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On the function of flowers 

BYG. BELL^ 

Biology Department, McGill University, 1205 Avenue Ilr  Penfield, Montreal, 


Quibec, Canada H3A 1B1 


(Cwmmunicated by W. D.Hamilton, F.R.S. -Received 4 October 1984) 

Most flowers are bisexual in function, but counting secondary allocation 
to attractive structures such as the corolla as equally male and female 
leads to the paradoxical conclusion that  plants bearing perfect flowers 
invariably allocate much more to female than to male function. A method 
of calculating the gender of secondary floral allocation is described, and 
it is speculated that  this allocation is predominantly male. Observations 
and experiments with natural populations of herbs, designed to test this 
hypothesis gave the following major results. (i) Insects visit larger flowers 
more frequently (Fragaria), and removal of floral biomass causes a 
reduction in the frequency of insect visits proportional to the fraction of 
biomass removed (Impatiens). (ii) Removal of attractive structures may 
cause a decline in the probability that a fruit will be formed but has no 
effect on the number of seeds set per fruit; thus, mutilation of essentially 
solitary flowers has no effect on seed-set per fruit (Impatiens), while 
removal of flowers from inflorescences in a species that forms several 
many-seeded fruits per inflorescence reduces fruit-set per inflorescence 
but has no effect on seed-set per fruit (Asclepias), and removal of sterile 
flowers from an inflorescence in which the fertile flowers yield one-seeded 
fruits is effective in reducing seed-set per inflorescence ( Viburnum). (iii) 
Larger flowers may disperse a greater fraction of their pollen in unit time 
(Impatiens) and the removal of flowers from inflorescences causes a steep 
reduction in total pollen exported and a weak decline in the quantity of 
pollen exported per flower (Asclepias). These results are consistent with 
the hypothesis that  a single insect visit (or a very few visits) suffices to 
fertilize almost all available ovules and is procured by a very small 
allocation to attractive structures, while much greater allocation is 
necessary to procure the numerous visits required to disperse a large 
fraction of the pollen. This inference is supported by a comparative survey 
of sexually dimorphic plants, in which male flowers are generally larger 
than female flowers, male inflorescences bear more flowers, and male 
plants bear more inflorescences. It is concluded that  the flower is 
primarily a male organ, in the sense that the bulk of allocation to 
secondary floral structures is designed to procure the export of pollen 
rather than the fertilization of ovules. This conclusion may be sensitive 
to whether it is the flower or the inflorescence as a whole that represents 
the primary unit of attraction to insects. It was found that the performance 
of a given flower was substantially affected by other flowers in the same 
compact inflorescence (Asclepias), though not by other inflorescences on 

t Present address: The University of Sussex, Biology Building, l'almer, Brighton, Sussex 
BN1 9&G,U.K. 

r 223 I 



the same plant nor by those borne by nearby plants (Fragaria, Impatiens). 
A general quantitative theory of flower and inflorescence design is 
outlined, and used to organize the extensive experimental results for 
Asclepias. 

INTRODUCTION:P A R A D O X  O F  S E C O N D A R Y  A L L O C A T I O N  T O  F L O W E R S  

I N  P L A N T S  

Most flowers are hermaphroditic, bearing both male and female sexual organs. 
These organs (anthers and pistils) are themselves of unequivocal gender, but they 
are usually rather small. The bulk of the flower, especially in insect-pollinated 
plants, is made up of tissues to which no definite gender can be ascribed a priori. 
In  particular, the corolla contributes to  the success of both male and female 
gametes by attracting insects which import pollen to fertilize the flower's own 
ovules and export pollen to fertilize ovules elsewhere. Is  the material allocated to 
the construction of the corolla then equally male and female, or can we better 
describe it as being predominantly one or the other ? 

I encountered this problem when studying the theory of gender allocation. The 
major goal of this theory is to explain why the sexes are united or divided in 
different groups of organisms. An important secondary goal, and the only way in 
which the theory can be tested quantitatively, is to specify what proportion of the 
total quantity of resources available for reproduction should be spent on male 
function: on the production, storage and dissemination of male gametes. For 
instance, i t  has often been suggested that hermaphroditism evolves because it 
increases the chance of encountering a compatible mate in organisms that are 
sluggish or rare. This might explain why plants and sessile animals are often 
hermaphroditic, while motile animals are more often gonochoric (dioecious); i t  
might even explain why some groups of plants have an abnormally high proportion 
of dioecious species. The most satisfactory way to test the hypothesis, however, 
would be to use its quantitative prediction : that the expenditure on male function 
should increase with local population density to an asymptote a t  50 % (Charnov 
1980; Bell 1982). To perform the test involves measuring the proportional 
allocation to male function. This might be done straightforwardly in one of two 
ways. First, we could choose to ignore secondary structures and instead measure 
allocation to primary structures only: the pollen and the mature seeds. Since the 
seeds would greatly outweigh the pollen, the allocation ratio calculated in this way 
would be strongly biased towards female function. Secondly, we could choose to 
include secondary structures, interpreting their gender according to some a priori 
scheme. The fruit seems clearly female; the flowers, since they serve both male and 
female function, we shall say are equally male and female. Even if fruit and flower 
are of comparable bulk, counting the former as purely female and the latter as both 
male and female implies that the overall allocation ratio will again be strongly 
skewed towards femaleness. Thus, either ignoring secondary allocation to the 
flower or treating i t  as being equally male and female results in the interpretation 
of plants with hermaphroditic flowers as spending far more on female than on male 
function. 
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This is a paradoxical conclusion, for nothing we know about plants leads us to 
expect such a proposition to hold as an empirical generalization. It must be 
resolved before the theory of gender, which has had such striking success elsewhere 
(see, for example, Wenner I 98I ;Charnov I 982)can make any progress with the 
interpretation of flowering plants. I t s  resolution will require the construction of 
a new theory of floral function, expressed in terms of measurable quantities. It is 
the purpose of this paper to advance such a theory, and then to describe a series 
of observations and experiments which were performed to investigate its validity. 

The empirical basis of a theory of secondary allocation must be a knowledge of 
its effects on the success of primary allocation. We must therefore be able to 
measure the curves illustrated in figure 1, which relate variation in secondary 

0 W 
secondary floral biomass, B 

FIGURE1 .  Measurement of floral function. See text. 

allocation to the fraction of ovules fertilized and the fraction of pollen removed. 
Further, we must be able to use this information to partition the secondary 
allocation into male and female components. Suppose that the fraction of ovules 
fertilized, F ,  and the fraction of pollen removed, M, are functions of flower size, 
B. I assume that both F and M are zero when B is zero; this simplifies the 
treatment, but a more general expression for the case in which some degree of male 
or female success is possible with zero secondary allocation is easily obtained. We 
are required to find how the secondary allocation B is divided between male and 
female function in flowers of some given size W; the proportion of secondary 
allocation devoted to male function is termed a. 

Consider the effect of a small increment in secondary allocation from B to  B +dB. 
This will be associated with an increment in the fraction of ovules fertilized of dF, 



226 G. Bell 

and with an increment in the fraction of pollen dispersed of dM. The gender of 
this increment dB in secondary allocation is thus dM/(dM+ dll'). If i t  has no effect 
on the fraction of ovules fertilized ( d F  = O ) ,  its function is wholly male (gender 
is 1 ) ; if it has no effect on the fraction of pollen dispersed (dM = 0) its function 
is wholly female (gender is 0) ; if i t  has some effect on both male and female function 
then it has intermediate gender. By summing the gender of all the increments of 
B between B = 0 and B = W we can obtain the overall gender of the secondary 
allocation of the flower : 

dM dB.
a=$/oB=Wd Y + d F  

Thus, if all increments of B increase male and female function by the same amount 
(dM = d F  for any B) ,  the gender of the secondary allocation is 
a = ( I /  W) I r i d B  = 4,and we conclude, as we obviously should, that in this case 
the secondary allocation is equally male and female. But if the responses of male 
and female function differ, then secondary allocation will be judged to be 
male-biased or female-biased, depending on the shapes of the curves relating M 
and P to B. To estimate a from data, we would fit the data to functions describing 
P and M, then use the parameters of the fitted functions to obtain the derivatives 
M' = dM/dB and F' = dF/dB. Integrating Mf/ (M'+F')over B between zero and 
W, then dividing the result by W, gives the estimate of a. 

The particular hypothesis I shall attempt to test in the body of this paper is 
very simple: i t  states that  secondary floral allocation is almost exclusively male 
(a z 1).This will be the case if a very small corolla suffices to ensure that almost 
all the ovules become fertilized, while any further increase in corolla size procures 
the dispersal of a greater quantity of pollen ; thus dE' E 0 but dM > 0 for B greater 
than some minimum value, and consequently a x 1 for flowers that substantially 
exceed some minimal size. The reason for choosing this hypothesis is that it 
removes the paradox that stimulated the research ; if flowers are almost exclusively 
male while fruits are entirely female, then the overall gender of the plant will be 
given as a first approximation by the ratio of flower mass to the sum of flower mass 
and fruit mass, which might easily vary between being almost exclusively female 
(flower very small relative to fruit, plant gender ca. 0) and almost exclusively male 
(flower very large relative to fruit, plant gender ca. 1). In  practice, complications 
such as fruit abortion (which will skew the plant gender towards maleness) and 
self-fertilization (which introduces a male component to the fruit and a female 
component to the flower) will mean that so simple a rule cannot be entirely 
satisfactory, but will not alter, and may strengthen, the conclusion that the gender 
of hermaphroditic plants is expected to vary around an average of about 4,rather 
than being strongly female biased in all cases. Failure to falsify the hypothesis 
therefore resolves an important paradox, and provides us with the conceptual 
foundation necessary for quantitative tests of theories of gender in flowering plants. 
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Organization of the paper 

The primary object of the paper is to show how (and of course whether) increase 
in secondary allocation affects floral function. The next section therefore deals with 
the relation between flower size and the number of visits made by insects in unit 
time. The third and fourth sections attempt to show how the response by the 
insects to variation in flower size is translated into effects on female function 
(fraction of ovules fertilized) and male function (fraction of pollen dispersed), 
respectively. The fifth section deals with an important complication, the effects 
of neighbouring flowers on a target flower of given size, and introduces a general 
quantitative theory of overall floral function. The sixth section reviews comparative 
material on allocation to male and female flowers in dimorphic plants. 

Each section, whenever possible, is divided into three parts. The first part is 
comparative and describes correlates of flower size between different species of 
plants. The second and third parts are largely original and comprise observations 
and experiments respectively; by 'observations' I mean measurements made on 
unmanipulated flowers which varied naturally in size, whereas 'experiments' 
concern situations in which variance in flower size was created according to a 
predefined protocol. Directly relevant results obtained by other authors are also 
described briefly, though a great deal of indirectly relevant information has been 
omitted to keep the text to a reasonable length. Each section concludes with a brief 
summary and is to that extent self-contained; the final section of the paper is a 
general summary in which the performance of the hypothesis under test is 
evaluated. 

