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Abstract
It has been recently shown that some annual and biennial species of man-made habitats cope with severe disturbance
by resprouting (vegetative regeneration) from their bud bank and do not only rely on regeneration from seeds.
Nevertheless, information on the ecology of this phenomenon is rare. In a field study, we answered the question how
frequent is resprouting from root buds in populations of the ruderal biennial herb Oenothera biennis, and how it is
affected by habitat conditions. In an experiment, we tested the hypothesis that higher severity of injury and later life-
cycle phase of the injured plants suppress resprouting from both axillary and root buds in O. biennis and also in its
closely related congeners O. fallax and O. glazioviana.

In 25 out of 29 studied ruderal populations of O. biennis severely injured individuals were found; however, only half
of these populations included injured individuals that resprouted from roots. Among these populations, the number of
root-sprouting individuals varied highly (from 3% to 67% of injured individuals). The largest populations and the
highest percentage of root-resprouting individuals were found in urban habitats with sandy/gravelly substrate, a low
vegetation cover, and a high frequency of disturbance.

In the experiment with three Oenothera congeners, removal of aboveground biomass with all axillary buds largely
led to the death of plants of all three species. When a portion of the basal axillary buds remained intact, individuals of
O. biennis mostly failed to regenerate, whereas individuals of O. fallax and O. glazioviana survived and formed seeds. A
higher severity of injury suppressed resprouting in Oenothera congeners in this experiment. However, the relationship
between life-cycle phase and the ability to resprout remains unclear in Oenothera species.

This study showed that resprouting after severe injury is an important feature of Oenothera individuals occurring in
man-made habitats and may represent an alternative strategy to regeneration from the seed bank under disturbance
conditions.
r 2005 Elsevier GmbH. All rights reserved.
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Introduction

Disturbance is a strong selective factor causing a
partial or total destruction of plant biomass (Grime,
2001). Since the goal of every organism is to maximise
fitness, species necessarily ‘‘invent’’ an appropriate
strategy in order to cope with disturbance and minimise
its negative effect (Silvertown and Lovett Doust, 1993).
Highly disturbed habitats, including man-made ones,
select for short life cycle, early maturity and production
of many seeds (Grime, 2001; MacArthur and Wilson,
1967). Predominance of annual and biennial species in
man-made habitats supports the view that resprouting
(vegetative regeneration) has no value for natural
populations under these conditions (Bellingham and
Sparrow, 2000; Grime, 2001). However, it has been
found that some annual and biennial species occupying
man-made habitats may survive practically total de-
struction of aboveground parts and resprout from their
bud bank, i.e. from basal axillary buds and also from
adventitious buds on roots (Klimešová, 2003; Klimešo-
vá et al., 2004; Martı́nková et al., 2004a, b). Never-
theless, according to experimental studies, resprouting
behaviour markedly differs among these species. In
Barbarea vulgaris and Rorippa palustris, the resprouting
from roots is triggered even by low injury severity or it
can be spontaneous, whereas in Oenothera biennis and
O. issleri, resprouting is induced by severe disturbance
removing all axillary buds (Martı́nková et al., 2004a, b).
Even though resprouting after disturbance was observed
in the field in all above-mentioned species, information
on the importance and frequency of resprouting under
conditions of man-made habitats is insufficient (Klime-
šová, 2003; Martı́nková et al., 2004a).

Individual full compensation or overcompensation
for lost biomass is considered as an adaptation to
herbivory (Tuomi et al., 1994). In population under
herbivore pressure, only some individuals are harmed
and those mostly survive herbivore attack and persist in
impaired populations (Lennartsson et al., 1998;
Maschinski and Whitham, 1989; Paige, 1999; Strauss
and Agrawal, 1999). However, in habitats affected by
disturbance that injures all individuals in population,
survival of as many plants as possible and any seed
production are important for population persistence. In
previous experiments with ruderal species, it was found
that seed production of severely harmed plants, i.e.
plants in which 100% of the aboveground biomass was
removed, may be about as high as seed production of
uninjured plants (B. vulgaris), or even higher than in
plants regenerated at the time of disturbance from the
seed bank (R. palustris) (Martı́nková et al., 2005;
Martı́nková et al., in prep.). Injured individuals of these
root-sprouting species successfully cope with severe
disturbance by resprouting, and injury to plant body
can be beneficial for them as it brakes apical dominance
(Aarsen, 1995; Lortie and Aarsen, 2000) or liberates
stored resources (Van der Meijden, 1990). However,
there are some internal factors that can freeze resprout-
ing after disturbance or decrease its rate (Dubard, 1903;
Martı́nková et al., 2004a, b; Martı́nková et al., in prep.;
Peterson, 1975; Rauh, 1937). It was found that a more
advanced life-cycle phase at the time of injury and
higher disturbance severity decrease either the prob-
ability of successful resprouting or regrowth in annual
and biennial species (Martı́nková et al., 2004a, Martı́n-
ková et al., in prep.). Even though injured individuals
successfully regenerate, their life cycle may differ from
uninjured ones, i.e. the vegetative phase is prolonged,
and polycarpy in monocarps is initiated (Martı́nková
et al., 2004a; Martı́nková et al., in prep.; Sosnová, 2003).

