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Summary

1. A positive relationship between seed size and subsequent offspring survival is a key assumption

in ecological theory concerning life-history strategies. Yet, this relationship is uncertain in respect to

lifetime survival because sound evidence only exists for early seedling stages. Furthermore, the effect

of environmental variation in space and time, and of contrasting plant functional groups, on this

relationship has been scarcely examined.

2. Here, we investigated survival and between-year variation therein. We tested for both whether

their relationship to seed size (i) is maintained up until reproduction, (ii) changes along environmen-

tal gradients and (iii) differs between functional groups (grasses, legumes, forbs).

3. Survival was monitored from established seedlings to reproductive plants in 49 annual species

under natural conditions during 7 years in three sites along a steep rainfall gradient.We then related

average survival per species and between-year variation in survival to seed size, site along the gradi-

ent and functional group.

4. Larger seed size was associated with higher survival and lower between-year variation. Across

the rainfall gradient, we detected no difference in the seed size–survival relationships; however, vari-

ation between years was lowest in the most mesic site where no relationship for between-year varia-

tion with seed size was observed. Legumes showed lower survival and higher between-year

variation than grasses.

5. Our findings indicate that larger seed size provides survival advantages beyond seedling estab-

lishment up until reproduction among annual species. Larger seed size also provides a bet-hedging

strategy in temporally unpredictable environments. Increased abiotic favourability along environ-

mental gradientsmay have little effect on survival rates but reduces survival variation between years

and thus reduces the bet-hedging benefit of larger seed size. We suggest that the contrasting

response of legumes and grasses may partly result from their disparity in seed dormancy.

6. Synthesis. Current plant life-history theory can be refined by accounting for both benefits of

larger seed size, higher survival rates and bet-hedging. Studies along environmental gradients

are needed to generalize findings across ecosystems and to predict patterns of plant traits and plant

performance under changing environmental conditions.
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Introduction

Plant species within the same community often differ greatly in

their survival rates, presumably owing to differences in their

specific set of traits for coping with environmental conditions

(Tevis 1958; Loria & Noy-Meir 1980; Verkaar & Schenkeveld

1984; Kelly 1989). Among the array of traits that may deter-

mine survival rates, seed sizewas studied intensively and is con-

sidered of particular importance at early seedling stages

(Leishman et al. 2000; Coomes&Grubb 2003). There is strong

evidence that the surplus resources of larger seeds render*Correspondence author. E-mail: katja.tielboerger@uni-tuebingen.de
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young seedlings more resistant to hazards like drought, shade

or herbivory during the early stage of seedling establishment,

as reviewed in Leishman et al. (2000) and supported by a

recent data synthesis (Moles & Westoby 2004). Based on this

evidence, a positive relationship between seed size and survival

has been commonly assumed and has crucially shaped life-his-

tory theory, e.g. about trade-offs between seed size and seed

number or between competition and colonization (Venable &

Brown 1988; Turnbull, Rees & Crawley 1999; Jakobsson

& Eriksson 2000; Leishman 2001; Coomes & Grubb 2003;

Falster,Moles &Westoby 2008).

