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Abstract

Korpelainen H. 1992, Patterns of phenotypic variation and sexual size dimorphism in
Rumex acetosa and R. acetosella. Bot. Helv. 102:109-120.

The patterns of phenotypic variation and sexual dimorphism in height and dry weight
were examined in populations of Rumex acetosa and R. acetosella, and the interactions
between phenotypic variation, sexual dimorphism, sex ratio and various environmental
variables were explored. In both species, more markedly in R. acetosa, the sex ratios were
commonly female-biased. The lower level of phenotypic variation often observed in
males is suggested to result from a greater physiological tolerance in variable environ-
ments. Females are the taller sex in R. acetosa and R. acetosella. The correlations be-
tween the degree of sexual size dimorphism and the proportion of females were found to
be significantly positive. It is proposed that the reason for sexual size dimorphism in
Rumex is an ecological mechanism which is based on the interaction between mortality
differences and size distribution. Taller plants have lower mortality, and this feature is
more important for females which have higher resource demands in reproduction than
do males.

Key words: Phenotypic variation, sexual dimorphism, sex ratios, Rumex.

Introduction

In dioecious species males and females have different roles in the reproductive biology
and also different resource requirements, which could cause selection pressures leading
to the evolution of sexual dimorphism. All secondary sex characters between sexes in
structures other than the primary sex organs and sex-associated phenological differences
are generally called collectively sexual dimorphism. Such sexual differentiation has been
observed in a number of dioecious plants (for a review, see Lloyd and Webb 1977).
Traditional studies on sexual dimorphism in plants have often been limited to floral
characteristics. More recently there have been reports on other aspects of sexual dimor-
phism in morphological and physiological traits as well as in ecological features such as
life history parameters and resource allocation patterns (e.g. Wallace and Rundell 1979,
Bullock and Bawa 1981, Bawa et al. 1982, Meagher 1984, Agren 1987). Sexual dimor-
phism may influence both population structure and breeding patterns in dioecious
species.
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Putwain and Harper (1972) have suggested for R. acetosella that differences in such
secondary characteristics as flowering time, inflorescence height and dry weight may
represent differentiation between the sexes in utilization of environmental resources.
Niche differentiation could result in the reduction of between-sex competition and the
stabilization of the sex ratio. However, Lloyd and Webb (1977) postulate that differences
in secondary sex characters in plants are of selective value directly in relation to the
distinct roles of males and females in sexual reproduction. Since plants are nonmotile,
the ecological consequences of sexual dimorphism have been shown to be sometimes
expressed as spatial segregation of the sexes along some environmental gradient (e.g.
Freeman et al. 1976, Grant and Mitton 1979, Onyekwelu and Harper 1979, Meagher
1984, Vitale and Freeman 1986).

The sorrels Rumex acetosa and R. acetosella are dioecious perennial weeds which
exhibit a very plastic above-ground morphology (e.g. Farris and Schaal 1983, Kor-
pelainen, pers. obs.). In R. acetosella Harris (1970) found the growth forms to vary from
a compact, prostrate form in the open subalpine habitat to a taller form occurring in
more closed and shaded habitats. Farris and Schaal (1983) have shown that in R. ace-
tosella the observed differences among populations are the result of phenotypic plasticity
rather than genetic differentiation. Such plastic response to the environment may help to
explain how R. acetosa and R. acetosella can exist in a wide range of environments. Both
species are capable of vegetative reproduction, and particularly in R. acetosella popula-
tions may almost exclusively be maintained by vegetative reproduction in some habitats
(Putwain et al. 1968). Due to vegetative reproduction, each genet (genetic individual)
may be composed of one or several genetically identical ramets. R. acetosa and R. ace-
tosella possess morphologically distinguishable sex chromosomes (Westergaard 1958),
which means that sex determination is genetic instead of being environmental.

