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Summary

• Colonizing weed populations face novel selective environments, which may

drive rapid shifts in life history. These shifts may be amplified when colonists are

hybrids of species with divergent life histories. Selection on such phenotypically

diverse hybrids may create highly fecund weeds. We measured the phenotypic

variation, strength of natural selection and evolutionary response of hybrid and

nonhybrid weeds.

• We created F1 hybrids of wild radish, an early flowering, small-stemmed weed,

and its late-flowering, large-stemmed, crop relative (Raphanus spp.). Replicate

wild and hybrid populations were established in an agricultural landscape in Michi-

gan, USA. The consequences of three generations of natural selection were mea-

sured in a common garden experiment.

• Hybrid populations experienced strong selection for larger, earlier flowering

plants whereas selection was relatively weak on wild populations. Large plant size

evolved two to three times faster in the hybrid populations than in wild popula-

tions, yet hybrid populations did not evolve earlier flowering. Strong selection on

size and phenotypic correlations between age at reproduction and size may have

limited the response of flowering phenology.

• Our findings demonstrate hybridization between species with divergent life his-

tories may catalyse the rapid evolution of certain adaptive, weedy traits while

tradeoffs limit the evolution of others.

Introduction

As we begin to grasp the full impact of weed invasions, an
understanding of the correlates of plant invasiveness has
become more valuable. Many workers have analysed floras
to understand the phenotypic and life-history traits associ-
ated with weediness or invasiveness (Baker, 1965; Daehler,
1998; Sutherland, 2004). A recurring conclusion is that
many traits may play fundamental roles in the invasion suc-
cess of a given species but it is difficult to find trait states
that are universally ‘invasive’. Moreover, evolutionary pro-
cesses such as hybridization and rapid evolution may be
involved in the success of colonizing weeds (Ellstrand &
Schierenbeck, 2000). Hybridization may: (1) increase
genetic variation, which in turn can promote adaptive evo-
lution (Anderson & Stebbins, 1954; Stebbins, 1959; Rat-
tenbury, 1962); (2) increase a species’ competitiveness or
colonization abilities through heterosis (hybrid vigour); (3)

generate novel phenotypes that match the new environment
more closely than ancestral genotypes; and ⁄ or (4) purge
accumulated genetic load, thereby increasing fitness and
ultimately invasiveness. Here, we address the first hypothe-
sis by comparing the amount of phenotypic variation, the
intensity of natural selection, and the response to selection
of hybrid vs nonhybrid populations of a common, agricul-
tural weed, Raphanus raphanistrum.

Crop-to-wild gene flow may serve as a model system to
evaluate the hybridization between two species and the
potential for hybridization to lead to rapid evolution of life
history and other fitness-related traits. Cultivated plants are
often sexually compatible with their wild relatives and yet
exhibit dramatically different life histories. Age at maturity
is routinely altered through crop breeding programs
depending on the desired agronomic product. If a plant is
cultivated to produce seeds, such as annual maize (Zea
mays), age at maturity is often selected to become earlier
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than wild relatives (e.g. one maize progenitor is the peren-
nial Zea diploperennis; Wang et al., 1999). Alternatively, if a
plant is grown for vegetative portions, such as biennial sugar
beet (Beta vulgaris ssp. vulgaris), age at maturity is usually
selected to be delayed relative to wild species (the sea beet,
Beta vulgaris ssp. maritima, is an annual plant; Viard et al.,
2002). Although their life histories may differ, many pairs
of crop–wild taxa have overlapping flowering phenologies,
hybridize easily, and produce relatively fecund offspring
(Ellstrand, 2003). Therefore, crop–wild complexes may be
useful for furthering our theoretical and empirical under-
standing of plant life-history evolution.

In addition to altering the life history of hybrid offspring,
crop–wild hybridization may also create weedy derivatives,
including hybrid offspring with greater fecundity relative to
crop or wild progenitors (Ellstrand et al., 1999; Coulibaly
et al., 2002; Viard et al., 2002). Several studies have dem-
onstrated long-term introgression of crop alleles into weed
populations, such as sunflower (Whitton et al., 1997),
canola (Hansen et al., 2001) and radish (Snow et al.,
2001), suggesting that crop–wild hybridization may persis-
tently alter the evolutionary trajectory of weed populations.
Isolated, invading hybrid populations may also experience
strong selection over short time-scales (Sakai et al., 2001;
Allendorf & Lundquist, 2003). The interaction of hybrid-
ization and selection may significantly alter the population
dynamics of these introduced taxa, altering patterns of inva-
sion and establishment.

Evolution in contemporary time (i.e. from years to dec-
ades) likely plays an important role in the establishment
and success of many introduced species. Furthermore,
contemporary evolution might influence how rapidly
introduced species spread from their point of origin
(Garcı́a-Ramos & Rodrı́guez, 2002). In the initial stages of
colonization, invading species often persist at low densities,
with later population ‘explosions’ to become invasive at
some future time (Schmitz et al., 1997). This pattern might
reflect an initial period of adaptation (perhaps slowed owing
to small population size) of the population to local condi-
tions before a rapid demographic expansion, or low popula-
tion growth until suitable environmental conditions arise.
Several documented cases of adaptation after colonization
suggest that evolution can play a fundamental role in gov-
erning the colonization and expansion of invasive species
(Maron et al., 2004; Zangerl & Berenbaum, 2005; Laver-
gne & Molofsky, 2007). Crop–wild hybrid populations are
expected to initially possess genetic variation that is either
similar to or more diverse than the non-hybridized parental
taxa. Subsequently, natural selection could make hybridized
populations more similar to their parental taxa or different
from them, depending on whether their genetic variation
creates phenotypes that are beneficial or deleterious to
fitness. If the introduced genetic variation is advantageous,
we expect hybridization to lead to long-term introgression.