We chose as a model for this study a common biennial
species of man-made habitats, O. biennis, in which
ability of resprouting after a severe disturbance has been
documented (Klimešová, 2003; Martı́nková et al.,
2004a; Rauh, 1937), and its closely related congeners
O. fallax and O. glazioviana, about which no literature
information on their resprouting abilities existed. Since
habitats occupied by all these Oenothera congeners are
frequently disturbed, and thus not suitable for longer
field experiments, manipulative garden experiments are
necessary to evaluate the effects of timing and severity of
injury on the resprouting ability in these Oenothera

species. Nevertheless, field observations on the fre-
quency of resprouting in ruderal populations could
reveal the real ecological importance of resprouting.
Consequential comparison of experimental results and
field observations provides a more complex view of the
vegetative regeneration of these biennials. Unfortu-
nately, the number of natural populations of O. fallax

and O. glazioviana is low in South Bohemia, and
comparison of all three congeners can be acquired only
by experimental data.

In the present study we defined the following goals:
(i)
 to find out by means of field observations how
frequent is resprouting from roots in ruderal
populations of O. biennis, and how it is affected by
habitat characteristics and disturbance regime, and
(ii)
 to experimentally assess how severity and timing of
injury affect the probability of successful regenera-
tion, seed production and life cycle in three biennial
root-sprouting O. congeners (O. biennis, O. fallax

and O. glazioviana).
Materials and methods

Study species

O. biennis L. and O. glazioviana M. Micheli (Ona-
graceae) are non-native and invasive species in Europe
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(Hall et al., 1988; Mihulka and Pyšek, 2001). O. fallax

Renner is a hybrid between O. biennis and O. glazioviana

of European origin, showing an expansive behaviour
(Mihulka and Pyšek, 2001). All species prefer light
sandy or gravelly substrates and man-made habitats,
such as habitats along roads and railways, railway
yards, urban areas etc. (Hall et al., 1988; Mihulka and
Pyšek, 2001). The species are non-clonal, monocarpic
and biennial (Dietrich et al., 1997; Hall et al., 1988),
with very long-lived seeds (Baskin and Baskin, 1994).
During the first year of their life, individuals of these
Oenothera species form vegetative rosettes and after
overwintering, reproducing stems are formed (Hall
et al., 1988). All studied species may regenerate
vegetatively (resprout) from axillary and adventitious
buds, both after injury and also spontaneously (Klime-
šová, 2003; Martı́nková et al., 2004a; Martı́nková, pers.
obs.). Polycarpic individuals of all three species were
observed in the field as well (Martı́nková et al., 2004a;
Martı́nková, pers. obs.).
Field observation of O. biennis populations

Field observation of 29 ruderal populations of O.

biennis was carried out in June and July of 2003 in South
Bohemia near the town of České Budějovice, Czech
Republic (Fig. 1), to describe the frequency of resprout-
ing from roots under natural conditions. Selected
populations were at a minimum distance of 200m apart
and included more than 10 flowering individuals. For
each population, besides the characteristics of resprout-
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Fig. 1. Distribution map of the 29 studied populations of

Oenothera biennis in the Czech Republic. Localities with

studied populations are marked by black points (outside of the

town of České Budějovice) or by grey points (in the town of

České Budějovice), the number at the points identifies the

number of studied populations within a locality. Crosses mark

localities from which seeds of O. biennis (B), O. fallax (F), and

O. glazioviana (G) were collected for the garden experiment.
ing from roots (spontaneous resprouting, resprouting
after injury, polycarpy), characteristics describing habi-
tat, disturbance regime and vegetation were recorded. A
list of all characteristics and their descriptions is given in
Table 1. Plants without any evident damage, i.e. apical
meristem removal, stem removal, branch cutting etc.,
and with sprouts originated on roots were classified as
spontaneously resprouting. Injured plants with sprouts
originated on roots as resprouting from roots after
injury, and plants with both a current-year stem and
also preserved parts of a previous-year stem were
classified as polycarpic.

