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Abstract
1. The evolution of seed size may be influenced by intrinsic attributes of populations,
such as mating system and extrinsic factors, such as climate. Several hypotheses
propose that the evolution of self-fertilization from an outcrossing progenitor will
be accompanied by a reduction in seed size, but this prediction has not been rigorously tested. Many studies report that the mean seed size of populations or taxa
is associated with long-term climate conditions. Here, we examined the effects on
seed size of both mating system and climate within a single genus.
2. In the California wildflower genus, Clarkia (Onagraceae), we sampled seeds from
58 populations representing three pairs of sister taxa; each pair included a predominantly outcrossing and a facultatively selfing taxon. We then examined the
independent effects on population mean seed size of mating system, elevation,
long-term (30-year) climate conditions, and climate anomalies (the deviation between conditions in the year of collection and the long-term mean), focusing on
maximum monthly temperature (Tmax), cumulative moisture deficit and cumulative
precipitation (PPT) during Clarkia's growing season (fall, winter and spring).
3. In each taxon pair, the selfing taxon had smaller seeds than the outcrosser. Local,
long-term (1921–1980 and 1981–2000) mean Tmax, PPT and elevation were independently and negatively associated with seed size. Long-term means for Tmax and
PPT explain geographical variation in seed size better than climate anomalies in
the year of collection.
4. Synthesis. We corroborated two key hypotheses concerning the drivers of geographical variation in mean seed size. Small seeds in Clarkia co-evolve with selfing
(although the mechanism remains elusive) and in response to chronically warm
and wet conditions. The effect of long-term mean precipitation on seed size differs qualitatively from the effect of precipitation anomalies; relatively large seeds
are produced in populations experiencing wetter-than-normal years. Ongoing climate change may therefore generate conflicting selection on seed size in Clarkia:
intensifying drought is likely to lead to an evolutionary increase in seed size due
to its effects on seedling survivorship, while climate-driven declines in pollinators
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or selection favouring more rapid reproduction may promote the evolution of selfpollination, facilitating the evolution of smaller seeds.
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1 | I NTRO D U C TI O N

with warmer (Carón et al., 2014; Soper Gordon et al., 2016) or
drier (Cochrane, Hoyle, Yates, Neeman, & Nictra, 2016; Llanderal-

The study of geographical variation in traits that affect individual

Mendoza et al., 2017; Murray et al., 2004; Volis, Mendlinger, &

fitness can inform our understanding of whether and how natural

Ward, 2002) conditions.

selection has affected their evolution. Within species, individual

Variation among conspecific populations in seed size has also

seed mass (hereafter referred to as seed size) is among the most

been found to be associated with elevation (Pleuss, Schütz, &

well-studied fitness-related traits, affecting viability (Caron et al.,

Stöcklin, 2005; Qi et al., 2014), but the direction of the change

2014), the probability of emergence (Andersson, 1996; Benard &

in seed size with elevation differs among regions and taxa, po-

Toft, 2007; Larios, Burquez, Becerra, & Venable, 2014; Stanton,

tentially because the effects of elevation on climate, soil quality,

1984; Winn, 1988), germination time (Arellano & Peco, 2012; Benard

percent cover and the degree of competition are region-specific.

& Toft, 2007; Eriksson, 1999; Gomaa & Pico, 2011; Kalisz, 1989;

For example, in Pedicularis (Guo, Mazer, & Du, 2010a), Euptelea

Mazer, 1987), recruitment (Chacon & Bustamante, 2001), seedling

pleiospermum (Wu et al., 2018) and Picea mariana (Liu et al., 2013),

growth (Gomaa & Pico, 2011; Gross, 1984; Stanton, 1984), seedling

seed size decreases with elevation, whereas in Heteromeles arbuti-

size (Caron et al., 2014; Sage, Koenig, & McLaughlin, 2011; Vaughton

folia (Martijena & Bullock, 1997) and Nothofagus nervosa (in 1 of

& Ramsey, 1998), tolerance of damage (Kahn, 2004), the probability

4 years: Marchelli & Gallo, 1999), seed size increases with ele-

of survival (Arellano & Peco, 2012; Benard & Toft, 2007; Chávez-

vation (see also Wu & Du, 2009 for contrasting patterns). These

Pesqueira & Núñez-Farfán, 2016; Hallet, Standish, & Hobbs, 2011;

studies demonstrate that environmental factors are associated

Larios et al., 2014; Vaughton & Ramsey, 1998) and the probability of

with differences among communities and populations in seed size;

flowering (Halpern, 2005). Relatively large seed size often improves

none of these studies, however, were designed to detect inde-

seed and seedling performance (Agrawal, 2001; Bonfil, 1998; Carón

pendent effects on seed size of temperature, precipitation and

et al., 2014; Chávez-Pesqueira & Núñez-Farfán, 2016; Gross, 1984;

elevation.

Khan, 2004; Simons & Johnston, 2000; Wu, Meng, Wang, Wei, &

In addition to the effects of these extrinsic factors on the

Jiang, 2018), particularly when seeds are exposed to low light, to

evolution of seed size, attributes intrinsic to species and popu-

intra or interspecific competition (Houssard & Escarré, 1991) or to

lations may also affect seed size evolution. For example, within

simulated herbivory (Armstrong & Westoby, 1993; Bartlow, Agosta,

genera comprised of species that differ in mating system, the

Curtis, Yi, & Steele, 2018; Bonfil, 1998). However, negative, conflict-

mean seed mass of selfing taxa has been reported to be lower than

ing and non-significant relationships between seed size and perfor-

that of their outcrossing congeners in Arabidopsis (Mitchell-Olds,

mance have also been reported (Lázaro & Traveset, 2009).

2001), Plantago (De Jong, Dijk, & Klinkhamer, 2005) and Clarkia

Investigations at a variety of scales have demonstrated that

(Knies, Delesalle, & Cavaliere, 2004). Self-fertilization regularly

geographical variation in environmental conditions appears to

co-evolves (from outcrossing progenitors) with traits associated

generate variation in seed size among communities and taxa due

with more efficient resource allocation and/or more rapid devel-

to natural selection or species-sorting. In the temperate zone, rela-

opment—the ‘selfing syndrome’—presumably due to the reversal

tively large-seeded species tend to occupy drier and/or more heav-

of selection favouring genotypes with energetically expensive

ily shaded environments than small-seeded species (Baker, 1972;

traits that attract or reward pollinators (Primack, 1987; Sicard &

Mazer, 1989, 1990; Salisbury, 1942, 1975; Tardella, Piermarteri,

Lenhard, 2011; Vallejo-Marín, 2009; Wyatt, 1984). Accordingly,

Malatesta, & Catorci, 2016). Among communities, mean annual

attributes that have evolved in selfing taxa include smaller flow-

temperature has been found to be positively associated with

ers (Duncan & Rausher, 2013; but see de Vos, Wüest, & Conti,

mean seed size (Azcarte, Manzano, & Peco, 2010; Murray, Brown,

2014), shorter floral life spans (Dudley, Mazer, & Galusky, 2007),

Dickman, & Crowther, 2004; Simpson, Richardson, & Laughlin,

a reduction in pollen production per flower (Delesalle, Mazer, &

2016). Climatic variation may also contribute to population dif-

Paz, 2008) and lower pollen:ovule ratios (Mazer, Dudley, Delesalle,

ferentiation in seed size within species. In some species, larger

Paz, & Galusky, 2009). The effect of shifts in mating system on

seeds are associated with warmer or drier climates (Konarzewski,

the evolution of seed size, however, has not been widely studied.