However, whether or not phenotypes of hybridized weeds
tend to converge on those of their non-hybrid weedy ances-
tors, and at what rate, is understudied (but see Hegde et al.,
2006; Whitney et al., 2006).

Research objectives

To examine the effect of hybridization on life-history evolu-
tion in a common weed, we described the amount of phe-
notypic variation created after crop–wild hybridization, the
evolutionary influence of trait correlations before and after
hybridization, the intensity of natural selection imposed on
six phenotypic traits and the evolutionary response of these
life-history traits to natural selection. Our previous research
compared the lifetime fecundity of wild and hybrid plants
after several generations of natural selection in experimental
populations (Campbell et al., 2006; Campbell & Snow,
2007). We also documented the potential for rapid evolu-
tionary responses in these populations to strong, artificial
selection for two traits of interest, namely, early flowering
and large size (Campbell et al., 2009). Here we build on
this work to determine the strength and direction of natural
selection on these same traits, as well as the evolutionary
response of wild and hybrid populations to three genera-
tions of natural selection. By using this complementary
approach, we take a novel, comprehensive look at life-his-
tory evolution in an annual weed.

Materials and Methods

Study organism

As a model system, we used the crop–wild complex of culti-
vated radish (Raphanus sativus), an open-pollinated vegeta-
ble selected for large, colourful roots and high levels of seed
production (Snow & Campbell, 2005), and its weedy rela-
tive, wild radish (Raphanus raphanistrum, also known as
jointed charlock), a cosmopolitan, agricultural weed that
also colonizes disturbed sites and coastal beaches (Warwick
& Francis, 2005). These two radish species have emerged as
model systems in plant evolutionary ecology and in the
assessment of ecological consequences of crop-to-wild gene
flow (Mazer, 1987; Stanton, 1987; Conner & Via, 1993;
Klinger & Ellstrand, 1994). Although R. raphanistrum and
R. sativus share many phenotypic characters, they exhibit
divergent life histories in at least two key traits. First, many
R. sativus cultivars develop swollen hypocotyls and roots
and large rosettes whereas R. raphanistrum plants form nar-
row, branching taproots and reproduce at smaller rosette
sizes. Second, although both species are annuals in temper-
ate climates, R. raphanistrum flowers earlier than cultivated
radish (Panetsos & Baker, 1967). In Michigan, USA,
R. raphanistrum ‘bolt’ a few weeks after germination, when
the primary flowering shoot emerges from the rosette.
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Selective breeding has led to relatively delayed bolting and
flowering in R. sativus (Curtis, 2003).

Originally native to Europe, both species were introduced
into California, USA by the nineteenth century (Panetsos
& Baker, 1967). Since then, descendants of the original
populations of crop–wild radish hybrids, known as wild or
feral R. sativus, appear to have displaced the original popu-
lations of R. raphanistrum in California, to become a
regionally important weed (Ball et al., 2000; Hegde et al.,
2006; Ridley et al., 2008). The speed with which hybrids
evolve likely depends upon the evolutionary divergence of
parental taxa, especially when considering hybridization
among crops and their wild relatives. Radish is an ancient
crop that appears to have multiple origins from several wild
species, including R. raphanistrum (Ellstrand & Marshall,
1985; Crisp, 1995; Yamagishi & Terachi, 2003). Further,
cultivated radish appears to have retained nearly as much
genetic variation as R. raphanistrum, as measured by allo-
zyme proteins (Ellstrand & Marshall, 1985). Given these
facts, we expect crop radish to contribute unique traits to
the phenotypic evolution of weedy relatives via hybridiza-
tion.

Experimental populations

Detailed descriptions of the wild and hybrid populations
are available in Campbell et al. (2006, 2009). Briefly, natu-
ral selection populations and control populations were gen-
erated by hand-pollinating 100 wild R. raphanistrum plants
with either wild pollen to create F1 wild biotype popula-
tions, or pollen from 100 R. sativus var. ‘Red Silk’ plants
(Harris-Moran Seed Co., Modesto, CA, USA) to create F1

hybrid biotype populations. Based on hybridization in this
first generation, we refer to radish biotypes as wild or
hybrid. Physical separation and unpollinated control flow-
ers were used to ensure that crosses between these self-
incompatible plants were uncontaminated. A representative
sample of F1 wild and hybrid plants was reserved for the
common garden described later to estimate the phenotype
of F1 plants before experiencing natural selection or random
mating, while also exhibiting maximal heterosis owing to
hybridization. Selection in the natural selection experiment
was imposed on F1 plants for three generations whereas we

randomly mated glasshouse-grown, control plants for three
generations (F2–F5).

The natural selection populations, which were main-
tained in the field, were established as four F1 wild popula-
tions (W1, W2, W3 and W4) and four F1 hybrid
populations (H1, H2, H3 and H4) in pastures or agricultural
fields in Emmett and Cheboygan counties, MI, USA in
2002 (Fig. 1). Wild and hybrid populations were paired
initially based on the type of agricultural setting surround-
ing the population (pasture or field). To restrict unintended
gene flow, these eight populations were isolated from each
other and local wild radish populations by at least 1 km.
Each population was started by planting 50–60 seedlings (a
minimum of 42 F1 plants survived to reproduce) in a
recently tilled 15 · 15 m fertilized plot (Slow-release Os-
mocote 19-6-12, 22.7 kg per site; Scotts Miracle-Gro Co.,
Marysville, OH, USA). To maximize the genetic diversity
within each plot, no more than two seeds per maternal plant
were planted per plot. Each spring, the plots were tilled to
incorporate the previous year’s fruits into the topsoil, fertil-
ized and hand-weeded to promote population persistence.
Otherwise, the natural selection populations were exposed
to naturally occurring pollinators, herbivores, weather, and
competition.

