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ABSTRACT

Current research has determined that traits involved in reproductive strate-
gies and processes of seed dynamics should be studied together, and under 
varying environments, in order to clarify their roles in the ecology of plant 
communities. Here, we analyzed reproductive traits (allocation to reproduc-
tion, efficiency of seed production, and seed size) at the community level and 
their relationships to seed dynamics (seed production, dispersal, storage, loss, 
and germination) in a Mediterranean and a semiarid ecosystem in Israel. The 
results showed that aboveground biomass production was two-fold greater 
in the Mediterranean community compared to the semiarid. Conversely, 
relative reproductive allocation in the semiarid community almost doubled 
that of the Mediterranean. Seed size and seed output correlated negatively 
but, despite large differences in seed production between communities (73% 
higher in the semiarid site), average seed size was similar between sites. Seed 
losses in the semiarid community were significantly greater than those in the 
Mediterranean (80% vs. 13%), and contrasting seed-density patterns between 
the communities were noted. Despite small seed sizes, dispersal was of low 
importance and did not differ between communities. Our results show that 
whereas some plant traits are reflected at the community level according to 
theoretical functional predictions, others fail to follow the expected patterns 
due to variations in the relative importance of environmental constraints and 
the existence of alternative strategies for coping with them.
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seedling emergence

INTRODUCTION

Seeds represent the potential of a species to maintain or spread its kind. Consequently, a 
large number of research studies have been dedicated to developing our understanding 
of the role of seeds in the ecology of plants and their communities (Baskin and Baskin, 
2001; Fenner and Thompson, 2005). What types of seeds are produced, how many of 



74 E. LEBRIJA-TREJOS ET AL. Isr. J. Ecol. Evol.

them, and when they are formed, are important elements of the reproductive strategy of 
species that largely determine their success in a given environment. In unstable environ-
ments, species with rapid growth rates and short life cycles that invest large amounts of 
resources in reproduction and produce numerous small seeds, are able to persist by ex-
ploiting short-term windows of environmental favorability (Giesel, 1976; Parry, 1981). 
In doing so, they compromise the competitive ability of their offspring and reduce their 
probability of survival to adulthood. Fundamentally, this is because biophysical con-
straints (e.g., small seeds produce small seedlings) as well as constraints in allocation 
to structures and functions exist (Venable and Brown, 1988; Bond et al., 1999), and no 
species can be successful under all circumstances. Thus, for a given amount of avail-
able resources, numerous seeds can be produced at the expense of seed size and thus, of 
the provision of seed reserves for the beginning of the seedling’s life. This indisputable 
trade-off between seed size and seed number is widely regarded as a functional trade-
off between colonization (dispersal) and competition (seedling size) potential (Rees and 
Westoby, 1997; Jakobsson and Eriksson, 2000; Westoby et al., 2002).

Support for this functional interpretation is controversial (Leishman, 2001), most 
likely because the same traits involved may perform different functions or, conversely, 
because the same function may be achieved by different traits, or because whereas traits 
co-vary simultaneously, their relative importance may vary independently depend-
ing on the factors most limiting to plant fitness in a given environment (Venable and 
Brown, 1988). For instance, seed size confers greater seedling survival under a variety 
of stresses besides competition (Leishman et al., 2000; Westoby et al., 2002; Metz et 
al., 2010). Moreover, seed size is not only related to dispersal capabilities but also to 
dormancy, persistence, and escape from predators (Rees, 1993; Hulme, 1998; Thompson 
et al., 2001). Thus, variation in seed size may occur as a response to pressures other than 
competition. Similarly, the impact that the variation in seed output may have on plant 
recruitment will vary depending on whether plant recruitment is, for instance, micro-
site-limited or predator-limited (Crawley, 2000). Avoidance of reproductive failure due 
to unfavorable conditions (including competition) may be achieved, alternatively, by 
dispersal in space or time (dormancy). These examples show that traits, their trade-offs, 
and their functions must be studied simultaneously. Theoretical models have been very 
useful in this respect (e.g., Venable and Brown, 1988; Rees, 1996; Bolker et al., 2003), 
but the needed empirical support lags far behind.