Murray, & Godfree, 2012; Lemke et al., 2015; Liu et al., 2013;

If the evolution of self-fertilization is consistently associated with

Llanderal-Mendoza, Gugger, Oyama, Uribe-Salas, & González-

an evolutionary reduction in seed size, then this would be a previ-

Rodríguez, 2017), whereas in others, smaller seeds are associated

ously unrecognized component of the selfing syndrome.
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In sum, genotypes (or populations) that are both self-fertilizing
and produce small, wind- or passively dispersed seeds are expected
to be more likely to colonize new sites than conspecific genotypes

Self-fertilization may be expected to co-evolve with small seeds

(or populations) that are large-seeded and outcrossing, although the

because both attributes may increase the probability of the colo-

long-term persistence of small-seeded taxa is not ensured. The pat-

nization of new sites. Self-fertilizing genotypes are more likely to

terns cited above within Arabidopsis, Plantago and Clarkia provide

establish new populations than pollinator-dependent genotypes

evidence that this association between mating system and seed

because the former do not require pollen vectors to produce

mass may be common. These studies, however, did not control for

seeds (Baker, 1955, 1959). This inference has been corroborated

the possible confounding effects of abiotic factors on seed size.

by Grossenbacher, Runquist, Goldberg, and Brandvain (2015), who

Self-fertilization may also co-evolve with small seeds due to the ef-

found that within many genera, self-fertilizing taxa have broader

fects of chronic selfing on the intensity of genetic conflict (Haig &

geographical distributions than their outcrossing congeners. Small-

Westoby, 1991); this mechanism is not addressed in this study, but

seeded genotypes may have two advantages over large-seeded

see Section 4, below.

genotypes with respect to colonization. First, small-seeded geno-

The current study was designed with two primary objectives.

types and taxa are expected to have higher fecundity per individual

First, we aimed to determine whether, independent of climate

than large-seeded ones (Smith & Fretwell, 1974); second, among

conditions and elevation, the evolution of self-fertilization in

taxa with wind- or passively dispersed seeds, small seeds are ex-

Clarkia is associated with the evolution of relatively small seeds.

pected to disperse farther than large ones (Greene & Johnson, 1993;

Second, we sought evidence that the observed geographical

Tamme et al., 2014). Consistent with these predictions, Sonkoly

variation in seed size reflects evolutionary adaptation in re-

et al. (2017) found that among 1,600 Central European herbaceous

sponse to long-term abiotic conditions versus plastic responses

species, range size is inversely correlated with mean individual seed

to conditions in the year of collection. One may distinguish be-

mass; and Thomson, Moles, Auld, and Kingsford (2011) reported

tween these causes of population differentiation by comparing

that, among 181 species collectively distributed world-wide, mean

the effects of long-term mean climate conditions on population

seed mass is negatively correlated with both mean and maximum

mean seed size to the effects of deviations between conditions

dispersal distances, controlling for variation in plant height.

in the year of collection and long-term means (i.e. short-term

(b)

Seed size

(a)

Dry

Wet

Long-term climatic mean
(e.g., Mean annual PPT from 1921 to 1980)

Drier than
normal

0

Wetter than
normal

Deviation between conditions in the year of
collection and the long-term climatic mean
(e.g., [Annual PPT in year of seed collection] –
[Mean annual PPT from 1921 to 1980])

F I G U R E 1 Conceptual diagram illustrating how the relationship among population means between seed size and local climate may
depend on long-term climatic conditions, on the deviation between current and long-term conditions (i.e. climate anomalies) or on both.
(a) represents the case where the optimum seed size declines under increasingly wet conditions and the response to selection results in a
negative relationship among population means between seed size and mean, long-term annual precipitation (PPT). Under this scenario, in
chronically dry sites, relatively large seeds evolve because they give rise to seedlings that can access soil moisture and withstand drought
stress more readily than those derived from small seeds. In chronically wet sites, by contrast, small seeds evolve because germinants
experience low drought stress, and small-seeded individuals may achieve higher fecundity (and higher individual fitness) than large-seed
genotypes due to a size-number trade-off. (b) illustrates how conditions during a given growing season may affect the size of seeds produced
in that year. In this example, populations experiencing unusually wet conditions relative to long-term means (where the x-axis >0) exhibit
environmentally induced increases in plant size that result in the production of larger ovaries and seeds than populations experiencing
unusually dry conditions (where the x-axis <0). By contrast, populations experiencing unusually dry conditions may be sufficiently droughtstressed to produce relatively small plants, ovaries and seeds. These plastic responses to precipitation anomalies generate the positive
relationship shown here
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‘anomalies’; Figure 1). For example, if population mean seed

climates characterized by cool, wet winters and hot and dry spring

size is more strongly correlated with long-term climate condi-

and summer months.

tions than with short-term climate anomalies, then natural selec-

In two of these pairs of sister taxa (C. unguiculata vs. C. exilis and

tion can be interpreted to be more influential than phenotypic

C. xantiana ssp. xantiana vs. ssp. parviflora), the predominantly out-

plasticity in generating the association. Several recent studies

crossing taxon is known to produce flowers with higher pollen:ovule

have used this approach to infer the role of evolutionary ad-

ratios, higher pollen production, fewer ovules per flower, larger

aptation versus phenotypic plasticity in generating variation

corollas and longer styles than its selfing counterpart (Delesalle

among populations in phenology, reproductive output, seed size

& Mazer, 2009; Delesalle et al., 2008; Mazer et al., 2009; Vasek &

and/or floral traits (Bontrager & Angert, 2016; Diskin, Roctor,

Weng, 1988). Where populations of C. unguiculata and C. exilis or

Jebb, Sparks, & Donnelly, 2012; Munson & Sher, 2015; Ramírez-

C. xantiana ssp. xantiana and ssp. parviflora occur sympatrically, the

Valiente, Valladares, Gil, & Aranda, 2009; Soper Gorden et al.,

selfing taxon typically completes its flowering before its outcrossing

2016). Alternatively, the effect on seed size of long-term climatic

sister taxon begins. Among the field populations of the six taxa stud-

conditions may differ qualitatively from the effect of the climate

ied here, Knies et al. (2004) found that the facultative selfing taxa

anomalies, indicating that the direction of the evolutionary re-

produced smaller seeds than their outcrossing sister taxa. However,

sponse to high values of a particular variable contrasts with the

Knies et al. examined only one population of C. concinna ssp. auto-

direction of the plastic response (e.g. Figure 1).