In this study I examine the patterns of phenotypic variation, separately for males and
females, and sexual dimorphism in height and biomass in populations of R. acetosa and
R. acetosella living in a range of habitats, and explore the relationship between pheno-
typic variation, sexual dimorphism, sex ratio and environmental variables. Since male
and female plants have different roles in reproduction in dioecious species, they may
react differently to variable environments. This can be expressed as sexual dimorphism
and differences between the sexes in the level of phenotypic variation. In addition to
exploring these patterns of population and environmental variables, I attempt to find an
evolutionary explanation for the observed phenomena.

Materials and methods

Six populations of Rumex acetosa and twelve populations of R. acetosella inhabiting a range of
environmental conditions were studied during the growing seasons of 1988 —89. All populations are
located in Central Finland in the counties of Jappild (62°20'N 27°30'E) and Varkaus (62°20'N
27°50°E). For the four populations of R. acetosa originating from Jippild I use the abbreviations
J1-J4, and for the two populations originating from Varkaus I use the codes V1 and V2. Similarly,
the five populations of R. acetosella located in Jippild are coded J1-J5, and the seven populations
from Varkaus have the abbreviations V1-V7. In one case only the two species coexisted in the same
habitat, J2 of R. acetosa and J5 of R. acetosella. The population J4 of R. acetosa was included in
the study only in 1989. The pairwise distances of the populations of R. acetosa varied from 0.3 km
to 21 km, except for the populations J1 and J2 which were located only 100 meters apart but
occupied distinct habitats. In R. acetosella the pairwise distances ranged from 0.7 km to 22 km. Soil
samples from the sites of the Rumex populations were analyzed for pH and the content of calcium,
magnesium, nitrogen, phosphorus and potassium by Viljavuuspalvelu Oy in Helsinki.
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Populations were studied twice during each growth season: First in June at the time of flowering
(early June for R. acetosa and late June for R. acetosella), and then two months later when the seeds
were mature. At both times the sex and the height of each ramet in the sample were recorded. Most
populations were relatively small in size. In those cases all ramets were examined. The sample sizes
are shown in Table 1. In August of both years, all the plants recorded in June were harvested, dried
at 95°C for 24 hours, and their dry weight was determined.

To study the patterns of phenotypic variation separately in males and females, the height and
the above-ground biomass (dry weight) were recorded and the coefficient of variation (the standard
deviation expressed as a percentage of the mean) was calculated for each sample and for the
weighted averages across populations. To test if males and females differed in the amount of
phenotypic variation in height and dry weight, the differences in the coefficient of variation between
the sexes were tested by means of a t test (Sokal and Brauman 1980). Measuring dry weight instead
of height is a better means of comparing plant sizes in Rumex because of the great variation in their
growth forms.

To test spatial and temporal variation in phenotypic variation, the differences between and
within populations at different times in the variance of height and weight in males and females were
determined by means of a Bartlett’s test of homogeneity (Steel and Torrie 1980), when more than
two variances were compared, and by means of a F test (Sokal and Rohlf 1987), when two variances
were compared. Differences in height and weight between females and males were tested by a t test
(Sokal and Rohlf 1987). Before testing the significance of differences in the variances of height and
weight, the data were tested for normality (Sokal and Rohlf 1987) and found to follow the normal
distribution.

Results

The patterns of phenotypic variation

In Rumex acetosa the ramet sex ratios were always strongly female-biased, while the
sex ratios of R. acetosella expressed considerably more variation (Table 1). Ramet sex
ratios were used rather than genet sex ratios because it is problematic to recognize which
ramets belong to the same genet. More details of the pattern of temporal and spatial sex
ratio variation and the mechanisms responsible for the observed sex ratio variation in
Rumex populations are given in Korpelainen (1991).

On average, the females of R. acetosa possessed considerably more variation than
males in height and weight in 1988 (Table 2). In 1989 the level of phenotypic variation
was more equal. In R. acetosella females expressed a significantly higher level of pheno-
typic variation in late summer samples. In June samples, when only height was measured,
even a few cases with a higher level of phenotypic variation in males were detected though
the averages across populations were equal.