If species are filtered according to their success under the current conditions, then 
traits and trade-offs at the organism level should influence, in line with their theoretical 
functions, the abundance and dynamics of the seeds in a community and, ultimately, the 
regeneration potential of the community (e.g., Osem et al., 2006). Our main objective 
was to study these links, since they offer a comprehensive understanding of the mean-
ing of traits and plant strategies in the ecology of plants and their communities (Suding 
et al., 2003).To this end, we characterized plant reproductive traits at the community 
level in a semiarid and a Mediterranean ecosystem and linked them to processes of seed 
dynamics such as seed dispersal, persistence, and loss. In addition, we estimated the 
relative effects of these processes on the species richness and abundance of seedlings. 
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We hypothesized that if the characteristic biotic and abiotic environment of each system 
selects community members according to their traits and their (theoretical) functions, we 
should observe a close link between reproductive traits and seed-dynamics processes. 
Along with a decrease in rainfall amount and predictability, from the Mediterranean to 
the semiarid ecosystem, we expected an increase in reproductive allocation and seed 
output and, as a consequence, a reduction in seed size. With a reduction in seed size, we 
additionally expected an increase in seed dispersal and/or dormancy, and a reduction in 
seed losses.

METHOdS

STUDy SITES
This study was conducted at two sites along an aridity gradient in Israel: near Lahav, 

at the northern border of the Negev Desert (31º23¢N, 34º54¢E), and near Matta, in the 
Jerusalem Mountains (31º45¢N, 35º03¢E; table 1 in Fleischer and Sternberg, 2006, and 
Talmon et al., 2010), as part of the GLOWA Jordan River (JR) project (www.glowa-
jordan-river.de). Both sites shared a Mediterranean-type climate characterized by a 
short, cool, wet winter and a long, hot, dry summer. The sites represent Mediterranean 
and semiarid ecosystems with mean annual temperatures of 17.7 and 18.4 ºC, respec-
tively. Mean annual rainfall is 540 and 300 mm, respectively. The rainfall coefficient 
of variation (CV) was 31% in the Mediterranean site and 38% at the semiarid site (cal-
culated from records from 1950 to 2004 provided by the Israel Meteorological Service 
http://www.ims.gov.il/IMSEng/CLIMATE). Rainfall during the studied years (winters 
of 2001–2002 and 2002–2003) was 654 and 798 mm, respectively, for the Mediterra-
nean site, and 323 and 351 mm, respectively, for the semiarid site. According to their 
texture, soils in the Mediterranean and semiarid site are classified as clay and clay loam, 
respectively (Zwikel et al., 2007). This implies that soils at the Mediterranean site have a 
higher field capacity than the semiarid site but also a higher wilting point (Saxton et al., 
1986). Soil depth is similar between sites (15–20 cm in average; Talmon et al., 2010). 
All sites were located on a southern aspect, in zones with a similar slope and elevation, 
and were on hard limestone bedrock overlain by calcareous soil. Vegetation at the study 
sites was dominated by the semi-deciduous, dimorphic-leaved shrub Sarcopoterium spi-
nosum (L.) Spach (Rosaceae), with interspersed annual herbaceous patches (for details 
see Holzapfel et al., 2006; Petrů et al., 2006). The higher availability of moisture in the 
Mediterranean site is evidenced by the doubling of biomass production in the annual 
herbaceous patches during 8 years of study (J. Kigel, unpubl. data).

DATA collEcTIon
A total of thirty 25 × 25-cm quadrats were marked in each site in the herbaceous 

patches. The quadrats were randomly assigned to treatments and were sampled and/or 
manipulated to quantify seed production, dispersal, seed loss, and seedling emergence, 
and to characterize plant reproductive strategies of the herbaceous vegetation at the 
community level (Table 1).
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data on seed production (A in Table 1) were collected from 15 quadrats at the end 
of the growing season, i.e., late spring (late April—early May, 2002), after the peak of 
seed production and just before seed dispersal. All aboveground plant biomass inside 
a quadrat was harvested (including plant litter). Seeds were separated from vegetative 
material, identified to the species level, and counted. Both seeds and vegetative mate-
rial were oven-dried at 80 ºC for at least 48 h and weighted. In five of these initial 15 
quadrats, a second seed collection was conducted in early autumn (October), just before 
the beginning of the rains, to evaluate species richness and abundance of seeds that 
arrived to the quadrats after the local sources of seeds were removed (in the first seed 
collection). This second seed collection represents net seed dispersal, since it includes 
both seed rain and seed loss from the incoming seeds that occurred between the col-

