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Clonal plants grow in diameter rather than height, and therefore competition among 
genets is likely to be symmetric and to result in smaller variation in size of genets 
than in non-clonal plants. Moreover, clonal plants can reproduce both sexually and 
vegetatively. We studied the effects of density on the size of rosettes and of clones, 
variation in the size of rosettes and of clones, and allocation to sexual and vegetative 
reproduction in the clonal herb Ranullculus replans. We grew plants from an artificial 
population of R. replalls in 32 trays at two densities. After four months, differences 
in density were still apparent, although clones in the low-density treatment had on 
average 155% more rosettes and 227% more rooted rosettes than clones in the 
high-density treatment. The coefficient of variation of these measures of clone size 
was 15% and 83% higher, respectively, in the low-density treatment. This indicates 
that intraspecific competition among clones of R. replalls is symmetric and increases 
the effective population size. Rooted rosettes were larger and varied more in size in 
the low-density treatment. The relative allocation of the populations to sexual and to 
vegetative reproduction was 19% and 13% higher, respectively, in the high-density 
treatment. Moreover, seeds produced in the high-density treatment had a 24% highcr 
mass and a 7% higher germination percentage. This suggests that with increasing 
density, allocation to sexual reproduction increases more than allocation to vegeta­
tive reproduction in R. replans, which corresponds to the response of some other 
species with a spreading growth form but not of species with a compact growth form. 
We conclude that intraspecific competition is an important factor in the life-history 
evolution of R. rep tails because intraspecific competition affects its clonal life-history 
traits and may affect evolutionary processes such as genetic drift and selection 
through its effect on the effective population size. 
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"God a'mighty, if I was alone I could live so easy." 
(John Steinbeck 1937, Of mice and men) 

In populations of clonal plants, shoot densities may 
become very high as a consequence of vegetative repro­
duction. Plant density may through an increase in 
intraspecific competition play an important role in the 
life-history evolution of plants (MacArthur and Wilson 
1967, Begon 1982). Intraspecific competition may affect 
the fitness of clonal plants through changes both in 
growth and in reproductive allocation. Furthermore, 

competitIOn may affect the distribution of plant sizes 
and reproductive values in a population and, as a 
consequence, the effective population size and genetic 
structure of the population (Gottlieb 1977, Heywood 
1986, Hartl and Clark 1994). 

Because clonal plants can reproduce both sexually 
and vegetatively, intraspecific competition may refer to 
both competition among genets (i.e. colonies of con­
nected ramets) and among individual ramets (Sack ville 
Hamilton et a!. 1987, Schmid 1990). What finally 
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counts for evolution, however, is competitIOn at the 
genet level. While there are several studies on competi­
tive interactions among ramets of clonal plants (de 
Kroon et al. 1992, Hara et al. 1993, Suzuki 1994, 
Suzuki and Hutchings 1997), studies on the effect of 
competition on size variation among genets of clonal 
plants are scarce (de Kroon et al. 1992, Meyer and 
Schmid 1999). 

Size variation among plants generally increases when 
there is competition for light because large individuals 
may overshadow and thus suppress the growth of 
smaller ones (i.e. asymmetric competition; Weiner and 
Thomas 1986, Weiner 1988). However, because clonal 
plants increase in diameter when they grow and only to 
a limited extent in height, competition among genets of 
clonal plants is likely to be more symmetric than com­
petition in non-clonal plants (de Kroon et al. 1992, 
Hara 1994). This implies that variation in size and 
reproduction among genets should not increase or may 
even decrease with increased intraspecific competition 
in clonal plants (Weiner and Thomas 1986). 

