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Abstract 

Species richness, form, and function vary greatly throughout the tree of life, leading many to 

link characteristics with diversification. Which traits affect diversification and whether this 

pattern is different between continents and islands remain largely unknown. Using the 

angiosperm genus Crambe, the differences in traits (both abiotic and biotic) between the island 

and mainland species, and their possible effects on diversification were explored. We generate 

new phylogenies, based on 353 markers, which reveal the current taxonomic classifications, 

based on morphology, at both the species and subspecies levels are possibly inaccurate. 

Subspecies within this genus were found not to be closely related in the phylogeny, and the 

previously debated synonyms Crambe gigantea and Crambe santosii do not seem to be sister 

species. Furthermore, our time-calibrated phylogeny and diversification modelling suggest 

the evolution of Crambe on the Canary island is possibly an adaptive radiation and it is likely 

there was a key innovation that influenced this clade to radiate. Ancestral state reconstructions 

were performed for multiple abiotic and biotic traits, showing differences between the island 

and the mainland species. The key innovation could be the availability of new habitat (the 

island) itself or the abiotic factors of this habitat in particular continentality (difference 

between the warmest and coldest month), and UV. However, there are also indications that it 

could be the plant characteristics, upper segment length, or maximum plant height. Lastly, 

the island species occur in more arid conditions hinting towards a key innovation that made 

it possible for the species to survive there. 

Layman’s summary 

By studying how plants evolve over time it is possible to build a tree of how different plants 

are related. This study has generated the most complete tree for the plant group Crambe. It 

was discovered that the relationships found in this tree are different than previously thought. 

Furthermore, due to the distribution of the species, with almost half of the species in this 

group only being present in the Canary Islands, it has been previously thought that a 

characteristic or combination of characteristics of the species influenced the distribution. This 

study found further arguments for this theory. It was discovered that likely a specific trait of 
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the species on the islands, such as the maximum height of the plant or that they can survive 

in drier conditions, is the reason behind the many species present on the islands today. This 

means due to the traits of the island species being different to the mainland species, more 

species are present on the islands.    
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Introduction  

Since the publication of Darwin’s theory of evolution (Darwin & Kebler, 1859), numerous 

studies have tried to identify whether species have differential rates of evolution and whether 

a single key trait can explain potential shifts in species diversification rates (Koutroumpa et 

al., 2021; Sauquet & Magallon, 2018). Here, diversification rate is defined as the difference 

between speciation and extinction rates (Donoghue & Sanderson, 2015). If a species trait 

significantly increases the diversification rate we refer to this as a key innovation (Donoghue 

& Sanderson, 2015). Current studies classify traits responsible for key innovations as either 

extrinsic (abiotic) or intrinsic (biotic) (Helmstetter et al., 2023). An important, unanswered 

question in the literature, is whether there is a difference between the effects of extrinsic and 

intrinsic traits on the rate of diversification (Patiño et al., 2018). As key innovations can change 

the niche of species in novel ways, and subsequently how a species interacts with its 

environment (Miller, Stroud & Losos, 2022), they are thought to be able to promote 

diversification and drive radiations.  

 

The term radiation applies when an ancestor proliferates into multiple species rapidly (Losos 

& Ricklefs, 2009; Matsubayashi & Yamaguchi, 2022). Non-adaptive radiations occur without 

ecological differentiation between emergent species, whereas adaptive radiation involves 

species adaptations in response to  ecological opportunities (Stroud & Losos, 2016; Losos & 

Ricklefs, 2009; Matsubayashi & Yamaguchi, 2022). New ecological opportunities typically 

become available following  geographic colonisation of new areas, extinction of surrounding 

species, availability of new resources or through the evolution of key innovations that can aid 

in exploitation of the environment (Donoghue & Sanderson, 2015). This study follows the 

definition of adaptive radiation given by Stroud and Losos (2016, p.507): "the proliferation of 

species from a single ancestor and diversification into many ecologically different forms". 

Furthermore, questions remain around functional traits, defined here as “morpho-physio-

phenological traits which impact fitness indirectly via their effects on growth, reproduction 

and survival” (Violle et al., 2007) within the context of adaptive radiation. These questions 

include whether functional traits are associated with the elevated diversification rates that 

characterise many radiations, whether they differ between continental and island systems, 

and how these traits are linked to each other, if at all (Patiño et al., 2018).   

 

Evolutionary processes and the traits associated are often researched on islands. This is not 

only due to the isolation and clear boundaries of insular systems, but also due to their high 

level of biodiversity and their simplified biotas compared to the mainland (Helmus, Mahler 

& Losos, 2014; Losos & Ricklefs, 2009). With only 3.5% of the global land surface area, islands 

manage to hold 20% of the world’s terrestrial biodiversity (Whittaker et al., 2017). Often a high 

percentage of the species present on an island or island archipelago are endemic (Fernández‐

Palacios et al., 2021). For example, the Mediterranean islands hold between 7 to 18% endemic 
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species, a figure that goes up to 40% at higher elevations (Médail, 2017). It is important to 

realise that while islands are well-suited to research the evolutionary processes due to their 

biodiversity, they are likely not representative of the processes on the mainland (Patiño et al., 

2018). Indeed, an important question in the field of biogeography is whether and how the 

evolution of traits differs fundamentally between islands and the mainland (Patiño et al., 

2018). For example, island disharmony, the theory that islands hold atypical subsets of species 

and that traits and species can be over- or underrepresented on an island in comparison to the 

mainland, could partly be a result of differences in trait evolution between the two systems 

(Taylor et al., 2019; König et al., 2021). Therefore, it is important to not only distinguish what 

traits influence diversification on islands, but also to compare them to the mainland.          

