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® Background and Aims The cost of reproduction in dioecious plants is often female-biased. However, several
studies have reported no difference in costs of reproduction between the sexes. In this study, the relative reproductive
allocation and costs at the shoot and whole-plant levels were examined in woody dioecious Rhus javanica and
R. trichocarpa, in order to examine differences between types of phenophase (i.e. physiological stage of
development).

e Methods Male and female Rhus javanica and R. trichocarpa were sampled and the reproductive and vegetative
allocation of the shoot were estimated by harvesting reproductive current-year shoots during flowering and fruiting.
Measurements were made of the number of reproductive and total current-year shoots per whole plant, and of the
basal area increment (BAI). The numbers of reproductive and total current-year shoots per 1-year-old shoot were
counted in order to examine the costs in the following year at the shoot level.

o Key Results A female-biased annual reproductive allocation was found; however, the ratio of reproductive current-
year shoots per tree and the BAI did not differ between sexes in Rhus javanica and R. trichocarpa. The percentage of
1-year-old shoots with at least one reproductive current-year shoot was significantly male-biased in R. trichocarpa,
but not in R. javanica, indicating that there was a relative cost at the shoot level only in R. trichocarpa. The female-
biased leaf mass per shoot, an indicator of compensation for costs, was only found in R. javanica.

e Conclusions Relative reproductive costs at the shoot level were detected in Rhus trichocarpa, which has simul-
taneous leafing and flowering, but not in R. javanica, which has leafing followed by flowering. However, the
costs for the whole-plant level were diminished in both species. The results suggest that the phenophase type
may produce the different costs for R. javanica and R. trichocarpa through the development of a compensation

mechanism.
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INTRODUCTION

Plants partition their limited resources among functions
such as growth, maintenance and reproduction (e.g.
Willson, 1983; Bazzaz er al., 1987); when a plant increases
resource allocation to reproduction from its limited
reserves, the allocation to the other functions is reduced.
Due to this trade-off, differences in reproductive allocation
are believed to result in relative differences in life history
traits (e.g. stem growth, flower and fruit production in the
following year). Studies have focused on this trade-off
between reproductive allocation and life-history traits (e.g.
Delph, 1999), because the trade-off may reflect the
balance between fecundity and survival probability (e.g.
Iwasa and Cohen, 1989; Klinkhamer et al., 1997; de Jong
and Klinkhamer, 2005).

In dioecious plants, in which female and male reproduc-
tive functions occur on different plants, more resources are
typically invested in reproduction in female plants than in
male plants (Lloyd and Webb, 1977; Obeso, 1997). Many
authors have reported sexual dimorphisms in life history
traits, such as reduced vegetative growth (Allen and
Antos, 1993; Cipollini and Whigham, 1994; Rocheleau
and Houle, 2001; Banuelos and Obeso, 2004), smaller

* For correspondence. E-mail shuhei @kais.kyoto-u.ac.jp

plant size (Hoffmann and Alliende, 1984; Popp and
Reinartz, 1988) and less frequent flowering (Agren, 1988;
Oyama, 1990; Cipollini and Stiles, 1991) in females than
in males. It has been proposed that sexual dimorphisms in
life history traits (e.g. vegetative growth, plant size and
reproduction in the following years) indicate the relative
reproductive costs resulting from different allocation to
reproduction between the sexes (Lloyd and Webb, 1977;
Delph, 1999). However, some studies have reported that
vegetative growth in male and female plants did not differ
significantly, despite the larger reproductive allocation in

females than in males (Sakai and Burris, 1985;
Lovett-Doust and Lovett-Doust, 1988; Cipollini and
Stiles, 1991). These reports suggest that not all the

species examined showed the relative reproductive cost
between the sexes.

Several studies have focused on the modularity of woody
species, which are hierarchically constructed by reiteration
of modules such as leaves, shoots, branches and stems
(White, 1979). The modules reflecting the relative repro-
ductive costs differ among species (Cipollini and
Whigham, 1994; Obeso, 1997; Baifiuelos and Obeso,
2004). For example, reproductive costs were noticeable at
the genet, ramet, shoot and leaf levels in Lindera benzoin
(Cipollini and Whigham, 1994). Conversely, in Rhamnus
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alpinus reproductive cost could be detected at the
whole-plant level, but not at the branch level (Bafiuelos
and Obeso, 2004). Hence, the reproductive cost at one
module level (i.e. leaf, shoot and branch) may not reflect
the cost at the whole-plant level. In addition, the degree
of modular integration in resource allocation can vary
depending on the timing and stage of reproduction (e.g.
Mitchell et al., 2004). These results suggest that reproduc-
tive allocation in dioecious plants may be related to the
level of the modules and the phenology of reproduction,
which delineate the relative reproductive costs between
males and females.

