniper, arguably one of the most iconic
threatened tree species of Europe, is becoming a victim of global change. Successful
recruitment in common juniper will only occur if the following conditions are met: enough
viable seed must be available (e.g. during a colder period of several years) and enough
microsites suitable for establishment must be present. The probability that microsites exist
where these conditions (viable seeds and chances for establishment) occur at the same time
increases in larger areas where the management is already suited for common juniper.
Concerning the low seed viability, attention should be focused on locations where the
microclimate is expected to be colder (e.g. northerly oriented slopes or the vicinity of small
rivers) and where atmospheric depositions are lower (e.g. not too close to busy roads and/or
farms).
This work is also an extra call for policy makers to increase their efforts in reducing the
emissions of greenhouse gases and reactive nitrogen.
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Samenvatting
Met een verspreidingsgebied dat het grootste deel van het noordelijk halfrond omvat, is
jeneverbes (Juniperus communis L.) één van de meest wijd verspreide van alle
plantensoorten. In verschillende Europese regio’s, zoals de West-Europese laagvlakte en de
mediterrane berggebieden gaan de laatste decennia echter steeds meer jeneverbespopulaties
dramatisch achteruit. Een falende verjonging is een van de belangrijkste redenen voor deze
achteruitgang. In veel van de resterende Europese jeneverbespopulaties is het percentage
levensvatbare zaden extreem laag, wat de kansen op succesvolle verjonging hypothekeert.
Ook andere redenen, zoals het ontbreken van een microklimaat dat geschikt is voor
zaadkieming en de vestiging van kiemplanten, kunnen verantwoordelijk zijn voor het
uitblijven van verjonging. Er zijn sterke aanwijzingen dat zowel klimaatopwarming als
verhoogde atmosferische deposities de zaadvitaliteit negatief beïnvloeden, maar de
mechanismen achter deze invloeden blijven onduidelijk. Het doel van deze dissertatie was het
verder uitdiepen van ons begrip betreffende de effecten van klimaatverandering
(veranderende temperaturen en neerslag) en luchtvervuiling (atmosferische deposities van
stikstof en zwavel) op de verschillende ontwikkelingsfasen tijdens de generatieve reproductie
van jeneverbes.
Initieel lag de focus op drie cruciale fases tijdens de zaadontwikkeling: (zaadfase 1, SP1) de
vroege ontwikkeling van de gametofieten en de bestuiving; (zaadfase 2, SP2) de verdere
ontwikkeling van de gametofieten, bevruchting en de vroege embryo-ontwikkeling; (zaadfase
3, SP3) late embryo-ontwikkeling. We vergeleken de zaadvitaliteit tussen populaties met en
zonder verjonging en vonden enkel na SP3 significante verschillen in zaadvitaliteit tussen
beide groepen. Embryo-ontwikkeling blijkt dus de meest cruciale fase gedurende de
zaadontwikkeling. Het is echter mogelijk dat afwijkingen die gedurende SP2 optreden een
uitgesteld effect hebben op de embryo-ontwikkeling. Daarom werden beide fases
weerhouden voor verder onderzoek.
Met zowel observationeel en experimenteel onderzoek bestudeerden we de effecten van
global change op de zaadvitaliteit. De zaadvitaliteit van zowel SP2- als SP3-zaden nam af
met stijgende temperatuur. Verhoogde atmosferische deposities waren enkel negatief
gecorreleerd met de vitaliteit van SP3-zaden.
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Temperatuur en atmosferische deposities kunnen op verschillende manieren hun negatieve
effecten teweegbrengen. Zo kan een verhoogde temperatuur de ontwikkeling en groeisnelheid
van de mannelijke en vrouwelijke gameten negatief beïnvloeden en de ontwikkeling van de
megagametofiet en de voeding en groei van het embryo verstoren. Anderzijds kunnen zowel
atmosferische deposities als verhoogde temperaturen de nutriëntenhuishouding verstoren.
Hoewel de embryo-ontwikkeling (SP3) werd geïdentificeerd als de meest kwetsbare fase,
vonden we sterke aanwijzingen dat de werkelijke redenen voor de lage zaadvitaliteit moeten
gezocht worden in de voorgaande processen. Het transplantatie-experiment langs een
latitudinale gradiënt toonde duidelijk aan dat een verhoogde temperatuur enkel een negatieve
invloed had op de SP3-zaden als deze zaden zich ook al tijdens de voorgaande fase (SP2) bij
hogere temperatuurregimes ontwikkeld hadden. Daarom is het aannemelijk dat er al
anomalieën ontstaan tijdens de ontwikkeling van de gameten (SP2). Hun effecten worden
echter pas zichtbaar tijdens SP3, bijvoorbeeld omdat dit leidt tot een slecht functionerende
megagametofiet, die er op zijn beurt niet in slaagt het ontwikkelende embryo te voeden.
Met een kiemexperiment onderzochten we welk beheer tot optimale bodemcondities en
geschikt microklimaat voor kieming en vestiging van verjonging leidt. De aanwezigheid van
naakte, minerale grond die een zekere vochthoudende capaciteit had bleek hierbij belangrijk.
Plaggen is een maatregel die zulke omstandigheden kan creëren.
Onze bevindingen benadrukken dat jeneverbes, misschien wel een van de meest iconische
bedreigde boomsoorten van Europa, ook een slachtoffer van global change aan het worden is.
Succesvolle verjonging van jeneverbes zal enkel voorkomen als aan verschillende
voorwaarden is voldaan: er moet voldoende vitaal zaad aanwezig zijn (bv. na een relatief
koude periode van enkele jaren) en er moeten voldoende microsites beschikbaar zijn waar de
vestiging van verjonging mogelijk is. De mogelijkheid dat dergelijke omstandigheden zich
tegelijk voordoen neemt toe naarmate er grotere gebieden voor handen zijn waar het
gevoerde beheer compatibel is met het geschikte beheer voor jeneverbes. Met betrekking tot
de lage zaadvitaliteit lijkt het nuttig om te focussen op plaatsen waar kan verwacht worden
dat het microklimaat kouder is (bv. op noordelijk gerichte hellingen en in de nabijheid van
koude stroompjes) en waar de atmosferische deposities relatief laag zijn (bv. niet te dicht bij
drukke wegen en/of boerderijen). Dit werk is ook een extra oproep voor beleidsmakers om
hun inspanningen voor het verminderen van de uitstoot van broeikasgassen en reactieve
stikstof te verhogen.
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Abbreviations
AICc

Akaike’s Information Criterion, adjusted for sample size

Al

aluminium

C

carbon

Ca

calcium

GDD>0°C

the number of growing degree days above 0 °C base temperature

K

potassium

Mg

magnesium

N

nitrogen

OM

organic matter

OTC

open top chamber

p

significant of statistical test (p-value)

P

phosphorus

S

sulphur

SE

standard error

SD

standard deviation

SP1

seed phase one (cone initiation, pollination, early gamete development)

SP2

seed phase two (gamete development, fertilization and early embryo
development)

SP3

seed phase three (late embryo development)

Tmin

minimum temperature

Tmax

maximum temperature

VIF

variance inflation factor

Definitions of terms used in this thesis
Archegonium

a multicellular structure in which a single egg is produced

Gametophyte

the haploid, gamete (haploid reproductive cell)- producing
generation or phase

Macrospore mother cell

a diploid cell in which meiosis will occur, resulting in the
production of four macrospores

Megagametophyte

female gametophyte located within the ovule of seed plants
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Nucellus

tissue composing the chief part of the young ovule

Ovule

a structure in seed plants containing the female gametophyte
with egg cell, all being surrounded by the nucellus and one or
two integuments; when mature, an ovule becomes a seed

Pollen tube

a tube formed after germination of the pollen grain; carries the
male gametes into the ovule

suspensor system

structure at the base of the embryo; it pushes the embryo into
nutrient rich tissue of the female gametophyte

zygotes

diploid cell resulting from the fusion of male and female
gametes
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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 the northern hemisphere (between latitudes of
30° to 70°; Hultén & Fries 1986, Adams 2008), common juniper (Juniperus communis L.) is
one of most widespread plant species on earth. It occurs in a wide variety of ecosystems (see
e.g. Fig. 1-1, Fig. 1-3, Fig. 1-4) from dunes at sea level, heathlands and forests in lowlands,
on mountains at elevations of up to 3570 m and in the Arctic tundra. The last decades,
however, multiple studies are reporting a declining size and plummeting number of common
juniper populations in different regions, including in the northwestern European lowlands
(e.g. Belgium: Frankard 2004 and Adriaenssens et al. 2006; the Netherlands: Oostermeijer &
De Knegt 2004; northern and western Germany: Hüppe 1995; England: Clifton et al. 1997),
and the Mediterranean mountain regions (García et al. 1999). Although the species can
locally still be very abundant and exhibit a good regeneration (e.g. in the Alps, Scandinavia
and Poland; Falinski 1980, Rosén 1995, Rosén & Baker 2005), J. communis communities are
listed in Annex I of the EU Habitat Directive (code 5130) due to their threatened status in
several European regions.

Fig. 1-1. Common junipers on calcareous grassland (Sweden)
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Numerous studies have aimed to unravel the cause of the decline of common juniper (e.g.
García et al. 1999, Verheyen et al. 2005, Ward 2007, Verheyen et al. 2009, Zeidler et al.
2009). Habitat loss and degradation and the limited sexual regeneration in the remaining
populations might be important causes (Verheyen et al. 2005). While the protected status of
J. communis communities has largely stopped habitat destruction across Europe and
stimulated appropriate management actions such as the removal of competing vegetation,
regeneration is still problematic in many of the remaining populations (e.g. García et al.
1999, Verheyen et al. 2005). More specifically, Verheyen et al. (2009) revealed a triangular
relationship between the percentage of viable seeds and the regeneration potential in
European common juniper populations (Fig. 1-2). This relationship suggests that if seed
viability is low, recruitment is negligible, while in case of a high percentage of viable seeds
other factors such as herbivory, summer drought and the absence of suitable microsites for
germination are responsible for the differences in recruitment between populations.

Fig. 1-2. Relationship between the mean percentage of filled seeds per shrub and the percentage of juniper
seedlings (i.e. shrubs < 25 cm) in 39 populations distributed throughout Europe (Verheyen et al. 2009).
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In many of the remaining European juniper populations, the percentage of viable seeds is
extremely low thereby limiting the chances for successful regeneration (García 2001;
Verheyen et al. 2009). In populations where viable seeds are present, other factors such as the
absence of microsites suitable for germination, overgrazing and drought stress most likely
hamper successful recruitment (Ward 1973, Fitter & Jennings 1975, Gilbert 1980, Ward
1982, García 2001). It remains unclear why some juniper populations have high seed viability
and seem to recruit successfully while others exhibit extremely low seed quality. However,
there are strong indications that different global change drivers are, at least partly, responsible
for the bad reproduction in common juniper (Verheyen et al. 2009). Additionally, even on the
same shrub, some juniper seeds have a two year ripening time and some seeds have a three
year ripening time (Ward 2010). It is not clear what causes this dual strategy and whether
ripening time has an influence on seed viability.

1.2 Global change
Worldwide, environmental conditions and ecosystems are undergoing rapid change (MEA,
2005). The drivers of this global change have mostly anthropogenic causes, and can be
coupled in five groups: climate change, land-use change, pollution, overexploitation and
biotic invasions. They all influence plant species and populations (MEA 2005, Matesanz et
al. 2010). For example, land-use change, leading to habitat loss, fragmentation, reductions in
habitat quality and habitat degradation (Matesanz et al. 2010), caused a general decrease of
heathlands (an important habitat for common juniper, see Chapter 2) throughout Europe in
the last two centuries (e.g. Piessens et al. 2004, Alonso 2004, Newton et al. 2009). However,
given the protected status of many juniper populations in western Europe and the findings of
Verheyen et al. (2009) concerning the negative effects of temperature and nitrogen deposition
on seed viability, we focus in this thesis on the global change drivers of climate change and
pollution.
Climate change
In the Northern hemisphere, the average surface temperature has increased with 1.0 °C since
the end of the 19th century (NASA GISTEMP data, http://data.giss.nasa.gov/gistemp/). This
warming is unparalleled in the last millennia (Marcott et al. 2013). The present climate
change is almost exclusively caused by anthropogenic factors. Human-induced changes in the
world’s radiation balance amount to 2.29 Watt per m² since 1750, while natural causes due to
3

changes in solar radiation contribute only 0.06 Watt per m² (IPCC 2013). Hence, only climate
models in which anthropogenic causes are accounted for are capable of reconstructing the
observed temperature trends. In a ‘business-as-usual’-scenario (RCP8.5), a worldwide
temperature increase of 2.6 to 4.8 °C is expected by the end of the 21st century (2081-2100)
compared to the average between 1986 and 2005 (IPCC 2013). Models forecast strong
climate-change impacts on biodiversity with a reduction of more than 50 % of the current
climate range for 57 % of the plants and 34 % of the animals during the 21st century (Warren
et al. 2013).
Pollution
Before industrialization occurred in the 19th century, natural processes largely dominated
nitrogen emissions (~120 TG N/yr) due to low anthropogenic inputs (~12 Tg N/yr). By 2005,
the input by anthropogenic processes spectacularly increased to ~210 Tg N/yr (Galloway et
al. 2004). Hence, it is no surprise that worldwide atmospheric deposition of biologically
reactive N more than tripled from 1860 to the early 1990s. Moreover, by the year 2050 a 2.4
to 2.7-fold increase in eutrophication of terrestrial ecosystems, compared to 2000, is
predicted, probably causing an unprecedented biodiversity loss and subsequent biotic
homogenisation of ecosystems (Tilman et al. 2001). This decades-long N deposition is partly
responsible for the already significant losses of terrestrial plant diversity (Clark & Tilman
2008; De Schrijver et al. 2011). Nitrogen emissions include emissions of NOy (NO, NO2,
HNO2, HNO3 and NO-3), which mainly originates from burning of fossil fuels, and of NHx
(NH3 and NH4+), mainly emitted by agricultural practices. Apart from the eutrophying effects
on ecosystems (Bobbink et al. 2010), N-depositions can also cause an acidifying effect.
Potentially acidifying depositions comprises deposition of SOx (both SO2 and SO42-), NOy
and NHx compounds, and can cause a significant acidification of the soil by by generating
protons (H+). Although the emissions of sulphur (S) have been reduced over much of Europe
in the past decades (UN-ECE 2003), nitrogen emissions to the atmosphere remain elevated in
industrialized regions and are accelerating in many developing regions (Galloway et al.
2004). Hence, soil mediated acidification is still a problem in many ecosystems (Bobbink et
al. 2010).
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Fig. 1-3. Common junipers in heathland (Belgium)

The effects of global change will become increasingly visible in the coming decades (Rands
et al. 2010) and further the change of environments in which plants are living. The early lifehistory stages of plants, including seed production, are amongst the most important processes
that drive plant community structure (Hedhly et al. 2009, HilleRisLambers et al. 2009,
Linkies et al. 2010, Walck et al. 2011). Sexual reproduction aids plants to adapt to changing
environments and to colonize previously unoccupied habitats (Fenner and Thompson 2005).
Hence, in the face of global change, the role of sexual reproduction in the adaptation of
organisms to changing environments might become more important. However, sexual
reproduction itself is also affected by global change. Several studies have investigated the
influence of different global-change drivers on sexual reproduction of plants, including
warming (Peñuelas et al. 2004, De Frenne et al. 2011, Koivuranta et al. 2012), elevated CO2
concentrations (Thurig et al. 2003), nitrogen deposition (Callahan et al. 2008) and drought
(Demirtas et al. 2010). Fewer studies have investigated the integrated effects of several
drivers on sexual reproduction (Hovenden et al. 2008, HilleRisLambers et al. 2009, Verheyen
et al. 2009, Li et al. 2011). Even less is known about the different processes acting during
subsequent phases of the sexual reproductive cycle of plants (but see Owens et al. 2001,
Hedhly 2011). Recently, Hedhly et al. (2009) underlined the importance of studying the
sensitive phases (e.g. fertilization, embryogenesis) independently in order to obtain a better
understanding of the effect of global change drivers (i.e. temperature) on sexual reproduction.

5

1.3 Objectives and outline of this thesis
The aim of this thesis is to get a better understanding of the problematic sexual reproduction
of common juniper. Before focussing on sexual reproduction, we first give a short
introduction to the species in Chapter 2. Next, we provide an in-depth study of global-change
effects on seed development (Chapters 3, 4, 5 and 6). In addition, as only a part of the
recruitment problem is caused by low seed viability (Verheyen et al. 2009), we also studied
the establishment process (Chapter 7). In Chapter 8, we synthesize our findings and add some
recommendations for common juniper conservation.

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

Fig. 1-5 gives a schematic overview of the outline of this thesis. Three observational studies
(Chapter 3-5) were performed to unravel the influence of climate warming and atmospheric
depositions on seed viability. Following the recommendations of Hedhly et al. (2009), we
first searched which phases (1, cone initiation and pollination; 2, gamete development,
fertilization and early embryo development; 3, late embryo development) during sexual
reproduction were most vulnerable (Chapter 3). In this chapter, seeds were sampled in eight
populations across Europe (four with recruitment and four without recruitment). Next, we
studied the influence of climate warming and atmospheric depositions on the two most
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vulnerable phases (phase two and three, i.e. gamete development, fertilization and early
embryo development, and late embryo development) in Chapter 4. For this research, we
sampled seeds and studied their viability in not less than 42 populations throughout Europe
and took advantage of the large variation in both temperature and atmospheric depositions. In
a subset of twenty populations, we also analysed the chemical composition of the needles to
verify whether the nutrient status of the shrubs was influenced by climate warming and
atmospheric depositions and whether this might be one of the mechanisms by which they
exert their negative influence on seed viability (Chapter 5). The experiment in Chapter 6
was used to corroborate the observational findings using the gradient method in Chapter 4
concerning the negative influence of increasing temperature on seed viability. Here, we
installed a transplant experiment at four locations in Europe, along a temperature gradient. At
one of the four locations we also performed an open top chamber (OTC) experiment. In this
experiment we increased the temperature in one of the two plots at that location by placing a
glasshouse with open top above the shrubs.

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

7

Finally, Chapter 7 focusses on the establishment of common juniper seedlings. In an
experiment performed at four locations in Belgium and the Netherlands, the effects of
different management actions such as mowing or sod removal on the soil conditions were
observed. Subsequently, we studied how these management actions and soil conditions
affected seed germination and seedling survival.

8

9

10

2 Common juniper: a short introduction
2.1 Botanical characteristics
Juniperus communis (Cupressaceae) is a light demanding, dioecious, wind pollinated,
coniferous shrub or tree (Thomas et al. 2007). The form of the dense crown can be quite
variable and three phenotypes can be distinguished (Fig. 2-1). The columnar shape has
steeply ascending branches along the main stem. Secondly, the fastigate form has a fairly
steep but widening crown without a clear main stem. Finally, the prostate form is a low-tothe-ground shrub with horizontal branches and bending tops. There can be quite some
variation within one type (Stockmann 1982). In juniper thickets, the columnar shape is
mostly absent, while solitary individuals have often the fastigate form.

Fig. 2-1. The three growth forms of common juniper (Stockmann 1982).
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The leaves are exclusively needle-shaped, prickly, blue-green and about 10 to 15 mm long
(Fig. 2-2, Fig. 2-3). The upper side of the needles is dull and trough-shaped, while the
underside is shiny and keeled. The needles are placed in whorls of three on hexagonal
branches and remain in place for two years (Weeda et al. 1985). Due to their high light
demands, the needles in the center of the crown quickly die off (Vanhaeren 1983). Common
juniper has relatively nutrient rich litter and can enhance soil fertility. For example in alpine
heath tundra, patches of common juniper shrubs can facilitate the growth of other plants
typical for this ecosystem (DeLuca & Zackrisson 2007).

Fig. 2-2. Needles and female cones of common juniper (Belgium).
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Fig. 2-3. Morphological characteristics of common juniper. 1 = male cone, 2+3 = stamen, 4 = female cone, 5 =
female cone (longitudinal section), 6 = ripe female cone, 7 = cross-section of cone with three seeds with
numerous resin reservoirs, 8+9 = longitudinal section of a seed, A = male twig with cones, B = female twig with
cones. Images are not to scale (Thomé 1885).
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2.2 Distribution
Of all vascular plants, common juniper has one of the largest distribution ranges. It covers
most of the northern hemisphere (Adams 2008) (Fig. 2-4).

Fig. 2-4. Distribution area of common juniper in the Northern hemisphere (Hultén & Fries 1986). In our
research we focussed on Juniperus communis var. communis.

In Europe, the species occurs in the Atlantic area, in the continental regions and from the
boreal climates to the mountains of the Mediterranean area. Outside Europe, common juniper
can be found in areas with a temperate climate in northern Asia towards the Tanshian
mountains (except in Japan) but also in Iraq and the Himalaya. In America, common juniper
occurs from Canada to New Mexico in the USA. In the south, the species mostly occupies
higher altitudes. The species is only absent in very warm and dry areas, such as the
Mediterranean lowlands.

14

2.3 Sexual reproduction
The female bushes of juniper annually produce fleshy, spherical, berry-like cones of
approximately 6.5 mm in diameter that take two or three years to mature. The cones contain
one to three (rarely four) seeds (Ottley 1909, García et al. 2000, Thomas et al. 2007, Ward
2010). The seed development is described in Fig. 2-5, and is based on Ottley (1909), Singh
(1978), Thomas et al. (2007) and Ward (2010).

Fig. 2-5. Schematic overview of the seed development in Juniperus communis. (A) Male cone containing the
microsporangia; (B) the microspores are formed after meiosis; (C) pollen are released; (D) female cone (green)
with three ovules; (E) ovule with integument (black) and nucellus (green); (F) after pollination, the pollen
(black) germinates on top of the nucellus and the pollentube grows towards the centre of the nucellus, the
integument has closed; (G) + (H) in the centre of the nucellus, the macrospore mother cell undergoes meiotic
divisions and forms the prothallium (red) which will grow and develop into the megagametophyte; (I) the
archegonial complex develops from peripheral cells at the micropilar end of the prothallium (orange) and
consists of four archegonia, each containing one egg cell; (J) the pollen tube has reached the archegonial
complex and after fertilization one or more zygotes are formed (yellow); (K) several embryonal masses are
pushed in the corrosion cavity of the megagametophyte through elongation of the suspensor system (yellow);
(L) generally only one embryo (yellow) survives in the mature seed. (redrawn after Ottley 1909, Singh 1978,
Thomas et al. 2007, Ward 2010)

In a three year cycle the initiation of the reproductive buds starts in autumn or early winter.
When ripe, the male strobili have three to seven pair or trio’s of sporofyls that all contain two
to six sporangia (Chambers et al. 1999; see Fig. 2-6 for ripe male cones). Pollination and the
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germination of the pollen takes place in spring. The megasporogenesis follows next spring
and, subsequently, the female gametophyte starts to develop. After fertilization in second
summer, the maturation of the embryo and megagametophyte begins and the seed is ready for
dispersal by the end of next year’s autumn. In a two year cycle, the megasporogenesis and
development of the female gametophyte advance with one year and follow immediately after
pollination. Fertilization then takes place in the first summer. The female cones reach their
full size shortly after fertilization. Their colour changes from green to dark blue/purple during
summer and autumn of the last year of development (Ward 2010).

Fig. 2-6. A branch with male common juniper cones (Belgium)

Seeds that are ready for dispersal have a dormant embryo and need to undergo an after
ripening-process before they can germinate (Pack 1921). Different treatments have been
tested to improve germination (e.g. Pack 1921, McVean 1966, Broome 2003, Adriaenssens et
al. 2006) with variable success. However, good results in breaking dormancy are achieved if
the seeds are stored at a temperature between 0 and 10 °C with an optimum of 4 - 5 °C (Pack
1921, McVean 1966, Broome 2003). For example, Broome (2003) found a germination
percentage of 50 to 60 % (viable seeds) if seeds were stored at 0 °C for 34 to 51 weeks with
an after-treatment of 16 to 17 weeks at 4 °C. Afther the pre-treatments, seeds were sown in
spring and a germination period of three month followed. Pack (1921) found that storage in
cold (-23 °C) and moist conditions or in conditions of altering temperatures negatively
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affected germination. McVean (1966) and Broome (2003) advise to use cleaned seeds, but
Adriaenssens et al. (2006) mention good germination results if cones are sown.

2.4 Seed dispersal
Gravity, animals and to a lesser extend wind and water disperse the seeds of common juniper
(Piotto et al. 2003). Most of the cones will land under or in the close proximity of the mother
shrub (Knol & Nijhof 2004). Mainly through birds, there is a chance that the seeds get more
widely dispersed. Species from the thrush family (Turdus spp), such as fieldfare (T. pilaris),
mistle trush (T. viscivorus) and common blackbird (T. merula) are often mentioned, but also
Eurasion magpie (Pica pica), willow tit (Parus montanus) and black grouse (Tetrao tetrix)
occur as dispersers (Bergman 1963, Breek 1978, García 2001). In addition, according to
Ward (1973) and Rosén (1988), junipers are often found along sheep walks. Hence, possibly
also sheep play an important role in the seed dispersion.
Although birds are often mentioned as important dispersers, less is known about the influence
of e.g. frugivory on the seed viability. Pack (1921) supposed that the mechanical handling in
the crop and the effects of digestive juices on the seed coat would facilitate the germination
of the seed. However he found no effects when he treated the seeds with diluted citric acid.
Livinston (1972) reported a strong reduction of germination percentages (from 37.2 % to 9.1
%) after seeds passed through the stomach of starlings (Sturnus vulgaris). However, a
treatment with citric acid increased the germination percentage afterwards.