 

A genera that has species present on both islands and the mainland is Crambe L. (hereafter 

“Crambe”). Furthermore, it is one of the most species-rich genera in the Brassicaceae family 

(Rudloff & Wang, 2011; Warwick, Francis & Gugel, 2009). There are currently 39 species in the 

genus, mainly distributed across the northern hemisphere. Crambe species are native to 

Europe, the Middle East, regions of Africa and East Asia (Figure 1). Throughout the years, 

species have been introduced in Australia and the United States of America (Plants of the 

World Online, 2023). The genus is found both on the Canary Islands, with 14 endemic species, 

and continentally, with 25 species on the mainland (Plants of the World Online, 2023), making 

it a good candidate for comparison of traits between mainland and islands. In addition, 

previous research has highlighted that hybridization has not played a significant role in the 

history of Crambe (Francisco-Ortega et al., 2002), making it a more accessible genus to study 

evolution and biogeography, as hybridization can have contradicting and difficult to measure 

effects on diversification rates and phylogeny (Abbott et al., 2013). 

 

It has been estimated that Crambe arrived on the Canary Islands between 1.3 and 8.2 million 

years ago  (Hooft van Huysduynen et al., 2020; Kim et al., 2008). Once on the Canary Islands, 

Crambe has undergone a large radiation, which is thought to be adaptive (Kim et al., 2008). A 

remarkable feature of this radiation is that all the species present on the Canary Islands are 

woody (Hooft van Huysduynen et al., 2021), whereas the rest of the genus on the continent is 

herbaceous. Since the rate of diversification of herbaceous species is (generally) higher than 

that of woody species (Givnish, 2010; Hamrick & Godt, 1996), this pattern raises an interesting 

question arises: why did the island species radiate widely in a relatively small area and what 

functional traits are associated with this island radiation?  
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Figure 1: Distribution of the Crambe genus. Highlighted are the Canary Islands. Taken and edited 

from: Plants of the World Online (2023). 

Canary Islands 

The Canary Islands themselves have long held the attention of many botanists, 

palaeontologists and phylogeneticists. The archipelago has been of importance in the 

understanding of island colonisation (García-Verdugo, Caujapé-Castells & Sanmartín, 2019); 

they have an exceptional fossil record for most organisms except for plants, which is preserved 

in the context of active oceanic volcanic islands (Jiménez-Gomis et al., 2019); and island 

models and theories have been tested on the islands, such as the effect of dispersal on 

diversification (Sanmartín, Van Der Mark & Ronquist 2008). The Canary Islands hold over 

2,000 native plant species (Beierkuhnlein et al., 2021), of which it has been estimated that over 

a third are endemic to the region (Hanz et al., 2022). The Mediterranean realm, of which the 

Canary Islands are part of, is the third richest plant biodiversity hotspot in the world 

(Koutroumpa et al., 2021). Due to its incredibly rich diversity, botanists have paid much 

attention to its flora, and detailed vegetation maps have been made (Del Arco & Rodrigue, 

2018), though some gaps remain. Furthermore, the variations in habitat types and vegetation 

zones on the Canaries have been speculated to be (partially) responsible for the presence of 

both species-rich and species-poor genera (Juan et al., 2000). Overall multiple radiations have 

been documented (see Jackson et al., 2023; Jorgensen & Olesen, 2001). 

  

The island closest to the continent (Lanzarote) is situated approximately 96 kilometres away 

from the west coast of Morocco, Africa (Fernández-Palacios et al., 2011). The Canarian 

archipelago currently comprises seven main large volcanic islands: La Gomera, La Palma, 

Tenerife, Gran Canaria, El Hierro, Fuerteventura, Lanzarote. The maximum elevation is 3,718 
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m (Teide volcano on Tenerife; Kunkel, 2012). Fuerteventura is the oldest of the seven islands, 

being approximately 20 million years old, while the youngest (El Hierro) is only one million 

years old (Juan et al., 2000) (Figure 2). In the early Miocene, the presence of up to 26 sea mounts 

between the Canary Islands and the Iberian Peninsula made it possible for a stepping-stone 

model of migration between the mainland and the archipelago (Fernández‐Palacios et al., 

2011). 

