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Population dynamics in Oxalis acetosella: the significance of
sexual reproduction in a clonal, cleistogamous forest herb
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I studied demography in three populations of the clonal, cleistogamous herb Oxalis
acetosella during three growing seasons, to assess the impact of seedling recruitment
relative to ramet recruitment on its population dynamics. I followed each plant in
permanent plots, and stage-classified it according to origin (sexually or vegetatively
derived) and reproductive status. I calculated between-year transition probabilities,
and sexual and vegetative fecundities, and used them in projection matrix analyses to
simulate the development of populations and obtain the elasticity of each life-history
event.

In general, non-flowering adults was the most numerous stage class and flowering
new ramets the rarest, whereas the proportions of the other stage classes varied
among populations and years. The negative correlation between plant density and
survival was not very strong, and mortality seemed to be largely density-independent.
Simulated population growth rates (A) indicated that one of the populations is
declining and the other two are growing, although slowly. The highest elasticities
were usually those of stasis in adult plants, whereas elasticities of other matrix entries
were low and highly variable. A was positively correlated with the elasticities of
seedling production and survival but negatively correlated with the elasticity of adult
survival, indicating that seedling recruitment is more favourable for population
growth than is adult stasis. There were no correlations between A on the one hand
and the elasticities of ramet production and survival on the other.

The results suggest that recruitment from seedlings is important for the growth and
long-term maintenance of O. acetosella populations, as a complement to the rather
low vegetative propagation. In this context cleistogamy is an adaptive strategy,
maximizing total seed output.
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Centre, Uppsala Univ., Villavigen 14, SE-752 36 Uppsala, Sweden (present address:
Dept of Biology, Plant Ecology, Univ. of Marburg, Karl-von-Frisch-Str. 1, D-35043
Marburg, Germany).

Generally, it is assumed that populations of clonal
plants are maintained and expanded mainly through
vegetative propagation, while recruitment from seeds is
of less importance. Allocation to seed production is
low, and seedlings will to a large extent be outcompeted
by established plants. Seeds should be important mainly
for colonizing new sites, e.g. disturbed patches (Tamm
1972, Harper 1977, Barkham 1980, Eriksson 1997, Ver-
burg et al. 2000, and references therein). According to
theory, this should be the case especially in woodland
species with below-ground clonal growth, “guerilla”
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growth habit (i.e. extensive vegetative spread), and
long-distance seed dispersal (Eriksson 1989).

A plant displaying some of these features is Oxalis
acetosella L. (Oxalidaceae), which is a long-lived herb
with quite extensive rhizomatous growth. It is mostly
found in the understorey of more or less undisturbed
forest sites, where it can attain very high densities
(Packham 1978, Shorina 1985, Grime et al. 1988, Cher-
nenkova and Shorina 1990). However, seed dispersal is
exclusively explosive, implying that most propagules are
distributed within the population (Packham 1978,
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Chernenkova and Shorina 1990, Berg 2000). Another
way of escaping density-dependent mortality, apart
from dispersal in space, is dispersal in time, i.e. the
formation of a bank of dormant seeds waiting for
conditions appropriate for germination (Harper 1977,
Eriksson 1989). In O. acetosella, however, seed banks
seem to be of little importance, and seedlings are often
observed in abundance in natural populations
(Brakenhielm 1977, Packham 1978, Grime et al. 1988,
Chernenkova and Shorina 1990).

Oxalis acetosella is cleistogamous, i.e. capable of
reproduction by means of both chasmogamous (open,
potentially cross-pollinated) and cleistogamous (closed,
obligately self-pollinated) flowers (“true” cleistogamy;
Lord 1981). Both flower types may occur in a single
plant. Despite several studies focusing on the various
evolutionary implications of this system (e.g. Darwin
1877, Schemske 1978, Waller 1979, Schoen and Lloyd
1984), few have tried to shed light on the role of
cleistogamy in the dynamics of plant populations. The
mere fact that O. acetosella displays this dimorphic
reproductive strategy, together with the lack of mecha-
nisms for long-distance dispersal and dormancy in seeds
as well as the frequent occurrence of seedlings, indicates
that seed production is of some importance also in
established populations. In addition, low root competi-
tion (Brdkenhielm 1977) and high shade-tolerance sug-
gest that mortality in this species is largely
density-independent, and thus population growth may
be influenced by the recruitment of new seedlings.

In earlier studies, data have been gathered on CH
(chasmogamous) and CL (cleistogamous) reproductive
output and offspring fitness in O. acetosella (Redbo-
Torstensson and Berg 1995, Berg and Redbo-
Torstensson 1998, 2000). The purpose of the present
study was to relate information from these studies to
demographic data, in order to estimate the significance
of the dimorphic reproductive system for the produc-
tion of seedlings and the relative importance of seedling
and ramet (vegetative) recruitment for the growth and
maintenance of O. acetosella populations. To this end,
I collected demographic data in three natural popula-
tions of O. acetosella during three growing seasons,
1995-1997, and used them in projection matrix analy-
ses of population growth.

Throughout this paper, I will refer to sexual repro-
duction as just “reproduction”, since by definition vege-
tative propagation cannot be considered as
reproduction. Nomenclature follows Karlsson (1998).

