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Annotation 

  

Disturbance is one of most important selective factor causing removal of 

plant biomass. Man-made habitats are characterized by strong and unpredictable 

disturbances, providing bare soil surface colonized by plants with short life cycle. 

Populations of the short-lived plants are, however, vulnerable to the strong 

disturbance removing all stem parts with reserve axillary meristems in the case it 

occurs before plant flowering and fruiting. Nevertheless, 2 % of annual and 14 % 

of biennial plants are able to overcome meristem limitation by adventititous 

sprouting from hypocotyle or/and roots.  

This thesis is composed of four original studies describing the occurrence 

of adventitious sprouting in natural populations of 22 monocarpic weeds of 

Central Europe and one species in Indonesia. The studied phenomenon was 

analyzed in relation to various environmental factors and plant traits in the field 

and in experimental conditions. 
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CHAPTER I 

 

GENERAL INTRODUCTION 

 

DISTURBANCE IN MAN-MADE HABITATS AND PLANT STRATEGIES  

  

Agricultural weeds can be considered as products of human driven 

evolution as a consequence of anthropogenic disturbance and weed 

management (Harper 1977). Crop management is very variable mainly due to 

Because established fields usually exist for limited 

period, hence, any adaptation of plants observed in this system can be 

considered as very fast in relation to truly natural ecosystems.  

Man-made habitats are generally characterized by high frequency of 

severe disturbances. Bare surface of ground is colonized by less 

competitively successful species (annuals, biennials and short-lived 

perennials) (Harper 1977; Klemow and et al. 2000; 

Grime 2001). Their survival is enabled by large production of seeds and 

finishing of life cycle between two consecutive disturbances (Harper 1977; 

Crawley 1986; van der Meijden et al. 1992; Grime 2001). Typical 

characteristics are small size, high fecundity, short life-span, early onset of 

maturity and semelopary (Stearns 1992).  

Contrary to total damage of plant cover, in the case plant parts remain 

preserved, plants regenerate vegetatively from bud bank (Korsmo 1930; 

Wehsarg 1954; Kutschera 1 ). Vegetative 

regeneration affects biomass production, fecundity, growth form, time of 

flowering and lifespan of a plant (  et Karrer 1995; Krumbiegel 1998, 

1999). Success of tissue renewal is defined by position and utilization of 

axillary buds (Bellingham and and 

). Therefore, most disturbance tolerant species are perennial 

herbs with below-ground organs of stem origin (rhizomes, stolons). On the 

contrary, most sensitive plants to disturbance are species without 

underground or basal axillary buds as erosulate annuals and single stemmed 

trees) (Huhta et al. 2003). 
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Therefore we can conclude that disturbance causes changes in 

species composition in a community in favor of short-lived species. The short-

lived species, however, are more prone to next disturbance event coming 

sooner then they finish life cycle as they do not form bud bank and regenerate 

only from seeds (Grime 2001). 

 

ADVENTITIOUSLY SPROUTING SPECIES IN MAN-MADE HABITATS 

 

Inability of short-lived plants to tolerate severe disturbance, however, 

can be overcome by about 2 % of annual and 14 % biennial species, which 

are able to regenerate adventitiously by resprouting from the hypocotyl or 

roots (Table  al. 2008). Since roots are growing deeper in the 

soil than stolons or tubers, adventitious sprouting species have one of most 

effective mechanism of regeneration after strong disturbance interfering not 

only aboveground parts of plant, but also upper layer of soil ( ).   

Moreover, numerous species are even able to compensate or 

overcompensate biomass loss and increase fitness in comparison with 

untouched individuals (Huhta et al. 2003). Meristems kept in dormant state by 

apical dominance were considered to have bet hedging strategy: in order to 

provide plant with insurance for one herbivore attack the buds are dormant to 

be activated by injury (Tuomi et al. 1994; Nilsson et al. 1996). However, 

overcompensation can be also explained as a side product of apical 

dominance which enables height growth at the expense of branching under 

competition (Aarssen 1995).  

Compensation ability in biomass production and fitness was usually 

studied in experimental conditions as comparison of untouched and disturbed 

plants. Although experiments with short-lived plants lacking ability to form 

adventitious sprouts from roots or hypocotyle find out that the plants are able 

to tolerate only low damage (Aarssen 1995; Lennartsson et al. 1997, 1998; 

Huhta et al. 2000a, 2 ). Manipulations with 

adventitious sprouters ( ) revealed in experiments 

that the plants having ability to form adventitious buds on roots are able to 

overocome meristem limitation, survive severe disturbance and even 

compensate biomass or seed production.  
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Similarly as success of vegetative regeneration due to axillary 

branching after damage (Ferraro and Osterheld 2002; Wise and Abrahamson 

2007) also adventitious sprouting is affected by environmental factors. 

Important factors influencing resprouting are: 1. ontogenetical stage of plant 

and injured part of plant - younger sterile plants are able to regenerate more 

successfully than flowering and fruiting individuals (

2003; M ). 2. soil compaction  apical dominancy prevail in 

dry and compacted soil, growth of lateral axillar buds and adventitious buds is 

more tricky (Kutschera and Lichtenegger 1992). 3. nutrient level  resprouting 

is supported in nutrient poor conditions (Latzel et al. 2009). 4. Timing of injury 

in the season in relation to day length and carbon storage (

).  

Adventitious sprouting is neglected phenomenon even when it is 

known by morphologists already for long time (Wydler 1850; Wittrock 1884; 

Rauh 1938) and studied in manipulative pot experiments by our working 

group (

). The occurrence of adventitious 

sprouting in natural populations of short-lived monocarps and its dependence 

on extrinsic and intrinsic factors is not known similarly as a relative role of 

axillary and adventitious bud banks in short-lived species. My theses were 

designed to contribute to those two areas.  

 

Table 1. List of monocarpic species able to resprout adventitiously from roots 

and/hypocotyle according to .  

 

Life form (a-annual, b-biennial, p-perennial); localization of buds on plant (1-hypocotyle, 2-

main root, 3-lateral and adventitious roots); origin (nat-original, ar-archeophyt, species 

appeared in Europe until 1500 of this epoch, neo-species appeared  after 1500 of this epoch, 

ornam-ornamental species; source (1-Rauh 1937; 2-Beijerick 1887; 3-Korsmo 1930; 4-

Kutchera and Lichtenegger 1992; 5-Rothmaler 1988; 6-Reichardt 1857; 7-Wittrock 1884; 8-

Dubard 1903; 9-Wehsarg 1954; 10-Irmish 1857; 11- 12-

pers.com.; 13-pers.obs. +-yes, --no, ?-missing data, !-apophyt (original species of Czech flora 

retailing secondary habitats).  
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Alliaria petiolata Brassicaceae a,b,p - + 1,2 Nat +! 1,2,13 
Anagallis arvensis Primulaceae A - + 1,2 Ar + 1 
Anchusa officinalis Boraginaceae a,b,p - - 2 Ar + 3 
Antirrhinum majus Scrophulariaceae A,p - + 1 Neo - 1 
Arabis hirsuta Brassicaceae B,p - + 3 Nat +! 4 
Arabis turrita Brassicaceae B,p + + 3 Nat - 5 
Barbarea vulgaris Brassicaceae B,p + - 2,3 Nat +! 1,3,13 
Brassica oleracea Brassicaceae a,b,p - + 3 Ar - 2 
Centaurium littorale Gentianaceae B + ? ? Neo - 7 
Cnidium dubium  Apiaceae B - + 3 Nat - 4 
Cymbalaria muralis Scrophulariaceae B - - 1 Ar - 1 
Diplotaxis muralis Brassicaceae B - - 2 Ar + 1 
Isatis tinctoria Brassicaceae B,p - - 2 Ar + 8 
Jasione montana Campanulaceae B - - 2 Nat - 11 
Kickxia spuria Scrophulariaceae A - + 1 Ar - 1 
Kickxia elatine Scrophulariaceae A - + 1 Ar - 1 
Knautia arvensis Dipsacaceae B,p + + 2 Nat +! 3,9 
Linaria alpina Scrophulariaceae P - + + orn

am 
- 1 

Linaria arvensis Scrophulariaceae A - + 1 Ar - 10 
Linaria maroccana Scrophulariaceae B - + 1 Neo - 1 
Linaria purpurea Scrophulariaceae P - + 1 orn

am 
- 1 

Linum usitatissimum Linaceae A - - 1 Ar - 1 
Medicago lupulina Fabaceae A,b - + 1,2 Ar + 6 
Mircorrhinum minus Scrophulariaceae A - + 1 Ar + 1 
Misopates orontium Scrophulariaceae A - + 1 Ar - 1 
Oenothera biennis Onagraceae B - - 2 Neo + 1,12 
Oenothera issleri Onagraceae B - - 2 Neo - 12 
Orobanche 
caryophyllacea 

Orobanchaceae B,p - + 1,3 Nat - 2 

Orobanche flava Orobanchaceae B,p - + 1,3 Nat - 1 
Orobanche hederae Orobanchaceae B,p - + 1 Nat - 1 
Orobanche minor Orobanchaceae B,p + + 1,3 Neo - 1 
Picris hieracioides Asteraceae B,p - + 2,3 Nat - 2,4 
Reseda lutea Resedaceae B,p - + 1,2,3 Ar + 1,2 
Rorippa palustris Brassicaceae A,b + + 2,3 Nat +! 13 
Scabiosa 
columbaria 

Dipsacaceae B,p + + 2 Nat - 7 

Scabiosa 
ochroleuca 

Dipsacaceae B,p + + 1 Nat - 7 

Senecio jacobaea Asteraceae B,p + - 2,3 Nat - 10 
Tithymalus exiguus Euphorbiaceae B - + 1 Ar + 1 
Tithymalus lathyris Euphorbiaceae a,b,p - + 1 Neo - 1 
Tithymalus peplus Euphorbiaceae B - + 1 Ar + 1 
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AIMS AND OUTLINES OF THESIS 

 
Consequently, the main aims of this thesis are to answer following 

questions: 
 

1. How often does adventitious sprouting occur in natural populations 

on species known to have this ability? (STUDY I) 

2. Which growth characteristics (plant height, number of branches, 

phenology) and environmental factors (disturbance, nutrient level, moisture, 

illumination) support regeneration by adventitious sprouting in studied 

species? (STUDY I) 

3. Is adventitious sprouting more often in biennial than in annuals? 

(STUDY I) 

4. How is the occurrence of adventitious sprouting in plants with 

reduced apical dominance plants in environment of low competition 

comparison to prostrate growth forms? (STUDY I) 

5. What are respective roles of axillary branching and adventitious 

sprouting after damage of different intensity? (STUDY II) 

6. Does the resprouting differ among species and populations in field or 

in experiment? (STUDY III and IV) 

 

METHODS 

 

FIELD SURVEY 

 

Monocarpic short-lived herbs that were reported as being capable of 

adventitious sprouting from the hypocotyle and/or roots were studied in the 

field (Table 2 in different habitats and environmental conditions mainly in the 

Czech Republic (Central Europe) from 2005 to 2007 (STUDY I, II, III). 

Additional to this data collection, invasive tropical weed Euphorbia geniculata 

reported as capable to produce adventitious buds on hypocotyle was studied 

from 2007 to 2009 in Indonesia (Bali, Java, Sumatra, and the Nias islands) 

(STUDY IV).   
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The aim to assess the morphology in at least 30 natural populations 

per species and at least 20 plants individuals per population was not fulfilled 

in some rare species (see Table 2). Measured plant traits were as follows: 

plant height, base width, number of axillary branches, cumulative length of 

adventitious shoots, length of the longest adventitious shoot, number of 

adventitious buds, number of adventitious shoots. A disturbance was 

assessed as an injured or removed main shoot, while phenology was 

assessed as the main phenological stages (i.e. vegetative, flowering, fruiting). 

Communities where sufficient numbers of individuals of a target 

van der 

Maarel 1979). Thus, we also have the following community characteristics: 

total vegetation cover, cover of individual species and species richness. 

Species composition was not studied in Indonesia due to difficulties with plant 

determination. Soil compaction was determined in the field, other 

environmental characteristics were assessed using Ellenberg indicator values 

for light, temperature, humidity and nitrogen (Ellenberg 1988).  

 

POT EXPERIMENTS 

 

A pot experiments (STUDY III and IV) were performed in a growth 

controlled climatic conditions. Seeds collected from natural populations 

examined in field survey were germinated on pure sand in Petri dishes and 

than planted in pots. Plants were watered regularly, and each pot was 

fertilized by a fertilizer tablet. Half of plants from each population were injured 

by clipping when they were in the vegetative stage, having only cotyledonary 

leaves (STUDY III and IV) and after period of vegetative growth (STUDY III) 

the growth of plants was followed until final harvest.  
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Table 2. List of the 22 studied species with their status in the flora of the Czech 

Republic, number of sampled populations and total number of sampled and injured individuals 

during field seasons 2005 and 2006. 

 

Species Family 
Growth 
form in 
annual 

number of 
sampled 

populations 

number of 
sampled 

individuals 

number of 
injured 

individuals 

Annuals      

Anagallis arvensis L.  Primulaceae  Prostrate  30 1114 78 

Arabidopsis thaliana (L.) 
Heynh.  

Brassicaceae Upright 30 1121 66 

Euphorbia exigua L. Euphorbiaceae Upright 6 208 33 

Euphorbia helioscopia L. Euphorbiaceae Upright 30 1085 86 

Euphorbia peplus L. Euphorbiaceae Upright 31 1407 191 

Kickxia spuria (L.) Dumort. Scrophulariaceae Prostrate  3 61 0 

Kickxia elatine (L.) 
Dumort. 

Scrophulariaceae Prostrate  2 71 0 

Microrrhinum minus (L.) 
Fourr. 