However, seed size–survival relationships have been scarcely

examined beyond the very early stage of seedling establish-

ment, i.e. the advantage of large seeds for lifetime survival

remains unclear. Information on survival at later stages of the

plant life cycle stems from only few studies, often with a small

number of species, that yielded contradicting results (e.g. Loria

& Noy-Meir 1980; Lloret, Casanovas & Peñuelas 1999; Moles

& Westoby 2004; Baraloto, Forget & Goldberg 2005). A rea-

son for this scarcity may be that studies often focused on long-

lived species, where survival monitoring is difficult. Therefore,

it remains controversial whether surplus seed resources during

seedling establishment can also translate into higher survival

up to reproduction. On one hand, it has been argued that the

survival advantage with increased seed size is a direct conse-

quence of additional resources and vanishes when seed

resources are depleted (Saverimuttu &Westoby 1996; Walters

& Reich 2000). This view was supported by the synthesis of

Moles &Westoby (2004) who detected no correlation between

seed size and survival from emergence to reproduction, in con-

trast to survival at early stages. On the other hand, some evi-

dence exists for higher survival rates associated with larger

seed size beyond early establishment, namely for saplings of

tropical tree species (Moles &Westoby 2004; Baraloto, Forget

& Goldberg 2005) and Mediterranean shrub species (Lloret,

Casanovas & Peñuelas 1999), with the latter study attributing

the higher survival to better initial root establishment. Another

possible advantage is that larger seed size improves competitive

ability due to its strong correlation with subsequent plant size

(Gross 1984; Leishman 2001). This size advantage may trans-

late into survival advantages at later, more density-dependent

stages (Baraloto, Forget & Goldberg 2005; Falster, Moles &

Westoby 2008).

The available information on seed size–survival relation-

ships is also limited because the effect of temporal variation in

survival has rarely been investigated. For instance, survival

rates of species can strongly differ between years, especially in

highly variable environments such as arid or Mediterranean

ecosystems (Mott & McComb 1974; Loria & Noy-Meir 1980;

Kelly 1989; Lloret, Casanovas & Peñuelas 1999). Such tempo-

ral variationmay render results fromonly a single study season

misleading. Multiyear studies are therefore vital to evaluate

the generality of seed size–survival relationships, but are

largely missing in the literature (but see Lloret, Casanovas &

Peñuelas 1999). Specifically, if seedlings from small-seeded

species are altogether more vulnerable, then they should show

lower survival chiefly in unfavourable but not in favourable

years, resulting in larger between-year variation with a higher

chance of zero survival in particularly severe years. Larger seed

size may reduce this inter-annual variation in survival at the

cost of lower seed number and was therefore suggested as a

bet-hedging strategy against temporal environmental variation

(Venable &Brown 1988; Pake&Venable 1996).

Furthermore, spatial variation in abiotic environmental

conditions, as across resource or stress gradients, may affect

seed size–survival relationships in complex ways. Specifically,

higher resource availability in favourable sites should reduce

mortality caused by water or nutrient shortage, possibly with

stronger relief for small-seeded species and thus diminishing

the survival advantage of large-seeded species. Yet, this effect

may be counteracted by highermortality due to increased com-

petition intensity that is associated with increased abiotic

favourability (Grime 1974; Holzapfel et al. 2006; Liancourt &

Tielbörger 2009), probably also with stronger negative impact

on smaller and thus small-seeded species. Despite this com-

plexity, numerous studies implicitly assumed that survival is

generally lower in harsh environments, such as studies that

tested whether seed sizes are larger in these areas (Baker 1972;

Mazer 1989; Pluess, Schütz & Stöcklin 2005). However, this

implicit assumptionwas barely tested and could not yet be con-

firmed in the field (Moles et al. 2004). It thus remains unknown

whether survival rates generally increase or decrease along

environmental gradients and also whether the survival advan-

tage of larger seed size changes alongside them in a predictable

way.

Seed size–survival relationships may also differ between

functional and taxonomic groups with contrasting life-history

strategies. For instance, various ecological studies distin-

guished between grasses, legumes and forbs due to several dis-

tinct characteristics such as nitrogen fixation in legumes or

basal meristems in grasses, and demonstrated differential per-

formance between these groups (e.g. Grünzweig & Körner

2003; Zavaleta et al. 2003; Suttle, Thomsen & Power 2007;

Petrů &Tielbörger 2008;Xia&Wan 2008).Moreover, grasses,

legumes and forbs differ also in seed dormancy, which is

another important bet-hedging strategy in temporally unpre-

dictable environments besides large seed size (Cohen 1966,

1967; Valleriani 2005). In Mediterranean and arid environ-

ments, legumes commonly possess high dormancy and build

up long-lasting seed banks, whereas grasses show very low dor-

mancy and forbs often act intermediately (Young et al. 1981;

Jain 1982; Gulmon 1992; Kigel 1995; Sternberg et al. 2003;

Petrů & Tielbörger 2008). This difference is of particular inter-

est because theoretical studies predicted a trade-off between

seed size and dormancy as alternative bet-hedging strategies

(Venable & Brown 1988), with large seed size mainly helping

to withstand unfavourable conditions and seed dormancy

rather helping to escape them. Based on this difference, we

hypothesized that the functional groups grasses, legumes and

forbsmay exhibit distinct seed size–survival relationships.

