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(Asteraceae)
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ABSTRACT.—Sex allocation in the monoecious annual, Ambrosia artemisiifolia L., was
investigated in an old field of southeastern Pennsylvania. I tested the hypothesis that floral
sex ratio (male : female) changes with plant size (height and weight) and with light avail-
ability. The results do not agree with the traditional expectations of the resource limitation
model of sex allocation, and support predictions of increasing maleness in plants that
presumably grow under favorable conditions. The floral sex ratio was determined for each
plant axis (primary, secondary and tertiary) and did not differ significantly among them.
More female flowers on the primary axis resulted in a lower sex investment (male plus
female flowers) in the secondary and tertiary axes, indicating that there might be a resource
allocation constraint in plant architecture. The possible adaptiveness of the floral architec-
tural arrangement in this wind-pollinated species is discussed.

INTRODUCTION

Gender or sex allocation in plants, in general, is determined by interactions between
genotype and environment. Evolutionary theories based on relative costs and benefits of
male and female reproductive structures predict that plants growing under favorable con-
ditions should produce more female flowers, whereas plants growing in less favorable
environments should increase maleness (e.g., Charnov, 1982; Lloyd and Bawa, 1984; Free-
man and Vitale, 1985; Lovett Doust et al., 1987). Environmental parameters usually hy-
pothesized as proximate causes of gender variation are temperature, soil moisture, light
intensity, nutrients, photoperiod and plant density.

Because female reproduction is generally more costly than male reproduction (Charnov,
1982), plants growing in high-quality conditions are expected to maximize overall fitness
by allocating a greater proportion of their limited resources to female function. However,
wind-pollinated species, in particular, do not appear to follow that prediction, increasing
relative maleness as patch quality improves (e.g., Abul-Fatih et al., 1979; Barker et al., 1982;
McKone and Tonkyn, 1986; Burd and Allen, 1988; Solomon, 1989; Ackerly and Jasienski,
1990). The advantages for larger wind-pollinated plants of having a relatively greater male
investment are that pollen can be carried longer distances (and thus has a greater access to
mates) and that local mating competition among sib pollen is lowered (Burd and Allen,
1988). Nevertheless, changes in floral sex ratio might not be adaptive. In those species in
which male and female flowers are distributed differently on the plant in relation to branching
pattern, which may vary with environmental conditions, changes in sex ratio might result
from alterations in the architectural arrangement of inflorescences (e.g., Smith, 1981; McKone
and Tonkyn, 1986; Solomon, 1989; Ackerly and Jasienski, 1990). Regardless of the adaptive
significance of these changes, they can affect the reproductive success of an individual
(Solomon, 1989). It is thus important to study the relationship between plant architecture
and floral sex ratio, and how modifications of the former affect the latter.
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In the present study, I examined a monoecious, wind-pollinated annual, Ambrosia artemisi-
ifolia L. (Asteraceae). Monoecious species are particularly interesting because they have the
opportunity for continuous fine tuning of allocation to male and female function (Lloyd
and Bawa, 1984). I tested the hypotheses that floral sex ratio (male : female) in a natural
population changed with both plant size (height and weight) and light availability. Data
on the relationship between sex allocation and plant size in this species seem to be inconsistent.
Gebben (1965) reported that plants at low densities were larger and had more female flowers
than those at high density, whereas McKone and Tonkyn (1986) and Ackerly and Jasiefski
(1990) found that plant height was positively correlated with maleness. In a closely related
species, Ambrosia trifida, taller and heavier plants grown at low density were relatively more
male than shorter and lighter plants grown at high density (Abul-Fatih et al., 1979). In the
greenhouse, soil moisture and levels of herbivory do not affect gender in A. artemusiifolia
(McKone and Tonkyn, 1986). Nutrient levels affect (at least in greenhouse conditions) the
variability in gender among plants of this species through their effect on plant density and
competition (Ackerly and Jasienski, 1990).

Based on the conventional expectations, I predicted that plants growing in the sun would
be taller and heavier and would have a lower floral sex ratio (male : female; FSR hereafter)
than plants growing under shady conditions. I further examined the absolute number of
male and female flowers and the FSR on the primary, secondary and tertiary axes to test
for correlations among them.

