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ABSTRACT

We know little about the demographic consequences of reproductive investment in woody plant
species, especially dioecious ones. We analysed the sexual dimorphism in the reproductive
investment of the dioecious shrub Rhamnus alpinus at different hierarchical levels (shoot,
branch, plant, population), and the consequences of such investment for both males and
females. We found no short-term reproductive costs at shoot or branch levels for either sex. This
lack of costs can be attributed to translocation of resources from other shoots or branches.
We found evidence for reproductive costs in female shrubs at the plant and population
levels. Dendrochronological analyses showed a connection between the estimated age of first
reproduction and a decrease in growth rate of females over time. The annual ring growth of
females differed significantly from that of males in periods with low annual precipitation, which
could exacerbate the costs of reproduction. Populations with older individuals exhibited
male-biased sex ratios, which might be due to higher mortality rates of females because of the
cumulative effects of reproductive costs. Evidence for the costs of reproduction at lower
modular levels depends on the balance of autonomy and integration of branches at the whole
shrub level. Cumulative effects may be seen at the whole shrub and population levels after a
number of reproductive episodes.
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INTRODUCTION

The ultimate aim of all reproductive processes is to preserve the genetic material of each
individual through time in future generations. This goal is usually achieved by producing
viable offspring. In most species, each embryo includes the same amount of maternal and
paternal genetic material, so when comparing male and female adults we are comparing
individuals obtaining the same benefit (i.e. one viable seed) but expending very different
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amounts of biomass and energy in its acquisition. These differences contribute to sexual
dimorphisms in life histories.

Life-history theory in plants depends heavily upon assumptions regarding the trade-offs
between reproductive and vegetative processes, although clear evidence for such trade-offs
is often lacking (Lovett-Doust and Lovett-Doust, 1988; Obeso, 2002). Research on these
trade-offs has largely focused on the documentation of differences between the sexes in
life history and patterns of resource allocation in dioecious species. Females of woody
dioecious plants usually allocate more resources to reproduction than do males (Delph,
1999; Obeso, 2002; but see Marion and Houle, 1996). If resources become limiting, females
may bear higher costs of reproduction, which should be measurable in terms of a reduced
vegetative growth rate (Cipollini and Whigham, 1994), later flowering, lower flowering
frequency (Thomas and LaFrankie, 1993) and/or reduced survival (Allen and Antos, 1993).
However, despite the sizeable amount of information published on the reproduction
of dioecious plants, the link between differential reproductive allocation and costs of
reproduction is not clearly understood.

The trade-off between reproduction and growth in plants is not easily detected (Obeso
and Grubb, 1993; Delph and Meagher, 1995). This might be related to: (1) the different
responses obtained from experimental manipulation versus estimates of genetic corre-
lations (Bailey, 1992; Reznick, 1992); (2) strong selection against individuals incurring high
costs (Bailey, 1992; Jonsson and Tuomi, 1994); (3) pollen limitation, which can confound
effects (Dudash and Fenster, 1997); (4) increased resource availability that might uncouple
vegetative and reproductive costs (Tuomi et al., 1983); and (5) the degree of autonomy of
the modular levels considered, which can affect our ability to detect the trade-offs (Watson
and Casper, 1984; Obeso et al., 1998). The first two pitfalls can be avoided through careful
experimental designs. Pollen and resource availability (3 and 4) can confound the con-
sequences of the reproductive investment. The hypothesis of costs of reproduction has a
slimmer chance of being supported when reproduction is pollen-limited (Delph and
Meagher, 1995; Ramsey, 1997). Studies testing this hypothesis should include experiments
with additional pollen supply (Dudash and Fenster, 1997). In a complementary approach,
trade-offs could also be examined by modifying the demand of resources and measuring the
effect on subsequent growth and reproduction. This can be done by limiting resources via
defoliation (Marquis, 1992; Ruohomaiki et al., 1997), or relaxing the demand by suppressing
reproduction in otherwise reproductive branches or individuals (Fox, 1995; Houle, 2001).
Finally (5), trade-offs may be obscured because resource allocation at lower modular levels
might respond to a small-scale balance, such as between flower or fruit production and
shoot growth, albeit being integrated at higher modular levels (e.g. tree growth; Obeso,
1997). This integration clearly depends on the degree of module autonomy and probably
varies among plant species (Trueman and Turnbull, 1994; Obeso et al., 1998). If branches
are autonomous, the costs might be detected at lower modular levels but be compensated at
higher ones by non-reproductive branches. Alternatively, if branches are only partially
autonomous, and their resources for reproduction are easily translocated among modules,
the costs of reproduction might only be detectable at the whole plant level, not at the branch
level. The only way of integrating costs into different modular levels is by considering the
autonomy of these modules. We have previously found that the branches of Rhamnus
alpinus are only partially autonomous, and their resources can be easily translocated
between modules (Bafiuelos, 2001). Hence, we hypothesize that the costs of reproduction
might not be detected at shoot or branch level, but should be seen at the whole plant level.
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The picture becomes even more complex, since costs of reproduction can be either direct
or indirect. Direct costs refer to resource allocation at the time of reproduction (Houle,
2001), and constitute the only focus of early life-history studies (Cody, 1966; Williams,
1966). Indirect costs, also called ‘delayed’ or ‘demographic’ costs of reproduction (Newell,
1991; Ehrlén and Groenendael, 2001), may be interpreted as the demographic consequences
of resource investment in the reproductive process. These demographic costs are often
inferred from eventually reduced, more evenly separated reproductive events, higher
mortality rates, lower growth rates and lower vegetative propagation of the individuals that
allocate more resources to reproduction, a set of characteristics often found in females
(Cipollini and Whigham, 1994; Nicotra, 1999, and references therein).

