Functional
Ecology 2000
14, 445-454

© 2000 British
Ecological Society

Experimental assessment of the functional morphology
of inflorescences of Daucus carota (Apiaceae):

testing the ‘fly catcher effect’

E. LAMBORN® and J. OLLERTON ¥

School of Environmental Science, University College Northampton, Park Campus, Northampton NN2 7AL, UK

Summary

1. The functional significance of inflorescence morphology of Daucus carota L.
(Apiaceae) was tested using an inflorescence manipulation experiment. Specifically, we
sought to explain the role (if any) in pollination of the dark central floret of this species.
2. In central England, D. carota was found to be pollinated by a taxonomically wide
range of insects that varied in their inflorescence visitation rates and in their pollen
loads. There was also variation in abundance of some taxa between the 2 years of
this study.

3. By removing the dark central floret and adding false florets we sought to affect
pollinator visitation rates and seed set in a manner consistent with the ‘fly catcher
effect” hypothesis of Eisikowitch (1980). Taxa responded to these manipulations but
not in ways that shed light on the adaptive role of the dark central floret. Seed set
was likewise unaffected in any consistent way.

4. The role of the dark central floret remains an enigma. We speculate, following
Darwin (1888), that the dark central floret may now be functionless and possibly

represents a trait that has persisted long after its original function has been lost.
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Introduction

‘That the modified central flower is of no functional
importance to the plant is almost certain’ Darwin
(1888, p. 8).

Angiosperm biodiversity is founded to a large extent
upon structures that serve to attract pollinators. Such
floral diversity encompasses an enormous array of
flower colour, morphology, scent production, nectar
and other reward characteristics, plus the arrangement
of flowers into inflorescences, often in themselves
regarded as single functional units of attraction and
reward (Proctor, Yeo & Lack 1996). The adaptive
utility of these structures has been debated for almost
as long as their function has been known, and con-
tinues to the present day (Darwin 1888; Herrera 1996;
van der Pijl 1961; Waser 1983). The mechanics of
floral function, while often complex, are superficially
straightforward. Assessing the adaptive value of a
given floral trait, however, is more problematical.
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Two experimental approaches have been used to test
ideas about adaptation, one involving natural trait
variation, the other dealing with artificial manipula-
tion of traits to extend the natural variation into
areas of phenotype space that would not normally be
entered by a species.

Many floral characteristics vary at the intra- and
interpopulation level, such as environmentally and
genetically induced variation in colour, shape and size
of flowers, nectar rewards and flowering time. Such
variation can influence pollinator visitation rates or
behaviour, sometimes resulting in natural selection
(Cresswell & Galen 1991; Ollerton & Diaz 1999;
Nilsson 1988; Waser & Price 1983; Widén 1991). A
second approach is to perform experiments that artifici-
ally manipulate floral characteristics in order to study
their adaptive significance (Campbell, Waser & Price
1994; Totland 1996; Waser 1979; Wilson 1994, 1995). It
is the latter approach that we have adopted in this study.

This study focuses on Daucus carota L. (the Wild
Carrot), whose floral display has been the subject of
discussion since at least Darwin (1888). A member of
the family Apiaceae (the ‘umbellifers’), D. carota
presents its flowers in the form of compound inflore-
scences or umbels. Each umbel comprises a number of
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umbellets, in turn comprised of several flowers. The
central umbellet of D. carota normally consists of
only one flower. This flower is often pink to purple in
colour, but may be missing in some individuals. The
contrast of the dark central floret is evident to human
eyes, and therefore possibly also to pollinators, and
could be a long distance signal for insects (Mulligan
& Kevan 1973). The role of the dark central floret has
been a point of debate. Darwin (1888) thought the
central floret to have no role in pollination and that:
‘It may perhaps be a remnant of a former and ancient
condition of the species ...", an idea we shall return to
in the Conclusions. Rothschild (1972) believed that
the floret stimulated insect feeding on the white umbel,
while Yeo (1972) thought it might signify an already
present insect. Eisikowitch (1980) found house flies
Musca domestica (Diptera: Muscidae) more attracted
to those umbels with dark spots. He suggested that a
fly catcher effect operates, based on his observation
that the number of flies attracted to white circles
increased proportionally as dead flies were added
to them. Westmoreland & Muntan (1996) studied
inflorescence function of D. carota in North America,
where it is naturalized. They found that few pollinating
taxa responded to manipulated differences in the floral
display, and the effect varied between populations. Of
those taxa that did respond, the dipteran families
Syrphidae and Chloropidae were more attracted to
umbels with a dark central floret compared with those
missing the contrasting floret. It is notable, however,
that fruit set did not vary in response to these dif-
ferences (Westmoreland & Muntan 1996). Finally,
Daumann (1973) found no difference in insect attraction
to bicoloured umbels compared with all white ones.

