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Abstract Positive effects of seed size on germination and survival can be offset by a
greater probability of predation or a poorer dispersal of larger seeds. We hypothesized that
spatial variation in local selective pressures acting on seed mass may lead to differences in
both optimal and observed seed mass among discrete populations. We first examined the
variation in seed mass across a total of 14 populations of Buxus balearica; in six of such
populations, we further examined the temporal variation by measuring seed mass during
three consecutive years. Second, we evaluated seed mass effects on different recruitment
phases (seed rain to seedling establishment) in three populations. Lastly, for these three
populations, we estimated the resulting overall phenotypic selection on seed mass during
recruitment and compared the observed and the predicted optimal seed masses. Most
variation (c. 70%) in seed mass occurred among populations, and although we found inter-
annual variation in seed mass, the differences in seed mass among populations were
consistent over time. Conflicting selective pressures on seed mass appeared during
recruitment, and their direction and strength varied among populations, depending on the
relative local importance of seed predation vs. germination and establishment. Observed
seed mass matched predicted optimal seed mass in two of the three examined populations,
suggesting local adaptative responses to the spatial mosaic of selective pressures.
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Introduction

The dependence of plant fitness on seed size has been extensively supported by empirical
evidence in studies at the species level. Germination probability or germination rate (Baker
et al. 1994; Greipsson and Davy 1995; Castro et al. 1999; Susko and Lovett-Doust 2000),
seedling survival (Vaughton and Ramsey 1998; Eriksson 1999), seedling size (Stock et al.
1990; Vaughton and Ramsey 1998; Susko and Lovett-Doust 2000), and seedling com-
petitive ability (Wulff 1986; Volis et al. 2002) have been shown to increase in larger seeds.
Moreover, large seeds perform better than small ones under water and nutrient limitation
(Stock et al. 1990; Eriksson 1999; Tungate et al. 2006). Nevertheless, conflicting selective
pressures on seed mass may exist, as a large seed mass may represent a handicap in other
phases of recruitment (Alcantara and Rey 2003; Gomez 2004). For instance, large seeds
can be more prone to be preyed upon (Alexander et al. 2001) or to be dispersed to shorter
distances from mother plants (Ganeshaiah and Uma Shaanker 1991; Greene and Quesada
2005). Therefore, an accurate view of the relationship between seed mass and plant
regeneration needs to consider the entire plant’s life cycle.

To date, the relationship between seed mass and fitness has been estimated exclu-
sively for one or a few recruitment phases (but see Alcantara and Rey 2003; Gomez
2004) and in a single population (e.g. Vander Wall 2003; Alcantara and Rey 2003;
Gomez 2004; Martinez et al. 2007). However, the strength and sign of selective pres-
sures on seeds mass in different recruitment phases may differ among populations
depending on their ecological context, i.e., depending on the biotic and abiotic charac-
teristics of each population, and on their relative importance on recruitment patterns.
Such differences might lead to differences among populations in both optimal and
observed seed mass, which may in turn be constrained by negative genetic correlations
between seed mass and number (Smith and Fretwell 1974). Intraspecific and intrageneric
studies at large spatial scales have mainly focused on seed mass variation across alti-
tudinal and latitudinal ranges, in relation to gradients in length of the growing season or
to variation in climatic conditions, and have led to conflicting hypotheses regarding the
selective value of this trait (McWilliams et al. 1968; Baker 1972; Murray et al. 2004). A
positive association between seed mass and environmental severity or unfavorable
habitats has also been reported in some studies (e.g. Schimpf 1977; Willis and Hulme
2004; Yamada and Miyaura 2005).

For the occurrence of adaptive differentiation of seed mass among populations, two
additional conditions must be met: (1) enough variability in seed mass at the appropriate
level must exist, and (2) variation in seed mass must be heritable. While large intra-
specific variation in seed mass is frequently reported, most of it has been examined
within populations and has been found within individual plants (Michaels et al. 1988;
Méndez 1997; Vaughton and Ramsey 1998). Such intra-individual variation has been
associated with maternal effects (Roach and Wulff 1987; Galloway 2001) and/or with
genetic differences among seed sires (Bafuelos and Obeso 2003), being sometimes
interpreted in adaptive terms (Janzen 1977; Thompson 1984; Temme 1986). However, it
has often been assumed to be related to physiological (Cavers and Steel 1984; Méndez
1997; Vaughton and Ramsey 1998) rather than to genetic effects. For some species, by
contrast, most variation in seed mass occurs among individual plants (Castro et al. 1999;
Willis and Hulme 2004; Halpern 2005) or among populations (Winn and Gross 1993;
Greipsson and Davy 1995). A large amount of variance in seed mass among populations
might indicate adaptive differentiation, provided that such differences have a genetic
rather than environmental basis. Although the reasons behind these differences are
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unknown in most cases, heritability of seed mass has been detected in several studies
(Mazer 1987; Verhoeven et al. 2004).