Table 1
Description of data collection and quadrat manipulations conducted for the estimation of plant 
reproductive strategies, seed dynamics, and seedling emergence patterns, in two environmentally 
contrasting communities of annual plants (semiarid and Mediterranean) located along an aridity 

gradient in Israel
 Quadrat Sampling Data
Variable manipulation season collection
A—Seed production, None late spring Collection of all above-
and size   ground biomass and seeds
B—Net dispersal All aboveground early autumn Collection of all seeds
 biomass and seeds  found in the soil surface
 removed in late  after seed rain and seed
 spring  losses during summer
C—Seed loss None early autumn Collection of all seeds
   found in the soil surface
   (seed loss was estimated
   by comparison with treat-
   ment A)
d—Seedling emergence upper soil (10 cm) winter Counts of emerging seed-
from (net) dispersal removed and  lings from seeds during
 replaced with sand  summer
 in late spring
E—Seedling emergence All aboveground winter Counts of emerging seed-
from permanent seed bank plant biomass and  lings from seeds that re-
 seeds removed in  mained in soil after mani-
 late spring and early  pulations of B
 autumn, respectively
F—Total seedling None winter Counts of emerging seed-
emergence (control)   lings from all seed sources
   (production, dispersal,
   seed bank)
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lections (B in Table 1). unless otherwise specified, hereafter we refer to these data as 
seed dispersal. Seed losses during late spring and summer were estimated separately 
in five other quadrats by counting and identifying the total number of seeds found in 
early autumn and comparing it with seed production data collected at the first sampling 
(late spring; see C in Table 1 and data Analysis below). Another five quadrats were 
examined in early spring to estimate the relative contribution of seed dispersal to the 
abundance and richness of the community of seedlings emerging after the onset of the 
rainy season (d in Table 1). In these quadrats, the upper 10 cm of the soil was removed 
and filled with sand devoid of seeds. The number of seedlings that emerged in these 
quadrats was counted during the following growing season (October 2002–April 2003). 
The contribution of the seed bank stored in the soil during previous years to the current 
seedling community was assessed from the emergence of seedlings in the five quadrats 
in which the aboveground biomass and seeds were removed in late spring and again in 
early autumn (E in Table 1). Finally, in five additional quadrats, we only identified and 
counted the number of seedlings emerging in the rainy season. These non-manipulated 
quadrats were considered controls, since they represented the combined contribution of 
seed production, dispersal, and soil seed bank storage to the emerging seedling com-
munity (F in Table 1). By the end of the seedling emergence experiment, one quadrat of 
each treatment was lost in the Mediterranean site so they were left out from the analyses 
as their data was incomplete.

DATA AnAlySIS
We used Student’s t-tests for independent samples to test for differences in seed pro-

duction, net seed dispersal, and reproductive traits between sites. These included tests 
on species richness of seeds, seed density, total seed and plant biomass (vegetative), 
average community reproductive allocation (total seed biomass/total plant biomass), 
efficiency of seed production (total number of seeds/total plant biomass), and com-
munity average seed size (

i

n

1=

/ [seed biomassi/number of seedsi]/n; where i = species, 
n = total number of species; only species present in >20% of quadrats were included). 
Analyses of variance, using type III sums of squares, were used to assess seed losses 
and the contribution of seed-dynamics processes to seedling emergence. The analysis of 
seed losses included site and season as fixed effects, where a negative effect of season 
on seed abundance meant significant losses during the summer. An interaction effect 
between site and season was included in the model to test for differences in losses be-
tween sites. Tests of simple main effects (using estimated marginal means) were used to 
assess the specific effects of season at each site (Quinn and Keough, 2002; SPSS Inc., 
2006). due to differences in sample size and dependency of number of species on size 
of area sampled (i.e., species–area relationships), the test of differences in species rich-
ness between seasons was complemented with calculations of the number of species 
expected in the pooled samples, i.e., species accumulation curves, done with EstimateS 
v. 8.0 (Colwell et al., 2004).