It is apparent from these studies that most previous
work has been undertaken either in the laboratory or
in areas where D. carota is not native. The work
presented here is the first to our knowledge that com-
prehensively manipulates inflorescence morphology
of D. carota within its natural range in the British
Isles and under field conditions. We were specifically
asking the following questions.

1. What are the main pollinators of D. carota in central
England and does their abundance vary between
years?

2. Do pollinating insects respond to manipulations
of the inflorescence in a manner consistent with
the hypothesis that the dark central floret has a
role in pollination? If so, is Eisikowitch’s (1980) fly
catcher effect responsible for increased Diptera
attraction to inflorescences?

Materials and methods

THE STUDY SPECIES

Daucus carota is a biennial herb that in Britain
occurs as three subspecies: sativus (Hoffm.) Archang.

(the Cultivated Carrot); gummifer Hook. f. (the Sea
Carrot); and carota L. (the Wild Carrot) (Stace 1997).
Subspecies carota is commonly found in fields, grassy
places or waste ground and is especially abundant on
calcareous soils. Its distribution extends across most
of the British Isles, although it becomes less common
in the north. Globally, the subspecies carota occurs
throughout Europe and into temperate Asia and
North Africa, and was introduced to North America
in the 17th century. It usually flowers between June
and August in temperate regions.

MORPHOLOGY AND POLLINATION

The stem terminates in an inflorescence, known as the
primary umbel. The plant also produces secondary,
tertiary and occasionally quaternary umbels from
leaf axils further down the stem. Inflorescences serve
as an alighting platform for pollinating insects, are
andromonoecious (Koul, Koul & Hamal 1989), and
primary umbels contain both hermaphrodite and stam-
inate flowers (Proctor ef al. 1996). On these primary
umbels, over 95% of flowers are hermaphrodite and
staminate flowers are found more towards the centre
of the umbel. In secondary and lesser-order umbels,
most flowers are staminate. Hermaphrodite flowers
possess five stamens and two ovules. The dark
central floret is hermaphrodite (Koul ez al. 1989).

The Wild Carrot employs protandrous dichogamy,
with dehiscence of anthers occurring before maturation
of the stigma (Proctor et al. 1996). Stigmas usually
become receptive once all anthers in the umbel have
withered, presumably as a strategy to reduce geitono-
gamy (Koul ef al. 1989). Secondary umbels are only
produced after the primary umbel has been pollinated
(Westmoreland & Muntan 1996); consequently most
florets of D. carota are cross-pollinated (Fryxell 1957,
Owens 1974). Once the flowers are fertilized and seed
set is initiated, the umbels close up, perhaps to protect
the developing fruit. They then re-expand to release
the seeds. Fruits contain two seeds enclosed in a spiny
pericarp, which probably aids their dispersal on animal fur.

A large diversity of insects is recorded as inflorescence
visitors of D. carota, in common with many other
umbellifers (Willis & Burkill 1895, 1903). For example,
the various authors cited by Knuth (1908) observed
between 27 and 70 species of inflorescence visitor at
sites in Europe. In Utah, USA, where the species is
naturalized, 334 species from 71 families in 10 orders
were observed (Bohart & Nye 1960). It was inferred from
behavioural evidence that large bees (Hymenoptera:
Apoidea), large hoverflies (Diptera: Syrphidae),
soldier flies (Diptera: Stratiomyidae) and a digger wasp
(Hymenoptera: Sphecidae) were the most efficient
pollinators. Westmoreland & Muntan (1996), again using
naturalized populations in North America, recorded
at least seven families belonging to at least three orders.
Ants (Hymenoptera: Formicidae) and small flies
(Diptera: Chloropidae) were the most common visitors.



