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Abstract

Questions: Can gender of nurse plants affect regeneration
patterns and spatial population structure? Is there a seed-
seedling conflict in the regeneration process? What factors
are responsible for the clumped spatial population structure
observed for adult trees?

Location: Mediterranean cold semi-arid high mountains in
Spain.

Methods: The spatial pattern of adult Juniperus thurifera trees
was studied by means of Ripley’s K-analysis. 2 analyses were
used to test for natural seedling frequency in each of three main
microhabitats: (1) under female and (2) male tree canopies and
(3) in open interspaces. The observed pattern was explained
experimentally by studying seed and seedling survival for two
years. Survival probabilities were calculated across life stages
for each of three main microhabitats.

Results: Adult J. thurifera trees were aggregated in space.
Most seedlings were found underneath female J. thurifera trees.
Experimental studies demonstrated that from seed dispersal to
seedling survival all life stages showed the same positive or
negative trend within a given microhabitat, indicating stage
coupling and no seed-seedling conflicts. Attraction of frugivo-
rous birds by reproductive female junipers and improvement
of environmental conditions beneath tree canopies were the
main factors responsible for the variation in seedling density
among microhabitats; highest underneath female trees and
lowest in open interspaces.

Conclusions: In dioecious species, the gender of nurse plants
can significantly determine the spatial population structure. In J.
thurifera forests, facilitation beneath female trees occurs among
all life stages without any sign of seed-seedling conflict. The
most critical factors shaping the spatial population structure
were directed seed dispersal and environmental amelioration
beneath female conspecific trees.

Keywords: Juniperus thurifera; Seed dispersal; Seed-seedling
conflict; Spatial discordance; Spatial population structure;
Stage coupling.

Nomenclature: Castroviejo et al. (1986).

Introduction

Facilitation is acommon phenomenon under stressful
environmental conditions (e.g. Callaway 1995; Calla-
way et al. 2002). In Mediterranean ecosystems summer
drought is the primary environmental stress factor and
the main cause of juvenile plant mortality (e.g. Herrera
et al. 1994; Garcia-Fayos & Verda 1998; Traveset et al.
2003; Gulias et al. 2004). In these arid environments,
nurse plants improve physical conditions and enhance
seed germination and seedling survival (Verda & Garcia-
Fayos 1996a; Castro et al. 2004; Gomez-Aparicio et al.
2004) and offer protection from herbivores (Garcia &
Obeso 2003).

Facilitation can be species-specific (Callaway
1998), varying in intensity within a species because
of phenologically plastic morphology (Callaway et al.
1991, 2003). However, plant ecologists have rarely
compared genders within one plant species in search for
gender-specific facilitative interactions (but see Verda &
Garcia-Fayos 1996a, 2003; Verda et al. 2004). Variation
in survival between different microhabitats may yield
different survival outcomes, resulting in spatial discord-
ance (Jordano & Herrera 1995; Schupp 1995).

Frugivorous birds feed on fleshy fruits of female
plants, resulting in disproportionate amounts of seeds
being dispersed just below the canopies (Holthuijzen &
Sharik 1985; Herrera 1988; Herrera et al. 1994; Nanami
etal. 1999; Calvino-Cancela 2002). Post-dispersal seed
predators may also attack hosts with different intensities
depending on the type of microhabitat (Hulme 1997;
Tomita et al. 2002; Hollander & Vander Wall 2004,
Gulias et al. 2004). When seeds escape predation by
being buried in the soil, their longevity and germination
are likely to be influenced by the environmental proper-
ties of the soil surface, which vary among microhabitats
(Rotundo & Aguiar 2005 and references therein). After
seed germination, shading provided by nurse plants
protects the seedlings from desiccation by decreasing
soil temperatures during summer and enhancing the soil
water balance (Callaway 1995; Verda & Garcia-Fayos
19964, 2003). Organic matter and total nitrogen content
are frequently higher beneath shrubs than in open spaces
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(Callaway 1995; Joy & Young 2002; Verdti & Garcia-
Fayos 2003; Verda et al. 2004). Furthermore, females of
fleshy-fruited species tend to increase nutrient availability
beneath their canopies due to fruit deposition and accu-
mulation of disperser’s faeces (Verdli & Garcia-Fayos
1996a, 2003).