In this paper, we consider the allocation of resources to reproduction and growth (direct
costs), as well as the associated short- and long-term costs (indirect costs), in the dioecious
shrub Rhamnus alpinus, using a hierarchical, bottom-up approach. Specifically, we
addressed the following questions: (1) Do males and females of R. alpinus differ in their
allocation to reproduction? (2) Is there a trade-off between investment in reproduction and
vegetative growth at shoot or branch level? (3) Are there differences between the sexes in
lifetime growth patterns? (4) If such differences exist, are they reflected in size distributions
and sex ratios?

MATERIAL AND METHODS

Study species

Rhamnus alpinus (L.) (Rhamnaceae) is a dioecious broad-leaved shrub or small tree (<4 m).
It occurs in rocky, mainly calcareous slopes in the mountains of southern and southern-
central Europe and North Africa (Tutin ez al., 1968). Wintering buds open in spring, at the
end of April or the beginning of May, and the flowering period extends for 2-3 weeks. Its
greenish flowers are clumped in axillary positions on current year stems. Flowers are mainly
insect-pollinated, and pollen arrival is required for the formation of fruits (Bafiuelos and
Obeso, 2003). The fruits are black, fleshy drupes with up to four pyrenes. Fruits ripen in late
August and are mainly dispersed by birds. The mean (% S.E., n = 50) fresh mass of individual
fruits is 255 £ 13 mg, dry mass 52 + 2 mg and mean fruit width 7.4 £ 0.1 mm. In the study
area, seeds are heavily exploited by birds (mainly Fringilla coelebs and Pyrrhula pyrrhula,
pre-dispersal seed predators) and rodents (mainly Apodemus sylvaticus, post-dispersal seed
predator), which may help to explain the local scarcity of seedlings (M.J. Baiuelos, personal
observation). Leaves begin to wither in late August, and usually shrubs become completely
leafless during the second half of September, denoting the end of the 4-month growing
period. Vegetative spread by suckers arising from shallow lateral roots is common at the
study sites, producing clonal clumps of shrubs. Assigning trunks to genets was not difficult,
since trunks from the same genet typically grow in isolated tufts. Juvenile shrubs were scarce
in the study area: shrubs less than 30 cm high, all of them non-reproductive, constituted
12% of total shrubs.

Study sites

We conducted the study at seven sites located between 1000 and 1600 m above sea level in
the Cantabrian Range, northwest Spain, within the boundaries of the Somiedo Regional
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Park: Putracéon (PU), Llamardal (LL), Valle (VL), Penouta (PT), Pena Mochada (PM),
Santa Eufemia (SE) and El Texu (TX). All selected populations grew in calcareous open
areas, either in pure patches of R. alpinus or co-occurring with other woody species such as
Corylus avellana, Sorbus aria or Crataegus monogyna. We checked that minimum main
trunk width in reproductive shrubs was about 2 cm and then selected these study areas
during November 1997, each one including at least 100 reproductive-sized shrubs. In spring
1998, we determined the sex of 700 tagged shrubs. There were 399 males, 254 females,
10 hermaphrodites (these turned out, functionally, to be males and are therefore included
in the 399 males above) and 47 non-flowering shrubs. In spring 1999, 406 were males,
273 females and 21 non-flowering. There are no records of R. alpinus switching sex, and no
individual did so during the present study.