In clonal plants, there may be a trade-off between 
sexual and vegetative reproduction as a consequence of 
a limited availability of resources and meristems 
(Harper 1977, Watson 1984). There is no general con­
sensus on which response in allocation to both modes 
of reproduction is most favourable when density in­
creases (Loehle 1987). The response to selection under 
different densities (i.e. r- and K-selection) may depend 
on whether the clonal plant has a compact or a spread­
ing growth form (i.e. phalanx or guerrilla growth form 
sensu Lovett Doust 1981, Sackville Hamilton et al. 
1987). A higher relative allocation to sexual reproduc­
tion under high density has the advantage that seed 
dispersal may act as an escape mechanism from the 
unfavourable site (Ogden 1974, Abrahamson 1975, 
1980, Williams 1975, Loehle 1987, Gardner and Mangel 
1999). Moreover, because of recombination, sexual re­
production may result in offspring that have a higher 
performance in the high-density environment than their 
parents. However, an increase in allocation to vegeta­
tive reproduction under high density may increase the 
competitive strength of plants (Loehle 1987). In addi­
tion, differences in relative allocation to sexual and 
vegetative reproduction may also be a consequence of 
different minimum size requirements (Hartnett 1990, 
Schmid et al. 1995). Furthermore, they could also result 
from allometric growth, i.e. increased allocation to 
sexual reproduction with increased plant size (Weiner 
1988). In contrast, relative allocation to vegetative re­
production seems to be often constant over a larger 
range of plant sizes (Dong and de Kroon 1994, Schmid 
et al. 1995). Therefore, if increasing plant density re­
duces plant size, it may concomitantly reduce the rela­
tive allocation to sexual reproduction. 

We investigated effects of intraspecific competition 
on the effective population size and on life-history traits 
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of the stoloniferous herb Ranunculus replans. This spe­
cies is likely to experience different levels of intraspe­
cific competition in nature because it grows in varying 
densities on periodically inundated lake shores with low 
vegetation cover (Prati 1998). In 16 experimental green­
house populations of low density and 16 populations of 
high density, we studied the size of and the variation in 
size among individual rosettes and among clones, allo­
cation to vegetative and sexual reproduction, and seed 
quality. 

We asked the following questions: (I) Does increased 
density reduce the size of clones and the size variation 
among clones of R. replans? (2) Does increased density 
reduce the size of rosettes and the size variation among 
rosettes of R. replans? (3) How is the relative allocation 
to sexual and vegetative reproduction affected by den­
sity in R. replans? (4) How is the quality of seeds 
affected by density in R. replans? 

Materials and methods 

Study species 

The stoloniferous, rosette-forming herb Ranunculus rep­
lans L. (Ranunculaceae) has a circumpolar distribution, 
mainly in the temperate to boreal-subarctic zones of 
Europe, Asia, and North America (Hess et al. 1980). 
The species has a strict habitat requirement and in 
Central Europe only grows on periodically inundated 
lake shores with low vegetation cover. In Central Eu­
rope, most populations are found around Lake Con­
stance. Within these populations, there is a gradient 
between two microhabitats. Plants growing close to the 
winter water line at the lake experience an average 
summer-inundation period of 150 d and little competi­
tion with other species. In contrast, plants growing 
about 30 cm higher and 5-10 m further away from the 
lake experience an average summer-inundation period 
of 80 d and competition with graminoids, most com­
monly Agroslis slolonijera (Prati 1998). 

Rosettes (i.e. ramets) of R. replans may grow up to 
20 leaves. Leaf blades are 10-50 mm long and 1-5 mm 
wide and gradually narrow into the petioles. Rosettes 
form stolon branches from axillary meristems. Stolons 
grow sympodially and consist of rosettes connected by 
thin (0.5-2.0 mm diameter) stolon internodes with a 
length of 3-5 cm. Stolon branches can grow 10-20 cm 
within one growing season, which may result in high 
rosette densities. Each stolon node (i.e. rosette) has the 
potential to produce one single flower, which develops 
already before the actual leaf rosette is formed, and 
roots. As a consequence, vegetative and sexual repro­
duction are not mutually exclusive in R. replans. The 
slightly protandrous flowers of the self-incompatible R. 
replans can produce 10-20 seeds (Prati and Peintinger 
2000). The production of stolon branches is interrupted 



by the summer-inundation period, during which exist­
ing stolon internodes decay (Daniel Prati, Umwclt­
forschungszentrum Leipzig-Halle, Germany, pers. 
comm.). Plants overwinter as small, short-leaved 
rosettes (Prati and Peintinger 2000). 