Table 1. Details of the D. carota inflorescence morphology manipulations

Abbreviation

Description

Function

NatB
Natw

CutO
BIF1

CutB
WhFI1

TwoB
FivB

TenB
TwtB
EigW

Naturally occurring plants having umbels
with dark central florets
Naturally occurring plants without a dark central floret

Dark central floret cut from the inflorescence
Dark central floret covered with a black spot

Dark floret removed and replaced with a black spot
Dark floret covered with a white spot

Addition of two black spots to normal bicoloured umbels
Addition of five black spots to normal bicoloured umbels
Addition of 10 black spots to normal bicoloured umbels
Addition of 20 black spots to normal bicoloured umbels
Addition of eight white spots to normal bicoloured umbels

Base line comparison of pollinator spectrum of
unmanipulated plants

Base line comparison of pollinator spectrum of
unmanipulated plants with no dark central floret
Comparison of pollinator activity with NatW

Testing visual attraction of the spot whilst still

allowing scent production

Stopping any effect that scent may have on attraction, while
retaining the colour contrast

Hiding visual effect of the dark floret but still allowing
scent production

Addition of fake florets in order to test the ‘fly catcher effect’
sensu Eisikowitch 1980. If this effect has a role to play in
Daucus carota pollination, increasing the number of black
spots ought to increase the visitation rates of Diptera
Control to ensure that the odour or other characteristics of
the insulating tape was not deterring insects from visiting
manipulated inflorescences with dark spots
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Finally, Hawthorn, Bohart & Toole (1956) recorded
approximately 250 insect visitors.

STUDY SITE

Field observations and experimental manipulations
were conducted at Bradlaugh Fields Local Nature
Reserve, Northampton, central England (Ordnance
Survey grid reference SP 765639). The site consists of
3:54 ha of mixed calcareous and mesotrophic grass-
lands and weedy stands, ancient boundary hedges
and encroached scrub. The underlying geology is
Jurassic (Great Oolite) limestone with occasional
outcrops of Upper Estuarine Series clay, accounting
for the more mesotrophic and weedy parts of the
reserve. The site is managed by the Wildlife Trust for
Northamptonshire. Daucus carota occurs within the
areas of calcareous grassland, in mixed communities
of other typical calcicole plants.

EXPERIMENTAL DESIGN AND
FIELD OBSERVATIONS

A series of inflorescence manipulation treatments was
devised that would potentially affect pollinator beha-
viour and at the same time control for other influential
factors of the experiment. The manipulations and
their functions are described in Table 1. The experi-
mental plants were chosen at random from a discrete
subpopulation within the nature reserve. All plants
were numbered and labelled with red tape on the stem.
These plants were then randomly assigned to one of
the treatments in Table 1. Observations were made on a
total of nine plants per treatment, i.e. 99 plants in total.

Inflorescence manipulations consisted of removing
the dark central floret and/or adding 2 mm X 2 mm
(similar in size to the dark florets) pieces of black or

white electrical insulating tape (hereafter referred to
as ‘spots’). The black served as a surrogate dark cen-
tral floret, the white as a control for possible effects
of odour from the tape (Table 1). The amount of
interference to the manipulated umbels was kept to a
minimum by using fine forceps to attach the squares.
Only primary umbels were used in the experiment.

Field work was conducted during a period of hot
sunny weather between 5 and 9 August in 1996.
Observations of inflorescence-visiting insects to the
randomly selected plants were made at hourly inter-
vals throughout the day for a period of 5 days. The
number and identity of insects on each plant as it was
approached by the recorder were noted. Insects land-
ing on inflorescences whilst recording was taking
place were not included. Observations of successive
plants were therefore taken in quick succession to
reduce the amount of error caused by temporal
fluctuations in insect abundance. The order of plants
visited was varied for each census. Once the plants
had senesced, the umbels were removed and assessed
for fruit production in the laboratory.

In 1997, further observations were made during
fine weather between 14 and 21 August. Data were
collected on inflorescence-visiting insects to plants with
dark central florets (NatB) and the natural white
variant (NatW) following the same procedure as in 1996
(n = 329 observations for each of the two morphs).

LABORATORY PROCEDURES

In order to localize the areas of scent production in
the umbels, a sample of inflorescences from outside
the experimental subpopulation was used for a scent
localization analysis. Umbellets and dark central
florets were removed from inflorescences and placed
in separate, clean, Eppendorf tubes which were then
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sealed. After 4 h the tubes were opened and smelled
to assess scent production.

