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Abstract. Pollinators may choose which flowersto visit by direct assessment of rewards
or by indirect assessment of ‘‘honest’” advertisements or other traits correlated with the
quantity or quality of reward. We wished to know whether selection generated by pollinators
acted directly or indirectly on floral rewards, on advertisement traits, and/or traits affecting
pollinator efficiency (their fit with flowers) in Dalechampia vines (Euphorbiaceae) and
whether the advertisement (bract size) was correlated honestly with reward amount (mea-
sured by resin-gland area). In Gabon we studied bee visitation and pollen arrival rates to
blossoms of D. ipomoeifolia Benth. and found that, despite the apparent visibility of the
resin reward (and its volume), the strongest bee-mediated natural selection acted directly
on bract size rather than gland area. Blossoms with larger bracts were visited more often
by the only pollinators, female Heriades nr. spiniscutis (Apoidea: Megachilidae), and these
blossoms received more pollen on their stigmas. Blossoms with larger resin glands were
also visited more often and received more pollen overall, but this effect disappeared when
bract size (which was phenotypically correlated with gland size) was controlled for statis-
tically. These observational data were confirmed by experimental reduction of bract size,
which significantly decreased pollen arrival rates. Thus, the bees appear to rely on the
““honest’”” correlation between advertisement and reward in choosing the best blossoms to
visit, and this behavior generates direct selection for larger bracts and indirect selection
for larger resin glands. Bees visiting blossoms with larger separation between the gland
and stigmas contacted the stigmas less frequently, and such blossoms received less pollen
on their stigmas. Because gland area, bract size, and gland—stigma separation are positively
correlated phenotypically, response to selection for larger bracts may be limited in this

population by conflicting selection against large gland—stigma separation.
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INTRODUCTION

Pollinators choose among flowers by direct percep-
tion and assessment of reward quality and quantity, by
assessment of traits correlated with rewards, and by
their past experience of the means, variances, and co-
variances of reward quality, quantity, and related floral
traits (e.g., Heinrich and Raven 1972, Real 1981, Ott
et al. 1985, Harder and Real 1987, Cartar 1991, Shafir
et al. 1999, 2003). In turn, these choices generate many
of the selective pressures influencing the evolution of
floral traits. However, the interplay between pollinator
choice, the natural selection it generates, and the na-
ture, amount, and scale of floral variation remain poorly
understood (Fenster et al. 2004).

Phenotypic selection analysis (Lande and Arnold
1983) has been used a number of times to investigate
the selective pressures that pollinators impose on flow-
ers (e.g., Campbell 1989, Galen 1989, Campbell et al.
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1991, Stanton et al. 1991, Melendez-Ackerman and
Campbell 1998, Caruso 2002, Totland 2004). Despite
a well-developed theoretical background (Lande and
Arnold 1983, Phillips and Arnold 1989), there have
been fewer attempts to understand how response to
selection may be influenced by phenotypic and genetic
correlations among floral traits. Nevertheless, interest
in selection on correlated traits has grown sharply in
the past decade (e.g., Dorn and Mitchell-Olds 1991,
Campbell et al. 1994, 1996, Meagher 1994, Stanton
and Young 1994, Andersson 1996, 1997, O’ Connell
and Johnston 1998, Worley and Barrett 2000, Cariveau
et al. 2004, Caruso 2004).

Reward quantities often vary dramatically within and
among closely related plant species, even though re-
ward type may remain very similar (Fenster et al.
2004). When rewards are perceived directly, pollinators
may choose among flowers by assessing the presence
and amount of reward (e.g., Thorp et al. 1975, Arm-
bruster and Webster 1982, Armbruster and Herzig
1984, Cresswell and Robertson 1994, Dobson et al.
1996, Dobson and Bergstrom 2000). When rewards
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cannot be directly perceived by pollinators, however,
floral visitors must select flowers on the basis of traits
that are correlated with reward amounts (e.g., Cresswell
and Galen 1991). The commonness of flowers with
hidden rewards and the prevalence of costly advertise-
ments (e.g., Galen et al. 1999, Galen 2000) in plants
with readily perceived rewards (e.g., most pollen-re-
ward flowers) suggest that advertisements are usually
important in floral choice, even when rewards are not
hidden (see Chittka and Thomson 2001). The ‘‘hon-
esty’’ of the reward—advertisement correlation may in-
fluence the evolutionary dynamics of the system
(Schaefer et al. 2004) much as does honest signaling
in animal mate choice and sexual selection (see Grafen
1990, Johnstone 1995, Maynard-Smith and Harper
2003). Lack of a correlation (e.g., Cresswell and Rob-
ertson 1994) or even ‘‘dishonest’” advertisement may
lead to the evolution of food deception and mimicry
pollination systems (e.g., Dafni 1984, Ackerman 1986,
Roy and Widmer 1999, Smithson and Gigord 2002,
Thakar et al. 2003) and may increase selection for pol-
linators to assess rewards directly (see Cresswell and
Robertson 1994, Dobson et al. 1996, Dobson and
Bergstrom 2000). A strong reward—advertisement cor-
relation (‘“honest’ signaling) allows evolutionary and/
or behavioral shifts towards choosing flowers on the
basis of easily perceived advertisements (Cresswell and
Galen 1991).

Previous studies have suggested that pollen-arrival
rates are determined by the product of the rate of pol-
linator attraction (total visitation rate) and the polli-
nator efficiency (per-visit contact with anthers and stig-
mas or pollen pickup and deposition; e.g., Armbruster
1988; see reviews in Armbruster et al. 2000, Fenster
et al. 2004), athough this has rarely been measured
empirically (but see Campbell et al. 1994, Engel and
Irwin 2003). In this study, therefore, we used Dale-
champia vines (Euphorbiaceae) to examine the direct
and indirect effects of natural variation in reward quan-
tity (resin-gland area), advertisement (bract size), and
pollinator—flower fit (gland—stigma distance) on polli-
nator visitation rate, frequency of pollinator contact
with stigmas, and the female component of alloga-
mous-pollination success (i.e., number of pollen grains
from other blossoms arriving on stigmas; note thisin-
cludes geitonogamous [within-plant] and xenogamous
[between-plant] pollen movement). We tested the re-
sults of our study of the effects of natural phenotypic
variation by analyzing the effect of experimentally in-
duced variation in bract size on pollen arrival rates.

The evolutionary responseto selection on floral traits
may be affected by conflicting selection on and genetic
correlations between floral traits. Pollinators may often
choose to visit and hence select for larger flowers and
larger amounts of reward. But there may also be con-
flicting selective pressure on flower size driven by pol-
linator fit and pollination efficiency. For example, when
small bees are the main pollinators of a Dalechampia

W. SCOTT ARMBRUSTER ET AL.

Ecology, Vol. 86, No. 12

species, there may be directional selection for a de-
crease in the distance between the stigma, where pollen
needs to be deposited, and the resin gland, where bees
obtain the resource they are seeking (see Armbruster
1990). Thus, concurrent selection for an increase in
bract size and reward amount that is driven by polli-
nator choice may be restricted or promoted by positive
genetic correlations between gland—stigma distance,
bract size, and reward amount (Lande and Arnold 1983,
Hansen et al. 2003a, Armbruster et al. 2004). In other
situations, such as when very large bees are common,
there may be selection for increases in the size of all
blossom traits. Thus, in some cases genetic correlations
between floral traits may limit response to directional
selection, and in others they may promote response to
selection (Armbruster 1990, 1991, Armbruster and
Schwaegerle 1996, Schluter 1996, Hansen et al.
2003a).