Previous studies have demonstrated that the spatial
population structure is affected by many factors, which
may differ among life stages. For each microhabitat
the sign and intensity of selection may be coupled or
uncoupled across life stages. When coupled, all life
stages respond similarly, either positively or negatively,
to the microhabitat matrix. Uncoupling occurs when the
survival probability from a particular demographic stage
deviates from that from previous stages (Jordano & Her-
rera 1995). These relationships have also been referred
to as concordant and discordant, respectively (Schupp
1995).

In this work we describe the heterogeneous spatial
population structure of the dioecious Juniperus thurifera
and use experimental methods to study the processes that
affect early life stages in three different microhabitats:
beneath male trees, beneath female trees and in open
interspaces. Furthermore, we calculate survival prob-
abilities across life stages for each of the three main
microhabitats and compare these to the observed spatial
pattern to test the robustness of our estimations. Specific
questions addressed in this work are: 1. Are adults and
seedlings of J. thurifera distributed randomly in space?
2. Are regeneration rates higher in some microhabitats
than in others? 3. Do all life stages show the same trend
among microhabitats (stage coupling or concordance)?
4. Is water stress an equally strong limiting factor for
seedling establishment in all microhabitats?

Methods

Study species

Juniperus thurifera is a dioecious long-lived tree with
aTertiary relict distribution throughout the western Medi-
terranean Basin, usually dominating in high-mountain
low-density forests. Trees are typically 5 - 10 m high and
often live for centuries (Bertaudiere et al. 1999). Female
trees bear fleshy cones with 1 - 7 seeds (mean=3.5, N =
2000). Seed viability and germination rate are extremely
low (Ceballos & Ruiz de 1a Torre 1979; Melero & Garcia-
Fayos 2001). Seeds germinate from cones without bird
gut-passage (Garcia-Fayos unpubl. data). At least 55% of
the cones are dispersed by medium-sized passerine birds
of the genus Turdus (Santos & Telleria 1994; Santos et
al. 1999) which, when overwintering in J. thurifera for-
ests, are almost monophagous on J. thurifera cones and

their abundance and activity increases with increasing
juniper crop size (Zamora 1990; Jordano 1993; Santos
etal. 1999; Garcia & Ortiz-Pulido 2004). Juniper cones
represent only a minor part of the diet of carnivores and
ungulates (Santos et al. 1999); although these mammals
may travel and disperse seeds long distances, they play a
quantitatively inferior role compared to thrushes (Santos
et al. 1999).

Study site

The study was performed at La Puebla de San Miguel,
Ademuz, in the province of Valencia, southeastern Spain.
The study site is situated at 1500 m a.s.1. and is dominated
by J. thurifera. Natural vegetation covers less than 40%
of the rocky soil surface while the rest of the open spaces
had herbaceous ephemeral vegetation, lichens and scat-
tered Thymus and Genista plant individuals. The soils
are limestone soils < 30 cm deep, although cracks in the
rocks allow roots to reach greater depths (Verda et al.
2004). The climate is Mediterranean, with cold winters
(freezing period of more than 120 days/year) and warm
and dry summers. Mean annual total precipitation is 486
mm with October as the wettest month (59 mm) and July
as the driest (27 mm). Annual mean temperature is 13
°C, with August the warmest month (mean 22.8 °C) and
January the coldest (mean 4.8 °C). The study area was
used for agriculture, timber and extensive livestock graz-
ing for centuries. Narrow valleys were tilled for rye and
barley until land abandonment in 1960 (Rodrigo 1999).
In the last decades, social and economic changes have
led to a return to forest by abandonment of traditional
land uses (Lasanta 1996), although livestock grazing is
still noticeable (D. Montesinos pers. obs.).

Natural population structure

All adult individuals (> 2 m high) in one randomly
chosen hectare square were located on a grid and
coordinates (to the nearest m of trunk centres) were
recorded. Spatial population structure was assessed by
Ripley’s K(r) test. Any individual more than 2 m high
was considered an adult tree and classified as male,
female or non-reproductive. The analysis was done
with the freeware SPPA 2.0 designed by Dr. P. Haase
(http://haasep.homepage.t-online.de/). Ripley’s K(r)
compares the observed number of plants within a dis-
tance r of an arbitrary plant with the expected number
of plants within that distance for randomly distributed
plants. Observed densities above the critical interval
for a random distribution indicates significant clumping
while the converse indicates significant overdispersion.
To facilitate interpretation, the derived Ripley’s K sam-
pling statistic [\/(K(r) / p)-r] was used, which has zero
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expectation for all » when the pattern is random.

