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Abstract 

Niche differentiation is the most recognized species coexistence mechanism, of 

which, the temporal differentiation of species, i.e. phenological differentiation has 

gained an increasing interest of ecologists. However, as an important dimension of 

phenology, the phenology of growth has drawn relatively few attentions due to the lack 

of sufficient phenological data. Therefore, the aim of this thesis is to examine potential 

role of temporal differentiation of plant growth patterns in plant coexistence. 

I first collected data on growth phenology of 381 perennial herbs in the Botanical 

Garden of Charles University in Prague within one growing season (in 2015). Using 

this database, I addressed the general patterns of growth phenology among perennial 

herbs. I distinguished two contrasting growth patterns: (1) species with early peak 

growth had high standardized growth rates in contrast to late species, reflecting the 

survival under forest canopy, where species are selected to grow early and fast before 

the development of tree canopy which restricts their size; (2) tall species showed later 

peak growth than short species, associating with (asymmetric) competition for light in 

open habitats, where the main selection factor is for tall stature, which cannot be 

attained early in the season.  

Then, by linking my own phenological trait database with the co-occurrence data 

of the species from the Czech National Phytosociological Database, I examined the 

differences among habitats in their phenological patterns and whether co-occurring 

species show non-random patterns of these phenological traits in each individual habitat. 

I found that growth parameters varied a lot among habitat types, partly due to variations 

in habitat productivity. Unexpectedly, I did not find temporal niche differentiation in 

woodlands, indicating that day of peak growth of species was essentially random. In 

contrast, for the species in grasslands, the distribution pattern of their phenological traits 

showed synchronization, which is likely driving by the resource competition.  

Further, I identified determinants of the interspecific differences in key 

phenological traits, i.e., growth rates measured in height, of the temperate perennial 
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herbs. Specifically, I examine the effects of SLA, the size of the belowground storage 

organs volume, shoot lifespan and genome size on the growth rates of perennial 

herbaceous, as well as how effects of these traits vary as the changes of the habitat 

conditions where the species typically occur. I found that growth rates of perennial 

herbs measured in plant height were not related with SLA. However, there was a weak 

positive relationship between the growth rates and genome size or storage organ size; 

species with annual shoots had a relatively greater growth rate than species with long-

lived shoots. Importantly, these relationships vary as the change of ecological regime 

of the species, for example, the relationship between Standardized growth rate and 

Storage organ negatively interacted with Light, implying that size of storage organ 

enhances growth rates mainly in species of shaded habitats.  

Subsequently, I contributed to address the question of what the role of bud 

preformation in growth dynamics of individual species by is linking the data on bud 

preformation with my own phenological traits database. We observed bud preformation 

in one third of the focused herbaceous perennial plants. Bud preformation mainly 

influenced the dates of flowering and maturity but not the growth rates. Species with 

bud preformation generally flowered much earlier (36 days) than species without bud 

preformation and even before their peak growth.  

As a whole, the results in this thesis indicate that phenological parameters 

constitute an important axis of differentiation among temperate plants that can be partly 

predicted by environmental parameters of the habitats where the species are commonly 

found.   
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General Introduction 

In 1992, the first Earth Summit in Rio de Janeiro declared that human activities 

such as overexploitation, habitat fragmentation and eutrophication were the main 

drivers for the loss of biodiversity. The rapid loss of biodiversity may result in the loss 

of key ecosystem functioning (Cardinale et al. 2012). Therefore, it is urgent to 

understand the mechanisms that responsible for plant species coexistence and for the 

maintenance of plant species diversity, providing the basis for the restoration of 

degraded environment.  

Many theories have been proposed to promote plant species diversity (Tilman 

1988; Chesson 2000; Wright 2002; Hubbell 2005; Wilson 2011). Current understanding 

of species coexistence is based primarily on the work by Peter Chesson (2000), who 

distinguished coexistence due to either stabilizing or equalizing forces. Stabilizing 

forces, based on niche differentiation, must operate in a “increase-when-rare” process, 

i.e., species can achieve to stable coexistence only when the intraspecific competition 

is stronger than interspecific competition (Chesson 2000; Wilson 2011). In contrast, 

equalizing mechanisms, based on similarity, promote plant species coexistence through 

reducing the inequalities of fitness between competing species (Adler et al. 2007; 

Mayfield and Levine 2010; Herben and Goldberg 2014). Equalizing mechanisms may 

facilitate the operation of stabilizing mechanisms when the fitness differences are 

leveled off. It may be noted that neutral theory (Hubbell 2001) represents an extreme 

case of equalizing coexistence mechanism. 

 

Phenological differentiation-a neglected aspect of niche differentiation 

There are two key processes of niche differentiation in plant species coexistence 

and the maintenance of plant species diversity. The most common one is the 

differentiation of species in spatial scales (e.g., vertical niches and 

successional/regeneration niches). For example, plant species that have different 

nutrient sources (e.g., NO3
- vs. NH4

+) can achieve to stable coexistence (Chesson 2000). 
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Similarly, species that have distinct rooting depth (i.e. occupying different niches in 

vertical dimension) are more likely to coexist in one plant community (Mamolos et al. 

1995; Fargione and Tilman 2005). Besides, new individuals of conspecifics or 

heterospecifics can occupy the gap created by the death of any one plant individual 

(Grubb 1977).  

Another key process of niche differentiation in plants is the temporal 

differentiation of species (i.e., phenological differentiation, Wilson 2011). Plant 

phenology refers to changes of plant growth and development processes during the 

growing season. Similar to other traits, plant phenology has both intra- and interspecific 

components, with the intraspecific component responding to actual climate and the 

interspecific component reflecting evolutionary experience of the species with its 

environments (including competitors).  

Plant phenology has drawn more attention recently mainly because its sensitivity 

to climate changes and the potential as a climate change indicator (Chmielewski and 

Rotzer 2001; Fitter and Fitter 2002; Walther et al. 2002; Menzel et al. 2006; Parmesan 

2006; Cleland et al. 2007). Species shifts in phenology in response to climate change 

have been suggested by studies tracking spring vegetation green-up phenology using 

field observations, satellite images and digital repeat photography (Badeck et al. 2004; 

Richardson et al. 2006; Crimmins and Crimmins 2008). Shifts in plant phenology have 

also been examined for individual species with wide distributions (Dunne et al. 2003; 

Inouye et al. 2003; Fu et al. 2015; Gressler et al. 2015), especially to relate phenological 

changes along latitudinal or elevation gradients (Olsson and Ågren 2002; Davi et al. 

2011) to changing environmental conditions. These studies are fundamentally based on 

the intraspecific variations in phenology of individual plant species and/or vegetation. 

However, ecological theory has emphasized the importance of interspecific 

differences in plant species coexistence even though an increasing number of studies 

have documented the importance of intraspecific variation (Violle et al. 2012). The 

differentiation in phenology could result in the interspecific dispersion of phenological 

parameters among species which may promote species coexistence in communities 
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(Edwards and Stachowicz 2010). Species, for example, may diverge their phenological 

parameters, e.g., shift the growth period and/or change growth rate, to co-occur with 

their neighbours, which could help to explain the coexistence of species with different 

height (Sun and Frelich 2011). In spite of that, the lack of data comparing phenological 

shifts among co-occurring plant species have long impeded our understanding of the 

importance of interspecific variations in plant phenology in species coexistence.  

 

Intra- and interspecific variations in flowering phenology 

Recently, quite a few studies have illustrated that the flowering time of the same 

plant species (intraspecific variation in flowering phenology) varies based on the 

external environmental conditions (Inouye et al. 2003; Dahlgren et al. 2007; Sola and 

Ehrlén 2007). Photoperiod, temperature and soil moisture have been recognized as the 

main environmental triggers for flowering (Rathcke and Lacey 1985) and these external 

triggers are generally interacting to influence the flowering events (Rathcke and Lacey 

1985; Bowers and Dimmitt 1994). This can be easily illustrated by the studies of plant 

phenology along elevational gradients (Blionis et al. 2001; Olsson and Ågren 2002; 

Inouye 2008; Davi et al. 2011; Ranjitkar et al. 2013). 

Flowering phenology has also been found to vary a lot among different plant 

species (i.e. interspecific variation in flowering phenology; e.g., Miller‐Rushing and 

Inouye 2009; Hülber et al. 2010; Craine et al. 2012; Yin et al. 2016). For example, it 

has been shown that pollination niche differentiation can help co-occurring species to 

weaken or even avoid competition for pollinators or dispersers (Augspurger 1980; 

Stone et al. 1998; Elzinga et al. 2007; Sargent and Ackerly 2008). Some species can 

reduce overlap in flowering time to lower pollinator competition and some other species 

can prolong their flower time to increase pollinators’ visiting rate (Stone et al. 1998; 

Hegland and Boeke 2006; Sargent and Ackerly 2008). By collecting the first flowering 

date of about 400 British plant species, Fitter and Fitter (2002) found that there are large 

interspecific differences in responses of flowering phenology to climate change, i.e. 
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annual plants are more likely to flower early than congeneric perennials, and insect-

pollinated species show higher interspecific variation than wind-pollinated species.  

Moreover, flowering phenology is generally phylogeny constrained, i.e. there is a 

tendency for closely related species to share similar flowering patterns (Wright and 

Calderon 1995; Bolmgren and D Cowan 2008; Jia et al. 2011; Durka and Michalski 

2012; Davies et al. 2013; Panchen et al. 2014). Therefore, species are statistically non-

independent, and species phylogenetic relationships should be accounted when the 

correlations associated with phenological traits or predictors of phenological traits are 

examined (Harvey and Pagel 1991; Harvey et al. 1995). But still, the role of 

phylogenetic component in phenological variation has not been widely evaluated (but 

see Davies et al. 2013). 

 

Intra- and interspecific variations in growth phenology 

Given the amount of evidence of flowering phenology, it is surprising that there 

are only a few studies on phenology of growth (hereafter growth phenology). Growth 

phenology is another important dimension of phenology, which is the fundamental of 

all other phenological events, e.g. flowering, seeding and so on (Dahlgren et al. 2007; 

Sola and Ehrlén 2007). Parameters of growth phenology are variables that represent 

plant growth trajectory in time. For example, growth rate during the whole season, 

temporal period that plants spend to reach the maximal height, onset of leaf unfolding, 

and the longest leaf length can all be used to describe plant growth trajectory. So far, 

most of the observations on growth phenology are focused on trees (e.g., Frankie et al. 

1974; Lechowicz 1984). The phenology of events such as beginning of bud break, 

completion of leaf expansion, leaf number and leaf longevity has been examined both 

for intraspecific variation (Lopez et al. 2008; Vitasse et al. 2009) and interspecific 

variation (Augspurger and Bartlett 2003). The difference in the growth phenology of 

the same tree species has been found to be largely driven by the external environmental 

conditions depending on the habitats. For example, Kramer et al. (2000) reviewed the 

phenological patterns of boreal coniferous, temperate-zone deciduous and 
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Mediterranean coniferous forest ecosystems, and found that the phenology of the 

former two forests was mainly driven by temperature while the latter forest by water 

availability.  

It has been claimed that coexisting species in one community might have different 

parameters of growth phenology (Fargione and Tilman 2005; Sun and Frelich 2011; 

Mason et al. 2013). Differentiation of growth phenology among species might consist 

both in divergence in light-acquiring ability (leaf phenology) and in nutrient absorption 

(root phenology), both of which could mitigate competition and facilitate species 

coexistence (Aiba and Nakashizuka 2007). Recently, there is an increasing interest in 

growth phenology of perennial herbs (e.g., Sola and Ehrlén 2007; Mason et al. 2013). 

In particular, Sun et al. (2011) investigated plant height growth trajectories of 25 

herbaceous species in a grassland and found that shorter and earlier growing species 

tended to have a greater relative growth rate compared to taller and later growing 

species. This indicated that differentiation of plant height growth trajectories might 

reduce species competition and allow species coexistence. In spite of that, the existing 

hypotheses on the role of growth phenological differentiation in species coexistence are 

not well supported by empirical evidence, mainly because data are collected on a few 

species only, especially on trees or shrubs as mentioned above (Brown et al. 1985; 

Chuine and Beaubien 2001; Dahlgren et al. 2007). As a consequence, we still know 

little about the role of growth phenology across a great number of herbs in plant species 

coexistence.  

I would expect a new pattern of growth phenology on perennial herbs because 

perennial herbs have a completely distinct life-history compared to trees as they 

typically resprout their shoots every spring anew from belowground storage organs. For 

example, previous studies have suggested that plant height does not relate to flowering 

time in woody plants but is positively correlated to flowering time in perennials 

(Bolmgren and D. Cowan 2008).    
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The knowledge gaps in growth phenology of perennial herbs 

As a starting point, I collected growth phenology over a large set of perennial herbs 

and examined the role of growth phenology in species coexistence. However, one 

should note that plant growth phenology is species-specific and environment-dependent 

(Brown et al. 1985; Fenner 1998; Higgins et al. 2011; Rawal et al. 2014). Therefore, a 

better understanding of plant growth phenology requires the match between plant 

growth phenology and the environment where the growth phenology can respond. This 

can be done either by observing the growth phenology of all the species occurring in a 

single habitat or by collecting growth phenology data over gradients of environmental 

conditions for each species and making corrections for differences between them (see, 

e.g. Davies et al., 2013). In addition, which growth variables are appropriate to capture 

the growth phenology of perennial herbs? In communities of various perennial herbs, 

such as grasslands, competition for light is an important mechanism influencing plant 

species coexistence, hence the traits that closely related to the ability to succeed in 

competition for light are important.  

Previous studies have shown that plant species maintaining greater foliage height 

and/or occupying larger space with larger foliage volume have an advantage in light  

competition (Givnish 1982; Richardson and O’Keefe 2009; Gressler et al. 2015), and 

the same is true for plants attaining greater overall height, with the latter also affecting 

the chance of being visited by a pollinator (Lortie and Aarssen 1999; Gómez 2003). 

Therefore, when observing growth phenology of perennial herbs, the measured growth 

variable should primarily capture the two key components: (1) size and height of plant 

foliage (foliage volume and foliage height); and (2) overall plant height. For example, 

in forest systems, understory herbs generally grow early and fast to get enough light 

before the development of tree canopies (Crawley 1997; Richardson and O’Keefe 2009). 

Different height growth strategies have also been reported before in woody plant 

species (Falster and Westoby 2003; Falster and Westoby 2005). However, height growth 

strategies have seldom been studied in herbaceous species (but see Sun et al. 2011). It 

is still questionable whether height growth trajectory has the same important role in the 
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herbaceous plant coexistence as in woody plant species (See the examples of different 

growth trajectories in Fig. 2). The further question would be whether there are any 

trade-offs and relationships among the phenological parameters based on plant height? 

If yes, then we may separate perennial plant species with contrasting growth phenology 

and use only one parameter as a proxy of their growth phenology. 

After exploiting the general patterns of growth phenology of a large set of 

perennial plant species, I further asked how differences in growth phenology may 

contribute to the coexistence of plant species across distinct habitats. The trait-based 

approaches make it possible to detect how different mechanisms (environmental 

filtering vs. niche differentiation) mediate community assembly and coexistence (e.g., 

Suding et al. 2005; Violle and Jiang 2009; Adler et al. 2013; Kraft et al. 2015), based 

on the data of growth phenology (proxied by several key functional traits). The 

approach generally is based on comparison of the observed trait variation among 

species in a community to the expected value obtained by chance (Götzenberger et al. 

2012). If the trait variation is larger than expected (i.e. trait over-dispersion), it indicates 

niche partitioning, or else it indicates environmental filtering within the community 

(Kraft et al. 2008; Katabuchi et al. 2012; Adler et al. 2013) or resource competition 

(Mayfield and Levine 2010) if the reverse is true (i.e. trait under-dispersion).   

Within a community, taller species shade dwarf species but not vice versa. A slight 

height advantage may contribute to a disproportionate competitive advantage for light, 

namely asymmetric competition (Weiner and Thomas 1986; Weiner 1990; Schwinning 

and Weiner 1998). Therefore, dwarf plants may survive through either specializing a 

stronger tolerant ability (Givnish 1995; Kohyama et al. 2003) or exhibiting a rapid 

height growth (i.e., a higher growth rate). Growth rate is generally assumed to be linked 

to specific leaf area (SLA; leaf area/leaf dry mass) - an important proxy of the plant's 

position along the leaf economic spectrum (Reich 2014). This view has been supported 

by several studies demonstrating that a greater growth rate of deciduous species 

(Cornelissen et al. 1996) or woody species (Poorter and Remkes 1990) seems to be 

determined by their higher SLA.  
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However, there is no general patterns in the relationship between growth rate and 

SLA. SLA has often been found to be related with relative growth rate of young 

seedlings (e.g., Reich et al. 1992; Wright and Westoby 1999), while this correlation is 

weaker or even disappeared for adult plants (e.g., Coomes and Grubb 1998; Poorter et 

al. 2008; Easdale and Healey 2009), likely due to trade-offs between the investment in 

growth and reproduction (Falster et al. 2011; Gibert et al. 2016). 

Furthermore, most of the empirical evidence on the relationships between growth 

rate and SLA come from the observations of annual plants and young trees, using innate 

seedling mean relative growth rate (RGR, the rate of dry weight increase per unit plant 

dry weight) as a measure. RGR is more suitable to express the early period of whole 

life cycle when the growth is exponential. However, the growth of plants cannot be 

always exponential due to the limitation of resource availability. In this case, a simple 

logistic function taking the limitation of natural resources into consideration is more 

suitable to fit plant growth curves (Sun and Frelich 2011; Huang et al. 2018). The 

logistic function growth curves can capture growth of resprouting perennials of 

determined maximum size during whole growing period (from the beginning of growth 

to timing of reach maximum height). Therefore, it is more suitable to use the logistic 

function to calculate absolute and standardized growth rates, representing the growth 

of resprouting perennials during whole growing period. 

In this context, phenological parameters are tightly linked to parameters of growth. 

Therefore, we would like to ask are there any other important predictors of growth rates 

(absolute and standardized growth rates based on the logistic curve) for perennial herbs. 

Perennial herbs typically have genetically determined/fixed maximum size, and 

typically resprout their shoots every spring anew from belowground storage organs, 

which is completely different from annual herbs and trees. These belowground storage 

organs are likely to have strong effect on their growth rates (Iwasa and Kubo 1997; 

Suzuki and Hara 2001), as perennial herbs with a larger underground storage organ are 

likely to grow faster in the early growing season because their growth in this phase is 

more constrained by the resources in the storage organs than by photosynthesis. In 
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addition, growth of perennial plant species may also reflect difference in their shoot 

lifespan: perennial herbs with annual shoots may invest more to rebuild new shoots 

every year hence may exhibit faster growth to complete their life cycle within one 

growing season, compared to those with long-lived shoots. Further, genome size may 

act as a potential predictor of the growth rate as it is correlated with cell size and cell 

division rates that determine the growth of plant species (Greilhuber et al. 2010; Gruner 

et al. 2010; Veselý et al. 2011). Finally, to what extent these potential predictors are 

important for the growth rate of perennial herbs may depend on the ecological regime 

of the habitats where the species typically occur (Lambers and Poorter 1992; Walters et 

al. 1993; Antúnez et al. 2001; Wright et al. 2004).  

Perennial plants stay alive for several seasons at the state of dormancy, with most 

of (or all) aboveground parts discarded at the end of the growing season. In the next 

growing season, external environmental factors such as temperature and light would act 

as a trigger (van der Schoot and Rinne 2011) for the resprouting of these plants from 

renewal buds developed on rhizomes, roots, bulbs or remaining parts of aboveground 

stems (Van Groenendael et al. 1996; Klimeš and Klimešová 1999). Bud preformation, 

the preformation of vegetative and generative organs in the buds in the preceding 

growing season (Geber and Watson 1997) could promote a quick burst of the growth 

and flowering of perennial herbs (Diggle 1997; Werger and Huber 2006), which is not 

limited by mitotic cell division critically slowed down by low temperatures. However, 

there are still no comparative data testing the role of bud preformation in the growth a 

large set of perennial herbs.  

 

Aims of the thesis 

So far, I have reviewed the research on plant phenology and pointed out the gaps 

that need to be investigated. It is apparent that the limited growth phenological data of 

herbs and grasses have impeded our understanding of the role of growth phenology on 

plant coexistence. There may be several reasons for this. Firstly, growth data for large 

numbers of species are too laborious to collect in the field during one whole growing 
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season. Secondly, it is not immediately clear which parameters can represent the growth 

phenology well because there are a large number of potential growth phenological 

parameters. Thirdly, some traits of growth phenology are hardly comparable among 

species because of their huge differences over large numbers of species. For example, 

plant maximal height can be either less than 10 cm or over 300 cm. Moreover, the 

growth phenology varies a lot both among the same and different plant species (intra- 

vs. interspecific variations), depending on the external environmental conditions. It is 

urgently needed to separate the intraspecific and interspecific variations in the growth 

phenology of perennial herbs. 

Therefore, I attempted to overcome these difficulties using plant collections in the 

Botanical Garden of Charles University in Prague. These collections contain 

approximately 1000 species of the local flora over a range of habitats, which are kept 

under conditions close to their natural habitats and are easily accessible, while the 

climatic regime of the garden is not necessarily identical to their field habitats (cities 

tend to be warmer). Therefore, comparison of growth phenology across species (i.e., 

interspecific variation) are likely to be valid. By linking the growth phenology to their 

optima environmental condition, the effects of external environmental factors (such as 

nutrients and light availability) on their growth phenology could also be investigated.  

In this thesis, I will address primarily the role of phenology of growth patterns in species 

coexistence by asking (i) what are the patterns of growth phenology over a large set of 

perennial herbaceous, and which environmental factors determine such growth 

phenology patterns; (ii) how individual community types differ in mean values of key 

parameters of growth phenology across plant communities and do these parameters of 

co-occurring species show nonrandom distribution within plant communities; (iii) can 

traits of growth phenology (i.e., growth rates) be proxied by some other traits? In 

addition, I have also asked (iv) what are the patterns of bud preformation across a 

representative set of a temperate flora, and what are their roles in growth dynamics of 

these species.  
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Methodology 

To answer these questions, I first collected data on growth phenology of 381 

perennial herbs in the Botanical Garden of Charles University in Prague within one 

growing season (in 2015). For each species, I selected six to eight healthy individuals, 

and measured the plant foliage length (the stretched length of plant foliage from the 

ground to the tip of the topmost leaf), plant foliage height (the vertical distance from 

the ground to the tip of the topmost leaf), plant foliage width (the maximum diameter 

of plant foliage canopy) and stretched length of whole plant (the stretched length of the 

whole plant from the ground to the topmost part of plant) of each individual every two 

weeks from January to September 2015. In these four parameters, plant foliage length 

was well defined for most species and highly correlated with other parameters. Hence, 

I only used plant foliage length in the main analysis. Growth trajectories of plant foliage 

length of each species were fitted by the logistic function. Then I used the fits to 

determine species-specific phenological parameters, namely Day of peak growth, Day 

of maturity and two types of growth rates (i.e. absolute and standardized growth rate) 

(Fig. 1). I used logistic growth rather than exponential because the latter can only 

express the early period of whole life cycle (for seedlings and young adults) and is 

hence not suitable for capturing growth of resprouting perennials during the whole 

growing period (from the beginning of growth to timing of reach maximum height).  