The goals of this study were to assess the interplay
between reward amount, advertisement size, visitation,
and pollen arrival rates on stigmas and between floral
shape and pollination efficiency in one population of
Dalechampia ipomoeifolia in Africa. Specifically, we
wished to determine whether: (1) floral advertisements
(large involucral bracts) constitute an honest signal in-
dicating the amount of resin reward present in a blos-
som; (2) the amount of resin reward and/or size of the
involucral bracts influence the choice of blossoms by
resin-collecting bees and rate of pollinator visitation;
(3) the rate of pollen arrival on the stigmais positively
influenced by increasing amounts of resin and/or size
of the involucral bracts; (4) increasing distance be-
tween the stigmas and resin gland negatively influences
pollination efficiency (the frequency with which bees
contact stigmas), and hence the rate of pollen arrival;
(5) the gland—stigma distance positively covaries with
other blossom sizetraits (e.g., the size of theresin gland
and involucral bracts), hence acting in combination
with (4) potentially to constrain response to selection
on blossom size by bees.

MATERIALS AND METHODS
Study system

Dalechampia (Euphorbiaceae) is a tropical vine
bearing self-compatible, unisexual flowers clustered
into open, bisexual, blossom inflorescences (pseudan-
thia), which, in most species, secrete resin from spe-
cialized glands to attract pollinators (Webster and Web-
ster 1972, Armbruster 1984, 1993). The resin is col-
lected by several species of megachilid and apid bees
for use in nest construction. Previous work on Dale-
champia has led to the conclusion that the amount of
resin (as measured by the size of the resin gland) of-
fered by each blossom determines the type and size of
bees that will visit inflorescences, at least at the level
of variation among species of plants and species of
bees (Armbruster 1984, 1988, Armbruster and Herzig
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1984). This follows logically from the expectations of
pollination energetics (Heinrich and Raven 1972),
wherein it is inferred that large floral visitors cannot
energetically afford to visit flowers offering small
amounts of reward, whereas smaller visitors, with their
lower payload and energy costs, can (Armbruster 1984,
1988, 1991). Plants are also under selection to offer
the minimal amount of reward that will still attract
pollinators. Excess reward not only wastes energy and
nutrients, it may also reduce the number of flowers
visited (Heinrich and Raven 1972). Indeed, Dalecham-
pia pollinators usually visit numerous blossoms on
multiple plants in a single foraging bout, suggesting
this balance has been struck.

Floral resin is openly presented and indeed often
brightly colored and presumably visible to approaching
bees, but it is unclear whether bees choose Dalecham-
pia blossoms on the basis of the amount of reward or
some advertisement trait(s) correlated with resin quan-
tity. The size of the visiting bees affects the probability
of pollen being transferred to the stigmas, with only
large bees expected to be effective pollinators of spe-
cies with large blossoms (and hence large distances
between the resin gland and sexual parts [Armbruster
1988, 1990]). It is unclear, however, whether the cor-
related evolution of various reward and advertisement
traits seen at the level of populations and species (e.g.,
amount of resin, area of resin gland, size of petaloid
bracts, gland—stigma distance, and overall blossom size
[Armbruster 1988, 1990, 1991, Hansen et al. 2003a,
Armbruster et al. 2004]) is the result of correlational
selection (Endler 1986, Armbruster and Schwaegerle
1996) or a combination of direct and indirect selection
manifested through genetic correlations (Lande and Ar-
nold 1983, Armbruster 1991, 2002, Hansen et al.
2003a, Armbruster et al. 2004).

We studied a population of Dalechampia ipomoei-
folia Benth. in a large opening in a lightly disturbed,
lowland, evergreen forest (~490 m elevation), ~20 km
east of Lastoursville, Gabon, from December 1996 to
March 1997. The functionally bisexual blossoms com-
prise three pistillate flowers, ~12-16 staminate flow-
ers, aresin gland, and two large involucral bracts. The
blossoms are protogynous and open for pollination for
~10 d. During the first 2—3 d the bracts are open and
the stigmas are receptive, but male flowers are still
closed (“‘female phase’”). During the subsequent week
the pistillate flowers remain receptive and 1-4 male
flowers open daily (‘“ bisexual phase’"); each maleflow-
er sheds pollen for 1-2 d and then drops off.

Pollinator visitation

We recorded insect visits to 60 blossoms discretely
labeled by numbering the nearest leaf with black ink
(to minimize effect on visitor behavior), on seven
clumps of plants (blocks), with 3—19 blossoms (median
= 6) observed per block. Each clump in this and the
other phenotypic-selection experiments contained one
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to severa plants and was treated as a block, so that
variation among sites and among genetic individuals
(plants) could be estimated and controlled statistically.
Each labeled blossom was observed for set periods of
time between 0.25 and 3.8 h/d (median = 2 h), de-
pending on weather and time available, throughout the
study period. We estimated visitation rate from these
data (number of visits per hour). We measured a series
of morphological traits for each blossom, including the
length of the lower bract (‘‘bract length’”), the length
and width of the resin-bearing surface of the cluster of
bractlets forming the resin gland (multiplied to obtain
““gland area,” which correlates tightly with the stand-
ing crop of resin [Armbruster 1984]), and the minimum
distance separating the gland and the stigma (gland—
stigma distance or *“GSD"").

We examined the effect of GSD on the rate of stigma
contact by floral visitors. We recorded whether the vis-
itor touched the stigma on each observed visit to a
target (measured) blossom. In order to increase the
range of GSD sizesin female blossoms, we also created
“artificial”” females by removing the open staminate
flowers (which might otherwise interfere with bee con-
tact with the stigmas) from bisexual blossoms (GSD
increases with age, and bisexual blossoms generally
have larger GSDs). This manipulation increased the
mean GSD and standard deviation from 2.32 = 0.48
mm for the unmanipulated blossoms to 2.59 + 0.69
mm in the full data set.

Effect of natural blossom variation on pollen arrival

Eighty-four unopened blossoms on 11 clumps of
plants (blocks) in the same population of D. ipomoei-
folia were selected haphazardly and discretely labeled
by marking leaves, as above. As the bracts opened on
each blossom, we counted, using a 10X hand lens, the
pollen grains on the stigmas on each day of female
phase (before anthers were open). The same blossom
traits as in the visitation study were measured on each
blossom on each day. By making measurements on all
days of the female phase we were able to select the
counts and measurements from the final day of the
female phase for further analysis, under the assumption
that the opening of the first male flower is a good tem-
poral/developmental landmark. We chose the last day
of the female phase as the critical observation point,
because it captures the maximum amount of pollinator-
transported pollen arriving from other blossoms (func-
tionally allogamy; i.e., xenogamy plus geitonogamy)
prior to the possibility of ““self’” (within-blossom) pol-
lination, without the need for emasculation. The num-
ber of pollen grains on the stigma is thus a measure of
the female component of success in allogamous (inter-
blossom) pollination and presumably fitness.