In the spring of 2004 we intensively sampled seedlings
and saplings in a square with total surface area of 2 ha
which included the 1 ha sampled for the study of adult
population spatial structure. For practical reasons the
sampled area was subdivided into subplots 30 m wide and
10 m long. In this 2-ha square we recorded the proportion
occupied by of each three microhabitats along 66 linear
transects, each 30 m long and 10 m apart. Microhabitats
were: beneath male trees (18 % of the soil surface), beneath
female trees (10% of the soil surface) and open interspaces
(71% of the soil surface), for simplicity referred to as male
tree, female tree and open, respectively. All seedlings
(plants with needle-like leaves only, up to about 3 years
old) and saplings (non-reproductive plants less than 2
m in height, with cypress-like leaves) were counted and
the microhabitat in which they were located was typified
by inspection. Microhabitat proportions were used for
the calculation of the expected probabilities of seedling
occurrence in x? tests. Analyses were made with the
statistical software R, version 2.3.0 (Ihaka & Gentle-
man 1996 www.r-project.org). This type of Chi-square
test compares and calculates the expected probabilities
according to an a priori given proportion (i.e. relative
proportion of microhabitats). We tested if seedlings and
saplings were found more often under adults than in open
spaces and under females more often than under male
adults. Adults without signs of recent reproduction, even
without remains of fallen cones under their canopies,
were classified as non-reproductive. Cones are resinous
and seeds have a thick seed coat. Hence, cone decompo-
sition is slow and females that had reproduced recently
were characterised by presence of cone remains and/or
seeds around their stems (D. Montesinos pers. obs.). We
assumed that individuals classified as non-reproductive
had not been a seed source for years, and that these were
influencing their immediate surroundings the same way
males do. Consequently, they were grouped with males
for this analysis.

Microhabitat characterization

In the summer of 2004 we randomly selected across
the 2-ha square 15 points in each of the three micro-
habitats to record: photosynthetically active radiation
(PAR) at ground level, soil bulk density, soil compac-
tion and three chemical soil properties (organic matter,
total nitrogen and available phosphorus). PAR was
measured on a totally clear day at noon with a quantum
sensor (Skye Instruments, Llandrindod-Wells, UK) as
the mean of three measurements. Soil compaction was
measured with a penetrometer (Eijkelkamp type IB,
Giesbeek, NL) with conic head (measurement range 5
to 400 Newton.cm™2) as the mean of 10 measurements.

Data were log-transformed to achieve a homogeneous
variance distribution and approximate normal distribu-
tion of errors. Soil bulk density was calculated as the
dry weight of the soil contained in cylindrical cores 5
cm deep by 5 cm diameter, divided by the volume of
that cylinder. The samples used for soil bulk density
determination were also used for soil chemical proper-
ties, using the Walkley, Kjeldahl and Olsen procedures
for quantification of organic matter, total N and available
P, respectively (Page 1982). Generalized Linear Models
with Gaussian distribution of errors were fit to the data
to test differences among microhabitats, when necessary
with Tamhane post-hoc analyses (Zar 1996). The SPSS
statistical software Version 11.0 (Norusis 2002) was
used.

Seed dispersal

During the peak of the dispersal period (December
16, 2003; January 14, 2004 and February 4, 2004), we
searched for fresh bird faeces and regurgitations contain-
ing J. thurifera seeds on arandom linear transects one m
wide with total area of 1196 m?2, distributed across the
2-ha square. Only fresh excrements (i.e. from the same
day) were considered. For each m? along each transect
microhabitat type was visually classified, and faeces were
collected and visually classified by dispersal agent. In
the laboratory, seeds were hand extracted and counted.
According to our hypothesis, birds direct dispersal to-
wards trees as a result of regurgitation and defecation
under the perches where they rest, and towards females,
as birds are attracted to trees that bear fleshy fruits (Her-
rera 1988; Herrera et al. 1994; Verdi & Garcia-Fayos
1996a; Verda & Garcia-Fayos 2003). Accordingly, the
spatial distribution of dispersed seeds was expected to be
consistent among years (Nathan & Muller-Landau 2000;
Hampe 2004). 2 tests for observed vs expected numbers
of observations (the latter calculated from proportion of
area occupied by each microhabitat) were performed to
assess differences in seed dispersal between open spaces
and under tree canopies, and between female and male
(including non-reproductive) tree canopies.