Some studies have suggested that female-biased repro-
ductive allocations are compensated through several sex-
specific mechanisms, such as the timing of vegetative and
reproductive allocation (Delph, 1990; Milla et al., 2006),
microhabitat partitioning (Dawson and Ehleringer, 1993),
and photosynthesis by fruits (Watson and Casper, 1984).
These compensation mechanisms can result in equal repro-
ductive costs in males and females (see Obeso, 2002).
Delph (1990) found that differences in the timing of vege-
tative and reproductive allocation allow female plants of
Hebe subalpina, which flowers after a period of vegetative
growth, to compensate for the reproductive costs; females
allocate more resources to vegetative growth at pre-anthesis,
due to smaller reproductive allocation at flowering than
males. These results suggest that annual vegetative growth
between sexes is equivalent, although the study was only
at one modular level. However, cost compensation by
more intensive vegetative allocation in females was not
detected in other species that flower early in the growing
season, e.g. Lindera benzoin (Cipollini and Whigham,
1994) and lIlex aquifolium (Obeso, 1997). The notable
point of these studies is that the relative reproductive
costs may differ depending on the types of phenophase
(i.e. physiological stage of development), because cost
compensation through intensive vegetative allocation at pre-
anthesis does not overlap with resource-demanding activi-
ties such as leafing and reproductive allocation in
phenophase-sequencers, but does overlap with resource-
demanding activities in the early growing season in
phenophase-overlappers.

Rhus javanica and R. trichocarpa (Anacardiaceae) are
dioecious, deciduous woody species. Both trees have
leaves that open at about the same time in spring, but
they differ in flowering phenology. Rhus javanica has
large terminal inflorescences and flowers in late August,
whereas R. trichocarpa has axillary inflorescences and
flowers in June (Kato efr al., 1990). These differences in
phenology imply that the periods of leafing and developing
inflorescences in R. trichocarpa would overlap (i.e.
phenophase-overlapper), whereas those in R. javanica
would occur in sequence (i.e. phenophase-sequencer).
Therefore, on the basis of previous literature, we would
expect that: (1) females incur higher reproductive costs
than males in R. javanica and R. trichocarpa; and (2)
R. javanica, which first produces leaves and then allocates
resources to reproduction, has lower reproductive costs
than R. trichocarpa, where leafing and reproductive allo-
cation occur simultaneously.
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The objectives of this comparative study therefore were:
(1) to clarify differences in relative reproductive cost
between males and females by comparing reproductive
allocation in R. javanica and R. trichocarpa at the shoot
and whole-plant level; (2) to compare species-specific
reproductive allocation; and (3) to consider the mechanisms
that cause differences in relative reproductive costs between
sexes and species.

MATERIALS AND METHODS
Study site

The study was conducted at the Asiu Forest Research
Station (AFRS) of Kyoto University, in the northern part
of Kyoto Prefecture, western Japan (35°18'N, 135°43’ E;
elevation 750 m a.s.l.). The mean air temperature
and annual precipitation at the closest weather station are
119 °C and 2298-3 mm, respectively (Kyoto University
Field Science Education Research Center, 2007). The
study area is covered by a cool-temperate conifer—
hardwood forest, dominated by the evergreen conifer
Cryptomeria japonica and deciduous broad-leaf species
such as Fagus crenata, Acer sieboldianum and Quercus
crispula (Hirayama and Sakimoto, 2003).

Study species

Rhus trichocarpa and R. javanica (Anacardiaceae) occur
naturally throughout the mountains and foothills of south-
eastern to eastern Asia, including from Hokkaido to
Okinawa in Japan, and in Korea and China (Ohwi and
Kitagawa, 1992). Both species are commonly found on dis-
turbed sites, and R. javanica is usually larger than
R. trichocarpa.

Rhus trichocarpa has axillary inflorescences with numer-
ous flowers, whereas R. javanica has terminal and raceme
inflorescences with numerous flowers on current-year
shoots (Fig. 1). The sexes of flowers of R. javanica
and R. trichocarpa are distinguished by colour: in
R. javanica, male pollen-producing flowers are whitish-
yellow, whereas female flowers are whitish; in
R. trichocarpa, male flowers are yellowish (due to
the anthers) whereas female flowers are greenish
(S. Matsuyama, pers. obs.). To describe leafing and flower-
ing phenology of R. javanica and R. trichocarpa, six trees
(three males, three females) were selected for each
species, and five current-year shoots per tree were marked
on 1 May, 2004. For the marked shoots, the number of
unfolded leaves per shoot was counted once a week. At
the same time, the following dates were recorded: (1)
appearance of developing inflorescences; (2) flower
opening; and (3) fruit development. According to our semi-
quantitative survey, leaf production and shoot elongation
ceased in June in R. trichocarpa and in July in
R. javanica (Fig. 2). In R. javanica, developing inflores-
cences appear after all leaves have unfolded, and anthesis
occurs in late August, whereas R. ftrichocarpa simul-
taneously develops inflorescences and leaves in spring,
and flowers open as soon as all leaves have unfolded.
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Fi1G. 1. Sketch of a current-year shoot at anthesis: (A) Rhus javanica and
(B) R. trichocarpa.

There were no trees that changed sex during this study. Rhus
Jjavanica and R. trichocarpa mainly grows from seedlings,
although R. trichocarpa sometimes forms clump
(S. Matsuyama, pers. obs.). The seedlings of R. javanica
and R. trichocarpa probably originated from parents
within the study site, because both species were scattered
around the roadside in Research Station.