Plant material 

To have a representative sample of R. replans from 
Central Europe, we collected 40 plants from lO natural 
populations around Lake Constance in 1995 and 1997. 
In all populations, plants were collected close to the 
winter water line and 5 m further landwards. Distances 
between the sampled plants were 25m in all cases, 
and RAPD analysis revealed that all 40 plants repre­
sented different genotypes (Fischer et a!. 2000). The 
collected plants were propagated repeatedly, and vege­
tative offspring were kept in 40 x 70-cm trays filled 
with a 4: I mixture of sand and compost. On 8 August 
1997, we founded 32 artificial populations each with 
plants from all 40 genotypes in thirty-two 31 x 44-cm 
trays filled with a 4: 1 mixture of sand and compost. 
Both the precultivation of plants and the experiment 
described below took place in a plant room at 25°C 
with 16 h of artificial light. The plants were fertilized 
once with a commercial NPK fertilizer (POKON, Ben­
dien BV, Naarden, Holland). 

Experiment and measurements 

On 5 March 1998, we excavated all rooted rosettes 
from the artificial populations, removed their stolon 
branches, and pooled the rosettes. Randomly chosen 
individual rosettes were assigned to evenly spaced 
planting positions in each of thirty-two 31 x 44-cm 
trays filled with a soil mixture of the same composition 
as described above. The soil was covered with a thin 
layer of gravel to prevent the growth of algae and to 
reduce evaporation. Into 16 trays, we planted 40 
rosettes (low-density treatment; 293 rosettes m - 2) 
whereas into the other 16 trays, we planted 200 rosettes 
(high-density treatment; 1466 rosettes m - 2). Both den­
sities are within the range of rosette densities observed 
in the field (M. Fischer pers. obs.). Plants were watered 
at two-day intervals, and trays were randomly assigned 
to new positions in the plant room at two-week 
intervals. 

We counted the number of rosettes, rooted rosettes 
and flowers (including flower buds and remnants of 
dead flowers) in a 12.5 x 18.0-cm area in the middle of 
each tray, to exclude border effects, 49, 75 and III d 
after the start of the experiment (at the first census date, 
we counted only in 26 of the 32 trays). In each tray, we 
counted the number of rosettes and rooted rosettes of 
three randomly chosen clones (i.e., the product derived 

from a single individually planted rosette) 119-124 d 
after the start of the experiment. Both measures are 
positively correlated with clone biomass in R. replans 
(number of rosettes: r = 0.753, P < 0.001, N = 32; num­
ber of rooted rosettes: r = 0.559, P < 0.001, N = 32; M. 
van Kleunen unpub!.). For ten randomly chosen rooted 
rosettes in each tray, we counted the number of leaves 
and measured the length of the longest leaf 75 d and 
116 d after the start of the experiment. We estimated 
the size of rooted rosettes by mUltiplying the number of 
leaves by the length of the longest leaf. This measure of 
rosette size is positively correlated with rosette biomass 
in R. reptans (r = 0.836, P < 0.0001, N = 227; M. van 
Kleunen unpub!.). We estimated the relative allocation 
to sexual and vegetative reproduction per tray by divid­
ing the number of flowers and the number of rooted 
rosettes, respectively, by the total number of rosettes. 
To estimate which mode of reproduction was more 
pronounced, we calculated the ratio between the num­
ber of flowers and the number of rooted rosettes. 

To study the effect of density on seed quality, we 
made hand-pollinations each second or third day dur­
ing the experiment. With a pair of tweezers, we took 
several anthers from an open flower and moved them 
over the stigmata of several other open flowers within 
the same tray. This procedure was repeated for each 
open flower in the tray. Between the pollinations within 
different trays, we sterilized the pair of tweezers in a 
flame. About one month after the flowers had been 
pollinated, we harvested the seeds and stored them in 
closed plastic boxes in a refrigerator. 

We partitioned all seeds per tray into portions of ten 
seeds. We randomly chose five portions of ten seeds per 
tray, weighed them, and calculated the mean mass of a 
seed. On 14 September 1998, we sowed all portions of 
ten seeds on a 1:3 mixture of sand and compost after 
the seeds had been incubated in a solution of 2 mg 
ml I gibberellic acid for five days to break dormancy. 
We raised the air humidity above the seeds by covering 
the soil with perforated, transparent plastic foi!. We 
sprayed the seeds and emerging seedlings with a fungi­
cide (Previcur, Dr. R. Maag AG, Dielsdorf, Switzer­
land) twice during the experiment. Twenty-seven days 
after we had sown the seeds, we counted the number of 
seedlings. After this date, no further seeds germinated. 