Post-dispersal seed predation

Sets of five seeds were offered to ants and mice.
Seeds offered to ants (N = 400) were placed randomly
across the studied population inside Petri dishes with a
5-mm wide hole and a small stone over the lid in order
to protect them from removal by rain or wind. Seeds
offered to mice (N = 400) were glued with Loctite® to
a plastic mesh and nailed to the soil. Twenty dishes and
20 meshes were randomly placed under different male
and female trees, 40 dishes and 40 meshes in open space
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which occupies more than 60% of the area. Seed removal
was recorded monthly from 12 December 2002 to 30
September 2003. Because many units were destroyed by
livestock, we also placed sets of 5 dishes and 5 meshes
under each of male and female trees and 10 dishes and
10 meshes in open spaces inside fenced areas. Recorded
was made from 28 April 2003 to 30 September 2003.
There were no statistically significant differences be-
tween fenced and non-fenced treatments and all data
were pooled for statistical analysis. Generalized Linear
Models with Poisson distributions of errors (McCullagh
& Nelder 1989) were fit to data for each experiment (each
predator) to test if seed removal and predation differed
among microhabitats.

Soil seed bank

Four mesh bags, each with 250 seeds, were buried in
the soil at 5 cm depth in October 2002. Mean seed viabil-
ity at that time, visually assessed by judgement if seeds
were filled or not, was determined from a sub-sample
of 100 seeds to be 5%. Seeds were extracted from the
soil in April 2005 and viability was again checked. Our
visual assessment of viability was compared with the
standard tetrazolium test for viability and no difference
between the two procedures was found (D. Montesinos,
unpublished results). Seed germination normally oc-
curs in the field 16-18 months after seed dispersal. We
therefore assumed viability after 30 months to provide a
reliable estimate for the relative size of the seed bank of
J. thurifera at the second germination period after seed
dispersal.

Seedling emergence

Sets (female and male trees: 10 sets each; open: 19
sets) of 30 viable seeds (non-viable seeds, i.e. that floated
in water, were discarded), collected in the field at the
study site in October 2002, were sown at random loca-
tions in the field in November 2002 at 1 cm depth under
50 em x 50 cm wire mesh cages to prevent seed preda-
tion by mice. Mean seed viability after seed selection by
flotation was 35% (N = 100). In each microhabitat half of
the cages (nine in open microsites) received a watering
treatment consisting of 5 litres of water every month from
March to October, except in July and August, the months
with the greatest water deficit, in which they received 5
litres twice per month. This treatment the annual water
supply by 40%. Final seedling emergence was recorded
in July 2004. GLMs with Poisson distributions of errors
were used to test if microhabitat and/or watering treat-
ment had an effect on seedling emergence.

Seedling survival

In early April 2003, 15-month old seedlings were
manually planted at a density of 10 seedlings per 10 m?
plot. Each seedling was planted 1 m from the next nearest
seedling. Plots were fenced to exclude herbivory. Sample
sizes were: open (20 plots, N = 200 seedlings), male
trees (10 plots, N = 100) and female trees (10 plots, N =
100). Half the plots received 1 liter water per seedling
per month until October, but in July and August 1 liter
twice a month. Water was poured immediately below the
seedlings. If we consider a seedling’s root influence area
to be 25 cm x 25 cm, each watering event corresponded
to addition of 16 mm of precipitation. This treatment,
repeated 10 times per year, was equivalent to an increase
in precipitation of ca. 30%.

An additional set of 20 plots (10 plots in the open, five
under males and five under females; N = 200 seedlings)
were exposed to herbivory by sheep and goats. None
of these seedlings received a watering treatment. On 6
November 2003 and on 22 September 2004 survival was
recorded. During the experiment four plots from which
herbivores were excluded, were lost. Data were analysed
with GLM with binomial distributions of errors. First we
analysed the effect of herbivory on seedling survival.
As no significant effect was found, data from seedlings
exposed to herbivores and from exclusion areas were
pooled and re-analysed with a GLM for the survival of
seedlings over the first and the second summer, depending
on the watering treatment and the microhabitat. Micro-
habitat was considered as an ordered factor following
the expected pattern (open < male trees < female trees),
as seedling survival was expected to be higher beneath
trees where environmental conditions were expected to be
more favourable, especially beneath female trees where
soil nutrient concentrations were expected to be higher
than in the open due to enrichment by cone deposition
(Verdi & Garcia-Fayos 1996a, 2003 and references
therein).

