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Abstract: The Juniperus excelsa (Cupressaceae) forest in northern Greece has been facing a documented severe
decline of natural regeneration over the last few years. In order to dissect the physiological components of the low
regeneration, pollen originated from different sites as well as from trees of different height was investigated in terms
of viability and in vitro germination capacity. In addition, embryo development and viability of the first year imma-
ture seeds were further assessed. Pollen was found to present high viability (61.5-93.2%) in all sites and tree height
classes. However, pollen germination was quite low (maximum germination percentage recorded was 30.2%). The
low pollen germination capacity recorded in trees above 6 m in height was reflected in the subsequent low percent-
ages of successful embryo development and viability found in the produced seeds. These results suggest that low
seed fertility in Juniperus excelsa is associated with reduced pollen germination, suggesting a complex regeneration
mechanism and is considered an additional step in shedding light on the physiological basis of the low natural re-
generation of Juniperus excelsa.
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Greek juniper (Juniperus excelsa M. Bieb.) occurs
in the hills and mountains of the eastern Mediter-
ranean basin, the Black Sea and a range of moun-
tains arching around the south-west end of the
Caspian Sea, while it becomes increasingly rare
eastward (STRID, TAN 1997). It is usually met in re-
gions with annual precipitation above 500 mm. The
species is resistant to summer drought and heat,
mainly occurring on stony, rocky calcareous slopes
(VRAHNAKIS et al. 2011).

The Prespa Lake basin is one of the few areas in
the Balkan Peninsula with a well-preserved forest
of Greek juniper that forms the priority habitat type
9560 (Endemic forests with Juniperus spp.), an EU
priority habitat type of limited distribution. Greek

juniper woods (GJW) of the Prespa Lake are domi-
nated by /. excelsa trees of wide canopy (VRAHN-
AKIS et al. 2011) constituting a relatively isolated
population of significant size. After careful screen-
ing of the Prespa juniper forest, a significantly small
number of individuals was found to be less than 1
meter in height, which represent the 0-30 years
old age group (VRAHNAKIS et al. 2011). This sug-
gests low regeneration over the last 20-30 years.
Moreover, within the framework of LIFE12 NAT/
GR/539 — JunEx research project, seed embryo vi-
ability was found to be extremely low. In particular
5.31% embryo viability with 82.92% of empty seeds
was recorded in the first year immature seeds and
1.7% embryo viability with 90.03% of empty seeds
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was recorded in the second year mature seeds. On
the other hand, STAmMPoULIDIS et al. (2013) found
that the regeneration of J excelsa in the Prespa
National Park does take place either in facilitation
or in open gaps under full light but the process of
grazing through trampling and animal tread is the
deterministic factor for successful regeneration.
The low regeneration outcome, however, is also
reported for other juniper species like European
populations of Juniperus communis, which also
showed a decline in natural regeneration (GAR-
CIA et al. 1999; GRUWEZ et al. 2013). In particular,
Mediterranean populations of /. communis across
mountain regions of southern Spain were dominat-
ed by mature individuals while seedlings and juve-
niles were absent, suggesting a gap in regeneration
during the last 30-50 years. This low reproductive
potential was attributed to many reasons such as
poor fertilization and/or low seed viability and
subsequent germination or high seedling mortality
as a possible result of the current climate change
(GARrciA 2001; VERHEYEN et al. 2009; GRUWEZ et
al. 2013; PINNA et al. 2014; GRUWEZ et al. 2016).
In addition, an increased amount of unfilled seeds,
as a result of poor fertilization, was also reported
enforcing the low regeneration capacity (GARCIA
et al. 2000). Poor fertilization that was connected
with the processes of pollination and pollen tube
growth was also suggested as a contributing factor
to low seed viability in other gymnosperms like Ab-
ies amabilis (OWENS, MOLDER 1977).