METHODS

Ambrosia artemisiifolia, common ragweed, is a herbaceous annual plant native to North
America (Bazzaz, 1970). It is a monoecious species producing male flowers in terminal
racemes and female flowers in the leaf axes, singly or in small groups. Male heads usually
contain 10-30 staminate flowers while female heads consist of a single pistillate flower
(Payne, 1963). It is wind-pollinated and produces a large number of one-seeded fruits in
autumn (Bazzaz, 1970).

I arbitrarily selected 45 adult plants from three contiguous sites in a field located on the
Pink Hill serpentine barren in the Tyler Arboretum (about 25 km W of Philadelphia,
Pennsylvania): 15 growing in sun, 15 in shade and 15 which received sun only in the
morning (site termed intermediate). Ragweed density was ca. 1-2 indiv./m? in all three
sites. The plants were uprooted manually. The severed root tips left in the ground represented
a minute fraction of the total weight of the root system. In the laboratory, I measured the
aboveground height of each individual, and dried the plants (including roots) to constant
weight in an oven at 50 G for 48 h. The total number of branches, regardless of length,
was recorded for each plant.

The floral sex ratio (male : female) on primary, secondary and tertiary axes, and the total
number of male and female flowers on each plant were recorded. Biomass allocated to sexual
parts was estimated by weighing 25-30 flowers of each sex from each of five plants taken
randomly from each of the three sites.

All statistical analyses were done using SAS (1987). A two-way ANOVA tested for
differences in biomass allocated to each sex in the three sites (site was considered a fixed
effect). Plant height and weight, the total number of flowers produced, and the proportion
of total plant biomass invested in flowers (male + female) were compared among sites in
separate one-way ANOVAs. An ANCOVA was used to test for differences in the FSR
among sites controlling for plant height and weight (after determining that there was
homogeneity of slopes). The FSR were compared among the three plant axes in another
one-way ANOVA. The logarithmic and the angular transformations were used to normalize
and equalize the variances of ratios and proportions, respectively. Correlation analyses (both
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TABLE 1.—Mean and standard errors of the plant variables compared among sites. F and P values
of the ANOVAs and ANCOVA (*) are given. n = 15 plants from each site

Site
Variable Sun Interm. Shade F P
Plant height (cm) 6497 £2.30 49.11 £3.35 45.46 = 3.08 12.40 0.0001
Plant dry weight (g) 1.28 £ 0.18 0.93 + 0.14 0.78 = 0.11 3.02 0.06
Total no. flowers 378 + 52 252 + 43 226 + 32 3.57 0.04
Prop. biomass invested in sex 0.31 = 0.03 0.26 = 0.03 0.26 + 0.03 1.32  0.28
FSR 4.56 = 0.65 3.88 + 0.49 3.96 + 0.87 1.05 0.36

Pearson and Spearman) were performed to determine whether FSR varies with height and
weight of the plant regardless of site, and whether FSR at the three axes are related among
them.

RESULTS

Plants growing in the sun were significantly taller, slightly heavier and produced more
flowers than plants in the other two sites (Table 1). However, the proportion of the total
biomass invested into flowers (male + female) did not vary among sites (Table 1) and was
on average about 28%. For all three sites, the average weight of female flowers (2.22 +
0.21 mg) was significantly higher than that of male flowers (0.59 % 0.07 mg).

The differences in FSR among sites were not significant; that is, plants living under
sunny conditions had the same number of male flowers relative to female flowers as those
living in the shade, independently of plant size.

In all sites, taller and heavier plants branched more and produced more flowers (Table
2). FSR appeared to be associated with plant height, i.e., taller plants tended to have a
higher number of male flowers relative to female flowers. The tallest plant had a FSR ca.
six times greater than the smallest. However, there were no significant correlations between
FSR and either plant weight or number of branches per plant (Table 2). The total number
of branches was more correlated with weight than with height, i.e., plants with more branches
were heavier but not necessarily taller than those with less branches.