Glasshouse-grown ‘control’ populations that were not
exposed to natural selection were initiated in the F2 genera-
tion after 100 individuals from each F1 biotype were cross-
pollinated (Campbell et al., 2009; Fig. 2). In the case of
Raphanus, early-generation hybrids (F1) are not an entirely
appropriate comparison because advanced-generation
hybrids tend to exhibit breakdown by recombination of the
linkage disequilibrium created by hybridization. During
three generations of random mating (F5), populations were
initiated with 130–200 individuals and were propagated
with a subset (10%) of randomly chosen individuals from
each replicate each generation. To account for drift as a pos-
sible evolutionary mechanism, we created three indepen-
dent populations for each biotype (wild or hybrid) for a
total of six control populations. Variation among control
populations was expected to represent the variation in evo-
lutionary trajectory of randomly mated populations that
have not experienced selection. We assumed that if
these control populations became adapted to glasshouse

Fig. 1 Schematic diagram of the natural selection experiment. As in Campbell et al. (2006), eight isolated field populations of wild biotypes
(W1–W4) or hybrid biotypes (H1–H4) were maintained for 4 yr; small squares represent populations of the two biotypes. In 2005, the common
garden in Michigan, USA, was composed of G4 plants from each population and plants representing G1 founders of the eight populations.
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conditions, this had only minor effects on the phenotypic
traits of interest. Thus, we used the control populations to
determine the expected variation in traits without selection
in advanced-generation hybrid and nonhybrid populations.

Common garden

We measured phenotypic traits of individuals from the wild
and hybrid natural selection populations, the control popu-
lations and F1 ancestors of all the populations in one com-
mon garden (Table 1). In the selection gradient analysis
described below, we also used previously published data on
the lifetime fecundity of the wild and hybrid natural selec-
tion populations collected from the same common garden
(Campbell et al., 2006). Here we report the lifetime fecun-
dity of the control populations (not published previously).
As in Campbell et al. (2006, 2009), the common garden

was located at the University of Michigan Biological Station
(UMBS) in Pellston, MI, USA. The proximity of the natu-
ral selection populations to the common garden helped to
ensure that the phenotypic variation observed was typical.

In 2004, we collected seeds from the wild and hybrid nat-
ural selection populations (Campbell et al., 2006). Because
radish seeds may remain dormant for several years, we can-
not assume each population was composed of only one gen-
eration (e.g. all F4). In a previous publication, we referred
to each year’s population as G1, G2, G3 and G4, recognizing
that the G4 (= F4) may represent a mixture of earlier and
later generations (Campbell et al., 2006). All G4 seeds for
the common garden were collected directly from G3 plants.
To simplify our description of the experiment below we
refer to G4 plants using the traditional F4 notation with the
above caveat in mind. Also, in 2004, we collected F5 seeds
from F4 glasshouse-grown, control population plants (see
Campbell et al., 2009).

The garden included F1 wild and hybrid ancestors of
the natural selection and control populations, F4 wild
and hybrid natural selection populations and the F5 wild
and hybrid control populations (see the Supporting Infor-
mation, Table S1 for final sample sizes of each popula-
tion). The common garden was organized in a complete
randomized design and representatives of each genotype
were equally allocated to 21 blocks in the garden. Seeds
were planted in 300 ml of PRO-MIX ‘BX’ peat (Premier
Horticulture Ltd, Rivière-du-Loup, Canada) in Jiffy fibre
pots in a glasshouse at the UMBS in early May 2005.
After the seedlings developed their first true leaves, each
fibre pot was transplanted into a PVC bottomless tube
pot (46 cm tall) filled with 1.7 l of local sandy soil sur-
rounding the fibre pot, allowing plant roots to grow into
local soil. Within each pot of transplanted radishes, we
planted companion oat (Avena sativa) to provide a uni-
form level of competition. Four cultivated spring oat
seeds (A. sativa; Blaskowski’s Feed and Seed, Cheboygan,
MI, USA) were included in each fibre pot to provide a
uniform level of competition, and oat density was
thinned to two seedlings per pot. Pots were separated by
30 cm and the use of large tube pots minimized root
competition among neighbours. Seedlings that died
within the first week after transplanting were replaced.
Plants were watered daily for the first month and every
other day until August 31. On June 18, 13 mg of fertil-
izer (Slow-release Osmocote) was added to each pot
because the local soil was sandy and nutrient poor. Insec-
ticide (0.0033% esfenvalerate, 20 g ⁄ 9.5 l; Scotts Miracle-
Gro Co., Marysville, OH, USA) was used to control
insect herbivory three times during the first month after
transplantation, when herbivory was highest. Aphids were
present at low densities later in the season but did not
colonize any plant heavily. Pollinators were abundant
throughout the experiment, as in Lee & Snow (1998).

Table 1 Summary of wild and hybrid populations included in the
common garden

Biotype
Selection
treatment

Generations
of selection

Generation
in common
garden

Number
of replicate
populations

Wild Ancestors 0 1st 1
Natural 3 4th 4
Control 31 5th 3

Hybrid Ancestors 0 1st 1
Natural 3 4th 4
Control 31 5th 3

Ancestors represent the first generation wild and hybrid plants
that initiated both the natural selection (Natural) and Control
populations.
1Note that these populations did not experience selection but rather
random mating for three generations.