Mean annual rainfall in the area approaches 950 mm and mean annual temperature
varies around 8°C, oscillating between temperatures above 30°C in summer and below 0°C
in winter.

Shoot level analysis

We examined differences in resource allocation to reproduction and vegetative growth at
shoot level between sexes, populations and individual plants during two consecutive
reproductive seasons. We tagged 10 randomly chosen reproductive shoots in 25 shrubs
per sex (5 shrubs per sex and study site at PU, LL, PM, VL and PT) in May 1998, just before
flowering. Hereafter, these shrubs are referred to as control shrubs, and none of the experi-
mental procedures were performed on them. In the first reproductive season, each tagged
shoot produced flowers and leaves. Flowering shoots do not produce leaves or flowers the
following season, but can ramify and produce new reproductive shoots. Here, the clump of
old stem (1998), new shoots (1999) and reproductive structures (1999) is referred to as a
‘branch’.

In May 1999, we estimated biomass allocation to flowering at shoot level in
males and females using non-destructive sampling. We counted flowers produced
per shoot (see above) and then multiplied by the corresponding mass of individual
male and female flowers, previously obtained from a sample of 200 random flowers per sex.
We determined final dry mass allocation for both sexes at shoot level in August 1999,
separating leaves, new stems and sexual structures, to the nearest 0.1 mg, after oven-drying
at 60°C.

To examine whether there were short-term delayed costs of reproduction, we selected at
random one new shoot per control branch in 1999 and monitored its growth and repro-
duction. The mass of reproductive structures and vegetative growth was determined after
oven drying.

To check for possible trade-offs at this level, we performed correlation analyses to com-
pare reproductive biomass per shoot both with vegetative biomass (direct trade-off) and
with the following year reproductive and vegetative biomass (delayed trade-off). We used
analyses of variance to test for differences in resource allocation between sexes (fixed
factor), localities (random factor) and shrubs (random factor nested in the sex X locality
interaction).

To determine whether reproductive and vegetative shoots differed in their photosynthetic
active biomass, we determined the dry mass of leaves in three reproductive and three
non-reproductive shoots, randomly chosen from five males and five females sampled at the
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PU locality in August 1999, which were different from shrubs used in any other sampling.
Using a factorial analysis of variance, we examined differences in reproductive stage (fixed
factor) and shrubs (random factor nested into sex) between the sexes, after logarithmic
transformation of the data.

Branch level analysis

Shoots are clumped in branches, the next hierarchical level we considered. To analyse
resource allocation at the branch level in males and females, we estimated biomass
allocation to flowers as described above for the whole branch. Final dry mass allocation at
the branch level was determined for both sexes in August 1999, separating new shoots
(grown during the same season), old stems (grown during the previous season), leaves and
sexual structures. We estimated reproductive allocation (RA) as the ratio between the dry
masses of sexual structures to total new biomass (sexual structures + new stems + dry mass
of leaves). We calculated the relative growth rate (RGR) per year as:

RGR =log, (branch mass) — log, (branch mass — new stem mass)

We compared reproductive biomass per branch with relative growth rate using corre-
lation analysis on log-transformed data. We used factorial analyses of variance to test
for differences in the amount of photosynthetic biomass, shoot growth, reproductive
structures, relative growth rate and reproductive allocation between sexes (fixed factor),
localities (random factor) and shrubs (random factor nested in the sex X locality
interaction).

We used dry mass as an integrative measure of allocation; however, to examine nutrient
allocation to different structures we pooled leaves, new stems, old stems, flowers and fruits
of 10 shrubs per sex into combined samples and analysed them for nitrogen content
(samples collected on 24 August 1999, except flowers, which were collected on 27 May
1999). The analyses were performed by combustion using a standard automated CNH
procedure (PE 2400 Series 11, CNHS/O).

We also compared branch structure in males and females by recording the number of
shoots produced per control branch, and then calculating the percentage of reproductive
ones.

There is evidence that seed production in R. alpinus is not pollen-limited (Bafiuelos,
2001), so increased reproductive effort is not inducible by adding pollen. We have also
previously studied the extreme case of limiting resources, created by applying different
treatments of defoliation and girdling (Bafiuelos, 2001). We found that reduced resources
did not limit reproductive output while branches remained connected to the main trunk.
During spring 1998, we randomly chose 10 males and 10 females at location PU, which
were different from control shrubs. We tagged six reproductive branches per shrub,
keeping three of them as controls and assigning the other three to a debudding treatment
where all floral buds were removed. Additionally, we tagged three non-reproductive
branches per shrub. At the end of the growing season, we collected all tagged branches
and compared relative growth rates. Five male shrubs were lost due to a wildfire, so we
tested for differences between treatments with an analysis of variance for each sex due to an
unbalanced design (sex and treatment as fixed factors, shrub nested into sex as a random
factor).
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Shrub level analysis

At the shrub level, we determined resource allocation for males and females in 1998 and
1999 by estimating the new shoots produced per plant and year. We counted the number of
branches in all control shrubs, and then multiplied by the mean number of shoots per
branch for each individual shrub (obtained from 10 randomly selected branches per shrub).
We also determined the percentage of reproductive shoots at shrub level from 100 randomly
selected shoots per control shrub.

