
Introduction

Sexual differentiation in vegetative traits of dioecious
plants may reflect innate differences between the
sexes, or may arise secondarily from different effects
of reproduction on resource balance. While theory pre-
dicts that innate differentiation can evolve in response
to sexual selection or selection for ecological diver-
gence (e.g. Meagher 1984), such differentiation is dif-
ficult to detect in naturally occurring plants because it
is generally obscured by effects of reproduction (e.g.
Gehring 1990). Thus, to demonstrate innate sex-based
differences, as distinct from those mediated by repro-
duction, plants must be followed from the pre-repro-
ductive state through to reproduction, preferably under
biologically realistic conditions.

Natural populations of the dioecious tropical shrub
Siparuna grandifloraKunth in Humb. & Bonpl., A.
DC., syn S. tonduziana, Siparunaceae (S. Renner,

personal communication) exhibit a male-biased sex
ratio that results from precocious reproduction in
males, higher frequency of reproduction in males and,
potentially, from greater mortality among mature
females (Nicotra 1998). The sexes are found in
microenvironments that are not detectably different,
although males can flower at lower light availability
than females (Nicotra 1998). The difference in fre-
quency of reproduction is most probably related to
differences in reproductive allocation and subsequent
effects on growth (Nicotra 1999). Females allocate
more biomass to reproduction and reproduction has a
negative effect on growth in females but not in males.
However, when reproductively mature females are
prevented from reproducing they grow faster than
males of equivalent condition (Nicotra 1999).

Given that S. grandiflorafemales allocate more to
reproduction, live in microenvironments equivalent
to those of males and grow more when experimen-
tally prevented from reproducing, do naturally occur-
ring females differ in vegetative growth from males?
The pattern of equivalent growth despite greater
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Summary

1. To demonstrate evolved sex-based differences in vegetative traits of dioecious plant
species, one must consider both pre-reproductive and reproductive individuals, as
dimorphic patterns commonly arise secondarily from different effects of reproduction
on resource balance.
2. Siparuna grandiflora, a neotropical dioecious shrub in which females allocate
significantly more biomass to reproduction than males, was studied for 2 years (three
reproductive events) to determine whether sex-based differences in stem growth, leaf
production and allocation pattern could be detected in pre-reproductive individuals
grown from cuttings in field plots or in mature naturally occurring individuals.
3. Among pre-reproductive individuals, females accumulated more stem and leaves
than males, but among mature individuals, no sex-based growth differences were
apparent. In mature individuals, both growth and leaf longevity were positively corre-
lated with reproductive frequency. With regards allocation, pre-reproductive males had
larger leaves than females, and mature females allocated less biomass per unit stem
length than males.
4. The capacity of pre-reproductive females to grow faster than males demonstrates
innate differences between the sexes. That mature females achieved equivalent growth
to males, despite higher reproductive allocation, indicates that the greater growth
capacity of young females is sustained in older females and enables them to compen-
sate for greater reproductive allocation. 
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reproductive allocation has been identified in a wide
range of dioecious species (e.g. Putwain & Harper
1972; Grant & Mitton 1979; Onyekwelu & Harper
1979; Gross & Soule 1981; Sakai & Burris 1985;
Lovett Doust & Lovett Doust 1987, 1988; Gehring &
Linhart 1993; Ramadan et al. 1994). Other studies
have demonstrated that if there are no mechanisms to
compensate for resource allocation to reproduction,
males achieve greater growth than females (e.g. Lloyd
& Webb 1977 and references therein; Popp & Reinartz
1988; Garcia & Antor 1995). Compensatory mecha-
nisms that enable equivalent growth might derive from
greater resource-use efficiency, higher average or max-
imum carbon assimilation rates or allocational differ-
ences that result in greater or more effective leaf
display in females. That S. grandiflorafemales have
the potential to achieve greater growth when reproduc-
tion is suppressed suggests that females have compen-
satory responses to offset the costs of reproduction.
These compensatory responses may cause the average
growth rates of females (considering both reproductive
and non-reproductive seasons) to exceed or be equiva-
lent to those of males, despite greater reproductive
allocation by females during some periods.