 

 



 24 / 188 

 

 
Fig. 1 An example of growth trajectory of plant foliage length (Agrimonia eupatoria). The logistic 

curve is fitted assuming the logistic function (Y(t) = K/[1 + e−b×(t−a)]), in which Y(t) represents 

observed value of plant foliage length, K (Foliage length, in this case) represents the predicted 

maximum foliage length, t (day of year 2015) represents the survey day, b (Standardized growth 

rate, abbreviated as msGR) represents the standardized growth rate at peak growth and a (Day of 

peak growth, abbreviated as D50%K) represents day of year when plant reached peak growth. The 

Absolute growth rate, i.e. the steepest tangent slope, the slope of line m, is mathematically dependent 

with Standardized growth rate and Foliage length (maGR = msGR × K/4). The Day of maturity is 

day of year when 90%K reached. One circle represents one observed data of one individual at each 

time. 
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Fig. 2. Examples of fitted growth trajectories of four species with different growth phenologies. The 

point on each line represents the timing of the peak growth, i.e., the point with the steepest tangent 

slope. The x-axis value of this point is Day of peak growth (D50%K) and the tangent slope at this 

point is Absolute growth rate (maGR). 

 

Important findings 

I assessed environmental conditions in which these species commonly occur in the 

field using Ellenberg indicator values, which express species’ optima along gradients 

of moisture, nutrients and temperature (Ellenberg 1974), and examined how the growth 

phenology of these species depend on the external conditions (Paper I). I found that 

species with early peak growth had high standardized growth rates in contrast to late 

species, reflecting the survival under forest canopy, where species are selected to grow 

early and fast before the development of tree canopy which restricts their size (Fig. 2). 

I also found that tall species showed later peak growth than short species, associating 

with (asymmetric) competition for light in open habitats, where the main selection 

factor is for tall stature, which cannot be attained early in the season. These results 

indicate that differences in size growth dynamics among herbaceous species are 

constrained by a few key trade-offs (e.g. the negative relationship between Standardized 

growth rate and timing, and between timing and Maximum size of the plant.) involving 
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height at maturity, rates of growth and time when maximum height is attained, these 

trade-offs are the main selective forces acting on herbaceous plants in temperate 

climates (Fig. 3). 

 

  

Fig. 3. Regressions of temporal parameters of growth phenology vs. growth parameters for 381 

species. Graphs in left column show regressions of the following parameters vs. Day of peak growth: 

A) Standardized growth rate; B) Absolute growth rate; C) Foliage length. Graphs in right column 

show regressions of the above parameters vs. Day of maturity. Regression lines were fitted only if 

p value < 0.05. The adjusted R-squared (R2
adj) for each relationship is shown in each graph. Data of 

Standardized GR, Absolute GR and Foliage length are log-transformed. The meanings of parameters 

are described in Fig. 1. Each circle represents the mean value of a species.  
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Then, by linking the phenological trait database (collected from the Botanical 

Garden of Charles University) with the co-occurrence data of the species from the 

Czech National Phytosociological Database (annuals and woody species were excluded 

from the analysis; only vegetation records in which at least 60% of perennial 

herbaceous species had phenological data available were selected; and further selected 

only habitat types with more than 90 records), I first examined the differences among 

habitats in their phenological patterns (Paper II). Then I also tested whether co-

occurring species show non-random patterns of these phenological traits in each 

individual habitat. I found that the Mean day of peak growth in individual vegetation 

records ranged between day 118 (late April) in broadleaved woodland and day 143 (late 

May) in littoral communities; Growth rates varied with lowest absolute/standardized 

growth rate in dry and mesic grasslands and highest in woodlands, clearing and tall-

herb stands. Such large differences in growth parameters among habitat types are partly 

due to variations in habitat productivity. Unexpectedly, I did not find temporal niche 

differentiation in woodlands, indicating that day of peak growth of species (but not 

growth rates) was essentially random. In contrast, for the species in grasslands, the 

distribution pattern of their phenological traits showed synchronization, which is likely 

driving by the asymmetric competition for light. These results therefore provide the 

first quantitative assessment of differences in growth dynamics across communities and 

show one of the first unequivocal demonstrations of traits overdispersion in plant 

communities (Fig. 4). 
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Fig. 4. Standardized effect size of dispersion variables (mean taxon distances) of individual 

habitat types. Red line indicates extreme values (P<0.05). Overall tests of difference among 

habitat types are significant (P<0.001) for all variables except Date of peak growth (P=0.12).  

 

As competition for light is asymmetric, a rapid height growth (i.e., a higher growth 

rate) could help a plant to occupy higher space earlier and quickly so that to succeed in 

competition for light. I identified determinants of the interspecific differences in key 

phenological traits (i.e., growth rates measured in height) of the temperate perennial 

herbs. In particular, I examined the effects of SLA (measured in the botanic garden or 

collected from LEDA database), the size of the belowground storage organs volume 

(extracted from drawing in CLO-PLA3 data source), shoot lifespan (annual shoots vs. 
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long-lived shoots that can live more than one year) and genome size, which are possible 

important determinants of growth rate of perennial herbaceous. I also examined how 

effects of these traits vary as the changes of the habitats conditions where the species 

typically occur, namely in terms of productivity (nutrients) and light. I used Ellenberg 

index as the optima for light here, representing a combination of light and root 

competition by trees. I found that that growth rates of perennial herbs measured in plant 

height were not related with SLA, indicating that SLA can hardly be used as a proxy 

for growth rates in perennials. However, there was a weak positive relationship between 

the growth rates and genome size or storage organ size; species with annual shoots had 

a relatively greater growth rate than species with long-lived shoots. These results 

highlighted the importance of storage organ in seasonal climates. Importantly, these 

relationships vary as the change of ecological regime of the species, for example, the 

relationship between Standardized growth rate and Storage organ negatively interacted 

with Light, implying that size of storage organ enhances growth rates mainly in species 

of shaded habitats. These results thus suggested that prediction of growth rates by traits 

is habitat-dependent and hence we should keep paying attention to perennial herbs in 

other habitats. 

Subsequently, I also contributed the data to the last question, i.e., how is the role 

of bud preformation in growth dynamics of individual species by linking the data on 

bud preformation with the unique data set on growth and flowering dynamics of a large 

set of species collected from the botanic garden. We observed bud preformation in one 

third of the focused herbaceous perennial plants. While it was phylogenetically 

conservative to some extent, it was widely distributed among individual lineages and 

habitat types. Bud preformation mainly influenced the dates of flowering and maturity 

but not the growth rates. Species with bud preformation generally flowered much earlier 

(36 days) than species without bud preformation and even before their peak growth. 

These results indicate that bud preformation is one of the key adaptations of temperate 

plants to short predictable vegetative season. 
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Conclusion 

To our knowledge, this thesis is the first to use quantitative comparative methods 

to examine the patterns of growth phenology over a large set of perennial herbs. In this 

thesis, I described the whole growth trajectory of new individuals resprouting from 

underground organs until reaching maximum plant height, but not just single growth 

events, such as onset of flowering. Based on this growth phenological database, several 

existing hypotheses on phenological differentiation have been supported. I show that 

phenological parameters constitute an important axis of differentiation among 

temperate plants that can be partly predicted by environmental parameters of the 

habitats where the species are commonly found. Moreover, these phenological 

parameters are linked, and the growth rates of perennial herbs can be predicted by other 

key functional traits like size of belowground storage organ and genome size. As 

expected, species in broadleaved woodlands grow faster and show overdispersion (trait 

divergence), which is contrasted with species in grasslands and coniferous forests. The 

results also support the idea that preforming species tend to be more common in 

predictable environment.  

However, it should be noted that : 1) All the results reported in this thesis are 

mainly based on the growth phenological data collected in the botanic garden, we are 

not sure to what extent it represents the real growth phenology patterns in the field; (2) 

The results only indicate the general patterns of growth phenology of species in central 

Europe; (3) This thesis only examined the effects of several key functional traits on 

growth rates, such as underground storage organ, genome size, shoot lifespan, as weak 

predictors of growth phenology, there are still other traits may deserve to be examined.  

Therefore, while much attention has been focused on flower phenology, I suggest 

that future studies should also pay more attention on growth phenology as its 

importance reported in this thesis. Moreover, studies aiming to disentangle the role of 

growth phenology in community assembly in the field would be appreciated. It would 

be also interesting to know how the pattern of growth phenology will be different in the 

Central Europe as found in this thesis from other vegetation areas, such as Asia or 
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America.  
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Abstract 

1. Because perennial herbs of temperate climates develop their aboveground parts 

every year anew, their success critically depends on the timing and speed of this 

growth (growth phenology). These parameters can play a role in species 

coexistence and may differ along environmental gradients. Still, we know little 

about them, as most phenological data come from observations of flowering and 

to a lesser degree leafing onset.  

2. We collected data on growth phenology of about 400 perennial herbs in a 

botanical garden to make the results independent of local differences in climatic 

drivers as much as possible.  Using these data, we determined species-specific 

parameters of Day of peak growth, Day of maturity, and two types of growth rates 

associated with the change in plant size. Environmental conditions in which these 

species occur in the field were assessed using Ellenberg indicator values, which 

express species' optima along gradients of moisture, nutrients and temperature.  

3. Both timing and speed of growth estimated in the common garden were affected 

by light and moisture conditions of the habitats where the species typically occur. 

All parameters showed phylogenetic conservatism.  

4. We identified two relationships among these parameters of growth phenology: (i) 

species with early peak growth had high relative growth rates in contrast to late 

species; (ii) tall species showed later peak growth than short species. The first 

relationship is associated with survival under forest canopy, where species are 

selected to grow early and fast before trees leaf out, which restricts their size. The 

latter is associated with (asymmetric) competition for light in open habitats, 

where the main selection factor is for tall stature, which cannot be attained early 

in the season.  

5. Synthesis: We show that large differences in size growth dynamics among 

herbaceous species are constrained by a few key tradeoffs involving height at 

maturity, rate of growth, and time when maximum height is attained. These 

tradeoffs correspond to major selective forces acting on herbaceous plants in 
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temperate climates.   

 

Keywords: Ellenberg values, Light, Nutrients, Day of peak growth, flowering 

phenology, growth phenology, growth rate, phylogenetic conservatism, perennial 

plant 
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Introduction 

Plant phenology, the seasonal dynamics of plant development and reproduction 

processes such as leafing, flowering and fruiting, has drawn more attention recently, 

partly due to its climate sensitivity making it potentially useful as a climate change 

indicator (Chmielewski & Rötzer 2001; Fitter & Fitter 2002; Zhang et al. 2003; 

Cleland et al. 2006; Cleland et al. 2007). Species shifts in growth timing in response 

to climate change have been suggested by studies tracking spring vegetation green-up 

phenology using ground observations, satellite images or digital repeat photography 

(Badeck et al. 2004; Richardson et al. 2006; Crimmins & Crimmins 2008). Shifts in 

plant phenology have also been examined for individual species with wide 

distributions (Dunne, Harte & Taylor 2003; Inouye, Saavedra & Lee-Yang 2003; 

Gressler et al. 2015), especially to relate phenological changes along latitudinal or 

elevation gradients (Olsson & Ågren 2002; Davi et al. 2011) to changing 

environmental conditions. However, comparisons in phenological shifts among co-

occurring species have hardly been studied at all. As a temporal axis of niche 

differentiation, phenology may play a potential role in species coexistence (Fargione 

& Tilman 2005; Morin et al. 2009; Chuine 2010; Higgins et al. 2011; Mason et al. 

2013); therefore, species differences in phenological shifts might affect the potential 

for species coexistence.   

Phenological differentiation among species is ubiquitous in temperate areas and 

has been demonstrated primarily for flowering phenology (Mosquin 1971; CaraDonna 

& Inouye 2015). Entomogamous species with high differentiation of flowering 

phenology (e.g., onset of flowering) are more likely to coexist if they avoid 

competition for pollinators (Bawa 1990; Boulter, Kitching & Howlett 2006; Torres & 

Galetto 2011). However, flowering is not the only process that shows a strong 

seasonal component: growth phenology, consisting of temporal changes in plant size 

(e.g., plant height, leaf number, and vertical distribution of foliage) during the 

growing season, also differs among species (Lechowicz 1984; Morin et al. 2009; 

Richardson & O’Keefe 2009; Davi et al. 2011; Higgins et al. 2011; Gressler et al. 
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2015). Differentiation in growth phenology could also lead to species coexistence by 

minimizing interspecific competition of neighbor species if it enables them to use 

shared resources at different times (Rathcke & Lacey 1985; Richardson & O’Keefe 

2009; Smith et al. 2012). For example, understory species usually grow earlier in 

spring to make use of high light availability before canopy development (Kato & 

Komiyama 2002; Richardson & O’Keefe 2009; Higgins et al. 2011). However, only a 

few quantitative, phylogenetically informed studies have shown growth phenology 

differences among perennial herbaceous species, along with their potential 

determinants (Mahall & Bormann 1978; Sun & Frelich 2011). Moreover, 

phenological studies have either focused on a few species only or on a single 

phenological event such as leafing onset which represents only one part of the whole 

growth trajectory (Davies et al. 2013).  

Because plant growth phenology is species-specific and environment-dependent, 

an understanding of it can best be achieved through data collection from a large set of 

plant species using an approach that properly accounts for the environmental 

dependence of phenology. This can be done either by observing all the species in a 

single habitat or by collecting data over ranges of environmental conditions for each 

species and making corrections for differences between them (see, e.g., Davies et al. 

2013).  

Further, plant size characterization must take into account the tremendous 

variation in plant growth forms (Sun & Frelich 2011; Mason et al. 2013). Therefore, 

although size can be characterized in terms of many different growth variables (e.g., 

plant height, foliage volume and biomass) (Lopez et al. 2008; Sun & Frelich 2011), 

practical considerations and the need for broad applicability dictate that a small subset 

of them be used that can adequately represent plant size. In particular, these variables 

must capture primarily the two key components of plant size: (i) size and height of 

plant foliage (foliage volume and foliage height); and (ii) overall plant height. Plant 

species maintaining greater foliage height and/or occupying larger space with larger 

foliage volume have an advantage in light competition (Givnish 1982; Richardson & 
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O’Keefe 2009; Gressler et al. 2015), and the same is true for plants attaining greater 

overall height, with the latter also affecting the chance of being visited by a pollinator 

(Lortie & Aarssen 1999; Gómez 2003).  

In this study, we aim to examine, for a large set of species, patterns of 

interspecific variation in parameters of growth phenology and correlations among 

these parameters that would be indicative of existing tradeoffs. We further relate 

phenological parameters to parameters of the species’ typical habitats, and test how 

these relationships are affected by phylogenetic conservatism in these traits. We used 

phylogenetic analyses both to assess the degree of phylogenetic conservatism in 

phenological traits (known to be strong e.g. in leafing phenology; Davies et al. 2013) 

and to determine whether trait correlations are due to shared ancestry or parallel 

evolution (Freckleton et al. 2002).  We used plants in a botanical garden where 

species are maintained in their species-specific habitats, but under very similar 

climatic conditions. We used a common measurement protocol applicable for all 

species (400+), regardless of various shapes and growth forms. We use repeated 

measurements over a growing season to capture continuous phenological curves from 

which several parameters can be extracted. Specifically, we addressed the following 

questions: 1) how are the relationships of parameters of growth phenology across a 

large set of species? 2) which environmental factors determine parameters of growth 

phenology and the relationships of these parameters? 3) which parameters of growth 

phenology are phylogenetically conservative, and to what extent? 4) To what extent 

are growth phenology and flowering phenology correlated?  

 

Methods 

Study site and species selection 

The growth phenology data were collected at the Botanical Garden of the Faculty 

of Science, Charles University in Prague (http://www.bz-uk.cz). This garden includes 

a collection of Central European flora comprising about 1200 native species that as a 

rule were taken from the Czech Republic or Slovakia and collected primarily between 
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1960 and 2000.  

Various habitats are included in the garden, which range in moisture (dry, mesic 

or moist), light (shaded or unshaded) and soil conditions (sandy, rocky or others). 

Each plant species is kept in a habitat matching as closely as possible to its preferred 

natural habitat. All species in the garden experience the same climatic conditions, 

minimizing climatic effects on interspecific variation in growth phenology. 

Additionally, weeding and thinning are done regularly in the garden, reducing 

interactions among individuals.  

We used only perennial herbaceous species for phenological measurements. Of 

these, we selected species occurring primarily in grasslands, woodlands and wetland 

habitats according to data from the Czech National Phytosociological Database 

(CNPD) (Chytrý & Rafajová 2003), because species from other habitat types were 

unsatisfactorily represented in the garden collection. We also excluded species that for 

various reasons did not perform well in the garden. As a result, 381 species were 

selected for phenological measurements. They are from 58 families and 22 EUNIS 

habitats (Davies, Moss & Hill 2004) and thus could reasonably represent flora of 

these habitats in Central Europe.  

 

Data collection  

Beginning January 15th, 2015, and over an approximately 4-month period, we 

marked six to eight healthy individuals of each species with colored labels in the 

garden. Each individual of the same species was similar in size. For each individual, 

four growth variables were measured every two weeks until the value of each variable 

reached to the maximum or even started to decrease (at the end of August). These 

variables are fully described in Fig. 1 and consisted of stretched plant foliage length 

(Lf), plant foliage height (Hf), plant foliage width (Wf) and stretched whole-plant 

length (Lp), the last of which would include flowers when appropriate. Using the data 

on plant foliage height (Hf) and width (Wf), we also calculated the foliage volume (Vf) 

by assuming (correctly in most cases) that there was no considerable non-foliated 
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lower part of the stem:  

               (Eqn. 1) 

In order to compare data of each growth variable in the same dimension, we used 

the cube root of foliage volume (crVf) to represent the foliage structure in space. Data 

on plant foliage length (Lf), whole plant stretched length (Lp) and cube root foliage 

volume (crVf) were used to extract phenological parameters in the following analysis. 

We also calculated the mean value for the first flowering day for each species. 

 

Phenological parameters 

Using the data on each growth variable (Lf, Lp or crVf), we characterized plant 

growth patterns of each plant species by fitting the following simple logistic function, 

                    (Eqn. 2)  

in which Y(t) represented the observed value of a growth variable (Lf, crVf or Lp, Fig. 

1), K (predicted Maximum size) represented the maximum predicted size of this 

variable, t represents the survey day (Day of year 2015), b (Maximum Standardized 

growth rate, abbreviated as msGR, and referred to as Standardized growth rate) 

represented the standardized growth rate at peak growth (i.e., when growth variable 

reached to 50%K), a parameter of life cycle showing the ability of completing life 

cycle events, and a (Day of peak growth (abbreviated as D50%K, showing the shifts of 

growth phenology among species ) represented the day of year when the plant reached 

peak growth (Table 1; Figs. 2-3). We also tried Gompertz and generalized logistic 

functions and got similar estimated parameters of growth phenology as those yielded 

by the simple logistic function, the only function that we were presenting here.  

We fitted the logistic curve using a nonlinear least squares model (function nls; 

Venables & Smith 2014). To get a more specific description of the growth trajectory 

(growth until maximum plant size) of each variable, we chose data from the first time 

of data collection to the time of the maximum observed value of the variable (as 

( )
( )

1 b t a

K
Y t
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shown in Figs. 2-3). We then calculated two additional ecologically relevant 

parameters. First, we defined Day of maturity (D90%K) as the day of year when the 

plant reached 90% of its predicted Maximum size (K). Second, we calculated 

Maximum Absolute growth rate (abbreviated as maGR and referred to as Absolute 

growth rate) as the derivative of the logistic equation at x= D50%K, which is msGR × K 

/ 4 (Table 1; Figs. 2-3). In contrast to Standardized growth rate, this expresses growth 

rate in absolute units (cm/day) and therefore it is a parameter of competition ability 

for light.  Estimates of some of these five parameters are functionally dependent on 

each other (e.g. Standardized growth rate and Absolute growth rate, Table 1), but they 

capture different aspects of plant growth phenology. Finally, we calculated adjusted 

R-squared (R2
adj) from predicted and observed values to show how well the model fits 

the data.  

All these parameters were extracted for each of the three growth variables (Lf, 

crVf or Lp, Fig. 1); in the end, we extracted 15 growth phenological parameters (3 

growth variables × 5 phenological parameters) for each of 381 species. However, 

these phenological parameters were highly correlated with each other (see details in 

Appendix, Table S1; Fig. S1), and therefore we only used the phenological parameters 

based on plant foliage length (Lf, the simple measured variable) in the following 

analysis. Correspondingly, predicted Maximum size (K) of Lf was predicted Maximum 

Foliage length, referred to as Foliage length. 

 

Ellenberg indicator values and phylogenetic data  

We used Ellenberg indicator values (Ellenberg et al. 1992) to provide 

information on environmental conditions where the study species typically occur in 

the field. Ellenberg indicator values express optimal positions of most Central 

European species along gradients of main abiotic factors such as nutrients, moisture, 

temperature, pH and light (Diekmann 2003). They are expressed on an ordinal scale 

ranging from 1-9. They have been derived mainly based on field experience 

(Ellenberg et al. 1992) and subsequently tested and corrected by field measurements 
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(Schaffers & Sýkora 2000, Wamelink et al. 2002; Diekmann 2003). They have been 

shown to be highly informative in comparative studies of species niche and habitat 

requirements (Prinzing et al. 2001, Diekmann 2003). Here we used Ellenberg values 

for soil Nutrients, Moisture, Temperature and Light (Ellenberg et al. 1992).  

Phylogenetic data of all species were taken from the Daphne phylogeny database 

(Durka & Michalski 2012).  

 

 Data analysis  

We fitted phylogenetic least squares regressions using the function pgls with 

Pagel's λ transformation of the phylogenetic tree for each given dependent variable. 

