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• Background and Aims Root sprouting (RS), i.e. the ability to form adventitious buds on roots, is an im-
portant form of clonal growth in a number of species, and serves as both a survival strategy and a means of 
spatial expansion, particularly in plants growing in severely and recurrently disturbed habitats. Occurrence 
and/or success of plants in severely and recurrently disturbed habitats are determined by two components, 
namely the ability to produce adventitious buds on roots and the vigour of their production. As mechanisms 
behind different magnitudes of RS remain unclear, our study investigates: (1) whether the presence or absence 
of specific tissues in roots can promote or limit RS; and (2) whether there is some relationship between RS 
ability, RS vigour and species niche.
• Methods We studied RS ability together with RS vigour in 182 Central European herbaceous species under con-
trolled experimental conditions. We used phylogenetic logistic regressions to model the presence of RS, RS vigour, 
the relationship between RS and anatomical traits and the relationship between RS and parameters of species niches.
• Key Results A quarter of herbs examined were able to produce adventitious buds on roots. They were charac-
terized by their preference for open dry habitats, the presence of secondary root thickening and the occurrence of 
sclerified cortical cells in roots. Root sprouting vigour was not associated with any specific anatomical pattern, 
but was correlated with the environmental niches of different species, indicating that preferred disturbed and dry 
habitats might represent a selection pressure for more vigorous root sprouters than undisturbed and wet habitats.
• Conclusions Our study shows that sprouting from roots is quite common in temperate dicotyledonous herbs. 
Two components of RS – ability and vigour – should be considered separately in future studies. We would also like 
to focus more attention on RS in herbs from other regions as well as on external forces and internal mechanisms 
regulating evolution and the functions of RS in both disturbed and undisturbed habitats.

Key words: Adventitious bud, anatomical features, eudicot herbs, disturbance regime, Ellenberg indicator values, 
niche preference, root sprouting vigour.

INTRODUCTION

Ecological disturbances, along with soil properties and climate, 
affect plant strategies and play a role in the evolutionary ecology 
of vegetation (Gleason, 1926; Grubb, 1977; Grime, 1979; 
Bellingham and Sparrow, 2000; Pausas and Bond, 2018). When 
disturbance is severe, leading to loss of all above-ground bio-
mass, two plant recovery strategies are common – resprouting 
after damage and regeneration from seeds (seeding) (Vesk and 
Westoby 2004). While seeding is typical for ecosystems with 
rare or, conversely, very frequent disturbances, resprouting 
prevails at an intermediate disturbance frequency (Bellingham 
and Sparrow, 2000; Clarke et al., 2015; Herben et al., 2018). 
Resprouting relies on regenerative organs, usually located 
below-ground, where their bud bank and storage carbohydrates 
are protected from disturbance (Pausas et  al., 2018). While 
some types of regenerative organs are well adapted for recur-
rent disturbances, e.g. lignotubers in fire-prone areas (Paula 

et al., 2016), we know less about the role of their anatomical 
and morphological features in regenerative processes.

Regenerative organs may be of stem or root origin (Fig. 1) 
(Groff and Kaplan, 1988) and they very often overlap with 
clonal growth organs. While stem-derived organs of clonal 
growth are more frequent (Herben and Klimešová, 2020), root-
derived clonal growth is less common (Bartušková et al., 2017; 
Ott et al., 2019). In contrast to the stem-derived organs, which 
have modular structures with internodes, nodes, leaves and ax-
illary buds, roots do not have any such structure. Root-borne 
buds, later transformed into shoots, must arise independently 
of the apical or axillary meristem. This fundamental difference 
in their origins suggests that root-derived shoots are subject to 
different regulatory mechanisms compared with stem-derived 
shoots (Klimešová et al., 2017; Herben and Klimešová, 2020).