The lack of abundant natural regeneration in
GJWs of the Prespa Lake is causing concerns about
their future conservation, emphasizing the need for
better understanding of the population reproduc-
tion dynamics of this highly resilient species, not
only in the Prespa area, but also across the entire
distribution range of this species. Successful seed
production, in terms of seed quantity and embryo
viability, is the prerequisite for natural regenera-
tion. So it is considered vital to understand and re-

cord the mechanisms of pollination, pollen germi-
nation and tube growth that lead to seed formation.
The present study evaluates pollen performance
along with seed setting and embryo viability of the
first year immature seeds from J. excelsa individuals
covering the entire range of its distribution across
the Prespa basin. The outcomes of the study are ex-
pected to help elucidate the physiological basis of
the observed low regeneration of Juniperus excelsa
and provide important information on the strategic
regeneration protocol design for this species.

MATERIAL AND METHODS

Sites, tree selection process, pollen
and seed collection

Pollen collection sites of different altitude and expo-
sition were selected within the Juniperus excelsa for-
est of the Prespa National Park (Table 1). The selected
sites represent nearly the entire distribution range of
the studied population (Fig. 1). In order to further
determine the microclimatic differences between the
locations, the course of 19 bioclimatic parameters of
temperature and precipitation over the latest years
extracted by the DIVA GIS system (www.worldclim.
org) were used. Details of the particular parameters
are given in Table 2. A cluster analysis of the summa-
rized data on the bioclimatic parameters is shown in
Fig. 2, which outlines the overall climatic difference
between the locations where pollen and seeds were
collected for the study. The three groups of height
that were selected in the study are abbreviated herein
as A, B and C corresponding to the heights of 1-2 m,
2-6 m and > 6 m, respectively (Table 1). The differ-
ence in height suggests a difference in age. A height
up to 2 m most probably represents young trees (20—
50 years old), 2-6 m could represent middle-aged
trees (50-100 years old) and > 6 m most probably
represents mature trees (more than 100 years old).

Table 1. Geographical and tree height class group details of the five pollen collection sites chosen within the Prespa

National Park

Site code Name Coordinates (GPS) Altitude (m) Orientation Tree height class group
L1 Vronteron 40.74157 21.02361 1145 180° (S) B,C

L2 Oxia 40.73732 21.05116 888 160° (SSE) C

L3 Agios Georgios 40.80893 21.06278 1114 235° (SW) A,B,C

L4 Psarades 40.82407 21.02028 926 250° (WSW) A,B,C

L5 Pyli 40.78629 21.05188 870 140° (SE) C
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Fig. 1. A satellite image of the study area which includes pinpoints (in yellow) of the five sites where pollen and consequent
seeds were collected (source: Google Earth software, Google Corp.)

Pollen was collected early in the spring of 2016 when 100 m from that point at different directions. Pollen
male cones started to dehisce naturally on the trees. was mixed into a composite sample from each loca-
A central point was selected in each location and pol-  tion and height group in accordance with established
len was collected from 8—10 trees within a radius of  pollen sampling methods (SHIVANNA, RANGASWA-

Table 2. Details of the bioclimatic parameters of temperature and precipitation used in order to microclimatically
separate the five locations used in the study

No. Parameter No. Parameter

1 Mean annual temperature 11 Mean temp of coldest quarter
2 Mean monthly temperature range 12 Sum of annual precipitation

3 Isothermality 13 Precipitation of wettest month
4 Temperature seasonality 14 Precipitation of driest month
5 Max temp of warmest month 15 Precipitation seasonality

6 Min temp of coldest month 16 Precipitation of wettest quarter
7 Annual temperature range 17 Precipitation of driest quarter
8 Mean temp of warmest month 18 Precipitation of warmest quarter
9 Mean temp of driest quarter 19 Precipitation of coldest quarter
10 Mean temp of warmest quarter
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Fig. 2. Cluster analysis showing the microclimatic difference between the five locations of the study based on the Euclid-
ian distances (k-Means Cluster analysis) of the summarized data from 19 bioclimatic parameters for each location from
1971 until today using DIVA-GIS. The particular bioclimatic parameters used are given in Table 2