Experimental design

In 2001, 40 trees of R. javanica (20 male, 20 female)
and 50 of R. trichocarpa (25 male, 25 female) were ran-
domly selected, which were all reproductively mature
and in unshaded areas, such as the forest edge at the road-
side. The genotypes of the selected trees were not investi-
gated. Twenty trees each (ten males, ten females) of
R. javanica and R. trichocarpa were used to examine
whole-plant reproductive behaviour and vegetative
growth from 2001 to 2004. Ten trees (five males, five
females) of each species were used for shoot sampling
in order to examine reproductive and vegetative

A M J J A S (@] N D
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F1G. 2. Phenology of leafing, flowering and fruiting in Rhus javanica and
R. trichocarpa in 2004. Leafing: the box indicates the period from the date
when the first leaf unfolded on at least one tree to the date when the number
of leaves per shoot was maximum on all three trees; the bar indicates the
date on which 80 % of the maximum leaf number was defoliated for all
three trees. Flowering: the bar indicates the date on which a developing
inflorescence was first observed on at least one tree; the box indicates
the period when an open flower was observed on at least one tree.
Fruiting: the box indicates the period from when a developing fruit was
first observed on at least one tree, to the end of leafing.

allocation.  Shoot sampling was conducted for
R. javanica in 2002, and for R. trichocarpa in 2003. For
investigation of shoot reproductive costs, ten trees (five
males, five females) of R. javanica and 20 trees (ten
males, ten females) of R. javanica were used in 2002.
The diameter at breast height (DBH), tree height and
number of current-year shoots per tree were measured
for all trees (Appendix); the ranges of these parameters
overlapped between sexes for the two species.

Whole-plant reproductive allocation and vegetative growth

The basal area increment (BAI) of selected trees was
measured in order to examine differences in vegetative
growth between sexes at the tree level. DBH was measured
at fixed point in April (DBHApr) and December (DBHDec)
in 2003 and 2004, and BAI was calculated as:

BAI = 0-25 x 7 x [(DBHpec)? — (DBHap)?]

The number of current-year shoots per tree and the ratio
of reproductive to total current-year shoots per tree was also
monitored from 2001 to 2004. A record was made as to
whether each current-year shoot produced an inflorescence.
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Shoot reproductive allocation, costs and vegetative allocation

Six current-year shoots with inflorescences from trees of
R. javanica were randomly harvested in August 2002 (30
male, 30 female), and four current-year shoots with inflor-
escences from trees of R. trichocarpa (20 male, 20 female)
in June 2003, when both species reached anthesis. These
samples were divided into shoots, leaves and inflorescences,
and the number of leaves and inflorescences per shoot was
determined. One inflorescence was selected from each
sampled shoot, and the number of flowers per inflorescence
was determined. In addition, leaf area per leaf was
measured for five leaves from each sampled shoot in
order to calculate the specific leaf area (150 male, 150
female in R. javanica; 100 male, 100 female in
R. trichocarpa). Twenty flowers per inflorescence from
trees of both species were collected and weighed (five
males, five females in each case). Using the same females
selected in the flowering sampling, current-year shoots
with infructescences were harvested in October, when the
fruits of both species were ripe: three shoots from female
R. javanica (15 infructescences) and four shoots from
female R. trichocarpa (20 infructescences). The ranges of
the sampled shoot lengths overlapped between the
samples at flowering and at fruiting time (see Table 1).
One infructescence from the sampled shoot was selected
and the number of individual fruits within it was counted.
All samples were then dried for 48 h at 80 °C and weighed.

The weight of inflorescences per shoot was defined as the
annual reproductive allocation per shoot of each male
(RAmate)- The annual reproductive allocation per shoot of
each female tree (RAt.mae) Was calculated as:

RAfemale =D Winfru + (N flower — Nfruits) x D Wﬂower X Ninﬂo

where DWinfru’ DWﬂowerv Nﬂowerv Nfruits and Ninﬂo denOte’
respectively, the dry weight of infructescences per shoot,
the dry weight of a flower, the number of flowers per inflor-
escence, the number of fruits per infructescence, and the
number of inflorescences per shoot. The dry average
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weight of a flower was calculated from the dry weight of
20 flowers.

The reproductive shoot production and reproductive per-
formance in the following year were investigated for all
reproductive 1-year-old shoots in order to evaluate the
cost for subsequent reproduction at the shoot level. For
the selected trees, all 1-year-old shoots were classified as
vegetative or reproductive based on the inflorescence scar.
For each 1-year-old shoot, the numbers of reproductive
and total current-year shoots per 1-year-old shoot were
counted, and the percentage of reproductive current-year
shoots per reproductive 1-year-old shoot was calculated
(246 male, 271 female in R. javanica; 204 male, 102
female in R. trichocarpa). The effect of sex on reproductive
performance in the following year (2002) was investigated
at the shoot level, with the type of 1-year-old shoot also
being considered (i.e. vegetative or reproductive). Twenty
I-year-old shoots (ten vegetative, ten reproductive) per
tree for R. javanica and ten 1-year-old shoots (five vegeta-
tive, five reproductive) per tree for R. trichocarpa were ran-
domly selected to make a total of 100 1-year-old shoots (50
vegetative, 50 reproductive) for both sexes of both species,
and the status of current-year shoots for each selected
1-year-old shoot was recorded. Both RAus species form a
thin monolayer canopy (S. Matsuyama, pers. obs.), but pos-
ition within the canopy was not considered for the selected
shoots. The status of 1-year-old shoots in the next year was
defined as reproductive when the 1-year-old shoots had at
least one reproductive current-year shoot, or vegetative
when the 1-year-old shoots had no reproductive current-
year shoots.

