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Abstract 

The rock outcrop plants are neglected group of plants, even though they include endangered or 

endemic species. Despite this fact, there is only a few of studies focusing at this topic. The aim 

of this thesis is to focus on this group of plants in terms of its population dynamics.  Aurinia 

saxatilis ssp. saxatilis was chosen as a model species. It is a species of the Czech 

thermophyticum. Three populations were chosen and studied over three years. The population 

dynamics was compared between the populations by integral projection modelling (IPM) and 

matrix population modelling (MPM). The results of these two analytical approaches were 

compared to one another, too. The population growth rate (λ) predicts that one of the 

populations is stable, whereas the other two populations are declining. The highest elasticity is 

mostly for the seeds survival in the seed bank. The population growth rate does not differ 

distinctly between the two statistical approaches, IPM and MPM. In all cases the IPM λ is lower 

than the MPM λ. Within the IPM analysis, the influence of the substrate type was also studied. 

The analyses, however, did not indicate any major differences between the substrates. For 

maintaining the populations, it is necessary to protect the new seeds and seedling recruitment 

and to create the new space suitable for germination and seed bank survival. In all analysis, the 

seed bank appears as very important, though it deserves further study, since the information 

available is still limited. In this study it is also shown that the seeds are able to disperse not only 

downwards, but also horizontally and upwards. 

 

Key words: population dynamics, Aurinia saxatilis ssp. saxatilis, transition matrices, integral 

projection models, IPM, seed bank, seed dispersal 

 

  



 

 

  



 

 

Abstrakt 

Rostliny skalních výchozů jsou opomíjenou skupinou, i když právě sem často patří velmi 

ohrožené rostliny naší flóry, stejně jako některé endemity. I přes tuto skutečnost existuje jen 

málo prací zabývajících se tímto tématem, snad proto, že jsou tyto rostliny hůře dostupné. Cílem 

této práce je zaměřit se na populační biologii této skupiny. Jako modelový druh byla vybrána v 

termofytiku rozšířená tařice skalní (Aurinia saxatilis subsp. saxatilis). Po dobu tří let probíhalo 

studium populační dynamiky tařice skalní u vybraných tří populací. Ta byla mezi populacemi 

porovnána pomocí přechodových matic (matrix population modelling, MPM) a IPM (Integral 

Projection Modelling), tyto dva analytické přístupy byly mezi sebou také porovnány. Analýza 

populační růstové rychlosti říká, že jedna z populací je predikována spíše jako stabilní, zatímco 

další dvě budou velikostně klesat. Nejvyšší elasticita je většinou pro přežívání semen v semenné 

bance. Populační růstová rychlost se mezi oběma statistickými přístupy výrazně neliší, a 

vykazuje stejný trend – ve všech případech je ale λ získaná z IPM nižší než ta získaná z analýzy 

přechodových matic. V rámci IPM byl také zkoumán vliv charakteru substrátu na přežívání, 

růst a reprodukci. Nejsou zde ale vykázány žádné zásadní rozdíly. V populacích je potřeba 

chránit stadium produkce nových semen a semenáčků, tedy i kvetoucí jedince a případně 

vytvořit vhodná místa pro vyklíčení a uchování semenné banky. V rámci veškerých analýz se 

semenná banka jeví jako velmi důležitá, stále je ale potřeba její podrobnější studium, jelikož 

jsou informace o ní zatím velmi omezené. V práci je také ukázáno, že semena jsou schopná i 

horizontálního šíření a šíření směrem nahoru.  

 

Klíčová slova: populační dynamika, Aurinia saxatilis subsp. saxatilis, přechodové matice, 

IPM, semená banka, šíření semen 
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1 Introduction 

Understanding population dynamics is crucial for effective species conservation (Schemske et 

al., 1994). By studying species’ population dynamics, we can identify critical life-cycle 

transitions (for instance seedling survival, growth of vegetative plants). This knowledge will 

allow focusing on protecting these life-cycle transitions and improve future performance of the 

populations. Population dynamics is strongly affected by environmental factors, such as habitat 

or climate conditions (Lavergne et al., 2004). Knowledge of biotic and abiotic factors driving 

population dynamics together with knowledge of the species’ biology is thus important to 

properly manage populations and their environment (Franco and Silvertown, 1990, Picó et al., 

2008).  

Though there are many threatened and endangered species among rock outcrop plants, the 

amount of research available regarding their population ecology is scarce. Existing studies 

mostly focus on single threatened or extremely endangered species (Dostalek and 

Muenzbergova, 2013;  Colas et al., 1997;  Hotak et al., 2013;  Bucharova et al., 2010). Rock 

outcrop plants face harsh conditions due to cramped root space, high exposure to sun radiation, 

or extreme drought (Chytrý, 2009). The plants occupying this environment are mostly s-

strategists (stress-tolerant) and thus expected to be weak competitors (Grime, 1977). They may 

have found a refuge in rock outcrops during periods of extreme drought (Baskin and Baskin, 

1988;  Lavergne et al., 2004) and could have evolved to be rock outcrop specialists (Zwieniecki 

and Newton, 1995). Even though rock outcrop plants must face such difficult conditions, their 

population dynamics are often stable (Csergo et al., 2011;  Dostalek et al., 2014).  Due to the 

lack of knowledge on population biology of rock outcrop plant species, it is important to focus 

on the complete life cycle of this group of plants, including seed bank, and mode and direction 

of seed dispersal.  

Seed bank is an integral part of the life cycle of many species representing important 

mechanisms behind stability of their populations (Schemske et al., 1994). There are several 

studies on the seed banks of rock outcrop plants. For instance, Erodium paularense, endemic 

rock outcrop plant of Spain, has no seed bank. Other outcrop plant species were, however, 

shown to form seed bank of different longevity (Thompson and Grime, 1979;  Colas et al., 

1997;  Houle and Phillips, 1988). Knowledge on seed banks of most rock outcrop plants is, 

however, missing.  
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To properly describe population dynamics, we should also have some knowledge on seed 

emigration and immigration to the populations. Even though there are many studies on seed 

dispersal in various plant species (e.g. Morgan and Venn, 2017;  Zhao et al., 2016;  Vittoz and 

Engler, 2007), most of these are done on horizontal surface and we still miss studies on seed 

dispersal on vertical rocks. One of the few studies on dispersal of rock species is the study by 

(White and Midgley, 2017), describing that the seeds (fruit) of rock outcrop plants can be 

dispersed by rodents. Most of the rock outcrop plants, however, do not have juicy fruits or nuts 

that are attractive to animals and are not accessible to rodents. Dispersal on vertical rocks is a 

striking issue as the seeds are expected to move downwards by gravity, though the species are 

still able to persist on the tops of the rocks. While it has been suggested that such a dispersal 

may be mediated by updrafts, we have very limited experimental support for this assumption 

(Crepis praemorsa, Skarpaas et al., 2004).  

I chose Aurinia saxatilis ssp. saxatilis as a study species. It is a threatened species (C4a) of the 

Czech flora (Danihelka et al., 2012), but in the areas of thermophyticum, it is quite common 

chasmophyte of rock outcrops. For purpose of studying its population dynamics, three 

populations have been chosen on the river banks on the lower course of the Vltava river, central 

Bohemia, Czech Republic. I decided to focus also on the seed bank and seed dispersal of these 

plants as they represent key parts in the population dynamics of all species.  

The two main statistical approaches to study population dynamics are the IPM (integral 

projection models) and MPM (matrix population modelling, transition matrices). The matrix 

population models are more traditional approach (Cochran et al., 1992), still widely used (e.g. 

Bertwell et al., 2018). They are easier to understand, there is a simple matrix showing transition 

probabilities among stages. Although there are several limitations. (i) They are based on 

dividing the individuals into the life stages, where the individuals within the same stage are 

supposed to have identical vital rates (Caswell, 2001). (ii) To estimate the vital rates accurately, 

there is a need of a large number of individuals within each stage and sensitivities and 

elasticities are sensitive to stage duration (Enright et al., 1995). (iii) When the sample size is 

small, it leads to including the individuals with the different demographic rates within stages. 

IPM is an alternative method to the projection matrices. It can be parametrized from the same 

data set. Despite projection matrices, it uses continuous variables (e.g. size, Easterling et al., 

2000). It was previously shown that using a large dataset including over 600 individuals, the 

IPM and MPM λ produce very similar results (Easterling et al., 2000;  Crone et al., 2011). 

Nevertheless, population size in many species is smaller than this (Menges, 2000). Ramula et 
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al. (2009), asked the question, how it works with smaller populations – is the IMP or MPM 

method more credible? They compared IPM and MPM population growth rates (λ) and they 

found out that IPMs produce smaller bias and variance and it makes IPMs preferable to MPMs 

in small populations (<300 individuals). Here, I compare the results obtained from both 

statistical approaches. 

This study aims to reveal and illustrate the ecology of rock outcrop plants based on my research. 

In this way, I hope to enrich the current pool of knowledge available on rock outcrop plants. 

I posed the following questions:  

(i) Does the species form seed bank? 

(ii) What is the future prospect of the populations?  

(iii) What are the critical life cycle transitions in a life cycle of A. saxatilis? Is there any 

effect of the substrate type on the vital rates? 