The FSR did not differ significantly among axes (F,,p; = 1.42, P > 0.05), the average
being 9.42 + 13.65 (SD) n = 34, 4.50 £ 5.86 n = 43, and 3.19 + 2.79 n = 31, for primary,
secondary and tertiary, respectively. Within a plant, there was no significant correlation
among the FSR in the different axes. Significant negative correlations appeared only between
number of female flowers on primary axes and number of male flowers and female flowers
on secondary and tertiary ones (Table 3), i.e., as the number of female flowers on primary
axes increased, the allocation to reproduction on secondary and tertiary axes decreased. The
number of primary female flowers was also negatively correlated with plant weight (r =

TABLE 2.—Pearson correlation coefficients among plant traits. TNF = total number of flowers,
FSR = floral sex ratio, * = P < 0.05, ** =P < 0.01, *** = P < 0.001

Height TNF No. branches FSR
Weight 0.56*** 0.92%** 0.83*** 0.16
Height — 0.58** 0.41** 0.30*
TNF — — 0.91*** 0.17

No. branches — — — 0.05
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TABLE 3.—Spearman correlation coefficients between numbers of male and female flowers and sex
ratios in the different plant axes. Plants with no secondary or tertiary axes are not included in the
analysis. NOPF = number of primary females, NOPM = number of primary males, and so on.
S = secondary, T = tertiary, SRP = sex ratio in the primary axis, and so on. * = P < 0.05, ** =P < 0.01,
*** =P < 0.001

NOPM NOSF NOSM NOTF NOTM SRP SRS SRT
NOPF  -0.13 —033* —0.46** —030 —0.16 —0.86*** —0.23 -0.15
NOPM — 0.05 0.39*  —0.03 —0.15 0.75***  0.38*  —0.02
NOSF — — 0.58*** 026 —0.08 0.27 -0.30 -0.11
NOSM — — — 031 —0.01 0.42* 0.49%** 022
NOTF — — — — 0.82*** 029 0.08 0.12
NOTM — — — — — -0.38 -0.03 0.59*
SRP — — — — — — 0.23 -0.07
SRS — — — — — — — 0.25

—0.47, P < 0.01) and with plant height (r = —0.39, P = 0.01); taller and heavier plants
produced fewer female flowers on the primary axes.

DiscussioN

Some studies (e.g., Freeman et al., 1981; Lloyd and Bawa, 1984; Solomon, 1985; McKone
and Tonkyn, 1986; Lovett Doust et al., 1987; Solomon, 1989) have shown that proportional
allocation of resources to male as opposed to female reproductive function in plants varies
from site to site and is a function of environmental quality. Patch quality differentially
affects the success of male and female reproductive functions, probably because of the greater
cost associated with seed and fruit production as opposed to pollen production. Based on
this, a large plant growing in a favorable environment with sufficient available resources
would be expected (1) to produce more female flowers or (2) to allocate the same amount
of energy in producing more (cheaper) male flowers, than a smaller plant living in less
favordble conditions. The phenotypic outcome probably varies among plant species, de-
pending upon other factors (biotic and abiotic) that may affect sexual expression.

In Ambrosia artemisiifolia, light availability did not affect the proportional allocation to
male function relative to female function. This result disagreed with the prediction that
plants growing in the sun would have a lower floral sex ratio than those living in the shade.
Changes in floral sex ratio due to different light conditions have been reported for other
monoecious, wind-pollinated plants such as Croton suberosus (Euphorbiaceae); this species
has a significantly higher FSR in sunny conditions than in shady or intermediate ones
(Dominguez and Bullock, 1989).

Relative maleness and plant height were positively correlated, a result reported also by
McKone and Tonkyn (1986) and by Ackerly and Jasienski (1990). Further, plant weight
was not associated with sex ratio, consistent with the field studies of McKone and Tonkyn
(1986); however, greenhouse studies (McKone and Tonkyn, 1986; Ackerly and Jasienski,
1990) showed a positive correlation between these two parameters. The cause of this in-
consistency is not clear. For other wind-pollinated species in which the correlation between
plant size and floral sex ratio has been examined, the results vary. Some studies find a
positive correlation (e.g., Abul-Fatih et al., 1979; Willson and Ruppel, 1984; McKone and
Tonkyn, 1986; Burd and Allen, 1988; Solomon, 1989; Ackerly and Jasienski, 1990) whereas
others find a negative correlation (e.g., Hibbs and Fischer, 1979; Smith, 1981; Lloyd and
Bawa, 1984; Primack and McCall, 1986; Garnock-Jones, 1986).
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Assuming that changes in sex ratio are adaptive, organisms should alter their sex allocation
as they grow to favor the sex with the greatest fitness gain (Ghiselin, 1969). For wind-
pollinated species such as Ambrosia artemisiifolia, once a plant has reached a given size, it
might be more advantageous to produce more male than female flowers as plant size increases.
The advantage would rely, as Burd and Allen (1988) point out, on the increased pollen
flight distance and on the reduced local mating competition among sib pollen. Such a
pollination advantage has probably been important in the evolution of plant architecture in
species like A. artemisiifolia where male flowers are mostly in terminal racemes and at the
uppermost inflorescences. Another advantage of such an architectural arrangement might
be a decrease in herbivory and seed predation, in the case that seeds were more protected
from insects in the lower portions of the axes of the plant. Indeed, Abul-Fatih et al. (1979)
reported a greater percentage of seed damage in tall “apparent” individuals of 4. trifida
than in short ones. However, Raynal and Bazzaz (1975) found the opposite in A. artemisiifolia.
There is also evidence that mechanical removal of flowers or leaves in some species can
affect the sex of flowers developing later (Hendrix and Trapp, 1981; Whitham and Mopper,
1985; Spears and May, 1988). There are no data on this for A. artemisiifolia.