We also fitted non-phylogenetic regressions using the same function by setting λ 

equal to 0.01. Stepwise analysis using AIC was used to find the minimum adequate 

model of Ellenberg values.  

We quantified the strength of phylogenetic conservatism in growth phenology 

using Pagel's λ value of each parameter (Freckleton, Harvey & Pagel 2002). We fitted 

λ using a maximum likelihood approach as implemented in the function pgls from 

the package caper for R (Orme et al. 2012) and calculated its upper and lower 

confidence limits for each parameter. By working with log-transformed values of b, K 

and GR, we assumed a multiplicative process in their evolution; an additive process 

was assumed for the parameters of temporal shift (Day of peak growth and Day of 

maturity).  

Multivariate relationships between phenological parameters and Ellenberg values 

were examined by redundancy analysis (RDA, a multivariate form of multiple 

regression) on standardized variables. We followed the approach of Diniz-Filho, de 

Sant'Ana & Bini (1998) (see also Desdevises et al. 2003) to address possible 

phylogenetic dependence of parameter values of species in multivariate analyses. We 

summarized the matrix of phylogenetic distances using non-standardized principal 

coordinates analysis (PCoA) by the function dudi.pco from package ade4 for R 

(Dray & Dufour 2007). The first 25 axes from this PCoA account for 90% of the total 
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phylogenetic variation. We then conducted redundancy analysis (RDA) of these 

multivariate relationships between phenological parameters and Ellenberg values 

(adding the first 25 axes from this PCoA as covariates) using function rda from the R 

package vegan (Oksanen et al. 2013). Next, we performed forward and backward 

selection of RDA analysis using the function step in R. We assumed that species 

traits were dependent variables and Ellenberg indicator values were independent 

variables; in the phylogenetic version of the analysis, phylogenetic axes were used as 

covariates. We log-transformed values of parameters that had strongly skewed 

distributions (Standardized growth rate, Foliage length and Absolute growth rate) in 

the analyses.  

 

Results 

We found large variation in phenological parameters and growth parameters (Fig. 

3), showing species have several growth tendencies: early-fast growing species (e.g. 

Dentaria glandulosa); early-slowly growing species (e.g. Galanthus nivalis); late-fast 

growing species (e.g. Athyrium filix-femina); late-slowly growing species (e.g. 

Hieracium sabaudum). 

 

Relationships between phenological parameters and environmental factors 

According to the stepwise regressions between individual phenological 

parameters and Ellenberg values (Table 2), Light and Moisture were positively 

correlated with Day of peak growth and Day of maturity, and Light and soil Nutrients 

were slightly negatively related with Standardized growth rate. Temperature and soil 

Nutrients were the only two significant environmental factors included in the model 

for Absolute growth rate, and both of them were positively correlated with Absolute 

growth rate (Table 2). All four environmental variables were positively related to 

Foliage length (Table 2). The coefficients of determination (R2
adj) for each 

phenological parameter were similar for the non-phylogenetic and phylogenetic 

analyses even though soil Nutrients were included in the model for Day of peak 
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growth and Day of maturity, and Light for Absolute growth rate. 

 

Relationship between growth and temporal phenological parameters 

Standardized growth rate showed a negative correlation with Day of peak growth 

and such a relationship also appeared between Standardized growth rate and Day of 

maturity with higher R2
adj (Fig. 4).  Absolute growth rate was not related with Day of 

peak growth but had a slightly negative correlation with Day of maturity. Foliage 

length was significantly correlated with Day of peak growth and Day of maturity, but 

not related with Standardized growth rate (R2
adj = -0.002, Appendix Table S1). Non-

phylogenetic and phylogenetic analyses of linear regressions of phenological 

parameters showed similar results (Table 3). 

The redundancy analysis (RDA) showed that all four environmental variables 

together only explained 7.7% and 8.4% of the variance in the growth phenology for 

non-phylogenetic (Fig. 5A) and phylogenetic analyses (Fig. 5B), respectively. The 

main drivers of phenological differentiation along the first canonical axis were Light 

and Moisture, which are closely correlated with temporal parameters (Day of peak 

growth and Day of maturity) and Standardized growth rate. In contrast, the second 

canonical axis is driven mainly by soil Nutrients and was correlated with Absolute 

growth rate and Foliage length.  

 

Phylogenetic conservatism of phenological parameters 

Estimated phylogenetic signals (λ) of individual phenological parameters among 

381 species were fairly high (λ ≈ 0.8, Appendix Fig. S2). Mapping the parameter Day 

of peak growth on the phylogenetic tree shows a number of conspicuous phylogenetic 

clusters of either early or late species (see Fig. 6 for the monocotyledonous species, 

and Appendix, Fig. S3 for dicotyledonous species). For example, the Danthonia-

Molinia-Bothriochloa clade in grasses is always late (late Day of peak growth), as is 

the Carex flava-hirta-acuta clade in genus Carex. In contrast, early species are 

aggregated in the Leucojum-Allium clade. In a similar fashion, mapping Standardized 



 55 / 188 

 

growth rate on the phylogenetic tree showed there were clear groupings of fast- and 

slow-growing species (see Appendix, Fig. S4 for monocotyledonous species, and Fig. 

S5 for dicotyledonous species), such as a clade of fast growing species in the 

Polygonatum-Asparagus clade and a slow-growing Carex flava-hirta-acuta clade in 

genus Carex (Appendix, Fig. S4).  

 

Relationships between growth phenology and flowering phenology  

Both temporal parameters of growth phenology (i.e. Day of peak growth and Day 

of maturity) were significantly positively related to flowering phenology (mean values 

of the First Flowering Day) (Fig. 7), indicating that early-growing species flower 

early. But none of the growth parameters (i.e., Standardized growth rate, Foliage 

length and Absolute growth rate) was significantly related to the First Flowering Day. 

However, the First Flowering Day can only explain 48.4% and 33.2% of variance in 

Day of peak growth and Day of maturity, respectively (Fig. 7). In early species, the 

First Flowering Day closely coincided with Day of peak growth, whereas the late 

species generally flowered after Day of peak growth and quite often even after Day of 

maturity (Fig. 7). 

 

Discussion 

Based on the study of growth phenology of about 400 herbaceous species with 

continuously recorded growth phenology (i.e., the whole growth trajectory, rather than 

single events such as flowering or leafing dates), we found a number of relationships, 

both among phenological parameters and between phenological parameters and 

parameters of species niches, namely their positions along light and moisture 

gradients.  

 

Relationships between temporal parameters and growth parameters 

There are two important relationships that link temporal parameters of growth 

phenology to parameters of species growth and/or stature. First, there is a correlation 
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between Standardized growth rate and Day of peak growth (or Day of maturity). This 

correlation is likely to indicate a functional tradeoff between timing of growth and 

growth rate, with early species growing relatively fast, whereas late species being 

bound to grow relatively slowly. Existence of such tradeoff indicates that plant species 

are not free to change each component of their phenological setup separately. 

Positions of individual species along this tradeoff are then determined by 

environmental conditions, such as pressure on fast development under forest canopy, 

where species are selected to grow relatively early and fast to finish life cycle events 

before trees leaf out.  

Second, there is a positive correlation between Foliage length and temporal 

parameters (Day of peak growth and Day of maturity), showing early species are 

usually smaller, whereas late species are usually bigger. Again, this is indicative of a 

tradeoff between plant size and timing that constrains ways how large size can be 

attained (Novoplansky 2009). One extreme position along this tradeoff line is 

exemplified by growth strategy of forest herbaceous species that early-fast growing 

strategy restricts plant size. In contrast, the other extreme position is likely to be 

associated with (asymmetric) competition for light in open habitats, where the main 

selection factor is for tall stature, which cannot be attained early in the season.  

In contrast, there was no correlation between Absolute growth rate and Day of 

peak growth, indicating both early and later species can accumulate biomass (in 

absolute terms) quickly. This might correlate with their ability of absorbing nutrients 

and nutrients availability in different habitat types. 

 

Effects of species niche on parameters of growth phenology 

The temporal parameters (Day of peak growth and Day of maturity) of growth 

phenology were primarily correlated with species optima along the light gradient 

expressed by Ellenberg indicator values for Light, indicating species in low-light 

conditions grow early to avoid shading. This confirms a common fact that many 

understory species, such as Gagea lutea, Leucojum vernum, Pulmonaria officinalis, 
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Dentaria bulbifera or Corydalis cava grow in early spring before tree canopy 

development.  This is a well-known strategy of phenological escape, shown 

primarily by a large number of early-spring understory species in forest habitats that 

take advantage of the high-light availability period and avoid shading before tree 

canopy development (Crawley 2009; Richardson & O’Keefe 2009). As a result, 

patters of growth phenology along the light gradient are markedly different. 

Interspecific variation in temporal phenological parameters in response to Light 

is inevitably associated with variation in growth rate and/or in maximum plant size. 

Early species (early Day of peak growth) are mostly short understory species, which 

grow during a short window of light before tree canopy development; therefore, they 

have to grow relatively fast (large Standardized growth rate) and mature quickly 

(early Day of maturity) to complete whole life cycle. Additionally, they are normally 

small (small Foliage length) due to the short growth time for biomass accumulation. 

In contrast, late species (late Day of peak growth) often grow in open habitats, where 

they are likely to encounter competition for light by species of similar sizes. This 

forces then to compete by attaining large stature (Novoplansky 2009). Therefore, in 

order to improve competitive ability for light, late species have to accumulate more 

energy to afford higher plant height (large Foliage length). However, due to the facts 

that most late species developed their aboveground organs anew every year and 

achievement of greater plant height costs more energy, late species grow relatively 

slowly (small Standardized growth rate) and mature late (late Day of maturity).   

In addition to light, temporal parameters (Day of peak growth and Day of 

maturity) and relationships among parameters of growth phenology are also affected 

by soil Moisture (Moisture, hereafter) and, to a lesser degree, soil Nutrients (Noy-

Meir 1973; Steyn et al. 1996; Mahall, Thwing & Tyler 2010). The climate in Central 

Europe is characterized by water shortage in late summer and autumn, favoring early 

species in water-limited habitats, whereas later species can prevail in habitats with 

abundant water supply. Due to the seasonal dynamics of rainfall in Central Europe, 

species in dry habitats grow early and fast to avoid water stress in late summer, 
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whereas species in wet habitats grow late and slowly due to sufficient water resource. 

Therefore, species in water-stressed habitats are early species with slower biomass 

accumulation over a shorter growth period, whereas species in habitats with sufficient 

water supply can afford to be late and taller and accumulate larger biomass because of 

sufficient water over a long growing period.  

Soil Nutrients do not seem to affect temporal parameters of growth phenology 

(Day of peak growth and Day of maturity) in non-phylogenetic analysis. This 

contrasts with findings of Dahlgren, von Zeipel & Ehrlén (2007) who found that soil 

nutrients did influence timing of shoot emergence. However, we found a weak 

positive effect in phylogenetic regression; indicating recent evolution of this 

relationship, i.e. selection on species in nutrient-poor conditions to grow early. This 

seems that species in poor habitats have a more urgent need to compete for resources. 

Species in rich habitats could accumulate resource quickly (large Absolute growth 

rate) and achieve a large plant size (large Foliage length), which indicates that 

Absolute growth rate are mainly constrained by nutrients availability in species 

habitats, no matter they are early or late species. This is likely to underlie absence of 

the relationship between Day of peak growth and Absolute growth rate.  

It should also be noted that Temperature, as a parameter of species’ optimum 

habitat as expressed in terms of the Ellenberg value for Temperature, was essentially 

unrelated to temporal parameters of growth phenology when plants were cultivated 

under the same climate conditions. This contrasts with strong effects of temperature 

on intraspecific shifts in plant phenology, such as advancing onsets of spring events or 

delaying onsets of autumn events in warmer condition (Menzel & Fabian 1999; 

Chmielewski & Rötzer 2001). Clearly, temperature optima of individual species 

constitute a very different signal for species phenology, comparing with inter-annual 

variation in climatic driving variables.    

 

Difference between both growth rates  

For each species there are two ways to express growth rates: Standardized 
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growth rate and Absolute growth rate. These are mathematically related and hence 

dependent on each other. Standardized growth rate represents whether species grow 

relatively fast or slowly regardless of interspecific differences in plant height, 

indicating the ability of completing life cycle events, whereas Absolute growth rate 

represents absolute increase in plant size, indicating ability to compete for light (Fig. 

3). However, only Standardized growth rate shows significant relationships to 

temporal parameters of phenology. This implies that the tradeoff between growth rate 

and Day of peak growth (or Day of maturity) concerns only the developmental 

component of growth rate, not Absolute growth rate which expresses the "common 

currency" that determines how fast a species can overtop another species.   

 

Phylogenetic constraints on growth phenology 

We found considerable phylogenetic conservatism in all quantitative parameters 

of growth phenology. While Davies et al. (2013) did pioneering work to evaluate 

evidence of phylogenetic conservatism in timing of first flowering and first leaf on a 

large taxonomic and spatial scale, our study identified high phylogenetic conservatism 

not only in parameters of growth phenology (i.e. of the whole growth trajectory), but 

also in correlations between growth parameters and temporal parameters. In other 

words, species maturing at similar seasonal times hardly differ in their Standardized 

growth rates due to their shared evolutionary history. Moreover, we collected 

phenological data across various habitats but with similar climate condition, in 

contrast to Davies et al. (2013). This minimized climatic effects on interspecific 

variation in phenology at large, regional scales.  

Further, we found responses of growth phenology to environmental factors were 

also phylogenetically conservative, demonstrating that closely related species tend to 

grow in similar environmental condition. In particular, soil Nutrients contributed to 

temporal parameters when phylogeny was taken into account but did not contribute at 

all in the non-phylogenetic analysis, indicating that species phenological responses to 

soil Nutrients is due to recent parallel evolution. Similarity of phylogenetic analysis 
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and non-phylogenetic analysis in other cases indicate that evolutionary adaptation to 

different environment conditions is not confined to specific time frames. 

 

Implications  

Our data support, in quantitative fashion, several existing hypotheses on 

phenological differentiation among plants from temperate climates. We show that 

phenological parameters constitute an important axis of differentiation among 

temperate plants that can be partly predicted by environmental parameters of the 

habitats where the species are commonly found. Such differences are the key 

component of temporal niche differentiation, which become important namely in 

competition for light in more productive conditions. 

In contrast to earlier studies that have focused on only single phenological 

events, such as onset of leafing or flowering, we collected data on the whole 

phenological trajectory. Such data permit analyses of the entire time course of plant 

development and extraction of representative parameters of the whole trajectory. As a 

result, we were able to identify two relationships that constrain plant phenology, 

namely the negative relationship between Standardized growth rate and timing, and 

between timing and Maximum size of the plant.  

Importantly, we show that the most commonly used phenological trait, flowering 

phenology, is only partly correlated with plant size phenology. While flowering 

phenology is a well-defined, species-specific trait with great value in intraspecific 

climate-related comparisons, it is not a very good proxy parameter for the overall 

phenology of species size. We argue here that comparisons of different species’ 

phenologies, and studies on niche differentiation in phenology, should be based 

primarily on plant size (unless, of course, the research is focused on pollination) as 

plant size is the key influence on how an individual interacts with its biotic 

neighborhood, determining its survival and reproduction.  

We also show that herbaceous species show a remarkable range of phenologies 

(overall range in time to reach maximum size of 156 days), and with fairly strong 
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internal and phylogenetic constraints. While herbaceous species have received less 

attention in phenological studies (see e.g. Vitasse et al. 2009; Davi et al. 2011), it 

should be interesting to see how these constraints differ from those reported mostly 

from trees and shrubs (Morin et al. 2009). 
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Table 1. Descriptions of parameters of growth phenology; see also Fig. 2. 

Parameter 
Abbreviat

ion 
correlation descriptions 

Day of peak growth D50%K  
day of year when plant reached peak growth 

 

Standardized 

growth rate 
msGR  

the standardized growth rate at peak growth, i.e., the maximum of standardized growth rate 

 

Maximum size K  

the predicted maximum size of one growth variable, e.g., Maximum Foliage length, referred to as 

Foliage length in this paper 

 

Absolute growth 

rate 
maGR 

 

the absolute growth rate at peak growth, i.e., the maximum of absolute growth rate 

 

Day of maturity D90%K 

 

 

 day of year when 90%K reached 
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Table 2. Regression coefficients of stepwise regressions of non-phylogenetic and 

phylogenetic analyses between individual phenological parameters and Ellenberg values. 

Values of parameters (Standardized growth rate, Absolute growth rate and Foliage length) 

were log-transformed. λ – Pagel's lambda (set to 0.01 for non-phylogenetic regression). R2
adj - 

adjusted R-squared. Ellenberg values (Light, Temperature, Moisture and soil Nutrients) are 

scaled from 1 to 9, i.e., regression coefficients are comparable within each line. Description of 

parameters can be seen in Table 1 and Fig. 2. 

  λ R2
adj Light Temperature Moisture Nutrients 

Day of peak growth 0.010 0.093 3.441 - 1.862 - 

 0.829 0.072 3.076 - 1.249 1.059 

Day of maturity 0.010 0.076 4.680 - 2.657 - 

 0.789 0.047 3.800 - 1.687 1.507 

Standardized growth rate 0.010 0.042 -0.066 - - -0.028 

 0.743 0.009 -0.030 - - -0.024 

Absolute growth rate 0.010 0.036 - 0.078 - 0.088 

 0.841 0.039 0.039 0.084 - 0.094 

Foliage length 0.010 0.091 0.060 0.122 0.043 0.101 

  0.685 0.109 0.066 0.129 0.042 0.110 

Note: “-” indicates Ellenberg values that were not included in the model. 
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Table 3. Non-phylogenetic and phylogenetic regressions of phenological parameters of growth phenology for 381 species by phylogenetically generalized 

least-squares models. Values of parameters (Standardized growth rate, Absolute growth rate and Foliage length) were log-transformed. Phylogenetic signal 

lambda (λ) values were estimated by maximum likelihood in phylogenetic regressions and were assumed to be 0.01 in non-phylogenetic regressions. R2
adj - 

adjusted R-squared. 

Dependent variable Independent variable    
Non-phylogenetic regression   Phylogenetic regression 

λ  R2
adj   λ  R2

adj 

Standardized growth rate Day of peak growth 0.01 0.164  0.745 0.158 

 Day of maturity 0.01 0.565  0.813 0.577 

Absolute growth rate Day of peak growth 0.01 0.006  0.874 0.035 

 Day of maturity 0.01 0.040  0.862 0.010 

Foliage length Day of peak growth 0.01 0.153  0.840 0.219 

 Day of maturity 0.01 0.072   0.844 0.124 

Note: The definitions of parameters are given in Fig. 2 and Table 1.   
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Fig. 1. Schematic diagram of four measured growth variables of individual plant: Lf = plant foliage length 

(the stretched length of plant foliage from the ground to the tip of the topmost leaf; this length represented 

by the red line here); Hf = plant foliage height (the vertical distance from the ground to the tip of the 

topmost leaf, represented by vertical double arrow line); Wf = plant foliage width ( the maximum 

diameter of plant foliage canopy, represented by horizontal double arrow line line);  Lp = stretched 

length of whole plant (the stretched length of the whole plant from the ground to the topmost part of plant, 

represented by black line along stem). The ground is defined as a horizontal line through the bottom of 

the plant stem. Foliage volume (Vf) was calculated by assuming the foliage shape of each plant was a 

cylinder: . 
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Fig. 2. An example of growth trajectory of plant foliage length (Agrimonia eupatoria). The logistic 

curve is fitted assuming the logistic function (Y(t)= K / [1+e-b×(t-a)]), in which Y(t) represents observed 

value of plant foliage length, K (Foliage length, in this case) represents the predicted maximum foliage 

length, t (day of year 2015) represents the survey day, b (Standardized growth rate, abbreviated as msGR) 

represents the standardized growth rate at peak growth, and a (Day of peak growth, abbreviated as D50%K) 

represents day of year when plant reached peak growth. The Absolute growth rate, i.e., the steepest 

tangent slope, the slope of line m, is mathematically dependent with Standardized growth rate and 

Foliage length (maGR = maGR×K/4). The Day of maturity is day of year when 90%K reached. One circle 

represents one observed data of one individual at each time. 
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Fig. 3. Examples of fitted growth trajectories of four species with different growth phenologies. The point 

on each line represents the timing of the peak growth, i.e., the point with the steepest tangent slope. The 

x-axis value of this point is Day of peak growth (D50%K) and the tangent slope at this point is Absolute 

growth rate (maGR). Day of peak growth (D50%K), Absolute growth rate (maGR) and Standardized growth 

rate (msGR = 4maGR/K, showing relatively fast- or slowly growing) of the four species are respectively: 

Dentaria glandulosa (D50%K = 83, msGR = 0.141, maGR = 0.616), Athyrium filix-femina (D50%K = 145, 

msGR = 0.149, maGR = 3.630), Galanthus nivalis (D50%K = 77, msGR = 0.048, maGR = 0.333) and 

Hieracium sabaudum (D50%K = 181, msGR = 0.033, maGR = 0.940). In each curve, the x-axis represents 

day of year 2015 and the y-axis represents plant foliage length (or percentage of plant foliage length in 

Fig.2B). 
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Fig. 4. Regressions of temporal parameters of growth phenology vs. growth parameters for 381 species. 

Graphs in left column show regressions of the following parameters vs. Day of peak growth: A) 

Standardized growth rate; B) Absolute growth rate; C) Foliage length. Graphs in right column show 

regressions of the above parameters vs. Day of maturity. Regression lines were fitted only if p value < 

0.05. The adjusted R-squared (R2
adj) for each relationship is shown in each graph. Data of Standardized 

GR, Absolute GR and Foliage length are log-transformed. The meanings of parameters are described in 

Fig. 2 and Table 1. Each circle represents the mean value of a species. The species are listed in Appendix - 

Table S2. 
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Fig. 4. Regressions of temporal parameters of growth phenology vs. growth parameters for 381 species. 

Graphs in left column show regressions of the following parameters vs. Day of peak growth: A) 

Standardized growth rate; B) Absolute growth rate; C) Foliage length. Graphs in right column show 

regressions of the above parameters vs. Day of maturity. Regression lines were fitted only if p value < 

0.05. The adjusted R-squared (R2
adj) for each relationship is shown in each graph. Data of Standardized 

GR, Absolute GR and Foliage length are log-transformed. The meanings of parameters are described in 

Fig. 2 and Table 1. Each circle represents the mean value of a species. The species are listed in Appendix - 

Table S2. 