Similarly, the analysis of the differential contributions of seed-dynamics processes 
to seedling abundance involved a full factorial model, with site and seed-dynamics pro-
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cess as fixed effects, and the testing of simple main effects, i.e., differences in seedling 
emergence between seed-dynamic processes for each site. For this latter analysis, we 
used Sidak-type corrections for the significance of the pairwise comparisons between 
processes (i.e., seed-dispersal, seed-bank, and control quadrats). All analyses were 
performed using SPSS v. 15.0.1. Variables were log10 or square-root-transformed where 
necessary to improve normality and homoscedasticity of the data.

RESULTS

SEED ProDUcTIon
Aboveground biomass production was up to two times greater in the Mediterranean 

than in the semiarid site (t28 = 5.1, p < 0.001), while seed biomass production was very 
similar between sites (t28 = 0.04, p = 0.9; Fig. 1a,b). Consequently, average allocation 
to reproduction of the semiarid site community (measured as the proportion of seed 
biomass to plant biomass) was almost double that of the Mediterranean site (t28 = 6.8, 
p < 0.001; Fig 1c). Efficiency of seed production (seeds per gram of plant biomass) was 
up to 73% higher in the semiarid site than in the Mediterranean site (t28 = 5.6, p < 0.001; 
Fig. 1d). Average seed size was not significantly different between the sites (unequal 
variances t49 = 1.34, p < 0.19; Fig. 1e). nevertheless, species in both sites showed a nega-
tive correlation between average seed size and number of seeds produced (r = –0.66, 
p < 0.01 for semiarid and r = –0.60, p < 0.05 for Mediterranean; for species present in 
>20% of the quadrats; Fig. 2).

Average species richness of the seed output in the Mediterranean site was signifi-
cantly higher than that of the semiarid site (t28 = 4.3, p < 0.001; Fig. 3a). Seed density 
showed the opposite pattern but was highly variable, (CVs = 55% and 65% for the 
Mediterranean and semiarid sites, respectively). Therefore, although average seed den-
sity was 40% lower in the Mediterranean than the semiarid site, this difference was only 
marginally significant (t28 = 1.8, p = 0.09; Fig. 3b).

SEED DISPErSAl AnD SEED loSSES
Species richness of seeds dispersed during the summer was significantly higher in 

the Mediterranean than in the semiarid site (t8 = 2.8, p < 0.05), but no differences in the 
density of dispersed seeds were found (t8 = 0.2, p = 0.9; Fig. 3c,d, respectively). The 
overall decrease in seed species richness from late spring to late summer (main effect 
of season) was small and marginally significant (F1/36 = 3.9, p = 0.056). Although such a 
reduction in seed species richness seemed not to differ between sites (site × season inter-
action F1/36 = 2.6, p = 0.1), the tests of simple main effects showed that species losses in 
the Mediterranean site were minimal and not significant (F1/36 = 0.6, p = 0.8), being less 
than one-tenth, on average, of species richness at seed production (Fig. 3a,e). However, 
about a third of the species were lost in the semiarid site (F1/36 = 6.4, p < 0.05; Fig. 3a,e). 
Consequently, the between-site differences in seed species richness at the time of seed 
production (Fig. 3a) remained significant until late summer and even increased (test of 
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simple effect of site in late summer, F1/36 = 17.7, p < 0.001; Fig. 3e). Similar qualitative 
results were shown by the trends of the species accumulation curves (Fig. 4), indicating 
that the patterns of reduction in seed species richness during the summer are not an arti-
fact of species–area relationships and sample size differences between the seasons.

Seed losses during the summer were more marked in terms of density (season effect, 
F1/36 = 12.2, p < 0.001) and there was a significant site × season interaction (F1/36 = 9.3, 
p < 0.01). In the Mediterranean site, average seed density in late summer was only 13% 
lower than in late spring and this difference was not significant (simple main effect of 
season, F1/36 = 0.1, p = 0.76). However, in the semiarid site, seed density decreased up to 
80% (F1/36 = 21.5, p < 0.001). The large depletion of seeds during summer in the semiarid 

Fig. 1. Plant and reproductive traits at the community level of a semiarid ecosystem and a Mediter-
ranean ecosystem in Israel: (a) plant biomass, (b) seed biomass, (c) reproductive allocation (pro-
portion of seed biomass to plant biomass expressed as percentage), (d) seed production (number 
seeds/plant biomass), and (e) seed size. Columns represent the community average (n = 15) ± 
standard deviation (bars).
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Fig. 2. Relationship between seed size and seed number for species found in late spring and 
autumn samplings in a semiarid community (white circles) and a Mediterranean community 
(gray circles) in Israel. Only species present with a relative frequency >20% were included in the 
regression.

