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Jana Martı́nkov�a1,*, Petr Šmilauer2, Stanislav Mihulka2, Vı́t Latzel3 and Jitka Klimešov�a1
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� Background and Aims Senescence is the process of losing fitness when growing old, and is shaped by the trade-
off between maintenance and reproduction that makes reproduction more unsure and maintenance more costly with
age. In repeatedly reproducing plants, reductions in growth and fertility are signs of senescence. Disturbance, how-
ever, provides an opportunity to reset the ageing clock and consequently potentially ameliorate senescence.
� Methods To test the effects of disturbance on traits closely related to fitness and thus to senescence, a long-term
garden experiment was established with two short-lived perennial congeners, Barbarea vulgaris and Barbarea
stricta, that differ in their ability to resprout after injury. In the experiment, five damage treatments were applied to
plants in four different phenophases.
� Key Results It was found that damage to the plant body significantly prolonged life span in B. vulgaris but de-
creased whole-life seed production in both species. High concentration of seed production in one growing season
characterized short life spans. Both more severe damage and a more advanced phenological phase at the time of
damage caused reproduction to be spread over more than one growing season and equalized per-season seed pro-
duction. In terms of seed quality, average weight of a single seed decreased and seed germination rate increased
with age regardless of damage.
� Conclusions Although disturbance is able to reset the ageing clock of plants, it is so harmful to plant fitness that
resprouting serves, at best, only to alleviate slightly the signs of senescence. Thus, in terms of whole-life seed pro-
duction, injured plants were not more successful than uninjured ones in the two studied species. Indeed, in these
species, injury only slightly postponed or decelerated senescence and did not cause effective rejuvenation.

Key words: Ageing clock, Barbarea vulgaris, Barbarea stricta, disturbance, fitness, injury, life span, phenophase,
seed germination, seed number, seed weight.

INTRODUCTION

Senescence in general is a term referring to the process of los-
ing fitness when growing old (Lacey et al., 2003; Van Dijk,
2009; Morales and Munné-Bosch, 2015). In plants, in contrast
to the majority of animals, life-long existence of undifferenti-
ated tissues and the modular body arrangement are two main
characteristics that can influence the manifestation of senes-
cence at the individual level (Harper, 1977; Munné-Bosch,
2015). Thus, it has been hypothesized that plants can escape se-
nescence through replacement of old modules (i.e. in clonal
plants), resist it by having durable organs (e.g. in trees) or pre-
clude it by programmed death after reproduction, i.e. in mono-
carps (Thomas, 2013). Only sparse information has been
accumulated about the senescence of plant individuals (Munné-
Bosh, 2008), although it is believed that senescence is being
eliminated by natural selection (Baudisch et al., 2013;
Salguero-G�omez et al., 2013; Munné-Bosch, 2015). However,
senescence is controlled by trade-offs between maintenance
and reproduction, with the increased cost of maintenance in old
age progressively tilting the balance in favour of reproduction
(Kirkwood, 1977). Therefore, we can expect that plants should
be mortal and die abruptly after they achieve their maximum

life span reproductive output. In plants that reproduce repeat-
edly, reduction of growth and fertility, and thus decreased fit-
ness, are seen as signs of senescence (Lacey et al., 2003; Van
Dijk, 2009), although we can expect differences in this pattern
due to morphological constraints (Klimešov�a et al., 2014,
Munné-Bosch, 2014).

There have been rather few studies of senescence in individ-
ual plant species. In the vegetatively reproducing plant Lemna
minor, a strong age-related decline in survival, reproduction
and offspring quality was found (Barks and Laird, 2015).
Salguero-G�omez and Casper (2010) showed that plants of the
perennial herb Plantago lanceolata typically exhibit a decline
in size over a period of 3 years prior to death, accompanied by
lower inflorescence production. Müller et al. (2014), studying
the perennial shrub Cistus albidus grown in controlled condi-
tions, found that older plants had lower numbers of flowers and
seeds, lighter seeds and higher rates of embryo abortion in ma-
ture seeds. In the monocarpic perennial herb Cardiocrinum cor-
datum, it was found that survival as well as the probability of
reaching the next life stage decreased after 6 years of age
and that growth in plant size occurred until flowering; thus, loss
in – or even lack of change in – plant size would lead to death
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in the subsequent season (Araki et al., 2010). Seed production
was shown to decrease with age in Beta vulgaris ssp. maritima,
a species with variable life span (Van Dijk, 2009). On the other
hand, no signs of senescence were found in grafted shoots from
old trees of Pinus sylvestris; they grew as fast as those from
young trees and produced the same number of germinable seeds
(Mencuccini et al., 2014). Similarly, growth and fecundity did
not decrease with age in the herb Borderea pyrenaica (Garcia
et al., 2011). From the above-mentioned examples, it follows
that the manifestation of signs of senescence not only is life his-
tory specific but also varies among species having the same life
history (Davison et al., 2014; Munné-Bosch 2015).

Programmed death after a maximized reproductive event is
typical for monocarpic plants and has been documented many
times (Thomas, 2013). We know, however, that numerous
monocarps have variable life cycles responding to environmen-
tal clues and that they can change to short-lived polycarpic
plants (Klimešov�a et al., 2007). The trigger for such a mono-
carpy/polycarpy switch is usually disturbance, and therefore
cutting or trimming provides an opportunity to reset the ageing
clock (Salguero-G�omez and Casper, 2010). The reason for the
reset of life history stage is the fact that severe injury hinders
the investment of all storage compounds towards a single, large
reproduction event (Sosnov�a and Klimešov�a, 2013; Thomas,
2013), and, after such a reset, seeding can instead take place
over multiple seasons. The mechanism by which this occurs is
that the dominant apical meristem, borne by the single domi-
nant shoot typical of the monocarpic plant body, is destroyed
and thus the main source of hormones ensuring apical domi-
nance and the main carbohydrate sink is replaced by several
shoots differing in size, which compete for carbohydrates.
Differences in auxin flow (Davies and Gan, 2012) and reserve
acquisition among the regenerated shoots then lead to variabil-
ity in shoot development and therefore to the spread of repro-
duction over several seasons (Sosnov�a and Klimešov�a, 2013).