Sprouting from roots may be an adaptation to severe and 
recurrent damage because bud formation on roots is often 
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initiated by damage or fragmentation of the root system (Rauh, 
1937; Klimešová et al., 2017). However, root sprouting (RS) 
is not always conditioned by injury and even occurs spontan-
eously, as part of normal development (Wittrock, 1884; Rauh, 
1937). Previous studies on the distribution of RS species re-
port them most commonly from disturbed habitats (Guerrero-
Campo et al., 2006; Klimešová et al., 2008), but they are by no 
means restricted to them. Many RS species belong to expansive 
weeds (e.g Cirsium arvense, Sonchus arvensis or Convolvulus 
arvensis; Raju et  al., 1966; Liew et  al., 2013), clonal plants 
of open habitats, (e.g. Linaria vulgaris and Rumex acetosella; 
Rauh, 1937), in forest understorey (e.g. Rubus) or forming 
large forest stands (e.g. Populus tremuloides; Del Tredici, 
2001). Some myco-heterotrophic plants from Orchidaceae 
and Ericaceae families represent cases of RS connected with 
specialized ontogeny (Klimešová, 2007). Root sprouting al-
lows for a wide range of strategies, from the plant’s extreme 
ability to regenerate the whole body from a single piece of root 
to a way to achieve asexual reproduction via clonal growth 
(Klimešová and Martínková, 2004; Martínková and Klimešová, 
2016; Herben and Klimešová, 2020). Simply showing the pres-
ence or absence of RS cannot capture the magnitude of this 
phenomenon. To understand the ecological function of RS, we 
should also quantify the vigorosity of bud production in RS 
species and focus on possible constraining factors.

Most root sprouters are eudicots (Bartušková et  al., 2017) 
that are able to produce lateral meristems (i.e. cambium and 
phellogen) that cause secondary thickening and, at the same 
time, might be responsible for initiation of adventitious buds 
(Rauh, 1937; Dore, 1955; Peterson, 1975). Although this is 
probably the most common scenario, other sites of root bud 
formation are known. In herbs, adventitious buds on roots can 
be formed by epidermal cells, cortical parenchyma, pericyle or 
callus (Rauh, 1937; Charlton, 1965; Hamdoun, 1970; Polowick 
and Raju, 1982; Fambrini et al., 2003). In the case of woody 
root sprouters, the place and time of origin can significantly 
affect the success of the RS process. Pre-formed ‘additional 
buds’ that appeared endogenously (i.e. from the pericycle or 
secondary phloem) and thus have a functional vascular con-
nection with the centre of the root stele, were able to sprout 
successfully. ‘Reparative buds’, which are formed exogenously 

(i.e. from proliferated pericycle, phellogen or callus) at the time 
of injury, lack the vascular connection to the stele and may fail 
to build properly and sprout into new shoots (Bosela and Ewers, 
1997; Hayashi and Appezzato-da-Glória, 2009; Kataoka et al., 
2019). No such limitations are known for herbaceous plants. 
Nevertheless, root anatomy is a potential candidate trait that 
accounts for variations in RS ability among herbaceous species 
and thus may determine a plant’s distribution along disturbance 
and environmental gradients.

Root sprouting in herbs has been known for centuries, and 
has often been studied from an agricultural point of view for 
targeting weed control. This provided important insights into 
internal and external regulatory mechanisms of RS in herbs, 
for example pathways regulating the dormancy of adventitious 
buds on roots (Horvath et al., 2003) and how the timing of dis-
turbances affect RS (Klimešová et al., 2007; Liew et al., 2013; 
Taab et al., 2018). However, RS has not been studied system-
atically over a large set of species. We also lack standardized 
approaches for assessing RS that would go beyond casual ob-
servations of individual species under difficult to compare field 
conditions.

The aim of this study was to determine the frequency of RS 
in herbaceous species of central European flora, and to link this 
to the occurrence of these species along environmental gradi-
ents of humidity, light and disturbance. We then evaluated the 
hypothesis that anatomical traits can serve as predictors of the 
occurrence and vigour of RS. To address these objectives, we 
collected RS data on 182 herbaceous dicotyledonous species, 
selected to cover a range of clades and environmental condi-
tions in central European flora, using a standard experimental 
protocol. In a sub-set of these species, we collected detailed 
data on their root anatomies. This enabled us to determine the 
presence/absence of RS and its vigour, to link these data with 
environmental information available for these species and to 
correlate anatomical traits with RS ability and vigour.

MATERIALS AND METHODS

Species selection

We sampled 182 Central European herbaceous plant species 
from 31 families. The selection of species spanned major angio-
sperm clades, but monocot species were generally excluded as 
these are known not to be RS (with an exception of one orchid 
clade; Rauh, 1937; Herben and Klimešová, 2020). One-third 
of selected species represented already reported RS species, 
although for many of them we had no experimental evidence 
regarding RS (Bartušková et al., 2017). The remainder of the 
species selected represented species for which there was no lit-
erature data regarding RS.