Statistical analysis

All statistical analyses were performed using the software
R 2:4.0 (R Development Core Team, 2006). The effect of
sex was examined for all analyses in this study. A linear
mixed model (LMM; ‘LME’ in the NLME package) was
used for the basal area increment, and a generalized
linear mixed model (GLMM; ‘GLMM-PQL’ in the R
package MASS; Venables and Ripley, 2002) was used for

TaBLE 1. Annual reproductive allocation and related parameters for shoots sampled at flowering and fruiting from female
and male trees of Rhus javanica in 2003 and R. trichocarpa in 2004. Values are mean + s.e.

R. javanica R. trichocarpa

Variable Female (5) Male (5) P Female (5) Male (5) P
Shoot length at flowering (cm) 20-50 + 3-74 (30) 19-69 + 3-59 (30) 0721 9-08 + 1-19 (20) 871 + 0-90 (20) 0-859
Weight of inflorescences per shoot (g) 2-44 4+ 0-24 (30) 6-44 + 0-72 (30) <0-001 097 +£0-21 (20) 2-08 £+ 0-23 (20) 0-039
No. flowers per inflorescence 2492-0 + 2737 (30) 9683-3 + 1326-3 (30) 0-004 2532 +32-4 (20) 280-9 + 30-3 (20) <0-001
No. inflorescences per shoot 1-0 + 0-0 (30) 1-0 + 0-0 (30) 1-000 4.3 + 04 (20) 6-8 +0-3(20) <0-001
Dry weight of 20 flowers (mg) 10-90 + 1-61 (5) 9-58 + 0:99 (5) 0-505 342 4+ 046 (5) 6:96 + 0-64 (5) 0-028
Shoot length at fruiting (cm) 19-22 + 1-40 (15) 7-81 £+ 0-49 (20)

Weight of infructescences per shoot (g) 12:51 + 1-13 (15) 531 + 0-99 (20)

No. fruits per infructescence 11673 + 1295 (15) 722 + 10-2 (20)

Annual reproductive allocation per shoot (g)  12-40 + 1-39 (5) 644 + 161 (5) 0-013 5354+ 114 (5) 2:08 + 035 (5) 0-043

Numbers in parentheses indicate sample size.

Values of P are from LMM for sampled shoot length at flowering; from #-tests for annual reproductive allocation, weight of inflorescences per shoot
and dry weight of 20 flowers; and from GLMM-PQL for numbers of flowers per inflorescence, fruits per infructescence and inflorescences per shoot.
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the number of current-year shoots per tree and for the ratio
of reproductive to total current-year shoots per tree. The
effects of year and interaction between sex and year, and
the random effect of tree height were also analysed for
the analysis of whole plant reproductive cost. GLMMs
were used with a Poisson error and a log-link function for
count data, and with a binomial error and a log-link func-
tion for ratio data. The LMM and GLMMs were used for
multi-comparisons using Bonferroni’s correction.

The effect of sex on the annual reproductive allocation
per shoot and the dry weight of 20 flowers was analysed
using #-tests. The effect of sex analysed by using a LMM
(‘LME’ function in the NLME package) for the weight of
inflorescences, leaves per shoot, leaf weight per shoot,
leaf area per leaf and specific leaf area, and a GLMM
(‘GLMM-PQL’ in the R-package MASS; Venables and
Ripley, 2002) was used for the number of flowers per inflor-
escence and the number of leaves per shoot, in order to con-
sider the random factor of variance within an individual.
The GLMMs were used with a Poisson error and a
log-link function. The effect of sex on the number of
current-year shoots and the percentage of reproductive
current-year shoots per reproductive 1-year-old shoot were
analysed by using a LMM (‘LME’ function in the NLME
package) to consider the variance within an individual as
a random factor. Data for the number of current-year
shoots and the percentage of reproductive current-year
shoots per reproductive 1-year-old shoot were log- and
arcsine-transformed, respectively.

The effects of sex on the percentage of reproductive
shoots in the following year on reproductive and vegetative
1-year-old shoot was analysed by using a GLMM with
binomial error and a log-link function, in order to consider
the variance within an individual as a random factor. The
effect of the type of 1-year-old shoot (i.e. reproductive or
vegetative) and the interaction between sex and the
type of 1-year-old shoot were also analysed. For
R. trichocarpa, the effects of the type and sex of 1-year-
old shoots was analysed; however, it was not possible to
analyse their interaction because the percentage of
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reproductive shoots in the following year on a reproductive
1-year-old shoot of females was zero.

RESULTS
Shoot annual reproductive allocation

For individual reproductive shoots, the annual reproductive
allocation per shoot of female Rhus javanica was approx.
19 times that of males; for female R. trichocarpa it was
approx. 2-6 times that of males, because infructescences
are much heavier than inflorescences (Table 1). Conversely,
the weight of inflorescences per shoot of R. javanica males
was approx. 2-6 times that of females, and that of
R. trichocarpa males was approx. 2-1 times that of
females, because males had more inflorescences per
shoot, more flowers per inflorescence and heavier flowers
than females (Table 1).