Pollen loads of inflorescence-visiting insects were
estimated by capturing a sample of the more common
flower visitors. Insects were trapped and etherized
and pollen samples taken by means of 2 mm x 2 mm
pieces of clear Sellotape® Invisible Delux adhesive tape
(Sellotape GB Ltd, Dunstable, UK). Separate pieces
were pressed once firmly on the face, head, and lower
thorax and abdomen. With reference to pollen samples
from D. carota anthers, the amount of pollen attached
to the Sellotape® could be counted using a stage
microscope. Using this method of assessing pollen loads
per fixed unit area, we alleviate problems of com-
paring total pollen load for insects with very different
body sizes and surface areas. Most of the insects were
identified at least to family level, occasionally genus
or species.

The collected infructescences were dissected and
counts made of aborted, half filled and healthy seeds
on five umbellets per umbel, to determine percentage
seed set. Staminate flowers and umbellets that had
received treatment were not counted. The seed set results
are expressed as percentage seed set per umbellet.

DATA ANALYSIS

Flower visitor count data for controls and treatments
had highly non-normal distributions for all insect
visitors combined and for individual taxa, and these
data could not be successfully transformed. The large
sample sizes (n = 61-98 observation periods per treat-
ment) meant that the z-test of differences in means could
be used, although the number of pairwise comparisons
(between NatB and the other treatments) increased
the likelihood of type I errors occurring. We therefore
set the probability acceptance level at P <0-01 for these
tests; acceptance levels for all other tests were set at
P <0-05. The seed set data were normally distributed
and therefore were analysed using one-way ANOVA
followed by Tukey B post hoc tests. Statistical analy-
ses were performed either manually or using SPSS for
Windows (1993, SPSS Inc. Chicago, IL, USA).

Results

VISITORS TO DAUCUS CAROTA
INFLORESCENCES

Although it was not possible to capture and identify
every species of insect visitor to inflorescences of D.
carota, we estimate that approximately 20 species were
observed both in 1996 and 1997. It is impossible to
compare this with Eisikowitch’s (1980) observations
that the ‘main’ inflorescence visitors in Israel ‘were
small black beetles, honey bees, and many species of
flies ..., but 20 species is low compared to the range
of visitors recorded for D. carota in other studies (see
the Introduction) and of other species of Apiaceae

in Britain (Willis & Burkill 1895, 1903). This is perhaps
because our study spanned only a part of the full
flowering period of the species and missed insects that
were visitors earlier and later in the season. However,
our observations are enough to confirm the generalized
nature of the pollination system of this species.

The visitors varied considerably in their abundances
and, based on this, we grouped the visitors into six
categories of varying taxonomic breadth: Diptera [true
flies excluding hoverflies (Syrphidae)]; Syrphidae
(hoverflies); Parasitica (Hymenoptera families such
as Ichneumonidae, which are largely parasitic on
other insects or plant tissue); a sawfly Tenthredo sp.
(Hymenoptera: Symphyta, Tenthredinidae); a Soldier
Beetle Rhagonycha fulva (Coleoptera: Cantharidae);
and finally, total insects, which included all of the
above plus the other taxa that were individually too
few to allow their own categories.

The wide diversity of taxa that visit umbellifer
inflorescences makes it highly unlikely that any one
or two species are the principal pollinators. Rather,
the important level of focus is on functionally similar
taxonomic groups, whose species make-up may change
considerably between years, but which collectively do
not vary in their relative importance to the plant.

There were large variations in the abundances of
some of these taxa between 1996 and 1997 (Fig. 1).
For example, Syrphidae were relatively uncommon in
1996 but were the most frequent visitors in 1997.
Conversely, the Soldier Beetle R. fulva was the most
common visitor in 1996 but was not observed in 1997
(casual observations in 1998 indicated that this
species was once again a common visitor to D.
carota inflorescences at our field site). Of the other
taxa, Parasitica and Tenthredo sp. were less common
visitors, but were also less variable in their abund-
ances between years. All taxa varied in their rates of
visitation to inflorescences with dark central florets
compared with those lacking dark central florets, but
this variation sometimes disappeared between years
(Fig. 1). For example, the sawfly Tenthredo sp. in 1996
had a significantly higher visitation rate to inflore-
scences with dark central florets (NatB) than for those
without (NatW) in 1996 but not in 1997 (Fig. 1). In
contrast, Syrphidae were more common on the natural
variant (NatW) than on NatB in both 1996 and 1997.
Overall, total insect abundances were significantly
greater on NatW than NatB in 1996 and 1997 (Fig. 1).