  



 76 / 188 

 

 



 77 / 188 

 

 

Fig. 6. Values of Day of peak growth on phylogenetic tree of monocotyledonous species. 
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Fig. 7. Regressions between growth phenology and flowering phenology for 261 flowering species. The 

mean values of the First Flowering Day are shown on the x-axis, as the parameter of flowering 

phenology, and Day of peak growth and Day of maturity are shown in the y-axis of each graph, as the 

parameters of growth phenology. The adjusted R-squared (R2
adj) for each relationship is shown in each 

graph. The meanings of parameters Day of peak growth and Day of maturity are described in Fig. 2 and 

Table 1. Each circle represents the mean value of a species. The species are listed in Appendix - Table S2. 

*** p < 0.001. 
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Appendix 

Table S1. The correlation coefficients of all growth phenological parameters (meanings of each parameter, shown in Fig. S1). 

  
D50%KL

f 
D50%KL

p 
D50%KcrV

f 
msGRLf msGRLp 

msGRcrV

f 
maGRLf maGRLp 

maGRcrV

f 
KLf KLp KcrVf T90%KLf T90%KLp 

D50%KLf 1.000              

D50%KLp 0.955 1.000             

D50%KcrVf 0.881 0.825 1.000            

msGRLf -0.331 -0.320 -0.230 1.000           

msGRLp -0.343 -0.373 -0.263 0.854 1.000          

msGRcrVf -0.314 -0.298 -0.309 0.795 0.651 1.000         

maGRLf 0.058 0.053 0.079 0.576 0.455 0.461 1.000        

maGRLp 0.041 0.045 0.043 0.551 0.545 0.420 0.963 1.000       

maGRcrV

f 
-0.020 -0.019 -0.030 0.519 0.407 0.632 0.875 0.830 1.000      

KLf 0.393 0.384 0.316 -0.036 -0.095 -0.028 0.690 0.663 0.580 1.000     

KLp 0.383 0.438 0.284 -0.050 -0.123 -0.039 0.648 0.648 0.543 0.962 1.000    

KcrVf 0.333 0.323 0.346 -0.005 -0.053 -0.032 0.659 0.632 0.634 0.902 0.863 1.000   

D90%KLf  0.889 0.841 0.741 -0.626 -0.565 -0.515 -0.183 -0.186 -0.209 0.291 0.285 0.227 1.000  

D90%KLp 0.861 0.910 0.720 -0.576 -0.630 -0.461 -0.150 -0.176 -0.173 0.312 0.369 0.246 0.929 1.000 

D90%KcrVf 0.742 0.703 0.857 -0.453 -0.403 -0.601 -0.127 -0.126 -0.273 0.209 0.201 0.243 0.776 0.725 

Notes: The bold numbers show correlation coefficients of same parameters from different growth variables. The italic numbers show correlation 

coefficients of parameters which are mathematically dependent (maGR & K, maGR & msGR)  
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Table S2. Species list. 

species Family 

Achillea nobilis Asteraceae 

Achillea ptarmica Asteraceae 

Aconitum firmum Ranunculaceae 

Aconitum lycoctonum Ranunculaceae 

Aconitum plicatum Ranunculaceae 

Aconitum variegatum Ranunculaceae 

Adonis vernalis Ranunculaceae 

Agrimonia eupatoria Rosaceae 

Agrostis capillaris Poaceae 

Agrostis stolonifera Poaceae 

Ajuga reptans Lamiaceae 

Alchemilla glaucescens Rosaceae 

Alchemilla vulgaris Rosaceae 

Allium flavum Alliaceae 

Allium oleraceum Alliaceae 

Allium scorodoprasum Alliaceae 

Allium senescens Alliaceae 

Allium ursinum Alliaceae 

Alopecurus pratensis Poaceae 

Anemone nemorosa Ranunculaceae 

Anemone ranunculoides Ranunculaceae 

Anemone sylvestris Ranunculaceae 

Anthericum liliago Asphodelaceae 

Anthericum ramosum Asphodelaceae 

Aquilegia vulgaris Ranunculaceae 

Arabis turrita Brassicaceae 

Aristolochia clematitis Aristolochiaceae 

Armeria elongata Plumbaginaceae 

Artemisia pontica Asteraceae 

Artemisia vulgaris Asteraceae 

Arum orientale Araceae 

Aruncus vulgaris Rosaceae 

Asparagus officinalis Asparagaceae 
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Asperula cynanchica Rubiaceae 

Asperula odorata Rubiaceae 

Asperula tinctoria Rubiaceae 

Aster amellus Asteraceae 

Aster linosyris Asteraceae 

Astragalus cicer Fabaceae 

Astragalus glycyphyllos Fabaceae 

Astrantia major Apiaceae 

Athyrium filix-femina Woodsiaceae 

Avenula pratensis Poaceae 

Avenula pubescens Poaceae 

Betonica officinalis Lamiaceae 

Bistorta major Polygonaceae 

Bothriochloa ischaemum Poaceae 

Brachypodium sylvaticum Poaceae 

Briza media Poaceae 

Bromus benekenii Poaceae 

Bromus erectus Poaceae 

Bromus inermis Poaceae 

Calamagrostis arundinacea Poaceae 

Calamagrostis epigejos Poaceae 

Calamagrostis villosa Poaceae 

Caltha palustris Ranunculaceae 

Campanula trachelium Campanulaceae 

Carex acuta Cyperaceae 

Carex acutiformis Cyperaceae 

Carex brizoides Cyperaceae 

Carex caryophyllea Cyperaceae 

Carex davalliana Cyperaceae 

Carex digitata Cyperaceae 

Carex flava Cyperaceae 

Carex glauca Cyperaceae 

Carex hartmanii Cyperaceae 

Carex hirta Cyperaceae 

Carex hostiana Cyperaceae 
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Carex humilis Cyperaceae 

Carex Leporina Cyperaceae 

Carex melanostachya Cyperaceae 

Carex michelii Cyperaceae 

Carex montana Cyperaceae 

Carex muricata Cyperaceae 

Carex nigra Cyperaceae 

Carex ornithopoda Cyperaceae 

Carex panicea Cyperaceae 

Carex paniculata Cyperaceae 

Carex pendula Cyperaceae 

Carex pilosa Cyperaceae 

Carex praecox Cyperaceae 

Carex remota Cyperaceae 

Carex riparia Cyperaceae 

Carex supina Cyperaceae 

Carex sylvatica Cyperaceae 

Carex tomentosa Cyperaceae 

Carex umbrosa Cyperaceae 

Carex vesicaria Cyperaceae 

Carex vulpina Cyperaceae 

Centaurea phrygia Asteraceae 

Centaurea scabiosa Asteraceae 

Cerinthe minor Boraginaceae 

Chaerophyllum aromaticum Apiaceae 

Chaerophyllum hirsotum Apiaceae 

Chamaenerion angustifolium Onagraceae 

Chondrilla juncea Asteraceae 

Chrysanthemum corymbosum Asteraceae 

Chrysosplenium oppositifolium Saxifragaceae 

Cicerbita alpina Asteraceae 

Cichorium intybus Asteraceae 

Circaea lutetiana Onagraceae 

Circaea x intermedia Onagraceae 

Cirsium acaule Asteraceae 
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Cirsium canum Asteraceae 

Cirsium heterophyllum Asteraceae 

Cirsium oleraceum Asteraceae 

Cirsium pannonicum Asteraceae 

Clematis recta Ranunculaceae 

Colchicum autumnale Colchicaceae 

Comarum palustre Rosaceae 

Convallaria majalis Convallariaceae 

Coronilla vaginalis Fabaceae 

Corydalis cava Fumariaceae 

Corydalis solida Fumariaceae 

Crepis paludosa Asteraceae 

Cruciata glabra Rubiaceae 

Cuviera europaea Poaceae 

Cynodon dactylon Poaceae 

Dactylis glomerata Poaceae 

Dactylis polygama Poaceae 

Dentaria bulbifera Brassicaceae 

Dentaria enneaphyllos Brassicaceae 

Dentaria glandulosa Brassicaceae 

Digitalis grandiflora Plantaginaceae 

Dorycnium pentaphyllum Fabaceae 

Dryopteris dilatata Dryopteridaceae 

Dryopteris filix-mas Dryopteridaceae 

Dryopteris robertiana Dryopteridaceae 

Dryopteris sipinulosa Dryopteridaceae 

Echium vulgare Boraginaceae 

Eleocharis palustris Cyperaceae 

Elytrigia intermedia Poaceae 

Epilobium hirsutum Onagraceae 

Epipactis helleborine Orchidaceae 

Equisetum arvense Equisetaceae 

Eriophorum angustifolium Cyperaceae 

Eryngium campestre Apiaceae 

Erysimum diffusum Brassicaceae 
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Eupatorium cannabinum Asteraceae 

Euphorbia amygdaloides Euphorbiaceae 

Euphorbia cyparissias Euphorbiaceae 

Euphorbia esula Euphorbiaceae 

Festuca altissima Poaceae 

Festuca arundinacea Poaceae 

Festuca gigantea Poaceae 

Festuca pratensis Poaceae 

Festuca psammophila Poaceae 

Festuca rubra Poaceae 

Festuca rupicola Poaceae 

Festuca vaginata Poaceae 

Festuca valesiaca Poaceae 

Filipendula ulmaria Rosaceae 

Filipendula vulgaris Rosaceae 

Fragaria collina Rosaceae 

Fragaria moschata Rosaceae 

Fragaria vesca Rosaceae 

Gagea lutea Liliaceae 

Galanthus nivalis Amaryllidaceae 

Galeobdolon luteum Lamiaceae 

Galium album Rubiaceae 

Galium boreale Rubiaceae 

Galium glaucum Rubiaceae 

Galium palustre Rubiaceae 

Galium schultesii Rubiaceae 

Galium sylvaticum Rubiaceae 

Galium verum Rubiaceae 

Gentiana asclepiadea Gentianaceae 

Gentiana cruciata Gentianaceae 

Geranium palustre Geraniaceae 

Geranium phaeum Geraniaceae 

Geranium pratense Geraniaceae 

Geranium sanguineum Geraniaceae 

Geranium sylvaticum Geraniaceae 
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Geum rivale Rosaceae 

Geum urbanum Rosaceae 

Gladiolus imbricatus Iridaceae 

Globularia elongata Globulariaceae 

Gnaphalium sylvaticum Asteraceae 

Gymnocarpium dryopteris Dryopteridaceae 

Gypsophila paniculata Brassicaceae 

Hacquetia epipactis Apiaceae 

Helianthemum canum Cistaceae 

Helianthemum grandiflorum Cistaceae 

Hepatica nobilis Ranunculaceae 

Hieracium caespitosum Asteraceae 

Hieracium lactucella Asteraceae 

Hieracium murorum Asteraceae 

Hieracium sabaudum Asteraceae 

Holcus lanatus Poaceae 

Holcus mollis Poaceae 

Hydrocotyle vulgaris Hydrocotylaceae 

Hylotelephium maximum Crassulaceae 

Hypericum maculatum Hypericaceae 

Hypericum perforatum Hypericaceae 

Hypericum tetrapterum Hypericaceae 

Inula ensifolia Asteraceae 

Inula hirta Asteraceae 

Inula salicina Asteraceae 

Iris aphylla Iridaceae 

Iris pseudacorus Iridaceae 

Iris sibirica Iridaceae 

Iris variegata Iridaceae 

Isopyrum thalictroides Ranunculaceae 

Juncus articulatus Juncaceae 

Juncus effusus Juncaceae 

Juncus filiformis Juncaceae 

Juncus inflexus Juncaceae 

Knautia dipsacifolia Caprifoliaceae 
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Koeleria macrantha Poaceae 

Koeleria pyramidata Poaceae 

Lactuca perennis Asteraceae 

Lamium album Lamiaceae 

Lathyrus latifolius Fabaceae 

Lathyrus linifolius Fabaceae 

Lathyrus niger Fabaceae 

Lathyrus pratensis Fabaceae 

Lathyrus vernus Fabaceae 

Leucojum vernum Amaryllidaceae 

Lilium martagon Liliaceae 

Linaria vulgaris Plantaginaceae 

Linum austriacum Linaceae 

Linum flavum Linaceae 

Lithospermum purpurocaeruleum Boraginaceae 

Lotus corniculatus Fabaceae 

Lotus uliginosus Fabaceae 

Lunaria rediviva Brassicaceae 

Luzula campestris Juncaceae 

Luzula luzuloides Juncaceae 

Luzula pilosa Juncaceae 

Luzula sylvatica Juncaceae 

Lychnis flos-cuculi Caryophyllaceae 

Lychnis viscaria Caryophyllaceae 

Lycopus europaeus Lamiaceae 

Lysimachia nemorum Primulaceae 

Lysimachia nummularia Primulaceae 

Lysimachia thyrsiflora Primulaceae 

Lysimachia vulgaris Primulaceae 

Lythrum salicaria Lythraceae 

Maianthemum bifolium Convallariaceae 

Melica ciliata Poaceae 

Melica nutans Poaceae 

Melica picta Poaceae 

Melica transsilvanica Poaceae 
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Melica uniflora Poaceae 

Melittis melissophyllum Lamiaceae 

Menyanthes trifoliata Menyanthaceae 

Mercurialis perennis Euphorbiaceae 

Minuartia setacea Caryophyllaceae 

Molinia caerulea Poaceae 

Muscari comosum Hyacinthaceae 

Nonea pulla Boraginaceae 

Onobrychis viciifolia  Fabaceae 

Ononis spinosa Fabaceae 

Origanum vulgare Lamiaceae 

Ornithogalum kochii Hyacinthaceae 

Ornithogalum umbellatum Hyacinthaceae 

Paris quadrifolia Trilliaceae 

Persicaria hydropiper Polygonaceae 

Petasites albus Asteraceae 

Petasites hybridus Asteraceae 

Peucedanum cervaria Apiaceae 

Phegopteris polypodioides Dryopteridaceae 

Phleum bertolonii Poaceae 

Phleum phleoides Poaceae 

Phleum pratense Poaceae 

Phyteuma nigrum Campanulaceae 

Plantago lanceolata Plantaginaceae 

Plantago media Plantaginaceae 

Poa chaixii Poaceae 

Poa compressa Poaceae 

Poa nemoralis Poaceae 

Poa pratensis Poaceae 

Polygala vulgaris Polygalaceae 

Polygonatum multiflorum Convallariaceae 

Polygonatum odoratum Convallariaceae 

Polypodium vulgare Polypodiaceae 

Potentilla alba Rosaceae 

Potentilla anserina Rosaceae 
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Potentilla arenaria Rosaceae 

Potentilla argentea Rosaceae 

Potentilla erecta Rosaceae 

Potentilla heptaphylla Rosaceae 

Potentilla recta Rosaceae 

Potentilla reptans Rosaceae 

Potentilla verna Rosaceae 

Prenanthes purpurea Asteraceae 

Primula elatior Primulaceae 

Primula veris Primulaceae 

Prunella laciniata Lamiaceae 

Prunella vulgaris Lamiaceae 

Pseudolysimachion spicatum Plantaginaceae 

Pteridium aquilinum Dennstaedtiaceae 

Pulmonaria angustifolia Boraginaceae 

Pulmonaria mollis Boraginaceae 

Pulmonaria officinalis Boraginaceae 

Pulsatilla pratensis Ranunculaceae 

Ranunculus acris Ranunculaceae 

Ranunculus bulbosus Ranunculaceae 

Ranunculus flammula Ranunculaceae 

Ranunculus lanuginosus Ranunculaceae 

Rubus caesius Rosaceae 

Rubus idaeus Rosaceae 

Rumex acetosa Polygonaceae 

Rumex acetosella Polygonaceae 

Rumex conglomeratus Polygonaceae 

Rumex crispus Polygonaceae 

Rumex sanguineus Polygonaceae 

Salvia glutinosa Lamiaceae 

Salvia nemorosa Lamiaceae 

Salvia pratensis Lamiaceae 

Salvia verticillata Lamiaceae 

Sanguisorba minor Rosaceae 

Sanguisorba officinalis Rosaceae 
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Sanicula europaea Apiaceae 

Saponaria officinalis Caryophyllaceae 

Saxifraga paniculata Saxifragaceae 

Saxifraga rosacea Saxifragaceae 

Scabiosa canescens Caprifoliaceae 

Scabiosa ochroleuca Caprifoliaceae 

Scirpus sylvaticus Cyperaceae 

Scorzonera austriaca Asteraceae 

Scorzonera hispanica Asteraceae 

Scorzonera humilis Asteraceae 

Scrophularia nodosa Scrophulariaceae 

Scutellaria galericulata Lamiaceae 

Securigera varia Fabaceae 

Senecio jacobaea Asteraceae 

Sesleria caerulea Poaceae 

Sieglingia decumbens Poaceae 

Silene inflata Caryophyllaceae 

Silene nutans Caryophyllaceae 

Silene vulgaris Caryophyllaceae 

Solidago virgaurea Asteraceae 

Stachys alpina Lamiaceae 

Stachys germanica Lamiaceae 

Stachys recta Lamiaceae 

Stachys sylvatica Lamiaceae 

Stellaria holostea Caryophyllaceae 

Stipa capillata Poaceae 

Stipa joannis Poaceae 

Stipa pulcherrima Poaceae 

Symphytum officinale Boraginaceae 

Symphytum tuberosum Boraginaceae 

Tanacetum vulgare Asteraceae 

Tetragonolobus maritimus Fabaceae 

Teucrium chamaedrys Lamiaceae 

Thalictrum aquilegiifolium Ranunculaceae 

Thalictrum lucidum Ranunculaceae 
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Thalictrum minus Ranunculaceae 

Thymus glabrescens Lamiaceae 

Thymus pannonicus Lamiaceae 

Thymus praecox Lamiaceae 

Thymus pulegioides Lamiaceae 

Tofieldia calyculata Melanthiaceae 

Trifolium alpestre Fabaceae 

Trifolium medium Fabaceae 

Trifolium ochroleucon Fabaceae 

Trifolium pratense Fabaceae 

Trifolium repens Fabaceae 

Trifolium rubens Fabaceae 

Triglochin palustre Juncaginaceae 

Trollius altissimus Ranunculaceae 

Urtica dioica Urticaceae 

Valeriana excelsa Caprifoliaceae 

Veratrum nigrum Melanthiaceae 

Verbascum chaixii Scrophulariaceae 

Verbascum nigrum Scrophulariaceae 

Veronica beccabunga Plantaginaceae 

Veronica chamaedrys Plantaginaceae 

Veronica montana Plantaginaceae 

Veronica teucrium Plantaginaceae 

Vicia cassubica Fabaceae 

Vicia dumetorum Fabaceae 

Vicia pisiformis Fabaceae 

Vicia sepium Fabaceae 

Vicia sylvatica Fabaceae 

Vicia tenuifolia Fabaceae 

Vincetoxicum hirundinaria Apocynaceae 

Viola ambigua Violaceae 

Viola collina Violaceae 

Viola silvatica Violaceae 
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Fig. S1. Multivariate analysis of growth phenological parameters (D50%K, msGR, K, maGR, D90%K) from three 

growth variables (Lf, Lp, crVf). Proportion of variation explained by the dominant PCA axis and second axis 

are 43.4% and 34.5% respectively. Day of peak growth (D50%K) represents day of year when plant reached peak 

growth, showing species grow early or late during one growth season; the Maximum Standardized growth rate 

(msGR) represents the standardized growth rate at peak growth, showing species is comparatively fast or 

slowly-growing; Day of maturity (D90%K) represents day of year of reaching 90% maximum size of growth 

variables (90%K). The growth variables includes plant length of foliage (Lf, stretched length of leafy part of 

plant from the ground to the tips of the topmost leaves), length of whole plant (Lp, stretched length of whole 

plant from the ground to the top part of the plant), cube root of foliage volume in space (crVf, asumming the 

shape of foliage structure in space is a cylinder, considering foliage height (Hf) as the cylinder’s height and 

foliage width (Wf) as diameter of circle in cylinder, see details in Eqn 1).   



 92 / 188 

 

 

Fig. S2. Estimated phylogenetic signals (λ) of individual phenological parameter by phylogenetic 

generalized least squares models. The bar stands for estimated mean λ of individual parameter, the bar 

arrows represent interval of λ (lower estimated value and upper estimated value). 
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Fig. S3. Values of Day of peak growth on phylogenetic tree of dicotyledonous species. 
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Fig. S4. Log-transformed values of Standardized growth rate on phylogenetic tree of monocotyledonous species. 
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Fig. S5. Log-transformed values of Standardized growth rate on phylogenetic tree of dicotyledonous species. 
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Abstract 

Aim: Niche differentiation along the temporal axis has often been suggested as a potential 

mechanism of species coexistence. Species could co-occur by shifting timing of growth, or by 

changing their growth rate to avoid competition for resources, namely light. However, due to the 

lack of data on growth phenology of a large set of species, we do not know how common such 

phenomenon is and whether phenology of coexisting species shows nonrandom distribution, 

which would be indicative of either niche differentiation or resource competition. 

Location: Czech Republic 

Methods: We recorded growth phenological data of 381 perennial herbaceous species in plant 

collections in the Botanical Garden of Charles University in Prague. Species in the garden are 

kept at conditions close to their natural habitats whereas providing possibilities of frequent 

recordings on a large number of species. We used the measurements to derive the day of peak 

growth and two types of growth rates. We then used co-occurrence data of these species from the 

Czech National Phytosociological Database and examined whether co-occurring species show 

nonrandom patterns of these parameters in 11 individual habitats, which were identified by the 

EUNIS classification.  

Results: We found large differences among habitat types, partly due to differences in habitat 

productivity, indicated by the mean height and summed cover of all species in the habitats. 

Unexpectedly, we did not find temporal niche differentiation in woodlands, indicating the day of 

peak growth of species was essentially random. Growth rates in forests were strongly 

overdispersed. This patterns contrasted with grasslands where the distribution of all parameters 

showed synchronization, which is likely because plants need to succeed in asymmetric 

competition for light. 

Conclusion:  These data provide the first quantitative assessment of differences in growth 

dynamics across communities, and show one of the first unequivocal demonstrations of trait 

overdispersion in plant communities.  

Key words: community dynamics, phenological differentiation, growth phenology, growth rate, 

growth trajectory, trait overdispersion, trait underdispersion, vegetative phenology 
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Introduction 

Niche differentiation has been proposed to be one of the most important mechanisms to 

promote plant species coexistence (Chesson 2000b; Silvertown 2004). Niche differentiation can 

be due to species environmental preferences in space, such as soil moisture, light or nutrients 

(Silvertown et al. 1999; McKane et al. 2002; Lovelock & Feller 2003; Rocap et al. 2003); or 

timing of species’ seasonal biological events in time, such as phenology of growth, flowering 

and fruiting (Pearman et al. 2008; Chuine 2010; Torres & Galetto 2011; Sloan et al. 2016). 