In summary, the available empirical evidence on seed size–

survival relationships is still limited. Information is scarce

beyond early seedling stages and is usually based on single

study years and single environments, without the consideration
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of environmental variation in space and time. In the present

study, we aimed to address these open questions, focusing on

annual species. We monitored the survival of established seed-

lings to reproduction under natural conditions in 49 common

annual species, separated into grasses, legumes and forbs, and

related their survival to seed size. Our data set covered seven

distinct years and three sites ranging from semi-arid to mesic-

Mediterranean conditions, and thus spanned large temporal

and spatial environmental variation. We tested the following

hypotheses. (1) Survival from established seedlings to repro-

duction increases and inter-annual variation in survival

decreases with increasing seed size. (2) Along our gradient of

increasing rainfall, survival increases, inter-annual variation in

survival decreases and the relative survival advantage of large-

seeded species decreases. (3) Functional groups differ in sur-

vival and in inter-annual variation in survival at comparable

seed sizes.

Materials and methods

STUDY SITES

We conducted field work at three sites in Israel that differ primarily

in average annual rainfall and its inter-annual variation (Table 1),

representing a steep favourability gradient for plant growth and

reproduction (Aronson & Shmida 1992; Holzapfel et al. 2006). We

will henceforth refer to the sites as semi-arid (location: Lahav,

NorthernNegev desert, N 31�23¢, E 34�54¢),Mediterranean (location:

Matta, JerusalemMountains, N 31�42¢, E 35�03¢) andmesic-Mediter-

ranean (location: Ein Yaacov, Galilee Mountains, N 33�0¢, E 35�14¢).
All sites are semi-natural shrublands with predominantly annual

vegetation in the inter-shrub matrix. They share the same general

Mediterranean-type climate with mild, rainy winters and hot, rainless

summers and have similar annual mean temperatures (17.7–18.4 �C).
Main growth season is from autumn to spring (November–May) and

it is shorter in the drier sites. All sites are located on southern slopes

of the same type of calcareous bedrock, and were fenced against live-

stock grazing prior to the beginning of the experiment. A detailed

description of the sites is given inHolzapfel et al. (2006).

Our study spanned seven consecutive seasons of strongly varying

rainfall, thus covering a wide range of temporal environmental vari-

ability (Table 1). Rainfall was measured directly at the sites with

automatic rain gauges.

SURVIVAL MONITORING

At each field site, 50 permanent quadrats of 20 · 20 cmwere set up in

25 random pairs before the onset of rainfall in October 2001 and

monitored until the end of the 2007 ⁄ 2008 growing season. For each

pair, one quadrat was located under the canopy of the dominant

shrub species,Sarcopoterium spinosum (L.) Spach (Rosaceae), a hemi-

spherical dwarf-shrub. The other quadrat was placed nearby in the

inter-shrub matrix. In this way, we accounted for the major source of

small-scale heterogeneity in annual plant abundance and perfor-

mance in our study system (Holzapfel et al. 2006).

All permanent quadrats were monitored twice per growing season.

In the first census at the beginning of the season, the number of germi-

nated seedlings per species was recorded. In the second census at the

end of the season, the number of individuals that had reached repro-

duction was recorded per species. Survival fraction was then esti-

mated for each species as the ratio between the second and first

census.

Seedlings were monitored approximately in December; i.e. c.

1 month after the initial rain events had triggered the main germina-

tion wave from the soil seed bank. Multiple counting in 3 years for a

subset of quadrats indicated that there was one major germination

event and later cohorts were negligible. At the time of the census,

dicot seedlings had one to two leaves and grass seedlings had

unfolded at least their first blade. Previous studies had shown that

seed resources are used up at first-leaf stage (Saverimuttu &Westoby

1996) or 2 weeks after germination (Grime& Jeffrey 1965) for species

of similar and even larger seed size than those in our study. We thus

assumed that subsequent survival was not affected anymore by unde-

pleted seed resources.

