Journal of

Plant Ecology

VOLUME 10, NUMBER 2,
PAGES 406-413

APRIL 2017

doi:10.1093/jpe/rtw035

Advance Access publication
15 June 2016

available online at
academic.oup.com/jpe

Do different measures of maternal
fitness affect estimation of natural
selection on floral traits? A lesson
from Linum pubescens (Linaceae)

Laura Bigio'?, Merav Lebel'? and Yuval Sapir' *

! The Botanical Garden, Department of Molecular Biology and Ecology of Plants, Tel Aviv University, Ramat Aviv, Tel Aviv

69978, Israel

2 Earth Science Institute, The Hebrew University of Jerusalem, Givat Ram, Jerusalem 91904, Israel

® Nature-Parks Authority, Science Division, Am-Veolamo 2, Jerusalem 95463, Israel

*Correspondence address. The Botanical Garden, Department of Molecular Biology and Ecology of Plants, Tel
Aviv University, Ramat Aviv, Tel Aviv 69978, Israel. Tel: +972-3-6407354; E-mail: sapiry@post.tau.ac.il

Abstract

Aims

Floral traits in animal-pollinated plants are proposed to be selected
by the behavior of pollinators, which create differential fitness.
However, fitness estimation is not trivial and there is no agreed or
universal measure of fitness. In plants, fitness can be measured in
various ways, including the number of fruits or seeds, probability of
survival, or growth rate.

Methods

Because each fitness measure can be associated with different pol-
linator behavior, estimating pollinator-mediated selection on floral
traits can differ among various fitness measures. We used the annual
Mediterranean plant, Linum pubescens, as a model to assess the
relative role of various fitness measures in estimating pollinator-
mediated selection on floral traits. We compared four maternal fit-
ness measures and estimated their relative advantage in assessing
natural selection on floral traits of L. pubescens. To identify whether
each trait is under pollinator-mediated selection, we used media-
tional analysis.

Important Findings

We found that each floral trait was under natural selection assessed
by a different fitness measure. The color combination of floral tube
throat and stamen color was under selection when using seed mass
as a fitness measure, and floral diameter was under positive direc-
tional selection when the number of seeds or number of fruits was
used as a fitness measure. Selection on floral color was not mediated
by pollinators’ visitation rates, while flower diameter showed par-
tial pollinator-mediated selection. We conclude that using several
fitness measures gives an insight into the mechanisms underlying
phenotypic selection on a floral trait, and facilitates the understand-
ing of pollinator-mediated selection.
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INTRODUCTION

Natural selection has been established as a major process
driving evolution in natural populations (Darwin 1859,
Dobzhansky 1947, Endler 1986, Stebbins 1951). Three ele-
ments are required for evolution through natural selection: (i)
phenotypic variation, (ii) ditferential fitness associated with
phenotypic variation and (iii) heritability of the phenotypic
trait (Endler 1986, Lewontin 1970). A classic example is the
evolution of floral traits that are considered to be selected by

the behavior of pollinators and their preferences (Faegri and
van der Pijl 1979; Levin and Kerster 1967; Proctor et al. 1996;
Waser and Price 1983). Phenotypic variation of a floral trait,
such as floral size or color, results in differential visitation rate
of pollinators, which creates differential fitness (e.g. Caruso
et al. 2003; Stanton et al. 1986, 1991; Waser and Price 1983).
The capacity of differential fitness to alter floral traits over
generations depends on both the additive genetic variation of
the trait and its genetic associations with other traits (Ashman
and Majetic 2006; Conner 2006; Harder and Johnson 2009).
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While phenotypic variation and heritability are easy to
measure and interpret (Falconer and Mackay 1996), fitness
can be measured in various ways. Fitness can be defined as
a measure of reproductive success (Grant 1977), as the num-
ber of gametes an individual leaves to the next generation
(Waddington 1968), or the product of survival and reproduc-
tion (Crow and Kimura 1970). The circularity and problems
of fitness as a definition of success have long been discussed
(Mills and Beaty 1979; Rosenberg and Bouchard 2010), but
the number of offspring is most commonly used as a measure
of fitness for estimations of natural selection. In plants, out of
45 studies on natural selection, 62% used number of fruits
or number of seeds as a measure of fitness, while others used
survival, growth rate and resistance to herbivores (Geber and
Griffen 2003). Thus, there is currently no agreed measure of
fitness that can be used as a substitute for cumulative or life-
time fitness. Overall, it seems that except for rare situations,
there is no single fitness measure that can be used as life-time
fitness and measuring fitness in wild plants requires a com-
promise between the ‘right” and the feasible fitness compo-
nent to be measured.