My 1992). Using this method, pollen sample homo-
geneity can be increased whereas response variability
is minimized. However, in three out of the five sites,
no pollen was collected from height class A trees due
to either lack of male cones or their immaturity. The
same problem was encountered in height class B trees
in two out of the five sites, leaving trees of height class
C the only group whose pollen was collected from all
studied sites. Table 1 provides an overall view of the
combinations of site and height groups within which
pollen was collected. Pollen was collected from trees
not growing under shaded conditions and from twigs
of the same age (by counting the number of inter-
nodes from the base of the stem) at the middle and
upper nodes in height class A and middle and lower

nodes in height classes B and C. In addition, all trees
chosen for the study were visually examined for in-
fections (no infected branches and <10% leaf loss in
the entire tree) and signs of pests (Table 3). Immedi-
ately after collection, pollen samples were placed into
a thermal cabinet and, on the same day, they were
transferred to the laboratory where they were stored
at 2°C before any assessment.

Immature seeds (seeds of green colour produced
in the first year after pollination) were collected
about 10 months later (late 2016) from female trees
in close proximity to the ‘marked’ male trees from
which pollen had been collected in all five sites.
Seeds were collected only in the height class C
trees, since it was the only height group that pro-

Table 3. Chosen prerequisites for the selection of male pollen donor trees as well as nearby female trees from which

seeds were collected for each of the three height classes across the five sites of the study within the Prespa National Park

Height Sh%\c‘le Selected twigs sprouted Diseased Pest infestation Whole tree

class conditions health status

A no shade from the 15%—30% internode no v%s1ble s1gns no YISIble s1gns < 10% leaf loss
of infection of infestation

B no shade from the 15—~10" internode o V%SIble §1gns no Ymble s.1gns < 10% leaf loss
of infection of infestation

C no shade from the 15t—~10 internode no visible signs no visible signs < 10% leaf loss

of infection

of infestation
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vided pollen for collection in all sites. At least 500
seeds from 10-15 trees were collected from each
location, stored at 2°C and evaluated consecutively.

Pollen viability and germination measurements

The acetocarmine staining solution (1% in 45%
glacial acetic acid) was used for the viability assess-
ment. This stain has been extensively used in pollen
viability studies with a high level of accuracy (PorcH,
JAHN 2001; KARAPATZAK et al. 2012; GAALICHE et al.
2013). Several hydration times were tested, namely 1,
2,4, 6,8, 10 and 12 hrs of hydration. The thick exine
followed by the thinner intine of pollen grains was
found to be successfully ruptured when pollen was
hydrated for at least 4 hrs, which was the chosen hy-
dration time used in the study (SOUTHWORTH 1988;
DANTI et al. 2011). Pollen was mixed with the stain
(added after hydration) and was assessed for viability
after a period of approx. 1 hour at ambient room tem-
perature. The numbers of stained against non-stained
pollen grains were recorded for each slide/culture as
a mean value from 10 random microscopic fields and
the percentage of viable pollen grains was calculated.

Pollen germination capacity was assessed in vitro
using the sitting drop culture method’ (SHIVANNA,
RANGASWAMY 1992). The BREWBAKER and KwAcCK
(1963) pollen germination medium was used with an
extra of 2% sucrose. The modified medium consisted
of 120 gI! sucrose, 100 mg-1-! boric acid, 300 mg-1!
calcium nitrate, 200 mg-1"! magnesium sulphate and
100 mg1! potassium nitrate. The cultures were hy-
drated for a period of 4 hours before the medium
was added and subsequently incubated for a period
of 12 days at a temperature of 24 + 2°C, in agreement
with NEpI et al. (2005). Percentage of germination
(pollen tube growth) was evaluated immediately af-
ter incubation, using the same measurement meth-
od as for viability. When the developing pollen tube
was equal or longer to the diameter of the grain, it
was considered germinated (NEPI et al. 2005; WiL-
LIAMS 2009). A high-powered microscope (Nikon
Optiphot microscope, Japan) was used throughout
at a 100x magnification level.