According to Davies and Gan (2012), senescence can be
modulated by carbohydrate sink size; however, global shifts in
hormonal and nutrient balance triggered by flowering are prob-
ably major factors controlling senescence after flowering in
monocarps (Sklensky and Davies, 2011). Perennial plants differ
from monocarps by not investing all their resources in one re-
productive event, and monocarpic plants that lose the main car-
bohydrate sink behave similarly. Their ability to recover and
change strategy in respect to senescence might be affected by
the phenological phase in which the damage occurs, because to-
tal reallocation toward generative structures in monocarps is
triggered at the same time as flowering (Davies and Gan,
2012). Apart from the effect of phenology, injury severity can
have an effect on further growth of monocarpic plants (Huhta
et al., 2003) due to the reduction of apical dominance. A mono-
carpic plant that has lost part of a dominant shoot will retain
apical dominance and thus the main carbohydrate sink to a
higher degree than a plant losing the whole shoot and forced to
resprout from a root fragment (Martı́nkov�a et al., 2008, 2015;
Bartuškov�a and Klimešov�a, 2010). Therefore, we could expect
that after injury, a monocarpic plant will have a tendency to
prolong its life and spread its reproduction over several, more
equal reproductive events as is typical for a perennial plant.
This effect would increase with severity of injury and decrease
with ontogenetic stage of a plant at the time of injury.

To examine the effect on senescence-related traits, and thus
on plant fitness, of resetting the ageing clock reset via distur-
bance, we established a 5-year garden experiment with two
short-lived Barbarea species (Barbarea vulgaris and Barbarea
stricta) that differ in their ability to resprout after injury. In this
experiment, we applied five levels of disturbance severity to
plants at four different phenophases. The experimental design
fully reflects natural conditions since both Barbarea species oc-
cur in unpredictable, frequently disturbed habitats. Injury sur-
vival, seed production, seed viability and life span of plants
were followed over several years. We specifically tested the
following hypotheses: (a) severe injury to the plant body causes
prolongation of plant life span and also the spread of reproduc-
tion over more growing seasons; (b) injury increases whole-life
fecundity; (c) life span is negatively correlated with both the
number of seeds formed during the first reproductive season
and the concentration of seed production in one growing sea-
son; (d) differences in reproduction between the first reproduc-
tive season and reproduction in subsequent years diminish with
increasing injury severity and increase with advancing phenol-
ogy of injured plants; and (e) germination rate and seed weight
change with the maternal plant’s age and differ between injured
and intact plants.

MATERIALS AND METHODS

Study species

Barbarea vulgaris R. Br. and Barbarea stricta ANDRZ.
(Brassicaceae) are common European species. Barbarea vulga-
ris prefers anthropogenic habitats, e.g. arable land, ruderal habi-
tats, roadside ditches and railway banks, while Barbarea stricta
occurs in more natural, moist habitats, i.e. pond banks and river
alluvia (Dvoř�ak, 1992) that are also affected by disturbance.
Both species are short-lived perennial herbs reproducing once
or, under certain conditions, repeatedly (MacDonald and
Cavers, 1991; Dvoř�ak, 1992; J. Martı́nkov�a, pers. obs.). During
the first year of life, the plants remain vegetative, and rosettes
overwinter to the next season. Seed production is initiated dur-
ing the second year of life. In the beginning of the second year,
vegetative rosettes transform into reproductive stems, losing
their rosette leaves. Both species are capable of root sprouting,
as adventitious buds may develop on the main root or on root
branches that lie near the soil surface, and a number of adventi-
tious rosettes or stems may arise from these buds (Klimešov�a
et al., 2007). Root-sprouting ability is forced by damage of
above-ground biomass (Klimešov�a and Martı́nkov�a, 2004).
Barbarea vulgaris and B. stricta differ in their degree of root
sprouting, with B. vulgaris regenerating from root more vigor-
ously than B. stricta (J. Martı́nkov�a, pers. obs.).

Experiment

Seeds for the experiment were collected during 2003. The
seeds originated from South Bohemian natural populations: 15
populations for B. vulgaris and three for B. stricta. To minimize
seed-origin effects, the seeds from different populations were
mixed, separately for each species. During the winter, seeds
were kept in laboratory conditions without stratification.
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In the spring of 2004, 2�5 L containers were filled with a 2:3
garden substrate:sand mixture and five seeds per container were
sowed for each species separately. Containers were kept out-
doors in the experimental garden during the whole experiment
and positioned randomly. One week after seedling emergence,
the number of seedlings was reduced to only one per container.
Plants were fertilized regularly with standard NPK solution and
watered when necessary. Containers were randomly assigned to
ten groups (30 replicates in each) for each species according to
the damage to be applied at a particular life phase. The first
group represented plants slightly injured in the first-year rosette
phase (low at R1). The second group comprised plants severely
injured in the first-year rosette phase (high at R1). The third
group represented plants slightly injured in the second-year ro-
sette phase (low at R2). The fourth group comprised plants se-
verely injured in the second-year rosette phase (high at R2).
Similarly, the fifth, sixth, seventh and eighth groups represented
plants slightly or severely injured in the flowering or fruiting
phases during the second year of life (low at FL, high at FL,
low at FR and high at FR, respectively). Slight injury consti-
tuted removal of all above-ground biomass of a plant except for
the basal axillary bud. To inflict severe injury, we would leave
only the roots intact while destroying all axillary buds along
with the above-ground biomass. The ninth group of plants was
not injured and served as a control treatment, while the tenth
group served as a source of root fragments.