Statistical analyses 

All variables were analysed with analyses of variance 
using the statistical package SPSS (SPSS Inc., Chicago, 
IL, USA). Variables that were measured repeatedly 
during the experiment were analysed with repeated­
measures analyses of variance. In these analyses, the 
between-subject effects refer to trays, whereas the 
within-subject effects refer to census dates. Because 
Mauchly's tests revealed that there was no compound 
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Fig. I. The effect of density treatment on the mean number of 
(a) rosettes and of (b) rooted rosettes in the experiment with 
Ranuncu!us replans. Measurements were made 49, 75, and III 
d after the start of the experiment. Parameter estimates are 
given ± I SE. 

symmetry of the covariance matrices of the number of 
rosettes, of the number of rooted rosettes, and of the 
ratio between the number of flowering and rooted 

rosettes (Mauchly 1940), we corrected the degrees of 
freedom according to Greenhouse and Geisser (1959). 

For the analyses of numbers of rosettes, and rooted 
rosettes, and of relative allocation to sexual and vegeta­
tive reproduction, we included data of 26 of the 32 
trays (13 low density and 13 high density trays). In 
these 26 trays, we counted the number of rosettes, 
rooted rosettes and flowers also on day 49. 

Variation in size among rosettes and among clones 
was quantified by calculating coefficients of variation 
(CV) in size traits for each tray. When we used Gini-co­
efficients (Weiner and Thomas 1986) to quantify the 
variation in size, we obtained qualitatively identical 
results (data not shown). Although coefficients of varia­
tion are generally not normally distributed, they did not 
deviate from normality in our study. Therefore, we 
analysed these data with analysis of variance. More­
over, we found that the significance of the effects of the 
density treatment on coefficients of variation did not 
change when we used non-parametric tests. 

Results 

Density of rosettes and rooted rosettes 

During the experiment, densities of rosettes and rooted 
rosettes increased in both density treatments as a conse­
quence of vegetative spread of the originally planted 
rosettes (i.e. clones) of R. replans (Fig. I; effect of 
census date in Table I). The number of rooted rosettes 
decreased slightly in the high-density treatment between 
the start of the experiment and day 49. This indicates 
that some of the originally planted rosettes had died 
(Fig. Ib). 

The number of rosettes and the number of rooted 
rosettes differed between the two density treatments 
throughout the experiment (P < 0.001, Table I, also 
note the non-significant density treatment-by-census 
date interactions). On day Ill, the range of the number 
of rooted rosettes was 139-321 and 182-381 for the 
low- and high-density treatments, respectively. 

Table I. Summary of analyses of variance of effects of density treatment and census date on actual densities of rosettes and 
rooted rosettes in the experiment with Ranlincli/lis replans. We used repeated-measures analyses of variance to study both 
variation between trays (between subject) and variation within trays (within subject). Significance levels of the within-subject 
effects arc corrected by using the Oreenhouse-Oeisser (0-0) correction factor e. **P<O.OI, ***P<O.OOI. 

Effect df Number of rosettes Number of rooted rosettes 

MS F P 0-0 MS F P 0-0 

Between trays 
Density treatment I 2200122 21.09 .** 212120 77.71 .*. 
Tray 24 104327 2730 
Within trays 
Census date 2 I 553630 38.07 *** ** 68275 38.10 * •• *** 
DxC 2 61759 1.51 2378 1.33 
Error 48 40813 1792 
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Table 2. The efTect of density treatment on mean clone size 
(number of rosettes and number of rooted rosettes), and mean 
variation in clone size (coefficient of variation, CV) 119 d 
after the start of the experiment with Ranuneu/us replans. 
Parameter estimates are given together with ± I SE. 

Trait Low density High density 

Number of rosettes per 44.1 ±4.9 17.3 ±2.4 
clone 

Number of rooted 6.8±0.9 2.1 ±0.3 
rosettes per clone 

CV of number of 0.61 ± 0.08 0.53 ± 0.07 
rosettes per clone 

CV of number of rooted 0.67 ± 0.08 0.37 ± 0.06 
rosettes per clone 
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Fig. 2. The efTect of density treatment on (a) the mean size of 
rooted rosettes, and on (b) the mean coefficient of variation 
(CV) of rosette size in the experiment with Ranuneu/us replans. 
Measurements werc made 75 and 116 d after the start of the 
experiment. Rosette size denotes the product of the number of 
leaves and the length of the longest leaf. Parameter estimates 
arc given ± I SE. 