In the present study, we examined the sources of spatial variation (at the scales of
regions, populations, individuals and fruits) and temporal variation (three years) of seed
mass in Buxus balearica, a shrub endemic to the Mediterranean Basin with a fragmented
distribution (Benedi 1997). The species’ recruitment is strongly limited (Lazaro et al.
2006a), and thus any factor affecting seed production and seedling establishment may have
important implications for its population dynamics. We document here a prevalence of
among-population variation in seed mass and quantify the effects of this trait on four
recruitment phases (seed dispersal, seed predation, seed germination, and seedling sur-
vival) to assess its adaptive value in three populations. Finally, we go further evaluating
whether among-population variation in seed mass could be explained by the existing
variation in selective pressures on this trait. To our knowledge, this study is the first
relating the variation in seed mass at a large spatial scale to the variation in selective
pressures at different recruitment phases.

Material and methods
Study species

Buxus balearica Lam. (Buxaceae) is a shrub that can reach up to 6 m in height. It occurs in
calcium rich soils, often on rocks, under subhumid conditions, between sea level and
1000 m (Benedi 1997). It is a mast seeding species, alternating years of high and almost nil
seed production (Lazaro et al. 2006b), and shows ballistic seed dispersal, with fruits drying
and dehiscing from June to July. Fruits usually contain six (sometimes four) ovules which
develop into black seeds; these seeds bear a whitish elaiosome and are intensively removed
mainly by ants in the Iberian Peninsula and by rodents in the Balearic Islands (Lazaro et al.
2006a). Neither ants nor rodents are effective seed dispersers of B. balearica (Lazaro et al.
2006a); thus, although secondary dispersal is possible, estimates of seed removal can
actually be considered as estimates of seed predation. Seeds germinate in March, usually in
low densities and under the parent plants; most seedlings die during the hot, dry summer,
and there is no evidence of seed dormancy or the production of a seed bank in this species
(Lazaro et al. 2006a). In general, remnant B. balearica populations show size structures
biased towards old individuals, indicating low recruitment rates that are mainly caused by
high post-dispersal seed predation, low germination, and high summer seedling mortality
(Lazaro et al. 2006a).

Study areas

A total of 14 Spanish and Moroccan populations of B. balearica were included in the study
(see Table 1 for details). Four of the Spanish sites are in the south of the Iberian Peninsula
(the coast of Granada, Almijara Mountains in Malaga and Gador Mountains in Almeria),
whereas five are in the Balearic Islands (one in Cabrera Island and five in the Tramuntana
Mountains, Mallorca Island; Table 1). The studied Moroccan populations are in the Rif
Mountains (Jebha), Middle Atlas Mountains (Boulemane), and the North and South faces
of Big Atlas Mountains (Cirque de Jaffar and Gorges du Todra, respectively). The pre-
dominant vegetation at all 14 sites consists of typical Mediterranean shrubs (see Lazaro
2005 for details).
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Table 1 Location, geographic coordinates, elevation (m), distance to the nearest population (km), density
(mean distance among individuals, m), and sampling type performed in each of the studied populations

Site Coordinates Region Elevation Distance Density Sampling type
Cerro Gordo 3°47" W 36°45' N Iberian Peninsula 0 5 1.2 w

Frigiliana 3°53' W 36°46' N Iberian Peninsula 350 5 3.1 w

Ragol 1 2°42" W 36°58' N Iberian Peninsula 440 70 2.1 W-SR-P-GG- FG
Ragol 11 2°42" W 36°59' N Iberian Peninsula 720 70 1.1 w

Cap Ventés 2°58 E 39°10' N Balearic Islands 50 35 w

Andratx 2°24' E 39°31' N Balearic Islands 5 10 1.0 w

Sant Viceng 3°03' E 39°56' N Balearic Islands 40 <1 1.1 W-P-GG -FG
Lluc 2°54' E 39°48' N Balearic Islands 320 1.5 1.5 W-SR-P-GG-FG
Cdber 2°47" E 39°46' N Balearic Islands 630 <1 2.7 w

Galatz6 2°29' E 39°38' N Balearic Islands 900 1.5 3.5 w

Jebha 4°45' W 35°03' N Morocco 150 <1 0.7 W

Boulemane 4°37" W 33°26' N Morocco 1250 <1 1.8 w

Cirque de Jaffar 4°55' W 32°34’ N Morocco 900 <1 0.2 w

Gorges du Todra 5°35' W 31°36' N Morocco 1500 <1 3.3 W

Sampling type: W, seed mass; SR, seed rain; P, seed predation; GG, germination in experimental garden;
and FG, field experiment of germination and survival

Spatio-temporal variation in seed mass

In 2002, fruits of B. balearica were collected from all 14 populations. Additional
samples were obtained in the summers of 2001 and 2003 in six Spanish populations
(Ragol I, Ragol II, Sant Viceng, Lluc, Ciber and Galatzd). A total of 20-35 fruits from
each of 15-20 individuals were collected per population and year, except in Galatzo
where fruits were obtained only from 7-10 shrubs due to the limited number of
reproductive individuals in that population. The individuals were haphazardly chosen
across the total area sampled in the study populations (varying from 0.1 to 0.3 km?
depending on the size and characteristics of the populations). The masting behaviour of
the species (Lazaro et al. 2006b) did not allow the collection of enough number of fruits
of the same individuals all the years and therefore the sampling was conducted hap-
hazardly each year. Fruits were collected when dried just before opening, all at the same
stage of ripeness. They were weighed to the nearest mg, and subsequently dissected to
count and weigh all their seeds (also to the nearest mg). We used these data to quantify
the partitioning of variance of seed mass among regions, populations, individuals, and
fruits (14 populations, 2002 data), as well as among-year variation in seed mass (six
populations, 2001-2003). The years 2001 and 2003 were masting, whereas 2002 was a
non-masting year.