 

 

 
Figure 2: Map of the seven Canary Islands with their given age in mya, scale is in 100 km. Taken from 

Juan et al., (2000)  

 

A phylogenetic tree of the genus Crambe has previously been reconstructed by Francisco-

Ortega et al., (2002) for the species on the Canary Islands. However, this data is based on very 

few genetic markers and phylogenetic data from species occurring outside of the islands is 

limited. Furthermore, traits for this genus are yet to be consolidated into a single source. This 

project aims to reconstruct the most complete phylogenetic tree of the Crambe genus to date 

and to create an overview of the morphological and abiotic traits for the species within this 

genus. Then, taking advantage of Crambe’s interesting distribution pattern (many species on 

both continent and Canary Islands), using these new datasets, what extrinsic and intrinsic 

traits might be linked to the island radiation of Crambe on the Canary Islands will be 

investigated. This project will also address whether, and how, island species of Crambe differ 

from those on the mainland.   
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Methods 

Species Distinctions  

The taxonomic scheme of Crambe species has seen frequent changes in the last decades (cite 

differing examples), with numbers of species, nomenclature and classification between 

sources differing among treatments. For this research, we used the taxonomic scheme by the 

Plants of the World Online (2023) which considers 35 species. Furthermore, the sub-species of 

Crambe hispanica, C. gomeraea, C. orientalis, C. tataria and C. cordifolia were also researched (C. 

hispanica subsp. abyssinica, C. hispanica subsp. glabrata, C. gomeraea subsp. hirsuta, C. orientalis 

subsp. sulphurea and Crambe tataria subsp. aspera). Due to the lack of distinction in traits 

between C. cordifolia and C. kotschyana (a proposed sub-species, C. cordifolia subsp. kotschyana), 

the latter was treated as a sub-species and not  as a different species. If no data for the 

subspecies was found, it was assumed that they did not differ from the main species. The one 

hybrid species Crambe x tchalenkoae was not considered part of the Crambe as it is not 

considered a distinct species. In total, 42 Crambe taxa were investigated. 

Herbarium Sampling, Library Preparation, and Phylogenetics 

This research builds on the ongoing work of Hendriks et al., (2023, unpublished data), who 

has sequenced 20 Crambe species using more than 1000 molecualr markers as part of their 

attempt to reconstruct a species-dense Brassicaceae Tree of Life. The remaining unsequenced 

species housed in the Naturalis Biodiversity Center,  Leiden, The Netherlands, herbaria 

(Amsterdam, Leiden, Utrecht, and Wageningen collections; AMD, L, U, WAG, respectively) 

had their DNA sequenced from leaf material collected from herbarium specimens. This 

increased the sequenced species from 20 to 32, representing 76% coverage of the genus. The 

subspecies were included in this phylogeny due to the controversies in the taxonomic 

classification of Crambe. Furthermore, Hemicrambe fruticulose, Coincya monensis and Diplotaxis 

harra were used as the outgroup, as Hendriks et al., (2023, unpublished data) found species 

from these genera to be closest relatives to the Crambe genus.  

 

Phylogenetic trees were built following the methodology of Hendriks et al., (2022). Briefly, 

genomic DNA was extracted with the DNeasy Powerplant Pro Kit (Qiagen, Germany) from 

dried leaf material. Target capture sequencing was done with a mixed bait approach 

(Hendriks et al. 2021), using the Angiosperm353 and Brassicaceae-764 baitsets (Johnson et al., 

2019; Nikolov et al., 2019). An Illumina HiSeq 2500 sequencer at a 100x technical coverage was 

used for sequencing. The sequenced data was quality controlled and trimmed with 

Trimmomatic v0.39 and mapped to a reference file using HybPiper v2.0 with the setting from 

Baker et al. (2022) (Bolger et al. 2014; Johnson et al., 2016). Unpaired reads were combined for 

use in HybPiper. The A353 ‘mega353’ reference file of McLay et al. (2021) was used as the 



10 
 

target file, as well as B764. Gene alignments  were constructed using MACSE (Ranwez, 

Chantret & Delsuc, 2021), due to its ability to handle large numbers of sequences and for its 

ability to generate codon aware alignments. Sequences were aligned with the OMM_MACSE 

pipeline. Different phylogenomic approaches were used to analyse the gene alignments. 

Astral Pro 2 was used to reconstruct a coalescent-based species tree based on all gene trees 

(Zhang & Mirarab, 2022), to give insight into the most supported topology. IQtree was used 

to generate a time-calibrated maximum likelihood phylogenetic tree with the settings from 

Hendriks  et al. (2023, unpublished data), which was then used for ancestral state 

reconstructions and diversification analyses (Minh et al., 2020). In order to compare the 

topologies produced by these two methods, a tanglegram was produced using the R package 

dendextend (R core team, 2022). 

Traits 

Trait selection for this study was guided by the literature, and includes those that have been 

hypothesised to promote diversification. Traits were classified into two types: extrinsic and 

intrinsic traits. The third trait classification based on Helmstetter et al., (2023) ‘interaction’, 

was not taken into account due to the limited available data. First, the papers by Prina (2000; 

2009) and Prina and Laborde (2008) were used as the basis for this research. Furthermore, the 

databases TRY and GIFT (Global Inventory of Floras and Traits) were examined (Kattge et al., 

2020; Weigelt, Konig, and Kreft, 2020). If information was not found in these papers, Google 

Scholar was used for specific species and traits. Lastly, the herbaria of the Naturalis 

Biodiversity Center were examined. The four Naturalis herbaria currently hold 18 of the 

Crambe species. The descriptions on the labels were used to score trait information. The 

information from the literature and additional measurements was compiled and scored for as 

many Crambe species as possible. In total 17 traits were scored.   

