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 Natural selection on seed size through the life cycle of a desert
 annual plant

 Eugenio Larios,1'4 Alberto Búrquez,2 Judith X. Becerra,3 and D. Lawrence Venable1

 1 Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, Arizona 85721 USA
 2 Universidad Nacional Autónoma México, Instituto de Ecología, Hermosillo, Sonora 83000 México

 3 Department of Biosphere 2, University of Arizona, Tucson, Arizona 85721 USA

 Abstract. Under stressful circumstances, seed size has important consequences for
 germination, survival, and reproductive success; all of these are important components of
 plant fitness. This study investigates the relationship between seed size and fitness in the
 Sonoran Desert winter annual Dithyrea californica. This species represents a unique
 opportunity to study natural selection on seed size in the wild due to a serendipitous detail
 of its life history: the seed coat remains attached and unchanged to the root throughout its life.
 It is thus possible to excavate the root and measure the seed size that originated each plant. We
 measured the relationship between seed size and germination by comparing seed sizes of
 germinated and dormant seeds in the field over four consecutive years. We also measured the
 effect of seed size on survival and reproductive success using data from censuses of plant
 mortality and fecundity of survivors, relating survival and fecundity to the size of their initial
 seed size, and the number of conspecific neighbors. Larger seeds had a higher probability of
 germination than smaller seeds. Plants originating from larger seeds had higher survival rates
 and higher fecundity than plants originating from smaller seeds. The amount of precipitation
 had a beneficial effect on plant fecundity and influenced seed-size survival selection. Plant
 competition decreased plant fecundity but not survival, creating a detrimental environment for
 plants only to grow and reproduce. This is the first study to show empirical evidence of seed-
 size selection throughout the whole life cycle in a natural setting. Further, maternal
 provisioning has benefits that persist into adulthood, and environmental interactions are
 important in determining survival and fecundity.

 Key words: Dithyrea californica; environmental influence; fitness; intraspecific competition; seed size;
 selection in the wild.

 Introduction

 Seed size is a key trait that has important fitness
 consequences throughout the plant's life cycle. Due to
 better maternal provisioning, plants from larger seeds
 often have a competitive advantage over plants derived
 from smaller seeds in terms of germination (Roach 1987,
 Winn 1988), survival (Stanton 1984, Dalling and Hub-
 bell 2002, Moles and Westoby 2004ö, b , 2006, Susko and
 Cavers 2008), growth, and reproduction (Winn 1988,
 Mojonnier 1998). In environments where mortality due
 to resource limitation or competition is high, it might be
 advantageous to produce a few large seeds rather than
 many smaller seeds. On the other hand, smaller but
 more numerous seeds have an advantage in fecundity
 (Muller-Landau 2010), and might be better at dispersing
 and colonizing new habitats (Skarpaas et al. 2011). For
 instance, early successional species tend to have small
 seeds, suggesting that a reduced size might be beneficial
 in dispersing and avoiding competition (Turnbull et al.
 1999).

 Manuscript received 19 October 2013; revised 18 April 2014;
 accepted 8 May 2014. Corresponding Editor: B. A. Roy.

 4 E-mail: elariosc@email.arizona.edu

 Seed-size selection might be determined by the finite
 amount of resources available. Baker (1972) surveyed
 seed size in the California flora and found that larger
 seeds are more likely to be found in drier habitats. This
 led him to conclude that seed size is an adaptation to
 cope with drought. Baker proposed that larger seed size
 would allow seedlings to develop larger roots and
 therefore obtain access to water more readily than small
 seeds, which is better in dry environments (c.f. Jurado
 and Westoby 1992, Leishman and Westoby 1994 b,
 Kidson and Westoby 2000, Hallett et al. 2011). In more
 mesic sites, light and nutrients might be more likely to
 influence seed-size selection than water availability.
 Early studies in the British flora reveal that larger seeds
 tend to be found in more shaded habitats (Salisbury
 1942, 1974, Thompson and Hodkinson 1998). Critical
 resources affecting competition vary among environ-
 ments, and might be driven by light or nutrients in wet
 environments and water in dry environments.

 Environmental factors that influence seed-size selec-

 tion in desert plants might not operate equally on
 different life history stages. Seed-size selection operating
 through survival in the desert is likely to be more
 influenced by water availability than by competition
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 with neighboring plants because plants in early stages
 have not yet developed extensive root systems or foliage
 capable of depleting neighbors' resources (Tevis 1958,
 Beatley 1967, Inouye et al. 1980). On the contrary, seed-
 size selection operating through fecundity is more likely
 to be affected by both water availability and competition
 because their effects would directly reflect seed provi-
 sioning and therefore seed size. It is currently unknown
 whether water availability has a stronger effect than
 competition on either survival or fecundity. Whereas
 high water availability is expected to relieve the selective
 pressures on seed size early in the life cycle, subsequent
 competition is likely to be greater and there may be
 more competition at higher water availability.
 Despite the seminal early ideas of Baker and Salis-