In the course of the study, also data on O. fallax and
O. glazioviana were recorded; however, only five
populations of O. fallax and two of O. glazioviana were
found. Thus, we decided to remove these data from
further analyses for their insufficiency.
Garden experiment

In a 3-year experiment, plants of O. biennis, O. fallax

and O. glazioviana were injured to determine the ability
of resprouting from axillary buds and also adventitious
buds on roots after a disturbance. Two types of injury
severity were applied and the plant body was injured in
four different phases of the life cycle.

Year 2000 – Seeds of all three Oenothera species
selected for the experiment were collected in a single
population in South-Bohemia (Fig. 1). The collected
seeds overwintered in paper bags under laboratory
conditions.

Year 2001 – The seeds were made to germinate in
moist sand under greenhouse conditions without tem-
perature regulation at the beginning of April. Fifteen
days after sowing, 5-day-old seedlings were transplanted
into small peat pots (5� 5� 5 cm, one seedling per pot)
filled with a 5:1 sand–soil mixture. In total, 180 seedlings
per species were transplanted to the pots placed in a
greenhouse. After 3 weeks, at the beginning of May,
peat pots with seedlings were placed outdoors to
flowerbeds with a 2:3 sand–soil mixture. The peat pots
served only for precultivation and decomposed after
transplantation to the garden. During the first year of
the experiment, no experimental injury was adminis-
tered and plants were only cultivated.

Year 2002 – In the second year of the experiment,
another group of plants (60 per species) was made to
germinate, transplanted and placed in the experimental
garden, using the same method and time schedule as
described above. From April to August, plants of all
species were injured in four different life-cycle phases:
young vegetative rosettes (in the first year of the plant’s
life), overwintered vegetative rosettes (in the second year
of the plant’s life), flowering plants and fruiting plants
(both in the second year of the plant’s life) (Table 2).
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Table 2. Treatments used in the garden experiment with Oenothera biennis, O. fallax and O. glazioviana

Year of

germination

Treatment Life-cycle

phase

Severity of

injury

O. biennis O. fallax O. glazioviana

Date of

injury

n Date of

injury

n Date of

injury

n

2001 C2 Control for all, except R1+ — — 26 — 30 — 30

2002 C1 Control for R1+ — — 30 — 30 — 30

2002 R1+ Young rosettes High 20 AUG 30 20 AUG 30 20 AUG 30

2001 R2+ Overwintered rosettes High 19 APR 28 19 APR 30 19 APR 29

2001 FL� Flowering plants Low 27 JUN 27 27 JUN 30 27 JUN 28

2001 FL+ Flowering plants High 27 JUN 24 27 JUN 30 27 JUN 30

2001 FR� Fruiting plants Low 24 JUL 19 14 AUG 30 27 AUG 29

2001 FR+ Fruiting plants High 24 JUL 26 14 AUG 30 27 AUG 30

Germination year of treated plants, treatment abbreviation, life-cycle phase at the time of injury and applied injury severity are specified for

individual treatments. Dates of injury (all in year 2002) and number of replicates (n) are shown for each treatment and species. Severity of injury: high

– removal of all aboveground biomass with all axillary buds, low – removal of aboveground biomass, but basal axillary buds left intact. — – not

applicable.
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Since plants did not reach the fruiting life-cycle phase at
the same time, dates of injury differed among species for
this life-cycle phase (Table 2). The severity of injury was
either high (removal of all aboveground biomass
together with all axillary buds, only root left intact) or
low (removal of all aboveground biomass without root
crown – basal axillary buds and root left intact). Both
these types of injury were applied on plants in flowering
and fruiting phase, and the high injury severity was only
applied to young and overwintered rosettes, as rosettes
do not have a stem but only a root crown (Table 2). Two
groups of plants served as a control and were not injured
(Table 2). Plants were selected for individual treatments
randomly at the beginning of the experiment. Originally,
the number of replicates was 30 per treatment; however,
some plants died before injury, and thus the number of
replicates differed among the treatments (Table 2). The
ability to regenerate after injury was assessed at the
beginning of November when the following character-
istics were recorded: number of regenerated and fruiting
plants, and also number of branches, height of plant and
number of fruits per plant. From 20 randomly selected
fruits per species, the number of seeds per fruit was
calculated. Seed production per plant was calculated
from the number of fruits per plant and the number of
seeds per fruit.