The second census was carried out c. 3 months (semi-arid site) and

4–5 months (Mediterranean and mesic-Mediterranean sites) after the

first census, depending on the season’s rainfall pattern. By this time,

all annual species were at least flowering and most of them fruiting.

Each individual that was flowering or fruiting was considered as a

survivor.

Some closely related species could not be unequivocally distin-

guished at the seedling stage. Those species were treated as one single

species: the individuals were pooled and the average seed size (see

below) was used. In the analyses, we included only species with at

least 10 seedlings counted in each season to ensure reasonable sample

size for survival estimates. The final data set included 21 species in the

semi-arid site, 33 in theMediterranean and 21 in themesic-Mediterra-

nean site, and covered 49 species altogether. For a list of species and

their seed size, see Table S1.

SEED SIZE

We used primarily seed mass data published by Osem, Perevolotsky

& Kigel (2006). For additional species not listed there, we randomly

collected in our sites 10 individuals andmeasured themass of 10 seeds

per individual to the nearest 0.1 mg and subsequently calculated the

mean seed weight. Seed mass included the seed coat and tissues

adhered to it, but no additional parts of the dispersal unit. In legumes,

the seeds were released from indehiscent fruits. In grasses, the caryop-

sis was weighed and in composites the achene.

Table 1. Seasonal rainfall (in mm) at the three study sites along a natural rainfall gradient in Israel

Site Average 1977–2008 2001 ⁄ 2002 2002 ⁄ 2003 2003 ⁄ 2004 2004 ⁄ 2005 2005 ⁄ 2006 2006 ⁄ 2007 2007 ⁄ 2008

Semi-arid 300 (±32%) 323 352 235 377 196 262 182

Mediterranean 540 (±29%) 654 799 461 558 521 609 421

Mesic-Mediterranean 780 (±26%) 833 963 775 635 631 687 482

Presented are long-term averages (±coefficient of variation) and rainfall during each of the seven study seasons.
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FUNCTIONAL GROUPS

We distinguished chiefly between grasses (Poaceae) and legumes

(Fabaceae) and aggregated all other species as forbs. Among several

other characteristics, these groups differ in between-year seed dor-

mancy. In annuals from Mediterranean and arid environments,

grasses commonly possess low dormancy and legumes high dor-

mancy, whereas forbs have heterogeneous, but often intermediate,

dormancy (Young et al. 1981; Jain 1982; Gulmon 1992; Kigel 1995;

Sternberg et al. 2003; Petrů & Tielbörger 2008). This pattern was con-

firmed for species from our study sites by parallel investigations on

soil seed bank composition (D. Harel & M. Sternberg, unpublished

data) and germinability of seeds under greenhouse conditions

(K. Tielbörger, unpublished data) respectively.

STATIST ICAL ANALYSIS

Survival per species was calculated, for each year and site sepa-

rately, as the ratio of all surviving individuals divided by all seed-

lings, both summed up over the 50 quadrats. From these seven

single-year values, we calculated the mean, indicating the average

survival to reproduction across temporal environmental variability

(henceforth, mean survival), and the coefficient of variation, indi-

cating between-year variation in survival rates (henceforth, CV-sur-

vival).

Mean survival and CV-survival were analysed separately with lin-

ear models, using for both log10-transformed seed size as continuous

predictor plus site and functional group as fixed factors. We inter-

preted significant effects of seed size as an overall relationship

between seed size and mean survival or CV-survival respectively

(Hypothesis 1). Changes in the slope of that relationship along the

spatial gradient were indicated by significant site · seed size interac-

tion, whereas significant effects of site alone indicated that mean sur-

vival or CV-survival generally differed between sites (Hypothesis 2).

Overall differences between functional groups in mean survival or

CV-survival were indicated by a significant functional group effect,

whereas significant seed size · functional group interactions showed

that the slope of the relationship of mean survival or, respectively,

CV-survival with seed size differed between functional groups

(Hypothesis 3).

Tukey’s HSD test was applied for identifying pairwise differing fac-

tor levels. Mean survival data were arcsine square root-transformed

prior to the analysis to meet homoscedasticity (Sokal & Rohlf 1995).