Effect of bract manipulation on pollen arrival

Seventy-three pairs of unopened, nearly adjacent
blossoms on the same shoot were chosen from 29
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plants. We chose one pair of blossoms on small plants,
but up to three pairs on large plants. On the first blos-
som, prior to its opening, we cut the extreme edge of
both upper and lower involucral bracts with a pair of
small scissors (‘‘cut long” = control). On the second
blossom we cut both involucral bracts so that the bract
area was reduced to less than one-third of the original
(*“cut short’"). Pollen loads were counted as described
above and also at 3 d after the manipulation. Therefore,
one measure (pollen load after 3 d) was made at a
constant timeinterval since the manipulation, whilethe
other measure (pollen load at end of female stage) was
made at a constant ontogenetic stage. We report below
the results of analyses of both measurements.

Satistical analysis

The analysis of the pollinator data required assess-
ment of heterogeneity and sequential pooling to
achieve useful sample sizes. Theinitial data comprised
the visitation rates for each blossom, organized by
plant, block (= clump of plants), time of day (period),
and date (day). As a result, the data have a repeated-
measures structure (multiple observations per blossom,
on different days), with morphological variation intro-
duced by blossom growth between days with repeated
observations. Thus, the levels of variation in blossom
measurement are: (1) blossom size with age (tagged
blossoms measured on different days) and (2) blossom
nested within block.

After testing for, and rejecting, the existence of sig-
nificant heterogeneity across periods, all periods from
the same day were pooled. This yielded a mean hourly
visitation rate per day (sum of all the observation pe-
riods for one day divided by the number of hours of
observation) for each blossom. Although we had re-
peated observations of blossom visitation over up to
three consecutive days, the design was too unbalanced
for us to employ a mixed-effects model that took
growth-induced changes in flower size into account.
Therefore we used only the first day of observation for
each blossom. As a consequence, the variation in size
among blossoms was due to variation in both the on-
togenetic stage of the blossom and the true ontogeny-
independent size. This does not seem to be a serious
problem, because variation in blossom size due to on-
togenetic stage during the 2—3 d of the female stage is
small compared to the total size variation among blos-
soms, and the ontogenetically induced variance only
adds to the size variation whose functional significance
we are examining.

We analyzed the effect of variation in gland area and
bract length on visitation rate using a mixed-effects
model (Imein S-plus; Venables and Ripley 2002) where
the block (clump of plants) was entered as a random
factor. The effect of gland—stigma distance (GSD) on
the probability of stigma contact by bees was analyzed
using a generalized linear model (GLM) with binomial
error structure. We did not enter block as avariable in
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this model, because unlike total visitation rate or pollen
arrival, the probability of stigma contact is not likely
to be influenced by block factors, and GSD varied as
much within blocks (clump) as among. However, this
treatment of the data reduced the full independence of
the observations, and hypothesis testing and interpre-
tation of marginal P values require additional caution.

We subjected the data on pollen arrival and visitation
rate to path analysis (Wright 1921, Li 1975) because
we were interested in the relationships among the mor-
phological traits as well as their direct and indirect
effects on pollen arrival and pollinator visitation. All
predictor variables showed nearly normal distributions.
The number of pollen grains on the stigma showed a
normal distribution after square-root transformation.
We first ran an ANCOVA between the pollen load and
each predictor variable separately, with plant or clump
of plants (block) as a categorical factor, to test whether
the plant on which a blossom occurred had any effect
on the relationship between the pollen load and the
predictor variables. We did not find any significant in-
teractions between the plant (or clump of plants) and
the predictor variables (not shown) and concluded that
the rel ationships between the pollen load and each pre-
dictor variable were similar among plants and could be
analyzed jointly.

We then cal culated the Pearson correlations between
the different predictor variables (Table 1). To calculate
path coefficients, we analyzed the multiple regression
between the pollen arrival or visitation rate and the
different predictor variables using a linear mixed-ef-
fects model (Ime in S-plus) where each predictor var-
iable was entered as afixed effect and the block (clump)
was entered as a random effect (because several blos-
soms per clump were measured [see Wright 1921, Li
1975, Shipley 2000]). Thus the inter-block (-clump)
variation (effects of site and individual) has been ef-
fectively removed from the path analysis. All variables
were standardized (mean = 0, sb = 1) before analysis.

The design of the manipulative experiment described
above allowed comparison of stigmatic pollen loadsin
the two treatments with a paired t test. Variations in
plant phenotype, local environment, and time are large-
ly controlled in the paired comparisons. All analyses
were performed in S-plus (Venables and Ripley 2002).

REsuLTS

Effect of natural phenotypic variation
on visitation rate

The only floral visits observed, excepting a few in-
cidental landings on the bracts by flies, were by female
Heriades nr. spiniscutis (Megachilidae), which col-
lected resin, pollen, or sometimes both. These bees are
~6 mm long, roughly 2.5 times the mean GSD (Table
1). Visitation rates ranged from 0 to 3.2 visits per blos-
som per hour (median = 0.2). Although blossoms with
large glands tended to receive morevisits, the visitation
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Phenotypic correlations between predictor and response variables, with P values in parentheses (above diagonal)

and means *+ sk for each variable given on the diagonal (n = 81).

Variable Bract length Gland area Gland-stigma distance Pollen arrival
Bract length 20.1 = 0.41 mm 0.36 (0.001) 0.04 (0.72) 0.42 (<0.001)
Gland area 2.90 = 0.08 mm? 0.32 (0.003) 0.23 (0.03)
Gland-stigma distance 2.35 = 0.06 mm —0.09 (0.42)
Pollen arrival 375 = 3.62

Notes: The study population of Dalechampia ipomoeifolia Benth. was in a large opening in a lightly disturbed, lowland,
evergreen forest (~490 m elevation), about 20 km east of Lastoursville, Gabon. Pollen arrival was measured as the number

of pollen grains on the stigma at the end of the female phase.

rate was affected primarily by the size of the bracts
(Table 2, Figs. 1, 2). Because gland area is a good
measure of the standing crop of resin (Armbruster
1984), the significant phenotypic correlation between
bract length and gland area (r = 0.32; Table 1) indicates
that the floral advertisement is honest: blossoms with
larger bracts indeed usually offer more reward.