 bury, the study of the adaptive significance of seed size
 has involved mostly greenhouse or pot experiments
 (Cideciyan and Malloch 1982, Leishman and Westoby
 1994#, Bonfil 1998, Eriksson 1999) and macroecological
 comparisons of the distribution and functional corre-
 lates of species with different seed size (Moles et al. 2004,
 Moles and Westoby 2004a, b , 2006, Moles et al. 2005) .
 Some studies have tried to add more realism by mixing
 greenhouse experiments with field experiments but have
 not gone beyond the seedling stage (Marshall 1986,
 Leishman and Westoby 1994 b, Benard and Toft 2007).
 Exploration of the fitness consequences of seed size in
 natural field settings including fecundity selection is rare
 (Wulff 1986, Mojonnier 1998). In fact, some studies
 have proposed that seed-size effects do not extend into
 adulthood (Cideciyan and Malloch 1982, Winn 1988,
 Houssard and Escarre 1991, Susko and Lovett-Doust
 2000), ignoring the effects of seed size on fecundity.

 In this paper, we describe a study of the ecological
 mechanisms of natural selection on seed size during the
 life cycle of a desert annual plant, Dithyrea californica
 Harvey (Brassicaceae). Our objective was to look for
 empirical evidence of the consequences of seed size on
 fitness in a natural setting, and to describe how
 environmental interactions influence seed-size selection.

 We performed a multiyear demographic study in the
 field, following individual plants from germination to
 seed set. We then related performance to the size of the
 seed from which each individual germinated. Specifical-
 ly, we examined whether seed size has an influence in
 early stages of the plant such as germination and
 survival, and whether those influences extend into
 adulthood as expressed by fecundity. This study is the
 first to our knowledge to document the fitness conse-
 quences of seed size through the entire life cycle, using
 plants naturally germinated in the field and in a variety
 of environmental conditions. In this study, we take
 advantage of a serendipitous detail of the natural history
 of Dithyrea californica seeds, which enables us to
 document the fitness consequences of seed size through
 the whole life cycle, in the field under a variety of
 environmental conditions. Since D. californica grows in
 sandy soils and the seed coat remains attached and

 unchanged to the root throughout its life, it is possible to
 easily excavate and recover the seeds that originated
 individual plants.

 We hypothesize that (1) plants originating from larger
 seeds will germinate faster and have higher survivorship
 than plants originating from smaller seeds; (2) seed-size
 effects will not persist into adulthood; and (3) water
 availability and intraspecific competition will exert
 opposite selective pressures on seed size.

 Methods

 Study species

 Dithyrea californica Harvey (Brassicaceae) is a self-
 incompatible desert winter annual plant that is wide-
 spread in semi-stabilized sand dune habitats in the
 Lower Colorado River Basin subdivision of the Sonoran

 Desert (Feiger 2000). Germination typically occurs in
 the fall and depends on the timing of rains. There are
 limited data available on this species, but, based on
 information on other winter annuals from the region
 (Bowers 1996, Feiger 2000), germination usually occurs
 in November/December, and occasionally happens as
 early as September and, rarely, as late as March.
 Reproduction usually occurs from late February to
 early April. Each flower produces a two-lobed fruit that
 eventually separates into two single-seeded mericarps.
 This flattened fruit with two round lobes is responsible
 for the common name, "spectacle pod."

 We will use "seed" to refer to the mericarp, which
 consists of a single seed with associated ovarian tissue
 and which functions ecologically as the unit of dispersal
 and germination. This mericarp has a thick and
 persistent ring, the diameter of which is a good metric
 of seed mass (simple linear regression, r = 0.432, P <
 0.0001; Appendix: Fig. Al). Seedlings germinate
 through the persistent ring, which usually stays attached
 to the root for the entire life of the plant (Fig. 1). This
 provides an efficient way to measure the size of the seed
 long after germination.

 Field data collection

 The experiments were conducted in semi-stabilized
 dune habitats at three sites within the Lower Colorado

 River Basin subdivision of the Sonoran Desert: Sierra

 del Rosario (3209'57.85" N, 114°7'15.46" W) and Sierra
 Bianca (31°34'21.04" N, 1 1 3°29/27.96,/ W) in Sonora,
 México; and Coachella Valley Preserve (33°48/35.60// N,
 1 16°19/56.45// W) in California, USA (see Table 1). The
 vegetation in these sites is dominated by a mixture of
 dune creosote bush (. Larrea divaricata var. arenaria) and
 white bursage (. Ambrosia dumosa). A diverse flora of
 ephemeral plants, including D . californica , germinates in
 years with favorable winters, and flowers in the spring
 (Feiger 2000, Bowers 2005).