Effect of seed mass on recruitment: from seed dispersal to seedling establishment
Seed rain

In the summer of 2003, we placed seed traps of 25 x 30 cm to quantify seed rain at two
populations (Lluc and Ragol I). Traps were protected with a net against rodents and with
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Tangle Foot to prevent ant entrance. Around each of 10 different individuals per pop-
ulation, we placed a total of 12 traps at three distances from the canopy (0—at the edge
of the plant, 1 and 2 m) and at the four cardinal points. Seed rain was examined in plants
haphazardly selected across the total area sampled in the study populations, separated
from each other by at least 4 m. Slight differences in fruit mass were detected within
individuals, due to their different seed number (results not shown). However, such dif-
ferences were not due to the fruit position in the shrub that could affect the distance at
which seeds of different sizes are dispersed. Traps were monitored weekly through the
entire seed dispersal period (end of June, end of July). We recorded the number of seeds
fallen in each trap, and weighed them in order to compare seed mass across distances
and orientations.

Seed predation

We studied seed predation at three populations (Sant Viceng, Lluc and Ragol I) during the
seed dispersal period in the summer of 2003. We placed four traps made of green plastic
mesh (1 x 1 mm) with 10 seeds each around the same 10 individuals per population used
for the seed rain experiment, assigning four treatments to them: a factorial combination of
two predator (control vs. vertebrate exclusion) and two microhabitat (open field vs. under
canopy) treatments. The vertebrate exclusion treatment consisted of a 0.5 x 0.5 cm metal
mesh covering the traps, allowing access to ants and other small invertebrates. To assess
changes in seed mass due to selective predation, we obtained the total weight of the 10
seeds placed at each trap, and after 4 days we recorded the number of seeds remaining in
each trap, and weighed them together again.

Germination and seedling survival

In the same three populations where seed predation experiments were performed, we
estimated germination and seedling survival, both in the field and in an experimental
garden. We carried out previous germination tests in an experimental garden outside our
laboratory in autumn 2001. We weighed 100 seeds from a total of 10 haphazardly selected
individuals across the area sampled in each population and sowed them (at 1-0.5 cm
depth) on trays (100 pots/tray, 3 trays) filled with horticultural soil. We watered the trays
weekly, and monitored germination every 4 days for about 9 months.

In autumn 2003, a total of 1000 individually weighed seeds (400 from Ragol I, 400 from
Lluc, and 200 from Sant Viceng) were sown at their sites of origin and individually marked
using plastic tags. In order to include as much variability as possible, from the seeds
collected for weight in 2003, we visually separated large and small fruits from each
individual, and measured 20 seeds from each type of fruit (10 in the case of Sant Viceng).
We placed 10 grids per population under randomly chosen adults and 10 additional grids in
the open field to assess whether the effect of seed mass on germination and survival varied
between these two microhabitats. At Sant Viceng, we were only able to use the ‘under
canopy’ microhabitat due to the lower number of seeds available from this site. At each
grid, of 30 x 30 cm size, we planted 20 seeds (two seeds per individual, one from a small
fruit, and the other from a big one) uniformly distributed at 4 cm distances. Seed germi-
nation was recorded once in March—April of 2004, and seedling survival and size (length to
the nearest mm) were also recorded once during the following autumn (September—
October of 2004).
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Phenotypic selection on seed mass

We estimated phenotypic selection on seed mass in three populations differing signifi-
cantly in seed mass: Sant Viceng, Lluc and Ragol 1. Following Goémez (2004), the
estimation was obtained separately for each fitness component: (1) seed survival to pre-
dation, (2) seed germination (both in the experimental garden and under Buxus in the field,
the least stressful microhabitat), and (3) seedling survival after the first summer under
Buxus. For the first component, we used data on differences in mean seed mass per trap
(only open traps used), before and after predation. We used the mean seed masses per trap
before and after predation to define two curves, representing the seed mass distributions at
the beginning and at the end of the experiment. By assuming normal distributions, we
estimated the seed mass distributions from the mean seed masses per trap and variances of
these means according to Sokal and Rohlf (1969, p. 179):

where 62X is the variance of the means in each population and 7 is the sample size on
which means are based. Both curves (before and after predation) were multiplied by the
sample size to obtain absolute frequencies. Finally, we used their ratio (after/before) to
obtain the relationship between seed mass and survivorship to predation. For the two other
fitness components, we used logistic regressions to estimate the probability of germination
and seedling survival depending on seed mass (Gomez 2004).

The overall probability of a seed of a given mass to survive predation and become a
one-year-old seedling was then obtained by multiplying the estimates of phenotypic
selection acting on seed mass through each of the sequential fitness components (Gémez
2004). We used the curves estimated at each phase to calculate the overall phenotypic
selection when their P-values <0.1; in the cases where P-values >0.1, we used a constant
representing the mean probability of survival. This overall estimate summarizes the
reproductive output function for the life-cycle period studied here.