mixa and did not investigate or control statistically for the effects of

We collected maternal families of seeds from 58 wild popula-

abiotic factors on seed size.

tions representing three pairs of sister taxa in the genus Clarkia,
with each pair consisting of one predominantly outcrossing and
one mixed mating or selfing taxon. We examined variation in seed
size among these populations to address the following questions:

2.2 | Seed collection and the estimation of seed size
per population

(a) Is geographical variation in seed size associated with mating
system, taxon pair, elevation, historical climate conditions or the

Seeds were collected from 58 wild populations distributed in

climate experienced during the year of seed maturation and col-

the Coastal Ranges and in the southern Sierra Nevada (Figure 2;

lection (relative to historical conditions)? If so, does each factor

Figure A1 in Appendix 1; Table A1 in Appendix 2) between 1999

affect seed size independent of variation in the other factors? (b)

and 2014. Sampling efforts reflected the distribution and abun-

Do historical or recent climate anomalies better explain variation

dance of each taxon (C. concinna ssp. automixa: n = 2 popula-

among populations in seed size, allowing inferences concerning

tions; C. concinna ssp. concinna: n = 4 populations; C. exilis:

the efficacy of natural selection in moulding seed size variation in

n = 11 populations; C. unguiculata: n = 27 populations; C. xanti-

response to abiotic conditions?

ana ssp. parviflora: n = 3 populations; C. xantiana ssp. xantiana:
n = 11 populations). Seeds from 8 to 119 maternal families per

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study species

population (mean = 32.72, SD = 13.78 families per population)
were collected when fruits were dry and dehiscing and placed
in paper coin envelopes within zip-lock plastic bags with silica
gel and stored at 6.4°C prior to weighing. From each family, c.
20 seeds were counted and weighed (to 0.01 mg) to estimate

Clarkia is a genus of erect, annual, self-compatible, late spring-

mean seed size per family. The maternal family means from each

flowering herbs native to the western U.S. (Lewis, 1955). Clarkia

population were then used to estimate its mean seed size.

concinna (Fisch. & C. A. Mey.) Greene and C. xantiana each contain subspecies of contrasting mating systems, including the predominantly outcrossing subspecies, C. concinna ssp. concinna and
C. xantiana ssp. xantiana, and their facultatively autogamous counterparts, C. concinna ssp. automixa and C. xantiana ssp. parviflora

2.3 | Effects of population-specific climate means
versus deviations from long-term means during the
year of seed collection

(Allen, Gottlieb, & Ford, 1991; Bowman, 1987; Gottlieb, 1984;
Moore & Lewis, 1965; Pettengill & Moeller, 2013; Runions &

ClimateNA v5.0 (Wang, Hamann, Spittlehouse, & Carroll, 2016) was

Geber, 2000). Clarkia unguiculata and C. exilis are predominantly

used to estimate the historical and current climate conditions ex-

outcrossing and selfing sister species, respectively, although there

perienced by each sampled population. ClimateNA is an application

is considerable variation among populations of the latter with

that extracts and downscales the monthly climate data for a large

respect to outcrossing rates (Hove, Mazer, & Ivey, 2016; Ivey,

number of climate variables estimated from 1901 to the present.

Dudley, Hove, Emms, & Mazer, 2016; Vasek, 1958, 1964, 1965,

Climate normals from 1961 to 1990 are based on a 4 × 4 km grid

1967, 1976; Vasek & Harding, 1976). The predominantly outcross-

throughout the United States and downscaled to generate scale-

ing species are highly protandrous and herkogamous (Dudley

free point locations for which climate parameters are estimated

et al., 2007). All of these taxa are diploid and occupy Mediterranean

across multiple or individual months, years or other time periods,
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(b)

F I G U R E 2 Locations of the 58 georeferenced populations included in this study, with long-term mean climatic conditions across the
region represented by grey-scale shading, and the colour of each point representing the magnitude and direction of the climate anomaly
for a given population in the year in which seeds were collected. (a) Grey-scale shading represents long-term mean annual fall-winterspring precipitation, and the colour of each point indicates the value of the anomaly for precipitation for a given population in the year in
which seeds were collected; (b) Grey-scale shading represents long-term mean monthly fall-winter-spring Tmax, and the colour of each point
indicates the value of the anomaly for Tmax for a given population in the year in which seeds were collected. Population-specific symbols
indicate whether the population is a member of a predominantly selfing taxon (symbols include black dots in their centre) or a predominantly
outcrossing taxon (symbols include no internal dot)

as specified by the user. ClimateNA also uses these scale-free data

historical means were subtracted from the mean value in the year

as a baseline used to downscale historical climate variables for indi-

of collection; positive values for the deviation (i.e. the anomaly) indi-

vidual months, years or other time periods between 1901 and 2016.

cate that conditions during the year of collection were represented

To detect the effects of historical climate conditions on seed size,

by higher CMD, Tmax or PPT than the historical means.

we used the climate norms for mean monthly maximum temperature
(Tmax), cumulative moisture deficit (CMD) and cumulative precipitation (PPT, which includes rain and snow [the latter when melted])

2.3.1 | Correlations among climate parameters

during fall, winter and spring. For each of these climate parameters,
we calculated mean conditions during two climate periods, one

To determine whether the five sets of climate parameters (climate

for 1921–1980 (1980, the point after which recent climate change

means for 1921–1980 and for 1981–2000; climate conditions dur-

has accelerated: National Oceanic & Atmospheric Administration,

ing the year-of-collection; and the deviations between the two)