Mean and variation in clone size 

On day 119, clones in the low-density treatment had 
155% and 227'Yo more rosettes and rooted rosettes, 
respectively, than clones in the high-density treatment 

(Table 2; rosettes: Fuo = 24.0, P < 0.001; rooted 
rosettes: Fuo = 23.0, P < 0.001). 

In the low-density treatment, variation in the number 
of rosettes per clone, and variation in the number of 
rooted rosettes per clone, expressed as coefficients of 
variation, was 15% and 83% higher, respectively, than 
in the high-density treatment (Table 2; coefficient of 
variation in number of rosettes: Fuo = 0.52, P> 0.05; 
coefficient of variation in number of rooted rosettes 
F1•30 = 9.38, P < 0.01). This indicates that intraspecific 
competition reduced size variation among clones. 

Mean and variation in rosette size 

On day 75, rooted rosettes had, averaged over both 
density treatments, 10.6 leaves of which the longest leaf 
was 35.7 mm. Thereafter, these values decreased. On 
day 115, rooted rosettes had on average 5.9 leaves of 
which the longest leaf was 29.1 mm. The size of rooted 
rosettes, estimated as the product of the number of 
leaves and the length of the longest leaf, was larger in 
the low-density treatment than in the high-density treat­
ment on day 75 (Fig. 2a). This effect had disappeared 
by day 115, which is reflected in a marginally significant 
density treatment-by-date interaction (Fig. 2a, Table 3). 

Size variation among rooted rosettes, expressed as 
coefficient of variation, increased significantly between 
day 75 and day 115 (Fig. 2b; effect of census date in 
Table 3). On day 75, no effect of the density treatment 
on size variation among rooted rosettes was evident, 
whereas on day 115 size variation among rooted 
rosettes was significantly larger in the low-density treat­
ment than in the high-density treatment (Fig. 2b; effect 
of density treatment in Table 3). 

Relative allocation to sexual and vegetative 
reproduction 

The proportion of flowering rosettes (i.e. relative alloca­
tion to sexual reproduction) increased from 0.29 to 0.37 
in the low-density treatment between day 49 and day 
III (Fig. 3a). In the high-density treatment, the propor­
tion of flowering rosettes first increased from 0.38 to 
0.49 between day 49 and day 75, and thereafter it 
decreased to 0.37 by day III (Fig. 3a; marginally 
significant density treatment-by-census date interaction 
in Table 4). Averaged over time, the proportion of 
flowering rosettes was 19% higher in the high-density 
treatment than in the low-density treatment (significant 
density treatment effect in Table 4). 

The proportion of rooted rosettes (i.e. relative alloca­
tion to vegetative reproduction) first decreased from 
0.29 to 0.21 and from 0.32 to 0.21 in the low and 
high-density treatments, respectively, between day 49 
and day 75, and thereafter it increased to 0.23 and 0.28, 
respectively, by day III (Fig. 3b; significant census date 
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effect in Table 4). Averaged over time, the proportion 
of rooted rosettes was 13% higher in the high-density 
treatment than in the low-density treatment (Fig. 3b; 
marginally significant density treatment effect in Table 
4). 

The ratio between the number of flowers and the 
number of rooted rosettes (i.e. the ratio between sexual 
and vegetative reproduction) in the high-density treat­
ment was higher than in the low-density treatment 
during the largest part of the experiment (day 49-75; 
Fig. 3c). This suggests that reproduction is shifted 
towards the sexual mode at higher densities. At the end 
of the experiment (day 111), when the relative differ­
ence in density of rosettes between both density treat­
ment had diminished, the ratio between the number of 
flowers and the number of rooted rosettes was higher in 
the low-density treatment than in the high-density treat­
ment (Fig. 3c). As a consequence, averaged over time, 
the effect of density on this ratio was not significant 
(Table 4). 