2.5 Growth conditions
Common juniper typically occurs on dry, both acidic and calcareous, nutrient poor, mineral
soils, such as heath and calcareous grasslands (Weeda et al. 1985, García et al. 2000, Rosén
& Bakker 2005, Maes et al. 2006, Thomas 2007, Ward 2007). The species can also survive in
open forest, but does not resist heavy shadowing (Thomas et al. 2007). Persistently high or
fluctuating groundwater levels are detrimental. However, individuals can sporadically be
found in moist conditions.
Due to its slow growth (Grubb et al. 1999, Ward 2007) and its high light demands (Thomas
et al. 2007), common juniper often suffers from the competition of other species. It tolerates
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poor soils (Pearman et al. 2008), but will grow relatively faster on richer soils. As common
juniper is predominantly appearing on nutrient-poor, both acidic and calcareous soils and
harsh environments (García et al. 2000, Thomas 2007, Ward 2007) it is plausible that the
species is excluded from its optimal habitat (e.g. richer soils) by more competitive species
(Pearman et al. 2006), that make better use of the available nutrients.

2.6 Human use of common juniper
The cones, needles, branches and wood of common juniper had, and still have, multiple
applications. For example, the branches were used as decorations for religious ceremonies
and weddings (Burny 1985, Barkman 1989), to flavour bread, as a broom (Knol & Nijhoff
2004) and the wood was used for the production of tools on a small scale (Barkman 1989).
The cones are used in gin and alcoholic bitters. They can flavor marinades, pot roasts, liver
pâté, game, sauces and soups (Charles 2013).
Traditionally, common juniper also has a medicinal use. For example, essential oils from the
cones showed to be bactericidal and extrasts from the needles and cones have a good
antioxidant activity (Charles 2013). As an herbal medicine, common juniper has been used as
a steam inhalant against bronchitis (Shahmier et al. 2003).
In addition, extracts of common juniper are applied in cosmetics and perfumery (Shahmier et
al. 2003).
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3 Critical phases in the seed development of
common juniper (Juniperus communis)
After Gruwez R, Leroux O, De Frenne P, Tack W, Viane R, Verheyen K. 2013. Critical
phases in the seed development of common juniper (Juniperus communis). Plant Biology
15:210–219
Abstract
Common juniper (Juniperus communis L.) populations in northwestern European lowlands are currently
declining in size and number. An important cause of this decline is the lack of natural regeneration. Low seed
viability seems to be one of the main bottlenecks in this process. Previous research revealed a negative relation
between seed viability and both temperature and nitrogen deposition. Additionally, the seeds of common juniper
have a variable ripening time, which possibly influences the seed viability. However, the underlying
mechanisms remain unsolved. In order to unravel this puzzle, it is important to understand in which phases of
the seed production the main defects are situated and what the influence of ripening time is. In this study, we
compared the seed viability of populations with and without successful recruitment. We examined three seed
phases: (1) gamete development; (2) fertilization and early embryo development; (3) late embryo development.
After the first two phases we found no difference in the percentage of viable seeds between populations with or
without recruitment. After the late embryo development populations without recruitment showed a significant
lower percentage of viable seeds. These results suggest that the late embryo development is a bottleneck in the
seed development. However, the complex interaction between seed viability and ripening time makes it
plausible that the causes should be searched in the second seed phase, as the accelerated development of the
male and female gametophyte may disturb the male-female synchrony for successful mating.

3.1 Introduction
Common juniper populations are declining in size and numbers in different regions, including
northwestern European lowlands (e.g. Belgium: Frankard 2004 and Adriaenssens et al. 2006;
the Netherlands: Oostermeijer & De Knegt 2004; northern and western Germany: Hüppe
1995; England: Clifton et al. 1997), and the Mediterranean mountain regions (García et al.
1999). Limiting sexual reproduction, caused by low seed viability may be one of the main
causes for this decline (Verheyen et al. 2005, Verheyen et al. 2009). Moreover, Verheyen et
al. (2009) found indications that increasing temperature and nitrogen deposition negatively
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affect seed viability. However, the mechanisms behind the low seed viability remain largely
unclear. Nevertheless, a range of possible causes of seed abortion in conifers has been
identified, including a lack of ovule pollination, developmental anomalies, early or late selfincompatibility mechanisms, and insect and disease damage (Owens 2006). In many conifer
species, seed abortion occurring in different developmental phases of the seed often leads to
the so called “empty seeds”, which generally still contain some remnants of the
megagametophyte or aborted embryo (Owens & Morris 1998, Owens 2006, Owens et al.
2008). Seed coat development, independent of embryo abortion was also observed in
common juniper (García et al. 2000).
The following developmental phases can be distinguished: initiation of the reproductive buds,
development of the sporogenous tissue, meiosis, pollen dispersal and landing, development of
the male and female gametes after pollination, fertilization, the formation of the proembryo,
the elongation of the suspensor, the establishment of the polar meristems (root and shoot) and
the further development of the embryo (e.g. Singh 1978, Bonner 2008, Hedhly et al. 2009).
For different conifer species crucial phases were identified by comparing the percentage of
viable seeds between the phases mentioned above (Owens 1995, Owens & Morris 1998).
Similar research is still lacking for common juniper.
The variation in ripening years of the seeds is another important factor to take into account in
common juniper. Normally, common juniper seeds ripen in three years (Thomas et al. 2007).
However, Ward (2010) found that in different populations the majority of the seeds ripen in
two years. She suggests that the three year cycle is more frequent in populations with a colder
climate (and vice versa) and that the ripening time can influence the seed vitality in some
phases.
In order to achieve a better comprehension of the mechanisms behind the low seed viability
in J. communis in many European populations, we compare the seed viability in different
seed development phases between populations with and populations without recruitment (i.e.
the presence of shrubs smaller than 0.5 m) across northwestern Europe. In addition, we
assessed the possible link between seed viability and ripening time for the different seed
development phases.

22

3.2 Methods
3.2.1

Sampling, population characteristics and climate data

We selected eight large common juniper populations across northwestern Europe: four with
recruitment (Ekulunde in southern Sweden, Kleszczele in eastern Poland, Rossdach in central
Germany and Ascholdinger in southern Germany) and four without recruitment (Mantinge
and Markelo in the Netherlands and Zutendaal and As in Belgium) (Fig. 3-1).

Fig. 3-1. Location of the eight sampled populations in northwestern Europe (the black symbols mark the
populations without recruitment, the grey symbols those with recruitment).

Bushes smaller than 0.5 m were considered as recruitment and were frequent in the first four
populations. The canopy cover above the common junipers was lower than 20%. Climate
data of each population were obtained from the NewLocClim 1.10 software (F.A.O. 2005),
using nearest-neighbour interpolation of ten weather stations. We deduced mean annual
temperature and mean temperature of the warmest and coldest 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 30 × 30 m plot in each population (except in
Ekulunde, where the quadrant was 50 × 50 m). In each plot, the height of all the J. communis
bushes was recorded in six height classes (≤ 0.5m, ≤ 1 m, ≤ 2 m, ≤ 3 m, ≤ 4 m, > 4 m) and, in
addition, per plot, seven to eight female, cone bearing bushes were selected at random. On
each selected individual, we randomly sampled ten cones of one, ten cones of two and ten
cones of three years old. The age of the cones was deduced from the age of the wood on
which they were growing (the cones are one year younger than the wood), which, in turn was
determined by counting the growing shoots using the annual bud scars, bud scales and
comparative leaf lengths (leaves are short and brownish near the annual scar) (Ward 2010).
The cones were stored in 70% ethanol.
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Table 3-1. Coordinates of the eight sampled populations with their mean annual temperature, the mean temperature of the coldest and warmest month, the density of adult
juniper bushes (i.e. bushes >0.5m) and the density of juniper recruitment (i.e. bushes ≤ 0.5m).
Population

Ekulunde
Kleszczele
Rossdach
Ascholdinger
Zutendaal
As
Markelo
Mantinge

Latitude
(°)

Longitude
(°)

Altitude
(m.a.s.l.)

Mean annual
temperature
(°C)

56. 6
52.6
50.0
47.9
50.9
51.0
52.3
52.8

16.6
23.3
11.1
11.5
5.6
5.6
6.5
6.6

45
100
440
550
80
75
50
50

6.56
6.63
8.35
7.87
9.44
9.44
8.94
8.58

Mean
temperature
coldest month
(°C)
-2.10
-4.90
-1.00
-1.80
2.00
2.00
1.60
1.20

Mean
temperature
warmest
month (°C)
15.80
17.20
17.70
17.50
17.20
17.20
16.30
16.00

Adult
indivuals
(ha-1)

Indivuals
≤0.5m (ha1
)

288
2556
333
322
167
622
478
489

604
1322
111
1378
0
0
0
0

3.2.2

Seed morphology and anatomy

Cone colour was observed and the occurrence of sessile sucking scales (Carulaspis spp.,
Homoptera, Diaspididae) (García 1998) was checked for each of the sampled cones. Based
on visual inspection of the cones we determined three phases in their development (cone
phases): (1) small green cones, hardly distinguishable from leaf buds; (2) large green and
blue-green cones, the size being approximately the size of ripe cones; (3) large, blue ripe
cones, ready for dispersal.
As the seeds were sampled in late autumn, we expected to distinguish three different phases
in the seed development (Fig. 2-5): the pollinated ovule with a germinating pollen on the
nucellus (seed phase one, further referred to as SP1; Fig. 2-5F), the seed with the suspensor
system pushing the embryonal masses in the corrosion cavity (seed phase two, further
referred as SP2; Fig. 2-5K) and the mature seed, ready for dispersal (seed phase three, further
referred to as SP3; Fig. 2-5L).
In order to characterize the three observed seed phases and the corresponding criteria for
viable seeds, ten seeds from each seed phase were studied in detail. The seeds were pulled out
of the cones and transverse sections were made with a rotation microtome after embedding
the seeds in 7100 Technovit, following Leroux et al. (2007). The coupes were examined
under a light microscope. The results of this study are reported in chapter 3.3.2.
The quantitative aspect of our analysis was based on stereoscopical observation of dissected
seeds. Our detailed anatomical study serves (see 3.3.2) as a base for interpretation and
classification. Seeds in any of the three phases (SP1, SP2 and SP3) that had no visible signs
of anomalies were considered to have the potential to develop to the next phase and are
further referred to as “viable seeds”. We also reported if the anomalies were caused by the
seed predator chalcid Megastigmus bipunctatus (Hymenoptera, Torymidae; see Roques &
Skrzypczynska (2003) for a review of the seed-infesting chalcids of the genus Juniperus) or
by mites (e.g. Trisetacus quadrisetus (Acarina, Eriophyiidae)).
Based on the seed phase and the age of the cone we calculated the ripening time of the seeds
(an SP2 seed of one year old or an SP3 seed of two years old has a ripening time of two
years, an SP2 seed of two years old or an SP3 seed of three years old has a ripening time of
three years) and two groups were distinguished: (1) seeds that ripen in less than three years
and (2) seeds that ripen in three or more years.
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3.2.3

Data analysis

Firstly, we examined the correlations between seed viability, the age of the seed, the cone
phase and the seed phase with a non parametric Spearman’s rank correlation test. The test
was performed for every population separately.
To analyse the differences in seed viability between populations with and without recruitment
generalized linear mixed-effect models were applied using the lmer function in the lme4
library in R 2.13.0 (R Development Core Team 2012). As viability of the SP1, SP2 and SP3
seeds, ripening time and infection with M. bipunctatus, mites and Carulaspis spp. were
scored as 0 or 1, a binomial distribution was used (for ripening time, seeds that had a ripening
time of three or more years were scored 1, seeds that had a ripening time of less than three
years were scored 0). To analyse the viability of the SP1, SP2 and SP3 seeds, population,
bush and cone were included as nested random effect terms. Random effect terms for the
analysis of M. bipunctatus, mites and Carulaspis spp infection and ripening time were
population and bush.
To study the relationships between the viability of the SP1, SP2 and SP3 seeds on the one
hand and ripening time and infection with Carulaspis spp. on the other hand, generalized
linear mixed-effect models with binomial distributions were used. Population, bush and cone
identity were again included as nested random effect terms. To detect possible
multicollinearity between the predictor variables, the variance inflation factors (VIF) were
calculated (Quinn & Keough 2002) before running the model. For the three seed phases,
VIF’s were lower than 10 which indicates relatively low multicollinearity (Quinn & Keough
2002). Seeds infected with mites and M. bipuncatus were considered as non-viable and the
cones of SP1 seeds never contained sucking scales. Therefore, correlations of these variables
with seed viability were not calculated.

3.3 Results
3.3.1

Populations

The two groups of four populations each were selected on the presence or absence of
recruitment. Fig. 3-2 shows that not only the frequency of recruitment distinguished the two
groups, but also the height distribution showed strong differences.
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Fig. 3-2. Height distribution of the sampled populations expressed as number of individuals per ha within a
particular height class (1: ≤ 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-recruiting populations (right).

The inverted J-shaped height distribution of the populations in Ekulunde, Kleszczele, and
Ascholdinger, and to a lesser degree in Rossdach, demonstrate that they all had relatively
more individuals in the lower height classes than in the higher ones. This suggests that
conditions for sexual regeneration (e.g. seed viability and suitable microclimate for
germination) are better than those in the populations in Mantinge, Markelo, Zutendaal and
As.
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3.3.2

Morphological and anatomical seed observations

We were able to distinguish three different phases in the seed development (Fig. 3-3). In the
first seed phase (SP1), the pollen grain had already germinated and was visible on top of a
brown, smooth nucellus (Fig. 2-5F; Fig. 3-3B). SP1 appeared only in the small green cones.
Seeds with anomalies such as a shrivelled or black nucellus or the absence of germinating
pollen were classified as non viable.

Fig. 3-3. Schematic representations of the three observed seed phases. (A) Transverse section through a cone
with three ovules (seeds after SP1) in the centre. (B), (C) and (D) longitudinal sections through seeds after SP1,
SP2 and SP3 respectively. (int) integument; (nu) nucellus; (pt) pollen tube; (cc) corrosion cavity; (ac)
archegonial complex; (su) suspensor system; (em) embryonal mass; (mg) megagametophyte; (mp) micropyle;
(sc) seedcoat, with inner fleshy layer (ifl), sclerified layer (sl) and outer fleshy layer (ofl); (e) embryo. Scale
bars: 200 µm.

In seed phase two, most of the seeds that were present in the large green cones showed
evidence of early embryo development (Fig. 2-5K; Fig. 3-3C). The state of development of
the seeds was characterized by the presence of the suspensor system and different clumps of
embryonal mass in the corrosion cavity (Fig. 3-3C, only one embryonal mass is represented).
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The megagametophyte was surrounded by the remnants of the nucellus and had not filled all
the available space within the seed coat. Both megagametophyte and nucellus consisted of
green-white and moist tissue. Failures during the period of fertilization mostly lead to
abortion of the megagametophytes, leaving a collapsed, brown sac-like structure, consisting
of the megaspore wall. Sometimes, the degeneration was not completed, but the content of
the seeds had already dried out. The third seed phase (SP3) that could be distinguished was
present at the end of the predispersal embryo development. The embryo and
megagametophyte were fully grown and the space within the seed coat was almost
completely filled (Fig. 2-5L; Fig. 3-3D). The two cotyledons of the embryo were clearly
distinguishable. Both the embryo and the megagametophyte had a smooth, white and moist
surface. Anomalies during the embryo development can lead to degeneration of the embryo
and/or the megagametophyte, leaving, apart from the brown sac-like structure, some other
remnants in the seeds, varying from brown, dry material to a partly developed embryo and/or
megagametophyte. In both SP2 and SP3, seeds were occasionally damaged by mites or by M.
bipunctatus. The content of seeds attacked by mites is completely distorted and mostly, the
mites are still present. Damage by M. bipunctatus could be recognized by the granular
content, an exit hole or the presence of the larva.
Although this method for assessing seed viability (i.e. visually controlling for abnormalities
in the seed) generates an overestimation of the real seed viability, Adriaenssens (2006) stated
that there is a clear correlation (R = 0.681 and p < 0.01) with the results of more precise
methods such as a tetrazolium test (Miller, 2004). In such a test, a solution of 2,3,5 trifenyl
tetrazolium choloride is added to seeds that are hydrated and cut longitudinally. In the
presence of living tissue, the colourless solution turns reddish.
3.3.3

Correlations between seed viability, seed age, cone phase and seed phase

As expected, we found a strong positive correlation (p < 0.01) between seed age, cone phase
and seed phase for every population (Appendix A). The relationship of these three variables
to the seed viability was always strongly negative (p < 0.01) with the exception of the
correlation between seed viability and age in Asholdinger (p < 0.05) (Appendix A). Hence,
we concluded that the seed phase equals the seed age and cone phase as good proxy for seed
viability. Therefore we opted to study seed viability using the three different seed phases.
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3.3.4

Differences between populations with and without recruitment

The percentage of viable seeds decreased with each successive seed phase for both
populations without (69%, 24% and 3% after SP1, SP2 and SP3 respectively) and with
recruitment (49%, 22% and 13% after SP1, SP2 and SP3 respectively; Fig. 3-4).

Fig. 3-4. The percentage of viable seeds after seed phase one, two and three (SP1, SP2 and SP3, respectively) in
juniper populations with (1) and without (0) successful recruitment across Europe. Error bars denote the
standard error of mean.

Populations without recruitment displayed a higher percentage of viable SP1 seeds than
populations with recruitment. However, the opposite was true for SP3 seeds. Only for SP3
seeds, the difference between the two groups was statistically significant (p < 0.001) (Table
3-2). The proportional decrease of viable seeds peaked in phase SP3 for populations without
recruitment: up to 88% of the viable SP2 seeds degenerated during the third seed phase
compared to only 36% in populations with recruitment.

Table 3-2. The difference between recruiting and non-recruiting populations for different response variables
related to juniper seed viability and plant performance in four populations with and four populations without
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 of M. bipunctatus infection

0.6981

0.6970

1.002

n.s.

Probability of mite infection

-1.715

1.339

-1.281

n.s.

Ripening time

0.9612

1.0569

0.910

n.s.

Probability of infection with Carulaspis spp.

-2.1509

0.8714

-2.468

<0.05
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Only one of the other variables tested showed significant differences between the two groups
(Fig. 3-5; Table 3-2). In populations without recruitment, a higher percentage cones were
infected with Carulaspis spp. The percentage of seeds infected with M. bipunctatus was
higher in populations with recruitment, although this was not significant (Table 3-2). The
percentage of seeds infected with M. bipunctatus or mites was always very low, mostly below
6% (Fig. 3-5).

Fig. 3-5. Differences between populations with (1) and without (0) recruitment concerning the percentage of
seeds that is infected with M. bipunctatus (A) and mites (B) and the percentage of cones that is infected with
Carulaspis spp. (C). Error bars denote the standard error of mean.

Most of the studied seeds ripened in less than three years (68%). More specifically, only the
populations in Ekulunde and Kleszczele had a higher percentage of seeds that ripened in three
or more years (Fig. 3-6). Seeds that ripen in three or more years were absent or negligible in
the populations in As and Asholdinger. After seed phase three, also populations in Zutendaal
and Mantinge showed very low numbers of seeds that needed a longer ripening time.
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Fig. 3-6. Differences in percentage of viable seeds (black dots, primary Y-axis) between seeds that ripen in less
than three years (0) and seeds that ripen in three or more years (1) after seed phase two (SP2) and seed phase
three (SP3). Error bars denote the standard error of mean. The grey bars represent the percentage of seeds that
ripen in less than three years (0) and in three or more years (1) per population (secondary Y-axis). A distinction
is made between recruiting (first and third column) and non-recruiting populations (the second and fourth
column) and between seed phase two (first two columns) and seed phase three (last two columns).

3.3.5

Factors explaining seed viability

Surprisingly, the infection probability with Carulaspis spp. had no significant influence on
the seed viability in spite of the differences between populations with and without
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recruitment (Table 3-3). The ripening time showed a strong negative correlation with the
viability of SP2 seeds: seeds that developed slower had a lower chance to be viable (Table
3-3).

Table 3-3. The effects of ripening time and probability of infection with sessile sucking scale on the juniper seed
viability after seed phase two and three (SP2 and SP3 respectively) (SE stands for Standard Error).
SP2

Ripening time
Probability of infection
with sessile sucking scale

SP3

Estimat
e
-2.7637

SE

z-value

0.3934

-7.041

pvalue
<0.001

0.3949

0.2801

1.41

n.s.

0.4539

zvalue
1.46

pvalue
n.s.

0.5253

0.338

n.s.

Estimate

SE

0.6628
0.1777

After seed phase two, the viability of seeds that ripen in three or more years reaches the
minimum in most populations, whereas seeds that ripen in less than three years still show a
strong decrease during seed phase three (Fig. 3-6). However, beside in the populations of
Ekulunde, Kleszczele and Markelo, the viability of the seeds with a ripening time of less than
three years remained higher than the viability of seeds with a ripening time of three of more
years. Nevertheless, a relationship between seed viability 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 comprehension of the mechanisms behind the
low seed viability of common juniper by comparing the seed quality of populations with and
populations without recruitment. The most striking result is the progressive and drastic
reduction of seed viability over the three seed phases ending with a significantly lower
chance for viable seeds with a ripe embryo that are ready for dispersal, in the populations
without recruitment. This indicates that an important regenerative bottleneck is possibly
situated in seed phase three. The results also suggest that the viability of SP2 seeds is strongly
correlated with ripening time. We will firstly discuss the possible reasons for viability loss
after each of the three studied seed phases with special attention for the influence of ripening
time during seed phase two and three. Next we shortly elaborate on the importance of seed
predation.
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3.4.1

Seed phase one

During the first seed phase the percentage of viable seeds decreased with up to 50%, mainly
because no pollination took place. Amongst conifers, losses of up to 30% due to a lack of
pollination are not abnormal (Owens 1995, Owens & Morris 1998). Being a dioecious
species, it is possible that the pollination success in common juniper is even lower than in
most monoecious trees (Anderson & Owens 2000). This lack of pollination is an important
cause of ovule abortion in most coniferous species (Owens 1995). However, in many
Cupressaceae, the unpollinated ovules continue to develop normally until the fertilization
should take place, leading to a partially formed seed coat and seeds that appear normal from
the outside (Owens 1995).
Pollination failure in common juniper can have different causes. Pollen availability can be
low due to late frost (Thomas et al. 2007), while García et al. (2002) found a positive
correlation between unpollinated ovules and the amount of precipitation during the
pollination period. In addition, a partial pollination drop withdrawal caused by deposition of
particles other than juniper pollen (e.g. Pinus spp. pollen and inorganic particles) may reduce
the probability of successful pollination (Mugnaini et al. 2007). Other possible causes of
abortion in this phase of development are frost damage, early incompatibility mechanisms
and insect damage (Owens 2006). However, the difference between populations with and
populations without recruitment was not significant. There are also no indications that
common juniper is susceptible for producing inviable pollen (see Box I). Hence, failure
during this phase cannot explain the low recruitment.

Box I: Pollen viability
An important phase in the sexual reproductive process of plants is the production of viable
pollen. In the male common juniper shrubs, cone initiation starts in autumn (Singh 1978) but
only in the next spring, the microsporangia are differentiated (Ottley 1909). After the last
division of the archesporial tissue (end of April - beginning of May), the microspore mother
cells are formed and each microsporangium consist of a central mass of polygonal
microspore mother cells. Very soon the meiotic divisions of the macrospore mother cells
begin and after a short time, the tetrads, containing four ripe microspores are formed. When
the walls of the spores are formed the mother wall breaks and the spores are set free in the
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microsporangium. The microspores increase in size and about 15 days after the formation of
the microspore mother cells, the pollen are dispersed (Ottley 1909).
Meiosis is an important process during pollen production and normally leads to a huge
amount of tetrads. Hence, the presence of a high percentage of aberrant tetrads (e.g.
incomplete tetrads, absence of cell walls, incomplete cytokinesis), can indicate that pollen of
common juniper is susceptible for disturbances during meiosis.
In this exploratory research, we examined if there were indications that the pollen originating
from northern Belgium, a region were common juniper has an extremely low seed viability,
shows any abnormalities. We sampled a male cone of a common juniper shrub from a natural
population in northern Belgium, crushed it and studied the tetrads under a microscope. A total
of 442 tetrads was counted, of which 97.1% were normal. The high percentage of normal
tetrads suggests that meiosis is mostly running normal.
A second method to estimate pollen viability is by the size variation of ripe pollen (Kelly et
al. 2002). The diameter distribution of an amount of pollen should be centralised around one
peak. More than one peak indicates a group of pollen with anomalous sizes (e.g. smaller ones
for inviable pollen or bigger ones for diploid pollen). Pollination with these pollen could lead
to inviable seeds. In this part of the research, we crushed a ripe cone, again from a northern
Belgian male shrub, and measured the diameter of the pollen. Fig. 3-7 shows only one peak
around an average diameter of 14.15 µm, which is comparable to diameters measured on
common juniper pollen by Nepi et al. (2005). Hence, most of the pollen had normal sizes and
could be considered viable.