Fig. 3. Seed species richness (a, c, e) and seed density (b, d, f) in a semiarid site and a Mediter-
ranean site in Israel: At the time of seed production in late spring (a), (b); after the summer, just 
before the onset of the rains (e), (f); and in the net seed dispersal during the summer (c), (d). The 
(negative) differences in richness and seed density between the late spring and autumn samplings 
(before the onset of the rains) indicate seed losses that occurred during the summer (see Methods 
section for details). Columns represent the treatment average ± standard deviation (bars).
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site inverted the pattern of seed density between the sites. Seed density in late spring was 
greater in the semiarid site than in the Mediterranean, but this difference was only mar-
ginally significant. In contrast, at the end of the summer, seed density was significantly 
lower in the semiarid site than in the Mediterranean site (simple main effect of site in 
early autumn, F1/36 = 6.1, p < 0.05; Fig. 3b,f).

SEEDlIng EMErgEncE
Species richness of the emerged seedlings was higher in the Mediterranean site than 

in the semiarid site (F1/21 = 9.2, p < 0.01; Fig. 5a,b). Overall seedling species richness was 
also different between treatments (F2/21 = 7.4, p < 0.01), with the control having higher 
richness than the seed dispersal (p < 0.01) and the seed-bank treatments (p < 0.05). There 
was no interaction between site and treatment (F2/21 = 0.2, p = 0.83). However, pair-wise 
comparisons showed that seedling species richness was significantly different only be-
tween the control and seed-dispersal treatments in the semiarid site (p < 0.01; Fig. 5a).

no significant differences were found in the overall mean of emerged seedlings 
between sites (F1/21 = 1.9, p = 0.19), but seedling emergence was significantly differ-
ent between control, seed dispersal, and seed-bank treatments (F2/21 = 25.3, p < 0.001; 
Fig. 5c,d). These differences varied between sites (site × treatment interaction, 
F2/21 = 6.7, p < 0.01). In the semiarid site, seedling emergence was lowest in the seed-dis-
persal treatment, comprising only 8% of seedling emergence in the control (p < 0.001), 
while emergence in the seed-bank treatment was 39% of the control (p < 0.01). The dif-
ference in seedling emergence between the seed dispersal and the seed-bank treatments 
was also significant (p < 0.01; Fig. 5c). In the Mediterranean site 25% more seedlings, on 

Fig. 4. Number of species of seeds expected in pooled quadrat samples for a semiarid site (white 
symbols) and a Mediterranean site (gray symbols) in Israel after peak seed production in late 
spring (circles), and before the beginning of the following growing season in early autumn (tri-
angles). Seed samples were collected in 25 × 25-cm quadrats (see Methods section for sampling 
details).
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average, emerged from the seed-dispersal treatment than from the seed-bank treatment, 
but this difference was not significant due to large variation within the seed-dispersal 
treatment. Seedling emergence in these two treatments was 48% and 35% of that in the 
control treatment, respectively (both p < 0.05; Fig 5d). Between sites, only the seed-dis-
persal treatment differed significantly (p < 0.001), with more seedlings emerging in the 
Mediterranean site than in the semiarid site.

DISCUSSION

coMMUnITy PATTErnS of rEProDUcTIon STrATEgIES
Our results on the measured reproductive traits (reproductive allocation, efficiency of 

seed production, and seed size) at the community level conform to several established 
theoretical predictions based on the significance of such traits for species persistence 
under given environmental constraints. A larger proportion of plant biomass was al-
located to seeds in the semiarid ecosystem compared to the Mediterranean ecosystem. 
High investment in reproduction is a strategy to maximize fitness when life expectancy 
is constrained by unfavorable environments (Giesel, 1976; Aronson et al., 1993), i.e., 

