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ABSTRACT 

 

 Seed size is regarded as a functional trait with very important consequences for the 

fitness of plant species. Seedlings emerging from larger seeds are more competitive but are more 

costly to produce than seedlings from smaller seeds. Seed size is also a trait with 

transgenerational effects, affecting both the fitness of the parent as well as that of the offspring. 

Theory on the evolution of offspring size predicts an optimum balance between size and number, 

seen from the parent’s perspective; while empirical studies often show selection for larger seeds, 

seen from the offspring’s perspective. Seed size selection arising from post germination traits is, 

however, often not unidirectional, nor operating with the same strength in all life history stages 

of the plant. Seed size selection is also environmentally dependent. Even environmental 

influence might not operate with the same consistency and strength uniformly through the plant’s 

life cycle. This dissertation is intended to study these questions concerning the dynamics of seed 

size selection in the wild. This work is to my knowledge, the first to document how seed size 

selection operates through the whole life cycle, with naturally germinated annual plants from the 

Sonoran Desert. In my first chapter I explored the offspring fitness consequences of seed size in 

a multiyear observational study using plant demography and relating vital rates (germination, 

survival, and fecundity) to the size of the seeds that originate individual plants and the 

environmental variables of precipitation and competition. I detected positive directional selection 

operating both through survival and fecundity. Water availability increased both survival and 

fecundity but also strengthened survival selection and had no effect on fecundity selection. 

Competition detrimental effects were only observed in fecundity but not in plant survival. In my 

second chapter I ask whether seed size-specific germination could influence seed size selection 
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later in the life cycle. We found that because germination is differential in relation to seed size, 

the time of optimal conditions for germination in the field would determine the variance of seed 

size in the germinated fraction and thus influencing the strength of seed size selection operating 

through survival. In my third chapter I explored the dispersal consequences of phenotypic 

plasticity in seed provisioning. We found that mother plants that experienced more competition 

made smaller seeds and affected the seed dispersal process. Smaller seeds were better able to 

disperse farther away from their mothers and therefore increased their probability of escaping 

competition in the next growing season. These studies demonstrated that seed size selection 

varies through the life cycle and in intensity depending on interactions with the environment. 
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I. INTRODUCTION 

Life history traits are those organismal characteristics that are closely related to the survival and 

fecundity of organisms (Stearns 1992). For that reason, life history traits are thought to be under 

strong selective pressures. Offspring size is a fundamental trait that is tightly related to fitness. 

Offspring size is thought to evolve towards an optimum because for a given amount of resources 

there is a tradeoff between size and number that maximizes parental fitness (Smith and Fretwell 

1974), although not necessarily offspring fitness. The study of offspring size evolution has 

received a great deal of attention from ecologists and evolutionary biologists because the level of 

maternal investment into their offspring has far reaching consequences on their survival and 

performance. Such maternal investment can have consequences not only on offspring fitness but 

also on maternal and paternal fitness, making offspring size a life history trait with 

transgenerational effects. 

For plants, seed size is usually related to habitat through a number of different mechanisms 

(Silvertown and Charlesworth 2001). In the plant ecology literature I can identify two major 

seminal studies that proposed the adaptive value of seed size in relation to habitat. Salisbury 

(1942) reported the relationship between seed size and the different habitats around the British 

flora. Salisbury found an association of seed size with the local light environment of the specific 

species habitat. Plants that produced larger seeds tended to occupy more shaded habitats than 

plants that produced smaller seeds. In the California flora, Baker (1972) studied the relationship 

between seed mass and habitat. Baker found that larger seeds occurred in drier places suggesting 

that seed size might be an adaptation to cope with drought. I can summarize the findings of these 

two studies saying that seed size might be an adaptation to cope with environmental stress and 
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limiting resources related to habitat type. In moist habitats, light or nutrients might be the 

resources that influence competitive interactions coupled with resource-use efficiencies that 

drive the evolution of seed size, while in arid environments water availability might be the 

resource driving seed size evolution.  

Despite the seminal early ideas of Baker and Salisbury, the study of the adaptive 

significance of seed size has involved mostly greenhouse or pot experiments (Cideciyan and 

Malloch 1982, Leishman and Westoby 1994a, Bonfil 1998, Eriksson 1999) and macro ecological 

comparisons of the distribution and functional correlates of species with different seed size 

(Moles et al. 2004, Moles and Westoby 2004a, b, Moles et al. 2005, Moles and Westoby 2006) . 

Some studies have tried to add more realism mixing greenhouse experiments with field 

experiments but usually without exploring plant processes beyond the seedling stage (Marshall 

1986, Leishman and Westoby 1994b, Benard and Toft 2007). Nonetheless, exploration of the 

fitness consequences of seed size in natural field settings including seed size selection operating 

through fecundity has been rare (Wulff 1986, Mojonnier 1998). Some studies have proposed that 

seed size effects do not usually extend into adulthood (Cideciyan and Malloch 1982, Winn 1988, 

Houssard and Escarre 1991, Susko and Lovett-Doust 2000), thus downplaying the possible 

effects of seed size on fecundity.  

The aim of this dissertation research is to elucidate the mechanisms of natural selection on seed 

size in a natural setting, using plants germinating under typical conditions in a sand dune habitat 

of the Sonoran Desert. I take advantage of a unique seed characteristic of the annual mustard 

Dithyrea californica to be able to relate the diameter of the seed that gave rise to individual 

plants to their vital rates through their whole life cycle. D. californica seeds present a persistent 



10 

 

seed ring (a thickening on the mericarp rim) that stays attached to the root after germination and 

through the life of the plant. This unique feature allows us to follow naturally germinated plants 

individually and relate the seed ring diameter to germination, survival, and fecundity.  
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II. PRESENT STUDY 

Below is a brief summary of the three chapters comprising this dissertation and explain their 

interrelations. The methods, results, and conclusions are presented in the appendices following 

this introduction. 

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

(Author’s Note: The following describes the results of a multi-authored manuscript in which I 

was the primary contributor. Specifically, I designed the experimental settings of most of the 

study, conducted most of the field work except for fecundity studies data from 1991, and wrote 

the manuscript. The co-authors contributed with 1991 data, statistical advice and/or editorial 

comments on the work. This manuscript is in review in the journal Ecology.) 

 

In this first chapter I explore the adaptive value of seed size in a multi-year observational 

demographic study. I hypothesized that larger seeds would germinate more than smaller seeds, 

survive longer, and produce more seeds.  In relation to their environment I hypothesized that 

increased competition in the form of density would decrease survival and fecundity and 

strengthen seed size selection while enhanced water availability would increase survival and 

fecundity and relax seed size selection. These hypotheses were tested by following germinated 

seedlings from the cotyledon stage until death in different years. Seed size-specific germination 

was studied by comparing seed diameters of germinated versus non-germinated seeds. Non-

germinated seeds were recovered after the germination season from the seed bank at the same 

place as seeds that germinated . I found that larger seeds had a higher probability of germination 

as determined by logistic regression analysis. The amount of precipitation also increased the 

probability of germination for all seed sizes. Seed size-specific survival was studied by 

performing mortality censuses from germination to death. After each plant died, I recovered the 
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seed still attached to the dead root and measure its diameter. I found that plants from larger seeds 

survived longer than plants from smaller seeds.  In addition, I found an interaction between seed 

diameter and the two different years such that selection on seed size at the survival stage was 

stronger in the wet year than in the dry year, contrary to the hypothesis. I found that competition 

did not impact survival, thus also partially in conflict with my original thinking. Seed size-

specific fecundity was studied by counting the number of seeds produced by individual plants in 

relation to the diameter of the seed that gave rise to that plant, the number of neighbors, and the 

amount of precipitation in a given year. I found that larger seeds produced more seeds, that 

competition was detrimental to fecundity and that water availability was beneficial to fecundity. I 

did not find significant interactions between seed diameter and competition or precipitation also 

contrary to the hypotheses of how environmental variables should affect seed size selection 

through reproduction. Together these results clarify the adaptive value of seed size in desert 

environments and the environmental dependency of seed size selection on biotic and abiotic 

factors. 