The amount of phenotypic variation in height and weight varied significantly between
populations (Table 3). Also considerable temporal changes in phenotypic variation
within populations were detected. Out of the 65 within-population tests in height and
weight in both sexes 50 tests indicated a significant temporal change in the level of
phenotypic variation. -

Sexual size dimorphism

To examine the degree of sexual size dimorphism in greater detail, the ratios of
average female height per average male height and average female dry weight per average
male dry weight were determined. Table 4 gives the average level of sexual size dimor-
phism, the range of variation between populations and the significance of differences in
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Tab. 1. The ramet sex ratios of six populations of Rumex acetosa and twelve populations of R.
acetosella located in Central Finland (data from Korpelainen 1991). Sex ratios are expressed as a
proportion of females to the total. The sample sizes are in parentheses.

Species Population Sex ratio
June 1988 August 1988 June 1989 August 1989

R. acetosa J1 0.59 (365) 0.82 (266) 0.62 (368) 0.79 (154)
12 0.94 (218)* 0.95 (133)* 0.70 (542)* 0.74 (367)*
I3 0.66 (510)* 0.84 (149)* 0.61 (508)* 0.84 (37)*
J4 - - 0.88 (296)* 0.78 (108)*
Vi 0.88 (241) 0.82 (264) 0.91 (170) 0.84 (269)
V2 0.87 (55)* 0.78 (59)* 1.00 (32)* 0.55 (29)*

R. acetosella 11 0.48 (263)* 0.67 (105)* 0.39 (127)* -
J2 0.70 (490) 0.48 (162) 0.51 (271) -
I3 0.38 (654)* 0.67 (106) * 0.62 (257)* 0.77 (141)*
J4 0 (578)* 0.17 (101)* 0.06 (193)* 0.62 (94)*
J5 0.58 (343)* 0.49 (105)* 0.42 (501)* 0.62 (268)*
Vi 0.62 (687)* 0.91 (229)* 0.57 (333)* 0.58 (93)*
V2 0.18 (562)* 0.20 (126)* 0.09 (117)* 0.54 (94)*
V3 0.65 (990) 0.64 (160) 0.58 (306) 0.79 (212)
V4 0.49 (814) 0.65 (268) 0.52 (172)* 0.59 (163)*
V35 0.90 (276) * 0.90 (70)* 0.73 (66)* 0.55 (159)*
Vo6 0.51 (600)* 0.40 (96)* 0.40 (474)* 0.44 (34)*
V7 0.81 (320)* 0.81 (203)* 0.45 (153)* 0.72 (146)*

* Denotes a sex ratio determined by counting the entire population.

Tab. 2. The weighted average heights, weights and standard deviations for female and male ramets,
and the numbers of populations with equal coefficient of variation (s/X) and with significantly
(P <0.05) higher coefficient of variation in females or in males. The symbols < and > express the
direction of significant differences (P < 0.05) in the average values of coefficient of variation (a t test).
In single-population comparisons only samples with more than 10 ramets of one sex are included.

Species Trait Season Average + SD s/X (no. populations)
Females Males Equal Higher Higher
infemales in males

R. acetosa  Height  June 1988 77.5 +19.5 > 551 +12.6 2 2 0
(cm) August 1988 77.6 +19.7 > 694 +148 2 1 1

June 1989 699 +16.2 501 +113 3 2 0

August 1989 68.5 +14.8 62.4 +14.4 5 0 0

Weight  August 1988 0.914+ 0.69  0.574+ 0.34 3 1 0

(2) August 1989 0.70+ 046  0.53+ 035 5 0 0

R. acetosella Height  June 1988 36.5 +11.2 288 + 9.0 7 1 3
(cm) August 1988 363 +11.1 > 344 + 81 8 3 0

June 1989  30.7 +£10.2 295 + 9.7 7 1 3

August 1989 273 + 81 276 + 83 8 2 0

Weight  August 1988 0.194+ 0.17> 0.13+0.09 11 1 0

(2) August 1989 0.12+ 0.11> 0.12+0.09 8 2 0
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Tab. 3. The significance of variation between populations in the variance of height and weight in
females and males (Bartlett’s test of homogeneity).