Fig. 3-7. The diameter distribution of the pollen within one male cone.
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Although we only studied two male cones, the results of this exploratory research indicate
that there are no strong indications that common juniper pollen are susceptible for anomalies
during their development. These findings made us decide to not further study this phase in the
sexual reproduction of common juniper.

3.4.2

Seed phase two

Nearly equal proportional decreases occur in both groups during the second seed phase.
During this phase the megasporogenesis is initiated, the pollen tube reaches the archegonia,
fertilization takes place and the first steps in embryo development are taken. There seems to
be a complex interaction between the male and female gametophyte before fertilization.
Healthy pollen and the pollen tube within the ovule stimulate the ovule development by
producing or triggering the production of hormones such as auxins, gibberellins and
cytokinins (Fernando et al. 2005, Owens et al. 2005). Singh (1978) stated that the vicinity of
the pollen tube influences the development and maturation of archegonia in several
gymnosperms. The growth of the pollen tube possibly requires specific secretions from the
female gametophyte (Fernando et al. 2005). On the other hand, Owens & Blake (1985)
indicated that, in most conifer species, pollen is not required for a normal development of the
megagametophyte and archegonia. An extra complication during this phase in common
juniper is the variation in ripening time of the seeds. Although the three year cycle is mostly
recorded (e.g. Ottley 1909, García et al. 2002, Thomas et al. 2007), we found that the
majority of the seeds (68%) ripened in less than three years. Ward (2010) suggests that the
ripening time could be influenced by the growth rate of the pollen tube, which can be
influenced by temperature (see also Hedhly et al. 2009). In our study, the populations with
recruitment experienced harsher winters because of higher latitudes, altitudes or a more
continental climate, compared with the populations without recruitment. The two populations
with the coldest winters (Ekulunde and Kleszczele) had relatively more seeds that ripened in
three years than in two years. This is consistent with the findings of Ward (2010) in the UK,
where the ripening period of the seed cones of common juniper was strongly biased to two
years in the southern sites, whereas in the northern sites, there was a higher chance of finding
cones that needed three years to ripen. Competition for nutrients between the cones can also
be an explanation for the longer developing time (Ward 2010) and for seed viability (Fenner
& Thompson 2005). Our data show no relation between seed viability and cone density (data
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not shown) and a negative correlation between the ripening time of the seeds and the viability
of SP2 seeds. The latter correlation was also found by Ward (2010). Owens (1991) suggested
that the more time the reproductive cycle needs, the more opportunity there is for climatic
and other factors to diminish seed viability. For SP2 seeds this could be a plausible
explanation. However, no such correlation was found for SP3 seeds (see discussion below).
In Picea abies, Owens et al. (2001) found a higher rate of abortion of megagametophytes in
case of higher temperatures during the period of maturation, fertilization and pro-embryo
development. Fertilization itself may be less liable to perturbations. For example, Owens &
Morris (1998) found little anomalies during fertilization in Abies amabilis. Self- or other
incompatibility mechanisms are often put forward as an important reason for seed abortion
during this phase (e.g. Kärkkäinen et al. 1999, Owens 2006, Owens et al. 2008). As a
dioecious species, there is no self-incompatibility issue but the pollen in common juniper may
still be unsuitable if it is originating from genetically closely related, nearby individuals
(Fenner & Thompson 2005). This could be a possible explanation for the decline in the
percentage of viable seeds during the second phase, although Vanden Broeck et al. (2011)
found that genetic diversity within juniper populations in northwestern Europe is still
relatively high. In short, the low percentage of viable SP2 seeds can be ascribed to a lack of
pollination (which finds its origin during seed phase one) and disturbance of the growth of
pollen tube, archegonia and megagametophyte.

3.4.3

Seed phase three

In the third phase, a strong difference in percentage viable seeds was recorded between
populations with and without recruitment (13% vs. 3% respectively). Not only did
populations without recruitment have a significant lower percentage of viable seeds, the
proportional decrease between SP2 and SP3 was also very high. During this phase, the
embryo develops a radicle, hypocotyl, plumule and cotyledons (Singh 1978, Bonner 2008).
The megagametophyte goes through a phase of meristimatic activity with accumulation of
resources such as lipids, starch and protein (Singh 1978, Owens et al. 2008); a process that
already started prior to fertilization (Bonner 2008). Further maturation of the seed is
accomplished with a certain amount of seed drying (Kurz et al. 1994). Seeds in which
fertilization did not take place can appear viable. For example, for Abies amabilis it has been
demonstrated that in ovules that were not pollinated, the megagametophyte with fertile eggs
develops normally for a certain period after the period in which fertilization should have
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taken place (Owens & Morris 1998). Hence, abortion in this phase can still be triggered by
the degeneration of unfertilized eggs, because the ovule was not pollinated, or by
incompatibility mechanisms (Owens 2006, Owens et al. 2008).
The correlation found between the viability of SP2 seeds and the ripening time was absent in
SP3 seeds. This means that during the third seed phase, the decline in viability was much
larger for seeds that ripen in less than three years than for other seeds. This decline is more
pronounced in populations without recruitment. Seeds that ripen in three or more years show
almost no decline during the third seed phase. Besides the growth of the pollen tube, also the
megagametophyte is subject to important changes, e.g. the preparation for food reserve
storage (Owens et al. 2008) during seed phase two. Hence, it is possible that, because of the
accelerated tube growth, the male-female synchrony for successful mating in seeds that ripen
in less than three years is disturbed (Herrero 2003), but the expression of this perturbation is
delayed until seed phase three. Owens (1995) and Owens & Morris (1998) also state that
irregularities causing abortion or abnormal development of a reproductive structure, can take
place long before the anomaly has occurred.
Disturbances during seed phase two can be caused by higher temperatures (Hedhly 2009,
Verheyen et al. 2009, Ward 2010), shortage of nutrients (Fenner & Thompson 2005) and
nitrogen deposition (Verheyen et al. 2009), which are all variables that can influence the
reproductive biology of common juniper (Ward 2010).

3.4.4

Seed predation

Seed predation is often mentioned as an important cause of viability decrease (e.g. Owens
2006, Verheyen et al. 2009). For common juniper, M. bipunctatus and mite attacks normally
destroy the seeds. However, the low number of attacked seeds and the absence of significant
differences in M. bipunctatus and mite incidences between populations with and without
recruitment indicates that this is likely not responsible for the differences in seed viability
between the two population groups. On average, more cones were infested with Carulaspis
spp. with significant higher attacks on populations without recruitment. García (1998) found
that heavy Carulaspis spp. attack indicated low seed viability, but here we found no relation
between the presence of Carulaspis spp. on the cones and the seed viability.
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3.4.5

Conclusion

We conclude that anomalies in the ripening of the embryo may be an important factor helping
to explain differences in recruitment success of common juniper across Europe. However,
looking in more detail at the complex relationship between seed viability and ripening time,
we consider it plausible that the causes need to be searched earlier in the seed development.
Notably during seed phase two, i.e. between the germination of the pollen and the
fertilization. Seeds that ripen in three or more years show already a low viability after seed
phase two and seeds that ripen in less than three years show a strong decrease during the third
seed phase. This strong decrease could be explained by the accelerated development of the
pollen tube and megagametophyte in seeds having a shorter ripening time. Possibly this
disturbs the male-female synchrony for successful mating. This may help to explain the
negative correlation between temperature and seed viability (Verheyen et al. 2009). As
temperatures are expected to increase, common juniper may 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, Leroux O, Vangansbeke P, Verheyen K
(2014). Negative effects of temperature and atmospheric depositions on the seed viability of
common juniper (Juniperus communis). Annals of Botany 113:489-500
Abstract
Environmental change is increasingly impacting ecosystems worldwide. However, our knowledge about the
interacting effects of various global-change drivers on sexual reproduction of plants, one of their key
mechanisms to cope with change, is limited. Here we study, on populations of poorly regenerating and
threatened common juniper (Juniperus communis), the correlation of four global-change drivers (rising
temperatures, nitrogen deposition, potentially acidifying deposition and altering precipitation patterns) with two
key developmental phases during the sexual reproduction, i.e. gametogenesis and fertilization (seed phase two,
SP2) and embryo development (seed phase three, SP3), and on the ripening time of the seeds. In 42 populations
throughout the distribution range of common juniper in Europe, 11943 seeds of two developmental phases were
sampled. Seed viability was determined using seed dissection and related to accumulated temperature
(expressed as growing degree days), nitrogen and potentially acidifying deposition (nitrogen plus sulphur) and
precipitation data. Precipitation was not correlated the viability of the seeds and on the ripening time. Increasing
temperatures were negatively correlated with the viability of SP2 and SP3 seeds and decreased the ripening
time. Potentially acidifying depositions were negatively correlated with SP3 seed viability while enhanced
nitrogen deposition was linked to lower ripening times. Higher temperatures and atmospheric deposition
apparently affected SP3-seeds more than SP-2 seeds. However, this is possibly a delayed effect as juniper seeds
develop practically independently, due to the absence of vascular communication with the parent plant shortly
after fertilization. We propose that the failure of natural regeneration in many European juniper populations
might be attributed to climate warming as well as enhanced atmospheric deposition of nitrogen and sulphur.

4.1 Introduction
In order to get a better understanding in how different global change drivers can influence the
sexual reproduction in plants, Hedhly et al. (2009) underlined the importance of studying the
sensitive phases during reproduction. In this chapter we follow such an approach in the
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coniferous shrub common juniper (Juniperus communis L.) to assess the effects of increasing
temperature, altering precipitation and atmospheric depositions across its distribution range.
Verheyen et al. (2009) found a negative relationship between seed viability on the one hand
and increasing temperature (expressed as mean annual growing degree-days above 0 °C) and
enhanced nitrogen deposition on the other hand. In combination with climate warming,
changing precipitation patterns are often put forward as important drivers of sexual
reproduction in plants (e.g. Owens 1995, Walck et al. 2011). Although Verheyen et al. (2009)
found no relationship between seed viability of ripe common juniper seeds and precipitation,
there can still be an influence during other phases of the sexual reproduction.
The most critical phase of predispersal seed development in common juniper occurs during
embryo development (seed phase three, cfr. Chapter 3). However, it remains unclear whether
the reasons for the failure of embryo development occurs in this phase or in the previous
phase of the growth of the pollen tube, gametogenesis, fertilization and early embryo
development (seed phase two, cfr. Chapter 3), as different processes during seed development
can regulate each other (Fig. 4-1).

Fig. 4-1. Schematic of the relationships between the key processes during the seed development of Juniperus
communis (full arrows for important relationships, dotted arrows for less important relationships). Arrows A-G
are explained in the text.

Two processes that need to be successful to allow fertilization are pollen tube growth and
female gametophyte development (Fig. 4-1 D and E). A prerequisite for pollen tube growth is
that pollination supplies healthy pollen (Fig. 4-1 A). There also seems to be an interaction
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between the pollen tube and the female gametophyte (Fig. 4-1 B and C). In some species, a
normal development of the ovule is promoted by the pollen or pollen tube, that triggers the
production of hormones such as auxines, gibberellins and cytokinins (Fernando et al. 2005;
Owens et al. 2005). However, many gymnosperms show a normal development of the female
gametophyte until shortly after the period of fertilization, even without pollen (Owens &
Blake 1986, Owens 1995, Owens & Morris 1998). Growth of the pollen tube on the other
hand often requires the presence of a healthy female gametophyte (e.g. Fernando et al. 1997,
Takaso & Owens 1996, Drews & Koltunow 2011), probably because it provides specific
secretions such as electron dense substances from the prothallial cells (Takaso & Owens
1996, Fernando et al. 2005) (Fig. 4-1 B). During the pre-fertilization stage, the female
gametophyte not only forms the archegonia and egg cells but also prepares, for instance, for
seed reserve storage (Owens et al. 2008). Thus, the female gametophyte in gymnosperms
accumulates nutrients before fertilization (Vuosku et al. 2009) and at the moment of
fertilization, the megagametophytes have almost reached their full development and there is
practically no vascular communication between the seeds and the ovuliferous scales.
Therefore, in general, the seeds are autonomous after fertilization (Owens & Blake 1986,
Owens 1991) and the megagametophyte nourishes the developing embryo (Durzan &
Chalupa 1968, Vuosku et al. 2009). Thus, the development of the female gametophyte not
only directly influences the fertilization (Fig. 4-1 E) and indirectly the growth of the pollen
tube (Fig. 4-1 B), but anomalies during this phase can also lead to nutritional problems during
embryo development (Fig. 4-1 G).
In common juniper, an additional complexity is that seeds can ripen in two or in three years.
In the latter case, fertilization is postponed for one year. A lag between pollination and
fertilization is found in different conifers (e.g. different Pinus species; Singh 1978), but the
reasons remain unclear. It appears that the pollen tube goes in dormancy while the female
gametophyte is slowly developing. Shortly before fertilization, the pollen tube revives due to
unknown cues (Williams, 2009). Willson & Burley (1983) suggested that delayed
fertilization increases the time for selection of male gametophytes and female archegonia, but
they also mentioned the possibility that short reproductive seasons force plants to spread
pollination and fertilization over one year (Willson & Burley 1983). However, there is still no
consensus. In common juniper, the pattern of seed ripening can be dichotomized, with some
seeds required a time interval of a few months and others a full year. These two strategies
may appear within the same shrub (Chapter 3). To our knowledge, this dual strategy is absent
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in other conifers. In addition, a complex relationship between the ripening time of the seeds
of common juniper and the seed viability appears to exist. Most seeds ripening in three years
already have low viability shortly after fertilization, whereas the viability of seeds ripening in
two years decreased mostly during embryo development (Chapter 3).
In the present study, we sampled of the hitherto spatially widest spread of populations (to our
knowledge) of common juniper and collected seeds of two different development phases
(shortly after fertilization and at the end of embryo ripening). By sampling in 42 populations
throughout Europe (from Sweden to Spain and from Ireland to Poland), we are able to take
advantage of the wide climatic and deposition gradients (De Frenne et al. 2013) in this area.
We examined the influence of four global-change drivers (increasing temperature, nitrogen
deposition, potentially acidifying depositions and altering precipitation patterns) on the seed
viability of common juniper after both seed development phases and on the ripening time.
The aim of the present study is therefore to test the following hypotheses: (1) that the
influence of global-change drivers on seed viability is more pronounced after seed phase two,
which indicates that this phase is more vulnerable and (2) that these global-change drivers are
determinants of which ripening time strategy occurs in seed.

4.2 Methods
4.2.1

Population, shrub and seed characteristics and sampling

Seeds of 42 populations across the species’ distribution range in Europe (Fig. 4-2 A and
Appendix B1 and B2) were sampled in autumn of 2008 and 2010 (8 and 34 populations
respectively). Populations consisted of at least 30 individual shrubs growing in unshaded
conditions (i.e., not below other tree species). In each population three to eight (with a
median of five) cone bearing shrubs were randomly selected. Per shrub, three branches were
randomly selected, of which on average 28.7 (± 9.4 SD) 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 juniper (Juniperus 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-1 year-1) (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 estimated on three different levels: population,
shrub and seed. The age of the seeds was deduced from the age of the woody branches on
which the cones (containing the seeds) were growing (the cones are always one year younger
than the wood). The age of the wood can be determined by counting the growing shoot
internodes that are separated by the annual bud scars. By taking the seed phase and the age of
the seed into account, we then calculated the ripening time of the seeds (see Chapter 3). For
every seed, the number of growing degree days above 0 °C base temperature (GDD>0°C; cf.
Hall et al. 2002) was calculated for three important processes during seed development:
pollination, fertilization and embryo development. Depending on the collection date, seed
phase and the ripening time, data of different years and seasons were used (Appendix B3).
Daily minimum and maximum temperatures of each population were obtained from the
nearest weather stations (see Appendix B1) and used to calculate the GDD>0°C. When the
population and the weather station had different altitudes, a mean adiabatic lapse rate of 5.5
K·km-1 (Körner 2007) was applied. The GDD>0°C ranged between 257.6 and 1633.8 with an
average of 979.5 (± 245.6 SD) for the spring of pollination, between 775.7 and 2164.1 with
an average of 1554.8 (± 243.8 SD) for the summer of fertilization and between 1217.9 and
5074.7 with an average of 3344.8 (± 786.7 SD) for the year of embryo development (Fig. 4-2
A). As temperatures during winter were highly correlated with temperatures for spring of
pollination, summer of fertilization and year of embryo development (each time a p < 0.001
and a Pearson’s correlation index of 0.73, 0.49 and 0.79 respectively), we decided to use
temperature data from periods during which the seed development was active. To illustrate
the large-scale temperature gradients in the study region, we refer to Appendix B4.
Nitrogen and sulphur deposition data were obtained from the European Monitoring and
Evaluation Programme database (http://www.emep.int). EMEP is the ‘Co-operative
Programme for Monitoring and Evaluation of the Long-range Transmission of Air pollutants
in Europe’ and provides scientific information on the emission, transport and deposition of air
pollutants. Here, data for 2008 were used: total (wet + dry) inorganic nitrogen (NHx + NOy)
depositions expressed as kg.ha-1.year-1 and potentially acidifying (NHx + NOy + SOx)
depositions expressed as keq.ha-1.year-1 in 50 x 50 km grid cells covering Europe. Nitrogen
depositions ranged from 1.84 to 36.05 kg.ha-1.year-1 with an average of 12.21 kg.ha-1.year-1
(± 6.9 SD). Potentially acidifying depositions ranged from 0.20 to 3.03 keq.ha-1.year-1 with an
average of 1.17 keq.ha-1.year-1 (± 0.60 SD) (Fig. 4-2B).
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Next, the annual amount of precipitation in the year preceding the time of sampling was
calculated per population using the monthly precipitation data from Climatic Research Unit
(CRU) time-series datasets (Harris et al. 2013). Yearly precipitation ranged from 467.9 to
2280.8 mm.year-1 with an average of 858.9 mm.year-1 (± 301.1 SD).
Correlation between temperature variables, atmospheric depositions and annual precipitation
were low, while the correlation between nitrogen deposition and potentially acidifying
deposition was very high (Appendix B5).
Finally, for each population we estimated two soil characteristics in different classes: texture
of the first 50 cm (sandy, sandy loam, loamy, clayey) and bedrock type (calcareous vs. noncalcareous).
At the shrub level, three characteristics: proportion of needle loss, cone density and plant
height, were estimated. Different classes of needle loss (<20%, <40%, ≥40%) were used as
an indicator for the health of each shrub. Cone density was subdivided in three classes: low
(the cones appear scattered and it is difficult to find any), normal (the cones appear scattered,
but they are rather abundant), dense (large clusters of cones are abundant). Finally, the height
of each shrub was measured and classified in five different 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 assessed by means of stereoscopic observations of
dissected seeds (6609 seeds for SP2 and 5333 seeds for SP3). Seed analysis in this research
was similar to the seed analysis in Chapter 3. Hence, seeds that had no visible signs of
anomalies were considered to have the potential to develop to the next phase and are further
referred to as ‘viable seeds’. Viable SP2 seeds presented a megagametophyte and nucellus
consisting of green-white and moist tissue, not completely filling the space within the seed
coat (Chapter 3). Viable SP3 seeds consisted of an embryo and megagametophyte with a
smooth, white and moist surface. In this phase, almost all space within the seed coat is filled
(Chapter 3). In both SP2 and SP3, seeds were occasionally damaged by mites (e.g. Trisetacus
quadrisetus [Acarina, Eriophyiidae]) or by the seed predator chalcid Megastigmus
bipunctatus (Hymenoptera, Torymidae; see Roques & Skrzypczynska (2003) for a review of
the seed-infesting chalcids of the genus Juniperus). The content of seeds attacked by mites is
completely distorted and, mostly, the mites are still present. Damage by M. bipunctatus could
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be recognised by the granular content, an exit hole or the presence of larvae. For both seed
phases, seeds were scored on the base of viability (non viable or viable), presence of mites
and M. bipunctatus (absent or present) and the ripening time (two or three years). Mean
infection rates with mites and M. bipunctatus were calculated for each shrub and population.

4.2.3

Data analysis

To study the relationships between the seed viability of SP2 seeds (viable or not), SP3 seeds
(viable or not) and the ripening time (2 or 3 years; seed-level data throughout) on the one
hand, and the climatic, environmental, soil, shrub and seed (ripening time) variables (fixedeffect terms) on the other hand, generalised linear mixed modelling with binomial
distributions was applied, using the glmmML function of the glmmML library and the lmer
function of the lme4 library in R 2.15.1 (R Development Core Team 2012). Ripening time
was only included in the models concerning the viability of SP2 and SP3 seeds. Populations
were treated as clusters within the glmmML function and as random effects within the lmer
function. In a first step, all variables were entered in the model on a one-by-one basis. Per
dependent variable (viability of SP2 and SP3 seeds and ripening time), variables with a
significance level of 0.1 were selected for multivariate modelling. Autocorrelation between
the selected variables was checked by calculating the variance inflation factor (Quinn &
Keough 2002). In case of autocorrelation (notably between GDD>0°C during pollination,
GDD>0°C during fertilization and GDD>0°C during embryo development and between nitrogen
deposition and potentially acidifying depositions), only the most significant variables were
selected.
Subsequently, all possible models for the three dependent variables (i.e. built by each
combination of the selected fixed-effects terms, giving 384 models in total) were compared
using the Akaike’s Information Criterion, adjusted for sample size (AICc) (Hurvich & Tsai
1989). The ∆AICc of a model was then calculated as the difference between the AICc of the
model with the best fit and the AICc of that model. Models with ∆AICc ≤ 4 were considered
equivalent (Bolker 2008). To determine the relative importance of the explanatory variables,
the sum of Akaike weights of the set of all top models (Delta AICc ≤ 4) in which the variable
appeared (Burnham & Anderson 2002) was used. The Akaike weight reflects the weight of
evidence in support of a particular model relative to the entire model set, and varies from 0
(no support) to 1 (complete support). For each explanatory variable the relative importance
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was calculated by summing the Akaike weights of the models containing the variable.
Finally, the averaged parameters of the top models were calculated using the model averaging
function based on the AICc of the MuMin package in R). In addition, for each dependent
variable, we calculated the r² for the model with the lowest AICc using the following
function: r2.corr.mer<-function(m){lmfit<-lm(model.response(model.frame(m)) ~ fitted(m));
summary(lmfit)$r.squared}.
Finally, to visualize the effects of temperature, nitrogen deposition and potentially acidifying
depositions on seed viability and ripening time, we calculated the proportion of viable SP2
and S3 seeds and the proportion of seeds that ripened in three years per population. A similar
procedure was followed for shrub height, cone density and needle loss, where the proportion
per class was calculated.

4.3 Results
As expected, seed viability declined between seed phase two and three (Fig. 4-2). The
average percentage of viable SP2 seeds per population was 38.2% (+/-18.6 SD) with a
minimum of 2.3% and a maximum of 73.8%. For SP3 seeds the average was 10.9% (+/14.6% SD) with a minimum of 0% and a maximum of 58.2%. The seed viability exhibits a
large variability for both SP2 seeds and SP3 seeds. For example, 12 populations (in Belgium,
France, Germany, Italy, the Netherlands, Spain and the UK) had extremely low percentages
(<1%) of viable SP3 seeds. Conversely, populations with higher percentages of viable SP2
seeds (>40%) were situated in Scandinavia, on the axis of eastern Germany towards
northeastern Italy, on the axis north-central Spain towards south-eastern France, in Ireland
and the southwest of the UK (Fig. 4-2 C). After SP3 most of the Scandinavian populations
still had relatively high percentages of viable seeds (>20%), together with three populations
in southern and central Germany and Austria and the Irish population (Fig. 4-2 D).
Infection rates with mites and M. bipunctatus were relatively low for populations (mean 8.3%
and 3.1%, respectively), although infection rates of individual shrubs can be significant (e.g.
93.3% and 76.9%, respectively). In only one population, more than half of the seeds were
infected with mites (53.4%), while M. bipunctatus infection rates always stayed below 20%.
Most of the seeds ripened in two years (64.5%). Fourteen populations had more than 90% of
their seeds ripening in two years and for nine populations this percentage dropped below
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10%. Seeds with a three year ripening time were mainly found in Scandinavia, but
populations with high percentages were also present in Spain and southeastern France (Fig.
4-2 E).
Selection of the variables for multivariate modelling lead to different results for the viability
of SP2- and SP3-seeds and ripening time. For the viability of SP2-seeds, the factors
precipitation, mite infection rate, type of bedrock, soil texture, needle loss and ripening time
did not have a significance level lower than 0.1. These variables were therefore considered as
not important and excluded from the model selection procedure. In a similar way,
precipitation, mite and M. bipunctatus infection rate, type of bedrock, soil texture and needle
loss were excluded for SP3-seeds and precipitation, mite infection rate and soil texture for
ripening time. In addition, autocorrelation occurred between the temperature variables, and
between the atmospheric deposition variables, resulting in a selection (on the base of the
factor with the highest significance level) of GDD>0°C during pollination and potentially
acidifying deposition for SP2-seeds; of GDD>0°C during embryo development and potentially
acidifying deposition for SP3-seeds; and of GDD>0°C in the year before sampling and nitrogen
deposition for ripening time.
The most important variables affecting the viability of SP2 seeds were temperature (GDD>0°C
during pollination), infection rate with M. bipunctatus on a population level and shrub height,
which all had a negative influence (Table 4-1, Fig. 4-3 A & Fig. 4-4 A). Potentially
acidifying deposition had only a marginally negative influence (Table 4-1, Fig. 4-3 B). The
ripening time strategy for a given seed had no influence on the viability of SP2-seeds.
However, since the r² was relatively low (0.16), a large part of the variation in the data is not
explained by our predictor variables.
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Fig. 4-3. Relationships between accumulated temperature (GDD>0°C during the spring of pollination for seed
phase two, GDD>0°C during embryo development for seed phase three and GDD>0°C during the year before
sampling for the ripening time) (A, C, E), potentially acidifying deposition (keq ha-1 year-1) for seed phase 2
and 3, and nitrogen deposition (kg N ha-1 year-1 ) for ripening time (B, D, F) on the one hand, and viability of
SP2-seeds (left column), viability of SP3-seeds (middle column) and the seed ripening time (right column). A
smoothing spline is fitted to the continuous data.