Seed cut and embryo viability test

Seeds were dissected and embryo development
was macroscopically observed under a high-pow-
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ered stereoscope (Leica MZ6, Germany). Four
classes of seeds were scored: empty seeds (no vis-
ible signs of embryo development), seeds filled
with a resinous like substance, seeds filled with an
undifferentiated mass of starchy cells and seeds
containing a fully developed embryo. The produc-
tion of a fully developed embryo was interpreted
as the successful growth of the pollen tube within
the ovule and successful fertilization of the female
part (WiLLiaMs 2009). Subsequently, the fully de-
veloped embryos were extracted and tested for vi-
ability applying the tetrazolium chloride test (TTC)
at a 1% concentration, prepared according to ISTA
(1999) specifications.

Experimental design and statistical analysis

Pollen viability and pollen germination
assessment

For each combination of site and height class
group a composite pollen sample was collected
as described above. From each composite pollen
sample 10 viability tests and 10 germination cul-
tures were randomly performed which represented
the replicates in a completely randomized design.
Height class and site were the experimental fac-
tors with pollen viability and germination being
the dependent variables. An average viability and
germination percentage was deduced for each
combination which was arcsine transformed. The
transformation was conducted in order to meet the
assumptions for running an analysis of variance
(ANOVA) because large mean differences between
treatment groups were observed and all the subse-
quent analyses were run on the transformed form
of the percentage data.

Separate analyses of variance at a significance
level of 0.05 were conducted as appropriate in or-
der to assess the effects of the studied factors on
the variables measured and dissect the individual
mean differences since the height class factor did
not have all three levels across all sites. In particu-
lar, an ANOVA was conducted between the three
height classes for the two sites that had all three
levels of height (L3 and L4) and a separate ANOVA
was conducted between height classes B and C for
site L1. Similarly, an ANOVA was conducted be-
tween the three sites for height class B and a sepa-
rate ANOVA was conducted between all five sites
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Table 4. Average pollen viability (%) and pollen germination (%) for 10 combinations of site and height class from

which pollen was obtained

Site code Height class A

Height class B

Height class C

ANOVA (P) between
height classes

Pollen viability

L3 89.1 (1.109 + 0.029) ¢
L4 89.7 (1.116 + 0.015) ¢
L1

L2

L5

ANOVA (P)
between sites

86.3 (1.051 = 0.032) >
89.6 (1.120 + 0.029) *>¢
86.8 (1.058 + 0.028) b

0.220

92.6 (1.191 + 0.024) @
89.1 (1.105 + 0.022) ¢
93.2 (1.209 + 0.025) 2
61.5 (0.664 + 0.022) ¢
84.7 (1.022 + 0.035) ©

0.000

0.066

0.001

Pollen germination

L3 00.0 (0.000 + 0.000) #
L4 3.28 (0.032 + 0.006) *
L1

00.0 (0.000 + 0.000) *
2.06 (0.020 + 0.003) A
20.1 (0.202 + 0.008) ®

22.90 (0.232 + 0.014) ®
10.80 (0.108 + 0.010) €
30.18 (0.306 + 0.015) P

0.000

0.000

L2
L5

ANOVA (P)
between sites

0.000

0.70 (0.007 % 0.002) A
10.37(0.103 = 0.007) €

0.000

Numbers in brackets are the arcsine transformed mean values + SEMs (# = 10) (P < 0.05). Mean values that share the same

letter are not significantly different (P < 0.05). Mean comparisons were made using Tukey’s (HSD) test (P < 0.05) for pollen

viability and Dunnett’s T3 test for pollen germination (P < 0.05). E.g. In the height class C column in Pollen Viability 92.6 is

not significantly different from 89.1 or from 93.2, but it is significantly different from 61.8, which is in itself different from

all other values as well as from 84.7, which is also different from all other values of that column apart from 89.1. Similarly,

for the first two rows (L3 and L4 sites) all values are not significantly different from each other, which is also reflected in

the relevant P-value of 0.066.

