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INTRODUCTION

ABSTRACT

Research on the combined effects of climate change and nitrogen deposition
on reproductive traits, and especially on the production of viable seeds, is still
scarce despite their importance for population persistence and expansion.
Hence, in this study we set out to investigate the direct and indirect effects of
the above-mentioned global change drivers on seed viability in the coniferous
shrub Juniperus communis L. In many parts of its European range, juniper is
increasingly threatened, partly because of a lack of sexual reproduction. We
hypothesised that this regeneration failure is partly due to poor seed viability.
Using data from 39 populations throughout Europe, we were able to demon-
strate that a strong, triangular-shaped relationship exists between the percent-
age of viable seeds produced and the percentage of juniper seedlings occurring
in a population, which indicates that the species is indeed partly seed limited.
Furthermore, based on an extended dataset of 42 populations, we found that
seed viability was negatively affected by temperature, measured as mean
annual growing degree-days, and nitrogen deposition (but not by drought).
Suggestions are made about the processes behind the observed patterns, but
more research is required. Nevertheless, our results do raise serious concerns
for the conservation of juniper in light of the predicted rise in temperature
and global nitrogen emissions. Furthermore, it is likely that similar patterns
can also be observed for other species.

impacts of temperature on viable seed production
have been considered in several studies (e.g. Pigott &

During the last decades, an increasing number of studies
have been performed on the impacts of the global change
(GQ) factors, climate and nitrogen deposition, on vegeta-
tive growth of plant species (e.g. Saxe et al. 2001; Hogberg
et al. 2006; Magnani ef al. 2007; De Vries et al. 2008).
However, studies of such impacts on reproductive traits,
and especially on the production of viable seeds, are less
numerous, despite their importance for population persis-
tence and expansion (cf. Silvertown et al. 1996). The

Huntley1981; Meunier et al. 2007; Hovenden et al. 2008;
Graae et al. 2009; Hedhly et al. 2009), but there is little
information on the potential effects of nitrogen deposi-
tion (but see Callahan efal. 2008). Furthermore,
increased nitrogen deposition and higher temperatures
are also likely to have indirect effects on seed viability, for
instance, via effects on the population dynamics of seed
predators and pathogens (e.g. Roux ef al. 1997; Callahan
et al. 2008). Hence, it is difficult to predict whether the
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joint effects of multiple GC factors on viable seed produc-
tion will be antagonistic, additive or synergistic (cf. Brook
et al. 2008; Darling & Coté 2008).

Unravelling all these interacting effects of GC requires
either well-designed, but inevitably complex, experiments
or large-scale observational studies covering broad envi-
ronmental gradients (cf. Sagarin et al. 2006). In this study,
we adopt the latter approach to investigate the direct and
indirect effects of GC drivers on seed viability in the conif-
erous shrub Juniperus communis L. A good understanding
of the factors explaining the variation in seed viability in
juniper is of particular interest, as poor seed viability may
be linked with strong population declines that are actually
occurring in large parts of its range, including northwest
European lowlands and Mediterranean mountain regions.
In Flanders (i.e. the northern part of Belgium), the number
and sizes of juniper populations have declined dramatically
in the past two decades, and at present only three popu-
lations remain that contain more than 100 individuals
(Adriaenssens S., Baeten L., Crabbe S., Verheyen K., Ghent
University, Ghent, unpublished results). Also, in sur-
rounding regions, including Wallonia (southern Belgium;
Frankard 2004), the Netherlands (Oostermeijer & de Knegt
2004), northern and western Germany (Hiippe 1995) and
England (Clifton et al. 1997), the species is increasingly
threatened and is a target for conservation. A need for
conservation measures also exists in the Mediterranean
mountains of Spain (Garcia et al. 1999). It is therefore not
surprising that J. communis communities are listed in
Annex I of the EU Habitat Directive (code 5130). Strik-
ingly, in other parts of Europe (e.g. the Alps, Scandinavia,
Poland) expanding populations encroaching into aban-
doned open spaces are frequently encountered (Falinski
1980; Rosén 1995; Rosén & Bakker 2005).