Species were collected in the field in 2016 and 2017 during 
their flowering periods in order to minimize differences in RS 
caused by phenological stage and to ensure proper species 
identification. In May 2016, a total of 80 species were sam-
pled from dry and wet meadow habitats. In 2017, we focused 
on other types of habitats and concurrently covered early- 
and late-flowering species by starting sampling in April and 
continuing at different localities until October, which an-
other 102 species. These species were collected from a range 
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Fig. 1. Below-ground regenerative organs of stem (A) and root origin (B) 
in herbaceous plants. A rhizomatous plant (A) with rhizome (rh; light green) 
bearing an axillary bud (green ovals) in each node. A root sprouting plant (B) 
with roots (light brown) bearing adventitious buds (pink ovals) formed out of 
the modular structure. Different types of roots are depicted: adventitious root 

(ar), main root (mr) and lateral root (lr).
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of natural and semi-natural habitats in the Czech Republic to 
cover the most common community types, comprising forest 
habitats, dry and wet meadows, and anthropogenic habitats. 
Some rare wetland species were obtained from the collec-
tion of aquatic and wetland plants of the Institute of Botany 
of the Czech Academy of Science, Třeboň (Supplementary 
data Table S1). The communities sampled allowed us to 
cover major environmental gradients in Czech vegetation: 
moisture, light availability and disturbance. We avoided rare 
habitats and habitats with extreme moisture or light condi-
tions, as well as rare protected species. At each locality, we 
searched for plants referred to in the literature as RS (ac-
cording to Bartušková, et  al., 2017) to ensure that we had 
sufficient species for the analysis, as RS is referred to in only 
about 10 % of species in Central European flora (Bartušková 
et al., 2017). After collecting these RS species, we collected 
other common dicotyledonous herbs at the locality, focusing 
on the largest individuals available to ensure sufficient ma-
terial for root fragments.

For most species, we excavated four fully developed individ-
uals from one population. To ensure that sampled plants were 
different genetic individuals (genets), plants sampled were at 
least 10 m apart. The number of individuals was lower in 13 
species (mean number of individuals 2.54) because of their 
rarity. In another 13 species, we sampled two populations (four 
individuals for each population). Excavated plants were placed 
in wet plastic bags and transported to the laboratory for further 
processing.

Experiment: bud formation on root fragments

Sampled roots were washed, and three root fragments 
(approx. 5 cm long) were selected from the root system of 
each plant, resulting, with a few exceptions, in 12 root frag-
ments per plant species. Fragments were cut from the main 
root and thicker lateral roots; in the case of rhizomatous 
plants, fragments from thicker adventitious roots were taken 
(Fig. 1). We avoided roots of <1  mm in diameter because, 
in a pilot experiment, these were shown to be prone to rot-
ting. In species with diverse root widths, we cut fragments 
of different diameters while avoiding damaged or senes-
cing parts. Root fragments were weighed and lengths were 
measured. Fragments were then placed on wet sand in Petri 
dishes, watered regularly and kept in a climate chamber for 
1 month (20 °C, 8 h light/16 h dark); this regime was suc-
cessfully tested in our pilot experiments. Replicates (root 
fragments from one sampled individual in one Petri dish) 
of each species were organized in a randomized block de-
sign. After 1  month, samples with buds were harvested at 
different developmental stages and stored in 70 % ethanol. 
Fragments with no visible buds were discarded. We counted 
the number of adventitious buds, including those that had al-
ready grown into small shoots (Supplementary data Fig. S1). 
For further comparative analyses, we standardized the values 
of continuous variables per length of root fragment so that 
we obtained characteristics of sprouting vigour (the number 
of buds per unit length) and specific root biomass (root bio-
mass per unit length) (Supplementary data Table S1).

Anatomical data collection

We analysed the anatomy of 68 species, of which 42 were 
RS that successfully developed buds during the 1  month ex-
periment. Four species with well-developed buds were not ana-
lysed because of their tiny fragile roots. Because fragments of 
plants that were not successful root sprouters in our trial were 
often partly rotten at the end of experiment, we analysed the 
anatomies of non-RS plants as freshly collected plant roots. For 
this purpose, we selected 26 species out of 136 non-RS species 
used in our trial that were closely related to the successful RS 
species, i.e. species either from the same genus, if available, or 
from the same family (Supplementary data Table S2).

To evaluate RS anatomy, we used three root fragments, each 
of them originating from distinct plant individuals. To evaluate 
the anatomy for non-RS species, we always selected the thickest 
root found on an individual.