Fig. 2 Design of the randomly mating, control populations. As in
Campbell et al. (2009), each F2 plant was randomly assigned to one
of three replicates per biotype. Each population in each generation
was initially composed of 130–160 plants and 10% of each cohort
was randomly mated to produce the following generation.
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Plants were individually harvested as they senesced, until
the first hard frost (September 16–20), when we har-
vested all remaining plants. Harvested radish and oat
plants were dried at 60�C.

Phenotypic measurements from common garden

Each seed was weighed before planting. The date of germi-
nation was recorded daily for the first 2 wk after planting
and date of first flowering was recorded daily for each plant.
Age at reproduction was calculated as the difference
between the date of flowering and the date of seedling emer-
gence. Plant size on the first day of flowering was measured
as the stem diameter just below the cotyledons using digital
callipers (Chicago Brand Industrial, Inc., Fremont, CA,
USA). In addition, we measured the length of the longest
leaf, which is correlated with stem diameter (wild: Pearson’s
r2 = 0.39, P < 0.001, n = 169; hybrid: Pearson’s r2 = 0.77;
P < 0.001, n = 313). We considered stem diameter a better
proxy for size as it exhibited higher heritability than leaf
length (L. G. Campbell, unpublished.). At harvest, we
remeasured root diameter at the thickest point of the root.

In the common garden, survival after transplantation was
nearly 100% so survival was not included in the description
of individual fitness. As measures of lifetime fecundity, we
recorded flower number, fruit number and seeds per fruit.
First, we counted number of flower pedicles and fruits on
harvested plants. To estimate the number of seeds per plant,
we multiplied the average number of seeds per fruit (for 10
randomly chosen fruits per plant) by the number of fruits.
Seeds per plant were used as a proxy for individual fitness
by numerical dominance, although we recognize that this
may not have long-term evolutionary significance (Murray,
1990, 1992).

Statistical analysis

Before analysis, seed mass, age at first flower, stem diameter,
leaf length, root diameter, number of seeds per plant and
number of flowers per plant data were natural-log trans-

formed to adhere to model expectations of normality. Seeds
per fruit data were normally distributed and required no
transformations before analysis.

Effect of natural selection on trait means and correla-
tions First, we compared the two life-history traits (stem
diameter and age at flowering) across generations, popula-
tions and biotypes. To determine the initial consequences
of hybridization, we compared F1 wild and hybrid age and
size at reproduction using a multivariate ANOVA. Next, we
compared the age and size at reproduction among biotypes
(wild and hybrid) for the advanced-generation control and
natural selection populations using an unbalanced, nested
ANOVA that included biotype and population within bio-
type as fixed effects and block as a random effect. Variance
of random effects was estimated using restricted maximum
likelihood methods (REML). In addition, we estimated the
phenotypic correlations between traits for each generation
of each biotype using Pearson’s r.

Directional selection We estimated phenotypic selection
on each trait for both biotypes. The individual total number
of seeds per plant values was relativized by dividing by pop-
ulation mean fitness (Lande & Arnold, 1983) and standard-
izing each phenotypic trait to a mean equal to zero and
variance equal to one (Zar, 1999). Fitness measures were
relativized and traits standardized separately for each popu-
lation.

Because flower number had an overwhelming importance
for fitness, we corrected estimates of phenotypic selection
for flower number (as in Caruso, 2000). Correcting
estimates of phenotypic selection for flower number has a
twofold advantage. First, when flower number is included
in the model, the variation attributable to this trait is
removed from the error term, thus increasing the power to
detect selection and differences in selection. Second, mean
selection on flower number in R. raphanistrum is consis-
tently stronger than selection on any other floral trait
(see Table 2). This selection on flower number could
result in strong indirect selection on correlated traits.

Table 2 Phenotypic correlations for six traits of Raphanus raphanistrum and R. raphanistrum x R. sativus

Seed
biomass

Days to
flowering

Stem
diameter at
flowering

Leaf length
at flowering

Number
of flowers

Root diameter
at harvest

Seed biomass )0.027 0.104 0.131 )0.014 0.057
Days to flowering )0.173 0.751 0.601 0.525 0.717
Stem diameter at flowering 0.148 0.193 0.787 0.637 0.876
Leaf length at flowering 0.181 )0.009 0.391 0.569 0.714
Number of flowers 0.073 0.285 0.298 0.162 0.707
Root diameter at harvest 0.063 0.457 0.485 0.345 0.628

R. raphanistrum (Bottom diagonal, n = 164) and R. raphanistrum · Raphanus sativus (top diagonal, n = 306) populations that have
experienced natural selection for three generations. Significant correlations are given in bold type.
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Correcting estimates of phenotypic selection for flower
number allows direct selection on a trait to be partitioned
out from indirect selection via flower number. Note that
we measured selection after the response to selection. Our
conclusions are based on the assumption that selection
in earlier generations was more or less constant across
generations.

Estimating the strength of natural selection on weed phe-
notypes To determine whether the strength of phenotypic
selection differed between wild and hybrid populations, we
used an ancova (as in Galen et al., 1987, Caruso, 2000),
given that ancova is the standard method to test for differ-
ences in regression coefficients between groups (Zar, 1999).
Data from both biotypes were combined and analysed with
a model that included continuous terms for seven pheno-
typic traits, a categorical term coding for biotype and phe-
notypic traits · biotype terms. The six phenotypic traits
included seed mass before planting, days to flowering,
length of longest leaf, stem diameter at flowering, root
diameter at harvest and number of flowers. We did not
include seeds per fruit or number of fruits in the analysis
because they were used to calculate relative fitness, which
was the dependent variable. Fitness and standardized phe-
notypic traits were relativized separately for each biotype.
We compared the slope of the fitness–phenotypic trait rela-
tionship between wild and hybrid populations using a 1-df
contrast on the phenotypic trait · biotype term. All analy-
ses were completed using spss 16.0.1 (SPSS Inc., Chicago,
IL, USA).