Transition probabilities

Transition probabilities (indicating survival prob-
abilities) were calculated for each microhabitat for the
following life-stage transitions: (1) proportion of seed rain
in each microhabitat; (2) survival to post-dispersal seed
predation; (3) seedling emergence (4) seedling survival to
the first year and (5) seedling survival to the second year.
Seedling emergence was extremely low, zero in some
treatments. To avoid null values in some columns of the
transition matrix, we assigned a single mean seedling
emergence value to all columns since no statistical dif-
ferences were detected among microhabitats. This mean
value was similar to other germination studies with J.
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thurifera seeds in natural conditions (P. Garcia-Fayos
unpubl. data). The product of all of individual transition
probabilities is the probability with which dispersed
seeds arrived at a specific microhabitat and developed
into established saplings two years later.

To assess the reliability of the cumulative transition

values, we set up simple simulations for each micro-
habitat, each rerun 1000 times, using values for each
transition randomly generated from a normal distribu-
tion, with means and standard deviations derived from
the mean transition values for the microhabitat. Negative
values on the left tail of distributions were meaningless
and hence truncated to zero. A confidence interval of
95% was then established for each of the six sets of
1000 values each, and significant differences between
microhabitats were established to the 0.05 significance
level.
—Independent validation of the precision of results
was made by comparing expected values obtained from
transition probabilities with available data of crop size
from three years in the study site. To do so, we assumed
that all factors were equal among years, and applied
transition probabilities to crop sizes for years 2000 to
2002 (2000=37 500 cones/ha; 2001=163 900 cones/ha;
2002 = 141900 cones/ha). In year 2003 crop size was
9740 cones per ha. In that year, we directly measured
an average of 0.78 dispersed seeds/m2. Projecting that
proportion to crop size from previous years we estimated
dispersed seed densities of 3.18 seeds/m?, 15.35 seeds/
m?, and 13.29 seeds/m? for years 2000, 2001 and 2002,
respectively. We applied those values to the transition
rates with the following considerations: for the year
2000, we assumed that seedling survival from the third
year was the same as for the second year; for the year
2002, transition probabilities were calculated only up
to first year seedling survival. Since seeds germinate 16
months after dispersal and seedlings remain in the needle-
leaved state up to 3 years we could estimate the expected
density of seedlings up to 3 years old. We summed final
estimations of seedling densities from the three cohorts
and obtained the expected seedling densities. Then, we
compared these densities with the results of observed
seedling densities.

Fig. 1. Ripley’s K compares the observed number of plants
within a distance of an arbitrary plant with the expected number
of plants within that distance in a random distribution. Here,
Ripley’s K function [\/(K(r) / ) —r] is plotted for which the zero
line represents the expected density of plants for each distance
r (in m) in arandom spatial distribution. Dashed lines represent
the 95% critical interval for a random distribution. The solid
line shows the observed distribution of the studied population.
Positive values indicate plant aggregation and negative values
overdispersion.

Results

Natural population structure

Adult J. thurifera density in the study area was 269
trees/ha. Adult population structure showed significant
aggregation, notably for spatial distances below 4 m (Fig.
1).

Seedling (N=161) and sapling (N =587) occurrences
were strongly dependent on microhabitat (Fig. 2). Seed-
lings were found beneath trees more than twice as often
as in open interspaces (%= 31.3, df =1, p < 0.001) and
threefold more often beneath female trees than beneath
male trees (= 20.9, df =1, p <0.001). A similar trend
was found for saplings both under tree canopies vs. open
(%3=22.2,df=1,p<0.001) and beneath female vs. male
trees (2= 12.7, df =1, p < 0.001).

Microhabitat characterization

Open interspaces had significantly greater PAR than
microhabitats underneath trees and differed significantly
also in all other variables, presenting less favourable soil
conditions for plant growth (Table 1). The only measured
variable for which significant differences between male
and female trees was observed was soil nitrogen concentra-
tion (63% higher under female than under male trees).