Year 2003 – In May, the number of plants that
survived until the third vegetative season was recorded
and the experiment terminated.
Statistical analysis

To analyse data from the field observations, we
applied multivariate statistical methods – principal
component analysis (PCA) and redundancy analysis
(RDA) – using Canoco for Windows package (Ter
Braak and Šmilauer, 1998). PCA method was used to
describe real situation in a field and to show relation-
ships between habitat conditions and resprouting
characteristics of studied O. biennis populations. In
PCA, all characteristics listed in Table 1 were included
in primary data set. In RDA method, characteristics of
O. biennis population (Table 1) were included in primary
data set and other characteristics acted as explanatory
variables. Monte Carlo permutation test (999 permuta-
tions, a ¼ 0:05) was used to assess the significance of the
relationships found in RDA. Data were log-trans-
formed, standardised and centred by species averages
in both analyses. Some characteristics were coded as
dummy or fuzzy variables (Table 1) (Lepš and Šmilauer,
2003).

Statistical analysis of all data from the greenhouse
experiment was done by STATISTICA 5.5 package. The
effect of treatment, species and treatment� species
interaction on the number of regenerated plants after
injury, the number of fruiting plants in the year of
injury, and the number of plants surviving to the third
season were tested using factorial ANOVA in General-
ised Linear Models with Binomial Distribution and logit
function.
Results

Field observation

Almost all 29 O. biennis ruderal populations included
injured individuals, but also plants spontaneously
regenerated from roots (Table 3). However, polycarpic
individuals were found in eight populations only and
some plants regenerated from roots after injury in 13
populations only (Table 3). Nevertheless, within popu-
lations the percentage of spontaneously regenerated
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Fig. 2. PCA ordination diagram displays the relationship between the characteristics recorded in the field study of Oenothera biennis

populations. Characteristics describe habitats occupied by O. biennis populations, disturbance regimes occurring there, local

vegetation, population and resprouting abilities of O. biennis. The first two ordination axes are shown. For detailed description of

characteristics and their full names see Table 1.

Table 3. Population and resprouting characteristics of 29 natural populations of Oenothera biennis

Characteristic Mean (%) Min (%) Max (%) Frequency among

population

Number of individuals 288.8788.2 15 2300

Number of spontaneously resprouting plants (%) 1.372.4 1.0 3.3 21

Number of injured flowering plants (%) 23.274.1 1.6 71.4 25

Number of plants resprouting after injury (%) 32.475.9 3.3 66.6 13

Number of polycarpic individuals (%) 1.570.5 0.1 4.1 8

Means7standard errors, minimum and maximum values and frequency among populations are shown for each characteristic in percentage.

Frequency among populations is the number of populations, in which spontaneously resprouted plants, injured plants, plants resprouted after injury

and polycarpic individuals were observed. A more detailed description of individual characteristics is given in Table 1.
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plants was much lower than the percentage of plants
regenerated after injury. Polycarpy was exceptional.

The ordination diagram of PCA describes the
relationships among resprouting, habitat characteristics,
and disturbance regime (Fig. 2). The first two ordination
axes in this analysis explain 30.7% of the variability in
the data set and separate the ordination space into four
quadrants that represent the main O. biennis habitat
types, which were found in a field. A high disturbance,
high species diversity, stony substrate and low habitat
age characterise the top left quadrant. These habitats
were mostly found close to railways. The top right
quadrant represents urban habitats with a sandy and
gravelly substrate, low vegetation cover, and high
frequency of disturbance, and habitats where vegetative
rosettes of O. biennis dominate over adult fruiting
individuals. The bottom right quadrant includes large
older localities with a loamy substrate, close to roads or
at adjacent train station areas where last disturbance
was low. And finally, a low disturbance frequency, high
vegetation cover, and predominance of adult fruiting
individuals over vegetative rosettes of O. biennis are
typical characteristics of the bottom left quadrant. From
the diagram, it is evident that the highest portion of
individuals spontaneously regenerated from roots,
polycarpic individuals, and also individuals regenerated
from roots after injury was found in urban habitats with
a high frequency of disturbance. In the same type of
habitat, the largest populations of O. biennis were found
as well. The number of individuals spontaneously
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regenerated from roots, polycarpic individuals, indivi-
duals regenerated from roots after injury, and the
number of all Oenothera individuals were not correlated
with severity of last disturbance.