Estimating response to natural selection To determine
whether biotype influenced response to natural selection in
the two life-history traits, we performed nested mixed
model ANOVAS for age and size at reproduction for two
treatments (natural selection and control), two biotypes
(wild and hybrid) and the replicate populations within each
biotype. The unbalanced nested ANOVA included biotype,
treatment within biotype and replicate within treatment
within biotype as fixed effects and block as a random
effect. Advanced-generation wild and hybrid populations
were expected to resemble advanced-generation, control
populations, if selection had no effect on life history. We
interpreted consistent, significantly different, directional
deviations from the control populations as a response to
selection. Variation among replicates (i.e. W1 vs W4) within
treatments (e.g. control) was interpreted as variation owing
to genetic drift and spatial variation in selection among
locations. Finally, differences among biotypes (wild vs
hybrid) determine the effect of biotype on the response to
selection of the two life-history traits. Although segregation
distortion in advanced-generation hybrids cannot be deci-
sively ruled out as a source of phenotypic change, this
approach will yield insights into the magnitude of response

that may be expected from ‘natural’ crop-wild hybrids vs
the control populations.

Results

Trait variation and correlation in wild and hybrid
populations

To determine if hybrid populations possessed more pheno-
typic diversity in age and size at reproduction than non-
hybrid populations, we compared the phenotypes of the F1

hybrid and wild plants. First-generation hybrids initiated
flowering at a size 1.79 times larger than F1 wild plants
(F1,80 = 79.997, P < 0.001, Fig. 3, Table S1). In addition,
initiation of flowering was delayed by 13 d in F1 hybrids
compared with F1 wild plants (F1,8 = 132.87, P < 0.001).
Phenotypic variation (as measured by the coefficient of vari-
ation, CV) in age and size at reproduction tended to be
higher in G1 hybrid plants than wild plants (Table S1).
Therefore, early-generation hybrid populations possess
more phenotypic variation upon which selection may act
than nonhybrid populations.

As expected, hybrid F5 control populations continued to
grow to a larger size and flower later than wild F5 control
populations. On average, plants from hybrid F5 control
populations initiated flowering significantly later (12 d)
than comparable wild F5 control plants and tended to have
higher CVs in flowering phenology than wild F5 control
plants (F1,4 = 77.02, P < 0.001, Fig. 3, Table S1). Further,
hybrid F5 control plants initiated flowering at a significantly
larger size (40% larger) and their size at reproduction had
approximately two times higher CoV’s than wild F5 control
plants (F1,4 = 61.71, P < 0.001). Replicate populations
within biotypes differed significantly for both age and size
at reproduction (age: F4,77 = 8.98, P < 0.001; size:
F4,77 = 16.24, P < 0.001). The variation among replicates
of glasshouse-grown control populations is likely caused by
genetic drift.

The hybrid F4 plants from the natural selection popula-
tions flowered later and grew larger than analogous wild F4

natural selection plants. Hybrid F4 natural selection plants
delayed flowering by 8 d relative to wild F4 natural selection
plants (F1,6 = 71.1, P < 0.001, Table S1). Further, hybrid
F4 natural selection plants initiated flowering at a signifi-
cantly larger size than that of wild F4 natural selection
plants (F1,6 = 88.5, P < 0.001). The CV of age and size at
reproduction in F4 hybrid experimental populations was
twice as high as that of F4 wild experimental populations
(Table S1). Replicate populations within biotypes did not
significantly differ in age or size at reproduction (age:
F6,478 = 0.61, P = 0.73; size: F6,478 = 0.86, P < 0.53). As
expected, the variation among replicates within biotypes is
lower in the natural selection populations than the control
populations.
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To determine whether the evolution of traits may be
influenced by correlated evolution, we estimated the pheno-
typic correlations between traits for each biotype and gener-
ation. The three strongest phenotypic correlations within F4

wild natural selection populations included root diameter
and number of flowers (r = 0.628, P < 0.001), root dia-
meter and stem diameter (r = 0.485, P < 0.001), and root
diameter and days to flowering (r = 0.457, P < 0.001),
with the remaining eight significant correlation coefficients
< 0.35 (Table 2). The three strongest phenotypic correla-
tions within F4 hybrid natural selection populations
included stem diameter and root diameter (r = 0.876,
P < 0.001), stem diameter and leaf length (r = 0.787,
P < 0.001), and stem diameter and days to flowering
(r = 0.75, P < 0.001) with seven additional strong pheno-
typic correlations (i.e. r > 0.5, Table 2). Therefore, hybrid
trait evolution may be more influenced by phenotypic cor-
relations than wild populations whereas trait evolution in
wild populations may be more influenced by a lack of
phenotypic variation than in hybrid populations.

The strength of natural selection on weed phenotypes

Mean phenotypic selection varied considerably among phe-
notypic traits and, to a lesser degree, biotypes (Table 3). On
average, selection was strongest for number of flowers, root
diameter at harvest and days to flowering, especially for
hybrid plants (Table 3). Selection favoured more flowers
per plant in both biotypes but was significantly stronger for
wild than hybrid plants (Table 3). Further, there was strong
selection favouring significantly wider roots at harvest in
hybrid than wild plants. Finally, selection on days to flower-
ing differed significantly among biotypes; selection was
extremely weak on the flowering time of wild plants
whereas selection favoured significantly earlier-flowering
hybrid plants (Table 3).