The patterns were slightly different for SP3 seeds (Table 4-2). Here both potentially
acidifying depositions and temperature (GDD>0°C during embryo development) were
negatively correlated with seed viability (Fig. 4-3 C & D). In addition, also their interaction
was important and indicated that the negative correlation with temperature was more
pronounced in populations with a lower potentially acidifying deposition. In addition, shrub
height and cone density showed an important negative and positive correlation, respectively
(Fig. 4-4 D & E). Seeds that ripened in three years had a slightly greater chance of being
viable than seeds that ripened in two years, but this effect was less pronounced (Table 4-2).
For SP3, the model with the lowest AICc had an r² of 0.24.
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Table 4-1. Model selection statistics for the analysis of the effects of GDD>0°C during the spring of pollination, potentially acidifying deposition, their interaction, infection
rate with M. bipunctatus, cone density and shrub height on the viability of seed phase 2 seeds. Df: degrees of freedom; ∆AICc: difference in values of the corrected Akaike
Information Criterion between a model and the best model; Weight: Akaike weight indicating the relative support for the model; Importance: the relative importance of the
explanatory variables based on the sum of the Akaike weights of the models in which the variables appear.
Potentially
Growing
acidifying
degree days
(GDD)
deposition
pollination
(PAD)
3.50
-3.09E-03
3.55
-3.02E-03
-9.79E-02
3.40
-3.12E-03
3.96
-3.41E-03
-4.47E-01
3.45
-3.06E-03
-9.51E-02
Importance →
1.00
0.34
+: factorial variable is included in the model
Intercept

GDD:PAD

Infection
rate with M.
bipunctatus

3.27E-04
0.07

Cone density

-1.19E+01
-1.21E+01
-1.17E+01
-1.24E+01
-1.19E+01
1.00

+
+
0.26

Shrub
height

Df

∆AICc

Weight

+
+
+
+
+
1.00

8
9
10
10
11
-

0
1.85
1.92
3.72
3.78
-

0.48
0.19
0.18
0.08
0.07
-

Table 4-2. Model selection statistics for the analysis of the effects of GDD>0°C during embryo development, potentially acidifying deposition, their interaction, cone density
and shrub height and ripening time on the viability of seed phase 3 seeds. Df: degrees of freedom; ∆AICc: difference in values of the corrected Akaike Information Criterion
between a model and the best model; Weight: Akaike weight indicating the relative support for the model; Importance: the relative importance of the explanatory variables
based on the sum of the Akaike weights of the models in which the variables appear.
Intercept

Growing degree
Potentially
days (GDD)
acidifying
embryo
deposition
development
(PAD)
4.70
-2.07E-03
-6.95E+00
5.15
-2.16E-03
-7.18E+00
Importance →
1
1
+: factorial variable is included in the model

GDD:PAD

Cone
density

Shrub
height

Ripening
time

Df

∆AICc

Weight

1.72E-03
1.77E-03
1

+
+
1

+
+
1

+

12
11
-

0
1.20
-

0.65
0.36
-

0.65

Fig. 4-4. Relationships between shrub height (A, D, G), cone density (B, E, H) and needle loss (C, F, I) on the
one hand, and viability of SP2-seeds (left column), viability of SP3-seeds (middle column) and the seed ripening
time (right column). Shrub height classes: 1: <0.5 m, 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: normal, 3: dense.

Ripening time was mostly determined by nitrogen deposition, the bedrock type, cone density,
shrub height and needle loss (Table 4-3, Fig. 4-3 F and Fig. 4-4 G-I). Seeds originating from
populations with a higher nitrogen deposition or growing on soil with a calcareous bedrock
more often had a ripening time of two years. Shrubs with a greater cone density had more
seeds that ripened in two years and vice versa for taller shrubs or those with a larger needle
loss. Higher temperatures (GDD>0°C during embryo development) led to shorter ripening
times, but this effect was less pronounced (Fig. 4-3 E). The interaction between temperature
and nitrogen deposition was of minor importance. The model with the lowest AICc explained
almost 50 % of the variation (r² = 0.49).
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Table 4-3. Model selection statistics for the analysis of the effects of GDD>0°C during the year before sampling, nitrogen deposition, their interaction the, bedrock type, cone
density, shrub height and needle loss on the ripening time of the seeds. Df: degrees of freedom; ∆AICc: difference in values of the corrected Akaike Information Criterion
between a model and the best model; Weight: Akaike weight indicating the relative support for the model; Importance: the relative importance of the explanatory variables
based on the sum of the Akaike weights of the models in which the variables appear.
Intercept

6.18
2.14
3.17
8.24
7.27
-1.91
2.84
-1.15

Growing
degree days
(GDD) year
before
sampling
-2.29E-03
-1.20E-03
-1.47E-03
-2.69E-03
-2.56E-03
-1.21E-03

Nitrogen
deposition

GDD:ND

Bedrock
type

Infection rate
with M.
bipunctatus

Cone
density

Shrub height

Needleloss

Df

∆AICc

Weight

-5.53E-01
-1.56E-01
-1.32E-01
-7.14E-01
-5.18E-01
-1.88E-01
-1.84E-01
-2.18E-01

1.06E-04

+
+

1.58E+01
1.75E+01
2.30E+01

1.43E-04
1.03E-04

+

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

15
14
13
14
14
13
13
12

0
0.11
1.08
1.15
1.22
1.64
2.67
3.99

0.22
0.21
0.13
0.13
0.12
0.10
0.06
0.03

1

1

1

-

-

-

Importance →
0.87
1
+: factorial variable is included in the model

+
+
+
0.47

1

2.00E+01
1.96E+01

0.78

4.4 Discussion
The aim of this study was to achieve a better understanding of the influence of four globalchange drivers (increasing temperatures, enhanced nitrogen and potentially acidification
deposition and altering precipitation patterns) on the viability and ripening time of common
juniper seeds (Juniperus communis). We focussed on two key seed developmental phases,
i.e., growth of the pollen tube, megagametogenesis, fertilization and early embryo
development (seed phase 2, SP2) and ripening of the embryo (seed phase 3, SP3), that were
identified as crucial for the sexual reproductive cycle of this species (Chapter 3). Both needle
loss and shrub height (as a rough proxy for age, Breek 1978, Forbes & Proctor 1986) can be
seen as a measure for senescence. Cone density on the other hand relates to the vitality of the
shrub. This can explain the relationships between cone density, shrub height and seed
viability. Precipitation was shown to have no influence. In the following sections, we focus
on the important effects of temperature and enhanced atmospheric depositions on seed
viability of common juniper.
4.4.1

Temperature effects

We showed that increasing temperatures were negatively correlated with seed viability of
both SP2 and SP3 seeds of common juniper and promote a ripening time of two years.
Different patterns can be seen between the two studied developmental phases. For the
viability of the SP2 seeds, the GDD>0°C during springtime were most important, while, for the
SP3 seeds, only the GDD>0°C during embryo development showed a significantly negative
correlation.
Our results differ from what is found in other studies on conifers where a positive
relationship between higher temperatures and seed viability was revealed (e.g. Despland &
Houle 1997, Noland et al. 2006, Meunier et al. 2007). However, the latter studies were often
performed at the northern distribution range limits, whereas our study included common
juniper populations from a wider geographical area. Low temperatures and late frosts during
pollination are often mentioned as a reason for failing pollination and ovule abortion during
further seed development (e.g. Owens 1995, Thomas et al. 2007). Therefore, a lack of
pollination cannot explain the negative relationship between seed viability and the
temperature during the spring.
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During SP2, there are two processes (the development of the female gametophyte and growth
of the pollen tube) that can help to explain the negative effects of temperature on seed
viability (Fig. 4-1).
First, higher temperatures can induce abnormalities in the female gametophyte (Franz &
Jolliff 1989, Kozai et al. 2004) or other female structures (Saini et al. 1983, Hedhly et al.
2003, Hedhly et al. 2004, Hedhly et al. 2005), which can lead to abortion of the seed. Second,
little is known about the direct effects of higher temperatures on the viability of the
germinating pollen (but see Young et al. 2004, Steinacher & Wagner 2012). However,
several studies hypothesised that the ovule and female gametophyte might be important
regulators of pollen tube growth (e.g. Gifford & Foster 1989, Takaso & Owens 1996,
Fernando et al. 2005, Drews & Koltunow 2011). Thus, through influencing the female
gametophyte, increased temperatures can have an indirect effect. In addition, due to their
separate influences on the pollen tube and female gametophyte, high temperatures also have
detrimental effects on the male-female synchrony in the pre-ferilization phases (Zinn et al.
2010, Hedhly 2011). Hence, both mechanisms, i.e. the negative influence of higher
temperatures on the viability of the female gametophyte and the different effects on the
growth speed of both female gametophyte and pollen tube, may lead to unviable SP2 seeds.
Higher temperatures during the spring of the pollination and the summer of the fertilization
seem to have no influence on viability of SP3-seeds. Perhaps cones with aborted seeds have
been shed by the third year, which can mask these effects. On the other hand, GDD>0°C during
embryo development had a negative influence on seed viability. Possibly, higher
temperatures may disrupt the meristimatic activity of the female gametophyte with
accumulation of resources such as lipids, starch and proteins (Singh 1978, Owens et al. 2008)
and the nutrition and growth of the embryo. Owens et al. (2001) and Cross et al. (2003), for
instance, found a higher rate of abortion in Picea abies and Linum usitatissimum under higher
temperatures during embryo development. An indirect negative effect of temperature on the
viability of SP3 seeds due to malfunctions during the pre-fertilization development of the
female gametophyte could not be detected as GDD>0°C during that period had no significant
effects.
Warmer temperatures during the last year before sampling (for SP2 and SP3 seeds) led to
shorter ripening times. The negative correlation of temperature with ripening time can be
explained by an altered development of the male and female gametophytes and their
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interactions. As common juniper can be considered a cold adapted species (cf. its relatively
northerly distribution range and the assumption of its survival in Central Europe during the
last glacial maximum; Michalczyk et al. 2010), there is a probability that the mechanism of
delayed fertilization to overcome shorter reproduction seasons has developed in this species
(Willson & Burley 1983). Longer reproduction seasons due to higher temperatures can
reduce the need for such mechanisms, leading to a higher chance of shorter ripening times.
To further our understanding of the role of higher temperature in the described processes,
research on a biochemical level is needed.
4.4.2

Effects of nitrogen and potentially acidifying deposition

Acidifying depositions appear to be negatively correlated to seed viability after seed phase
three. We can assume that nitrogen deposition has a similar effect as both variables were
highly correlated. This correlation was almost absent after seed phase two. In addition, the
correlations of temperature and potentially acidifying depositions had a significant interaction
after seed phase three: in populations with low potentially acidifying depositions, the
negative correlation of temperature was pronounced, while the correlation was slightly
reversed in populations with high depositions. Seeds sampled from individuals growing in
areas with high nitrogen depositions also ripened more in two instead of three years.
Our results correspond with different studies demonstrating that nitrogen (e.g. Vergeer et al.
2003, Li et al. 2011) or potentially acidifying depositions (Wertheim & Craker 1987, Feret et
al. 1990, Munzuroglu et al. 2003, Vergeer et al. 2003) negatively affect plant performance in
terms of seed quality. However, other studies have shown that nitrogen depositions can also
increase seed quality (e.g. Drenovsky & Richards, 2005).
Nitrogen and potentially acidifying depositions can influence seed viability in a direct way by
creating nutrient imbalances and causing decreased uptake and leaching of cations including
K+, Ca2+ and Mg2+ in the plant (Bobbink et al. 1992, Krupa 2003), leading to nutritional
deficiencies (e.g. Pearson & Stewart 1993). As for the influence of temperature, the
biochemical mechanisms behind the effects on seed viability need more research. For
example, Ca2+ plays a role in the control of conifer pollen tube growth (Fernando et al. 2005)
and detoxification products such as arginine, needed in case of a higher uptake of NH4+ and
NH3 through canopy exchange (Krupa 2003), can have disturbing effects (Durzan & Chalupa
1968, Durzan 2002).

59

Nitrogen and potentially acidifying depositions can also indirectly influence plant
performance as it causes a reduction of mycorrhizae associations in several species (Malcová
et al. 1999, Krupa 2003). For common juniper, symbiosis with mycorrhiza (especially with
arbuscular myccorhiza (AM), Thomas et al. 2007) can be important; Bakker (1988)
suggested a possible relationship between presence of mycorrhiza and the viability of J.
communis shrubs.
Our results show a correlation with potentially acidifying depositions only after seed phase
three. One would expect a better correlation after seed phase two since, as in most conifers,
seeds are largely autonomous shortly after fertilisation. However, it is possible that anomalies
during seed phase two (e.g. badly developed megagametophyte due to nutrient deficits) only
lead to seed abortion during seed phase three, when the megagametophyte nourishes the
developing embryo. Similarly, nutrient imbalances and signalling disturbance can also alter
the ripening time of the seed development.
There was no correlation between ripening time and seed viability after seed phase two and
of it was of much less importance than the correlation between potentially acidifying
depositions and temperature after seed phase three. Thus, there is no clear evidence that the
potentially negative effects of increased temperatures, nitrogen depositions and potentially
acidifying depositions on seed viability are acting through changed ripening duration of the
seeds. For both SP2 and SP3-seeds, only 16 to 24 % of the variation was explained by the
models. Hence, there are still other causes possible for low seed viability (e.g. microclimate).
4.4.3

Conclusions

The negative correlations between temperature, nitrogen deposition and potentially acidifying
deposition and the viability of both SP2 and SP3-seeds of common juniper suggest that these
global-change drivers potentially affect different key processes of the sexual reproductive
cycle of Juniperus communis including pollen tube growth, megagametogenesis and embryo
development. Thus, our findings put forward that the failure of natural regeneration in many
European juniper populations might be attributed to climate 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, Vangansbeke P, Verheyen K. Climate
warming and atmospheric deposition affect seed viability of common juniper (Juniperus
communis) via their impact on the nutrient status of the plant. Ecological Research, accepted
with major revisions

Abstract
Global environmental change is increasingly affecting species worldwide. One of the emblematic victims
among plants is common juniper (Juniperus communis). Many populations of common juniper throughout its
distribution range are declining. The relative lack of germinable seed production, resulting in low probabilities
for successful natural regeneration, is one of the main reasons for this decline. Climate warming and elevated
atmospheric depositions are negatively correlated with seed viability of common juniper, but the driving
mechanisms remain unclear. One of the possible pathways is via the influence of these global-change drivers on
the overall nutrient status of the plants, which, in turn, can affect seed viability. Here we report the results of a
sampling campaign of needles and seeds in 20 juniper populations spread across Europe. First, we studied the
correlation between increasing temperature, elevated potentially acidifying atmospheric depositions and altering
precipitation on the one hand and the needle nitrogen (N), phosphorous (P), carbon (C), sulphur, potassium,
calcium (Ca) and magnesium (Mg) concentrations and C:N and N:P ratios on the other hand. Second, we
assessed the relationship between needle composition and seed viability. Both temperature and potentially
acidifying depositions were correlated with needle nutrient concentrations. Changing nutrient availability,
leaching and the dilution effect probably altered the nutrient status of the shrubs. Low needle P, Ca and Mg
concentrations were related to low seed viability. Thus, a shortage of these key elements during seed
development and seed nutrient storage, can lead to anomalies and seed abortion, thereby helping to explain the
low seed viability of juniper across Europe.

5.1 Introduction
In Chapter 4 we found that mainly two global-change drivers, i.e. climate warming and
enhanced airborne depositions of potentially acidifying substances such as nitrogen (N) and
sulphur (S), were negatively correlated with seed viability of common juniper. Moreover, the
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negative correlations with increasing temperatures were found both after fertilization and
during embryo development. Correlations with potentially acidifying depositions were,
however, only pronounced after embryo development. The mechanisms behind these
correlations, however, remain unclear. Although we found no correlations between
precipitation and seed viability (see Chapter 4), studying its influence can still be important
as precipitation correlated events such as drought can affect the sexual reproduction in plants
(Demirtas et al. 2010).
Several studies showed mostly negative correlations between foliar concentrations of N and
phosphorous (P) and temperature (Reich & Oleksyn 2004, Han et al. 2005, Zheng &
Shangguan 2007, Kang et al. 2011; but see Yuan & Chen 2009,) and positive correlations
with N deposition (Innes 1995, Thimonier et al. 2010, Sardans et al. 2011, Blanes et al.
2013). Far less is known about the effects of these global-change drivers on tissue nutrient
concentrations of potassium (K), magnesium (Mg), S and calcium (Ca) (but see Sardans et al.
2011).
Macronutrient concentrations in foliage, in turn, can influence seed production and quality.
For example, foliage N, P and K concentrations showed positive correlations to the number
of flowers in Malus spp. (Marschner 1995) and to the number of conelets and the seed weight
in Pinus sylvestris (Karlsson & Örlantder 2002). Indeed, the macronutrients N, P, S, K, Ca
and Mg play an important role in plant growth and plant functioning (Marschner 1995). It is
well known that N and S compounds accumulate as reserves during seed development
(mostly as proteins), but also P, Mg, K and Ca are sequestered within mature seeds (Lott et
al. 1995). Beside as a reserve, K, Ca and Mg also fulfil a regulative role (e.g. osmoregulation,
cell extension and cell wall stabilisation) (Marschner 1995). For common juniper, Lucassen
et al. (2011) found a relationship between the chemical composition of the needles and the
seeds on the one hand, and the abundance of seedlings in Dutch populations (i.e. positive for
K and P concentrations and negative for aluminium concentrations). Hence, a possible
pathway to explain why temperature and atmospheric depositions are negatively correlated
with on seed viability is via their potential influence on macronutrient concentrations in the
plant (which are represented by the concentrations in the needles.
Here we report the results of a large-scale sampling campaign of needles and seeds of two
development phases (that is, seeds sampled shortly after fertilization and at the end of embryo
ripening) in 20 common juniper populations throughout Europe (from Sweden to Spain and
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from the United Kingdom to Poland). We took advantage of the wide climatic and
atmospheric deposition gradients (De Frenne et al. 2013) in this area to study how three
global-change drivers (increasing temperature, potentially acidifying depositions and altering
precipitation) were correlated with the macronutrient concentration in the needles. In
addition, we link the macronutrient concentration in the needles to the viability of the seeds
after both seed phases. We specifically assessed the following hypotheses: (1) the three
global-change drivers are correlated with the macronutrient concentrations in the common
juniper needles and (2) these macronutrient concentrations are, in turn, related to seed
viability of juniper.

5.2 Methods
5.2.1

Sampling

Seeds of 20 populations across the species’ distribution range in Europe (Fig. 5-1 and
Appendix C1 and C2) were sampled in autumn of 2010. Populations consisted of at least 30
individual shrubs growing in unshaded conditions (i.e., not below the canopy of other tree
species). In each population three to five (average 4.8 ± 0.5 SD) cone bearing shrubs were
randomly selected. Per shrub, three branches were randomly selected, of which on average
32.7 (± 7.7 SD) SP2 seeds and 21.7 (± 8.6 SD) SP3 seeds were sampled. In addition, from
each branch, all the one year old needles were collected and pooled per shrub (cfr. the manual
of ICP-forest; Rautio et al. 2010). The 20 populations considered here consist of a subset of
the populations used in Chapter 4 for which needle nutrient concentrations were available.
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Fig. 5-1. Location and population number of the sampled common juniper populations. More information on the
sampled populations is available in Appendix C1 and C2; population numbers refer to Appendix C1 and C2

5.2.2

Environmental variables

Temperature is expressed as the number of growing degree days above 0 °C base temperature
(GDD>0°C; cfr. Hall et al. 2002), which was calculated for the year preceding the sampling.
Daily minimum and maximum temperatures of each population were obtained from the
nearest weather stations (see Appendix C1 and C2) and used to calculate GDD>0°C. When the
population and the weather station had different altitudes, a mean adiabatic lapse rate
correction of 5.5 K·km-1 (Körner 2007) was applied. The GDD>0°C ranged between 1275.1
and 5074.7 with an average of 3333.9 (± 861.9 SD).
Nitrogen and sulphur deposition data were obtained from the European Monitoring and
Evaluation Programme database (EMEP)(http://www.emep.int). EMEP is the ‘Co-operative
Programme for Monitoring and Evaluation of the Long-range Transmission of Air pollutants
in Europe’ and provides scientific information on the emission, transport and deposition of air
pollutants. Here, averaged data for 2006 to 2010 were used: total (wet + dry) inorganic
nitrogen (NHx + NOy) depositions expressed as kg ha-1 year-1 and potentially acidifying (NHx
+ NOy + SOx) depositions expressed as keq ha-1 year-1 in 50 × 50 km² grid cells covering
Europe. Nitrogen depositions ranged from 4.85 to 28.13 kg.ha-1.year-1 with an average of
13.19 kg .ha-1.year-1 (± 6.38 SD) and potentially acidifying depositions ranged from 0.51 to
2.38 keq.ha-1.year-1 with an average of 1.25 keq.ha-1.year-1 (± 0.55 SD).
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Next, the average annual amount of precipitation in the five years preceding the time of
sampling was calculated per population using the yearly precipitation data from EMEP.
Average yearly precipitation ranged from 652.3 to 1693.4 mm.year-1 with an average of
978.1 mm.year-1 (± 295.1 SD). We used a five year average to be sure to cover the whole
development period of the seed (three years) plus a short period before the start of the seed
development but in which the nutrient status of the shrub can be influenced.
Finally, for each population we estimated two soil characteristics in different classes: texture
of the topsoil (0-50 cm) (sandy, sandy loam, loamy, clayey) and bedrock type (calcareous vs.
non-calcareous).
5.2.3

Needle analyses

Needles were dried to constant weight at 70 °C for 48 h. Concentrations of P, K, Mg and Ca
were obtained after digesting 100 mg sample with 0.4 ml HClO4 (65%) and 2 ml HNO3
(70%) in Teflon pots or 4 h at 140 ºC. Phosphorus was measured colorimetrically according
to the malachite green procedure (Lajtha et al. 1999). K, Mg and Ca concentrations were
measured by atomic absorption spectrophotometry (AA240FS, Fast Sequential AAS). The
concentrations of N, S and C were measured using an elemental analyzer (Vario MACRO
cube CNS, Elementar, Germany). The variables that were considered for further analyses
were needle concentrations of N, S, C, P, K, Ca, Mg, and ratios of C:N and N:P.
5.2.4

Seed analyses

The viability of all sampled seeds was assessed by means of stereoscopic observations of
dissected seeds (3111 seeds for SP2 and 2063 seeds for SP3, in total). Again, following the
method in Chapter 3, seeds that had no visible signs of anomalies were considered to have the
potential to develop to the next phase and are further referred to as ‘viable seeds’.
5.2.5

Data analysis

To quantify the variation in chemical needle composition within and between populations
analysis of variance was performed using the aov-function in R 2.15.1 (R Development Core
Team 2012).
Linear mixed effects models using the lme-function of the nlme-library in R 2.15.1 (R
Development Core Team 2012) were applied to determine the relationships between the
chemical composition of the needles and environmental variables (temperature, potentially
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acidifying deposition, precipitation, and the interaction between temperature and depositions)
(fixed effect terms). Population was added to the model as random effect term to account for
the sampling within populations. Multicollinearity between temperature, potentially
acidifying deposition and precipitation was verified by calculating the variance inflation
factor (Quinn & Keough 2002).
For each dependent variable, all possible models (i.e. built by each combination of the
selected fixed-effects terms) were compared using the Akaike’s Information Criterion,
adjusted for sample size (AICc) (Hurvich and Tsai 1989). The ∆AICc of a model was then
calculated as the difference between the AICc of the model with the best fit and the AICc of
that model. Models with ∆AICc ≤ 4 were considered equivalent (Bolker 2008). To determine
the relative importance of the explanatory variables, the sum of Akaike weights of the set of
all top models (∆AICc ≤ 4) in which the variable appeared (Burnham & Anderson 2002) was
used. The Akaike weight reflects the weight of evidence in support of a particular model
relative to the entire model set, and varies from 0 (no support) to 1 (complete support). For
each explanatory variable the relative importance was calculated by summing the Akaike
weights of the models containing the variable. Finally, the averaged parameters of the top
models were calculated using the model averaging function based on the AICc of the MuMin
package in R. In addition, for each dependent variable, we calculated the r² for the model
composed by all variables that had a importance higher than 0.60, using the following
function: r2.corr.mer<-function(m){lmfit<-lm(model.response(model.frame(m)) ~ fitted(m));
summary(lmfit)$r.squared}..
To verify whether nitrogen deposition had a similar influence as potentially acidifying
depositions, the whole procedure was repeated with nitrogen deposition instead of potentially
acidifying depositions as fixed effect term.
To study the influence of the chemical composition of the needles on seed viability after seed
phase two and seed phase three, the same method of model selection was used. In this case,
generalized linear mixed modelling with binomial distributions was applied, using the
glmmML function of the glmmML library and the lmer function of the lme4 library. This
function allows to use binomial distributions since seed viability is expressed as 0 (not viable)
or 1 (viable). After testing for multicollinearity between the variables that characterize the
chemical composition of the needles by calculating the variance inflation factor (Quinn &
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Keough 2002), only concentrations of N, S, C, P, K, Ca, Mg were selected as fixed effect
terms. Again, population was added to the model as random effect term.