The plants of the two R1 groups were injured in 2004; injury
to other plants was applied in 2005 (Table 1; Fig. 1). At the
same times that plants in injury treatments were injured (once
in 2004 and three occasions in 2005), root fragments were ob-
tained from the tenth plant group (Table 1; Fig. 1). Each plant
served as the source of two fragments, both of 6 cm length but
of different diameters and from different positions in the root
system. The thick fragments were cut from the topmost part of
the main root, directly under the hypocotyl. The thin fragments
were cut from the first lateral root immediately beyond its
branching from the main root (Table 1). After cutting, each root

fragment was immediately placed horizontally into a 2�5 L con-
tainer filled with a 2:3 substrate:sand mixture. The containers
were placed in an experimental garden, regularly fertilized with
NPK fertilizer and watered when necessary.

For all plants, the following characteristics were recorded or
calculated during the years 2004–2008: whether the plant
regenerated after injury; each season that it reproduced; and, for
each reproductive season, the total number of seeds produced,
the average weight of one seed, the seed germination rate and
the number of viable seeds produced. The description and
schedule of treatments are summarized in Table 1.

During May 2009, the experiment was terminated because
the majority of plants had died and the rest were so weak that a
high probability of death without reproduction was obvious.

Seed trapping and germination tests Seed collection and germi-
nation tests were done every year of the experiment except the
first year because neither species started reproducing until the
second year of their lives. To trap all seeds produced by each
plant, reproducing plants were wrapped in light white cloth af-
ter all their flowering had finished. For each reproducing plant,
the total weight of all trapped seeds was measured after seed
maturation. Then, for each plant, the average weight of one
seed was calculated based on three replicates of 30 seeds, and
the total number of seeds for the plant would be estimated
based on the total weight of its trapped seeds.

In the autumn following each reproductive season, germina-
tion tests were done in the standardized conditions of a growth
chamber (15 vs. 8 h and 23 �C vs. 15 �C for ‘day’ vs. ‘night’ re-
gimes, respectively). For each reproducing plant, three repli-
cates of 30 seeds were placed on wet sand in Petri dishes. Over
the next 21 d, the number of germinated seeds would be
recorded.

Calculation of temporal concentration of seed production For
each plant, temporal concentration of seed production was rep-
resented by the ratio of the maximum number of seeds that it

TABLE 1. Overview of the set-up of the experiment on Barbarea vulgaris and Barbarea stricta, including a description of damage types
applied, list of phenological phases at which plants were injured and dates of injuries

Phenophase Date of injury or cutting Damage Description

Control 2 April 2004 (sowing) Control Plants without injury
R1: first-year rosette 18 August 2004 Low injury First-year rosettes slightly injured*

High injury First-year rosettes severely injured†

Thick fragment Root fragments from the main root cut during the first-year rosette phase
Thin fragment Root fragments from the first branch cut during the first-year rosette phase

R2: second-year rosette 6 April 2005 Low injury Second-year rosettes slightly injured*
High injury Second-year rosettes severely injured†

Thick fragment Root fragments from the main root cut during the second-year rosette phase
Thin fragment Root fragments from the first branch cut during the second-year rosette phase

FL: flowering 20 May 2005 Low injury Flowering plants slightly injured*
High injury Flowering plants severely injured†

Thick fragment Root fragments from the main root cut during the flowering phase
Thin fragment Root fragments from the first branch cut during the flowering phase

FR: fruiting 28 June 2005 Low injury Fruiting plants slightly injured*
High injury Fruiting plants severely injured†

Thick fragment Root fragments from the main root cut during the fruiting phase
Thin fragment Root fragments from the first branch cut during the fruiting phase

All plants were grown from seed sown on 2 April 2004.
*Slightly injured: above-ground biomass removal but basal axillary buds left in place.
†Severely injured: removal of above-ground biomass and all axillary buds, leaving only roots in place; thus, regeneration only from the roots is possible.
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produced in one season to its whole-life seed production.
Therefore, a temporal concentration of seed production equal to
1 would mean that the plant reproduced only once. Lower val-
ues of the ratio would mean that seed production was spread
over more than one growing seasons. This calculation was per-
formed separately for all seeds produced and for viable seeds
only.

Statistical analysis

The response of survival probability and selected plant
characteristics to damage type, plant phenophase at the time
of injury and species identity were evaluated using general-
ized linear models (GLMs) with the assumed error distribu-
tion employed depending on the response variable analysed:
binomial distribution for survival probability; Poisson distri-
bution with explicitly modelled overdispersion for numbers
of seeds (both total and viable); and plant life span. The ef-
fects of damage type and plant phenophase were assessed us-
ing a crossed model term that included both main effects and
their interaction. To compare the responses of the species,
we compared a model that included (in addition to damage
type and phenophase effects) only the main effect of species
with another model that was extended by including

interaction terms between species and the two experimentally
manipulated variables.

To describe changes in seed weight and germination rate
over an individual’s lifetime, we used a mixed linear effect
model (LMM) with log-transformed seed weight and arcsin-
transformed germination rate, and with plant individual iden-
tity as a random-effect predictor. The full models included
not only the main effect of time (year), but also its interac-
tions with damage type and phenophase. As in the case of the
GLMs, we also tested the difference between the species by
comparing models with and without interactions of the spe-
cies with other explanatory variables (damage type, pheno-
phase and time). To compare the effects of temporal
concentration of seed production on the life span of the
plants under different experimental conditions, we replaced a
fully factorial model with a model in which the temporal
concentration effect was nested within a combination of phe-
nology stage and damage type.

Finally, to evaluate the effect of seed production in their first
productive season on the survival of individuals, we used a Cox
proportional hazard model.

Hypothesis testing on fitted models was complemented – for
selected models – by estimating the sizes of the effects for sig-
nificant model terms. Toward this aim, we calculated 95 % con-
fidence intervals (CIs) for regression coefficient estimates.
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FIG. 1. Time diagram of the experiment on Barbarea vulgaris and Barbarea stricta in the years 2004–2008. Five types of injury were applied to plants during four
phenological phases. Descriptions of damage types and phenological phases along with abbreviations are presented in Table 1.
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All calculations were done in program R, version 3�0 (R
Core Team, 2013); LMMs were fitted using the ‘nlme’ package
(Pinheiro and Bates, 2000); Cox proportional hazard models
were fitted using the ‘survival’ package (Therneau and
Grambsch, 2000); post-hoc tests and planned contrast tests
were performed using the ‘multcomp’ package (Bretz et al.,
2011).