While studying pollinator-mediated selection on floral traits
in the annual Mediterranean plant Linum pubescens Banks &
Sol. (Linaceae) (Lebel 2011), we have encountered the ques-
tion what is the most appropriate measure of fitness to esti-
mate accurately selection on floral traits? In order to address
this question, we measured four maternal fitness components
and assessed natural selection using each of them. Linum
pubescens is pollinated almost exclusively by the bee-fly Usia
bicolor (Bombyliidae; Fig. 1) (Johnson and Dafni 1998), and is
dimorphic for corolla throat color (white, purple) and pollen
grain color (white, blue) (Wolfe 2001). Detailed description
of this species is available elsewhere (Danin 2016; Dulberger
1973; Johnson and Dafni 1998; Wolfe 2001). Here, we have
focused on the traits that were proposed to be under polli-
nator-mediated selection, namely, flower color and size, in
order to highlight the use of multiple fitness measures for
detecting selection. We compared four types of fitness meas-
ures, namely fruit-set, number of fruits, number of seeds and
seeds mass, for estimating natural selection on floral color and
flower diameter. In addition, we used mediational analysis to
assess the role of pollinators as mediators between floral traits
and fitness. Our results show that natural selection on flo-
ral traits of L. pubescens, inferred from different maternal fit-
ness components, is inconsistent. These differences provide
hypotheses for the possible mechanisms of which selection
acts (or not) on floral traits.

MATERIALS AND METHODS
Research site and measurements

Plants of L. pubescens were studied in a large population in
Ramat Hanadiv Nature Park on Mt. Carmel, Israel (32°33'N,
34°56’E, latitude 130 m), on March and April 2010, in the
peak flowering season. A total of 298 individual plants were
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Figure 1: flowers of Linum pubescens with its exclusive pollinator,
the bee-fly Usia bicolor. (A) Flower with dark-colored corolla throat.
(B) Flower with light-colored corolla throat.

marked by numbered paper tags. Each flower was categorized
by the corolla throat color (white, purple), pollen grain color
(white, blue).Observations confirmed that these colors are
constant among flowers within the same plant. Flower size
was measured as the diameter of the corolla to the nearest
0.05mm.

Pollinator visits observations

Observations of insects visiting flowers of L. pubescens were
performed on March 2010, in the peak flowering season.
Pollinators” activity on flowers of L. pubescens was shown to be
restricted to morning and late afternoon (Johnson and Dafni
1998; Lebel 2011). Hence, observations were done twice a day,
in the morning, after the flowers opened (usually 9:00-11:00
AM), and about one hour before flowers started to close (usu-
ally around 3:30-5:30 PM). Linum pubescens populations are
very large and form a continuous array of flowers, formed by
thousands of plants in a dense population. To sample the popu-
lation we determined four transects of 30 m through this dense
population, in random directions from randomly selected start-
ing points. We established sampling paths along these transects
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and sampled plants growing along these paths. In each obser-
vation session, an observer walked along the pre-defined tran-
sects and recorded all individually marked plants for insect
visits. In flowers occupied by insects, the number and identity
(to the level of order) of insects in the flower were recorded.
Because the insects stay in the flowers for long duration, dura-
tion was not recorded. The sampling was done repeatedly dur-
ing six consecutive days along the flowering period (17-24
March, 2010). Mean number of visits was calculated as the
number of times a flower was recorded to host at least one
insect, divided by the number of observations of that flower.
This represents the probability of a flower to be visited, and
corresponds to the probability to receive outcross pollen. Mean
number of visitors was calculated as the number of visitors
recorded on a flower, divided by the number of observations of
that flower. This value may roughly correspond to male fitness,
the potential amount of pollen exported from the flower.

Fitness measures

Four weeks after the end of the flowering season all meas-
ured plants were collected and brought to the laboratory.
As noted above, the initial goal of this study was to identify
the most feasible fitness measure that will also be meaning-
ful for assessing selection on flower traits. Because our goal
was methodological, and not the estimation of natural selec-
tion in a specific population, we used only a subsample that
represents the vast variation, in order to demonstrate vari-
ance-associated fitness to the extent of the natural phenotypic
variation. Hence, a subset of 80 plants was used in the follow-
ing steps. These included 20 plants from each color category,
in order to equally represent all four combinations of corolla
throat and pollen colors. Within each color category, plants
were chosen according their corolla diameter to represent the
full variation in floral size.