Phenology of growth could have potential impact on species coexistence by shifting time of 

growth to avoid competition for resources, namely light ((Rathcke & Lacey 1985; Fargione & 

Tilman 2005; Götzenberger et al. 2012; Mason et al. 2013); phenology of flowering and fruiting 

is essential in competition for pollinators and dispersers (Bawa 1990; Boulter et al. 2006; 

CaraDonna et al. 2014).  

Recent analyses of phenological responses to climate change have shown that the 

increasing temperatures associated with global warming have the potential to advance emergence 

of leaves and flowers (Kramer et al. 2000; Badeck et al. 2004; Valdez-Hernández et al. 2010). 

However, phenology of both flowering and growth has a species-specific component 

(interspecific variation) which is generally much stronger than the intraspecific variation (Brown 

et al. 1985; König et al. 2017; Razanajatovo et al. 2018). The interspecific variation of 

phenology is involved in niche differentiation and thus it is likely to play an important role in 

community structure and dynamics and in species coexistence. It has been suggested that 

understory plant species generally grow early and fast before leaf burst of canopy species to 

avoid competition for light (Kato & Komiyama 2002; Richardson & O’Keefe 2009; Higgins et 

al. 2011), i.e., co-occurring species compete less by shifting timing of growth leading to less 

overlap in resource utilization. In contrast, in stands of perennial herbaceous plants such as 

grasslands, asymmetric competition for light may constrain their growth to make it synchronous, 

to avoid light pre-emption by their neghbors (Weiner 1985; Weiner & Thomas 1986; Mayfield & 

Levine 2010; DeMalach et al. 2016).  

Testing the role of niche differentiation for species coexistence requires quantification of 

species' niches and their overlaps compared to random expectation. Detection of environmental 
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filtering and niche differentiation as signals of community assembly and species coexistence 

have been extensively developed in the trait-based studies (Suding et al. 2005; Violle & Jiang 

2009; Adler et al. 2013; Kraft et al. 2015). Consequently, niche differentiation can be assessed 

by comparing the observed variation among species in a community to the expected value 

obtained by chance (Götzenberger et al. 2012). When the variation is larger than expected (i.e. 

trait over-dispersion), it indicates niche partitioning since plants tend to occupy different niches. 

In contrast, when the variation is smaller than expected (i.e. trait under-dispersion), it indicates 

environmental filtering within the community (Kraft et al. 2008; Katabuchi et al. 2012; Adler et 

al. 2013), hence only plant species with certain trait combination can grow in the given 

environment. However, trait under-dispersion can also be taken as evidence of similarity in 

competition ability (Mayfield & Levine 2010); plant species with highly similar competitive 

ability for shared resources may coexist when the degree of niche partitioning is limited (Aarssen 

1983; Chesson 2000a).  

In temperate climates, phenology has a large potential for both clustering (as most 

ecological events are synchronized by season, and competition thus may become a “race”) and 

overdispersion (as plants try to avoid each other, both in competition for light and for 

pollinators/seed dispersers). Importantly, these processes may act differently in different 

ecological regimes defined by productivity and structural complexity of the community, which in 

turn is largely driven by productivity. Therefore, dispersion pattern of growth phenology is likely 

to differ among plant community types (e.g., Sloan et al. 2016). Specifically, in forest habitats 

we expect over-dispersion of growth phenology of perennial herbaceous species as they can 

choose different strategies to cope with shading by trees, either by late growth combined with 

shade tolerance or by shade avoidance by fast growth before the trees leaf. In contrast, we expect 

under-dispersion of growth phenology in (productive) grasslands, due to the asymmetric 

competition for light among species of similar stature. While such patterns have been 

hypothesized many times, they have been based primarily on casual observations and have never 

been addressed using quantitative data on large sets of species across vegetation types.  

Here, we asked how species differ in their phenological patterns across different habitat 

types. First, we characterized a large set of species (381) by two major parameters of growth 
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phenology, namely the day of peak growth and growth rates at that day (following Sun & Frelich 

2011; Huang et al. 2018). We collected these data at one site (a botanical garden collection) to 

minimize effects of environmentally driven differences in growth phenology (see also Huang et 

al. 2018). We were interested only in perennial species, as annual and woody species have very 

different growth strategies and their phenological parameters and growth rates cannot be easily 

compared with perennial herbs in one framework. Further, we used habitat types to define major 

types of ecological regimes of Central European vegetation. We identified eleven major habitat 

types from the Czech National Phytosociological Database for which data on growth phenology 

are available for a sufficient number of species. We used these data to map occurrence of these 

species in individual habitat types and calculated several statistics of phenological parameters for 

each habitat type. We first asked how individual habitat types differ in mean values of the day of 

peak growth and growth rates. Second, we examined patterns of within-community trait 

dispersion, and asked whether co-occurring species are more like each other than expected, and 

whether this similarity differs between habitat types.  

 

Methods 

Data collection  

Data of growth phenology were collected at the Botanical Garden of the Faculty of 

Science, Charles University in Prague (http://www.bz-uk.cz), where plants are kept under a 

range of moisture (dry, mesic or moist), light (shaded or unshaded) and soil conditions (sandy, 

rocky or others). We selected 381 perennial herbaceous species for phenological measurements 

from 58 families and 22 EUNIS habitats (Davies et al. 2004). These species were selected to 

provide a phylogenetically and ecologically representative set of species occurring in seminatural 

forest and grassland habitats of Central European vegetation. These species grew well in the 

garden and they were maintained at close-to-nature habitats. 

From mid-January to early August 2015, we measured plant foliage length (the stretched 

length of plant foliage from the ground to the tip of the topmost leaf) of each of the 381 species 

(six to eight healthy individuals of similar size for each plant species) every two weeks until 

plants reached maximum size. We chose foliage length as it can be reasonably assumed to be a 

good proxy of the plant's ability to compete for light, is well defined for most species, and it is 



 106 / 188 

 

correlated with other measures of plant size (Huang et al. 2018). Using the data on plant foliage 

length, we fitted the growth trajectory of each species by a simple logistic function of time, from 

which we extracted the day of peak growth (the day of year when the plant reached peak 

growth), absolute growth rate (cm/day, increment of plant foliage length per day at the day of 

peak growth) and standardized growth rate (1/day, percentage increment of plant foliage length 

per day at the day of peak growth) as parameters of growth phenology. We measured both 

absolute growth rate and standardized growth rate because they have different ecological 

implications, with the former and the latter indicating competitive ability and the speed of 

finishing whole life cycle events, respectively. For additional details see Huang et al. (2018). 

Species co-occurrence data were taken from the Czech National Phytosociological 

Database (Chytrý & Michalcová 2012). A stratified subset of the database containing 20,468 

vegetation records (plots) sampled after 1970 was used (see Chytrý et al. 2005) for the 

stratification procedure. Before stratification, the set was standardized with respect to plot sizes 

separately for each major vegetation type; plots were 50 m2 - 500 m2 for woodland habitats, 10 

m2 - 100 m2 for scrub, 4 m2 - 100 m2 for grassland, wetland and aquatic habitats, and 1 m2 - 50 

m2 for low-growing vegetation in stressed or disturbed habitats. These size differences make a 

qualitative correction for different mean sizes of plant individuals in individual habitat types 

(Chytrý & Otýpková 2003). The plot sizes used are too small to include large-scale 

environmental gradients (e.g. in wetness or productivity) even in large forest plots, while even 

the smallest ones are large enough to include sufficiently high numbers of plant individuals to 

avoid data distortion due to constraints on numbers of individuals. The plots were assigned to 32 

EUNIS habitat types (see Chytrý et al. 2005).  

Out of this data set, we selected vegetation records in which at least 60% of perennial 

herbaceous species occurring in the record had phenological data available. This yielded data set 

of 6626 vegetation records. This subsampling yielded data set that was almost identical in the 

mean number of species per record with the original set. We used the EUNIS habitat 

classification (Davies et sl. 2004) to identify habitat types for which sufficient number of records 

in this reduced set were available and deleted all habitat types which had less than 90 records. 

This resulted in a data set of 6007 vegetation records of the following habitat types: C3, Littoral 

zone (410 records); E1, Dry grasslands (1266 records); E2, Mesic grasslands (390 records); E3, 
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Wet grasslands (1006 records); E5.2, Woodland fringes (279 records); E5.4, wet tall-forb stands 

(326 records); E5.6, Anthropogenic tall-forb stands (93 records); G1, Broadleaved woodland 

(1314 records); G3, Coniferous woodland (91 records); G4, Mixed woodland (576 records); G5, 

Forest clearings (256 records).  

Data analysis 

We calculated mean values of phenological parameters for each vegetation record by 

averaging over all species occurring in the record. We used only presence-absence data; 

differences in species covers within individual vegetation records were disregarded. We further 

calculated mean difference of phenological parameters between all pairs of species (mean taxon 

(i.e., species) distance) in each record using the function mpd from the package picante ver. 

1.6-2 (Kembel et al. 2010). This was used to represent dispersion of phenological parameters. 

(Analyses using mean nearest taxon distance showed very similar patterns and are not shown 

here.) Mean difference was calculated both for each phenological parameter separately, and also 

for all three parameters together. In the latter case we used standardized values and set the 

contribution of both growth rates (because of their relationship) to be equal to the contribution of 

the day of peak growth by dividing their standardized values by square root of two.  

We examined significance of the difference in the community mean and mean taxon 

distances among habitat types, and mean taxon distances of individual habitat types by a 

randomization procedure. We reshuffled phenological parameters by randomly assigning each 

plant species in the dataset a value randomly drawn from the pool of all species while keeping 

the lists of co-occurring species for each vegetation record unchanged (Stubbs & Wilson 2004; 

Schamp et al. 2008), repeating the procedure 1000 times. This approach does not require 

additional assumptions about processes accounting for the given community structure and it 

examines non-randomness of the trait-species relationship only. We used this randomization 

procedure to determine significance of the trait mean taxon distance in each habitat type habitat 

types by comparing the observed mean taxon distance in the given habitat with the distribution 

of the randomized values. We used randomized data to calculate standardized effect sizes (SES, 

defined as , where Xobs is the observed value of the parameter, Xexp and sX are 

its mean and standard deviation of randomized data) for each trait and for each habitat type. It 

Xs

XX expobs
SES

−
=
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was also used to determine the overall significance of the difference of trait means across 

habitats. 

We further visualized differences among individual habitat types in the multivariate space 

of all phenological parameters using principal components analysis on correlation matrix, where 

each record was characterized by values of six parameters, namely means and mean taxon 

distance of date of peak growth, standardized growth rate and absolute growth rate.  

Finally, we calculated two simple aggregate measures of ecological regime of individual 

habitat types. First, we calculated mean height at maturity (taken from Kubát et al. 2002) of all 

herbaceous species in each vegetation record (unweighted by species cover) and averaged these 

values over all records from each vegetation type. Such measure was shown by Axmanová et al. 

(2012) to be reasonably well correlated with stand productivity. Second, we calculated sum of 

cover values of all species occurring in each vegetation record as a measure of species vertical 

physical overlap (see Herben et al. 2016). 

All calculations were done in R ver. 3.3.1 (R Core Team 2016).  

 

Results 

Individual habitat types differed in their mean day of peak growth and growth rates values 

(Fig. 1 & Fig. S1). Mean day of peak growth in individual vegetation records ranged between 

day 118 (late April) in broadleaved woodland and day 143 (late May) in littoral communities. 

Growth rates varied about twofold, with lowest absolute growth rates in dry and mesic 

grasslands and highest in woodlands, clearing and tall-herb stands; similar results were found for 

standardized growth rate. Differences in all three phenological parameters among habitat types 

were highly significant (P<0.001 for each parameter).  

Differences in dispersion in all phenological parameters among habitat types were highly 

significant (P<0.001) except the day of peak growth (Fig. 2). Dispersion measured by mean 

taxon distance in the day of peak growth ranged between 14 days (in mesic and wet grasslands) 

and 23 days (in littoral zone and dry grasslands). Mean taxon distance in absolute growth rate 

varied from less than half a centimeter per day in grasslands to values close to 1.5 cm/day in 

forests and littoral zones. Standardized effect sizes show that mesic and wet grasslands are 

significantly under dispersed in all parameters examined (and using their combination), whereas 
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all forest types are significantly over dispersed in growth rates, but not in the day of peak growth 

(Fig. 3 & 4). 

These differences were clearly attributable to differences in stand structure and 

productivity.  The mean height of the species in wet and mesic grasslands was twice as large as 

that in woodlands. Further, the summed cover of species in the grasslands was much greater than 

the species in woodlands, indicating a greater physical overlap (Fig. 4). Habitats with high 

summed cover and taller species (grasslands, tall-forb stands) showed high underdispersion in all 

parameters, whereas habitats with low values of both parameters (all forest types) showed 

overdispersion in growth rates and random dispersion in timing (Fig. 4).  

The first axis of the PCA of phenological parameters across habitats (Fig. 5) separated 

habitat types that are late and have slower growth rates (Littoral zone, dry grasslands, tall-form 

communities), from habitat types that are early and have faster growth rates and also higher 

mean taxon distance in growth rates (all forest types). The second axis separated habitat types 

primarily based on dispersion in the day of peak growth: it is higher in littoral zones, dry 

grasslands and broadleaved forests, whereas it is low in mesic and wet grasslands, where all 

species are synchronized, both in the day of peak growth and growth rates.  

 

Discussion 

Means of the phenological parameters were different among habitats, indicating that 

community-level growth phenology varies depending on habitat types. Further, there was a clear 

signal in the patterns of dispersion of these parameters which corresponded to differences in their 

productivity. We did not find temporal niche differentiation in forests, i.e., the day of peak 

growth of species (but not growth rates) was essentially random. In contrast, patterns of 

dispersion of all parameters showed synchronization in the grasslands.  

We considered overdispersion of the day of peak growth as the prime indication of 

temporal niche differentiation. However, we did not find evidence for it in the forest habitats. 

This is likely because most understory plants are primarily limited by the low light levels and 

root competition by trees, and not by interactions within the understory. Understory species have 

two main different response strategies to seasonal changes in light conditions in the forests. The 

vernal species make use of light window before tree canopy development (Whigham 2004), but 
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there are generally only a few such species, which cannot change general dispersion of growth 

phenology. Species of the other group are much later and grow under tree canopy using light 

gaps. Their mutual interactions are too weak due to their low densities (Canham et al. 1990; 

Chazdon 1991), which are due to limitation of light, water and nutrients caused by canopy trees, 

resulting in random dispersion of growth dates.  

In contrast, we found that both absolute and standardized growth rates in forest habitats 

were highly over-dispersed. This corresponds to the common notion of high differentiation of 

species in forests (namely broadleaved forests), but it should be pointed out that this 

ovredispersion is completely independent of the dispersion of the day of peak growth (which is 

random; see above). In contrast to the whole data set (see Huang et al. 2018, Fig. 4), there is no 

relationship between either growth rate and the day of peak growth in the subset of forest species 

(L. Huang, unpubl. data). Therefore, overdispersion in growth rates cannot be explained through 

their correlation with the day of peak growth, and a separate explanation should be sought for it. 

We have no clear-cut hypothesis on niche dimension that can be associated with differentiation 

in growth rates in low-density stands such as forests. As one of the most heterogeneous habitats, 

forests may contain both rich and poor sub-habitats at the local-scale (Lechowicz & Bell 1991; 

Bruelheide & Udelhoven 2005), which may favor understory plant species with either high or 

low growth rates, contributing to the over-dispersed growth rates. Moreover, part of this effect is 

due to very fast growth rates of ferns (Takahashi & Mikami 2006), which belong to the fastest 

growing species in the whole data set.  

In contrast to the forest habitats, we found that the day of peak growth, absolute growth 

rate and standardized growth rate were all under-dispersed in the mesic and wet grasslands, 

indicating synchronization of growth and competition for the same resource. This is likely due to 

the need to keep pace with others under asymmetric competition for light (Schwinning & Weiner 

1998), which generally prevails in these habitats due to high productivity. Asymmetric 

competition means that even a small height advantage is amplified and potentially can lead to 

competitive exclusion. Therefore, to avoid or slow down competitive exclusion process, plant 

species are selected to grow at the same time and/or to maintain similar growth rates (Newman 

1973; Schwinning & Fox 1995), resulting in strong underdispersion of these parameters at the 

community level. This is also supported by findings of Doležal et al. (2018), who showed 
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experimentally that species synchronization in wet grasslands increased by fertilization and 

subsequent competition for light. Besides, equalizing processes of mowing also have effects on 

synchronization of plant growth in grasslands, which may filter out the late and/or slowly 

growing species (Klimešová et al. 2010).   

Importantly, day of peak growth in dry grasslands showed random dispersion and thus 

differed from mesic and wet grasslands. This is likely because competition for light in dry 

grasslands is much less important due to low productivity which is limited by soil moisture 

(Weltzin & McPherson 1997; Schwinning et al. 2005). In general, competition for water is more 

symmetric, i.e., there is no amplification of initial size differences and therefore it is not 

necessary for synchronization of the day of peak growth.  

These two clear patterns show that habitats differ in their plant growth phenology and that 

these differences can be, at least partly, attributed to habitat productivity and the resulting 

intensity of competition for light. It should be pointed out, however, that the data set has two 

important limitations. First, it is based on data on growth phenology from the common garden, 

and thus cannot fully reflect phenological patterns taking place directly in the field. Such patterns 

will depend, in addition to the species-specific phenological differences, on environmental cues, 

which differ at individual sites. Although such shifts are likely to affect all species in a similar 

manner, there are detectable differences in environmentally-driven flowering phenology between 

ecologically-defined groups of species (Gugger et al. 2015; König et al. 2017; Schmid et al. 

2017). Moreover, collection of data on the “realized phenology”, i.e., the direct measurement of 

growth phenology at different habitats in the field, is important to understand the role of growth 

phenology in the community assembly and dynamics.  Second, our data come from one 

biogeographic region only and thus bears historical legacies which are likely to be different 

elsewhere (Whittaker et al. 2001; Pärtel et al. 2007; Zobel & Pärtel 2008). For example, chance 

for overdispersion of the day of peak growth in forest species depends on numbers of species in 

this particular group, which is fairly low in the European flora and might even be 

underrespresented in vegetation records (Vymazalová et al. 2016). 

Finally, we would like to stress that while phenology of flowering is one of the key 

components of plant's fitness (Elzinga et al. 2007; Petanidou et al. 2014), phenology of growth is 

probably equally important for individual survival. Collecting data on growth phenology is much 
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more difficult, but cannot be avoided, as timing of flowering is only weakly linked to the timing 

of growth (Huang et al. 2018). It is likely that response by phenology of growth to changing 

climate may be different in different species, with important consequences for species 

coexistence, namely in habitats with strong underdispersion in growth phenology.  
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Fig. 1. Mean absolute growth rate and mean day of peak growth of individual habitats. Values on both 

axes are standardized effect sizes. 
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Fig. 2. Mean values of dispersion (mean taxon distance) in phenological parameters in individual habitat 

types. Error bars indicate 95% confidence intervals. 
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Fig. 3. Standardized effect size of dispersion variables (mean taxon distances) of individual habitat types. 

Stars indicate significant values (* - P<0.05, ** - P<0.01; two sided-test). Overall tests of difference 

among habitat types are significant (P<0.001) for all variables except Date of peak growth (P=0.12). 
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Fig. 4. Pattern of dispersion of the combination of all parameters in individual habitat types proxied by 

mean height at maturity and summed cover of all species. Triangle pointing downwards – overdispersion, 

triangle pointing upwards – underdispersion. Symbol size is proportional to the standardized effect size; 

close-to-zero values that are too small to be visible are indicated by the black dot (i.e., Littoral zone). For 

exact values and significance of individual points see Fig. 3.   
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Fig. 5. Principal components analysis of six phenological parameters for 6007 vegetation records. Black 

dots indicate centroids of records of individual habitat types. Day-M – mean day of peak growth, 

Standardized GR-M – mean standardized growth rate, Absolute GR-M – mean absolute growth rate, Day-

D – mean taxon distance in the day of peak growth, Standardized GR-D –mean taxon distance in 

standardized growth rate, Absolute GR-D –mean taxon distance in absolute growth rate. 
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Appendix 

 

 

Fig. S1. Mean values of phenological parameters in individual habitat types. Error bars indicate 95% 

confidence intervals.   
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Abstract 

 

Growth rate is an important functional trait that influence/co-determines plant population and 

community dynamics. Interspecific differences in growth rates have often been associated with 

differences in leaf economy spectrum (LES), i.e. a trade-off between rapid resource acquisition 

strategy (high growth rate) and resources conservation strategy (low growth rate). However, 

these conclusions are mostly based on studies of woody or short-lived plants and have unclear 

relevance for long-lived, perennial herbs.  

We measured growth trajectories of foliage length of 300+ species of Central European flora 

using weekly census and extracted two types of growth rates from the data. We examined 

relationship of these growth rates with specific leaf area (SLA; a proxy for LES), size of 

underground storage organs, and genome size (a proxy for cell size) using phylogenetic and non-

phylogenetic regression. 

Interestingly, there was essentially no relationship between growth rate and SLA. In contrast, 

genome size and size of storage organs were positively correlated with growth rate, showing that 

plant with bigger genomes or larger storage organs grew faster.  

The results indicate that most traits shared similar evolutionary history; species with larger 

genomes grow faster, possibly by dividing cells in advance and then inflating them quickly 

during growth period (one hypothetical mechanism known from geophytes); plants with bigger 

storage organs grow faster by supplying energy from these organs. This shows that key drivers of 

growth of perennials reside in traits that help plants mobilize their resources fast for growth at 

the beginning of the growth season. Resource accumulation (driven by traits of LES) is 

temporally separated from period of the peak growth, and therefore the LES traits do not 

contribute to it.     

 

Keywords 

Growth rate, SLA, storage organ, genome size, light, Nutrients, shoot lifespan 
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Introduction 

Growth rate is one of the key plant functional traits that determine their fitness (Grime & 

Hunt, 1975; Cornelissen et al., 1996). Plants that have a higher growth rate have an advantage in 

acquiring necessary resources such as nutrients, water and particularly light compared to plants 

that have a slower growth rate (Lambers & Poorter, 1992). Two main spectra of trait variation, 

i.e. the “leaf economic spectrum” (LES) and “wood economic spectrum” are assumed to 

contribute to such interspecific differences (Wright et al., 2004; Jerome et al., 2009; Gibert et al., 

2016). Growth rate has often been linked to specific leaf area (SLA) as an important proxy of the 

plant's position along the leaf economic spectrum (Reich, 2014).  