Alternatively, assuming that the architectural arrangement of flower sexes is not adaptive,
changes in floral sex ratio could be caused by (1) resource allocation constraints. Having
produced more female flowers in the innermost inflorescences, the plant would have less
energy to allocate in the periphery; the present study actually shows that the higher the
number of female flowers on the primary axis the lower the number of males and females
on the secondary and tertiary ones. The flower arrangement could also result from (2)
physiological constraints caused by hormones. Terminal buds in general have higher levels
of auxins than lateral buds, and these auxins favor maleness (Heslop-Harrison, 1972;
Friedlander et al., 1977). Other hormones such as gibberellins and cytokinins, are also
involved in sex expression (Chailakhyan, 1979). Modification of the FSR could further
result from changes in the branching pattern of the plant caused, for instance, by fluctuations
in the environmental conditions. In the case of Ambrosia artemisiifolia, even though sexes
are distributed differently on the plant, FSR does not vary with the number of branches
and it is not significantly different between the three plant axes. Therefore, it seems unlikely
that the branching pattern has an important effect on sex expression in this species.

In short, sex expression in Ambrosia artemisiifolia was not significantly affected by the
degree of insolation in the different sites. Floral sex ratio appeared to be more influenced
by plant size, in particular by plant height. An increase in sex ratio with plant height may
be adaptive through a more efficient pollination or through a lowered insect seed predation.
Changes in sex ratio, however, may just be the result of different kinds of constraints in
plant architecture. Further investigation will, it is hoped, allow us to determine the adap-
tiveness of the architectural floral arrangement in this and other similar species.

Acknowledgments.—I thank C. R. Altaba, R. S. Burton, B. B. Casper and R. E. Ricklefs for their
constructive criticism on an earlier version of the manuscript. The final version was done at the
Estacion Bioldgica de Dofiana. Here I benefited from the discussions with César Dominguez, who
kindly reviewed the manuscript. I am also grateful to two anonymous reviewers for their valuable
comments.

LITERATURE CITED

ABUL-FATIH, H. A, F. A. BAzzAzZ AND A. HUNT. 1979. The biology of Ambrosia trifida L. IIL.
Growth and biomass allocation. New Phytol., 83:829-838.

ACKERLY, D. D. AND M. JASIENSKI. 1990. Size-dependent variation of gender in high density stands
of the monoecious annual, Ambrosia artemisiifolia (Asteraceae). Oecologia, 82:474-477.



314 THE AMERICAN MIDLAND NATURALIST 127(2)

BARKER, P., D. C. FREEMAN AND K. T. HARPER. 1982. Variation in the breeding system of Acer
grandidentatum. For. Sci., 28:563-572.

Bazzaz, F. A. 1970. Secondary dormancy in the seeds of common ragweed, Ambrosia artemisiifolia.
Bull. Torrey Bot. Club, 97:302-305.

BurD, M. AND T. F. ALLEN. 1988. Sexual allocation strategy in wind-pollinated plants. Evolution,
42:403-407.

CHAILAKHYAN, M. K. 1979. Genetic and hormonal regulation of growth, flowering and sex expression
in plants. Am. /. Bot., 66:717-736.

CHARNOV, E. L. 1982. The theory of sex allocation. Princeton University Press, Princeton, N.J.
355 p.

DOMINGUEZ, C. A. AND S. H. BULLOCK. 1989. La reproduccion de Croton suberosus (Euphorbiaceae)
en luz y sombra. Rev. Biol. Trop., 37:1-10.