The main reasons for the juniper decline probably
include habitat destruction, habitat degradation and very
limited recruitment in remaining populations (e.g. Verh-
eyen et al. 2005). Due to its protected status, the destruc-
tion of juniper habitat is at present less common, and for
the same reason, actions are being undertaken to prevent
further habitat degradation in extant populations. Degra-
dation of juniper habitat is mostly related to progressive
forest succession and subsequent out-shading. Neverthe-
less, despite habitat protection and management, popula-
tions continue to decline because of the very limited
spontaneous regeneration (e.g. Garcia et al. 1999; Verh-
eyen et al. 2005). The absence of microsites suitable for
germination and establishment, notably bare ground, and
high grazing pressures have been identified as possible
causes for the poor regeneration success of the species
(Ward 1973, 1982; Fitter & Jennings 1975; Gilbert 1980).
In Mediterranean mountains, seedling mortality due to
summer droughts can be added to these factors (e.g. Gar-
cia 2001). However, there is plenty of field evidence that
the removal of regeneration bottlenecks alone is not suffi-
cient to promote regeneration (e.g. Verheyen et al. 2005).
Therefore, another factor hampering regeneration is likely
to be seed limitation caused by the poor seed viability
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(cf. Garcia 2001). The production of sufficient viable
seeds is obviously a prerequisite for sexual reproduction,
and it has already been shown that viable seed production
is highly variable among juniper populations throughout
Europe (Garcia et al. 2000).

Indications exist that the GC factors climate and nitro-
gen deposition can have an impact on phenotypic varia-
tion in seed viability. Garcia et al. (2000) suggested a
climatic impact on seed viability, and Ortiz et al. (2002)
found the percentage of filled seeds was significantly
larger at higher elevations. The latter authors explained
their results by the more favourable conditions for wind
pollination in high-elevation stands. In contrast, Houle &
Babeux (1994) suggested that pollen viability might be
lower in colder climates, giving rise to lower fertilization
and a lower proportion of filled seeds. Barkman (1989)
hypothesised a negative impact of acidifying and eutro-
phic depositions on seed viability, but to our knowledge
this has never been explicitly tested. Krupa (2003)
reviewed the multitude of primary and secondary effects
of nitrogen deposition, but in the context of this study,
the possibly deleterious effects on mycorrhizal associations
(mostly endomycorrhizae in the case of J. communis;
Thomas et al. 2007) might be the most important, as
Bakker (1988) noted a possible relationship between
juniper vitality and the presence of mycorrhizae. The
possibility of indirect effects of climate and nitrogen
deposition mediated via predispersal seed predation also
requires more investigation (e.g. Garcia 1998; Falke 2004).
It should be noted, however, that no unequivocal relation-
ships between seed viability, predation rates and recruit-
ment success have been found until now.

The specific goals of this study were: (i) to evaluate if
juniper is indeed seed-limited by relating seed viability
(measured as the percentage of filled seeds per shrub) to
the frequency of seedling establishment in European pop-
ulations with variable regeneration success; (ii) to deter-
mine variations in juniper seed viability across its
distribution range in Europe and assess the ability of cli-
mate, nitrogen deposition and predispersal seed predation
to explain this variation; and (iii) using a subset of the
data, to determine the extent to which these environmen-
tal drivers may affect seed viability via their impact on
vegetative shrub characteristics.

METHODS
Study species

Juniper has one of the widest distribution ranges of all
plant species, and its European range spans from the
Iberian Peninsula up to northern Scandinavia and from
Ireland to Russia (Jalas & Suominen 1973). Juniper is a
dioecious and wind-pollinated coniferous shrub. In spring,
female individuals bear axillary cones that take up to
2 years to develop into fleshy spherical structures, called
galbulae (Thomas et al. 2007; Ward L.K., unpublished
results). Cones ripen fully in the autumn of the second or
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third year of development, becoming blue-grey, approxi-
mately 6.5 mm in diameter and containing 1-3 or rarely
four seeds per cone (Garcia et al. 2000). The percentage of
viable seeds is generally low, but exhibits considerable var-
iation across Europe (see below). Ripe cones are available
to dispersers from September through winter and spring.
Birds, especially thrushes (Turdus spp.), are the main dis-
persal vectors, and juniper does not produce a persistent
seed bank (Kollmann 1994). Garcia (2001) estimated first-
year seedling mortality to be as high as 75-80%, and the
same author estimated that only six out of 10,000 seeds
are able to produce a seedling that survives its first year.
In the UK, Grubb et al. (1996) found lower seedling mor-
tality rates for the species in unshaded conditions. Accord-
ing to Ward (2007), young females (mean annual shoot
growth 6.7 cm) grow less than males (8.1 cm), presumably
because of greater costs associated with female reproduc-
tive effort. Age at first reproduction is ca. 12 years (Ward
2007), and the lifespan of J. communis is about 100 years
in southern England on chalk. In northern England,
exceptional individuals reach over 200 years (Ward 1982),
and in northern Finland even ca. 1000 years (Kallio et al.