5.3 Results
5.3.1

Chemical composition of the needles

Needle concentrations were very variable, especially for Ca- and Mg-concentrations (Table
5-1). Although the among- and within-population variability was relatively high (Table 5-1),
our values are in agreement with values found in the literature (Fig. 5-2). Average N and S
concentrations were higher than values found in the literature, while Mg concentrations were
lower. For K, Mg, C:N and N:P, most variability occurred between populations (Table 5-1
and Fig. 5-2). Both variability within and between populations was important for N, C, P and
Ca (Table 5-1 and Fig. 5-2). Only for S, variation mostly occurred within populations (Table
5-1 and Fig. 5-2).
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Table 5-1. Needle concentrations of nitrogen (N), carbon (C), sulphur (S), phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), and C:N and N:P ratios. . Also the population effects on nutrient concentrations
are given (proportion explained is given by r²).
Mean

Min

Max

Standard

Coefficient

F19,75

p-value

r²

18.05

5.17

< 0.001

0.57

0.24

21.62

1.25

0.244

0.24

524.87

9.8

1.93

3.73

< 0.001

0.49

0.69

1.92

0.28

22.95

4.24

< 0.001

0.52

5.76

1.66

10.84

1.58

27.43

7.99

< 0.001

0.64

Ca

10.59

1.51

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

4.91

< 0.001

0.67

-1

-1

-1

(g.kg )

(g.kg )

(g.kg )

deviation

of variation

N

14.46

8.29

21.54

2.61

S

1.11

0.56

1.82

C

507.03

482.52

P

1.22

K

Fig. 5-2. Average needle concentrations of nitrogen (N), sulphur (S), carbon (C), phosphorus (P), potassium
(K), calcium (Ca), magnesium (Mg), C:N and N:P in the different populations. The full lines, the dashed lines
and dotdash lines mark the average value for the specific elements found by Rodin & Bazilevich (1967), Henry
(1973) and Thomas (2007), respectively. The populations are order from low to high latitude, and the numbers
correspond with those of Fig. 5-1. Error bars denote standard errors.
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5.3.2

Climatic and atmospheric variables vs foliar chemical composition

Temperature was strongly negatively correlated to leaf N and P and to a lesser extent to S
while C:N was positively related (Table 5.2). Potentially acidifying depositions correlated
negatively with leaf N, P, Ca and positively with S and C:N (Table 5.2). Interactions between
temperature and potentially acidifying depositions were important for leaf N, P and C:N.
Nitrogen content of the leaves was negatively correlated to potentially acidifying depositions
in the cold and moderate cold regions, while in warmer regions, the relationship was positive.
The correlation of potentially acidifying depositions with P was most pronounced in cold and
moderately cold regions. The correlation of precipitation was positive with K and C:N and
negative with N (Table 5-2). The correlations of N deposition are similar to those of
potentially acidifying depositions (results not shown).
Except for S, the models could explain at least 50 % of the variation of the needle chemical
composition.
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Table 5-2. Importance of temperature, potentially acidifying depositions, precipitation and the interaction between temperature and potentially acidifying deposition on the
needle concentrations of nitrogen (N), carbon (C), sulphur (S), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and ratios of C:N and N:P. An importance of
one indicates high influence, “-“ means that the variable 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 correlated with leaf K concentrations (negatively) and
Mg concentrations (positively). The relationships with the viability of SP3-seeds showed
contrasting patterns: leaf N and S were negatively correlated with SP3-seed viability while
seed viability was positively correlated with leaf P and Ca (Table 5-3).

Table 5-3. Importance of the needle concentrations of nitrogen (N), carbon (C), sulphur (S), phosphorus (P),
potassium (K), calcium (Ca) and magnesium (Mg) for the viability of SP2- and SP3-seeds. An importance of
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 better understanding of the mechanisms behind the
negative correlations between warming and enhanced depositions and seed viability of
common juniper. Changing precipitation patterns were of minor importance for the seed
viability. We assessed the potential effects of these global-change drivers on the leaf nutrient
status of common juniper as a possible pathway to the negative correlations with seed
viability. We first discuss how temperature and potentially acidifying depositions may affect
the chemical composition of the needles. Second, we clarify how differences in the chemical
composition of the needles can explain seed viability.
5.4.1

Temperature and potentially acidifying depositions vs. foliar chemistry

Leaf nutrient concentrations often reflect the nutrient availability in the soil (Aerts & Chapin
2000, Hobbie & Gough 2002). Hence, a part of the large variability in leaf nutrient
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concentrations between populations can be explained by differences in soil conditions.
However, for most of the elements, our models explained more than 50 % of the variation.
Increasing temperature correlated negatively with the concentrations of N, P and S in the
needles of common juniper, and positively with the C:N-ratio. The correlations with N were
only pronounced in areas with a low acidifying deposition. It is possible that an increase in
relative growth rate as a response to higher temperatures is accompanied with a dilution
effect on the internal N, P and S pool (e.g. Weih & Karlsson 2001, Doiron et al. 2014). This
dilution effect theory is supported by the negative relationships between temperature and N
concentration in the needles in regions with lower acidifying depositions. Acidifying
depositions are strongly correlated with nitrogen deposition. Thus, in regions that are more N
limited, the N pools are insufficiently amplified, to keep up with the possible higher growth
rates due to warmer temperatures. Also physiological acclimation can lead to higher N- and
P-concentrations in colder regions (Reich & Oleksyn 2004). For example, Hikosaka (1997)
found for different plant species that optimal leaf N concentration increased with decreasing
temperature.
Similar to other studies (e.g. Innes 1995; Augustin et al. 2005; Thimonier et al. 2010;
Sardans et al. 2011), potentially acidifying depositions were positively correlated with needle
N-concentrations (in the warmer regions) and S concentrations. Potentially acidifying
depositions consist of N and S particles. Hence, it is not surprising that, due to higher
availability, the uptake by the plants increases, leading to higher concentrations in the needles
(Augustin et al. 2005). A possible hypothesis to explain the interaction with temperature for
the N concentration is that at higher temperatures, the shrubs grow strong enough which leads
to a fast N and S uptake. In colder climates, N-deposition is typically lower and competition
for N, e.g. with micro-organisms, is higher. In addition, mineralisation of N is lower at colder
temperatures (Rustad et al. 2001).
Phosphorus and Ca concentrations were negatively correlated with potentially acidifying
depositions. Soil acidification, due to potentially acidifying depositions, can decrease the soil
Ca-concentrations and has also an influence on the bioavailability of P in the soil. This, in
turn, can influence the concentrations in the needles. For example, soil acidification also led
to lower Ca-concentrations in the leaves of Fagus crenata (Izuta et al. 2004) and N
deposition and acid soils negatively affected Ca- and P-concentrations in Fagus sylvatica
leaves (Duquesnay et al. 2000). A decreased uptake and leaching of cations, including Ca2+
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caused by potentially acidifying depositions (Bobbink et al. 1992, Schaberg et al. 2001,
Krupa 2003) are possible mechanisms to clarify the lower Ca concentrations in the needles.
Also the reduction of mycorrhizal associations caused by the potentially acidifying
atmospheric deposition (Malcová et al. 1999, Krupa 2003) can help to explain the lower Pconcentrations in the needles. Common juniper is mainly associated with arbuscular
mycorrhiza (AM) (Thomas et al. 2007) and a major role of AM is to assist the infected plant
with the uptake of P, especially in low P soils (Garg & Chandel 2010), where common
juniper naturally occurs (Thomas et al. 2007).
5.4.2

Foliar chemical composition vs. seed viability

We found that needle nutrient concentrations correlated with seed viability of common
juniper. Foliar nutrient concentrations can be a good proxy for the nutrient status of the whole
plant (e.g. Jett 1987), and thus for the nutrient status of the seeds and their formation. For
example, seed weight can be correlated to the needle N, P and K concentrations (Karlsson
2006). Seed mass was positively correlated, and the number of seeds negatively correlated,
with needle N concentrations in Pinus sylvestris (Savonen & Saarsalmi 1999). Also in e.g.
Malus sp., the number of flowers was positively correlated with the concentration of N, P and
K in the foliage (Marschner 1995). Foliar nutrients can also have a direct effect on the
development of seeds; leaf P possibly regulates resource allocation between vegetative and
reproductive development (Aerts & Chapin 2000).
Needle Ca- and Mg-concentrations correlated positively with the seed viability. There are
several possible explanations for this effect. For example, both elements are involved in
enzyme activity (Raven et al. 1999) and the proportion of Ca-pectate in the cell walls is of
importance for fruit ripening in plants (Marschner 1995). If the Ca concentration falls below
a critical level in fast growing tissues such as fruits and storage tissues, cell wall stabilization
and membrane integrity can be affected (Marschner 1995). Also, low levels of Mg can
disturb the export of e.g. carbohydrates from source to sink sites in plants, as the element
plays an important role in this process (Marschner 1995).
Phosphorus is not only important for plant viability but also influences seed quality and
germinability (Bishnoi et al. 2007, Baeten et al. 2010). This is reflected in our results by the
positive relation between the needle P-concentration and seed viability. In seeds, P is
typically stored as phytate. Phytates are also the main storage sites of K, Mg and, in some
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cases, Ca and they are involved in the starch synthesis during seed development (Marschner
1995). Hence, P deficiency can restrict seed formation.
Both N and S concentrations were negatively correlated with seed viability and the average
concentrations were lower than those found in literature (Fig. 5-2). On the one hand, their
influence can also act directly. For example, detoxification, needed in case of a higher uptake
of NH4+ and NH3 through canopy exchange, often leads to alterations in the composition of
amino acids as plants will choose to store the surplus of nitrogen in compounds with low C:N
ratios (e.g. arginine) (Krupa 2003). Among amino acids, arginine is reported to be the most
abundant in the female gametophyte of the conifer Pinus banksiana (Durzan & Chalupa
1968). Signalling in plants can also be disturbed as arginine acts as an endogenous source of
stress-related nitric oxide (NO), a molecular signal that provides the signalling of adaptive
structural and functional changes for survival and habituation, but also for damaging
reactions, leading to cell death and necrosis (Durzan 2002). On the other hand, if N and S are
sufficiently accessible to the plants, a faster growth can lead to deficiencies in other elements
including Ca and Mg (Marschner 1995). As temperature correlates negatively with N
concentrations, we can assume that the negative correlations between temperature and seed
viability are not working through N concentrations.
5.4.3

Conclusions

The among-population variability in needle nutrient concentrations of common juniper was
strikingly high. Both temperature and potentially acidifying depositions were correlated with
the chemical composition of the needles. Changing nutrient availability, leaching and uptake,
possibly play an important role in the altered nutrient status of the needles and, probably of
the whole shrub, including the seeds. In addition, a dilution effect caused by augmented
growth can also be of importance. A shortage of P, Mg and Ca, key elements during the
nutrient storage throughout the seed development, can lead to anomalies and seed abortion,
thereby explaining the low seed viability of common juniper in different regions throughout
Europe.
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6 Juniper threatened by climate warming: evidence
from warming and transplant experiments along
a latitudinal gradient
After Gruwez R, De Frenne P, Vander Mijnsbrugge K, Vangansbeke P, Verheyen K. Juniper
threatened by climate warming: evidence from warming and transplant experiments along a
latitudinal gradient. In preparation.
Abstract
Climate change is predicted to strongly affect biodiversity in the 21st century. Common juniper is rapidly
becoming one of the most emblematic victims. Due to failing recruitment, its populations are decreasing in size
and number in several regions in Europe. One of the main causes for this failure is low seed viability, partly
induced by increasing temperatures. However, our understanding of the mechanisms behind this effect remains
incomplete. Here we experimentally assess the influence of temperature on two key developmental phases
during the sexual reproduction, i.e. gametogenesis and fertilization (seed phase two, SP2) and embryo
development (seed phase three, SP3). At four sites along a latitudinal gradient in Europe (from South France to
Central Sweden), we installed a transplant experiment with shrubs originating from Belgium. At the Belgian site
we also experimentally warmed juniper shrubs using a relatively large open-top chamber. Seeds of both seed
phases were sampled during three consecutive years, and seed viability was determined. Temperature negatively
affected the seed viability of both SP2- and SP3-seeds along the latitudinal gradient. Interestingly, the effect on
embryo development (SP3) only occurred in the third year, i.e., only when also gametogenesis and fertilization
took place in warmer conditions. Our findings underscore the negative effects of increasing temperature on seed
viability of common juniper. Moreover, we found strong indications that this negative influence mostly acts via
disrupting the growth of the pollen tube, the development of the female gametophyte and the fertilization (SP2).
This, in turn, can lead to a failing embryo development, for example, due to nutritional problems.

6.1 Introduction
The global climate system is currently undergoing one if its most rapid changes from the past
65 million years (Diffenbaugh & Field 2013). Subsequently, these changing environmental
conditions are predicted to strongly affect biodiversity during the 21st century (Thomas et al.
2004, Warren et al. 2013). Species that are already stressed by other global environmental
threats such as pollution, invasive species and habitat destruction and fragmentation will be
particularly at risk (Thomas et al. 2004, Hof et al. 2011).
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One such species, common juniper (Juniperus communis), is arguably one of the most iconic
threatened tree species of Europe.
There is increasing evidence available that common juniper is becoming a victim of climate
change. The relative lack of germinable seed production, resulting in low probabilities for
successful natural regeneration, is one of the main reasons for the decline of many
populations across Europe (Verheyen et al. 2005, Verheyen et al. 2009, Chapter 4). Based on
observational studies using variation in climate and nitrogen deposition along latitudinal and
elevational gradients, atmospheric deposition and increasing temperatures were found to
negatively affect seed viability of common juniper (Verheyen et al. 2009, Chapter 4).
However, the exact mechanisms acting during subsequent phases of the sexual reproductive
cycle remain unclear. To better develop management plans of juniper populations across
Europe, it is therefore essential to achieve a better understanding of the mechanisms behind
the effects of warming on juniper seeds. For example, Hedhly et al. (2009) underlined the
importance of studying the sensitive stages (e.g. fertilization, embryogenesis) independently
in order to obtain a better understanding of the effect of temperature on sexual reproduction.
For common juniper, the most critical phase during predispersal seed development occurs
during embryo development. However, it is also possible that warming already affects seed
viability during the growth of the pollen tube and female gametophyte, and fertilization
(Hedhly et al. 2009, Chapter 3, Chapter 4).
Here we apply warming and transplant experiments along a large-scale latitudinal gradient in
Europe to experimentally assess the effects of warming on viability of juniper seeds
following (i) growth of the pollen tube and female gametophyte, and fertilization and (ii)
embryo development. We installed transplant experiments at four sites along a latitudinal
gradient in Europe (from South France to Central Sweden). The warming experiment using a
relatively large open-top chamber was set up in Belgium. Seeds were sampled during three
consecutive years. We specifically assessed the following hypotheses: (i) warming has a
negative influence on juniper seed viability, and (ii) the negative effects of rising
temperatures are most pronounced during the growth of the pollen tube and female
gametophyte, and fertilization compared to effects during embryo development.
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6.2 Methods
6.2.1

Experimental design

In autumn of 2011, we planted groups of nine juniper shrubs (since the species is dioecious,
always consisting of two males and seven females, within a surface area of 1.2 × 1.2 m²) at
four locations along a latitudinal gradient (Tyresö in Central Sweden (59.2°N, 18.3°E, 4 m
above sea level, a.s.l.), Melle in Belgium, low elevation (51.0°N, 3.8°E, 15 m.a.s.l), Waimes
in Belgium, relatively high elevation (50.5°N, 6.1°E, 673 m.a.s.l) and Auzeville-Tolosane in
Southern France (43.5°N, 1.5°E, 170 m.a.s.l) (Fig. 6-1). In Belgium, only at the low
elevation, two groups were planted. One group of shrubs was retained as control group, while
the other group was experimentally warmed using an open top chamber (OTC). The
rectangular OTC was 2 m high and had ground surface area of 1.5 × 1.5 m². At the top edge
of the OTC, we installed an open top rectangular pyramid of 0.3 m high, with an open top
area of 1.2 x 1.2 m (cfr. Xu et al. 2009; see Fig. 6-2).

Fig. 6-1. Location of the different sites in the transplant experiment (S: Central Sweden; BH: Belgium, high
elevation; BL: Belgium, low elevation; F: Southern France) and of the warming experiment (BL).
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Fig. 6-2. Picture of the open top chamber at Belgium low elevation.

The OTC was produced from aluminium profiles at the corners (< 3 cm wide to minimize
shading) and extruded polycarbonate plates (visible and UV light transmission 86 %, IR light
transmission < 5 %, DIN 5036; Quinn Plastics, Derrylin, Northern Ireland).
Mother plants growing in natural populations in Northern Belgium were vegetatively
propagated by cuttings in the summer of 2008, and further grown to three year old potted
plants following standard nursery practices, at the nursery of the Research Institute for Nature
and Forest (50.7°N, 3.9°E). Pot size was 4 l, containing standard, commercially available soil
for growing woody species. In the field sites, the shrubs were transplanted to pots of 12 l,
again using standard potting soil. Hence, the pot soil will have influenced the growth in the
first years after plantation (during the time of the experiments) in a similar way in the
different sites, fading putative effects of heterogeneous soil conditions at these sites. Three
year old plants were between 1.00 m and 1.20 m tall and most of them already in a
reproductive stage. Although we made sure that clones were not planted at the same site, the
shrubs were further randomly divided over the different sites, regardless of the populations of
the mother plants. The genetic diversity both between and within populations is still high
(Vanden Broeck et al. 2011) thereby probably making the origin of the mother plants less
important (but see Appendix D1 for more information).

82

6.2.2

Seed sampling, seed analysis and shoot length

In the period of October – December of 2011, 2012 and 2013 we randomly sampled, if
available, ten cones with SP2 seeds and ten cones with SP3 seeds on every female shrub at
each site. The sampling of 2011 took place just before the shrubs were transplanted at the
experimental sites in the nursery and can therefore be considered as a pre-treatment control.
Since the shrubs were still relatively young and seed maturation takes two to three years, the
amount of SP3-seeds was relatively low that year.
The viability of sampled seeds was assessed by means of stereoscopic observations of
dissected seeds (2707 seeds for SP2 and 1636 seeds for SP3, in total) following the methods
in Chapter 3. Seeds without visible signs of anomalies were considered to have the potential
to develop to the next phase and are further referred to as ‘viable seeds’. Although this
method tends to overestimate seed viability inferred from tetrazolium tests, results from both
methods are significantly correlated (r = 0.681, n = 198 seeds, p < 0.01; Adriaenssens 2006).
More specifically, viable SP2 seeds contained a megagametophyte and nucellus consisting of
green-white and moist tissue, not completely filling the space within the seed coat (Chapter
3). Viable SP3 seeds consisted of an embryo and megagametophyte with a smooth, white and
moist surface. In this phase, almost all space within the seed coat was filled (Chapter 3). The
shrubs displayed large variability in seed viability, ranging from 15.8 % to 100 % per shrub
for SP2-seeds and from 0 % to 100 % per shrub for SP3-seeds (Appendix D2). The average
seed viability was consistently higher for SP2 seeds compared to SP3 seeds (24 % on average
over the three sampling years).
According to the trade-off theory of resource allocation, a particular period of sexual
reproduction implies a certain cost to the plant. This cost can, for example, be expressed as a
change in vegetative growth (Fenner & Thompson 2005). To take possible resource
allocation, but also weather, ontogenetic and other effects, into account, the length of the
longest, last year’s shoot of each shrub was measured at the same time as the seed collection.
6.2.3

Environmental variables

The air temperature was measured during the whole experiment at two-hourly intervals in the
middle of each group of shrubs (0.40 m above ground level) using Decagon Temperature
probes connected to Decagon Em50 dataloggers (Decagon Devices Inc., Pullman, WA,
USA). For each day, the minimum (Tmin) and maximum (Tmax) temperatures were calculated.
The temperature in central Sweden was used as reference for easier comparison of the
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“warming” treatments. On average, the differences in Tmin were + 2.1 °C (± 0.2 °C SE), + 5.7
°C (± 0.2 °C SE) and + 6.8 °C (± 0.2 °C SE) for Belgium at high elevation, Belgium at low
elevation and Southern France, respectively. The average Tmax differences were + 0.3 °C (±
0.2 °C SE), + 4.4 °C (± 0.2 °C SE) and + 8.4 °C (± 0.2 °C SE) for Belgium at high elevation,
Belgium at low elevation and Southern France, respectively (see Appendix D3 for more
information on monthly temperatures at the different transplant sites).
Similarly, temperatures were logged in the OTC in Belgium with Decagon Temperature
probes connected to Decagon Em50 dataloggers. The average Tmin and Tmax differences
between the plot without and the plot with experimental heating were -0.3 °C (± 0.04 °C SE)
and +2.9 °C (± 0.1 °C SE) respectively.
6.2.4

Data analysis

To analyse the effects of the warming and transplant treatments per year, generalized linear
modelling with binomial distributions was applied using the glm function in R 2.15.1 (R
Development Core Team 2012). Seed viability was binomially expressed as 0 (not viable) or
1 (viable). In the transplant experiment, site and shoot were used as fixed effect terms. The
sites, expressed as ordinal factors, were ordered by increasing temperature ((1) central
Sweden; (2) Belgium at high elevation; (3) Belgium at low elevation; (4) Southern France)
for the transplant experiment. In the warming experiment, site was replaced by the
experimental temperature treatment ((0) no warming; (1) warming).
To study the differences between the sites in the transplant experiment, Tukey's honestly
significant difference tests were performed, using the glht function of the multcomp library.

6.3 Results
6.3.1

Transplant experiment

Before transplantation, there were only minor differences in seed viability between the shrubs
that were assigned to the different sites (Table 6-1). However, already after one year, shrubs
that were growing in colder sites had a higher SP2-seed viability (Table 6-1; Fig. 6-3). It is
remarkable that only for the sites with the largest differences in temperature, the differences
were highly significant. Seeds of shrubs transplanted between sites with smaller temperature
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differences displayed no or only marginal viability differences, especially when taking into
account the differences before transplantation.
Table 6-1. The effects (parameter estimates) of the transplant site and warming treatment on viability of seed
phase 2 seeds and seed phase 3 seeds for the different years of sampling. Shoot length was included as a
covariate. For the transplant experiment, the effects of temperature were assessed by comparing seed viability
between the different sites (S: Central Sweden; BH: Belgium, high elevation; BL: Belgium, low elevation; F:
Southern France).

Site

Transplant
experiment

BH-S
BL-S
F-S
BL-BH
F-BH
F-BL

Shoot length
Warming
Warming
experiment Shoot length
* p < 0.05; ** p < 0.01; *** p < 0.001

Seed phase 2 seeds
Before
After transplantation
transplantation
2011
2012
2013
-0.43
-0.56
0.19
-1.14 *
-1.05 *
-0.89 **
-0.25
-1.52 ***
-1.64 ***
-0.71
-0.49
-1.08 ***
0.18
-0.96 *
-1.82 ***
0.90
-0.47
-0.75 ***
-0.03**
0.04
0.05*
1.67 **
-0.01

-1.3 **
0.09 **

-0.23
0.03

Seed phase 3 seeds
Before
After transplantation
transplantation
2011
2012
2013
0.29
-0.36
-0.68 *
-1.45
-0.7
-1.89 ***
-0.67
-0.88
-5.63 ***
-1.74 *
-0.34
-1.21 ***
-0.96
-0.52
-4.95 ***
0.78
-0.18
-3.74 ***
-0.04 ***
0.03
0.04*
0.58
-0.03

0.69
0.07 **

In 2013, the differences between sites were highly significant for both SP2- and SP3-seeds,
with more viable seeds at colder sites, except between the sites in central Sweden and at the
higher elevation in Belgium. There was no or only marginal covariation between the length
of the shoots and seed viability, except for both seed phases in 2011 (negatively).
Based on Appendix D3 we also found that the differences in average temperatures between
2012 and 2013 were only for Belgium high elevation higher than 1.0 °C (i.e. 7.4 vs. 6.3 °C).
However, the seed viability at that site did not changed significantly over these two years
(Fig. 6-3).

85

1.2 ***
0.06 **

Fig. 6-3. Viability of juniper phase 2 (SP2) seeds (A and C) and phase 3 (SP3) seeds (B and D) in the transplant
and warming experiments (in percentage viable seeds per shrub). Bars at the left of the dotted lines show pretreatment values. Error bars represent standard errors (S: Central Sweden; BH: Belgium, high elevation; BL:
Belgium, low elevation; F: Southern France)

6.3.2

Warming experiment

In 2011, shrubs planted in the open top chamber had a larger amount of viable SP2-seeds
than the shrubs planted in ambient air (Table 6-1; Fig. 6-3). Even though an initial higher
percentage of viable SP2 seeds in the warming plots was present before the experimental
treatments started, the SP2 viability decreased after one and two years of warming. In 2012,
the opposite was true for SP3 seeds. Shoot length had a positive influence on seed viability
for both SP2- and SP3-seed in 2012 and only for SP3-seeds in 2013.