We estimated growth rates at the shrub level by measuring annual ring widths. To do so,
we selected a pool of 50 healthy shrubs from three localities (17, 17 and 16 from PU, VL and
TX, respectively) during February 1998 before they were sexed. We took one or two cores
from the main trunk of each shrub, 15 cm up from the base, using a Pressler bore. We
mounted the cores on wooden strips and sanded them. We measured annual shrub-ring
widths to the nearest 0.01 mm using a sliding-stage micrometer and the software MEDIR
1.13 (Krusic et al., 1996). During May 1998, we confirmed that the cores corresponded to
32 males and 18 females. After checking for the absence of false rings in the cores, we
accurately aged the shrubs and compared the ages of males and females using one-way
analysis of variance.

Our observations in the field suggested that there was a minimum reproductive size for
this species: shrubs less than 30 cm high and with a main trunk diameter less than 2 cm were
all non-reproductive. This corresponded to an approximate age of 10-12 years as measured
by ring data. Taking this into account, we compared mean growth rates of males and
females before and after the estimated age for reproduction with successive analyses
of variance, excluding from these analyses those trees younger than 15 years (4 males and
3 females).

To determine whether climate could have influenced shrub growth, we obtained annual
precipitation records for 1972-1994 from the nearest weather station, located in Pola de
Somiedo (Asturias), which is 630 m above sea level and 6.5 km as the crow flies from
the furthest population. Thereafter, we examined whether ring-width data showed any
relationship with rainfall using linear regression analyses on log-transformed data.

Population level analysis

We analysed deviations from a 1:1 sex ratio using G-tests, Yates’s correction for continuity,
finally obtaining Williams’ adjusted G (Fowler ez al., 1998). We could not pool samples from
different localities because of heterogeneity among populations, so we applied G-tests
separately to the data from each locality.

To establish if males and females differed in size distribution, and if bigger (and,
therefore, older) shrubs were more likely to reproduce, we recorded the diameter of the
trunks at a height of 15 cm from the base, for 350 tagged shrubs, 50 per study site (180
males, 150 females and 20 non-flowering shrubs). We considered the widest trunk within the
clump as the main one, and the others as suckers. We calculated the basal area from the
diameters and the sum of the basal areas of all suckers plus the main trunk was used as an
estimate of shrub size.

If there is differential mortality between the sexes, a sex ratio biased towards the more
resistant sex will be more evident in older populations. Hence, we used correlation analysis
to reflect the mean size of shrubs (as a proxy for age) and sex ratio as indirect evidence of



The hidden costs of reproduction 403

differential mortality between the sexes. We used mean trunk diameter of females and the
proportion of males in each population to avoid dependence among variables.

RESULTS

Shoot level analysis

Females’ reproductive investment per shoot was 9.8-fold higher than that of males
(F14=341.3, P <0.001; see design of the analysis in Table 3) (Fig. 1). However, there was no
evidence of a trade-off at this level, since differences in the values of leaves and stem
biomass were not significant (F, ;= 2.12 for leaves and F| ,=2.31 for stem; P> 0.5 in both
cases). Moreover, females’ reproductive investment per shoot in 1998 showed no trade-off
with reproductive or vegetative investment in the subsequent year (R*=0.04, F, 1247 =10.5,
P <0.01 for fruit production; R*<0.01, F,57,=0.04, P>0.05 for relative growth rate;
R*=0.1, F, 123 =0.35, P=0.5 for the degree of ramification). All correlations for males were
non-significant (results not shown).

Non-reproductive shoots had a higher biomass of leaves than reproductive shoots in both
sexes (Table 1), although the difference was greater in females, whose reproductive shoots
had 1.83 times more biomass of leaves than non-reproductive shoots; the value for males
was 1.28 times. This difference, together with the higher proportion of vegetative shoots in
females (see results for branch level), helped to diminish the difference in photosynthetic
biomass between branches (Fig. 1).