for height class C (Table 4). For pollen viability,
comparisons of means were made at a significance
level of 0.05 using Tukey’s HSD as a post-hoc test in
ANOVA which assumes equal variances. For pol-
len germination, on the other hand, Dunnett’s T3
test was used for treatment mean comparison at a
significance level of 0.05 since the transformed pol-
len germination data ware not found homogenous
according to Levene’s test and the sample sizes
were relatively small (z = 10). The statistical soft-
ware used for pollen viability and germination was
SPSS v19 (IBM Corp.). Graphs were produced us-
ing the Microsoft Excel (2007) graph facility.

In addition, pollen germination data for height
class C from which pollen was assessed across all
sites were tested against the binomial distribution
fit (Eq. 1):

Expected probability (r successes out of n trials) =

= }’l' r n-r (]-)
ri(n—r)! 7 (1-p)

where:

p — probability of success with a single trial or the overall
proportion of success: r/n (MEAD et al. 2003).

r—no of expected successes out of a total no of trials
(eg.0,1,2,3,40r5),

n — total no of trials (eg. 10), see note (column 2, Table 5).

The observed pollen germination frequencies
were compared with the calculated expected fre-
quencies using a X? test. The values of X? were
calculated as (Observed frequency — Expected fre-
quency)?/Expected frequency or (Eq. 2):

(O - EPE (2)

where:
O - observed germination frequencies from the data,
E — expected probability calculated from Eq. 1.

which were then compared with the statistical
value of the X? distribution at a significance level of
0.05 and having degrees of freedom the number of
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frequency classes minus 2 (MEAD et al. 2003). This
has been carried out in order to identify whether
pollen grains were germinating independently of
each other or whether there was a significant pol-
len population effect within the culture as the total
number of pollen grains in each culture varied. If
the binomial distribution fits the observed frequen-
cies of pollen germination (observed and expected
frequencies not significantly different according to
the X? test), then each pollen grain has equal prob-
ability for germinating and thus acts independently
from its surrounding grains not affecting the envi-
ronment of the other grains to make it either more
or less likely that any other grain will germinate
(MEAD et al. 2003).

Seed cut test, embryo viability

The seed cut test was conducted on seeds from
height class C (> 6 m) since this was the only height
class when pollen was assessed throughout all sites.
As such, ‘site’ was the only treatment factor. A com-
posite seed batch from each of the 5 sites was collected
and 4 replicate working samples of 50 immature seeds
each (200 seeds/site) were dissected for the seed cut
test in a completely randomized design (# = 50). An
average percentage estimate was deduced for each of
the four seed classes mentioned in the previous sec-
tion from each replicate sample. Percentage data were
arcsine transformed in order to meet the assumptions
for running an analysis of variance (ANOVA) and all
the subsequent analyses were run on the transformed
form of the percentage data.

Finally, analysis of variance was conducted on the
effects of the ‘site’ on embryo development and seed
internal morphology. Comparisons of means were
made at a significance level of 0.05 using the least
significant differences (LSD) as a post-hoc test in
ANOVA which assumes equal variances. Full em-
bryo development frequency data were correlated
with pollen germination data (from height class C
group) using a power type function (y = ax?).

Embryo viability was assessed on extracted em-
bryos from the above seed samples. An average per-
centage estimate of viable embryos out of the total
number of seeds was deduced for each site. Percent-
age data were arcsine transformed in order to meet
the assumptions for conducting an analysis of vari-
ance (ANOVA) and all the subsequent analyses were
run on the transformed form of the percentage data.

Analysis of variance was conducted in the ef-
fects of the ‘site’ on the measured proportions of
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embryo viability. Comparisons of means were
made at a significance level of 0.05 using the least
significant differences (LSD) as a post-hoc test in
ANOVA which assumes equal variances. The sta-
tistical software used for seed cut test and embryo
viability was SPSS (Version 19, IBM). Graphs were
produced using the Microsoft Excel (Version 2007,
Microsoft) graph facility.