Study organisms 

The five plants used in this work are briefly described here to avoid excessive 
repetition in the main text. 

(a) Fragaria virginiana Duchesne (Rosaceae) 

Strawberry. A creeping stoloniferous perennial herb. The flowers have five white 
petals and bear numerous stamens and pistils; several occur together in a loose 
corymbiform cluster. Gynodioecious, with female and perfect (hermaphroditic) 
flowers on separate stocks. 

(b)  	Chrysanthemum leucantheumum L. (Compositae) 

Daisy. Erect perennial herb, about 1 m in height, head terminal or stem bears 
several heads. Heads up to about 5 cm in diameter; white ray florets female, yellow 
disc-florets perfect. 

(c) Impatiens capensis Meerb. (Balsaminaceae) 

Jewelweed. Glabrous annual herb about 1 m in height. Large, pendant, orange- 
red, zygomorphic flowers in few-flowered axillary racemes. Petals fused; large 
petaloid sepal saccate and prolonged into a nectariferous spur (for simplicity, I 
have called all corolla parts 'petals' in the text). Flowers strongly protandrous, 
with five stamens united into a mass around the stigma, which is entirely concealed 



228 	 G. Bell 

during the initial male stage of flower life, later exposed when the androecium 
withers and falls away. Cleistogamous flowers common, but not discussed here. 
Ovary five-celled with one or a few ovules in each cell; fruits explosively dehiscent 
and usually bearing four to seven mature seeds. 

(d) Asclepias syriaca L. (Asclepiadaceae) 

Milkweed. Perennial herb, usually single-stemmed, arising from a stout rhizome. 
Flowers strongly scented, nectariferous, arranged in many-flowered pedunculate 
umbels. Pollen contained in pollinia, connected in pairs by a translator easily 
visible to the naked eye, five pairs in each flower; both pollinia removed as a unit 
by insects. Only one or a few flowers in each umbel set seed; fruit a large lollicle 
bearing about 10@200 wind-dispersed seeds. 

(e) 	Viburnum alnifolium Marsh (Caprifoliaceae) 

Small shrub. Fertile flowers pentamerous, perfect, white, borne in many-flowered 
cymes; each inflorescence also bears a marginal ring of large white sterile flowers. 
Fruit a one-seeded drupe. 

Study sites 

All the work described below was done a t  the McGill University Field Station 
a t  Mont St Hilaire, southern Quebec. The mountain is a mass of intrusive rocks 
rising from the St Lawrence valley floor to a height of about 1300 feet (400 m). 
It is a t  the northern limit of eastern deciduous forest, dominated by beech and 
maple but with a diverse flora catalogued by Maycock (1961). The particular study 
sites used were as follows. For strawberry, a highly disturbed area of sand and 
gravel soils, exposed or in the partial shade of sumac bushes, on a southeastern 
exposure in the eastern corner of the estate. For daisies, a nearby woodland ride, 
in full sunlight or dappled shade. For jewelweed, wet hollows close to the above 
sites and to a small laboratory building, a t  the edge of the forest or in gaps. For 
milkweeti, an abandoned orchard in the centre of the estate; the milkweeds grow 
in exposed situations away from the forest edge, in an old-field assemblage 
otherwise dominated by Apocynum, Rubus and Xolidago. For Viburnum, a 
north-facing slope a t  the northern edge of the estate, close to permanent water in 
a closed beech-maple forest. 

2. 	FLOWERS I Z E  A N D  I N S E C T  VISITS 

Comparative evidence 

Although most people would accept that larger flowers are visited more often 
by insects, the evidence is widely scattered and largely anecdotal. Knuth (1906) 
reports several cases in which the larger flowers of one species are visited more often 
than the smaller flowers of a closely related species; naming the larger species first, 
these are Anemone sylvestris (nemorosa), Adonis vernalis (aestivalis), Stellaria 
holostea (graminea), Cerastium arvense (triviale), Hypericum spp. (humifusum), 
Malva spp. (rotundifolia), Linum usitatissimum (catharticum), Geranium spp. 
(rotundifolium), Geranium molle (pusillum), Potentilla aurea (salisburgensis), 



On the function of jlowers 

P. salisburgensis (minima), Ulmaria pentapetala (jilipendula) and Tojieldia 
calyculata (palustris). More generally, the larger-flowered species of Umbelliferae, 
Boraginaceae and Polygonaceae are said to be more frequently visited. No cases 
are given to the contrary. 

Mulligan & Kevan (1973)related the frequency of visits to a series of Canadian 
herbs to their size, odour and photometric brightness. Their data are unsuitable 
for statistical analysis, but the brief summary given in table 1 shows that  larger 
and more odorous flowers attract more visits, with colour having little effect. 

I have found no other broad surveys. 

mean photometric 
mean brightness (O/,)T/ number of 

insect size$. frequency of 7 A species in 
visits? mm odours U.V. blue yellow category 

none 2.9 0.00 21.8 35.3 39.8 6 
rare 12.0 0.25 14.6 14.4 41.7 9 
occasional 34.8 0.33 21.5 37.7 46.6 23 
frequent 63.9 0.80 20.1 26.9 52.9 13 

t Frequency of insect visits, as judged by original authors. 
$. Mean length in millimetres of flower, head or inflorescence. 
§ Fraction of species having an obvious odour. 
T/ Where several different values are available, that of the most peripheral flower part is 

chosen. 
Source: Mulligan & Kevan ( I  973 ; table 3). 

Observations 

Obs. 1: Fragaria 

Strawberries grow thickly in an area of disturbed ground about 50000 m2 in 
extent on the southeastern face of Mont St Hilaire. Four observers censussed insect 
visits throughout this area by choosing a location haphazardly and watching two 
flowers for 2 min. This period of time was chosen because preliminary observations 
suggested that the probability of observing a visit within 2 min was about one 
third. At the end of the observation period both flowers were stored in vials and 
later taken back to the laboratory, where their petals were removed and weighed; 
no more than 1 h elapsed between picking and weighing. All observations were 
made between l0hOO and 15h00 on 2 and 3 June 1983, both warm and sunny days. 
A total of 515 flowers were watched and 166visits recorded. About 90 % of all visits 
were made by syrphid flies, most of the remainder being by muscids, solitary bees 
and ichneumonids. 

Petal mass varied over an order of magnitude, roughly between 2 and 25 mg. 
The data were divided a t  1 mg intervals, within each of which the total number 
of flowers N ( x )and the total number of these that  were visited V ( x )are known. 
The conditional probability that a flower of size x will be visited within a 2 min 
period is then estimated by V ( x ) / N ( x ) .The data show that the probability of being 
visited increases steeply and linearly with petal mass (figure 2).Large flowers with 
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wet mass of petals, x/mg 
FIGURE 2. Flower size and rate of visits in Frayaria. Unweighted least-squares regression is 

y = 0.100+0.021x (r2= 0.72, p < 0.001). For design, see text. Numbers along bottom are 
sample sizes, N(x). 

petals weighing about 20 mg will be visited about 100 times each day (of 8 h) while 
small flowers about 2 mg in mass will receive only about 10 visits. 

This strawberry population was gynodioecious, with the smaller flowers being 
predominantly female; the relation between sex, size and visits is described in $5.  

Obs. 2 : Chrysanthemum 

Four patches of daisies growing along a woodland ride were each watched for 
30 min by two observers. Heads were tagged according to whether or not they were 
visited during this period, and the disc diameter, ray diameter (that is, total head 
diameter less disc diameter) and stem height were subsequently measured. Sites 
could not be pooled because of diffences both in plant size and in rate of visits. 
Very few visits were seen a t  two of the sites, and both have been omitted from 
the analysis ; in neither case did the visited differ significantly from the non-visited 
heads with respect to any of the characters measured. Data for the other two sites 
are given in table 2. Almost all the visits were made by syrphid flies or honeybees, 
which were about equally frequent; they did not differ with respect to any of the 
characters measured and have been pooled for analysis. In  both sites the heads 
that were visited exceed those that were not visited in disc diameter, ray diameter, 
overall diameter and stem height. The effect is a small one; when both sites arc 
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TABLE2. SIZEOF CHRYSANTHEMUMHEADS VISITED AND NOT VISITED BY 

INSECTS AT TWO SITES 

mean+s.d. of measurement/mm 

stem 
site visited 1 N disc ray head height 

1 Yes 

pooled 

PI is the one-tailed probability for rejection of the directional hypothesis that larger (or taller) 
heads are visited more frequently. 

taken together the effects are significant a t  about p = 0.05, if the one-tailed 
hypothesis that  plants that allocate more to these structures will be visited more 
often, is allowed. 

Obs. 3 : Impatiens 

Bumble bees foraging in a patch of Impatiens were followed until a flower was 
visited. After the visit this flower and the two nearest open flowers were picked 
and weighed. In  26 out of 40 observations the mass of the visited flower exceeded 
the average of its two unvisited neighbours, giving goodness-of-fit = 3.60 and 
p < 0.05 for the one-tailed hypothesis that  larger flowers are more likely to  be 
visited than their smaller neighbours. The mean 0 s . d . )  mass of visited flowers 
was 53.8+ 14.3 mg and of their unvisited neighbours 49.4k14.0mg, yielding 
t = 1.62 and p < 0.05 for the one-tailed hypothesis. 

In conclusion, although the Chrysanthemum and Impatiens observations are 
consistent with the hypothesis that  larger flowers are visited more frequently, only 
the Frayaria observations were decisive, with the largest flowers receiving about 
ten times more visits than the smallest, Comparable observations are difficult to 
find in the literature. Knuth remarks that larger flowers are visited more frequently 
than smaller flowers in Echiwm oficinalis, but says that  this is not the case in 
Btellaria graminea. Willson & Price (1977) found that  larger inflorescences of 
Asclepias syriaca received more visits, and Schaffer & Schaffer ( I  977) obtained 
similar results for several species of Yucca. 
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Experiments 

Exp. I :Impatiens 

1)esignated petals were removed with scissors from the corolla of an experimental 
flower, which was then marked with a very short length of coloured thread round 
the peduncle. A nearby flower in the same sexual phase and of similar size was 
also tagged. All flowers used were male and had still been closed on the previous 
evening. Five such pairs of flowers, each representing a different treatment, were 
constructed by an observer and watched for 500 s. The observers (five or six in 
number) then rotated around the patch so that each group of flowers was watched 
by each observer. Three groups of observers were used; all observations were made 
a t  the same site, in late August 1981 and 1982. The fraction of floral biomass 
removed by the treatments (assessed by weighing the flowers, giving very closely 
similar results in 1981 and 1982) was then related to the number of visits received 
by the flowers. These results are given in figure 3. Removal of parts of the corolla 
causes a reduction in the frequency of visits, more or less in proportion to the 
quantity of material removed. There was no indication that  removal of any 
particular part had a greater effect than the removal of any other part or parts 
of equal mass, though the number of visits involved is too small for this observation 
to be conclusive. The mass measured in this experiment is the total mass of the 
flower, including the sexual parts; the most extreme mutilations shown in figure 3 
involved the excision of the entire corolla, but a few visits were nevertheless 
observed. The total effect of the corolla is thus to raise the frequency of visits by 
a factor of about ten, an effect comparable with that associated with the difference 
between the largest and smallest flowers of Elragaria. 