Material and methods

The study species

Oxalis acetosella is a low-growing, perennial herb with
a slender, branching rhizome rooting adventitiously.

234

The rhizome creeps through the uppermost soil layers
or under the litter, and can form clonal patches of up to
0.5 m in diameter. It bears swollen scale leaves acting as
storage organs. The green leaves grow in rosettes at the
end of the rhizome, or alone along the rhizome. Oxalis
acetosella is winter-green and capable of growth and
seed-set under low light, although growth rate is slow.
It is sensitive to drought and strong sunlight and mostly
found in shady woodland, where it often dominates the
herb layer. Its distribution is through most of Europe
and north and central Asia, and in Sweden it is a
common understorey plant of moist—mesic coniferous
and deciduous forest in the major part of the country
(Packham 1978, Grime et al. 1988, Chernenkova and
Shorina 1990, Odell and Drakenberg 1991).

CH flowers appear in spring and are pollinated by
insects of various taxa (Redbo-Torstensson and Berg
1995). The completely closed and self-pollinated CL
flowers are produced mainly in summer and early au-
tumn (Berg and Redbo-Torstensson 1998). For closer
descriptions of both flower types, see e.g. Darwin
(1877) and Packham (1978). The average O. acetosella
plant produces more CL flowers than CH flowers, but
in both phases there is large temporal and spatial
variation in fruit-set (Redbo-Torstensson and Berg
1995, Berg and Redbo-Torstensson 1998).

The fruit of both flower types is a capsule usually
containing no more than 10 seeds. The seed is explo-
sively dispersed and can be thrown up to a few metres
from the mother plant (Packham 1978, Chernenkova
and Shorina 1990, Berg 2000). Most seeds germinate in
spring in the year after dispersal, but a short-lived seed
bank can be formed (Brikenhielm 1977, Grime et al.
1988, Chernenkova and Shorina 1990). Germination
percentage is low in the field, and seedling mortality
can be high (Berg and Redbo-Torstensson 2000).

The study sites

Three O. acetosella populations in the vicinity of Upp-
sala, central Sweden, were chosen for the study. The
three sites represent different habitats, and all of them
were undisturbed during the study period and had a
continuous, densely patched cover of the study species.
Population 1 (P1) is situated 2 km south of Uppsala
(59°49'60"N, 17°41'20"E), in a relatively open and dry
forest dominated by deciduous trees, e.g. Betula pendula
and Quercus robur. Dominant field layer species are
Anemone hepatica, A. nemorosa, O. acetosella, Hi-
eracium sect. Hieracium spp., and Poa nemoralis. Popu-
lation 2 (P2) is located ca 300 m east of P1 (59°49'60"N,
17°41'23"E; the two populations are clearly separated).
It is in a middle-aged, closed pine plantation with shady
and mesic conditions. The tree layer is dominated by
Pinus sylvestris, the field layer by Dryopteris filix-mas,
A. nemorosa, O. acetosella, and H. sect. Hieracium spp.

ECOGRAPHY 25:2 (2002)



Population 3 (P3) is situated 10 km north-east of
Uppsala (59°54'30"N, 17°45'00"E), in a shady, moist
spruce forest dominated by Picea abies but also con-
taining e.g. Pinus sylvestris and Populus tremula. Domi-
nant field layer species are 4. nemorosa, O. acetosella,
Vaccinium myrtillus, and Deschampsia flexuosa. This
site has a slightly shorter growing season than the two
others (see also Berg and Redbo-Torstensson 1998).

Basic demography

I established 10 permanent plots in each of the three
populations. I marked each plot with two plastic tubes,
driven into the ground, onto which a quadratic metal
frame with a 2.5 x 2.5 cm mesh grid could be attached.
The grid formed a 10 x 10 coordinate system; the ob-
servation area in each plot was thus 25 x 25 cm.

In early May 1995, at the start of the growing season,
I registered every O. acetosella plant in all 30 plots, and
tagged it with a piece of plastic straw slipped over a
petiole (or, for leafless plants, over the above-ground
part of the rhizome). I counted the leaves as a measure
of size/resource status, since flower production has been
found to be positively related to leaf number (Berg and
Redbo-Torstensson 1998). 1 then visited the plots two
to four times per month during the growing season,
until mid-October. 1 also registered and tagged all
seedlings (seed-derived plants in their first year above
ground; with cotyledons) and new ramets (presumably
vegetatively derived plants in their first year above
ground) appearing during the season. I counted the
leaves in new ramets but not in seedlings, since almost
all seedlings had only one leaf or just cotyledons. I also
noted the reproductive status of each plant — CH-,
CL-, or non-flowering — to obtain the probabilities of
reproduction. The coordinate system and the tagging
made it possible to follow each plant for several years.
When a tagged plant could not be recovered, or had
been lacking green parts for more than two months, I
registered it as “dead”; thus, survival probabilities were
obtained. I repeated this in 1996 and 1997, from early
May to mid-October. Each year, I summed the total
plant number per plot to calculate population density,
in order to relate this variable to e.g. reproduction and
survivorship.