RESULTS

Survival after injury

Barbarea vulgaris and B. stricta did not differ significantly in
the effects of damage and phenophase upon survival (Table 2;
Fig. 2A). When examining species separately, a post-hoc test did

not find any significant difference in the proportions of regener-
ated individuals among damage types or among phenophases at
the time of injury in B. vulgaris (Table 2; Fig. 2A). On the other
hand, for B. stricta, plants subjected to low or high injury had
higher proportions of regenerated individuals than did plants
originating from root fragments, and plants injured as rosettes
had a higher proportion of regenerated individuals than plants in-
jured during their reproductive phases (Table 2; Fig. 2A).

Life span

Barbarea vulgaris and B. stricta differed significantly in
their life spans, and their life spans were significantly influ-
enced by both damage type and the phenophase during which
the plant was injured (Table 2; Fig. 2B). Plants of B. vulgaris

TABLE 2. Summary of fitted models for characteristics obtained from the injury experiment with Barbarea vulgaris and Barbarea stricta

Overall tests Tests of B. vulgaris Tests of B. stricta

Proportion of regenerated individuals (Fig. 3A)
d.f. ¼ 15, v2 ¼ 16�23, n.s. d.f. v2 P d.f. v2 P

Damage 3 74�38 ** Damage 3 372�81 ***
Phenophase 3 64�69 * Phenophase 3 299�66 ***
Damage � Phenophase 9 59�32 n.s. Damage � Phenophase 9 249�64 ***

d.f. F P d.f. F P d.f. F P

Life span (Fig. 3B)
d.f.¼ (16, 659), F ¼ 16�84***

Species 1 199�14 *** Damage 4 9�29 *** Damage 4 16�69 ***
Phenophase 4 8�42 *** Phenophase 3 3�40 * Phenophase 3 15�41 ***
Damage 3 14�81 *** Damage � Phenophase 9 3�06 ** Damage � Phenophase 9 11�62 ***
Species � Phenophase 4 14�64 ***
Species � Damage 3 24�55 *** z-value P z-value P

Phenophase � Damage 9 8�52 *** Control vs. damaged plants –5�81 *** Control vs. damaged plants 0�63 n.s.
Species � Phenophase � Damage 9 12�71 ***

d.f. F P d.f. F P d.f. F P

No. of all seeds (Fig. 3C)
d.f.¼ (16, 659), F ¼ 8�10***

Species 1 129�94 *** Damage 4 9�93 *** Damage 4 19�42 ***
Phenophase 4 40�71 *** Phenophase 3 10�68 *** Phenophase 3 35�71 ***
Damage 3 5�44 ** Damage � Phenophase 9 1�96 * Damage � Phenophase 9 5�75 ***
Species � Phenophase 4 12�19 ***
Species � Damage 3 8�91 *** z-value P z-value P

Phenophase � Damage 9 1�58 n.s. Control vs. damaged plants 5�26 *** Control vs. damaged plants 5�88 ***
Species � Phenophase � Damage 9 6�07 ***

d.f. F P d.f. F P d.f. F P

No. of viable seeds (Fig. 3D)
d.f.¼ (7, 677), F ¼ 3�73***

Species 1 511�49 *** Damage 4 5�85 *** Damage 4 6�08 ***
Phenophase 4 13�55 *** Phenophase 3 6�97 *** Phenophase 3 16�28 ***
Damage 3 6�40 *** Damage � Phenophase 9 1�26 n.s Damage � Phenophase 9 1�48 n.s.
Species � Phenophase 4 5�81 ***
Species � Damage 3 0�97 n.s. z-value P z-value P

Control vs. damaged plants 3�59 *** Control vs. damaged plants 3�20 **

In the first column, both species are tested together; in the second and third columns, B. vulgaris and B. stricta, respectively, are tested separately. Effects of
phenophase, damage type and species were tested.

Overall tests represent the tests of differences between the two species in each species’ combined effects of phenophase and damage type.
Degrees of freedom (d.f.), F-statistic or z-value and significance range are shown.
*P < 0�05; **P < 0�01; ***P < 0�00; n.s, non-significant.
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lived longer than plants of B. stricta without respect to injury.
Damaged plants of B. vulgaris lived significantly longer than
uninjured plants, however, and no difference in life span was
found among damage types or among phenophases in this spe-
cies if the control treatment was excluded (Fig. 2B). On the
other hand, plants of B. stricta subjected to low or high injury
had longer life spans than plants that originated from roots frag-
ments, and plants injured as rosettes had a longer life span than
plants injured during reproductive phases (Fig. 2B).

Whole-life seed production

Number of all seeds Barbarea vulgaris and B. stricta differed in
the responses their seed production showed to both phenophase
at the time of injury and damage severity. Production of seeds
was higher in B. vulgaris than in B. stricta, without respect to
injury (Table 2; Fig. 2C). In both species, total seed production
was significantly greater for control plants compared with dam-
aged plants, and those injured during rosette phases had greater

seed production than those injured during reproductive phases
(Table 2; Fig. 2C).

Number of viable seeds Differences between B. vulgaris and
B. stricta were much larger in the number of viable seeds than
in the number of all seeds (Table 2; Fig. 2D). In B. vulgaris, the
number of viable seeds did not differ between control plants
and plants that originated from roots fragments (Table 2;
Fig. 2D). In B. stricta, no significant effect of damage type was
found when control plants were excluded (Table 2; Fig. 2D).
No difference in the number of viable seeds between control
plants and plants injured during rosette stages was found in ei-
ther species (Table 2; Fig. 2D).