Exp. 2 :Asclepias 

Flowers were removed systematically from milkweed inflorescences in connection 
with an experiment to measure the effect of inflorescence size on the removal and 
reception of pollinia which will be described below (exp. 7). Before the inflorescences 
were collected, the number of insect visits to each during a 5 min observation period 
was recorded. Results are given in table 3. They show quite clearly an effect of 
target size, with larger inflorescences attracting more visitors, and, therefore, 
conform to the observations using natural variation of inflorescence size made by 
Willson & Price ( I977). The frequency of visits per flower is minimal for very small 
inflorescences of 1-10 flowers, much greater for inflorescences with 11-30 flowers, 
but remains constant or even falls for inflorescences close to the mean size 
(49.8Ifr s.d. 14 flowers) of unmanipulated florescences in this population. 

Similar experiments are described by Plateau ( I896), who also refers to scattered 
observations in the earlier literature, including one made by Darwin (1876). 
Plateau claimed that mutilation, even as extreme as the complete removal of the 
corolla, did not drastically reduce the visits received by flowers. His results were 
vigorously attacked by Knuth (1906, vol. 1,p. 204 ff).  Since Plateau does not give 
quantitative comparisons between experimental and control plants, his work is 
difficult to evaluate ; the sole exception was a Lobeliu from which all the petals had 
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fraction of biomass remaining 

FIGURE3. Effect of floral mutilation on the frequency of insect visits in Impatiens. The figure 
is illustrative; twice as many visits were recorded in 1981 as in 1982, so that numbers of 
visits for 1981 (open circles) have been divided by two to plot them on the same figure as 
the results for 1982 (solid circles). The equation of the regression line drawn is 

y = 1.39+11.0s (r2= 0.39) 
and a parametric and non-parametric analysis of the raw data for the two years is given 
below. For regression analysis the x-variate is arcsin square-root of fraction of floral biomass 
remaining, the y-variate being number of visits observed. 

Pearson 1981 1982 pooled 

intercept 0.643 0.771 -
slope 0.0276 0.0353 -
correlation 0.861 0.503 xi = 13.76 
P 0.013 0.08 p = 0.01 

Spearman 
correlation 0.773 0.374 xg = 9.48 
P 0.042 0.208 p = 0.05 

Probabilities cited are two-tailed; if a one-tailed hypothesis is allowed the non-parametric 
analysis for the two years pooled yields p < 0.02. Excluding the 1982 outlier with most 
of corolla remaining but no visits observed produces much more highly significant results. 

been removed, which received in all 41 visits during 3.5 h while a nearby unmuti- 
lated plant received 62 visits. Much more thorough and careful work was described 
by Knoll (1922)and Kugler (1943),though both used paper models and were more 
concerned with colour, odour and form than with size. The most extensive 
experiment reported by Knoll concerns the attractiveness of coloured paper discs 
to the hawk-moth Macroglossurn, and his results are summarized in figure 4. The 
number of visits increased more or less proportionately with the area of the disc 
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numbers of number of number of 
flowers per number of number of' number of visits per visits per 

inflorescence inflorescences flowers visits inflorescence flower 

1-10 59 283 39 0.661 0.138 
1 1-20 39 554 158 4.051 0.285 
21-30 39 944 256 6.564 0.271 
3 1-60 38 1505 328 8.632 0.218 
pooled 175 3286 781 4.498 0.238 

A 'visit' is contact with a flower; insects may make several or many consecutive visits to 
different flowers on the same inflorescence. All comparisons of visits per inflorescence or visits 
per flower for inflorescences with different numbers of flowers are significant at p = 0.01 except 
that visits per flower does not differ between inflorescences with 11-20 flowers and those with 
21-30 flowers. 

lg (target area)/mm2 

FIGURE4. Visits by Macroglossw,mto target discs. Note that axes of both graphs are logarithmic. 
(a )Total visits. Line is not a regression, but is drawn in to guide the eye (see text); it has 
a slope of about 0.2.Macroglossun~fits inside a circle of 40 mm diameter. (0) Visits per unit 
area. This function is maximized by targets of about 6 mm diameter. Source of data: Knoll 
(1922; table 2). 
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for discs between 3 and 22 mm radius. The upper end of this range corresponds 
roughly with the size of Macroglossum, and larger discs received fewer visits. Very 
small discs of 1.4 mm radius received hardly any visits. When we calculate the 
number of visits received per unit area, a very clear picture emerges (figure 4b) : 
there is a well-defined maximum a t  a radius of about 3 mm, with visits per unit 
area falling off steeply for smaller and for larger discs. This implies that, given a 
fixed quantity of paper, the total number of visits per unit time would be 
maximized by dividing i t  into discs of intermediate size, in this case 3 mm. Other, 
less extensive experiments gave similar results (Knoll tables 3 and 4).The inference 
that subdividing floral biomass may maximize floral function receives some 
support from Kugler's experiments. HL, too, found that  larger models (in the range 
1 4 cm radius) received more visits, but also reports that a cluster of small models 
receives more visits than a single target of comparable area (Kugler I 943, p. 261). 

I n  my own work, neither the observations on Fragaria nor the experiments with 
Impatiens show any effect of flower size on the rate of visits per unit size; in both 
cases the total number of visits increases with flower size but the regressions of 
visits per unit mass on flower size have slopes indistinguishable from zero. Only 
for Asclepias does an intermediate number of flowers per inflorescence, well below 
that of the average number for the population procure a greater number of visits 
per flower. 

I do not know any comparative or observational evidence that  the proportion 
of ovules fertilized increases with flower size, and this section will be limited to 
a discussion of experimental results. Indirect evidence might come from studies 
of fruit abortion, since if the proportion of ovules fertilized increases with 
inflorescence size then the number of fruits initially formed should be dispropor- 
tionately greater for inflorescences with more flowers. 1have found no direct test 
of this hypothesis, but the scatter plots given by Aker (1982) for Yucca whipplei 
show no sign of the expected curvilinearity. The increased number of insect visits 
to larger inflorescences of Yucca did not cause a disproportionately larger number 
of fruits to be initiated (Schaffer & Schaffer 1977). 

Experiments 

Exp. 3:Asclepias (injlorescence removal) 

This experiment was designed to test the hypothesis that stems that  bear more 
inflorescences set more seeds as the result of being more conspicuous and thus 
receiving more insect visits. It is important to recall that  although the inflorescence 
of Asclepias bears many flowers, only a very few of these set fruit: removal of 
flowers, therefore, has no necessary effect on seed production by an inflorescence, 
so long as a few flowers remain. Like all the milkweed experiments, i t  was located 
in an abandoned orchard, surrounded by second-growth woodland, a t  Mont St  
Hilaire. Forty-seven stems matched for height and number of leaves were 
mutilated so as to form a series bearing from one to seven inflorescences; stems 
with one remaining inflorescence were created by removing six inflorescences from 
a stem originally bearing seven inflorescences, five inflorescences from a stem 
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originally bearing six, and so forth. The results for the 38 stems subsequently 
recovered are given in table 4. There was no effect of the initial number of 
inflorescences on any of the measurements. The effect of the manipulation is clear. 
There is no relation between the number of seeds per pod and the number of 
inflorescences, whether the data are analysed by regression or by calculating t for 

number of inflorescences remaining per stem 
2 3 4 5 6 

stems 
pods 
seeds 
aborted seeds 
pods per 
inflorescences 

seeds per pod 
seeds per 
inflorescence 

pods per stem 
seeds per stem 
filled seeds 

per stem 

Explanation in text. 

pairwise comparisons. Analyses were performed both for total seeds and for filled 
seeds only, with the same negative outcome in both cases. On the other hand, there 
is clearly an increase in the number of pods formed per stem when more 
inflorescences are present. The regression equation (for the raw data) relating pods 
per stem to inflorescence number is y = 0.68+0.6lx, with r2 = 0.32 (p < 0.001). 
Since the slope of the regression is less than unity, the number of pods per stem 
increases despite a fall in the number of pods formed per inflorescence. The effect 
of inflorescence removal on seed production per stem is, therefore, due wholly to 
an effect through total pod production and not to any effect through the number 
of seeds produced per pod or per inflorescence. 

Exp. 4 :Asclepias (jiower removal) 

I n  a second series of experiments the number of pods per stem was held constant 
while the number of flowers per inflorescence was manipulated by removing flower 
buds. Two experiments were performed. 

In  the first experiment (exp. 4A, August 1981), three sets of eight stems each, 
matched for height and leaf number, were chosen, stems being allocated to sets 
a t  random. The first set comprised unmanipulated controls; the second set 
manipulated controls, in which all inflorescences except one were removed; and 
the third set experimentals, in which all inflorescences except one were first 
removed and 20-90 % of the flower buds on this remaining inflorescence were then 
excised to create a range of inflorescence sizes. The design was replicated twice to 
give a total of 48 stems, of which 42 were subsequently recovered and analysed. 
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The mean (fs.d.) number of seeds set per pod did not respond to the treatment: 
for the unmanipulated controls 176.7 k 3 8 . 1  (N = 44 pods); for the manipulated 
controls 161.8f  40.3 (N = 15); and for the experimentals 149.8 &55.5 (N = 12) .  
Despite the negative trend, no pairwise comparison yields a t  value o f t  significant 
a t  p = 0.05 for the one-tailed hypothesis that the manipulation reduces seeds set 
per pod. In  contrast, there was a clear effect of the manipulation on pod number 
(table 5 ) .  All the unmanipulated controls set a t  least one pod, while total 
reproductive failure was frequent among both the manipulated controls and the 
experimental group. The experimentals set even fewer pods than the manipulated 
controls, but the difference was not significant. This experiment, therefore, 
confirms the effect of inflorescence removal on pod production per stem, but fails 
to show any effect of the manipulation on pods per inflorescence or on seeds per 
pod. However, in view of the negative trends in both measurements a more 
extensive experiment designed to test the effect of flower removal on seed and pod 
production was run in 1982. 