Germination speed mediates seed size survival selection 

(Author’s Note: The following describes the results of a multi-authored manuscript in which I 

was the primary contributor. Specifically, I designed the experimental settings of the study, 

conducted all the experiments and field work, and wrote the manuscript. The co-authors 

contributed with seed physiology expertise, statistical advice and/or editorial comments on the 

work. It is my intent to publish this work in a peer-reviewed journal.) 

 

In the first study I found a counterintuitive pattern for natural selection on seed size at the 

survival stage that is explored further in this second chapter. I found that during the wetter year, 

seed size selection operating through survival was stronger than seed size selection in the drier 
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year. This is counterintuitive because I expected that water availability to relax seed size survival 

selection due to better conditions for survival and reproduction. I hypothesized that because 

Dithyrea californica seeds germinate differentially in relation to their size (pattern shown also in 

first chapter), the duration of optimal conditions for germination in the field would determine the 

variance of seed sizes of the germinated fraction. Perhaps during drier years, there is simply less 

variance for natural selection to act on seed size since only the larger seeds germinate. In order to 

test whether seed size was related to germination speed, I executed a germination experiment in 

growth chambers were I germinated D. californica seeds of different sizes with a variety of 

temperatures and water potentials. I found that larger seeds germinated faster than smaller seeds, 

that rising temperature increased germination speed in the species at suboptimal temperature for 

germination, and that less negative water potential also increased the speed of germination. In 

order to test how the amount of precipitation would influence the variance of seed sizes in the 

germinated fraction, I performed a Levene’s test for differences in variance between the two 

years where I measured survival selection. I found that variance in the size of germinated seeds 

was significantly larger in the wetter year than in the drier year. These variance differences might 

be the causal mechanism for the differences in the strength of seed size selection operating 

through survival in the study. 

Maternal adjusting of offspring provisioning and its consequences for seed dispersal 

(Author’s Note: The following describes the results of a bi-authored manuscript in which I was 

the primary contributor. Specifically, I designed the experimental settings of the study, 

conducted the field work, and wrote the manuscript. My co-author contributed with statistical 

advice and/or editorial comments on the work. It is my intent to publish this work in a peer-

reviewed journal.) 
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Because life history traits are under strong selective pressures, their heritability is usually very 

low and undetectable (Mousseau and Roff 1987). It is therefore possible that phenotypic 

plasticity in the form of maternal effects will have a stronger influence on trait variation than 

genetic effects and might determine how mother plants provision resources to their offspring. In 

this third chapter I explored the response in the diameter of seeds produced by mother plants 

experiencing different competitive environments. I also explored the heritability of seed 

diameter, comparing the diameters of seeds that gave rise to mother plants with the diameter of 

seeds produced by those mother plants and their plant mass. Smaller seeds of D. californica are 

less competitive than larger seeds as observed in the results from the first chapter. However, if 

smaller seeds are able to disperse farther away from the mother plant, near which the competitive 

environment tends to be stronger, they could have an advantage from germinating in relatively 

empty sites with a consequent increase in fitness. I measured the dispersal distances traveled by 

individual seeds and related it to their seed diameters by spray-painting seeds still attached to 

their mother plants. I let those seeds naturally disperse and then surveyed them at night with UV 

lights, measuring the distance from the mother plant and their diameter. I found that mothers that 

experienced more intense competitive environments produced less biomass and set smaller 

seeds. Heritability of seed diameter was negligible in Coachella but significant in Rosario. I also 

found that smaller seeds dispersed farther than larger seeds. Seed diameter in D. californica is 

influenced by phenotypic plasticity in Coachella and by both plasticity and genetic variation in 

Rosario. A possible explanation of the detection of heritability in Rosario is that it was measured 

in a wet year. If wet years increase the variance of seed size in the germinated population, it 

might be that with more variance I was better able to detect heritability in that population in that 
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year. However I need to explore this in more detail with further experiments. Higher dispersal 

ability of smaller seeds point out the possibility of a tradeoff between dispersal and competitive 

ability as alternative adaptive strategies.  
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Abstract. 

Under stressful circumstances, seed size has important consequences on 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 quite unique opportunity to study natural 

selection on seed size in the wild due to a serendipitous detail of its life history. We measured the 

relationship between seed size and germination by comparing seed sizes of germinated and 

dormant seeds in the field in 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 had a negative effect on 

plant fecundity but not on survival, creating a detrimental environment for plants only to grow 

and reproduce. This is the first study that shows empirical evidence of seed size selection 

throughout the whole life cycle in a natural setting, that maternal provisioning has benefits that 

persist into adulthood, and that environmental interactions are important in determining survival 

and fecundity. 

Key words: seed size, selection in the wild, fitness, environmental influence, 

intraspecific competition. 
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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 Hubbell 2002, Moles and Westoby 2004a, 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). 

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 1994b, 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 
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Hodkinson 1998). Critical resources affecting competition vary among environments, and might 

be driven by light or nutrients in wet environments and water in dry environments. 

Environmental factors that influence seed size selection 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 with neigboring 

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 provisioning 

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 Salisbury, the study of the adaptive 

significance of seed size has involved mostly greenhouse or pot experiments (Cideciyan and 

Malloch 1982, Leishman and Westoby 1994a, Bonfil 1998, Eriksson 1999) and macro ecological 

comparisons of the distribution and functional correlates of species with different seed size 

(Moles et al. 2004, Moles and Westoby 2004a, b, Moles et al. 2005, Moles and Westoby 2006) . 

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 1994b, 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, 
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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. Specifically, 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 consequences 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 
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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 widespread in semi-stabilized sand dune habitats in the Lower Colorado River Basin 

Subdivision of the Sonoran Desert (Felger 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, Felger 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; Fig. S1).  Seedlings 

germinate through the persistent ring, which usually stays attached to the root for the entire life 

of the plant (Fig. 1a and 1b).  This provides an efficient way to measure the size of the seed long 

after germination.   

Field data collection 
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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 (32° 

9'57.85"N, 114° 7'15.46"W), and Sierra Blanca (31°34'21.04"N, 113°29'27.96"W) in Sonora, 

México; and Coachella Valley Preserve (33°48'35.60"N, 116°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 (Felger 2000, Bowers 2005). 

Seedlings emerge from roughly 4-10 days following the first precipitation event of the 

season.  Thus we marked seedlings of D. californica ten days after the first precipitation event 

(while seedlings were in the cotyledon 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; in USA: 

Western Regional Climate Center, http://www.wrcc.dri.edu/) 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. californica  (Silander and Pacala 1985). In our analyses below 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 described below, there was a 

slight gain of variance explained using intraspecific density rather than all species combined. 

http://www.wrcc.dri.edu/
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This is presumably because Dithyrea californica 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 150 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 square cm soil surface 

and was collected to a depth of 10 cm in the same area as the seedlings. Soil samples were sieved 

with a 1mm sieve which 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 probability as a 

function of seed diameter using year as a nominal covariate with a generalized linear model 

regression assuming a binomial distribution of germination (germinated  vs. not-germinated) and 

a logit link using the glm function in the R package stats (R Development Core Team 2008).  We 
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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 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  

In order to test if 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 
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transformed in order to homogenize residual variance and meet the assumptions of the general 

linear model.  

Results 

Seed size dependent germination 

The probability of germination was positively associated 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, Figure 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 2011 (P = 0.04; Figure 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, Figure 3). For every mm increase in seed 

diameter, fecundity increased by 24%.The number of conspecific neighbors had a detrimental 
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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 cm 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 selection.  

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. 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 germination. 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 
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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 significant 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 Blanca 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 competition 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.  
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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 competition 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 selection 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 differences 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 towards larger 

seeds. Seed dispersal and seed predation 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, 
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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 selection 

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.  