Most of the empirical evidence on the relationship between growth rate and leaf economic 

spectrum comes from annual plants and young trees (reviewed in Moles et al., 2009), which 

grow fast and are easy to measure. However, these growth forms represent only a part of all 

growth forms present in the plant world, which makes generalization of any finding based on 

them difficult. In particular, perennial herbs of seasonal climates constitute a completely distinct 

life-history compared to annual herbs and trees. Owing to the climate seasonality, they typically 

discard most of their aboveground parts every year and resprout their shoots every spring anew 

from belowground storage organs. These belowground storage organs are likely to have strong 

effect on their growth rates which does not exist in annuals and only to a limited degree in 

woody species (Iwasa & Kubo, 1997; Suzuki & Hara, 2001). Specifically, perennial herbs with 

larger underground storage organs are likely to grow faster in the early growing season because 

their growth in this phase is supported by carbon resources stored there with limitation by 

photosynthesis being less important. On the other hand, growth later in the season can be 

hindered by the need to accumulate belowground resources for the next year (Suzuki & Stuefer, 

2010).  

There are a number of other specific features of perennial herbs that are likely to be 

important for growth rate. First, some perennial species have only shoots that are strictly annual 

(such as Mercurialis perennis), whereas shoots of some start as rosettes in the first year and 

develop over more than one year (e.g. Chrysanthemum leucanthemum; see Klimešová et al., 

2016). Perennial herbs with annual shoots may need to invest more to rebuild new shoots every 

year and thus may exhibit faster growth to complete their life cycle within one growing season. 
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Second, there are deep differences in growth patterns between early species (mainly forest herbs, 

Whigham 2004) and species that maintain their growth till late season. As the former are often 

species with large genome sizes, and consequently larger cells and slower cell division rates, 

genome size may also be an important predictor of growth rates (Grime & Mowforth 1982).   

Relative importance of these effects is likely to vary as a function of the environmental 

regime of their habitats, namely productivity and light. In particular, these determine the overall 

role of vertical growth and of its timing due to different role of competition for light and are 

likely to affect relative roles of storage and photosynthesis as drivers of plant growth rate. 

Growth measured as plant height is the key trait in competition for light because light 

competition is generally size-asymmetric, i.e., a slight advantage in height may contribute to 

disproportionate interception of light and competitive advantage which amplifies over time 

(Schwinning & Weiner, 1998). In nutrient-rich habitats where competition for light prevails, 

plants that can grow in height fast may win the competition for light, and relative roles of storage 

organ and SLA will change along this gradient. However, comparative studies of large sets of 

species that would permit such testing on an interspecific basis essentially do not exist (but see 

(Sun & Frelich, 2011; Huang et al., 2018).  

In this paper, we therefore aim to use comparative approach to identify determinants of 

interspecific differences in growth rates of temperate perennial herbs. Specifically, we examine 

effects of the following functional traits: (1) SLA, as a proxy of the species position in the leaf 

economy spectrum; (2) Volume of the belowground storage organs, as resources accumulated in 

storage organs (e.g., rhizomes and tubes) may contribute to the production of new photosynthetic 

tissues, especially at the beginning of each growing season (Suzuki & Stuefer, 2010); and (3) 

shoot lifespan (annual shoots vs. shoots that can live more than one year), due to the trade-off 

between investments in shoot reconstruction and growth. Finally, we examine also (4) genome 

size as a potential predictor as it is correlated with cell size and cell division rates that determine 

the growth of plant species (Leitch & Bennett, 2007; Beaulieu et al., 2008).  

Further, we examine how effects of these traits vary as a function of the ecological regime 

of the habitats where the species typically occur, namely in terms of productivity (nutrients) and 

light. We expect that SLA may play a more important influence on growth rate in nutrient-rich 

habitats where photosynthesis is much important to win the competition for light. Whereas the 
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size of storage organ and shoot lifespan may show higher effects on growth rates in nutrient-poor 

habitats. 

We address these two questions using a plant collection in the Botanical Garden of Charles 

University where species are maintained in close-to-nature habitats, but under essentially 

identical climatic conditions (see also Huang et al., 2018). We measured weekly plant growth in 

plant height (i.e., foliage length, the stretched length of plant foliage from the ground to the tip of 

the topmost leaf) of 380 species. We worked with plant height because it can be measured easily 

without harming normal growth of the plants and has been widely used to assess growth rates of 

woody plant species and trees (Méndez-Alonzo et al., 2008; Moles et al., 2009; Gleason et al., 

2018). Using these measurements, we calculated two types of growth rates: (i) maximum 

standardized growth rate (Standardized GR, a parameter that expresses growth rate in terms of 

the shoot ontogeny), and (ii) maximum absolute growth rate (Absolute GR, a parameter that 

expresses growth rate in absolute values and thus permits assessing the species competitive 

ability by vertical growth). For all the observed plants, we measured also SLA, volume of 

underground storage organs, genome size and shoot lifespan.  
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Methods 

Data collection  

We selected 381 perennial herbaceous species at the Botanical Garden of the Faculty of 

Science, Charles University in Prague (http://www.bz-uk.cz, Temperature and Precipitation in 

the garden see Fig. S1), which occur primarily in grasslands, woodlands and wetland habitats 

according to data from the Czech National Phytosociological Database (CNFD, Chytrý & 

Rafajová, 2003) and performed well in the garden. We measured plant foliage length (the 

stretched length of plant foliage from the ground to the tip of the topmost leaf, which was well 

defined for most species and correlated with other measures of plant size) of these species every 

two weeks from January to September 2015 (Huang et al., 2018). The growth trajectories of 

plant foliage length of each species were fitted by logistic function. Then we extracted two types 

of growth rates from the fitted logistic curves (function nls; Venables and Smith 2014) on the 

data: 1) Standardized growth rate (abbreviated as Standardized GR) represented the standardized 

growth rate at peak growth, i.e., the maximum value of standardized growth rate, a parameter of 

life cycle showing the ability of completing life cycle events; 2) Absolute growth rate 

(abbreviated as Absolute GR) represented growth rate in absolute units (cm/day) at peak growth, 

a parameter of competition ability for light. These two growth rates are mathematically 

dependent as absolute growth rate is derivative of the logistic function at the inflexion point 

(Standardized GR = 4 ×Absolute GR /K;, where K is the maximum Foliage length of a plant), 

but they have different functional meanings and need to be examined separately. See Huang et al. 

(2018) for details about data collection and growth rates extraction. 

We took specific leaf area (SLA) of 250 species from LEDA database (Kleyer et al., 2008). 

For the remaining species we measured SLA ourselves in leaves sampled from the Garden. On 

19th August 2016, we firstly selected 3-10 individuals of each species, and we collected two 

healthy and fully developed leaves from each individual, for leaf area measurement (6-20 leaves 

for each species in total). We performed a similar method as used in LEDA database to measure 

leaf area: we scanned leaves using a scanner and then extracted leaf areas using software Image J 

(https://imagej.nih.gov/ij/), subsequently, the extracted leaf area was averaged for each plant 

species. However, this method is not suitable for species with compound leaves (such as ferns) 

due to the low accuracy, we then recorded leaf area of these species directly using a planimeter 
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(LI-3100c Leaf Area Meter). All leaves were oven-dried (65 ℃ for 72 h) to get biomass 

estimate. SLAs were calculated after determining of the biomass. 

Absolute Genome sizes (C-values, Greilhuber et al., 2005) were measured using flow 

cytometry measurements with propidium iodide (PI), following the methods and genome size 

reference standards described in (Vesely et al., 2012) and (Šmarda et al., 2014). For species with 

multiple ploidy levels, known aneuploidy or difficult/complicated/complex taxonomy, genome 

sizes were measured directly in the plants used for the growth rate analysis (67 samples in total). 

In addition to the protocols there, Solanum pseudocapsicum was used as the reference in several 

species. Its genome size (2C = 2 361 Mbp) was calibrated with Solanum lycopersicum (S. 

pseudocapsicum/S. lycopersicum PI nuclei fluorescence ratio = 1.391). 

We calculated volumes of belowground storage organs (namely epigeogenous or 

hypogeogenous rhizome) of 145 species from drawings available in the CLO-PLA3 data source 

(http://clopla.butbn.cas.cz). Firstly, we identified yearly increment of each rhizome according to 

the drawing and classified the shape of yearly increment to be cylindrical or elongated spherical. 

Secondly, we measured the length (h) and radius (r) of yearly increment and calculated its 

volume assuming the shape of yearly increment as cylinder or elongated spheroid (Eqn. 1 and 2, 

respectively). Finally, we summed up all the volumes of yearly increments per single shoot as the 

volume of one species’ belowground storage organ. One single shoot is one aboveground shoot 

that could be followed by belowground organs from zero year to the last distinguishable year 

increment. If there are several drawings of belowground storage organs available, we selected 

two drawings and calculated the mean of their volumes. After that, we also calculated the relative 

storage organ volume, i.e., volume of storage organs divided by plant height (plant foliage 

length, in this study).   

 

              (Eqn. 1) 

            (Eqn. 2) 

 

We used Ellenberg indicator values (Ellenberg et al., 1992) to provide information on 

environmental conditions where target species typically occur in the field. Ellenberg indicator 
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values express positions of optima of most Central European species along gradients of nutrients, 

moisture, temperature and light (Ellenberg et al., 1992). While they are based mainly on field 

observations, they have been shown to be reasonably well correlated with a number of ecological 

parameters of sites where individual species occur (Schaffers & Sýkora, 2000; Wagner et al., 

2007) and have been successfully used to circumscribe species ' realized niche (Schuster & 

Diekmann, 2003). Phylogenetic data of all species were taken from the Daphne phylogeny 

database (Durka & Michalski, 2012).  

 

Data analysis 

We first examined effects of individual traits on both growth rates using both pairwise and 

multiple linear models. We tested all terms of the multiple linear models using a marginal F-test. 

In the multiple linear models, we expressed effects of individual model terms using standardized 

regression coefficients to make them comparable across model terms. For phylogenetic analysis 

of the effects of individual traits on growth rate, we fitted models with all predictors using gls 

function (package nlme) with corPagel correlation structure derived from the Daphne 

phylogeny optimizing restricted maximum likelihood. This permitted us to get the proper value 

of Pagel's lambda for the given set of predictors and independent variables. We used this λ value 

to refit the model using maximum likelihood and tested its individual terms using marginal Chi 

square tests.  

Further, we examined interactions of individual traits with Ellenberg indicator value of 

Light and Nutrients of the given species to determine whether effects of individual trait vary 

between species that occur in different types of Light or Nutrients environment. As species 

niches along the gradients of light and nutrients are fairly highly correlated (triangular pattern; 

see Fig. 1), with very few species having optima under low light and low nutrients, we examined 

the effect of light only in the subset of species of nutrient-rich substrata, i.e. with Ellenberg 

indicator value for nutrients higher than 4, for which meaningful assessment of the whole range 

of light values was possible. Similarly, we examined effect of nutrients only in the subset of 

species of open habitats (high light, Ellenberg indicator value for light higher than 5).   

Data on storage organs were available only for a subset of species. We therefore always ran 

two versions of one analysis, i.e. for the dataset of all species (380 species) and for the dataset of 
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species for which data on storage organ volume were available (140 species). We consequently 

use latter analysis to infer effects of storage organs, whereas the former analyses to infer effects 

of the remaining traits.   

To visualize relationships of individual traits to positions of species optima along gradients 

of disturbance and productivity, we fitted generalized additive models (GAM) to the data with 

cubic regression spline smoother using the gam function (Wood 2013) which does not assume 

any specific form of relationship between predictor and response variables. We fitted GAM 

models with a Gaussian distribution of growth rates (as dependent variables) and with a binomial 

distribution and a logit link function for binary trait variables (shoot lifespan). Smoothing was 

applied on each predictor variable separately using the s smoother with the basis dimension set to 

3.  

Prior to the all analyses, we log-transformed values of all traits which had strongly skewed 

distributions in the analyses, i.e., Standardized growth rate, Absolute growth rate, SLA, Genome 

size and Storage organ.  
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Results 

Relationships between growth rates and plant traits 

Pairwise linear regressions showed that both Standardized growth rate and Absolute growth 

rate were higher as Genome size or Storage organ was bigger (Fig. 2; Table S1). Neither of the 

growth rates was related to SLA (Fig. 2; Table S1). Growth rates of species with short Shoot 

lifespan was bigger than species with long-lived shoots (Fig. 2; Table S1). But when considering 

phylogenetic information, there was no relationship between growth rates, and Genome size and 

both growth rates were marginally positively correlated to SLA (Phylogenetic regression in Table 

S3).  

Multiple regression of the smaller data set with data on Storage organ showed that 

Standardized growth rate was significantly influenced by Shoot lifespan and weakly by Storage 

organ in the non-phylogenetic multiple linear regression. In the phylogenetic multiple linear 

regression, however, only Shoot lifespan had a significant effect (Table 1). In contrast, Absolute 

growth rate was significantly affected by Shoot lifespan and marginally by Storage organ in both 

non- and phylogenetic multiple linear regressions (Table 1). In the larger data set (i.e. without 

data on Storage organ), Standardized growth rate was influenced by Shoot lifespan and Genome 

size, with a weaker effect of SLA in the non-phylogenetic multiple linear regression. In the 

phylogenetic multiple linear regression, however, both Shoot lifespan and SLA had significant 

effects on Standardized growth rate (Table 1). Absolute growth rate was affected, in addition to 

the strong effect of Shoot lifespan, weakly by Genome size in non-phylogenetic regression and 

weakly by SLA in phylogenetic regression (Table 1). 

 

Relationships between growth rates and plant traits in response to different Light and Nutrients 

condition 

Effects of individual traits on both growth rates varied as a function of the ecological regime 

where the species typically occur. There was a negative interaction between Light and Storage 

organ in their effect on Standardized growth rate (Table 2), implying that size of storage organ 

enhances growth rates mainly in species of shaded habitats. In the larger data set (all species, but 

no data on storage organ), Genome size showed negative interaction with Light in its effect on 

Standardized growth rate, implying similar effect of the Storage organ. There were no strong 
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interactions involving light that would affect Absolute growth rate.  

Analysis of effects of nutrients showed positive interaction of Nutrients and Shoot lifespan 

(Table 3). This implies that species with shoots living more than one year grow much faster 

(relatively to species with annual shoots) in nutrient-rich habitats. This is true for both growth 

rates. Both SLA and genome size showed negative interaction with nutrients (primarily in the 

larger data set). Storage organ did not show any strong interaction.   

 

Discussion 

Correlations between growth rates and key plant traits 

Our data convincingly demonstrate that growth rates in a large set of perennial herbs show 

essentially no relationship to specific leaf area, a commonly used proxy (Cornelissen et al., 1996; 

Shipley, 2010; Wilson et al., 2010; Reich, 2014). Although growth rates of perennials did not 

show tight relationship to any of the predictors examined, they did show meaningful 

relationships to volume of the storage organs and nuclear genome size. Moreover, species with 

annual shoots grew faster than those with long-lived shoots.  

In general, the most surprising finding is the absence of relationship between SLA and 

growth rates (a very weak relationship was found in the phylogenetic analysis). This contrasts 

with the existing findings on the relationship between SLA and relative growth rates in seedlings 

(Grime & Hunt, 1975; Westoby et al., 2002). We suggest here that the likely explanation should 

be sought in the nature of growth of perennials in seasonal climates. In the early growing phase 

(well before reaching maximum plant size but when the growth rate is peaking), the growth rate 

is strongly supported by resources accumulated in the previous year. At the same time, 

photosynthetic tissues are not fully developed and contribute only partially to the observed 

growth rate, resulting in the weak relationship between SLA and plant growth. At the later stage 

of the development (when the photosynthetic tissues are fully developed), plants must invest in 

the building and maintaining of both photosynthetic and non-photosynthetic tissues, such as 

storage in the underground organ for the next year. This process slows down further growth of 

the aboveground plant parts, including photosynthetic organs, further contributing to the absence 

of relationship between SLA and plant growth rate (see also e.g. Suzuki & Hara, 2001). 
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The same process explains the important role of belowground resources in promoting plant 

growth at the beginning of the growth season. Perennial herbs with relatively bigger underground 

storage organs can support greater growth rate early in the season when the growth is fastest than 

perennial herbs with small underground storage organs, because the abundant carbohydrates 

stored in the underground organs in previous years can act as an important supply of resources 

for fast the process of life cycle (Iwasa & Cohen, 1989). As expected, species with annual shoots 

generally grew faster than species with long-lived shoots, as species with annual shoots need to 

rebuild entirely new shoot every year and therefore must have faster growth rate to complete 

their life cycle within one year. This contrasts with perennials with long-lived shoots which 

partly maintain their shoots over several seasons (polycyclic species, Klimešová et al., 2016), 

which grow at slower growth rates. 

Even though it has been argued that species with large genome should show slower growth 

rate due to the limitation of the rate of cell division on their growth (e.g. Fridley & Craddock, 

2015, but see Grime & Mowforth, 1982), the opposite pattern found in the current study fits also 

well into the general pattern of growth of perennial species. Growth rate in the early season is 

limited not only by the availability of acquired resources (from both photosynthetic tissues and 

underground storage), but also by processes at the cellular level. As plant growth takes place by 

cell division and cell expansion, relative contributions of these two processes in the early period 

of fast growth may differ. While species with large-genomes plants need more time for 

individual cell divisions, they can compensate this by the need to have fewer cell divisions as 

their cells are larger due to the scaling relationship between genome size and cell size (Šímová & 

Herben, 2012). Further, this limited number of cell divisions can be done beforehand. The 

tradeoff between early and late growth and amount of belowground resource thus has its 

counterpart in the cell size and genome size patterns. Decline of both these relationships in 

phylogenetic regressions shows that these key innovations have appeared only a few times in 

evolution. They contributed to development of strategies that enabled enormous success of 

several lineages in habitats where fast grow that the beginning of the season is indispensable.  

 

Correlations between growth rates and plant traits in responding to different environments 
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These basic processes of perennial growth vary across species in response to the 

environment in which these species typically occur, namely gradients of light and nutrient 

availability. In habitats with high nutrient availability, the main gradient is gradient of "light", 

which is primarily gradient from shaded forest habitats to open nonwoody habitats. In forested 

habitats, the light and water availability for herbaceous perennials is generally low in the late 

growth season due to development of tree canopy and root competitions by trees. In these 

habitats, plants must grow faster in the early growing period to intercept as much light as 

possible before tree canopy development. Such fast growth is accelerated if the species have 

bigger storage organs or larger genomes. In contrast, in high-light habitats, such as productive 

grasslands, plants must maintain high growth rate over whole growing season to be successful in 

competition for light from their neighbors. In this case, plants attain continuous growth by 

current photosynthesis and fast cell division rate, rather than by mobilization of reserves over a 

limited period as forest species. 

In open habitats the main driver of differences in growth rate is site productivity. In nutrient 

poor habitats, plants must grow slowly because their growth is limited more by nutrient 

availability than light availability. This is supported by the positive relationship between absolute 

growth rate (an indicator of competitive ability to absorb nutrient to increase plant size) and 

nutrient availability. However, such slow-growth could be ameliorated in species with larger 

SLA. In addition, the relationship between the absolute growth rate and nutrient availability is 

related to the growth form (annual vs. long-lived) of the aboveground shoots. The perennials 

with annual shoots grew slowly in high-light and nutrient-poor habitat, as they are likely to lack 

enough resource to rebuild entirely new shoots when nutrients are limited, and they must be able 

to complete life cycle events within one growth season, which costs much resources. 

 

Absolute and standardized growth rates vs. relative growth rate 

One of the key differences in growth rate of perennials is the constrained nature of their 

growth, which can be well approximated by logistic curve (see Huang et al., 2018) for fits using 

other sigmoid shapes). In this context, it is important to distinguish two types of growth rates that 

can be expressed using the logistic. Standardized growth rate (which is an analogy to the intrinsic 

rate of increase in population growth logistic) is a measure of plant growth relative to the 
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maximum size it can attain. It is a dimensionless number (per unit time) that captures rate of 

developmental processes and permits comparison of species in them. In contrast, absolute growth 

rate, i.e. derivative of the logistic at the inflexion point, is a measure of growth rate in absolute 

terms (in length units per unit time). It expresses the ability of a species to overtop its neighbors 

and therefore can serve as an indicator of competitive ability in height, namely when light is the 

contested resource.   

Logistic nature of the perennial growth makes comparison of these growth rates to the 

relative growth rate (RGR) difficult. RGR has been extensively used to express plant growth in 

the early (exponential) phase. It is important to note that RGR has an ecological meaning only 

when the growth is exponential, i.e. during the seedling phase. In the exponential growth, 

relative growth rate remains constant, whereas in the sigmoid (e.g. logistic) growth it necessarily 

declines with time. Hence, while it conceptually similar to standardized growth rate in the 

logistic growth, it is not fully suitable to capture growth parameters of resprouting perennials 

which strongly deviate from the exponential growth. The constrained nature of growth also 

necessitates the distinction between absolute and standardized growth rates which cannot be 

meaningfully separated when the growth is exponential.  

Further, we would like to note that calculation of RGR is generally based on biomasses 

which requires destructive harvesting to determine plant dry mass. As there is no intrinsic 

difference between analysis of growth in length and in biomass and these measures are known to 

be strongly correlated, we are convinced that the two growth rates based on plant height in our 

study is good alternatives, with the advantage that they can be collected on same individual 

through time.  

 

Implications 

Our study shows that the growth rates of perennial herbs can be to some extent predicted by 

the functional traits. It also shows that this prediction depends on environmental parameters, 

namely productivity and light availability of the habitats where the species typically occur in the 

field. It should be noted, however, that all the patterns reported in our study are based on growth 

rates measured in a botanic garden. The unique plant collection in the botanical garden has 

perfectly provided us an opportunity to examine the growth rates of large set of perennial herbs 
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across habitats. However, we do not know to what extent the plant growth in this garden can 

represent their real growth patterns in the field. Hence, further studies should disentangle the 

patterns of growth rates and their correlations with functional traits in the field.  