Species Trait Season Significance
Females Males
R. acetosa Height June 1988 P <0.001 n.s.
August 1988 P<0.05 P<0.001
June 1989 P <0.001 P<0.001
August 1989 P <0.001 P<0.001
Weight August 1988 n.s. P<0.001
August 1989 P <0.001 P<0.001
R. acetosella Height June 1988 P <0.001 P <0.001
August 1988 P <0.001 P <0.001
June 1989 P <0.001 P <0.001
August 1989 P <0.001 P <0.001
Weight August 1988 P <0.001 P <0.001
August 1989 P <0.001 P <0.001

Tab. 4. Weighted average sexual size dimorphism (SSD) and the range of variation, expressed as a
ratio of average female and male ramet height and dry weight, and the significance of differences
in the average female and male size (a t test). In single-population comparisons only samples with

more than 10 ramets of one sex are included.

Species Trait Season SSD (range) Significance
of size
difference

R. acetosa Height June 1988 1.31 (1.10-1.37) P<0.001

August 1988 1.12 (0.97-1.20) P<0.001
June 1989 1.34 (1.07-1.42) P <0.001
August 1989 1.10 (0.83-1.25) P<0.001
Weight August 1988 1.60 (1.51-1.75) P <0.001
August 1989 1.32 (0.71-2.16) P <0.001
R. acetosella Height June 1988 1.27 (1.00-1.47) P <0.001
August 1988 1.06 (0.81-1.33) P <0.001
June 1989 1.04 (0.92-1.28) P<0.01
August 1989 0.99 (0.88-1.17) n.s.
Weight August 1988 1.44 (0.64—2.26) P <0.001
August 1989 n.s.

1.05 (0.67-1.53)

the average female and male sizes. The results show that sexual size dimorphism was
more extensive in R. acetosa than in R. acetosella, and that the size difference between
the sexes was greater when measured as dry weight than when measured as height. In
both species the degree of height differences between the sexes decreased toward late
summer almost to the point of disappearing. However, the dry weight differences, which
were measured only in August samples, show that sexual size dimorphism still exists in
late summer populations.
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Interactions between population and environmental variables

Interactions between phenotypic variation, sexual size dimorphism, sex ratio and
environmental variables were examined by calculating correlation coefficients between
the coefficients of variation of height and dry weight, the degree of sexual size dimor-
phism, several soil characteristics, population density and sex ratio, separately for June
1988 -89 and August 1988—-89 samples of R. acetosa and R. acetosella (Tables 5 and 6).
Most populations contributed two data points to the correlations, one from the year 1988
and the other from the year 1989. This was justified as the population variables examined
here expressed considerable between-year variation.

The relations between the level of phenotypic variation and environmental variables
and between the degree of sexual size dimorphism and environmental variables appeared
to be of little importance. In R. acetosa significant negative correlation coefficients were
found between the coefficient of variation of male height in June an the levels of nitrogen
and phosphorus. Also in females, considerable but not statistically significant negative
correlations were observed between those variables. No such correlations were detected
in R. acetosella, in which the only significant environmental correlation was the negative
correlation between the coefficient of variation of female dry weight and the level of
calcium in August samples. However, even by chance alone a few significant correlations
are expected to be found.

No statistically significant density effects on the level of phenotypic variation or on
sexual size dimorphism were detected in either Rumex species. Still, in R. acetosa, espe-
cially in early summer, the amount of phenotypic variation appeared to be somewhat
greater at high population densities.