Seed mass and germination percentage 

The average mass of a seed produced in the high-den­
sity treatment (0.55 ± om mg) tended to be higher than 
the average mass of a seed produced in the low-density 
treatment (0.51 ±0.01 mg, F1,3o = 3.08, P<O.I). 

At the end of the germination experiment, i.e. after 
27 d, 31% of the seeds had germinated. The germina­
tion percentage was significantly higher for seeds from 
the high-density treatment (31.2 ± 1.0) than for seeds 
from the low-density treatment (25.2 ± 2.2, Fuo = 7.25, 
P < 0.05). This indicates that in the high-density treat­
ment, plants of R. replans produced seeds of higher 
quality than in the low-density treatment. 

Discussion 

Mean size and size variation of clones 

Clones in the low-density treatment of our experiment 
had produced more rosettes and rooted rosettes than 

clones in the high-density treatment. This indicates that 
density through an increase in intraspecific competition 
has negative effects on the fitness of genets of R. 
replans. As a consequence of the higher growth rate of 
clones in the low-density treatment, the relative differ­
ence in rosette density decreased between both density 
treatments. As anticipated, however, the absolute dif­
ference in rosette density did not disappear during the 
experiment (Fig. 1). 

The variation in the size of clones in the high-density 
treatment of our experiment was lower than in the 
low-density treatment (Table 2). This suggests that, 
although intraspecific competition decreases absolute 
fitness of genets of R. replans, it does not increase 
differences in relative fitness among genets. This indi­
cates that competition between clones of R. replans is 
symmetric rather than asymmetric (Weiner and Thomas 
1986, Weiner 1988). Probably, as has been suggested 
for other clonal plants (de Kroon et al. 1992; but see 
Schwinning and Weiner 1998), competition for light is 
relatively low in R. reptans because clones do not 
overtop each other as a consequence of limited height 
growth. In 14 of the 15 reported species in a review of 
Weiner and Thomas (1986), size variation increased 
with density. However, they do not give information on 
the degree of clonality of these species. The absence of 
an increase in size variation with density has been 
reported for the clonal plants Brachypodiul11 pinnatum, 
Carex flacca, and Solidago altissima (de Kroon et aL 
1992, Meyer and Schmid 1999). 

A reduction in size variation of clones with increas­
ing density concomitantly reduced variation in the 
number of rooted rosettes (i.e. vegetative fecundity), 
and because the number of flowering rosettes is 
strongly positively correlated with the number of 
rooted rosettes, most likely also variation in the number 
of flowering rosettes (i.e. sexual fecundity) of R. rep­
tans. Because effective population size decreases with 
increasing variation in fecundity (Heywood 1986, 
Thomas and Bazzaz 1993, Hartl and Clark 1994), ge­
netic drift is likely to be less pronounced at higher 
densities in R. reptans. Moreover, the response to selec-

Table 3. Summary of analyses of variance of effects of dcnsity treatment and census date on rosette size (number of 
leaves x length of the longest leaf) and the variation in rosette size (expressed as coefficient of variation, CV) in the experiment 
with Ralllllleulus replalls. We used repeated-measures analyses of variance to study both variation between trays (between 
subject) and variation within trays (within subject). + 1'<0,1, *1'<0.05, ***1'<0.001. 

Effcct 

Between trays 
Density treatment 
Tray 
Within trays 
Census date 
DxC 
Error 
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df 

1 
30 

1 
1 

30 

MS 

22374.3 
8113.2 

621 329.3 
33058,3 
10 039.3 

Rosette size 

F 

2,76 

61.89 
3.29 

CV of rosette size 

I' MS F I' 

0.150 5.02 
0.030 

*** 0,494 16.01 *** 
+ 0.115 3.73 + 

0.031 
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Fig. 3. The effect of density treatment on the mean proportion 
of (a) flowering rosettes. (b) rooted rosettes and (c) the ratio 
between the number of flowering and rooted rosettes in the 
experiment with Ranunculus replans. Measurements were made 
49, 75, and III d after the start of the experiment. Parameter 
estimates are given ± I SE. 

tion is likely to decrease with increasing density in R. 
replans because it increases with increasing variation in 
fecundity (Thomas and Bazzaz 1993, Falconer and 
Mackay 1996). These effects of density on genetic drift 
and on the response to selection suggest that genetic 
differentiation between high-density populations will be 

lower than between low-density popUlations of R. 
replans. 