Whole-plant reproductive costs

The effects of year, sex and their interaction with respect
to the BAI were not statistically significant in either species
(Table 2).

The ratio of reproductive to total current-year shoots per
tree was not significantly different between males and
females for each year for both R. javanica and
R. trichocarpa (GLMM-PQL, sex: R. javanica, d.f. =17,
t =0-835, P=0-415; R. trichocarpa, d.f. =17, t = 1-795,
P =0-089; Fig. 3); however, the ratio of reproductive to
total current-year shoots per tree was significantly different
among years (GLMM-PQL, year: R. javanica, d.f.= 3,
t =3-102, P =0-003; R. trichocarpa, d.f. =3, t = 3-167,
P < 0-001). For R. javanica, the ratio of reproductive to
total current-year shoots per tree was highest in 2004 and
lowest in 2003, whereas the ratio in 2001 was significantly
higher than that in 2002 and 2004 in R. trichocarpa (Fig. 3).
In terms of the number of current-year shoots per tree, the
effects of the interaction between year and sex were not
significant for either species, although the number of

TaBLE 2. Basal area increments (BAI) for male and female trees of Rhus javanica and R. trichocarpa in 2003 and 2004.

(A) Means and s.e. Numbers in parentheses indicate sample size

R. javanica R. trichocarpa
Variable Female (10) Male (10) Female (10) Male (10)
BAI in 2003 (cm?) 16-063 + 2-426 13-613 + 3-548 0-905 £ 0-207 0-669 + 0-186
BAI in 2004 (cm?) 12-846 + 2.054 13-890 + 3-576 0-640 £+ 0-130 0-651 + 0-176
(B) t- and P- values from LMM
R. javanica R. trichocarpa

Variable d.f. t P d.f. t P
Sex 1 1.504 0-149 1 0-507 0-618
Year 1 0-818 0-423 1 1-198 0-246
Sex x Year 3 0-970 0-345 3 1-051 0-307




1396

Matsuyama and Sakimoto — Reproductive Allocation and Costs in Dioecious Trees

Rhus javanica Rhus trichocarpa
400 A |® Males 50 B
g O Females cd |
Zg 00r ] be ?cd 40 ¢ beSd
= bc
g g % % é Vfaa 2 %
32 2001 b 1O ¢
53 - o) 20f ?é
38 | @a
c® 100r— QO L
S 10
z
O 1 1 1 O 1 1 1
B 1.0 1
z C 0 D
23 d
2, 087 08
é-g 06 bé os-ﬁcd 2ted
S ® : .
S 3 ab@  3Pap ¢ @ %abcd
e ,,l00 @9 04 o
S a
oo ®: 02 abcd ab
T 5 027 27
c3 0 éabc * a
% 1 1 1 O 1 o 1 1 o
= 2001 2002 2003 2004 2001 2002 2003 2004
Year Year

FiG. 3. (A, B) Number of current-year shoots per tree and (C, D) ratio of reproductive to total current-year shoots per tree for female and male Rhus
Javanica (A, C) and R. trichocarpa (B, D). Bars indicate s.e. and different letters indicate statistical differences at P = 0-05 from a two-group comparison
using a general linear mixed model (GLMM-PQL, with Bonferroni’s correction).

current-year shoots per tree significantly increased with time
(years) for both R. javanica and R. trichocarpa (Fig. 3).

Shoot reproductive costs

In R. javanica, the percentage of reproductive current-
year shoots was significantly larger on reproductive
1-year-old shoots than on vegetative 1-year-old shoots
(Table 3), whereas the effects of sex and the interaction

between the type of 1-year-old shoot and sex was not sig-
nificant. In R. trichocarpa, the percentage of reproductive
current-year shoots on I-year-old shoots for females was
significantly smaller than that for males. The percentage
of reproductive current-year shoots was significantly
smaller on reproductive 1-year-old shoots than on vegeta-
tive 1-year-old shoots for R. trichocarpa (Table 3).

The effect of sex on the number of current-year shoots per
reproductive  1-year-old shoot was not significant in

TaBLE 3. Percentages of reproductive shoots in the following year (2002) on reproductive and vegetative 1-year-old shoots,

for female and male trees of Rhus javanica and R. trichocarpa
(A) Means and s.e. Numbers in parentheses indicate sample size

R. javanica R. trichocarpa
Type of shoot Female (5) Male (5) Female (10) Male (10)
Reproductive 1-year-old shoot (%) 80-0 + 4-5 (50) 82:0 + 3-7 (50) 0-0 + 0-0 (50) 8-0 + 6-3 (50)
Vegetative 1-year-old shoot (%) 18-0 + 49 (50) 14.0 £+ 6-0 (50) 80 + 6:3 (50) 18-0 + 6-6 (50)

(B) t- and P-values from GLMM-PQL

R. javanica R. trichocarpa
Variable d.f. t P d.f. t P
Sex 1 0-186 0-852 1 2-051 0-040
Type of 1-year-old shoot 1 8:325 <0-001 2-189 0-029
Sex x Type of 1-year-old shoot 3 0-572 0-567 - - -

— Interaction was not included in the analysis in R. trichocarpa, because the percentage of reproductive shoot in the following year on a
reproductive 1-year-old shoot of female R. trichocarpa was zero. For details of the experimental design see Materials and Methods.
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TaBLE 4. Number of current-year (2002) shoots and percentage of reproductive current-year shoots per 1-year-old (2001)
reproductive shoot for female and male trees of Rhus javanica and R. trichocarpa. Values are mean + s.e.