Seed dispersal

We extracted a total of 532 seeds from 283 units of
faeces. A mean of 0.06 seeds/m? were dispersed to open
habitats; 0.55 seeds/m? to underneath male trees and 1.74
seeds/m? to underneath female trees. Significantly more
seeds were dispersed under trees than into open (y* =
712.2,df =1, p < 0.001), and seed dispersal to female
trees was significantly greater than dispersal to male
trees (2= 137.4,df=1, p <0.001).
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Fig. 2. White bars represent observed seedling densities and
black bars observed sapling densities. Both are significantly
higher below trees than in open and higher below female trees
than anywhere else.

Post-dispersal seed predation

Final seed predation differed among microhabitats
(Table 2; X277 = 10.8, p < 0.001). Significantly more
seeds were harvested by mice in open spaces than under
trees (p <0.001). Seed coat remnants eaten by mice were
often found around the experimental sets, evidencing
effective seed predation. Seed predation by mice did
not differ between male and female trees (p = 0.815).
Seed removal by ants did not differ among the studied
microhabitats (%, = 21.41, p = 0.351).

Soil seed bank and seedling emergence

Initial seed viability just after seed collection was
5%. Only three out of 1000 buried seeds (0.3%) were
still viable 30 months after collection.

Seedlings emerged 16 months after sowing
(spring 2004). Only eight seedlings emerged out of the
1170 sown seeds: five under non watered females; one
under a watered female and two in non watered open
spaces. GLM with Poisson distribution of errors did not
show any effect of microhabitats or watering on seedling
emergence.

Seedling survival

Seedling survival of planted seedlings (N = 600)
varied among watering treatments, microhabitats and
years (Fig. 3). Herbivore exclusion neither affected
seedling survival the first year (42 +23% vs. 29 + 8% in
excluded vs. non-excluded plots respectively; estimate
= -0.29 + 0.55, r = -0.53, p = 0.599) nor the second
year (94 £ 12 vs. 84 + 35 in excluded vs. non-excluded
plots respectively; estimate= —0.35 + 0.98, t = —0.36, p
= (0.724). Watering had a significantly positive effect
on seedling survival the first year (estimate = 2.04 +
0.41, t = 4.99, p < 0.001), increasing survival almost
four fold. In contrast, differences were not significant
the second year (estimate = 6.75 + 1065.51, r = 0.01,
p =0.995). Seedlings survival was significantly higher
under female than under male trees, and higher under
male trees than in the open (linear contrast 1.80 + 0.57,
t=3.14, p < 0.005). Differences were not significant in
the second year (linear contrast 0.91 +0.77t=1.81,p =
0.248). No significant interaction between microhabitat
and watering treatments was observed (linear contrasts:
first year: 0.03 £ 0.72, t = 0.04, p = 0.966; second year:
0.51 £1.03,7=0.49, p =0.628).

Transition probabilities

Transition (survival) probabilities between subse-
quent life stages revealed that seeds were dispersed more
often, and that seeds and seedlings survived more often,
under female than under male trees, and under male
trees more often than in open spaces (Table 3). Cumu-
lative survival probabilities were enhanced by watering
and were higher underneath female trees than in other
microhabitats. Confidence intervals (95%) showed two
independent subgroups: open microhabitats (open-no
watering: 1.6:1078t0 7.7-10%; open-watering: 4.4-10"to
5.8:107%); males overlapping between the two subgroups
(under male-no watering: 9-10° to 8-10"4; under male-
watering: 4.3:10 to 1.6:10-3) and females on a second
subgroup (under female-no watering: 4.3-107t0 3.3-1073;
under female-watering: 3.4-10~*to 5.4-1073).

Table 1. Open spaces had greater PAR but less favorable soil properties than sites under tree canopies. Mean values + standard
deviations are given for each environment. F-values for the GLM are given (df = 2); different letters indicate significant differences
among microhabitats according to the post-hoc analyses (p < 0.05).