Effect of blossom shape on pollination efficiency

The probability of bees contacting the stigmas de-
creased with increasing GSD (Fig. 3). The coefficients
of the GLM were: intercept (=sg) = 5.58 (=0.71) and
slope = —1.58 (£0.24). The Akaike Information Cri-
terion (AIC) of the model including GSD was 307.48,
and the AIC of the model lacking GSD was 406.23;
thislarge differenceindicates a highly significant effect
(Burnham and Anderson 2002). We observed no sign
of overdispersion (dispersion parameter = 1.23). The
inflection point was roughly where GSD was 3 mm or
about half the length of the pollinating bee. The pro-
portion of stigma contacts approached 0 as GSD ap-
proached the length of the bee (6 mm). Because GSD
covaries positively with gland area and bract size, how-
ever, this negative effect on pollinator efficiency did
not translate into areduction in the rate of pollen arrival
(Table 1) unless the effects of gland area and bract size
were controlled statistically.

Effect of natural phenotypic variation in size
and shape on pollen arrival

There were on average 37.5 *= 3.62 grains of allog-
amous pollen on the stigmatic surface at the end of the
female phase (i.e., pollen from other blossoms) (range
= 0-140 grains). Thislarge range wasin part the result
of atendency for the amount of allogamous pollen on
the stigmato increase with the length of the lower bract
(Fig. 4; see Fig. 5 for significance testing). The rela-
tionships among floral morphological variables and be-
tween floral morphology and pollen arrival are pre-
sented in Table 1 and Fig. 5. Bract length appears to
be the most important factor directly affecting pollen
arrival. Gland-stigma distance had a marginally sig-
nificant (P = 0.12) negative direct effect on pollen
arrival (as GSD increased pollen number tended to de-
crease). The gland area had no detectable effect on
pollen arrival (Fig. 5). Thus, while pollen arrival was
significantly correlated with gland area (r = 0.23; Table
1), this was largely due to the effect of bract length on
pollen load and the correlation between gland area and
bract length. If this correlation is the result of the in-
fluence of ageneral growth or size factor on both bract
and gland size (the most likely alternative), then the
pollen—gland correlation is largely a spurious relation-
ship (sensu Wright 1921; see Bollen 1989:50-51). This
would also be the case if bract size influences gland

TaBLE 2. Analysis of the relationships between bract length, gland area, and visitation rate.

Model AIC AAIC K W,
Bract length X gland area + bract length + gland area 138.57 11.10 5 0.002
Bract length + gland area 130.91 3.44 4 0.101
Gland area 128.55 1.08 3 0.330
Bract length 127.47 0 3 0.566

Notes: We performed a multiple linear regression on visitation rate with both bract length
and gland area as predictor variables. We used a mixed-effects model (1me in S-plus) where
the block (plant or clump of plants) was entered as random factor. We selected the best model
using the Akaike Information Criterion (AIC). K is the number of estimable parameters; w; is
the Akaike weight of evidence in favor of model i. See Burnham and Anderson (2002) for
further details on the cal cul ation and meaning of these parameters. The final model isin boldface
type. Note that despite a rather low evidence ratio for the model (bract length) vs. the model
(gland area), the st of the parameters were much lower in the former than in the latter model.
Coefficients (= sg) of the best model are intercept = —0.25 *= 0.37, bract length = 0.052 =
0.018; coefficients of the gland-area model are intercept = —0.10 = 0.56; gland area = 0.26

+ 0.18.
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Fic. 1. Effect of natural phenotypic variationinthelength
of the lower involucral bract on the number of visits by Her-
iades sp. (Megachilidae) observed per unit time. The coef-
ficients (+sg) for the regression line are: intercept =—0.38
+ 0.34, slope = 0.053 + 0.019; R? = 0.12. See Fig. 2 for
significance testing.

area. Alternatively, if gland area influences bract size
(which seems very unlikely), an indirect relationship
between gland area and pollen arrival would generate
much of the correlation. The correlated effectinvolving
bract length was 0.14 (= 0.36 X 0.39), whereas the
direct effect of gland area on pollen arrival was 0.12

(Fig. 5).
Manipulation of bract length

The stigmatic pollen load at day 3 was significantly
lower in blossoms with bracts cut short than in blos-
soms with bracts cut “‘long” (Fig. 6; mean difference
= 14.84 pollen grains; 95% ci, 6.97—22.70; paired t
test, t = 3.77, df = 61, P < 0.001). Similarly, at the
end of the female phase, the stigmatic pollen load in
cut-short blossoms was less than in the cut-long blos-
som (mean * sE, cut-short = 39.3 *+ 4.39; control =
52.3 = 4.15, mean difference = 12.95, 95% ci, 2.31—
23.58; paired t test, t = 2.43, df = 60, P = 0.018).

DiscussioN AND CONCLUSIONS

Dalechampia ipomoeifolia blossoms with larger
bracts were visited more frequently by pollinating bees.
Surprisingly, gland size, which reliably indicates the
quantity of resin reward present, had no detectable ef-
fect on visitation rate. Bees thus appeared to rely on
the honest signal manifested through the phenotypic
correlation between bract size and gland area. Higher
rates of visitation suggest increasing pollen export
(male fitness) with bract size, as well as higher female
fitness.

Blossoms with larger bracts achieved higher female
fitness as measured by arrival of allogamous pollen on
the stigmas. Thus, the increase in visitation results in
an increase in the rate of pollen arrival on the stigmas.
Thisrelationship is often assumed in pollination studies
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but very rarely documented. The same relationship has
also been demonstrated recently in Ipomopsis aggre-
gata (Polemoniaceae; Engel and Irwin 2003).

Although the resin—gland area accurately predictsthe
standing crop of resin (Armbruster 1984), which is
what the bees seek, gland area did not appear to influ-
encevisitation or pollen arrival directly. The significant
phenotypic correlation between gland area and bract
size, the basis of the honest signal, was probably mostly
the result of a general size factor (such as growth rate
or duration) affecting both gland area and bract size
and thus visitation rate via the latter. The correlation
between gland area and pollen arrival would thus be
primarily the result of a ‘“‘spurious effect’” in the path
analytical sense (see Bollen 1989:50-51), and flower
choice by bees thus generates indirect, not direct, se-
lection for larger glands (see Scheiner et a. 2000). The
two phenotypic selection studies (visitation and pollen
arrival) and the manipulative experiment all yielded
results strongly supporting this surprising conclusion
that bract size rather than gland area was the main trait
influencing pollination success.

Variation in the separation between the site of reward
deployment (e.g., resin gland) and the stigmas is ex-
pected to affect the pollinator efficiency (amount of
pollen deposited per visit), although this has been hard
to document in the field (e.g., Engel and Irwin [2003]
expected but failed to detect this effect). Our study is
one of only a few to show an apparent relationship
between floral morphology and pollinator efficiency
(see also Campbell et al. 1994). As the gland—stigma
distance (GSD) increased, the proportion of visits in
which visitors contacted the stigmas dropped signifi-
cantly, and the rate of pollen arrival on the stigmas also
dropped (after the effect of bract size on total visitation
had been removed statistically).