Temporal concentration of seed production
in relation to life span

Barbarea vulgaris and B. stricta always flowered and fruited
in the second season after germination (control plants) or injury

TABLE 3. Summary of models describing the effects of two calculated characteristics on the lifespans of Barbarea vulgaris and
Barbarea stricta

B. vulgaris B. stricta

Temporal concentration of all seed production (TSconc)

d.f. F P d.f. F P

TSconc 1 10�15 ** TSconc 1 23�05 ***
Phenophase 4 51�07 *** Phenophase 4 37�72 ***
Damage 3 4�58 ** Damage 3 1�33 n.s.
TSconc � Phenophase 4 20�93 *** TSconc �phenophase 4 4�87 ***
TSconc � Damage 3 2�25 n.s. TSconc � damage 3 2�91 *
Phenophase � Damage 9 3�17 ** Phenophase � damage 7 0�22 n.s.
TSconc � Phenophase � Damage 9 1�48 n.s. TSconc � phenophase � damage 5 2�04 n.s.

Post-hoc tests Lower CI Upper CI Post-hoc tests Lower CI Upper CI

Control –1�486 –0�978 Low injury at R1 –1�864 –0�818
Low injury at R1 –1�673 –0�759 Thick fragment at R1 –1�016 –0�097
High injury at R1 –1�392 –0�048 Thin fragment at R1 –2�146 –0�879
Thick fragment at R1 –0�887 –0�124 Thick fragment at R2 –1�428 –0�152
Low injury at R2 –0�785 –0�198 Thick fragment at FL –1�975 –0�098

Temporal concentration of viable seed production (VSconc)

d.f. F P d.f. F P

VSconc 1 8�83 ** VSconc 1 7�42 **
Phenophase 4 46�85 *** Phenophase 4 16�11 ***
Damage 3 4�55 ** Damage 3 0�68 n.s.
VSconc � Phenophase 4 15�95 *** VSconc � Phenophase 4 1�26 n.s.
VSconc � Damage 3 2�93 * VSconc � Damage 3 0�75 n.s.
Phenophase � Damage 9 2�72 ** Phenophase � Damage 7 0�10 n.s.
VSconc � Phenophase � Damage 9 1�74 n.s. VSconc � Phenophase � damage 5 0�27 n.s.

Post-hoc tests Lower CI Upper CI Post-hoc tests Lower CI Upper CI

Control –1�454 –0�906 No significant relationship found
Low injury at R1 –1�579 –0�674
Thick fragment at R1 –1�113 –0�202
Low injury at R2 –1�012 –0�283

Results for B. vulgaris are shown in the first column and results for B. stricta in the second column.
TSconc ¼ the ratio of maximal seed production within one season to whole-life seed production; VSconc ¼ the ratio of maximal viable seed production

within one season to whole-life viable seed production.
Degrees of freedom (d.f.), F-statistic and significance are shown.
*P < 0�05; **P < 0�01; ***P < 0�00; n.s., non-significant.
Results of post-hoc tests are shown for significant model effects only; lower CI and upper CI define the 95 % confidence interval.
Descriptions of damage types and phenological phases (and their abbreviations) are in Table 1.
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(other treatments) and then reproduced each subsequent year
of their lives. Life spans of both species were significantly
influenced by the temporal concentration of seed production
(Table 3). For both species, when considering all seeds, post-
hoc tests showed significant negative relationships between
temporal concentration of seed production and life span only
for control plants and plants injured during rosette phases
(Table 3). However, when considering only viable seeds, a sim-
ilar negative relationship between concentration of seed produc-
tion and lifespan was found in control and uninjured plants of B.
vulgaris and those plants injured at rosette phases (Table 3B). In
B. stricta, in contrast, neither the interaction of temporal concen-
tration of seed production and damage nor the interaction of
temporal concentration of seed production and phenophase at
time of injury significantly influenced life span (Table 3). No
significant positive relationship between temporal concentration
of seed production and life span was found in either species.

Relationship between seed production in the first reproductive
season and subsequent probability of plant death

Both measures of seed production during the first reproduc-
tive season showed significant correlations with the probability
of subsequent plant death. In the case of all seeds, the probabil-
ity that a plant would die during the following growing season
was higher for plants that produced a greater number of seeds,
and this relationship was stronger for B. vulgaris than for B.
stricta (Table 4). In the case of viable seeds, the number of
seeds produced during the first reproductive season was also
positively correlated with the probability of plant death during
the next growing season; however, this correlation was weaker
for B. vulgaris. However, for uninjured B. stricta, the relation-
ship was opposite to the overall pattern, as for these plants pro-
duction of viable seeds during the first reproductive season was

negatively correlated with probability of death during the fol-
lowing season (Table 4).

Seed characteristics

Weight of one seed In B. vulgaris, the average weight of a seed
was significantly influenced by plant age and also by age–damage
and age–phenophase interactions (Table 5). However, there was
no overall difference in seed weight between control and damaged
plants; moreover, the difference between control and damaged
plants in decrease of seed weight with age was not significant
(Table 5). In plants injured in the first-year rosette (R1) pheno-
phase, seed weight decreased with age irrespective of damage
type (Table 5; Fig. 3A), but seeds produced by plants subjected to
low or high damage treatment were somewhat lighter (Table 6).
Similarly, for R2 plants, there was no interaction between time
and damage, but the effect of plant age was relatively weaker and
the effect of damage stronger when compared with R1 plants
(Table 5; Fig. 3A). This was mainly due to a larger drop in seed
weight for plants in the high injury treatment (Table 6). In the FL
phenophase, there was a different pattern from that for the rosette
stages: the main effect of damage was not significant, but its inter-
action with age was strong (Table 5; Fig. 3A). Post-hoc tests
showed that the decrease in seed weight with age was larger for
plants that originated from root fragments than for plants with low
or high damage treatments (Table 6). For FR plants, the decrease
of seed weight was not affected by damage type at all.

In B. stricta, there was no main effect of plant age, damage
or phenophase, as only the interaction between damage and
phenophase was significant (Table 5). This suggests no sig-
nificant change of seed weight with age. Testing control
plants separately from those whichwere damaged, seed
weight decreased slightly with age for control plants, but not
for damaged plants (Table 5: post-hoc effect for control

TABLE 4. Summary of the models describing the effects of the first reproductive output on the probability of plant death in the follow-
ing growing season in Barbarea vulgaris and Barbarea stricta

d.f. v2 P Estimated effect size Exp (coef)

No. of all seeds

Species 1 26�86 *** Damage_YES 0�236
Damage 1 106�68 *** Species_vulgaris 0�350
Seed.First 1 6�09 * Seed.First 1�001
Species � Damage 1 1�23 n.s. Species_vulgaris � Seed.First 1�002
Species � Seed.First 1 4�45 *
Damage � Seed.First 1 2�40 n.s.
Species � Damage � Seed.First 1 0�03 n.s.