Branch level analysis

Females invested 1.3 times more total biomass per branch than males in one reproductive
season, mainly due to the 9.3-fold higher investment of females in reproductive structures
(Fig. 1, Tables 2, 3). Neither allocation to leaves and stems nor relative growth rate differed
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Fig. 1. Dry mass allocation (mean + S.E.) of Rhamnus alpinus to leaves, shoot growth and reproductive
structures at the shoot and branch level (n =250, 25 shrubs per sex and 10 shoots or branches per
shrub). Note the scales are different for the two graphs.
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Table 1. Results of analysis of variance examining the effect of reproductive
stage of the branches (reproductive vs vegetative) on log-transformed dry mass
of leaves per branch in Rhamnus alpinus

d.f. MS F P

Sex’ 1 8.82 2.88 0.12
Reproductive stage” 1 9.21 6.11 0.03
Sex x reproductive stage” 1 2.09 1.39 0.27
Shrub(sex) 8 3.06 2.89 0.01
Reproductive 8 1.50 1.42 0.21
stage x shrub(sex)

Error 40 1.05

“ Shrub(sex) as error term. ” Reproductive stage x shrub(sex) as error term.

Table 2. Dry mass (mean £ s.E.) and carbon and nitrogen content in the different components of
the branch in Rhamnus alpinus: leaves, new shoots, old stems and reproductive structures (n = 250,
25 shrubs per sex and 10 branches per shrub)

Males Females

Mass (g) C (%) N (%) Mass (g) C (%) N (%)

Reproductive structures

flowers 0.09+£0.003 46.5 4.11 0.05%0.001 46.2 4.44
fruits 0.9+0.04 48.9 1.51
Leaves 1.7+£0.1 44.5 2.53 1.9+0.1 433 1.54
New shoots 0.6+0.1 46.3 0.99 0.5+0.03 46.1 0.90
Old stems 0.52+0.05 47.5 0.97 0.75£0.06 46.7 0.79

Table 3. Results of analyses of variance examining the effects of sex, locality and individual shrubs in
the investment of dry mass per branch considering leaves, new shoot and reproductive structures
separately, and in reproductive allocation (RA) and relative growth rate (RGR) in Rhamnus alpinus

Reproductive

Leaves New shoot structures RGR RA
Source of
variation d.f. MS F MS F MS F MS F MS F
Locality” 4  6.60 6.75** 3.30 9.47** 0.95 5.99** 410 7.20** 0.19 2.79*
Sex* 1 1.60 2.36 0.62 2.23  309.2 598.2** 1.60 2.64 7.33 356.3**
Localityxsexb 4 071 0.73 0.28 0.77 0.51 3.23* 0.62 1.09 0.02 0.29
Shrub 40  0.98 3.43** 0.35 2.69** 0.15 4.20*%* 0.56 3.48** (0.068 6.32**
(locality x sex)
Error 445  0.28 0.13 0.03 0.16 0.011

Note: Data were log-transformed for all dependent variables, except for reproductive allocation, which were
arcsine-transformed (*P < 0.05; **P < 0.01). “ Locality x sex as error term. ” Shrub(locality X sex) as error term.
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significantly between the sexes. Variations between different parts of the branch in terms of
percentage of carbon content were relatively minor. Both the percentages of carbon and
nitrogen were similar in flowers of males and females; however, the proportion of nitrogen
was higher in flowers than fruits. Male leaves contained more nitrogen than those of females
(Table 2).

Reproductive and vegetative biomasses at branch level were positively correlated
(R*=0.11, F 55=29.0, P<0.01 for shoot growth; R°=0.11, F,;=28.6, P<0.01 for
relative growth rate). None of the correlation analyses performed for males was significant.
Both sexes showed a similar degree of ramification (3.81 £ 0.11 for males and 3.91 £ 0.10 for
females; n =250 branches in both cases); however, males showed a higher percentage of
reproductive shoots per branch (97.3 £ 0.5 for males vs 854 % 1.1 for females; n=250
branches for each sex).

Bud removal did not affect relative growth rate in either males or females (Table 4), and
the significant shrub effect and shrub X treatment interaction indicated that patterns of
relative growth rate after debudding depended on individual shrubs.

Shrub level analysis

Female reproductive investment at shrub level was 7.3 times higher than that of males in
terms of biomass and 2.7 times in terms of nitrogen, taking into account mean reproductive
biomass per shoot (see above), mean production of new shoots per year (1729 £ 195 for
males, 1564 + 194 for females; n =25 shrubs per sex) and mean percentage of reproductive
shoots (92.7 £ 1.7% for males, 74.4 = 2.7% for females; n = 25 shrubs per sex).