Statistical analysis

We analyzed the variation in seed mass among regions (Iberian Peninsula vs. Balearic
Island vs. Morocco), populations, individuals, and fruits, by performing nested ANOVAs
and a Variance Components Analysis with data gathered in 2002 from the 14 populations.
To quantify the percentage of variance explained by annual differences, we performed
another Variance Components Analysis with the six populations monitored during the
three years. In these two analyses, all factors except region were considered as random
factors, and the number of filled seeds per fruit was introduced as a covariate.

A General Linear Model was used to study seed mass variation among years, with
individual plant nested within population and year. Both population and individual were
considered as random factors whereas year as a fixed factor (as we specifically wanted to
test for differences between mast and non-mast years). Both fruit mass and number of
seeds per fruit were included as covariates. From all possible models including all these
variables and their two- and three-order interactions, and any smaller subset of them, we
selected that showing the lowest value of Akaike Information Criterion (AIC).

A separate mixed ANOVA was used to compare seed mass among the three pop-
ulations (Sant Viceng, Lluc and Ragol I) in which the effect of seed mass on different
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recruitment phases was experimentally studied. Here, we included population and year
as fixed factors in order to test for differences among those specific populations and
between the two study years. Again, individual was a random factor nested into
population and year, and the number of filled seeds was introduced as covariate in this
model.

The effects of seed mass on seed rain and seed predation were tested by means of
repeated-measures analyses. In both cases, population was included as a fixed factor and
individual plant as a random factor (subject). Distance and orientation (seed rain), and
microhabitat and exclosure treatments (seed predation) were included as within-subject
fixed factors, and seed mass as the dependent variable. The number of seeds collected per
trap and the initial seed mass per trap were included as continuous covariates in the
analyses of seed rain and seed predation, respectively. Germination in the field and in the
experimental garden were analysed by means of logistic regressions, including population
as a fixed factor and seed mass as a covariate. Survival in the field and the effect of
microhabitat on germination and survival were assessed in separate analyses with data only
from Lluc, due to the low number of seedlings available in the other populations. No seeds
survived the beginning of the summer in the experimental garden.

The analyses including repeated measurements were conducted in SAS (v. 6.12, GLM
procedure, SAS Institute Inc.), whereas all the others were performed in STATISTICA
(v. 7). All reported results are based on Type III Sum of Squares, except those of the
Variance Components Analysis, based on Type I Sum of Squares, due to unbalanced data.
Multiple comparisons among levels of significant factors in ANOVAs were based on
Tukey’s a posteriori tests, whereas in mixed-model GLMs they were based on contrasts
corrected with the sequential Bonferroni’s test (Rice 1989). Means are accompanied by
their standard deviations throughout the text, unless otherwise indicated.

Results
Seed mass variation
Spatial variation

Seed mass did not differ significantly among regions (£, 10, = 0.03, P = 0.97) but did
vary among populations within regions (Fy; 499 = 15.80, P < 0.0001), among individuals
within populations (Fs;, 2435 = 10.86, P < 0.0001), and among fruits within individuals
(F136, 1154 = 3.17, P < 0.0001) (Table 2). Contrary to the expected, the number of filled
seeds per fruit was unrelated to seed mass (F; 15, = 0.15, P = 0.71). The largest variation
in seed mass occurred among populations (69.1% of variance), followed by individuals
(13.4%) and fruits (3.6%). By contrast, regions and the number of filled seeds within fruits
showed percentages of variance close to zero. Such variation partitioning is much con-
sistent among years (results not shown).

Temporal variation
Seeds were consistently lighter in the non-mast (2002) than in the two mast years (2001

and 2003) (F,7 = 10.22; P = 0.003) and this was consistent across populations
(Fy, 2941 = 1.64; P = 0.10; Fig. 1); the Tukey’s test showed no differences between 2001
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Table 2 Mean seed mass (mg) and CV (SD/mean) per region and population

Region site Site Seed mass
Mean CvV
Iberian Peninsula Cerro Gordo 9.49 0.15
Frigiliana 9.26 0.14
Ragol 1 9.23 0.22
Ragol I1 8.56 0.17
Total 9.18 0.21
Balearic Islands Cap Ventés (Cabrera) 13.37 0.23
Andratx (Mallorca) 7.50 0.20
Sant Viceng (Mallorca) 6.94 0.16
Lluc (Mallorca) 7.19 0.32
Cuber (Mallorca) 4.66 0.20
Galatzé (Mallorca) 4.81 0.25
Total 9.68 0.44
Total Mallorca Island 6.62 0.31
Morocco Jebha 18.38 0.13
Boulemane 8.49 0.22
Cirque de Jaffar 5.08 0.21
Gorges du Todra 8.92 0.23
Total 9.05 0.39

Data from 2002

and 2003. Seed mass varied strongly among populations (Fs, 2947 = 13.55; P < 0.0001;
Fig. 1) and among individuals (Fy49, 2941 = 6.63; P < 0.0001). Mean seed mass and seed
number tended to be negatively associated, but such relationship varied among populations
and years (the three order interaction was significant: F7, 2947 = 2.42; P = 0.001). Such
trade-off was generally clear and consistent in all populations in 2001, i.e., seed number
and mean seed mass per fruit were negative related in all the populations that year.
However, the trade-off was almost undetectable in 2002, when the negative relationship
was found only at Ragol 1. In 2003, seed mass and seed number were again negatively
related at all the study populations except Ragol II and Lluc.