Extrinsic traits 

Extrinsic traits are not inherent to the plants but to the environments in which they can be 

found. However, they can influence how a plant species evolves and how far a species can 

migrate (Givnish, 2010). Questions remain concerning how area, elevation and - in the case of 

islands - isolation, influence dynamics (Patiño et al., 2018).  

Islands vs mainland  

One of the main research questions this study aims to address is whether the traits which may 

affect diversification and radiation are different between islands and the mainland. For this, a 

simple discrete scale was used with 0 indicating species that are present only on the Canary 

Islands while 1 means they are present on all other localities, further referred to as mainland. 
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No Crambe species were documented to occur on other islands (Plants of The World Online, 

2023).  

Habitat heterogeneity 

Higher heterogeneity is associated with higher levels of species diversity (Nurk et al., 2020). 

Therefore, this paper looked at multiple aspects of landscapes that can be diverse for a species.              

Habitats occupied 

The presence of species was compared with the Global Habitat Type Map (Jung et al., 2020), 

the ESA CCI Land Cover series 1992-2015 (ESA, 2017), and the Copernicus Global Land 

Service map (cite). For this, distribution maps were built using coordinates found on GBIF 

(Global Biodiversity Information Facility 2023), accessed via the rgbif package in R. If not 

available, the coordinates were proxied using georeferenced data per individual for each 

species used in Prina (2000; 2009) and Prina and Laborde (2008). Habitat type occupancy data 

were then compared to the Global Habitat Type Map and extracted from the  Copernicus 

Global Land Service map and ESA CCI Land Cover series 2015 land cover map using the R 

package raster. Habitats were scored based on the criteria/legend of these maps: forest, 

savanna, shrubland, grassland, wetland, rocky and desert following the land service map 

classification scheme(s). Multiple habitats for single species had multiple numbers. The 

proportion of habitat states was calculated by dividing the number of habitats a species is 

present in by the total amount of habitats Crambe can be present in.  

Vegetation zones 

Vegetation zones were classified as the range in elevation level at which the species exists. 

Based on the lack of distinct categories seen within the data (Annex I) it was chosen to make 

the categories as follows: 

Table 1: Categories for the elevation. 

Category Elevation 

1: low <1000 m 

2: mid 1000-2000 m 

3: high >2000 m 

4:low/mid 0-2000 m 

5:mid/high >1000 m 

6: full range >0 

  



12 
 

This still makes a distinction between island species possible, as Crambe is found on elevations 

up to 2400 m.    

  

 

Annual potential evapotranspiration 

The definition used is based on the ENVIREM definition where they define annual potential 

evapotranspiration as: “the ability of the atmosphere to remove water through 

evapotranspiration processes” in mm/year (Title & Bemmels, 2018). Coordinates were plotted 

against the Annual Potential Evapotranspiration map after which the mean was calculated.  

Continentality 

Continentality is defined as the temperature of the warmest month - the temperature of the 

coldest month (Title & Bemmels, 2018). The coordinate data gathered from GBIF and Prina 

was plotted in R against the ENVIREM map (Title & Bemmels, 2018). The mean per species 

was calculated.    

Mean UV 

Taking a look at the present distribution might show some insights into the past Crambe. For 

this the coordinates were mapped in R against the UV annual mean map (Beckmann et al., 

2014). The mean per species was calculated.   

Aridity 

The aridity index of the ENVIREM was used to determine the mean aridity of Crambe species 

based on coordinates. The aridity index refers to the degree of water deficit below water. 

 

A PCA was performed to see if aridity, UV, continentality and evapotranspiration could be 

explained together by one component. The components of the PCA did not explain enough of 

the variation for a single component to be used (Annex V). Further analyses for these traits 

were, therefore, carried out individually. 

Intrinsic traits 

Herbaceous vs woody 

This trait was scored on a scale of 0 (herbaceous), or 1 (insular woody).  
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Life cycle time 

Depending on the difference between species, the life cycle time was also taken into account. 

This will be based on 1 (annual life cycle), 2 (biennial life cycle), and 3 (perennial life cycle). 

Maximum plant height 

Maximum plant height was measured in centimetres (cm). The categories were decided based 

on the results of the data points (Annex I). 3 categories were chosen due to the limited number 

of species in the phylogeny (Table 2).   

 

Table 2: Categories for the max height. 

Category  Height 

1: low <70 cm 

2: mid 70-120 cm 

3: high >120 cm 

 

Dispersal & reproductive traits 

Reproductive plant traits have been measured frequently in the literature, and have been 

found in half of the cases to have had an effect on speciation and diversification (Helmstetter 

et al., 2023). However, when looking at dispersal in particular, even though this has barely 

been researched, the percentage lays substantially higher (Helmstetter et al., 2023). For this 

research, both reproductive and dispersal traits were taken into account. However, more focus 

was put onto the dispersal and characteristics of the seeds.  