Juniper seed viability in relation to climate and nitrogen deposition

1971). Ward (1982) found longevity was related to growth
rate: slower-growing individuals lived longer and the life-
span was correlated with growth rate in the early years.

Data collection

Cone, seed and recruitment variables

Data on seed viability were collected in 42 populations
from across the species’ distribution range in Europe
(Fig. 1). Twenty-seven populations were sampled by Gar-
cia et al. (2000) during the autumn of 1994-1996,
encompassing sites on the Iberian Peninsula (17 popula-
tions), in the Alps (four populations), Great Britain (two
populations) and northern Scandinavia (four popula-
tions). This dataset was complemented by 15 populations
located in the lowlands of northwestern Europe that were
sampled in the autumn of 2005 by the second author of
this paper. These populations included sites in northern
France (three populations), Belgium (three populations),
the Netherlands (four populations) and northwestern
Germany (five populations). All selected populations
were in unshaded locations and were sufficiently large to

—

Fig. 1. Map of Europe (scale 1:25,000,000) showing the locations of the juniper populations used in this study. More information on the popula-

tions can be found in Appendix S1.
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minimize Allee effects [see Fig. 1, Appendix S1 and Gar-
cia et al. (2000) for more details].

The seed viability sampling protocols in both datasets
were similar. In all populations, female shrubs were
selected in a stratified random way, assuring that the full
size range of seed-bearing plants was sampled (520 plants
in the 1994-1996 dataset, with a range of 5-75 plants per
population, and 198 plants in the 2005 dataset, with a
range of 6-27 plants per population). Per plant, random
samples of 30-70 ripe cones (mean: 36 cones) were col-
lected in 1994-1996 and of 1-166 cones (mean: 57 cones)
in 2005. In the laboratory, all collected cones were
inspected for signs of predation by the chalcid Megastig-
mus bipunctatus (Hymenoptera, Torymidae; see Roques &
Skrzypczynska (2003) for a review of the seed-infesting
chalcids of the genus), as indicated by the presence of a
small circular hole in the cone. Although many other seed
predators occur (see Thomas et al. 2007 for an overview),
M. bipunctatus is considered the main predispersal seed
predator (Garcia et al. 2000). Furthermore, seed predation
by M. bipunctatus can easily and unequivocally be
assessed. Next, the cones were opened, the number of
seed counted and each seed was assigned to one of two
categories: empty, due to seed abortion, poor seed matu-
ration or predation, or filled, having an apparently
undamaged, well developed embryo. For the 2005 data
only, additional viability testing on the filled seeds was
performed by exposing seeds to a 1% 2,3,5 trifenyl tetra-
zolium chloride solution (see e.g. Miller 2004 for more
details on the method).

Recruitment, expressed as the percentage of individuals
in a population less than 25 cm in height, was found for
all 15 populations in the 2005 dataset, but only for 12
populations of the 1994-1996 dataset. However, similarly
collected recruitment and viability data on eight popula-
tions in central Germany (four in the Fanconian Alb and
four in the Rhenish Uplands; unpublished results col-
lected by Michalczyk in 2006 and 2005, respectively) and
on four populations in England (Ward L.K., unpublished
results) resulted in 39 populations for which both recruit-
ment and viability data were available (see Fig. 1 and
Appendix S1 for more details).