 Seedlings emerge roughly 4-10 days following the first
 precipitation event of the season. Thus we marked
 seedlings of D. californica 10 days after the first
 precipitation event (while seedlings were in the cotyle-
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 Fig. 1. (a) An adult Dithyrea calif ornica plant showing its special feature: the persistent seed ring used in this study, and (b)
 flowers and siliques still attached to the mother plant. Photo credits: Martha M. Gómez and Calflora.

 don stage) and kept track of individual plants during the
 1991 and 2008-2012 growing seasons. We followed them
 until the end of reproduction, and collected the adult
 plants to measure fecundity. For each collected plant, we
 measured the diameter of the persistent seed ring as well
 as the number of seeds produced. Precipitation data
 were taken from weather stations (in Mexico, Texas
 Electronics TR-525I tipping bucket rain gauge [Dallas,
 Texas]; in USA, Western Regional Climate Center [data
 available online])5 located at the study sites. For every
 individual, we counted the number of neighbors by
 species in a 10 cm radius from the focal plant. This area
 is thought to correspond roughly to the resource
 depletion zone for an annual plant the size of D.
 calif ornica (Silander and Pacala 1985). In our analyses,
 we used in intraspecific density as a covariate because we
 found that plants from the same species compete more
 strongly than plants from different species. In our
 models, there was a slight gain of variance explained
 using intraspecific density rather than all species
 combined. This is presumably because Dithyrea cali-
 fornica is a "big" annual with larger leaves and roots
 than most of the rest common ephemerals occurring as
 neighbors.

 Germination studies

 To test whether the probability of germination is
 associated with seed ring diameter, we compared the
 ring diameters of randomly chosen germinated and non-
 germinated seeds in the field. Estimates for the sizes of
 germinated seeds were obtained by measuring persistent
 seed ring diameters of germinated seedlings. Germinated
 seedlings were marked and their number of neighbors
 counted until we reached 1 50 seedlings, however data on
 some individuals was lost due to lack of ring diameters,
 or premature senescence; ending up with an unbalanced

 number of germinated seedlings per year. The sizes of
 non-germinated seeds were obtained by collecting 125
 soil samples each of four consecutive years at the end of
 the germination season at the same locations as the
 germinated seedlings. Each soil sample covered a 314
 cm2 soil surface and was collected to a depth of 10 cm in
 the same area as the seedlings. Soil samples were sieved
 with a 1-mm sieve that efficiently captures all seeds while
 allowing all sand particles to fall through. Diameters of
 these ungerminated viable seeds were measured in the
 lab with digital calipers. Viability was determined by
 visually inspecting and poking them under a dissecting
 microscope to determine that they were filled and not
 rotted (cf. Pake and Venable 1996). All plants measured
 belonged to a single cohort since they were flagged
 shortly after the first and only germination flush. We
 tested for significant differences in germination proba-
 bility as a function of seed diameter using year as a
 nominal covariate with a generalized linear model
 regression assuming a binomial distribution of germi-
 nation (germinated vs. not-germinated) and a logit link
 using the glm function in the R package stats (R
 Development Core Team 2008). We are not interested in
 the effect of year except to control for it. This is because,
 while the seed bank was consistently measured on a
 standard number, area and volume of samples, seedling
 number was not, so year differences are difficult to
 interpret.

 Survival studies

 To test whether individuals originating from larger
 seeds had higher survivorship than individuals from
 smaller seeds, randomly chosen seedlings were flagged
 10 days after germination-triggering rain and visited
 periodically until the death of all seedlings. At each
 census, dead plants were excavated and the persistent
 seed ring was recovered to measure its diameter. The
 study was conducted in Sierra del Rosario in 2011 and 5 http://www.wrcc.dri.edu/

This content downloaded from 128.111.64.107 on Wed, 11 Jul 2018 18:10:35 UTC
All use subject to http://about.jstor.org/terms



 3216 EUGENIO LARIOS ET AL. Ecology, Vol. 95, No. 11

 Table 1. Years and sites where seed-size selection was measured in the field as well as the different amounts of precipitation used
 in the study.

 Site and year Germination-triggering rain (mm) Growing-season rain (mm) Stage measured

 Rosario 1991 f 70.6 R
 Rosario 2008 45 | G
 Rosario 2009 22 t G
 Rosario 2010 40 96.5 G, R
 Rosario 2011 23 29 G, S
 Coachella 2011 t 38.6 R
 Sierra Blanca 2012 f 115 S, R

 Note: Stages are germination (G), survival (S), and reproduction (R).
 t Data not needed for the analysis.

 Sierra Blanca in 2012. These sites have broadly similar
 sand dune habitats. We used an ANCOVA with the lm

 function in the R package stats to determine the
 relationship between time to death and seed ring
 diameter, using the number of conspecific neighbors
 and the site-year as covariates.

 Fecundity studies

 To determine whether plants originating from larger
 seeds produced more seeds than plants from smaller
 seeds, plants were collected at the end of reproduction
 and their persistent seed rings as well as the number of
 seeds produced were measured. Data were analyzed as
 the number of seeds produced as a function of seed ring
 diameter, the number of conspecific neighbors, and site-
 year with a multiple linear regression using the lm
 function in the R package stats. We performed a priori
 linear contrasts on site-years in relation to the amount
 of growing-season rain as the differences from the mean
 of growing-season rain so we could relate differences in
 site-years to differences in growing-season rain. The
 number of seeds produced was natural log transformed
 to homogenize residual variance and meet the assump-
 tions of the general linear model.