Fruit upper segment length 

For this project the length was measured in millimetres. Crambe has segmented fruit. Due to 

the upper segment containing the fruit, being more influential on the distribution, and this 

data being more available the length of the upper segment was used (Prina 2000 & 2009).  

 

Table 3: Categories for the upper segment length. 

Category Upper segment length 

1: small <2 mm 

2: mid 2-3.5 mm 

3: large >3.5 mm 
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Seed mass/seed size 

Islands tend to have plants with larger seeds, independent of dispersal and plant size, than 

the mainland (Burns, 2016; Biddick, Hendriks & Burns, 2019; Kavanagh & Burns, 2014). If an 

island is more isolated, the seeds tend to be smaller (Negoita et al., 2016). Smaller seed size 

has been linked to significantly elevated rates of diversification (Igea et al., 2017), as smaller 

seeds facilitate long-distance dispersal thereby increasing the possibility of colonising novel 

areas. However, opposite patterns have also been discovered (Thomson et al., 2011). Seed size, 

measured in seed mass, could therefore have an influence on diversification. Unfortunately, 

due to limited available data, measurements for only 14 species were found. Therefore, this 

trait was not used in the diversification modelling.  

Fruit and flower colours  

The colour of fruits can influence distribution of plant species as well as their rates of dispersal 

and diversification (Lu et al., 2019). Evolutionary changes in flower colour have also been 

linked to cause diversification (Delph & Kelly, 2014). This trait was not included in further 

analysis due to lack of shifts.  

 

Ancestral State Reconstruction 

To reconstruct the evolution of the traits, identify the shifts between trait states and to identify 

the ancestral state for the whole genus and for the island clade an ancestral state 

reconstruction was performed. This was done using the make.simmap and contMap functions 

of phytools package in R( Revell, 212). The outgroups were removed from the phylogeny, as 

this could give a skewed view of the ancestral trait state. If the trait state was unknown for a 

species they were set to be able to have any of the states.  A stochastic character mapping was 

performed for the discrete characters, while the maximum probability was used for the 

continuous characters to perform a maximum likelihood analysis. Specifically, 100 stochastic 

models were simulated of which the likelihood for each state was summarised, while for the 

continuous characters a gradient for the trait was made. This was done for each traits 

individually.    

 

Key-innovation (KI) Model  

Diversity-dependent diversification (DDD) models were used to find the best fit to explain 

the temporal diversification pattern in the phylogeny (Etienne et al., 2012). Dd_ML, a 

maximisation of the log likelihood under a diversity-dependent diversification model was 

first performed to the whole tree to estimate parameters of this model. The missing number 

of species was put on 15, the branching times were calculated from the IQtree with 

ape::branching.times, for initparsopt the speciation rate, extinction rate and carrying capacity 

were set to 0.5, 0.1 and 40 respectively. Afterwards a key-innovation model was fitted 
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(dd_KI_ML). Here, the island clade was taken as the subclade that had a putative key 

innovation that influences the diversification rate. The branching times for both the subclade 

and main clade were calculated using ape::branching.times. The time of the subclade splitting 

from the main clade was set 4.69 million years ago based on the phylogeny results. The 

carrying capacity, speciation rate of the main clade, extinction rate of the main clade were set 

to 60, 0.885 and 2e-14 respectively. While for the subclade carrying capacity and speciation 

were set to 26 and 0.9 while extinction rate was set to there being no shift. Maximum likelihood 

optimization was performed three times using a different set of parameters. Once without 

change in parameters in the island clade (dd_KI_ML), once with a decoupling of the carrying 

capacity between the island clade and the rest of the genus (dd_KI_ML K), and once with 

decoupling of the speciation rate between the island clade and the rest of the genus 

(dd_KI_ML S). The AIC was used to account for the varying amount of parameters between 

models 
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Results 

Molecular Data 

In total, 272,152,145 reads were recovered for the 32 sequenced species (range: 552,742 - 

11,586,839, for C. juncea and C. filimformis, respectively. On average, around 329 A353 (178:347) 

and 736 B764 (408:759) genes were recovered. Only  Crambe laeviata had no genes recovered 

and subsequently was not included in the phylogenetic reconstructions. A complete overview 

is given in supplementary material (Annex II).  

Phylogenetic Reconstructions 

The species-level phylogeny of genus Crambeis overall consistent with previous findings 

(Figures 3 & 4). Two major clades are recovered: one containing the species found currently 

in Northern Africa, Middle East, Eastern Europe and Asia, branching around 5 million years 

ago (henceforth ‘Afro-Eurasian clade’); and the other containing Mediterranean North-

African/European species and the Canary Islands radiation. The species found in the Canary 

Islands are recovered as monophyletic (C. santosii to C. sventenii), with the ancestor of the 

island clade colonising the archipelago 2.58 million years ago. However, the deep 

relationships within the radiation are unresolved in a polytomy. The closest related species to 

the island clade seems to be the species found in Mediterranean North-Africa/Europe 

(henceforth ‘European clade’).   