For RS samples, we carefully separated root portions (1 cm 
long) containing buds from each fragment. Buds were identi-
fied using an Olympus SZX16 stereomicroscope and Canon 
EOS 600D camera. For non-RS species, we selected the middle 
part of the root fragment for the analysis.

Cross- and longitudinal sections were obtained using a 
WSL sliding lab-microtome, where sections (20–60 µm thick) 
were clarified, stained with Safranin and Astra blue (Bukatsch, 
1972), dehydrated in a crescent ethanol series and mounted on 
glass slides in Canada Balsam®. Digital photomicrographs were 
obtained using an Olympus BX53 microscope and an Olympus 
DP73 camera. CellSens Entry 1.9 software was used for image 
analysis.

The anatomical description was based on 14 characters, 
evaluated using a binary code (0 = absent; 1 = present), in 
root fragments at different stages of secondary develop-
ment (Supplementary data Table S2). Traits included tissue 
dominating, covering tissue and presence of exodermis, cortex 
maintenance, sclerified parenchymal cells on the cortex, visi-
bility of endodermis and proliferated pericycle, fibres on 
phloem and xylem, and the presence of a medulla, secretory 
structures, crystals and growth rings.

Additional data sources

We used Ellenberg indicator values (EIVs) (Ellenberg 
et  al., 1991) to assess environmental preferences of the spe-
cies studied, where EIVs describe the optima of most Central 
European species along gradients of nutrients, moisture and 
light (Diekmann, 2003). The EIVs were available for a sub-
set of 154 (nutrients) to 169 (light) species. In order to place 
individual species on gradients of disturbance frequency and 
severity, we used species-level indicator values for disturbance 
regimes, expressed as the disturbance frequency indicator value 
and the disturbance severity indicator value (Herben et  al., 
2016). The indicator values express optimum values of disturb-
ance frequency and severity (i.e. levels where the given species 
is most common) for individual species. These were available 
for a sub-set of 175 species.

Phylogenetic data were taken primarily from Daphne (Durka 
and Michalski, 2012), with data for an additional two species 
(Euphorbia virgata and Veronica vindobonensis) taken from 
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Lososová et al. (2015). As the Daphne tree contains polytomies, 
these were replaced by randomly generated dichotomies with 
very short divergence times (0.001 million years ago) using the 
function multi2di from the R package (ape ver. 3.5). Differences 
among replicate runs using different randomly generated di-
chotomies were negligible.

Data analysis

We estimated phylogenetic signals in RS by fitting 
continuous-time reversible Markov models of binary trait evo-
lution on the phylogenetic tree using the function fitDiscrete 
from the package geiger ver. 2.0.6 (Harmon et al., 2008), and 
used the estimated lambda as a measure of phylogenetic signal. 
We complemented this with stochastic character mapping to es-
timate the number of transitions between each trait state as a 
measure of the stability of the trait over the phylogeny. We first 
fitted a continuous-time reversible Markov model of binary trait 
evolution using the function make.simmap from the package 
phytools ver. 0.5-38 (Revell, 2012) to determine the transi-
tion matrix. We assumed an asymmetric process (forward and 
backward transitions being different). We used this transition 
matrix and the tip states on the tree to simulate 100 stochastic 
character histories. Prior distribution on the root node of the 
tree was estimated using the stationary character distribution 
of the transition matrix. We used these histories to estimate the 
expected number of evolutionary transitions over the tree and 
to reconstruct probabilities of the trait occurring on individual 
tree nodes.

We modelled the relationship between RS and anatomical 
traits using phylogenetic regressions. As anatomical traits are 
likely to be highly correlated, we first used principal compo-
nents analysis (PCA) to identify sets of correlated variables 
(Supplementary data Table S3). Subsequently, we selected 
six traits that constituted a major share of variation among all 
anatomical traits, were not strongly correlated and were eco-
logically meaningful. These traits (covering tissue, sclereids 
on cortex, growth rings, proliferated pericycle, medulla and 
cortex maintenance) were chosen as predictors of RS in all 
subsequent analyses (Fig. 2). To this set of purely anatomical 
traits we added one morphological trait, i.e. specific root bio-
mass (fragment weight/length ratio). We modelled the presence 
of RS using phylogenetic logistical regression employing the 
function MCMCglmm from the package MCMCglmm ver. 
2.26 (Hadfield, 2010). We assumed a binomial (Bernoulli) dis-
tribution of RS, with a covariance structure determined by the 
inverse of the patristic (relatedness) matrix. We used 13 000 it-
erations, taking every tenth value to determine the likelihood 
function, and discarded the first 3000 iterations as burn-in. We 
visually assessed the output for convergence. The role of in-
dividual predictors was examined by assessing the posterior 
distribution of their corresponding coefficients. The RS vigour 
(number of buds per species) was modelled with a similar ap-
proach, but using Gaussian distribution to model the logarithm 
of the number of buds; we fitted the model only to species that 
showed RS. In addition to anatomical predictors, total fragment 
length was used to screen out differences among species due to 
different numbers of roots in the experiment.