Growth and allocation to leaves vsstems was exam-
ined in S grandiflora plants grown to reproductive
maturity in field plots to determine whether there are
sexual dimorphisms in vegetative traits prior to repro-
duction. Naturally occurring mature plants were used
to assess the existence and importance of vegetative
differentiation under unmanipulated conditions. The
objectives of the study were to (1) determine whether
innate differentiation between the sexes is apparent in
plants grown to reproductive maturity from cuttings in
field gardens, (2) determine if greater allocation of
biomass to reproduction in mature females is associ-
ated with sex-based differences in patterns of stem
growth and leaf production under natural field condi-
tions, (3) investigate how frequency of reproduction
affects growth under natural conditions and (4) con-
trast the results from naturally occurring and experi-
mental plants to determine whether any evidence of
sexual differentiation found in cuttings grown under
modified field conditions is also apparent in naturally
occurring mature plants. Based upon my previous
work on S. grandiflora, I expected that females would
compensate to some degree for their greater allocation
to reproduction (Nicotra 1999). Under normal field
conditions, such compensation might still fall short of
making up for resources allocated to reproduction,
however, in non-reproductive plants, I expected
growth rates of females to exceed those of males.

Materials and methods

STUDY SPECIES AND SITE

The study was conducted in lowland wet tropical for-
est in the Sarapiquí region of Costa Rica, primarily at

the Organization for Tropical Studies’ La Selva
Biological Station (for detailed site description see
McDade et al. 1994). Siparuna grandiflorais a com-
mon understorey shrub in secondary forests of the
region. The shrub flowers when c. 1 m in stem length
and can exceed 5 m in height. At La Selva, flowering
occurs primarily between January and May. Staminate
flowers (male) do not bear vestigial pistillate struc-
tures, nor do pistillate flowers (female) bear any male
structures. There are no records of S. grandifloraor
any other Siparunaswitching sex, nor did any individ-
ual change sex during the course of this study (A.
Nicotra, personal observation, S. Renner, personal
communication, Antonio 1983; Feil 1992).

STEM GROWTH AND LEAF PRODUCTION OF PLANTS

GROWN FROM CUTTINGS

To examine sex-based differences in pre-reproductive
plants, eight cuttings were taken from each of 11
female and 13 male genotypes in July 1993. All cut-
tings were taken from current year’s growth on mature
branches of the parent plant. In early 1994, during the
flowering season, the sex of all plants used for cuttings
was verified in the field. Each cutting consisted of two
nodes with one leaf (trimmed to half its original size to
reduce water loss) and one node below ground.
Cuttings were treated with synthetic rooting hormone
and propagated in a sand bench in a shadehouse. Not
all cuttings survived, so in October 1993 additional
cuttings were taken from genotypes that had high ini-
tial mortality. Rooted cuttings were transferred to flex-
ible plastic tree tubes with air holes in a sand–soil mix
(Forestry Suppliers). Plants were watered as needed
and fertilized approximately every other month
between October 1993 and May 1994, when they were
planted into the field. There were no significant effects
of date of cutting initiation on the size of cuttings when
planted. Because of mortality in the cutting bench and
the sex ratio bias in the cutting stock, there was a male
sex ratio bias in the plots (a total of 14 female and 25
male plants ± 2 per plot). Although the cuttings were
taken from mature plants of known sex, they were
more like seedlings than adults, in that they began with
just two stem nodes and very little leaf area. Their
growth pattern in the first year of life may therefore be
analogous to that of a seedling.

Four plots were established in the secondary rain-
forest habitat in which the species naturally occurs.
The plants therefore experienced realistic climatic
variation and were exposed to natural herbivores,
pollinators and seed dispersers. Two existing small
light gaps, c. 10 m across, were cleared of vegetation
and two forest plots were cleared of understorey veg-
etation less than 1·5 m tall, hereafter high and low
light treatments, respectively. Plots were 10 m square
and plants were in rows with 1 m between all plants
and a 1 m border around the plot edge. Plots were
weeded throughout the study to minimize interspecific
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competition and maintain relatively uniform light lev-
els within plots. Plants were assigned to plots using a
structured random approach, so that genotypes were
distributed evenly throughout plots.

