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� Background and Aims Plant species differ greatly in the three-dimensional arrangements of their flowers (inflor-
escence architecture). However, the nature of selection responsible for this diversity is poorly understood. Studies
that examine among-species variation suggest that inflorescence architecture affects pollinator behaviour, and so
should influence plant mating. However, few studies consider the consequences of within-population architectural
variation for pollinator behaviour.
� Methods We manipulated inflorescence architecture of Delphinium glaucum to contrast bumblebee responses to
normal and one-sided (secund) inflorescences.
� Key Results The ‘dimensionality’ of manipulated inflorescences did not affect the number of flowers that bees
visited; however, bees moved upward proportionally more on secund inflorescences.
� Conclusions This study shows that realistic within-population variation in inflorescence architecture can manipu-
late pollinator behaviour. These results bear important consequences for plant mating success and the coordinated
evolution of inflorescence architecture and floral specialization within inflorescences. These results also question
why secund inflorescences are rare, for which we propose four testable explanations.
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INTRODUCTION

The three-dimensional arrangement of flowers (‘inflorescence
architecture’) varies greatly among angiosperms (Weberling,
1989), presumably because it promotes reproductive perform-
ance in different mating environments (Harder and
Prusinkiewicz, 2013). Inflorescence traits can influence mating
quantity and quality through their effects on pollination and re-
source allocation (Wyatt, 1982). For animal-pollinated species,
the number of flowers displayed simultaneously increases pol-
linator attraction and the number (but not the proportion) of
flowers visited per pollinator (reviewed by Ohashi and Yahara,
2001), with consequences for among-flower self-pollination
and pollen export (Harder and Barrett, 1995; Harder et al.,
2000; Jers�akov�a and Johnson, 2007; Karron and Mitchell,
2012). In contrast, few studies have addressed the roles of the
three-dimensional arrangement of flowers in manipulating pol-
linator behaviour, pollination and plant mating.

Several studies used either large-scale manipulation
(Fishbein and Venable, 1996: compound versus simple umbels)
or artificial inflorescences (Jordan and Harder, 2006;
Hirabayashi et al., 2006; Ishii et al., 2008: racemes, panicles
and umbels) to contrast pollinator responses to different classes
of inflorescences. Such categorical architectural differences in-
fluence pollinator attraction (Fishbein and Venable, 1996; Ishii
et al., 2008) and, especially, the consistency of the foraging
path within inflorescences (Jordan and Harder, 2006; Ishii
et al., 2008), but they weakly affect the number of flowers

visited (Hirabayashi et al., 2006; Jordan and Harder, 2006). By
simulating pollen dispersal based on the bee behaviour
observed during their experiments, Jordan and Harder (2006)
further demonstrated that differences in the consistency of for-
aging paths among inflorescence types could affect pollen ex-
port and selfing rate.

The preceding studies provide limited information on the na-
ture of selection on inflorescence architecture, as they con-
sidered more extreme architectural differences than feasibly
occur in natural populations. The only relevant study in this
context considered the effects of natural variation in the hori-
zontal angle between adjacent flowers (helical angle) in spi-
ralled inflorescences of Spiranthes sinensis on pollinator
behaviour and pollen removal (Iwata et al., 2012). Helical angle
negatively affected the number of flowers that bees probed and
pollen removal. However, because this study did not manipu-
late inflorescences, the effects of inflorescence architecture
were not isolated from those of unmeasured, correlated factors
(e.g. resource status).

The simple design of racemes facilitates the study of inflores-
cence architecture, because manipulations can readily mimic
natural variation. Racemes vary in floral density both within
and among species, and less commonly in whether flowers face
all directions or are presented on only one side (secund ra-
cemes: e.g. Digitalis, Lathyrus, Convallaria). However, the
functional significance of floral density and sidedness has
received little attention in natural populations (but see
Hainsworth et al., 1983). In particular, sidedness has received
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little attention, likely because ‘normal’ inflorescences can be
very rare (and difficult to study) in natural populations that dis-
play both normal and secund inflorescences (e.g. Digitalis pur-
purea; Fig. 1).