2017) and another for 1981–2000 (representing climate conditions

varied independently among sites, Pearson correlation coeffi-

in the recent past, which incorporates more recent climate change),

cients were calculated between each pair of parameters (Table

in order to determine whether both sets of historical climate con-

A2 in Appendix 3). CMD, Tmax and cumulative PPT during the

ditions have similar effects on seed size. For each population, we

year of collection were strongly positively correlated with both

calculated the values for mean monthly Tmax, CMD, and cumulative

sets of historical climate means (Table A2 in Appendix 3; r > .75

PPT during the growing season (the prior fall, followed by winter

in all cases, p < .0001) for all pairs of variables (Figures A2–A4 in

and spring) of the year of seed collection. To test for differences be-

Appendix 1). Due to these strong correlations, any statistical ef-

tween the effects of relatively long-term climate conditions on seed

fects of climate conditions during the year of collection on seed

size of populations and the effects of conditions during the year of

size cannot be interpreted to be caused by these recent conditions

collection, we calculated the deviation, for each set of mean climate

alone. Consequently, to isolate the effects of recent climate condi-

conditions (1921–1980 and 1981–2000) between the historical mean

tions on seed size from the effects of historical climate means, we

conditions and the conditions during the growing season of the year

used the deviations between the climate means and the conditions

of collection for each population. For each climate parameter, the

during the year of seed collection.
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For CMD and Tmax, the deviations varied independently of the

versus recent conditions on seed size (see Table A3 in Appendix 4 for

long-term climate means (Figures A2 and A3 in Appendix 1; Table A2

the full list of 24 models). Each set of models included taxon pair and

in Appendix 3). For cumulative PPT, however, the deviations were

mating system as independent variables and most models included

moderately negatively correlated with both sets of climate means

elevation as an independent variable. Each set, however, included

(r = −.33 for the correlation between the 1921–1980 means and the

a different combination of climate variables. The first set included

deviations, p < .0017; r = −.49 for the correlation between the 1980–

one or more of the following variables estimated across all fall, win-

2000 means and the deviations). That is, among the populations

ter and spring months: 1921–1980 means for CMD, mean Tmax and

sampled here, locations that were historically relatively wet were

Log10(Cumulative PPT). The second set included one or more of the

unusually dry in the year of collection (Figure A4 in Appendix 1).

following: 1981–2000 fall-winter-spring means for CMD, Tmax and
Log10(Cumulative PPT). The third set included one or more of the

2.4 | Statistical analyses
2.4.1 | Variation in seed size among populations
versus within populations

following: the deviation between the 1921–1980 fall-winter-spring
means and the conditions from the fall prior to the year of collection through the spring of the year of collection for CMD, Tmax and
Cumulative PPT. The fourth set included one or more of the following: the deviation between the 1981–2000 fall-winter-spring means
and the annual mean conditions from the fall prior to the year of col-

To assess the magnitude of variation in mean seed mass among versus

lection through the spring of the year of collection for CMD, Tmax

within populations, we compared the estimates of variation among popu-

and Cumulative PPT. AIC values were examined to identify the opti-

lation means to the mean values (across populations) of their correspond-

mal model for each set of variables tested. The models constructed

ing estimates among individuals within populations. These parameters

to test the particular hypotheses of interest or with the lowest AIC

included the variance, the standard deviation, the CV, and the range of

values are presented in the main text; all models are summarized in

mean individual seed mass among versus within populations. We com-

Table A3 (Appendix 4). Type III sums of squares were used for signif-

pared these metrics calculated using the 58 population means to the

icance testing for all main effects; this approach reports the signifi-

mean values (among the 58 populations) of within-population metrics.

cance of each independent factor when placed last into the model.

We also conducted a series of GLMs to detect the proportion of variance
in mean seed mass among individuals explained by population alone, by
taxon alone, and by both taxon and population (nested within taxon).

2.4.2 | Seed size of selfing versus outcrossing taxa
within each pair of sister taxa

3 | R E S U LT S
3.1 | Variation in seed size among populations
versus within populations
All measures of variation among populations exceed the mean values

Using the population means for seed size, we conducted one-way

of these parameters among individuals within populations (Table A4a

analyses of variance within each pair of sister taxa to determine

in Appendix 5). In addition, a one-way ANOVA of mean individual seed

whether the raw values of seed size differ between selfing and out-

mass among all individuals (n = 1892) sampled to obtain population

crossing taxa. All analyses were conducted using JMP®, Version 13.

means shows that population explains over half (57%) of the total vari-

SAS Institute Inc., 1989–2019.

ance in mean individual seed mass (Table A4b in Appendix 5). Moreover,
a one-way ANOVA testing for the effect of taxon (species or subspe-

2.4.3 | Model testing and selection

cies) on mean individual seed mass indicates that differences among the
six taxa explain only 24% of the variance in mean individual seed mass
(Table A4c in Appendix 5). Finally, a two-way fixed effect ANOVA that

Among sampled populations of Clarkia taxa, we conducted standard

includes taxon and population (nested within taxon) as independent

least squares regressions (GLMs) to detect the independent effects of

variables shows that population explains a highly significant (p < .0001)

mating system (selfing vs. outcrossing), taxon pair (exilis/unguiculata,

proportion of the variance in mean individual seed mass within taxa

xantiana/parviflora and concinna/automixa), elevation, historical climate

(Table A4d in Appendix 5). This model also demonstrates that including

norms and population-specific deviations from climate norms on seed

population (nested within taxon) in the model more than doubles the

size. Least squared means were used to compare taxon pairs and mat-

adjusted model R2, from 24% (Table A4c) to 57% (Table A4d).

ing systems with respect to seed size. Two-way interactions between
the main effects were included when they were statistically significant;
otherwise, they were excluded from the analyses presented here.

3.2 | Seed size of selfing versus outcrossing taxa

Four sets of linear models were constructed and tested to identify
those that best explain the variation among populations in seed size

Within each pair of sister taxa, the raw value of mean seed size among

and to test specific hypotheses concerning the effects of historical

the populations of the predominantly selfing taxon is lower than that
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of its outcrossing counterpart, but this difference is only statistically

of best fit (Tables 1, 2), elevation had a significant negative effect

significant between the selfing C. xantiana ssp. parviflora and the

on seed size, controlling for all other variables (Figure 4a). In four

outcrossing C. xantiana ssp. xantiana (Figure 3; one-way ANOVA:

other models (Models 9, 10, 11 and 12), elevation also had a signif-

F1,12 = 42.65, p < .0001; adjusted R 2 = .76; n = 14 populations).

icant negative effect on seed size; in all other models, the effect of
elevation was non-significant regardless of the other independent

3.3 | Effects of taxon pair, elevation and long-term
climate means on seed size

variables included.
Populations at sites characterized by relatively warm fall-winterspring temperatures and by high precipitation produced seeds of
relatively low seed size. The 1981–2000 means for Tmax and for cu-