One hemispheric canopy photograph was taken in
the centre of each plot in May 1994 to assess the gen-
eral light level. Photographs were analysed digitally
using the Solarcalc canopy photograph analysis sys-
tem (Chazdon & Field 1987). The integrated total
incident PPFD (photosynthetic photon flux density,
mol m–2 day–1) for the two high-light plots was 7·15
and 11·51, and for the low light plots was 4·76 and
5·54. In July 1996, nine photographs were taken in
each plot to measure light availability and variation.
Total incident PPFD in 1996 was analysed using
ANOVA with the two understorey plots nested within
one light level (low), and the small gap plots nested
as a second light level (high). The light effect was
highly significant (P = 0·004) and the plot effect was
not significant. In 1996, mean (± SE) PPFD (mol m–2

day–1) at high light was 9·33(± 0·64) and at low light
was 5·61(± 0·24). These data indicate that the manip-
ulation successfully altered light availability and
yielded a consistent light difference through the dura-
tion of the study.

The number of leaves and stem length of each plant
were measured prior to planting (April 1994) and
2 weeks after planting, in June 1994. Measurements
of stem length and leaf number were repeated every
3 months until June 1996, with the exception of June
1995. Plot differences were investigated using ANOVA

with sex, light and plot effects (plot was nested within
light) and all possible interactions. There were no sig-
nificant plot effects, so to simplify subsequent analy-
ses, plot effects were excluded (data not shown). To
determine whether sex, light or time since planting
affected stem growth and leaf production a repeated
measures ANOVA was conducted. Scheffé post-hoc
tests were used to identify significant differences
among treatment means. All analyses were carried out
in Datadesk (Data Description Inc., Ithaca, NY, USA).

To examine relative allocation to stem and leaves in
the plants grown from cuttings, leaf area was esti-
mated from the relationship established by regressing
leaf width on leaf area. The regression was obtained
by tracing the perimeter of leaves on plants in the field
in June 1996. For each tracing, leaf width was mea-
sured, and area determined using a leaf area meter (Li-
Cor, Lincoln, NE, USA). At high light a total of 47
leaves from five age classes were measured, at low
light 31 leaves were measured. A regression between
leaf width and leaf area was calculated for each light
level (high light:r2 = 0·91, low lightr2 = 0·93). Sex
effects on the width to area relationship examined
using ANCOVA but were not significant. The width of
all leaves on each plant was measured in June or July
1996, and total plant leaf area calculated based upon
the regression equation. Total leaf area and estimated
area per leaf were analysed with ANOVA which

included sex and light effects and their interaction
term. Finally, sex-based differences in relationships
between leaf number, leaf area and stem length were
explored using ANCOVA.

STEM GROWTH AND LEAF PRODUCTION IN

NATURALLY OCCURRING PLANTS

To determine whether there are sex-based differences
in patterns of vegetative growth among mature plants,
stem growth and leaf production in naturally occur-
ring plants from three sites (two at La Selva
Biological Station and one at the nearby Selva Verde
Ecolodge) were measured. These plants were also
included in a study of sex ratio and spatial distribution
in S. grandiflora(Nicotra 1998a). Siparuna grandi-
flora is patchily distributed and common only in sec-
ondary forests on residual soils. Sites (c.0·25 ha) were
therefore selected in areas where at least 50 mature
sized individuals were found. Within each site, all
reproductively active plants between 100 and
1300 cm stem length were included. The lower
boundary is the size at which first reproduction com-
monly occurs and the upper boundary encompasses
nearly 94% of the population (332 of the 355 plants
included in Nicotra 1998a) and is roughly the largest
plant for which total stem length could be measured
without damage. The study began with 109 plants, 10
died during the study, resulting in a total of 35 females
and 64 males.