For each individual plant we estimated four measures of
maternal fitness, namely, fruit-set, number of fruits, number
of seeds, and mean seed mass. Number of flowers of each
plant was counted based on either existence of a fruit or a
scar on the stem. We recorded whether or not each flower
set fruit for all the flowers in each of the 80 plants. Fruit-set
was calculated as the number of fruits per plant, divided by
the number of flowers. In each plant, all fruits were opened
and seed number was counted. Aborted or non-viable seeds
(recognized by typical white seed-coat and smaller size) were
discarded. For each plant, total seed mass was estimated by
weighing all seeds on an analytical scale to the nearest 0.001 g.
Mean seed mass was calculated as total seed mass divided by
the number of viable seeds (online supplementary material).

Statistical analyses

Because pollination events, i.e. mean number of visits and
mean number of visitors, can also be considered as a meas-
ure of fitness (Geber and Griffen 2003), we included these
variables in the analysis of fitness, in addition to their role
as mediators in pollinator-mediated selection (see below).
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Pearson’s correlation coefficient was calculated for all paired
combinations of the six fitness measures. Relative fitness was
calculated for each fitness measure by dividing the fitness
value of the individual plant by the average of all the plants.
For indicating selection on the categorical trait of flower color,
we used generalized linear model (GLM) to test for differ-
ences in relative fitness between flower color categories, pol-
len color categories and to test for the synergetic interaction
between these two colors. To calculate natural selection on
flower diameter we performed a regression of each of the fit-
ness measures against floral diameter, which was scaled to a
mean of 0 and standard deviation of 1, in order to obtain a
standardized selection coefficient (Lande and Arnold 1983).

In order to assess the role of pollinators as mediators of
selection between a floral trait and a fitness measure, we
used mediational analysis following Gong and Huang (2009).
Mediational analysis aimed to identify the role of interme-
diate factors (mediators) that are affected by an explanatory
variable and are affecting the response variable (Baron and
Kenny 1986). A mediator is defined as a variable that hypoth-
esized to explain the relationship between a predictor and an
outcome. This method is preferable over path analysis, which
also uses intermediate variables, when the explanatory vari-
ables are categorical and not continuous.

To assess the mediational role of pollinator in between flo-
ral traits and fitness, we performed mediational analysis in
four steps, using three regression equations:

Step 1: fitness ~ floral trait

Step 2: pollinator behavior ~ floral trait

Step 3: fitness ~ pollinator behavior

Step 4: fitness ~ floral trait + pollinator behavior
The first two steps were implemented separately using sim-
ple linear regressions. The last two steps were implemented
together using a multiple regression. In the first step we
regressed each of the relative fitness over each floral trait. In
the second step, mean number of visits or mean number of
visitors were regressed against each floral trait. Finally, each
fitness component was regressed against both floral trait and
pollination variable (mean number of visits or visitors per
flower). Only the paths that showed significant covariance
between floral trait and fitness component were included in
this analysis (see Results). For each of these paths we per-
formed mediational analysis twice, using either mean number
of visits per flower or mean number of visitors per flowers, as
mediators.

All statistical analyses were performed using R (R
Development Core Team 2014).

RESULTS

A population of 80 L. pubescens plants was measured for four
maternal fitness measures, as well as for pollinator visits. As
expected from previous study (Johnson and Dafni 1998), flow-
ers were visited almost exclusively by the bee-fly U. bicolor.
A total of 401 insects were recorded visiting in flowers of the
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80 plants used in this study, of which 380 (95%) were the
bee-fly U. bicolor.

Correlation among fitness measures

In order to evaluate the relationships between the various
measures, the correlation between each pair of fitness meas-
ures was examined. All six fitness measures were in positive
correlation, but all correlations between mean seed mass and
other fitness components were not significant (Fig. 2). Number
of fruits and number of seeds were highly correlated (r = 0.96,
P < 0.001), suggesting a nearly constant number of seeds per
fruit. Indeed, the average number of seeds per fruit was 7.4,
with relatively small variance (CV = 0.27), where 91% of the
plants had between 5 and 10 seeds per fruit. A relatively high
correlation was found between the mean number of visits and
the mean number of visitors per flower (r = 0.68; P < 0.01).