Scrophulariaceae Upright 31 1257 53 

Biennials      

Arabis glabra (L.) Bernh. Brassicaceae  6 176 13 

Arabis hirsute (L.) Scop. 
sensu stricto 

Brassicaceae  2 68 31 

Alliaria petiolata (M. Bieb.) 
Avara et Grande 

Brassicaceae  27 993 73 

Barbarea vulgaris W.T. 
Aiton 

Brassicaceae  31 1112 12 

Barbarea stricta Andrz. Brassicaceae  10 339 4 

Daucus carota L. Apiaceae  35 1074 162 

Diplotaxis muralis (L.) DC. Brassicaceae  1 30 0 

Isatis tinctoria L.  Brassicaceae  2 40 13 

Jasione montana L. Campanulaceae 5 176 1 

Medicago lupulina L. Fabaceae  29 1090 87 

Potentilla supina L. Rosaceae  30 1029 26 

Reseda lutea L. Resedaceae  15 448 28 

Reseda luteola L. Resedaceae  1 20 0 

Rorippa palustris (L.) 
Besser 

Brassicaceae  32 1118 45 
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CHAPTER II 

 
CASE STUDIES  
 
 
STUDY I 
 
 

Occurrence of adventitious sprouting in short-lived 
monocarpic herbs: filed study of 22 weedy species 
 

, , 
(6): 905-912. 
 

 

ABSTRACT 

 

In this study, we tested 14037 monocarpic herbs of 389 natural 

populations belonging to 22 species, where growth characteristics and 

adventitious buds and sprouts were measured in individual plants, species 

composition and plant cover in communities were evaluated and 

environmental characteristics were estimated by using Ellenberg indicator 

values. It was confirmed that adventitious sprouting occurs in natural 

populations of all but five species examined. Adventitious sprouting was 

positively affected by plant size and plant injury. Environmental factors 

including availability of soil nitrogen were not shown to affect adventitious 

sprouting. Annual and biennial plants did not differ in sprouting, but upright 

annuals had a lower number of and longer adventitious shoots than prostrate 

annuals. Field assessment suggests that the potential bud bank on the 

hypocotyle and roots of annual and biennial herbs supports vegetative 

regeneration of injured plants in natural populations. This result indicates that 

adventitious bud formation is a functional trait in the studied plant species and 

should not be considered only as a teratological feature. This finding raises 

many questions about the ecology and evolution of this trait. That some 

annuals and biennials possess a potential bud bank implies that this feature 

should be considered not only in ecological studies, but also in the 
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management of weedy and invasive plants, because mechanical disturbance 

instead of eradication can lead to vegetative regeneration. 

 

INTRODUCTION 

 

Theory predicts that semelparous life history evolves when juvenile 

survivorship is relatively high compared with the probability of adult 

survivorship to the next reproductive event (Stearns 1992). The majority of 

semelparous (monocarpic) plant species have an annual or biennial life cycle 

and dominate in ecosystems where severe but predictable disturbances 

detrimentally affect their populations yearly, typically in connection with a 

seasonal climate, for example summer drought, spring floods and ploughing 

of arable land. Monocarpic herbs adopt an avoidance strategy characterized 

by a short life cycle and numerous easily dispersible diaspores (Bellingham 

and Sparrow 2000; Grime 2001).  

The ability of annual herbs to survive an injury is constrained by the 

scarcity of basal reserve meristems and poor carbon storage (Dina and Klikoff 

1974; Otzen 1977; Krumbiegel 1998). Monocarpic herbs with a biennial or 

shortlived perennial life cycle, by contrast, accumulate reserves and basal 

meristems (Krumbiegel 1999; Vilela et al. 2008;  

2009). However, their recovery from damage depends on life-history stage 

and diminishes with disturbance severity (Huhta et al. 2003; Boege and 

Marquis 2005) as the costs of recovery may match the costs of intrinsically 

programmed life-history events ( ov et al. 2007).  

Despite knowledge about the above-mentioned factors, monocarpic 

herbs can in reality be subjected to injury and regenerate vegetatively due to 

different disturbance events with varying intensity, timing and probability, such 

as herbivory, erosion or anthropogenic activity (Klime ov  and Klime 2003). 

Although overlooked in some theoretical studies (Bellingham and Sparrow 

2000; Grime 2001), this is accepted, and monocarpic herbs represent a 

suitable model for studying the fitness consequences of damage (Lennartsson 

et al. 1997, 1998; Paige 1999; Huhta et al. 2000a, b, c; Hellstr m et al. 2004; 

Piippo et al. 2005, 2009; Rautio et al. 2005).  
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Moreover, about 2% of annuals and 13% of biennial herbs of Central 

Europe possess the ability to form adventitious buds on the hypocotyle and/or 

roots (Klime ov  2006). Such buds are formed de novo on organs 

originally lacking buds and thus provide a plant with additional meristems to 

those occurring in leaf axils on stem parts (Rauh 1937). This trait contrasts 

with the expected avoidance strategy of monocarpic herbs, as it brings about 

a potential for overcoming meristem limitation (Klime ov  and Klime  2003; 

ov  and Mart nkov  2004).  

Experimental studies have tested whether adventitious bud formation, 

a morphological trait, might be considered as a pool of meristems for 

vegetative regeneration in the case of plant injury ( potential bud bank sensu 

Klime ov  and Klime  2007). The results showed that the formation of 

adventitious buds in monocarpic short-lived herbs might be an important 

means to rescue an individual plant and ensure seed production after an 

injury that was far more severe than expected ( ov  et al. 2008; 

Mart nkov  et al. 2008; Latzel et al. 2009). Moreover, plant phenology, life-

history stage, carbon storage and plant size are important characteristics 

constraining resprouting from adventitious buds; photoperiod, nutrient 

availability, disturbance severity and flooding stress are environmental 

variables that were found to affect the regeneration process or degree of 

compensation (Mart  et al. 2004a, b, 2006, 2008; Klime ov  et al. 2007, 

2008; ov  2009).  

Although the capacity to deal with severe injury in monocarpic short-

lived herbs was shown under experimental conditions, its role in nature 

remains unresolved. Apart from a few studies (  et al. 2006; King et 

al. 2008), the occurrence of resprouting monocarps in the field remains only 

anecdotally documented in descriptive morphological studies (e.g. Wydler 

1850; Reichardt 1857; Wittrock 1884; Beijerinck 1887; Holm 1925; Rauh 

1937). Thus, we do not know whether the potential for resprouting is 

employed by plants in unmanipulated field conditions or if the occurrence of 

adventitious sprouting is restricted to certain rare situations and thus might be 

considered as a teratological feature (Penzig 1921 1922).  

Due to the scarcity of data on resprouting of monocarpic herbs in field 

conditions, an analogical system was employed, namely woody resprouters in 
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fire-prone areas, to make predictions. There is a tendency towards 

resprouting (i.e. survival and regeneration after fire from the bud bank) in 

nutrient-poor conditions and towards seeding (i.e. death after fire and 

regeneration from seeds) in nutrient-rich conditions (Iwasa and Kubo 1997; 

Bellingham and Sparrow 2000; Buhk et al. 2007; but see Clarke et al. 2005; 

Knox and Clarke 2005). Resprouters are characterized by low stature and 

when disturbance is lacking they are overgrown by tall seeders (Midgley 

1996). This, however, may not be true in herbs where vertical growth starts 

each year from zero. When a large-scale severe disturbance affects a 

community of  herbaceous monocarps during the growing season, those 

possessing adventitious buds will survive and resprout at the expense of 

storage carbon in roots and those lacking bud banks will die and regenerate 

from seed. However, as annual and biennial species prevail in habitats 

subjected to some predictable disturbance, for example ploughing, those 

plants regenerating from seed might fail to finish the life cycle by the end of 

the season and thus are not able to outcompete resprouters later on. 

Therefore, the success of herbaceous monocarpic resprouters will depend 

more on the ability to compensate for seed production, than just on the ability 

to survive because they are  contrary to woody resprouters  short living and 

their populations are dependent on regeneration from seeds.  

Compensation ability (fitness and biomass production of injured versus 

untouched plants) is usually studied as a response of herbs to herbivory. 

Studies of the dependence on nutrient availability give contrasting, context-

specific results (e.g. Ferraro and Osterheld 2002; Wise and Abrahamson 

2007). On the other hand, vigour and compensation ability of regenerated root 

sprouting plants are in contrast to resprouting success supported by nutrient-

rich conditions (Mart et al. 2004a, b, 2008; Latzel and Klime ov  2009). 

Thus, we may hypothesize that good growing conditions (high nitrogen, 

sufficient moisture and illumination) will support regeneration by adventitious 

sprouting in monocarpic short-lived herbs in contrast to resprouters in fire-

prone areas (see also Eggers 1946). 

Additionally, as biennials usually have the ability to postpone 

reproduction to later seasons (  et al. 2007;  et al. 2008), 

they possess larger carbon storage (  2009) and 
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during a longer life cycle can experience more disturbance events than 

annuals. Thus, a second hypothesis is that adventitious sprouting will be more 

common in biennials than in annual herbs and in later phenological phases. 

Due to a trade-off between apical dominance (competitive ability) and 

branching (Aarssen 1995; Bonser and Aarssen 1996; McPhee et al. 1997; 

Duffy et al. 1999), we expected that plants with reduced apical dominance, 

those which are not growing in a competitive environment or have a prostrate 

growth form will have a higher number of adventitious shoots.  

The aim here is to test the following hypotheses: (1) good growing 

conditions (high nitrogen, sufficient moisture and illumination) will support 

regeneration by adventitious sprouting in short-lived monocarps; (2) 

adventitious sprouting will be more common in biennials compared with 

annual herbs and in later phenological phases; and (3) plants with reduced 

apical dominance, those which are not growing in a competitive environment 

or having a prostrate growth form will have a higher number of adventitious 

shoots. To test these hypotheses, the occurrence of adventitious buds and 

sprouts was assessed in numerous natural populations of 22 species of short-

lived monocarpic herbs. As plant characteristics affecting adventitious 

sprouting, the effects of plant size, growth form, phenology, life history and 

plant injury were studied, and environmental characteristics studied were 

vegetation cover as a measure of the competitive milieu, soil compactness 

and, indirectly (using Ellenberg indicator values), nitrogen status, moisture, 

light availability and temperature. 

 

METHODS 

 

FIELD DATA 

 

Monocarpic short-lived herbs that were reported as being capable of 

adventitious sprouting from the hypocotyle and/or roots (

 2006; Klime  and de Bello 2009; Table 1) were studied in the field. 

Populations of annuals and biennials were sampled in different habitats and 

environmental conditions mainly in the Czech Republic (Central Europe) from 

2005 to 2007.  
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The list of studied species, number of sampled populations and 

individuals is given in Table 1. The aim to assess the morphology in at least 

30 natural populations per species and at least 20 individuals per population 

was not fulfilled in some rare species. Measured plant traits were as follows: 

plant height, base width, number of axillary branches, cumulative length of 

adventitious shoots, length of the longest adventitious shoot, number of 

adventitious buds and number of adventitious shoots. A disturbance was 

assessed as an injured or removed main shoot, while phenology was 

assessed as the main phenological stages (i.e. vegetative, flowering, fruiting).  

Communities where sufficient numbers of individuals of a target 

species occurred were described using phytosociological relev s (van der 

Maarel 2007  were determined and their cover 

estimated (Braun Blanquet scale r = 0.05 0.5 %, + = 0.5 2.5 %, 1 = 2.5 7.5 

%, 2a = 7.5 15 %, 2m = 15 22.5 %, 2b = 22.5 37.5 %, 3 = 37.5 62.5 %, 4 = 

62.5 87.5 %, 5 = 87.5 100 %). Thus, the following community characteristics 

were also assessed: total vegetation cover, cover of individual species and 

species richness.  

Soil cementation was determined using a semiquantitative scale, low, 

medium and high, according to permeability assessed using a pencil. Other 

environmental characteristics for the studied populations were assessed using 

Ellenberg indicator values for light, temperature, humidity and nitrogen 

(Ellenberg 1986). Values of the environmental characteristics for individual 

populations were calculated as a weighted average of indicator values for 

individual species, weighted by the estimated species abundance.  

 

DATA ANALYSIS  

 

The collected dataset (all species were included) was strictly 

hierarchical in nature, with individual species represented by multiple 

populations, each with many individuals. Consequently, our hypotheses were 

tested using linear mixed-effect models or generalized linear mixed-effect 

models, depending on the nature of a particular response variable (assuming 

Gaussian, quasi-Poisson or quasi-binomial distributions), with species identity 

as a random effect and population as a nested effect. The tests were based 



 17 

on the likelihood-ratio approach, approximating the difference in model 

deviances with a 2 distribution. The two models were fitted using the lme4 

package in R, version 2.8 (R Development Core Team 2008).  

 

Table 1. List of the 22 studied species with their status in the flora of the Czech 

Republic, number of sampled populations and total number of sampled and injured individuals 

during field seasons 2005 and 2006 

 

Species Family 
Growth 
form in 
annual 

Number of 
sampled 

populations 

Number of 
sampled 

individuals 

Number of 
injured 

individuals 

Annuals      

Anagallis arvensis L.  Primulaceae  Prostrate  30 1114 78 

Arabidopsis thaliana (L.) 
Heynh.  

Brassicaceae Upright 30 1121 66 

Euphorbia exigua L. Euphorbiaceae Upright 6 208 33 

Euphorbia helioscopia L. Euphorbiaceae Upright 30 1085 86 

Euphorbia peplus L. Euphorbiaceae Upright 31 1407 191 

Kickxia spuria (L.) Dumort. Scrophulariaceae Prostrate  3 61 0 

Kickxia elatine (L.) 
Dumort. 

Scrophulariaceae Prostrate  2 71 0 

Microrrhinum minus (L.) 
Fourr. 