In  this experiment (exp. 4 b ) , all inflorescences except two were removed from 
each of 48 matched stems, 42 of which were subsequently recovered. Each 
inflorescence received one of seven treatments : removal of 0 %, 5 %, 20 %, 50 %, 
80 %, 95 % or 100 % of flower buds, giving a total of 49 pairwise combinations of 
treatments (one of which, total removal of flower buds from both inflorescences, 
is obviously superfluous). Because of the labour of counting seeds, only a single 
replicate was used. The results are presented and analysed in figure 5 and table 5 .  
Total reproductive failure is again more frequent among inflorescences with few 
flowers; the effect is not significant when the data are divided a t  the median and 
analysed by x2 (table5 ) ,but inflorescences with few remaining flowers produce on 
average fewer pods (table 5 )  and the disproportionate number of very small 
inflorescences that fail to produce any pods is obvious (figure 5 ) .  When these 
inflorescences are omitted, the average effect of removing flowers is to lower 
expected seed production per inflorescence from 295 for an unmanipulated 
inflorescence of 50 flowers to 195 for the minimal inflorescence comprising a solitary 
flower. This effect is wholly due to a decrease in pod production from about 1.5 
in inflorescences with 50 flowers to about 1 in very small inflorescences. There is 
no sign of any effect of removing flowers on the number of seeds set per pod. 

These experiments yield results that are consistent with one another and with 
the observation of Willson & Price (1977), who used unmanipulated plants, that 
small inflorescences bear relatively few pods. They show that the removal of flower 
buds reduces the number of mature fruits but has no effect on the number of seeds 
set in each fruit. It is inferred, but not directly proven, that these effects are caused 
by the reduction in the number of insect visitors documented in the previous 
section. If so, then insects have an all-or-none effect on female function; either a 
fruit is formed, in which case almost all ovules are fertilized and there is little 
variance in seed number between fruits, or no fruit is formed and consequently 
no seeds set. Two further experiments were designed to investigate the validity 
and generality of this interpretation. One concerned Impatiens, in which the flowers 
are essentially solitary and the fruit bears several seeds; the other involved 
Viburnum,which bears an infructescence of single-seeded fruits. To be consistent 



6.Bell 

0 1 I , .  I I I. I I n 

flowers remaining in inflorescence 

FIGURE5. Response of seed production to removal of flowers from inflorescence in Asclepias. 
Plotted points are: total seeds set in inflorescences bearing a single pod (=  seeds set per 
pod for these inflorescences);A total seeds set in inflorescencesbearing more than one pod; 
o seeds per pod for inflorescences bearing more than one pod. Histogram a t  bottom shows 
numbers of inflorescences that failed to set fruit. Regression line is for seeds per pod, 
excluding inflorescences that set no pods. Parametric and non-parametric correlation 
analyses gave the results shown below. o.l.s., Ordinary least squares. 

total seeds 
set 

parametric (o.1.s. regression) 

intercept 192.6 
slope 2.05 
correlation t0.351 
t 2.51 
P 0.008 

non-parametric (Kendall rank) 
7 +0.211 
z 2.09 
P 0.018 

pods 
seeds per 

pod 

with the Asclepias results, floral mutilation, with its implied reduction of insect 
visits, should reduce seed set per infructescence in Viburnum but should have no 
effect on seeds per fruit in Impatiens. 

Exp. 5:Impatiens 

Flowers were mutilated by removing parts of the corolla with scissors. Spur, back 
petal, lower right and lower left petals, and upper petal were treated as separate 
units, with 24 of the 31 possible combinations of treatments forming a single 
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steams bearing 
1 pod 0 pods 2ks .d .  pods X: p t p 

1981 (exp. 4a) 
unmanipulated 

controls 
manipulated 
controls 

experimentals 

13 

6 

5 

0 

7 

1 1  

3.385f 2.60 1 9.58 
1.154+1.46

1 0.73 
0.750+ 1.29 

0.01 

0.41 

2.70 

0.79 

0.01 

0.43 

1982 (exp. 4b) 
more than 30 
flowers per inflorescence 

fewer than 30 

25 

22 

5 

10 

1.335k0.921 1.79 
0.774k0.76 

0.19 2.63 0.01 

flowers per inflorescence 

Explanation in text. Compare values for pods per stem in exp. 3, table 4. See figure 5. 

experimental series. Two replicate series were constructed, a t  sites some 100 m 
apart. Each experimental flower was paired a t  the time of mutilation with a 
randomly chosen control nearby. Experimental flowers were marked with short 
lengths of coloured cotton thread; each control received the same tag as the 
corresponding experimental flower, plus a white thread. All flowers had opened in 
the morning preceding the afternoon on which the manipulations were performed, 
and would not enter their female phase for a t  least one more day. Because of the 
paired design of the experiment, i t  was possible to predict that the experimental 
flowers should tend to set fewer seeds than the corresponding controls. The results 
are given in full in table 6. Controls exceed experimentals in only 10 cases, whereas 
the experimentals actually exceed the controls in 14 cases, there being no difference 
in 13 cases. The remaining 11 pairs cannot be put into any of these three categories 
since one or both flowers were lost. When these unpaired observations are included 
in the calculation of mean seed set, however, the conclusion from the paired 
analysis is undisturbed : the mean seed set per fruit by experimentals and controls 
respectively was 4.7 and 4.6 a t  one site, and 5.3 and 5.2 a t  the other. Nor is there 
any indication that the most severe mutilations, involving the removal of most 
or all of the corolla, had any effect on seed set. 

Exp. 6 :Viburnum 

The inflorescence of Viburnum aln~olium is a cyme whose central flowers are 
small and fertile while the outermost flowers are much larger and sterile. It has 
often been speculated that the function of the sterile flowers is to attract insect 
visitors, since they can have no direct reproductive role. The experimental design 
was paired, with all the sterile flowers being removed from a randomly chosen 
inflorescence whose nearest neighbour on the same shrub was unmutilated and 
served as a control. All manipulations were performed in early May, when the 
fertile flowers were still in bud. A total of 68 pairs were constructed and marked 
with metal tags, 66 being subsequently recovered. 

The pairwise data yielded an unambiguous result: the control inflorescences 
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structures removed site 1 site 2 
N B R L U exp. control exp. control 

mean +s.d. seeds set 

Structures are: N, nectary; B, back 'petal'; R, lower right petal; L, lower left petal; U, upper 
petal. Figures in body of table are seeds in fruits; a dash indicates that the fruit could not be 
found. 

yielded more fruits than the experimentals in 46 out of 66 cases, for which 
xI2= 10.2 and p < 0.001 for the null hypothesis that  the removal of sterile flowers 
has no effect on fruit production. However, a more powerful parametric analysis 
can also be used, since the fertile flowers on experimental and control inflorescences 
were counted a t  the time of manipulation. The fraction of these flowers forming 
fruits can then be calculated, and we can test the hypothesis that  the difference 
between experimental and control is zero. The observed difference is 
-0.0283 +0.059, for which t,, = 3.89 and p < 0.001. 

An analysis of the pooled data is shown in table 7. The experimental and control 
series do not differ with respect to the initial number of either sterile or fertile 
flowers, but the controls bear more fruit, so that removal of the sterile flowers 
causes a reduction in the fraction of fertile flowers that set fruit. 

The indirect manipulation of the Viburnum inflorescence, in such a way as to 
reduce the likelihood of insect visits without damaging the fertile flowers, is 
therefore associated with a 20 % reduction in the fraction of fertile flowers forming 
fruits, or equivalently a decline in fruit production from about 25 to about 20 per 
inflorescence. 
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mean +s.d. value of' 
sterile fertile fruits fruit set 

control 11.05 
+5.43 

experimental 10.68 
+5.13-

test 
t = 0.40 
P =  0.7 

The experiments with Impatiens and Viburnum are therefore consistent with the 
Asclepias result, showing that the effect of removing material from flowers or 
inflorescences is to reduce fruit set without altering the number of seeds per fruit, 
and suggesting that floral allocation has a discontinuous effect on female function 
by increasing the probability that a flower is visited once. 

If this proposition is true, we expect to find that the number of fruits per stem 
will generally be more variable than the number of seeds per fruit. Since both 
variances are likely to scale with the mean, this prediction must be tested by 
regressing the variance on the mean, both being appropriately transformed, and 
measuring the difference in elevation of the two fitted curves. This has been done 
for the extensive data published by Salisbury ( I 942). The appropriate transforms 
turn out to be the logarithm of the standard deviation and the logarithm of the 
mean, which yield linear homoscedastistic graphs. The slopes do not differ from one 
another or from unity, showing that the coefficient of variation remains the same 
as the mean changes. The elevations are different, with the number of fruits per 
stem being more variable than the number of seeds per fruit for any given mean 
value. The predictive equations for the regressions of log standard deviation on 
log mean are : 

(i) fruits per stem : y = -0.10+1.04 x (r2= 0.89, p < 0.0001); 
(ii) seeds per fruit: y = -0.59+ 1.02 x (r2= 0.95, p < 0.0001), 

the sample sizes being 92 and 87 species respectively. This gives comparative 
support to the experimental results. 

A second line of argument is provided by experimental studies of factors 
affecting seed production. These have been reviewed very recently by Willson & 
Burley ( I983), whose main conclusion is that resource availability very often limits 
seed production while pollen availability is seldom a limiting factor. This is entirely 
consistent with the hypothesis that most floral allocation serves male function, 
with very little material being enough to ensure the one or two insect visits sufficing 
to fertilize almost all the ovules. 



G. Bell 

Male function is much more difficult to measure than female function. Unless 
the pollen is organized into pollinia, as in milkweeds, the technical difficulties 
involved in measuring its rate of removal are considerable, and I bave not been 
able to solve them satisfactorily. This section therefore describes only two studies, 
which I hope will spur more able experimenters to work on the problem. 

Observations 

Obs. 4 :Impatiens 

If the bulk of floral allocation is designed to serve male function, we expect larger 
flowers to be more successful in dispersing pollen. I have measured the allometry 
of androecium mass in Impatiens. I n  a series of observations, flowers were located 
on the evening before anthesis, some being bagged while others were left open. On 
the following evening all the flowers were collected and later dissected, the corolla 
and the androecium being weighed separately. It was found that in the bagged 
flowers corolla mass and androecium mass vary together, the slope of the fitted 
linear regression describing the allometric increase in the mass of male structures 
with increase in attractive structures. I n  the open flowers, insects should remove 
pollen and thus reduce androecium mass during the course of the day. We expect 
that both the total quantity and the proportion of pollen removed will increase 
as corolla mass increases. By measurement, we find that androecium mass (y) and 
corolla mass (x) are related by two linear regressions : 

(i) bagged flowers : yB = b, +b, x ; 
(ii) open flowers : y, = a, +a,  x. 