Response to selection

Although we did not detect selection on size at flowering,
three hybrid populations and one wild population evolved

Root diameter at harvest

Stem diameter at flowering

Age at flowering Number of flowers per plant

Number of seeds per plant

Number of seeds per fruit

Wild Hybrid Wild Hybrid

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 3 Mean (± SE) for three life-history traits
and three fitness measures of wild radish
(Raphanus raphanistrum, white background)
and hybrid radish (R. raphanistrum · Raph-
anus sativus, light-tinted background) from
an F1 population (F1, closed circle), popula-
tions that had experienced natural selection
(NS, unpatterned foreground), or control
populations that had experienced random
mating (RM, hatched foreground).
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larger stem diameters under natural selection relative to the
control populations (Fig. 3; Table S1, Replicate (Experi-
ment): F1,704 = 6.68, P = 0.01). Furthermore, although
selection favoured earlier flowering in two of the four wild
populations, we found strong evidence that plants delayed
reproduction relative to the control populations and three
of the four hybrid populations delayed reproduction
(Fig. 3, Table S1, Replicate (Experiment): F1,704 = 4.50,
P = 0.034). These unexpected evolutionary trajectories only
make sense within the context of phenotypic (and poten-
tially genetic correlations). Given that flowering time and
stem diameter are positively correlated with flower number
and root diameter (Table 2), apparently the positive selec-
tion on flower number and root diameter was stronger than
the negative direct response expected in flowering time and
produced a positive correlated response in flowering time
and stem diameter.

Discussion

This study set out to examine how hybridization and selec-
tion on life-history traits interact to drive the evolution of
weeds. We used a complementary approach by measuring
the magnitude of natural selection imposed on six pheno-
typic traits, particularly highlighting two life-history traits
and the fitness consequences of heritable variation in those
two life-history traits. Hybridization created populations
that were more phenotypically variable than wild progeni-
tors, immediately shifted the F1 population mean age and
size at reproduction, and created stronger phenotypic corre-
lations among many traits, ultimately resulting in larger
plants with delayed reproduction. In the natural selection
populations, selection strongly favoured larger plants (in
terms of number of flowers and root diameter at harvest) in
hybrid populations and hybrid populations apparently
responded to this selection. In addition, selection favoured
earlier reproduction in hybrid populations. However, over
three generations, hybrids evolved delayed reproduction,
likely because of stronger selection for large plant size and
the presence of strong phenotypic correlations. These results
suggest that hybridization between species with divergent

life histories may catalyse the rapid evolution of semi-adap-
tive weed phenotypes.

Does hybridization lead to rapid, adaptive evolution?

The significance of hybridization as a general mechanism in
the evolution of natural populations remains unclear (Riese-
berg, 1991 and refs. therein). However, relatively rapid evo-
lution has been documented following hybridization.
Carney et al. (2000) measured the degree of similarity
between hybrids and their parental populations, Helianthus
bolanderi and Helianthus annuus. Depending on the loca-
tion, it was estimated that these populations had evolved at
a rate of 6.42–19.68 Darwins (0.0220–0.0486 Haldanes,
Bone & Farres, 2001). However, it is difficult to determine
whether this rate of evolution occurred because of the nor-
mal processes of selection (i.e. because novel gene combina-
tions within hybrid populations allowed evolution to occur
rapidly) or phenotypic byproducts of hybridization such as
heterosis or outbreeding depression because of the lack of
independence of these two factors in the observational
experiment. Here we document rates of evolution in the
wild radish experimental field populations that varied
between 13 and 33 Darwins for size at reproduction (0.06–
0.16 Haldanes) and between 22 and 37 Darwins for age at
reproduction (0.19–0.30 Haldanes; Table 4). By contrast,
hybrid populations evolved at a rate of 53–80 Darwins for
size at reproduction (0.21–0.15 Haldanes) and 15–
30 Darwins for age at reproduction (0.11–0.16 Haldanes;
Table 4). As we calculated the rate of evolution based on
the phenotype of control wild and hybrid populations, we
suggest that the elevated rate of evolution for stem diameter
in hybrid populations under natural conditions may result
from the novel genome combination of cultivated and wild
radishes and strong selection rather than be a byproduct of
hybridization.

Heterosis is a temporary increase the size of a phenotypic
trait or fitness caused by an increase in heterozygosity.
Many crop–wild hybrids, including radishes, exhibit this
increased size (Snow et al., 2001; Campbell et al., 2006). If
heterosis is indeed the cause of the increased size in hybrids,

Table 3 Standardized directional selection
(± 1 SE) for six traits of Raphanus raphani-
strum and R. raphanistrum x R. sativus

populations

Phenotypic trait bWild (SE) bHybrid (SE)
F-statistic1,471

(P-value)

Seed biomass )0.008 (0.012) )0.010 (0.009) 0.848 (0.429)
Days to flowering 0.005 (0.004) )0.038 (0.013) 4.584 (0.011)
Stem diameter at flowering 0.020 (0.014) 0.001 (0.022) 1.029 (0.358)
Leaf length at flowering 0.007 (0.013) 0.011 (0.022) 0.457 (0.634)
Number of flowers 0.112 (0.016) 0.086 (0.013) 1.669 (0.197)
Root diameter at harvest 0.032 (0.017) 0.050 (0.020) 5.043 (0.007)

R. raphanistrum (Wild) or R. raphanistrum · Raphanus sativus (Hybrid) populations experi-
enced natural selection for three generations. Selection gradients that differ significantly from
zero are given in bold type. Selection gradients that differ significantly among biotypes are
indicated by the F-statistic column.
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the effect should be significantly reduced in advanced-gen-
eration hybrids in a control population. However, the
advanced generation hybrids from the experimental field
populations were significantly larger than the control popu-
lation, suggesting that size differences among wild and
hybrid populations were, in part, evolved. Selection in field
populations of hybrids may be selecting for one of two
things. First, selection may be continuing to favour hetero-
zygous plants, similar to the effects of heterosis seen in F1

hybrids. Alternatively, hybridization may have led to the
introgression of crop traits that produce large plants
through correlated evolution. Either scenario suggests that
the introgression of crop alleles contributed to the evolution
of adaptive weed phenotypes and we recommend that
future experimental designs take this possibility into
account (as in Rhode & Cruzan, 2005).