We report the first manipulative field study of the effects of
realistic within-population variation in inflorescence architec-
ture on pollinator behaviour [see Friedman and Harder (2004)
for a comparable study of wind-pollinated species]. We exam-
ine bumblebee behaviour on three-dimensional and one-sided
(secund) inflorescences of Delphinium glaucum
(Ranunculaceae), a species that produces a typical raceme with
spiral phyllotaxis (secund displays have not been observed).
Therefore, our experiment helps illuminate selection during the
early stages of the evolution of secund architecture in a popula-
tion with ‘normal’ orientation. Pollinator behaviour, in particu-
lar movement paths and the number of flowers visited, strongly
influences siring success and self-pollination in flowering
plants (e.g. Barrett et al., 1994; Harder and Barrett, 1995;
Harder et al., 2000; Karron et al., 2004). Hence, we assume
that analyses of pollinator behaviour inform selection on inflor-
escence architecture. In general, our manipulations should illus-
trate aspects of selection on inflorescence traits that have not
been addressed by previous manipulative studies because they
mimic architectural variation observable in nature (e.g. Fig. 1).

MATERIALS AND METHODS

We studied Delphinium glaucum on Sibbald Flats, Alberta,
Canada (51�020 N; 114�490 W). Its protandrous flowers open
acropetally; hence, older, female-phase flowers occur below

younger, male-phase flowers (Ishii and Harder, 2006). All ex-
perimental inflorescences (save two) originally displayed both
female- and male-phase flowers (Ishii and Harder, 2012). To
standardize flower age among treatments, we removed all
female-phase flowers and left the oldest male-phase flower at
the basal position. All male-phase flowers offer both nectar and
pollen.

We randomly assigned inflorescences to one of three treat-
ments, each displaying eight male-phase flowers (Fig. 2). The
unmanipulated (U) treatment (n¼ 26 inflorescences) displayed
flowers with natural orientation and density. For the low-
density (LD) treatment (n¼ 20) we removed every second
flower (based on pedicel origin on the main stem). For the se-
cund (S) treatment (n¼ 28) we removed flowers from one side,
leaving eight flowers on the remaining side. Therefore, U in-
florescences presented flowers over roughly half the length
(mean 6 s.e. ¼ 3�51 6 0�21 cm) of the other treatments (LD,
6�46 6 0�33 cm; S, 5�78 6 0�20 cm). Hence, treatments differed
in density, sidedness (or ‘dimensionality’) or both. This experi-
mental design allows tests of two orthogonal, a priori compari-
sons: LDþU versus S assesses the general effect of
inflorescence sidedness, whereas LD versus U examines the ef-
fect of density in the absence of sidedness differences. We also
considered the a posteriori comparison of S versus LD, for
which we used the Dunn–�Sid�ak correction for multiple
comparisons.

Individual inflorescences, supported in a vial attached to the
end of a hand-held stick (Thomson, 1981), were presented to
bumblebees (Bombus flavifrons) already foraging for nectar on

A B

FIG. 1. Digitalis purpurea inflorescences naturally displaying flowers either (A)
180� (on left) or (B) 360� around the flowering stalk. The latter occurs rarely in

this species.

Unmanipulated Low density Secund

FIG. 2. Top and side views of manipulated inflorescences presented to bumble-
bees foraging on Delphinium glaucum. Before presentation to bees, portions of
the inflorescences above remaining flowers (denoted by filled circles) were
removed; the excess stem remains in the schematic of the unmanipulated treat-

ment to clarify patterns of flower removal.
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Delphinium glaucum. We videotaped a bee’s behaviour on the
focal inflorescence and viewed the recording in slow motion to
record the number of flowers visited and the direction (up ver-
sus down) travelled between two flowers. The relative positions
of each flower’s perianth determined a bee’s travel direction,
which proved more appropriate to the study of pollinator (and
therefore pollen) movement than using each flower’s point of
attachment to the inflorescence stem. A bee ‘visited’ a flower if
it stopped beating its wings while on the flower.

Statistical methods

The effect of inflorescence type on the number of flowers
probed per inflorescence visit was assessed with a generalized
linear model (McCullagh and Nelder, 1989) that considered a
Poisson distribution and a ln-link function (genmod procedure
of SAS/STAT

VR

version 13.2; SAS Institute Inc., 2014).
Statistical inference involved a likelihood ratio (G) test.