Scrophulariaceae Upright 31 1257 53 

Biennials      

Arabis glabra (L.) Bernh. Brassicaceae  6 176 13 

Arabis hirsute (L.) Scop. 
sensu stricto 

Brassicaceae  2 68 31 

Alliaria petiolata (M. Bieb.) 
Avara et Grande 

Brassicaceae  27 993 73 

Barbarea vulgaris W.T. 
Aiton 

Brassicaceae  31 1112 12 

Barbarea stricta Andrz. Brassicaceae  10 339 4 

Daucus carota L. Apiaceae  35 1074 162 

Diplotaxis muralis (L.) DC. Brassicaceae  1 30 0 

Isatis tinctoria L.  Brassicaceae  2 40 13 

Jasione montana L. Campanulaceae 5 176 1 

Medicago lupulina L. Fabaceae  29 1090 87 

Potentilla supina L. Rosaceae  30 1029 26 

Reseda lutea L. Resedaceae  15 448 28 

Reseda luteola L. Resedaceae  1 20 0 

Rorippa palustris (L.) 
Besser 

Brassicaceae  32 1118 45 

 

 

Due to the possibility that phylogenetic inertia could affect both the 

parameters of adventitious resprouting behaviour and the explanatory 
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variables implied in the hypotheses tested, the tests were also done with 

phylogenetic correction, using the method of Desdevises et al. (2003).  

As the attributes of adventitious sprouting, representing individual 

response variables in the models, are at least partly related, the results for a 

particular predictor represent a family of statistical tests, for which Type I 

errors should be corrected to control for family-  

(Holm 1979) was employed, which is a more powerful alternative to the 

traditionally used Bonferroni correction. 

 

RESULTS 

 

Adventitious sprouting was not observed (neither adventitious buds nor 

shoots were recorded) in five of the 22 studied species: Euphorbia 

helioscopia, Arabidopsis thaliana, Arabis glabra, Medicago lupulina and 

Potentilla supina. The species with the highest number of buds was Reseda 

lutea whereas the species with highest number of shoots was Isatis tinctoria 

(Fig. 1). 

 

EFFECT OF PLANT CHARACTERISTICS ON ADVENTITIOUS SPROUTING  

 

Plant size, measured as shoot base diameter and branch number, was 

positively correlated with the resprouting intensity of plants, whereas plant 

height affected resprouting only marginally. Phenological stage and plant 

injury (defined as the loss of the primary shoot) affected all studied 

resprouting characteristics, with resprouting being more intensive in late 

phenological stages and injured plants (Table 2). Differences between 

biennials and annuals were found only in the length of adventitious shoots, 

being larger in biennials, whereas the numbers of buds and shoots were not 

different between the two life-history modes. The species investigated differed 

in all studied characteristics (Table 3). 
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Fig 1. Characteristics of adventitious sprouting in the studied species. (A) Populations 

with adventitious sprouting (%); (B) mean cumulative length of sholte per plant (cm); (C) 

mean number of shoots per plant; (D) mean number of buds per plant. 
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Table 2. Effect of plant size characteristics, developmental stage and damage on the 

attributes of adventitious sprouting 

 

Response variable 

Plant 
height 

Base 
width 

Number of 
axillary 

branches 
Phenology Disturbance 

No. of adventitious buds 
and shoots 

2.1 
(n.s.) 

132.5 
 

43.3 
 

28.8 
 

54.5   
 

No. of adv. 
shoots/number of 
adventitious buds and 
shoots 

4.7 
(n.s.) 

18.1 
 

2.4 (n.s.) 
5.6    

 
74.9   

 

Presence of adventitious 
buds or shoots 

2.1 
(n.s.) 

27.1 
 

15.5 
 

11.5  
 

63.8   
 

Cumulative length of 
adventitious shoots 

4.0 
(n.s.) 

0.9 (n.s.) 
10.8  

 
8.3  

 
8.6       

 

Length of the longest 
adventitious shoot 

0.01 
(n.s.) 

2.0 (n.s.) 3.8 (n.s.) 
8.0  

 
10.8     

 

 
Effect of individual predictors (columns) was examined in two separate models for each 

response variable (rows): one for plant stature parameters (plant height, base width, number 

of axillary branches), and the other for plant phenological and damage status (phenology, 

disturbance). The 
2
 statistic value is given first, with the corresponding Type I error estimate 

for a likelihood-ratio test of the particular model term in parentheses; the symbol (present only 

for significant predictors) summarizes the direction of the effect: , a positive correlation 

between the predictor and response values; , a negative correlation.  

 
 

Table 3. Test of differences among species, between annuals and biennials (life 

form), and between prostrate and upright annual species (growth form) in the attributes of 

adventitious sprouting 

 
Response variable Species  Life form Growth form 

No. of adventitious buds 
and shoots 

390.6 (< 0.001) 0.5 (NS) 
12202 (< 0.001)        
12187 (< 0.001)       

smaller for uprights 

No. of adv. 
shoots/number of 
adventitious buds and 
sholte 

36.5 (< 0.001) 1.9 (NS) 
1905 (< 0.001)             
1900 (< 0.001)           

smaller for uprights 

Presence of adventitious 
buds or shoots 

403.2 (< 0.001) 0.00 (NS) 

3290 (< 0.001)            
3290 (< 0.001)         

probability smaller for 
uprights 

Cumulative length of 
adventitious shoots 

34.6 (< 0.001) 
7.1 (0.038)              
1.8 (NS)             

larger for biennials 

827 (< 0.001)             
825 (< 0.001)          

longer for uprights 

Length of the longest 
adventitious shoot 

45.6 (< 0.001) 
9.9 (0.010)              
1.2 (NS)             

larger for biennials 

761 (< 0.001)              
761 (< 0.001)         

longer for uprights 
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Effect of individual predictors (columns) was examined in a separate model for each response 

variable (rows). The first row for each variable provides the 
2
 statistic and corresponding 

Type I error estimate for a likelihood-ratio test of the particular model term; the next row 

provides results from the corresponding model with phylogenetic correction (fitted only for 

 appropriate). 

If any of the two models found a significant effect, then below is described the direction of the 

effect  predictors). 

 

The annual plant species studied differed in their growth form; some 

are prostrate whereas others have upright stems. This growth form 

characteristic influenced significantly all measured characteristics of 

resprouting: upright annuals had a lower number of adventitious buds and 

shoots, but shoot length was higher than in the prostrate plants (Table 3).  

 

EFFECT OF ENVIRONMENTAL CHARACTERISTICS 

 

Environmental characteristics were tested with shoot diameter, number 

of branches, phenology and injury as covariates, i.e. the effect of plant 

developmental state was removed from the analysis. None of the tested 

characteristics (light, soil nitrogen, moisture, soil cementation, total cover of 

the herb layer, temperature and species richness of the community) had any 

effect on adventitious sprouting. Similar results were obtained when only 

phenological stage was used as a covariate.  

Non-disturbed plants were analysed separately to assess the role of 

environmental variables on the presence of adventitious bud formation. Again, 

environmental variables had no effect on adventitious sprouting.  

 

PHYLOGENETIC CORRECTION  

 

The difference between annuals and biennials disappeared when 

taking into account the phylogenetic relatedness of the species studied. 

Moreover, the results obtained for environmental variables remained 

unaffected and non-significant.  
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DISCUSSION 

 

Adventitious sprouting in short-lived monocarpic herbs was found in 

natural communities, but its extent differed among species and was generally 

enhanced by injury. The effect of environmental variables on adventitious 

sprouting was not significant. Sprouting was more vigorous in large, branched 

plants and their later phenological phases (i.e. accumulation of disturbance 

with life span). Biennials tended to produce longer adventitious shoots, but 

this effect was affected by phylogenetic relatedness within life-history modes 

and disappeared after phylogenetic correction. Prostrate annuals formed 

more buds whereas upright annuals had fewer but longer shoots; this 

indicates that apical dominance was more pronounced in upright forms.  

The fact that adventitious sprouting was not observed in all studied 

plant species should not be considered as proof that they do not have any 

resprouting ability. However, at least six populations were studied in those 

species, suggesting that any adventitious sprouting would probably be very 

rare in the species lacking adventitious sprouting in the present study. 

 

EFFECT OF PLANT CHARACTERISTICS 

 

The results on the effect of plant characteristics on adventitious 

sprouting are in accordance with the expectations based on experimental 

studies listed in the Introduction, with the exception of a lack of difference 

between biennials and annuals. This surprising result may be caused by the 

presence of carbon storage connected with potential bud bank formation in 

both life-history modes. Restriction of monocarpic rootsprouters to places 

affected by human activity and underrepresentation in more pristine 

communities in comparison with non-sprouters (J. Mart nkov  et al., Institute 

of Botany ASCR, Czech Republic, unpubl. res.) implies that there are costs of 

unrealized resprouting when there is a lack of disturbance. These costs may 

be interpreted as carbohydrate storage in below-ground parts at the expense 

of growth in aboveground parts. Although differences in the storage economy 

of root-sprouters versus non-sprouters in monocarpic herbs were not directly 

tested, the root-sprouting monocarp Rorippa palustris builds larger 
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carbohydrate reserves in comparison with some other annuals (Dina and 

Klikoff 1974; Clark and Burk 1980; Chiariello and Roughgarden 1984; 

 2009).  

Another factor responsible for the lack of difference between 

adventitious sprouting in annuals and biennials might be the fact that those 

two life-history modes are rather plastic and many species are characterized 

by life-history variation (Rauh 1937;  2003; ov  et al. 2007). 

Adventitious buds provide a bud bank for production of additional shoots after 

flowering or over-wintering; many species of short-lived root sprouters can 

behave as short-lived perennials (MacDonald and Cavers 1974;  et 

al. 2007).  

The present study compared only surviving plants, and therefore it was 

not possible to disentangle whether adventitious sprouters were larger 

because injury and consequent resprouting led to over-compensation and 

huge growth, or simply because smaller plants were more prone to mortality 

after injury than larger plants (King et al. 2008). Because successful 

resprouting of the largest plants is in accordance with experimental studies 

(Mart  et al. 2004a; M. Sosnov , Institute of Botany ASCR, Czech 

Republic, unpubl. res.), injury can be considered as the principal factor 

affecting adventitious sprouting, which is successful in plants exceeding some 

site- and species-specific size threshold.  

The significant effect of later phenological phases on the degree of 

adventitious sprouting might be explained by the longer time available for 

accumulation of disturbance events as proposed in the Introduction. This 

accumulation process, however, did not result in a difference between 

annuals and biennials. This may be due to the fact that biennial plants occur 

in less disturbed habitats (Grime 2001) and are less prone to disturbance 

during the first year of life due to a prostrate growth form (usually a rosette of 

leaves; Krumbiegel 1999). The accumulation process outweighed the 

decreasing ability to form adventitious buds on the hypocotyle with plant age 

in annuals and decreasing resprouting success with advanced phenological 

phases reported in some biennials (Link and Eggers 1946; Mart nkov et al. 

2004a).  
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Biennials and upright annuals characterized by strong apical 

dominance tended to have less numerous but longer adventitious shoots. It is 

possible that rapid re-establishment of a secondary dominant shoot resumes 

the role of lateral meristem inhibition (as suggested by Aarssen 1995). On the 

other hand, prostrate annuals had more buds and shoots, which indicates 

lower apical dominance and supports our hypothesis. 

 

EFFECT OF ENVIRONMENTAL CHARACTERISTICS 

 

Contrary to expectation, environmental characteristics such as light, 

soil nitrogen, moisture, soil cementation, total cover of the herb layer, 

temperature and species richness of the community were not found to affect 

adventitious sprouting of plants in the present dataset; only plant size was 

responsible for the observed variability. Two important points need to be 

stressed from this result: (1) compensation for lost biomass and fitness seems 

to be important for resprouting success of adventitious short-lived sprouters 

rather than survival per se as hypothesized in the Introduction, because 

populations of short-lived monocarps are dependent on seed regeneration 

contrary to perennial polycarpic species; and (2) benign conditions, especially 

higher nitrogen availability, were probably counter-balanced by higher 

competition and thus did not lead to a larger size of target plants and 

consequently to their enhanced survival and resprouting. Whether the effect 

of plant size is removed from the analysis or not, the effect of environmental 

conditions is non-significant, which suggests that the experimentally shown 

effect of nutrients on resprouting in short-lived adventitious sprouters 

(Mart nkov  et al. 2004a, b) or axillary sprouters (Benner 1988; Huhta et al. 

2000a, b) was due to larger plant size. This view is supported also by the fact 

that, in studies where there are contrasting results for the relationship 

between nutrient status and resprouting from roots (Klime  

1999;  et al. 2009;  2009), plant size was 

controlled for. 
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CONCLUSIONS 

 

Field assessment suggests that the potential bud bank on the 

hypocotyle and roots of annual and biennial herbs supports vegetative 

regeneration of injured plants in natural populations. This result indicates that 

adventitious bud formation is a functional trait in the studied plant species and 

should not be considered only as a teratological feature. This finding raises 

many questions about the ecology and evolution of this trait. For example, 

what are the consequences of potential bud bank formation for plant 

distribution and occurrence in different communities or crop cultures with 

specific types of disturbance? Is there an evolutionary trade-off between the 

potential bud bank providing persistence after disturbance and seed traits, 

such as seed dispersion method and longevity of the seed bank? How does 

adventitious sprouting affect the allometry of annual and biennial species? 

How does adventitious sprouting contribute to compensation of plant body 

damage? What are the costs of adventitious bud formation?  

That some annuals and biennials possess a potential bud bank implies 

that this feature should be considered not only in ecological studies, but also 

in the management of weedy and invasive plants, because mechanical 

disturbance instead of eradication can lead to vegetative regeneration.  
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STUDY II 
 

 

Does potential bank increase tolerance of short-lived 
plant to apical meristem damage? 
 

 

 

ABSTRACT 

 

Plants avoid damage caused by herbivory by protecting themselves by 

chemical or mechanical protection or they tolerate loss of biomass and 

resprout from reserve meristems. The resprouting capacity depends on 

different intrinsic and extrinsic factors. Soil nutrients, availability of dormant 

axillary meristems and competition with other plants are reported as decisive 

for tolerance. However, a role of potential bud bank (adventitious meristems) 

initiated only after injury is not known. Analyzing 389 field populations of 22 

short-lived monocarpic herbs in Central Europe we have found that with 

severity of disturbance the number of resprouting axillary branches decreases 

and at the same time the number of resprouting adventitious shoots 

increases. This result implies that potential bud bank initiated only after injury 

(adventitious buds on rooots and/or hypocotyle) can enable a plant to 

overcome a meristem limitation after severe disturbance.  