We used an identical approach to model the relationship be-
tween RS and parameters of species niche (EIVs and disturb-
ance indicator values). Phylogenetic logistic regression was 
used in the same fashion as for anatomical traits, assuming a 
binomial distribution for the presence of RS, and Gaussian dis-
tribution for the logarithm of the number of buds (for sprouting 
species only). Total fragment length was always used to screen 
out differences among species due to different numbers of roots 
in the experiment.

For both sets of models (anatomy and parameters of the spe-
cies niche), we also ran non-phylogenetic models, using the 
same distributions and the same set of predictors, but setting the 
covariance matrix to identity matrix. To visualize relationships 
of ability to sprout and number of buds to predictor variables, 
we used generalized additive models with penalized thin-plate 
regression smoothing from the package mgcv version 1.8-31 
(Wood, 2003).

RESULTS

In the set of herbaceous plants studied, 46 out of 182 species 
were able to produce adventitious buds on root fragments (about 
one-third of reported RS perennial herbs of the Czech flora). 
The anatomical evaluation showed that in all RS samples, the 
secondary structure was already established, i.e. at least one 
of the lateral meristems (phellogen and cambium) was already 
activated (Fig. 2A–D). Periderm was observed in 33 species 
(Fig. 2B), and secondary phloem and xylem were present in 
all samples. Root growth rings varied from two to five rings 
and occurred in 11 species (Fig. 2B). Among non-RS plants, 
secondary structure was identified in the majority of species, 
except in two Plantaginaceae, Littorella uniflora and Plantago 
major, for which lateral meristems were not active.

The ability of species to be RS was not strongly phylogen-
etically conserved (λ = 0.66), but still showed some phylo-
genetic pattern of differing incidence in individual lineages, 
although we found at least some RS species in all main angio-
sperm lineages examined (Fig. 3; Supplementary data Fig. S2). 
Root sprouting was particularly common in Asteraceae and in 
a number of families from the order Malpighiales (Violaceae, 
Euphorbiaceae and Hypericaceae). In contrast, it was rare in 
all species examined from the ranunculid clade (Ranunculaceae 
and Papaveraceae) and in Fabaceae.

Among the anatomical traits statistically evaluated, the 
presence of growth rings and the presence of sclerified cor-
tical cells in roots were considered to be the most significant 
predictors for RS ability (Table 1; Fig. 4). The combination 
of both traits was observed only in Geranium sanguineum 
and Hypericum perforatum, whereas none of the characteris-
tics was observed in non-RS species (Fig. 4; Supplementary 
data Table S2). Marginally significant effects were also ob-
served for covering tissue; RS species tended to have a peri-
derm (i.e. secondary tissue replacing an epidermis), while 
non-RS species more often had only an epidermis (Table 1; 
Supplementary data Table S2). The results of phylogenetic 
and non-phylogenetic analyses were similar (Table 1). We 
were able to identify the tissue of origin of root buds only 
in Knautia arvensis, where reparative buds in early stages 
of development arose from the vascular cambium without 

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab030#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab030#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab030#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab030#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab030#supplementary-data


Bartušková et al. — Sprouting from roots in temperate herbs: role of anatomy and environment 935

vascular trace (Fig. 2C). In the other RS species, we ob-
served only additional buds in different stages of develop-
ment but always with distinct vascular connections with the 
centre of the root (Fig. 2D). The complete anatomical ana-
lysis of the 68 selected species is shown in Supplementary 
data Table S2.