A total of 24 models were tested to estimate the independent ef-

mulative PPT in fall, winter and spring had significant negative effects

fects of mating system, taxon pair, elevation and either 1921–1980

on seed size independent of all other factors (Table 1a; Figure 4b,c).

or 1981–2000 climate means on seed size (Table A3 in Appendix 4);

The same patterns are observed for the 1921–1980 climate means

several of these models also included the climate conditions in the

(Table1b; Figure A6 in Appendix 1). All models that detected signif-

year of collection (relative to climate means), the effects of which

icant effects on seed size of either set of means for Tmax exhibited

are discussed below (Models 10, 12, 13, 14, 15, 16, 22 and 26). The

negative relationships between Tmax and seed size (Models 3, 4, 9, 10,

models presented in detail in Tables 1 and 2 have the highest R 2 and

11 and 12; Table A3 in Appendix 4). Similarly, all models that detected

the lowest AIC values of these models.
In 19 of the 24 models that included long-term climate means
as independent variables, there were significant differences
among the three taxon pairs, with C. concinna ssp. concinna and
ssp. automixa producing significantly larger seeds than either of
the other two taxon pairs. In all 24 models, outcrossing taxa produced significantly larger seeds than selfing taxa. In the models

Source

0.5

Mean individual seed mass (mg)

TA B L E 1 Summary of GLMs designed to detect the independent
effects of taxon pair, mating system, elevation, historical mean
monthly Tmax and cumulative precipitation for fall, winter and spring
on mean individual seed mass. Precipitation was log10-transformed
to improve normality. Interactions were non-significant and were
excluded from the model
df

Sum of
squares

F ratio

p value

(a) Effects of historical conditions using 1981–2000 climate norms

0.4

0.3

a

0.2

b
0.1

Taxon pair

2

0.0377

4.73

.0130

Mating system

1

0.0540

13.56

.0006

Elevation

1

0.0218

5.49

.0231

Mean Tmax FWS
(1981–2000)

1

0.0372

9.34

.0036

Mean PPT FWS
(1981–2000)

1

0.0556

13.97

.0005

Model

6

0.1962

8.22

<.0001

Error

51

0.2029

Corrected total

57

0.3991

2

0.0

Adjusted R = .43

O

S

O

S

O

S

Ccc

Cca

Cu

Ce

Cxx

Cxp

F I G U R E 3 Least square means (±SE) of population means for
mean individual seed mass, estimated from a GLM that included
(as independent variables) taxon pair, species (nested within taxon
pair), elevation, mean Tmax (1981–2001) and mean precipitation
during the growing season (fall, winter and spring, 1981–2000). Cca:
Clarkia concinna ssp. automixa; Ccc: Clarkia concinna ssp. concinna;
Ce: C. exilis; Cu: C. unguiculata; Cxp: C. xantiana ssp. xantiana; Cxx:
C. xantiana ssp. xantiana. Only within C. xantiana do the sister taxa
differ significantly with respect to population mean seed mass.
O = predominantly outcrossing; S = predominantly selfing. Within
taxon pairs (Cxx vs. Cxp), significant differences between sister
taxa in mean individual seed mass are indicated by distinct letters
(a vs. b; F1,12 = 42.65, p < .0001). Symbols below abbreviated taxon
names correspond to population locations in Figure 2

AIC = −144.475
(b) Effects of historical conditions using 1921–1980 climate norms
Taxon pair

2

0.0431

5.36

.0077

Mating system

1

0.0543

13.51

.0006

Elevation

1

0.0206

5.12

.0279

Mean Tmax FWS
(1921–1981)

1

0.0352

8.77

.0046

Mean PPT FWS
(1921–1981)

1

0.0544

13.55

.0006

Model

6

0.1942

8.06

<.0001

Error

51

0.2049

Corrected total

57

0.3991

2

Adjusted R = .43
AIC = −143.921
p-values < .05 appear in boldface.
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Estimate

SE

t-ratio

Prob > t

3.68

0.0006

(a) Parameter estimates based on model shown in Table 1a
Mating system (outcrossing)

0.0415

0.0113
–5

Elevation

−0.0002

6.75 × 10

−2.34

0.0231

Mean Tmax FWS (1981–2000)

−0.0385

0.0126

−3.06

0.0036

Mean PPT FWS (1981–2000)

−0.1153

0.0309

−3.74

0.0005

Mean individual seed mass least squares means (LSM) and raw means
Taxon pair

SE

Raw mean (mg)

0.3669

a

0.0360

0.3837

C. exilis/unguiculata

0.2553

b

0.0115

0.2723

C. xantiana ssp. parviflora/xantiana

0.2096b

0.0253

0.2332

0.3187a

0.0140

0.2889

b

0.0185

0.2362

C. concinna ssp. concinna/automixa

LSM (mg)

TA B L E 2 Parameter estimates: Means
and regression coefficients for the models
that tested for the independent effects of
mating system, elevation and long-term
climate conditions on mean individual
seed mass (see Tables 1a and 1b).
Precipitation was log10-transformed to
improve normality. Interactions were
non-significant and were excluded from
the model

Mating system
Outcrossing
Selfing
Independent variable

0.2358

Estimate

SE

Prob > t

t-ratio

(b) Parameter estimates based on model shown in Table 1b
Mating system (outcrossing)
Elevation

0.0416
−0.0002

0.0113
6.75 × 10–5

3.68

0.0006

−2.26

0.0279

Mean Tmax FWS (1981–2000)

−0.0375

0.0127

−2.96

0.0046

Mean PPT FWS (1981–2000)

−0.2636

0.0716

−3.68

0.0006

Mean individual seed mass least squares means (LSM) and raw means
Taxon pair

SE

Raw mean (mg)

C. concinna ssp. concinna/automixa

a

0.3717

0.0354

0.3837

C. exilis/unguiculata

0.2557b

0.0115

0.2723

b

0.2061

0.0252

0.2332

Outcrossing

0.3194a

0.0140

0.2889

Selfing

0.2363b

0.0186

0.2362

C. xantiana ssp. parviflora/xantiana

LSM (mg)

Mating system

For main effects, p-values < .05 appear in boldface. Least square means (LSM) of individual seed
mass that differ significantly between taxon pairs (p = .0130) or between mating systems (p = .0231)
are indicated by distinct superscripts (a vs. b).

significant effects of either set of long-term climate means for PPT

even though CMD and cumulative PPT are strongly negatively cor-

exhibited negative relationships between PPT and seed size (Models

related among sites (r < −.92; Table A2 in Appendix 3).