FrReEEMAN, D. C., E. D. MCARTHUR, K. T. HARPER AND A. C. BLAUER. 1981. Influence of envi-

ronment on the floral sex ratio of monoecious plants. Evolution, 35:194-197.

AND ]J. J. VITALE. 1985. The influence of environment on the sex ratio and fitness of spinach.

Bot. Gaz., 146:137-142.

FRIEDLANDER, M., D. ATsMON AND E. GALUN. 1977. Sexual differentiation in cucumber: abscissic
acid and gibberellic acid contents of various sex genotypes. Plant Cell Physiol., 18:681-692.

GARNOCK- JONEs, P. 1986. Floret specialisation, seed production, and gender in Artemisia vulgaris
(Asteraceae, Anthemideae). Bot. J. Linn. Soc., 92:285-302.

GEBBEN, A. I. 1965. The ecology of common ragweed, Ambrosia artemisiifolia L. in southwestern
Michigan. Ph.D. Thesis, Univ. of Michigan, Ann Arbor. (not consulted)

GHISELIN, M. T. 1969. The evolution of hermaphroditism among animals. Q. Rev. Biol., 44:189-
208.

HENDRIX, S. D. AND E. J. Trapp. 1981. Plant-herbivore interactions: insect induced changes in
host plant sex expression and fecundity. Oecologia, 49:119-122.

HEsLOP-HARRISON, J. 1972. Sexuality of angiosperms, p. 133-289. In: F. C. Steward (ed.). Plant
physiology, Vol. V.I.C., Physiology of development: from seeds to sexuality. Academic Press,
New York. )

Hisss, D. E. AND B. B. FIscHER. 1979. Sexual and vegetative reproduction of striped maple (Acer
pensylvanicum L.). Bull. Torrey Bot. Club, 106:222-227.

Lroyp, D. G. AND K. S. BAwA. 1984. Modification of the gender of seed plants in varying conditions.
Euvol. Biol., 17:255-338.
LoverT DousT, J., G. O’'BRIEN AND L. LoveTT DousT. 1987. Effect of density on secondary sex
characteristics and sex ratio in Silene alba (Caryophyllaceae). Am. J. Bot., 74:40-46.
MCcKoONE, M. J. AND D. W. TONKYN. 1986. Intrapopulation gender variation in common ragweed
(Asteraceae: Ambrosia artemisiifolia L.), a monoecious, annual herb. Oecologia, 70:63-67.

PAYNE, W. W. 1963. The morphology of the inflorescence of ragweeds (Ambrosia-Franseira: Com-
positae). Am. J. Bot., 50:872-880.

PRIMACK, R. B. AND C. McCALL. 1986. Gender variation in a red maple population (Acer rubrum:
Aceraceae): a seven-year study of a “polygamodioecious” species. Am. J. Bot., 73:1239-1248.

RAYNAL, D. J. AND F. A. BAzzAz. 1975. Interference of winter annuals with Ambrosia artemisiifolia
in early successional fields. Ecology, 56:35-49.

SAS INSTITUTE INc. 1987. SAS/STAT Guide for personal computers, Version 6 Edition. SAS
Institute Inc., Cary, N.C. 1028 p.

SmitH, C. C. 1981. The facultative adjustment of sex ratio in lodgepole pine. Am. Nat., 118:297-
305.

SOLOMON, B. P. 1985. Environmentally influenced changes in sex expression in an andromonoecious

plant. Ecology, 66:1321-1332.

1989. Size-dependent sex ratios in the monoecious wind-pollinated annual, Xanthium

strumarium. Am. Midl. Nat., 121:209-218.

SPEARs, E. E., Jr. AND P. G. May. 1988. Effect of defoliation on gender expression and fruit set
in Passiflora incarnata. Am. J. Bot., 75:1842-1847.




7992 TRAVESET: SEX ALLOCATION IN ANNUALS 315

WHITHAM, T. G. AND S. MoPPER. 1985. Chronic herbivory: impacts on architecture and sex

expression on pinyon pine. Science, 228:1089-1091.
WiLLsoN, M. F. aND K. P. RUPPEL. 1984. Resource allocation and floral sex ratios in Zizania

aquatica. Can. J. Bot., 62:799-805.

SUBMITTED 4 APRIL 1991 ACCEPTED 29 OCTOBER 1991