R. javanica R. trichocarpa
Variable Female (5) Male (5) P Female (10) Male (10) P
No. current-year shoots per reproductive 2-:01 +0-05 (271)  2:02 + 0-05 (246) 0920 1-08 + 0-04 (102) 0-92 + 0-04 (204) 0-409
1-year-old shoots
Reproductive current-year shoots per reproductive  56-24 + 2-48 (271) 61-83 + 238 (246) 0-385 0-00 + 0-00 (102) 5-55 + 1-55 (204) 0-028

1-year-old shoots (%)

Numbers in parentheses indicate sample size.

R. javanica and R. trichocarpa (Table 4). For R. javanica,
the number of current-year shoots per reproductive
I-year-old shoot was approx. 2-0 for both females and
males, compared with approx. 1-1 and 0-9 for females and
males, respectively, for R. trichocarpa. The percentage of
reproductive  current-year  shoots per  reproductive
1-year-old shoot on females was significantly smaller than
that on males in R. trichocarpa, but not in R. javanica
(Table 4). In addition, the percentage of reproductive
current-year shoots per reproductive 1-year-old shoot in
R. javanica was approx. 562 % and 61-8 % for females
and males, respectively, whereas it was approx. 0% and
5-6 % for females and males, respectively, in R. trichocarpa.

Shoot vegetative allocation

The vegetative allocation to shoots differed between
males and females in R. javanica, but not in
R. trichocarpa (Table 5). In R. javanica, both the number
and weight of leaves per shoot was greater for males than
for females, whereas, in R. trichocarpa there were no sig-
nificant differences between the sexes. There were no sig-
nificant differences between the sexes for leaf area per
leaf and specific leaf area for R. javanica or R. trichocarpa.

DISCUSSION

Differences in patterns of reproductive allocation,
effort and cost

The annual reproductive allocation per shoot of female trees
was significantly larger than that of males for both Rhus

Jjavanica and R. trichocarpa (Table 2). In addition, the
number of current-year shoots and the ratio of reproductive
to total current-year shoots per tree was not different
between the sexes (Fig. 3), indicating that the number and
type of shoots was not drastically different between sexes.
These results showed that the annual reproductive allo-
cation of females was larger than that of males at the
shoot and whole-plant levels for the two species.
Reproductive allocation usually depends on available
resources for individuals (e.g. light, microhabitat). For
both R. javanica and R. trichocarpa at this open site, the
total leaf and inflorescence weight per shoot for female
trees was not larger than that for males (Tables 1 and 5),
and the number and type of current-year shoots per tree
also did not differ between sexes (Fig. 3). These results
suggest that available resources at the whole-plant level
may not differ between the sexes. Therefore, the larger
reproductive allocation in females than in males was
caused by differences in resource requirements for repro-
duction between sexes, not by microhabitat or light
conditions.

Differences in the relative reproductive cost between male
and female at the whole-plant level were not detected in
R. javanica and R. trichocarpa; the ratio of reproductive
current-year shoots per tree (Fig. 3) and BAI did not differ
between the sexes (Table 2). Furthermore, the reproductive
cost at the shoot level was clear in R. trichocarpa, but not
in R. javanica (Tables 3 and 4): the reproductive perform-
ance and reproductive shoot production in the following
year were smaller in females than males in R. trichocarpa,
but not in R. javanica (Tables 3 and 4). Annual reproductive
allocation negatively correlates with vegetative growth and

TaBLE 5. Weight and number of leaves per shoot, specific leaf area and area per leaf for shoots sampled at flowering on
female and male trees of Rhus javanica and R. trichocarpa. Values are mean + s.e.

R. javanica R. trichocarpa
Variable Female (5) Male (5) P Female (5) Male (5) P
Weight of leaves per shoot (g) 20-72 + 1-61 (30) 16-09 + 1-52 (30) 0-012 12:25 + 122 (20) 13:96 + 1-51 (20) 0-461
No. leaves per shoot 114 + 0-5 (30) 93 + 0-5 (30) 0-013 9-1 + 02 (20) 9:6 + 0-3 (20) 0-605
Specific leaf area (cm? g’l) 239-3 + 92 (150) 257-5 + 11-0 (150) 0-440 173-1 + 7-7 (100) 163-3 + 7.0 (100) 0-657
Area per leaf (cm?) 132:9 + 1-8 (150) 139-8 + 2-1 (150) 0-181 113-2 + 2-4 (100) 109-5 + 2.2 (100) 0-558

Numbers in parentheses indicate sample size.