6.4 Discussion
By applying an unusual combination of warming and transplant experiments across Europe,
we were able to experimentally assess the effects of warming on seed viability of common
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juniper. In the transplant experiment, the negative influence of increasing temperatures from
north to south was already visible after one year for the SP2-seeds. After two years, the effect
was even more pronounced. Viability of SP3-seeds was only negatively affected after two
years. During seed phase two, higher temperatures can directly induce abnormalities in the
female gametophyte (Franz & Jolliff 1989, Kozai et al. 2004) and other female structures
(Saini et al. 1983, Hedhly et al. 2003). In addition, it is hypothesized that the ovule and
female gametophyte might be important regulators of pollen tube growth (e.g. Fernando et al.
2005, Drews & Koltunow 2011). This is thus a possible pathway of an indirect effect of
temperature on seed viability. Finally, via different influences on the growth of the pollen
tube and female gametophyte, high temperatures can also have detrimental effects on the
male-female synchrony in the pre-fertilization phases (Zinn et al. 2010, Hedhly 2011).
During embryo development (SP3), higher temperatures may disrupt meristematic activity of
the megagametophyte with accumulation of resources such as lipids, starch and proteins
(Singh 1978, Owens et al. 2008) and the nutrition and growth of the embryo. However, the
effect of increasing temperatures on SP3-seeds only occurred when gametophyte
development, fertilization and early embryo development had taken place under warmer
conditions and this effect on SP3-seeds in 2013 was more pronounced than the influence of
temperature on SP2-seed viability in 2012. This strongly suggests that abortions during
embryo development can have their cause in seed phase two. For example, anomalies during
the growth of the female gametophyte can lead to a badly developed megagametophyte,
which in turn can disturb the nourishment of the developing embryo during seed phase three.
In the transplant experiment, except for SP3-seeds in 2011, we found no indications that
vegetative growth was correlated with seed viability. Assuming that shoot growth correlates
with resource allocation, this indicates that the allocation of resources to vegetative growth or
sexual reproduction is of minor importance for common juniper. Furthermore, the correlation
between shoot length and the SP3-seed viability in 2011 should be assessed with caution as
the amount of sampled seeds was very low.
The results of the OTC-experiment were less equivocal. First, there was already a significant
difference in the viability of SP2-seeds in 2011, before the experiment had started. Second,
we found a negative relationship with temperature for the viability of SP2-seeds in 2012 and
a positive relationship for SP3-seeds in 2013. Also shoot length correlated positively with
seed viability in different years. In addition, the differences in temperature were much
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smaller compared with the differences measured in the transplant experiment. An important
drawback of this method is also that other abiotic and biotic factors such as precipitation,
relative air humidity, herbivory or pollination can be affected by the enclosed design of OTCs
such that the temperature signal is confounded with changes in other environmental variables
(De Frenne et al. 2010). We are also aware that the fact that we had no replications of the
open-top chamber is a major drawback. However, there were only a limited amount of male
and female shrubs available, so a larger experimental design was not possible. Hence,
especially the results of the OTC-experiment should be assessed within this context.
In this experiment we found no indications that common juniper in Belgium demonstrates
local adaptation concerning seed viability. Shrubs that were planted in Belgium did not
perform better than shrubs that were transplanted farther away. However, this conclusion can
not automatically be generatized for the region of this experiment as we did not transplant
shrubs from e.g. Sweden or France.
The average seed viability in this experiment was much higher compared to seed viability of
juniper recorded across Europe (e.g. SP3 seed viability of < 3 % in Chapter 3, compared to an
average of 60 % in this experiment). The reasons for this higher seed viability are not
completely clear. It is possible that younger and more vital shrubs have a higher chance of
producing viable seeds. The age of the cuttings at the start of our experiment was about three
years. In addition, during those three years, the shrubs grew in optimal conditions, in nutrient
rich standard potting soil for woody species. Common juniper typically occurs on nutrient
poor soils (both acidic and calcareous) and relatively harsh environments such as in
heathlands and alpine ecosystems (García et al. 2000, Thomas et al. 2007, Ward 2007). Yet,
fertilization experiments had no influence on the survival and growth of juniper plants
(Thomas et al. 2007). However, shortage of soil phosphor, calcium and magnesium can have
negative influence on the seed viability (Chapter 5). Hence, it is still possible that common
juniper prefers richer soils but is outcompeted by other species on these sites (Pearman et al.
2008).
The results of this research deliver strong indications that increasing temperatures decrease
the seed viability of common juniper, particularly by disrupting the growth of the pollen tube
and female gametophyte, and fertilization. Since the negative effects of increasing
temperature on embryo development (SP3) only occur when the growth of the male and
female gametophytes, fertilization and early embryo development (SP2) took place in warmer
88

conditions, this enhances the hypothesis that the processes during seed phase two are most
vulnerable for increased temperatures. However, the relatively high seed viability that was
measured in this experiment compared to evidence of low seed viability in the European
lowlands (Chapter 4) shows that, besides temperature, also other factors such as soil
conditions and shrub age can influence seed viability. Hence, as climate warming seems
inevitable in the coming decades, more research on how seed viability and regeneration of
common juniper can be increased is needed to preserve this threatened species. Nevertheless,
the findings of this study can help to soundly inform policy and management decisions
regarding the conservation of juniper communities. For instance, management of common
juniper could be focussed on populations with colder microclimates (for example north facing
slopes (Scherrer & Körner 2010) and the vicinity of small rivers (Fridley 2009)) or on
populations that grow on richer soils. Also increasing the number of young individuals in a
population with shrubs originating from cuttings can give 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 Schrijver A, Huiskes HPJ, de Waal RW,
Vangansbeke P,Verheyen K. Effects of management actions on the recruitment of threatened
common juniper populations (Juniperus communis). Submitted to Plant Ecology and
Evolution.

Abstract
Common juniper is one of the most wide spread plant species. However, the last decades juniper populations are
decreasing in size and number in different regions. Lack of recruitment, caused by extreme low seed viability
and the absence of suitable microsites for recruitment, is the key reason for this decline.
For successful germination, the seeds need gaps in the existing vegetation and a soil with a relatively high base
saturation degree. Sod cutting, rotavation and liming are three management actions in heathlands that have
potential to achieve these conditions. However, their actual effects on seed germination and seedling survival of
common juniper are still not known. Here we installed in four different sites in Belgium and the Netherlands a
sowing experiment to assess how these management actions (alone or in various combinations) influence soil
characteristics and recruitment of common juniper. We also determined the preferred soil conditions for
improved seed germination and seedling survival of common juniper.
Our results corroborate that bare ground is preferable for germination of common juniper. Secondly, low silt and
lutum portions in the soil and low soil organic matter content (two soil characteristics that can be linked with
drought stress) seemed to have a negative impact. Actions that lower those characteristics, as deep sod cutting,
should be avoided at drought-stressed locations. When both restrictions are met, the soil pH is an important
characteristic to determine whether liming is a possibility or not, although this measure should be taken with
caution on nutrient poor soils.

7.1 Introduction
Together with European yew (Taxus baccata) and Scots pine (Pinus sylvestris), common
juniper is the only native coniferous tree species in Belgium and the Netherlands. In these
regions, the species mainly occurs on nutrient poor, acid, sandy soils, typical for heaths and
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drift sands. Due to land-use changes related to afforestation, agriculture and urbanisation, the
area of heathland and drift sands has largely declined in the 20th century (Webb 2002,
Piessens et al. 2004, Piessens et al. 2005). In addition, increased atmospheric deposition of
nitrogen and sulphur caused soil acidification in the remaining heathlands and disturbed the
nutrient balance (Bobbink et al. 1998). Despite the efforts during the latest decades for
stopping habitat destruction and degradation, the decline of common juniper is still on-going
in these regions, mainly because of a lack of recruitment (e.g. Verheyen et al. 2009).
Verheyen et al. (2009) revealed a triangular relationship between the fraction of recently
recruited individuals and the percentage viable seeds in a population. This means that if seed
viability is low, recruitment is negligible, while in case of a high percentage of viable seeds
other factors such as herbivory, summer drought and the absence of suitable microsites for
germination are responsible for the differences in recruitment between populations. Thus, not
only low seed viability causes the lack of recruitment (Ward, 1973, Fitter & Jennings 1975,
Gilbert 1980, Ward 1982, García 2001).
For successful recruitment, the seeds need gaps in the existing vegetation and soil with a

relatively high base saturation degree. In addition, seeds should be covered by a thin layer of
soil, kept relatively moist and germinate in open habitats, free of shade-casting vegetation
(McVean 1966, Livingston 1972, Ward 1973, Fitter & Jennings 1975, Clifton et al. 1997,
Hommel 2009). Although grazing by e.g. sheep and cattle can help to achieve these
conditions (e.g. Fitter & Jennings 1975, Hommel 2009), this management also risks
eliminating new seedlings and damaging the mature shrubs by grazing (Ward 1973, Clifton et
al. 1997). Taking this risk into account and the already threatened status of the remaining J.
communis populations in Belgium and the Netherlands, there is a need for other soil
treatments to obtain suitable microsites for germination.
Removal of organic material by sod cutting such that gaps are created and competition of
other plants reduced is an often used management technique to maintain oligotrophic systems
such as heathlands (Aerts & Heil 1993). However, due to the on-going acidification of
heathlands in Belgium and the Netherlands, the soil pH is shifting towards the aluminium and
iron buffer range resulting in elevated soil Al3+ availability (pH < 4.5; Bowman et al. 2008).
High soil Al3+ concentrations can be toxic for plants and prevent germination of seeds (Ulrich
& Sumner 1991; van den Berg et al. 2003). The toxicity of Al3+ can be reduced if the Al3+ is
complexed with organic compounds (Ulrich & Sumner 1991). However, through sod cutting,
the organic matter concentration in the soil and the reduction potential of Al3+ may decrease.
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Additional liming to move the soil in the cation exchange buffer range (8 > pH(H2O) > 4.5;
Bowman et al. 2008) can therefore be useful (van den Berg et al. 2003, Dorland et al. 2004).
Finally, rotavation, i.e. mechanically breaking up the soil, can also create bare ground. As a
pronounced pH gradient exists in sandy heathland soils (De Bakker 1979), rotavation can also
increase soil pH due to mixture with lower, less acid soil. However, this management can
negatively influence other species as their seed bank can get buried too deep.
Although the above mentioned management actions have potential for ameliorating the
conditions for germination and seedling survival of common juniper, the actual effects and
their mechanisms are still not known.
Here we experimentally assess how management actions in heathlands including sod cutting,
rotavation, and liming (alone or in various combinations) influence soil characteristics and
determined the preferred soil conditions for improved common juniper seed germination and
seedling survival. Finally, we studied the direct effects 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 of different soil treatments on the
recruitment of common juniper were conducted in Belgium and the Netherlands.
In Belgium, the experiment was installed during the winter of 2008-2009, two months before
sowing. We installed 24 1 × 1 m² experimental plots at two different sites in the Campine
region (Mechelse Heide (N51.0°, E5.6°, 95 m.a.s.l.) and Ten Haagdoorn Heide (N51.0°,
E5.4°, 72 m.a.s.l.)). The plots were installed in 4 × 6 rows. Treatments 3 to 6 (see further)
were randomly mixed in the first four rows. The two other treatments (without sod cutting;
see further) were in the last two rows. There was a distance of 0.5 m between each plot
(except between row four and five, where the distance was 1.0 m). Both sites are dry
heathlands on a poor, loamy (11.3 % loam at Mechelse Heide and 9.0 % at Ten Haagdoorn
Heide) sandy soil dominated by Calluna vulgaris shrubs of approximately 0.5 m high. At
each site six treatments were applied (4 replicates per treatment and per site): (1) control (no
treatment (C)); (2) fencing (F); (3) fencing + deep sod cutting (F+S); (4) fencing + deep sod
cutting + lime addition (F+S+L); (5) fencing + deep sod cutting + rotavation (F+S+R); (6)
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fencing + deep sod cutting + lime addition + rotavation (F+S+R+L). Fencing (1.5 m high,
0.05 m mesh width, and until 0.2 m depth in the soil) excluded small (e.g. rabbits) and large
(e.g. roe deer) mammalian herbivores. In the sod cutting treatment, we removed the organic
layer while in the ‘rotavation’ treatment, the soil was turned over and mixed until a depth of
0.3 m. In the lime addition treatment, 2000 kg ha-1 dolomitic lime (48 % CaO + MgO; 33 %
CaO; 15 % MgO; max. 6 mm granules) was added to the plots.
We used seeds of four different provenances to also determine the effects of seed origin and
seed viability. We sampled seeds in Belgium (As (N51.0°, E5.6°)), but also in populations
from regions in Europe where seed viability is still relatively high (Ekulunde (N56.6°,
E16.6°) in Sweden, Kleszczele (N52.6°, E23.3°) in Poland, Rossdach (N50.0°, E11.1°) in
Germany) (see Chapter 3 for more information on these juniper populations). During
November and December of 2008, ripe cones were sampled in each of the populations on 10
to 15 randomly selected, cone bearing shrubs. During the winter of 2008-2009, the cones
were stored outdoors, shaded and dry in open plastic pots. Every plot was divided into four
subplots of 0.4 × 0.4 m². In early February we sowed the cones in these subplots (25, 20, 30
and 30 seeds per subplot for the Ekulunde, Kleszczele, Rossdach and As populations,
respectively) and, where sod cutting was applied, covered them with a thin layer of soil. We
also avoided a buffer zone of 0.1 m around each subplot to exclude edge effects. Germination
(i.e. if the first needles were visible) and survival of the seedlings (i.e. the needles remain
green) was recorded in autumn of 2009, spring and autumn of 2010 and summer and autumn
of 2011. For each population, the average amount of seeds per cone and the percentage of
potentially viable seeds was determined by opening a subset of 50 cones per population,
counting the seeds in the cones and cutting the seeds. If the embryo and megagametophyte
were white and smooth, the seeds were considered as potentially viable (see Chapter 3 for a
detailed account of the methods). Seed viability determination happened in winter of 2008.
Second, in the Netherlands, the experiment was also installed on two locations: Mantinge
(N52.8°, E6.6°, 50 m.a.s.l.) and Markelo (N52.3°, E6.5°, 50 m.a.s.l.). The soil of the first site
developed in drift sand and has a very low loam content (1 %). The second location has a soil
that developed in cover sand with a loam content of ca. 7 %). Each experimental site existed
of 28 plots of 1.5 × 1.5 m² of which the central part (1 × 1 m²) was used to sow the seeds and
the exterior for the soil sampling. Seven different treatments were applied to the plots: (1)
fencing (F)); (2) fencing + shallow sod cutting (F+S1); (3) fencing + deep sod cutting
(F+S2); (4) fencing + deep sod cutting + litter addition (F+S2+Li); (5) fencing + deep sod
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cutting + rotavation (F+S2+R); (6) no fence + deep sod cutting + lime addition (S2+L); (7)
fencing + deep sod cutting + lime addition (F+S2+L). In the shallow sod cutting treatment,
the sod was removed until a depth of c. 2 cm, while in the deep sod cutting treatment the sod
and part of the mineral soil rich in organic matter until a depth of c. 5 cm was taken away. In
plots with litter addition, a layer of 5 cm thick common juniper litter was spread over the plot.
Similar to the Belgian experiment, rotavation turned over and mixed the soil until a depth of
0.3 m. Liming was performed by spreading 2000 kg ha-1 dolomitic lime (84 % CaCO3; 10 %
MgCO3). The fencing again excluded herbivores such as rabbits and roe deer (same type of
fences as in Belgium). The plots were divided in two equally-sized subplots. In the first
subplot, c. 1000 cones per subplot were sown between February and March 2008. The cones
were sampled in the autumn and winter of 2006-2007 in three areas in the Netherlands
(Dwingelderveld (N 52.8 °, E6.4°), Mantinge (N52.8°, E6.6°) and Junner Koeland (N52.5°,
E6.5°)). The average amount of seeds per cone and the percentage viable seeds were
estimated using the data of the Dutch populations sampled Chapter 3. In the second half of
the subplots, c. 800 cones per subplot were sown in March 2009. These cones were sampled
in November 2008 in a common juniper population, Buinen (N52.9°, E6.8°) in the
Netherlands, which still exhibits high levels of recruitment (up to 70 seedlings/m²). Similarly
to the Belgian experiment, a subsample of 50 cones was used to calculate the average amount
of seeds per cone and the viability. However, this subsample was only studied after the
sowing event.
During both sowing events the cones were placed in four rows and covered with c. 0.5 cm
sand, except in the reference plots (F), where the cones were sown randomly and not covered.
Germination and survival of the seedlings was recorded in the spring, summer and autumn of
2008 and 2009, in the summer and autumn of 2010 and in the autumn of 2011.
The movement of the cones, caused by the wind and rain, made it hard to determine with
certainty whether a seedling was originating from seeds of the first or the second sowing
event. Therefore we analysed germination and seedling survival of the two subplots together
and used the average of both sowing events for the amount 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 soil samples (0-10 cm) were collected during
winter 2011-2012, pooled per plot, dried at 40 °C for 48 h, and sieved through a 1 mm mesh.
In the plots where there was no sod cutting, the humus layer was removed before soil samples
were taken. The soil pH-KCl of each sample was analysed using a glass electrode (Orion,
Orion Europe, Cambridge, England, model 920A) after extracting 14 mL soil in a 70 mL KCl
(1 M) solution. The percentage of silt + lutum (lutum is the part of the soil consisting of
particles ≤ 2 µm) in the soil was estimated using procedures of the Dutch Soil Survey
Institute (Conform Soil Survey Staff (1975)). Soil organic matter was estimated by loss on
ignition (four hours at increasing temperature until 450 °C) as soil organic matter = 100 - %
of ashes residue. Total phosphorus (P) was colourimetrically analysed following the method
of Scheel (1936).
NH4+-acetate- EDTA extractable K+, Mg2+, Ca2+ and Al3+ concentrations were analysed by
atomic absorption spectrophotometry (AA220, Agilent Technologies Belgium, Diegem,
Belgium) after shaking 10 g of dry soil in 50 mL NH4+-acetate-EDTA solution (192.5 g
NH4+-acetate, 50 mL acetic acid, and 29.225 g EDTA, diluted to 2 L) for 30 min.
In the Netherlands, in each plot the humus layer was described and four soil samples (0-10
cm) were collected, pooled, air dried and sieved through a 0.5 mm mesh. If present, the litter
layer was removed before sampling. Moisture was determined after drying the sieved
samples at 105 °C for 4 h. The weight of the air dried soil was corrected for its moisture
content. We determined pH-KCl and the percentage of silt + lutum in the soil similarly as for
the sites in Belgium. Soil organic matter was estimated by loss on ignition (at 380 °C) as soil
organic matter = 100 - % of ashes residue Total phosphorus (P) was analysed using a
Kjeldahl-destruction). Exchangeable Ca2+, Mg2+, K+ and Na+ was analysed by atomic
absorption spectrophotometry after a Bascomb extraction at pH = 8.1 (Bascomb 1964).
7.2.3

Data analysis

To calculate the effects of the different treatments on the soil characteristics, the Belgian and
Dutch data were analysed separately. For both experiments, linear mixed-effects models with
the lmer function of the lme4 library in R 2.15.1 (R Development Core Team 2012) were
applied and site of the experiment was added as random-effect. To fulfil normality and
homoscedasticity assumptions, logarithmic transformations were performed on soil organic
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matter, silt + lutum-content, pH, P, Mg2+, Ca2+ and Al3+ for the Belgian experiment and on
soil organic matter, silt + lutum-content, Mg2+ and Ca2+ for the Dutch experiment.
To analyse the influence of three soil characteristics (soil organic matter (OM), silt + lutum
content and pH), fencing and rotavation on germination and mortality of juniper seedlings,
linear mixed-effects models with the glm function (if no random effect factor was added) on
the one hand, and lmer function of the lme4 library on the other hand, in R 2.15.1 (R
Development Core Team 2012) were applied. First, the proportion of potentially viable seeds
that germinated at the end of 2011 and the proportion of seedlings that survived by the end of
2011 were calculated per plot. OM, silt + lutum content, pH, rotavation and fencing were
included as fixed effect factors. To control whether the effects of OM, silt + lutum content
and pH were due to differences between or within locations and due to physical differences
caused by deep sod cutting, four different models were run: (1) without random effect
factors; (2) with site of the experiment as random effect factor; (3) with deep sod cutting as
random effect factor, and (4) with site of the experiment and deep sod cutting as random
effect factor. The models were compared by calculating the Akaike’s Information Criterion
(AIC) for each model (Hurvich & Tsai, 1989): models with the lowest AIC were retained
since these have the best fit. Due to different measuring methods in the two experiments,
other soil characteristics could not be included in this analysis.

In the final step, the Belgian and Dutch data were again analysed separately. We calculated
the proportion of seeds that germinated at the end of 2011 per plot for the Dutch data and per
subplot for the Belgian data.
The effects of the soil treatments on the portion of germinated seeds were analysed with
linear mixed-effect models, using the lme-function. Site of the experiment and origin of the
sown seeds were added to the models as random-effects for the Belgian experiment and only
site of the experiment for the Dutch experiment. To meet normality and homoscedasticity
assumptions, germination proportion was first arcsine square-root-transformed. The same
method was used for mortality, where we calculated the proportion of seedlings that died at
the end of 2011.
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7.3 Results
7.3.1

Germination rates vs. origin

We counted only 176 seedlings for ca. 260,491 sown seeds across both countries. Thus,
average germination rates were very low, especially for seeds that originated from Belgium
and the Netherlands (Table 7-1). The Belgian seeds displayed extremely low seed viability.
The Rossdach population (Germany) delivered the most viable seeds. Absolute germination
rates differed with a factor of ca. 50, while germination rates of the viable seeds were less
different between the origins (a factor of ca. 17). In the latter case, germination rates in the
Dutch experiments were still very low.

Table 7-1. Information on the number of sown seeds, their viability and the percentage of germinated seeds per
origin.

Number of
sown seeds

Percentage
viable
seeds

Number
of
seedlings
across
all plots

Percentage
seeds
germinated

Percentage
viable seeds
germinated

2.91

3492

3.87

7

0.20

5.18

960

2.57

2467.2

4.32

18

0.73

16.89

Rossdach (Germany)

1440

2.62

3772.8

26.62

66

1.75

6.57

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

1.00

Origin

Number
of
cones
sown

Average
seeds/cone

Ekulunde (Sweden)

1200

Kleszczele (Poland)

7.3.2

Soil characteristics vs. treatment

In Belgium, the effects of liming (treatments F+S+L and F+S+R+L) on the soil are very clear
for pH and the concentrations of Mg2+, Ca2+ and Al3+ (Fig. 7-1 G, H, K, L). In both
treatments pH, Mg2+-concentration and Ca2+-concentration were significantly higher than in
the control plots and Al3+-concentrations were significantly lower (Table 7-2). Total Pcontent was in all treatments were sod cutting took place significantly lower (Table 7-2).
The Dutch experiment showed significant increases of pH in all treatments (Table 7-2) except
in the plots where only shallow sod cutting (F+S1) took place. Soil organic matter strongly
decreased in treatments with deep sod cutting and also in the treatment with deep sod cutting
and litter additions. Mg2+- and Ca2+-concentrations were significantly lower in plots with
treatment F+S2+R and with treatment F+S2 and higher in the 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 treatments compared to the control. The direction of the arrows indicates a higher (↑) or lower (↓) value in the treatment than in the
control. The number of arrows reflect the significance of the statistical test.
Country
Belgium

Treatment

Soil variables
Log(pH) Log(P) Log(Mg2+)
Log(Ca2+) Log(Al3+)
Log(silt + lutum)
Log(OM)
n.s.
F
n.s.
n.s.
n.s.
n.s.
↑↑
n.s.
n.s.
F+S
↓
n.s.
↓↓↓
n.s.
n.s.
n.s.
↑↑↑
F+S+L
↓
n.s.
↓↓
↑↑↑
↑↑↑
↓↓↓
n.s.
F+S+R
↓
n.s.
↓↓↓
n.s.
n.s.
n.s.
↑↑↑
F+S+R+L
n.s.
n.s.
↓↓
↑↑↑
↑↑↑
↓↓↓
pH
Log(silt + lutum)
Log(P) Log(Mg2+)
Log(Ca2+)
the Netherlands
Log(OM)
n.s.
F+S1
n.s.
n.s.
n.s.
n.s.
n.s.
↑↑↑
F+S2
↓↓↓
↓↓
↓
↓↓↓
↓↓↓
↑↑↑
F+S2+Li
↓↓↓
n.s.
↓↓
n.s.
n.s.
↑↑↑
F+S2+R
n.s.
n.s.
n.s.
↓
↓
↑↑↑
S2+L
↓↓↓
↓↓
↓↓
↑↑
↑
↑↑↑
F+S2+L
↓↓↓
↓
↓
n.s.
n.s.
n.s.: not significant, ↓ or ↑: p < 0.05, ↓↓ or ↑↑: p < 0.01, ↓↓↓ or ↑↑↑: p < 0.001, F: fencing; S: deep sod cutting in Belgium; S1: shallow sod cutting; S2: deep sod cutting in the
Netherlands; L: liming; R: rotavation; Li: addition of 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 significant positive influence on the
germination in all models except when only site was used as a random-effect factor (Table
7-3). This suggests that the effect is partly due to overall differences in soil organic matter
between the different sites (Fig. 7-1 C, D, O, P). However, there is still a significant effect
within the sites and within plots with or without deep sod cutting. The silt + lutum content
only had a significantly positive effect if site was not used as a random effect factor (Table
7-3), thus it is mostly caused by the different overall silt + lutum contents of the four sites
(Fig. 7-1 E, F, Q, R). There is a significant positive relationship between pH and germination
for all models except if site + deep sod cutting are random effect factors (Table 7-3).
The positive pH effect persisted, even if site or deep sod cutting was used as random effect
factor. Hence, subtle differences in pH between plots in the same location or in the same level
of sod cutting, can have an influence on germination.