Mean size and size variation of rosettes 

Rosettes of R. replans were larger in the low-density 
treatment than in the high-density treatment 75 dafter 
the start of the experiment. This indicates that intraspe­
cific competition reduces not only the number of vege­
tative offspring but also the size of ramets. However, 
I 15 d after the start of the experiment, the difference in 
rosette size between the two density treatments had 
disappeared (Fig. 2a). 

The larger variation in rosette size in the low-density 
treatment than in the high-density treatment (Fig. 2b) 
may suggest that competition among ramets of R. 
replans is also symmetric, as has also been reported for 
Phragmites auslralis, Polygonum weyrichii, and P. cusp­
idalum (Hara et a!. 1993, Suzuki 1994), but not for 
Carex ftacca and Brachypodiul11 pinna tum (de Kroon et 
a!. 1992). The overall increase in variation in rosette 
size during our experiment is probably caused by the 
production of new daughter ramets, which are initialIy 
smaller than the mother ramets. Therefore, the larger 
variation in rosette size in the low-density treatment 
than in the high-density treatment can most likely be 
attributed to a higher production rate of daughter 
rosettes in the low-density treatment than in the high­
density treatment (de Kroon 1993). 

Relative allocation to sexual and vegetative 
reproduction 

The relative allocation to sexual reproduction was 
higher when the population of R. replans grew in the 
high-density treatment than when it grew in the low­
density treatment. Many plants have a minimal size 
requirement for flowering, and as a consequence, when 
plants grow and move along their allometric trajectory, 
they generalIy increase the relative allocation to sexual 
reproduction (Weiner 1988, Schmid and Weiner 1993). 
This has also been found in R. replans (M. van Kleunen 
unpub!.). Clones of R. replans were smaller in the 
high-density treatment than in the low-density treat­
ment, and could therefore be expected to have a lower 
rather than higher relative alIocation to sexual repro­
duction under high density. From the opposite pattern 
found in our experiment, we conclude that the change 
in relative allocation to sexual reproduction is a direct 
response to density rather than an indirect consequence 
of growth. 

Seed mass and germination percentages were also 
higher for seeds of R. replans produced in the high-den­
sity treatment than for seeds produced in the low-den­
sity treatment. Although seed mass may trade-off with 
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seed number in R. replans (Prati 1998), this further 
indicates that the allocation to sexual reproduction 
was stimulated under high density through both an 
increased proportion of flowering rosettes and a 
higher seed quality. 

Increased investment to sexual reproduction under 
high density may be beneficial, as seeds enable the 
dispersion to more favourable sites (Abrahamson 
1975, 1980, Loehle 1987, Gardner and Mangel 1999). 
Moreover, sexual reproduction results in a high ge­
netic diversity and thus enhances the chance that 
some of the offspring will have a higher performance 
in the high-density environment than their parents. 
Furthermore, the increased quality of seeds produced 
under high density may enhance the probability of 
local establishment of sexually produced offspring 
(Haig and Westoby 1988). 

In clonal plants, there seems to be no general 
adaptive response of reproductive allocation to den­
sity as both an increase in relative allocation to sex­
ual reproduction and an increase in relative allocation 
to vegetative reproduction may be beneficial (Ogden 
1974, Abrahamson 1975, 1980, Williams 1975, Loehle 
1987, Gardner and Mangel 1999). Outcomes of selec­
tion under low and high density (i.e. r- and K-selec­
tion) may depend on whether plants have a spreading 
(guerrilla sensu Lovett Doust 1981) or a compact 
(phalanx sensu Lovett Doust 1981) growth form 
(Sackville Hamilton et al. 1987). Similarly, the direct 
effect of density on reproductive allocation may also 
depend on the clonal growth form. In clonal plants 
with a guerrilla growth form, such as R. replans, veg­
etative reproduction may be as effective as or even 
more effective than sexual reproduction in colonizing 
the available space under low density (Sack ville 
Hamilton et al. 1987). In clonal plants with a phalanx 
growth form, vegetative reproduction is not an effec­
tive means to colonize the available space under low 
density (Sackville Hamilton et al. 1987), whereas it 

may be an effective means to increase the competitive 
strength under high density (Schmid and Harper 
1985). 