All analyses were carried out with jmp 5.0.1 (SAS Institute 2002).

Results

Mean survival from established seedlings to reproduction ran-

ged from 40% to 80%, including all species in all sites. Across

all sites, mean survival was positively related to seed size, i.e.

larger-seeded species showed higher mean survival (Table 2,

Fig. 1a–c). The slope of this relationship was similar among

sites, as indicated by the non-significant seed size · site interac-

tion (Table 2). Mean survival did not generally differ between

sites despite a gentle decrease towards more mesic sites

(Table 2, Fig. 1a–c). Functional groups differed in mean sur-

vival, with grasses showing higher mean survival compared to

both forbs and legumes (Table 2, Fig. 1a–c). The slope of the

relationship between mean survival and seed size showed no

difference between functional groups.

CV-survival was overall negatively related to seed size, indi-

cating larger between-year variation in survival for small-

seeded species (Table 2, Fig. 1d–f). However, this relationship

was missing in the mesic-Mediterranean site and resulted in a

significant seed size · site interaction (Table 2). Also the gen-

eral level of CV-survival differed among sites and was signifi-

cantly higher in the semi-arid than in the mesic-Mediterranean

site (Table 2, Fig. 1d–f). Regarding functional groups, CV-

survival was generally higher for legumes than for grasses,

whereas forbs were not distinguishable from either of the two

(Table 2, Fig. 1d–f). Moreover, particularly high CV-survival

for legumes in the semi-arid site resulted in a significant

site · functional group interaction. The slope of the relation-

ship between CV-survival and seed size showed no difference

between functional groups (Table 2, Fig. 1d–f).

Discussion

Our results showed a clear positive relationship between seed

size and survival from established seedlings to reproduction in

annual plant communities. This pattern was consistent for

three sites differing strongly in annual rainfall, where 49 species

weremonitored during seven consecutive years.

Positive relationships between seed size and survival have

played a major role in shaping ecological theory about life-his-

tory strategies (Venable & Brown 1988; Coomes & Grubb

2003; Falster,Moles &Westoby 2008). However, previous evi-

dence was restricted mainly to early seedling survival, a stage

still dependent on seed resources (Leishman et al. 2000; Moles

& Westoby 2004). Our findings thus demonstrate that larger

seed size ensures higher survival also at later stages, and that

this advantage can bemaintained up until reproduction among

annual species. The strongest claim against such a long-lasting

survival advantage with larger seed size came from the synthe-

sis of Moles & Westoby (2004) who compiled data from the

Table 2. Results of linear models testing the effects of seed size, site

(semi-arid, Mediterranean, mesic-Mediterranean) and functional

group (grasses, legumes, forbs) onmean survival to reproduction and

coefficient of variation in survival for the most common annual

species along a rainfall gradient in Israel

Source of variation d.f.

Mean survival* CV-survival†

F P F P

Seed size 1 20.78 <0.0001 7.81 0.0071

Site 2 2.25 0.1145 3.87 0.0266

Functional group 2 8.37 0.0006 4.56 0.0146

Seed size · site 2 1.02 0.3639 4.17 0.0205

Seed size ·
functional group

2 0.48 0.6233 2.22 0.1177

Site · functional group 4 0.94 0.4470 4.51 0.0031

Seed size · site ·
functional group

4 0.76 0.5538 1.89 0.1243

Error 57

Bold indicates significant P-values (P < 0.05).

*R2 of the full model: 0.57.

†R2 of the full model: 0.59.
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global literature indiscriminate of habitat type, life-form and

time to reproduction. The authors, however, remarked that

the power of this analysis was possibly limited by small species

number. They also added in a later paper that survival nega-

tively covaries with time to reproduction and suggested addi-

tional work within single ecosystems to provide more

controlled tests (Moles &Westoby 2006). In line with this sug-

gestion, several studies with species of only one life-form and

ecosystem are consistent with our findings, showing a positive

relationship between seed size and survival beyond early estab-

lishment (Lloret, Casanovas & Peñuelas 1999; Moles & West-

oby 2004; Baraloto, Forget & Goldberg 2005; but see Loria &

Noy-Meir 1980). Moreover, contradicting results in the litera-

ture may in part originate from between-year variation in sur-

vival, as expressed by CV-survival in our study, which may

mask general seed size–survival relationships in single years.