 

INTRODUCTION 

 

 There are two main ways how a plant responds to damage by 

herbivory: it either avoids injury by protecting itself by chemical or mechanical 

protection or it tolerates loss of biomass and resprouts from reserve 

meristems (van der Meijden et al. 1988; Herms and Mattson 1992; Leimu and 

Koricheva 2006). Second mechanism is considered to be especially important 

in relationship between large herbivores (grazers) and perennial plants, 

however, due to practical reasons it is often studied in short-lived monocarps 

where lifelong fecundity could be more easily evaluated than in clonal 



 31 

polycarpic perennials (e.g. Lennartson et al. 1997; Piipo et al. 2005; Rautio et 

al. 2005; ). 

 Early studies revealed that short-lived monocarpic plant which lost 

apical meristem due to herbivory is able to some degree compensate or even 

overcompensate biomass loss and increase fitness in comparison with 

untouched individuals (Bergelson and Crawley 1992; 

1995; Lennartson et al. 1997). Such overcompensation was reported in 

numerous species and decreased with disturbance severity where limitations 

by meristems became important (Huhta et al. 2003). Meristems kept in 

dormant state by apical dominance were considered to have bet hedging 

strategy: in order to provide plant with insurance for one herbivore attack the 

buds are dormant to be activated by injury (Tuomi et al. 1994; Nilsson et al. 

1996). However, alternative explanation views overcompensation as a side 

product of apical dominance which enables height growth at the expense of 

branching under competition (Aarssen 1995). Moreover, branching is affected 

not only by disturbance and competition, it positively correlates with nutrient 

availability (Benner 1988; Rautio et al. 2005).  

Nutrients, competition and meristems were recognized as principal 

players in plant response to apical meristem damage. The respective roles of 

the tree factors have been predicted in set of models (see summary in Banta 

et al. 2010) and have been tested in numerous pot experiments (Benner 

1988; Rautio et al. 2005; ; Banta et al. 2010), with 

variable results not only for different plant species but also for different 

populations of one species. One of the reasons for this could be decoupling of 

a level of environmental factors (nutrient availability and competition) on which 

examined populations were adapted and the levels in which they were grown 

in experiments (Alward and Joern 1993). This drawback could be overcome 

when plants are studied in field un-manipulated conditions. To test which 

factor is limiting plant tolerance after apical meristem damage, i.e. nutrients, 

competition or meristems we studied field populations of 21 short-lived 

monocarps from Central Europe. We selected species which have not only 

axillary meristems along a shoot, so far considered as a sole source of 

meristems for plant tolerance, but also are capable of sprouting from 

adventitious buds on hypocotyle and/or roots (otherwise meristemless plant 



 32 

organs). The adventitious sprouting is usually triggered by severe injury to 

plant body ( ) therefore 

we could consider adventitious buds as a reserve fund created by a plant 

specifically for a case of damage (potential bud bank sensu 

). We can ask, however, whether adventitious sprouting is 

affected by extrinsic and intrinsic factors similarly as axillary branching. In the 

preceding study ( ) we examined effect of environmental 

characteristics such as light, soil nitrogen, moisture, soil cementation, total 

cover of the herb layer, temperature and species richness of the community 

on adventitious sprouting of short-lived plants. However, only disturbance and 

plant size were responsible for the observed variability in number and length 

of adventitious sprouts. Therefore in this study we want to test whether 

disturbed versus undisturbed plants and axillary branching versus 

adventitious sprouting differ in their response to environemntal factors such as 

soil moisture, nutrients, herb cover, light availability and degree of 

disturbance.   

 

MATERIAL AND METHODS 

 

SAMPLING 

 

22 species of monocarpic short-lived herbs that were reported as being 

capable of adventitious sprouting from the hypocotyle and/or roots (

Populations of annuals and biennials were sampled in different habitats and 

environmental conditions mainly in the Czech Republic (Central Europe) from 

2005 to 2007. The list of studied species, number of sampled populations and 

individuals is in Table 1, page 16). Measured plant traits were as follows: plant 

height, number of axillary branches, cumulative length of adventitious shoots, 

number of adventitious buds and shoots.  

A disturbance was assessed as a proportion of main shoot which was 

removed by disturbance (intensity of disturbance was assessed according to 

scale: 1 - mild disturbance removing minority of aboveground of biomass, 2 - 

stronger disturbance removing majority of aboveground parts of plants, 
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however the axillary branches of stem base are survived, 3  severe 

disturbance removing whole aboveground of biomass including cotyledons). 

Communities where sufficient numbers of individuals of a target species 

van der Maarel 

2007

(Braun Blanquet scale r = 0.05 0.5 %, + = 0.5 2.5 %, 1 = 2.5 7.5 %, 2a = 

7.5 15 %, 2m = 15 22.5 %, 2b = 22.5 37.5 %, 3 = 37.5 62.5 %, 4 = 62.5

87.5 %, 5 = 87.5 100 %). Thus, the following community characteristics were 

also assessed: total vegetation cover and cover of individual species.  

Environmental characteristics for the studied populations were 

assessed using Ellenberg indicator values for light, humidity and nitrogen 

(Ellenberg 1986). Values of the environmental characteristics for individual 

populations were calculated as a weighted average of indicator values for 

individual species, weighted by the estimated species abundance.  

 

DATA ANALYSIS 

 
Our analyses are based on extensive dataset (389 field populations of 

22 species) with multiple species, each represented by multiple populations 

with many individuals. Some of the tested predictors, however, are measured 

at the level of whole populations (sites) and compared species bear a 

phylogenetic signal, so statistical models must take both aspects into account.  

Because we expected, for the studied environmental characteristics, 

that the plant response might not have a monotonous character and such a 

response might substantially deviate from a symmetric second order 

polynomial shape, we have replaced the (semi-)quantitative estimates of each 

environmental property by a classification into three groups of approximately 

identical size, using 0.33 and 0.67 quantiles. This approach provides sufficient 

resolution for addressed questions and avoids the use of less-commonly 

adopted approaches of, say, generalized additive models, and resulting 

descriptors are also very straightforward to include within interaction terms. 

We have tested our hypotheses by using linear mixed-effect models or 

generalized mixed-effect models (assuming quasi-Poisson distribution), 

depending on the kind of response variable, using population and species 
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identity as random effects. When comparing the effects of explanatory 

variables upon disturbed and un-disturbed plants, we have both looked at 

their independent (marginal) effects within each group, but also fitted a model 

comparing the response between these two groups using an interaction term 

including disturbance status. Hypothesis tests used a likelihood-ratio 

statistics, comparing the difference in model deviances with a 2 distribution. 

All models were fitted using the lme4 package in R, version 2.8 (R 

Development Core Team 2008). 

To take possible phylogenetic inertia in the traits of compared plant 

species into account, phylogenetic corrections using the method of 

Desdevises et al. (2003) were applied, where appropriate. This did not include 

the plant height and number of branches, where among-species differences 

were removed, so there was no phylogenetic signal left. 

 

RESULTS 

 

Competition (herb layer cover) light availability and soil conditions 

affected growth characters of disturbed and undisturbed plants differently (see 

results for Difference in Tables 1-4) although relationships were seldom 

significant when evaluating effect of studied factors on undisturbed and 

disturbed plants separately. Undisturbed plants were higher with increasing 

herb layer cover (Table 1), had less and shorter adventitious shoots and buds 

with increasing light conditions and more of them with increasing moisture and 

soil nutrients (Tables 3, 4). Effect of moisture and nutrients disappear after 

correcting for phylogeny, indicating that the trend was caused by the same 

response of closely related species (old specialization).  

Disturbed plants were also higher with increasing herb layer cover 

(Table 1) and moreover, they produced in those conditions also higher 

number of axillary branches (Table 2) and lower number of adventitious 

shoots (Table 3). Disturbed plants were further affected by light availability in 

the same direction as undisturbed plants: they produced less and shorter 

adventitious shoots under higher light conditions (Table 3, 4). Alike in 

undisturbed plants this relationship disappeared after phylogenetic correction 

due to different behavior of whole groups of related species. 
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Table 1. Effects of environmental characteristics upon plant height. Effects of 

individual predictors (major columns) were assessed separately for each kind of model (rows) 

representing, respectively, undisturbed plants, disturbed plants, and a difference in response 

between disturbed and undisturbed plants. For the first two model kinds, the response of the 

plant height to increasing values of a predictor is presented graphically using up and down 

text. Test statistic is a likelihood ratio to be compared with 
2
 distribution with 2 degrees of 

freedom. Type I error estimate (significance) is shown in parentheses for values below 0.1. 

 

 
Herb layer cover Light Soil moisture 

Nutrient 
availability 

 Effect Test Effect Test Effect Test Effect Test 

Undisturbed  
28.7 

(<1.0e-6) 
- 

4.42 
(NS) 

- 
3.32   
(NS) 

- 
3.08 
(NS) 

Disturbed  
7.96 

(0.0187) 
- 

3.95 
(NS) 

- 
1.02   
(NS) 

- 
0.00 
(NS) 

Difference - 
1.35 
(NS) 

 
55.6 

<1.0e-6 
 

17.4 
(0.00016) 

 
5.40 

(0.0672) 

 
 
 

Table 2. Effects of environmental characteristics upon the number of axillary 

branches. Effects of individual predictors (major columns) were assessed separately for each 

kind of model (rows) representing, respectively, undisturbed plants, disturbed plants, and 

a difference in response between disturbed and undisturbed plants. For the first two model 

kinds, the response of the number of branches to increasing values of a predictor is 

presented graphically using up and down arrows, while the  symbol indicates a significant 

interaction term further charaterized in the text. Test statistic is a likelihood ratio to be 

compared with 
2
 distribution with 2 degrees of freedom. Type I error estimate (significance) 

is shown in parentheses for values below 0.1. 

 

 Herb layer cover Light Soil moisture Nutrient availability 
 effect test effect test Effect test Effect Test 

Undisturbed - 
1.16  
(NS) 

- 
0.77  
(NS) 

- 
0.05 
(NS) 

- 
2.28  
(NS) 

Disturbed  
6.32 

(0.0425) 
- 

0.22  
(NS) 

- 
0.30 
(NS) 

- 
2.98  
(NS) 

Difference - 
4.04  
(NS) 

 
7.58 

(0.0226) 
- 

4.14 
(NS) 

 
12.5 

(0.00194) 
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Table 3. Effects of environmental characteristics upon the number of adventitious 

buds and shoots. Effects of individual predictors (major columns) were assessed separately 

for each kind of model (major rows) representing, respectively, undisturbed plants, disturbed 

plants, and a difference in response between disturbed and undisturbed plants. For the first 

two model kinds, the response of the number of buds and shoots to increasing values of a 

p

significant interaction term further charaterized in the text. Test statistic is a likelihood-ratio to 

be compared with 
2
 distribution with 2 degrees of freedom. Type I error estimate 

(significance) is shown in parentheses for values below 0.1, and the results shown in 

corrected rows represent models including phylogenetic corrections. 

 
  

Herb layer cover Light Soil moisture 
Nutrient 

availability 
  effect Test effect test effect Test effect test 

Undisturbed 

Corrected - 2.24 (NS)  
9.50 

(0.00867) 
- 2.40 (NS) - 0.78 (NS) 

non-
corrected 

- 0.79 (NS)  
26.8 

(1.53e-6) 
 

15.8 
(0.00037) 

 
17.8 

(0.00014) 

Disturbed 

Corrected  
10.8 

(0.00454) 
- 3.89 (NS) - 0.62 (NS) - 0.63 (NS) 

non-
corrected 

- 1.61 (NS)  
10.1 

(0.00655) 
- 0.93 (NS) - 1.02 (NS) 

Difference 

Corrected  
79.0 

(<1.0e-6) 
 

77.1 
(<1.0e-6) 

 
64.8 

(<1.0e-6) 
- 0.13 (NS) 

non-
corrected 

 
79.2 

(<1.0e-6) 
 

77.0 
(<1.0e-6) 

 
64.9 

(<1.0e-6) 
- 0.09 (NS) 

 
 

Table 5. Effect of the severity of disturbance upon the number of axillary branches 

and of adventitious buds and shoots. The response of the number of axillary branches or of 

the buds and shoots to increasing severity of disturbance is presented graphically using up 

and down arrows. Test statistic is a likelihood-ratio to be compared with 
2
 distribution with 1 

degree of freedom. Type I error estimate (significance) is shown in parentheses for values 

below 0.1, and the results shown in corrected rows represent models including phylogenetic 

corrections. 

 
  Disturbance severity 
  effect Test 

Axillary branches non-corrected  72.7 (<1.0e-6) 

Buds and shoots 
corrected  6.36 (0.0117) 

non-corrected  6.55 (0.0105) 
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Table 4. Effects of environmental characteristics upon the cumulative length of 

adventitious shoots. Effects of individual predictors (major columns) were assessed 

separately for each kind of model (major rows) representing, respectively, undisturbed plants, 

disturbed plants, and a difference in response between disturbed and undisturbed plants. For 

the first two model kinds, the response of the length of shoots to increasing values of a 

significant interaction term further charaterized in the text. Test statistic is a likelihood-ratio to 

be compared with 
2
 distribution with 2 degrees of freedom. Type I error estimate 

(significance) is shown in parentheses for values below 0.1, and the results shown in 

corrected rows represent models including phylogenetic corrections. 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Adventitious sprouting differed from axillary branching by its response 

to light availability and disturbance severity. Under high light availability, 

plants produced less and shorter adventitious shoots. Disturbance severity 

(proportion of main shoot which was lost by disturbance) differently affected 

resprouting from respective buds: the more severe disturbance the lower 

number of axillary branches but higher number of adventitious shoots was 

  Herb layer cover Light 

  Effect Test Effect Test 

Un-disturbed 
Corrected - 1.28 (NS)  5.79 (0.0551) 

non-corrected - 1.30 (NS)  17.5 (0.00016) 

Disturbed 
Corrected - 2.49 (NS) - 0.56 (NS) 

non-corrected - 1.34 (NS)  17.0 (0.00021) 

Difference 
Corrected  33.7 (<1.0e-6)  211.1 (<1.0e-6) 

non-corrected  31.6 (<1.0e-6)  208.2 (<1.0e-6) 

  Soil moisture Nutrient availability 

  Effect Test Effect Test 

Un-disturbed 
Corrected - 0.93 (NS) - 4.37 (NS) 

non-corrected - 1.36 (NS) - 2.59 (NS) 

Disturbed 
Corrected - 1.21 (NS) - 1.73 (NS) 

non-corrected - 0.18 (NS) - 2.72 (NS) 

Difference 
Corrected  5.28 (0.071)  15.6 (0.00041) 

non-corrected  6.53 (0.0383)  12.3 (0.00213) 
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recorded in plants from field populations of 22 short-lived monocarps (Table 

5).  