Open Male trees Female trees F
PAR (uMol/m?/sec) 1481.6 + 404.9* 56.2+£17.5 190.4 +385.1° 89,27k
Soil compaction (N/cm?) 27.30 +20.36* 0.65 + 1.29 1.53 +3.06 24284k
Soil bulk density (g/cm?) 0.62 = 0.09* 0.34+0.17° 0.34 = 0.16° 16.0%%%
Organic matter (%) 13.41 £5.042 37.90 + 14.29° 35.54+ 16.08"° 16,755
P,05 (mg/100g soil) 3.11x1.36% 9.22£3.82° 772 £3.28° 16,85k
Ny (%) 0.81+0.27% 1.47 £0.47° 2.34£0.87¢ 25.3%%

% p <0.001.
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Fig. 3. Mean percentages of seedling survival + SD are given.

White bars represent controls and black bars watered seedlings.

Watering regime and environment significantly affected seed-

ling survival during the first year, but not during the second.

When compared, predicted and observed seedling
densities were closely similar (Fig. 2 and Fig. 4), al-
though observed seedling density in open was higher
than expected. A one-sample #-test was made between the
observed and expected (not watered) values of seedling
density. There were no statistically significant differ-
ences between observed and expected seedling densities
under male (r = 1.16, df = 64, p = 0.250) and female
microhabitats (t = —0.04, df = 64, p = 0.964). Expected
and observed values for open areas were significantly
different (r = 5.28, df = 64, p < 0.001).
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Fig. 4. Expected seedling density (seedlings/m?) in each envi-
ronment and watering treatment based on probabilities from
Table 3 and considering crop size from years 2000, 2001 and
2002. White bars represent expected seedling density under
natural conditions and black bars when watered.

Discussion

All life stages from seed dispersal to seedling estab-
lishment are favoured underneath J. thurifera female
conspecifics, resulting in a clumped adult population
structure. As expected, and in agreement with previous
studies with J. sabina (Verdt & Garcia-Fayos 2003), birds
dispersed significantly more seeds beneath females than
beneath males and there more than in open spaces.

Seed removal by ants was similar among micro-
habitats (18%), in agreement with other studies (Rey et al.
2002 and references therein). Predation by the omnivorous
and highly efficient mice (Hansson 1985; Santos & Telleria
1991) did, on the other hand, result in removal of 66% of

Table 2. Percent of mean seed removal (+ SD) by mice and ants for each microhabitat. Different letters indicate significant differ-

ences (p < 0.05) among microhabitats.

Open Male trees

Female trees

Total

Mice 83.00 + 18.42%*
Ants 17.58 £24.87%*

50.00 + 37.10%P
6.67 £9.76%*

48.18 + 26.66%"
26.67 +31.44%*

66.00 + 30.75%
17.58 £25.18%

Table 3. Transition probabilities between subsequent life stages of Juniperus thurifera (and cumulative values in brackets), showing
a clear pattern of spatial discordance and a strong degree of stage coupling.

Open Male trees Female trees
Seed rain 0.02 0.24 0.74
{ ) l
Post-disp. seed pred. 0.47 (0.01) 0.70 (0.16) 0.62 (0.45)
l W l
Seedling emergence 6.8:1073 (8.0-10-%) 6.8:1073 (1.1:10-3) 6.8:1073 (3.1:103)
'e N 's N ' N
Seedling surv. 15t yr. 0.02 (1.3:10°%) 0.20 (1.6:107%) 0.18 (2.0:10%)  0.49 (5.4-10%) 0.27 (8.2:10%  0.72(2.2:1073)
{ { ! l | l

Seedling surv. 2" yr.

0.75 (0.9:10°%) 0.86 (1.4:107)

No watering Watering

0.90 (1.8:10%  1.00 (5.4:10%)

No watering Watering

0.96 (7.9-10%  0.97 (2.21073)

No watering Watering
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the available J. thurifera seeds, proportionally more in
open spaces than under tree canopies. This contrasts the
results of a majority of studies (e.g. Alcantara et al. 2000;
Rey et al. 2002 and references therein) in which seed
predation is often more intense under parent plants than
elsewhere. The behaviour of granivores is affected by
many factors, among other interactions between altitude,
temperature, microhabitat, predation risk, dependence of
stable refuges and food accessibility (Diaz 1994; Verda &
Garcia-Fayos 1996b; Rey et al. 2002). A full understand-
ing of factors affecting post-dispersal seed predation of
J. thurifera seeds requires further research.

Seed viability was negligible after the first germina-
tion period (0.3%), in accordance with other studies
of J. thurifera (Orozco Bayo 1999). Accordingly only
current seed rain appears to play a role in J. thurifera
regeneration.