 Results

 Seed-size-dependent germination

 The probability of germination was positively associ-
 ated with seed ring diameter (generalized linear model
 binomial, P = 0.01; Table 2), indicating that larger seeds
 have a higher probability of germination than smaller
 seeds. In the range of 3.8-5.8 mm seed diameter, a
 millimeter of increase in seed diameter raises the

 probability of germination by -8%.

 Seed-size-dependent survival

 Seed ring diameter was positively correlated with time
 to death, such that plants originating from larger seeds
 survived longer than plants from smaller seeds
 (ANCOVA; P = 0.0001; Table 3, Fig. 2). Main effects
 of site-year were not statistically significant ( P = 0.14;
 Table 3). The interaction between seed diameter and
 site-year was statistically significant, implicating that
 that the effect of seed diameter on time to death was

 stronger in the wetter site-year Sierra Blanca in 2012
 than drier site-year in Rosario in 201 1 (P = 0.04; Fig. 2,
 Table 3). Each unit of increase in seed diameter
 corresponds to five more days of survival on average
 in Rosario in 2011 and eight days in Sierra Blanca in
 2012. The effect of the number of conspecific neighbors
 was not statistically significant (P = 0.59; Table 3).

 Seed-size-dependent reproductive success

 Plants originating from larger seeds had higher
 fecundity than plants from smaller seeds (multiple linear
 regression, P < 0.0001; Table 4, Fig. 3). For every
 millimeter increase in seed diameter, fecundity increased
 by 24%. The number of conspecific neighbors had a
 detrimental effect on the number of seeds produced ( P <
 0.0001). For an increase in one neighbor within a patch,
 fecundity decreased by 13%. A priori linear contrasts
 included in site-years were positively correlated to
 fecundity ( P < 0.0001) so that a centimeter increase in
 growing-season rain resulted in a 38% increase in seed
 production. The interactions of seed diameter with site-
 year and competition were not statistically significant.
 This does not support our hypothesis that competition
 or growing-season rain would influence seed-size selec-
 tion.

 Table 2. Probability of germination as a function of seed diameter and years (from 2008 to 2011) in Sierra del Rosario.

 Independent variable B Deviance Residual deviance P

 Seed diameter 0.32 6.104 1116.1 0.01
 Year 0.58 86.245 1029.8 <0.0002
 Model X2 92.35
 Pseudo R2 0.14
 N 844

 Notes: Column B lists partial logistic regression coefficients. N is the number of seeds.
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 Table 3. Time to death (d) as a function of seed diameter (mm), site-year, and the number of conspecific neighbors.

 Independent variable Estimate SE P R 2
 Seed diameter (mm) 5.22 1.331 0.0001 0.02
 Seed diameter X site-year 2.78 1.348 0.04 0.01
 Competition 1.24 2.266 0.59 0.001

 Discussion

 Dithyrea californica provides a unique opportunity to
 document seed-size selection in the wild. Our data

 suggest that there are significant positive effects of seed
 size on fitness throughout the life cycle, suggesting
 positive directional selection during the years we
 measured. Plants originating from larger seeds had a
 higher probability of germination, survived longer, and
 produced more seeds than their smaller counterparts,
 indicating that higher maternal investment to individual
 offspring increases per seed fitness. Biotic and abiotic
 interactions played an important role influencing fitness.
 Intraspecific competition had a detrimental effect on
 fecundity but not on survivorship. Our data indicated
 that water availability had a beneficial effect on
 fecundity and influenced seed-size survival selection.

 Seed diameter enhanced the probability of germina-
 tion. Larger seeds in this species might inherently
 germinate more than smaller ones. This is important
 from ecological and evolutionary perspectives because
 differential germination of different sized seeds could set
 the stage for subsequent seed-size selection each growing
 season. Larger germination-triggering rain events are
 expected to translate into a longer window of moist
 conditions suitable for germination than smaller rain
 events, potentially allowing smaller seeds to germinate,
 thereby increasing the population variation in seed size
 of germinated seedlings. It is important to emphasize
 that a higher probability of germination does not
 necessarily translate into higher fitness since post-
 germination environmental conditions will ultimately
 determine the fate of individuals and lower germination
 is sometimes favored by natural selection.

 Seed diameter also had effects on survival such that

 plants germinating from larger seeds survived longer
 than plants originating from smaller seeds. The signif-
 icant seed diameter by year/site interaction indicates that
 seed-size selection operating through survival had
 different strengths in the two year-sites we measured
 it. Seed-size survival selection was stronger during the
 wet site-year of Sierra Bianca in 2012 (115 mm of rain)
 than in the dry site-year of Rosario in 2011 (23 mm of
 rain). This result is counterintuitive given that we
 expected water availability to relax seed-size selection.
 Some of the variables that explained significant amounts
 of fitness variation nevertheless had low predictive
 capacity. We attribute this to the many sources of
 environmental heterogeneity that create unexplained
 fitness variance when measuring natural selection in a
 completely wild setting.