Our predictions can therefore be formulated as follows : 
(i) the total quantity of pollen removed increases with corolla mass: b, > a,; 
(ii) the proportion of pollen removed increases with corolla mass: 

(bllb,) > (a11ao). 
The results for each series of observations are shown in table 8, and the pooled 

results illustrated in figure 6. I n  all cases the mean androecium mass is lower in 
the open flowers, while mean corolla mass does not differ consistently between the 
treatments. This establishes that flowers that are exposed to insect visits lose on 
average about 12 % of the mass of the androecium during the course of a day, 
presumably as the result of pollen export. The pooled data yield the following 
estimates of the regression parameters :b, = 0.51,b, = 0.11 1, a, = 0.76,a, = 0.095. 
There is therefore a tendency for flowers with larger corollas to export both more 
pollen, since b, > a,, and a greater proportion of their pollen, since (bl/b,) > (al/a,) 
(figure 7 b). 

This conclusion must be treated with some reserve. Although the pooled results 
support the hypothesis, this is due very largely to the contribution of the 1981 data, 
while the 1982 observations show no clear pattern. More extensive observations 
and more sophisticated methods of measuring pollen export are needed before the 
hypothesis can be tested decisively. 
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FIGURE6. Allometry of androecium mass in bagged and open flowers of Impatiens. (a)Linear 
regressions of means for bagged and open flowers on pooled 1982 and 1983 data, 
snmmar~zing the results given in table 8. (b) Curves of floral function derived from the 
allometry regressions Total quantity of pollen removed is the difference between the 
expected androecium masses of bagged and open flowers, for given corolla mass; proportion 
of pollen removed is the same quantity, divided by the expected androecium mass of the 
bagged flowers, for given corolla mass. 

Experiments 

Exp. 7: Asclepias 

Milkweeds are exceptionally suitable for quantitative studies of flower function 
because the pollen is borne within easily countable pollinia which are removed as 
units. This experiment was designed to test the hypotheses that the total number 
and the proportion of pollinia removed from flowers increase with inflorescence size. 
The design of the manipulations is similar to that of exp. 4 :  49 stems matched 
for height and leaf number were selected and all hut two inflorescences removed 
from each, after which all pairwise combinations of inflorescences with 0 %, 5 %, 
20 % , 5 0%, 80 % , 9 5% and 100% of flower buds removed were constructed. This 
experiment was replicated twice a t  different locations within the abandoned 
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orchard; both series were run a t  the same time and have been pooled for analysis. 
The total number of inflorescences constructed was thus 49 combinations of 
treatments x 2 inflorescences per stem x 2 replicates = 196,less the 14 inflorescences 
from which all flowers had been removed, giving a total of 182, of which 175 were 
recovered and scored. Each inflorescence was mutilated while the flowers were still 
in bud, bagged for two days to allow the remaining flowers to open, exposed for 
two days (three days in some cases) and then collected and taken back to the 
laboratory. Here the number of pollinia remaining in place and the number 
inserted were counted, giving a measure for each flower of male function (pollinia 
exported) and female function (pollinia received). Pollinia lying loose on the 
surface of the flower were also observed and counted, but these are very unlikely 
to achieve fertilization and the analysis is restricted to legitimate insertions. 

The results of this experiment are given in tables 9 and 10 and figure 7 .  
At the level of the inflorescence, the effect of the manipulation is very clear; the 

number of pollinia dispersed and the number received increase proportionately and 
nearly deterministically with the number of flowers in the inflorescence. From the 
results of exp. 4b, i t  is clear that  the enhanced reception of pollinia is translated 
only loosely into enhanced female function, through a roughly 50 % increase in fruit 
numbers over the extreme range of inflorescence sizes. An increase in inflorescence 
size from one to about 50 flowers therefore enhances female function by a factor 
of about 1.5 but male function by a factor of about 50. 

At the level of the flower, the effects of the manipulation are much weaker. 
Table 9 and figure 7 show that each flower, in very small inflorescences of five or 
fewer flowers, exports and receives relatively few pollinia, while there is little 
effect for larger inflorescences. A more extensive regression analysis is given in 
table 10. I constructed four variables to express the performance per flower of the 
manipulated inflorescences : 

(i) the mean number of pollinia removed per flower; 
(ii) the mean number of pollinia received per flower; 
(iii) the mean number of pollinia received, as a fraction of the number of spaces 

left vacant by the removal of pollinia from the flower; 
(iv) the total flux of pollinia, as the sum of removals and insertions per flower. 
All four measures increased with inflorescence size, supporting the one-tailed 

hypothesis that  the removal and reception of pollinia per unit of inflorescence 
increases with inflorescence size a t  the p = 0.03 level or better. The effects, 
however, were both weak (log-log slopes about 0.05-0.10) and very variable 
(coefficients of determination 0.05 or less). The design of the experiment allows the 
results to be analysed for the effect of four other factors which might contribute 
to  pollinium flux: 

(i) the number of flowers in the neighbouring inflorescence on the same stem, 
which might attract insects who would then visit the nearby target inflorescence ; 

(ii) the mean number of pollinia removed per flower from the neighbouring 
inflorescence, which will reflect the intensity of pollinator activity near the target ; 

(iii) the position of the target inflorescence on the stem, above or below its 
neighhour ; 

(iv) the number of days (two or three) that  the target inflorescence was exposed 
to visits. 
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dependent independent 
variable variable coefficient s.e. t P r2 

REM FLO +0.0527 0.0276 1.92 0.057 0.02 
INS FLO +0.137 0.0484 2.82 0.005 0.05 
FIL FLO +0.0839 0.0388 2.16 0.032 0.03 
FLX FLO +0.0714 0.0293 2.43 0.016 0.04 

REM 	 FLO +0.0485 0.0258 1.88 0.062 0.17 
NEI -0.0093 0.0244 0.38 0.70 
NRM +0.0320 0.0723 4.43 0.0001 
POS -0.0445 0.0210 2.12 0.036 
EXP -0.0376 0.0232 1.62 0.11 

INS 	 FLO +0.135 0.0469 2.87 0.0046 0.13 
NEI +0.0581 0.0445 1.31 0.19 
NRM +0.314 0.132 2.39 0.018 
POS -0.0747 0.038 1.95 0.053 
EXP -0.0585 0.042 1.39 0.017 

FIL 	 FLO +0.0863 0.0388 2.22 0.028 0.06 
NEI +0.0673 0.0368 1.83 0.069 
NRM -0.0059 0.109 0.05 0.96 
POS -0.0302 0.0317 0.95 0.34 
EXP -0.0209 0.0349 0.60 0.55 

FLX 	 FLO +0.0677 0.0274 2.47 0.0145 0.19 
NEI f0.0132 0.0259 0.51 0.61 
NRM +0.312 0.0767 4.07 0.001 
POS -0.0520 0.0223 2.33 0.021 
EXP -0.0476 0.0246 1.93 0.055 

Variables are: REM, number of pollinia removed per flower; INS, number of pollinia inserted 
per flower; FIL, number of pollinia inserted per flower divided by number of spaces available; 
FLX, sum of removals and insertions per flower; NEI, number of flowers borne by neighbouring 
inflorescence on same stem ; NRM, pollinia removed per flower on neighbouring inflorescence; 
POS, position of inflorescence on stem (0, upper; 1, lower); EXP, exposure between removal 
of bag and collection of inflorescence (0, 2 days; 1, 3 days). All values are logarithms resulting 
in exclusion of zeros; sample size for all regressions is 161 inflorescences. 

Multiple regression shows that the effect of the number of flowers in the target 
inflorescence retains the same sign and about the same magnitude and level of 
significance when these other factors are included. Flowers lower on the stem tend 
to be visited somewhat more frequently, but neither the duration of exposure nor 
the number of flowers in the neighbouring inflorescence had any consistently 
significant effect. The number of pollinia removed per flower from the neighbouring 
inflorescence, however, was strongly correlated with the number removed from the 
target inflorescence, and rather less strongly with the number received. Even with 
all five factors in the regression model, the proportion of variation in pollinium 
flux explained was no greater than 20 %. 

I n  conclusion, the flux of pollinia into and out of flowers is due in large part to 
unexplained variation, is affected fairly strongly by very local differences in 
pollinator activity, and is weakly (though significantly) related to the number of 
flowers in the inflorescence and the position of the inflorescence on the stem. 

These results should be compared with the less extensive data obtained from 
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FIGURE 7. Import and export of pollinia from inflorescences of different sizes in Asclepias. (a )  
Pollinium flux per inflorescence as a function of inflorescence size. Regressions fitted to 
plotted means (see table 9) are: 

pollinia removed : y = -0.14 + 2.73s (r2 = 0.99) ; 
pollinia inserted: y = -2.42 + 2.002 (r2 = 0.97). 

(b) Pollinium flux per flower as a function of inflorescence size. Fitted curves are log-log 
regressions on individual observations (not plotted means) and exclude zeros; including 
zeros would steepen the curves somewhat, since all zeros are from small inflorescences. For 
regression equations, see table 10. 

similar experiments with milkweeds by Willson & Rathke (1974). They also found 
that very small inflorescences (consisting of a single flower) exported few pollinia 
per flower, and observed a similar but much weaker effect for inflorescences of up 
to 20 flowers. 

5 .  THEE F F E C T  O F  N E I C H H O U R S  

This section represents a short but necessary deviation from the main argument. 
The object of the experiments and observations 1 have described above has been 
to show how floral function is affected by the material allocation made to a 
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particular flower or inflorescence. This approach is sufficient only for plants that  
bear a single flower and grow alone. I n  any other circumstances, the reproductive 
return on any given quantity of floral investment will depend to some extent on 
two other factors: first, on whether all the material available is invested in a single 
flower, or partitioned between a number of separate flowers; and secondly, on the 
effect of the allocation made by neighbouring plants on the performance of flowers 
borne by some given target plant. The first problem points to the desirability of 
an optimization theory of the inflorescence; the second to the possibility of an 
evolutionarily stable strategy theory of floral function in which plants growing in 
stands might better spend less on flowers than plants growing alone. Neither 
theory exists except in the most rudimentary form a t  present. The results de- 
scribed below are an attempt to demonstrate such social effects in the species I 
have studied. They are organized according to the level of comparison: between 
flowers within the same inflorescence, between flowers (or inflorescences) on the 
same plant, and between flowers on different plants. 

Flowers in the same injlorescence 

Experiments 2, 4 and 7 show how the size (flower number) of the inflorescence 
of Asclepias affects its performance. They show that an intimate association with 
other flowers raises the number of visits received, the number of pollinia removed 
and received, and the probability of fruit production by n given target flower, 
though the number of seeds set in the fruit, if one is formed, is unaffected. We can 
use the results of exp. 4b and exp. 7 to calculate the total rate of return on unit 
floral investment yielded by inflorescences of different size. 