In experimental field conditions, wild and hybrid popula-
tions experienced different selection intensities and differed
in their response to those selection pressures (Table 3).
Selection was more intense on hybrids perhaps because their
phenotypes are maladapted to the environment. The stron-
ger response to selection we observed may result from stron-
ger selection on hybrid than wild populations, because
hybrid populations possess more genetic variation than wild
populations (as we measured for both age and size at repro-
duction in artificial selection populations, Campbell et al.,
2009), and because biotypes differ in the phenotypic corre-
lations (Campbell & Snow, 2007, data presented here).
These changes may be common consequences of hybridi-
zation that have important consequences for adaptive
evolution of hybrids. Murren et al. (2002) found that brassi-
caceous hybrid species exhibited a higher number of pheno-

typic correlations than either of their parental taxa. Further,
populations that have experienced recent outbreeding
events tend to exhibit higher heritabilities than more inbred
populations (Swindell & Bouzat, 2005; Syafaruddin et al.,
2006). Finally, hybrid populations may exhibit greater
responses to selection than parental populations (Carney
et al., 2000).

How strong is selection in weed populations?

Our study was rare in its approach to measuring the magni-
tude of natural selection on life-history traits because of its
experimental nature. Instead of measuring selection in natu-
ral populations, we explicitly created experimental popula-
tions to measure selection. To our knowledge, this is the
fourth such selection experiment (sensu stricto Reznick &
Ghalambor, 2005; e.g. guppies, Endler, 1980; Reznik et al.,
1990,; Anolis lizards, Schoener & Schoener, 1983; Losos
et al., 1997, 2001) and only the second to estimate selection
in experimental plant populations (Whitney et al., 2006).
Comparable studies, though not formal field selection
experiments, have measured selection in association with a
dated event and appropriate controls in plant and nonplant
populations (e.g. Carroll et al., 2003; reviewed in Bone &
Farres, 2001; Kingsolver et al., 2001). Our approach is also
rare because, through the process of hybridization, we cre-
ated phenotypes that did not naturally occur within the
region. This method was a useful tool for measuring selec-
tion on relatively invariant traits within populations, as sug-
gested by Lexer et al. (2003). This work revealed that weedy
radish populations would benefit from the introgression of
large size (measured by root diameter and flower number),

Table 4 Estimated rates of evolution for age
and size at reproduction in G4 wild and
hybrid populations relative to a control
population

Population

Darwins1 (· 10)3) Haldanes2

Age at
reproduction

Size at
reproduction

Age at
reproduction

Size at
reproduction

W1 36.90 13.39 0.3002 0.0628
W2 21.77 25.41 0. 2207 0.0968
W3 26.91 32.88 0.1910 0.1569
W4 30.28 16.54 0.3004 0.0689
Avg G4 W 28.96 22.05 0.2531 0.0963
H1 24.49 67.09 0. 2131 0.2130
H2 22.84 70.37 0. 1595 0.1529
H3 15.36 53.25 0.1114 0.1770
H4 30.25 80.06 0.1600 0.1853
Avg G4 H 23.23 67.69 0.1610 0.1821

1Darwins = (ln(x2) – ln(x1)) ⁄ t (Haldane, 1949) where x1 is the mean trait value for control
populations and x2 is the mean trait value of selected populations, t is the time in millions of
yr (4 yr).
2Haldanes = ((x2 ⁄ sp) – (x1 ⁄ sp)) ⁄ g (Gingerich 1983) where sp is the pooled standard deviation
of the populations’ trait values and g is the number of generations (four) since the separation
of the populations.
The bold values simply highlight the average values across all hybrids or all wilds. There are
no significance tests or statistical tests associated with these values.
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such as those found in populations of cultivated relatives,
but not delayed reproduction.

The magnitude of selection imposed on the phenotypic
traits measured in the experimental populations was compa-
rable to other published studies. Kingsolver et al. (2001)
reported a mean value of b = 0.08 for estimates of linear
selection gradients on life-history and phenological traits.
Direct selection on size at reproduction (stem diameter) in
this study was smaller than these average values for both
wild and hybrid populations (bWild = 0.02; bHybrid =
0.001). However, selection on the ultimate size of plants
(measured by root diameter at harvest) was similar to the
average published by Kingsolver et al. (2001); bWild =
0.032; bHybrid = 0.05). Direct selection on age at reproduc-
tion was comparable this average value for hybrid popula-
tions whereas wild populations experienced weak selection
on flowering phenology (bWild = 0.005; bHybrid = )0.038).
However, the relatively weak selection for earlier flowering
in hybrid radish populations was countered by the relatively
strong selection for large root diameters and more flowers,
resulting in total selection favouring an apparently non-
adaptive flowering schedule.