Also, seed size selection dynamics measured in the present paper are those acting on the 

offspring. Maternal effects on offpring provisioning can also influence the evolution of seed size 

and are actually thought to create a parent-offpring 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 offpring 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 
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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 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 multi-year 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 selection in wild populations shed light on 

the nature of evolutionary change, the maintenance of genetic variation 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. californica. 

We have demonstrated 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 multi-year data sets the stage for further hypothesis testing on 

the selective dynamics of seed size through the life cycle. 
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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. Different stages are: germination (G), 

survival (S), and reproduction (R). 

Site/Year 

Germination-

triggering rain (mm) 

Growing season 

precipitation (mm) 

Stage 

measured 

Rosario 1991 -- 70.6 R 

Rosario 2008 45 -- G 

Rosario 2009 22 -- G 

Rosario 2010 40 96.5 G, R 

Rosario 2011 23 29 G, S 

Coachella 2011 -- 38.6 R 

Sierra Blanca 2012 -- 115 S, R 
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Table 2 Probability of germination as a function of seed diameter and years (from 2008 

to2011) in Sierra del Rosario. B: partial logistic regression coefficients. 

Independent 

variable 

B Deviance 

Residual 

deviance 

P 

Seed 

diameter 

0.32 6.104 1116.1 0.01 

Year -- 86.245 1029.8 < 0.0002 

     

Model X
2 
 92.35    

Pseudo R
2 
 0.14    

N  844    
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Table 3 Time to death (days) as a function of seed diameter (mm), year/site, and the 

number of conspecific neighbors. 

Independent variable Estimate S.E. P value 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 
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Table 4 Number of seeds produced as a function of seed diameter (mm), competition, and 

precipitation.  C: Competition (number of conspecific neighbors). 

Independent variable Estimate S.E. P value R
2
 

Seed diameter 0.22 0.046 < 0.0001 0.14 

C -0.14 0.014 < 0.0001 0.08 

Site/Year 0.32 0.022 < 0.0001 0.22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



44 

 

Figure 1 a) an adult Dithyrea californica plant showing its special feature: the persistent 

seed ring used in this study, and 1 b) flowers and siliques still attached to the mother plant. 

Figure 2 Time to death (days) as a function of seed ring diameter (mm). Black diamonds 

represent the dry site/year Rosario 2011, 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. 

Figure 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 = 771.  
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Figure 1a and 1b 
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Figure 2 

 

 

 

 

 

 

 

 

 

 



47 

 

Figure 3 
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APPENDIX B 

Running head: Germination rate and seed size survival selection. 

Germination rate mediates seed size selection operating through survival in Dithyrea 

californica. 
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Abstract 

Germination rate is an important seed trait that can influence natural selection on seed 

size. If larger seeds germinate at higher rates than smaller seeds, the variance of seed size 

available to selection in the germinated fraction will be determined in deserts by the size of 

germination-triggering rain events. We used a desert annual plant, Dithyrea californica, to 

investigate the relationship between (a) seed size and germination rate, and (b) the size of 

germination-triggering rain events and the variability of seed sizes in germinated plants and (c) 

the resulting survival selection on seed size. In growth chambers, we germinated seeds of 

different sizes in a variety of temperature and water potentials. In the field, we censused 

mortality of individual plants for two consecutive years, relating mortality with size of the seed 

the plant came from. Germination rate was positively related to seed size across temperatures 

and water potentials. Seed size selection operating through survival was positively correlated 

with seed size but the strength of selection was stronger in the wetter year.  The amount of 

precipitation had a positive effect on the variability of germinated seed sizes. Thus, seed size-

specific germination has the potential to mediate the strength of seed size selection operating 

through survival by determining the variance of seed size in the germinated fraction.  These 

results point to the importance of the germination process in setting the conditions for natural 

selection to act upon life history traits. 

Introduction 

Seed germination is a crucial stage in the life cycle of nearly all embryophytes, especially 

those with an annual life form (Gutterman 2002). Since germination is the first step at which an 

annual plant initiates growth and development, it sets the conditions for the seedling environment 
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and therefore natural selection (Donohue et al. 2010). Germination is a complex physiological 

process determined by a suite of environmental cues such as temperature, nutrient concentration 

in the soil, and even smoke or ash in some species; but more importantly, by the presence of 

water in the soil (Baskin and Baskin 1998). In arid environments, the germination process of 

annual plants is triggered by precipitation events that initially saturate the soil with water. Water 

potential then gradually goes down until it gets low enough that no more germination can occur. 

The germination rate in a water saturated soil is expected to be higher than in a drying 

soil simply because of the change in water flux from the soil to the seeds as the soil water is lost 

to other sinks (Weitbrecht et al. 2011). Variation in the rate of germination is an important 

property that may influence population structure if some seeds manage to develop completely 

through the germination process as the environment changes, while others do not.  In such 

situations differential germination will establish the proportion of different phenotypes in the 

population of germinants, setting the stage for natural selection to act upon the phenotypes 

(Hutchings 1986).  

The rate of germination is not only determined by the responses to environmental cues 

but also by functional traits of seeds such as seed size (Baskin and Baskin 1998). Seed size has 

been found to influence germination rate in a number of studies; however, there is no general 

consensus whether larger seeds germinate faster than smaller seeds or vice versa. Most studies 

have found that larger seeds germinate at higher rates (Weis 1982, Tripathi and Khan 1990, 

Prinzie and Chmielewski 1994, Greipsson and Davy 1995, Simons and Johnston 2000, Du and 

Huang 2008), but there are studies showing the reverse (Stamp 1990, Zhang 1993), and others in 

which there are no effects of seed size (Cideciyan and Malloch 1982). If larger seeds germinate 
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at higher rates than the smaller ones, water availability in a given germination event will 

influence the proportion of germinants in relation to seed size that will manage to germinate and 

thus its mean and variance in seed size. 

Larger seeds of Dithyrea californica Harvey (Brassicaceae) have greater probability of 

germination in the field than smaller ones and the size of germination-triggering rain events has a 

positive effect on the probability of germination but it does not interact with seed size (Larios et 

al. in review).  However, the effect of seed size on the germination speed was not directly 

investigated in that study. This was because Larios et al. (in review) compared seed sizes of 

germinated with non-germinated fractions at the end of the growing season, ignoring the 

differential responses of seeds to soil moisture during the germination process. Some studies 

point out that larger seeds should germinate more quickly because they are a bigger resource 

package attracting seed predators (Alcantara and Rey 2003, Gomez 2004). These greater 

resource reserves also make it more likely for big seeds to develop into surviving seedlings 

making germination less risky, hence perhaps favoring faster, less cautious germination (Venable 

and Brown 1988).  

In this paper we ask whether variation in germination rate in relation to seed size could be 

a causal mechanism influencing the strength of seed size selection operating through survival in 

Dithyrea californica. We describe the consequences of germination rate for selection on seed 

size focusing on selection subsequent to germination, specifically in survival. This is the first 

study to document how the process of seed size-specific germination affects a subsequent life 

history stage, by determining the variance of seed size in the germinated fraction and thus seed 

size selection operating through survival. The first aim of this investigation was to determine the 
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degree to which seed size influenced germination rate in Dithyrea californica. The second aim 

was to determine if seed size-specific germination mediated the strength of seed size selection at 

the survival stage by affecting the variance of seed sizes in the germinated seed fraction.  We 

tested the following hypotheses: 1) larger seeds will germinate at higher rates than smaller seeds, 

and 2) the size of germination-triggering precipitation events in the field will positively covary 

with the variance in germinated seed sizes and thus will determine the strength of seed size 

selection operating through survival. Larger seeds are expected to have higher germination rates 

than smaller seeds (Larios et al. in review). If they do germinate at higher rates, we predict that 

reductions in the size of germination-triggering rain events should reduce the variance in size of 

germinated seedlings, skewing the distribution toward the larger sizes. Larger precipitation 

events should result in relatively greater variance in the size of germinated seeds, because 

smaller sized seeds will germinate too. These dynamics will provide a mechanistic explanation 

of the temporal variation in seed size selection seen in the field. 