Selection on floral color

We found significant selection on stamen color, and margin-
ally significant interaction for the combined effect of throat

Fruit-set

Seeds mass Fruit number

0.434***

Seed number

Figure 2: correlations among fitness components in Linum pubescens.
Width of lines corresponds to the value of Pearson’s correlation coef-
ficient between each two fitness components, and this value is shown
next to each line. Significance: *P < 0.05; **P < 0.01; ***P < 0.001.
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and stamen color on seeds mass, where flowers with dark
corolla throat color and white stamens had significantly
lower mean seed mass (Table 1; contrast analysis, P < 0.05;
Fig. 3).

Mediational analysis confirmed that floral color was signifi-
cantly associated with mean seed mass (Table 2). The media-
tors, either mean number of visit or visitors per flower, were
not significantly associated with either floral color or mean
seed mass, suggesting that the selection on floral color is not
mediated by pollinators.

Selection on floral size

Selection on floral diameter was positive for all measures of
relative fitness. However, selection coefficients were signifi-
cantly different from zero only for the number of fruits and
number of seeds (slope = 0.29, and slope = 0.32, respectively,
P < 0.001 for both; Fig. 4B and C), while selection coefficients
(s) based on fruit-set and seed mass were not significantly dif-
ferent from zero (s = 0.03; P = 0.36 and s = 0.01, P = 0.89,
respectively; Fig. 4A and D). Similarly, selection coefficients
based on mean number of visits per flower and mean number
of visitors per visit per flower were not significant (s = 0.13,
P=0.38and s =0.13, P=0.21, respectively; Fig. 4E and F).

Flower diameter affected fitness measured by number of
fruits or number of seeds, but did not affect pollinator behav-
ior. Overall, floral diameter showed partial pollinator-medi-
ated selection using either the number of fruits or the number
of seeds as a measurement of fitness (Table 2).

DISCUSSION

The study presented here compared the use of various mater-
nal fitness measures for estimating pollinator-mediated selec-
tion on floral traits in L. pubescens. We found that by using
multiple maternal fitness measures we could detect selection
on both floral color and size. Only the use of at least two dif-
ferent maternal fitness measures could detect this selection.
Contrary to our expectation, which were based on previous

Table 1: mean (+ standard error) of six fitness measures for four flower color categories, and results of two-way analyses of variance for
the effect of corolla throat color (Fy0a), Stamen color (Fgumen), and their interaction (Fj,), on relative fitness

Color category

Fitness measure DB DW LB w Finroat Fyamen Finy

Fruit-set (%) 66.0+0.9 67.7+£0.9 63.1+1.0 66.3+0.7 0.28 0.37 0.04
Number of fruits 19.1+3.8 18.2+4.1 14.4+2.2 11.3+3.1 2.42 1.01 1.11
Number of seeds 137.3+£27.0 142.6 +33.7 118.7+£22.5 83.4+26.5 2.03 0.32 0.54
Mean seed mass (mg) 0.60+£0.02 0.49+0.03 0.56+0.02 0.56+0.03 0.19 4.57 3.83
Mean number of visits 0.9+0.26 1.2+0.22 1.1+0.17 0.7+0.17 2.14 0.07 1.45
Mean number of visitors 0.21+£0.077 0.26+0.053 0.20+0.050 0.12+0.033 0.52 0.30 0.11

Relative fitness was calculated by dividing the fitness value of each plant by the average of that fitness measure over all the plants. DB = dark-
colored corolla throat and blue pollen (# = 20); DW = dark-colored corolla throat and white pollen (7 = 19); LB = light-colored corolla throat
and blue pollen (n = 20); LW = light-colored corolla throat and white pollen (nz = 21). Sample sizes for mean number of visits—» = 15 for DB and
n =16 for DW, LB, and LW. Significant effects (P < 0.05) are in bold. Interaction effect on mean seed mass is marginally significant (P = 0.054).
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0.7

0.4

Mean seed mass (mg)
0.3

0.1

0.0
L

DB Dw LB Lw

Color group

Figure 3: mean seed mass (in mg; +standard error) of four color
groups in Linum pubescens. DB = dark-colored corolla throat and blue
pollen (n = 20); DW = dark-colored corolla throat and white pollen
(n =19); LB = light-colored corolla throat and blue pollen (n = 20);
LW = light-colored corolla throat and white pollen (7 = 21). Bars with
different letters denote significantly different values (P < 0.05; con-
trast analysis).
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studies, in either of the traits that were found to be under
selection pollinators were not the mediators of this selection.