(iv) Are there any differences in the predicted dynamics based on two alternative 

statistical approaches – matrix population modelling (MPM) and integral projection 

modelling (IPM)? 

(v) What is the dispersal ability of the species?  

Ad (i) Since it has been shown that previously studied rock outcrop plants have a permanent 

seed bank (Colas et al., 1997;  Houle and Phillips, 1988;  Thompson and Grime, 1979), I expect 

that A. saxatilis will create seed bank as well. If there is a seed bank, I will include it in the IPM 

and transition matrices analysis as a part of a life cycle. 

Ad (ii) I hypothesize that the populations are stable as was reported in previous studies on rock 

outcrop plant species (e.g. Albert et al., 2001). These species are often long-lived and due to 

the habitat’s proprieties, there is almost no inter-specific competition, no many other species 

grow there. On the other hand, there might be some fluctuations in a size due to climatic 

fluctuations such as heat waves.  

Ad (iii) I hypothesize that the most critical transition in the life cycle of the species is a growth 

transition from seedlings to small vegetative plants and then reproduction from flowering plants 

to seedlings. This is based on a fact that it might be extremely difficult for the seed to find a 

suitable environment to germinate and establish the seedling and grow into another stage due 

to highly limited space, nutrient and water availability in a rock habitat. I hypothesize that there 
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is a difference in vital rates between different types of substrate (similarly as in Albert et al., 

2001) 

Ad (iv) Since I analyze the same data by both statistical approaches (IPM and transition 

matrices models), I expect none or only neglectable differences between the results, as in 

Easterling et al., 2000. 

Ad (v) I hypothesize that since the seeds are quite heavy, the species is spreading mostly along 

the gravity gradient. On the other hand, there must be the way of getting to the upper rock edges, 

therefore the wind can play a role in uplifting the seeds and upwards spreading. 
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2 Methods 

2.1 Aurinia saxatilis ssp. saxatilis 

Aurinia saxatilis ssp. saxatilis is a perennial species of Brassicaceae family of rock outcrops 

(petrophyte, chasmophyte), which occurs in central Europe with its northernmost occurrence in 

the Czech Republic, where it grows mostly in the areas of thermophyticum (see Fig. 1). It grows 

in dry, sun-exposed rock outcrops, old walls (such as castle ruins) or steep slopes with screes. 

It grows on all types of rock. It has a woody stem base and is usually 10-40 cm high. The leaves 

are in a rosette and the whole plant is hairy and greyish green (Smejkal, 1992).  

It flowers from April to May and has yellow flowers in short racemes. The fruit is 4-5 mm long 

siliqua with two approximately 2.53 × 2.34 mm large flat seeds. The terminal velocity is 

1.75 m.s-1, anemochory ranking index is 0.96, epizoochory ranking index is 0.26 (expressing 

how the species is adapted to the type of specific spreading, 0-not adapted, 1-well adapted 

species, Hintze et al., 2013). 

A. saxatilis is a clonal plant. It has root type of Alliaria petiolata and Trifolium pratense, i.e. 

one main root without adventive roots. It only rarely spreads vegetatively (Klimešová and 

Klimeš, 2013). 

A. saxatilis is, according to the red list of the Czech flora, nearly threatened (Grulich and 

Chobot, 2017) and is considered as a species requiring attention (C4a, Danihelka et al., 2012, 

Decree 395/1992 Pr. as amended in decree 175/2006 Pr.).  
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Fig. 1: A map of a species distribution in the Czech Republic according to the ND OP (nature 

conservation databases) records. Small black circle: findings before 1949, small red dot: findings 

between 1950-1989, medium orange dot: findings between 1990-2009, large black circle: findings after 

2010 (AOPK ČR, 2018). 

2.2 Study area and sites 

For purpose of studying population dynamics of A. saxatilis, I chose three populations on the 

lower course of the Vltava river (see Fig. 2). The populations are demarcated by their natural 

borders, i.e. the edges of the rock. I was trying to select large enough (around 150 individuals) 

populations, representing multiple rock and substrate types. While selecting the most suitable 

populations, I was limited by the accessibility of the population. Therefore, rocks that are too 

high, rocks without opportunity to attach the rope to the upper part of them, or rocks that would 

be too dangerous to rappel down were excluded. The populations differ also in a physical and 

chemical character of the substrate, as well as sun exposure.  

2.2.1 Population 1 

The first population is located on the left bank of the river close to Libčice nad Vltavou – Letky 

and is also very close to the river stream. The population grows on a south-facing chert rock 

(approximately 20 m high). The population of A. saxatilis is the densest on the terraces, where 

one can find shallow soil, fissures and crevices as well as smaller screes. Due to the height of 

the rock, it is necessary to use climbing gear to mark and measure the individuals. Census data 
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were taken in 2014, 2015 and 2016. The rock is heavily weathered, time to time a part of a rock 

that is occupied by plants falls apart. Census in 2017 was prevented by a rock fall. 

2.2.2 Population 2  

The second population is situated on the right bank of the Vltava river and is a part of 

NPR Větrušické rokle. The rock is basaltic, heavily weathered, and sun-exposed. Because the 

slope is not steep, it is possible to work there without special climbing equipment. There are 

mostly screes and smaller rocks, so the environmental conditions are suitable for many 

endangered plant species including petrophytes such as Galium glaucum, Centaurea scabiosa, 

Seseli osseum or Lactuca perennis (Ložek et al., 2005). Since it is a part of a National nature 

reserve and is a Site of Community Importance (SCI), a permission to enter, manipulate the 

species is a part of Appendix 2. Census data were taken in 2015, 2016 and 2017. 

2.2.3 Population 3  

The third population is located on the right bank of the Vltava river, also on basaltic rock. In 

contrast to the second population, the rock in the third population forms an approximately 

10-meter-high consolidated rock, where climbing gear is required. The rock is shaded in the 

lower part. Census data were taken in 2015, 2016 and 2017. 

Table 1: Populations, their location and a substrate (rock) type. Pop size = mean number of individuals 

per population over the three years 

population N E substrate slope aspect size 

1 50°10'45.9" 14°21'55.5" chert 89° 170° (SSE) 140 

2 50°11'49.2" 14°22'32.7" basalt 52° 210° (SSW) 157 

3 50°12'06.7" 14°22'04.6" basalt 80° 260° (SWW) 113 
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Fig. 2: Geological map of study area. Populations are marked with a cross. Population 1 is on chert; 

population 2 and 3 are on basalt. (map source: http://mapy.geology.cz/geocr_50/) 

2.3 Data collection on population dynamics 

Within each population, I tagged roughly 150 individuals with a metal/plastic number by 

attaching the label to the woody stem. A year period differs between populations, I was taking 

the census since 2014 until 2016 for population 1 and 2015 until 2017 for population 2 and 3. 

Every April/May when A. saxatilis flowers, I measured traits of each individual in the chosen 

population including small seedlings. The measured traits were: number of rosettes, diameter 

of the largest rosette, number of flowering stems, height of the longest stem, total number of 

woody stems. Also, I recorded the character of substrate, and where they root (rock, scree, 

lithosol, soil, organic material). Due to inequality of the substrate types between the 

populations, I unified them as: rock (rock, scree) and soil (lithosol, soil, organic material). The 

clonality was only neglectable, it was not difficult to determine the genetic individual. 

chert 

basalt 

1 

3 

2 

http://mapy.geology.cz/geocr_50/
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2.4 Seed bank 

First, I collected the seeds from the plants growing close to the studied populations in the field 

in June 2015. Then, I took 500 of them and assessed seed germination by placing the seeds 

collected in the field into 50 Petri dishes, 10 seeds each, on filter paper, watering them in a 

growth chamber (20°C day, 5°C night) for two months. Every week I counted the number of 

germinated seeds and removed them. After the two months, the remaining seeds molded. 

To study the ability of seeds of A. saxatilis to survive in the seed bank, I put 100 seeds into a 

small plastic bag (permeable plastic net with pores) in July 2015 and buried them close to the 

studied populations. Altogether, I buried 16 bags on 8 randomly chosen sites, 2 bags at each. 

Three sites were chosen within the population 1, another five sites were chosen at the population 

2. Half of the bags was buried in a crevice, half was buried 10 cm deep in the fine scree mixed 

with the soil (lithosol). In July 2016 and 2017, I dug up one bag at each location and made the 

analogue germination test as in the beginning and counted the number of the germinated seeds 

every month for six months since the germination test was set up. I counted the total proportion 

of germinated seeds, those that did not germinate mostly decayed. 

2.5 Seed dispersal 

There are no known approaches to study the seed dispersal in vertical habitats. As the most 

suitable method of studying seed dispersal I have chosen a method used by (Lemke et al., 2009), 

though it was not used in vertical habitats. They colored the seeds with fluorescent dyes using 

airbrush method and then let them to disperse. When it was dark, they searched for the seeds 

with the UV light. Since A. saxatilis has relatively large seeds (2.54 x 2.54 mm, Hintze et al., 

2013), it would be easy to find the seeds even on a rock or between the screes.  

To study dispersal to all directions, I developed a method of installing the seeds on a rock so 

that they could spread upwards and horizontally. I took a wire and made a loop, approximately 

10-15 cm in a diameter and tightened a fine tulle, which was attached to a wire with a stapler 

(see Appendix 3). In July 2017, I collected the seeds and at the end of August (seed release 

time), I installed the seeds on a rock close to the second population. I took six holders and 

tucked them into the crevices in the rock, 4-5 meters above ground. The seeds were with three 

different fluorescent dyes so that I could determine their original holder? 