Matrix models

Stage classification

After data collection, I classified the plants for simula-
tions of population growth with projection matrix mod-
els (Caswell 1989). Initially, my intention was to classify
the plants according to origin (sexually or vegetatively
derived), age, and size (leaf number), but soon I found
that there was no real age or size limit for reproduction.
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Only seedlings lacked the ability to produce flowers
during the study period; in the other groups even very
small plants were able to reproduce. Therefore, I di-
vided the plants into five stage classes, based on origin
and reproductive status: 1) seedlings; 2) non-flowering
new ramets; 3) flowering new ramets; 4) non-flowering
adult plants; and 5) flowering adult plants. I considered
this classification appropriate since the aim of the study
was to compare the importance of reproduction and
vegetative propagation.

Transition probabilities and fecundities

I considered seedlings and ramets adult when they had
survived their first winter above ground. Thus, for each
plant there were only three possible transitions between
years: death, or survival to the non-flowering or to the
flowering adult stage. The transition from seedling to
flowering adult was rare, but nevertheless possible (see
Table 1).

I calculated sexual fecundity values for each plot by
dividing the number of seedlings in each year by the
number of flowering plants in the preceding year
(“anonymous reproduction”; Caswell 1989). I assigned
equal sexual fecundities to flowering new ramets and
adults, since I could not tell from which stage class a
seedling had been derived. This assignment was proba-
bly correct, since I had found in an earlier study on O.
acetosella that new ramets and adults do not differ in
mean number of mature fruits (Berg unpubl.).

I similarly obtained vegetative fecundities for each
plot from the numbers of non-flowering and flowering
new ramets in each year divided by the number of
potentially ramet-producing plants in the preceding
year (all plants in the plot except seedlings). I assigned
equal vegetative fecundities to non-flowering and flow-
ering new ramets and adults, according to results from
a study on vegetative propagation in O. acetosella (Berg
unpubl.).

Simulations

I carried out matrix simulations using Excel software
Karismat (Lehtild pers. comm.) and a MATLAB model
(Horvitz et al. pers. comm.). I analysed each population
with a deterministic model for each transition interval
(1995-1996 and 1996-1997), yielding the asymptotic
population growth rate (A), the stable stage distribu-
tion, the reproductive value of each stage class, and the
elasticities of all matrix entries (transition probabilities
and fecundities). The stable stage distribution gives the
proportion of individuals in each stage class as the
population reaches the asymptotic growth rate. The
reproductive value is a measure of the potential value
of an individual of a certain class for the current or
future production of new individuals; a new population
will grow faster the higher the reproductive value is of
the class to which its founder individuals belong. The
elasticity gives the relative change in A resulting from a
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small change in a matrix entry, and is thus a measure of
the proportional contribution to the population’s
fitness of that life-history event (Silvertown et al. 1993,
Horvitz and Schemske 1995). For detailed information
on matrix models, see Caswell (1989).

In addition, I performed stochastic simulations where
both matrices were assigned equal probability of sam-
pling. In this model, I set the initial stage distribution to
the values of 1995 (see Fig. la) and calculated the
average population growth rate (In 1), the stationary
stage distribution, and the extinction probability from
100 simulations of 100 yr (Caswell 1989; cf. also Ehrlén
1995). The average growth rate and the stationary stage
distribution are the equivalents of the asymptotic
growth rate and the stable stage distribution,
respectively.

For each interval, I also performed a deterministic
simulation for each plot. I did this to be able to analyse
the spatial and temporal variation in population growth
rates, and the relationships between elasticities and
growth rates. In addition, I divided the elasticity matrix
of each interval-plot into five sections, representing the
main population processes: 1) seedling production (row
1 in the matrix; Table 2); 2) ramet production (rows 2
and 3); 3) seedling survival to the adult stage (rows 4
and 5, column 1); 4) survival of new ramets to the adult
stage (rows 4 and 5, columns 2 and 3); and 5) adult
survival (rows 4 and 5, columns 4 and 5). Within each

section, I summed the elasticities to be able to analyse
the relationships of these processes to each other and to
population growth rate (cf. Silvertown et al. 1993,
Oostermeijer et al. 1996). In this paper, I report elastic-
ities but not sensitivities, since the former make it easier
to compare the impact of different life-history events on
population growth (Eriksson 1988, Caswell 1989,
Horvitz and Schemske 1995).

Statistical analysis

All analyses were performed using SYSTAT 7.0
(Wilkinson 1997). I log-transformed the response vari-
able plant density (plants m~2) and subjected it to
ANOVA (GLM) with each plot as an observation, and
population, plot nested within population, year, and
the interaction between population and year as ex-
planatory variables. I assumed population a fixed fac-
tor, and plot and year random factors. I analysed the
variation among populations and years in the distribu-
tion of plants among stage classes with y>-tests.

I arcsine-transformed the response variables CH and
CL flower production and survival (probabilities), and
tested them with the same type of ANOVA as for plant
density. I also analysed the relationships of these vari-
ables to density with Pearson correlation. For survival,
I only analysed the data from 1995 and 1996, since

Table 1. Projection matrices for three natural populations of Oxalis acetosella near Uppsala, central Sweden, and for two
transition intervals. Entries are the probabilities of a plant in stage class j in year t (horizontal) to contribute to stage class i in
year t+1 (vertical). 1: seedlings; 2: non-flowering new ramets; 3: flowering new ramets; 4: non-flowering adult plants; 5: flowering
adult plants. 1st row: sexual fecundities; 2nd and 3rd row: vegetative fecundities; 4th and 5th row: transition probabilities. P1:

deciduous forest; P2: pine forest; P3: spruce forest.