No. of viable seeds

Species 1 26�86 *** Species_vulgaris 0�308
Damage 1 106�68 *** Damage_YES 0�142
Viable.First 1 0�95 n.s. Species_stricta � Damage_NO � Viable.First 0�999
Species �Damage 1 1�06 n.s. Species_vulgaris*damage_NO � Viable.First 1�001
Species � Viable.First 1 17�76 *** Species_stricta � Damage_YES � Viable.First 1�003
Damage � Viable.First 1 1�31 n.s. species_vulgaris � Damage_YES*Viable.First 1�001
Species � Damage � Viable.First 1 15�23 ***

Reproductive output was expressed as total number of seeds produced during the first reproductive season (Seed.First) and the number of viable seeds produced dur-
ing the first reproductive season (Viable.First). The effects of species, damage, first reproductive output, and their interactions on plant death probability were tested.

Degrees of freedom (d.f.), v2 value, and significance are shown.
*P < 0�05; **P < 0�01; ***P < 0�00; n.s., non-significant.
Effect sizes for significant terms of a Cox proportional hazard model are shown as Exp(coef), representing the multiplicative effect of the predictor on the

basal hazard rate.
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plants, 95 % CI ¼ –0�120 to –0�005; for injured plants, 95 %
CI ¼ –0�063 to 0�006). For R1 plants, seed weight increased
with age for plants that originated from root fragments, but
did not change for plants subjected to the low or high injury
treatment (Table 6). Seed weight decreased with age for R2
and FL plants irrespective of the damage type (Table 5;
Fig. 3A). For plants injured in the fruiting (FR) phenophase,
seed weight did not change with age, nor did seed weight re-
spond to damage (Table 5; Fig. 3A).

Seed germination In B. vulgaris, the germination rate increased
with plant age and was also affected by the stage at which the
plant was damaged but not by the type of damage (Table 5).
The germination rates differed between control and damaged
plants (Table 5), and increased more slowly with age in control
than in damaged plants (post-hoc effect for control plants, 95 %
CI¼ 0�116–0�183; for injured plants, 95 % CI¼ 0�145–0�193).
In R1, R2 and FR plants, germination increased with age, but
no effect of damage type was found (Table 5; Fig. 3B). In FL
plants, germination increased with age and was also weakly af-
fected by damage type.

In B. stricta, the germination rates differed significantly
among damage types but not among plant phenophases
(Table 5). The germination rate generally increased with age,
and damaged plants increased their germination rate over the
years slightly more quickly than did the control plants (Table 5:
post-hoc effect for damaged plants, 95 % CI¼ 0�100–0�249; for
control plants, 95 % CI¼ 0�145–0�234). The germination rate
generally increased for all treatments (Fig. 3B). Plants that orig-
inated from root fragments showed a more rapid increase in
germination rate of their seeds over the years than did plants
in the low or high damage treatment (post-hoc effects: low
damage, 95 % CI¼ 0�087–0�244; high damage, 95 %
CI¼ 0�023–0�237; thick fragment 95 % CI¼ 0�215–0�396; thin
fragment, 95 % CI¼ (0�194–0�398).

DISCUSSION

Life span and survival after injury

Severe injury to the plant body caused prolongation of life and
spread of reproduction to more growing seasons, in agreement
with our expectations. However, even control plants did not

TABLE 5. Summary of statistical models examining effects of time (plant age) and experimentally manipulated factors on weight of one
seed and seed germination rate of Barbarea vulgaris and Barbarea stricta

Weight of one seed (g ) d.f. ¼ 27, v2 ¼ 89�18*** (Fig. 3A) Seed germination (%) d.f.¼ 27, v2 ¼ 55�14 ** (Fig. 3B)

B. vulgaris B. stricta B. vulgaris B. stricta

d.f. v2 P d.f. v2 P d.f. v2 P d.f. v2 P

Full model Time 1 187�27 *** 1 1�53 n.s. Full model Time 1 190�92 *** 1 78�52 ***
Phenophase 3 16�91 ** 3 7�13 n.s. Phenophase 3 11�18 * 3 5�44 n.s.
Damage 4 17�37 *** 4 2�24 n.s. Damage 4 1�79 n.s. 4 28�84 ***
Phenophase �

Damage
9 18�16 * 7 20�01 ** Phenophase �

Damage
9 8�49 n.s. 7 9�13 n.s.

Time � Damage 4 13�69 ** – – – Time � Damage – – – 4 19�05 ***
Time � Phenophase 3 8�63 * – – – Time � Shenophase 4 27�97 *** – – –
Time � Damage �

Phenophase
9 24�59 ** – – – Time � Damage �

Phenophase
– – – – – –

Control vs
damaged
plants

Time 1 188�40 *** 1 2�70 n.s. Control vs
damaged
plants

Time 1 186�63 *** 1 70�95 ***

Damage 1 3�11 n.s. 1 0�61 n.s. Damage 1 0�11 n.s. 1 0�44 n.s.
Time � Damage 1 2�99 n.s. 1 4�32 * Time � Damage 1 10�38 * 1 8�03 **

Partial model
for R1

Time 1 107�32 *** 1 3�97 * Partial model
for R1

Time 1 46�07 *** Phenophase not
significant, so
analysing data
separately by
phenophase not
constructive

Damage 3 8�95 * 3 6�58 n.s. Damage 3 1�33 n.s.
Time � Damage 3 6�25 n.s. 3 34�39 *** Time � Damage 3 0�71 n.s.