The most common maternal fitness measure used in selec-
tion studies of plants is number of offspring, usually the num-
ber of fruits or seeds (Geber and Gritfen 2003). In this study
of L. pubescens, using only one of these two, or even both,
would obscure selection on floral color. Although various fit-
ness measures have been used for estimating natural selection
(e.g. Harder and Johnson 2009; Siepielski et al. 2011), it is
possible that our view on floral evolution is biased by non-
significant selection gradients obtained when using a single
fitness measure. The lesson from L. pubescens here is that, if
possible, multiple fitness measures should be used for esti-
mating natural selection on multiple floral traits.

Fitness comprises survivorship and fecundity (Crow and
Kimura 1970), the latter proposed to be measured for the off-
spring as well (Fisher 1930). Despite its ephemeral growth
habit, L. pubescens plants do not allow an easy measure of
second-generation fitness due to strong seed dormancy (~2%
germination in the first year; M. Lebel, unpublished data).

Table 2: regression analyses to test the mediator effect of pollinator behavior on the association between floral traits and fitness in Linum

pubescens

Predictor variable Explained variable

Effect size® Test statistic

Color—pollinators—seeds mass
Step 1: Color Seeds mass
Step 2a: Color Mean no. of visits

Step 2b: Color Mean no. of visitors

Step 3a: Mean no. of visits Seeds mass
Color Seeds mass
Step 3b: Mean no. of visitors Seeds mass
Color Seeds mass

Flower diameter—pollinators—no. of fruits
Step 1: Floral diameter No. of fruits
Step 2a: Floral diameter Mean no. of visits

Step 2b: Floral diameter Mean no. of visitors

Step 3a: Mean no. of visits No. of fruits
Floral diameter No. of fruits
Step 3b: Mean no. of visitors No. of fruits
Floral diameter No. of fruits

Flower diameter—pollinators—no. of seeds
Step 1: Floral diameter No. of seeds
Step 2a: Floral diameter Mean no. of visits

Step 2b: Floral diameter Mean no. of visitors

Step 3a: Mean no. of visits No. of seeds
Floral diameter No. of seeds
Step 3b: Mean no. of visitors No. of seeds
Floral diameter No. of seeds

?=0.10 F; 76 = 2.86; P = 0.042
r? =0.06 Fys0=1.22; P=0.311
r? =0.06 Fys0=1.15,P=0.335
r? =0.04 Fls5=2.56; P=0.115
r*=0.11 F3 53 =2.56; P=0.063
r*=0.01 Fyss=0.36; P=0.552
”=0.12 Fy 55 = 2.48; P=0.070
5=0.089 t=3.10; P = 0.003
5=0.008 t=10.89; P=0.378
5 =0.040 t=1.26; P=0.213
s=1.548 t=3.23; P=0.002
5=0.100 t=3.08; P = 0.003
5=0.422 t=3.28; P = 0.002
5=0.095 t=2.90; P = 0.005
5=0.096 t=2.84; P=0.006
5=0.008 t=0.89; P=0.378
5 =0.040 t=1.26; P=0.213
s=1.803 t=3.15; P = 0.003
5=0.108 t=2.78; P = 0.007
5=0.505 t=3.31; P=0.002
s=0.101 t=2.61; P=0.012

Effect size measured as % variance explained (r?) for categorical factors (flower color) or regression slope (s) for continuous factors (floral diam-
eter). Significant terms (P < 0.05) are in bold. Fitness traits were analyzed as relative fitness (mean fitness = 1). Although mediational analysis
contains four steps, the third step is included in the fourth; hence, for simplicity, the third and fourth steps are combined.

ar = % variance explained; s = slope of regression.
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Figure 4: relative fitness based on four maternal fitness measures, as a function of flower diameter in Linum pubescens. Lines represent linear
regression of relative fitness against standardized values of flower diameter; solid lines denote slopes significantly different than zero, dashed
lines denote nonsignificant slopes. Fitness was estimated as (A) fruit-set; (B) number of fruits; (C) number of seeds; (D) mean seed mass; (E)
mean number of visits per plant; (F) mean number of visitors per visit per plant.