I also tried to place them to the places where some individual was already growing. I put 1000 

seeds per holder. I came back once a day to check whether the seeds have already left the tulle, 
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but it was the fifth day when I was able to notice the results (there were strong winds during 

these 5 days). Most of the seeds have left the tulle, so I recorded the number of seeds that did 

not disperse, the distance and direction (see Fig. 3) where the seeds dispersed and the number 

of seeds I found on a certain place (the same direction and distance). The seeds were easy to 

find using a strong UV light and a climbing gear (the rock was not extremely high, but it was 

better to feel safe). The data were analyzed for all the holders together, I focused on the distance 

and direction of the dispersed seeds from the holder and their number. 

 

 

 

 

 

 

 

Fig. 3: The way of recording the direction of the seed dispersion. I recorded the number of seeds in 8 

directions, that can be summarized as up, horizontally and down dispersion. The numbers are in degrees. 

2.6 Analysis 

2.6.1 Descriptive analyses 

Descriptive analyses were run in R (version 3.1.2, R Core Team, 2014). To define the stages, 

I was trying to find how flowering and mortality depends on size (the diameter of the largest 

rosette, their number and a multiple of these two variables). To describe the populations, 

I focused on the stage distribution in each population.  

2.6.2 Demographic analysis 

2.6.2.1 Transition matrix models 

One of the approaches to study the life cycle, its components, and vital rates (e.g. growth, 

survival, fecundity), is using a transition matrix modelling (matrix projection modelling, later 

referred to as MPM, Caswell, 1989). A model is a general form of 

𝑁(𝑡 + 1) = 𝐴 ∗ 𝑛(𝑡), 

270 90 

0 

45 

180 

225 

315 

135 

UP 

HORIZONTALLY 

DOWN 

HORIZONTALLY 
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where A is a matrix indicating probability of transition from the stage i in time t to the stage j 

in time t+1. Matrix A is multiplied by nt,, which is a vector indicating the number of individuals 

in each stage (Caswell, 1989).  

From analyses of transition matrices, we can obtain finite rate of increase (population growth 

rate, λ) of the population. If the finite rate of increase (λ) <1, the population size is decreasing, 

if λ=1, the population size is stable and if λ>1, the population size is increasing in the long-

term. Analyses of transition matrices also generate information on sensitivity and elasticity.  

Sensitivity sij is a measure of how the changes in one demographic parameter (transition 

between two stages) can influence λ. It is equal to a depending slope and a demographic 

parameter. 

𝑠𝑖𝑗 = δλ/(δ𝑎𝑖𝑗  ), 

where aij is a transition from one stage in a matrix to another. 

Elasticity eij is often used because it compensates for differences in absolute values of aij. It is 

expressed as the relative degree of sensitivity (Schemske et al., 1994). 

𝑒𝑖𝑗 = (𝑎𝑖𝑗δλ)/( λ δ𝑎𝑖𝑗  ) 

Transition matrices were analyzed in Microsoft Office Excel (PopTools, Hood, 2010) and in R 

using popdemo package (Stott et al., 2014) and popbio package (Stubben et Milligan, 2007). 

I created a matrix per each population and a transition. First, I estimated the probability of 

transition from one life stage (i.e. seedling, vegetative, flowering) to another (see chapter 3.2, 

Preliminary exploratory analyses and Fig. S1 and S2 in the Appendix1). From the matrices, 

I obtained finite rate of increase (λ), elasticity matrix and stable stage distribution.  

I also included a seed bank as a stage. The transitions were calculated as in Table 2. We found 

that each year, there is almost the same proportion of viable seeds in a seed bank, therefore we 

used the same number each year (see chapter 3.1 Seed bank). One year, I have chosen 10 plants 

per population and counted the number of all the flowers they had and when they ripened, 

I counted the number of the seeds as well. I expect the ratio remains the same each year. Thus, 

I obtained the number of the seeds per plant; related to the number of flowering stems in each 

population. The only available data that I have available to express which part of the seeds 

germinates in the year they are produced (i.e. go from flowering plant directly to seedling) and 

which part goes to the seed bank, is the proportion of the seeds that germinated after 2 months 

and the proportion of the seeds that germinated after 6 months. This is based on the assumption 
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that if they were not under the stable conditions in a growth chamber, they would probably stay 

in the seed bank. Further studies are, however, required to get a better estimate of this value.  

 “A” (survival in the seed bank), was calculated as the probability of the seed survival in the 

seed bank multiplied by the seed germination probability. Since the seeds that germinate from 

the seed bank are not viable in the seed bank anymore, I subtracted the seed bank-seedling 

probability number (B) from this value. 

“B” (a germination from the seed bank) was calculated as the number of seedlings per flowering 

individual. From this number I subtracted the probability of germination from the seed produced 

by flowering plants, because the seedlings that were produced by flowering plant are other 

seedling than those that germinated from the seed bank. This, I divided by the multiplication of 

probability of the seed bank survival and production of the seeds to the seed bank by flowering 

plant, therefore I obtained the number of seedlings per seed in the seed bank. 

“C” (a production of the seeds by flowering individuals, i.e. seeds that do not readily germinate 

but are stored in the seedbank) was calculated as a proportion of the seeds that germinated after 

6 months since the sowing on Petri dishes multiplied the number of seedlings per flowering 

individual. I multiplied this number by a proportion of the viable seeds found from the initial 

germination test. 

“D” (a production of the seedlings by flowering individuals) was calculated as a number of 

seedlings per plant multiplied by the proportion of the seeds that germinated after 2 months 

since the germination test set up, because not all of the seedlings come from the flowering 

individual (some of them germinate from the seed bank).  

Table 2: A transition matrix from time t to time t+1, where  

𝑎 = 𝑠𝑒𝑒𝑑 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑒𝑒𝑑 𝑏𝑎𝑛𝑘 ∗ 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 − 𝑏,  

𝑏 =   (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠 𝑝𝑒𝑟 𝑓𝑙𝑜𝑤𝑒𝑟𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡 − 𝑑)/(𝑎 ∗ 𝑐), 

𝑐 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑝𝑒𝑟 𝑓𝑙𝑜𝑤𝑒𝑟𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡
∗ 𝑎 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 6 𝑚𝑜𝑛𝑡ℎ𝑠 
∗  𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦, 

𝑑 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠 𝑝𝑒𝑟 𝑓𝑙𝑜𝑤𝑒𝑟𝑖𝑛𝑔 𝑝𝑙𝑎𝑛𝑡 ∗
 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑔𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 2 𝑚𝑜𝑛𝑡ℎ𝑠. 

 seed bank flowering 

seed bank a c 

seedling b d 

By analyzing the transition matrices, I estimated λ (population growth rate), stable stage 

distribution and elasticity numbers. To estimate the 95 % confidence interval, I bootstrapped λ 
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(1000 iterations).  I made a stochastic projection for each population and thus obtained a 

stochastic λ. 

I also summed the values of the elasticity matrices over the three vital rates: fecundity (the 

transitions from flowering plants to seeds and seedlings), growth (the transitions in the matrix 

below diagonal) and survival (the transitions at the matrix diagonal and above diagonal values 

that are not fecundity, I was inspired by Silvertown et al., 1993). The ternary plots were made 

in R using ggtern package (Hamilton, 2016). To compare the vital rates of A. saxatilis to other 

rock outcrop plants, I acquired the transition matrices of other rock outcrop plants. I found 5 

rock outcrop plant species in COMPADRE Plant Matrix Database (2015), randomly picked 

three of the matrices per species, analyzed them to find their elasticity matrices, calculated one 

mean elasticity matrix, and summarized them by vital rates. 

2.6.2.2 IPM analysis 

“The integral projection model (IPM) avoids discrete classes and potential artifacts from 

arbitrary class divisions, facilitates parsimonious modeling based on smooth relationships 

between individual state and demographic performance, and can be implemented with standard 

matrix software” (Ellner and Rees, 2006). There is a need of getting more detailed information, 

i.e. survival, growth, and fecundity regression models. The next step is creating the matrices for 

each of the vital rates. These matrices are combined into a kernel (K). Kernel is in fact a large 

matrix with predefined size and the model can be described as       

𝑛𝑡+1(𝑧′) =  ∫ 𝐾(𝑧)𝑛𝑡𝛺
(𝑧)𝑑𝑧 =  ∫ [𝑃(𝑧′, 𝑧) + 𝐹(𝑧′, 𝑧)

𝛺
]𝑛𝑡(𝑧)𝑑𝑧 , 

where z is the size distribution at time t, nt(z) and z0 is a size at time t+1 described by kernel 

K, and how this is changing over t+1. Kernel K (z0, z) expresses the size distribution at t to 

t+1. It describes the changes in state, survival or reproduction. The integral of nt(z) express 

how many individuals are in interval from t to t+1. The kernel K can be expressed as a sum of 

the two matrices: P and F, where P is a growth matrix and F is a reproduction matrix 

(Merow et al., 2014). The IPM analysis can include covariates such as environmental variables 

or discrete stages such as seed bank (Merow et al., 2014). 