Methods 

Study species 

Dithyrea californica Harvey (Brassicaceae) is a winter annual plant from semi-stabilized 

dunes of the Sonoran Desert. It usually germinates from October to early January depending on 

the occurrence of the fall and winter rains. It grows as a basal rosette during the first few months 

after germination, eventually bolting and reproducing, usually in February and March.  It 

subsequently dies, leaving only seeds to carry over until the next germination season. These 

seeds remain physiologically dormant until they after-ripen by being exposed to hot summer 

conditions. Dithyrea californica has an unusual feature that allows us to relate vital rates such as 
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survival and reproduction to the size of the seed that the plant germinated from. Each fruit 

usually produces two seeds (technically mericarps) consisting of the seed plus ovarian tissue. 

Each mericarp (which we will call a “seed”) has a persistent "seed ring" (an induration of the 

pericarp on its rim) that stays attached to the root for the life of the plant (Larios et al. in review). 

Using the diameter of the persistent seed ring, we can keep track of the seed size of undisturbed 

individual plants that naturally germinate, allowing easy measurement of natural selection on 

seed (mericarp) size in the wild.  

Germination rate as a function of seed diameter, temperature, and water potential 

Seeds for growth chamber germination experiments were collected in the Sierra del 

Rosario, Sonora, Mexico (32° 9' 57.85"N, 114° 7' 15.46"W) in May of 2009 after seed 

maturation and immediately following natural seed dispersal  These seeds were then stored for 

one summer in paper bags protected from the rain in translucent boxes in a seed shelter in 

Tucson, Arizona, USA in order to break physiological dormancy by after-ripening (Baskin and 

Baskin 1976). Germination of D. californica is inhibited by light and seems to require 

scarification (E. Larios, unpublished data).  Therefore, all pericarps of seeds were removed prior 

to the experiment and all germination treatments were conducted in the dark. 

In order to test our hypothesis that larger seeds will germinate at higher rates than smaller 

seeds, we conducted germination trials in growth chambers in May 2010 measuring seed 

diameter, and varying temperature, and water potential.  Four replicate Petri dishes of 25 seeds 

each (n=100 seeds) were exposed to factorial combinations of five different temperatures (10, 

15, 20, 25, and 28 °C) and three different water potentials (0, -0.3, and -0.6 MPa). Water 

potentials were achieved by using polyethylene glycol (PEG) solution at different concentrations 
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(PEG 8000 (Ampresco, Solon, Ohio, USA)). Because concentrations of PEG 8000 are 

temperature dependent, the different concentrations PEG were calculated by the formula:  

ΨPEG=1.29[PEG]
2
T-140[PEG]

2
-4[PEG] (Michel 1983) 

Where ΨPEG is water potential, expressed in mega Pascals T: Celsius temperature; [PEG]: 

gPEG/g H2O.  

Because germination of D. californica is light-inhibited, Petri dishes were placed in dark 

film changing bags and dishes were scored for germination in a dark room with a green light 

(light bulbs covered with a green cellophane film). Upon radicle protrusion, germination was 

documented; seed length was recorded (measured on the longest axis because the ovarian tissue 

was removed from the mericarps), this is the actual anatomical seed length which did not change 

by the time radicle emergence was scored; and seedlings were removed from Petri dishes. Time 

to germination for individual seeds in hours was recorded in twelve hour increments for the first 

five days, daily for the next 7 days and every two days for 5 more days.  

Seed size survival selection in the wild  

Ten days after the first precipitation of the fall germination season, we marked individual 

germinated seedlings with numbered flags and performed biweekly mortality censuses 

throughout the life of the plants. This was done for two consecutive years at two sites, Sierra del 

Rosario dunes (32° 9'57.85"N, 114° 7'15.46"W) in 2011 and Sierra Blanca dunes 

(31°34'21.04"N, 113°29'27.96"W) in 2012. These sites are both part of the dune system in the 

Gran Desierto area in the Northwest part of the Mexican state of Sonora in the Pinacate 

Biosphere Reserve.  They have the same precipitation regime and flora. The current research is 

designed to explain a counterintuitive result originally reported in Larios et al. (In review) where 
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it was found that seed size selection operating through survival was stronger in a wetter year than 

in a drier year. It is counterintuitive because we expected that water availability would relax seed 

size selection but it strengthened instead. We are giving the methodology here for clarity. Time 

to death was calculated for every marked seedling as time from the germination census until the 

census when it was first recorded as dead. The persistent seed ring was recovered for each 

individual by excavating the plant at the time of the death census. The amount of germination-

triggering precipitation was measured with a weather station (Texas Electronics TR-525I 

tipping-bucket rain gauges) located at both study sites. Germination-triggering rain was defined 

as the sum of initial rain pulses in the germination season (October through December) large 

enough to stimulate a flush of germination of a single cohort in the winter annual plant 

community in the Sonoran Desert.  

Data Analysis  

Germination rate as a function of seed diameter, temperature, and water potential 

We used a thermal modeling approach to determine basal, optimal and ceiling 

germination temperatures (Alvarado and Bradford 2002, Bradford 2002, Allen et al. 2007) 

because seed germination rate typically increases linearly with temperature until an optimal 

temperature for germination is reached. Beyond the optimal temperature, germination rate 

decreases until the ceiling temperature is reached. Water potential on the other hand, increases 

linearly until a saturation point is reached (Gummerson 1986, Alvarado and Bradford 2002). 

Since water potentials cannot be greater than zero, there will be no decrease in the germination 

rate beyond the optimum. From these cardinal temperatures we could define the suboptimal (15-

20 °C) and the supraoptimal temperature ranges (25-30 °C), which we then used separately to 
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analyze the relationship between seed diameter and germination rate. We analyzed germination 

rate as the inverse of time to germination for each seed, measured in hours (germinants/hour) as 

a function of seed diameter, temperature and water potential with simple linear regression in R 

(R Development Team. 2008). Germination rate was natural log transformed in order to 

homogenize the residual variance and linearize the relationship. 

Seed size survival selection in the wild 

Time to death was analyzed in relation to seed diameter with simple linear regression. 

Time to death was log transformed to homogenize residual variance and linearize the 

relationship. Because we hypothesized that the seed size-specific germination rate would 

influence the variance in size of germinated seeds, we measured the frequency distribution of 

germinated seed diameters each year and tested for significant differences between years with a 

one-tailed Levene’s test. 

Results 

Germination rate as a function of seed diameter, temperature, and water potential 

Seed diameter was positively correlated with germination rate across temperatures and 

water potentials in both sub- (P < 0.0001) and supraoptimal (P = 0.01) ranges of temperatures for 

germination. That is, larger seeds tended to germinate at higher rates than smaller ones regardless 

of environmental conditions. Temperature was positively correlated with germination rate, 

although not statistically significant in the supraoptimal temperature range (suboptimal P < 

0.0001, supraoptimal P = 0.43), and water potential was also positively correlated with 

germination rate in both sub- (P < 0.0001) and supraoptimal (P < 0.0001) temperature ranges for 

germination (see Table 1). 
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Seed size survival selection in the wild 

Time to death was positively correlated with seed diameter (Table 2; P < 0.0009), and 

there was a significant interaction between seed diameter and year (Table 2; P = 0.028) 

indicating that seed size selection was stronger in wet 2012 than in dry 2011. Every millimeter 

increase in seed diameter increased survival for five days in Rosario in 2011 and for eight days 

in Sierra Blanca in 2012. In 2011, plants germinated with 22 mm of precipitation and the 

variance in seed diameter was 0.366 and the mean 4.46 mm; while in 2012, plants germinated 

with 93 mm of precipitation and the variance in seed diameter was 0.642 and the mean 4.45 mm. 

The variance in seed diameter of germinated seeds was significantly greater in the wetter season 

of 2012 than in dry 2011 (Figure 1; one-tailed Levene’s F=7.2003, P=0.0035). The differences 

between the mean of seed diameter were not significantly different (Figure 1; t = 0.1264, P = 

0.9) 

Discussion 

In this paper we asked if germination rate could be the causal mechanism influencing the 

strength of seed size selection operating through survival in Dithyrea californica and if it could 

explain why seed size selection was stronger during the wet year rather than during the dry year. 