In early 1994, total stem length and leaf number on
each plant were measured in the La Selva (January)
and Selva Verde (March) sites. The newest meristem
was marked with a single strand of coloured wire so
that all new stem growth and leaf production could be
identified. Measurements were repeated every
3 months until January or March 1996 (eight censuses
in each site) and new stem growth and leaf production
marked at each census. During each of the three flow-
ering seasons (1994, 1995, 1996), I determined
whether or not each individual was flowering and, if
flowering, noted the sex of the flowers. In 1994 and
1995 hemispheric canopy photographs were taken
above each plant to determine light availability, as
light is likely to affect growth rates. Photographs were
digitized and analysed using the Solarcalc package
(Chazdon & Field 1987).

New stem growth and new leaf production were
determined at each census date, and rates of growth
and production calculated for each interval. Total
stem and leaf production were determined for the full
duration of the study (24 months). Mean rates of leaf
and stem production were calculated as the average
of the single interval production rates. Total stem
growth and leaf production and rates thereof were
analysed in one-way ANOVAs testing for sex effects.
The influence of initial stem length or leaf number
and flowering frequency on stem growth and leaf
production were examined using ANCOVA because
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both size and reproduction were likely to affect growth.
Light availability was also investigated as a potentially
important covariate. Variables were log transformed to
improve normality as needed. The natural male sex
ratio bias in populations of S. grandiflora,led to uneven
cell sample sizes in the dataset.

LEAF LONGEVITY OF NATURALLY OCCURRING

PLANTS

The census method used for growth measurements
allowed me to determine the number of leaves pro-
duced and the number of leaves surviving between
censuses in each cohort. With these data leaf longevity
at both individual and population levels was analysed.
The relationship between leaf age and survivorship
was also examined but, because of low sample sizes,
the relationship between time of leaf initiation and life
span could not be analysed. Therefore, cohorts initi-
ated at different dates were combined to increase the
sample size of leaves surviving to 3, 6, 9 (etc.)
months. An individual life table for leaves of each
plant was calculated, and from this survivorship and
leaf life expectancy were determined following stan-
dard demographic methods (e.g. Bazzaz & Harper
1977). The individual life table approach was sensi-
tive to initial leaf number, so leaf longevity for each
plant was also calculated using the model of Begon &
Mortimer (1986):

L = {[( Nti + p)/f] – 1}T,

where L is longevity, Nti is initial leaf number, p is total
number of leaves produced, f is the total number of
leaves dying and T is the duration of the study. This
method is not affected by the initial size of the plant but
is sensitive to the duration of the study and does not dis-
cern between early and late deaths. The results of the life
table and Begon and Mortimer methods will be referred
to as life expectancy and longevity, respectively. Values
from each of the two methods described above for cal-
culating leaf life-span were analysed for variation
between the sexes using ANOVA. Light availability was
included as a covariate in preliminary models but did
not yield any significant effects and so was not included
in final models. When plants were classified by sex and
flowering frequency, cell sizes were uneven.

Leaf survivorship was examined at the population
level to establish that the individual based analyses were
not overly biased by small numbers of leaves on individ-
ual plants. Plants were classified by sex and flowering
frequency, a single life table was calculated for each
classification, and survivorship and life expectancy
were calculated using standard demographic methods.

VEGETATIVE ALLOCATION OF NATURALLY

OCCURRING PLANTS

To examine vegetative allocation patterns in mature
plants, 20 naturally occurring, reproductively active

individuals of each sex were harvested from sec-
ondary forest at La Selva Biological Station. Only
reproductively active plants greater than 2 m stem
length and judged to be less than 20 m total stem
length in the field, were harvested. The lower size
limit was imposed because females seldom flower in
lower size classes, and the upper size limit was set
because mean stem length is c. 5 m, and because
plants larger than 20 m make up approximately 1% of
the total population (five of the 355 plants included in
Nicotra 1998). Allocation patterns in plants larger
than 20 m are therefore not necessarily representative
of the population as a whole. Because it is difficult to
judge total stem length in the field, some of the har-
vested plants were larger than 20 m and two of these
(one of each sex) were excluded from analyses
because they were extreme outliers for a wide range of
characters (Nicotra 1999). Plants were harvested from
a single population and were selected as they were
encountered, up to a total of 20 per sex. Additional
data from these plants were also used in a study of
reproductive allocation (Nicotra 1999).