3–6, 10, 12–16, 22 and 26: Table A3 in Appendix 4; Figure 4c; Figure
A6 in Appendix 1).
The effect of CMD on seed size depended on which other vari-

3.4 | Effect on seed size of climate anomalies

ables were included in the model. When CMD was included instead
of Tmax (Models 5 and 6; Table A3 in Appendix 4), CMD had a signif-

A total of 24 GLMs were run to estimate the independent effects on

icant negative effect on seed size (as expected, given that CMD and

seed size of mating system, taxon pair, elevation and climate anom-

Tmax are strongly positively correlated; r > .77; Table A2 in Appendix

alies (the deviation between climate conditions in the year of seed

3). In these models, however, elevation did not have a significant

collection and either the 1921–1980 or 1981–2000 climate means;

effect on seed size. When CMD, Tmax and PPT were all included

Table A3 in Appendix 4). In 21 of the 24 models that included climate

(Models 7 and 8; Table A3 in Appendix 4), neither CMD nor Tmax had

means as independent variables, the three taxon pairs differed signif-

a significant effect on seed size (an expected consequence of the

icantly in mean seed size. In all 24 models, outcrossing taxa produced

positive correlation between them). The negative effect of cumula-

larger seeds than selfing taxa. Among the models that included the

tive PPT on seed size was detected in most of the models that also in-

anomalies (but not the long-term climate means) as independent vari-

cluded CMD (Models 5, 6, 13, 16, 22 and 26; Table A3 in Appendix 4),

ables, a significant effect of elevation was never detected.
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(a)

0.6

b = –0.0002
p < .02

0.5

Mean individual seed
mass (mg)

Mean individual seed
mass (mg)

0.6

0.4
0.3
0.2
0.1

0 200

600

1,000

(b)

0.4
0.3
b = –0.04
p < .004

0.2

14 15 16 17 18 19 20 21 22 23

Elevation (m)
Mean individual seed
mass (mg)

0.6

9

0.5

0.1

1,400 1,800

|

Tmax FWS 1981–2000

(c)
b = –0.26
p < .0005

0.5
0.4
0.3
0.2
0.1

5.5

6.0

6.5

7.0

7.5

Log10 (PPT FWS 1981–2000)
FIGURE 4 Bivariate plots derived from the GLM designed to detect the effects on population mean seed mass of taxon pair, mating
system, elevation, and mean Tmax and cumulative precipitation (PPT) for fall, winter and spring (FWS) from 1981 to 2000. (a) Mean individual
seed mass vs. elevation, among sampled populations; (b) Mean individual seed mass vs. long-term mean Tmax (°C), among sampled
populations; (c) Mean individual seed mass vs. the Log10 (Long-term cumulative annual precipitation), among sampled populations. Each
panel illustrates the relationship between the y- and x-variables independent of the other variables in the model. The slope of each line
represents the regression coefficient estimated for the independent variable by the GLM (see Table 2 for all parameter estimates). The pink
shading represents the 95% confidence interval of the slope
The model presented in detail in Table 3 (Model 18 in Appendix

long-term mean monthly Tmax, precipitation during the growing sea-

4) is the only one to detect a significant effect of any of the climate

son and CMD are each associated with variation in seed size among

anomalies on seed size. Sites that experienced higher-than-aver-

Clarkia taxa and populations. The direction of the effect of precipita-

age PPT during the growing season of the year of seed collec-

tion on population mean seed size, however, differed between the

tion produced larger seeds than populations at sites that were

response to long-term precipitation and the response to the precipi-

drier than average (based on 1981–2000 climate means) during

tation anomaly in the year of seed collection. Increases in long-term

the year of seed collection (Figure 5). This positive effect of the

precipitation are associated with reductions in population mean

precipitation anomaly on seed size contrasts with the negative

seed size (Figure 4c), while increases in the precipitation anomaly in

effect on seed size of mean PPT from 1981 to 2000 or from 1961

the year of seed collection are associated with increases in popula-

to 1980 (Figure 4c and Figure A6 in Appendix 1 respectively).

tion mean seed size (Figure 5).

For a given climate parameter (CMD, Tmax and PPT), when both

The effects of the deviation between long-term and contemporary

long-term climate means and the anomalies during the year of collec-

climate conditions on reproductive traits have been evaluated in sev-

tion were included in a given model, only the long-term mean climate

eral previous studies designed to detect evidence of adaptation and/

conditions had significant effects on seed size (Models 10, 12, 13,

or of environmental effects on plant phenotype (Bontrager & Angert,

14, 15, 16, 22 and 26; Table A3 in Appendix 4). That is, independent

2016; Diskin et al., 2012; Munson & Sher, 2015). Similarly, two stud-

of variation in the climate anomalies, the long-term mean conditions

ies have compared the effects of long-term versus contemporary cli-

had significant effects on seed size; by contrast, independent of vari-

mate conditions on seed size to distinguish between adaptation and

ation in the long-term climate means, the anomalies did not explain

maternal environmental effects (Ramírez-Valiente et al., 2009; Soper

significant variation in seed size.

Gorden et al., 2016), although these studies did not take into account
the correlation between historical versus current climate conditions.

4 | D I S CU S S I O N
By simultaneously examining the effects of both intrinsic (mating

4.1 | Effects of mating system on seed size: Seed
size of selfing versus outcrossing taxa

system) and extrinsic (long-term climate, climate anomalies and
elevation) factors on seed size (estimated as a population's mean

Previous reports that self-fertilizing taxa produce smaller seeds

individual seed mass), we found that mating system, elevation and

than their outcrossing counterparts (De Jong et al., 2005; Knies
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df

Sum of
squares

F ratio
8.02

.0009

p value

Taxon pair

2

0.0751

Mating system

1

0.0569

12.13

.0010

Elevation

1

1.6 × 10–5

3.5 × 10–3

.9530

Deviation between precipitation
in the year-of-collection and
1981–2000

1

0.0193

4.12

.0474

Model

5

0.1554

6.64

<.0001

Error

52

0.2436

Corrected total

57

0.3991

Estimate

SE

t-ratio

Prob > t

TA B L E 3 Summary of GLM to detect
the independent effects on mean
individual seed mass of taxon pair, mating
system, elevation and the deviation
between cumulative precipitation during
the growing season (fall, winter and
spring) of the year of collection and mean
cumulative precipitation from 1980 to
2000. Interactions were non-significant
and were excluded from the model

2

Adjusted R = .33
AIC = −136.57
Independent variable
Mating system (outcrossing)

0.0411

0.0118

3.48

.0010

Elevation

2.40 × 10–6

4.05 × 10–5

0.06

.9530

–5

2.03

.0474

Deviation (precipitation)

0.0001

6.82 × 10

Mean individual seed mass least squares means (LSM) and raw means
Taxon pair

LSM (mg)

SE

Raw mean (mg)