Table 7-3. The effects (estimates) of soil organic matter, silt + lutum content, pH, rotavation and fencing on the
germination success and mortality calculated by using four models: (1) without random effect factors; (2) with
site as random effect factor; (3) with deep sod cutting as random effect factor, and (4) with site and deep sod
cutting as random effect factor.

Germination
success

Mortality

Soil organic matter
Silt + lutum content
pH
Rotavation
Fence
Soil organic matter
Silt + lutum content
pH
Rotavation
Fence

No random
effect
factor
0.26***
0.27***
0.97***
n.s.
0.94***
n.s.
n.s.
n.s.
n.s.
n.s.

Site

Deep sod
cutting

Site + deep sod
cutting

n.s.
n.s.
0.65***
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

0.32***
0.28***
0.56**
n.s.
0.86***
n.s.
n.s.
n.s.
n.s.
n.s.

0.31**
n.s.
n.s.
n.s.
0.69*
n.s.
n.s.
n.s.
n.s.
n.s.

**: p < 0.01
***: p < 0.001

The model with site + deep sod cutting as random effect had the lowest AIC (234 vs. 493 for
the model without random effects, 294 for the model with location as random effect and 336
for the model with deep sod cutting as random effect). In this model, only the amount of soil
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organic matter has a significant positive influence on germination (Table 7-3). Based on the
data, fencing had a positive effect on germination. However, it is more likely that some
seedlings that germinated outsite the fence were immediately consumed by herbivores before
they could be counted. Hence, this is probably an artefact that explaines more about mortality
than about germination.
None of the variables had a significant effect on mortality.

102

Fig. 7-1. The average proportion of germinated seeds and dead seedlings per treatment and per site and for the
different soil variables. Error bars indicate variability. The proportion germinated seeds and died seedlings was
calculated by dividing the number of seedlings and died seedling by the number of viable seeds (note the
different Y-axis scales in (A), (B), (M) and (N)). (F: fencing; S: deep sod cutting in Belgium; S1: shallow sod
cutting; S2: deep sod cutting in the Netherlands; L: liming; R: rotavation; Li: addition of common juniper 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 germinated where no sod cutting took place (Fig. 7-1 A, B,
M, N). A second remarkable fact is the extreme low germination rates in Mantinge, which is
likely due to the low loam percentage in that area (ca. 1%) in comparison with the other sites
(7% – 15.7%).

Table 7-4. Germination and mortality rates in the different experimental treatments, compared to the control
plots. Because no seeds germinated in the control treatments in the Netherlands, F+S1 was used as control
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 sod cutting in Belgium; S1: shallow sod cutting; S2: deep sod cutting in
the Netherlands; L: liming; R: rotavation; Li: addition of litter.

In Belgium, treatment fencing + sod cutting + liming (F+S+L) was most successful, and it
was the only treatment that resulted in significantly more seedlings than the control (Table
7-4). However, the significance level is rather low. This trend is less visible in Fig. 7-1.
However, this is partly caused by the fact that the data in the figure were split up for the two
sites. In the Dutch experiment, no seeds germinated in the control (fenced) plots (F) and two
treatments (F+ S2+R and F+S2+L) were most successful (Table 7-4). Two other treatments
(F+S2 and S2+L) were also significant better than the control treatment (Table 7-4). Despite
the differences in significance in the Dutch experiment, comparisons between these four
treatments showed no differences in success (results not shown).
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Mortality occurred in all treatments except for F+S1 in the Netherlands (Fig. 7-1 M, N).
However, only the non-fenced plots in the Dutch experiment had significant higher mortality
rates than the control plots (Table 7-4). In Fig. 7-1 A, B, M and N, this effect is less visible,
but when comparing the length of the black bars with the length of the grey bars, it is clear
that only for this treatment, more than half of the seedlings died.

7.4 Discussion
The main goal of our research was to assess the effects of heathland management on
germination and seedling establishment of common juniper. Second, we aimed to explain
recruitment patterns by changing soil conditions under the different management practices.
Deep sod cutting in combination with liming or rotavation were most successful to improve
recruitment in common juniper. This effect can mainly be explained by the creation of bare
soil. Effects of pH and the amelioration of the base saturation degree however, seemed to be
more induced by the different soil conditions between the sites than by liming. In addition,
low silt + lutum or OM concentrations (which possibly can be linked with drought stress)
were revealed as an important factor for germination. We first discuss the differences in seed
viability and germination success between the origins of the seeds and between the
experimental sites. Second, we explain the different germination rates depending on the
treatments and the soil conditions. Finally, the present and coming challenges for common
juniper and several practical advises concerning the creation of suitable conditions for juniper
recruitment in heathlands are summarized.
Seed viability of common juniper in Belgium and the Netherlands is extremely low. It is
unsurprising that seeds that originated from populations with relatively high percentages of
viable seeds (e.g. Rossdach) had the best absolute germination success. This is in accordance
with the findings of Verheyen et al. (2009) who revealed a triangular relationship between
seed viability and the percentage recruitment in a population. However, germination rates
were still very low (max 1.75 %), regardless of the origin and percentage of viable seeds,
which suggests additional causes for failing germination. In the Dutch experiment,
germination rates were exceptionally low (0.03 %). The sites and soil treatments were more
or less comparable between the two experiments, thus probably other variables such as
drought stress and predation were responsible for these differences. Due to these low
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germinantion rates, the results should be interpreted with caution. However, there are still
some trends visible that can be useful for management.
Our results corroborate previous conclusions (e.g. Ward 1973, Clifton et al. 1997, Hommel et
al. 2009) on the need for bare soil for germination of common juniper seeds. Little or no
seeds germinated on the plots without sod cutting, except in the Mechelse Heide in Belgium,
where the organic layer was rather thin. This result is further corroborated by the plots where
litter of common juniper was scattered: only on places where the litter was already
decomposed, seedlings could establish.
Secondly, an extreme low silt + lutum portion in the soil and low soil organic matter content
seems to have a negative impact on the germination: especially the remaining organic matter
in the soil after deep sod cutting must be sufficiently high. This is highlighted by the
germination rates and silt + lutum and organic matter contents of the soil in the Mantinge vs.
other sites (Fig. 7-1). Moreover, the most successful treatment that included sod cutting in
Mantinge, led to relative high soil organic matter and silt + lutum contents (Fig. 7-1 M, O,
Q). These findings make it plausible that drought stress is the second most important factor in
the failing germination of common juniper seeds, as both soil organic matter (Stevenson &
Cole 1999) and silt + lutum (Fitter & Hay 2002) content are responsible for elevated water
availability in the soil. In addition, this can also lead to a cooler microclimate. Average silt +
lutum concentrations were at least 2.6 % higher in the Belgian sites than in the most
successful Dutch site (Markelo). As the nutrient concentrations and pH of the soils were
comparable (Fig. 7-1 G, H, T and K, L, X), it is likely that the large differences in
germination rates can possibly be explained by lower water availability or a warmer
microclimate (in Markelo) and, to a lesser extent, in Mantinge, caused by a lower silt + lutum
and/or soil organic matter content.
Although the bare soil and silt + lutum and OM concentrations seem to be two key factors in
the germination process, there is still variation in germination success between comparable
plots related to these factors. For example, although sod cutting is effective for the creation of
bare ground and the removal of excessive nutrients and competing vegetation (e.g. Niemeyer
et al. 2007), this is not always sufficient to result in significantly higher germination rates
(e.g. the Belgian experiment). A combination with management that increases the soil pH
seems often necessary. The on-going soil acidification of heathlands, a natural process on
sandy soils that is accelerated due to the litter of heath vegetation and due to atmospheric
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deposition of mainly nitrogen and, today to a lesser extent, sulphur (Roelofs 1986, Aerts et al.
1991, Uren et al. 1997), is associated with a decrease of exchangeable base cations and the
increase of exchangeable soil Al3+ concentrations (Bownman et al. 2008). Also in our study
area, pH-KCl-values of soils in the control plots were lower than 3.6 (i.e. a pH-H2O of 4.4
after conversion sensu Azedevo et al. (2013)) and situated within the aluminium and iron
buffer range (pH-H2O < 4.5; Bowman et al. 2008). Thus, there is a risk of negative toxic
effects of Al3+, for example on plant roots, with typical symptoms as root length reduction, a
dying off of the root tip meristem and a reduction of the Ca2+- and Mg2+-uptake (Runge &
Rode 1991). Sod cutting up to the mineral soil can increase the pH due to the removal of the
acidic top layer (Van Den Berg et al. 2003). This was most pronounced in the deep sod cut
treatment in the Netherlands. However, pH values remained rather low, and, in Belgium,
when not limed, pH values hardly reached the cation exchange buffer range (max soil pHH2O of 4.7). In addition, at low pH values, sod cutting can have a negative impact on
germination as the removal of organic compounds reduces the capacity of complexing the
toxic aluminium (Van den Berg et al. 2003) and acidification accelerates.
Former studies therefore proposed additional liming after sod cutting to increase soil pH and
base saturation (De Graaf et al. 1998, Van den Berg et al. 2003). In our study, liming had a
strong positive effect on the pH. In Belgium, liming was necessary to lead to significantly
better germination rates than in the control plots. However, in the Netherlands, there was no
difference in germination success between the two other successful treatments without liming
(F+S2 and F+S2+R; results not shown). It is possible that the subtle higher pH after deep sod
cutting in the Netherlands compared to the Belgian experiment can explain this effect. This
means that in the Belgian experiment, extra liming is needed to sufficiently raise the pH.
Surprisingly, rotavation in Belgium seemed to neutralize the influence of liming. Increase of
pH and cation-concentrations were accompanied by a strong decrease of Al3+-concentrations
in Belgium. These findings support the assumption of Al3+ toxicity inhibiting germination
and seedling establishment of common juniper. The treatment with both deep sod cutting and
rotavation in the Netherlands (F+S2+R) led to a strong pH increase. Probably this effect was
generated by the combination of the removal of the acid top layer and the mixture with less
acidic subsoil. A positive consequence is that the soil organic matter and silt + lutum content
did not significantly decrease, probably due to mixture with organic matter from the deeper
soil. Both soil organic matter and silt + lutum are important as they improve the buffering
capacity of the soil. In other successful treatments, silt + lutum and/or soil organic matter
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content are lowered. Thus, it is possible that the positive effects of liming and deep sod
cutting are not sustainable due to a lower capacity of the soil to retain a large amount of
cations. In addition, if too much liming causes a high increase of the soil pH, it can reduce the
soluble phosphorus by forming insoluble Ca phosphates (White & Taylor 1977, Stevenson &
Cole 1999). This in turn can negatively affect the seedling survival. Liming had no significant
effects on seedling survival. However, the mortality could be relatively high in limed plots,
especially in the Netherlands (Fig. 7-1). Therefore, this treatment should not be applied illconsidered. Although rotavation seems a good option to create suitable germination
conditions, this management action should be done with caution as the roots of adult, extant
common juniper shrubs can be damaged when they are approached too near (Verheyen et al.
2005).
The treatments had no significant effect on the survival of the seedlings except for the plots
outside the fence in the Dutch experiment. In the Belgian experiment, the plots outside the
fence were covered with other vegetetation (no sod cutting). Hence, the germinated seeds
were less visible to herbivores such as deer or rabbits. In the Netherlands, seedlings outside
the fence had no cover and, thus, were an easy meal. Grazing sheep, cattle, deer or rabbits can
lower seedling survival and successful recruitment of common juniper (Ward 1973, Clifton et
al. 1997). For example, collapses of rabbit populations by myxomatosis marked periods of
expansion of many common juniper populations in the UK (Ward 1973). Thus, fencing can
support the survival of juniper seedlings, especially when they germinate after a sod cutting
treatment.
7.4.1

Conclusions

Our results reveal a complex relationship between recruitment success, soil conditions and
management. The most important prerequisite seems to be that seeds have contact with the
mineral soil to allow germination. A second important factor is probably water availability or
a cool microclimate. Soils with low percentages in organic matter and/or silt + lutum are less
suitable for germination. Actions that lower those percentages, as deep sod cutting, should be
avoided at drought-stressed locations. When both restrictions are met, the soil pH of the top
soil is an important characteristic to determine whether liming is a possibility or not, although
this measure should be taken with caution on nutrient poor soils.
Our study highlights the precarious condition of common juniper in the northwestern
European lowlands. In this region, the species suffers from an extremely low seed viability,
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which can be explained by the negative influence of increasing temperatures and nitrogen
deposition (Verheyen et al. 2009, Chapter 4). These negative effects on seed viability are
enhanced by the eutrophying and acidifying effects of atmospheric deposition on heathlands
(Krupa 2003), deteriorating germination conditions. However, despite low seed viability,
seedlings of local origins were found in our experiments. Therefore it is still useful to create
optimal germination conditions on places where higher seed input can be expected: near the
mother shrub (although conditions there are less favourable due to direct competition) and
under or near possible roosting places for birds that tend to disperse juniper seeds (mainly
trushes (Turdus spp.); Bergman 1963, Livingston 1972, Breek 1978, García 2001) such as
large stones, solitary trees or forest edges (Livingston 1972, García 2001, Hommel 2009).
Additional fencing will probably improve survival chances for the seedlings. Nevertheless, a
significant higher input of viable seeds is necessary to lead to sustainable populations: with
the spectacularly limited number of seedlings in our experiment (176 seedlings emerged from
ca. 260,491 seeds sown), one average mother tree would hardly produce one seedling per
year.
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8 General discussion and conclusion
The last decades, the size and number of common juniper populations are declining in several
parts of Europe. Lack of recruitment due to a failing sexual reproduction is an important
reason for this decline.
Here we assessed the effects of several global-change drivers on crucial phases of the sexual
reproductive phase using both observational and experimental approaches. First, we
determined which of three seed developmental phases were most crucial (Chapter 3). Then
we studied how different global-change drivers were correlated with seed viability during the
two important phases (Chapters 4-6). Finally, in Chapter 7, since low seed viability is not the
only reason for the lack of recruitment, we determined the optimal soil conditions for seed
germination and seedling survival. In this closing chapter, we first briefly summarise our
findings and discuss management implications, using Flanders (northern Belgium) as a case
study. We end with some recommendations for further research.

8.1 Sexual reproduction in common juniper
8.1.1

Crucial seed phases

We focussed on three crucial seed phases during the sexual reproductive cycle of common
juniper: (seed phase 1, SP1) the early gametophyte development and pollination; (seed phase
2, SP2) further development of the gametophytes, fertilization and early embryo
development; (seed phase 3, SP3) late embryo development. In general, we found a
progressive and drastic reduction of seed viability over the three seed phases (on average, 59,
23 and 9 % viable seeds after SP1, SP2 and SP3 respectively). There are multiple reasons
possible for this decline: the lack of pollination (Owens 1995) and frost damage (Owens
2006) (SP1), disturbed growth of the pollen tube and/or female gametophyte (Owens et al.
2001, Fernando et al. 2005) which, in addition, can result in a disturbed male-female
synchrony within the developing seed (Herrero 2003) (SP2), disturbed development of the
megagametophyte and embryo (SP3). Although we found anomalies after SP1 (i.e. lack of
pollination or a shrivelled ovule), they could not explain the presence or absence of
recruitment in the different populations. We also didn’t find indications that pollen viability
could be a problem (Box 1). Therefore, this seed phase was not further studied. Only after
SP3, we found significant differences in seed viability between populations with and
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populations without recruitment (Chapter 3). Hence, this made us conclude that late embryo
development is the most crucial phase during seed development. However, anomalies during
SP2 can have a delayed effect on embryo development (Owens 1995, Owens & Morris
1998). Therefore, both seed phases were retained for further research. In addition, a complex
relationship between the ripening time of the seeds of common juniper and the seed viability
appears to exist. Most seeds ripening in three years already have low viability shortly after
fertilization, whereas the viability of seeds ripening in two years decreased mostly during
embryo development. Shorter ripening times allow for less time for external environmental
factors to interact with the seed and negatively affect seed viability. This can explain why
seed viability of SP2 seeds that ripen in less than three years is relatively high. However, due
to a faster development during SP2 some processes are possibly not completed or the malefemale synchrony is disturbed, leading to anomalies during SP3. This can explain the strong
decrease in viability after SP3 for seeds that ripen in less than three years. Thus, in our further
research it was also important to zoom into the effects of global-change drivers on ripening
time on the one hand and the effect of ripening time on 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 atmospheric depositions were negatively
correlated with seed viability of juniper (Chapters 4 – 5). In addition, in Chapter 6 we
experimentally confirmed the negative effects of increasing temperatures on seed viability.
There are different pathways through which these global-change drivers possibly elaborate
these negative correlations. For example, increasing temperatures can negatively affect the
development of the female gamethophyte or other female structures (e.g. Kozai et al. 2004,
Hedhly et al. 2003), the growth of the pollen tube (through its effects on the female
structures; e.g. Fernando et al. 2005), the male-female synchrony in the pre-fertilization
phases (Zinn et al. 2010, Hedhly 2011), the development of the megagametophyte and the
nutrition and growth of the embryo. On the other hand, both atmospheric depositions and
increasing temperatures can cause nutrient imbalances (Chapter 5). For example, faster
growth which is induced by higher temperatures can generate a dilution effect on the internal
N, P and S pool (e.g. Doiron et al. 2014). Enhanced atmospheric depositions possibly lead to
a decreased uptake and leaching of cations (e.g. Krupa 2003). Also the reduction of
mycorrhizal associations caused by atmospheric deposition (Malcová et al. 1999; Krupa
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2003) can help to explain the lower P-concentrations in the needles of common juniper. In
addition, we found that a shortage of P, Mg and Ca, key elements during the nutrient storage
throughout the seed development (Marschner 1995), can lead to anomalies and seed abortion.
Although the ripening of the embryo (SP3) was identified as the most vulnerable phase, we
found strong indications that the actual reasons should be searched in the preceding processes
(e.g. the development of the male and female gametophyte, fertilization and early embryo
development, i.e. SP2). For example, the transplant experiment (Chapter 6) clearly showed
that significant differences in seed viability between the temperature treatments only occurred
if the seeds also endured higher temperatures during SP2. Hence, it is plausible that
anomalies, induced by increased temperatures or enhanced atmospheric deposition, occur
during the development of the female gametophyte (SP2). However, their effects only
manifested themselves in SP3, for example by leading to a malfunctioning megagametophyte
that will not be able to nourish the developing embryo.
Enhanced atmospheric depositions and warming were related with shorter seed ripening
times. This phenomenon is hard to explain, as, to our knowledge there are no other plants
where seeds can ripen in two or in three years, and where both types of ripening strategies
can be found within one individual. Being a cold adapted species (cf. its relatively northerly
distribution range and the assumption of its survival in Central Europe during the last glacial
maximum; Michalczyk et al., 2010), there is a probability that the mechanism of delayed
fertilization to overcome shorter reproduction seasons has developed in common juniper
(Willson & Burley, 1983). Longer reproduction seasons due to higher temperatures can
reduce the need for such mechanisms, leading to a higher chance of shorter ripening times.
Nevertheless, using the large scale sampling data of Chapter 4, we found no important effect
of ripening time on the seed viability.
8.1.3

Effects of management actions on the recruitment

Although low seed viability is a major restriction in the sexual reproduction of common
juniper, Verheyen et al. (2009) revealed that low recruitment can also have other causes.
Hence, if seed viability is high, e.g. a suitable microclimate for establishment or the absence
of grazing is still important. In Chapter 7, we showed that soil conditions, influenced by
management actions, played an important role in seed germination and seedling survival.
Most importantly, we found that the seeds needed to be in contact with mineral soil to be able
to germinate (see also e.g. Clifton et al. 1997). For example, sod cutting can create these
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conditions. A second important factor is probably water availability or a cold microclimate.
Soils with low percentages in organic matter and/or silt + lutum have a lower capacity to
retain water (Stevenson & Cole 1999, Fitter & Hay 2002) and are less suitable for
germination. In sites with low silt + lutum concentrations, actions that lower the organic
matter in the soil, such as deep sod cutting, should be avoided to prevent drought-stress.
When both restrictions are overcome, the soil pH of the top soil is an important characteristic
to determine whether liming is a possibility or not. Nonetheless, this measure should be taken
with caution on nutrient poor soils as too much liming can cause a high increase of the soil
pH, which can reduce the soluble phosphorus by forming insoluble Ca phosphates (White &
Taylor 1977, Stevenson & Cole 1999). This, in turn, can have a negative impact on the
seedling survival.

8.2 Management implications
We will discuss the management implications of our findings using a case study of juniper in
Flanders (see Gruwez et al. 2010b). In 2008, we assessed the conservation status of 68 of the
72 remaining common juniper populations in Flanders. Via a simple, deterministic model (i.e.
no randomness is included), we calculated how different management actions could have an
influence on this conservation status after a period of 23 years (Fig. 8-1).
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Fig. 8-1. Schematic overview of the management model. Based on the population characteristics in 2008, the
conservation status of the common juniper populations in 2008 is assessed. Population characteristics also
determine which management actions will be applied in the different populations. The model calculates how the
different management actions change the conservation status of the populations after 23 years.

In brief, in this model we calculated the number of individuals 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 years, X the number of individuals in 2008, Y
the number of female individuals in 2008, m the mortality rate and r the proportion of
recruiting individuals produced by a female shrub in 23 years. Both m and r can be
influenced by different management actions and environmental variation (more information
is available in Gruwez et al. 2010b).
The assessment of the conservation status was based on six population characteristics: (1)
number of individuals per population, (2) percentage viable shrubs, (3) percentage female
shrubs, (4) recruitment (number of shrubs smaller than 0.5 m), (5) percentage soil cover and
(6) canopy closure above the juniper shrubs (Table 8-1). The number of individuals in a
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population is an important measure for its survival. A population needs a minimum of
individuals to maintain itself (Shaffer 1981). Ward (1973) considered 100 individuals as a
minimum for a viable common juniper population. In addition, the viability of the shrubs
themselves is also important for the survival of the total population. Furthermore, the input of
seeds (via female shrubs) and the presence of recruitment to replace at least the parent shrubs
are essential for a sustainable population. Finally, soil cover and canopy closure have an
influence on the establishment of seedlings and the viability of the shrubs, respectively.

Table 8-1. Overview of the features and thresholds used to determine the conservation status. (A) good, (B)
sufficient, (C+) moderately degraded, (C–) highly degraded, (┼) extinct.
Conservation status
Characteristic
Number of individuals*
(1)

Percentage vital shrubs

Percentage female shrubs
Recruitment(2)
Percentage soil cover

A

B

C+

C-

┼

≥ 100 ex.

≥ 100 ex.