Fig. 5. Species richness (a, b) and density (c, d) of seedlings in a semiarid site and a Mediterranean 
site in Israel, that emerged from in situ sample quadrats experimentally manipulated to contain 
(1) produced, dispersed, and soil-stored seeds (control), (2) only dispersed seeds (dispersal), and 
(3) only seeds stored in the soil (seed bank). Columns represent the community average (n = 15) 
± standard deviation (bars).
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by short growing season, environmental severity, and high rainfall variability, which are 
more predominant in our semiarid site. Allocation to reproduction most likely comes at 
the cost of vegetative growth, which has a negative impact on the plant’s competitive 
ability (Weiner, 1988; Sugiyama and Bazzaz, 1998; Reekie, 1999). This compromise 
may also be an important force underlying the reduction in resource allocation to seeds 
from the semiarid site to the Mediterranean site, as plants in the Mediterranean site ex-
perience increased competition and, accordingly, are larger in size than in the semiarid 
site (J. Kigel, unpubl. data, Holzapfel et al., 2006; Schiffers and Tielbörger, 2006).

Higher reproductive allocation in the semiarid site than in the Mediterranean site was 
accompanied by higher seed output per gram of plant biomass. High seed production 
can be directly related to increased colonization and persistence probabilities (Lavorel 
and Lebreton, 1992; Murray et al., 2002), especially in environments with high spatio-
temporal variability where the influence of competition on seedling and adult survival 
is reduced (Warner and Chesson, 1985; Turnbull et al., 2000; Volis, 2007). For a given 
amount of energy that a plant invests in reproduction, high seed output comes at the 
expense of seed size (Westoby et al., 2002). This seed size/seed number trade-off is 
widely interpreted as a functional competition/colonization trade-off where large seeds 
(and thus seedlings) offer competitive advantages at the expense of the ability to reach 
new vacant sites (Tilman, 1994; Jakobsson and Eriksson, 2000; Leishman et al., 2000; 
Westoby et al., 2002). We did find a seed size/number trade-off within communities, 
but despite the large differences in seed output between them there was only a very 
weak tendency for species in the more competitive community, i.e., the Mediterranean 
site, to be larger-seeded. This implies that plants in the semiarid site may be able to 
significantly reduce the impact of the seed size/number trade-off by allocating a large 
amount of resources to reproduction (Fenner and Thompson, 2005). Moreover, it shows 
that differences in the strength of competitive interactions between the communities 
are not primarily reflected in differences in seed-size strategies (see also Aronson et al., 
1993). A functional explanation of the seed size/number trade-off is complicated by the 
correlation of seed size to other traits related to risk-reduction functions such as stress 
tolerance (e.g., of drought), dispersability, seed dormancy and seed persistence, includ-
ing predation avoidance (Venable and Brown, 1988; Leishman et al., 2000). Further 
consideration should also be given to the minimum seed-size allowing species to store 
enough resources for establishing successfully in systems characterized by short inter-
vals of adequate soil moisture (see Raven, 1999).

SEED DynAMIcS
The average density of seeds at the time of seed production and before dispersal was 

very variable in both sites, thus only marginally significant differences between them 
were detected. However, in line with the higher efficiency of seed production per unit of 
plant biomass, seed density had a clear tendency to be higher in the semiarid site than 
in the Mediterranean site. Since seeds in both sites are generally small (cf. Moles et al., 
2007) but more numerously produced in the semiarid site, we expected to find more 
seeds in the dispersal treatments in the semiarid site than in the Mediterranean site. This 
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was not the case, since the density of dispersed seeds was clearly similar between the 
sites. Furthermore, they represented only a small proportion of seed production, espe-
cially in the semiarid site. As our data reflect net seed dispersal, these results could be 
due to either low gross seed dispersal or high seed losses. Seed losses during summer at 
the Mediterranean site were not significant, suggesting that gross dispersal was indeed 
not high. Seed dispersal is widely understood as an important strategy to escape crowd-
ing and competition, either intra- or inter-specific (Venable and Brown, 1993; Levin et 
al., 2003). Thus, why would dispersal be limited in the Mediterranean site where com-
petition prevails and shapes plant strategies (Petrů et al., 2006; Schiffers and Tielbörger, 
2006)? A seven-year study of interactions between shrubs and annuals in the Mediter-
ranean site shows that whereas survival of annuals was not affected by either habitat 
type (under shrubs or in adjacent open areas) or by inter-year variability in precipitation, 
biomass growth was significantly reduced under shrubs and, moreover, this reduction 
was aggravated with increasing precipitation (J. Metz and K. Tielborger, unpubl. data). 
Such a reduction in plant size undermines the plant’s competitive ability (Schwinning 
and Weiner, 1998) and reduces its reproductive output both directly and indirectly (Sugi-
yama and Bazzaz, 1998; Bazzaz et al., 2000). Following theoretical models (Venable 
and Brown, 1988; Bolker and Pacala, 1999; Rousset and Gandon, 2002), we hypothesize 
that dispersal seems not to be favored because the costs of investment in dispersal struc-
tures are increased by the permanent growth costs of landing in an unfavorable patch, 
i.e., under a shrub. Empirical studies testing this hypothesis could be useful in improving 
our understanding of dispersal as a competition avoidance strategy.