Survival across the whole life cycle may be subdivided into

several stages (Moles & Westoby 2004, 2006). Our study

addressed the scarcely examined later stage between estab-

lished seedlings and reproduction. Although this limits conclu-

sions about entire lifetime survival, the advantage of large-

seeded species documented here should clearly contribute to

lifetime survival and further enlarges their well-documented

advantage during early seedling stage (Leishman et al. 2000;

Moles&Westoby 2004).Uncertainty regarding survival across

the whole life cycle remains primarily because mortality of

seeds before germination, i.e. the impact of post-dispersal seed

predation and storage in the soil, is difficult to assess and no

consensus exists on its relationship to seed size (Hodkinson

et al. 1998; Thompson et al. 1998; Moles & Westoby 2006;

Traba, Azcarate &Peco 2006).

Altogether, survival from established seedlings to reproduc-

tion was remarkably high and differences between species were

rather small. Survival ranged from 40% to 80% for species

that differed roughly a 1000-fold in seed size, which is compa-

rable with survival rates during the first week after germination

(Moles &Westoby 2004). There is intense recent debate about

how such survival differences scale with numerical advantages
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Fig. 1. Relationship between log10-transformed seed size and mean survival from established seedlings to reproduction (a–c) and coefficient of

variation in survival (d–f) for the most common annual species along a rainfall gradient in Israel. Species were separated into functional groups

(grasses, legumes, forbs) and trend lines are presented for each group.Note that the single trend lines were not tested for significance to avoidmul-

tiple comparisons given the small sample size within functional groups per site. To further ease interpretation of the figure, correlation equations

are presented separately for each site, calculated across all species regardless of functional group. See Table 2 for statistical analysis.
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that small-seeded species potentially accrue during seed pro-

duction and, moreover, how this interacts with other life-his-

tory characteristics such as adult plant size, time span to

reproduction and reproductive lifespan (Moles & Westoby

2006; Rees & Venable 2007; Falster, Moles & Westoby 2008;

Venable &Rees 2009).

Along our steep rainfall gradient, we detected no difference

in the seed size–survival relationship. In contrast to our

hypothesis, survival rates were not generally higher or lower in

any of the sites and the survival advantage of larger-seeded spe-

cies (i.e. the slope) was also similar. Our gradient is character-

ized by decreasing drought stress and increasing standing

biomass with associated competition intensity (Holzapfel et al.

2006; Schiffers & Tielbörger 2006). Under both conditions lar-

ger seed size was suggested to be advantageous for survival

(Lloret, Casanovas & Peñuelas 1999; Baraloto, Forget &

Goldberg 2005; Falster, Moles & Westoby 2008; Liancourt

et al. 2009).We argue that along our gradient, decreasingmor-

tality by drought may be counterbalanced by increasing mor-

tality by competitive exclusion. This would lead to overall

similar survival rates among sites and also to similar survival

advantages for larger-seeded species. Larger seed size may

therefore be a response to both competition and stress that

provides comparable survival advantages along environmental

gradients. Furthermore, local adaptation to specific site condi-

tions probably contributed to balancing up survival rates along

the gradient. Namely, for species from our study region, it was

reported that plants from dry habitats adapted to drought at

the expense of competitive ability, whereas plants from more

mesic sites are better competitors but less drought-tolerant

(Petrů et al. 2006; Liancourt & Tielbörger 2009). Nonetheless,

the result of similar survival rates along the gradient was sur-

prising, because previous studies had often implicitly assumed

that survival is generally lower in more stressful environments

(Baker 1972; Mazer 1989; Pluess, Schütz & Stöcklin 2005).

Our finding, however, is consistent with a latitudinal compila-

tion on early seedling survival from tropic to temperate envi-

ronments (Moles et al. 2004) and may thus stand for a more

general pattern.