Values of P are from #-tests for the weight of leaves per shoot, from LMM for area per leaf and specific leaf area, and from GLMM-PQL for number

of leaves per shoot.
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subsequent reproduction at the whole-plant level in most
dioecious plants; the larger annual reproductive allocation
in females than in males results in less vegetative growth
(Allen and Antos, 1993; Cipollini and Whigham, 1994,
Rocheleau and Houle, 2001; Banuelos and Obeso, 2004),
less subsequent growth (Obeso, 1997; Baﬁuelo§ and
Obeso, 2004) and less subsequent reproduction (Agren,
1988; Popp and Reinartz, 1988; Oyama, 1990; Cipollini
and Stiles, 1991; Nicotra, 1999) in females than in males.
Furthermore, several studies have shown that reproductive
costs might be detected at both whole-plant and lower-
module levels (Cipollini and Whigham, 1994; Obeso,
1997). Therefore, the annual reproductive allocation in
R. javanica and R. trichocarpa in this study suggest that
larger reproductive costs of females should be observed in
vegetative growth and reproduction at the shoot and/or
whole-plant level for both species. However, the results indi-
cated that the relative reproductive costs at the whole-plant
level in R. javanica and R. trichocarpa differ from those at
the shoot level. Bafiuelos and Obeso (2004) found less
growth in females than in males in Rhamnus alpinus at the
individual level, but not at the shoot or the branch level,
and suggested that the degree of the trade-off between repro-
duction and other functions was different at the different
module levels, because the whole plant may consisted of
subunits that are physiologically different (Watson and
Casper, 1984; Sprugel et al., 1991; Obeso et al., 1998).
Therefore, the results of our study may reflect the fact that
the trade-off between current and subsequent reproduction
at shoot level was different from that at the whole-plant
level in R. trichocarpa, suggesting that the relative reproduc-
tive costs at lower-module levels might not only enhance but
may also diminish the whole-plant costs through the inte-
gration of modules in woody species.

In R. trichocarpa, the relative reproductive costs were
detected at the shoot level but not at the whole-plant
level (Tables 2—-4, Fig. 3). Cipollini and Stiles (1991)
reported equivalent vegetative growth between the
sexes and lower flowering frequency of females than
males in Nyssa sylvatica. These authors suggested that,
in their whole-plant study, the trade-off between current
and subsequent reproduction counterbalanced the
trade-off between reproduction and vegetative growth.
Therefore, the reduced future reproductive allocation at
the shoot level might counterbalance the relative repro-
ductive cost of the other functions at the shoot and the
whole-plant level; thus the cost between the sexes at the
whole-plant level might not have been apparent in
R. trichocarpa.

On the other hand, relative reproductive costs were not
detected at either the whole-plant or shoot level in
R. javanica. Several dioecious plants show no difference
between sexes in reproductive costs, but they have compen-
sative mechanisms, such as larger resource allocation to
leaves and drastically different flowering phenology of
sexes (Delph, 1999). Thus, no obvious relative reproductive
cost in R. javanica might result from a compensative mech-
anism. In R. javanica, the number and weight of leaves per
shoot were significantly higher in females than in males, but
this trend was not observed for R. trichocarpa (Table 5),
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indicating that both vegetative and reproductive allocation
per shoot are larger in females than males in R. javanica
but not in R. trichocarpa. Higher vegetative and reproduc-
tive allocation in females than males has been reported in a
number of studies (Popp and Reinartz, 1988; Korpelainen,
1992; Bram and Quinn, 2000). Popp and Reinartz (1988)
showed that females of Xanthoxylum americanum allocated
more biomass to the growth of leaves on flowering shoots
and to reproductive tissue than males, and proposed that a
greater investment in leaf tissue for flowering and fruiting
may be required to support the additional energy drain of
developing fruits. Thus, females of R. javanica might com-
pensate for the investment in reproduction by developing
additional leaves on reproductive current-year shoots.
Furthermore, the results for number and percentage of
current-year shoots per reproductive 1-year-old shoot
showed that the average 1-year-old shoot produces one
vegetative and one reproductive current-year shoot in
R. javanica (Table 4). Sprugel et al. (1991) found that
when local sources of photosynthate are eliminated (e.g.
by shoot defoliation), there is an influx of photosynthate
from other plant parts. Obeso (1998) demonstrated that in
llex aquifolium, fruit production on completely defoliated
branches did not differ from that on untreated branches,
suggesting that neighbouring shoots contribute to fruit
maturation when local photosynthate production is
reduced. Hence the number and type of current-year
shoots per reproductive 1-year-old shoot suggest that the
neighbouring shoots might also help to compensate for
reproductive costs in R. javanica. However, in this
species, the additional leaves on reproductive shoots may
be more important for cost compensation in females than
resource transport from neighbouring shoots, because
there were no obvious differences between sexes in the
number and type of neighbouring shoots (Table 4).

Differences between species in phenology patterns

Reproductive costs at the shoot level were detected in
R. trichocarpa but not in R. javanica, whereas larger vege-
tative allocation to shoots was detected in R. javanica but
not in R. trichocarpa. These results suggest that vegetative
allocation at the shoot level may be related to differences in
the costs at the shoot level between the species. Typically,
the amount of vegetative and reproductive allocation
depends on resource availability: e.g. habitat (Popp and
Reinartz, 1988) and phenology pattern (Shitaka and
Hirose, 1998). Therefore, in our comparative study of two
Rhus species at an open site, the difference between
species in resource use might reflect, at least, differences
in the phenophase between species (i.e. physiological
stage of development).