Environmental and plant variables

Climatic data (average 1960-1991) for all populations
were obtained through the Local Climate Estimator (LCE;
http://www.fao.org/sd/locclim) based on the population’s
coordinates (latitude-longitude and altitude in m a.s.l.).
The average monthly temperatures obtained through the
LCE were used to derive average yearly growing degree-
days >0 °C (GDD-.ge; cf. Hall et al. 2002). GDD is a
widely used heuristic tool in phenology that has many
applications and correlates well with plant development
in general and seed development in particular (see Meu-
nier et al. 2007 for a recent example). The GDD. - values
in our dataset ranged between 904 and 4542, with a mean
of 3007. Average monthly precipitation (P) and potential
evapotranspiration (PET) were also obtained through the
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LCE and were used to derive an ordinal variable ‘drought’
with five classes ranging from ‘very dry’ (value 2) to ‘very
wet’ (value —2). An ordinal variable was created because
PET values were not available in the LCE for five popula-
tions (Glen Gairn, Kiruna, Nydala 1, Nydala 2 and Abi-
sko), and these populations could therefore only be
classified into a wetness class using a combination of the
known P, GDD.y and expert knowledge. To attribute a
drought class to the 37 populations with known monthly
P and PET values, first the following six variables, with
specific attention to quantification of summer drought
(cf. Garcia 2001), were derived: annual precipitation (aP),
annual evapotranspiration (aPET), ratio aP/aPET, num-
ber of months with aPET > aP, difference aP — aPET and
summed difference between P and PET for the summer
months only (June—September). Next, a principal compo-
nent analysis was performed on these variables, resulting
in one component that explained 86% of the variation
and that was strongly correlated with all six variables
(weakest correlation is with aPET: r = 0.77). The factor
scores on the component ranged between 1.71 and —2.18,
and these values were used to attribute the 37 populations
to the wetness classes: very dry (factor score > 1.5), dry
(20.5), neither dry nor wet (<0.5 and >-0.5), wet
(£-0.5) and very wet (<—1.5).

The nitrogen deposition data were obtained from the
European Monitoring and Evaluation Programme data-
base (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 pro-
vides scientific information on the emission, transport
and deposition of air pollutants. In this paper, we used
the estimates for 2000 (i.e. in the middle of the period in
which our data were collected) of total inorganic nitrogen
deposition (wet and dry) expressed as kg N ha '-year™" in
50 x 50 km grid cells covering Europe. The values for the
42 populations under study ranged from 1kg N ha™"
year ' to 31 kg N ha 'year™', with a mean of 11 kg N
ha™"-year .

Finally, the following additional plant characteristics
were recorded for the 15 populations in the 2005 dataset
only: size of plant, vitality of plant and number of blue
cones produced. Given the variable morphology of
J. communis shrubs, the crown surface area (m?) was used
as a measure of plant size. Crown surface area was calcu-
lated using four measures, plant height, height of the
crown base and two perpendicular measures of crown
diameter taken at the height of the maximum crown
width. Plant vitality was assessed in three ordered classes
based on the degree of defoliation, measured as the per-
centage of needles lost (1, >60% loss, 2, 30-60% loss; 3,
<30% loss; cf. Verheyen et al. 2005). Blue cone produc-
tion was estimated as crown surface (m?) X blue cone
density (number of cones m ). The latter variable was
determined in a maximum of ten 20 X 20 cm squares
randomly distributed over the shrub’s crown surface. The
mean and maximum blue cone number was 2591 and
50,255, respectively; only seven out of 198 juniper bushes
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had over 10,000 cones. These values are comparable with
Falinski (1980), who found a mean value of 1112 cones
and a maximum of 22,625 cones per shrub in eastern
Poland.

Data analysis

The data were analysed in the same order as the three
research questions.

1 The relation between the mean percentage of filled
seeds per shrub and the percentage of young (<25 cm)
juniper shrubs per population was assessed by means of a
Spearman rank correlation (ry).