 

DISCUSSION 

 

Despite the indication that environmental characteristics affect 

undisturbed and disturbed plants differently, direct effect was not very 

pronounced and was usually the same for both plants groups. On the other 

hand, axillary branching and adventitious sprouting responded uniquely to 

some environmental factors: while branching did not respond to light, 

sprouting was reduced by high light availability and branching was decreasing 

and sprouting increasing as reaction to disturbance severity. 

Surprisingly, even some often reported effects, i.e. higher branching of 

plants in conditions of higher nutrient availability or lower competition (Rautio 

et al. 2005) were not recorded in our dataset. The reason were not 

intercorrelations among studied factors, because although high herb layer 

cover was correlated with soil moisture and nutrients (and not with light!), the 

relationship was very weak (moisture: R2 = 0.018, F = 6.55, d.f. = 357, p = 

0.01, nutrients: R2 = 0.018, F = 5.433, d.f. = 357, p = 0.02). On the other 

hand, adventitious sprouting was supported by high soil nutrients and 

moisture, but in undisturbed plants only. This result is in contradiction with our 

previous study ( ) where, however, the data were analyzed 

differently.    

In present study, high herb layer cover indicated not only high 

competitive milieu, but probably also low disturbance. The effect of herb cover 

layer was with agreement with effect of disturbance severity, both with 

increasing herb cover and decreasing disturbance severity plants branched 

more from axillary buds and less resprouted from adventitious buds. This 

might be caused either by fact that the herb layer cover reflected action of 

disturbance on community level, proportion of lost main shoot (severity of 

disturbance) on individual level or that plants in looser vegetation are more 

prone to disturbance (herbivory). In the first case it would indicate that 

disturbance in our study was large scale, i.e. rather than affecting only 

individual plants it affected whole community and caused decreasing of 
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competition, in second case it would indicate that disturbance was affected by 

vegetation structure. Although we present our study in a framework of 

herbivory, the first case would mean that studied plant populations were 

rather affected by anthropogenic large scale disturbance. Concerning the fact, 

that weeds of arable land and plants of antropogenous habitats were 

prevailing in our dataset, first option is highly probable and question whether 

we could interpret our data in framework of herbivory arose. Anthropogenic 

influence on vegetation is not comparatively long as influence of herbivores, 

however, habitats disturbed by human activity are occupied by pre-adapted 

plants and although disturbance caused by human is very specific, we can 

always found very similar types of disturbance caused by some natural agent 

(Shea et al. 2004). 

Interesting finding was negative effect of high light environment on 

number and length of adventitious sprouts consistent for both disturbed and 

undisturbed plants. This result imply that behavior of adventitious sprouting 

differ from the pattern usually observed for axillary branching (Aarssen 1995, 

Rautio et al. 2005). Suppression of number and length of adventitious sprouts 

by high light conditions probably has something to do with hormonal 

regulation of adventitious sprouting which is supported by low auxin-cytokinin 

ratio (Kerstetter and Hake 1997), the conditions which are typical for low 

apical dominance e.g. in prostrate growth forms ( ) or in 

plants losing their shoot by severe disturbance (Horvath 1998; 

).   

In the field study, branching and sprouting were limited neither by soil 

quality nor by competition, however, with increasing severity of disturbance 

branching (from axillary buds) but not sprouting (from adventitious buds) was 

limited by availability of dormant meristems. This indicates that reason why 

tests of tolerance where a role of nutrients and competition are examined give 

various results might be lack of generality in this relationsip when examining 

the plants in their natural environment (see introduction). On the other hand, 

the prominent role of dormant meristems and specifically a role of potential 

bud bank were revealed. This result is in accordance with a model by Tuomi 

et al. (1994) where authors find out that easy bud activation is selected for in 

populations with high probability of one herbivore attack. More complicated 
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bud dormancy, on the other hand, might be favorable when repeated damage 

is operating or in the case of intense herbivory (Tuomi et al. 1994). In our 

study, plants damaged only slightly were responding by branching from easily 

activated axillary buds and severely injured plants with a few axillary buds left 

resprouted from adventitious buds. Adventitious sprouting needs more 

intensive stimuli, it takes longer time for development of shoots and shoots 

are less branched ( ). 

 Tolerance to disturbance in our studied system was limited only by 

availability of meristems and this limitation was overcome due to ability of 

plants to produce adventitous buds - potential bud bank. We have not found 

any simple relationship between branching or sprouting and availability of 

nutrients, soil moisture and competition across 22 species and 389 their 

populations growing in natural conditions, this we believe allow us to conclude 

that effect of competition and nutrient availability on branching and sprouting 

(tolerance) after apical meristem damage is not general.  
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ABSTRACT  

 

Tolerance to very severe disturbance by the annual herb Euphorbia 

peplus L. was examined. We explored the role of disturbance timing, competition, 

and site productivity on the performance of disturbed plants. Ninety-three percent 

of disturbed plants survived following disturbance 14 d after plant emergence, 

whereas only 48% of disturbed plants survived disturbance 42 d after 

emergence. Early disturbed plants compensated for biomass loss and had higher 

fecundity than undisturbed plants, but this was not the case for plants that were 

disturbed at later times following emergence. Field assessment revealed that 

disturbed plants were, in general, of the same height as undisturbed plants, even 

under competition. Undisturbed plants had very conservative architecture across 

various conditions (competition and nutrients), whereas disturbed plants had 

more branched architecture under moderate competition and nutrient availability. 

Accordingly, we suggest that E. peplus utilizes a bet-hedging strategy where 

adventitious meristems are reserved for regrowth after a severe disturbance 

event that removes all dormant axillary meristems. Moreover, we propose that 

the tolerance to disturbance in short-lived species could play an important role in 

the ecology of disturbed communities. Finally, the tolerance to disturbance could 

be one of the prerequisites of invasibility of E. peplus in non-native ranges. We 

also speculate about the potential costs and benefits related with the tolerance to 

disturbance in short-lived species and about a mechanical control of E. peplus in 

invaded ranges. 
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INTRODUCTION 

 

Highly and frequently disturbed biotopes, like those formed and 

maintained by humans, are occupied predominately by short-lived monocarpic 

herbs (Grime 2001). Their population survival relies largely on regeneration from 

seeds that are produced between disturbance events (Bellingham and Sparrow 

2000). Nonetheless, besides avoidance, many short-lived monocarps are able to 

tolerate disturbance and regenerate from dormant buds (

2003). However, bud scarcity, as well as low levels of carbohydrate storage, may 

constrain the regeneration and compensation for biomass loss (Huhta et al. 

2000a, 2000b, 2003). Nevertheless, some short-lived monocarpic herbs are also 

able to re generate from their potential bud bank (sensu 

2007, referred to as a bud bank in the text). The bud bank is formed de novo on 

otherwise meristemless organs, such as roots or hypocotyls, and may enable 

vegetative regeneration after very severe disturbance that results in the loss of 

some or all aboveground organs. This ability is found in 13% of biennial and 2% 

of annual species of central Europe (

2010).  

Although the ability to regenerate via adventitious sprouting after 

disturbance is an additive strategy for short-lived species, which might represent 

an advantage in coping with various stressful conditions (

), this was not 

shown for biennial root sprouters ( ). Whereas root-

sprouting biennials have greater geographical distribution than their nonsprouting 

congeners, they have a narrower ecological niche ( ) 

because they occupy only disturbed habitats and avoid communities that are less 

affected by humans ( ). This implies that there are costs of 

root-sprouting strategy associated with bud bank and carbohydrate storage 

formation, which constrain their competitive ability in undisturbed vegetation. 

Regarding the higher scarcity of adventitious sprouting in annuals than in 

biennials or perennials, we can expect even higher costs of resprouting strategy 
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in annual species. Hence, we assume that the costs of resprouting strategy 

reflected in lower competitive ability of plants and the decreasing ability of  

adventitious sprouting with age as possible candidates of constraints of 

adventitious-sprouting strategy in short-lived species.  

Anatomical studies of adventitious-bud formation on the hypocotyl of 

Linum usitatissimum L. (Adams 1924; Crooks 1933; Rauh 1937; Eggers 1946; 

Link and Eggers 1946; Ishikawa et al. 1997) show that sprouting ability 

diminishes with aging (Crooks 1933; Rauh 1937; Link and Eggers 1946). 

Moreover, biennials are able to postpone reproduction to the next season when 

there has been severe disturbance (

2008; Piippo et al. 2009), whereas strict annuals are not able to do so, and 

therefore, a late disturbance might hinder seed ripening despite successful 

regeneration of plants.  

The competitive ability of plants is linked with apical dominance, which is 

the controlling role of the main shoot in competitive environments, at the expense 

of lateral branching. Removal of the apical meristem (by herbivory, frost, etc.) 

releases dormant buds from its control (e.g., Bergelson and Crawley 1992; 

Aarssen 

) and results 

in shorter but more branched morphology of resprouted plants than that of 

nonsprouted (undisturbed) plants (Midgley 1996). This effect is considered either 

as a cost of apical dominance (Aarssen 1995; Agrawal 2000) or as a kind of bet-

hedging strategy that enables plants to compensate for biomass and seed loss 

after injury through production of more flowering modules (Crawley 1987; Vail 

1992; Tuomi et al. 1994; Nilsson et al. 1996).  

To test whether lower competitive ability of resprouted individuals and 

diminishing ability of adventitious sprouting with aging are constraints of 

resprouting strategy in shortlived species, we conducted a growth-chamber 

manipulative experiment and a field survey with Euphorbia peplus L. In the 

manipulative study, we tested whether adventitious sprouting from the hypocotyl 

is affected by disturbance timing. In the field survey, we assessed individuals of 
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33 populations for their architecture in relation to their competitive milieu and the 

productivity of the community. Euphorbia peplus was selected as a target 

species for its common distribution in central European flora. The species is 

native in Europe, however, it is often introduced and invasive in other regions 

(e.g., Australia and Pacific offshore islands, Orchard (1994); French Polynesia, 

Florence (1997); and the USA, Wagner et al. (1999)). 

 

MATERIAL AND METHODS  

 

MANIPULATIVE STUDY 

 

Individuals of four populations of E. peplus plants were considered in the 

manipulative study. Seeds of each population were collected from at least 30 

individuals. The seeds of the first and second populations were collected in 

 Czech Republic; the individuals of the first population were 

growing between pavement and a house wall with falling facade, and the 

individuals of the second population were growing in a decorative flower bed. 

The seeds of the third and fourth populations 

Czech Republic; the individuals of the third population were growing in shrubs in 

front of a house, and the individuals of the fourth population were growing 

approximately 40 m from the previous population on the edge of shrubs.  

Altogether, 280 individuals of all populations were established on 26 

November 2007 in a growth chamber. Forty individuals (10 of each population) 

were randomly chosen as controls and were, thus, cultivated without any 

manipulation. One-hundred and twenty individuals (30 of each population) were 

excised below the cotyledons 14 d after establishment (10 December 2007, 

further referred to as disturbance 1), and another 120 individuals were excised 

below the cotyledons 42 d after establishment (7 January 2008, further referred 

to as disturbance 2). Individuals of the control group were harvested 63 d after 

sowing, individuals of the first disturbed group were harvested 77 d after sowing 

(i.e., 63 d after the disturbance event), and individuals of the latest disturbed 
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group were harvested 105 d after sowing (63 d after disturbance). This approach 

allowed for the analyses of plants in phenological comparable stages, i.e., in the 

peak of their growth when their aboveground parts were the same age.  

The study was carried out in a growth chamber where the temperature 

and light conditions were controlled. The mean light and dark temperatures were 

light: 10 h dark photoperiod. The lig 2 s 1 

photosynthetically active radiation (400 700 nm) in the growth chamber. The 

mean air humidity was regulated at 70%. Plants were planted in pots (9 cm 

diameter and 7 cm depth) that were filled with a soil  bare sand mixture of 2:3 

(v/v).  

At harvest time, the following parameters were recorded: the length of the 

main shoot (controls) or the longest adventitious shoot (disturbed individuals), 

number of adventitious shoots, number of the first- and second-order branches of 

all shoots, number of internodes of all shoots, number of flowers (considered as 

 

 

FIELD STUDY  

 

Thirty to fifty individuals of 33 populations of E. peplus were sampled in 

different habitats and environmental conditions in the Czech Republic (central 

Europe) during 2005 2007. All individuals were assessed for their height, 

number of branches of the first order, number of adventitious shoots, and 

presence or absence of fruits. Plants were also assessed for their disturbance 

history (whether they were injured). Injury was defined as a loss of a part of the 

primary shoot or the whole primary shoot. Such loss was easily detectable in 

natural conditions. Each locality was described according to 

5 m quadrat and was used as an estimate for the degree of competition in the 

locality. The herb cover was estimated and divided into five categories: 0% 20%, 

21% 40%, 41% 60%, 61% 80%, and 81% 100%. The fertility of a site was 

characterized by using Ellenberg indicator values for nitrogen (Ellenberg 1986) 



 48 
 

based on herbaceous species presented on a site. Values of Ellenberg indicator 

for nitrogen for individual populations were calculated as a weighted average of 

indicator values of individual species, weighted by the estimated species 

abundance in a community. Consequently, communities were put into three 

groups of site fertility (low, moderate, and high nitrogen availability) according to 

nutrient demand of their resident species. These three groups were used in 

statistical analyses. 