The relation between the amount of phenotypic variation and sex ratio proved to be
inconsistent. In the June samples of R. acerosa males expressed a significant negative
correlation between the coefficient of variation of height and sex ratio, which means that
males have less variation when the sex ratio is more female-biased. In females the
situation was similar but not significant. In late summer the situation changed, and the
correlations between the coefficient of variation and sex ratio were positive but non-
significant, except for the correlation between the coefficient of variation in female dry
weight and dry weight sex ratio (=the total dry weight of females divided by the total
dry weight of all individuals in the sample). In R. acerosella the correlation coefficients
between the amount of variation in height and sex ratio were significantly positive in the
August samples.

The correlations between the degree of sexual size dimorphism and the amount of
phenotypic variation showed an inconsistent pattern. However, the interaction between
size dimorphism and sex ratio appeared important in both Rumex species. The results
indicating a positive correlation between those variables were clear in August samples.
The situation in early summer was not certain since the size of the plants was then
measured as height only, which is not as good a measure for size as is dry weight. In order
to explore the observation more thoroughly I formed a regression between the ramet sex
ratio and the natural logarithm of female dry weight per male dry weight for August
samples of R. acetosa and R. acetosella (Figs. 1 and 2). The regression lines for both
species had significantly positive slopes. The result is that the sex ratios of Rumex
populations are more extremely female-biased when the size difference between the sexes
is greater toward taller females. In R. acetosa and R. acetosella the degree of sexual size
dimorphism, when expressed as a dry weight ratio between females and males, explains
66% and 28%, respectively, of the variation in the ramet sex ratio. However, in the case
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Fig. 1. Ramet sex ratio plotted against sexual size dimorphism in Rumex acetosa. Sex ratios are
expressed as a proportion of females to the total. The regression line is shown. The slope is
significantly positive (F; 5, =11.38, P<0.05, R?=0.66).
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Fig. 2. Ramet sex ratio plotted against sexual size dimorphism in Rumex acetosella. Sex ratios are '
expressed as a proportion of females to the total. The regression line is shown. The slope is
significantly positive (F; ;5,=7.23, P<0.05, R?=0.28).
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of R. acetosa it is important to notice that the sample V2 of August 1989 strongly
influences the relationship between sex ratios and sexual size dimorphism. If V2 of
August 1989 is excluded from the study, the correlation and regression formed between
sex ratios and the degree of sexual size dimorphism become nonsignificant. The low level
of variation in sex ratios and the degree of sexual size dimorphism cause difficulties in
drawing conclusions of the relationship between these two variables in R. acetosa.

Discussion

It is expected that plastic responses in growth should be the rule in species, such as
Rumex acetosa and R. acetosella, which inhabit a range of environmental conditions.
Both genetic and environmental components contribute to the resulting level of pheno-
typic variation.

A nongenetic component of phenotypic variation may be classified as random or
systematic (Bull 1987). Random environmental variation describes variation that is
uncorrelated with external factors. Phenotypic plasticity, in which the phenotype varies
systematically with some environmental cue, is the other form of environmental varia-
tion. Although environmental effects are themselves not heritable, the susceptibility to
them potentially is. The norm of reaction, that is the amount by which the expressions
of a genotype are changed by different environments, is a measure of the plasticity of the
characters in question. There are many situations where the plasticity of a character can
have considerable adaptive significance. However, the definition of phenotypic plasticity
does not imply that plastic responses are necessarily adaptive (Schlichting 1986).

Both males and females of R. acetosa and R. acetosella were found to possess consid-
erable amounts of phenotypic variation. The lower level of phenotypic variation often
observed in males when compared to females indicates that males are physiologically
more tolerant to variation in the environment and they can manage in a wider range of
environments with less decline of their performance. At first this seems to contrast with
the commonly observed female predominance in Rumex populations. I suggest that
females possess characteristics (e.g. lower mortality) which often make them superior to
males. However, females, which have higher energy requirements in reproduction than
do males, may suffer from harsh environmental conditions more easily than do males.
Thus the female strategy involves a higher phenotypic plasticity while the male strategy
includes a greater physiological tolerance and a more constant phenotype. However, the
possibility that the lower level of phenotypic variation in males could be due to canaliza-
tion or to differences in genetic correlations among traits can not be rules out.