The empirical basis of the calculation is that  performance per flower and the 
number of flowers per inflorescence are logarithmically related : 

(i) seeds set per flower : lg S= a, +a lg n ; 
(ii) pollinia removed per flower: lg R = b, + b lg n ,  

where n is the number of flowers per inflorescence. Our problem is to optimize n ,  
given values for a, and a (from exp. 4b), and b, and b (from exp. 7). Let n be the 
mean value of n for the population; then we can define the mean performances 

Since the mean seed set per flower is X, the mean number of ovules successfully 
fertilized by each pollinium removed is SIR,  and the mean number of seeds 
descending from pollinia removed from any given flower is R(S/R). Total 
reproductive success per flower is thus 

Now suppose that each flower costs F units of resource to make, while the 
inflorescence as a whole has a fixed overhead cost (for example, for the peduncle, 
common to all flowers in the inflorescence) of C ,  irrespective of n. Then the 
reproductive output per unit allocation of an inflorescence with n flowers is 

The optimal value of n is that  that  maximizes w. To find this value, which I shall 
call ri, we differentiate w with respect to n, set the result equal to zero, substitute 
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n = n, and solve for 6. To check that w is maximized rather than minimized, 
ascertain the sign of the second derivative evaluated a t  n = 6. These procedures 
show that  

and 

From the upper sentence, i t  is clear that n > 0 requires 0 > (a+ b) > -2. Hence 
for d2w/dn2< 0 we need 1+ (a2+ b2) / (a  +b) > 0 ,  or a(a+ 1) +b(b+ 1 )  < 0. This 
quadratic has real solutions in X > a,  b  > Y ,  where X =  - (4- d 3 2 ) / 8  and 
Y = - (4+ 1/32)/8,or roughly X = 0.207 and Y = -1.207. 

I I I I 1 I 
-1.5 -1 -0.5 0 0.5 1 

pollen exponent 6 

FIGURE8. A quantitative theory of the inflorescence. See text for explanation ; the different zones 
indicated are: A, directional selection for solitary flowers; B, directional selection for 
many-flowered inflorescences ;C, stabilizing selection for inflorescences of moderate size; the 
contours indicated are for optimal numbers of flowers per inflorescence; D, disruptive 
selection, either for solitary flowers or for many-flowered inflorescences. Note that the 
observed result for Asclepias is shown in the figure, with an ellipse a t  & 2 standard errors 
of the exponents a and b. 

These algebraic results are shown geometrically in figure 8. They can be used 
to divide the (a ,  b) plane into four regions: 

(i) a lower region in which a+b < -2. Here, w always decreases with n and 
selection will favour solitary flowers; 

(ii) an upper region in which a+ b > 0. Here, w always increases with n, and 
selection will favour inflorescences with very many flowers; 
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(iii) a central region, ellipsoidal in shape, which approximates a circle of unit 
diameter with its centre a t  a = b = -0 .5 .  It is in this region that  inflorescences 
of intermediate size are optimal, and will be maintained by stabilizing selection. 
Within this region the optimal value of n will be set by the value of C/F. The locus 
of points (a, b )  that produce the same optimal value of n is a straight line with 
slope - 1 .  

(iv) In  the remaining space, to either side of this central region, d2w/dn2 > 0 
and n therefore defines the inflorescence whose w is minimal. I n  this region selection 
will be disruptive, and will cause the evolution of one of the two extreme 
phenotypes, solitary flowers or many-flowered inflorescences, depending on the 
initial state of the population. 

In  the zone separating the central region of stabilizing selection from the 
peripheral regions of disruptive selection, numerical studies indicate that  more 
complex behaviour is possible, with both local maxima and local minima of w, but 
this complication seems unlikely to be of much empirical interest and will not be 
considered further here. 

From the experimental work, we have the estimates a = -0.854 (exp. 4b)  and 
b = +0.053 (exp. 7). Asclepias is therefore located in the central region of 
stabilizing selection. To calculate the expected number of flowers per inflorescence, 
56 flowers from eight inflorescences were collected, oven-dried and weighed. The 
mean dry masses of different structures were : flower 11.3 mg, pedicel 5.1 mg and 
peduncle 86.9 mg, leading to  estimates of P = 11.3+5.1 = 16.4 and C = 86.9.This 
suggests that f i  = 7.9,from the expression given above. The observed mean value 
is n = 49.8 (s.d., 14; N = 119; from material for exp. 4b) . There is therefore no 
doubt that  prediction and observation are quantitatively diff'erent. However, the 
confidence ellipse defined by + 2  s.e. from the estimate of a,  b projects into the 
region of disruptive selection, in which the evolution of a many-flowered inflor- 
escence is unsurprising. A rigorous test of the hypothesis requires the regression 
of observed on predicted values of n for a series of species or populations, all of 
which fall unequivocally within the central region of stabilizing selection. The 
hypothesis would then be qualitatively falsified if the correlation coefficient were 
not positive and significant, and quantitatively falsified unless the regression 
coefficient did not differ significantly from + 1 .  

Until such a test is performed, the value of the theory lies in its capacity to 
organize information from experiments such as those performed with Asclepias by 
showing how it relates to a general quantitative account of inflorescence design. 
This account also leads to comparative predictions, which organize information 
about inflorescence structure in widely different plants. The chief predictions that  
seem to follow straightforwardly from the expression for f i  are as follows: 

(i) the overhead cost C often represents the cost of a common supporting 
structure, the peduncle; then sessile flowers with C z 0 should be solitary; 

(ii) larger flowers (large F)should be in smaller inflorescences (small n) ;  
(iii) in wind-pollinated species, it seems unlikely that  either male or female 

success per unit allocation is a function of the total allocation to a flower, since 
the flowers have no attractive function. Such flowers will have a = b = 0 and thus 
f i  large, and should be organized into many-flowered inflorescences such as catkins 
or cones. A more extensive comparative account will be given elsewhere. 
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Finally, this theory of the inflorescence can be translated directly into a 
quantitative theory of the flower by using corolla size (in units of mass) in the place 
of inflorescence size (in units of Bower numbers). Such a theory has the same 
geometry as figure 9,with selection favouring very small flowers, very large flowers, 
or flowers of some intermediate size according to the way in which male and female 
success per unit allocation vary with total allocation to the corolla. 

Dianthus 
l 

Salviae 
/

I 
/

/ 

/ , r ~ r y ~ a r t a
Sagina l Vtscarta' 

As, 

lg (female dimension)/mm 

FIGURE9. Linear measurements of male and female flowers in dimorphic herbs. Plotted points 
are midpoint of range of greatest linear dimension, in millimetres. Both axes are logarithmic. 
Solid line is regression of data; broken line is line of equality. Regression equation is: 

Source is Knuth (1go6),who gives relative but not absolute measurements for three other 
herbs: Calamintha alpina (male is 1.3 x female), Rryonia dioica (male is 2 x female) and 
Urtica urens (male is 4 x female). Including these three species, the mean value of the ratio 
of male length to female length is 2.06 (s.d., 0.96, N = 16). 

Flowers or injorescences on the same plant 
The milkweed experiments can be analysed further to investigate the effect of 

neighbouring inflorescences on one another. Any such effect seems to be very small. 
The multiple regression analysis described in table 10 shows that  the null 
hypothesis of no effect cannot be rejected a t  the p = 0.05 level for any of the 
pollinium export or import variables measured, though there is some evidence (at  
p = 0.07) for a positive effect of the number of flowers in a neighbouring 
inflorescence on the fraction of vacated sites into which pollinia were inserted in 
the target inflorescence. A similar multiple regression analysis was performed for 
exp. 4 b ;  it was found that  the size of the neighbouring inflorescence had no effect 
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(at p = 0.50) on the seeds per pod, the total seeds set or the number of pods on 
the target inflorescence. I conclude that the two inflorescences on each stem in these 
experiments were independent with respect to reproductive success. 

Flowers on the same or on different plants in the same site 

When the relation between petal mass and the rate of insect visits was studied 
in Fragaria (obs. I) ,the number of flowers within a 5 cm radius of each target flower 
was measured a t  the same time. Since Fragaria has extensive vegetative 
propagation, some of these flowers would be borne by the same stock. Petal mass 
and the number of neighbours were found to be uncorrelated, so we can use these 
data straightforwardly to test the hypothesis that flowers with more neighbours 
are visited more often. The observations are summarized in table 11. They show 
that there is no effect of local flower density on the rate of visits to target flowers. 

number of visits total total visits per 2 min 

neighbours 1 2 3 observations visits meanf s.e. 


0 17 2 0 21 0.356 50.072 
1 24 2 0 28 0.280 50.049 
2 19 7 1 36 0.424f0.076 
3 2 1 2 0 25 0.333f 0.061 
4 17 4 0 25 0.439f 0.083 
5 17 3 0 23 0.523f 0.095 
6 4 4 0 12 0.400f0,132 
7 6 1 1 11 0.440f 0.154 

8-9 7 1 0 9 0.409f0.126 
10+ 5 1 0 7 0.412f0.150 

pooled 

Data obtained during obs. 1. The regression equation relating number of visits per 2 min 
observation to the number of neighbouring flowers is y = 0.365 +0.0076x (r2= 0.176,p > 0.10). 

Exp. 8 :Fragaria 

This observation was then checked by experiment. A 2 m x 2 m square was laid 
out with thin cord in the middle of a large patch of strawberry flowers, and a grid 
then constructed a t  50 cm intervals within the square. All flowers were then 
removed from the grid and for a strip 50 cm wide on all sides. In  the centre of each 
50 cm x 50 cm area within the grid a small glass jar filled with water was buried 
in the soil. Strawberry flowers were picked and placed in these jars, strawberry 
leaves being used to cover and conceal the jars themselves. One, two, four or eight 
flowers were put in each jar, in a pattern such that the total number of flowers in 
any I m x 1 m square within the grid was 15; thus, reading the rows of jars 
successively, they contained flowers(1,2,1,2)-(4,8,4,8)-(2,1,2,1)-(8,4,8,4) 

each. Four observers watched the grid simultaneously for a total of 1 h, each sitting 
a t  a different corner, changing positions a t  15 min intervals, and counting all insect 
visits within their sector of four grid squares. This was repeated four times between 
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1 lh00 and 16h00 on 9 June 1983, a warm sunny day with plentiful insect activity; 
the flowers were changed for each of these sessions. During this time over 3000 
insect visits were recorded, and the way in which they were distributed between 
the jars is given in table 12. The distribution is highly non-random, but the only 
large contribution to x2 is made by an excess of visits to  jars containing solitary 
flowers. The hypothesis that  high local densities result in a greater rate of visits 
per flower is therefore falsified in this case. 

flowers visits in session total exp. visits per 
per jar 1 2 3 4 visits visits (0 -E)%/E flower 

total 562 838 919 742 3061 3061.O 16.18 204.1 

Expected values in seventh column are calculated from the hypothesis that the number of 
visits per flowers is independent of the number of flowers per jar. The overall x,2 of 16.2 is highly 
significant (p< 0.001),but the table shows that this effect is wholly due to an excess of visits 
to solitary flowers. Note that the overall mean number of visits per flowers per 2 min of 
observation is 3061/7200 = 0.424, which is very similar to that experienced in obs. 1 (see table 
11). 