RESULTS
Pollen viability and germination

High rates of pollen viability were observed
throughout sites ranging from 61.5% to 93.2%. The
lowest viability (61.5%, P < 0.05) was observed in
pollen collected from height class C (most prob-
ably mature trees) in L2 (Table 4). However, the
observed rates of pollen germination were quite
low, ranging from 0% to 3.3% in pollen collected
from height class A (young trees), from 0% to 20.1%
in height class B and from 0.7% to 30.2% in height
class C across all sites (Table 4).

L2 location presented the lowest pollen germina-
tion capacity within the height class C group (0.7%,
P < 0.05 after 12 days in culture), even though be-
ing adequately viable (62.5%). As far as L3 location
is concerned, only pollen from height class C trees
showed a capacity to germinate up to 23%, while
pollen from height classes A and B did not germi-
nate at all, even though being viable (Table 4). In ad-
dition, pollen from L1 and L4 demonstrated a pat-
tern where pollen from height class C (older) trees
showed better germination capacity than pollen
from the other height classes with samples from L4
giving 3.3% and 2% germination in height classes A
and B, respectively, and 10.8% in height class C, a
significantly higher value (P < 0.05) (Table 4). Simi-
larly, height class B from L1 presented approx. 20%
germination and height class C 30.2% (P < 0.05). The
statistical analysis showed a significant effect of both
site and height class on the pollen germination ca-
pacity (P < 0.05).

Moreover, the observed pollen germination fre-
quencies for height class C from which pollen
was assessed across all sites do not fit the bino-
mial distribution that was tested across all samples
(P < 0.05, Table 5), which provided significant evi-
dence that pollen grains within each culture did not
share an equal probability for germination. Conse-
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Table 5. Binomial distribution tests for pollen germination frequencies observed for height class C trees across the

five sites of the study

Germinating grain

Frequency

Height class frequency classes observed expected (O-E)*E
0 1 1 1
1 2 0.3281 8.52
2 1 0.2048 3.08
C 3 1 0.1323 5.69
4 0 0 0
5 or more 0 0 0
Total 5 1.6652 X?=18.29 > 9.49 (P < 0.05)

Five classes of germinating pollen grains were set for testing the binomial distribution fit. Zero to 5 or more grains germinat-

ing out of a total of 10 (the upper 5 neighbouring classes were combined in order to avoid very small expected frequencies,

because there were no data above 50% germination and in order to avoid very large factorial terms (5! = 120). The frequencies

are taken from all the sites across height class C (Table 4, pollen germination) since it was the only height class where pollen

was assessed across all sites (this is why the observed frequencies add up to 5). The percentage of germination observed for

each measured date was taken and divided by 10; for example a germination rate of 30.18 % = 3.018 grains germinating out

of 10, or ~ 3 grains germinating out of 10. The degrees of freedom for any binomial distribution dataset are the number of

classes —2; thus here they are 4. The observed X? value was compared with the P-value of the Chi-squared distribution at

the 99.5% confidence level for 4 d.f., which is 9.49.

quently, each grain did not germinate independently
from its surrounding grains, which means that there
was a significant population effect in pollen cultures.

Seed cut test and embryo viability

As far as the seed cut test is concerned, low pro-
portions of seeds with complete embryo develop-
ment were observed throughout all sites with L2
presenting the lowest percentage (4%) (Fig. 3). L1
and L4 sites showed the highest rates of embryo
development (20% and 17.6%, respectively) (Fig. 3).