Pollen loads of flower visitors varied considerably
within taxa (evidenced by the large standard devi-
ations for most groups) but did not vary so much
between groups (Table 2). The sawfly Tenthredo sp.
carried significantly greater amounts of pollen on its
body than the other taxa, e.g. on average four times
the amount of Diptera and R. fulva, the second ranked
groups. However, comparing Fig. 1 with Table 2
we see that average visitation rates for Tenthredo sp.
were much lower than for the other taxa. Both of
these factors are important in assessing the relative
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Fig. 1. Mean visitation rates (number of individual insects per census) of the main groups of pollinating taxa to Daucus
carota inflorescences with (NatB) and without (NatW) the dark central floret in 1996 and 1997. Bars indicate 95% confidence
limits. Values marked with an asterisk indicate that they are significantly different (at P <0-01) within years (z-test for large,
unmatched samples).

Table 2. Pollen loads of the main D. carota inflorescence-visiting insect taxa. The data were analysed using pairwise Mann—
Whitney U-tests; values significantly different at P < 0-05 are indicated by different superscript letters

Mean (median) pollen grains Standard Number of samples
per 2 mm X 2mm sample deviation (number of individuals)
Tenthredo sp. 74-5 (16-5) + 10613 16 (4)
Diptera 19-1 (5-0)°¢ +5935 60 (15)
Rhagonycha fulva 15:9 (6:5)°<¢ + 2056 28 (7)
Syrphidae 14-3 (0-0)>4¢ + 3648 24 (6)
Parasitica 7-8 (1-0)°4¢ +21:59 48 (12)

Table 3. Calculation of a pollinator effectiveness index for inflorescence-visiting insect taxa in 1996 and 1997. The taxa are ranked according to their
effectiveness in 1996. Mean visitation rates in each year are all significantly different from one another at P < < 0-01, z-test for unmatched samples

Mean pollen grains Mean (SE) visitation Index of pollinator Mean (SE) visitation Index of pollinator
per 2mm X 2mm rates to inflorescences effectiveness for rates to inflorescences effectiveness for
sample (p) in 1996 (vy) 1996 (p X vyq) in 1997 (vyy) 1997 (p X vyy)
Rhagonycha fulva 159 0-67 (0-10) 10-7 0(0) 0
Diptera 19-1 0-47 (0-07) 9-0 0-43 (0-04) 82
Tenthredo sp. 745 0-08 (0-03) 60 0-06 (0-01) 45
Parasitica 7-8 0-19 (0-06) 1-5 0-16 (0-03) 13
Syrphidae 14-3 0-04 (0-02) 0-6 0-78 (0-04) 112
© 2000 British importance of different groups as pollinators. We the mean pollen load for that taxon (Table 3).
Ecological Society. therefore calculated a pollinator effectiveness index Taxa varied in their effectiveness as pollinators both
Functional Ecology, for 1996 and 1997, which is the product of the largest ~ within and between years. In 1996, the Soldier Beetle
14, 445-454 mean visitation rate for each taxon visiting NatB and R. fulva was the top ranked pollinator, followed
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Fig. 2. Mean visitation rates (number of individual insects per census) of two of the main groups of pollinating taxa plus all
other taxa visiting Daucus carota inflorescences subjected to various manipulations. See Table 1 for an explanation of each
treatment. Bars indicate 95% confidence limits. Values marked with an asterisk are significantly different (at P < 0-01) from

the control (NatB) value (z-test for large, unmatched samples).

Table 4. Summary of the responses of the pollinator groups to specific sets of treatments, relative to visitation rates to the
unmanipulated control (NatB). A positive response to a treatment set is indicated by +, a negative response by — and no

significant response by 0

Treatment set

No dark floret One artificial floret Addition of black spots White spot
Taxon (NatW, CutO, WhFI) (BIF1, CutB) (TwoB, FivB, TenB, TwtB) control (EigW)
Diptera -0 0- +-0 0
Rhagonycha fulva + 0+ +0 0
Tenthredo sp. - - +— +
Syrphidae +0 +— + - -
Parasitica -0 -0 - -