Interestingly, the three C. hispanica individuals included in the analyses do not cluster together 

in the phylogeny. One of the individuals, C. hispanica subsp. abyssinica (S0395) was retrieved 

within the Canary Island clade while the  individuals of C. hispanica subsp. glabrata and the 

other sampled C. hispanica subsp abyssinica were retrieved in the European clade and the Afro-

Eurasian clade, respectively. These specimens, therefore, do not seem to be closely related. As 

C. hispanica is widespread throughout Europe and has previously been recovered as part of 

the European clade (Plants Of the World Online, 2023), the individual nested within the 

Canary Island clade was removed from the phylogeny in further analyses due to its apparent 

aberrant placement. For example, in Hendriks et al., (2023, unpublished) C. hispanica was 

recovered in a similar position to C. hispanica subsp. glabrata recovered this study, i.e. at the 

tip of the European clade. After rerunning the maximum likelihood tree without C. hispanica, 

no significant changes in topology were found (Annex III), justifying its removal from 

subsequent analyses. Overall, in other species with two or more subspecies, the subspecies  
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sampled do not seem to cluster together. For instance, C. cordifolia and C. cordifolia subsp. 

kotschyana were retrieved in separate locations on the tree . Furthermore, C. gigantea and C. 

santosii who are considered synonyms by POWO are not sister species; C. microcarpa is closer 

related in both the coalescent-based and maximum likelihood trees. 

The topology of the Astral tree is largely similar to the IQtree (Figure 5). Most of the 

differences are found within the island clade. These are also the least supported nodes in the 

IQtree (Figure 3). The main differences between the IQtree and the Astral tree are the relation 

of C. grandiflora to C. pinnatifida and tataria, and the position of C. tamadabensis. C. grandiflora 

is sister to C. tataris in the Astral tree but sister to C. pinnatifida in the IQtree. C. tamadabensis 

is basal in the Astral Canary Islands clade but nested deep within the radiation in the IQtree 

Canary Islands clade.  

 

 

A 

B 

* 

* 
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Figure 3: IQtree phylogeny of the Crambe genus with A: Age in millions of years at the nodes. B: 

support values at the nodes. The asterisk (*) indicates the crown node of the island clade. 

 

 

Figure 4: Astral phylogeny of the Crambe genus. Maximum likelihood at the nodes.The asterisk (*) 

indicates the crown node of the island clade. 

 
 

Figure 5: Dendogram of the IQtree (left) and the Astral tree (right)  

* 
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Trait Scoring and Ancestral State Reconstructions 

Overall there is disparity within the traits (Table 4). For most traits data was found for above 

80% of the total species. The full data set can be found in the  supplementary I.  

Table 4: Overview of the traits measured 

Trait Range Completeness (%) Distribution 

Island/mainland   100 Island=15 

Mainland=27 

Habitats occupied 

ESACCI 

  92.9   

Habitat coverage 

ESACCI 

 0.048-0.857 92.9   

Habitat Copernicus 

global land service 

  83.3   

Habitat coverage 

Copernicus 

0.12-0.87 83.3   

Vegetation zones 

(m) 

0-4200 92.9   

Herbaceous/woody   100 Herbaceous=27 

Woody=15 

Life cycle   100 Annual=5 

Biannual=1 

Perennial=36 

Maximum height 

(cm) 

60-400 92.9   

Upper segment 

length (mm) 

1.3-7 97.6   

Seed mass (mg) 1.3-46.5 31   
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Fruit colour Brown-dark violet 10   

Flower colour White-yellow 95.2   

evapotranspiration 654.6-1653.0 95.2   

Mean UV (mW/cm2) 1908.1-5862.4 95.2   

Continentality 4.1-30.4 95.2   

Aridity 40.75-88.2 95.2   

 

Ancestral state reconstructions were performed for all 11 traits except for flower colour, seed 

size, and island versus mainland inhabitance, due to the lack of differences between species, 

lack of data, and clear difference between the clades, respectively. For ancestral state 

reconstruction of vegetation zones, evapotranspiration and life cycle, see Annex IV.    

 

Fruit upper segment length has a range of 1.2 - 7., found in C. scoparia and C. steveniana, 

respectively. The Canary Islands clade mostly has upper segment lengths of 2-3.5 mm or lower 

(Figure 6); only C. sventenii has an upper segment length of over 3.5 mm. Most species outside 

of this clade have larger segment lengths than 3.5 mm except for C. hispanica subsp. abyssinica, 

C. maritima, C. pinnatifida and C. filiformis. Furthermore the island clade are all insular woody 

while all other species are herbaceous (Figure 7).    
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Figure 6: Ancestral state reconstruction of the upper segment length of the Crambe genus. Circles at 

the tips indicate the trait state of the species at present, pie charts at the nodes indicate the likelihood 

of the state ; 1: <2.0 mm, 2: 2-3.5 mm, 3:>3.5 mm. For species for which the trait state was unknown, 

the possibility of it being any of the states was assumed. The asterisk (*) indicates the crown node of 

the island clade. 