First two ordination axes of RDA explained 27.4%
variability in primary data; both axes were significant
(p ¼ 0:05). On the base of the forward selection of
explanatory variables using Monte Carlo permutation
test, only area of habitat, gravely substrate and
frequency of disturbance turn to have a significant
effect on the characteristics of O. biennis populations.

Garden experiment

The number of regenerated plants after injury
significantly varied among treatments and also among
species (treatment: w2 ¼ 408:5, po0:001, df ¼ 5; species:
w2 ¼ 10:5, po0:01, df ¼ 2; treatment� species:
w2 ¼ 39:8, po0:001, df ¼ 9). In the treatment with low
injury severity, O. glazioviana and O. fallax regenerated
more frequently than O. biennis (Table 4). The same
pattern was found for the number of fruiting plants in
the year of injury (treatment: w2 ¼ 348:8, po0:001,
df ¼ 7; species: w2 ¼ 21:4, po0:001, df ¼ 2; treat-
ment� species: w2 ¼ 19:5, po0:05, df ¼ 13) (Table 4).
The number of regenerated plants was lower than the
number of fruiting plants in O. glazioviana indicating
that some individuals fail to finish the reproductive cycle
in the year of injury, in spite of a successful regenera-
tion. The number of survived plants until the third
vegetative season did not differ among species, but
varied among treatments (treatment: w2 ¼ 57:03,
po0:001, df ¼ 7; species: w2 ¼ 3:6, n.s., df ¼ 2; treat-
ment� species: w2 ¼ 15:1, n.s., df ¼ 13). Nevertheless,
surviving until the third vegetative season was infre-
quent (Table 4). The number of branches, plant height,
the number of fruits and the number of seeds recorded
markedly decreased by injury, and more in injured
fruiting plants than in injured flowering plants (Table 4).
Discussion

Even though the view that vegetative regeneration has
no value for annual and biennial species in disturbed
habitats is widely accepted (Bellingham and Sparrow,
2000; Grime, 2001), the present study with Oenothera

species is another example showing that resprouting
(vegetative regeneration) from the bud bank after severe
injury to plants may be a crucial feature of biennial
species occupying highly disturbed habitats (Klimešová
and Klimeš, 2003; Martı́nková et al., 2004a, b, 2005).
Resprouting allows injured individuals survive severe
harm to their body, and successfully finish reproductive
cycle in order to set seeds. However, the ability of
resprouting is frequently influenced by regime of
disturbance, and among Oenothera populations, seems
to be highly variable.
Population variability in resprouting abilities

Based on our experimental results and field observa-
tions, we suggest a high variability in resprouting
abilities among O. biennis populations. In the present
garden experiment, O. biennis exhibited only very low
ability to regenerate after a disturbance. However, in a
previous field experimental study with an O. bienis

population (Martı́nková et al., 2004a), it was found that
regeneration is high after both low and high injury
severity. An explanation of the inconsistency between
the experimental results may be a high inter-population
variability in resprouting abilities, since Oenothera spp.
possess specific genetic characteristics (self-pollination
and Renner’s circles, Cleland, 1972; Dietrich et al., 1997)
causing a high inter-population and a low intra-
population variability in this taxon. Therefore, a
population with a lower ability to resprout from the
bud bank was probably chosen for the present experi-
ment, whereas a population with a higher resprouting
ability was studied in the previous one (Martı́nková et
al., 2004a). Results of present field observations support
the hypothesis of a high inter-population variability in
resprouting abilities as well. In 25 out of 29 studied
ruderal populations of O. biennis, we found severely
injured individuals; however, only half of these popula-
tions included injured individuals that resprouted from
roots. Moreover, among these populations, the propor-
tion of injured root-sprouting individuals varied highly.
Nevertheless, only an experiment comparing resprout-
ing ability of several Oenothera populations could reveal
real inter-population variability in this characteristic.