For each harvested plant, stems were sawed off at
ground level and total stem length of all branches was
summed. Total number of leaves was counted and
area determined using a leaf area meter (Li-Cor,
Lincoln, NE, USA). Stems and leaves were then dried
to constant mass at 70 °C, and weighed to the nearest
mg. These measurements were analysed using
ANCOVA to determine whether the relationships among
vegetative traits differ for the sexes. In addition, a seg-
ment of stem (c. 15 cm) from ground level was taken
from each plant to determine if the sexes differed in
wood density (mass/volume). Density was analysed
using one-way ANOVA. Variables were log transformed
to improve normality.

Results

STEM AND LEAF PRODUCTION OF EXPERIMENTALLY

GROWN PLANTS

Not only did plants grown from cuttings at high light
produce more stem length and leaves than plants
grown at low light, but high-light grown females pro-
duced both more stem and more leaves than males
(Fig. 1). The sexes did not differ in size at the begin-
ning of the study (ANOVA results not shown).
However, by the end of the study, repeated measures
ANOVA indicated significant light and date effects for
both stem and leaf production, a significant sex by
date interaction for stem production and a marginally
significant sex by date interaction for leaf production
(Table 1a, b). Clearly, light was the most important
determinant of growth and by the end of the second
year, high-light grown females had on average over
4 m of stem and nearly 50 leaves, whereas high-light
males had about 3 m of stem and 30 leaves. All but 11
of the high-light grown plants (six females, five males)

© 1999 British
Ecological Society,
Functional Ecology,
13, 322–331



flowered during the 1996 season. Despite the signifi-
cant differences in total leaf number, there were not
sex-based differences in total leaf area (Fig. 2a). High-
light males actually produced slightly more leaf area
on average than females because males had signifi-
cantly greater area per leaf than females (Fig. 2b).

STEM GROWTH AND LEAF PRODUCTION IN

NATURALLY OCCURRING PLANTS

There were no sex-based differences in total stem
growth or total leaf production, or in rates thereof
among naturally occurring mature plants, analysed on
a single census basis, 6 month basis, or as the mean of
all censuses. Initial size or leaf number and flowering
frequency were tightly correlated with total stem and
leaf production (Table 2). Larger plants of both sexes
produced more stem and leaves than smaller plants.
Plants that flowered in all three seasons produced
more stem and leaves than plants that flowered in one
or two seasons, regardless of sex (Fig. 3a,b). Although
there was not a significant main effect for sex, there
was a significant sex by flowering frequency interac-
tion for stem production and a marginally significant
interaction for leaf production (Table 2). Both interac-

tions were most probably owing to greater stem and
leaf production by females that flowered in just one of
the 3 years, relative to males of the same status
(Fig. 3a,b). The model also indicated significant three-
way interactions between sex, flowering frequency, and
initial stem length for both stem and leaf production.

Plants at high light levels in 1994 had significantly
greater stem production over the course of the study
than those at lower light levels in 1994 (light effect
P = 0·02 and P = 0·04 for stem and leaf production,
respectively, ANCOVA). However, there was no sex by
light interaction, so light effects cannot explain vari-
ation in patterns of stem production for the sexes.
When initial size was included as a second covariate
to light availability, the light effect was no longer
significant, suggesting that much of the affect of
light on stem growth and leaf production was indi-
rect (data not shown).

LEAF LONGEVITY IN NATURALLY OCCURRING

PLANTS

Leaf life span in naturally occurring plants was
strongly affected by flowering frequency but not by
sex (Table 3). Plants that flowered in all three seasons
had significantly longer leaf life spans than plants that
flowered in only one of the three seasons. Plants that
flowered in two seasons had intermediate leaf life
spans (Fig. 4, based on life expectancy calculation).
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Fig. 1. (a) Mean stem length (± SE) and (b) mean leaf production (± SE) of
cuttings grown in field plots, from October 1994 to June 1996. Asterisks denote
significant differences between the sexes at high light according to Scheffé post-
hoc tests (*P≤ 0·05, **P≤ 0·01.).