The overall low complete embryo development
that was observed corresponds to a certain extent
to the low pollen germination rates found across
all sites concerning height class C (mature) trees
(R? = 64.2%, y = 0.107x8712, P < 0.05). On the oth-
er hand, proportions of empty seeds ranged from
25.5% in L4 to 72% in L2 (Fig. 4). In addition, mea-
sured percentages of seeds with no embryo but
with an undifferentiated mass of starchy cells var-
ied among sites. The lowest value was recorded in
L1 (5%), and the highest one in L4 (53.5%) (Fig. 4).
A significant number of seeds did not have any
embryo at all or even an undifferentiated mass of
starchy cells and were full of resinous substance in-
stead, ranging from 1% in L4 to 10.5% in L3 and
19.6% in L1 (Fig. 4). Nevertheless, the cumulative

frequencies of empty seeds, seeds filled with resin
and seeds with incomplete embryo development
were high throughout all sites ranging from 80%
in L4 to 96% in L2 of the evaluated seeds (Fig. 3).
The analysis of variance of seed data showed a
significant effect of the location on seed internal
morphology and embryo development (P < 0.05).
Similarly, the overall proportions of viable embryos
(extracted from seeds with full embryo develop-
ment) according to the TTC test were very low
ranging from 0.5% to 4.5% across all sites (Fig. 3)
without, however, being significantly affected by
the location (P < 0.05).

DISCUSSION
Pollen viability and germination

In the present study pollen showed low germina-
tion capacity following 12 days in culture across all
sites. Although the staining test showed that pol-
len was viable, the potential of the grain to produce
a functioning pollen tube that will eventually fer-
tilize the female part leading to embryo develop-
ment (WiLLiaMms 2009) remained unclear as only
a small fraction of the collected pollen germinated.
Even though the population of pollen grains within
each culture was sufficiently large to promote ger-
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Fig. 3. Average percentages of seeds with a fully developed embryo (grey bars) from the five sites of the study along

with the average percentages of seeds without embryo development (cumulative white bars, representing the three seed

classes: empty seeds, seeds with an undifferentiated mass of starchy cells and seeds filled with resin) and percentage of
embryo viability (black bars) out of the total number of seeds per sample. Details of the L1-L5 sites are given in Table 1.

SEM bars are shown in the graph (P < 0.05).

mination based on the significant pollen popula-
tion effect observed (Table 5) (KARAPATZAK et al.
2012) and thus eliminating misinterpretation of
the results due to low pollen density (BoAvIDA,
McCorMIcK 2007; CHEN et al. 2000). It is docu-
mented that pollen density within in vitro culture
affects germination and it seems as if there was a
positive linear relationship between pollen density
and germination, known as the pollen population
effect (PASONEN, KAPYLA 1998).

The low pollen germination rates observed were
correlated with the subsequent low embryo forma-
tion rates. As such, pollen germination capacity
contributes to the low reproduction dynamics of
the species. However, it has been reported in Pina-
ceae that in the first year after pollen release only a
fraction of pollen grains forms pollen tubes while
the rest remain viable and enclosed in the ovule for
one or even two years. A pollen tube seems to be
dormant and revives in response to some unknown
cues when the formation of the female gametophyte
has been completed (WiLLiams 2009). As such, a
pollen dormancy mechanism may be in place. Con-
sequently, if pollen possesses a kind of dormancy,
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then, although the staining test will evaluate the
grain as viable, no germination would be record-
ed. Considering the above, if a pollen dormancy
mechanism exists, it should be either physical or
physiological. In the present study it was observed
that the exine layer of almost all pollen grains and
the intine of most grains were ruptured shortly af-
ter hydration and water was absorbed, even though
it did not result in germination. So, the exine and
intine structures do not most probably serve as a
physical barrier enforcing dormancy, which in-
dicates that if there is any dormancy mechanism,
it might have a physiological character, which, in
turn, suggests the need for further work on the pol-
len ultrastructure.