1995-1996 1996-1997

Stage 1 2 3 4 5 1 2 3 4 5

P1

1 0.000 0.000 0.408 0.000 0.408 0.000 0.000 0.292 0.000 0.292
2 0.000 0.196 0.196 0.196 0.196 0.000 0.126 0.126 0.126 0.126
3 0.000 0.038 0.038 0.038 0.038 0.000 0.036 0.036 0.036 0.036
4 0.288 0.449 0.000 0.461 0.149 0.212 0.576 0.474 0.660 0.310
5 0.000 0.232 0.867 0.166 0.603 0.000 0.162 0.474 0.136 0.540
P2

1 0.000 0.000 0.621 0.000 0.621 0.000 0.000 0.681 0.000 0.681
2 0.000 0.150 0.150 0.150 0.150 0.000 0.073 0.073 0.073 0.073
3 0.000 0.037 0.037 0.037 0.037 0.000 0.027 0.027 0.027 0.027
4 0.260 0.605 0.000 0.367 0.100 0.435 0.632 0.421 0.487 0.288
5 0.008 0.211 0.900 0.312 0.796 0.000 0.092 0.421 0.244 0.692
P3

1 0.000 0.000 0.940 0.000 0.940 0.000 0.000 0.091 0.000 0.091
2 0.000 0.259 0.259 0.259 0.259 0.000 0.156 0.156 0.156 0.156
3 0.000 0.022 0.022 0.022 0.022 0.000 0.000 0.000 0.000 0.000
4 0.346 0.704 0.000 0.580 0.250 0.588 0.634 0.125 0.704 0.362
5 0.000 0.099 0.000 0.164 0.607 0.000 0.065 0.500 0.093 0.580

Fig. 1. Distribution of plants among stage classes in three natural populations of Oxalis acetosella near Uppsala, central Sweden,
1995-1997. Stage classes: 1: seedlings; 2: non-flowering new ramets; 3: flowering new ramets; 4: non-flowering adult plants; 5:
flowering adult plants. Populations: 1: deciduous forest; 2: pine forest; 3: spruce forest. a) Observed distribution (numbers) in
each year. b) The stable stage distribution (proportions) obtained from deterministic matrix simulations for each transition
interval. ¢) The stationary stage distribution (proportions) obtained from stochastic matrix simulations for the whole period.

236

ECOGRAPHY 25:2 (2002)



1995 (a)
400
Population
3000 =3 -
w2
£ 2y
g 200F .
100 =
0
1 2 3 4 5
Stage class
1997 (a)
400
Population
3000 =3 -
2
t =i g
3 200" -
1001 n
0
1 2 3 4 5
Stage class
1996 - 97 (b)
0.8
S Population
5 06 = 3 =
Z "2
© 3 4
%0.4- -
w
o
y Po i i
3 0.2
0.0

ECOGRAPHY 25:2 (2002)

1 2 3 4 5
Stage class

1996 (a)

400
Population
300 =g n
»2
€ =1
3200 .
100 &
0
1 2 3 4 5
Stage class
1995 - 96 )
0.8
Population
06 =3 7
"2

Stable stage distribution
o
FY

o
[N

11

0.0
1 2 3 4 5
Stage class
1995 - 97 (c)

0.8
=
o
5 Population
a L -
..EU.B u 3
o w2
o o
o
3040 .
2
1]
=
o
® 0.2 =
173

0.0

Fig. 1.

1 2 3 4 5
Stage class

237



Table 2. Elasticities of the matrix entries of Table 1. 1: seedlings; 2: non-flowering new ramets; 3: flowering new ramets; 4:
non-flowering adult plants; 5: flowering adult plants. 1st row: sexual fecundities; 2nd and 3rd row: vegetative fecundities; 4th and
5th row: transition probabilities. P1: deciduous forest; P2: pine forest; P3: spruce forest. The two highest elasticities of each

interval-population are in bold text.

1995-1996 1996-1997

Stage 1 2 3 4 5 1 2 3 5

P1

1 0.000 0.000 0.004 0.000 0.037 0.000 0.000 0.002 0.000 0.015
2 0.000 0.035 0.007 0.065 0.065 0.000 0.014 0.004 0.065 0.029
3 0.000 0.010 0.002 0.020 0.020 0.000 0.006 0.002 0.025 0.011
4 0.041 0.073 0.000 0.142 0.046 0.018 0.069 0.016 0.358 0.076
5 0.000 0.054 0.039 0.074 0.268 0.000 0.023 0.020 0.089 0.159
P2

1 0.000 0.000 0.003 0.000 0.052 0.000 0.000 0.005 0.000 0.072
2 0.000 0.014 0.004 0.031 0.054 0.000 0.003 0.001 0.021 0.016
3 0.000 0.006 0.001 0.012 0.021 0.000 0.002 0.001 0.014 0.011
4 0.053 0.053 0.000 0.071 0.034 0.077 0.028 0.007 0.161 0.074
5 0.003 0.030 0.032 0.097 0.432 0.000 0.008 0.013 0.152 0.334
P3