The Variance Components Analysis with data from the six populations monitored the
three years showed again that the largest variation in seed mass occurred among popula-
tions (29.1% of variance), followed by individuals (3.6%), and finally by years (2.2%).

Effects of seed mass on different recruitment phases

The three study populations differed significantly in seed mass in the masting years
(F>, 657 = 70.81, P < 0.0001). Both years, Ragol I showed the heaviest seeds (13.07 £
2.86 mg, and 11.61 & 3.17 mg, for 2001 and 2003 respectively), followed by Sant Viceng
(1047 £ 2.41 mg, and 7.67 £ 2.47 mg) and Lluc (7.27 £ 2.24 mg, and 7.26 + 2.38 mg).
The interaction between population and year was, however, significant (F,, ¢55 = 3.45,
P = 0.038), since the differences between both masting years were smaller at Lluc than at
the other populations.
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Fig. 1 Mean £ SE seed mass in
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Seed rain

Contrary to what might be expected, seeds remaining at the edge of the plant canopy were
lighter than those dispersed at one or two meters from the mother plant at both populations
(6.60 = 1.06 vs. 7.40 £ 1.25 mg and 12.25 &£ 1.78 vs. 12.38 & 1.97 mg for Lluc and
Ragol I respectively; distance: F, .15 =6.92, P = 0.001; distance x population:
F, 215 = 0.17, P = 0.846). There was no effect of orientation (F3, ;5 = 1.17, P = 0.322),
although seeds facing east were heaviest at Lluc and lightest at Ragol I (orienta-
tion x population: F3 515 = 2.69, P = 0.048). A positive relationship between number of
seeds collected and their weight was found in traps at Ragol I, but not at Lluc (interaction
number of seeds x population: F, ;5 = 12.35, P < 0.001). All other interactions were
non-significant (P > 0.05)

Seed predation

Four days after setting up the experiment, all seeds from a large proportion of traps had
disappeared (67% of dishes at Ragol I, 44% at Sant Viceng, and 15% at Lluc). These traps
could not be included in the following analyses of phenotypic selection due to the pro-
cedure used, since values before and after the experiment were required for each trap. On
the other hand, no seeds were removed by predators during the experiment in 12% of the
traps at Ragol 1, 9% at Sant Viceng, and 27% at Lluc. Our experience in the field leads us
to assume that these traps were not found by predators since they quickly remove some
seeds when they find a trap. None of these traps, which were excluded from further
analyses on seed selection, differed in initial seed mass from the traps included in the
analyses (all P > 0.05). The effect of predation on seed mass was inconsistent among
populations (treatment: F s, = 0.59, P = 0.449, and interaction treatment x population:
F, 54 = 6.68, P = 0.003). Seeds escaping predation at Sant Vicen¢ and Lluc were lighter
in open than in excluded traps, what suggests that rodents had selected larger seeds,
whereas no differential removal occurred at Ragol I (Fig. 2). Moreover, the relationship
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between initial and final seed mass varied among populations and treatments (interaction
initial seed mass x treatment X population: F s4 = 7.33, P < 0.0001), indicating that the
strength of selection on seed mass for each predation treatment also differed among
populations (Fig. 2). Neither microhabitat nor its interaction with the other factors had
significant effects on seed mass (all P > 0.05).

Germination and seedling survival

Germination in the experimental garden was 9% for seeds from Lluc, 23% for seeds from
Sant Viceng and 37% for seeds from Ragol I, although differences were not significant
(12> = 1.82, P = 0.402). Mass positively affected total germination only for Ragol I seeds
(interaction seed mass x population: y3* = 11.49, P = 0.009).

In the field, the proportion of germinated seeds at Lluc was twice that at Sant Viceng
(14.6% vs. 7.5%, both for seeds under Buxus; xz = 10.52, P = 0.001) whilst none of the
sown seeds germinated at Ragol I. Seed mass tended to be positively related to germination
in both populations, although the relationship was only marginally significant (;* = 2.75,

SANT VICENC LLUC RAGOL |
12 1 —e— OPEN a
—O— EXCLUSION
a
— 10 |
E
)
0]
<
S
o i
Q s
L
)
b
6 a
a
4 T T T T T T
Day 0 Day 4 Day 0 Day 4 Day 0 Day 4

TIME

Fig. 2 Mean =+ SE seed mass at the beginning (Day 0) and at the end (Day 4) of the experiment of seed
predation at Ragol I, Sant Viceng, and LLuc. No significant differences between treatments (open vs.
exclusion to vertebrate predation) existed at the beginning of the experiment. Mean seed mass sharing the
same letter did not differ significantly within treatments at the end of the experiment. Microhabitats were
previously pooled
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P = 0.097). Seedling survival increased with seed mass at Lluc (XZ = 6.18, P = 0.013)
whereas the low germination and survivorship (15 seedlings of which only four survived)
at Sant Viceng precluded a rigorous test of such effect in that population.