In running the analyses, I followed the methods described in (Merow et al., 2014;  Metcalf et 

al., 2013). As I did not count the seeds in field, I used a number of flowering stems instead of 

number of seeds in the corresponding function (fec.seed). 
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IPM were run in R (version 3.1.2, R Core Team, 2014). To start the IPM, I first chose the most 

suitable survival, growth, and fecundity regression models model of linear regression. I used 

the methods of AIC and diagnostic plots for evaluating and comparing the models between one 

another. The size was a multiple of the diameter of the largest rosette and their number and was 

logarithmically transformed. And, different shapes of a curve of the relation (the size variable 

could thus be only size, or size + size2, size + size2 + size3, eventually) were considered to 

explain species survival, growth, flowering and number of flowering stems. The one that fitted 

best was chosen.  The analysis also included fixing of the eviction to avoid the effect of limitless 

growth.  The plants that were predicted to grow more than the maximum size in time t+1, 

observed in the particular populations, were assigned to the size according to the size 

distribution of not evicted plants (Williams et al., 2012). I obtained population growth rate (λ). 

The confidence intervals were obtained by bootstrapping the individuals, the seed bank was not 

included in bootstrapping. By using fields package in R (Nychka et al., 2018), I obtained the 

elasticity and matrix images per each transition. Also, I made a stochastic projection to obtain 

one λ per population. 

Besides this, I investigated whether the relationship between plant size and vital rates (survival, 

growth, flowering, number of flowering stems) is influenced by type of substrate and whether 

the substrate thus influences the population growth rate. When exploring the effect of the 

substrate type, data from all populations were merged, because the substrate types were not 

equally represented between the populations. The substrate type was included as another 

explanatory variable in the regressions and population code and year of the sampling were taken 

as random factors. For this purpose, I used general linear mixed effect models (gamm4 package 

(Wood and Scheipl, 2014)). In other words, I made the complete IPM separately for the plants 

growing on the rock and plants growing in the soil. 

  



15 

 

3 Results 

3.1 Seed bank 

The seed germination test was done in 2015 and 93% of seeds germinated (SEM = 1.04), the 

rest of the seeds molded. This probability was used to count a (survival in the seed bank) and c 

(production of the seeds by the flowering individuals, Table 2). 

69.68 % of seeds germinated after one year they spent in the soil (i.e. in 2016, SEM = 3.05), 

after two years (i.e. in 2017), 46.23 % of the total seeds germinated (SEM = 3.81). Since 0.692 

= 0.47, that is close to the proportion of the seeds germinated after two years in the seed bank, 

I can infer that 69 % of the seeds that are still in the seed bank are able to germinate every year. 

This number was used to count c and d in Table 2. The proportion of the germinated seeds that 

germinated after 2 months was 0.874, after 6 months 0.126. 

3.2 Preliminary exploratory analyses and definition of stages 

The preliminary exploratory analyses were conducted to reveal what determines the mortality 

and flowering in the next year and thus specify the stages in the transition matrix. 

Table 3 shows that the diameter of the largest rosette has a significant effect on the probability 

of flowering. When the individuals were flowering, the largest rosette diameter was almost 

twice the diameter of a vegetative plant (Table 3). Also, a number of rosettes had a significant 

effect on the flowering. When flowering, the number of rosettes was almost three times higher 

than vegetative. 

Mortality was significantly dependent on both the diameter of the largest rosette and number of 

rosettes, too. The plants that died had smaller rosette and lower number of rosettes. 
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Table 3: r2 values obtained from analysis of variance test - flowering: yes/no (flowering/vegetative 

individual, the first year of a transition, the data were obtained in the second year of the transition) and 
mortality (the individual has died in the first year of a transition, the data were obtained in the second 

year of the transition) on number of rosettes and diameter of the largest rosette and a multiple of these 

size variables. Seedlings (individuals found for the first time, with one rosette with the diameter smaller 
than 8cm) were excluded from the analysis. *** p<0.001, ** p<0.01, * p<0.05. And mean values for the 

diameter of the largest rosette and number of rosettes for vegetative, flowering, dead and living plants.  

  rosette diameter  
number of 

rosettes 
diameter*number 

        r2       mean [cm]       r2           mean r2 

flowering 
vegetative 

0.09 *** 
6.00 

0.08 *** 
3.33 

0.19 *** 
flowering 11.13 8.41 

mortality 
survived 

0.06 *** 
9.18 

0.01 * 
6.9 

0.08 ** 
died 7.18 5.02 

To properly describe the classes in the transition matrix and a size in the IPM, I determined 

optimal measure of size based on r2 obtained from the analysis of variance between the number 

of rosettes, diameter of the largest one, their multiplication and flowering – yes/no and mortality 

– yes/no (see also Table 3). The one with the highest r2 was selected, in this case it was the 

multiple of the number of rosettes and the diameter of the largest one, thus this value was chosen 

as a measure of the size. Further, I made boxplots to see whether there is any difference between 

flowering-vegetative and survived-dead in size in the second year of the transition. Despite the 

significance of the size differentiation between flowering-vegetative and survived-dead, the 

sizes largely overlapped, and it was not possible to identify boundary above which the plants 

would have higher probability to flower or survive (see Fig. S1 and S2 in Appendix 1, seedlings 

were not included in the analysis). Therefore, I decided to divide the stages based only on the 

fact whether they are flowering or not and seedlings. Seedlings were the specific category: the 

individuals with one rosette found for the first time in a population. The simple example of the 

life cycle can be seen in Fig. 4. 

 

 

Fig. 4: An illustration of the life cycle and transition between the life stages. 

Seed 
bank 

seedling 
 

vegetative 
flowering 
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I made a Fisher exact test to test the difference between the dead and living individuals based 

on the fact if they are flowering or not. The p=0.8882 showed that the observed and expected 

frequencies (on the 0.05 level of significance) do not differ and thus there is not a significant 

difference between the groups of living and dead based on the fact if they were flowering or 

not or whether they are seedlings. 

3.3 Population Transition Matrices  

First, I divided the individuals into the life stages. Then, I created population transition matrices, 

the highest magnitude has mostly a survival in the seed bank (Table 4). The population growth 

rate of the population 1, transition from the first to the second year does not differ from one and 

therefore the population size is predicted to be stable, whereas in the next transition (second 

and third year) it is predicted to decrease in the long-term (Table 5). The population 2 and 3 are 

predicted to decrease in size, in both transition intervals. On the other hand, the confidence 

interval for the population growth rate of population 2, transition 2-3 is showing that it is stable, 

population 3 in its second transition does not differ from one and therefore the population size 

is predicted to be stable. 

Table 4: Transition matrices from one year to another for different populations. Year12 means a 

transition from year 1 to year 2, year23 means a transition from year 2 to year 3. 

   year12    year23   

  
seed 

bank 
seedling vegetative flowering 

seed 

bank 
seedling vegetative flowering 

pop1 

seed bank 0.73 0.00 0.00 33.38 0.74 0.00 0.00 41.88 

seedling 0.01 0.00 0.00 0.94 0.00 0.00 0.00 1.27 

segetative 0.00 0.43 0.21 0.32 0.00 0.14 0.05 0.06 

slowering 0.00 0.29 0.24 0.46 0.00 0.07 0.29 0.59 

pop2 

seed bank 0.69 0.00 0.00 11.31 0.69 0.00 0.00 14.26 

seedling 0.05 0.00 0.00 2.71 0.05 0.00 0.00 3.22 

vegetative 0.00 0.37 0.25 0.08 0.00 0.54 0.50 0.77 

flowering 0.00 0.00 0.06 0.13 0.00 0.08 0.00 0.09 

pop3 

seed bank 0.73 0.00 0.00 10.56 0.72 0.00 0.00 13.72 

seedling 0.01 0.00 0.00 0.38 0.03 0.00 0.00 1.71 

vegetative 0.00 0.22 0.35 0.23 0.00 0.58 0.48 0.43 

flowering 0.00 0.00 0.11 0.42 0.00 0.10 0.13 0.30 
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Table 5: Finite rate of increase λ and its confidence intervals. Pop = population, pop1_12 means 

population 1 and a transition from year 1 to year 2 etc.   

pop MPM λ 95 % CI 

pop1_12 1.054 0.878 – 1.204 

pop1_23 0.865 0.744 – 0.982 

pop2_12 0.760 0.708 – 0.825 

pop2_23 0.850 0.770 – 1.000 

pop3_12 0.764 0.738 – 0.806 

pop3_23 0.971 0.837 – 1.108 

Table 6: Elasticity matrices for transitions from one year to another for different populations. Year12 

means a transition from year 1 to year 2, year23 means a transition from year 2 to year 3. The largest 

values are bold. 

   year12    year23   

  
seed 
bank 

seedling vegetative flowering 
seed 
bank 

seedling vegetative flowering 

pop1 

seed bank 0.113 0 0 0.062 0.262 0 0 0.056 

seedling 0.062 0 0 0.082 0.056 0 0 0.089 

vegetative 0 0.04 0.120 0.070 0 0.059 0.004 0.011 

flowering 0 0.103 0.111 0.237 0 0.086 0.069 0.308 

pop2 

seed bank 0.622 0 0 0.063 0.480 0 0 0.112 

seedling 0.063 0 0 0.021 0.112 0 0 0.079 

vegetative 0 0.085 0.041 0.001 0 0 0 0 

flowering 0 0 0.086 0.017 0 0.192 0 0.023 

pop3 

seed bank 0.728 0 0 0.036 0.170 0 0 0.074 

seedling 0.036 0 0 0.004 0.074 0 0 0.114 

vegetative 0 0.040 0.041 0.008 0 0.109 0.120 0.029 

flowering 0 0 0.048 0.059 0 0.079 0.139 0.092 

All over, the seed bank has the highest elasticity value in most of the populations (Table 6) and 

seems to be the most important. 