This limits estimation of natural selection by using the full
arsenal of maternal fitness measures. Studies that meas-
ured fitness by using second-generation fecundity are rare
(Ehrlén and Miinzbergova 2009), and our study focused on
first-generation maternal fitness measures, as do most studies
(Geber and Griffen 2003). Among the four fitness measures
used here, counting the fruits or the seeds is advantageous
because it indirectly hints at the role of pollinators in selec-
tion. Fortunately, in L. pubescens, counting the fruits is the
least time-consuming compared to other fitness measures,
and hence is the most cost-effective measure. However, for
detecting selection, i.e not pollinator-mediated, other meas-
ures are required.

Previous studies, as well as our own observations (M.
Lebel, unpublished data), found that floral color in L. pube-
scens is polymorphic across years and populations and that
the number of fruits and seeds and seed mass are similar
among color morphs, suggesting no selection on this trait
(Wolfe 2001). Floral color is therefore expected to show no

difference in fitness, regardless of the fitness measure chosen.
In contrast to this expectation, we found that floral color is
under selection when seed mass was considered as a measure
of fitness. It is not clear what the mechanism that mediated
such selection is, and how floral color is related to seed mass.
While floral color is an advertisement trait, aimed to attract
the pollinators (Blarer ef al. 2002; Johnson and Dafni 1998),
seed mass is associated with maternal investment in seedling
survival (de Jong et al. 2005; Mazer 1987; Moles and Westoby
2004; Platenkamp and Shaw 1993). Association of seed mass
and floral color polymorphism suggest habitat segregation of
the morphs mediated by seeds mass and ditferential seedlings
survival. However, the four color morphs of L. pubescens deter-
mined here are well mixed within populations, and there is
no apparent habitat segregation, as hypothesized from our
results. It is hence likely that these results are either spuri-
ous or that these two traits (floral color and seed mean mass)
are correlated to another un-measured trait. Nonetheless,
we argue that our results are important to demonstrate the
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potential advantage of using multiple fitness measures to
detect selection on floral color.

Floral size was shown in many studies to be under positive
pollinator-mediated directional selection (e.g. Parachnowitsch
and Kessler 2010; Reynolds et al. 2010; Sandring et al. 2007). This
selection is expected to be more pronounced (i.e. a larger covari-
ance between floral diameter and fitness) when fitness is meas-
ured as fruit-set and as number of fruits, because larger flowers
produce larger advertisement and increase the attraction of polli-
nators and enhance the number of visits per inflorescence. This,
in turn, increases outcross pollen import and per-flower visita-
tion rate (Cane and Schifthauer 2003; Mitchell 1994; Tang and
Huang 2005). As expected, we found positive selection on floral
diameter in L. pubescens by using number of fruits and number
of seeds. This may hint for pollinator-mediated selection, exerted
through higher preference of pollinators to flowers with larger
advertisement, increasing fruiting rate and number of seeds (e.g.
Galen 1989; Johnston 1991; Parachnowitsch and Kessler 2010).
Nonetheless, here we found only partial evidence for the role
of pollinators in exerting selection on floral display. While these
results do not provide another strong case of pollinator-mediated
selection, this study is important to exemplify the possible incon-
sistency when different fitness measures are used.

In order to choose the best fitness measure for estimat-
ing natural selection in plants, one first needs a hypotheti-
cal mechanism underlying the selection regime hypothesized.
Otherwise, there are two practical ways to choose the best fit-
ness measure. One is to measure all feasible fitness measures
along the life history from pollinator visitation to offspring
viability on a subset of plants (Conner 1996; Kingsolver et al.
2012; Oostermeijer et al. 1994; Pélabon et al. 2005; Sobrevila
1988). Another way is to estimate the selection via an inde-
pendent method, using the breeder’s equation, R = k%, esti-
mating the selective response (R) and the heritability (/4?),
calculating the selection (s) and comparing it to the selection
achieved by direct measure (Conner and Hartl 2004; Falconer
and Mackay 1996; Gomez 2000). Both approaches are prob-
lematic; the former is time-consuming due to the requirement
for more than one fitness measure, and the latter requires
at least one more generation of measured plants. Here, we
show the usefulness of the first approach for L. pubescens, and
conclude that a preliminary study that estimates a few fit-
ness measures in a subset of the full sample of plants may be
sufficient for understanding the role of pollinators and other
hypothetical mechanisms in natural selection on floral traits.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Plant Ecology
online.
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