We first sought to find a relationship between seed diameter and germination rate in growth 

chamber conditions. We then studied the effect of the amount of germination-triggering 

precipitation on the variance in seed diameter of the germinated fraction.  In growth chamber 

conditions, larger seeds of Dithyrea californica germinated faster than smaller seeds across 

temperatures and water potentials, supporting the hypothesis that larger seeds germinate faster 

than smaller seeds and therefore may germinate differentially in the field. We then presented 
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evidence for a positive effect of seed diameter on survival and an interaction between seed 

diameter and site /year such that seed size advantages in survivorship were stronger in the wet 

site/year of Sierra Blanca/2012 than in the dry site/year of Rosario/2011. This result might seem 

counterintuitive because we would expect that water availability might relax seed size selection. 

We argue that, because germination is differentially biased by seed size, the duration of optimal 

soil moisture for germination is responsible for mediating the strength of selection. This is 

because the duration of optimal soil moisture affects the variance of seed sizes in the germinated 

population, setting the stage for natural selection to act on seed size. Shorter duration of optimal 

germination conditions may have allowed only a subset of seeds to germinate during the dry year 

while a broader range of seed sizes were able to germinate in the wetter one.  

In agreement with this idea we found that the magnitude of germination-triggering 

precipitation events was positively related to the variance of germinated seed diameters.  In the 

year when the duration of moisture in the soil was presumed to be low (because of a relatively 

smaller rainfall event), the variation in germinated seed diameters was lower than in the year 

with presumably longer soil moisture duration (from the relatively larger rainfall event), which 

permitted a greater range of seed sizes to germinate. We did not find an effect on the mean 

diameter of germinated seeds but in a previous paper we demonstrated that, within sites, seed 

size-specific germination is capable of skewing the mean of seed size toward larger seeds 

between the germinated and the non-germinated fractions because larger seeds have a higher 

probability of germination (Larios et al. in review). With only two years of data we cannot 

determine precisely whether it was the amount of precipitation or some other correlated variable 

associated to water availability that causes the difference in the variance in seed diameter.  We 
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can only to conclude that seed size selection operating through survival varies in strength 

depending on environmental differences between these site/years. This reduction of variance in 

seed size of germinated seedlings as a result of differences between years has potential 

ecological and evolutionary consequences as it is likely to mediate the strength of selection on 

seed size at later developmental stages. This could explain why we found a stronger effect of 

seed diameter on survival in the wetter, higher-variance site/year than in the dry site/year.  

The adaptive significance of faster germination of larger seeds is largely unknown. 

Baskin and Baskin (1998) found that the majority of studies support  a positive association of 

seed size with the rate of germination. Some authors suggest that larger seeds germinate faster 

because they have more proteins and carbohydrates that allow them to germinate more readily 

(Tripathi and Khan 1990, Seiwa 2000, Du and Huang 2008).  Large seeds could have higher 

rates of germination because higher resource content results in better competitive ability and 

lower risk in stressful or uncertain conditions that might otherwise select for a bet hedging 

strategy like slow and delayed germination (Venable and Brown 1988, Volis and Bohrer 2013). 

Reports of smaller seeds germinating faster also exist in the literature, suggesting that the 

relationship between seed size and germination rate may depend on the ecological and 

evolutionary forces operating in a particular environment. The relationship between seed size 

and germination rate might be determined by ecological factors that benefit seedling 

establishment and reproductive success and by fitness interactions of seed size with other seed 

traits such as seed dispersal (Venable and Brown 1988). For example, smaller seeds of the 

mustard Cakile edentula germinate at higher rates than larger seeds (Zhang 1993). However, the 
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larger seeds disperse farther and it is likely that the faster germination of the smaller seeds is due 

to a fitness correlation with dispersal distance.  

There is also evidence that larger seeds can escape postdispersal seed predation by 

germinating faster than smaller seeds (Moegenburg 1996, Gomez 2004), especially when 

predators prefer to seeds to seedlings. Thompson and Grime (1979) studied the seed bank of 

herbaceous species in Europe and were able to identify seed traits associated with transient and 

persistent seed banks. Transient seed banks were associated with larger seeded perennials with 

no dormancy and no light requirements for germination. The functional significance of transient 

seed banks (and larger seeds) would then be as a regeneration mechanism for species with 

favorable predictable germination seasons. In the Thompson and Grime scheme, persistent seed 

banks are associated with variable environments.  Smaller, more dormant seeds have a light 

requirement for germination that protects them from germinating when deeply buried. 

This study has revealed an effect of seed size dependent germination on seed size 

selection in a life history stage subsequent to germination. However, survival of germinated 

seeds is only a component of fitness since it does not take into account fecundity. We only 

present data on the influence of seed size-specific germination on survival because in the dry 

year all individuals died prior to reproduction. However, reproductive success in the wet year 

was positively correlated with seed diameter (Larios et al., in review). Also, this study is 

considering a part of the total population because some desert annual seeds that do not germinate 

survive and reproduce in another year. This study only measured survival selection on the 

germinated fraction. If we wanted to identify the complete fitness consequences of seed-size 

dependent germination we would need to know the fate of all the seeds produced by a given 
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plant. The remaining dormant subset of seeds is likely to experience different environmental 

conditions in different years if they manage to survive. We would need to monitor germination 

and seed bank dynamics for several years in order to infer the complete fitness consequences of 

seed size dependent germination.  

The germination phenology of Dithyrea californica in relation to seed size sheds light on 

the importance of variation in the amount of germination inducing rain as the first determinant of 

selection on seed size in subsequent life history stages. It is yet unknown whether the effects of 

differential germination extend to fecundity selection as well or even if they go all the way into 

the offspring via maternal effects. 
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Table 1 Days to germination as a function of seed size (mm), temperature (degrees C), and water 

potential (mPa) in the suboptimal and supraoptimal temperature ranges for germination.  

(***) <0.0001, (**) <0.001, (*) < 0.01, and (n/s) non-significant. 

 

 Suboptimal T° range Supraoptimal T° range 

Parameter Estimate S.E. t Estimate S.E. t 

Seed size 0.24*** 0.0704 -3.383 0.19* 0.0822 -2.41 

Temperature 0.05*** 0.0075 -6.735 0.01 n/s 0.0137 -0.779 

Water potential 0.51*** 0.0972 -5.242 0.33*** 0.0935 -3.608 
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Table 2 Time to death (days) as a function of seed diameter (mm) and Site/Years. (***) <0.0001, 

(**) <0.001, (*) < 0.01, and (n/s) non-significant. 

Parameter Estimate S.E. t 

Seed diameter 5.27*** 1.326 3.973 

Site/Year 8.56 (n/s) 5.981 1.431 

Seed diameter x 

Site/Year 

2.924* 1.326 2.204 
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Figure 1 Mean and variance in seed diameter of the germinated fraction from Rosario in 2011 

and Sierra Blanca in 2012. 
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Figure 1 
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APPENDIX C 

Running head: Maternal effects on seed size affect seed dispersal. 

Maternal adjustment of offspring provisioning: consequences for dispersal. 
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Abstract 

Phenotypic plasticity in seed provisioning is a widespread phenomenon in plant 

populations that happens in the form of environmentally induced maternal effects. 

Environmentally induced maternal effects can be beneficial if they favorably influence the 

population dynamic functions of seeds, for example providing escaping from crowding. Using 

the winter annual plant, Dithyrea californica, we studied the response of seed provisioning as a 

function of maternal competitive environment and the associated seed dispersal consequences. 