C. concinna ssp.
concinna/automixa

0.3549

a

0.0317

0.3837

C. exilis/unguiculata

0.2616b

0.0124

0.2723

C. xantiana ssp.
parviflora/xantiana

b

0.0230

0.2332

Outcrossing

0.3127a

0.0130

0.2889

Selfing

0.2305b

0.0223

0.2362

0.1982

Mating system

For main effects, p-values < .05 appear in boldface. Least square means (LSM) of individual seed
mass that differ significantly between taxon pairs (p = .0009) or between mating systems (p = .0010)
are indicated by distinct superscripts (a vs. b).

et al., 2004; Mitchell-Olds, 2001; Sharma, Koul, & Kaul, 1999) may

taxon pair, elevation and either the 1921–1980 or the 1981–2000

be interpreted to indicate that relatively small seeds are a feature

climate means on seed size. In Clarkia, the production of relatively

of the ‘selfing syndrome’ (Duncan & Rausher, 2013; Ornduff, 1969;

small seeds appears to be a component of the selfing syndrome.

Sicard & Lenhard, 2011). However, these reports of divergence in
seed size with mating system did not account for potentially confounding extrinsic factors (such as climate) that could independently
influence the evolution of seed size. Here, we have documented for

4.2 | Alternative explanations for the coevolution of seed size and mating system

the first time a consistent difference between predominantly selfing versus outcrossing taxa independent of multiple, population-

The association between the evolution of self-fertilization and a re-

specific environmental factors.

duction in seed size is consistent with the hypothesis that both traits

Within each pair of Clarkia sister taxa examined here, the mean

promote successful colonization and may therefore be expected to

seed size of the populations of the predominantly selfing taxon is

evolve together. However, chronic self-fertilization may promote

smaller than that of its outcrossing counterpart, although this dif-

an evolutionary reduction in seed size through two additional, non-

ference is statistically significant only between the selfing C. xan-

mutually exclusive, mechanisms as well.

tiana ssp. parviflora and the outcrossing C. xantiana ssp. xantiana

First, mating system influences the intensity of genetic conflict

(Figure 3). The generality of the relationship, however, is supported

among co-developing seeds (Haig & Westoby, 1991). In outcrossing

by the observation that outcrossing taxa produced larger seeds

populations, maternal and paternal genotypes conflict with respect

than their selfing counterparts in all 24 of the models examined

to the optimum allocation of resources distributed among develop-

here that estimated the independent effects of mating system,

ing offspring (Raunsgard et al., 2018; Willi, 2013). Where seed size
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Mean individual seed
mass (mg)

0.6
0.5
0.4
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limiting (Stock, Pate, & Delfs, 1990; Tungate, Burton, Susko, Sermons,
& Rufty, 2006) and when seedling density is high (Susko & Cavers,
b = –0.0001

2008). Despite these advantages to large seeds, geographical varia-

p < .05

tion in seed size remains common within and among wild species. This
persistent variation may be the result of conflicting selective pressures,

0.3

as large seeds may not be beneficial in all conditions.

0.2

features of local climate (cumulative PPT, Tmax and CMD) on pop-

In this study, we evaluated the independent effects of several
ulation mean seed size. We examined variation in both long-term

0.1

–800

–600

–400

–200

0

Precipitation anomaly (mm)
(PPT in year of collection –
1981–2000 mean PPT)
F I G U R E 5 Relationship between mean individual seed mass
and the anomalies for precipitation (i.e. the deviation between
cumulative precipitation during the growing season of the year
of seed collection and the long-term mean from 1981 to 2000).
This bivariate plot is derived from the GLM summarized in Table
3, illustrating the relationship between the y- and x-variables
independent of the other variables in the model (taxon pair, mating
system, elevation and the fall-winter-spring Tmax anomalies (relative
to the mean for 1981–2000). The slope of the line represents the
regression coefficient for the precipitation anomaly estimated by
the model (see Table 3 for parameter estimates)

climate conditions and climate anomalies among sampled sites to
determine whether differences in seed size among populations in
Clarkia are better explained by the process of evolutionary adaptation to long-term conditions or by phenotypic plasticity. Climate
anomalies have been used in several recent studies to determine
whether the timing of flowering or other phenological events are
affected by unusual conditions in the year of observation (Diskin
et al., 2012; Munson & Sher, 2015). This approach has also been
used to examine and to compare the effects of long-term climate
means, of contemporary climate conditions and/or of climate anomalies on floral traits, reproductive output and seed size (Bontrager
& Angert, 2016; Ramírez-Valiente et al., 2009; Soper Gorden et al.,
2016). For example, in a study of herbarium specimens of Clarkia
pulchella, Bontrager and Angert (2016) examined the effects of
30-year climate means, site-and-year-specific climate conditions

positively affects seedling survival, for example, a paternal parent

and site-and-year-specific anomalies on petal length, herkogamy

(i.e. a pollen donor) that sires seeds that acquire a disproportionate

and reproductive output. Plants collected at sites with higher-than

share of maternal resources will be favoured by selection among

average precipitation had higher reproductive output than those

donors, even if this allocation reduces the fecundity of the mater-

collected at drier-than-average sites. Bontrager and Angert (2016)

nal plant. By contrast, in self-fertilizing populations, maternal and

concluded that reproductive output is highly plastic and responds

paternal contributions to seeds are equal, so the optimum seed

positively to recent water availability in this annual herb. Bontrager

size does not differ between them. During an evolutionary shift

and Angert (2016) also detected negative effects on herkogamy

from outcrossing to selfing, as the selfing rate increases, so does

of 30-year spring and summer temperatures (warmer climates are

the relatedness among developing seeds within a maternal plant,

associated with a higher potential for self-fertilization), but no ef-

reducing parental conflict and weakening selection favouring pa-

fect of spring or summer temperature anomalies on this floral trait.

ternally inherited genes that produce larger seeds. This relaxation

Accordingly, the authors interpreted these results to mean that the

of selection should result in an evolutionary reduction in seed size

degree of herkogamy represents an adaptation to long-term climate

(De Jong et al., 2005), particularly where the production of smaller

conditions but does not show evidence of phenotypic plasticity.

seeds results in higher fecundity. Second, as selfing rates increase,

Among all of the models tested here, the strength of the effects

the occurrence of genomic imprinting is also reduced, which also

of long-term climate conditions on seed size consistently exceeded

leads to decreased investment per offspring (De Jong et al., 2005;

the effects of short-term climate anomalies (Table A3 in Appendix

Raunsgard et al., 2018).