2 To determine the degree of variation in seed viability
between regions and populations across Europe, a general
linear model analysis was performed, with region and
population (nested within region) as random factors. The
factor ‘region’ had four levels representing geographically
distinct regions in Europe (Iberian Peninsula, Alps,
northwestern Europe including Great Britain, and north-
ern Scandinavia). The In-transformed percentage of filled
seeds was the response variable for this analysis. Next,
structural equation modelling (SEM; Grace 2006) was
used to determine the direct impacts of climate, nitrogen
deposition and latitude on the percentage of viable juni-
per seeds per cone, as well as the indirect impacts of these
environmental variables via their influence on the degree
of predispersal seed predation by M. bipunctatus and the
average number of seeds per cone. Therefore, we devel-
oped an a priori model to represent hypothesized depen-
dencies between the predictor and response variables
based on the expected causal relationships (Fig. 2) out-
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Fig. 2. Path diagram displaying the relationships between environ-
mental variables and selected juniper variables. Double-headed arrows
represent correlations between independent variables, while single-
headed arrows describe assumed causal relationships. Significant
(P < 0.05) relationships are indicated in black, with full and dotted
lines indicating positive and negative relationships, respectively. The
width of the lines indicates the strength of the relationships. Non-sig-
nificant relationships are indicated in grey and were not included in
the final model.
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Fig. 3. Path diagram displaying the relationships between environ-
mental variables and selected juniper variables (including vegetative
shrub traits) for a subset of 15 populations in northwest Europe. The
single-headed arrows describe assumed causal relationships. Signifi-
cant (P < 0.05) relationships are indicated in black, with full and dot-
ted lines indicating positive and negative relationships, respectively.
The width of the lines indicates the strength of the relationships. Non-
significant relationships are indicated in grey and were not included in
the final model.

lined in the introduction. SEM provides a framework for
handling correlations between predictors that are related
to a common response. It is based on a simultaneous
solution procedure, where the residual effects of predic-
tors are estimated (partial regressions) once common
causes from intercorrelations have been statistically con-
trolled. To evaluate our model, standard SEM procedures
using Mplus (version 4.1) were used. If necessary, vari-
ables were In-transformed to linearize relationships. As
our initial model was saturated (i.e. the model included
as many free parameters as the number of available corre-
lations among the variables), non-significant relationships
(based on z-values) were eliminated from the model to
allow assessment of its overall fit using a chi-square test
and the determination of the root mean square error of
approximation (RMSEA). All the above-mentioned analy-
ses were performed at the shrub level, and n = 718.

3 To assess the importance of the direct and indirect
impacts of vegetative shrub characteristics on viable seed
production, an extended model was constructed (Fig. 3)
and tested for the subset of shrubs for which characteris-
tics were available (n = 196). The drought variable was,
however, not included in this analysis as all but two pop-
ulations fell into the ‘neither dry nor wet’ class.

RESULTS

The mean percentage of filled seeds per population was
significantly positively correlated (ry = 0.47, P = 0.003,
n = 39) with the percentage of seedlings in the popula-
tion (Fig. 4). The relationship was more or less triangular
in shape, in the sense that consistently low seedling
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numbers were found in populations with low percentages
of filled seeds, whereas both high and low seedling num-
bers were found in populations with a higher percentage
of filled seeds. The percentage of filled seeds exhibited
large variability (Fig. 5), but most variation occurred
between populations in a single region (Fsg ¢76 = 12.207,
P < 0.001), and only to a lesser extent between regions
(F5, 30 = 3.627, P = 0.023). The overall average of filled
seeds was 17%, and the mean values (min—-max) in the
Iberian Peninsula, Alps, northwest Europe and northern
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Fig. 1.
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Scandinavia were: 12% (0-71%), 47% (2—-86%), 13% (0—
100%) and 36% (0-100%), respectively. There was a rela-
tively strong correlation between the percentage of filled
seeds and percentage of tetrazolium-treated seeds that
turned red (and were assumed truly viable) (r; = 0.74,
P < 0.001, n = 198), indicating that the percentage of
filled seeds is a good indicator of seed viability. Neverthe-
less, the mean percentage of viable seeds (3%) was four
times smaller than the percentage of filled seeds (12%).
On average, 2.41 seeds per cone were found, with mean
values (min-max) in the four regions of: 2.44 (1.00-
3.15), 2.14 (1.03-2.91), 2.68 (1.00-3.30) and 1.78 (1.00—
3.00), respectively. There was no correlation between the
number of seeds per cone and the percentage of filled
seeds (rg = —0.01, P = 0.882, n = 718). A clear triangular
relationship between the percentage of filled seeds and
predation rate was found (Fig. 6). The percentage of
M. bipunctatus predated cones per shrub was, on average,
15% (range: 0-100%). Highest predation rates were
found on the Iberian Peninsula and in one of the two
Nydala populations in northern Scandinavia. In popula-
tions with the lowest GDD.y [~1000; i.e. the most
northern Scandinavian (Kiruna, Abisko) and highest
alpine (Grimselsee and Eigergletscher) populations],
M. bipunctatus was completely absent.