Both in R. acetosa and R. acetosella females were taller than males, though in R. ace-
tosella the differences between the sexes were less extreme. The size differences between
the sexes are not fixed secondary sex characters, since the male and female sizes could
change with age or environmental conditions. The late summer correlations between the
degree of sexual size dimorphism and sex ratios were significantly positive in R. acetosa
and R. acetosella, though the data on R. acetosa is limited. The interactions between the
degree of sexual size dimorphism, various soil characteristics and density were found
negligible. Contrary to these results, Conn (1980, 1981) discovered in R. hastatulus that
the height difference between males and females decreases with increasing population
density. Females appeared to be more greatly affected by crowding, possibly because of
higher energy requirements for setting seed. Moreover, the differences in anthesis date
between the sexes increase as density increases and as the content of nitrogen, phospho-
rus and potassium in soil decreases (Conn 1980, 1981).
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Three major hypotheses have been proposed to explain the evolution of sexual
dimorphism in body size and morphology of animals (for a review, see Hedrick and
Temeles 1989). These hypotheses, reproductive role division, intersexual resource compe-
tition and sexual selection, can be applied to plants as well. Most studies on sexual
dimorphism in plants have concentrated on reproductive role division or ecological
differences. Recently some researchers have also suggested the possibility of sexual
selection in plants (see Lovett Doust and Lovett Doust 1988). Lande (1980) assumes in
his model that the genetic basis for sexual dimorphism is polygenetic. He demonstrated
that sexual dimorphism can evolve if selection acts on the two sexes in opposite ways and
if the genetic correlation between the sexes is less than 1.0.

The idea that sexual dimorphism could evolve because of adaptive ecological differ-
ences between the sexes has often been dismissed as lacking general applicability. As
Shine (1989) reviews, the reason for this dismissal is not contradictory data as much as
difficulties in testing the hypothesis. Slatkin (1984) has examined the ecological basis of
sexual dimorphism and has concluded that there are three ecological mechanisms that
could account for the origin of sexual dimorphism: First, ecological conditions could
favor different ecological roles for the two sexes (dimorphic niches). Second, ecological
conditions could favor two distinct types of individuals of either sex (bimodal niches).
Third, ecological conditions could favor dimorphism through competition for limited
resources, analogous to ecological character displacement.

The observed positive correlations between the degree of sexual size dimorphism and
sex ratio in both R. acetosa and R. acetosella show that the females are more abundant
in populations where females are larger. As observed by Korpelainen (1991), the major
cause of biased sex ratios in R. acetosella is different mortality between the sexes, and
mortality may be an important factor leading to biased sex ratios in R. acetosa as well.
On the other hand, intraspecific competition and differences in vegetative vigour between
the sexes have a minor effect on the sex ratios (Korpelainen 1991). I propose that the
reason for sexual size dimorphism in Rumex is an ecological mechanism which does not
operate through competition between the sexes but rather through the interaction be-
tween mortality differences and size distribution. If competition between the sexes were
to cause the observed sexual size dimorphism, the increased level of dimorphism should
result in more equal sex ratios due to a reduced level of between-sex competition —exactly
the opposite of the results in this study. Putwain and Harper (1972) have shown that in
R. acetosella females allocate between three to four times more of their biomass to sexual
reproduction than do males. With increasing size, females gain proportionately more in
terms of viability than do males and the sex ratios become more female-biased. A cause
for the decreased size difference and for the somewhat greater female predominance by
late summer may be an event where the smallest males suffer from greater mortality and
perish during the summer. In summary, size differences between the sexes in R. acetosa
and R. acetosella are based on the interaction between mortality differences and size
distribution. Taller plants have lower mortality, and this feature is more important for
females which have higher resource demands in reproduction than do males.

I am grateful to Kent Tankersley for help both in the field work and in the preparation of this
paper. The research was funded by the Academy of Finland.
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