Table 1. Results of repeated measures analysis of variance
for (a) stem and (b) leaf production by S. grandifloracuttings

(a) Log (stem production)

df MS P

Sex 1 0·591 ≤ 0·175
Light 1 140·7 ≤ 0·001
Subject 122 0·318 ≤ 0·001
Date 6 7·103 ≤ 0·001
Sex× light 1 0·246 ≤ 0·381
Sex× date 6 0·044 ≤ 0·006
Light × date 6 4·045 ≤ 0·001
Sex× light × date 6 0·014 ≤ 0·440
Error 724 0·014
Total 873

(b) Log (leaf production)

df MS P

Sex 1 0·140 ≤ 0·466
Light 1 60·21 ≤ 0·001
Subject 122 0·262 ≤ 0·001
Date 6 1·704 ≤ 0·001
Sex× light 1 0·052 ≤ 0·657
Sex× date 6 0·054 ≤ 0·067
Light × date 6 1·096 ≤ 0·001
Sex× light × date 6 0·015 ≤ 0·767
Error 723 0·027
Total 872
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The life table and Begon and Mortimer estimates of
leaf life span were highly correlated (R= 0·761, n = 91,
P ≤ 0·05), and yielded the same pattern. When the data
for all plants in a given flowering frequency classifica-
tion were pooled, the pattern was qualitatively identi-
cal to that of the individual based analyses (data not
shown), indicating that the individual based estimates
were not unduly influenced by within-plant variation.

VEGETATIVE ALLOCATION OF NATURALLY

OCCURRING AND EXPERIMENTALLY GROWN PLANTS

Relationships between leaf area, leaf number and
stem length for the plants grown from cuttings were
examined to see if sex-based differences were appar-
ent. These parameters were tightly correlated in each
case and the sex difference in the relationship
between leaf area and leaf number was significant, as
would be expected given that males had greater esti-
mated area per leaf (Table 4). The sexes did not differ
in leaf area or leaf number as a function of stem
length (data not shown).

On the harvested mature individuals, I measured
leaf area, leaf number, leaf biomass, stem biomass and
stem length, and postulated a priori seven relation-
ships of interest in terms of sex-based differences: leaf
area vsleaf number, leaf biomass and stem length; leaf
biomass vs leaf number, stem biomass and stem
length; stem length vs stem biomass. In all cases the
traits were highly correlated but only one of the seven
relationships (stem length vs stem biomass) showed
any sign of sex-based differentiation (sex effect
P = 0·04, ANCOVA, Fig. 5). Males allocated more
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Fig. 2. (a) Mean leaf area (± SE) and (b) mean area per leaf
(± SE) for cuttings growing in field plots in June/July 1996.
Females are represented as solid bars, males as hatched bars.
Different letters denote significant differences (P≤ 0·05)
according to Scheffé post-hoc tests.

Table 2. Results of ANCOVA for effects of initial size, sex and flowering frequency over the course of the study on (a) stem pro-
duction and (b) leaf production. Flowering frequency was classified (1,2,3) based upon the number of years that the plant flow-
ered during the study

(a) Log (stem production) df SS MS F-ratio P

Sex 1 0·122 0·122 2·150 0·146
Flowering frequency 2 0·396 0·198 3·486 0·035
Log (initial stem length) 1 0·504 0·504 8·867 0·004
Sex× flowering frequency 2 0·582 0·291 5·124 0·008
Sex× log(initial stem length) 1 0·128 0·128 2·251 0·137
Flowering frequency× log (initial stem length) 2 0·494 0·247 4·346 0·016
Sex× flowering frequency× log (initial stem length) 2 0·588 0·294 5·177 0·008
Error 87 4·943 0·057
Total 98 13·454