 Intraspecific competition did not impact time to
 death, contrary to our expectations but consistent with
 previous studies with desert annual plants from the
 Sonoran and Mohave deserts (Tevis 1958, Beatley 1967,
 Inouye et al. 1980). Apparently, size differences resulting
 from competition that affect fecundity play a lesser role
 in pre-reproductive mortality. If plants die at early
 stages, they might be too small to experience competi-
 tion for light, nutrients or water from their neighbors as
 they have smaller depletion zones and lesser nutrient
 requirements than adult plants that have more biomass
 and thus more photosynthetic needs.

 The analysis of fecundity selection demonstrated that
 seed-size effects indeed extend beyond the juvenile stage
 into adulthood, affecting the number of seeds produced.
 Specifically, water availability and intraspecific compe-
 tition exerted opposing effects on fecundity. Water
 availability had a positive effect on the amount of seeds
 produced by creating a good environment fueling
 growth and reproduction. However, we did not find
 evidence that water availability relaxed seed-size selec-

 Fig. 2. Time to death (d) for plants as a function of seed
 ring diameter (mm). Black diamonds represent the dry site-year
 Rosario 201 1, and black triangles represent the wetter site-year
 Sierra Blanca 2012. Lines represent the linear fit for both years
 with ANCOVA. Shaded areas around the lines are 95%

 confidence intervals, n = 262 plants.
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 Table 4. Number of seeds produced as a function of seed diameter (mm), competition, and precipitation.

 Independent variable Estimate SE P R 2
 Seed diameter 0.22 0.046 <0.0001 0.14
 Competition -0.14 0.014 <0.0001 0.08
 Site-year 0.32 0.022 <0.0001 0.22

 Note: Competition represents number of conspecific neighbors.

 tion through fecundity. Intraspecific competition has a
 detrimental effect on reproductive success but did not
 change the strength of selection operating through
 fecundity differences.
 It is not clear how these results would generalize to a
 more mesic plant species. The pulsed nature of water
 availability in desert systems and precipitation differ-
 ences between years play a major role in determining
 fitness our study. We must be cautious in trying to
 extrapolate our results to other environments where
 water is not the main limiting variable as it is in deserts.
 In moist environments, light or nutrients might be the
 selective pressures that mediate seed-size selection, at
 least in short lived plants. In plants with different life
 histories from Dithyrea californica , such as perennials,
 the effect of seed size might be more relevant to survival
 selection rather than to fecundity selection given that
 their reproductive success is spread through the a longer
 life cycle.

 Seed-size selection in D. californica might not be
 always unidirectional toward larger seeds. Seed dispersal
 and seed prédation are other selective forces that might
 influence seed size but perhaps favor smaller seeds
 creating a conflict though the life cycle. Within-
 individual conflicting selective pressures on seed size
 have been documented previously in relation to seed
 dispersal and seedling establishment (Schupp 1995,
 Parciak 2002, Alcantara and Rey 2003, Gomez 2004).
 In Olea europea var. silvestris the gape opening of seed
 dispersers exerts a selective pressure on the maximum
 size of seeds that can be dispersed, while post-dispersal
 selective events, such as seedling survival, present
 opposing selective forces (Alcantara and Rey 2003). In
 Quercus ilex , Gomez (2004) demonstrated conflicting
 selective pressures due to predators preferring larger
 acorns and an advantage of larger seeds in germination
 timing and percentage, seedling survival and growth.
 These conflicts may result in variable seed-size selection
 or even stabilizing selection (Nelson and Johnson 1983).
 However, none of these studies went beyond the seedling
 establishment stage, ignoring possible conflicting selec-
 tion during adulthood. The present study demonstrates
 that seed-size effects extend beyond the juvenile stage
 into adulthood and for that reason, we argue that it is
 critical to measure selection across the whole life cycle.

 The seed-size selection dynamics measured in the
 present paper are those acting on the offspring.
 Maternal effects on offspring provisioning can also
 influence the evolution of seed size and are actually
 thought to create a parent-offspring conflict because

 selection on mothers operates through the number of
 offspring as well as their individual fitnesses. Thus
 selection on mothers is thought to favor an optimal
 offspring size while selection on offspring will tend to
 favor larger seeds. Extending this study for at least two
 consecutive generations would allow us to compare the
 fitness consequences of seed size from the mother and
 offspring standpoints and complete the whole life cycle
 (Donohue 2009).