We measured the average size of seeds produced by plants experiencing different competitive 

environments in order to test the hypothesis that mother plants respond plastically to crowding 

by providing fewer resources to each offspring. Plants from smaller seeds of this species are 

more prone to die and produce less seeds than plants from larger seeds, especially in crowded 

conditions. We also hypothesized that smaller seeds produced by crowded mothers would benefit 

from greater dispersal from the high density natal habitat.  We painted seeds with fluorescent 

paint while still attached to the mother plant and followed them for nine months after dispersal, 

recording the distance they moved from the mother plant as a function of seed diameter. Plants 

that experienced more competition produced smaller seeds that dispersed farther from their 

mother plant.  Larger seed diameter is associated with greater competitive ability in D. 

californica, which, when combined with the phenomena measured here creates a potential 

tradeoff between competitive ability and dispersal.  The implications of this trade-off on seed 

size evolution are not yet known but will be determined in the context of year-to-year variation 

in rainfall and density.  
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Introduction 

Environmentally driven maternal effects are a particular form of phenotypic plasticity 

that occurs when the functional dynamics of the mother influences offspring phenotype in a way 

that is independent of offspring genotype.  Maternal effects in plants can act on the offspring’s 

phenotype via maternal manipulation of the endosperm and the tissues surrounding the embryo 

and endosperm during seed provisioning, which are all maternal, including the seed coat and 

sometimes the fruit tissues. Maternal effects can vary depending on the environment experienced 

by the mother plant during growth and development, especially during seed filling and 

maturation. Their consequences on the offspring fitness can be beneficial (“adaptive maternal 

effects”)( (Galloway and Etterson 2007), but they can also be detrimental to offspring fitness 

(Schuler and Orrock 2012). Phenotypic maternal effects can have ecological and evolutionary 

consequences as they may constrain or amplify the response to selection (Kirkpatrick and Lande 

1989, Lande and Kirkpatrick 1990, Rasanen and Kruuk 2007, Donohue 2009).  

Environmentally driven maternal effects might result from size-dependent or plastic seed 

provisioning. They are expected to evolve in the context of ontogenetic constraints on plant 

function that enhance the fitness of the mother rather than that of the offspring per se (Marshall 

and Uller 2007). When the predictability of the offspring environment is high, maternal fitness 

can be enhanced by anticipating the offspring environment and improving offspring fitness to 

increase maternal fitness. Phenotypic plasticity in seed provisioning has been argued to be one of 

the main causes of seed size variation in natural plant populations (Schaal 1984). Considering 

that seed size is under strong selection and thus expected to have low genetic variability 

(Mousseau and Roff 1987, Charmantier and Garant 2005, Visscher et al. 2008), environmental 
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variance is likely to be driving phenotypic variation in seed size in natural populations. In fact, 

studies of heritability of seed size in natural populations often show very low genetic variation 

(Winn 1988, Kalisz 1989, Schmid and Dolt 1994, Wolfe 1995, Mojonnier 1998, Galloway et al. 

2009).  

Competition can be a strong determinant of a plant’s fitness since a finite amount of 

resources available for plant growth and reproduction have to be shared with neighbors in a 

patch. Yet, surprisingly, there are very few studies of the effects of competition on offspring 

provisioning. Plant species modify seed provisioning in response to competition in different 

ways. Some species manipulate the size of their offspring in response to competition either by 

producing larger offspring (Miao et al. 1991), or by making offspring size more variable (Violle 

et al. 2009). Violle et al. (2009) suggested that both enlarging and varying the size of the 

offspring are adaptive responses when facing competition (“adaptive response hypothesis”) 

because bigger seed size confers higher competitive ability and variation in seed size reduces risk 

in variable environments. Violle and colleagues also proposed that a reduction in offspring size 

and number (“passive response hypothesis”) would be a maladaptive response because having 

fewer seed reserves would only exacerbate the negative effects of competition.  

However, reducing seed size in the presence of competition might not be maladaptive if 

smaller seeds are more dispersive and thus able to escape competition (Muller-Landau 2010). 

Smaller seeds might be better able to travel longer distances only by virtue of being lighter in 

weight, although this has mostly been studied in wind dispersed species (Greene and Johnson 

1986, Ezoe 1998).   Nonetheless, this increased dispersal may come at the cost of competitive 

ability (Skarpaas et al. 2011). Theoretical formulations on the evolution of dispersal suggest that 
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dispersing a fraction of the offspring is always adaptive even in stable environments  due to 

avoidance of sib interactions (Hamilton and May 1977). Spatiotemporal environmental 

heterogeneity will further favor the evolution of greater dispersal because of the advantage of 

dispersal in averaging over variable unpredictable environmental variation (Levin et al. 1984). 

The optimal dispersed fraction depends on the costs associated with dispersal such as the risk of 

predation, landing in a crowded site, diminished seed size, etc. (Venable and Brown 1993), and 

when the cost of dispersing is zero, it is adaptive to disperse all propagules. One must also 

consider the correlated effects of dormancy on the optimal dispersing fraction, as dormancy and 

dispersal are both solutions for  escaping current conditions so the expectation is that either will 

often reduce the need for the other (Levin et al. 1984).  

The objective of this paper is to explore whether environmentally induced maternal 

effects on offspring provisioning in response to crowding can increase seed dispersal in a desert 

annual herb, Dithyrea californica. . We ask the following questions: 1) what is the effect of 

competition on offspring seed size? 2) Are smaller seeds able to disperse farther than bigger 

seeds? 3) Is there heritable variation in seed diameter? We predicted that mother plants that 

experience more competition would be smaller and produce smaller seeds, and that smaller seeds 

would disperse further. We also predicted that variation in seed size among plants would mostly 

be a plastic response to the environment rather than due to additive genetic variation. 

Materials and Methods 

Study species 

Dithyrea californica Harvey (Brassicaceae) is a winter annual plant from the Sonoran 

Desert that typically germinates from October to early January depending on the occurrence of 
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the fall and winter rains. It grows as a basal rosette during the first few months after germination, 

eventually bolting and reproducing, usually in February and March. It subsequently dies, leaving 

only seeds to carry over until the next germination season. Seeds of Dithyrea californica disperse 

from their mother plant only by gravity falling around their mother. Once in the soil, seeds 

subsequently disperse farther away with the wind along with other debris, mostly dead plant 

matter. Seeds and debris tend to accumulate in dune depressions. Seeds of D. californica have an 

unusual feature that allows us to relate life history rates such as survival and fecundity to the size 

of the seed the plant originated from. Each fruit usually produces two mericarps consisting of a 

single seed plus ovarian tissue that individually dehisce from the mother plant and function 

ecologically as dispersal units. Each mericarp (which we will call a seed) has a persistent seed 

ring (an induration of the pericarp on its rim) that stays attached to the root for the life of the 

plant (Larios et al. in review). Using the persistent seed ring, we can keep track of the seed size 

of undisturbed individual plants that naturally germinate, allowing easy measurement of parental 

seed (mericarp) size in the wild. 

Maternal provisioning as a function of crowding and plant mass 

We gathered data on the average seed diameter produced by plants, as well as dry mass 

of mother plants that experienced different amounts of competition in two different years. We 

used data from two desert populations: Sierra del Rosario, Sonora, Mexico (32° 9'57.85"N, 114° 

7'15.46"W) in 2010, and Coachella Valley Preserve, California, USA (33°48'35.60"N, 

116°19'56.45"W) in 2011. In order to measure the effect of competition on offspring 

provisioning, we marked seedlings at the cotyledon stage and counted the number of neighbors 

less than ten cm away from the base of each seedling. We followed individuals through the 
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whole growing season, and collected 87 plants with seeds still attached at time of seed set from 

the two populations.  Aboveground biomass was measured to the nearest 0.001 g using an 

analytical balance (Mettler Toledo Excellence XS105) after oven-drying at 60
o
C to constant 

mass. Average offspring seed diameters were estimated from a sample of seeds on each plant 

(from 30 to 50 seeds) using digital calipers. Separately for each population, we analyzed the 

effect of competition and plant mass on the average seed diameters produced by individual 

mother plants with a path analysis using the PROC CALIS in SAS (SAS Institute 2004). Path 

analysis allowed us to partition the total, direct, and indirect effects of competition and plant 

mass on the average size of seeds produced (See Figure 1). We also performed an ANCOVA 

with the lm function in R statistical package stats (R Development Core Team 2008), to test for 

differences between the two populations in the average offspring diameter as a function of the 

number of neighbors. 