Exp.9:Impatiens 

I n  1981 two similar experiments were performed with Impatiens. I n  the first 
experiment (exp. 9 a ) ,plants were carefully uprooted and placed immediately in 
500 ml plastic beakers filled with water. They were then placed within a 6 m x 6 m 
square gridded a t  1 m intervals, in groups of one, two, three or four plants so that  
each 2 m x 2 m square within the grid contained a total of ten plants. Observations 
were made by three people simultaneously, each of whom watched a plant or group 
of plants within the grid for 30 s before changing position, so that after 18 min 
the entire grid had been surveyed by each of the three observers. This was repeated 
five times. The second experiment (exp. 96) was identical in design, except that 
the numbers of plants in each grid position were one, four, nine or 16, laid out so 
that  each 2 m x 2 m square within the grid contained 30 plants. After each set of 
observations was completed, the flowers on each plant were counted. 

The results of these two experiments, analysed according to the number of 
plants, are given in table 13. They are strikingly similar to the Fragaria results: 
the distribution of visits is again non-random, with the only large contribution to 
x2 being made by an excess of visits to flowers on solitary plants. Since the number 
of flowers varied between plants, the data were re-analysed according to the actual 
number of flowers a t  each grid position. This gave, for each experiment, a 
regression of visits per flower on the number of flowers, with 36 observat,ions; it 
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plants sample total total exp. visits per 
per cup size flowers visits visits ( 0 - E ) 2 / E  flower 

exp. 9a 
1 9 101 68 48.5 7.84 0.673 
2 9 213 99 102.3 0.11 0.465 
3 9 325 155 156.1 0.01 0.477 
4 9 300 129 144.1 1.58 0.430 

total 36 939 45 1 451.O 9.54 9.480 
exp. 9b 

1 9 5 1 50 27.3 18.88 0.980 
4 9 312 183 166.7 1.59 0.587 
9 9 679 283 362.9 17.59 0.417 

16 9 1048 601 560.1 2.99 0.534 

total 36 2090 1117 1117.0 41.05 0.534 

Compare table 12. 

was necessary to remove the maximum and minimum values of y (visits per flowcr) 
to stabilize the variance satisfactorily. These regressions are: 

exp. 9b: lg y = -0.04-0.17 lg x (r2= 0.113, p x 0.05). 

The two experiments thus gave very similar results, and showed that  if there is 
any trend in the data it is towards a lower rate of visits per flowcr a t  higher local 
flower densities. 

Male flowers are larger than female flowcrs. This generalization was known to 
Knuth (1906), whose data are abstracted in table 14. More quantitative obser- 
vations are very scarce. I n  a few cases Knuth gives rough linear dimensions for male 
and female flowers, and I have summarized these measurements in figure 9. To 
complement Knuth's survey I have given some original dry mass measurements 
in figure 10. These are especially interesting because they show that  male flowers 
are nearly twice as largc as female flowers in insect-pollinated plants, while there 
is no difference in wind-pollinated species ;Acer pennsylvanicum, which is pollinated 
both by insects and by the wind, occupies an intermediate position. 

More complete information for a single gynodioecious species, Fragaria virgin- 
iacum, is given in figure 11. The frequency distributions of petal mass for the female 
and the perfect flowers are clearly separate, the females being only half as largc 
as the perfect flowers, positively skewed and highly lcptokurtic. It might be argued 
that the pcrfect flowers are larger only because they have to accommodate both 
sets of sexual organs, the petal mass per unit reproductive structure remaining 
constant. Figure 12 shows that this is not the case. Larger female flowers do indeed 
bear more stigmata, but stamen number and petal mass vary independently in the 
perfect flowers. Larger perfect flowers are therefore investing relatively as well as 
absolutely more material in attractive tissue. 
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number of species 
comparison breeding system M > F  F > M  P 

1. Fwith H gynomonoecy 
gynomonoecy and gynodioecy 
gynodioecy 

total 

3 
2 1 
28 

62 

0 
1 
0 

1 

> 0.10 
< 0.001 
< 0.001 

< 0.001 

2. M with H andrornonoecy 
andromonoecy and androdioecy 

total 

0 
0 

0 

1 
2 

3 

> 0.10 
> 0.10 

> 0.10 

3. M with F monoecy 
dioecy 

total 

4. M with H 
or with F 

various mixed systems 

grand total 

The third column records the number of species in which the male-biased morph (a male or 
an hermaphrodite, according to the breeding system) has larger flowers than the female-biased 
morph; the fourth column records the number of species in which the reverse is true. The 
probabilities cited in the final column refer to ,y2or exact tests of the null hypothesis that  males 
will exceed females in one half of all cases. Source is Knuth (1906); cf. Raker (1948). Omitted 
from the table are the generally gynodioecious Dianthus cueaius and Cerastium semid~candrum 
(Caryophyllaceae), in which male and female flowers are about equal in size. 

I n  plants whose flowers are grouped into inflorescences, thc male inflorescence 
generally bears more flowers than thc fcmale. Again, quantitative data are difficult 
to find, but figure 13b, presents some estimatt:~ for New Zcaland herbs from Lloyd 
& Wcbb (1977).Thc frequency distributions of male and female infloresccncc 
masses in sumac (Rhus typhina) are shown in figure 14. They arc strikingly similar 
to the strawberry data of figure 11, with flower or inflorcsccncc mass recorded 
irrcspcctivc of scx bcing strongly skewed towards low values, while sorting the data 
by sex shows two distributions, the males exceeding the females by a factor of about 
two. A similar histogram is given by Barrctt & Helcnurm (1981,figure 1)for Aralia 
nudicaulis, whose female inflorescences bear about 75 flowers while the malcs bear 
about 125 flowers. Malc plants also seem gcncrally to bear more inflorescences than 
do fcmale plants, though this is not invariably the case (figure 13n).Finally, male 
plants usually flower more frequently than fcmale plants (Lloyd & Webb 1977);  
in a recent study, Meagher & Antonovics (1982)found that male plants of the 
dioccious lily Chamnelirium luteum flowered about three times as frequently as 
females. 

Thc total quantity of structural material allocated to flowers by a plant will be 
the product of flower mass, thc number of flowers pcr inflorcsccncc and the number 
of inflorcsccnccs per plant. A rough estimate of thc differcncc between male and 
female plants can therefore be obtained by summing the intcrccpts of the 
logarithmic regressions of figures 10,13n, 6 ,sincc they all have slopes close to unity. 
This yields (0.25+0.50 +0.11) = 0.86, suggesting that male plants allocate 7.2 
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FIGURE10.Dry masses of the secondary structures of male and female flowers in some temperate 
herbs and trees. 0 , Insect-pollinated plants; 0,wind-pollinated trees; Acer pennsylvanicum 
(a)is partly insect-pollinated and partly wind-pollinated. Both axes are logarithmic, and 
units of dry mass are milligrams. Solid line is regression of data for insect-pollinated species; 
regression equation is 

y = 0.25+ 1 . 0 1 ~  (r2= 0.98, p < 0.001). 

There are too few wind-pollinated species to analyse separately, but they appear to fall 
along the line of equality; two wind-pollinated plants (Myrica gale and Thalictrum dioicum) 
have essentially no secondary structures in either sex and do not appear in the figure. The 
elevation of the insect-pollinated data is probably biased downwards because of the 
inclusion of Silene alba, the only known temperate dioecious herb in which the female flowers 
exceed the male (see table 14). The value of secondary allocation per flower for Arisaema 
atrorubens was obtained by dividing the dry mass of the spathe by the number of flowers 
borne by the spadix. Original data, collected a t  Mont St Hilaire; this includes all the 
dimorphic species from a much larger data set on floral allocation that will be published 
separately. 

times as much material to flowers as do females. Another way of expressing this 
statistic is to say that  in a sexually dimorphic population with an equal sex ratio 
the malc plants contribute about 88% of flower production. 

It seems likely that the disparity in flower size established for dimorphic plants 
applies also to monoecious species (see table 14),and i t  is natural to ask whether 
the argument can be extended further to material allocation within perfect flowers. 
Table 15 summarizes allocation data for nine hermaphroditic herbs from papers 
by Lovett Doust (Lovett Doust & Harper I 980; Lovett Doust & Cavers 1982). The 
allocation ratio (as ma1e:total) is about 50% if i t  is calculated for primary 
structures 'alone, or if secondary structures are shared equally between malc and 
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0.25r female flowers 

petal mass (1 mg classes) 

FIGURE11. Frequency distributions of wet mass of petals in female and perfect flowers of 
Fragaria virginiaca. These flowers are the same as those analysed for the rate of insect visits 
in figure 2. Moments of the distributions are as follows. 

mean 
s.d. 
skewness 
kurtosis 
N 

female hermaphrodite 

6.06 12.45 
1.80 3.49 
0.81 0.50 
4.92 3.16 

158 357 

-

0 
-

- stigmas in 
female flowers 

stamens in- hermaphrodite 

flowers 

-

-

petal mass/mg 

FIGURE12. Allometry of reproductive structures in Fragaria. Plotted points are means a t  1 mg 
intervals of petal mass; these are purely for illustration, the regressions being calculated 
from individual values. Regression equations are: (i) number of stigmas in female flowers: 
y = 40.2+3.82x, N = 87, r Z= 0.228 (p < 0.001). (ii) number of stamens in hermaphrodite 
flowers: y = 20.8+0.08x, N = 84, r2 = 0.011 (p > 0.10). 



On the function of Jtowers 

lg (female inflorescence per plant) 

lg (flowers per female inflorescence) 

FIGURE13. Inflorescences of dimorphic Umbelliferae. (a) inflorescences per plant; (6) flowers per 
inflorescence. Regression equations are: 

(a) y = 0.11+0.88x (r2 = 0.80) 
(71) y = 0.50+0.92x (r2 = 0.76). 