 Directional selection is the most common form of

 selection in wild populations (Kingsolver and Diamond
 2011); however, given its transient nature, strong
 directional selection is somewhat rare (Kingsolver et
 al. 2001). Several different scenarios might occur for
 annual plants with a persistent seed bank such as the
 winter annuals from the Sonoran Desert. For instance,

 plant competition, which depends on the seed bank
 density, will be dictated by the amount of germination-
 triggering rain and the amount of growing-season rain in
 recent years, which may be responsible for a buildup in

 Fig. 3. Number of seeds produced as a function of seed
 diameter in Rosario 1991 and 2010, Coachella 2011, and Sierra
 Blanca 2012. The fitted lines represent the slopes of seed ring
 diameter on the number of seeds produced in different site-
 years, analyzed with ANCOVA. Shaded areas represent 95%
 confidence intervals, n = ll' plants.
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 density. A wet previous year (or several sequential wet
 years) will build up the soil seed bank available for
 germination in a given year so that competition will be
 high even if there is only a little germination rain in the
 current year. Likewise, a prolonged multiyear drought
 will result in the decay of the seed bank. A good rain
 event at the beginning of next growing season would
 have very different outcomes on seed-size selection in
 these two different scenarios due to differences in

 competitive densities.
 Investigations of temporal variation in natural selec-

 tion in wild populations shed light on the nature of
 evolutionary change, the maintenance of genetic varia-
 tion and the dynamics of local adaptation in natural
 populations (Siepielski et al. 2009). Our unique system
 provides insights into the adaptive nature of seed size by
 identifying important relationships between seed size
 and components of fitness through the vegetative and
 reproductive cycle of D. calif or nica. We have demon-
 strated that seed-size effects go beyond early life stages
 and can ultimately affect fecundity. Thus we recommend
 including measures of fecundity in studies of seed-size
 selection. Our study also incorporates a great amount of
 realism by studying selection in a population of
 naturally germinated plants in the field, with natural
 patterns of competition and stage-specific precipitation.
 Our multiyear data sets the stage for further hypothesis
 testing on the selective dynamics of seed size through the
 life cycle.

 Acknowledgments

 The authors thank Jennifer Gremer and two anonymous
 reviewers for insightful comments on the manuscript and
 Enriquena Bustamante for technical assistance. A. Búrquez
 thanks Programa de Apoyo a Proyectos de Investigación e
 Innovación Tecnològica of Universidad Nacional Autónoma
 de México for financial support during his sabbatical leave at
 the University of Arizona. This work was funded by grants
 from The Garden Club of America, The Community
 Foundation, and the William E. Calder Scholarship from
 The University of Arizona, awarded to E. Larios; and NSF
 DEB 0817121 and 1256792, awarded to D. L. Venable.

 Literature Cited

 Alcantara, J. M., and P. J. Rey. 2003. Conflicting selection
 pressures on seed size: evolutionary ecology of fruit size in a
 bird dispersed tree, Olea europaea. Journal of Evolutionary
 Biology 16:1168-1176.

 Baker, H. G. 1972. Seed weight in relation to environmental
 conditions in California. Ecology 53:997-1010.

 Beatley, J. C. 1967. Survival of winter annuals in northern
 Mojave Desert. Ecology 48:745-750.

 Benard, R. B., and C. A. Toft. 2007. Effect of seed size on
 seedling performance in a long-lived desert perennial shrub
 ( Ericameria nauseosa : Asteraceae). International Journal of
 Plant Sciences 168:1027-1033.

 Bonfil, C. 1998. The effects of seed size, cotyledon reserves, and
 herbivory on seedling survival and growth in Quercus rugosa
 and Q. laur ina (Fagaceae). American Journal of Botany 85:
 79-87.

 Bowers, J. E. 1996. Seedling emergence on Sonoran Desert
 dunes. Journal of Arid Environments 33:63-72.

 Bowers, J. E. 2005. El Nino and displays of spring-flowering
 annuals in the Mojave and Sonoran deserts. Journal of the
 Torrey Botanical Society 132:38-49.

 Cideciyan, M. A., and A. J. C. Malloch. 1982. Effects of seed
 size on the germination, growth and competitive ability of
 Rumex crispus and Rumex obtusifolius. Journal of Ecology
 70:227-232.

 Dalling, J. W., and S. P. Hubbell. 2002. Seed size, growth rate
 and gap microsite conditions as determinants of recruitment
 success for pioneer species. Journal of Ecology 90:557-568.

 Donohue, K. 2009. Completing the cycle: maternal effects as
 the missing link in plant life histories. Philosophical
 Transactions of the Royal Society B 364:1059-1074.

 Eriksson, O. 1999. Seed size variation and its effect on
 germination and seedling performance in the clonal herb
 Convallaria majalis. Acta Oecologica International Journal of
 Ecology 20:61-66.

 Felger, R. S. 2000. Flora of the Gran Desierto and Rio
 Colorado Delta. University of Arizona Press, Tucson,
 Arizona, USA.

 Gomez, J. M. 2004. Bigger is not always better: conflicting
 selective pressures on seed size in Quercus ilex. Evolution 58:
 71-80.

 Hallett, L. M., R. J. Standish, and R. J. Hobbs. 201 1. Seed mass
 and summer drought survival in a Mediterranean climate
 ecosystem. Plant Ecology 212:1479-1489.

 Houssard, C., and J. Escarre. 1991. The effects of seed weight
 on growth and competitive ability of Rumex acetosella from 2
 successional old fields. Oecologia 86:236-242.