1 0.000 0.000 0.004 0.000 0.048 0.000 0.000 0.000 0.000 0.010
2 0.000 0.046 0.004 0.106 0.043 0.000 0.021 0.000 0.088 0.024
3 0.000 0.002 0.000 0.005 0.002 0.000 0.000 0.000 0.000 0.000
4 0.052 0.121 0.000 0.233 0.041 0.010 0.098 0.000 0.446 0.063
5 0.000 0.028 0.000 0.106 0.159 0.000 0.014 0.000 0.083 0.143

winter mortality between 1997 and 1998 could not be
determined. I used logistic regression, with individual
plants as data points, to analyse the effects of stage
class and leaf number, considered independent of popu-
lation and year, on the probabilities of CH and CL
flowering and survival. I set the response variables to 0
(non-flowering and death, respectively) or 1 (flowering
and survival, respectively). For the analysis of flower
production, the stage classes were only seedlings, new
ramets, and adults, without a distinction between non-
flowering and flowering plants.

I used the As obtained from the matrix simulations
for each interval-plot in an ANOVA analysing the
variation in population growth rate on different scales.
In this analysis, the explanatory variables were popula-
tion, plot nested within population, transition interval,
and the population x interval interaction. I analysed
the relationship between A and plant density with Pear-
son correlation. I also tested the correlation between A
and the elasticity of each entry, using the values from
the simulations for each interval-plot, and I did the
same using the summed elasticities of the five matrix
sections. Such correlation analyses may reveal relation-
ships of life-history events to population growth and to
each other, e.g. costs and trade-offs (Silvertown et al.
1993, Horvitz and Schemske 1995, Oostermeijer et al.
1996).

Results
Basic demography

Plant density and stage distribution
The mean plant density ( + SD) of O. acetosella in the
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30 plots from 1995 to 1997 was 883.6 + 341.8 plants
m ~ 2 (range: 240—1840; n = 90). P3 had a lower density
(646.9 +210.1 plants m~2) than P1 and P2 (1003 +
280.5 and 1001 +385.7 plants m~2, respectively;
F,,;=75.06, p <0.01). Plant density also varied among
plots nested within populations (F,;s,=18.89, p <
0.001). There was no variation among years, but an
interaction of population x year was detected (F,s, =
5.59, p=0.001).

The distribution of plants among stage classes dif-
fered among populations (x> = 525.9) and among years
(x*>=111.7, DF =8, n=4961, p <0.001; Fig. 1a). In
Pl and P3, non-flowering adults was by far the most
numerous stage class, whereas P2 had a relatively high
proportion of flowering adults. In P2, seedlings was
always the third largest stage class, while in P1 the third
place shifted between seedlings and non-flowering new
ramets. In P3, seedlings and flowering plants were
relatively rare.

Reproduction
Adult plants had a higher probability (0.16; n = 3486)
of producing CH flowers than seedlings (0.00; n = 759)
and new ramets (0.03; n=718). There was also a
positive relationship between leaf number and flowering
probability (Table 3). CH production differed between
populations, with the highest flowering probability in
P2 and the lowest in P3, but there was also variation
among plots within populations. It also varied among
years, with the highest probability in 1996 and the
lowest in 1997, but there was a population x year inter-
action (Table 4).

Adults had a higher probability (0.33) of producing
CL flowers than seedlings (0.00) and new ramets (0.14).
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Table 3. The effects of stage class and leaf number on the probabilities of production of chasmogamous (CH) and cleistogamous
(CL) flowers (1995-1997), and of plant survival (1995 and 1996), in three natural populations of Oxalis acetosella near Uppsala,
central Sweden. The data were analysed with logistic regression, with individual plants as data points (n(1995—1997) = 4963,
n(1995+ 1996) = 3285). Odds ratios are given with confidence intervals within parentheses.

CH flower prod. CL flower prod. Survival
DF Odds ratio p Odds ratio P Odds ratio P
Stage class 1 8.96 <0.001 4.82 <0.001 1.70 <0.001
(5.88-13.66) (4.01-5.80) (1.61-1.80)
Leaf number 1 1.94 <0.001 2.36 <0.001 1.36 <0.001
(1.77-2.13) (2.18-2.56) (1.23-1.52)

Table 4. The effects of population, plot nested within population, year, and the interaction between population and year on the
probabilities of production of chasmogamous (CH) and cleistogamous (CL) flowers (1995-1997), and of plant survival (1995 and
1996), in three natural populations of Oxalis acetosella near Uppsala, central Sweden. The data were analysed with factorial
ANOVA, with each plot as an observation (n(1995—1997) =90, n(1995+ 1996) = 60).

CH flower prod. CL flower prod. Survival

DF MS F p MS F p DF MS F p
Population 2 0.38 11.42 <0.001 0.84 14.05 <0.001 2 0.06 2.37 ns
Plot (population) 27 0.03 3.74 <0.001 0.06 6.48 <0.001 27 0.03 3.59 0.001
Year 2 0.14 16.55 <0.001 0.06 6.08 <0.005 1 0.18 24.14 <0.001
Population x year 4 0.06 6.65 <0.001 0.01 1.19 ns 2 0.01 1.08 ns
Error 54 0.01 0.01 27 0.01
Like in the CH phase, there was a positive relationship  seedlings (31.7%; n=1521). In non-flowering new

between leaf number and CL production (Table 3). The
probability of producing CL flowers was highest in P2
and lowest in P3, but there was variation among plots
within populations. Flowering probability was highest
in 1996 and lowest in 1995, and there was no popula-
tion x year interaction (Table 4).