As our results show that the most commonly used trait, SLA, can hardly be used as a proxy for 

growth rate in perennials, we argue here that it is not an appropriate trait to demonstrate 

differentiation of perennial herbaceous plants (in terms of growth rates) within or among 

habitats. In contrast, the size of belowground storage organ and genome size are potential 

candidate traits to demonstrate differentiation among perennials. While they are particularly 

important in forests where the stress on fast but limited growth prevails, it would be also 

interesting to see how they influence plant growth in other biomes such as savanna and tundra. 

Finally, our analyses show the key role of another hitherto neglected trait, viz. shoot lifespan 

(cyclicity; see Klimešová et al., 2017).  

Therefore, we conclude that functional traits that determine growth rate of perennial herbs 

should be sought in resources mobilization and cell processes underlying growth, rather than in 

the leaf economy spectrum only. These results are also making clear that such detailed analysis 

of growth strategies in perennials constitutes one of the main challenges in plant ecology. Such 

studies should also address generality of these strategies in other biogeographic zones and search 

for additional strategies of herbs that can be found in less seasonal or aseasonal climates. All this 

research has not been paid sufficient attention, namely using a comparative approach (but see 

e.g., Whigham, 2004). 
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Figures and Tables  

 

 

Fig. 1. Correlation between species optima along light and nutrient gradients, expressed by Ellenberg indicator 

values for N and Light. Points indicate individual species. Based on the relationship shown in the figure (cfs = 

-0.536, p < 0.001), two partly overlapping species subsets were used for the data analysis: Species occurring in 

productive habitats (Ellenberg N>4, points inside blue rectangle in the graph) were used to examine effect of 

light, and species occurring in open habitats (Ellenberg Light>5, points inside red rectangle in the graph) to 

examine effects of nutrients. Positions of individual species along gradients of light and nutrients are jittered. 
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Fig. 2. Relationships of growth rates and plant traits. In the right graphs (Shoot lifespan), ‘x= 1’ showed species with one-year shoot; ‘x ≥ 2’ 

showed species with more than one-year lived shoot). The number of species (n) and the adjusted R-squared (R2
adj) for each relationship were 

shown in each graph. SLA – specific leaf area; Genome size - 2C values of DNA content; Storage organ - Volume of underground storage organ; 

the meanings of two growth rates, i.e. Maximum Standardized growth rate (Standardized GR) and Maximum Absolute growth rate (Absolute GR), 

were interpreted in Methods. Regression lines show only if there is significant relationship, i.e., p value <0.05. p>0.1(ns); p<0.05 (*); p<0.01(**); 

p<0.001(***). 

1 
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Table 1. Multiple linear non-phylogenetic and phylogenetic regression of growth rates on plant traits. All analyses are conducted on both all species and a 2 

subset of species for which data on volume of storage organs were available. R2
adj - the adjusted R-squared; n - the number of species; λ - Pagel's lambda. 3 

The remaining values in the table are regression coefficients on scaled variables, i.e. they are directly comparable. SLA - specific leaf area; Storage organ 4 

- volume of underground storage organs; Shoot lifespan - shoot longevity. p>0.1(ns); p<0.1(#); p<0.05 (*); p<0.01(**); p<0.001***. Names and 5 

abbreviations of each variable follow the Methods. 6 

  Species with data on Storage organ  All species 

    Non-phylogenetic 

regression 

Phylogenetic 

regression 

  Non-phylogenetic 

regression 

Phylogenetic 

regression Standardized 

GR 

R2
adj 0.074  0.032   0.074  0.028 

 N 128  128   318  317 

 λ   0.151     0.731 

 SLA 0.007 ns  0.016 ns   0.099#  0.093* 

 Genome size 0.136 ns  0.088 ns   0.174**  0.078 ns 

 Storage 

organ 

0.14#  0.094 ns      

 Shoot lifespan -0.445**  -0.415*   -0.331**  -0.282* 

Absolute GR R2
adj 0.123  0.108   0.029  0.023 

 N 128  128   318  317 

 λ   0.855     0.85 

 SLA -0.083 ns  -0.115 ns   0.059 ns  0.071# 

 Genome size 0.086 ns  0.035 ns   0.1#  0.029 ns 

 Storage 

organ 

0.123#  0.154#      

  Shoot lifespan -0.549***   -0.58***     -0.232*   -0.293* 

7 
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Table 2. Multiple linear regressions of growth rates on plant traits and Light niche of the species. Only species of nutrient rich habitats (Ellenberg N>4) 8 

are included in the analysis (for further details see the methods). All analyses are conducted on both all species and a subset of species for which data on 9 

volume of storage organs were available. R2
adj - the adjusted R-squared; n - the number of species; SLA - specific leaf area. The remaining values in the 10 

table are regression coefficients on scaled variables, i.e. they are directly comparable. Storage organ - volume of underground storage organ; Shoot 11 

lifespan - shoot longevity. p>0.1(ns); p<0.1(#); p<0.05 (*); p<0.01(**). Names and abbreviations of each variable follow the Methods. 12 

    Species with data on Storage organ   All species 

  Main effect Interaction with Light  Main effect Interaction with Light 

Standardized GR 

R2
adj 0.113   0.058  

n 66   139  

Light -0.401 ns    -0.432 ns  

SLA -0.036 ns 0.112 ns  0.048 ns -0.027 ns 

Genome size 0.137 ns -0.004 ns  0.13* -0.163* 

Storage organ 0.195# -0.346**    

Shoot lifespan -0.135 ns 0.171 ns  -0.097 ns 0.277 ns 

       

Absolute GR 

R2
adj 0.018   -0.007  

n 66   139  

Light 0.218 ns   0.106 ns  

SLA -0.132 ns 0.178 ns  -0.063 ns 0.055 ns 

Genome size 0.044 ns 0.041 ns  0.05 ns -0.075 ns 

Storage organ 0.198 ns -0.173 ns    

Shoot lifespan -0.189 ns -0.154 ns   0.081 ns 0.002 ns 

13 
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Table 3. Multiple linear regressions of growth rates on plant traits and Nutrients niche of the species. Only species of open habitats (Ellenberg Light > 5) 

are included in the analysis (for further details see the methods). All analyses are conducted on both all species and a subset of species for which data on 

volume of storage organs were available. R2
adj - the adjusted R-squared; n - the number of species; SLA - specific leaf area. The remaining values in the 

table are regression coefficients on scaled variables, i.e. they are directly comparable. Storage organ - volume of underground storage organ; Shoot 

lifespan - shoot longevity. p>0.1(ns); p<0.1(#); p<0.05 (*); p<0.01(**); p<0.01(***). Names and abbreviations of each variable follow the Methods. 

    Species with data on Storage organ   All species 

  Main Effect Interaction with Nutrients  Main effect Interaction with Nutrients 

Standardized GR 

R2
adj 0.076   0.075  

n 83   225  

Nutrients -0.639 ns   -0.355 ns  

SLA 0 ns -0.017 ns  0.076 ns -0.091 ns 

Genome size 0.131 ns -0.079 ns  0.142* -0.093 ns 

Storage organ 0.129 ns -0.153 ns    

Shoot lifespan -0.601** 0.383#  -0.42** 0.221# 

       

Absolute GR 

R2
adj 0.213   0.105  

n 83   225  

Nutrients -0.593 ns   -0.125*  

SLA -0.018 ns -0.022 ns  0.011 ns -0.145* 

Genome size 0.126# -0.083 ns  0.131* -0.124* 

Storage organ 0.117 ns -0.04 ns    

Shoot lifespan -0.745*** 0.329#   -0.321** 0.215# 
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Appendix 
 

Table S1  
Correlation coefficients between each pair of variables. The missing values are handled by pairwise deletion. (the number of observed species was 

shown in brackets). Names and abbreviations of each variable follow the Methods. 

 msGR maGR SLA Genome size Storage organ Shoot lifespan Nutrients 

msGR 1       

maGR 0.56 (381) 1      

SLA 0.063 (368) 0.056 (368) 1     

Genome size 0.201 (380) 0.16 (380) -0.076 (368) 1    

Storage organ 0.171 (145) 0.166 (145) 0.042 (139) 0.083 (145) 1   

Shoot lifespan -0.216 (328) -0.155 (328) -0.192 (320) -0.135 (328) 0.093 (133) 1  

Nutrients -0.006 (355) 0.187 (355) 0.339 (348) 0.041 (355) 0.265 (140) -0.052 (314) 1 

Light -0.19 (359) -0.09 (359) -0.304 (351) -0.173 (359) -0.081 (133) 0.169 (318) -0.461 (356) 

Nutrients: Ellenberg N; Light: Ellenberg Light. 
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Table S2 Estimated phylogenetic signals (λ) of individual variables by phylogenetic generalized least squares models (pgls). Except, phylogenetic 

signals (λ) of shoot lifespan is estimated by Function fitDiscrete with setting equal transition rates (package geiger). n - the number of species. 

Names and abbreviations of each variable follow the Methods. 

  n λ Model 

Standardized GR 380 0.747 pgls 

Absolute GR 380 0.864 pgls 

SLA 368 0.250 pgls 

Genome size 380 0.957 pgls 

Storage organ 145 0.744 pgls 

Shoot lifespan 328 0.978 fitdiscrete 
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Table S3 Non-phylogenetic and phylogenetic pairwise relationships between growth rates and plant traits by phylogenetically generalized least-

squares models. Values of SLA, Genome size and Storage organ have been log-transformed. Phylogenetic signal lambda (λ) values were estimated 

by maximum likelihood in phylogenetic regressions and were assumed to be 0.01 in non-phylogenetic regressions. (cfs) p shows the direction of 

relationships (+/-) if p-value is significant. p>0.1(ns); p<0.1(#); p<0.05 (*); p<0.01(**); p<0.001(***). R2
adj - adjusted R-squared. Names and 

abbreviations of each variable follow the Methods. 

 

Dependent variable 
Independent  

variable 

  Non-phylogenetic regression   Phylogenetic regression 

n (cfs) p R2
adj   λ (cfs) p R2

adj 

Standardized GR SLA 367 ns 0.001  0.723 (+)# 0.006 

 Genome size 379 (+)*** 0.033  0.744 ns 0.001 

 Storage organ 145 (+)* 0.022  0 (+)* 0.023 

 Shoot lifespan 327 (-)*** 0.043  0.74 (-)** 0.022 

         

Absolute GR SLA 367 ns 0.001  0.855 (+)* 0.009 

 Genome size 379 (+)** 0.019  0.859 ns -0.002 

 Storage organ 145 (+)* 0.021  0 (+)* 0.021 

  Shoot lifespan 327 (-)** 0.024  0.852 (-)** 0.023 
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Fig. S1 Temperature from January 15 (x=15) to September 18 (x=261) in 2015. 
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Summary  

● Organ preformation in overwintering buds of perennial plants is known for almost two 

centuries, but its phylogenetic distribution and ecological relevance have never been 

quantitatively examined. It is hypothesised to underlie fast growth and early flowering, 

but only single-species studies are available to support it.  

● Here we observed microscopically inflorescence preformation in overwintering buds 

(IPB) in a phylogenetically and ecologically representative set of 328 species of 

temperate perennial angiosperms. These observations were linked with quantitative data 

on species  ́growth, flowering phenology, genome size, and ecology. 

● IPB was observed in 30% examined species (in 13% species stamens and/or pistils 

were already developed). IPB is fairly phylogenetically conserved, frequently found in 

many genera (Alchemilla, Carex, Euphorbia, Geranium, Primula, Pulmonaria), or 

families (Ranunculaceae, Euphorbiaceae, Violaceae, Boraginaceae), and is significantly 

associated with larger genome size. Compared to non-IPB species, they flowered and 

peaked their growth earlier (36 and 13 days in average, respectively), but have overall 

similar growth rates. IPB species are distributed over a range of temperate habitats but 

are significantly more common in shaded and undisturbed habitats.  

● IPB is one of the surprisingly widespread adaptations for early growth in predictable 

(undisturbed) conditions. Its phylogenetic conservatism may underlie restricted 

phylogenetic structure of communities of short-season habitats.   
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Introduction 

 

Plants in temperate climate must cope with long periods with below-zero 

temperatures. This typically completely destroys their photosynthetically active tissues or 

their whole bodies, which therefore must be formed every year anew within a limited 

climatic window of favourable conditions. Plants have developed a number of life history 

strategies how to cope with these constraints: annuals surviving as seeds which germinate 

in favourable conditions, perennial herbs sprouting from buds overwintering below or at 

soil surface, and woody species continuing their growth from winter-hardy buds located 

above ground (Raunkiaer, 1934).  

Somewhat surprisingly, temperate floras are rich in perennial herbs, i.e. plants that 

maintain live tissues only below or at the soil surface and are adapted to loss of their 

aboveground structures every year (Aarssen 2008). Consequently, they are bound to 

renew their aboveground body by sprouting new shoots from belowground overwintering 

(renewal) buds using carbon resources from the previous year. The overwintering buds 

ensure replacement of shoot generations and thus constitute the key element of the 

successful strategy of herbaceous perennials.  Overwintering buds in herbaceous plants 

develop on different organs such as rhizomes, roots, bulbs or stolons (Klimešová & 

Klimeš, 2008). They vary among species in size (mass or cell number), amount of 

resources stored, and in the degree of their differentiation (Irmisch, 1850; Geber 1997b). 

Differentiated buds contain more or less initiated leaves and inflorescences derived from 

the shoot apical meristem. These organs are pre-formed in the growing season preceding 

the bud sprouting (Foerste 1891, Inouye, 1986; Aydelotte & Giggle, 1997; Diggle, 1997).  

Organ preformation in overwintering buds has been hypothesised to enable fast 

plant growth at the beginning of the vegetation season (Geber et al. 1997b, Whigham 

2004). Therefore, it can be advantageous in habitats with short vegetation season caused 

by temperature limitation (such as in the alpine zone or tundra) or limitation by shading 

by trees (such as forest understory). This is supported by several studies documenting 

organ preformation in buds of individual species from such habitats (Sørensen, 1941; 

Dafni et al., 1981; Inouye, 1986, Geber et al., 1997a, Meloche & Diggle, 2001, Werger & 

Huber, 2006; Palacio & Montserrat-Martí, 2005, Larl & Wagner, 2006), although we lack 
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data from other habitats that would serve as a yardstick for these findings. Organ 

preformation may also be the only way how to access seasonal habitats by plants with 

large genome sizes, where the prolonged DNA replication and cell cycle would otherwise 

prevent enough fast growth and body development by regular cell division (Bennett 

1987, Leitch & Bennett, 2007; Beaulieu et al., 2008).  Indeed, many seasonal, organ 

preforming species, such as spring ephemeroids (Randall,1952; Geber et al., 1997b; 

Whigham, 2004)), have remarkably large genome sizes (Veselý et al. 2012). However, 

whether organ preformation strategy in seasonal species could be generally enforced by 

large genome size and slow cell division has never been rigorously tested.  

On the other hand, a major disadvantage of organ performation may be limited 

ability of finished buds to respond to unexpected environmental changes. Hence, organ 

preformation is likely to be found primarily in species from highly predictable 

environments. Similarly, differentiated buds are likely to be susceptible to injuries and 

hence should be restricted to non-disturbed habitats. Low response of preformed buds to 

unpredictable environmental fluctuations (in nutrient status) has been shown 

experimentally in two species (Worley & Harder, 1999; Werger & Huber, 2006), but 

generality of this observation remains unclear.  

Importantly, the costs and benefits of organ preformation have been studied 

primarily as case studies of individual species (Pontoppidan et al., 2011; Werger & 

Huber, 2006; Scribailo & Tomlinson, 1992; Ehrlén & van Groenendael, 2001; Geber et 

al., 1997a; Jones & Watson, 2001; Watson  &  Lu, 1999), which precludes drawing 

firm conclusions about its role compared with species that do not possess it. Although 

there are studies aiming to determine proportion of organ preformation for ecologically 

defined sets of species (tundra, Serebriakov, 1949; forests in Wisconsin, Randall, 1952; 

alpine zone of the Himalaya, Rawat & Gaur, 2004), such limited sets do not make 

possible to assess occurrence of this phenomenon across the whole spectrum of habitats 

and plant lineages, and thus to determine its  ecological drivers.  

We therefore performed a comparative study of distribution and ecological drivers 

of organ preformation in buds in a large and phylogenetically representative set of 

temperate perennial herbs. To enable the robust testing of both frequency and ecological 

correlates of organ preformation in overwintering buds, we observed the preformation 
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stage using standardized approach and analysed its relationship to an array of plant traits 

using phylogenetic techniques. More specifically, we were asking: (i) how frequent is 

organ preformation across temperate flora and in particular phylogenetic lineages 

(whether it is phylogenetically clustered), (ii) what is its role for timing and rates of 

growth, taking advantage of unique quantitative data on growth dynamics collected on 

the same set of species (Huang et al., 2018), and (iii) what is the difference  compared to 

their organ-non preforming relatives in their genome size and ecological optima, namely 

along gradients of habitat productivity, light, moisture, and disturbance.  

  

Materials and Methods 

 

Inflorescence preformation data 

We selected 328 species of perennial angiosperm herbs cultivated in the Botanical 

Garden of the Faculty of Science, Charles University in Prague (http://www.bz-uk.cz). 

The selection was done with respect to phylogenetic representativeness and covered 

species of a full spectrum of temperate habitats, i.e. from grasslands, woodlands to 

wetlands. To get easy access to underground buds, some species were transplanted in 

summer from the garden and cultivated in appropriate-sized pots in the experimental 

garden of the Institute of Botany, Academy of Sciences, Czech Republic.  

Buds of plants cultivated in pots as well as plants grown in garden soil the Botanical 

garden were collected between end of October and 15th of December in 2016 and 2017. 

Overwintering bud-bearing organs (rhizomes, roots, bulbs and stem bases) were extracted 

from the soil and minimum eight largest buds were sampled. The sampled buds were 

washed and immediately examined under the stereomicroscope (Olympus SZX7) 

equipped with a digital camera. We concentrated on the inforescence (flower) 

preformation to make our observations compatible with the vast majority of existing 

literature and because one of our aims was to relate the organ preformation primarily with 

flowering phenology. Bud scales were therefore carefully removed from buds under the 

stereomicroscope until the central part of the bud with prospective inflorescence 

primordia was clearly visible. The following four stages of inflorescence preformation 

were distinguished: (0) no preformation (vegetative stage) – the shoot apical meristem 
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had a dome shape and was in the vegetative phase (Kwiatkowska, 2008) with no 

transition to inflorescence; (1) transitional stage – the first inflorescence primordia are 

initiated, the vegetative meristem undergoes a transition from vegetative to the generative 

stage; (2) primordial stage – all primordia have been initiated and are developing, but do 

have not the final shape, and (3) flower stage – the inflorescence was fully developed 

with stamens and pistils of flowers seen in their final shape. To handle only the fertile 

shoot-bearing buds with high chances for sprouting in next year, only the highest stage of 

inflorescence preformation was considered in sampled buds of each species. 

 

Growth and phenological data  

Data on growth parameters were collected, in plants grown/cultivated in the 

Botanical Garden of the Charles University (for detailed description of data collection, 

see Huang et al. 2018). Using weekly census starting in the mid of February 2015, we 

assessed flowering of 6-8 plant individuals and their growth by measuring foliage length 

(distance from soil surface to uppermost leaf tip; for further details see Huang et al., 

(2018).  

Date of first flowering of each species was the date when the first flower appeared 

on any plant individual. In 97 species (out of 328 in total) that did not flower in the 

botanical garden 2015 it was treated as a missing value. The growth trajectories were 

approximated by fitting logistic curves using nonlinear regression (function nls; Venables 

& Smith, 2014):  

                    (Eqn. 1), 

where Y(t) represented the observed value of total foliage length of the plant at the time t, 

K is the predicted maximum total foliage length of the plant, t represents the survey day 

(day of year 2015), a is the day of year when the plant reached peak growth (i.e., when 

plant size reached half of its predicted maximum size), and b is the standardized growth 

rate at peak growth.  Fitting was always done on pooled measurements of all individuals 

of a given species (see Huang et al., 2018 for more details). 

For each species we used the estimated parameters of the logistic curve to extract the 

four phenological and growth variables: Date of peak growth, i.e., the date of the 
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inflexion point of the growth curve, and Date of maturity, i.e., the date when the plant 

reached 90% of its predicted final foliage height (date when the value of the growth 

function reached 90% of K).  Standardized growth rate (b) i.e. the standardized growth 

rate at peak growth (i.e. maximum relative growth rate), Absolute growth rate, i.e. 

absolute growth rate at peak growth (first derivative of the growth function at the 

inflexion point, 4 b / K).  

 

Additional data on individual species 

For the phylogenetic analyses we used a phylogenetic tree of the Czech species from 

Lososová et al. (2015), which is based primarily on the Daphne phylogeny of Durka & 

Michalski (2012). Genome sizes of studied species (both absolute 2C DNA contents and 

1Cx monoploid genome sizes, i.e. 2C/ploidy level; Greilhuber et al. 2005) came from a 

flow cytometry survey by Šmarda et al. (submitted). In species with multiple ploidy 

levels, variable genome size or complex taxonomy, genome sizes were screened or 

measured directly in studied plants using flow cytometry with PI dye (for further details 

see Huang et al. in review). Data on bud bank depth were taken from CLOPLA ver. 3.4 

(Klimešová et al. 2017), which estimated number of buds located at different soil depths 

using morphological characters (assuming that each leaf or leaf scale is associated with a 

bud) on a number of excavated plants and calculated weighted mean of their depth.  

We used Ellenberg indicator values (Ellenberg et al., 1992) to express species 

optimum (realized niche) along main environmental factors. Although Ellenberg values 

are primarily based on field observations, they have been extensively tested and are 

known to be in good agreement with direct field measurements (see e.g. Diekmann, 2003 

for a review). We used Ellenberg indicator values for nutrients and moisture to express 

species optima along the gradient of productivity, and Ellenberg indicator value for light 

to express occurrence in shaded (forest) and unshaded conditions. Species assumed to 

have wide tolerance to nutrient indicator values (19 species; indicated by "x" in Ellenberg 

et al., 1992) were assumed to have a median value of the overall range (i.e. 5). Further, 

we used disturbance indicator values proposed by Herben et al. (2016) to express species 

optima along gradients of the frequency and the severity of disturbance. Of the two 

assessments of disturbance frequency and disturbance severity provided by Herben et al., 
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(2016), here we use the assessments for the whole community (as opposed to the 

assessments for the herb layer only). 