Variation in the proportion of upward flights while bees vis-
ited inflorescences was under-dispersed compared with a bino-
mial distribution and was modelled with a multiplicative
binomial distribution (Altham, 1978) using the nlmixed proced-
ure of SAS/STAT

VR

version 13.2 (SAS Institute Inc., 2014).
Parameter q of this distribution, which characterizes the disper-
sion compared with a binomial distribution (q¼ 1), was esti-
mated as 1�47 (s.e.¼ 0�217; comparison with q¼ 1, t74¼ 2�16,
P< 0�05), indicating significant under-dispersion (DAIC for bi-
nomial distribution¼ 7�6).

RESULTS

Architecture affected bee movement within inflorescences, but
not visit intensity. Bees visited an average of 4�9 flowers per in-
florescence visit (lower 95 % confidence limit ¼ 4�49, upper
confidence limit ¼ 5�4), with no difference among inflores-
cence types (G2¼ 0�39, P> 0�75; nU¼ 26, nLD¼ 20, nS¼ 28
inflorescences). In contrast, the proportion of upward flights be-
tween flowers differed significantly among types (Fig. 3).
Specifically, bees moved upward significantly more often on
secund inflorescences than on inflorescences with a third di-
mension (LD and U: G1¼ 5�06, P< 0�025), but they moved up-
ward with equal frequency on the two three-dimensional types
(U versus LD; G1¼ 0�003, P> 0�95). Thus, dimensionality, but
not flower density, affected bee movement on the experimental
inflorescences. Comparison of the two manipulated types also
detected no significant difference in bee movement (S versus
LD: G1¼ 3�32, P>0�15, Dunn–�Sid�ak multiple comparison).

DISCUSSION

Inflorescence characteristics influence plant mating by manipu-
lating abiotic and biotic pollen vectors (Harder and
Prusinkiewicz, 2013). Bee responses in our experiment provide
field confirmation of accumulated experimental evidence from
studies with artificial inflorescences (Hirabayashi et al., 2006;
Jordan and Harder, 2006; Ishii et al., 2008) that the three-
dimensional arrangement of flowers primarily affects the pat-
terns of pollinator movement among flowers. Importantly, our
results clarify that even architectural differences within the

scope of a species’ natural variation (Fig. 1) can influence pol-
linator movement, with likely effects on pollination and plant
mating.

Bees foraged ‘naively’ on the secund treatment because
Delphinium glaucum does not produce secund inflorescences
naturally. Therefore, our results inform selection on rare muta-
tions that induce the development of a secund inflorescence.
Given that previous experiments involving ‘experienced’ bees
on artificial inflorescences yielded similar results to our experi-
ment (e.g. Hirabayashi et al., 2006; Jordan and Harder, 2006;
Ishii et al., 2008), we expect that the nature of selection on in-
florescence architecture will change little as rare phenotypes in-
crease in frequency. Thus, if the secund phenotype is favoured
when rare, it can spread to fixation. Whether inflorescence
architecture experiences frequency-dependent selection awaits
investigation.

Our study involved variations on the structure of vertical ra-
cemes, which elicit upward movement by bumblebees (Darwin,
1862; Waddington and Heinrich, 1979; Corbet et al., 1981).
Reduction of inflorescence dimensionality to a secund form
enhanced this tendency, increasing the percentage of upward
movements from 68 to 83 (Fig. 3). In general agreement with
this result, bumblebees similarly moved upward during 76 % of
within-inflorescence flights on D. purpurea (Best and
Bierzychudek, 1982), a species that typically produces secund
inflorescences (Fig. 1). Secund flower presentation likely re-
inforces a bees’ proclivity for upward movement by simplifying
the number of economical foraging paths and reducing the
chance that rewarding flowers will be overlooked (Best and
Bierzychudek, 1982).

Previous experiments indicate that pollinator movement con-
sistency creates dissimilar conditions for pollen import and ex-
port among floral positions (e.g. Harder and Barrett, 1995;
Harder et al., 2000), thereby affecting opportunities for floral
specialization within inflorescences. If all flowers in a display
present and receive pollen simultaneously and pollinators fol-
low consistent paths, flowers in earlier-visited positions will
import more outcross pollen, but export less pollen, than flow-
ers visited later because of among-flower self-pollination and
the associated pollen discounting (Harder et al., 2000;
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FIG. 3. Proportion of movements (6 s.e.) between flowers that were upward on
three treatment inflorescences. U, unmanipulated; LD, low density; S, secund.
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Jers�akov�a and Johnson, 2007). Because of such contrasting fe-
male and male performance, foraging consistency should select
for differential sex allocation (Brunet and Charlesworth, 1995)
or other means of sexual segregation (e.g. dichogamy; Lloyd
and Webb, 1986; Jordan and Harder, 2006). Our results indicate
that relatively small differences in inflorescence architecture
could affect such selection for sexual segregation within floral
displays.