4). Long-term climatic conditions are a reliable predictor of seed size
in Clarkia, consistent with the interpretation that the seed size of the

4.3 | Effects of extrinsic factors on seed size:
evolutionary adaptation versus phenotypic plasticity

sampled populations evolved as an adaptation to long-term climate
regimes. Clarkia populations that experienced relatively high Tmax and
PPT in fall, winter and spring from 1981 to 2000 (Table 1a; Figure 4b,c)
and from 1921 to 1980 (Table 1b; Figure A6 in Appendix 1) produce

Interpreting geographical variation in seed size and climate to infer the

significantly smaller seeds than cool and dry sites, independent of the

processes that generate such variation begins with an understand-

other factors tested in our models.

ing of the environmental conditions that may favour relatively large

Geographical variation in seed size in association with precipita-

(or small) seeds. Seed size can affect many fitness-related character-

tion and temperature has been found in many species, but the direc-

istics of seeds and seedlings (Foster, 1986; Moles & Westoby, 2004;

tion of the relationship differs among taxa. Precipitation has been

Vaughton & Ramsey, 1998), and, within species, large seeds often

shown to have both positive (Gallagher & Leishman, 2012) and neg-

improve these attributes, particularly when water or nutrients are

ative (Tautenhahn et al., 2008) effects on seed size within species.
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Soper-Gorden et al. (2016) examined the relationships between seed

on seed size independent of both long-term and contemporary pre-

size and both long-term (30-year normals) and current temperature

cipitation and temperature. Seed size has been predicted either to

and precipitation within and between several herbaceous and grass

increase among populations at higher elevations due to the advan-

species distributed across the central and eastern United States.

tage of large seeds during seedling establishment in stressful envi-

Both long-term temperature and current temperature had a positive

ronments (the ‘stress tolerance’ hypothesis) or to decline at higher

effect on seed mass across all species, but the relationships between

elevations due a reduction in photosynthetic rates and maternal pro-

seed mass and precipitation differed among taxa. However, Soper-

visioning caused by low temperatures and a shorter growing season

Gorden et al. (2016) analysed the independent effects on seed size

(the ‘energy constraints’ hypothesis; Qi et al., 2014). Some studies

due to conditions in May-July rather than in fall, winter spring (as

have detected an increase in seed size with elevation (Boulli, Baaziz,

examined here). Temperature and precipitation may influence seed

& M'Hirit, 2001; Pleuss et al., 2005) while others have detected a

mass differently during different stages of plant growth and devel-

negative relationship between seed size and elevation (Baker, 1972;

opment, and these effects may be highly taxon-specific.

Bu et al., 2007; Guo et al., 2010a).

In the current study, in the case of PPT during the growing season,

In the current study, seed size declines with increasing elevation

seed size is negatively correlated with long-term mean precipitation

(Figure 4a), which supports the ‘energy constraints’ hypothesis (Qi

during both 20-year periods (1961–1980 and 1981–2000; Figures A4

et al., 2014). In addition, among the sites sampled in this study, the

and A6 in Appendix 1; Table A3, Models 3 and 4, in Appendix 4), but

partial pressure of oxygen ranges from 20.8 kPa (at 137 m elev.) to

positively correlated with precipitation anomalies in the growing sea-

17.4 kPa (at 1,618 m elev.). Experimental studies of several species

son of the year of collection (Figure 5; Table A3, Model 18, Appendix

have found that embryo growth and seed production decline, while

4). This contrast supports two interpretations. First, populations

seed abortion rates increase, with declining partial pressure of oxygen

adapted to chronically mesic conditions evolve to produce smaller

(Akita & Tanaka, 1973; Borisjuk & Rolletschek, 2009; Kuang, Crispi,

seeds than those adapted to more xeric conditions. One hypoth-

& Musgrave, 1998). Consequently, the production of smaller seeds,

esis for the negative relationship between seed size and long-term

which have higher surface:volume ratios than large ones and may

precipitation means observed in Clarkia is that in historically mesic

therefore allow more rapid oxygen diffusion during development,

locations, seeds may not require as much maternal provisioning (rela-

may represent an adaptation to low atmospheric pressure. An alter-

tive to xeric sites) to produce seedlings whose roots can grow quickly

native hypothesis is that higher elevations are associated with higher

enough to reach sufficient soil moisture to support them throughout

incident sunlight and lower vegetation cover, both of which would

their juvenile and adult stages. Under these conditions, genotypes

reduce competition for light and soil resources, thereby favouring

with relatively small seeds (but higher fertility due to a size-number

small-seeded genotypes (which may have higher fecundity than large-

trade-off) should exhibit a selective advantage relative to those of

seeded ones).

relatively high seed size (but lower fertility). By contrast, where the
environment during and after germination has been historically xeric,
selection favouring high seed size is expected to be relatively strong

4.5 | Independent effects of taxon pair on seed size

due to the competitive advantage it confers to seedlings (Cochrane et
al., 2016; Stock et al., 1990).

Taxonomic membership often predicts seed size (Qi et al., 2014),

Second, populations that experience wetter-than-average con-

and among the Clarkia sister pairs studied here, taxon pair explained

ditions in the year of seed production produce larger seeds than

a significant proportion of variation in seed size in all but two of the

those experiencing drier-than-average conditions. The production

24 linear models used to examine the relationship between mating

of relatively large seeds in wetter-than-average years may be the re-

system, climate, elevation and seed mass (Table A3 in Appendix 4).

sult of a plastic response to greater soil moisture, resulting in faster

While these results are consistent with a phylogenetic component

growth, the achievement of greater plant size and the production of

to seed size in Clarkia, a multi-generation common garden study

larger ovaries and seeds (Figure 1). In sum, both local adaptation and

that eliminates environmentally induced maternal effects on seed

short-term responses to precipitation may contribute to variation

size would be required to establish unambiguously whether the

among populations in seed size.

population differentiation in seed size observed here represents
genetic differentiation rather than phenotypic plasticity (Etterson

4.4 | Effects of elevation on seed size
Elevation gradients are commonly used to examine variation and ad-

& Shaw, 2001).

5 | CO N C LU S I O N S

aptation in wild plant species (Baker, 1972; Blionis & Vokou, 2002;
Guo et al., 2010a, 2010b, 2011), as elevation may serve as a proxy for

Drought conditions and arid environments are commonly considered

climate variables such as annual precipitation, temperature, length

to favour large-seeded genotypes and taxa (Baker, 1972; Mazer, 1990;

of the frost-free period and growing season length. To our knowl-

Salisbury, 1975; Wulff, 1986), and this hypothesis is supported by the

edge, this study is the first to identify significant effects of elevation

geographical patterns observed in Clarkia. Climate change predictions
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for North America include an overall increase in temperature and less
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