Heritability of seed diameter 

Heritability of seed diameter was estimated using measurements of seed diameters of 

parent-offspring pairs and mother plant dry mass from data collected in a natural field setting in 

the winters of 2010 in Sierra del Rosario and 2011 in Coachella Valley. Parent-offspring pairs in 

the wild can be measured in this species due to the unusual feature of seeds described above. We 

estimated the heritability of seed diameter in each population separately with path analysis using 

the PROC CALIS in SAS software (SAS Institute 2004). Figure 2 shows a hypothetical path 

diagram proposed. Since Dithyrea californica is self-incompatible, our results are for one parent-

offspring regression, which should be ½ the heritability (Falconer 1960).  Finally, in order to 

detect population differences in heritability (parental seed diameter x population interaction), we 
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analyzed offspring seed diameter as a function of parental seed diameter for the two populations 

with an ANCOVA with the lm function in R statistical package stats.  

Seed dispersal as a function of seed diameter 

In February of 2012, we spray-painted seeds still attached to mother plants with four 

differently colored fluorescent paints and pushed a numbered flag into the ground at the base of 

each mother plant to indicate the exact position of each mother even after death. Because we had 

four different colors of fluorescent spray paint, we used groups of four plants naturally occurring 

in the field and isolated from other groups by approximately 25 m. Each of the four plants within 

a group was assigned a different color of paint (fluorescent orange, yellow, pink and green) and 

all of its seeds were painted. Groups were isolated from each other also by a topographic change 

in the landform of the dune such that different groups of plants were either on the leeward or the 

windward sides of the dune. That way we made sure there would be no overlapping dispersal 

between seeds of the same color. After all plants had dispersed their seeds and died we came 

back in May, July and November of 2012, to look for fluorescent seeds at night using an 

ultraviolet flash light.  We searched for seeds in all directions up to 10 m from each mother plant 

using a measuring tape to record the dispersal distance.  We also measured the diameter of each 

located seed with a pair of digital calipers. Each measured seed was then relocated at the same 

spot so it could continue to disperse. To make sure we did not lose the spot where the seed was 

initially located, we replaced the seed with a small coin while we were measuring its diameter. 

Dispersal distance was analyzed as a function of seed diameter and the date of sampling using a 

mixed model with the lme function in the R package nlme, with seed diameter and date as fixed 

effects and the mother plant as a random effect. Finally, we performed a likelihood ratio test 
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between the mix model and a null linear model to determine the significance of the random 

effects. 

Results 

Maternal provisioning as a function of crowding and plant mass 

In both Rosario and Coachella, the total effects of the number of conspecific neighbors 

(direct and indirect effects through plant mass) were related negatively to the average diameter of 

offspring produced by mother plants (standardized coefficients total, Rosario = -0.49, P = 

0.0001; Coachella = -0.41, P = 0.0005; Table 1). For every unit of increase in number of 

neighbors, average offspring diameter decreased 0.037 mm and 0.04 mm for Rosario and 

Coachella respectively. The number of neighbors was also negatively related to plant mass 

(standardized coefficients, Rosario = -0.72, P = 0.0001; Coachella = -0.38, P = 0.001; Table 1). 

For every unit of increase in the number of neighbors, plant mass decreased 0.918 mg and 0.953 

mg in Rosario and Coachella respectively. Plant mass was positively related to average offspring 

diameter (standardized coefficients, Rosario = 0.3, P = 0.15; Coachella = 0.48, P = 0.0001; Table 

1), so that for every mg increase in plant dry mass, offspring diameter increased by 1.21 mm and 

1.36 mm in Rosario and Coachella respectively. Finally, there was no significant difference 

between the two populations in the effect of density on seed diameter. (Number of neighbors x 

population interaction, P = 0.7; Figure 3). 

Heritability of seed diameter 

 In the Rosario population the positive direct effect of parental seed diameter on offspring 

seed diameter was marginally non-significant (direct standardized coefficient = 0.27, P = 0.07, 

Table 2), so for every mm increase in maternal seed diameter, 0.265 mm increase in offspring 
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seed diameter is explained by genetic variance; however, indirect (through plant mass) and total 

effects were positively correlated to offspring seed diameter (total standardized coefficient = 

0.45, P = 0.0009; indirect standardized coefficient = 0.17, P = 0.04, Table 2). For every mm 

increase in maternal seed diameter, 0.42 mm increase in offspring seed diameter is explained by 

plant mass and genetic variance and 0.163 mm explained by indirect effects of plant mass. In 

Coachella, direct effects of parental seed diameter were not significantly correlated with 

offspring seed diameter (direct standardized coefficient =-0.05, P = 0.7, Table 2); however, 

indirect effects were marginally significant and positively related to average seed diameter 

(indirect standardized coefficient = 0.16, P = 0.057; Table 2), so that for a mm increase in 

maternal seed diameter, 0.09 mm increase in offspring seed diameter is explained by the effect of 

plant mass. Total effects were non-significant (total standardized coefficient = 0.11, P = 0.45; 

Table 2). There were differences in heritability between sites (ANCOVA, P = 0.0002; Parental 

seed diameter x population interaction, Figure 4), with heritability in Rosario higher than in 

Coachella.  

Seed dispersal as a function of seed diameter 

There was a negative relationship between the distance traveled from the mother plant 

and the diameter of seeds, i.e., smaller seeds tend to disperse farther away from their mother 

plant (ANCOVA, P=0.01; Table 4, Figure 5). For every mm decrease in seed diameter, dispersal 

distance increased an average of 8 mm. Dispersal distances were different from July to May (P = 

0.007) but not from July to November (P = 0.48). Random effects of mother plants were 

statistically significant when compared with a linear model with no random effects of mother 

plant (Likelihood ratio test, df = 6, L. ratio = 15.32, P = 0.0001) 
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Discussion 

We show how environmental maternal effects can have ecological consequences in 

Dithyrea californica by adjusting the size of offspring in response to crowding. Plants with more 

neighbors are smaller, and tend to make smaller seeds that are better able to disperse away from 

the mother plant, thus potentially avoiding sib competition in the next growing season. This 

reduced offspring size with competition might occur as the direct result of reduced plant size if 

adult plant size constrains the size of the offspring. A previous study of seed size selection in this 

species showed that seed size positively influences plant size, but that competition has a negative 

effect on fecundity or the number of seeds produced (Larios et al. in review). Thus, the 

relationship between seed size and dispersal might produce a tradeoff between the benefit of 

being large in a more competitive environment and the benefit of dispersal to escape competition 

(Ganeshaiah and Shaanker 1991, Venable and Brown 1993). If the benefits of dispersal outweigh 

those of seed size, dispersing smaller but more numerous seeds could be adaptive.  

Our results from path analysis on heritability (parent-offspring pairs) showed that there is 

detectable genetic variation for seed diameter in Rosario but not in Coachella. The presence of 

genetic variation in Rosario actually contradicts our predictions of very low genetic variance in 

both populations due to strong selective pressures on seed size. Additive genetic variance can 

change with environmental conditions. The general trend found by a meta-analysis studying  

heritability as a function of environmental quality in wild populations is that additive genetic 

variance tends to decrease with unfavorable environmental conditions (Charmantier and Garant 

2005). However, this trend was found only for morphological traits and not for traits closely 

related to fitness and only included animals. Decreased additive genetic variance in seed size in 
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D. californica might be related to the germination process. Differential germination in relation to 

seed size in this species mediates the strength of seed size selection (at least in selection 

operating through survival) by determining phenotypic variance in seed size in the germinated 

fraction (Larios, Huang, and Venable In prep). Thus, drier years might also decrease additive 

genetic variance and increase the effects of the environment on the phenotype.  