The model in Fig. 2 explained 18% of the variation in
the percentage of filled seeds and a good fit between the
data and model was obtained (xz =997, df=5,
P = 0.08; RMSEA = 0.037). As expected, the environmen-
tal predictor variables are more or less correlated. It
should be noted that, despite the weak -correlation
between latitude and nitrogen deposition, a non-linear
relationship does exist between these variables: nitrogen
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Fig. 6. Relationship (r; = —0.24, P < 0.001) between the mean per-
centage of M. bipunctatus predated cones per shrub and the mean
percentage of filled seeds per shrub in 42 populations in four different
regions across Europe: Iberian Peninsula (empty circles), the Alps (filled
circles), northwest Europe (filled triangles) and northern Scandinavia
(empty triangles).
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deposition was low at both the lower and upper end of
the latitudinal gradient, whereas the highest nitrogen
deposition was at intermediate latitudes (+50°). However,
these intercorrelations did not result in high variance
inflation factors (VIFs) in any of the regressions (VIFs
always < 2). The model results indicate positive effects of
nitrogen deposition (strong) and drought (weak) on the
average number of seeds per cone and a negative effect of
latitude (Fig. 2). The percentage of cones predated by
M. bipunctatus is lower at higher latitudes and in regions
with high nitrogen deposition. The percentage of filled
seeds is negatively affected by the degree of M. bipuncta-
tus predation and, especially, by the number of GDD. o
(Fig. 7). The latter variable only has a direct effect on the
percentage of filled seeds. Nitrogen deposition also has a
direct negative effect on the percentage of filled seeds, but
this effect was counterbalanced by positive indirect effects
via the number of seeds per cone and the degree of
M. bipunctatus predation (Fig. 2).

The model for the northwestern European subset
(Fig. 3) explains 13% of the variation in filled seed and
also displays a good fit with the data (x> = 16.47,
df = 14, P = 0.29; RMSEA = 0.030). Compared to results
for the entire dataset, more or less similar relationships
with GDD.ge, latitude and nitrogen deposition were
found, although the strength of the relationships varied in
some cases (Fig. 3). Inclusion of the three extra shrub
traits helped to explain an additional part of the varia-
tion, especially for the number of seeds per cone, which
was positively related to the number of cones produced
and negatively to the size of the shrub (Fig. 3). By con-
trast, the tested shrub characteristics do not explain much
additional variation in the percentage of filled seeds and,
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Fig. 7. Relationship (r; = -=0.38, P < 0.001) between the mean
annual growing degree-days above 0°C (1960-1991) and the mean
(standard error, SE) percentage of filled seeds per population across
four different regions of Europe: Iberian Peninsula (empty circles), the
Alps (filled circles), northwest Europe (filled triangles) and northern
Scandinavia (empty triangles).
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rather surprisingly, a negative relationship was found with
shrub vitality (Fig. 3).

DISCUSSION

In this paper, we demonstrated that the limited availability
of viable seeds is indeed an important factor explaining the
poor regeneration success of juniper in parts of Europe.
Furthermore, we found that the variation in seed viability
is mainly determined by temperature, but also by latitude
and nitrogen deposition via their impact on predispersal
Megastigmus predation and seed number per cone.

The triangular relationship between seed viability and
percentage of seedlings in a population is consistent with
earlier observations that juniper regeneration is hampered
by the absence of microsites suitable for germination, and
by overgrazing and/or drought stress (cf. above). These
factors are probably responsible for the large variation in
seedling recruitment even when sufficient viable seeds are
available (cf. Fig. 4). The results also suggest that when
seed viability is low, the chances of successful regenera-
tion are very low (cf. Garcia 2001). Although based on
observational data, the positive response of local recruit-
ment to the availability of viable seeds is indicative of
seed limitation at a large scale for the plant’s range in
Europe (Eriksson & Ehrlén 1992; Miinzbergova & Herben
2005). More importantly, seed viability may therefore be
used as a proxy for juniper recruitment potential in a
large-scale scenario of global change in Europe.