 Inouye, R. S., G. S. Byers, and J. H. Brown. 1980. Effects of
 prédation and competition on survivorship, fecundity, and
 community structure of desert annuals. Ecology 61:1344-
 1351.

 Jurado, E., and M. Westoby. 1992. Seedling growth in relation
 to seed size among species of arid Australia. Journal of
 Ecology 80:407-416.

 Kidson, R., and M. Westoby. 2000. Seed mass and seedling
 dimensions in relation to seedling establishment. Oecologia
 125:11-17.

 Kingsolver, J. G., and S. E. Diamond. 2011. Phenotypic
 selection in natural populations: What limits directional
 selection? American Naturalist 177:346-357.

 Kingsolver, J. G., H. E. Hoekstra, J. M. Hoekstra, D. Berrigan,
 S. N. Vignieri, C. E. Hill, A. Hoang, P. Gibert, and P. Beerli.
 2001. The strength of phenotypic selection in natural
 populations. American Naturalist 157:245-261.

 Leishman, M. R., and M. Westoby. 1994a. The role of large
 seed size in shaded conditions: experimental evidence.
 Functional Ecology 8:205-214.

 Leishman, M. R., and M. Westoby. 1994 b. The role of seed size
 in seedling establishment in dry soil conditions: experimental
 evidence from semiarid species. Journal of Ecology 82:249-
 258.

 Marshall, D. L. 1986. Effect of seed size on seedling success in 3
 species of Sesbania (Fabaceae). American Journal of Botany
 73:457-464.

 Mojonnier, L. 1998. Natural selection on two seed-size traits in
 the common morning glory Ipomoea purpurea (Convolvula-
 ceae): Patterns and evolutionary consequences. American
 Naturalist 152:188-203.

 Moles, A. T., D. D. Ackerly, C. O. Webb, J. C. Tweddle, J. B.
 Dickie, A. J. Pitman, and M. Westoby. 2005. Factors that
 shape seed mass evolution. Proceedings of the National
 Academy of Sciences USA 102:10540-10544.

 Moles, A. T., D. S. Falster, M. R. Leishman, and M. Westoby.
 2004. Small-seeded species produce more seeds per square
 metre of canopy per year, but not per individual per lifetime.
 Journal of Ecology 92:384-396.

This content downloaded from 128.111.64.107 on Wed, 11 Jul 2018 18:10:35 UTC
All use subject to http://about.jstor.org/terms



 3220 EUGENIO LARIOS ET AL. Ecology, Vol. 95, No. 1 1

 Moles, A. T., and M. Westoby. 2004a. Seedling survival and
 seed size: a synthesis of the literature. Journal of Ecology 92:
 372-383.

 Moles, A. T., and M. Westoby. 20046. What do seedlings die
 from and what are the implications for evolution of seed size?
 Oikos 106:193-199.

 Moles, A. T., and M. Westoby. 2006. Seed size and plant
 strategy across the whole life cycle. Oikos 113:91-105.

 Muller-Landau, H. C. 2010. The tolerance-fecundity trade-off
 and the maintenance of diversity in seed size. Proceedings of
 the National Academy of Sciences USA 107:4242-4247.

 Nelson, D. M., and C. D. Johnson. 1983. Stabilizing selection
 on seed size in Astragalus (Leguminosae) due to differential
 prédation and differential germination. Journal of the
 Kansas Entomological Society 56:169-174.

 Pake, C. E., and D. L. Venable. 1996. Seed banks in desert
 annuals: Implications for persistence and coexistence in
 variable environments. Ecology 77: 1427- 1435.

 Parciak, W. 2002. Environmental variation in seed number,
 size, and dispersal of a fleshy-fruited plant. Ecology 83:780-
 793.

 R Development Core Team. 2008. R: a language and
 environment for statistical computing. R Foundation for
 Statistical Computing, Vienna, Austria, www.r-project.org

 Roach, D. A. 1987. Variation in seed and seedling size in
 Anthoxanthum odor atum. American Midland Naturalist 117:
 258-264.

 Salisbury, E. J. 1942. The reproductive capacity of plants. G.
 Bell and Sons, London, UK.

 Salisbury, E. J. 1974. Seed size and mass in relation to
 environment. Proceedings of the Royal Society B 186:83-88.

 Schupp, E. W. 1995. Seed seedling conflicts, habitat choice, and
 patterns of plant recruitment. American Journal of Botany
 82:399-409.

 Siepielski, A. M., J. D. DiBattista, and S. M. Carlson. 2009. It's
 about time: the temporal dynamics of phenotypic selection in
 the wild. Ecology Letters 12:1261-1276.

 Silander, J. A., and S. W. Pacala. 1985. Neighborhood
 predictors of plant performance. Oecologia 66:256-263.

 Skarpaas, O., E. J. Silverman, E. Jongejans, and K. Shea. 2011.
 Are the best dispersers the best colonizers? Seed mass,
 dispersal and establishment in Carduus thistles. Evolutionary
 Ecology 25:155-169.

 Stanton, M. L. 1984. Seed variation in wild radish: effect of
 seed size on components of seedling and adult fitness.
 Ecology 65:1105-1112.