(b) Log (leaf production) df SS MS F-ratio P

Sex 1 0·001 0·001 0·022 0·883
Flowering frequency 2 0·528 0·264 5·930 0·004
Log (initial leaf number) 1 0·673 0·673 15·131 0·000
Sex× flowering frequency 2 0·257 0·129 2·892 0·061
Sex× log(initial leaf number) 1 0·001 0·001 0·013 0·911
Flowering frequency× log (initial leaf number) 2 0·828 0·414 9·303 0·000
Sex× flowering frequency× log (initial leaf number) 2 0·302 0·151 3·394 0·038
Error 85 3·872 0·045
Total 96 10·098



biomass per unit stem length than females. The signif-
icance of this effect was low, however, and did not
withstand correction for multiple comparisons. The
one-way ANOVA for stem density did not demonstrate
a difference between the sexes (P = 0·86).

Discussion

Pre-reproductive female S. grandiflora plants have
the capacity to grow faster than males of equivalent
age and condition, yet this growth difference is not
apparent in naturally occurring, reproductively mature
individuals. As most field studies of dioecious species
have focused on mature individuals (e.g. Gehring
1990 and references therein), the present study is
novel in demonstrating sex-based differences in
growth that are independent of reproductive effects.
The basic capacity of females to grow faster than
males may compensate for their greater reproductive
allocation and thereby allow them to achieve equal
growth to males under natural conditions.

GREATER GROWTH CAPACITY IN FEMALES

How do pre-reproductive females achieve greater
growth than males, given equivalent resource con-
ditions? How do mature females achieve equiva-
lent growth rates despite differences in
reproductive allocation? The differences could
result from differences in allocation patterns, from
females maintaining leaves for longer periods and
thereby accruing greater life-time assimilation per
leaf, or via higher rates of assimilation in females.
Sex-based differences in assimilation pattern have
been demonstrated in other dioecious species
(Dawson & Bliss 1989 1993; Dawson & Ehleringer
1993; Marshall, Dawson & Ehleringer 1993;
Gehring & Monson 1994; Laporte & Delph 1996)
but are beyond the scope of the present study.
There are no sex-based differences in leaf life span
in S. grandiflora(Fig. 4), thus the growth differ-
ences cannot be explained by effects of leaf life
span on carbon assimilation. The study does, how-
ever, provide evidence that sexual differentiation
in allocation patterns may underlie observed
growth differences.

Allocational differences in dioecious species have
been found in species that are markedly dimorphic,
such as the desert shrub Simmondsia chinensis
(Wallace & Rundel 1979; Kohorn 1994), as well as
in species like S. grandiflorathat are less obviously
dimorphic (e.g. Meagher & Antonovics 1982;
Oyama & Dirzo 1988). Under natural conditions, S.
grandiflora females allocate less biomass per unit
stem length than males. If females have thinner
stems than males on average, they could achieve
equal stem length from a lower biomass investment
to stems. The experimentally grown males also had
larger leaves than females and males therefore
achieved greater total leaf area than females, despite
having fewer total leaves. To some extent the alloca-
tional differences demonstrated in the present study
should be viewed with caution, as neither alloca-
tional difference could be confirmed in both natu-
rally occurring and experimentally grown plants.
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Fig. 3. (a) Mean stem growth (± SE) and (b) mean leaf pro-
duction (± SE) for naturally occurring male and female
Siparuna grandifloraplants classified by flowering fre-
quency in the three seasons of the study.

Table 3. Effects of sex and flowering frequency on leaf longevity. Two methods were
used to calculate leaf longevity (see text), both yielded the same pattern of results

Life expectancy Longevity

df MS P df MS P

Sex 1 1·430 0·798 1 102·0 0·288
Flowering frequency 2 118·0 0·006 2 391·2 0·015
Sex× flowering frequency 2 17·07 0·457 2 0·723 0·992
Error 91 21·60 93 89·23
Total 96 98
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None the less, the observed differences in allocation
to photosynthetic vs support tissues could have a
significant impact on leaf display, and consequently
on whole plant carbon gain in S. grandiflora.