The results of the phenotypic-selection study and
experimental trimming of bracts both point to the adap-
tive role of the involucral bracts in attracting pollina-
tors to flowers. This confirms previous speculation

Bract length
0.31**

Visitation

0.32 rate

Gland area 0.07

Fic. 2. Path diagram showing estimated direct effects of
reward (gland area) and advertisement (bract length) traits on
the rate of visitation by Heriades sp. (Megachilidae). The
double-headed arrow indicates an unanalyzed correlation be-
tween morphological traits. Arrow thicknessindicatesrelative
importance of the independent variable's effect on the de-
pendent variable. The analysis was conducted using a mixed-
effects model including block as a random factor, and the
diagram thus represents the relationship after the block effect
is removed. **P < 0.01.
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Fic. 3. Variation in the likelihood of visiting bees con-
tacting the stigmas in relation to variation in the distance
between the resin gland and the stigmas (GSD).

(Armbruster 1997) explaining the origin of large in-
volucral bracts in this group as an adaptation to attract
pollinators. Interestingly, large bracts also play an im-
portant role in defense of flowers against nocturnal
florivores in those species in which the bracts close at
night (Armbruster 1997).

Selection for large bracts may also have played a
role in the divergence of populations and species of
Dalechampia. Although the population studied here
was visited by only one species of resin-collecting bee,
and these bees showed only limited size variation, larg-
er species of resin-collecting bees are found in other
parts of Africa (e.g., Pachyanthidium spp.; Steiner and
Whitehead 1991, Armbruster and Steiner 1992, Arm-
bruster et al. 1993) and vastly larger resin-collecting
bees are found in the neotropics (e.g., Euglossa, Eu-
laema; Armbruster 1988). Larger bees may select for
larger bracts (and ultimately glands), leading to the
evolution of larger blossoms in those populations
(Armbruster 1985, Hansen et al. 2000) and species
(Armbruster 1988, 1991, 1993) pollinated primarily by
larger bees. Smaller bee pollinators may drive diver-
gencein the opposite direction in other popul ations and
species.

Potential confounding effects

It has been recently pointed out that studies of phe-
notypic selection risk misinterpreting a correlation be-
tween fitness and phenotype as evidence for selection
when the correlation actually reflects environmental co-
variance between fitness and phenotype (Rausher 1992,
Scheiner 2002, Stinchcombe et al. 2002, Kruuk et al.
2003). This is the result of the environment (e.g., soil
nutrition for a plant) having direct effects both on phe-
notype (e.g., flower size) and fitness (e.g., seed pro-
duction). While this problem is probably common, es-
pecially when the measured component of fitness is
offspring production, we think it is minimal here for
several reasons. First, we employed path analysis,
which may reduce the problem statistically (Scheiner
2002). Second, we measured visitation and pollen ar-
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rival, components of fitness not strongly linked to nu-
trient or energy status. Third, all study plants were
observed in fairly uniform conditions, especially with
respect to light budget.

We can think of only one environmental variable that
could affect both blossom size (via plant growth) and
rates of pollinator visitation and pollen arrival. If plant
growth islimited by available photosynthetically active
radiation (PAR) and pollinator visitation is thermally
constrained, then shady environments could have
smaller blossoms and lower visitation rates than sun-
nier environments. This is because the total thermal
environment (the ‘‘operative environmental tempera-
ture’’; Tg) isinfluenced by radiation load as well as air
temperature and wind (Bakken 1992). Bee activity is
known to be sensitive to T (Bishop and Armbruster
1999), even in the tropics (Armbruster and Berg 1994),
which means that a reduction in radiation load could
affect both pollinator activity and photosynthesis
(hence investment in blossoms). However, we do not
think it likely that this environmental correlation af-
fected our analysis, because all our study plants were
in anearly uniformly warm, open site, with ample PAR
and high T¢ during the observation periods. Further-
more, the manipulative experiment rigorously con-
trolled environment in its paired design, largely pre-
cluding such environmental effects. That the results
from this experiment were completely consistent with
the phenotypic selection analysis confirms the validity
of the latter.

Bee foraging decisions

It was somewhat surprising that bract size (an ad-
vertisement) rather than gland area (a component of
reward quantity) influenced bees’ floral choices, given
that the glands are openly visible when the blossoms
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FiG. 4. Effect of natural variation in bract length on the
amount of pollen found on the stigmas at the end of thefemale
phase (i.e., pollen transported to stigmas by pollinators). The
coefficients (+se) for the regression line are: intercept
=-0.88 = 1.55, slope = 0.31 + 0.07; R?> = 0.18. See Fig.
5 for significance testing.
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Bract
length

r 3

0.36***

v 0.12
Gland
area

y

0.04

0.32**
—-0.16

v
GSD
Fic. 5. Path diagram showing estimated direct effects of
reward (gland area), advertisement (bract length), and pol-
linator-fit (gland—stigma distance [GSD]) traits on the arrival
rate of pollen carried by pollinators (pollen load). The double-
headed arrows indicate unanalyzed correl ations between mor-
phological traits. Arrow thickness indicates relative impor-
tance of independent variable’s effect on the dependent var-
iable. The analysis was conducted using amixed-effectsmod-
el including block as a random factor, and the diagram thus
represents the relationship after the block effect is removed.
**pP < 0.01; ***P < 0.001.

are receptive to visitation. Although we expected bract
size might be important in long-distance signaling, we
expected gland area to affect the final choice of blos-
soms by bees. Instead, it appears that bees’ choice of
more rewarding blossoms was based primarily on bract
size and, ultimately, the phenotypic correlation be-
tween gland area and bract size. Bees visiting blossoms
with large bracts do usually get more reward (from
larger glands, on average) than bees visiting blossoms
with small bracts. Although the advertisement is honest
(bract length and gland areaare significantly correl ated;
r = 0.36), thisresult is surprising because only a small
portion of the variancein gland area and reward amount
(~13%) is related to bract size. It is thus curious that
the bees do not seem to choose blossoms based directly
on the size of the gland and amount of resin visible.
This may be explained by the fact that the bracts are
larger and serve as better long-distance attractants, and
bees are better able to detect differences in bract size.
Another possibility isthat, because D. ipomoeifoliares-
in is clear (in human vision), bees may not readily
gauge the gland size and amount of resin as they ap-
proach the blossoms (Spaethe et al. 2001). Clear resin
could be the product of selection against blossoms re-
vealing ‘‘too much’ information to bees, when this
results in excessive discrimination and reduced rates
of pollination. Many species of Dalechampia do, how-
ever, secrete brightly colored resin (Armbruster 1996,
2002). It would be interesting to see if bees choose
blossoms of these species based directly on the amount
of brightly colored reward present rather than, or in
addition to, the size of the bracts.

As a note of caution, the proportional measurement
error (not estimated) was probably larger for gland area
than bract length, because the gland is smaller and
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somewhat harder to measure with calipers than are the
bracts. This may have led to underestimation of the
importance of gland area in influencing the choice of
blossoms by bees, but would not have affected the im-
portance of bract size. In aset of similar measurements
on a closely related species, D. scandens (Armbruster
and Baldwin 1998, Armbruster 2002), the measurement
error variance was estimated as 1.05% of the mean for
bract length and 2.14% for gland area. This difference
of 1.09% is very small compared to the coefficient of
total variance in gland area, which was 92.1% (Hansen
et al. 2003b). Thus, we do not think that such a small
difference in measurement error could have obscured
a large effect of gland area on bee choice, but the
possibility needs to be evaluated.