5 ≤ n < 100

1≤n<5

0

≥ 75 %

50 ≤ x < 75%

25 ≤ x < 50 %

< 25%

20 ≤ x ≤ 80%
More juveniles
than adults
< 25%

20 ≤ x ≤ 80%
Less juveniles
than adults
25 ≤ x < 50%

> 80, < 20%

> 80, < 20%

No recruitment

No recruitment

50 ≤ x < 75%

≥ 75%

Percentage canopy closure
< 25%
25 ≤ x < 50%
50 ≤ x < 75%
≥ 75%
(1) vital shrub = shrub with less than 10% needle loss; (2) recruitment = number of juveniles (young shrubs
smaller than 0.5 m); * adult individuals

The characteristic with the lowest value determines the overall status of the population. To
estimate the future status of a population, it is necessary to determine the expected
recruitment and the mortality. By using our own data and data from Van Dijk (1982), we
calculated that, under optimal germination conditions, one female shrub annually produces
0.006 vital, reproducing individuals, assuming a seed viability of 2.5 % (based on the seed
viability in the Flemish populations in Chapter 3 and 7), a germination percentage of 8.3 %
(Chapter 7), a survival after ten years of 0.006 (Van Dijk 1982) and an average of 4774 seeds
per shrub (based on the results of the Flemisch populations in Chapter 3). To incorporate the
effects of climate change in our model, we also calculated an alternative factor taking in to
account a decrease in seed viability of 96 % when temperatures rises about 2.6 °C (based on
the results for seed viability in Belgium low elevation and Southern France in Chapter 6). In
that case, each female shrub annualy produces only 0.0002 vital, reproducing individuals.
Mortality was estimated by using data from Verheyen et al. (2005) who found that in a period
of 23 years, 46 % of the shrubs in Heiderbos in As (Flanders), had died.
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We then assessed the influence of three management actions on the future status of the
populations: (i) decreasing crown closure if crown closure was higher than 25%, (ii) creating
bare soil in populations with a percent ground cover of vegetation higher than 25 %, and (iii)
plant additional young shrubs until the population reaches a size of 100 individuals. In our
model, opening op the crown cover to less than 25 %, decreased the chance of mortality with
10 %. Creating 25 % bare soil in the population made recruitment possible (Chapter 7).
Hence, in populations where the area of open soil was less than 25 % of the total population
area, female shrubs produced annually zero individuals. The third management action
(increasing the population size), called ‘translocation’, is often applied and necessary to
create sustainable populations of juniper (Gordon 1996, Menges 2008). For northwestern
Europe, in theory, the restrictions for the origin of the plant material are rather low as all the
common juniper populations in this region are virtually indistinguishable in terms of their
gene pool (Vanden Broeck et al. 2010). If local adaptations are absent for common juniper,
one could consider to use plant material in transplantations originating from the south to
tackle problems such as climate change (‘assisted migration’). Although we found no
indications for local adaptation in common juniper (see Chapter 6), further research is needed
to give a conclusive answer on this topic. Hence, for the moment, it remains recommended to
use plant material of local origin to conserve genetic diversity.
We studied the effects of three management scenarios on the populations in Flanders: (1.1) a
business-as-usual scenario, where none of the management actions is applied; (1.2) a scenario
where necessary crown closure is decreased and bare soil is created; and (1.3) where
necessary, crown closure is decreased, bare soil is created and the number of shrubs is
increased up to 100 individuals. The same scenarios were repeated using the correction for
climate change (scenario 2.1, 2.2 and 2.3).
For the scenarios without climate change, this modelling exercise highlighted only minor
differences between a business-as-usual scenario (scenario 1.1) and the scenario where only
canopy closure and open soil are treated (scenario 1.2) (Table 8-2). In both scenarios, about a
quarter of the Flemish populations will disappear by 2031. 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 of conservation status (a) and per limiting factor for a good
conservation status (i.e. the factors that have a status below A) (b), in 2008 and for the different management
scenario’s in 2031. Scenarios 1.1, 1.2 and 1.3 do not take climate change into account, scenarios 2.1, 2.2 and 2.3
take a temperature increase of 2.6 °C into account. (A) good, (B) sufficient, (C+) moderately degraded, (C–)
highly degraded, (┼) extinct.
2008
(a) Conservation status
A
B
C+
C┼
Number of surviving populations in
Flanders

2031 (different scenarios)
1.1

1.2

1.3

2.1

2.2

2.3

0
0
8
60
0

0
0
6
44
18

0
0
19
32
17

0
47
18
3
0

0
0
6
44
18

0
0
19
32
17

0
3
62
3
0

68

50

51

68

50

51

68

65
55
50
68
45
47

65
55
47
68
0
0

62
4
4
68
0
0

(b) Limiting factor for a good conservation status (several factors possible
per population)
Number of individuals
62
65
65
18
Percentage vital shrubs
58
55
55
4
Percentage female shrubs
44
50
46
4
Recruitment
67
68
68
68
Soil cover
45
45
0
0
Crown closure
47
47
0
0

In contrast, scenario 3 (canopy closure, bare soil and planting extra individuals) saves all
populations from extinction (which is not surprising) and increases the conservation status of
most of the populations to a B-level. However, none of the populations reaches a good
conservation status (A). The most important reason for this failure is the low recruitment in
all the populations (Table 8-2b). Hence, management focused on common juniper
conservation e.g. creating good growth conditions and an ideal microclimate for germination
and seedling survival is undoubtable necessary and useful to maintain sustainable juniper
populations. However, in regions where recruitment is absent due to very low seed viability,
enforcing the populations or creating new populations by planting seems inevitable.
If we take temperature increase of 2.6 °C into account, the results for scenarios 2.1 and 2.2
are the same as for scenarios 1.1 and 1.2. The lack of recruitment was already an important
reason for the low status of the populations and this remains the same. However, in scenario
2.3, only three populations reach a conservation status of B and in 62 populations, the low
number of individuals is one of the main reasons for this quotation (compared to 18 in
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scenario 1.3). Seed viability is so low in a climate change scenario that, already after 23
years, the discrepancy between recruitment and mortality lowers the number of individuals in
a population below 100. Hence, due to climate change, efforts to ameliorate the conservation
status of common juniper populations will have to increase even more.
To conclude this section, we propose a few guidelines that can help to preserve common
juniper in the future in Belgium specifically and similar regions in northwestern Europe:
-

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

-

Focus the efforts for creating sustainable populations on large areas where the
management is already suited for common juniper (e.g. heath and calcareous
grasslands);

-

Seed viability is negatively correlated with temperature and atmospheric depositions.
Hence, it can be interesting to pay special attention to locations where the
microclimate is expected to be colder (e.g. northerly oriented slopes or the vicinity of
small rivers) and where depositions are lower (e.g. not to close to highroads and
farms);

-

To stimulate establishment of new individuals from natural recruitment, it is
necessary to create gaps in the vegetation with bare soil. In addition, to avoid drought
stress, the amount of organic matter or silt and lutum should not be too low (>3 % and
> 8 % respectively). Ideally, the pH should reach the cation exchange buffer range
(about 4.7). Hence, additional liming can be an option. However this measure should
be taken with caution on nutrient poor soils;

-

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

-

Finally, successful recruitment in common juniper will only occur if several of the
following conditions are met: enough viable seed must be available (e.g. during a
colder period of several years), enough microsites suitable for establishment must be
present (e.g. by sod cutting, but also by other disturbances) and there should be
enough dispersers (e.g. a short time invasion of Turdus pilaris). Hence, the larger the
area with suitable habitat, the higher the chances that locations exists where all these
conditions occur at the same time. In this respect, it is possible that due to habitat loss
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in the past, chances for recruitment started to decrease. This could have led to an
increase of the average age of the shrubs, which in turn can have resulted in a lower
seed viability (see Chapter 4 and 6). Although this process is hypothetical, it still
stresses the importance of protecting young juniper shrubs.

8.3 Perspectives for further research
Based on the different findings in this thesis, a number of suggestions to further our
understanding of the low seed viability and problematic recruitment of common juniper are
proposed.
First, to further unravel the mechanisms behind the negative effects of increasing
temperatures and enhanced atmospheric depositions additional research is needed at the
bio(geo)chemical level. It can be useful to study the effect of these global change drivers on
the biochemical composition (e.g. amino acids, starch, lipids, …) of the female gametophyte
(and in later phases the megagametophyte) and the embryo. A second step in this research
would be to link this biochemical composition to seed viability. An experiment with young
clones of common juniper that are experimentally grown at contrasting levels of temperature
and atmospheric depositions could answer these questions. Seeds should then be sampled
regularly. In a final stage, the percentage viable, ripe seeds should be assessed and linked to
both the treatments and the biochemical composition of the seeds that were sampled in earlier
phases.
Secondly, in our transplant experiment (Chapter 6), we found that the seed viability on the
shrubs was high, compared to seeds that were sampled in natural populations. The reason for
this surprising pattern was not clear, but there are some possible questions that can be
addressed. For instance, studies including young shrubs vs. old shrubs, cuttings vs. natural
regeneration from seeds, rich soil vs. poor soil could be performed. Experiments in which
different fertiliser treatments are applied to adult shrubs, cuttings and natural regeneration
from seeds can help to explain the differences in seed viability.
Finally, it is often mentioned that grazing by e.g. sheep and cattle can help to achieve ideal
conditions for the establishment of common juniper (e.g. Fitter & Jennings 1975, Hommel
2009). In addition, the presence of common juniper shrubs is often associated with sheep
walks (Ward 1973, Rosén 1988). However, this management also risks damaging young and
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mature juniper shrubs (Ward 1973, Clifton et al. 1997). The question remains if grazing is a
good management option to promote recruitment of common juniper. A large scale sowing
experiment in grazed and ungrazed plots could answer this question. Our findings in Chapter
7 emphasize that it is important to use seeds that are sampled in populations with a high seed
viability. If seed viability is low, chances for germination are also low and then, there is a risk
that possible trends cannot be supported by statistics.
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Appendix A
Table A. Correlations between seed quality, cone age, cone phase and seed phase for the different populations
Population
Ekulunde

Seed quality
Cone age
Cone phase

Kleszczele

Seed quality
Cone age
Cone phase

Rossdach

Seed quality
Cone age
Cone phase

Asholdinger

Seed quality
Cone age
Cone phase

Zutendaal

Seed quality
Cone age
Cone phase

As

Seed quality
Cone age
Cone phase

Markelo

Seed quality
Cone age
Cone phase

Mantinge

Seed quality
Cone age
Cone phase

Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N
Correlation Coefficient
N

* p < 0.05; ** p < 0.001
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Cone age
-.233(**)
406

Cone phase
-.168(**)
406
.586(**)
464

-.338(**)
403

-.400(**)
403
.745(**)
421

-.215(**)
477

-.138(**)
477
.657(**)
486

-.140(*)
312

-.247(**)
312
.646(**)
322

-.410(**)
390

-.328(**)
390
.431(**)
402

-.366(**)
452

-.484(**)
452
.765(**)
456

-.286(**)
439

-.486(**)
439
.701(**)
465

-.294(**)
459

-.450(**)
459
.662(**)
488

Seed phase
-.202(**)
406
.525(**)
406
.801(**)
406
-.375(**)
403
.739(**)
404
.889(**)
404
-.202(**)
477
.717(**)
477
.931(**)
477
-.284(**)
312
.784(**)
312
.890(**)
312
-.449(**)
390
.573(**)
390
.857(**)
390
-.471(**)
452
.784(**)
452
.988(**)
452
-.460(**)
439
.666(**)
440
.953(**)
440
-.489(**)
459
.651(**)
461
.948(**)
461

Appendix B1
Legend of the Table B1 (see next page)
(*) No data available
(1) Limnological Station, Borucino - Meteorology and Climatology Department - University of Gdansk, Poland
(2) Klein Tank, A.M.G. and Coauthors, 2002. Daily dataset of 20th-century surface air temperature and
precipitation series for the European Climate Assessment. Int. J. of Climatol., 22, 1441-1453.
(3) Données du SLF © 2012, SLF
(4) Agenzia Regionale per la Prevenzione e Protezione Ambientale del Veneto, Dipartimento per la Sicurezza
del Territorio, Centro Meteorologico - Ufficio Validazione Dati e Climatologia
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Table B1. Additional information on the sampled populations (populations are ordered from low to high latitude).

1

2010

Spain

41.79

-2.839

Elevation
(m above
sea level)
1240

2

2010

Spain

43.02

-6.228

1420

5

149

73

3

2010

Italy

43.232

11.176

320

5

173

124

4

2010

France

43.26

0.87

300

5

167

5

2010

Italy

43.456

11.417

358

5

6

2010

France

43.76

6.369

1285

7

2010

France

43.815

6.246

8

2010

France

43.979

9

2010

France

10

2010

11

Population Year of
number
sampling

Country

Latitude Longitude
(°)
(°)

Number of
sampled
shrubs
5

Number of
sampled
SP2 seeds
176

Number of
sampled
SP3 seeds
52

Weather station

Source weather data

122

Soria
Leon Virgen del
Camino
Siena
Orto
Botanico
Toulouse-Blagnac

http://eca.knmi.nl/ (2)

http://eca.knmi.nl/ (2)

171

117

Gaiole in Chianti

NA (*)

5

167

97

Comps-sur-Artuby http://france.meteofrance.com/

692

5

122

84

Aiguines

http://france.meteofrance.com/

5.473

1100

5

166

121

Saint Christol

www.meteofrance.com

44.032

5.349

810

5

191

100

Saint Christol

www.meteofrance.com

France

44.101

5.45

1007

5

162

118

Saint Christol

www.meteofrance.com

2010

France

44.864

5.479

1500

5

224

9

http://eca.knmi.nl/ (2)

12

2010

Italy

45.871

11.653

619

5

163

80

13

2010

Italy

45.888

11.474

1095

5

163

99

14

2010

Switzerland

46.861

9.229

2128

3

69

63

15

2010

Austria

47.272

11.265

805

5

105

159

16

2008

Germany

47.863

11.508

550

7

126

173

IIserech2
Pove del Grappa
loc. Pra' Gollin
Asiago (aeroporto)
Crap Masegn Schneestation
InnsbruckFlughafen
Muenchen

17

2010

France

49.786

2.305

100

5

142

123

Glisy

http://france.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/

http://eca.knmi.nl/ (2)
http://www.biometeo.it

http://www.arpa.veneto.it (4)
http://www.arpa.veneto.it (4)
http://www.slf.ch/ (3)
ZAMG Tirol und Vorarlberg
http://eca.knmi.nl/ (2)

20

2010

Belgium

50.1

5.185

Elevation
(m above
sea level)
345

21

2010

Germany

50.211

6.384

595

5

191

22

2010

Belgium

50.443

5.868

535

5

23

2010

Germany

50.755

8.32

419

24

2008

Belgium

50.92

5.554

25

2008

Belgium

51.017

26

2010

UK

27

2010

28

Population Year of
number
sampling

Country

Latitude Longitude
(°)
(°)

Number of
sampled
shrubs
5

Number of
sampled
SP2 seeds
173

Number of
sampled
SP3 seeds
116

Weather station

Source weather data

Humain

http://www.kmi.be

106

Schneifelforsthaus

http://www.dwd.de/

161

95

Mont-Rigi

http://www.kmi.be

5

174

122

Dillenburg

http://www.dwd.de/

80

7

155

197

Ell

http://eca.knmi.nl/ (2)

5.577

75

8

168

277

Ell

http://eca.knmi.nl/ (2)

51.142

-1.643

120

5

162

139

Boscombe down

http://eca.knmi.nl/ (2)

UK

51.226

-0.437

175

5

117

171

Mickleham

http://www.metoffice.gov.uk/

2010

Netherlands

51.549

6.012

50

5

175

112

Arcen

http://eca.knmi.nl/ (2)

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.knmi.nl/ (2)

31

2008

Poland

52.594

23.343

100

7

131

228

Brest

http://eca.knmi.nl/ (2)

32

2008

Netherlands

52.792

6.625

50

8

159

260

Hoogeveen

http://eca.knmi.nl/ (2)

33

2010

Germany

52.929

9.353

40

5

162

130

http://www.dwd.de/

34

2010

Poland

54.196

17.965

190

6

148

116

35

2010

Ireland

54.456

-8.374

19

5

171

104

Rotenburg
Limnological
Station, Borucino
Ballyshannon

http://eca.knmi.nl/ (2)

36

2010

Sweden

55.665

13.371

70

5

147

122

Lund

http://www.smhi.se/

37

2010

Sweden

56.537

16.474

45

5

157

128

Ölandsbron

http://www.smhi.se/

38

2008

Sweden

56.576

16.604

45

8

287

55

Ölandsbron

http://www.smhi.se/

39

2010

Sweden

59.184

18.375

4

5

165

97

Stockholm

http://www.smhi.se/

40

2010

Sweden

59.848

17.778

36

5

126

122

Uppsala

http://www.smhi.se/

41

2010

Norway

62.225

9.548

1030

5

144

105

http://met.no/

42

2010

Sweden

64.233

19.785

179

5

115

62

Fokstugu
VindelnSunnansjönäs

http://www.ug.gda.pl (1)

http://www.smhi.se/

Appendix B2

Fig B2. Location and population number of the sampled common juniper populations (for information on the
populations, see Appendix B1).
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Appendix B3
Table B3. Detail of the seasons that were taken into account for calculation the GDD>0°C of the spring of
pollination, the summer of fertilization and the year of embryo development for SP2-seeds with a ripen time of
three years (SP2RT3) and two years (SP2RT2) and for SP3-seeds with a ripen time of three years (SP3RT3) and
two years (SP3RT2).
Season
(*)

Year of sampling

SP2RT3

SP2RT2

SP3RT3

SP3RT2

embryo development

embryo development

fertilization

embryo development

embryo development

pollination

Winter
Autumn
Summer

fertilization

Spring
1 year before sampling

embryo development

embryo development

Winter

embryo development

embryo development

Winter

embryo development

embryo development

Autumn

embryo development

embryo development

fertilization

fertilization

Summer
Spring

pollination

pollination

Winter
2 years before sampling

Winter
Autumn
Summer
Spring

(*)

pollination

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

Appendix B4

Fig. B4: The latitudinal temperature gradient in the Northern extratropical hemisphere. (a) Map of the mean
annual temperature in the Northern extratropical hemisphere. (b) Relationships between latitude and mean
annual and July temperatures (De Frenne et al. 2013).
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Appendix B5
Table B5. Pearson’s correlation between three environmental variables. All the correlations were non significant
(p-value >0.05), except the correlation between potentially acidifying deposition and nitrogen deposition (***),
which had a p < 0.001 (n = 39).
Growing degree
days year before
sampling
Potentially acidifying
deposition
Nitrogen deposition
Annual precipiation

Potentially acidifying
deposition

Nitrogen deposition

0.222
0.222
-0.301

0.988***
0.126

128

0.103

Appendix C
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Table C1. Population characteristics (part one)
Population
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Country

Latitude
(°)

Longitude
(°)

Elevation
(m above
sea level)

Spain
Italy
France
France
Italy
Italy
Switzerland
Austria
Germany
Belgium
Germany
Belgium
Germany
UK
Netherlands
Germany
Germany
Sweden
Sweden
Sweden

41.79
43.23
43.26
44.86
45.87
45.89
46.86
47.27
49.97
50.1
50.21
50.44
50.76
51.23
51.55
51.95
52.93
55.67
56.54
59.18

-2.84
11.18
0.87
5.48
11.65
11.47
9.23
11.27
11.31
5.19
6.38
5.87
8.32
-0.44
6.01
13.49
9.35
13.37
16.47
18.38

1240
320
300
1500
619
1095
2128
805
450
345
595
535
419
175
50
115
40
70
45
4

Number
of
sampled
shrubs
5
5
5
5
4
5
3
5
5
5
5
5
5
4
5
5
5
4
5
5

Number
Number
of
of
sampled sampled
SP2 seeds SP3 seeds
176
52
173
124
167
122
224
9
145
60
163
99
69
63
105
159
163
109
173
116
191
106
161
95
174
122
111
119
175
112
143
140
162
130
114
101
157
128
165
97

Soil texture

Type of bedrock

loamy
sandy loam
clayey
loamy
sandy loam
sandy loam
sandy
sandy
sandy loam
loamy
loamy
clayey
sandy loam
sandy loam
sandy
sandy
sandy
sandy loam
sandy loam
sandy loam

calcareous
calcareous
calcareous
calcareous
calcareous
calcareous
calcareous
calcareous
calcareous
non-calcareous
non-calcareous
non-calcareous
non-calcareous
calcareous
non-calcareous
non-calcareous
non-calcareous
non-calcareous
calcareous
non-calcareous

Table C2. Poplation characteristics (part two)
Potentially
Nacidifying
Population deposition
Precipitation Temperature
depositions
number
(kg.ha
(mm.year-1) (GDD>0°C)
(keq.ha
1
-1
.year )
1
.year-1)
1
5.66
0.54
699.3
3790
2
9.29
0.94
906.1
5074.7
3
9.72
0.84
836.3
4877.6
4
10.44
0.97
1211.4
2315.9
5

28.13

2.38

1076.4

4461.2

6

20.09

1.69

1461

2598.2

7

8.7

0.76

1693.4

1275.1

0.69
1.37
1.46
1.63
1.76
1.4
1.12
2.28
1.32
1.73
0.95
0.61
0.51

1605.2
909.8
949.9
1004.4
902.8
907.5
829.9
829.1
726.6
846
804.4
652.3
710.4

3324.3
3049.4
3353.6
2897.8
2970.5
3170
3494
3703.7
3292.3
3375.3
3217.3
NA
3102.3

8
7.81
9
14.42
10
14.97
11
15.88
12
17.62
13
13.62
14
11.2
15
25.25
16
13.25
17
18.61
18
9.21
19
5.06
20
4.85
NA: data not available

Weather station

Source weather data

Soria
Siena Orto Botanico
Toulouse-Blagnac
IIserech2
Pove del Grappa loc. Pra'
Gollin
Asiago (aeroporto)
Crap Masegn Schneestation
Innsbruck-Flughafen
Bamberg
Humain
Schneifelforsthaus
Mont-Rigi
Dillenburg
Mickleham
Arcen
Baruth
Rotenburg
Lund
Ölandsbron
Stockholm

http://eca.knmi.nl/ (2)
http://www.biometeo.it
http://eca.knmi.nl/ (2)
http://eca.knmi.nl/ (2)
http://www.arpa.veneto.it (4)
http://www.arpa.veneto.it (4)
http://www.slf.ch/ (3)
ZAMG Tirol und Vorarlberg
http://www.dwd.de/
http://www.kmi.be
http://www.dwd.de/
http://www.kmi.be
http://www.dwd.de/
http://www.metoffice.gov.uk/
http://eca.knmi.nl/ (2)
http://www.dwd.de/
http://www.dwd.de/
http://www.smhi.se/
http://www.smhi.se/
http://www.smhi.se/

Appendix D1
Table D1. Information on the origin of the shrubs. Population names and information are acquired from Gruwez
et al. (2010a). If more than one shrub was originating from the same mother shrub, this was denoted with clx (x
being the code of the moder shrub).
Site
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Sweden
Belgium high elevation
Belgium high elevation
Belgium high elevation
Belgium high elevation
Belgium high elevation
Belgium high elevation
Belgium high elevation
Belgium high elevation
Belgium high elevation
Belgium low elevation
Belgium low elevation
Belgium low elevation
Belgium low elevation
Belgium low elevation
Belgium low elevation
Belgium low elevation
Belgium low elevation
Belgium low elevation
France
France
France
France
France
France
France
France
France
Open top chamber
Open top chamber
Open top chamber
Open top chamber

Shrub code

Gender

Poplation

St.1
St.2
St.3
St.4
St.5
St.6
St.7
St.8
St.9
Hv.1
Hv.2
Hv.3
Hv.4
Hv.5
Hv.6
Hv.7
Hv.8
Hv.9
Go.1
Go.2
Go.3
Go.4
Go.5
Go.6
Go.7
Go.8
Go.9
To.1
To.2
To.3
To.4
To.5
To.6
To.7
To.8
To.9
GS.1
GS.2
GS.3
GS.4

female
female
female
female
female
female
female
male
male
female
female
female
female
female
female
female
male
male
female
female
female
female
female
female
female
male
male
female
female
female
female
female
female
female
male
male
female
female
female
female

Kattevennen
Heiderbos
32
84
Heiderbos
Kattevennen
Kattevennen
Heiderbos
Kattevennen
Heiderbos
84
Kattevennen
Kattevennen
Kattevennen
Kattevennen
Zutendaal
Heiderbos
Kattevennen
Zutendaal
Heiderbos
Zutendaal
Zutendaal
84
Kattevennen
Kattevennen
Kattevennen
Zutendaal
Kattevennen
45J
20
25
Zutendaal
Heiderbos
Kattevennen
Kattevennen
Zutendaal
Kattevennen
Heiderbos
Zutendaal
Kattevennen
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Number of shurbs
in population
820
7000
4
1
7000
820
820
7000
820
7000
1
820
820
820
820
129
7000
820
129
7000
129
129
1
820
820
820
129
820
11
8
5
129
7000
820
820
129
820
7000
129
820

Clone
cl2

cl9
cl1
cl7

cl9
cl3
cl4
cl5
cl1
cl8
cl6

cl8
cl9
cl7
cl5
cl6
cl3

cl4
cl6
cl7

cl2

Site
Open top chamber
Open top chamber
Open top chamber
Open top chamber
Open top chamber

Appendix

Shrub code

Gender

GS.5
GS.6
GS.7
GS.8
GS.9

female
female
female
male
male

Number of shurbs
in population
Kattevennen
820
84
1
7
8
Zutendaal
129
Heiderbos
7000
Poplation

Clone
cl1
cl9

D2

Table D2. The minimum, maximum, and mean (± SE) percentages viable seeds per shrub for the whole
experiment (three years) and for each year separately.
Seed phase 2 seeds
Min
Max Mean ± SE

Seed phase 3 seeds
Min
Max Mean ± SE

Total

15.8

100.0

84.1 ± 1.8

0.0

2011

67.6

100.0

92.4 ± 1.6

0.0

100.0

42.8 ± 6.7

2012

48.1

100.0

86.1 ± 2.6

50.0

100.0

77.0 ± 2.6

2013

15.8

100.0

74.5 ± 3.8

0.0

100.0

59.1 ± 5.9

100.0
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60.6 ± 3.3
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Table D3. The average monthly minimum and maximum temperatures (°C) at the four sites of the transplant experiment during the runtime of the experiment.
Average monthly minimum temperature (°C)
Central
Belgium, high Belgium, low
Southern
Sweden
elevation
elevation
France
1.5
3.1
5.2
8.5

Average monthly maximum temperature (°C)
Central
Belgium, high Belgium, low
Southern
Sweden
elevation
elevation
France
4.9
10.0
11.8
15.7

Month

Year

11

2011

12

2011

-2.1

-0.4

4.6

3.9

1.4

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

17.5

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

13.4

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

13.4

15.0

19.7

24.4

10

2012

1.5

4.5

8.2

10.0

6.7

11.3

15.1

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

11.5

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

17.5

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

21.5

25.0

30.4

8

2013

10.1

9.7

13.5

15.0

23.4

19.4

23.7

27.7

9

2013

8.2

7.7

10.8

13.2

16.6

15.4

19.5

24.3

10

2013

NA

6.4

9.8

11.6

NA

12.0

16.7

21.0

11
2013
NA: no data available

NA

0.4

4.6

4.9

NA

4.4

9.4

11.3
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