In addition, an examination of the cellular struc-
ture of pollen grains produced under different mi-
croclimatic conditions might further clarify the
impact of environment considering the significant
effect of location (microclimate) observed on pol-
len germination capacity, especially under the on-
going climate change. Environmental conditions
affect the fertilization process in several stages as
the pollen tube growth can be postponed up to a
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Fig. 4. Average percentages of empty seeds (grey bars), seeds with a complete embryo (white bars), seeds with undif-
ferentiated mass of starchy cells (black bars) and seeds filled with resin (dashed bars). SEM bars are shown in the graph
(P < 0.05). Details of the L1-L5 sites are given in Table 1. LSD = 14 for empty seeds, LSD = 6.5 for seeds with a complete
embryo, LSD = 16 for seeds with undifferentiated mass of starchy cells and LSD = 7 for seeds filled with resin (P < 0.05)

year in Junipers (GRUWEZ et al. 2013). PARDI et al.
(1996) noticed that in certain Pinus species envi-
ronmental conditions from year to year can affect
pollen performance and histology outlining the
importance of the external environment on pollen
tube formation. A rise in atmospheric temperature
and nitrogen deposition, due to climate change,
during pollen tube growth and female gametophyte
development have been suggested to adversely af-
fect seed viability in J. communis (GRUWEZ et al.
2014). In addition, the temperature rise has been
suggested to affect the processes of pollen tube
growth and fertilization in UK populations of J.
communis (WARD 2010).

Female gametophyte abortion, on the other hand,
was suggested as a contributing factor to the low
seed set of Picea sitchensis (OWENS, MOLDER
1980). Similarly, in Pinus sylvestris high rates of
seed abortion were attributed to a maternal geno-
typic effect (KARKKAINEN et al. 1999). Nonethe-
less, evaluation of the receptiveness of the female
part in vivo is suggested as a further means of as-
sessing the reproduction dynamics of J. excelsa. It
was shown in the past using in vitro fertilization as-

sessments (IVF) in conifers that the pollen tube can
grow into nonviable or even degenerated female
ovules, suggesting a lack of the pollen tube ability
to recognize viable or same species female gameto-
phytes (DuMmoNT-BEBOUX et al. 1998; FERNANDO
et al. 1997; FERNANDO et al. 1998). Thus, self-in-
compatibility is most probably being controlled by
the female part.

Seed development

Apart from the contribution of pollen perfor-
mance to the reproduction dynamics of J. excelsa
that has been studied herein, poor fertilization and
consequent poor seed development could also be
the outcomes of genetic factors. Narrow genetic
variability and high inbreeding rates can severely
affect embryo viability and population reproduc-
tion (WiLLIAMS et al. 2003, WiLLIAMS 2009). How-
ever, it has been found that J. excelsa populations
across the eastern Mediterranean basin (Prespa
provenance was not included) had a high level of
genetic diversity, at both species and population
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levels (DouAIHY et al. 2011). Similar results have
also been obtained in previous studies on J. phoeni-
cea across the wider Mediterranean basin (MELONI
et al. 2006). VANDEN BROECK et al. (2011) conclud-
ed that the observed low seed viability of J. com-
munis across northwestern Europe was not due to a
genetic diversity bottleneck. Nonetheless, it is con-
sidered essential to investigate the genetic variabil-
ity of the current provenances as inbreeding may
better explain both poor fertilization and low em-
bryo viability. Moreover, self-pollination causing
embryonic death through the embryo lethal system
(WiLLiaMs 2009) may explain the high percentage
of empty seeds recorded in the current research.

For a long-lived species like Juniperus excelsa its
reproduction strategies may reflect a slow regen-
eration process. Nevertheless, the results of low
fertilization potential and low embryo viability
documented for the species in the Prespa National
Park cannot be disregarded. From the results of
the present study on J. excelsa it can be concluded
that a complex regeneration mechanism is being
employed. Apart from the observed low pollen
germination capacity and the consequent low em-
bryo formation rates, the regeneration potential of
J. excelsa may also be affected by pollen dormancy;,
climatic variables or genetic reasons acting either
independently or synergistically. If one would
also include natural or anthropogenic disastrous
events as potential threats to the habitat, the lack
of natural regeneration may result in an inability of
Juniperus excelsa forests to re-establish after such
events. Thus, it is urgent to investigate the deeper
causes of poor fertilization and low regeneration
potential and propose measures for their elimina-
tion to preserve a vigorous and stable juniper pop-
ulation across the Mediterranean region and the
rest of Europe.
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