In contrast to the Mediterranean site, seed losses in the semiarid site were very large. 
A specific study of gross dispersal is thus needed to resolve whether seed dispersal in the 
semiarid site was simply low, or high but drastically reduced by seed loss. Support for 
the former possibility is found in numerous empirical studies in xeric areas, including 
semiarid ecosystems, showing dispersal to be minimal and even prevented (Ellner and 
Shmida, 1981; Van Rheede van Oudtshoorn and Van Rooyen, 1999; Venable et al., 2008; 
Siewert and Tielbörger, 2010). It has been argued that in xeric systems dispersal may be 
lower than theoretically expected because several of its advantages would be lost given 
the biotic and abiotic conditions of xeric areas. Namely, low and variable precipitation 
creates relatively homogeneous environments at scales larger than those commonly 
traveled by seeds (i.e., kilometers); it also multiplies the frequency of open patches both 
in space and time (Ellner and Shmida, 1981), and selects for small-sized plants with 
rapid life-cycles (Petrů et al., 2006), which are less likely to create crowded conditions 
(Schwinning and Weiner, 1998). In such circumstances, staying close to the maternal 
site, whose favorability has been attested by successful reproduction, and dispersing in 
time, which trades off with dispersing in space (Levin et al., 1984; Venable and Brown, 
1988), may be more effective ways to find favorable conditions for persistence (Metz 
et al., 1983; Venable and Brown, 1988; Ronce et al., 2000; Snyder and Chesson, 2003). 
Remarkably, the comparison of seed density in the dispersal treatments with seed den-
sity in early autumn reveals that, even if gross dispersal is in reality low, (net) dispersal 
contributes considerably to the number of seeds that are available for germination in the 
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semiarid site. We hypothesize that this could be because, regardless of its magnitude, 
seed dispersal effectively reduces seed predation with respect to the maternal neighbor-
hood (Howe and Smallwood, 1982). notably, there were no differences in species rich-
ness of seedlings emerging from seed dispersal or the seed bank in either site.

The large number of seeds lost in the semiarid site may be mostly due to seed preda-
tion, which is common in xeric, open habitats where granivores, especially ants and ro-
dents, exert high predation pressures by consuming 75% or more of the seeds produced 
(Brown et al., 1979; Ellner and Shmida, 1981; Hulme, 1998; Traba et al., 2006; but see 
Azcárate and Peco, 2006). Besides predation, some of the observed seed losses could be 
due to deep burial of small seeds (Thompson et al., 1993), which actually reduces seed 
predation (Hulme, 1998) and enhances the formation of seed banks by increasing the 
persistence of seeds in the soil (Thompson, 1987; Leishman et al., 2000; Thompson et 
al., 2001). A specific study of the post-dispersal fate of seeds is needed for more detailed 
knowledge. Yet, the substantial seedling emergence from the seed bank (discussed be-
low) and the equally high losses of both small and large seeds in the semiarid site (ca. 
90% of seeds <1 and >5 mg were lost, ca. 50% for the intermediate category) indicate 
that seed predation and burial are both responsible for the large changes in seed density 
from late spring to early autumn.