For (71) a regression on arithmetic axes gives a slightly better fit (r2 = 0.87). At mean x for 
the tmo data sets, male plants bear 2.42 times as many flowers per inflorescence and 1.18 
times as many inflorescences per plant. Source: Lloyd & Webb (1977;table IV). 

female function. However, i t  is over 80% if the secondary structures are assumed 
to be purely male in function. While they cannot be conclusive, these data suggest 
that the interpretation of the secondary structures of perfect flowers as being 
primarily male is quantitatively consistent with the greater invcstment in flowers 
made by male individuals of dimorphic species. 

The greater floral investment made by males is functionally intelligible only if 
it procures more insect visits. Unfortunately, information about rates of visit is 
even scarcer than allocation data. Knuth reports that the larger male flowers are 
visited earlier than the smaller female flowers of Bryonia dioica, Sicyos angulata, 
Valeriana dioica, Ribes alpinurn, Asparagus oficinalis, Xalix spp., and perhaps also 
Mentha arvensis, with no cases being given to the contrary. He also makes the 
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inflorescence mass (1 g classes) 

FIGURE14.Frequency distribution of wet mass of flowers borne on male and female inflorescences 
of sumac, Rhuv typhina. Original data, collected a t  Mont S t  Hilaire. Measurements were 
paired, with one inflorescence being taken a t  random and the nearest inflorescence of 
opposite sex then being collected. An attempt was made to sample any plant (clone) once 
only. The regression of the paired data, with x as female mass and y as male mass, is 

showing that  males were substantially larger, with no correlation between inflorescence size 
and location. Moments of the distributions are as follows. 

male female 

mean 9.90 g 4.68 g 
s.d. 5.35 2.04 
skewness 1.16 0.70 
kurtosis 3.92 3.16 
N 83 83 

interesting observation that  male and female flowers may be visited, not only by 
different numbers, but also by different types of pollinators. I n  the gynomonoecious 
Nepeta glaucoma the female flowers are visited by short-tongued bees such as Apis 
and Nomada while the hermaphroditic flowers are visited by the longer-tongued 
Bombus; honeybees visit only the male stocks of Viscwm album, while flies visit 
both male and female stocks. 

I n  Fragaria virginiaca, my observation (obs. I ) show that female flowers received 
on average 0.272 visits per 2 min of observation (43 visits to 158 flowers), while 
the corresponding rate for perfect flowers was 0.426 (152 visits to 357 flowers) ;these 
data have X:  = 6.58, p < 0.01. 

The most remarkable instance of a discrimination by insects between male and 
female flowers is that described by Bell et al. (1985)for Impatiens capensis. Since 
the flowers borne by Impatiens, though protandrous, are perfect, the material 
allocation to male and female corollas is necessarily the same, since they are 
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allocation per flower 
M (male F (female A (attracting est. male allocation 

structures) structures) structures) (i) (ii) (iii) 

1. Lilium 
superbz~m 

2. Lilium 0.214 0.068 0.626 0.759 0.527 0.840 
candidum 

3.  Trillium 
grandiPorum 

4.  Erythronium 0.375 0.187 0.438 0.667 0.594 0.813 
albidum 

5 .  Podophyllum 0.302 0.204 0.467 0.597 0.536 0.769 
peltaturn 

6 .  Hibiscus 
trionum 

7 .  Amaryllis 
SPP. 

8 .  Nicotiana 
rustica 

P 0.427 0.114 0.459 0.789 0.657 0.886 
9 .  Smyrnium N 0.423 0.104 0.473 0.803 0.660 0.896 

olusatrum K 0.389 0.065 0.546 0.857 0.662 0.935 
C 0.279 0.180 0.545 0.608 0.552 0.824 

mean 0.380 0.116 0.506 0.764 0.633 0.885 
grand means 
ks.d. 

Main source is Lovett Doust & Cavers (1982 ; table 2 ) ,and entries in first three columns are proportion 
of dry matter allocated to male, female and attractive structures. Data for Smyrnium olusatrum is from 
Lovett Doust & Harper (1980; table 2)  (control series) and refers to allocation per plant, the plants being 
andromonoecious; it is included to show that the currency of material allocation has little effect on the 
conclusions. Attractive structures for this species include stylopodia. The male allocation estimates are: 
(i) for gametes and immediate investments, M / ( M +  F);(ii) including attracting structures, assuming 
them to be equally male and female in function, M +  A / 2 ;  (ii) including attracting structures, assuming 
them to be wholly male in function, M +  A .  

the same structure a t  different ages. Male flowers, however, contain on average 
about 50 % more nectar than female flowers. Since the male phase lasts about four 
times as long as the female phase, the quantity of nectar allocated to the male phase 
exceeds that allocated to the female phase by a factor of about six. Bumble bees, 
honeybees and wasps all responded to the difference in nectar standing crop by 
visiting male flowers more frequently than female flowers; the bumble bees, which 
are the specialist pollinator of Impatiens in Canada, showed the strongest 
preference for male flowers, visiting them disproportionately often in all 22 sites 
a t  which observations were made. On average, flowers received only one or two 
visits during their female phase but eight or nine during their male phase. 

The purpose of this brief cornpara-tive sketch is to emphasize the generality of 
the conclusions to be drawn from the experimental work. A more extensive 
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discussion has been rendered unnecessary by thc reccnt review of sexual dimor- 
phism in plants by Lloyd & Webb (1977), who also describe general tendencies for 
male plants to flower earlier in life and more frequently thereafter. I hope I have 
said enough to establish the general rule that the predominantly male function of 
secondary organs in perfect flowers is reflected by the greater size and production 
of flowers by male individuals in dimorphic: species. 

This general rule, to which there are no doubt many individual exceptions, is 
based on observations of temperate flowers, and it may not be valid for tropical 
and subtropical floras. According to Bawa & Opler (1980) male flowers are smaller 
than female flowers in 14 out of 20 dioecious tropical trees, and male flowers had 
lower rates of nectar production in 5 l.)ut of 6 of these species. (Insect visits did 
not correspond to nectar production: 233 out of 369 visits recorded were to male 
flowers.) In subtropical areas of North America, Cruden et al. (1983) measured 
nectar in nine dichogamous herbs and found more sugar in the male flowers of three 
species and in the female flowers of four species, with the remaining two species 
having about the same quantity in male and female flowers. Even in temperate 
areas, i t  is far from clear that  the male flowers of dichogamous herbs generally 
secrete more nectar t>han the females; certainly the reverse is true in Digitalis, 
where the younger flowers are female, are located a t  the base of a crowded 
inflorescence, secrete more nectar than the older male flowers, and are visited first 
and more frequently by insects (Best & Bierzychudeck 1982). The interpretation 
of these facts is unclear; i t  is certainly not the case, as suggested by Bawa & Opler 
(198o), that the tendency for male flowers to be larger in temperate regions is 
because they belong to wind-pollinated species, since the comparative data given 
above refers to insect-pollinated species. I would suggest instead that  the rule for 
flowers breaks down in both temperate and tropical regions when the inflorescence, 
rather than the solitary flower, becomes the primary unit of attraction for insects. 
Rules a t  the level of the inflorescence should continue to hold, and indeed Bawa 
& Opler state that male inflorescences bear more flowers than female inflorescences 
in dioecious tropical trees, just as they do in dimorphic temperate herbs. 

The hypothesis around which this paper is organized states that the hermaphro- 
ditic flower is predominantly male in function. Female function (fertilization of 
ovules) is almost completely satisfied by a single insect visit, or a very few visits, 
which will be made even to very small flowers, while successful male function 
(dispersal of pollen) requires repeated visits, which can be procured only by 
substantial investment in attractive structures. Any increment in secondary 
allocation beyond a certain minimal value increases thc fraction of pollen that is 
dispersed but has little or no effect on the fraction of ovules that are fertilized. 
The evidence bearing on this hypothesis is as follows: 

(i) Larger flowers attract more insects per unit time. This was demonstrated in 
Fragaria (obs. I )and confirmed experirnentally in Impatiens (exp.1).I n  other work 
with Ch,rysanth~munzand Impatiens (obs. 2 and obs. 3) the effect was weak, and 
could only just be detected with the sample sizes used. 
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(ii) Larger flowers or inflorescences set more fruit but do not set more seeds per 
fruit. Thus, no effect of floral mutilation on seed set could be demonstrated in 
Impatiens (exp. 5), which has several-seeded capsules; in Asclepias (exp.3 and exp. 
4) a weak effect was observed but could be attributed entirely to an increased 
production of fruits per inflorescence and not a t  all to a greater number of seeds 
in each fruit; and, finally, a rather strong effect in Viburnum (exp. 6) was 
necessarily caused entirely by an effect on fiuit set per inflorescence, since each 
drupe contains only a single seed. These results are entirely consistent with the 
hypothesis that a single insect visit suffices to fertilize all or almost all the ovules 
per ovary in these plants, while further visits are virtually without effect. 

(iii) Larger flowers or inflorescences disperse niore pollen and disperse a greater 
fraction of their pollen. These effects were observed both in Impatiens (obs.4) and 
in Asclepias (exp.7).In  the latter, large inflorescences set 50 % more seed than small 
inflorescences but dispersed about 50 times as much pollen. In both cases, however, 
the effect of flower (or inflorescence) size on the fraction of pollen dispersed was 
only a very weak one. 

(iv) In  dimorphic species, male flowers are larger than female flowers, male 
inflorescences contain more flowers than female inflorescences, and male plants 
bear more inflorescences than female plants. These generalizations conform with 
the proposed predominance of male function in perfect flowers, which would 
otherwise be difficult to interpret consistently. 

The failure to demonstrate a strong effect of flower size on the fiaction of pollen 
exported prevents me from asserting that the hypothesis is firmly established by 
these results. Pollen export, however, is technically difficult to measure, and the 
negative outcome of experiments designed to detect a more easily measurable effect 
of flower size on ovule fertilization must be given great weight. Since an increase 
in flower size procures more visits but fails to raise the fraction of' ovules fertilized, 
expenditure on attractive structures is functionally incomprehensible unless i t  
enhances pollen dispersal. 

I conclude that the hypothesis represents the best quantitative description of 
floral function. The direct implication of my analysis is that flower production 
should be counted as male and fruit production as female function in outcrossed 
plants; the ratio of the two then supplies a good estimate of plant gender. More 
precisely, if the following dry masses are measured : 

K,, total flower; K,, total fiuit ; P, pistils in flower; 

and the abortion rate (fraction of flowers which fail to develop into fruit) is A, 
then plant gender is estimated by 

This is readily measured by successive censuses in the field ; if only spot measure- 
ments (or even dried herbarium material) are available then A will be unknown, 
but K,/(K, +K,) can still be used as a crude estimate of plant gender. In this way, 
the interpretation of the flower as a male organ both avoids the paradox introduced 
by treating i t  as equally male and female and provides a foundation for the 
quantitative testing of theories about gender in flowering plants. 
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