 

STATISTICAL ANALYSES 

 

Manipulative study 

 

The effect of disturbance on regeneration of treated plants was evaluated 

by the generalized linear model method with a binomial distribution 

(regenerating, yes or no). All other analyses were performed using the factorial 

ANOVA method, and the population was used as a covariate in the model. 

Created biomass, the main shoot length, number of shoots, number of branches 

of the first and second order, number of internodes, and number of flowers were 

used as fixed effects. 

 

Field study 

 

Because individuals of 19 out of 33 populations did not experience a 

disturbance event or had less than five disturbed individuals recorded, we did not 

include plants of those populations in the analyses. In addition, because the 

assessment of individual populations occurred during a broad time period, we did 

not test the population as a main effect. The potential differences between 

populations could be attributed to a different time of observation rather than to 

differences among populations. Thus, disturbance history, competition (forbs 

canopy cover divided into five categories, 0% 20%, 21% 40%, 41% 60%, 61%

80%, 81% 100%), and fertility of a site (three categories, 0 5, 5 7.5, and 7.5 10 
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according to Ellenberg 1986) were the main fixed effects, and the time of 

observation together with the population type were performed as covariates in a 

factorial ANOVA model.  

Statistical analyses were performed in the S Plus software package 

(Mathsoft 2000). 

 

RESULTS  

 

REGROWTH FOLLOWING DISTURBANCE 

 

Ninety-three percent of plants regenerated when they were disturbed 14 d 

after sowing compared with 48% that regenerated when plants were disturbed 42 

d after sowing (Tables 1 and 2). Individuals disturbed 14 d after sowing 

compensated for biomass loss but plants disturbed later did not (Tables 1 and 2). 

Undisturbed plants of the first population formed the longest shoots when 

compared with disturbed plants, followed by plants that were disturbed 14 d after 

sowing. Undisturbed individuals developed one main shoot, whereas disturbed 

individuals formed two adventitious shoots on average (Tables 1 and 2). 

Disturbed plants developed more branches (both of the first and second order), 

as well as produced more internodes, compared with undisturbed plants. Plants 

disturbed 14 d after sowing formed slightly more branches than those disturbed 

42 d after sowing, but the number of internodes did not differ (Tables 1 and 2). 

Plants disturbed 14 d after sowing produced more flowers than either of the two 

other treatments (Tables 1 and 2). 

 

FIELD STUDY 

 

Disturbed plants were of the same size as undisturbed plants but 

developed significantly more branches and adventitious shoots (Tables 3 and 4). 

Competition (leaf cover of a herb community) strongly affected plant height, 

branching, and number of adventitious shoots; plants were taller in a highly 
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competitive environment (Tables 3 and 4) and formed more branches and 

adventitious shoots when they were grown in a moderately competitive 

environment. Also, nutrient level of a locality significantly affected all observed 

parameters; the tallest plants with the highest number of branches and 

adventitious shoots were found in moderately productive sites. Plant height and 

number of adventitious shoots were also differently affected by the competition 

and disturbance history of plants (interaction of competition and disturbance is 

shown in Table 3 and Fig. 1). Individuals were tallest when they were disturbed 

and grown under either the lowest or highest competition. In moderate 

competition, undisturbed plants were taller than disturbed ones. Overall, the 

highest number of adventitious shoots was observed in moderately competitive 

environments, but disturbed plants developed many more adventitious shoots 

than undisturbed plants (Table 3 and Fig. 2).  

 

Table 1. Results of the manipulative study: generalized linear model (GLM) and ANOVA 

analysis of the effect of disturbance on regeneration and growth of Euphorbia peplus. 

 
 

 

Note: The df for regenerative success analysis (using GLM) is presented in parentheses. Statistically 

significant results are in bold. 

 

 

 

 

 

 

 

  Regeneration Biomass 
Main shoot 

length 
Shoot number 

 Df 
2
 P F P F P F P 

Disturbance history 2 (1) 35.58 0.000 84.37 0.000 19.83 0.000 30.76 0.000 
Covariate 3 (3) 15.86 0.001 3.70 0.013 4.26 0.006 3.51 0.016 

  Branches 1st order 
Branches 2nd 

order 
Internodes Flowers 

 Df F P F P F P F P 
Disturbance history 2 26.86 0.000 53.41 0.000 29.29 0.000 57.40 0.000 
Covariate 3 4.19 0.006 4.19 0.006 4.34 0.005 4.02 0.008 
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Tab 2. Growth characteristics of disturbed and undisturbed Euphorbia peplus plants. 

 

  
Regeneration 

(%) 
Biomass 

(g) 

Shoot 
length 
(cm) 

Shoots 
number 

Cumulative 
dataset 

Control 100    

Injury 1     

Injury 2     

1
st
 

population 

Control 100    

Injury 1     

Injury 2     

2
nd

 
population 

Control 100    

Injury 1  3   

Injury 2     

3
rd
  

population 

Control 100    

Injury 1     

Injury 2     

4
th
 

population 

Control 100  2  

Injury 1     

Injury 2     

  Branches Branches 
Internodes Flowers 

  1st order 2nd order 

Cumulative 
dataset 

Control     

Injury 1  21.4    

Injury 2     

1
st
 

population 

Control     

Injury 1     

Injury 2     

2
nd

 
population 

Control     

Injury 1     

Injury 2     

3
rd
  

population 

Control     

Injury 1     

Injury 2     

4
th
 

population 

Control     

Injury 1     

Injury 2     

 

Note: Mean values and standard errors of mean for the cumulative dataset and for plants of each 

population are included. Injury 1 plants were disturbed 14 d after establishment and injury 2 

plants were disturbed 42 d after establishment. 
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Table 3. Results of the field survey: ANOVA analysis of the effect of disturbance history 

and competition on plant performance of Euphorbia peplus. 

 

  
Shoot length No. of branches 

No. of 
adventitious 

shoots 
 Df F P F P F P 

Disturbance history (D) 1 (586) 1.193 0.165 34.092 0.000 46.505 0.000 
Competition (C)  59.161 0.000 24.974 0.000 5.562 0.000 
Nutrients (N)  19.66 0.000 13.952 0.000 11.346 0.000 
D x C  2.844 0.023 0.587 0.674 4.135 0.002 
D x N  0.638 0.529 7.422 0.001 6.112 0.002 
C x N  15.915 0.000 2.187 0.140 0.971 0.324 
D x C x N  0.249 0.618 1.570 0.211 0.778 0.378 
Covariate  87.856 0.000 4.578 0.000 9.121 0.000 

 
Note: Statistically significant results are in bold. The df for regenerative success analysis (using GLM) is 
presented in parentheses. 
 
 

Table 4. Growth characteristics of plants of all populations of Euphorbia peplus in relation 

to disturbance history and competition. Mean values and standard errors of a mean for 

cumulative dataset. 

 
 

 
 

Shoot length 
(cm) 

No. of 
branches 

No. of 
adventitious 

shoots 

Disturbance  
History 

Undisturbed    

Disturbed    

Competition  

0-20%    
21-40%    
41-60%    
61-80%    
81-100%    

Nutrients 
3-6    
6.1-7.5    
7.6-9    
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Fig. 1. Height of main or adventitious shoots of Euphorbia peplus in relation to 

disturbance history and competition in the field survey. Means and SE are shown. Statistical 

results for interaction disturbance and competition: F = 2.8, P = 0.023, and see also Table 3. 

 

 

 

Fig. 2. The number of adventitious shoots of Euphorbia peplus in relation to disturbance 

history and competition in the field survey. Means and SE are shown. Statistical results for 

interaction disturbance and competition: F = 4.1, P = 0.002, and see also Table 3. 
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Fig. 3. The number of branches formed by disturbed and undisturbed plants of Euphorbia 

peplus in relation to available  nitrogen in localities. Means and SE are shown. Statistical results 

for interaction disturbance and nutrients: F = 7.4, P = 0.001, and see also Table 3. 

 

 

 

Fig. 4. The number of adventitious shoots of Euphorbia peplus formed by disturbed and 

undisturbed plants in relation to available nitrogen in localities. Means and SE are shown. 

Statistical results for interaction disturbance and nutrients: F = 6.1, P = 0.002, and see also Table 

3. 
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The performance of disturbed and undisturbed plants also differed in 

relation to the nitrogen availability of the locality (interaction of disturbance and 

nutrients is shown in Table 3). The number of branches slightly decreased with 

increasing nitrogen availability in the case of undisturbed individuals, whereas 

the number of branches increased with increasing nitrogen availability in the case 

of disturbed plants (see Fig. 3). The higher number of adventitious shoots was 

observed for disturbed plants that were found in moderately fertile sites, but the 

number of adventitious shoots was not affected by the nitrogen availability if 

plants were undisturbed (Fig. 4).  

 

DISCUSSION  

 

In the manipulative experiment, we confirmed that injury timing is 

important for successful regeneration from adventitious meristems, 

compensation for biomass, and seed production. Plants injured early in ontogeny 

were able to compensate for biomass loss and fecundity, whereas plants injured 

later were less successful in regeneration and compensation.  

In the field survey, the higher herb cover used as an estimate of 

competitive milieu in a community led to reduced branching of both injured and 

uninjured individuals. Disturbed plants were, on average, of the same size as 

undisturbed plants. The maximum branching intensity was found in conditions of 

intermediate competition and nutrients, which indicates that sites with low 

competitive pressures were probably characterized by abiotic stress that reduced 

both the cover of herbs and the branching of target plants.  

Our study showed that central European populations of the annual herb E. 

peplus are able to overcome severe disturbance, particularly if injured in an early 

ontogenetic phase. The field survey confirmed that vegetative regeneration after 

disturbance occurs in natural populations of E. peplus. Nonetheless, because we 

only had snapshot data from natural populations, we were only able to observe 

successfully regenerated individuals. This prevents an accurate evaluation of 

how common or successful vegetative regeneration is in natural populations. For 
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example, the better performance of disturbed over undisturbed plants in the most 

competitive environment might be due to the fact that only the largest individuals 

in benign microsites were able to survive up to the time of our census. Less 

successful plants may have died or the largest plants in the population may have 

succumbed to other factors. Despite the above mentioned limitations, the 

regenerated robust plants imply that the resprouting strategy might provide a 

selective advantage.  

 

TIMING OF DISTURBANCE AND CONSTRAINS OF RESPROUTING 

STRATEGY 

 

Phylogenetic analyses revealed that sprouting is not restricted to certain 

families but is distributed within and between species in the same clades and is 

widespread across clades (Ojeda 1998; Bond and Midgley 2003; Vesk and 

Westoby 2004a). As experimental studies are usually in agreement that 

adventitious sprouting is a beneficial strategy in disturbed biotopes (

et al. 2004a, 2004b, 2006 ), 

the relatively low distribution of this strategy among short-lived forbs points out 

some ecological and (or) physiological limitations of the strategy (

al. 2011; see also Introduction). Our study shows that the advantage of 

adventitious sprouting is expressed particularly if disturbance occurs in juvenile 

stages of plants. Indeed, the later the disturbance, the worse the regenerative 

success and regrowth. The worse regeneration suggests costs of resprouting in 

the case of late disturbance, even when adventitious budding represents lower 

upfront costs in comparison with axillary buds since adventitious buds are usually 

formed only after injury (Vesk and Westoby 2004b). When disturbance comes at 

the time of plant flowering, carbon storage may already be used for generative 

structures ( ), and moreover, there are anatomical 

constrains of epidermal bud formation later in development (Link and Eggers 

1946). Consequently, we suggest that regeneration from adventitious buds 

should be preferred in biotopes where disturbance occurs shortly after plant 
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emergence, i.e., in arable lands or river banks. The resprouting from preformed 

buds (i.e., axillary buds) should be, therefore, preferred in habitats where 

disturbance is not so strong and occurs in later plant phenological stages, e.g., 

grasslands, forests, and the like.  

Other constraints of resprouting strategy might occur if seed production is 

considered. Although our study demonstrates that disturbed individuals of E. 

peplus produced ripened seeds before the end of the growing season, we did not 

evaluate differences in the amount of seeds between disturbed and undisturbed 

plants. Hence, it is possible that the final fitness of vegetatively regenerated 

plants could be lower than undisturbed plants owing to a high risk of suboptimal 

weather at the end of the growing season.  

In addition, the higher production of seeds of disturbed plants does not 

inevitably imply better performance (fitness) of vegetatively regenerated 

individuals over intact plants, as the seed quality might differ. For example, 

although we did not find any indication that such was the case, lower seed weight 

of resprouted plants could result in lower germination of progeny or a reduction in 

their establishing success ( ). 

Maternal effects due to disturbance could also result in different offspring 

performance of plants with different disturbance histories (Latzel et al. 2009b, 

2010). 

 

COMPETITIVE ABILITY AND COSTS OF APICAL DOMINANCE OR 

BETHEDGING STRATEGY 

 

The equal size and biomass of disturbed and undisturbed plants in 

conditions without competition (manipulative study) illustrate that plants of E. 

peplus are potentially able to successfully overcome severe disturbance and 

even compensate for biomass loss. The field study showed that competition 

slightly negatively affects the height of disturbed plants with respect to 

competitive levels, but as a whole there were no significant differences between 

disturbed and undisturbed plants. The height of disturbed and undisturbed plants 
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increased in response to increasing competition of a site (see Fig. 1). 

Undisturbed plants showed very conservative architecture in variably competitive 

and fertile sites, but this was not the case for disturbed individuals. Disturbed 

plants produced the most adventitious shoots in moderate environments (i.e., 

moderate competition and nitrogen availability; see Figs. 2 and 3). In such 

conditions they also performed better than undisturbed plants with regard to 

flower and branch number. The observed architectural pattern is more in 

accordance with the bet-hedging strategy (Crawley 1987; Whitham et al. 1991; 

Vail 1992; Tuomi et al. 1994; Nilsson et al. 1996) than with the hypothesis of cost 

of apical dominance (Aarssen 1995; Agrawal 2000). Although our conclusion is 

constrained by the fact that we observed only an outcome and not a whole 

process of plant regeneration for supporting the cost of apical dominance 

hypothesis, we would expect higher branching of intact plants in less competitive 

environments.  