 Susko, D. J., and P. B. Cavers. 2008. Seed size effects and
 competitive ability in Thlaspi arvense L. (Brassicaccae).
 Botany 86:259-267.

 Susko, D. J., and L. Lovett-Doust. 2000. Patterns of seed mass
 variation and their effects on seedling traits in Alliaria
 petiolata (Brassicaceae). American Journal of Botany 87:56-
 66.

 Tevis, L. 1958. Interrelations between the harvester ant
 Veromessor pergandei (Mayr) and some desert ephemerals.
 Ecology 39:695-704.

 Thompson, K., and D. J. Hodkinson. 1998. Seed mass, habitat
 and life history: a re-analysis of Salisbury (1942, 1974). New
 Phytologist 138:163-166.

 Turnbull, L. A., M. Rees, and M. J. Crawley. 1999. Seed mass
 and the competition/colonization trade-off: a sowing exper-
 iment. Journal of Ecology 87:899-912.

 Winn, A. A. 1988. Ecological and evolutionary consequences of
 seed size in Prunella vulgaris. Ecology 69:1537-1544.

 Wulff, R. D. 1986. Seed size variation in Desmodium
 paniculatum. 3. Effects on reproductive yield and competitive
 ability. Journal of Ecology 74:115-121.

 Supplemental Material

 Ecological Archives

 The Appendix is available online: http://dx.doi.org/10.1890/13-1965.l-sm

This content downloaded from 128.111.64.107 on Wed, 11 Jul 2018 18:10:35 UTC
All use subject to http://about.jstor.org/terms


	Contents
	p. 3213
	p. 3214
	p. 3215
	p. 3216
	p. 3217
	p. 3218
	p. 3219
	p. 3220

	Issue Table of Contents
	Ecology, Vol. 95, No. 11 (November 2014) pp. 2991-3236
	Front Matter
	Determinants of maximum tree height in Eucalyptus species along a rainfall gradient in Victoria, Australia [pp. 2991-3007]
	Lianas in gaps reduce carbon accumulation in a tropical forest [pp. 3008-3017]
	Apparent environmental synergism drives the dynamics of Amazonian forest fragments [pp. 3018-3026]
	Neonatal body condition, immune responsiveness, and hematocrit predict longevity in a wild bird population [pp. 3027-3034]
	Seasonality elicits herbivores' escape from trophic control and favors induced resistance in a temperate macroalga [pp. 3035-3045]
	A quantitative framework for analysis of regime shifts in a Galápagos coastal lagoon [pp. 3046-3055]
	Habitat degradation modifies the strength of interspecific competition in coral dwelling damselfishes [pp. 3056-3067]
	Constraints by oxygen and food quality on carbon pathway regulation: a co-limitation study with an aquatic key herbivore [pp. 3068-3079]
	Phenotypic plasticity influences the eco-evolutionary dynamics of a predator—prey system [pp. 3080-3092]
	Direct and indirect drivers of plant diversity responses to climate and clipping across northern temperate grassland [pp. 3093-3103]
	Fitness maximization by dispersal: evidence from an invasion experiment [pp. 3104-3111]
	The application of occupancy modeling to evaluate intraguild predation in a model carnivore system [pp. 3112-3123]
	Multiple pathways mediate the effects of climate change on maternal reproductive traits in a red deer population [pp. 3124-3138]
	Food resources and intestinal parasites as limiting factors for boreal vole populations during winter [pp. 3139-3148]
	A demographic, spatially explicit patch occupancy model of metapopulation dynamics and persistence [pp. 3149-3160]
	Domesticated honey bees evolutionarily reduce flower nectar volume in a Tibetan lotus [pp. 3161-3172]
	Dealing with under- and over-dispersed count data in life history, spatial, and community ecology [pp. 3173-3180]
	Silica decouples fungal growth and litter decomposition without changing responses to climate warming and N enrichment [pp. 3181-3189]
	Contrasting elevational diversity patterns between eukaryotic soil microbes and plants [pp. 3190-3202]
	Removing an invader: evidence for forces reassembling a Chihuahuan Desert ecosystem [pp. 3203-3212]
	Natural selection on seed size through the life cycle of a desert annual plant [pp. 3213-3220]
	NOTES
	Plant species capacity to drive soil fungal communities contributes to differential impacts of plant—soil legacies [pp. 3221-3228]

	Data Papers
	Over 75 years of zooplankton data from Australia [pp. 3229-3229]

	ERRATUM: Contrasting patterns of allochthony among three major groups of crustacean zooplankton in boreal and temperate lakes [pp. 3230-3230]
	Book Reviews
	Understanding South America's big dog [pp. 3231-3232]
	Data acquisition, visualization, and analysis using R [pp. 3232-3234]
	Finding a climate change signal in unexpected places [pp. 3234-3235]

	Spotlight: Recent Publications of Interest [pp. 3236-3236]
	Books and Monographs Received Through June 2014 [pp. 3236-3236]
	Back Matter