The demonstration of a differential pattern of
growth between the sexes is an indication that that
there are costs or constraints for each sex inherent in
the other sex’s growth strategy. If females display
smaller leaves on thinner branches, they might maxi-
mize interception of direct light relative to males,
and might do so at a lower cost in stem allocation.
However, if such a strategy was superior, and with-
out cost, we would expect no difference between the
sexes. Perhaps female stems are more vulnerable to
damage from disease or falling debris. Elsewhere I
argued that males allocate resources to reproduction
from current resource supplies, rather than by rely-
ing heavily on stored resources (Nicotra 1999).
Thus, for males, large leaves supported on more
solid stems might fix enough carbon to pay for
reproduction from current photosynthate, alleviating
dependence on stored reserves, even though these
leaves are not displayed optimally for direct light

interception. Ecological differentiation evolves in
response to selection to optimize fitness of each
reproductive strategy and to reduce long-term costs
of reproduction. The costs of and constraints to the
evolution of such differentiation may not be immedi-
ately apparent. In the case of S. grandiflora, the
demonstration of differential growth presents some
interesting hypotheses about the evolution of sexual
dimorphisms in ecological traits.

IS THERE A TRADE-OFF BETWEEN GROWTH AND

REPRODUCTION?

At some scale there must be a trade-off between
growth and reproduction, as resources allocated to
reproduction cannot be simultaneously allocated to
growth, however, selection will act to reduce the
long-term costs of reproduction. The present study
provides no evidence of long-term costs of reproduc-
tion in terms of growth or leaf life spans. Rather,
there was a significant positive relationship between
flowering frequency and growth and leaf life span in
both sexes. Indirectly, the present study does demon-
strate negative effects of reproduction on growth. If
females had both greater growth capacity than
males, and showed no negative effects of reproduc-
tion, then female growth should actually exceed that
of males. In previous work I demonstrated a signifi-
cant negative impact of reproduction on growth by
females during the period of fruit maturation
(Nicotra 1999). Given the greater growth capacity of
females, it is not surprising that when multiple repro-
ductive events are considered, females compensate
for short-term negative effects of reproduction on
growth so that there is no general trend toward
growth reduction. Notably, the results of the present
study, like those of my previous work, found no
detectable costs of reproduction on growth in males
(Nicotra 1999).

Why then did females that flowered in all 3 years
grow more than other females? Although the sexes are
not distributed differentially with regard light, in both
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Fig. 4. Mean (± SE) leaf longevity classified by sex and
flowering frequency in the three seasons of the study.
Different letters denote significant differences between
flowering frequencies according to Scheffé post-hoc tests.
Females are represented as solid bars, males as hatched bars.

Table 4. Results of ANCOVA examining sex differences in
relationship between total plant leaf area and leaf number in
S. grandifloracuttings

Log (leaf area)

df MS P

Sex 1 0·349 ≤ 0·033
Log(leaf number) 1 42·18 ≤ 0·001
Sex× log(leaf number) 1 0·609 ≤ 0·005
Error 122 0·075
Total 125

Fig. 5. The relationship between stem biomass and stem
length for harvested naturally occurring S. grandiflora
plants (n = 19 per sex).



sexes, flowering frequency is positively correlated
with light availability and infrequently flowering
females require higher light levels than males of
equivalent flowering frequency (Nicotra 1999).
Likewise, in both sexes, growth is positively corre-
lated with light availability. Based on these results, I
suggest that the positive correlation between growth
and reproduction demonstrated in the present study
indicates that plants that have favourable resource
conditions are vigorous enough to grow quickly and
that these plants therefore can also afford to rep-
roduce frequently.

Conclusions

Observed vegetative differentiation in dioecious
species may reflect innate differences between the
sexes or artefacts of different reproductive history. In
S. grandiflora, pre-reproductive and newly reproduc-
tive females had significantly greater stem growth and
leaf production than males. This pre-reproductive
growth difference indicates that there are indeed
innate differences between the sexes. As mature
females of varying size and age achieved on average
growth equivalent to that of males, despite greater
reproductive allocation and greater associated costs, it
is likely that the greater growth capacity observed in
young plants is sustained in older females and has
evolved in response to selection to reduce long-term
costs of reproduction.
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