 
Figure 7: Ancestral state reconstruction for the Crambe genus. 0: herbaceous, 1: insular woody. The 

asterisk (*) indicates the crown node of the island clade 

 

Most species on the Canary Islands were found to  have a maximum height above 120 cm, 

except for: C. sventenii, C. scaberrima and C. tamadabensis, at 70 cm, 100 cm, and 100 cm, 

respectively (Figure 8). Most of the species in the Afro-Eurasian clade are below 120 cm except 

for: C. cordifolia C. steveniana and C. tataria, at 250 cm, 164 cm, and 160 cm, respectively. The 

ancestors of the island group and the Afro-Eurasian clade were likely above 120 cm.  
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Figure 8: Ancestral state reconstruction for the maximum height of the Crambe genus. 1:<70 cm, 

2:70-120 cm, 3:>120cm. The asterisk (*) indicates the crown node of the island clade  

 

Aridity in Crambe ranges from 38 to 90.5 (based on the Aridity Index), which species have the 

lowest & highest. The island and European clade both score high on the aridity index (>76.4) 

while the Afro-Eurasian clade is low to mid low on the index (<62). The only exceptions to this 

are C. cordifolia subsp. kotschyana and C. orientalis (81.4, 66.2) (Figure 9). The opposite trend can 

be seen in Figure 10 where the island clade overall scores low (<9.2) on the continentality while 

the other clades score higher (>14.2). Overall continentality ranges between 3.3 and 27.5. 
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Figure 9: Ancestral state reconstruction of the aridity of Crambe. The asterisk (*) indicates the crown 

node of the island clade. Colour of branches indicate the reconstructed trait state. 

 
Figure 10: Ancestral state reconstruction for the continentality index of Crambe. The asterisk (*) 

indicates the crown node of the island clade. Colour of branches indicate the reconstructed trait state. 
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The island clade covers a low amount of the 21 total habitats of the Crambe genus, often only 

inhabiting one to two habitats (Figure 11). Outside of this clade there is disparity with C. 

filiformis inhabiting the most while C. hispanica subsp. glabrata inhabits the least. The highest 

and lowest species ranges from 0.048 to 0.857 which is equals to 4.8% and 85.7%, the island 

clade generally has lower values than the continent.  

 
Figure 11: Ancestral state reconstruction for the habitat coverage of Crambe where 1 is a species is 

present in all habitats, and 0 is present in no habitats. The total number of habitats is 21. The asterisk 

(*) indicates the crown node of the island clade. Colour of branches indicate the reconstructed trait 

state. 

 

The UV level on the island clade is very similar among species being in the mid high 

range(4029-4249) (Figure 12). The Afro-Eurasian clade’s range in comparison is lower (<3594), 

with the only exception being Crambe kilimandscharica (5862). The European clade has a range 

from 3223 to 4288. Therefore, the European clade overlaps with both the Afro-Eurasian and 

the island clade. However, the island and Afro-Eurasian clade do not overlap with the island 

clade’s lowest value 400 higher than the Afor-Eurasian.  
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Figure 12: Ancestral state reconstruction for UV for the Crambe genus (mW/cm2). The asterisk (*) 

indicates the crown node of the island clade. Colour of branches indicate the reconstructed trait state. 

 

Key Innovation Model 
Based on the AIC scores, the key innovation model where the speciation rate is decoupled 

between the island and the mainland species is the preferred model (Table 5). According to 

the preferred model, the clade of Canary Island Crambe species has a higher rate for speciation 

(3.42, 1.15) and the ancestor species developed or encountered a key innovation.  

 

Table 5: Results from the DDD models. dd_ml: diversity dependent diversification model, dd_ki_ml: 

diversity dependent diversification model with a decoupling of a subclade, dd_ki_ml K: decoupling of 

a subclade and the carrying capacity, dd_ki_ml: decoupling of a subclade and speciation rate, AIC: 

Akaike Information Criterion,  lambda_S: speciation rate of the subclade, lambda_M: speciation of the 

main clade. 

Model Maximum 

likelihood 

Parameters AIC lambda_S lambda_M 

dd_ml -41.46 3 88.91  1.30 

dd_ki_ml -37.35 4 82.70 1.48 1.48 

dd_ki_ml K -37.17 5 84.33 1.54 1.54 

dd_ki_ml SR -34.22 5 78.44 3.42  1.15  
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Discussion 

This study aimed to update the phylogenetic tree of the genus Crambe by reconstructing the 

most complete phylogeny of the genus to date, at the same time creating the most detailed 

trait database for any Brassicaceae genus and, due to Crambe’s interesting island-mainland 

distribution pattern, investigate unanswered biogeographic questions by addressing how 

extrinsic and intrinsic traits differ between the Canary Islands radiation and the mainland 

representatives of the genus. We also test for the potential evolution of a key innovation within 

Crambe, using birth-death phylogenetic models of the DDD family, and discuss which traits 

may underlie this radiation.  