Evolutionary implications

The phenotypic correlation between bract length and
gland arealresin quantity has a strong genetic basis in
D. scandens (Hansen et al. 2003a), a species, as noted
above, closely related to D. ipomoeifolia. The genetic
correlation between gland area and lower bract length
was 0.58, and the genetic correlation between gland
area and lower bract width was 0.78 (Hansen et al.
2003a). Phenotypic correlations between bract size and
gland area are seen also in all the other species in the
genus that have been examined (Armbruster 1988,
1991). These observations, taken together, suggest that
the honest phenotypic relationship between bract ad-
vertisement and reward may have a genetic basis and
hence be an obligate signal of floral reward, at least
during short-term evolution.

It appears that there may be a direct negative effect
of increasing gland-stigma distance (GSD) on polli-
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Pollen load (no. pollen grains)

Bracts
shortened

Fic. 6. Effect of cutting involucral bracts short on the
amount of pollen on the stigmas on the three days after the
treatment. The control had the bracts only slightly trimmed.
Means and standard errors are shown. Note that they include
a block effect. The paired-comparison analysis showed the
difference to be significant (paired t test; t = 3.77, df = 61,
P < 0.001).
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nator efficiency in contacting stigmas and depositing
pollen on stigmas (see also Cresswell 2000). This is
consistent with observations of the pollination of var-
ious species of Dalechampia in which the probability
of bees of a given length touching the stigma decreased
as the distance between the stigma and the resin gland
increased (Armbruster 1988, 1990). Note that the direct
effect of GSD on pollen arrival has the opposite sign
as the effect of variations in gland area and bract size.
However, the phenotypic correlations between GSD,
gland area, and bract size are positive. Although the
observed correlations between GSD and gland areaand
between GSD and bract size were small (only the for-
mer was significant), they may represent stronger ge-
netic correlations, as was observed for GSD X gland
area in the related D. scandens (phenotypic correlation
= 0.50, genetic correlation = 0.75; Hansen et al.
2003b).

These observations raise the possibility that response
to pollinator-mediated up-selection for honestly showy
advertisements (larger bracts and more reward) is con-
strained by the negative fitness effect of the correlated
increase in gland-stigma distance. Thus, despite ap-
parent directional selection, current bract size in D.
ipomoeifolia might actually be optimal because the up-
selection generated by pollinators on an honest adver-
tisement is balanced by stabilizing or down-selection
on overall blossom size generated by the stigmatic fit
with the relatively small pollinators. Additional selec-
tion against larger bracts and more resin may be gen-
erated by declining benefits in relation to the increased
cost of carbon and nutrients (Armbruster 1990). Indeed,
excessive resin production may even cause a drop in
pollen arrival and dispersal as small bees visit fewer
blossoms to achieve their payload (Heinrich and Raven
1972).

One longstanding question in evolutionary biology
concerns the degree to which selection and/or genetic
correlations measured in populations can explain the
patterns of species divergence (Schluter 1996, Gould
2002). For example, which better explains the distri-
bution of congeneric species in phenotypic space, the
trajectory of multivariate selection or the trajectory of
genetic correlations? Or do neither explain species di-
vergence very well? The first possibility suggests that
selection is largely responsible for species divergence,
the second that genetic correlations constrain species
divergence to a particular trajectory, and the third that
macroevolution is not an extrapolation of microevo-
lutionary adaptation or constraint. The data collected
here, when integrated with published data for the same
traits from multiple species (Armbruster 1988, 1990),
suggest that both genetic correlations and the shape of
the underlying adaptive surface influence the macro-
evolutionary patterns of floral diversification in Dal-
echampia (see also Armbruster 1991, 1996, Armbruster
et al. 2004, Hansen et al. 2000, 200343, b).

SELECTION ON DALECHAMPIA BLOSSOMS

3331

ACKNOWLEDGMENTS

We thank the Missouri Botanical Garden, Gordon Mc-
Pherson, Jean-Marie Pasquier (CEB), and especially Chris
Wilkes and for help in organizing field work. James Cres-
swell, Randy Mitchell, and Paul Wilson provided valuable
comments on the manuscript. Financial support was provided
by the US National Science Foundation (grant number DEB-
9318640 to W. S. Armbruster) and the Norwegian University
of Science and Technology (to L. Antonsen).

LITERATURE CITED

Ackerman, J. D. 1986. Mechanisms and evolution of food-
deceptive pollination systemin orchids. Lindleyana 1:108—
113.

Andersson, S. 1996. Floral variation in Saxifraga granulata:
phenotypic selection, quantitative genetics and predicted
response to selection. Heredity 77:217-223.

Andersson, S. 1997. Genetic constraints on phenotypic evo-
lution in Nigella (Ranunculaceae). Biological Journal of
the Linnean Society 62:519-532.

Armbruster, W. S. 1984. The role of resin in angiosperm
pollination: ecological and chemical considerations. Amer-
ican Journal of Botany 71:1149-1160.

Armbruster, W. S. 1985. Patterns of character divergence and
the evolution of reproductive ecotypes of Dalechampia
scandens (Euphorbiaceae). Evolution 39:733-752.

Armbruster, W. S. 1988. Multilevel comparative analysis of
morphology, function, and evolution of Dalechampia blos-
soms. Ecology 69:1746-1761.

Armbruster, W. S. 1990. Estimating and testing the shapes
of adaptive surfaces: the morphology and pollination of
Dalechampia blossoms. American Naturalist 135:14-31.

Armbruster, W. S. 1991. Multilevel analyses of morphometric
data from natural plant populations: insights into ontoge-
netic, genetic, and selective correlations in Dalechampia
scandens. Evolution 45:1229-1244.

Armbruster, W. S. 1993. Evolution of plant pollination sys-
tems: hypotheses and tests with the neotropical vine Dal-
echampia. Evolution 47:1480-1505.

Armbruster, W. S. 1996. Evolution of floral morphology and
function: an integrated approach to adaptation, constraint,
and compromise in Dalechampia (Euphorbiaceae). Pages
241-272 in D. Lloyd and S. C. H. Barrett, editors. Floral
biology. Chapman and Hall, New York, New York, USA.

Armbruster, W. S. 1997. Exaptations link the evolution of
plant—herbivore and plant—pollinator interactions: a phy-
logenetic inquiry. Ecology 78:1661-1674.

Armbruster, W. S. 2002. Can indirect selection and genetic
context contribute to trait diversification? A transition-
probability study of blossom-color evolution in two genera.
Journal of Evolutionary Biology 15:468—486.

Armbruster, W. S., and B. G. Baldwin. 1998. Switch from
specialized to generalized pollination. Nature 394:632.