Root sprouting vigour, expressed as the number of adventi-
tious buds per unit of root length, had a highly skewed distribu-
tion, ranging from values of 0.02 buds cm–1 of root length up to 
almost 4.3 buds cm–1 length (Supplementary data Table S1). It 
was positively affected by specific root biomass (i.e. root bio-
mass per unit length, Table 1; Fig. 5), which can be considered 
a proxy for root thickness, since we used similar fragment 

lengths for individual species. No effect of anatomical traits on 
the sprouting vigour in RS species was observed (Table 1). The 
results of phylogenetic and non-phylogenetic analyses were 
similar (Table 1).

Root sprouting ability was correlated with species prefer-
ences on environmental gradients of light in a non-phylogenetic 
analysis (Table 2), and with both moisture and light species 
preferences in a phylogenetic analysis (Table 2). In very dry 
and open habitats, the likelihood of being an RS species was 
about 0.45, whereas it was essentially zero in shaded and moist 
habitats (Fig. 6). No significant effects of disturbance fre-
quency and disturbance severity on RS ability were found in 
non-phylogenetic or phylogenetic analyses (Table 2).
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Fig. 2. Root cross-sections at the secondary stage of development in Centaurea jacea (A), Euphorbia esula (B, D) and Knautia arvensis (C). The anatomical 
predictors used in the statistical analysis are shown. (A) Species with epidermis (ep) and cortex (ct) preserved; sclerified cortical cells (arrowheads) are scattered 
on the cortical parenchyma, and the endoderm (* inset) associated with secretory structures (arrows) constitutes the inner layer of the cortex; the vascular cylinder 
includes uniseriate pericycle (pc inset), secondary phloem (sp), secondary xylem (sx) and medulla (md), with lignified cells in the centre. (B) The species no longer 
has epidermis and cortex cells; they were lost during root thickening and replaced by periderm (pr), which was formed just adjacent to the endoderm. Proliferated 
pericycle (pp) and secondary phloem (sp) have indistinct limits, and four growth rings (arrowheads) were formed on the secondary xylem (sx). Note the presence 
of the exarch protoxylem (circled inset) feature that characterizes the root structure. (C) Overview of root with secondary xylem (sx) well developed, vascular 
cambium (arrowheads) and adventitious bud in an early stage of development (circled area). Note in the detail the cambial origin (arrowheads) of the root bud (*). 
(D) Advanced stage of bud development, with leaf primordium (arrows) and bud trace (*) on secondary xylem up to the centre of the root. Scale bars = 25 µm  

(A inset, B inset), 50 µm (C inset), 100 µm (A), 200 µm (B–D).
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 The RS vigour was significantly affected by species occur-
rence along environmental gradients of humidity and disturb-
ance (Table 2). In non-phylogenetic analyses, the disturbance 
frequency had the largest impact on the number of buds, fol-
lowed by the moisture gradient (Table 2). Root sprouting spe-
cies in more frequently and severely disturbed habitats tended 
to have higher RS vigour (i.e. to produce more buds per unit of 
root length) than RS species in habitats with minor disturbances 
(Fig. 7). Similar results were obtained from a phylogenetic ana-
lysis (Table 2).

DISCUSSION

Using a resprouting experiment with a diverse collection of 182 
Central European herbs, we identified RS ability in a quarter of 
species studied. Our analysis supported previous observations 
that RS ability was often associated with the presence of lat-
eral meristems responsible for secondary thickening of roots. 
Moreover, an association of RS with the presence of sclerified 
cells in the root cortex was newly identified. Separation of RS 
ability from RS vigour revealed a more frequent occurrence of 
RS species on dry and open habitats, whereas most vigorous root 
sprouters tended to occur on dry and frequently disturbed habi-
tats. We observed the highest vigour of bud production among 

the largest roots, highlighting the importance of reserves and 
the presence of secondary growth for successful regeneration.

Phylogenetic distribution

Phylogenetic patterns of RS showed that it was a fairly flex-
ible character, supporting findings of Herben and Klimešová 
(2020) who showed that it had a similar (or even slightly 
lower) phylogenetic conservation compared with stem-based 
clonality. Still, there was a discernible phylogenetic pattern in 
Eudicots, with RS being particularly common in Asteraceae 
(namely Cichorioidae, but also elsewhere), in Rosaceae and 
in a number of families from the order Malpighiales (Herben 
and Klimešová, 2020). While phylogenetic reconstructions of 
a larger, although less exactly measured, dataset by Herben 
and Klimešová (2020) implied that RS may be an ances-
tral character in Rosaceae, this does not seem to be the case 
in Asteraceae, where the analysis showed dotted patterns 
indicating a number of parallel evolution events. The presence 
of RS in almost all species examined (and all three lineages 
examined) from Malphighiales is particularly remarkable and 
may need further study, as a number of other lineages in this 
order are also well known for root sprouting (Rhizophora, 