In population 1, the highest elasticity value is for a flowering plants survival and survival of the 

seeds in the seed bank, a relative change in these transitions influence the population growth 

rate the most. In a transition 2-3, there is the lowest value for a survival of vegetative plants, 

whereas in a previous transition (1-2) it is the second largest value. 

In population 2, the seed bank seems to be the most sensitive stage, there are the highest 

elasticity values for a survival in the seed bank. In the first transition (1-2), there it has 

unambiguously the highest value. The lowest elasticity values are for a transition flowering – 

vegetative and survival of flowering individuals. In the second transition (2-3), a transition from 
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the seedling into the flowering plant plays an important role, as well as a germination from the 

seed bank and a production of seeds by flowering plant (into the seed bank). 

The third population has the highest elasticity numbers for a survival in the seed bank, 

especially in the first transition (1-2). In the second transition (2-3), the elasticity values are 

more equally distributed with the highest values, besides a survival in the seed bank, for a 

growth of seedling to vegetative plant, survival of vegetative plants, and a growth of vegetative 

to flowering plants and a production of seedlings by flowering plants. 

 

Fig 5: Ternary plot showing vital rates gained from the elasticity matrix of populations of A. saxatilis. 

F – fecundity, S – survival, G – growth.  1a-population 1, years 1 and 2. 1b - population 1, years 2 and 

3, 2a – population 2, transition from year 1 to year 2, 2b - population 2, transition from year 2 to year 3, 

3a – population 3, transition from year 1 to 2, 3b – transition from year 2 to 3.  
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Fig 6: Ternary plot comparing rock outcrop plant species (in yellow bordered space) to other plant 

groups in terms of their vital rates. F – fecundity, S – survival, G – growth. Brown – woody plants, grey 
– semelparous herbs, yellow – iteroparous forest herbs, blue – iteroparous herbs of open habitats. Taken 

from (Silvertown et al., 1993).  1 – mean value of elasticity matrices of Aurinia saxatilis, 2 – Centaurea 

stoebe, 3 – Dracocephalum austriacum, 4 – Lesquerella ovalifolia, 5 – Senecio integrifolius, 6 – 

Paronychia jamesi (Data taken from COMPADRE Plant Matrix Database, 2015). 

Figure 6 shows that rock outcrop plants in total have high elasticity values of survival (17-90 %) 

and low elasticity values of fecundity (<30 %). They show a wide distribution on G (growth) 

axis (8-52 %). The exception is Senecio integrifolius that has higher fecundity and lower 

survival than the other species. Figure 6 also shows that rock outcrop plants in general are 

overlapping other plant groups (mostly woody plants, iteroparous forest herbs, iteroparous 

herbs of open habitats and semelparous plants (only S. integrifolius)). 

Specifically, populations of A. saxatilis are present in a cluster with a proportion 11-32 % of 

growth, 41-84 % of survival and 4-19 % of fecundity (Fig. 5). Populations are differing not 

only between one another as it comes to vital rates, but also internally. Transitions in population 
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1 are most similar, they differ only negligibly. Transitions within population 2 show similar 

values of survival (50-68 %) and fecundity (8-19 %) and range of growth (11-23 %). Transitions 

of population 3 are outlying in both survival (83 %, highest) and fecundity (4 %, lowest) – in 

transition from the first to the second year and in case of the second transition (the second to 

the third year) it has the lowest value of survival (41 %) and highest value of fecundity (19 %). 

Growth is within 12-32 %. 

There is a remarkable pattern within population 2 (Fig. 7) – in the second year, there was a 

significant increase of the seedlings, in the next year, most of the seedlings from the previous 

year died but the number of the seedlings remains the same. There is a similar pattern within 

population 3 and years 1 and 2, the stages distribution is quite similar. 

 

Fig. 7: Comparison of stable stage distribution to real stage distribution. Stable stage distribution is 

expressed as: Pop1_12 stable – Population 1, transition 2014-2015, Pop1_23 – Population 1, transition 

2015-2016, pop2 – population 2_12, transition 2015-2016, pop2_23 – population 2, transition 2016-
2017 pop3_12 – population 3, transition 2015-2016, pop3_23 – transition 2016-2017. Real stage 

distribution is a mean of the two years (comparable to stable stage distribution), it is expressed as 

pop1_12 stable – it is a mean of a real distribution of the year 1 and year 2, etc.). The numbers above 

columns are showing a proportion of the seed bank in a stable stage distribution.  
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If the conditions in a population remained as in present, the seed bank as a stage would increase 

the most notably. Besides this, the seedlings are an abundant stage in the stable stage 

distribution. Their abundance is conditioned by the abundance of flowering individuals and the 

seeds present in the seed bank. It does not match with the real stage distribution in most cases, 

the seedlings are sometimes the least abundant stage (population 1). The population 3 and its 

second transition (year 2 to year 3) is the most similar to the real stage distribution which reflects 

the stable stage distribution well (Fig. 7) 

3.4 IPM 

The finite rate of increase (λ) values are lower than 1 in all cases except of the first transition 

in the population 1. The values indicate the populations decrease in size.  

Table 7: Finite rate of increase (λ) and its 95 % confidence interval. Pop = population, pop1_12 means 
population 1 and a transition from year 1 to year 2 etc. If the finite rate of increase (λ) <1, the population 

size is decreasing. If λ=1, the population size is stable and if λ>1, the population size is increasing.  

pop ipm λ ipm λ 95 % CI 

pop1_12 1.020 0.940 – 1.140 

pop1_23 0.735 0.734 – 0.740 

pop2_12 0.719 0.694 – 0.949 

pop2_23 0.810 0.722 – 0.953 

pop3_12 0.729 0.728 – 0.731 

pop3_23 0.965 0.808 – 1.145 
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Fig. 8: F (Fecundity) matrix on the example of population 1, transition 1-2. The figure shows the 
magnitude of the fecundity from time t to time t+1 in size. The strength of fecundity is expressed by 

colors (see scale on the right). Size (t) is a size in 2016, Size (t+1) in 2017 [cm], logarithmic 

transformation. 

The Fig. 8 shows that there is the highest fecundity for the largest individuals in time t. Such a 

trend is present within all the populations and transitions with the exception of population 2, 

transition from the first to the second year. The pictures of all the F matrices are shown in 

Appendix 1 (Fig. S3-S7). It indicates there is the highest fecundity within the medium-sized 

plants in time t.  
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Fig. 9: P (Survival/Growth) matrix on the example of population 1, transition 1-2. The figure shows the 
magnitude of the Survival/Growth from time t to time t+1 in size. The strength of Survival/Growth is 

expressed by colors (see scale on the right). Size (t) is a size in 2014, Size (t+1) in 2015 [cm], logarithmic 

transformation. 

The P (Survival/Growth) matrix shows that the smallest individuals are growing, and the larger 

individuals are surviving and do not grow significantly (Fig. 9). Similar trend is present within 

all the populations and years. The pictures of P matrices for the other populations and their 

transitions are present in the Appendix 1 (Fig. S8 – S12). 
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Fig. 10: Elasticity matrix on the example of population 1, transition 1-2. The figure shows how change 
in size contributes to the population growth rate (λ) from time t to time t+1. The strength of elasticity is 

expressed by colors (see scale on the right). Size (t) is a size in 2014, Size (t+1) in 2015 [cm], logarithmic 

transformation. The elasticity values are scaled (^ 0.2) for better lucidity; therefore, the values do not 

sum to 1. 

The seed bank shows the highest elasticity values followed by survival of the medium – sized 

individuals (Fig. 10). The other populations are showing a similar trend as population 1, 

transition 1-2, thus I show them in the Appendix 1 (Fig. S13-S17).  

3.5 Influence of the substrate character on the vital rates 

Regarding the influence of the substrate on the vital rates, there was only a significant effect of 

a substrate on the number of flowering stems (p<0.001), see Fig. S14 in the Appendix. The 

population growth rates do not differ significantly between the plants growing on the rock and 

plants growing on the soil (Table 8). 
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Table 8: Population growth rates for the rock and soil „populations“ and their confidence intervals. 

  95 % CI 

λrock 1.438 1.279 – 1.625 

λsoil 1.297 1.165 – 1.444 

3.6 Comparison of two population dynamics modeling methods (IPM vs. MPM) 

Both statistical approaches, MPM and IPM, show that in all populations and their transitions, 

except of the first population, the λ is decreasing. Thus, the populations are predicted to 

decrease in size. λ calculated by IPM and MPM are largely similar. The difference between 

IPM and MPM prediction is the second transition in population 1, second transition (0.13). In 

all the cases, IPM gave lower values.  

The real λ expresses the current state of the populations, it is the proportional change in the 

number of individuals between the years. It is different from the finite rate of increase (long-

term λ, Table 10). 