Because of the very low seedling emergence in our
experiments, no significant differences among treatments
were found. On the other hand, experimentally planted
seedlings survived more often under female than under
male trees, and more often under male trees than in the
open. Statistical analysis of the spatial distribution pat-
tern of naturally occurring seedlings supported these
experimental results. Seedling mortality was highest
during the hot and dry summer months, as in other
Mediterranean plants (Herrera et al. 1994; Garcia-Fayos
& Verdl 1998; Traveset et al. 2003) and other Junipe-
rus species (Jackson & Van Auken 1997; Joy & Young
2002). Watering experiments greatly improved seedling
survival and differences in seedling survival among
microhabitats were reduced when seedlings were regu-
larly watered. Furthermore, watering increased seedling
survival proportionally more in the most unfavourable
microhabitat. These results support the hypothesis that
improvement of environmental conditions will attenu-
ate facilitation (Bertness & Callaway 1994; Bertness &
Yeh 1994; Greenlee & Callaway 1996; Ibanez & Schupp
2001), and the general view that improvement of envi-
ronmental conditions, notably reduction of water stress
under nurse plants, are important aspects of facilitation
in Mediterranean environments (Verdt & Garcia-Fayos
1996a; Garcia et al. 2000; Garcia-Fayos & Gasque 2002;
Castro et al. 2004; Gomez-Aparicio et al. 2004).

However, even with watering, the observed seedling
density was higher than expected in open spaces. Coef-
ficients of variation for seedling survival in open spaces
were twofold higher than those from male or female trees.
This indicates greater unpredictability of performance
in open interspaces, and may explain the difference
between expected and observed seedling density in this
microhabitat. Nonetheless, expected and observed data
for the rest of the microhabitats are very similar.

Herbivory is known to affect plant spatial distribu-

tions (McAuliffe 1986; Ostfeld & Canham 1993; Garcia
et al. 2000) but no significant effect of herbivory on
seedling survival is found in our study. Even though
livestock densities are high in the study area, naturally
occurring seedlings are often seen. Other authors have
found similar results for another Juniperus species (Jack-
son & Van Auken 1997; although see Joy & Young 2002)
and suggest that unpalatability of junipers may restrict
herbivory.

Adult population structure was aggregated at fine
spatial scales, with peak aggregation at 4 m. This distance
coincides with tree canopy dimensions, under which
seedling survival is enhanced. However, in the long term;
individuals growing under parental trees may experience
reduction of illumination and competition for water and
other resources as growth limitations (Callaway 1995;
Jackson & Van Auken 1997; Verda et al. 2004). Adult
J. thurifera trees have been reported to be affected by
competition (Pavon-Garcia 2005). Thus, a turning point
may occur in the life cycle of J. thurifera, at which
life-stage conflicts weakens the strongly biased spatial
pattern observed for seedlings, finally resulting in the
slight aggregation observed for adult trees.

Conclusions

Both observational and experimental data show that
the population structure of J. thurifera forests is shaped
substantially by female trees, which attract dispersers,
ameliorate environmental conditions and improve sur-
vival of young conspecifics. This accords with previous
studies in which spatial discordance related to particular
microhabitats has been attributed to effects of dispersal
agents or improved environmental conditions (Jordano
& Herrera 1995; Schupp 1995; Clark et al. 1999; Rey
& Alcantara 2000; Traveset et al. 2003). However, life
stages may or may not be coupled and most studies have
found, to some degree, stage uncoupling or seed-seedling
conflicts (Harper 1977; Herrera 1991; Schupp 1995; Rey
& Alcantara 2000; Traveset et al. 2003). Our study is, to
our knowledge, the first study in which absence of seed-
seedling conflicts have been reported from Mediterranean
habitats.

Facilitation seems to play a major role in regeneration
of other Juniperus species in environments with limited
water availability (see for instance Jackson & Van Auken
1997). A model in which survival probability decreases
away from parent plants was proposed by McCanny
(1985) as a variation of the basic Janzen-Connell model
for parent-offspring relationships. Patterns that accord
with the McCanny model have rarely been observed,
but our data conforms to this model. Such a pattern may
be quite common in semi-arid environments in which
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survival is strongly determined by water availability, and
notably for species narrowly adapted to particular mi-
crohabitats (Turkington 1979; Montesinos et al. 2006).
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