Fabaceae Euphorbiaceae

Violaceae

Ranunculaceae

Apiaceae

Asteraceae

Campanulaceae

Lamiaceae

Plantaginaceae

Caryophyllaceae

Brassicaceae

Rosaceae

Fig. 3. Mapping of RS on the phylogenetic tree. Ancestral reconstruction is based on averaging of 100 stochastic character histories generated by a continuous 
Markov process with all rates different. The red colour indicates the presence of RS, and blue the absence of RS. Families with fewer than five species are not 

indicated in the figure; see Supplementary data Table S1 for the full listing of species and families.

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab030#supplementary-data
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Kandelia, Rhizophoraceae; Ogita et  al., 2004; Populus and 
Salix, Salicaceae; Linum, Linaceae; both Klimešová et  al., 
2017; Indotristicha, Podostemmaceae, Mohan-Ram and 
Seghal, 1997). Our data, although fairly limited, extend the 
list of RS-capable genera and may imply that RS may be an 
ancestral trait of this order, although formal analysis is still 
impossible due to insufficient species sampled. Root sprouting 
may provide an additional vegetative morphological char-
acter common to this morphologically extremely diverse and 
species-rich order (Endress et al., 2013).

Anatomical correlates of root sprouting

Root sprouting and non-RS herbaceous species differ in root 
anatomy: RS species have a lateral meristem and exhibit sec-
ondary growth, and their roots contain sclerified cortical cells. 
This character may be a primary prerequisite for the produc-
tion of adventitious meristems in eudicot herbs, and the second 
might be a response to injury.
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Fig. 4. Root sprouting in species with the presence of growth rings (A) and in 
species with the presence of sclerified cortical cells (B).
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Our findings imply that herbaceous RS prioritizes the devel-
opment of pre-formed buds on roots as the majority of buds 
observed in our experiment are ‘additional’ and have a typical 
vascular connection with the centre of the root stele (Fig. 2D). 
We observed ‘reparative buds’ in early stages of development 
only in K. arvensis (Fig. 2C). The reparative buds arose from 
the vascular cambium and did not show a vascular connection 
with the centre of the root. The cambial origin of root buds 
has already been reported for the aquatic herb Sium latifolium 
L.  (Rauh, 1937) and, in woody plants, root buds developed 
near the vascular cambium (Hayashi and Appezzato-da-Glória, 
2009; Imatomi et al., 2014). The experimental approach used in 
this study did not allow us to compare a situation with bud for-
mation before and after plant injury, as our observations were 
carried out only after the bud formation experiment. Therefore, 
we have only indirect evidence for pre-formation of the ma-
jority of adventitious buds, and their origins (additional vs. rep-
arative buds) in herbs warrant further study.

Our analysis also showed a correlation between RS and the 
presence of sclerified cortical cells in roots, probably because 
both features were a consequence of plant injury. The process 
of cell sclerification activated by a changed hormone profile is 
considered a protective mechanism in plants following tissue 
injury (Lev-Yadun, 1994; Didi et al., 2015). Sclerified cells are 
indigestible by herbivores; they inhibit the growth of patho-
gens and are frequently seen as a response to infection. Their 
formation, therefore, is expected to be beneficial to injured RS 
individuals.

In contrast to the ability to resprout from roots, RS vigour, 
expressed as the number of buds produced per species, was not 
associated with any specific anatomical pattern. The only linked 
parameter was root thickness (Table 1; Fig. 5), supporting the 
hypothesis that differences in resprouting vigour are primarily 
constrained by the physiological status of plants and the total 
amount of resources available for regrowth. We speculate that 
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RS species equip their roots with storage capacity in order to 
allow resprouting when fragmented.