Stochastic λ shows the population growth for the populations, only population 1 is going to 

increase in size according to MPM and be stable according to the IPM. 

The confidence intervals are overlapping, except of the population 1, second transition (23) and 

population 3, first transition (12, Fig. 11, 12). The confidence intervals of the IPM λ are 

extremely small, this might by caused by the fact that the seed bank was not included in 

bootstrapping and played extremely important role in the life cycle of these populations. 

Table 9: Comparison of finite rate of increase gained from the transition matrices (MPM λ) and from 

the IPM (IPM λ). The real λ is the proportional change in the number of individuals between the years 

when the demography data were recorded.  

pop MPM λ IPM λ real λ 

pop1_12 1.054 1.020 0.834 

pop1_23 0.865 0.735 0.777 

pop2_12 0.760 0.719 1.121 

pop2_23 0.850 0.810 0.890 

pop3_12 0.764 0.729 0.716 

pop3_23 0.971 0.965 1.210 
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Fig. 11: Comparison of MPM λ and IPM λ and their confidence intervals. The same color indicates λ 

calculated for the same population and transition using MPM and IPM, respectively. 

 

Fig. 12: Correlation plot of IPM and MPM λ. The whiskers indicate confidence intervals. R2 = 0.761 

 

 

 

 

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25
λ

pop1_12

pop1_23

pop2_12 pop2_23

pop3_12

pop3_23

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

IP
M

MPM



28 

 

Table 10: Stochastic λ of the populations and their 95 % confidence intervals, comparison of IPM and 

MPM λ. 

 MPM λ MPM λ 95 % CI IPM λ IPM λ 95 % CI 

population 1 1.0146 0.994 – 1.055 0.814 0.797 – 1.008 

population 2 0.815 0.626 – 0.798 0.762 0.703 – 0.778 

population 3 0.863 0.801 – 0.894 0.748 0.727 – 0.788 

3.7 Seed dispersal 

In total, I found 8.75 % of all seeds originally placed on the holders, including those that 

remained in the holder (in total, there was 0.95 % seeds found in the holders). The seeds were 

found mostly under the holder (63.46 % of all seeds found), then next to the holder (seeds 

spread horizontally – 24.36 % of all seeds found), the least was found above the holder (12.18 

%). These results are shown graphically in Fig. 13. Exact numbers and percental distribution 

within each holder is shown in Table 12. The proportions of the seeds found in more detailed 

look on the direction (0-360°) are in Table 12 and Fig. 16.  

Table 11: Proportions of seeds (in %) found in different directions (down, horizontal, up) from the 

holder (1-6). Total sum summarizes the total number of seeds found. The seeds remaining in the holders 

are not included. 

Holder no. 1 2 3 4 5 6 total sum 

down 33.3 97 77 56 25 100 297 

horizontal 13.3 3 0 44 74 0 114 

up 53.3 0 23 0 1.6 0 57 

total sum 30 31 170 39 125 73 468 

Table 12: Percentage proportion of seeds found in different directions (0-360°, see Fig 3) from the 

holder (1-6). Total sum summarizes the total number of seeds found. The last column shows the total 
percentile proportion of seeds found in different directions. The seeds remaining in the holder are not 

included. 

Percentage 1 2 3 4 5 6 Total sum average (%) 

0 40.00 0.00 8.24 0.00 1.60 0.00 28 8.31 

90 0.00 3.23 0.00 0.00 0.00 0.00 1 0.54 

135 0.00 3.23 26.47 0.00 9.60 0.00 58 6.55 

180 23.33 19.35 44.12 25.64 15.20 65.75 165 32.23 

225 10.00 74.19 6.47 30.77 0.00 34.25 74 25.95 

270 13.33 0.00 0.00 43.59 73.60 0.00 113 21.75 

315 13.33 0.00 14.71 0.00 0.00 0.00 29 4.67 

Total sum 30 31 170 39 125 73 468 
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Fig. 13: Box-plot showing a number of seeds (logarithmic transformation) found in different 

directions from the holder. The number of the seeds is significantly dependent on the direction (down, 

horizontal, up, p=0.026).

 

Fig. 14: Box-plot showing a distance where the seeds got within different directions from the holder 

[cm]. The distance from the holder is significantly dependent on the direction (down, horizontal, up, 

p<0.001). 
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Fig. 15: Dispersal curve of seeds in different directions (up, horizontal, down). Distance is split in 20 

cm segments; the data were analyzed for all the holders together.  

 

Fig. 16: Dispersal curve of seeds in different directions (degrees, see Fig. 3). Distance is split in 20 cm 

segments; the data were analyzed for all the holders together.  

The distance of the seeds from the holder was the longest for the seeds found under the holder 

(median = 43 cm, max = 212 cm). The horizontal distance of the seeds from the holder was 

shorter (median = 41 cm, max = 131 cm), but the median for the seeds spreading downwards 
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was similar to the median of the seeds dispersed horizontally. The shortest distance from the 

holder was found for the seeds spreading upwards (median = 9 cm, max = 30 cm).  

3.8 Additional information 

An interesting phenomenon has been shown within the population 2. In 2015 (the first year of 

observation), there was enough flowering and vegetative adult plants, but in 2016, most of the 

adults and mainly flowering individuals died. On the other hand, there was a significant increase 

in the number of seedlings (as illustrated by the transition matrix, this population had the highest 

seedling production). In the late summer/early autumn, when the conditions were more stable 

and more suitable, the seeds germinated. In 2017, I found out that some of the seedlings 

survived, but I found mostly new seedlings, they obviously emerged from the seed bank, since 

there were almost no flowering plants in the area. The elasticity values obtained from transition 

matrices and IPM are the highest for the survival in the seed bank. In the second transition it is 

also a transition seedling-flowering and a production of the seeds that end up in the seed bank 

and a germination from the seed bank.  
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4 Discussion 

The thesis aims to fill certain gaps in a knowledge of rock outcrop plant species Aurinia saxatilis 

ssp. saxatilis, especially its population ecology and strategies. It focuses on the presence of the 

seed bank. It compares the three distinct populations, regarding their population growth rates 

and elasticity values. Simultaneously, it compares the two statistical approaches – integral 

projection models (IPM) and matrix population models (MPM). Besides this, it focuses on the 

direction and distance of the seeds spreading. 

It has already been shown that in most cases the rock outcrop plants form a seed bank 

(Colas et al., 1997;  Houle and Phillips, 1988;  Thompson and Grime, 1979;  Wardle, 2003) 

even though there are only a few studies of the seed bank of rock outcrop plants. Only in a case 

of Erodium paularense, the presence of the seed bank has not been proven. The authors 

hypothesize that it might be because of granivorous ants who eat the seeds 

(Gonzalezbenito et al., 1995). The results of my study on a seed bank of A. saxatilis show that 

the seeds are viable after one year they spent 10 cm deep in a ground or in a crevice and the 

germination probability is almost 70 %. After two years, still 46.23 % is viable. These findings 

thus correspond with my hypothesis, apparently, they form a persistent seed bank, however 

longer observational series would result in more appropriate results. The seed bank of rock 

outcrop plants seems to be extremely important, because it is necessary to have some reserves 

in a soil when the plants die due to for instance extreme climatic conditions. Thus, it is crucial 

for the species persistence and survival. The seeds must also be protected from the drought and 

high temperatures during summer, therefore the most suitable is the space in the screes or in 

shaded places (Conn and Snyder-Conn, 1981). 

The populations are mostly predicted to decrease, they tend to increase in few transitions only. 

Stochastic λ obtained from the transition matrices predicts that the first population is going to 

increase in size or to be stable (confidence intervals include 1). However, the other two 

populations are more likely to be decreasing in the future. The results of the previous studies 

have shown that the population dynamics of the rock outcrop plants is very stable, especially 

when the abiotic conditions are stable (Albert et al., 2001;  Bucharova et al., 2010;  

Csergo et al., 2011;  Garcia, 2003;  Garcia, 2008; Picó, 2002). Therefore, the results do not 

support my hypothesis that the populations are stable or growing, only the first population is 

the most likely to be stable in the future. The populations decline might be caused by the 

fluctuations of the climatic and other factors, such as the growth of the surrounding vegetation 
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(mostly represented by Robinia pseudacacia), the effects of wild animals or the natural 

disintegration of the rock.  

The first population tends to increase in the future according to the population growth rate 

obtained from the first transition, though the observation from the second to the third year 

(2015 – 2016) results in the future decrease of a population size. The stochastic λ shows that, 

according to the transition matrices modelling, the population rather tends to be stable, that 

corresponds to the other studies of population dynamic of rock outcrop plants 

(Csergo et al., 2011;  Garcia, 2008), though according to the IPM, the population is 

unambiguously decreasing. It is not easy to say what is more credible, I discuss it later. I 

suppose that this might be caused by the extreme and unusual weather conditions in 2015 

(http://portal.chmi.cz/historicka-data/pocasi/uzemni-teploty) and the wild boars that disturbed 

the area above the rock where the plants also grew, in other case the population growth rate 

would be increasing. In this population, there is the highest seed production and number of 

flowering plants, though the seedling production is not as high as in the other populations. This 

fact does not correspond with another plant of rock outcrops – Saponaria bellidifoila, that had 

the highest recruitment on the rocks and in the screes (Csergo et al., 2011). There can be present 

something like a regeneration niche, that is important for the species with a low ability of 

competition (Moretti et al., 2008). In my opinion, it could be screes or fissures, but the lithosol 

or screes that are the most suitable for germination are not scattered along the whole rock 

regularly. They rather form spots, where the species is clustered, and a habitat suitable for 

germination is often occupied by other plants, though the seeds do not have much opportunity 

to germinate. 