Since both CH and CL production were related to
leaf number, production in the two phases were highly
correlated (odds ratio (CI) = 10.46 (8.58—12.74), DF =
1, n=4963, p <0.001); plants producing CH flowers
had a higher probability of producing CL flowers in the
same year than plants not producing CH flowers. Plant
density did not affect the probability of producing CH
or CL flowers (r =0.149 and 0.157, respectively; DF =
1, n =90, p>0.05).

Plant survival
The main causes of death seemed to be drought and
frost, since nearly all mortality occurred during dry
periods in summer and during winter. Survival was
negatively correlated with plant density (r= —0.347,
DF =1, n=60, p <0.01), although there was no effect
of density on mean leaf number (linear regression:
r2=0.002, DF =1, n =90, p > 0.05). When I analysed
each stage class separately with Pearson correlation,
plant density had no effect on survival in any of the
stage classes (DF =1, n=29-60, p > 0.05). Signs of
predation were very scarce.

The stage classes differed in survival, which was
highest in flowering new ramets (85.9%; n=71) and
flowering adults (88.5%; n=2863), and lowest in
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ramets and adults, survival was 73.5% (n=446) and
72.7% (n = 1384), respectively. Leaf number influenced
survival, which was lower in plants with one leaf than
in plants with more leaves (Table 3). The observation
that flowering plants had higher survival than non-flow-
ering plants may be attributed to the higher mean leaf
number of the former group (2.4 vs 1.7, t=24.92,
DF =4175, p <0.001).

There was no difference in overall survival among
populations, but a difference was detected among plots
within populations. Survival was higher in 1996 than in
1995, and there was no population x year interaction
(Table 4). When analysing each stage class separately, I
found no among-population or between-year variation
in survival for seedlings and new ramets; the variation
could be attributed to the adult plants. Non-flowering
adults had higher survival in 1996 than in 1995 (F, ,; =
7.98, p<0.01), and so had flowering adults (F, =
7.27, p<0.025). In flowering adults, survival was
slightly lower in P1 than in the other populations
(Fy26=3.79, p <0.05).

Matrix models

Population growth rates

Table 1 shows the transition probabilities and fecundi-
ties for each population in each interval, that were used
in matrix simulations of population growth. The deter-
ministic and the stochastic models gave basically the
same predictions regarding growth rates and extinction
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probabilities (Table 5). P1 had a A below 1 in both
intervals and a negative In A for the whole period,
which means that the population is declining and will
go extinct if conditions stay the same. P2 had a A>1 in
both intervals and a positive In A, implying that the
population is increasing under prevailing conditions. P3
is also growing according to the In A, although its A was
above 1 in the first interval and below 1 in the second.
All A values are close to unity, which means that
changes are fairly slow.

The ANOVA analysing the variation in A on differ-
ent scales showed that it did not differ among popula-
tions (F,,,=1.67, p>0.05), nor among plots within
populations (F,;,; = 1.49, p > 0.05). There was also no
difference in A between intervals (F, ,, = 3.18, p > 0.05),
and no population x interval interaction (F,,;=0.91,
p>0.05). I found no correlation between A and plant
density (r= —0.099, DF =1, n =60, p > 0.05).

Simulated stage distributions and reproductive values
Figure 1b shows the stable stage distributions obtained
from the deterministic simulations, and Fig. lc, the
stationary stage distributions resulting from the
stochastic simulations. On the whole, they show the
same pattern as the observed distributions (Fig. la),
with high proportions of non-flowering adults in P1
and P3, relatively high proportions of seedlings and
flowering adults in P2, and low proportions of seedlings
and flowering plants in P3. This means that the popula-
tion structures will not change much if current condi-
tions prevail.

The reproductive values are shown in Fig. 2. Flower-
ing plants had the highest values in most interval-popu-
lations; the low value of flowering new ramets in P3 is
due to the rarity of this stage class in that population
(Table 1, Fig. 1). The values of seedlings were equally
low in all interval-populations, because of their high
mortality and low probability of transition to the flow-
ering adult stage (Table 1).

Elasticities

Table 2 shows the elasticity matrix obtained from the
deterministic simulations. In most interval-populations,
stasis in adult plants had by far the highest elasticities.

The elasticities of the other entries varied substantially
among interval-populations.

When testing the correlations between A and the
elasticity of each entry, I found that the elasticities of
flowering adults producing seedlings and seedlings be-
coming non-flowering adults were positively correlated
with A (r=0.316 and 0.315, respectively; DF =1, n=
60, p <0.025). The elasticity of stasis in non-flowering
adults was negatively correlated with A (r= —0.417,
DF =1, n=60, p=0.001). None of the other elasticity
entries was correlated with A (DF=1, n=60, p>
0.05).