Ecology of root sprouting

We found that RS frequency was greater in species from 
dry and open habitats (Fig. 6). The combined effects of 
moisture and light on the distribution of RS species were 

more pronounced than the effect of disturbance. Wet habi-
tats seem to be unsuitable for RS species (Grace 1993). In 
the study by Sosnová et al. (2010), RS species were either 
missing or under-represented in wetland communities of the 
Netherlands. This could be attributed to the short persistence 
of roots due to anoxia (Klimešová et al., 2018) that prohibits 
their secondary thickening, and therefore adventitious bud 
formation, and to the high incidence of stem-derived organs 
of clonal growth with increasing habitat wetness (Ye et al., 
2014; Klimešová and Herben, 2015). In contrast, disturbed 
and dry habitats are normally occupied by plants with long 
persisting roots, i.e. with secondary thickening and with a low 
number of stem-derived clonal growth organs (Klimešová 
and Herben, 2015) that are conducive to RS. In this respect, 
it is remarkable that RS is almost entirely absent from mono-
cots (Herben and Klimešová, 2020), which are likely to have 
evolved in wet or aquatic habitats (Givnish et al., 2018).

The weak effect of the disturbance regime on the ability to 
resprout from roots does not support our initial hypothesis that 
RS is associated with disturbance (see also Klimešová et al., 
2017). While we cannot exclude some effects of disturbance 
because the openness of many habitats is often driven by the 
combined effects of disturbance severity and frequency, we be-
lieve that a weak relationship between RS ability and disturb-
ance is a true pattern, contrasting with the relationship between 
RS vigour and disturbance. An earlier analysis (Klimešová 
et al., 2017) used RS data based on field observations, not from 
controlled experiments as in the current study. Such field ob-
servations are likely to have confounded RS ability with the 
quantity of buds produced (i.e. RS vigour), and may have been 
responsible for earlier reports claiming a relationship between 
RS ability and disturbance.

Our analyses did confirm an association between high RS 
vigour and occurrence on frequently disturbed habitats (e.g. 
habitats disturbed more than once per year) (Fig. 7) but not 
in severely disturbed habitats (e.g. habitats where not is only 
above-ground biomass damaged but the disturbance also 
reaches the soil profile and below-ground plant organs). This 
might be explained by a lower number of root sprouters in our 
analysis in comparison with previous publications (Klimešová 
et al., 2017) and correlations between disturbance severity and 
disturbance frequency indices (Herben et al., 2016).

Disturbance regime is the main factor favouring RS vigour 
(e.g. weeds of arable land). Root sprouting vigour, in our set 
of species, was also connected with the moisture gradient. The 
overall preference of RS species for dry open habitats possibly 
indicates their tolerance for low water availability and a ten-
dency to avoid competition for light. Also thicker roots (higher 
specific root biomass in our study) could protect from desic-
cation in a dry environment and support species with vigorous 
resprouting.

Conclusions

This study, based on a trial with 182 species of dicotyle-
donous herbs from Central Europe, constitutes the first ex-
perimental examination of RS ability together with RS vigour. 
Importantly, the experimental approach enabled us to separate 
the two components of RS – ability and vigour – which were 
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likely to be confounded in earlier studies. It also enabled us 
to show that these two components were correlated with dif-
ferent anatomical features and different components of each 
ecological niche. While adventitious sprouting from roots 
in herbs is not limited to the same degree by anatomy as is 
sprouting in woody plants, it is clearly associated with sec-
ondary thickening of roots as an important prerequisite. In 
contrast, for resprouting vigour, we should seek an explan-
ation in the physiology of the plants (such as reserves avail-
able in the root) and not in their anatomy. Further studies 
should be devoted to ecophysiological aspects of RS in plants 
from different habitats differing in sprouting vigour. Such 
research may reveal new information on the evolution of 
troublesome weeds.

Our results are based on analysis from a single temperate 
flora that has been under high selection pressure from human 
activities (e.g. agriculture) since the beginning of the Holocene. 
Other biomes and floras with different evolutionary histories, 
disturbance regimes and environmental factors should be 
studied to understand the topic properly and to be able to draw 
conclusions about the generality of our findings. While root 
sprouting is an easy-to-lose and easy-to-acquire trait, its highly 
uneven distribution among individual lineages may be associ-
ated with different abilities to thrive in dry or disturbed habi-
tats. Further searches for the occurrence of this remarkable trait 
in several candidate lineages (e.g. Malpighiales, Rosales and 
Asteraceae) may show more consistent patterns which are now 
obscured by insufficient or low-quality data.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Table S1: list of spe-
cies, their RS vigour, specific root biomass, families and local-
ities. Table S2: list of species evaluated for anatomy and the 
whole set of anatomical traits studied. Table S3: correlation ma-
trix of the whole set of anatomical traits. Figure S1: regenerated 
root fragments of different species. Figure S2: mapping of RS 
on the phylogenetic tree with full species names.
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