 

Data analysis  

 

Phylogenetic signal in bud preformation was determined by fitting a continuous time 

Markov process on preformation as two-state character. We examined all possible 

combinations of lambda transformation of the tree (maximum likelihood value of lambda 

or zero), and forward and backward rates (equal or unequal).  These models and the 

values of their parameters (lambda and transition rates) were fit on the data using the 

function fitDiscrete from the package geiger ver. 2.0.6 (Harmon et al., 2008). 

The model with both transitions equal and with lambda transformation was highly 

preferred using AIC. As the analysis requires fully dichotomous trees, the tree was 

dichotomized by randomly generated dichotomies with very short divergence times 

(0.001 Mya) using function multi2di from the R package geiger ver. 2.0.6 (Harmon 

et al., 2008). Different random dichotomizations had negligible effect on the fit and 

parameters of the model. 

Transition rates among preformation stages were examined by fitting models to the 

preformation stage as a multistate character. Evolution of this trait was modelled as 

multistate continuous time Markov process using function ace from the package ape 

(fits using fitDiscrete from the package geiger produced very similar results). 

We examined a number of potential structures of the rate matrix: (i) process with all 

transition rates different ("ARD"), (ii) a symmetric process, in which between two states 

was allowed to be different from all other transitions, but forward and backward 

transitions were assumed to have the same rates, (iii) a meristic process, where only rates 

between neighbouring states were allowed and were assumed to be symmetrical, (iv) an 

asymmetric meristic process, where only rates between neighbouring states were allowed, 

but were allowed to vary independently, and (v) an equal rates process with all transitions 

assumed to be equal. Models based on these assumptions were compared using AIC 

(Akaike information criterion) and the model with the lowest AIC (asymmetrical meristic 

process) was the only used in all consequent analyses. 
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Effects of preformation (handled both as a four-state categorical variable or reduced 

to a presence/absence variable) on growth variables were examined using regression 

analyses. We fitted statistical models in the form: response ~ preformation, and 

response ~ stage of preformation, where response was either growth variable or 

phenological variable. We fitted these models using phylogenetic regression using 

generalized least squares and variance-covariance matrix based provided by the lambda-

transformed tree (Freckleton et al., 2002). We fitted these models using maximum 

likelihood as implemented in the function pgls from the package caper ver. 0.5.2 for 

R (Orme, 2012) and calculated lambda and model coefficients. We used the model 

coefficients to express effects of preformation and its stage on the particular growth 

variable.  

We used generalized linear model with binomial distribution and logit link to 

determine how presence of preformation is predicted by bud bank depth, genome size and 

species realized niche, i.e. optimum along light, nutrients, moisture and disturbance 

gradients. The model was fit using the glm function (R Core Team, 2016), and the best 

model selected by a combined backward-forward stepwise procedure implemented in the 

function step to find the model with the lowest AIC. In the resulting model, 

significance of individual terms was tested using log-likelihood ratio and Chi-square test. 

Degree of preformation was tested using the same set of models but using ordinal 

regression model following Christensen (2018). We assumed cumulative logistic link 

model with flexible cutpoints taking stage of preformation as an ordered factor response 

variable (Christensen, 2018). The model was fitted by the function clm using maximum 

likelihood and tests of individual terms were done using log-likelihood ratio and Chi-

square test. 

 

Results 

 

Some inflorescence preformation in overwintering buds (IPB) was observed in 99 

species out of 325 studied species (i.e. in 31%). Of these species, 38 showed transitional 

stage of preformation (e.g. in Stellaria holostea, Melica nutans), 16 primordial stage of 
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preformation (e.g.  Scorzonera humilis, Euphorbia cyparissias) and 43 the flower stage 

of preformation (e.g. Petasites hybridus, Hepatica nobilis, Carex digitata; Fig. 1). 

IPB had a fairly strong phylogenetic signal (Pagel's lambda = 0.840 with equal rates 

Markov model, which was highly preferred using AIC) and was distributed nonrandomly 

over the phylogenetic tree. It clustered frequently at a generic level (e.g., Alchemilla, 

Carex, Euphorbia, Geranium, Primula, Pulmonaria) and was also notably more frequent 

in monocots and ranunculids, and less common in asterids (see Fig. 2). Evolutionary 

transitions over more than one stage of bud preformation (e.g. from transitional to flower 

preformation) were unlikely. The model with such transitions sets to zero was more likely 

based on AIC than all other examined models, including the full model containing all 

possible transition rates (Table 1).  

Species with IPB had their buds placed deeper in the soil in the soil (Fig. 3; 

χ2= 14.93, d.f. = 1; P < 0.001). Presence of IPB and its stage had a strong effect on 

number of parameters (Table 2). Preforming species flowered by more than one-month 

(37 days) earlier than species that did not perform; those with flower (full) preformation 

flowered more than 49 days (42 and 23 for primordia and flower preformation 

respectively; Fig. 4) earlier compared to species with no performation. There were also 

slight differences between preforming and non-preforming species in the Date of peak 

growth and Date of maturity (15 and 17 days, respectively; both differences were 

significant at α = 0.001). These three relationships were weaker in phylogenetic 

regression (but all still highly significant, Table 2), indicating that a part of these 

correlations is due to shared phylogenetic history. While majority of early flowering 

species (before 25th April) were inflorescence preforming, there were also several 

inflorescence non-performing species with exceptionally early flowering and 

development (Silene nutans, Dentaria bulbifera, Anemone ranunculoides, Luzula 

sylvatica, Festuca valesiaca, Fragaria vesca, Melica uniflora, Ranunculus lanuginosus). 

On the other hand, there were also few bud-preforming species which peaked their 

growth quite late in the season (Carex flava, Epipactis helleborine, Alopecurus pratensis, 

Carex pendula, Geranium spp.). In contrast to phenological variables, presence or type of 

IPB had only weak relationship with growth rates and species foliage length (Table 2).  
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On average, preforming species flowered 14.7 days after the date of their peak 

growth, whereas nonpreforming species flowered as late as 35.4 days after the date of 

their peak growth (the difference is highly significant using ordinal regression 

(χ2 = 14.93, d.f. = 1; P < 0.001).  While the date of first flowering correlated for all 

species with the Date of peak growth (R2 = 0.483; see Fig. 5), the relationships 

consequently strongly deviated from the y=x line. The estimated slope of the relationship 

to Date of first flowering was 2.01 (95% confidence interval 1.78-2.30). This means that 

early species (i.e. those in the lower left of the plot where the points lie close to the y=x 

line) typically flower at the time of their peak growth in height; in contrast, late-growing 

species typically flower much later after their peak growth, i.e. only after they build 

vegetative parts of their bodies.  

IPB coincided with large genome size, both using absolute 2C DNA contents and 

1Cx monoploid genome sizes (Fig. 6). Specifically, large-genome species were much 

more likely to show preformation (χ2 = 12.25, d.f. = 1; P < 0.001 for presence/absence, 

and LR = 12.60, d.f. = 1; P < 0.001 for ordinal regression of preformation stage), namely 

in early flowering species such as spring geophytes. Nevertheless, there were also non-

preforming species with large genomes that flower relatively early (e.g., Allium 

senescens) and number of inflorescence preforming species with small genomes (e.g. 

Carex spp.). Neither test was significant after log transformation of genome size, 

indicating that the difference is driven primarily by a few large-genome species (Fig. 6).  

Out of the five examined species niche parameters (i.e. optima along gradients of 

light, moisture, nutrients, and disturbance frequency and severity), three parameters had 

significant effect on IPB (light, disturbance frequency and severity; Table 3). Preforming 

species were significantly more common at non-disturbed and low-light habitats (both 

using presence/absence of preformation and performation degree). In addition to these 

two nich parameters, nutrient availability also had a weak positive effect on preformation 

degree.   

 

Discussion 

 

Occurrence of IPB 
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Our screening of a phylogenetically representative set of herbaceous perennials 

showed that inflorescence preformation in buds (IPB) is a common phenomenon among 

temperate herbs and is found in a number of phylogenetic lineages and over a large range 

of habitat conditions.  IPB is substantially phylogenetically conserved (see also Geber et 

al., 1997b) being often consistent at the generic level (Anemone s.l., Phleum, Geranium, 

Viola, Petasites, Symphytum-Pulmonaria lineage). Phylogenetic conservatism concerns 

also IPB degree meaning that phylogenetically related species share similar stages of 

IPB. Model comparison has shown that phylogenetic transitions between preformation 

stages follow a meristic process, i.e. take place primarily between neighbouring stages 

while transition across more stages are much less likely. This demonstrates that reaching 

flower stage of IPB in evolution is a stepwise process, indicating complex developmental 

trajectory that must be taken to attain it. This is nicely seen e.g. in Ranunculaceae, where 

IPB evolved from transitional stage of IPB in Thalictrum and Aquilegia to primordia and 

flower stages of IPB in Anemone and Hepatica.   

 

Preformation, phenology and growth rates 

 

IPB is closely linked to timing of phenological events, as bud preforming species 

flower, grow and mature earlier. While this has been hypothesised earlier (e.g. Geber et 

al., 1997a, b), our analysis demonstrates this robustly with exact quantitative data. By the 

early development of the inflorescence, IPB uncouples growth of vegetative parts from 

development of flowers. Uneven development of vegetative and generative parts of the 

plant body can already be seen in many species in the structure of the bud (R. 

Schnablová, pers.obs.). The tight link between the date of first flowering and the degree 

of IPB indicates that the onset of flowering is primarily constrained by flower 

development, which, in contrast to growth of vegetative parts, takes longer time. This is 

also clearly seen in different relationships between flowering and growth of the early (and 

inflorescence preforming) species compared with late-growing/flowering species. The 

species with differentiated buds flower early, both in terms of the absolute date and 

relative to their growth trajectory in height (i.e. around the date of their peak growth or 
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even earlier). This makes their flowering shorter and probably better synchronized among 

individuals than flowering of late and nonpreforming species. 

However, the capability of very early development has its costs as differentiated 

buds may be more sensitive to seasonal adversities, such as late spring frosts which affect 

flowers more than vegetative structures (Ladinig & Wagner, 2009; Šťastná et al., 2012; 

Ladinig et al., 2013) or herbivore attack. As temperatures become less extreme with soil 

depth, prevention of damage by late frosts may provide a plausible reason for our 

observation of slightly deeper placement of buds in bud-preforming compared to bud 

non-preforming species. In general, prevention of frost damage may be also a reason why 

early flowering species are found more often in sheltered habitats such as forests 

(Whigham, 2004, Huang et al., in review), where temperature buffering effect of forest 

usually decreases extreme frosts in the winter period. Synchronization of development of 

bud-preforming species may also serve as a safeguard against herbivore attack by 

predator satiation. In addition, it should be noted that many early species (often with IPB) 

are poisonous (Ranunculaceae, Amarylidaceae, Liliaceae) which may protect them from 

excessive herbivory.  

In contrast, species without any preformation flower late as they initiate and develop 

their flowers gradually during the spring and summer, long after their shoots have slowed 

their growth. Development of their flowers during the given season makes it much more 

responsive to the actual environmental conditions and thus is also likely to show much 

large inter-individual variation in flowering and longer flowering periods.  

The close association of early flowering and large genome size confirms that slower 

cell division may be one of the important (co-)drivers of IPB in early flowering species 

with large genome sizes. On the other hand, fairly early flowering of some non-IPB 

species with large genome size indicates that the limitation by slow cell division is not 

ultimate or very strong barrier for early development, though this seems naturally delayed 

in non-inflorescence preforming species (e.g. by comparing IPB Allium ursinum and non-

IPB Allium senescens). The frequent IPB in species with smaller genomes also indicates 

that IPB is driven primarily by the environment rather than to be strictly enforced by the 

large genome.  One of the factors forcing very fast spring development of large 

genomed plants, impossible without IPB, is suggested to be the poor physiological 



 168 / 188 

 

performance of their larger stomata during warmer and drier parts of the year (Veselý et 

al. 2012). This spring development is also suggested to take advantage of larger cell sizes 

found regularly in plants with larger genome size, which may be favourable for spring 

growth by cell expansion when mitosis may be limited by low temperatures (Grime et 

Mowforth 1982, Grime 1983). Larger cell may be also generally advantageous for fast 

growth (primarily in non-competitive environments with minimal constraint on final 

plant height and leaf size) because tissue formed of larger cells (where significant portion 

of fresh mass is constituted usually by water) is less metabolically demanding compared 

to analogous tisse formed of smaller cells (Lynch 2013). Yet data on stomatal function 

and cell sizes are lacking to evaluate their role in spring growth and development of 

species with large genomes and/or bud preformed organs. 

The reason why also some quite late species (genus Geranium, Carex flava, 

Symphytum) had high degree of IPB remains unclear. It may have a developmental reason 

if flower initiation takes much longer time than one year (e.g. Geber et al. 1997b) and the 

vegetative time prior the anthesis just contributes with the resources to flower initials 

development. It may also serve inflorescence protection against herbivores when the 

developing inflorescence is hidden safely inside the bud and sprouts just at the time 

before anthesis. Finally, it may be simple consequence of phylogenetic conservatism of 

the IPB. At any rate, such tall and late species contribute to the absence of relationship 

between IPB and growth rates.  

In contrast to the strong relationships between IPB and timing of flowering and 

vertical growth, there is almost no relationship between IPB and either absolute nor 

standardized rate of growth in height. The interpretation of this finding must take into 

account the fact that the early (and preforming) species have experienced lower overall 

temperature during their growth phase, which slowed down their growth rates relative to 

species with peak growth in late spring or early summer. Still it makes clear that IPB 

plays much lower role in growth rates per se in contrast to the timing of growth, i.e. 

number of days after the adverse period has ended necessary for growth. However, as the 

relationship between flowering and growth phenology is showing, these two components 

of temporal development of the plant body are only partly related, and their relationships 

differs between early species (where flowering comes early in the development) and late 
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species. Rates of growth in height therefore seem to be essentially unlimited by organ 

differentiation (see also e.g. Werger & Huber, 2006).  

 

Inflorescence preformation in buds and environment 

 

Our data show that preforming species tend to occur in undisturbed, nutrient-rich 

and darker (tree-shaded) habitats (see also Randall, 1952). The strong negative 

relationship between IPB and disturbance severity supports, using a much larger set of 

species, claims made in case studies of spring geophytes (Werger & Huber, 2006, Huber 

et al., 2004). Because IPB takes place before the actual season of growth and responds to 

resource allocation in the previous season, species possessing it require undisturbed 

environment. In particular, as IPB takes typically long time, loss of preformed buds is 

difficult to replace if disturbance comes after the bud has been formed. Consequently, as 

preforming species are unable to cope with unpredictable and severe disturbance (namely 

affecting organs at and below the soil surface), they are underrepresented in synanthropic 

habitats.  Greater average bud bank depth in preforming species may therefore also be, 

in addition to frost avoidance, avoidance of disturbance events taking place close to the 

soil surface.   

In addition to simple mechanical injury, habitat predictability associated with no or 

mild disturbance is important as demography of preforming species respond primarily to 

the conditions of the previous year (Geber et al., 1997a, b; Watson & Lu, 1999). This can 

lead to strong mismatch if conditions show weak correlations across seasons. In contrast, 

plants without any preformation are much more responsive to the current season's 

conditions which make their population dynamics much more flexible, as their flower 

numbers (and consequently seed number) are mainly affected by conditions in the current 

growing season.  

In spite of the higher incidence of preforming species in predictable and shaded 

conditions, they are not strictly confined to any specific environmental conditions, as the 

number of case studies on preforming forest geophytes or alpine/tundra species would 

imply. In contrast, they, are broadly distributed over a range of habitats. In all these 

habitats they constitute a subset of species that are likely to grow, and flower early 
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compared with other species that occur there. Bud performation is therefore one of the 

traits that contributes to temporal niche differentiation within a number of habitats and 

may be one of the candidate traits when screening for overdispersed trait distribution in 

communities (Götzenberger et al., 2012). As IPB is strongly phylogenetically conserved, 

it may be one of the drivers of phylogenetic structure of temperate plant communities.  

 

Conclusions 

 

Inflorescence preformation in overwintering buds seems to be an important though 

neglected component of the developmental programme in many herbs. We show that it is 

much more ecologically widespread than often assumed, and it is found in many habitat 

types, although it is most common in nondisturbed and productive habitats. It seems to be 

the key driver of timing of the plant flowering, and thus is likely to affect pollination 

success and seed set. As IPB is phylogenetically conservative, with related species having 

similar degree of IPB, it may explain taxonomical constraints of species abundance in 

habitats with very short vegetative season (dry and cold habitats, or shaded forest 

habitats) selecting species with rapid development and therefore favouring groups 

possessing developmental means to perform.  

Phylogenetic conservatism of IPB could indicate that developmental pathways that 

underlie it are also conserved in evolution, similarly to development of inflorescence 

architecture (see e.g. Bommert & Whipple, 2018). It is striking how little attention 

developmental morphology has been paid to this phenomenon, although knowledge of it 

dates back to the 19th century (Foerste, 1891). We hope that its ecological functions 

showed in the present paper can stimulate further research on it in other geographic zones 

and ecological regimes, on regulatory pathways that are responsible for it, and on its role 

within other determinants of growth patterns in perennial herbs.  

 

Abbreviations 

AIC – Akaike information criterion, ARD - all transition rates different, CNPD - Czech 

National Phytosociological Database, IPB – inflorescence preformaion in buds 
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Table 1. Phylogenetic transition rates between preformation degrees estimated by fitting a continuous Markov process model on 

the distribution of preformation degree over the phylogenetic tree. The rates are based on the most likely model, i.e. the model 

with transition rates across more than one preformation degree set to zero (asymmetric meristic process); see the methods for 

details. Values in the table show transition rates from the column degree to the row degree.  

 

 
Vegetative Transitional Primordial Inflorescence 

Vegetative 
 

0.042 0 0 

Transitional 0.268 
 

0.072 0 

Primordial 0 0.137 
 

0.476 

Inflorescence 0 0 0.203 
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Table 2. Effect of preformation (taken as presence/absence variable) and of preformation stage on timing of growth and growth 

rates. R2
adj – adjusted R2, P – F-test significance, lambda – Pagel's lambda, coef. – coefficient of the predictor variable term, 

expressing mean difference between species with and without preformation in individual response variables (shown only for 

presence/absence analyses). In phylogenetic regressions, lambda was estimated using maximum likelihood.  N = 325 for all 

analyses, except for the first flowering date, where N = 229. 

 

Type Nonphylogenetic  Phylogenetic 

 Preformation presence/absence Preformation stage  Preformation presence/absence Preformation stage 

  R2
adj P coef. R2

adj P  R2
adj lambda P coef. R2

adj lambda P 

Date of peak growth 0.122 <0.001 -14.6 0.112 <0.001  0.045 0.656 <0.001 -8.8 0.048 0.658 <0.001 

Date to maturity 0.072 <0.001 -17.4 0.062 <0.001  0.028 0.588 0.002 -11 0.025 0.59 0.01 

First flowering date 0.274 <0.001 -37.2 0.307 <0.001  0.151 0.625 <0.001 -27.9 0.21 0.427 <0.001 

log standardized growth rate 0.011 0.03 0.113 0.009 0.051  0.004 0.565 0.121 0.081 0 0.569 0.382 

log absolute growth rate -0.001 0.446 -0.07 0.003 0.174  -0.002 0.713 0.522 -0.059 -0.004 0.708 0.651 

Maximum foliage height 0.006 0.095 -5.8 0.013 0.023  0.006 0.046 0.086 -6.14 0.01 0.051 0.104 
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Table 3. Relationship of preformation to parameters of species niche (light, nutrients, moisture assessed by Ellenberg indicator 

values and disturbance frequency and severity assessed by disturbance indicator values). 'Simple' indicates tests of each factor 

separately, 'Marginal' indicates marginal tests with all other factors included in the model, and 'Best' indicates marginal tests of 

terms in the minimum adequate model determined by stepwise procedure using AIC. Presence of preformation is fitted using 

generalized linear model with binomial distribution and the logit link, degree of preformation using ordinal regression 

(Christensen 2018). χ2: log likelihood ratio, P: significance, “-“ not included in the model. Significant or marginally significant 

values are shown in bold.  

 

 
Presence of preformation  Preformation degree 

 
Simple Marginal Best  Simple Marginal Best 

 
χ2 P χ2 P χ2 P  χ2 P χ2 P χ2 P 

Nutrients 2.179 0.140 2.523 0.112 - -  2.163 0.141 2.877 0.090 2.123 0.145 

Moisture 0.001 0.972 1.794 0.180 - -  0.062 0.804 0.824 0.364 - - 

Light 11.155 0.001 0.983 0.321 10.571 0.001  10.774 0.001 1.540 0.215 3.191 0.074 

Disturbance frequency 9.589 0.002 0.001 0.978 - -  9.621 0.002 0.003 0.955 - - 

Disturbance severity 6.111 0.013 7.283 0.007 5.527 0.019  7.245 0.007 8.585 0.003 8.710 0.003 
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Fig. 1. Variation in a degree of inflorescence preformation in herbaceous perennials in the 

end of autumn viewed in the dissecting microscope.  (A) A vegetative meristem of 

Gnaphalium sylvaticum showing a dome shaped apical meristem surrounded by several 

leaf primordia, (B) an apical meristem of Phleum bertolonii at the transitional stage at the 

beginning of flower primordia initiation, (C) primordial stage of meristem in Dentaria 

glandulosa, (D) a fully developed inflorescence preformation in Petasites hybridus. 
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Fig. 2. Distribution of preformation in angiosperm phylogeny. 
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Fig. 3. Relationship between bud bank depth and preformation degree. Prediction of 

preformation stage by bud bank depth is highly significant using ordinal regression 

(χ2 = 14.93, d.f. = 1; P < 0.001).  Error bars indicate standard errors. Numbers indicate 

numbers of species in each group. 
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Fig. 4. Effect of preformation degree on Date of peak growth and First flowering date. 

Both differences are highly significant (see the Table 2). Dates are expressed as number of 

days after 15th January 2015. Error bars indicate standard errors. Numbers indicate 

numbers of species in each group.  
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Fig. 5. Relationship between Date of peak growth and First flowering date for all species 

(slopes for bud performing and bud non-performing species do not differ). R2 = 0.483 

(from OLS regression), d.f. = 255. The dashed line indicates positions where plants begin 

to flower exactly at their date of peak growth; points above the line are species that flower 

after their date of peak growth. Earlier flowering of bud performing species means they 

generally flower close to their growth peak than in bud non-performing species. 
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Fig. 6. Relationship between monoploid nuclear genome size and preformation degree.  

Prediction of preformation stage by monoploid nuclear genome size is highly significant using 

ordinal regression (χ2 = 12.60, d.f. = 1; P < 0.001).  
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