An alternative explanation of the observed high
variability in resprouting abilities in O. biennis concerns
a difference in substrates. In the field observations, the
highest number of root-sprouting individuals was found
in habitats with a light sandy/gravelly substrate and the
lowest at loamy substrates. Plants of O. biennis in the
present garden experiment, which were cultivated on 2:3
sand–soil mixture, mostly died after injury. In the
previous study (Martı́nková et al., 2004a), in which the
observed resprouting was higher, the studied population
grew on stony/gravelly substrate. Even though light is
not essential for root bud formation (Peterson, 1975), it
seems that loamy soil could restrict light penetration
into deeper soil layers and newly formed sprouts are
unable to reach the soil surface and died. However, to
verify this idea it is necessary to dig up injured plants
growing on loamy substrates and to check if they form
root buds.
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Table 4. Results of garden experiment with Oenothera biennis, O. fallax and O. glazioviana

Treatment n Number of

regenerated

individuals

Number of

fruiting

individuals

Number of

branches

Plant

height (cm)

Number of

fruits

Number

of seeds

Number of

survived

individuals

O. biennis

C2 26 — 22 2.970.8 79.974.1 48.376.7 7627.171066.1 4

C1 30 — — — — — — 22

R1 + 30 0 0 0 0 0 0 0

R2+ 28 2 1 14 9 10 1580 0

FL� 27 2 0 0 0 0 0 1

FL+ 24 1 1 1 6 2 316 0

FR� 19 2 1 1 18 2 316 1

FR+ 26 3 0 0 0 0 0 1

O. fallax

C2 30 — 30 17.971.3 143.073.7 381.1746.7 48780.875972.4 0

C1 30 — — — — — — 24

R1+ 30 0 0 0 0 0 0 0

R2+ 30 2 1 3 140 55 7040 0

FL� 30 19 19 5.270.5 44.073.4 36.274.9 4634.97629.2 4

FL+ 30 1 0 0 0 0 0 1

FR� 30 13 12 2.570.4 10.272.6 3.270.5 403.7769.3 0

FR+ 30 0 0 0 0 0 0 0

O. glazioviana

C2 30 — 29 17.771.8 128.574.8 312.1734.5 48688.175385.9 1

C1 30 — — — — — — 24

R1+ 30 0 0 0 0 0 0 0

R2+ 29 2 1 3 46 160 23400 0

FL� 28 23 19 4.870.4 39.875.0 33.577.0 1833.07354.5 2

FL+ 30 1 0 0 0 0 0 0

FR� 29 26 12 2.4570.6 6.973.8 11.872.3 6117118.2 1

FR+ 30 0 0 0 0 0 0 0

Number of regenerated individuals after injury, plants setting seed in the year of injury, and plants surviving until the next vegetation season (the

second one in the case of C1, the third one in the case of all other treatments) are shown for each species. The number of plants in each treatment (n)

is given. Means and the standard errors of mean of the characteristics are displayed. In case data were available only for a single plant, the factual

value is given. If the number of fruiting plants is lower than the number of regenerated plants in a treatment, some regenerated plants remained

vegetative, i.e. formed rosettes and did not produce any branch and stem. In the case of treatment C1, all plants were in a young vegetative rosette

phase, could not produce any branches and plant height was not measured. Injury treatments: C2 – control for all treatments except R1+; C1 –

control for R1+; R1+ – highly injured young rosettes; R2+ – highly injured overwintered rosettes; FL� – little injured flowering plants; FL+ –

highly injured flowering plants; FR� – little injured fruiting plants; FR+ – highly injured flowering plants, high injury (+) – removal of all

aboveground biomass with all axillary buds, low injury (�) – removal of aboveground biomass, but basal axillary buds left intact. — – not applicable.
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Frequency of disturbance