I also tested the three elasticities correlated with A for
variation on different scales, with the same type of
ANOVA as for A (see above). The elasticities of flower-
ing adults producing seedlings and seedlings becoming
non-flowering adults were higher in P2 than in the
other populations (F,,,=10.00, p<0.001 for both
elasticities; Table 2). These elasticities did not vary
significantly among plots within populations or be-
tween intervals, and there were no population x inter-
val interactions. The elasticity of stasis in non-flowering
adults was lower in P2 than in the other populations
(F,,7,=4.98, p<0.05), but showed variation also
among plots within populations (F,;,;=2.15, p<
0.05). This elasticity was higher in 1996—1997 than in
1995-1996 (F, ,; = 18.57, p < 0.001), and there was no
population X interval interaction. I also analysed the
relationships between these three elasticities and plant
density with Pearson correlation, and found no correla-
tion (DF =1, n =60, p > 0.05).

The test of correlations of the summed elasticities of
each of the five matrix sections with each other and
with A gave much the same picture (Table 6); A was
positively correlated with the elasticities of seedling
production and seedling survival, and negatively corre-
lated with the elasticity of adult survival. The elastic-
ities of seedling production and survival were negatively
correlated with the elasticities of ramet production and
survival, and so was the elasticity of adult survival. The
elasticities of seedling production and survival were
highly correlated, as were the elasticities of ramet pro-
duction and survival.

Table 5. Results from matrix simulations of growth of three natural populations of Oxalis acetosella near Uppsala, central
Sweden, for two transition intervals. P1: deciduous forest; P2: pine forest; P3: spruce forest. For each matrix both a deterministic
simulation, yielding the asymptotic population growth rate () for each transition interval, and a stochastic simulation, yielding
the average population growth rate (In A) for the whole period, were performed. The ultimate extinction probability is 1 for
interval-populations with a negative average growth rate. For calculation of 95% confidence interval (CI) for In A, see Caswell

(1989).
Population A In & with CI Extinction probability
1995-1996 1996-1997 1995-1997
P1 0.979 0.989 —0.023 £+ 0.000 1
P2 1.092 1.050 0.069 + 0.000 0
P3 1.117 0.973 0.052 4 0.001 0
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Fig. 2. Reproductive values of each stage class in three natural
populations of Oxalis acetosella near Uppsala, central Sweden,
obtained from deterministic matrix simulations for the transi-
tion intervals a) 1995-1996 and b) 1996-1997. Stage classes:
1: seedlings; 2: non-flowering new ramets; 3: flowering new
ramets; 4: non-flowering adult plants; 5: flowering adult plants.
Populations: 1: deciduous forest; 2: pine forest; 3: spruce
forest.

Discussion

These results enable me to make suggestions regarding
the impact of the different life-history events on popu-
lation growth and maintenance in O. acetosella, in
particular the relative significance of seedling and ramet
recruitment. However, it is important to note that they
are the results of a study for only three years, and
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should thus be interpreted with some caution. This goes
especially for the simulated population growth rates
and extinction probabilities.

Looking first at basic demography, the stage struc-
ture varied substantially among populations and years
(cf. Shorina 1985). Adults generally dominated, but
there was variation in the relationship between seedling
and new ramet numbers; in P2, seedling production was
higher than ramet production in all three years, while in
P3 it was always lower, and in P1 this relationship
varied. This agrees with the probabilities of reproduc-
tion in the different populations (see also Berg and
Redbo-Torstensson 1998).

When examining elasticities, I found that stasis in
adult plants clearly had the highest values, though
varying among populations. This is to be expected in a
species with a dominance of adults and high life-expec-
tancy (Damman and Cain 1998, de Kroon et al. 2000).
The entries related to production and survival of
seedlings and new ramets had in general low and highly
variable elasticities, which is also not surprising
(Damman and Cain 1998). However, as de Kroon et al.
(2000) point out, the life-history events that have the
highest elasticities are not always the most important
for population growth. The elasticities of adults pro-
ducing seedlings and seedlings surviving to non-flower-
ing adults were positively correlated with A, which
means that the populations/plots having the highest
seedling recruitment also had the highest growth rates
(cf. Silvertown et al. 1993, Horvitz and Schemske 1995,
Oostermeijer et al. 1996, Valverde and Silvertown
1998). This is obvious for P2, which had relatively high
proportions of flowering plants and seedlings, and a
high In A. The elasticity of stasis in non-flowering adults
was, on the contrary, negatively correlated with A,
because this stage class has a relatively low reproduc-
tive value (Fig. 2).

The summed elasticities of seedling production and
survival were also positively correlated with A, while the
summed elasticity of adult survival was negatively cor-
related with A. A negative relationship between stasis
and population growth has been found also in other
perennial species (Silvertown et al. 1993, Oostermeijer
et al. 1996, Valverde and Silvertown 1998), and in this
case it must be explained by a high proportion of
non-flowering plants among the adults. In contrast, a
successful reproductive pathway (e.g. high seedling pro-
duction, good recruitment from seedlings to the adult
stage) will favour population growth (de Kroon et al.
1987, 2000). The same does not seem to be true for
vegetative propagation; there was no correlation be-
tween A and the elasticities of production or survival of
new ramets. A lack of correlation between clonal
growth and population growth rate was found also by
Silvertown et al. (1993) for several species.