In guerrilla species, it may be advantageous to shift 
reproductive allocation from vegetative reproduction 
to sexual reproduction with increasing density, 
whereas the opposite response may be advantageous 
in phalanx species. Indeed, studies reported in the 
literature show that phalanx species generally decrease 
the allocation to sexual reproduction with increasing 
density (Table 5), which, however, might also be a 
consequence of allometric growth (Weiner 1988). Al­
though these studies do not report data on vegctative 
reproductive allocation, the results suggest that pha­
lanx species generally decrease the ratio between sex­
ual and vegetative reproduction with increasing 
density. For guerrilla species, such as R. replans, the 
studies reported in the literature are less equivocal 
(Table 5). Nevertheless, they suggest that, in contrast 
to phalanx species, most guerrilla species increase the 
ratio between sexual and vegetative reproduction in 
response to density. 

Conclusions 

We conclude that intraspecific competition in R. rep­
lans may affect evolutionary processes, such as ge­
netic drift and the response to selection, as a 
consequence of a reduced variation in clone size. 
Moreover, we conclude that intraspecific competition 
affects the clonal life history of R. replans, and that 
reproduction is shifted towards the sexual mode at 
higher densities. Given the fact that rosette densities 
of R. replans can be high in its natural habitat, our 
study suggests that intraspecific competition is an im­
portant factor in the evolution of the clonal life his­
tory, at least of R. replans. 

Table 4. Summary of analyses of variance of effects of density treatment and census date on the relative allocation to sexual 
reproduction, the relative allocation to vegetative reproduction, and the ratio between the number of flowering and rooted 
rosettes in the experiment with Ranullculus replans. We used repeated-measures analyses of variance to study both variation 
between trays (between subject) and variation within trays (within subject). For the ratio between the number of flowering and 
rooted rosettes, significance levels of the within-subject effects arc corrected by using the Greenhouse-Geisser (G-G) correction 
factor ~. +P<O.I, **P<O.OI, ***P<O.OOl. 

Effect df Proportion of flowering Proportion of rooted Flowering rosettes/rooted rosettes 
rosettes rosettes 

MS F P MS F P MS F P G-G 

Between trays 
Density treatment I 0.06691 4.18 *** 0.03187 3.14 + 0.052 0.05 
Tray 24 0.01603 0.01014 l.0l3 
Within trays 
Census date 2 0.05937 5.83 ** 0.05698 12.93 *** 7.893 20.94 *** *** 
DxC 2 0.03214 3.16 + 0.00211 0.48 0.328 0.87 
Error 48 0.01018 0.00441 0.377 
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Table 5. Summary of studies on the effect of density on the allocation to sexual and to vegetative reproduction, and on the ratio 
between sexual and vegetative reproduction in clonal plants with different growth forms (phalanx vs guerrilla). +: positive effect 
of density, -: negative effect of density, 0: no significant effect of density, and?: effect not given. 

Species and growth form Reproductive allocation Reference 
Sexual Vegetative Sexual/vegetative 

Phalanx growth form: 
Plantago major 
Bro/nus eree/us 
Bellis perennis 
Elymus lanceolatus ssp. lV(lIvawaiensis 
Guerrilla growth form: 
Ranunculus reptalls 
Cyperus rotundus 
Prunella vulgaris 
Elymus lanceolatus ssp. lanceolatus 
H ieracium pilosella 
Tussi/ago far/ara 
Fragaria virginiana 
Hieracium floribundum 

Carex flacca 

+ 

+ 

+t 
0 
0 
0 

+ 

? 

+ 
+ 
? 

+ 

+ 
+ 
+ 

Hawthorn and Cavers 1982 
Stephan 2000 
Schmid and Harper 1985 
Humphrey and Pyke 1998 

this study 
Williams et al. 1977 
Schmid and Harper 1985 
Humphrey and Pyke 1998 
Bishop and Davy 1985 
Ogden 1974 
Holler and Abrahamson 1977 
Thomas 1974, cited in Abra­
hamson 1975 
Stephan 2000 

t: in this study the allocation to sexual reproduction decreased when density was higher than the density observed in nature. 
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