It seems that the ability of resprouting from the bud
bank in Oenothera populations is advantageous in man-
made habitats with a disturbance frequency of approxi-
mately once per 2 years, i.e. once per their biennial life
cycle. In the present experiment, Oenothera individuals
finished their reproductive cycle and set seeds in spite of
severe injury to their body; however, the reproductive
characteristics were considerably lower in comparison to
intact plants. Therefore, the ability of resprouting is
advantageous only under such a disturbance, if there is a
high probability that plants without resprouting never
finish the reproductive cycle and a seed bank cannot be
formed there or it will be depleted soon. Moreover, due
a high longevity (Baskin and Baskin, 1994), relatively
high weight and poor dispersal of Oenothera seeds (Hall
et al., 1988), it seems that Oenothera species prefer areas
repeatedly disturbed, and thus habitats suitable for re-
colonisation occur as ‘‘windows’’ in time and Oenothera

species possess a ‘‘wait for’’ strategy (Schippers et al.,
2001).
Disturbance severity

We suggest that Oenothera species are able to cope
with cutting of aboveground biomass by resprouting
from basal axillary buds, and that the ability to resprout
is advantageous under disturbances, which neither reach
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soil surface nor destroy all axillary buds. Because in our
experiment, it was found again that resprouting from
preserved basal axillary buds on the stem is more
frequent than resprouting from adventitious root buds
(Martı́nková et al., 2004a). This is probably caused by a
high energy cost of adventitious bud formation in
Oenothera species in comparison to the ‘‘cheap’’, i.e.
already present, axillary buds (Esau, 1965; Martı́nková
et al., 2004a; Peterson, 1975; Vesk and Westoby, 2004).
In contrast, this relation was not found in two other
herbs of disturbed habitats, R. palustris and B. vulgaris,
that do not prefer axillary buds over adventitious buds
on roots for regeneration after injury, and easily
resprout no matter whether all axillary buds are
destroyed or not (Martı́nková et al., 2004b, in prep.).
Even though highly injured plants of Oenothera species
mostly failed to resprout in the present experiment,
lower injury to the plant body and breaking down of
apical dominance induced resprouting in these species
(for resprouting and apical dominance see, e.g. Aarsen,
1995; Horvath, 1998; Lortie and Aarsen, 2000; Peterson,
1975).
Timing of disturbance

The relationship between life-cycle phase at the time
of injury and the probability of successful resprouting
remains unclear in Oenothera species. In the present
experiment, no young vegetative rosettes regenerated
from roots, and regeneration of reproducing plants and
overwintered rosettes was exceptional. Rauh (1937)
found a successful regeneration from root buds only in
vegetative plants of O. biennis. Martı́nková et al. (2004a)
reported a relatively high probability of regeneration
after injury from root buds in both vegetative and
reproductive plants of O. biennis. This inconsistency of
results can be caused by a high inter-population
variability in resprouting abilities as is mentioned above
and only more detailed experiments with several
populations can reveal the relationship between timing
of injury and the ability of resprouting in these species.
Life-cycle of injured plants

According to the present results, Oenothera species
adhere to a biennial life cycle and injury to the plant
body does not postpone their reproduction from the
second to a third year of life, in a way similar to the
short-lived root-sprouting herb B. vulgaris (Martı́nková
et al., in prep.). We found in the field that injured plants
may resprout from root buds if disturbance severity is
low. It seems that breaking down of apical dominance
and a lack of auxin may induce resprouting from roots,
despite the presence of axillary buds (Aarsen, 1995;
Horvath, 1998). This event could lead to the observed
polycarpy in Oenothera, because new root-sprouts can
remain vegetative during the year of formation, but they
can survive reproduction of the main stem and
reproduce next season after overwintering (Klimešová,
2003; Martı́nková, pers. obs). However, the observed
frequency of polycarpy was very low in ruderal
populations and survival of experimental individuals
until the third season was rare.

To summarise, resprouting from roots takes place in
about a third of the studied ruderal populations of O.

biennis. However, among these populations, root-
sprouting abilities highly vary. The ability of the
biennial species O. biennis, O. fallax and O. galziovina

to regenerate from the bud bank after a disturbance is
probably efficient only under a certain degree and
frequency of disturbance, i.e. when some axillary buds
are preserved and frequency of disturbance is approxi-
mately once per 2 years. Individuals of all tested species
largely prefer resprouting from axillary buds, and
resprouting from roots is less important, even though
they are capable of doing so. Even though Oenothera

spp. are less effective root-sprouters than R. palustris

and B. vulgaris, our results support the idea that the
ability to resprout from the bud bank after injury is a
useful tool for persistence of short-lived species popula-
tions in highly and frequently disturbed habitats.
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37–48.
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