Although increased foraging consistency can select for sex-
ual segregation among flower positions, it need not always in-
crease reproductive success. Foraging consistency can benefit
reproduction when pollinators visit female(-phase) flowers be-
fore male(-phase) flowers by effectively limiting among-flower
self-pollination and pollen discounting (Harder et al., 2000;
Jers�akov�a and Johnson, 2007). However, foraging consistency
by individual pollinators provides little benefit when flowers in
all positions function simultaneously through female and male
roles (Jordan and Harder, 2006). Hence, sex segregation should
magnify mating pattern differences between architectures
(Jordan and Harder, 2006). However, the consequences of con-
sistent foraging for mating success may change when multiple,
successive pollinators collectively determine mating patterns
(see below).

If secund racemes generally promote consistent pollinator
movement, why are they relatively rare among bee-pollinated
angiosperms? Digitalis purpurea provides a familiar example
(Fig. 1), but even within Digitalis only about half of the species
exhibit this trait (Braüchler et al., 2004). Secund inflorescences
may be rare for four non-exclusive reasons. (1) Secund flower
presentation may often provide limited marginal mating bene-
fits in combination with other inflorescence traits. Vertical in-
florescences generally induce upward movement by
bumblebees (Waddington and Heinrich, 1979), and commonly
present male(-phase) flowers above female(-phase) flowers, ef-
fectively limiting the costs of geitonogamy (Harder et al., 2000;
Jers�akov�a and Johnson, 2007). Thus, although secund inflores-
cences promote consistent pollinator movement, their add-
itional mating benefits may be limited. (2) Secund
inflorescences may impose costs not associated with the presen-
tation of flowers in all directions. All else being equal, a secund
inflorescence is approximately twice as long as a typical ra-
ceme with similar flower number and density, which could
introduce production and maintenance costs and impose bio-
mechanical stress. Alternatively, secund inflorescences may be
less attractive to pollinators. (3) Pollination dynamics associ-
ated with multiple pollinator visits may reduce the mating bene-
fits of secund inflorescences. On secund inflorescences,
consistent movement by individual pollinators should generate
a strong correlation in reward standing crop among flowers.
Consequently, pollinators could quickly learn that an empty
flower signals low future rewards on other flowers on the same
inflorescence, prompting them to depart after visiting few flow-
ers (Hodges, 1985). By contrast, on typical racemes, which
offer more foraging paths, empty flowers should provide less
information about future rewards and be less likely to induce a
pollinator’s departure (Kadmon and Schmida, 1992; Richards
et al., 2009). Thus, the number of flowers visited per pollinator
may vary more for secund inflorescences than on typical ra-
cemes. As pollination involves diminishing returns on the num-
ber of flowers visited per pollinator (Harder and Barrett, 1995),

extensive variation in this behaviour could decrease mean pol-
len export and receipt of secund inflorescences (Richards et al.,
2009). (4) Finally, developmental constraints on the divergence
angle between successive primordia on a stem (phyllotaxis)
may preclude production of primordia along only one side
(Smith et al., 2006). Indeed, secund Digitalis (and Convallaria
and Orthilia) initiate flower buds in the typical spiral pattern:
their secund inflorescences arise secondarily by coordinated
bending of floral pedicels that reorients flowers to face the
same direction.

This study demonstrates that realistic within-population vari-
ation in the three-dimensional arrangement of flowers within
inflorescences can alter pollinator behaviour, and therefore
should respond to natural selection by altering plant mating.
Our Discussion highlights two complementary predictions: (1)
architectures that induce consistent foraging should experience
stronger selection for sexual segregation, yet (2) inflorescences
in which the sex functions are already beneficially segregated
experience little selection for architectural traits that further in-
crease foraging consistency, such as secund inflorescences.
These predictions suggest limits on the extent to which inflores-
cence architecture benefits mating, and are readily testable.
Manipulative field experiments that allow multiple pollinators
to participate in plant mating are most likely to inform mechan-
isms of selection, whereas comparative analyses of within-
clade variation in inflorescence architecture can address the
long-term consequences of our hypothesized interactions be-
tween movement consistency and sexual segregation.
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