Rautio et al. (2005) showed that the monocarpic herb Erysimum strictum 

Gaertn., Mey, & Scherb. compensates for biomass loss better in unfavourable 

conditions: in low nutrient levels and in the presence of competition. On the other 

hand, Huhta et al. (2000a) documented with the same species that the best 

compensation for biomass loss was under fertile conditions and without 

competition. In our study, the higher branching of disturbed plants was observed 

under the highest nitrogen availability. Moreover, disturbed plants produced the 

most adventitious shoots in nutrient moderate environments where the 

competition was relatively high. Such a discrepancy illustrates that the ability to 

tolerate disturbance in monocarpic herbs is not only species but also context 

specific, which Banta et al. (2010) also reported for different provenances of 

Arabidopsis populations. Moreover, it has been documented that tolerance to 

disturbance is affected not only by ambient conditions but also by disturbance 

history of populations (Latzel et al. 2009b, 2010).  
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ECOLOGICAL CONSEQUENCES OF ADVENTITIOUS SPROUTING IN 

ANNUALS 

 

Studies on monocarpic species have documented compensatory growth 

after the loss of maximally 50% of their aboveground biomass (e.g., 

al.1996; Lennartsson et al. 1997; Huhta et al. 2000a, 2000b). In our study, we 

demonstrated that annuals could compensate for nearly 100% of aboveground 

biomass loss owing to adventitious sprouting. This is an important aspect that 

should be taken into account in disturbed communities. In addition to E. peplus, 

some other common annuals, such as Anagallis arvensis L., Euphorbia exigua 

L., or Microrrhinum minus (L.) Fourr., resprout readily from hypocotyls (Latzel et 

). Resprouted individuals can grow faster than 

individuals regenerated from seeds (

). Although the seed bank is often richer than the bud 

bank, resprouted individuals are able to suppress seedlings, which should have a 

strong impact on community-development dynamics after severe disturbance 

(Latzel et al. 2008).  

 

THE CONTROL OF INVASIVE PLANT SPECIES 

  

Although adventitious sprouting in biennial herbs was not confirmed as a 

prerequisite for their invasiveness ( ), it does not preclude 

the possibility that resprouting ability is responsible for the success of E. peplus 

in disturbed communities of invaded ranges. Invasive species are notably those 

that have higher values than noninvasive species for traits associated with high 

performance, namely physiology, leaf-area allocation, shoot allocation, growth 

rate, size, and fitness (van Kleunen et al. 2010). Our study shows that 

resprouting of E. peplus is associated with higher or similar performance and 

fitness than nonsprouting individuals. It is probable that the resprouting capacity 

of E. peplus could be one of its important traits facilitating successful spread to 

non-native, disturbed areas.  



 60 
 

Consequently, the resprouting ability of E. peplus and other invasive 

species should be considered in management of their control. Although 

herbicides are the most common tool used to control invasive species (Geyer et 

al. 2002), other techniques, such as mowing, burning, and clipping, could also be 

successful (Ailstock et al. 2001; Major et al. 2003). Nonetheless, the mechanical 

control could fail if the focused species is able to successfully regenerate without 

significant effect on its fitness as shown in this study. Therefore, we propose that 

mechanical control of E. peplus and other invasive species able to regenerate 

vegetatively should be applied in their later phenological stages when the 

resprouting capacity and fitness of regenerated individuals is limited. 
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STUDY IV 
 

 

The invasive annual herb Euphorbia geniculata is able 
to regenerate after severe disturbance by adventitious 
sprouting 

 

 L,  O, J (submitted) 

 

ABSTRACT  

 

Euphorbia geniculata, an annual weed of arable land native to America 

and invasive in subtropical and tropical regions, is able to regenerate from seeds 

and is also able to produce adventitious buds on the hypocotyl. Whether 

sprouting from adventitious buds represents a mechanism for surviving severe 

disturbance, however, is not known. The significance of such sprouting was 

invested with field survey and a pot experiment. Among 897 plants in 25 field 

populations surveyed in Indonesia, only a few exhibited sprouting from 

adventitious buds. When seeds were collected from 12 of the populations and 

used in a pot experiment, however, the seedlings were able to survive severe 

disturbance by sprouting from adventitious buds on the hypocotyl and were able 

to set seeds, although they produced less vegetative and generative (flowers and 

fruits) biomass than control plants. The response to severe disturbance in the pot 

experiment was affected by population origin. This variation among populations 

in response to disturbance may be subject to natural selection, and such 

selection could increase invasibility and decrease sensitivity to mechanical 

control.   
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INTRODUCTION  

 

 Invasions of ecosystems by introduced species is one of the most serious 

threats to natural biodiversity (Heywood 1989). Moreover, alien plants are able to 

change ecosystem function and structure, and influence survival and 

reproduction of indigenous species (Vitousek et al. 1987; Cronk and Fuller 1995; 

 and Richardson 2007).  

Many studies have investigated the general characteristics of invasive 

species (

 and Richardson 2007; Mihulka et al. 2006; van Kleunen 

et al. 2010), and some have described  traits that facilitate rapid spread into new 

areas. These traits include: successful germination under various environmental 

conditions, high competitive ability, a short lifespan, vegetative reproduction, 

rapid growth, high fecundity, high genetic plasticity and phenotypic variability, 

polyploidy, the ability to hybridize, apomixy, and a reduced volume of nuclear 

DNA. According to this list, various types of regeneration contribute to the 

invasibility of plants. In addition, invasion is realized not only by successful 

spread but also by the successful overcoming of disturbances because most 

invasion events have been recorded from anthropogenic biotopes, i.e., from 

highly and unpredictably disturbed habitats (Grime 1979; Silvertown and Lovett-

Doust 1993; Dietz and Edwards 2006). 

Annual species are better adapted than perennial species to disturbed 

habitats because they are able to set seeds between two disturbance events. 

However, they might fail to found a new population if disturbance comes early in 

the lifespan (before flowering and fruiting). In our previous work (

2010), we found that a small percentage of annual species are able to overcome 

this limitation by resprouting from the hypocotyl or root buds and thereby 

completing their life cycle. Except for a few anecdotal reports, however, 

information about the role of resprouting in the ecology of annuals comes mainly 

from Central Europe (Latzel et al. 2009, 2011 ). Although 

Vernon (1984) and Kigel et al. (1992) observed the formation of adventitious 
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buds on the hypocotyl of the tropical invasive weed Euphorbia geniculata, the 

ere disturbance 

has not been studied. Our knowledge of the ecology of invasion processes 

( ) in tropical regions of the Old World is poor, and E. geniculata 

represents an interesting model species.   

In Central European monocarpic weeds, the combination of two 

regenerative strategies (seed production and resprouting from the bud bank) 

provides an advantage in recurrently disturbed habitats ( ) 

even though the resprouting strategy is not a prerequisite for invasibility 

(M ). Differences in resprouting abilities were found not only 

at the interspecific level but also at the intraspecific level, i.e., between 

populations of one species (Latzel et al. 2009; 2011). Such variability among 

populations in resprouting capacity and also in the ability to produce biomass 

and/or offspring after damage might be a basis for natural selection in response 

to a new weeding technique (Neve et al. 2009) or to new conditions in an 

invasive range (Blossey and Notzold 1995). Consequently, an understanding of 

the significance of resprouting ability for species as well as for populations should 

increase our understanding of processes leading to successful invasions.  

Here we used E. geniculata as a model to increase our knowledge of the 

biology of tropical invasive weeds and the role of adventitious sprouting from the 

hypocotyl. We aimed to answer the following questions: 

(1) Are severely disturbed plants able to resprout and complete their life 

cycle?  

(2) Can plants resprouting from the adventitious buds on the hypocotyl be 

found in nature?  

(3) Do populations differ in their ability to resprout or in the fitness of 

resprouting individuals?  
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METHODS 

 

BACKGROUND ON E. GENICULATA  

 

Euphorbia geniculata Ortega (1979) is robust annual herb with a branched 

stem up to 2 m high and with cyathia that form dense terminal cymes. The fruit 

capsule contains three seeds about 2 mm long (Wagner et al. 1999). 

Reproduction is exclusively by seeds, which are shed by an explosive 

mechanism (Waterhouse 1997).  

Although native to an area the extends from the southern United States to 

Argentina and the West Indies (Wagner et al. 1999), E. geniculata has recently 

spread throughout the tropical and subtropical regions of the world, including 

most of tropical Africa and the Indian Ocean islands, the Mediterranean region, 

and South Africa (Wagner et al. 1999). Throughout its range, it occurs in 

disturbed biotops (crop fields, pastures, and waste lands) (Holm et al. 1997) up 

to 1800 m a.s.l.      

 

FIELD SURVEY 

 

A field survey was conducted from 2007 to 2009 in Indonesia (Bali, Java, 

Sumatra, and the Nias islands). Anthropogenic locations were surveyed for the 

occurrence of E. geniculata. When a E. geniculata population containing at least 

30 individuals was found, data were collected on two levels: (i) the plant 

population and (ii) the individual plant.   

 (i) At the population level, we assessed total cover of herbaceous 

vegetation and soil compaction , which was subjectively assessed (low, medium, 

or high) by inserting a pencil into the soil. Seeds of E. geniculata were collected 

in all populations that contained at least 10 plants with ripen seeds.  

(ii) At the individual level, we assessed growth characteristics (shoot 

height, width of shoot base, number of axillary branches, number of adventitious 

buds and shoots, length of the longest adventitious shoot) and signs of main 



 69 
 

shoot disturbance. Based on signs of shoot disturbance, plants were categorized 

as disturbed or non-disturbed. Phenological stage was recorded according to 

development of the most advanced shoot (sterile - 1, prolongation of stem - 2, 

buds - 3, flowering - 4, fruiting - 5). 

During the field study, a total of 897 individuals of E. geniculata from 25 

populations were measured (supplementary material Table 6).  

 

Table 6. List of localities where populations of Euphorbia geniculata were studied in field. 

The localities of populations studied in the pot experiment are in bold.  

 

Locali-
ty or 

popu-
lation 

Location Habitat 
Herb 
cover 
(%) 

Soil 
com-

paqtion
a
 

No. of 
distur-

bed 
indivi-
duals 

No. of 
resprou

ting 
indivi-
duals 

1 

North of Bali, southwest 
of Singaraja, northwest 
part of Pemaron village, 
edge of Jenderal Achmad 
Yani street 

Regularly mowed 
ditch beside 
asphalt road 

95 2 1 0 

2 
North of Bali, southwest 
of Pemaron village, edge 
of Seririt-Singaraja street 

Anthropogenic 
habitat near road 

75 2 0 0 

3 
North of Bali, west part of 
Singaraja, 100 m west of 
bus-station Banyuasri 

Anthropogenic 
habitat on waste 
soil near road 

90 2 5 0 

4 
North part of Bali, South 
part of areal of Ganesha 
University, Singaraja 

Dry ditch beside 
road 

100 2 7 2 

5 
North part of Bali, South 
areal of Ganesha 
University, Singaraja 

Anthropogenic 
habitat between 
asphalt road and 
wall of building 

90 2 1 0 

6 
North part of Bali, 0.5 
km north of Air Sanah 
village 

Undergrowth of 
coconut and 
banana plantain 

70 
(40) 

2 16 0 

7 
South of Bali, Denpasar 
town, Banjar Sawah, 
Pulau Bungin street 

Ditch beside 
asphalt road and 
rice field 

80 2 0 0 

8 

North of Bali, Tukad 
Mungga village, west of 
Singaraja town, 40 m of 
Happy beach 

Anthropogenic 
habitat  waste 
land 

100 2 0 0 

9 

North of Bali, Tukad 
Mungga village, west of 
Singaraja town, 30 m of 
Happy beach 

Anthropogenic 
habitat  loamy 

100 2 0 0 

10 
North part of Nias, 
Sorage village 

Anthropogenic 
habitat beside 

85 2 4 0 
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cottage on the 
beach 

11 
North of Nias, Zorave 
village 

Anthropogenic 
habitat beside 
cottage on the 
beach 

100 2 5 1 

12 

West of Sumatra, Bukit 
Tinggi, 500 m north of 
Koto Baru village, beside 
path to Merapi Volcano 

Edge of field, on 
nutrient-rich soil 

60 2 2 0 

13 

South of Bali, northeast of 
Denpasar, Sukawati 
village, east part of Raya 
Celuk street 

Mowed part of 
anthropogenic 
habitat in wasted 
yard of wasted 
house 

95 2 32 0 

14 

South of Bali, northeast of 
Denpasar, Sukawati 
village, east part of Raya 
Celuk street 

Anthropogenic 
habitat in wasted 
yard of wasted 
house 

75 2 0 0 

15 

South of Bali, Denpasar 
town, Hayam Wuruk 
street, areal of Honda 
shop on crossroad with 
Kamboja street 

As a weed in small 
ornamental flower-
bed 

70 2 0 0 

16 
North of Bali, Kalibukbuk 
village, near beach 

Sandy 
anthropogenic 
habitat 

30 1 1 0 

17 
North part of Bali, the 
centre of Kaliasem 
village 

Shaded 
anthropogenic 
habitat 

50 1.5 1 1 

18 

South part of Bali, Kuta 
village, beside Honda 
shop, Imam Bonjol 
street 

Cemetery 
95 

(20) 
2 9 0 

19 
South part of Bali, 
Denpasar town, Hayam 
Wuruk street 

Anthropogenic 
habitat in front of 
golf area 

75 
(40) 

2 0 0 

20 

South part of Bali, 
Denpasar town, Hayam 
Wuruk street beside 
Radio Bali 

Anthropogenic 
habitat between 
garden and 
pathway 

70 2 16 2 

21 
South part of Bali, west 
edge of Sanur village 

Arable field with 
Zea mays 

60 2 3 0 

22 
South of Bali, Kuta 
village, Imam Bonjol 
street 

Back-yard 95 2 1 0 

23 

South of Bali, 
southwest of Jimabran 
village, south part of 
Dreamland area 

Anthropogenic 
habitat on 
calcareous 
intermittent soil, 
close to beach 

40 1 1 0 

24 

North of Java, 
Bojonegoro town, 100 
m west of railway 
station 

Sandy 
anthropogenic 
habitat in the 
ditch along 

50 1 5 0 
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railway 

25 

West part of Bali, 3 km 
northeast of Gilimanuk 
on the border of Bali 
Barat National Park 

Dry 
anthropogenic 
habitat on the 
edge of arable 
field along main 
road 

40 2 0 0 

a
 Resistance to penetration was rated on a scale from 1 3 (from low to high resistance). 