When testing the effect of microhabitat at Lluc, we again found that seed mass did not
alter the probability of germination under Buxus (3> = 0.78, P = 0.378; Fig. 3a) although
it increased seedling survival (see above; Fig. 3b); however, seed mass did increase ger-
mination in the open field (interaction: ;(2 = 3.97, P = 0.046; Fig. 3a). No seeds survived
after the first summer in this microhabitat. Seed mass and one-year seedling size were not
correlated (r = 0.103, P = 0.715, n = 15).

Phenotypic selection on seed mass

All phases were affected by seed mass in a different way and/or with different strength in
the three populations. Figure 4 summarizes the results in the best possible conditions i.e.
those that maximize seed survival: germination and survival under Buxus. In the case of
Ragol I, for which we did not obtain data on germination in the field, the germination in the
experimental garden is shown.

At Sant Viceng, seed predation was greater for heavier seeds but seed mass had a
slight positive effect on germination (P < 0.10) and an insignificant effect on seedling
survival. Thus, the estimate of cumulative effects of seed mass results in stabilizing
selection, with an optimal seed mass at around 6 mg. Predation was also greater for
large seeds at Lluc, but this effect was weaker than at Sant Viceng. The relationship
between germination and seed mass was also similar to San Viceng; however, the
greater survival of heavier seeds in this population, make the balance much more
favorable for larger seeds. The overall phenotypic selection at Lluc is therefore positive
and directional, favoring large seeds. Finally, at Ragol I, predation affected all seed
sizes at almost equal levels while germination was greater for larger seeds. Here, the
estimate of cumulative effects of seed mass results in stabilizing selection with an
optimal seed mass at approximately 13 mg, doubling the value obtained for Sant
Viceng.

10
(A) @ NON-GERMINATED (B) @ NON-SURVIVED

9 4 O GERMINATED a O SURVIVED
=)
E

8 4
()] A
[4)]
<§( a
a 71
m
%) b

61 B

5 T T T T

under Buxus open field under Buxus open field

MICROHABITAT
Fig. 3 Mean + SE mass of (a) germinated and (b) surviving seeds in different microhabitats (under Buxus
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Discussion
Spatio-temporal variation of seed mass

Buxus balearica showed a small fraction of variation in seed mass within individuals (c.
4%), moderate among individuals within populations (c. 13%), and a large fraction among
populations (nearly 70%). This larger fraction of variation found among populations
contrasts with other studies that have reported variation in seed mass predominantly within
populations, either within individuals (Thompson 1984; Michaels et al. 1988; Hendrix and
Sun 1989; Méndez 1997; Susko and Lovett-Doust 2000; Alexander et al. 2001), or among
them (Castro et al. 1999; Willis and Hulme 2004; Halpern 2005). So far, only a few studies
have compared seed mass at large spatial scales (but see Winn and Gross 1993; Greipsson
and Davy 1995; Vargas et al. 2003). These studies have also shown strong differences
among populations, which have been attributed either to genetic differentiation (e.g.
Greipsson and Davy 1995 for Leymus arenarius) or to differences among environmental
conditions (e.g. Winn and Gross 1993 for Prunella vulgaris).

Despite the great inter-annual variation in seed mass found in B. balearica, inter-
population differences were generally consistent over time. Such temporal variation was
particularly high between mast and non-mast years and was probably due to a response to
resource levels. Plants are expected to alter seed number rather than seed mass if resource
levels vary (Smith and Fretwell 1974); however, in B. balearica, both seed set (Lazaro
et al. 2006b) and seed mass varied between mast and non-mast years (as found in other
species, e.g. Vaughton and Ramsey 1998). Larger seed mass is a common phenotypic
effect under circumstances of higher nutrient levels or water availability (Wulff and
Bazzaz 1992), and variation among years has also been detected for Scots pine, with
greater seed masses in years of higher rainfall (Castro et al. 1999).

The trade-off between seed mass and number predicted by life history theory (Smith and
Fretwell 1974) has been reported in numerous studies, either at the plant (e.g. Vaughton
and Ramsey 1998; Eriksson 1999) or fruit level (e.g. Baker et al. 1994; Eriksson 1999),
although there seems to be also a number of exceptions (see review in Venable 1992). In B.
balearica, such a trade-off at the fruit level was variable among years and populations. In
masting years, the trade-off was generally found, whereas in the non-masting year (2002)
the trade-off was detected only in the population with the largest fruit production (Ragol I).
Therefore, the existence of such a trade-off appeared to depend on resource availability:
when resources were scarce, plants seemed to fail to adjust seed mass and number
appropriately. A similar pattern has also been reported in studies examining seed mass
changes over the flowering period (Cavers and Steel 1984; McGingley 1989).

In short, we found larger variation in seed mass among populations than within pop-
ulations, this being consistent over time. In the next sections, we will discuss whether
variation in local selective pressures on seed mass during recruitment can explain these
among-site differences.