The age of females and males used for measuring annual shrub-ring widths did not differ
significantly (29.1 £ 1.6 years for males, 29.4 & 2.4 years for females; F) 4 =0.009, P=0.9).
Both sexes grew at similar rates until they were 10 years old (1.2 + 0.1 mm - year™' for males,
1.2+£0.2 mm-year’1 for females; n =28 and 14, respectively; F, 4= 0.08, P=0.7) (Fig. 2),

Table 4. Results of analysis of variance examining variation in
squared-root transformed relative growth rate between non-
reproductive branches, branches maturing fruits and branches with
removed floral buds (variation among shrubs is also considered)

Source of variation d.f. MS F P
Males

Treatment” 2 0.051 0.14 0.87
Shrub 4 2.35 2.32 0.07
Treatment x shrub 8 0.36 0.36 0.93
Error 30 1.009

Females

Treatment” 2 0.012 0.011 0.98
Shrub 9 3.23 6.48 <0.01
Treatment x shrub 18 1.09 2.19 0.01
Error 60 0.49

“ Treatment x shrub as error term.
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but older shrubs showed clear inter-sexual differences, with male growth rate being higher
than that of females (1.2+0.1 mm-year” for males, 0.9+0.1 mm-year" for females;

Fi 4 =5.07, P=0.02).

For the whole period 1972-1994, the relationship between mean annual ring width of
females and precipitation in the months previous to the growing season (January—April)
was marginally significant (r=0.41, P=0.053, n =23 years; correlation values for males
non-significant) (Fig. 3). During 1984-1991, precipitation in January—April averaged 199
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Fig. 2. Accumulated annual ring width (mean * 1 s.E.) during the lifetime period for males (black) and
females (grey) of Rhamnus alpinus. Data non-transformed.
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Fig. 3. Ring width (mean + 1 s.E.) in male (O) and female (+ ) shrubs of Rhamnus alpinus plotted
against mean precipitation (mm) during the months before the growing season (January—April).
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mm, and was < 250 mm every year. This is a low precipitation value in the context of the
Cantabrian Range, where the mean value for those months during the last 40 years is
525 mm. When only this period was considered in the analysis, the mean ring width of
males was greater than that of females (F 4 =6.03, P=0.01; two females were excluded
from this analysis since they were too young to cover the whole period).

Population level analysis

Tagged shrubs turned out to be reproductive in 93% and 97% of cases in 1998 and 1999,
respectively. Most of the non-reproductive shrubs during 1998 that became reproductive
in 1999 were females (73%). Deviations from a 1:1 sex ratio were analysed using G-tests,
Yates’s correction for continuity, finally obtaining Williams® adjusted G (Fowler et al.,
1998). Sex ratio was male-biased in three localities in 1998 and in two localities in 1999
(Table 5). A pooled G-test could not be applied to the data because of heterogeneity among
localities (XG =36.2, P<0.01 in 1998; G =12.5, P <0.05 in 1999).

Larger and, therefore, older individuals were more likely to reproduce, since reproductive
individuals had a significantly higher basal area (121 + 31 cm’; n =15 randomly selected)
than non-reproductive ones (42+9 cm’ n=15). Individuals that reproduced just one
year exhibited an intermediate basal area (110 + 32 cm’; n = 15), but were not significantly
different from the other two groups (F,4, =4.32, P =0.01; Tukey test).

Mean basal area was 146 + 14 cm” for males and 127 + 11 cm” for females when pooling
every trunk of each genet (n =126 shrubs, 18 per sex and population). Mean basal area for
the main trunk was 27 +2 cm’ (n = 126) for males and 22+ 1 cm’ (n = 126) for females.
None of these differences between the sexes was statistically significant (Table 6).

Populations with a larger average main trunk diameter for females had a larger
proportion of males (Fig. 4).

DISCUSSION

Resource allocation in Rhamnus alpinus was clearly different in males and females. We
found evidence that the higher reproductive investment of females entails a ‘demographic

Table 5. Number of individuals and sex ratio of Rhamnus alpinus in the studied localities (expressed
as 1998/1999 when differences between years were found)

Total Total non- Proportion
Locality Males Females reproductive reproductive Sex ratio of males G (P)
PU 62 38 100 0 1.63 0.62 5.79%
LL 55 44 99 1 1.25 0.55 1.21
VL 50/57 20/38 70/95 30/5 2.5/1.5 0.71/0.6 13.19**/3.80
PT 58 42 100 0 1.38 0.58 2.57
PM 54 37/38 91/92 9/8 1.45/1.42  0.59 3.18/3.15
SE 56 38 94 6 1.47 0.59 1.72
TX 64 35 99 1 1.82 0.64 8.57**
Total 399/406  254/273 653/679 47/21 1.57/1.48  0.61/0.59