The leaf phenological patterns of R. javanica and
R. trichocarpa do not differ between the species, whereas
the flowering and fruiting phenology patterns do:
R. javanica is a phenophase-sequencer, with leafing fol-
lowed by flowering and fruiting, whereas R. trichocarpa
is a phenophase-overlapper, simultaneously producing
leaves and flowers, followed by fruiting (Fig. 2). Rhus java-
nica and R. trichocarpa also have differences in shoot
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architecture; R. javanica forms terminal inflorescences
whereas R. trichocarpa has axillary inflorescences on
current-year shoots (Fig. 1). Kudo (2006) showed that
abiotic and biotic factors (i.e. pollination, herbivory, seed
dispersal and germination) relate to the evolution of flower-
ing phenologies. In a conceptual model study, Diggle
(1999) suggested that shoot architecture enhances or con-
strains the evolution of flowering phenology through vege-
tative development patterns, such as leaf production pattern.
Therefore, the differences in flowering and fruiting phenol-
ogies between R. javanica and R. trichocarpa may have
developed through different shoot architectures. However,
several studies have shown that allocation to fruits is the
single largest component of resource allocation (e.g.
Allen and Antos, 1988; Antos and Allen, 1994) and there-
fore the timing of fruit development can be an important
factor when considering overall allocation of reproductive
resources. Therefore the difference in relative reproductive
cost between a phenophase-overlapper and a phenophase-
sequencer might reflect the different timing of allocation
of resources to flowering and fruiting during an annual
growing season.

Females of several sequencers show larger vegetative and
reproductive allocation than do males (Conn and Blum,
1981; Delph, 1990; Korpelainen, 1992; Bram and Quinn,
2000). Delph (1990) found that female Hebe subalpina,
which has vegetative allocation before flowering, allocates
more resources to vegetative tissues than males do in the
early growing season, resulting in the compensation of
larger reproductive allocation for females. Larger vegeta-
tive and reproductive allocation in females has also been
reported in dioecious annual herbs such as Rumex acetosa
(Korpelainen, 1992) and Amaranthus cannabinus (Bram
and Quinn, 2000). In general, annual herbs form flowers
following periods of vegetative growth, i.e. they are
phenophase-sequencers. Such studies suggest that the com-
pensation mechanism of additional vegetative allocation for
females is not specific to R. javanica, and also suggest that
the compensation mechanism is related to the sequencer’s
phenology pattern. In contrast, for phenophase-overlappers,
vegetative and reproductive allocations early in the growing
season are a trade-off for available resources. In Styrax
obassia, which flowers in early summer, Miyazaki et al.
(2002) found that leaf mass per area and leaf nitrogen con-
centration were lower in reproductive than in non-
reproductive shoots, but the number of leaves did not
differ between shoot types, thus indicating a trade-off
between vegetative and reproductive allocation early in
the growing season in phenophase-overlappers. The
trade-off in the early growing season may prevent
compensation through additional leaf production in
phenophase-overlappers because (1) additional vegetative
allocation decreases reproductive allocation to flowering,
and (2) the diminished reproductive allocation at flowering
may also decrease the attractiveness to pollinators and
hence the chance for mating. This study showed that the
type of phenophase might be related to differences in leaf
production between sexes in the two Rhus species. The
results also suggest that the type of phenophase (e.g.
leafing and flowering phenology) affects reproductive
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costs at the shoot and whole-plant levels through the
development of compensation mechanisms.
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APPENDIX

Ranges of height, DBH and number of current-year shoots
per tree for selected female and male trees of Rhus javanica
and R. trichocarpa in 2001. Sample sizes are given in
brackets.

(A) For monitoring of the basal area increment, the number of
current-year shoots and the ratio of reproductive to total current-
year shoots per whole plant

R. javanica R. trichocarpa

Variable Female (10) Male (10) Female (10)  Male (10)
Height (m) 57-94 5-5-10-5 2:1-52 2:4-4.9
DBH (cm) 7-8-13-6 8-:5-20-0 1.2-7-1 1.7-7-1
No. of 33-157 20-286 6-49 5-59

current-year
shoots per tree

(B) For shoot harvesting

R. javanica R. trichocarpa

Variable Female (5) Male (5) Female (5) Male (5)
Height (m) 59-8-0 5-3-8-7 3.5-51 2-4-4.5
DBH (cm) 5-4-15-7 83-152 3.0-63 2:5-5-0
No. of current-year ~ 58-245 58-239 13-31 8-49

shoots per tree

(C) For counting the number of reproductive and total current-
year shoots per 1-year-old shoot

R. javanica R. trichocarpa
Variable Female (5) Male (5) Female (10) Male (10)
Height (m) 5-1-94 5:5-9-0 3.6-52 3.0-4.7
DBH (cm) 10-6-140  84-152 2:8-7-1 2:4-7-1
No. of 89-237 91-233 11-49 12-59

current-year
shoots per tree