Effects of seed mass on the different phases of recruitment

Heavy seeds of wind-dispersed species are usually dispersed to shorter distances from
mother plants than light seeds (Ganeshaiah and Uma Shaanker 1991; Greene and Quesada
2005). We found the opposite trend for the ballistically dispersed seeds of B. balearica. It
is possible that large seeds in ballistically dispersed species have structural benefits for
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dispersing large distances. Unfortunately, there is no data available in the literature to test
this hypothesis. An effect of compass orientation on seed mass was also observed, which
may reflect within-individual variations due to external causes, such as exposure to sun. In
spite of that, the effect of seed mass on distance achieved during dispersal was consistent
across populations and orientations. This first potential advantage of large seeds dispersing
longer distances could, however, be reduced as large seeds are usually more likely to be
preyed upon than light seeds (e.g. Alexander et al. 2001; Celis-Diez and Bustamante 2005;
but see Eriksson 1999). Interestingly, we found a higher predation on large seeds at Sant
Viceng and Lluc, but not at Ragol I. These among-population differences in the effect of
seed mass on survival to predation could be explained by differences in the main seed
predators at each site. Parallel experimental work on B. balearica (Lazaro et al. 2006a) has
shown that seed predation is consistently high across populations and years (over 80%), but
that the main predators differ between the island and the mainland populations. While
seeds are exclusively consumed by ants in the mainland, they are rapidly preyed upon by
rodents in the island. Although the selective role of seed predators on seed size is still
controversial (reviewed in Hulme and Benkman 2002), ants and rodents may select for
different seed sizes (Rey et al. 2002), and in the range of size of B. balearica, rodents may
select for larger seeds whereas ants may not. We believe that the relative importance of
rodents and ants as predators is causing these spatial differences in selection for seed mass
during the seed predation phase.

Total germination was rather low in B. balearica, both in the field and in the experi-
mental garden. In the experimental garden, heavy seeds germinated more than light ones,
but only for Ragol I seeds, which we attribute to the largest seed mass and in turn the
highest germinability in this population, allowing the adequate test of this relationship.
Germination was only marginally influenced by seed mass in the most favourable condi-
tions in the field (i.e. under Buxus); by contrast, germination increased with seed mass in
the most stressful microhabitat (i.e. open field), consistently with what has been reported
for other species (Vaughton and Ramsey 1998; Castro et al. 1999). Large seeds usually
have a greater survivorship during establishment than small ones (e.g. Eriksson 1999),
which is frequently attributed to a greater amount of reserves (Jurado et al. 1991; Vaughton
and Ramsey 1998; but see Lacey et al. 1997). Our findings were also consistent with such
pattern, although the effect was not significant in one of the populations, probably due to
limited sample size. Lastly, larger seeds generate larger seedlings in many species (e.g.,
Stock et al. 1990; Vaughton and Ramsey 1998; Susko and Lovett-Doust 2000), but we did
not find any relationship between seed mass and seedling size in B. balearica after 1 year
of emergence. Early differences in seedling size are known to disappear over time in some
species (Castro et al. 1999; Traveset et al. 2001; Rey et al. 2004), but can influence
seedling survival during the first summer drought (Rey et al. 2004). Whether this is the
case for B. balearica is unknown; however, seed mass in this species seems to affect more
seedling establishment and the previous stages of recruitment than the subsequent ones.

Phenotypic selection on seed mass

Our results on phenotypic selection on seed mass in B. balearica are consistent with other
studies that show opposing and conflicting selective pressures acting on seed mass. For
instance, in Betula monosperma, Ganeshaiah and Uma Shaanker (1991) showed selection
on seed mass in opposite directions for dispersal efficiency and seedling establishment. In
pines, larger seeds are less likely to disperse by wind, although secondary dispersal by
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scatter-hoarding rodents may compensate the poor wind-dispersal (Vander Wall 2003).
Conflicting selective pressures in seed size during and after dispersal have also been
documented in Olea europaea, by using multiplicative components of fitness (Alcantara
and Rey 2003). Large seeds of Quercus ilex are more prone to predation but germinate and
produce seedlings that survive better than small ones (Gémez 2004). Lastly, Martinez et al.
(2007) have recently reported that the advantage of large seeds of Crataegus monogyna
during the dispersal stage is cancelled by an opposite selective pressure exerted by seed
predators.