Armbruster, W. S, and E. E. Berg. 1994. Thermal ecology
of male euglossine bees (Apidae: Euglossini) in atropical
wet forest: fragrance foraging in relation to operative tem-
peratures. Biotropica 26:50—60.

Armbruster, W. S., M. E. Edwards, J. F Hines, R. L. A.
Mahunnah, and P Munyenyembe. 1993. Evolution and pol-
lination of Madagascan and African Dalechampia (Eu-
phorbiaceae). National Geographic Research and Explo-
ration 9:430-444.

Armbruster, W. S., C. B. Fenster, and M. R. Dudash. 2000.
Pollination ““principles’” revisited: specialization, pollina-
tion syndromes, and the evolution of flowers. Det Norske
Videnskapsacademi |. Matematisk Naturvidenskapelige
Klasse Skrifter, Ny Serie 39:139-148.

Armbruster, W. S., and A. L. Herzig. 1984. Partitioning and
sharing of pollinators by four sympatric species of Dale-



3332

champia (Euphorbiaceae) in Panama. Annals of the Mis-
souri Botanical Garden 71:1-16.

Armbruster, W. S., C. Pélabon, T. E Hansen, and C. P H.
Mulder. 2004. Floral integration and modularity: distin-
guishing complex adaptations from genetic constraints.
Pages 23—-49 in M. Pigliucci and K. A. Preston, editors.
The evolutionary biology of complex phenotypes. Oxford
University Press, Oxford, UK.

Armbruster, W. S., and K. E. Schwaegerle. 1996. Causes of
covariation of phenotypic traits among popul ations. Journal
of Evolutionary Biology 9:261-276.

Armbruster, W. S., and K. E. Steiner. 1992. Pollination ecol-
ogy of four Dalechampia species (Euphorbiaceage) in north-
ern Natal, South Africa. American Journal of Botany 79:
306-313.

Armbruster, W. S., and G. L. Webster. 1982. Divergent pol-
lination systems in sympatric species of South American
Dalechampia (Euphorbiaceae). American Midland Natu-
ralist 108:325-337.

Bakken, G. S. 1992. Measurement and application of oper-
ative and standard operative temperatures in ecology.
American Zoologist 32:194-216.

Bishop, J. A., and W. S. Armbruster. 1999. Thermoregulatory
abilities of Alaskan bees: effects of size, phylogeny, and
ecology. Functional Ecology 13:711-724.

Bollen, K. A. 1989. Structural equationswith latent variables.
Wiley, New York, New York, USA.

Burnham, K. P, and D. R. Anderson. 2002. Model selection
and multimodel inference: a practical information-theoretic
approach. Springer, New York, New York, USA.

Campbell, D. R. 1989. Measurements of selection in a her-
maphroditic plant—variation in male and female pollina-
tion success. Evolution 43:318-334.

Campbell, D. R., N. M. Waser, and M. V. Price. 1994. Indirect
selection of stigma position in Ipomopsis aggregata via a
genetically correlated trait. Evolution 48:55-68.

Campbell, D. R., N. M. Waser, and M. V. Price. 1996. Mech-
anisms of hummingbird-mediated selection for flower
width in Ipomopsis aggregata. Ecology 77:1463-1472.

Campbell, D. R., N. M. Waser, M. V. Price, E. A. Lynch, and
R. J. Michell. 1991. Components of phenotypic selection—
pollen export and flower corolla width in Ipomopsis ag-
gregata. Evolution 45:1458-1467.

Cariveau, D., R. E. Irwin, A. K. Brody, L. S. Garcia-Mayeya,
and A. von der Ohe. 2004. Direct and indirect effects of
pollinators and seed predators to selection on plant and
floral traits. Oikos 104:15-26.

Cartar, R. V. 1991. A test of risk-sensitive foraging in wild
bumble bees. Ecology 72:888-895.

Caruso, C. M. 2002. Influence of plant abundance on pol-
lination and selection on floral traits of |pomopsis aggre-
gate. Ecology 83:241-254.

Caruso, C. M. 2004. The quantitative genetics of floral trait
variation in Lobelia: potential constraints on adaptive evo-
lution. Evolution 58:732—740.

Chittka, L., and J. D. Thomson. 2001. Cognitive ecology of
pollination. Cambridge University Press, Cambridge, UK.

Cresswell, J. E. 2000. Manipulation of female architecture
in flowers reveals narrow optimum for pollen deposition.
Ecology 81:3244-3249.

Cresswell, J. E., and C. Galen. 1991. Frequency dependent
selection and adaptive surfacesfor floral trait combinations:
the pollination of Polemonium viscosum. American Natu-
ralist 138:1342—-1353.

Cresswell, J. E., and A. W. Robertson. 1994. Discrimination
by pollen-collecting bumblebees amoung differentially re-
warding flowers of an alpine wildflower, Campanula ro-
tundifolia (Campanulaceae). Oikos 69:304—-308.

Dafni, A. 1984. Mimicry and deception in pollination. An-
nual Review of Ecology and Systematics 15:259-278.

W. SCOTT ARMBRUSTER ET AL.

Ecology, Vol. 86, No. 12

Dobson, H. E. M., and G. Bergstrom. 2000. The ecology and
evolution of pollen odors. Plant Systematics and Evolution
222:63-87.

Dobson, H. E. M., |. Groth, and G. Bergstrom. 1996. Pollen
advertisement: chemical contrasts between whole-flower
and pollen odors. American Journal of Botany 83:877—885.

Dorn, L. A., and T. Mitchell-Olds. 1991. Geneticsof Brassica
campestris. 1. Genetic constraints on evolution of life-his-
tory characters. Evolution 45:371-379.

Endler, J. A. 1986. Natural selection in the wild. Princeton
University Press, Princeton, New Jersey, USA.

Engel, E. C., and R. E. Irwin. 2003. Linking pollinator vis-
itation and pollen receipt. American Journal of Botany 90:
1612-1618.

Fenster, C. B., W. S. Armbruster, P Wilson, M. R. Dudash,
and J. T. Thomson. 2004. Pollination syndromes and floral
specialization. Annual Review of Ecology, Evolution, and
Systematics 35:375-403.

Galen, C. 1989. Measuring pollinator-mediated selection on
morphometric floral traits: bumble bees and the alpine sky
pilot Polemonium viscosum. Evolution 43:882—890.

Galen, C. 2000. High and dry: drought stress, sex-allocation
trade-offs, and selection on flower size in the alpine wild-
flower Polemonium viscosum (Polemoniaceae). American
Naturalist 156:72-83.

Galen, C., R. A. Sherry, and A. B. Caroll. 1999. Are flowers
physiological sinks or faucets? Costs and correlates of wa-
ter use by flowers of Polemonium viscosum. Oecologia118:
461-470.

Gould, S. J. 2002. The structure of evolutionary theory. Har-
vard University Press, Cambridge, Massachusetts, USA.
Grafen, A. 1990. Biological signals as handicaps. Journal of

Theoretical Biology 144:517-546.