Partial model
for R2

Time 1 17�09 *** 1 7�06 ** Partial model
for R2

Time 1 97�92 ***

Damage 3 14�32 ** 3 1�12 n.s. Damage 3 4�77 n.s.
Time � Damage 3 5�48 n.s. 3 2�49 n.s. Time � Damage 3 1�50 n.s.

Partial model
for FL

Time 1 38�13 *** 1 4�29 * Partial model
for FL

Time 1 23�37 ***

Damage 3 1�76 n.s. 2 0�19 n.s Damage 3 3�58 n.s.
Time � Damage 3 17�38 *** 1 0�30 n.s. Time � Damage 3 9�27 *

Partial model
for FR

Time 1 20�58 *** 1 1�53 n.s. Partial model
for FR

Time 1 81�01 ***

Damage 3 0�83 n.s. 2 4�41 n.s. Damage 3 3�39 n.s.
Time � Damage 3 2�64 n.s. 1 3�97 * Time � Damage 3 1�07 n.s.

In addition to the full model, separate models were constructed for individual phenological phases and for comparison of control vs. damaged plants.
Degrees of freedom (d.f.), v2 statistic, and significance values are shown.
*P < 0�05; **P < 0�01; ***P < 0�00; n.s., non-significant.
Descriptions of phenological phases and their abbreviations are presented in Table 1. Sizes of significant effects in models for individual phenophases are

summarized in Table 6.
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behave as monocarps, as has already been mentioned in the lit-
erature (e.g. MacDonald and Cavers, 1991); nevertheless
Barbarea species are still erroneously considered to be bien-
nials. Despite this, injury caused postponement of reproduction
and reset of the ageing clock (Salguero-G�omez and Casper,
2010). The life span of injured individuals, however, was only
one season longer than that of uninjured plants and only in
Barbarea vulgaris. In the case of Barbarea stricta, no signifi-
cant prolongation of plant life was found, and, additionally,
more severe injury during later phenological phases shortened
the life span of B. stricta in comparison with control plants.
The proportion of individuals that regenerated after injury was
nearly 100 % in B. vulgaris; however, regeneration of B. stricta
was significantly lower, especially for individuals severely in-
jured at later phenological phases. These results probably re-
flect the habitat preferences of these species and thus their life
strategies. Both species prefer disturbed habitats, but of differ-
ent types. Barbarea vulgaris prefers man-made habitats
(Dvoř�ak, 1992) in which disturbance acts unpredictably and a
dominant shoot is frequently removed or even roots are frag-
mented. In such habitats, the resprouting strategy is not re-
stricted and allows the injured individual to finish its
reproductive cycle (Sparrow and Bellingham, 2001; Vesk and
Westoby, 2004). On the other hand, B. stricta occurs in wet or
flooded areas (Dvoř�ak, 1992) where severe injury resulting in
loss of the main shoot’s apical dominance does not usually oc-
cur and resprouting is also restricted by anoxia (Sosnov�a and
Klimešov�a, 2013). Therefore, B. stricta instead employs the
seeding strategy (Grime, 2001), although some of its ability to
resprout after severe injury seems to be inherited from a com-
mon ancestor. Injury does not serve as a tool to escape from se-
nescence and effectively prolong life span in either Barbarea
species since rejuvenation is probably restricted by resprouting
abilities, more strongly in B. stricta.

Although we aimed to mimic natural conditions as much as
possible and consider our disturbance regime realistic for the
two studied species, the experiment was performed in pots

without competition, probably affecting plant outputs (Poorter
et al., 2012). In natural communities, weak, old plants would
probably not reproduce or survive due to competition; however,
competition is not usually high in the habitats of these two
Barbarea species.

Whole-life fecundity

We expected that life span prolongation and increase in the
number of reproductive seasons would increase whole-life fe-
cundity, similarly to the previously described positive effect of
herbivores on plant fitness (Lehtilä and Strauss, 1999; Agrawal,
2000). However, in our experiment, in all cases, whole-life fe-
cundity was significantly lower than or at most equal to fecun-
dity of uninjured plants. No overcompensation in terms of the
number of seeds was found. Therefore, even the prolongation
of life found in B. vulgaris (but not in B. stricta) did not in-
crease the fitness of injured plants in comparison with uninjured
ones, and thus the hypothesis that severe biomass removal can
increase fitness of B. vulgaris proposed by Martı́nkov�a et al.
(2008) was not supported. In the tested Barbarea species, se-
nescence expressed as declining seed production (Lacey et al.,
2003; Van Dijk, 2009; Munné-Bosch, 2008) was not eliminated
by the injury, but only decelerated.

The ratio of the number of all seeds and the number of viable
seeds (see Fig. 2C, D) was not changed by injury in B. vulgaris.
However, in B. stricta, the proportion of viable seeds to all seeds
increased in injury treatments (see Fig. 2C, D). We presume that
the seeds that are not able to germinate immediately after harvest
are those that form the seed bank (Baskin and Baskin 1989) or
have poor quality or aborted embryos (Müller, 2014). Variability
in seed dormancy of B. vulgaris has already been reported
(Taylorson, 1970). Therefore, plant flexibility in the proportion
of actually germinable seeds can influence the number of new in-
dividuals that immediately restore a population after severe dis-
turbance. Plants of B. stricta that survive severe biomass removal
probably invest in immediate restoration of population rather
than in the seed bank. On the other hand, B. vulgaris, with its
higher resprouting efficiency, relies on its resprouting ability,
and its seed bank formation is not influenced. However, this hy-
pothesis should be tested by, for example, performing a tetrazo-
lium test of seed viability (Porter et al., 1947) to assess the ratio
of dormant seeds to seeds with aborted embryos.