The second population produced numerous seedlings in the second and third year despite the 

huge mortality of the flowering individuals. I assume that it is because of the extremely high 

temperatures in summer 2015 (http://portal.chmi.cz/historicka-data/pocasi/uzemni-teploty). 

This population differs from the others in the character of a substrate. While the other two 

populations are growing on the rock outcrops (bare rocks), this one is growing in a lithosol 

(screes). Scree might have a different regime of microclimatic conditions and possibly is more 

sensitive to desiccation, it is also accessible to the larger herbivores (rodents). In a similar study 

it has been shown that the individuals of Erodium paularense of screes are bigger and have 

higher production of the flowers, fruit and seeds. Nevertheless, under unfavorable climatic 

conditions, the rock outcrop microhabitat provided more stable conditions for the plant species 

reproduction and growth (Albert et al., 2001). In the second transition, the vegetative plants 
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hardly become flowering, this is the reason why the confidence interval of MPM λ is 1 in 

maximum, the population obviously cannot grow. The IPM λ does not approach the value 1 at 

all. A huge seedling recruitment in the second and third year was probably from the seed bank 

(there was only a little of flowering plants). It shows that the seed bank can be very important 

for the population reestablishment, similarly as in Bucharova et al., 2012. 

The finite rate of increase of the third population denotes that the population is predicted to 

decrease, though the confidence interval of MPM λ exceeds the value 1 in the case of the second 

transition, indicating that the population might increase in the future. However, the stochastic 

λ is lower than 1, even the confidence interval does not exceed 1. I would say that this 

population is going to decrease, and we can help it by the approach mentioned below. 

The decline in size within all the populations might be caused by the unstable climatic 

conditions (extreme and long droughts) when the temperature rises quickly, and the rock can 

be very hot (it is not even possible to touch it by hand). It has already been shown that the 

climate oscillation can have an influence on the population dynamic of rock outcrop plant 

species Ramonda myconi (Riba et al., 2002) and that the harsh winters and low summer 

temperatures have a negative impact on flowering and seed production of the populations of 

Fumana procumbens (Bengtsson, 1993). In a case of A. saxatilis, there was the opposite 

situation, the high summer temperatures had the negative impact on the populations. During the 

period when the census was taken, there indeed were huge weather oscillations and the heat 

waves were strong. The species is extremely fragile, which is a feature common also for other 

outcrop plant species (Csergo et al., 2011) and it might be the reason why it escaped to such an 

inhospitable habitat where it is protected from the large herbivores and other factors directly 

endangering the populations and the competition is low. I cannot omit my influence on the 

populations too, especially when the climbing gear is required. However, there is no proof for 

this, I would have to compare the populations with the human impact to the populations without 

the human impact, and that is impracticable. The effect of climbing on rock outcrop plant 

species has already been studied and it has been found that human direct influence is crucial for 

the populations (Camp and Knight, 1998;  Kelly and Larson, 1997;  Rusterholz et al., 2004).  

Nevertheless, the second population has the smallest finite rate of increase and the climbing 

gear was not used there, I almost did not touch the plants, thus the predicted decrease must be 

caused by different factors.  
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The seed bank plays an important role in a life cycle of the species A. saxatilis. The crucial 

change in the seed bank (e.g. when the survival in the seed bank is increasing) can have the 

highest impact on the population growth rate (λ), as it has been shown by elasticity matrices 

obtained from both transition matrices and IPM (the pictures in Appendix 1 are scaled, therefore 

the values do not exactly fit to 1). It might seem that the role of the seed bank is overestimated 

and due to its high elasticity, it may have strong effects on population growth rates. However, 

due to the way I calculated seed bank survival and other transitions related to generative 

reproduction, change in seed bank survival would change the other transitions.  Thus, the finite 

rate of increase would not be affected. 

The big unknown is the suitability of different statistical approaches – transition matrices and 

IPM. There are differences in λ between the IPM and MPM λ, greater than in other study that 

compared IPM and MPM λ (Ramula et al., 2009). The main difference between IPM and MPM 

is that unlike MPM, IPM is based on the continuous variables. One of the limitations of the 

MPM is the class size. If the intervals are too narrow, there would be only a small number of 

samples per stage, on the other hand, if the intervals are wider, some changes can obscure 

(Shimatani et al., 2007). Moreover, the MPM outputs are sensitive to the matrix dimension 

(Ramula and Lehtila, 2005;  Ramula et al., 2009;  Enright et al., 1995; Zuidema et al., 2010). I 

suppose that such a difference might be caused by a dimension of the MPM used in the analysis. 

(Picard and Liang, 2014) studied the properties of the different width of the classes in the 

transition matrix and found out that the best is to use “narrow size classes to be nearly equivalent 

with continuous-size McKendrick equation” (Zuidema et al., 2010). I used only three classes 

(and the seed bank), maybe if I used higher number of narrow classes, it would be closer to the 

IPM. Anyhow, the matrix classes were well-founded. The classes did not reflect the size of the 

individuals at all, except of small seedlings. (Ramula et al., 2009), were the only ones who 

compared the IPM and MPM and found out that IPM provide more credible results than MPM, 

especially in small populations (<300). According to the size, my studied populations are 

included in this range, therefore it should be the IPM that perform more credibly.  

Clearly, the rock outcrop plant species are able to disperse not only downwards, but also 

upwards and horizontally, even though for not very long distances. A study by Lemke et al., 

(2009), has shown that the weight gain of the seeds colored by airbrush method was 20 % and 

a lift-off velocity increases by 6-7 %. It is thus important to consider this fact; the seeds could 

have otherwise naturally spread further. It should be also noted that not all the seeds were found. 
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The seeds that were not found most probably fell into crevices or were blown away - an 

occurrence that could explain how the plants are able to appear on rock edges.  

The seeds can get above the plant, but not very far away from it. This means that it takes plants 

longer to spread upwards than horizontally or downwards. In a case of horizontal spreading, 

the seeds spread predominantly in one direction – to the left (or 270°), this was probably due to 

strong winds that blew from the right. Besides this, it is unclear whether the seeds are naturally 

spreading upwards or whether everything falls because of gravity. The holders did not 

completely imitate the plant - the seeds were not able to simply just fall but needed to be blown 

out, and then they could be trapped on a substrate (rock). This experiment thus has only shown 

that the seeds are able to be dispersed not just downwards. To study the spreading closely, we 

would need to color the seeds on the plant itself, but this was found to be unfeasible. 

Generally, the rock outcrop plants correspond to the vital rates of iteroparous herbs of open 

habitats and woody plants as one would expect, except of one species. The high survival is their 

priority, pointing out that they are mostly s-strategists, it corresponds to Grime (1977). 

There was found no significant difference in a suitability of a substrate type – rock or lithosol. 

There was found a small influence on the number of flowering stems, but the population growth 

rate was the same for the plants growing on both - the rock and lithosol. Compared to this, 

(Albert et al., 2001) found that there is a difference between the rock and lithosol populations 

of Erodium paularense. The individuals growing in a lithosol grew larger and had a higher 

flower and seed production than plants of rock habitats. However, this was happening only in 

favorable years, while the rock population was found to be more stable over time. 

There are certain limitations linked to the study. Ideally, to have more general and proper 

results, it would be the best to have more replications of populations and a longer series of 

years/replicates. The big unknown is the proportion of the seeds that indeed goes to the seed 

bank, some of them can get lost or simply fly away or end up in a river. The higher number of 

individuals per population would be better too, the classes would be represented more equally, 

it would thus lead to the proper λ (Münzbergová and Ehrlén, 2005). Regarding the seed bank, 

not all the seeds produced by flowering plant go either to the seed bank or germinate. I suppose 

that it is only a small proportion of the seeds. The other part simply gets lost somewhere in the 

screes, desiccate on the bare rock or is flown away. This fact was not considered when I was 

counting the proportion of the seeds that goes to the seed bank or germinate right in the same 
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year. On the other hand, everything is linked together and a change in one transition would lead 

to the change in another transition. Thus, there would be no change in λ. 

4.1 Conservation implications 

Since the first population is not predicted to increase and the second and third population are 

even predicted to decrease in the future, it is necessary to think about the conservation of the 

population and thus, eventually, the species itself. 

The first population is the only one that does not have the highest elasticity values for a survival 

in the seed bank, but the survival of flowering individuals. The vital rates (Fig. 5) show that the 

importance of survival is the highest as well as growth. Thus, in order to protect the population, 

it would be necessary to think about how to ensure the high number of flowering individuals. I 

suppose to solidify the rock, so that the large flowering adults do not die because the rock falls 

apart. The mortality was obviously caused also by disturbance; I tagged and measured several 

individuals above the bare rock, the next years I did not find them, and the ground was nuzzled 

by the animals, probably wild boars. I suppose to fence a small area above the rock so that the 

animals cannot enter and destroy the plants. 