 

POT EXPERIMENT 

 

A pot experiment was performed in a growth chamber at the Institute of 

95 %, photoperiod 12/12 h, and average 

-2s-1mol. 

Seeds collected from 12 populations in the field study (Table 6) were 

cm3) containing a mixture of pure washed sand and standard garden soil (pH 

5.0 7.0, N 150 400 mg/l, P2O5 100 300 mg/l, K2O 100 300 mg/l, AGRO CS a.s. 

each pot was fertilized 22 days after planting with one-half of a fertilizer tablet 

containing 0.06 g of N, 0.03 g of P, and 0.035 g of K. 

Altogether, 228 plants originating from 12 populations were used for the 

pot experiment. Of these plants, 117 (9 10 per population) were injured by 

clipping when they were 10 days old and in the vegetative stage. The remaining 

plants (111, 9 10 per population) were left intact as a control. Clipping involved 

removal of all aboveground biomass, all stems together with axillary buds, 

leaving only the hypocotyl. Clipping resulted in growth of the adventitious buds 

on the hypocotyl. When plants were 1.5 and 3.0 months old, the same growth 

parameters that were recorded in the field were measured. At harvest, 3 months 

after the experiment was started, the aboveground biomass of each plant was 

separated into leaves, stems, hypocotyl, and reproductive organs, which were 

and weighed.  
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DATA ANALYSIS  

 

The field data for disturbed and non-disturbed plants were compared with 

t-tests.  In the pot experiment, parameters that were measured non-destructively 

were analysed by repeated measures analysis of variance (ANOVA) in which the 

two dates of measurement (1.5 and 3.0 months) were compared. Plant biomass 

data at the end of the experiment were analysed with two-way ANOVAs. Identity 

of the population and disturbance were used as explanatory variables in both 

kinds of ANOVAs (this was not the case for field data where population origin 

could not be studied due to small number of resprouting individuals). To assess 

the effect of population origin on growth characteristics, the relationship between 

average number of adventitious buds among natural populations and the number 

of buds observed in the pot experiment was assessed by Spearman rank 

correlation; data from disturbed and control plants were analysed separately. All 

analyses were performed with Statistica 8.0 (StatSoft, Inc.; 2010). 

 

RESULTS 

 

FIELD STUDY 

 

Of the 897 E. geniculata plants evaluated in the field, 88 had adventitious 

buds and only six had adventitious shoots. In two of the 25 populations, all plants 

were devoid of adventitious buds and shoots. Disturbed plants tended to be 

shorter and have more adventitious shoots than non-disturbed plants but the 

small number of adventitious shoots. The numbers of adventitious buds and 

axillary branches were not affected by disturbance (Table 1). Because only a 

small number of plants exhibited resprouting, we did not test the effect of 

population on resprouting capacity in natural populations.  
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Table 1 Growth parameters (means + SD) of non-disturbed and disturbed plants in field 

populations of Euphorbia geniculata in Indonesia, and evaluation of differences by t-test (d.f.= 

895). 

 
 

Parameter Non-disturbed (n=782) Disturbed (n=110) t P 

Plant height   1.76 0.078 

Width of shoot base   4.35 <10
-4

 

No. of branches  6 1.26 0.209 

No. of adventitious buds   2.51 0.012 

 

 

POT EXPERIMENT 

 

All but one plant subjected to severe disturbance (clipping) in the pot 

experiment survived and regenerated by resprouting from adventitious buds on 

the hypocotyl. Non-disturbed plants did not produce any adventitious shoot. At 

harvest, the mortality of disturbed and non-disturbed plants was similar: 1.8% 

and 2.6%, respectively.  

Population origin affected all but one of the characteristics (stem biomass) 

and often affected the response of plants to disturbance and seasonal 

development (Fig. 1, Table 2, 3, 4). Disturbance also affected all measured 

characteristics except leaf biomass (Table 3, 4) and number of adventitious buds 

(Table 2). The number of adventitious buds varied considerably among plants 

(0 119) and was affected by population origin and increased with age (Fig. 1, 

Table 2, 3). 
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Fig. 1 - Growth parameters of non-disturbed and disturbed plants from 12 populations of 

Euphorbia geniculata at the end of the pot experiment. Each line represents seedlings originating 

from one population. 

 

 

 

Although height was similar for disturbed and non-disturbed plants at the 

end of the experiment (Fig. 1), the biomass of flowers, fruits, and stems was 

lower for disturbed plants than for non-disturbed plants (Table 4). Aboveground 

biomass (without hypocotyl) of disturbed plants was 70.9% of that of non-

disturbed plants. The biomass of fruits and flowers of disturbed plants was 52

72% of that of non-disturbed plants. 
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Table 2 - Effect of population origin, disturbance, and plant age on growth parameters of 

Euphorbia geniculata in the pot experiment as indicated by F values from repeated measures 

ANOVA. Degrees of freedom were 11 for population, 1 for disturbance, 1 for age, and 203 for 

error. P = population, D = disturbance, A = Age. Statistical significance: * - p<0.05, ** - p<0.01, *** 

- p<0.001.  

 

Source of 
variance 

Plant height 
Phenology 

(stages 1-5) 

No. of 
adventitious 

buds 

No. of 
adventitious 

shoots 

No. of 
branches 

Population 7.26 *** 9.18 *** 5.19 *** 7.70 *** 3.64 

Disturbance 36.49 *** 147.26 *** 2.51 1257.81 *** 6.85** 

Age 1853.45 *** 694.59 *** 17.14 *** 2.94 12.74 

 0.87  4.31 *** 3.72 *** 7.70 *** 3.45*** 

 7.02 *** 4.04 *** 0.61 0.61 0.81 

 18.22 *** 89.22 *** 0.29 2.94 3.01 

 2.29 * 2.21 * 0.96 0.61 0.93 

           

 

 

Table 3 - Growth parameters of Euphorbia geniculata in the middle (age 1.5 months) and 

at the end (age 3.0 months) of the pot experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Age (months) 
Disturbed 

(mean  
Non-disturbed 
(mean  

Plant height (cm) 
1.5   

3   

Number of branches 
1.5   

3   

Phenology (stages 1-5) 
1.5   

3 4.31   

Number of adventitious  
buds 

1.5   

3   

Number of adventitious 
shoots 

1.5   

3   

Generative biomass (g) 3   

Leaf biomass (g) 3 1.   

Stem biomass (g) 3   
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Table 4 - Effect of population origin and disturbance on biomass of Euphorbia geniculata 

in the pot experiment as indicated by F values from two-way ANOVAs. P = population, D = 

disturbance. Degrees of freedom were 11 for population, 1 for disturbance, and 204 for error. 

Statistical significance: * - p<0.05, ** - p<0.01, *** - p<0.001.  

 

Source of variance Flowers and fruits Leaves Stems 

Population 2.58 ** 2.02 * 1.81 

Disturbance 72.74 *** 1.93 28.39 *** 

 1.48 1.96 * 1.51 

 

 

RELATIONSHIP BETWEEN PERFORMANCE OF POPULATIONS IN THE 

FIELD AND IN THE POT EXPERIMENT 

 

The mean number of adventitious buds per plant in 12 field populations 

was not correlated with the mean number of adventitious buds per plant on 

seedlings derived from those 12 populations in the pot experiment (r = -0.18, p = 

0.578). This was true for both disturbed and non-disturbed plants. 

 

 

DISCUSSION 

 

We were able to confirm the resprouting ability of Euphorbia geniculata 

under field conditions in Indonesia. Even though the number of resprouting 

individuals was so low that we could not study the effect of population origin, the 

occurrence of adventitious shoots was attributable to plant injury. When we 

explored the resprouting ability of about half of the populations studied in field in 

the pot experiment, we determined that severely disturbed plants were able to 

complete their life cycle and set seeds even though their biomass remained 

smaller than that of non-disturbed control plants. Moreover, the growth 

parameters of disturbed and non-disturbed plants in the pot experiment were 

population specific.   
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Our study revealed that a short-lived invasive species from the tropics is 

able to cope with severe disturbance in a manner similar to that of some short-

lived species from the temperate zone ( et al. 2010; 

Latzel et al. 2009; 2011). That we found only a few resprouting individuals of E. 

geniculata in the field might be due to the scarcity of disturbance events in the 

studied populations because disturbance is the main factor triggering 

adventitious sprouting in this species. 

The reduced biomass and seed production of disturbed vs. non-disturbed 

plants is at least partially caused by a delay in biomass accumulation and 

phenology in the disturbed plants in (Table 5). This could be a serious problem in 

areas with a seasonal climate where disturbed plants that resprout may not have  

sufficient time to set viable seeds ( ). On the other hand, 

there is less danger of suboptimal conditions at the end of growing season in 

tropical ranges. Had our experiments continued longer than 3 months, the 

biomass and seed production of the disturbed plants may have eventually 

 with those of the non-disturbed plants.   

 

Table 5  Relative growth of six species of severely disturbed and non-disturbed annual 

herbs under experimental conditions. The severely disturbed plants resprouted from the 

hypocotyl. Relative growth is expressed as the ratio between average values for disturbed/non-

disturbed plants. # and ## indicate that the data are from Latzel et al. (2009) and the current 

study, respectively.  

 

Parameter 
Microrrhinum 

minus# 
Euphorbia 
peplus#  

Anagallis 
arvensis# 

Kickxia 
elatine# 

Kickxia 
# 

Euphorbia 
geniculata## 

No. of branches  0.7 0.4 0.6 0.4 0.3 0.9 

Aboveground 
vegetative 
biomass 

1.0 0.3 0.5 0.5 0.3 0,7 

Generative 
biomass 

1.1 0.6 0.2 0.4 0.3 0.5 

Plant height 0.9 1.2 0.4 1.0 0.5 0.7 

 

 

The ability to form adventitious buds and shoots on the hypocotyl and/or 

roots has also been reported for several congeners of E. geniculata (Rauh 1937), 
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example, the annual Euphorbia peplus (Latzel et al. 2011) and the perennial 

Euphorbia esula (Horvath et al. 2003) are invasive weeds of arable land in North 

America. Our results along with the cited examples support the idea that the 

ability to resprout from adventitious buds on roots and/or the hypocotyl might be 

important for the spread of these species on disturbed biotopes.  

Adventitiously sprouting invasive species might be difficult to eradicate by 

cutting or uprooting ( , pers.com.). It follows that some root- and 

hypocotyl-sprouting invaders, e.g., Alliaria officinalis (Pardini et al. 2008; 2009), 

Cinchona pubescens (  Kowarik 2010), and Rosa rugosa (Kollman et al. 

2009), could be difficult to manage. In some species of short-lived plants, control 

has been successful when aimed at a sensitive ontogenetical stage, usually the 

stage just before seed production (Pardini 2009; Latzel et al. 2010; 2011). 

However, mechanical control at this stage was poor in the case of other species 

( ). 

Genetically based differences in sprouting ability among populations of E. 

geniculata could be subject to natural selection triggered by changes in 

disturbance regime (Thrall et al. 2011). Contemporary evolution of local 

genotypes may increase the rate of biological invasion (Blossey and Notzold 

1995) or the tolerance to weeding (Neve et al. 2009), and has been reported for 

an increasing number of plants (e.g., Heap 2009; Colautti and Barrett 2010; 

Buswell et al. 2011).  
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CHAPTER III 

 
GENERAL CONSCLUSIONS 
 
 

1. Adventitious sprouting in natural populations was confirmed in majority 

of studied species of Central European flora and in one American species 

invasive in Indonesia. For five European species (Euphorbia helioscopia, 

Arabidopsis thaliana, Arabis glabra, Medicago lupulina, and Potentilla supina) 

adventitious bud formation and sprouting was not found out and for American 

species (Euphorbia geniculata) was found only rarely (STUDY I, IV). 

2. Plant size (large plant height, high number of branches, late phenology) 

supported adventitious sprouting but only disturbance from studied 

environmental factors (nutrient level, moisture, illumination) affected (positively) 

regeneration by adventitious sprouting in studied species (STUDY I). 

3. Adventitious sprouting was not found to be more often in biennial than 

in annuals (STUDY I) 

4. Occurrence of adventitious sprouting in plants with reduced apical 

dominance differed: upright annuals had a lower number of adventitious buds 

and shoots, but shoot length was higher than in the prostrate plants (STUDY I) 

5. With increasing severity of disturbance the number of resprouting 

axillary branches decreased and at the same time the number of resprouting 

adventitious shoots increased (STUDY II). 

6. Adventitious sprouting differed among species and populations in field 

as well as in experiment (STUDY III and IV). 

  

The results imply that potential bud bank initiated only after injury can 

enable a plant to overcome a meristem limitation after severe disturbance, 

although degree of tolerance is species and population specific.  
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PERSPECTIVES 
 

Adventitious sprouting seems to be a response to particular weed 

management with crop cultivation during process of natural selection. Plant 

individuals with certain characteristics supported by local conditions produce 

more surviving offspring than individuals with other characteristics, leads to 

genetic differentiation among populations. Although selection is regarded as the 

chief engine of evolutionary change, scientists have only recently begun measure 

its action in the real time (Kingsolver and Pfennig 2008, Thompson 2009). 

Short-term evolution of local genotypes may increase a rate of biological 

invasion (Blossey and Notzold 1995) or a tolerance to weeding (Neve et al. 

2009), and has been reported for increasing number of plants (e.g. Heap 2009; 

Colautti and Barrett 2010, Buswell et al. 2011).  

Although the frequency of weeds decreased with usage of herbicides and 

some of them become rare in Czech Republic, their role could increase in future 

with organic farming (Latzel et al. 2009). Similarly management of invasive 

species might be hindered by their resprouting capacity.  
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