* P<0.05;** P<0.01.
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Table 6. Results of analyses of variance examining the effects of sex (fixed factor) and locality
(random factor) on the total basal area, number of trunks and main trunk basal area in R. alpinus
(126 males, 126 females)

Main trunk basal area Total basal area Number of trunks
d.f. MS F MS F MS F
Locality 6 624 1.57 11645 4.92%* 558 7.11%*
Sex” 1 2345 3.82 6721 2.12 2.29 0.02
Locality x sex 6 614 1.54 3165 1.34 10.5 1.41
Error 238 398 2367 78.5

Note: Data were squared-root transformed. ** P < 0.01.
“ Locality X sex as error term.
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Fig. 4. Relationship between mean main trunk diameter of Rhamnus alpinus and the proportion of
males at each locality. Data non-transformed. Correlation analysis was performed after logarithmic
transformation.

cost’, which can be detected at the shrub and population level after a number of repro-
ductive years. These costs were not found at the shoot or branch level, showing that the
extent of autonomy and integration of the units within the entire shrub determines our
ability to detect the costs of reproduction at lower levels.

Shoot and branch level analysis: no evidence for reproductive costs

In line with what may be considered a general pattern in woody dioecious plants
(Wheelwright and Bruneau, 1992; Nicotra, 1999), males allocated more biomass to
flowering than females. However, when fruit production was taken into account, females
showed a higher overall reproductive investment, without any detrimental effect on shoot
growth. The apparent much greater investment in reproductive mass in females at the shoot
and branch level receded when the whole shrub was considered, even more so when nitrogen
was considered as the currency of allocation.

It is generally accepted that the most appropriate currency to assess reproductive
allocation is the one that is limiting in the habitat (Reekie and Bazzaz, 1987; Ashman, 1994).
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We assume that nitrogen is generally more limiting than carbon in the study sites, since
stony calcareous soils are usually nutrient-poor, whereas photosynthesis is not light-limited
in these open areas. In our analyses, carbon and nitrogen did not vary in parallel; there-
fore, biomass alone cannot be considered a reliable measure of reproductive allocation
(Goldman and Willson, 1986). Although carbon content is more constant both in space
(reproductive structures, leaves, stem) and time (flowers vs fruits), the relative nitrogen
content of reproductive structures showed a declining trend throughout the season (from
flowers to fruits), as found in previous studies (see McDowell et al., 2000, and references
therein). However, the total nitrogen content was higher in fruits than in flowers due to the
higher fruit mass. The fact that male leaves had a greater nitrogen content than female leaves
might be due to the need for nitrogen allocation to nearby fruits in female shoots. In this
sense, McDowell er al. (2000) found that foliage near female cones in Douglas fir had a
consistently lower nitrogen content than foliage far from female cones.

Neither shoot growth nor relative growth rate was significantly affected by flower or
fruit production in the previous year. We failed to detect any significant trade-off, and
there was even a weak positive relationship between fruit production and relative growth
rate in females. Moreover, fruit production was positively correlated at branch level
during both study years. These cases of apparent negative cost of reproduction occur
mainly in correlational studies and are usually attributed to a high variance in resource
availability. If there is a high variance between shrubs in resource availability, a positive
correlation can be found when a trade-off is expected, independently of the relationship
between branches (van Noordwijk and de Jong, 1986; see Fig. 5a). In our study, individual
shrubs overlapped in their amount of vegetative and reproductive biomass per branch
(Fig. 5b), suggesting only small differences among shrubs in resource availability. The
positive relationship between reproduction and growth is maintained even within a shrub
(Fig. 5b). If branches occupying the best positions grow larger and produce more flowers
and fruits than branches in less profitable positions, then a positive correlation between
fruit production and growth could be generated within the shrub (Reznick, 1985;
Partridge, 1989). Resources may be preferentially allocated to branches in more favourable
positions, promoting tree growth towards these positions and optimizing the use of
available resources. In contrast, branches in less favourable positions (e.g. in shade) may
have both reduced growth and reproductive output (Henriksson, 2001). In the present
study, although the whole shrub had to be considered to assess costs derived from
reproduction, the branch seems to be the modular unit in relation to resource variation,
and the trade-offs might be hidden by this non-controlled resource variation within
the shrub.