In the second population, it is necessary to focus on the seed bank; I suppose to ensure suitable 

spots for the seeds, e.g. pools with lithosol, crevices, where the seed bank can rest. The highest 

mortality of large flowering plants was in the scree (personal observation); thus, it would be 

necessary to ensure that the plants are growing on the bare rock in the crevices rather than in 

the screes. It is obviously more suitable environment. 

The third population is the most shaded one. The production of seeds and seedlings is the 

lowest, simultaneously, there is the highest elasticity value for the seed survival in the seed 

bank. To ensure that the population is stable, I would focus on the seed bank too and the 

vegetative plants and their transition to the flowering plants that can ensure the production of 

the seedling. Maybe trees felling would help, facilitate the higher insolation and sun radiation. 
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5 Summary 

This study aims to reveal population dynamics of A. saxatilis, critical life cycle transitions 

regarding the seed bank and subsequently compares the two statistical approaches – IMP and 

MPM. Besides this, it aims to study the direction and mode of seed dispersal in vertical habitats. 

The three distinct populations have been chosen in the lower stream of Vltava river valley and 

the census has been taken for three years. Thus, the two transitions were constructed per 

population and the basic demography analysis were done. The population dynamics 

characteristics were analysed, such as population growth rate (λ), stable stage distribution, 

elasticity. Also, the stochastic λ and confidence intervals were counted.  

A study of the life cycle of Aurinia saxatilis subsp. saxatilis predicts the first population to be 

stable in the future and the other two populations to decrease in a size in the future and points 

out to the importance of the seed bank as a discrete life stage. The instability of the population 

dynamics might be caused by the fluctuations in climatic conditions, since it has been shown 

that under stable conditions the rock outcrop plant species have stable population dynamics. 

The most critical stages in the life cycle are the survival of the flowering individuals in a case 

of the first population and survival in the seed bank in case of the other populations. The 

substrate character has only a small influence on the number of flowering stems, it has no other 

significant influence on the vital rates. The seed bank is persistent, the viability of the seeds 

was almost 50 % after two years. The seeds are able to spread also upwards and horizontally, 

not only downwards, though only to shorter distance (up to 30 cm). 

The differences between IPM and MPM population growth rates are small, though still larger 

than in similar previous studies. The IPM λ is smaller than the MPM λ and the elasticity is the 

highest for the survival in the seed bank in both approaches with the exception of the first 

population that has the highest elasticity for a survival of the flowering individuals in a case of 

MPM.  

To protect the species and the populations, it is necessary to focus on the reproduction and 

survival of the seeds in the seed bank by ensuring the right microhabitats within the rocks. In 

any case, the seed bank requires further studies. Also, the species needs a lot of sun, it would 

be appropriate to cut the trees within the population 3. Since the rocks are heavily weathered 

and fall apart, it is important to consider consolidation of the rock regarding the suitability of 

the rock for establishment of the new seedlings and survival of the existing individuals.  
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Appendix 1 

 

Fig. S1: Comparison of plant sizes (diameter of the largest rosette * number of the rosettes) at individuals 

of A. saxatilis that survived (0) and died (1). Bold segment indicates median, upper and lower segment 
of the rectangle indicates upper and lower quartile, the furthest segments parallel with segment 

indicating median indicate the range of values, the points indicate outliers. 

.  

Fig. S2: Comparison of plant sizes (diameter of the largest rosette * number of the rosettes) at 

individuals of A. saxatilis that were vegetative (0) and plant that were flowering (1). Bold segment 
indicates median, upper and lower segment of the rectangle indicates upper and lower quartile, the 

furthest segments parallel with segment indicating median indicate the range of values, the points 

indicate outliers. 
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Fig. S3: Fecundity kernel of IPM (Dauer and Jongejans, 2013) of population 1, transition 2-3. The figure 
shows the magnitude of the fecundity from time t to time t+1 in size. The magnitude of transition is 

expressed by colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], 

logarithmic transformation. 

 

Fig. S4 Fecundity kernel of IPM (Dauer and Jongejans, 2013) of population 2, transition 1-2. The figure 

shows the magnitude of the fecundity from time t to time t+1 in size. The magnitude of transition is 
expressed by colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], 

logarithmic transformation. 
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Fig. S5: Fecundity kernel of IPM (Dauer and Jongejans, 2013) of population 2, transition 2-3. The figure 
shows the magnitude of the fecundity from time t to time t+1 in size. The magnitude of transition is 

expressed by colours (see scale on the right). Size (t) is a size in 2016, Size (t+1) in 2017 [cm], 

logarithmic transformation. 

 

Fig. S6: Fecundity kernel of IPM (Dauer and Jongejans, 2013) of population 3, transition 1-2. The figure 

shows the magnitude of the fecundity from time t to time t+1 in size. The magnitude  of transition is 
expressed by colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], 

logarithmic transformation. 
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Fig. S7: Fecundity kernel of IPM (Dauer and Jongejans, 2013) of population 3, transition 2-3. The figure 
shows the magnitude of the fecundity from time t to time t+1 in size. The magnitude of transition is 

expressed by colours (see scale on the right). Size (t) is a size in 2016, Size (t+1) in 2017 [cm], 

logarithmic transformation. 

 

Fig. S8: P (Survival/Growth) matrix of population 1, transition 2-3. The figure shows the magnitude of 

the Survival/Growth from time t to time t+1 in size. The magnitude of Survival/Growth is expressed by 
colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], logarithmic 

transformation. 
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Fig. S9: P (Survival/Growth) matrix of population 2, transition 1-2. The figure shows the magnitude of 
the Survival/Growth from time t to time t+1 in size. The magnitude of Survival/Growth is expressed by 

colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], logarithmic 

transformation. 

 

Fig. S10: P (Survival/Growth) matrix of population 2, transition 2-3. The figure shows the magnitude 

of the Survival/Growth from time t to time t+1 in size. The magnitude of Survival/Growth is expressed 
by colours (see scale on the right). Size (t) is a size in 2016, Size (t+1) in 2017 [cm], logarithmic 

transformation. 
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Fig. S11: P (Survival/Growth) matrix of population 3, transition 1-2. The figure shows the magnitude 
of the Survival/Growth from time t to time t+1 in size. The magnitude of Survival/Growth is expressed 

by colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], logarithmic 

transformation. 

 

Fig. S12: P (Survival/Growth) matrix of population 3, transition 2-3. The figure shows the magnitude 

of the Survival/Growth from time t to time t+1 in size. The magnitude of Survival/Growth is expressed 
by colours (see scale on the right). Size (t) is a size in 2016, Size (t+1) in 2017 [cm], logarithmic 

transformation. 
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Fig. S13: Elasticity matrix of population 1, transition 2-3. The figure shows how change in size 
contributes to the population growth rate (λ) from time t to time t+1. The magnitude of elasticity is 

expressed by colors (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], logarithmic 

transformation. The elasticity values are scaled (* 0.2) for better lucidity; therefore, the values do not 

sum to 1. 

 

Fig. S14: Elasticity matrix of population 2, transition 1-2. The figure shows how change in size 
contributes to the population growth rate (λ) from time t to time t+1. The magnitude of elasticity is 

expressed by colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], 

logarithmic transformation. The elasticity values are scaled (* 0.2) for better lucidity; therefore, the 

values do not sum to 1. 
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Fig. S15: Elasticity matrix of population 2, transition 2-3. The figure shows how change in size 
contributes to the population growth rate (λ) from time t to time t+1. The magnitude of elasticity is 

expressed by colours (see scale on the right). Size (t) is a size in 2016, Size (t+1) in 2017 [cm], 

logarithmic transformation. The elasticity values are scaled (* 0.2) for better lucidity; therefore, the 

values do not sum to 1. 

 

Fig. S16: Elasticity matrix of population 3, transition 1-2. The figure shows how change in size 
contributes to the population growth rate (λ) from time t to time t+1. The magnitude of elasticity is 

expressed by colours (see scale on the right). Size (t) is a size in 2015, Size (t+1) in 2016 [cm], 

logarithmic transformation. The elasticity values are scaled (* 0.2) for better lucidity; therefore, the 

values do not sum to 1. 
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Fig. S17: Elasticity matrix of population 3, transition 2-3. The figure shows how change in size 
contributes to the population growth rate (λ) from time t to time t+1. The magnitude of elasticity is 

expressed by colours (see scale on the right). Size (t) is a size in 2016, Size (t+1) in 2017 [cm], 

logarithmic transformation. The elasticity values are scaled (* 0.2) for better lucidity; therefore, the 

values do not sum to 1. 

 

Fig. S18: All the populations and differences in number of flowering stems depending on substrate 

(soil/rock). Red color is representing soil, green rock. 
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Appendix 2: Permission 
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Appendix 3: Illustrations 

 

 

 

 

 

 

 

 

 

 

 

Aurinia saxatilis ssp. saxatilis in full flower. April 2016 

 

The way of marking the individuals. A dead plant, former flowering, population 2, April 2016 
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A crevice and a lithosol where the seed bank was buried. 

 

Population 1, April 2014 
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The view on the population 2 from the top. April 2016 

 

Population 2; how the new small seedlings looked like. April 2016 
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Population 3, June 2015 

         

An illustration of how I attached the seeds to the rock and how the holder looked like.  

 

 