Many studies of selection have revealed interannual varia-
tion in the magnitude of selection (Inouye et al., 2002;
Price et al., 2005; Weis et al., 2005). Our study reflects
selection in only 1 yr. However, the pattern of selection
across multiple populations was consistent, even though
these populations had independently evolved for three gen-
erations (Fig. 3). Further, populations generally showed a
significant deviation from the expected phenotype (i.e.
Control populations) in the direction of selection in the
current year’s study. This suggests that consistent direc-
tional selection had been acting on these traits for several
generations. Finally, our results are consistent with previous
estimates of selection on various traits in Raphanus popula-
tions. For example, Conner (1996) found that selection on
flower production was always positively associated with
female fitness and strong in R. raphanistrum (b = 0.70 in
two of three years measured, compared with the current
study b*Wild = 0.50, b*Hybrid = 0.77). The phenotypic cor-
relations found in this study were also consistent, in magni-
tude and direction, with those measured in a previous
experiment conducted with G3 plants from the experimen-
tal populations a year earlier, in 2004 (Campbell & Snow,
2007). Given that the results of many studies suggests that
selection may vary dramatically, this collection of work sug-
gests that the relationship between certain phenotypic traits
and fitness is remarkably constant in Raphanus across years,
locations, populations and laboratories, especially given its
environmentally sensitive phenotype (Williams & Conner,
2001; Murren & Pigliucci, 2005; Wolfe & Mazer, 2005).

Although in a previous study we measured genetic corre-
lations among size and age at flowering (Campbell et al.,
2009), here we measured only phenotypic correlations.

Therefore, there are two possible explanations for the coin-
cident evolution of late flowering and large size in weedy
radishes: pleiotropy or linkage disequilibrium. Depending
on which mechanism is involved in the phenotypic evolu-
tion of weedy radishes, long-term evolutionary trajectories
may differ dramatically. When phenotypic correlations are
a result of linkage disequilibrium, alleles present at two or
more loci controlling the two correlated phenotypic traits
are non-randomly associated (Hartl & Clark, 2007).
Although evolution of one trait often results in the corre-
lated evolution of the second trait, independent evolution
of these traits is occasionally possible. First, genetic correla-
tions can shift and even reverse when populations encounter
novel environmental conditions (a phenomenon reviewed
in Sgrò & Hoffmann, 2004). Second, genetic correlations
can break down under sustained directional selection allow-
ing the two traits to evolve independently (e.g. Archer et al.,
2003; Phelan et al., 2003). When phenotypic correlations
are caused by pleiotropy, a single gene controls the pheno-
type of multiple traits, and thus the evolution of one trait
will always result in the correlated evolution of the other
trait (Coberly & Rausher, 2008; Latta & Gardner, 2009).
Future studies exploring the genetic basis for differences in
life histories among crops and their wild relatives may pro-
vide insight into which mechanism is more common.

Life history strategies of weeds

Our results suggest that, weedy Raphanus species benefit
more from large root diameters and floral displays than
advanced reproduction as selection strongly favoured large
plants over plants that reproduced early. While cultivated
R. sativus routinely experience selection for delayed flower-
ing (Curtis, 2003), we expected selection would favour early
flowering in weedy radish populations (Mazer, 1987).
Although cultivated R. sativus exhibit late flowering and
large size and R. raphanistrum exhibit early flowering and
small size, we have little evidence of a positive correlation
between these two traits in nonhybrid populations, presum-
ably because selection has reduced the amount phenotypic
variation in both types of non-hybrid populations, limiting
the statistical possibility of detecting a correlation (Camp-
bell & Snow, 2009; Campbell et al., 2009). Yet, several
other studies have documented a positive correlation
between age and size at reproduction in Raphanus species
and one study has documented similar selection gradients
(Jablonski, 1997; Scheiner et al., 2002). Scheiner et al.
(2002) found evidence for selection for large size in the Cal-
ifornia wild radish (b* = 0.13–0.15). Surprisingly, Califor-
nia wild radishes experience selection for delayed
reproduction (b* = 0.03–0.08). Large size appears to pro-
vide a significant fitness advantage for this weed in multiple
environments. Under natural conditions, large size may also
provide individuals with a competitive advantage (Campbell
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& Snow, 2007). As a result, delayed flowering appears to
be a simple byproduct of both environmentally plastic
and genetically inherited correlations with large size (Camp-
bell & Snow, 2007; Campbell et al., 2009). The relative
importance of this life history trade-off may be a function
of the environment in which the trade-off is evaluated
(Reznick et al., 2000). Stronger direct selection for
advanced flowering (and a reversal of the direction of total
selection) may occur if the environmental conditions in our
plots changed, for example in the frequency of disturbance
(Meerts, 1995), herbicide application (Mortimer, 1997) or
herbivory (Juenger & Bergelson, 2000) Further, environ-
mentally dependent differences in fecundity may result
from the effect of context-specific trade-offs. Future work
will examine whether a dramatic change in the relative fit-
ness of hybrids when grown in two disparate locations is a
consequence of changes in life-history trade-offs (Campbell
et al., 2006). Although natural selection favoured large size
in both wild and hybrid populations, only hybrids demon-
strated a strong response whereas and wild populations did
not generally respond to natural selection in this study.
These results are consistent with results from an artificial
selection study where wild populations exhibited a smaller
response to selection for large size than hybrid populations
when we imposed extremely strong selection on the trait
(Campbell et al., 2009). Therefore, hybridization may facil-
itate the evolution of a large and successful weed.

Conclusions

This natural selection experiment revealed that adaptive
evolution may proceed more rapidly in crop–wild hybrid
populations than in populations of their wild progenitors.
Given the adaptive evolution demonstrated by the natural
selection populations, the evolutionary trajectories of wild
and hybrid weedy radish populations are shaped by both
specific selection pressures and phenotypic correlations.
Future studies that evaluate crop–wild hybrids could pro-
vide insight into the adaptiveness of extremely large size and
biennial life histories for these weeds. Further, assessing the
consequences of variation in life history for population
dynamics will be important in determining the fitness and
invasiveness of these extreme genotypes (Murray, 1990,
1992; Bergelson, 1994). In summary, we argue that experi-
mental manipulation of life histories provides important
insights into the drivers of evolutionary response and should
stimulate the development of plant life-history theory.
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