Another key finding of our study is that larger seed size was

associated with lower variation in survival between years. This

supports theoretical models proposing larger seed size as a bet-

hedging strategy in temporally unpredictable environments

(Venable & Brown 1988), an idea that has so far only rarely

been confirmed in the field (Pake &Venable 1996). The advan-

tage of larger seed size lies therefore not only in higher average

survival rates but also in ensuring rather constant survival and

avoidance of zero success in particularly severe years (Venable

& Brown 1988; Pake & Venable 1996). This bet-hedging effect

should be especially important for annual plant species,

because they are more susceptible to reproductive failure in

single years.

Interestingly, the relationship of reduced variation in sur-

vival with larger seed size was not observed in our wettest site,

where variation in survival was also generally lower. We know

of no similar studies testing inter-annual variation in survival

or other fitness traits along environmental gradients to judge

the generality of this finding. However, an analogous trend of

reduced bet-hedging with increasing habitat stability was

reported for seed persistence in the soil (Thompson et al. 1998).

This suggests that the bet-hedging effect of larger seed size may

be less important in sites where environmental conditions are

generally more favourable and predictable. This interpretation

is in line with our earlier suggestion that competitive exclusion

and not drought stress is the dominant cause for mortality in

our wettest site. Unlike drought stress, competitive exclusion

should cause rather constantmortality among years, leading to

generally lower variation in survival and with no relation to

seed size, as it is consistentwith our findings in this site.

Another salient finding of our study was that seed size–sur-

vival relationships varied between functional groups. Legumes

expressed lower survival rates and higher between-year varia-

tion than grasses. Despite the extensive use of functional

groupings in ecological research (e.g. Grime 1974; Hodgson

et al. 1999; Mc Intyre & Lavorel 2001; Voigt, Perner & Jones

2007), this approach has found little attention in studies on sur-

vival.We cannot unequivocally explain the distinct response of

legumes and grasses, because they differ in a whole array of

traits that may affect their performance. However, we suggest

that the contrast between high seed dormancy in legumes and

low dormancy in grasses may contribute to their distinct

behaviour in both survival and its inter-annual variation. High

dormancy provides a greater ability to escape unfavourable

years. Accordingly, high-dormant species probably evolved

fewer adaptations for coping with unfavourable conditions

and specialized instead on yearswith large resource availability

(Venable &Brown 1988). They should thus suffer highmortal-

ity predominantly in unfavourable years, resulting in lower

average survival and higher between-year survival variation.

This is consistent with the general pattern for legumes in our

study and also with the particularly high survival variation for

legumes in our driest, most variable site. Analogous to these

findings, studies on Sonoran desert annuals showed that high-

dormant species have higher variation in reproductive success

(Pake & Venable 1996; Venable 2007). This indicates that the

effect of larger seed size may be counteracted by increased seed

dormancy, as is in line with previous studies that suggested a

trade-off between dormancy and large seed size as alternative

bet-hedging strategies (Venable & Brown 1988; Pake & Vena-

ble 1996).

Conclusions

Our study presents clear evidence that larger seed size is associ-

ated with higher survival from established seedlings to repro-

duction among annual species and thus helps to resolve the

debate of whether larger seed size is advantageous beyond

early seedling establishment (Saverimuttu & Westoby 1996;

Lloret, Casanovas & Peñuelas 1999; Moles & Westoby 2004;

Falster, Moles & Westoby 2008). Moreover, the surprising

finding that this relationship was maintained across a steep

rainfall gradient sheds new light on the partly inconsistent

results in cross-environmental studies on seed size and survival

rates (Baker 1972;Mazer 1989;Moles &Westoby 2004;Moles
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et al. 2004; Pluess, Schütz & Stöcklin 2005). Our results also

draw attention to the bet-hedging effect of larger seed size, as it

was associated with lower variation in survival between years

(Venable & Brown 1988; Pake & Venable 1996). Yet, the find-

ing that survival and its inter-annual variation differ between

plant functional groups needs future research to evaluate

underlying mechanisms. We suggest that the current under-

standing of plant life-history strategies can be refined by con-

sidering both benefits of larger seed size, higher survival rates

and bet-hedging effect. We further emphasize that combining

this approach with environmental gradients may greatly help

to generalize findings across ecosystems and to predict patterns

of plant traits and plant performance under changing environ-

mental conditions.
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