Hansen, T., W. S. Armbruster, and L. Antonsen. 2000. Com-
parative analysis of character displacement and spatial ad-
aptations as illustrated by the evolution of Dalechampia
blossoms. American Naturalist 156:S17-S34.

Hansen, T. FE, W. S. Armbruster, M. L. Carlson, and C. Pée-
labon. 2003a. Evolvability and genetic constraint in Dal-
echampia blossoms: genetic correlations and conditional
evolvability. Journal of Experimental Zoology—M olecular
and Developmental Evolution 296B:23-39.

Hansen, T. F, C. Pélabon, W. S. Armbruster, and M. L. Carl-
son. 2003b. Evolvability and genetic constraint in Dale-
champia blossoms: components of variance and measures
of evolvability. Journal of Evolutionary Biology 16:754—
766.

Harder, L. D., and L. A. Real. 1987. Why are bumble bees
risk averse? Ecology 68:1104-1108.

Heinrich, B., and P H. Raven. 1972. Energetics and polli-
nation ecology. Science 176:597—602.

Johnstone, R. A. 1995. Sexual selection, honest advertise-
ment and the handicap principle—reviewing the evidence.
Biological Reviews of the Cambridge Philosophical So-
ciety 70:1-65.

Kruuk, L. E. B., J. Merila, and B. C. Sheldon. 2003. When
environmental variation short-circuits natural selection.
Trends in Ecology and Evolution 18:207-209.

Lande, R., and S. J. Arnold. 1983. The measurement of se-
lection on correlated characters. Evolution 37:1210-1226.

Li, C. C. 1975. Path analysis—a primer. Boxwood Press,
Pacific Grove, California, USA.

Maynard-Smith, J., and D. Harper. 2003. Animal signals.
Oxford University Press, Oxford, UK.

Meagher, T. R. 1994. The quantitative genetics of sexual
dimorphism in Slene latifolia (Caryophyllaceae). 2. Re-
sponse to sex-specific selection. Evolution 48:939-951.

Melendez-Ackerman, E., and D. R. Campbell. 1998. Adap-
tive significance of flower color and inter-trait correlations
in an Ipomopsis hybrid zone. Evolution 52:1293-1303.



December 2005

O’ Connell, L. M., and M. O. Johnston. 1998. Male and fe-
male pollination success in a deceptive orchid, a selection
study. Ecology 79:1246-1260.

Ott, J. R, L. A. Real, and E. M. Silverfine. 1985. The effect
of nectar variance on bumblebee patterns of movement and
potential gene dispersal. Oikos 45:333-340.

Phillips, P C., and S. J. Arnold. 1989. Visualizing multi-
variate selection. Evolution 43:1209-1222.

Real, L. A. 1981. Uncertainty and pollinator—plant interac-
tions—the foraging behavior of bees and wasps on artificial
flowers. Ecology 62:20—26.

Rausher, M. D. 1992. The measurement of selection on quan-
titative traits: biases due to environmental covariances be-
tween traits and fitness. Evolution 46:616-626.

Roy, B. A., and A. Widmer. 1999. Floral mimicry: a fasci-
nating yet poorly understood phenomenon. Trends in Plant
Sciences 4:325-330.

Schaefer, H. M., V. Shaefer, and D. J. Levey. 2004. How
plant—animal interactions signal new insights in commu-
nication. Trends in Ecology and Evolution 19:577-584.

Scheiner, S. M. 2002. Reducing environmental bias when
measuring natural selection. Evolution 56:2156-2167.

Scheiner, S. M., R. J. Mitchell, and H. S. Callahan. 2000.
Using path analysis to measure natural selection. Journal
of Evolutionary Biology 13:423-433.

Schiuter, D. 1996. Adaptive radiation along genetic lines of
least resistance. Evolution 50:1766—-1774.

Shafir, S., A. Bechar, and E. U. Weber. 2003. Cognition-
mediated coevolution—context-dependent evaluations and
sensitivity of pollinators to variability in nectar rewards.
Plant Systematics and Evolution 238:195-209.

Shafir, S., D. D. Wiegmann, B. H. Smith, and L. A. Real.
1999. Risk-sensitive foraging: choice behavior of honey-
bees in response to variability in volume of reward. Animal
Behaviour 57:1055-1061.

Shipley, B. 2000. Cause and correlation in biology. Cam-
bridge University Press, Cambridge, UK.

Smithson, A., and L. D. B. Gigord. 2002. Are there fitness
advantages in being a rewardless orchid? Reward supple-
mentation experiments with Barlia robertiana. Proceedings
of the Royal Society of London B 268:1435-1441.

SELECTION ON DALECHAMPIA BLOSSOMS

3333

Spaethe, J., J. Tautz, and L. Chittka. 2001. Visual constraints
in foraging bumblebees: flower size and color affect search
time and flight behavior. Proceedings of the National Acad-
emy of Sciences USA 98:3898-3903.

Stanton, M., and H. J. Young. 1994. Selecting for floral char-
acter associations in wild radish, Raphanus sativus. Journal
of Evolutionary Biology 7:271-285.

Stanton, M., H. J. Young, N. C. Ellstrand, and J. M. Clegg.
1991. Consequences of floral variation for male and female
reproduction in experimental populations of wild radish,
Raphanus sativus L. Evolution 45:268-280.

Steiner, K. E., and V. Whitehead. 1991. Resin collection and
pollination of Dalechampia capensis (Euphorbiaceae) by
Pachyanthidium cordatum (Hymenoptera: Megachilidae) in
South Africa. Journal of the Entomological Society of
South Africa 54:67-72.

Stinchcombe, J. R., M. T. Rutter, D. S. Burdick, P. Tiffin, M.
D. Rausher, and R. Mauricio. 2002. Testing for environ-
mentally induced bias in phenotypic estimates of natural
selection: theory and practice. American Naturalist 160:
511-523.

Thakar, J. D., K. Kunte, A. K. Chauhan, A. V. Watve, and
M. G. Watve. 2003. Nectarless flowers: ecological corre-
lates and evolutionary stability. Oecologia 136:565-570.

Thorp, R. W,, D. L. Briggs, J. R. Estes, and E. H. Erickson.
1975. Nectar fluorescence under ultraviolet irradiation.
Science 189:476-478.

Totland, @. 2004. No evidence for a role of pollinator dis-
crimination in causing selection on flower size through fe-
male reproduction. Oikos 106:558-564.

Venables, W. N., and B. D. Ripley. 2002. Modern applied
statistics with S-plus. Springer-Verlag, Berlin, Germany.
Webster, G. L., and B. D. Webster. 1972. The morphology
and relationships of Dalechampia scandens (Euphorbi-

aceae). American Journal of Botany 59:573-586.

Worley, A. C., and S. C. H. Barrett. 2000. Evolution of floral
display in Eichornia paniculata (Pontederiaceae): direct
and correlated responses to selection on flower size and
number. Evolution 54:1533-1545.

Wright, S. 1921. Correlation and causation. Journal of Ag-
ricultural Research 10:557-585.