Variation in seed viability is large both between regions
and between populations within regions. This is in accor-
dance with Johnsen & Alexander (1974), Ward (1982)
and Forbes & Proctor (1986), who also found large differ-
ences between populations. No evidence was found for
correlated seed viability patterns among neighbouring
regions (Fig. 5), which may suggest the absence of any
important genetic control on seed viability at a regional
scale. Studies using neutral genetic markers found a lack
of spatial clustering between and within regions and high
degrees of genetic variation within populations (cf. Van
der Merwe et al. 2000; Oostermeijer & de Knegt 2004;
Michalczyk et al. 2006; Van den Broeck et al, unpub-
lished results). Hence, the likelihood of a strong genetic
imprint on the observed seed viability patterns seems
rather low. As well as the large spatial variation, signifi-
cant interannual variability in viable seed percentages also
occurs. Ward (unpublished results) monitored seed qual-
ity in two juniper populations at Porton (UK) between
1997 and 2006 and found seed viability varied between
1% and 15% and between 7% and 33%, respectively, in
these 2 years. Also, Garcia et al. (2002) found a 65-90%
range in seed abortion during a 6-year monitoring cam-
paign in a juniper population in the Mediterranean
mountains of southern Spain. The variability appeared to
be strongly related to rainfall during the pollen delivery
month. This interannual variability may partly account
for the significant percentage of unexplained variation in
our models.
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However, the question remains, what are the mecha-
nisms behind the large variation in seed viability and
how can the observed relationships with the GC drivers
be explained? As, on average, only 15% of the cones
per shrub were predated by M. bipunctatus, predispersal
seed predation by this species seems to be somewhat
less important to explain the low viability of juniper
seeds. However, M. bipunctatus does have an important
impact on seed viability in some, more southerly popu-
lations (cf. Figs 2 and 6). Furthermore, the higher
impact in southern Europe is more likely to be
explained by the presence of other host plants for
M. bipunctatus (]. sabina, J. oxycedrus) than by tempera-
ture limitation, as the threshold GDD level for
M. bipuncatus presence is low (~1000 GDD.ge; cf.
Fig. 2). The high percentage of non-filled seeds (83%)
is therefore either primarily due to (i) poor ovule
fertilization or (ii) processes other than M. bipunctatus
predation that cause seed development failure during
maturation (cf. Hedhly et al. 2009).

Fertilization failure (i) may be the result of low pollen
quality and quantity or malfunctioning of female repro-
ductive organs. Recently, Mugnaini et al. (2007) found
that retraction of the juniper pollination drop, ie. the
liquid drop secreted by the ovule and exposed outside
of the micropyle, can be triggered by dead juniper pol-
len, by heterospecific pollen of e.g. Pinus, and even by
non-biological particles of an appropriate size. Hence,
the low pollination selectivity of juniper could reduce
pollination success in regions where high aerial concen-
trations of pollen-sized particles are present. Further-
more, Gottardini ef al. (2004) found a specific negative
effect of nitrogen oxides on pollen viability of Pinus
nigra in Italy. This finding may also hold for juniper
and could help to explain the observed negative impact
of nitrogen deposition on the percentage of viable seeds
(Fig. 2). It should also be stressed that, apart from
pollen quality, pollen quantity could also be a limiting
factor. However, since mostly larger populations were
sampled in open areas (i.e. facilitating wind pollination,
cf. Ortiz et al. 2002), pollen quantity is less likely to
explain seed viability patterns in this study. Whether
higher temperatures have a negative impact on juniper
pollen quality and quantity is not yet known (cf. Hedhly
et al. 2009).

Poor post-fertilization seed maturation (ii) may be
another cause of the low seed viability. This is corrobo-
rated by Hopster & Greeve (1999) who found seed devel-
opment failure mainly between the second and third year
of seed development. Since there are currently no indica-
tions that higher temperatures could have a negative
impact on seed maturation (but see Hedhly et al. 2009),
the more plausible explanation for the strong negative
impact of the number of GDDs on seed viability may be
an indirect effect of temperature on the frequency and
distribution of seed predators or pathogens, other than
M. bipunctatus. An important seed predator that may be
more strongly limited by temperature is the mite Triseta-
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cus quadrisetus (Thom; Acarina, Eriophyiidae). Ward
(1973) found >80% of seeds were affected on some sites
in southern England, whereas this mite appears to be
absent from northern Britain. The mite is also scarce in
southern Finland (Raatikainen & Tanska 1993), although
Garcia (1998) found T. quadrisetus was not an important
predator in the Sierra Nevada (Campos de Otero,
GDD.¢o = 4045), which conflicts with our hypothesis.
Thomas et al. (2007) provided an overview of insects,
mites and fungi associated with juniper, among which
several are reported to have an impact on pollen and
seeds.