The negative correlation between the elasticities of
seedling and ramet production could suggest a trade-off
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Table 6. Matrix of Pearson correlation coefficients among A and the elasticities (e) of the five main population processes, pooled
for deterministic matrix simulations of growth of three natural populations (10 plots each) of Oxalis acetosella near Uppsala,
central Sweden, and for two transition intervals (1995-1996 and 1996-1997). 1: seedling production; 2: ramet production; 3:
seedling survival; 4: survival of new ramets; 5: adult survival. DF = 15, n = 60. Asterisks denote the statistical significance of
each correlation coefficient: *: p<0.025; **: p<0.01; ***: p<0.001.

A el e2 e3 e4
el 0.318 *
e2 0.142 —0.417 **
e3 0.318 * 1.000 *** —0.417 **
ed 0.083 —0.463 *** 0.980 *** —0.463 ***
es —0.296 * —0.031 —0.892 *** —0.031 —0.863 ***

between reproduction and vegetative propagation (Sil-
vertown et al. 1993; cf. also Eriksson 1997). Corre-
spondingly, the negative correlations between the
elasticities of production and survival of new ramets on
the one hand, and the elasticity of adult survival on the
other, may indicate a high cost of vegetative propaga-
tion. Such a cost was found by Eriksson (1988) in
Argentina anserina, with no equivalent cost of repro-
duction. However, de Kroon et al. (2000) have advised
caution in explaining negative elasticity correlations
with trade-offs between life-history traits.

As for the predicted development of the populations,
they seem to go in different directions according to the
simulated growth rates, although in the ANOVA A did
not differ significantly among populations (cf. Ehrlén
1995). P1 is slowly decreasing, possibly due to relatively
high mortality of flowering adults which is not compen-
sated for by seedling or ramet recruitment. This may be
due to the drier and more exposed conditions in this
population. P2 obviously has good conditions for re-
production, and is slowly increasing due to fairly effi-
cient seedling recruitment. This population is probably
younger than the others since it grows in a tree planta-
tion, which may in part explain the relatively high
seedling production (cf. de Kroon et al. 1987, Eriksson
1997). P3, which is in a dark and cool, more stable
habitat, has comparatively low reproduction and relies
more on ramet recruitment, in line with theory and
previous findings on clonal herbs (Tamm 1972,
Barkham 1980, Eriksson 1989, Silvertown et al. 1993,
Damman and Cain 1998).

However, judging from the elasticity analyses, all
three populations are apparently to some extent depen-
dent on seedlings for their expansion. This can be
explained from life-history characteristics of O. ace-
tosella. Adult survival in the present study was lower
and more variable than expected for a perennial forest
plant, ranging from 67 to 88% depending on population
and year (cf. Tamm 1972, Harper 1977, Damman and
Cain 1998). Furthermore, the relationship between
plant density and mortality was not very strong, and
density did not affect leaf number or flowering proba-
bility. This is likely due to the sensitivity of this species
to density-independent factors such as drought and
frost (shallow, thin root system), and to its high toler-
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ance to shade and root competition (Briakenhielm 1977,
Grime et al. 1988). Thus, since long-term survival of
established plants is unsecure, and limited by factors
other than light and space, recruitment of seedlings into
populations is probably necessary as a complement to
the rather low ramet production (see also Shorina 1985,
Chernenkova and Shorina 1990). Another indication of
this is the observation that ramets may reproduce al-
ready in their first year above ground. Moreover, even
seedlings of O. acetosella can produce CL seeds
(Brdkenhielm 1977, Chernenkova and Shorina 1990,
Berg unpubl.), although this was not observed in the
present study. In other clonal species, seedling recruit-
ment has also been found to be important for popula-
tion maintenance, apart from its obvious effects on
genetic diversity (de Kroon et al. 1987, Kéry et al. 2000,
Verburg et al. 2000).

Then, what parts do the CH and CL flowering modes
play in seedling production? From the present study, I
have obtained the percentages of the flowering plants
producing CH and CL flowers, respectively, for each
population and year. By applying data from earlier
studies on CH and CL fruit- and seed-set (Berg and
Redbo-Torstensson 1998) and seed germination (Berg
and Redbo-Torstensson 2000) in these populations, it
can be approximated that ca 15% of the seedlings in P1,
ca 30% of the seedlings in P2, and ca 45% of the
seedlings in P3 are of CH origin. Since CH and CL
seedlings do not differ in survivorship (Berg and
Redbo-Torstensson 2000), these would be the contribu-
tions of the CH phase to the adult plant populations,
though varying greatly among years (Berg and Redbo-
Torstensson 1998). These contributions are quite sub-
stantial, in contrast to theoretical predictions about
cleistogamy (Darwin 1877, Schoen and Lloyd 1984).
Both phases show large spatial and temporal variation
in reproductive success, but they complement each
other by having partly divergent fitness responses to
environmental variation, and so optimize total seed-set
(Berg and Redbo-Torstensson 1998). Thus, I may con-
clude that this dimorphic reproductive strategy, maxi-
mizing seed output and thus seedling recruitment, has
significance for the growth and long-term maintenance
of O. acetosella populations.
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