SEEDlIng EMErgEncE
Seedling emergence patterns reflected the connections between the patterns of seed 

density and reproductive strategies. Seedling emergence from the dispersal treatment 
in the semiarid site was low, especially in comparison with emergence in the control 
treatment. This is in line with the claims of low overall seed dispersal in the semiarid 
site but in conflict with the importance of its magnitude relative to the total density of 
seeds available in the soil surface just before the rains (Fig. 3d,e). Since there were no 
differences in density of dispersed seeds between sites, the lower density of seedlings in 
this treatment in the semiarid site strongly suggests that a large fraction of the dispersed 
seeds remain dormant and potentially form a permanent seed bank. Indeed, seedling 
emergence in the semiarid site was about four times greater from the stored seed bank 
than from the seed-dispersal treatment, and represented almost half of the germination 
from all seed sources (control). Additional indirect evidence pointing to the importance 
of seed burial and storage in the soil in the semiarid ecosystem stems from the fact that, 
despite the lower density of seeds in the soil surface just before the rains in the semiarid 
site, there were no significant between-site differences in the density of seedlings in 
the controls. Seed dormancy and the formation of permanent seed banks are important 
strategies to escape and average out the negative effects on persistence of unfavorable 
and fluctuating conditions and, thus, are expected to increase in importance with aridity 
and rainfall variability (Cohen, 1966; Slatkin, 1974; Venable and Brown, 1988). At the 
community level, this was true to a certain extent. A larger number of seeds in the seed 
rain treatment remained dormant in the semiarid site compared to the Mediterranean 
site. Consequently, seed germination in the seed-dispersal treatment represented a sig-
nificantly larger fraction of germination from all seed sources in the Mediterranean site 
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than in the semiarid site. Nonetheless, seedling emergence from the stored seed bank in 
the Mediterranean site was also abundant and, although it tended to be lower than emer-
gence from seed dispersal, it was not significantly different. This result suggests, also as 
predicted by theory (Westoby, 1981; Ellner, 1986; nilsson et al., 1994), that dormancy in 
the Mediterranean site may occur as part of the plant strategy of escaping the pervasive 
effects of competition, fire and/or grazing in this system.

This latter result may be a reflection of niche differentiation, an important mecha-
nism behind the high species diversity of Mediterranean communities (naveh and 
Whittaker, 1979; Cowling et al., 1996; Thompson, 2005). Species richness in the 
Mediterranean site was higher than in the semiarid site for all the components of seed 
and seedling dynamics analyzed. Noteworthy in this respect is the fact that, even when 
dispersal seems limited in both sites, a larger proportion of species (from those found 
at the seed production sampling) were found in the dispersal treatment in the Mediter-
ranean site than in the semiarid site, suggesting once again a larger diversification of 
strategies in the Mediterranean site.

CONCLUSIONS

In the semiarid site, and in line with theory, the existence of large seed outputs of small 
seeds (cf. global patterns in Moles et al., 2007) was accompanied by low germination of 
newly dispersed seeds (suggesting dormancy) and by an important contribution of the 
seed bank to the community of newly emerged seedlings. These results support the no-
tion that species with such life history traits are favored in environments characterized 
by rainfall unpredictability and strong predation pressure. Producing many small seeds 
allows species to escape in time (rather than in space) from unfavorable conditions, and 
bear the impact of seed predation. Dispersal, even if restricted and perhaps unimport-
ant as a strategy to escape environmental variability, could be playing an important 
ecological role by reducing the probability of seed predation. In the Mediterranean site, 
where effects of competition on growth are much larger than on survival, species seem 
to achieve competitiveness (and improve their fitness) mainly by investing in vegetative 
growth. While the Mediterranean site may be more mesic and stable than the semiarid 
site, rainfall variability and summer drought still constitute important environmental 
constraints. Persistence via the formation of a stored seed bank was thus still important. 
This strategy could also be an alternative or additional strategy for dealing with compe-
tition, fire, grazing, and other potential disturbance agents frequent in the region. If so, 
this could explain why neither increased dispersal nor increased seed size (at the expense 
of decrease output) seemed to be particularly favored in the Mediterranean community. 
Our comprehensive, community-level analysis inevitably sacrificed a detailed under-
standing of patterns of seed dynamics and specific plant strategies at the species level. 
In return, it shed light on the combined importance that reproductive traits and trade-
offs have for the ability of species to cope with specific sets of ecological constraints. 
ultimately, this allows distinguishing between hypothesized and actual significance of 
plant functional traits.
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