closely by Diptera. Despite its large pollen loads,
Tenthredo sp. ranked only third, due to its low visitation
rate. The least effective pollinators were Parasitica and
Syrphidae, due to the low pollen loads of the former
and the low visitation rate of the latter. The results
for 1997 were somewhat different. The Soldier Beetle
R. fulva was not present as an inflorescence visitor at
our field site and the top ranked pollinators were
Syrphidae, the lowest ranked in 1996. The ranks of the
other three taxa were as 1996. These results indicate
that there are differences between taxa in effectiveness,
but should be treated with some caution as there are
other factors that will influence pollinator effectiveness,
such as rate of movement between inflorescences and
frequency of deposition of pollen on stigmas. However,
the open accessible flowers of D. carota mean that pollen
deposition is likely to occur from any suitably sized
insect. Observations of R. fulva suggest that they are
not easily disturbed and do not tend to move when
the inflorescences are approached, thus they may
move infrequently between umbels. Tenthredo sp., on

the other hand is a fast, aggressive, carnivore and
moves quickly within and between umbels.

LOCALIZATION OF SCENT PRODUCTION

A similar scent was produced equally by all florets in
an umbel, not just the dark central floret. This appears
to rule out the likelihood that the dark central floret
functions solely as an osmophore. However, it is
possible that the central floret produces a subtly
different scent to the other florets that might not be
detectable by the human nose.

TESTING THE FLY CATCHER EFFECT

Visitation rates to the treatments and control inflore-
scences for each of the taxonomic group are pre-
sented in Fig. 2. The treatments could be categorized
into four sets that reflected the function of the treat-
ment; to aid interpretation of our data, the results
from Fig. 2 are summarized in this way in Table 4.
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Fig. 3. Mean percentage seed set per umbellet for each of the Daucus carota inflorescence manipulations. See Table 1 for an
explanation of each treatment. Bars indicate 95% confidence limits. Values marked with an asterisk are significantly different
(P <0-01) from the control (NatB) value (Tukey B post hoc test).

If Eisikowitch’s (1980) fly catcher effect is a true
explanation for the functional significance of the dark
central floret of D. carota, then Diptera visitation
rates should have been influenced by the experimental
manipulations of D. carota inflorescences. Specifically,
we would have expected lower rates of fly visitation to
the natural variant and treatments lacking the visual
stimulus of the dark central floret (NatW, CutO,
WhFI1) compared with plants possessing the trait
(NatB), and, conversely, higher rates of fly visitation
to those treatments in which the visual effect of the
dark central floret was accentuated by the addition of
black spots (TwoB, FivB, TenB, TwtB). These expecta-
tions were not met by the data collected on fly
visitation rates to the treatments (Fig. 2 and Table 4).
Visitation rates did vary between treatments, but not
in a manner consistent with the fly catcher hypothesis.
Diptera did not respond differently to the natural
variant (NatW) in 1996 (although there was a small,
but significant, negative response in 1997; Fig. 1) but
responded negatively to the artificial removal of the
dark floret (CutO, WhFI). The addition of the black
spots resulted in positive, negative and no difference,
depending upon the number of spots; overall, then,
there was no consistent response. Diptera were not
affected by the addition of the white spots (EigW),
which suggests that they were not reacting to the
scent of the tape (Table 4).

The responses of the other taxa were similarly
mixed (Fig.2 and Table 4). The Soldier Beetles R.
fulva responded positively to the absence (natural and
artificial) of the dark central floret, as did the Syrphidae
(although not in 1997; Fig. 1) and, to some extent,

total insects. It is possible that the carnivorous Soldier
Beetles were responding to the increased abundance
of insects on these treatments, although that still begs
the question of why the absence of the dark central
floret should positively affect visitation rates for other
taxa. Conversely, the equally carnivorous sawfly
Tenthredo sp. responded negatively to the absence of
the dark floret in 1996, although not in 1997 (Fig. 1),
perhaps because of the increased abundance of the
Soldier Beetles in 1996. Parasitica and Tenthredo
sp. responded negatively to most of the treatments,
although not to the tape odour control (EigW) in
the case of Tenthredo sp. The most consistent positive
response to the addition of black spots was from the
Syrphidae, although they also responded positively
to the absence of a dark central floret!

Overall, there was little consistency between or within
taxa in their response to the inflorescence manipula-
tions, suggesting that there were taxon-specific responses
to some treatments and that some significant differ-
ences may have been artefacts of the low visitation
rates of some groups.