Besides finding conflicting selective pressures acting on seed mass in B. balearica
during the recruitment phases, we also found that the direction and strength of such
selective pressures vary among populations. In two of them, we detected significant
positive phenotypic selection on seed mass during some phases of the life cycle whilst
negative during others. Seed mass positively affected most fitness components related to
seedling establishment, although such effect was not significant or equally strong in all
populations. In general, heavier seeds had a higher probability of germinating and sur-
viving as seedlings, but they suffered greater predation by rodents in the populations where
these predators were present. The major consequences of such conflicting selective forces
varying among populations were that the net phenotypic selection acting on seed mass was
also population-dependent, and that the optimal seed masses differed among populations.
Interestingly, the optimal seed masses derived from our estimates of net phenotypic
selection match quite well the observed seed masses in two out of the three study popu-
lations (i.e. in Sant Vicen¢ and Ragol I; Fig. 4). Two limitations related to the procedure
used here may have influenced to some extent our estimates of phenotypic selection. First,
the exclusion from the analyses of those traps in which seeds were completely removed
could have overestimated the role of predation in the selection of seed masses. Never-
theless, the percentage of completely predated traps at Lluc was low, and at Ragol I (the
population where more traps were completely removed) predation did not have any
important effect on the selection of seed masses. Therefore, we think that the exclusion of
these traps may not have had a significant influence on the results in these two populations;
however, we cannot discard a possible overestimation of the effect of seed predation at San
Viceng. Second, with the use of germination data from experimental garden for Ragol I, we
may have somehow underestimated the effect of seed mass on germination in the field in
this locality, since this relationship is usually more pronounced in stressful conditions
(Vaughton and Ramsey 1998; Castro et al. 1999). A slight displacement of the optimum
towards larger seeds in both populations might be expected if such limitations in the
procedure had the abovementioned effects. However, even in this case, the slightly larger
optimum would still fit the observed masses in these populations, since we have used for
the comparison the data from 2003 (the smallest masses for a masting year), but the
observed masses varied from 13.07 to 11.61 at Ragol I and from 10.47 to 7.67 at San
Viceng, depending on the year. Therefore, the results seem to indicate that the studied
factors may be representative of the main selective forces influencing seed mass at these
populations. On the contrary, the directional phenotypic selection favouring larger seeds
found at Lluc does not match the observed seed masses that peak at low values at this
population. A possible explanation for this mismatch could be that a trade-off between seed
mass and number at the plant level could influence the optimal seed masses, since the
maximization of the mother’s fitness might impose selection towards more numerous but
lighter seeds. However, we found no evidence of such a trade-off, neither when we sep-
arately analyzed populations and years (all P >> 0.05; results not shown) nor when we
analyzed the data from the seed rain experiment. Therefore, other factors (e.g., genetic or
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environmental, such as resources limitation) may play a relevant role limiting seed size at
that site.

Although the genetic differences among populations concerning seed mass and their
hereditability are unknown for B. balearica, opportunities for selection on this trait during
recruitment obviously exist, and it is probable that they are the cause for the differences in
seed mass among some populations. Alternatively, differences among populations could be
due to differences in resources or water availability. We think, however, that this is an
unlikely explanation for our results, since in years with lower resources the seeds are
smaller (showing a pattern of lower resources, smaller seeds), whereas the populations of
B. balearica with larger seeds are usually those having higher hydric stress and lower
precipitation (Lazaro et al., 2006a; Lazaro and Méndez, 2007). On the other hand, we
found no association between seed mass and altitude, latitude, or population characteristics
related to fragmentation, distance to the nearest population and density (all P >> 0.05;
results not shown; see characteristics of the populations in Table 1 and seed masses in
Table 2), contrary to what has been reported for other species (Ernst and Piccoli 1995;
Susko and Lovett-Doust 2000; Sugiyama 2003). These findings lead us to believe that the
differences in seed mass among some populations of B. balearica are likely the result of
differences in phenotypic selection during recruitment.

To further deepen into the understanding on selection factors affecting plant traits, long-
term studies that incorporate intra-population spatio-temporal variation are needed (Gomez
2004). We carried out the experiments on masting years. Seeds from non-masting years are
smaller than those from mating years, as we have shown here. In addition, the availability
of seeds and seedlings in the populations is much lower in non-masting years. This is
mainly for two reasons. First, although the fraction of removed seeds in B. balearica does
not depend upon seed production, neither in the island nor in the mainland populations
(Lazaro et al. 2006b), the real number of seeds escaping predation may be lower in a non-
masting year, since seed production is lower. Second, seedling emergence and seedling
recruitment are greater after highly productive years (Lazaro et al. 2006b). Therefore, we
need to consider that the lower production of seeds with lower seed masses in non-masting
years may affect the patterns of phenotypic selection in each phase. For instance, the
selection of seed masses during predation might be lower in non-masting years, as pre-
dators possibly expand their range of selected sizes when seeds are scarce. Moreover, the
lower seed masses these years may also result into lower seed germinations. However,
although the curves of phenotypic selection may be different in non-masting years (being
probably more relaxed), masting years are those contributing the most to the reproductive
success of the species and therefore our experiments may reflect the selection that is
actually occurring on seed mass in this species. Anyway, the study of temporal variation in
the selective pressures is certainly important for long-lived species, such as B. balearica,
occurring in Mediterranean and semiarid environments, where survival at different phases
is highly variable among years (e.g. Lazaro et al. 2006a). In addition, the study of local
variations in the selective pressures related to the distance to mother plants may shed light
on the role that the interactions among plants play on selection of seed mass.

Conclusions
In this study we document a prevalence of among-population variation in seed mass in

B. balearica and demonstrate that the conflicting selective pressures appearing during
recruitment varied in their direction and strength among populations, depending on the
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relative local importance of seed predation vs. germination and establishment. Moreover,
we show that observed seed mass matched predicted optimal seed mass (based on the
estimates of phenotypic selection) in two out of the three populations, suggesting the
existence of local adaptive responses to the spatial mosaic of selective pressures. Studies
on genetic differences among populations concerning seed mass and their heritability in B.
balearica would be desirable to corroborate such local adaptation.
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