Juniper is mainly colonized by arbuscular endomycorrh-
izae (Thomas et al. 2007). As mycorrhizae are sensitive to
nitrogen deposition, it is possible that deficient uptake of
nutrients might be a cause of poor seed maturation, thus
explaining the negative relationship between nitrogen
deposition and seed viability (Fig. 2). Nitrogen deposition
seems to have a positive impact on the number of seeds
produced per cone. This is in line with results of Callahan
et al. (2008), who recently found that oak species increase
reproductive output but not offspring quality when
exposed to ecosystem manipulations that enhance vegeta-
tive growth. However, as the variation in seed number per
cone is small compared to the variation in the percentage
of viable seeds per cone, the impact of nitrogen deposition
on viable seed output per cone is rather small.

Reproductive failure due to increased plant—plant
competition in warmer regions could also serve as an
explanation for the negative correlations between seed
viability, temperature and nitrogen. Junipers have low
competitive ability and are therefore confined to mar-
ginal sites. It is possible that when growing conditions
improve, resource uptake by juniper may be hindered
by species that are more competitive under these cir-
cumstances.

It is clear that further research is required to identify the
exact mechanisms behind the observed impacts of GC driv-
ers on juniper seed viability. In this respect, data to assess
more long-term trends in seed viability would be very
instructive. Such data would allow us to check whether
changing environmental conditions (e.g. increasing temper-
atures and nitrogen deposition) over time result in similar
impacts on seed viability to those observed in this study. In
a report of the ‘Nederlandse Boschbouw Vereniging’
(Anonymous 1946), germination of 60-90% was reported,
but no details on test protocols are provided. In 1975,
Breek (1978) collected seeds near Dwingeloo in the prov-
ince of Drenthe (the Netherlands) and found 24% of the
seeds were filled. In the nearby population at Mantinger-
zand sampled in this study, Hopster & Greeve (1999) found
~10% filled seeds, and we only found 4% filled seeds.
These limited, rather anecdotal, data could suggest
a slightly decreasing trend in seed viability, but whether this
is due to aging of shrubs or changing environmental condi-
tions cannot be confirmed; although, based on our results,
the latter seems more realistic than the former. Whereas
the negative impact of shrub ageing has been suggested
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several times (e.g. Diotte & Bergeron 1989), in this study
only a weak negative correlation between shrub size and
percentage of filled seeds (r; = —0.18, P = 0.014, n = 196)
was found. Furthermore, this relationship disappeared after
controlling for other variables (Fig. 3). The weak relation-
ship may be due to the fact that shrub size is not a 100%
reliable proxy for age (Breek 1978; Forbes & Proctor 1986),
but it could also be a genuine pattern.

CONCLUSIONS

In this study, we showed that low seed viability is an
important factor explaining recruitment failure of juni-
per in Europe. Furthermore, clear indications were
found for both direct and indirect effects of temperature
and nitrogen deposition on juniper seed viability,
whereas drought and shrub traits, such as size and vital-
ity, only had minor effects on seed viability. Although
our understanding of the mechanisms behind the nega-
tive effects of nitrogen deposition and temperature on
seed viability is still limited, it does raise serious con-
cerns, especially in light of predicted rises in temperature
(IPCC 2007) and in global nitrogen emissions (Galloway
et al. 2004) during the next century. If adult juniper
persistence is not negatively affected by these GC factors,
the species may survive as remnant populations (sensu
Eriksson 1996) for several more decades, but it is clear
that there is a limit to the long-term survival of juniper
in central and southern Europe because it is likely that
seed viability will further decrease in the future. In addi-
tion, seedling success will also be weaker under more
stressful conditions caused by competition from more
strongly growing vegetation and/or increased summer
droughts.

Finally, it is not yet clear to what extent the reproduc-
tive output of other species will be similarly negatively
affected by rising temperatures and/or nitrogen deposi-
tion, but results from both observational (Graae et al
2009) and experimental studies (Hovenden et al. 2008) at
least suggest that juniper may not be unique in this
respect.
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