SEED SET RESULTS

Insect visitation rates are a relatively crude, but of
course significant, indicator of variation in plant
fecundity, in our case between treatments. The seed
set data provide a more direct measure of plant
reproductive success, at least through maternal func-
tion, for this non-selfing species. Percentage seed set
was generally quite high, varying on average between
57% and 81% (Fig. 3). There was significant variation
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in percentage seed set between treatments (one-way
ANOVA F =061, P <0-0001). Compared to the control
plants (NatB), the natural white variant (NatW) and
the treatment consisting of the addition of eight
white spots (EigW) suffered significantly lower seed
set (Fig. 3). Once again, it is difficult to suggest any
mechanism that would explain these data in terms of
a functional role for the dark central floret. They are
certainly not congruent with the pattern of visitation
by the main pollinator in 1996, the Soldier Beetle
R. fulva (compare with Fig. 2).

POLLINATOR BEHAVIOUR

Sawflies (Tenthredo sp.) were seen attacking the dark
central floret (as well as their usual prey of Syrphidae)
on several occasions in 1997. It may be that the role
of the dark floret is to attract predatory insects to the
umbels, although none of our manipulation data
supported this idea. However, as individuals of this
species approach the umbels from the side, it is possible
that the slightly raised, three-dimensional, profile of
the dark central floret is the important attraction, not
the flat, two-dimensional, contrast. This aspect would
warrant further research, although we note that
Tenthredo sp. ranked only third in effectiveness out of
the five groups of pollinators (Table 3). Syrphidae
also approach umbels from the side and feed on
nectar, while other Diptera approach the plant both
from above and from the side. The main pollinators,
R. fulva, moved between inflorescences too infrequently
for us to know how they approached plants, although
it is likely that they approach from above.

Discussion

Despite over 100 years of thought and experiment on
the topic (Darwin 1888; Daumann 1973; Eisikowitch
1980; Westmoreland & Muntan 1996), there is still
no definitive answer regarding the functional role of
the dark central floret of D. carota inflorescences. The
main conclusion from our work is that while the dark
central floret may have an attractive or repulsive
function for some groups of insects, this role varies
considerably between taxa and responses can vary for
the same taxa between years. The most striking (and
paradoxical) finding is that the natural variant lack-
ing the dark central floret (NatW) enjoyed increased
overall insect visitation in both years of this study,
but suffered lower seed set than NatB in 1996. This
suggests that it is not the overall rate of insect visita-
tion that controls fruit set, but the visitation rates of
certain key groups of pollinators (for further discus-
sion and data on this phenomenon, see Fishbein &
Venable 1996 and references therein). The only taxon
that fits this pattern (i.e. lower visitation to NatW in
1996 resulting in lower seed set) is the Tenthredo sp. This
taxon ranks only third in our pollinator effectiveness
index, although does carry, on average, between

four and seven times as much pollen as the other
inflorescence visitors. It may be, then, that pollen
loads determine seed set regardless of visitation
rates. In 1997 Tenthredo sp. did not react positively or
negatively to the absence of the dark central floret,
suggesting that this response may be influenced by
other, external, factors.

It could be that the dark central floret has no
attractive function for insect pollinators, in keeping
with Darwin’s (1888) original views on the subject
and with the findings of Daumann (1973). This is not
out of place within modern evolutionary thought that
envisions a spectrum of adaptiveness of current traits
ranging from neutrality [phylogenetic conservatism,
structural by-product (cf. the spandrels metaphor of
Gould & Lewontin 1979) and chance occurrences]
through co-option of past adaptation (‘exaptations’;
sensu Gould & Vrba 1982) to current strong selection
on traits (Reeve & Sherman 1993; for specific examples
from floral morphology see Cresswell 1998). If this
conclusion is correct, why do individuals of D. carota
still possess the dark central floret? The explanation
favoured by Darwin (1888) is that it is a phylogenet-
ically ancient trait that possessed adaptive utility in
the past but no longer has a role to play, yet has not
been selected against. We note that the dark central
floret is probably comparatively ‘cheap’ in resource
terms for the plant to produce and may not disadvant-
age a plant possessing the trait (NatB) compared to
one which does not (NatW). The possession of inflore-
scences with dark central florets has a scattered
occurrence throughout Daucus and the related genus
Artedia. A phylogenetic analysis of this group might
prove instructive, as would a survey of D. carota
populations across its natural range to assess clinal
variability in the trait.