Some caveats to the estimation of genetic variance of seed diameter are that we measured 

the seed diameter of the mother rather than the father or mid-parent because Dithyrea californica 

is self-incompatible, so there are potential maternal effects transmitted to the offspring that are 

possibly not accounted for in our path analysis. We assumed that maternal effects were reflected 

in the plant size attained.  Thus, by including plant mass in our path analysis, we separated the 

direct effects that parental seed diameter had on offspring seed diameter from the indirect effects 

operating through plant mass. The direct effect should contain the additive genetic effect but 

could also contain some maternal effects not linearly related to plant size or other potential 

factors such as the potential effects of correlated parental and offspring environments that are not 

manifested in plant size. Also, some of the indirect effect through plant size might be genetic.   

Experiments on the effect of competition on reproductive allocation are scarce, especially ones 

that measure the mean and the variance of seed size in individual plants in response to 

competition. Some studies have measured total reproductive allocation in annual plants and 

found a decrease in reproductive mass with increased competition (Hawthorn and Cavers 1982, 

Waite and Hutchings 1982, Miao et al. 1991). Others have found evidence for the effects of 

maternal effects on seed number rather than size (Sultan 1996), or effects on the variance in seed 

size with increased competition (Violle et al. 2009). Other studies support the idea that seed size 
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is not plastic (Marshall et al. 1986). Alternatively, diminished seed size as a result of competition 

for resources might be caused by allometric constraints on seed size via plant size or twig size 

(Aarssen 2005, Chen et al. 2009). Smaller rosettes should produce weaker vegetative seed-

bearing structures and therefore may be constrained to smaller seeds.  

Dithyrea californica seeds do not have obvious dispersal structures such as wings, a 

fleshy pulp, or a conspicuous color, known adaptations for dispersal. Some other studies of seed 

dispersal of desert plants indicate that desert seeds do not usually travel long distances or even 

have dispersal adaptations. On the contrary, desert seeds sometimes evolve antitelechory (anti-

dispersal) mechanisms hypothesized to be due to the limited occurrence of suitable sites for 

success in deserts (Ellner and Shmida 1981). Seed dispersal in space has been shown to be less 

important than dispersal in time via delayed germination for some other annuals from the 

Sonoran Desert (Venable et al. 2008). This paper only deals with primary seed dispersal distance 

which is determined mainly by gravity and the effect of wind that can carry individual seeds 

along with dead vegetative structures. Secondary seed dispersal has been observed in the field by 

ants and probably also occurs with seed-eating rodents.  

Theoretical work on the correlated evolution of seed size, seed dormancy, and seed 

dispersal points out that these three seed traits evolve in coordination to minimize risk reduction 

in variable environments, escape crowding, and avoiding kin interactions (Venable and Brown 

1988, 1993). In this study we focused on elucidating the mechanisms involved in the evolution 

of seed dispersal and seed size together in order to escape crowding.  Dispersal ability should 

evolve when reproductive success is variable in space and time and when dispersers can benefit 

from colonizing uncrowded otherwise suitable sites (Venable and Brown 1993). Seed size and 
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dormancy are also negatively correlated in our system, as demonstrated by a previous 

germination experiment in the lab which showed that time to germination is shorter in larger 

seeds than smaller seeds across a range of temperature and water potential combinations (Larios, 

Huang, and Venable in prep).  Thus, there is a relationship between seed size, dormancy and 

dispersal, such that the colonization of new safe sites involves coordinated reduction in seed size 

and a potential increase in dormancy. It remains an open question whether the dispersal benefits 

of small seeds can outweigh the survival, reproductive and potential germination benefits of 

larger seeds and thus constitute an adaptation. 

Studies from other taxa (especially marine invertebrates and fish) have proposed that 

offspring provisioning is maternally controlled by phenotypic plasticity and that optimal 

provisioning depends on the competitive environment mothers experienced during egg 

development (Leips et al. 2009, Marshall and Keough 2009). In marine environments, to 

increase offspring dispersal, it is adaptive to increase the size of the offspring at the expense of 

number since larger larvae are better able to swim away from their parental site. For plants the 

process is different, and a decrease in offspring size is a better way for seeds that lack dispersal 

structures to achieve higher ability to disperse. Skarpaas et al. (2011) studied two species of wind 

dispersed short-lived monocarpic perennial species of Carduus, and found negative correlations 

between seed mass and seedling establishment (germination and early growth) as well as 

between dispersal distance and seed mass. However, they did not find a significant relationship 

with dispersal distance and seedling establishment. Measuring seed dispersal in the field is 

challenging because it is difficult to track seed movement. Hence Skarpaas et al. (2011) used a 

mathematical model and dispersal experiments in the lab to estimate dispersal as a function of 
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seed mass, terminal velocity and the height of the seed on the plant. We measured natural seed 

dispersal in the field and found similar results in terms of the frequency distribution of distances 

traveled by seeds of different sizes. Most seeds tend to stay closer to the mother plant, but a few 

make it at least 5 m away from the mother plant. This study points out the importance of 

environmental maternal effects on offspring provisioning and how offspring can take advantage 

of the detrimental effects of competition by dispersing away from the mother plant and 

potentially gaining fitness by avoiding crowded conditions.  
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Table 1 Standardized path coefficients for the relationship between the number of neighbors in a 

10 radius patch, plant mass and the average diameter of seeds produced. In the list of paths: O:  

average diameter of offspring (mm), N: number of neighbors in a patch, and PM: dry plant mass 

(mg). Bold letters denote a P value < 0.05. 

 Rosario Coachella 

Path 

Standardized 

coefficient 

SE t 

Standardized 

coefficient 

SE T 

O  Total -0.492 0.128 -3.847 -0.411 0.118 -3.461 

O  N -0.276 0.205 -1.343 -0.226 0.122 -1.856 

PM  N -0.729 0.079 -9.222 -0.387 0.121 -3.193 

O  PM 0.296 0.205 1.446 0.476 0.112 4.245 
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Table 2  Standardized path coefficients for the effects of parental seed diameter (mm) and plant 

mass (mg) on the average diameter of seeds produced. In the list of paths: O:  average diameter 

of offspring (mm), P: parental seed diameter and PM: dry plant mass (mgr.). Bold letters denote 

a P value < 0.05. 

 Rosario Coachella 

Path 

Standardized 

coefficient 

SE t 

Standardized 

coefficient 

SE t 

O  Total 0.446 0.135 3.293 0.107 0.1442 0.74 

O  P 0.276 0.154 1.789 -0.05 0.128 -0.395 

PM  P 0.458 0.134 3.428 0.285 0.134 2.126 

O  PM 0.372 0.15 2.477 0.552 0.109 5.07 
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Table 3 Mixed ANCOVA for the dispersal distance traveled by offspring (cm) as a function of 

seed diameter (mm), dates when dispersal was measured (fixed effects) 

 

Dispersal Distance (cm) Estimate S.E. t value P value 

Seed diameter (mm) -0.22 0.0856 -2.5886 0.01 

Date (May) 0.35 0.1314 2.6993 0.007 

Date (Nov) -0.11 0.1642 -0.7048 0.48 
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Figure 1 Path diagram showing hypothetical relationships between the number of neighbors 

within a patch and its effects on plant mass and the average size of seeds produced by mother 

plants. Single headed arrows propose causality from the number of neighbors. Signs on each 

arrow hypothesize the causal effect of competition. 

Figure 2 Path diagram showing hypothetical relationships between parent-offspring pairs and 

their effects on plant mass. Single headed arrows propose causality from parent to offspring, 

parent to plant mass, and from plant mass to the average size of offspring. Signs on each arrow 

hypothesize the causal effect. 

Figure 3 Average seed diameter produced in relation to the amount of competition that mother 

plants experienced in a 10 cm radius patch. 

Figure 4 ANCOVA of Parent-offspring regression of seed diameter showing the significant 

parent seed diameter x population interaction. 

Figure 5 Distance traveled by offspring in relation to their seed diameter. 
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



93 

 

Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 

 

 

 