Experimental reduction of current reproductive effort showed no increased branch
relative growth rate, suggesting that growth and reproduction might not compete for
resources at the branch level. However, the responses depended on individual shrubs, which
might be attributed to differences in nutrient balance between individuals. Most previous
studies of the experimental reduction of reproductive effort found significant effects on
growth or reproduction either in the current season or in the following season (Fox and
Stevens, 1991; Cipollini and Whigham, 1994). In this sense, although we did not test for the
effects of the experimental reduction of reproductive effect on subsequent reproduction,
observational data showed that fruit production in 1998 had no effect on relative growth
rate or on branch ramification during 1999. Therefore, no delayed costs of reproduction
were found in the short term at shoot or branch level.
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Fig. 5. (a) Theoretical positive spurious relationship between vegetative and reproductive biomass of
branches when a trade-off is expected (dotted line), as predicted by van Noordwijk and de Jong
(1986). Continuous lines represent the relationship within each shrub; differences between shrubs hide
the existing trade-off. (b) Real data for Rhamnus alpinus; the positive relationship is maintained even
within the shrubs. In both cases, different symbols indicate different shrubs, and each point represents
a branch.

Shrub and population level analyses: evidence for demographic costs

The annual growth rates of shrubs were not significantly different for males and females.
However, when considering the lifetime of the plant, the curve for females diverted at a
certain point, indicating a lower growth rate for females (Fig. 2). Our field observations
indicate that most shrubs with a main trunk diameter less than 2 cm are non-reproductive,
and there may be a connection between the beginning of reproduction and this change in
growth rate.

Main trunk ring-width was clearly greater for males during relatively xeric reproductive
seasons. The better performance of the males in these stressful conditions may be due to
more conservative water-use patterns by males, which seems to be a general pattern in the
few studies considering the effect of water limitation in both sexes (Dawson and Ehleringer,
1993; Retuerto et al., 2000; but see Crawford and Balfour, 1983). Females are filling the
fruits during periods of greatest potential drought (July—August) and two processes are
occurring at this time. First, an important amount of water is allocated to the fleshy pulp of
the fruits. Second, fruits are sinks of photosynthate, which helps to keep the stomata open
for gas interchange and subsequent water loss.

A consequence of the inter-sexual differences in growth patterns related to stressful
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conditions could be that reproductive costs might be more noticeable during dry years, so
there might be a delay in the timing of the appearance of the costs of reproduction, which is
more difficult to detect in younger shrubs. On the other hand, the Cantabrian Range has an
oceanic climate, according to K&ppen criteria (Critchfield, 1983), characterized by a regular
precipitation regime, without an acute summer drought. In this environment, unpredictable
drier periods will have a stronger effect than in more predictable, less humid areas.
Considering that R. alpinus shrubs live on gravel and rocky limestone-derived soils that are
particularly prone to water stress, differences in growth attributable to water limitation
between the sexes could be relatively frequent.

We found a higher number of males in all five populations, the difference being significant
in two of them. Male-biased sex ratios might be attributable to: (1) a male-biased embryo
sex ratio (Marion and Houle, 1996); (2) higher shrub mortality among females; (3) greater
vegetative multiplication by males (Obeso, 1998); and (4) male reproduction starting earlier
in life and being more frequent than in females (Nicotra, 1998). We have no information
about sex ratio in the embryos or non-reproductive shrubs, but there was no bias due to
clonal reproduction because the studied individuals were widely spaced and no shrubs with
both male and female individuals were observed. If there is a higher mortality rate among
females because of the cumulative effects of the costs of reproduction, older populations of
reproductive shrubs should exhibit a male-biased sex ratio, whereas younger populations
should not. In this study, populations with a larger mean main trunk diameter of females
also showed a larger proportion of males. Since main trunk diameter reflects the age of the
shrubs and the number of reproductive episodes, we propose that the observed male biases
are a consequence of the higher reproductive costs of females.

CONCLUSIONS

Three main conclusions may be drawn from this study. First, that the trade-offs related to
the cost of reproduction are extremely variable at the individual and population level.
Second, that studies of the cost of reproduction in woody species should consider not only
all levels of hierarchical organization within the plant, but also the degree of integration
between them (i.e. branch autonomy vs branch independence). The trade-offs expected from
the hypothesis of the cost of reproduction may be hidden within the growth season when
the branches are only semi-autonomous for fruit production and growth. And, third, that
the lifetime costs of reproduction in dioecious species can be translated into demographic
costs of reproduction and subsequent effects on size distributions and sex ratios. To the best
of our knowledge, this is the first time that effects of reproductive costs have been shown at
the population level.
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