First reproduction and temporal concentration of
seed production

Short-lived species invest their stored reserves in a single re-
productive event that is followed by senescence and death
(Silvertown et al., 2001). We expected that injury to the plant
body would cause seeding to be spread over more than one sea-
son due to the removal of apical dominance (Davies and Gan,
2012) and consequent formation of many adventitious shoots of
various sizes (Bartuškov�a and Klimešov�a, 2010). We also ex-
pected that life span would be negatively correlated with the
number of seeds formed during the first reproductive season.
Thus, the occurrence of greater seed production during the first
reproductive season for plants that had been injured resulted in
a shorter life span for two reasons. First, the number of seeds is

TABLE 6. Sizes of significant effects in Barbarea vulgaris and
Barbarea stricta of time (age) on average single-seed weight (g)
estimated for individual damage types in models fitted separately

for plants damaged at different phenophases

B. vulgaris B. stricta

Lower CI Upper CI Lower CI Upper CI

R1 Low injury –0�180 –0�014 R1 Thick Frg. 0�018 0�120
High injury –0�161 –0�017 Thin Frg. 0�016 0�111

R2 High injury –0�267 –0�057 R2 No significant relationship
FL Low injury –0�260 –0�115 FL No significant relationship

High injury –0�278 –0�125
Thick Frg. –0�308 –0�159
Thin Frg. –0�298 –0�142

FR No significant relationship FR No significant relationship

Only significant effect sizes are shown; lower CI and upper CI represent the
95 % confidence interval for the effect size.

Descriptions of damage types and phenological phases (and phase abbrevia-
tions) are presented in Table 1. Here, ‘Thick Frg.’ and ‘Thin Frg.’ represent
thick and thin fragment treatments, respectively. Corresponding models are
summarized in Table 5.
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related to the amount of reserves intended for seed production
(Davies and Gan, 2012), and the more the plant invests into re-
production, the less it can invest in survival (Sosnov�a and
Klimešov�a, 2009). Secondly, the high investment in reproduc-
tion is tied to the existence of a dominant shoot having strong
apical dominance that hinders further resprouting – in contrast
to what would be the behaviour of numerous equivalent shoots.
Thus, due to both exhaustion of reserves and suppression of ad-
ditional sprouting, senescence is inevitable. Indeed, in our ex-
periment, we found no positive relationship between the
number of seeds formed during the first reproductive season
and plant life span. Similarly, a higher concentration of seed
production in any vegetative season causes a shorter life span.
However, negative effects on life span from both first reproduc-
tive output and reproduction concentration disappear with ad-
vancing phenological phase at the time of injury and with
removal of all axillary buds. Therefore, disturbance causes
equalization of subsequent reproductive events, and signs of se-
nescence are somewhet alleviated in Barbarea subjected to it,
similarly to the case of Cistus albidus, reported by Müller et al.
(2014).

Injury severity and phenophase at the time of injury

Regrowth after injury and subsequent reproduction depend
on the amount of available reserves (Banta et al., 2010; Latzel
et al., 2014). The amount of available reserves is closely related
to the severity of injury and also to the phenological phase dur-
ing which the plant is injured. A less advanced life history stage
at the time of injury and a larger remaining plant body can pro-
vide higher amounts of stored reserves for resprouting
(Martı́nkov�a et al., 2008, 2015; Sosnov�a et al., 2014).
Therefore, more severely injured plants and plants injured dur-
ing reproduction will form weaker adventitious shoots without
strict dominance, in contrast to less severely injured vegetative
rosettes in which one adventitious shoot will dominate. It is
thus probable that signs of senescence will be less obvious in
plants that have suffered more severe injury at later phenologi-
cal phases. Correspondingly, we found that the difference be-
tween first reproduction and reproduction in subsequent years
diminished with both injury severity and progressive life stages
at which the plants were injured. Moreover, whole-life produc-
tion of viable seeds in severely injured plants is comparable
with whole-life production of viable seeds in uninjured plants.
Senescence in the studied species is not markedly influenced by
either the severity of injury or its timing, but it is generally alle-
viated more upon suffering more severe disturbance in later
phenological phases.

Seed weight and germination rate

Although Lanner and Connor (2001) did not find an effect of
age on seed weight and viability, a decrease in seed weight
with plant age can be seen as a sign of senescence (Brutovsk�a
et al., 2013), and is closely related to plant fitness. In our exper-
iment, we found a distinct decrease in seed weight with age.
Because seed weight decreases with age, decreasing germina-
bility with age can be expected (S�anchez et al., 2012; Müller
et al., 2014). Contrary to such an expectation, in our

experiment, the germination rate increased with age in all cases
and more quickly for injured than for uninjured plants, in B.
stricta much more strongly than in B. vulgaris. The decrease in
seed weight with age was not different between injured and
uninjured plants of B. vulgaris; however, in B. stricta, a de-
crease in seed weight with age was found for uninjured plants.
Therefore, it seems that in B. vulgaris injury to the plant body
causes different investment in seed mass and does not alleviate
signs of senescence in terms of seed weight. However, in
B. stricta an opposite effect was found. It has already been dis-
cussed that B. stricta is probably able to influence formation of
its seed bank in response to severe disturbance, and our above-
mentioned findings regarding its seed weight and germinability
suggest that it is probably via these two variables that this is ac-
complished. Barbarea stricta reacts to disturbance by changes
in seed characteristics, but B. vulgaris reacts to disturbance by
resprouting, with its seed characteristics not influenced to such
a great extent.

CONCLUSION

In a 5-year long garden experiment, it was found that distur-
bance prolongs life span and multiplies the number of reproduc-
tive seasons in B. vulgaris. However, the majority of injured
plants had a life span only one season longer than control
plants. Moreover, disturbance decreased whole-life seed pro-
duction of both B. vulgaris and B. stricta. Resprouting rescues
injured plants and, even if it leads to undercompensation in
seed production in comparison with uninjured plants, it does al-
low substantial seed production and the opportunity to pass this
ability on to the following generations. In B. vulgaris and
B. stricta, senescence is either slightly postponed or decelerated
by injury, or is unaffected by it, and thus injury does not cause
effective rejuvenation. However, B. stricta subjected to severe
removal of above-ground biomass showed increases both in the
number of germinable seeds and in seed weight, suggesting that
this species invests more in immediate germination than in seed
bank maintenance when it faces destructive disturbance.

Our results imply that short-lived plants subjected to distur-
bance may postpone senescence and that this effect is species
specific. However, further research is needed to be able to gen-
eralize the results to all herbs, including perennials.
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