It is impossible to prove a negative assertion (in
this case that the central floret has no current function)
and critics will point out that there are a number of
ways in which our study could have failed in its bid
to manipulate successfully inflorescence morphology.
Primarily, the spots of dark insulating tape may not
closely mimic the dark central floret, particularly in
terms of spectral reflectance and three-dimensional
appearance. While this is true, the contrast between
the spots and the white inflorescence ought to have
affected fly visitation rates if the flies respond pos-
itively to dark spots, as Eisikowitch (1980) found in
his laboratory experiments with house flies (Musca
domestica). Another criticism could be that one dark
central floret is the optimum number for the fly catcher
effect to work and adding more spots will not affect
pollinator behaviour. However, in his experiments
Eisikowitch (1980) showed that there is an increasing
effect of the number of darkly contrasting objects (in
this case frozen flies) and the rate of fly landings.

There seems little doubt that some Diptera do
respond positively to the contrast of small dark shapes
against a lighter background, but we do not know if
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this is true for all or even the majority of Diptera. A
wide range of fly species, with possibly different beha-
vioural traits, are pollinators of D. carota. Having
said that, we believe that the studies of Eisikowitch
(1980) and to some extent Westmoreland & Muntan
(1996) have been overly concerned with the effects
of flies as pollinators of D. carota, perhaps because
the flowers °... exhibit the typical attributes of “small—
fly syndrome”” (Westmoreland & Muntan 1996). How-
ever, all work to date on D. carota has shown it to be
pollinated by a taxonomically wide range of species,
including beetles, hoverflies, bees, wasps and flies. In
our work, we have shown that flies rank second of
five groups in their importance as pollinators, and
that the pollinator spectrum varies considerably even
between adjacent years, a common finding in studies
of other plant species (Fishbein & Venable 1996;
Pettersson 1991). The typological mind-set that the
concept of pollination syndromes inculcates can thus
lead workers to concentrate too much on flower
visitors that are ‘right’ from a syndrome perspective,
but which may not in fact be the most important
pollinators when one considers pollen loads, visitation
rates and variation in abundance between years. The
concept of pollination syndromes as a paradigm for
the evolution of plant—pollinator interactions is being
questioned (Fishbein & Venable 1996; Herrera 1996;
Ollerton 1998; Ollerton & Watts 2000; Waser et al.
1996).

If the dark central floret of D. carota does func-
tion as a ‘false fly’, there are certainly precedents
within the Angiosperms of flowers that mimic insects,
for example the sexual deceit (‘pseudocopulation’)
systems of certain Orchidaceae (see review by Dafni
1984). Recently, Johnson & Midgley (1997) studied
experimentally the dark petal patches of Gorteria
diffusa (Asteraceae) and concluded that they closely
mimic the sole pollinator, a bee fly Megapalpus
nitidus (Bombyliidae) that does not visit the capitula
as frequently when the spots are removed. Floral
mimicry such as this is more likely to evolve in plants
that possess a taxonomically narrow range of pollinators,
in contrast to D. carota and other Apiaceae which are
attractive to and pollinated by many insect taxa.
Apiaceae can be considered highly evolved in this
respect and ‘designed to exploit their diverse insect
pollinators’ (Proctor et al. 1996). Daucus carota is a
biennial and as such requires high levels of seed set
each year if populations are to persist. This lack of
reliance on one particular insect species for pollina-
tion may be advantageous and serve to offset the
variation in pollinator service caused by fluctuations
in insect abundances that occur from year to year. It
has been argued that generalization with regard to flower
visitors and seasonal variation in their abundance
is unlikely to result in strong selection pressures on
plant traits (Ollerton 1996; although see Waser 1998)
and this once again calls into question the adaptive
function of the dark central floret.

Finally, an aspect of the pollination ecology that
may hold the key to this enigma is that of interactions
between species on umbels. Insects visit the umbels
for different reasons: to feed on nectar or pollen;
to locate mates; to hunt prey. If, for example, the
movement of prey species between umbels is further
and more frequent when predators are abundant,
and this in turn is mediated by the dark central
floret, then there may be an out-crossing advantage
to possessing the floret rather than an advantage of
increased fruit set. Further work is required to untangle
these interactions.
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