 

Phylogenetic reconstructions 

 

Overall, the phylogenetic trees built using the hyb-seq dataset were robust, well-resolved and 

generally agreed with previous studies. A noteworthy pattern we found was that for all cases 

where multiple subspecies of the same species were sampled, they did not seem to cluster 

together in the phylogeny, and were separated by (in some cases) several species, suggesting 

these intra-specific taxa may may be more distantly related than morphological data suggests. 

Therefore, it is possible that these actually are distinct species instead of subspecies. This can 

also be seen in the traits where, especially for the C. hispanica group, the traits scored differ 

highly between subspecies (Supplementary I). For example, the maximum height of C. 

hispanica subsp. hispanica is 100 cm while C. hispanica subps. abyssinica is 200 cm. A similair 

case can be made for C. tataria where C. tataria is 160 cm while C. tataria subsp. aspera only has 

a max height of 40cm. Some traits do not vary between conspecific subspecies but this is often 

due to a methodological assumption during scoring: if the trait is not  mentioned as different 

for the subspecies and no further information is available, it was assumed that it was the same 

as the nominate subspecies or for the whole species. Further information on these subspecies 

is required to clarify this assumption. For C. hispanica, further indication of the three 

subspecies being distinct species can be found in their distribution. The distribution is highly 

disjunct between the subspecies, ranging from Spain, Portugal, and Morocco (C. hispanica 

subsp. glabrata), the east of Africa (C. hispanica subsp. abyssinica), to the Eastern Mediterranean 

and the Middle East (C. hispanica subsp. hispanica) (Plants of the World Online, 2023).  

 

A similar picture can be seen for C. santosii and C. gigantea. Plants of the World Online (2023) 

treat these two species as synonymous, while BioCan (2023) and Beierkuhnlein et al. (2021) 

treat them as different species. From the phylogenies, it seems that these species could have 

diverged over a million years ago. However, due to the polytomy this is uncertain. 

Furthermore, C. microcarpa in both the IQtree and Astral tree is sister to C. gigantea. In the 

IQtree, C. tamadabensis is more closely related to C. gigantea than to C santosii. However, as one 

of the species that has a different placement between the two trees, this relationship is not 
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present in this clade in the Astral tree. As the Astral tree reconstructs the phylogeny using all 

available gene trees, rather than concatenation (which can amplify issues typical in 

phylogenetics such as long-branch attraction and rapidly evolving DNA; Lui et al., 2015) it 

can be argued that the placement of C. tamadabensis outside of this clade is more likely. 

Nonetheless, these phylogenies indicate that C. gigantea and C. santosii are likely different 

species or that they, together with C. microcarpa, form a hitherto unrecognised species 

complex. C. microcarpa has a similar range of abiotic traits though their biotical traits are 

different (supplementary I). Unfortunately, due to C. gigantea and C. santosii previously being 

grouped together as one species, nothing can be said about their differences in traits.    

 

There are some differences in the topology of the phylogeny produced here and the most 

recent Canary Islands Crambe phylogeny by Francisco-Ortego et al., 2002. This is partially due 

to the different species sampled in the previous study. For example, C. wildpretti, laevigata, and 

fruticosa are sampled in the previous phylogeny, but missing from this study. Interestingly, 

the relationships between species are quite similar for the species on the island, with the main 

differences being C. arborea now being a sister of C. pritzelii, fewer polytomies and better 

supported nodes, and C. microcarpa being retrieved in a different clade. While in the previous 

study this species was in a polytomy with C. scaberrima, C. laevigata, C. gomerae and C. feuilleei, 

now it is closest related to C. gigantea. These differences are however expected as the previous 

study used fewer genetic markers to reconstruct the phylogeny (2 vs the 353 used here). 

Furthermore, due to the 353 molecular markers, our phylogeny is less likely to be affected by 

incomplete lineage sorting. Therefore, our more deeply sampled phylogeny and the 

relationships between the outgroup species are likely to be different than the phylogeny of 

Francisco-Ortego and colleagues (2002).   

 

Overall, the topologies of the molecular phylogenies of Crambe do not fully agree with the 

current taxonomic classification of Crambe of Plants of the World Online (2023). As there are 

already differences between sources on the classification further investigation is needed into 

the classification of this genus. 

 

 

Trait evolution in Crambe and key innovation model 

The diversification rate model with a key innovation was found to have a lower AIC than the 

diversity-dependent model with no key innovation.  Therefore, the key innovation model 

with a decoupling of speciation rates between the Canary Island clade and the rest of the 

genus is the preferred scenario. Furthermore, the speciation rate of the island clade is higher 

than for the main clade. This finding suggests that there may have been a key innovation that 

increased the diversification rate on the Canary Islands. While the analyses conducted here 

are not sufficient to identify what the precise innovation may have been, a few possibilities 

can be hypothesised, and these are discussed below. 
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First, the key innovation leading to increased diversification rates in the Canary Islands could 

simply be that Crambe colonised the Canarian archipelago. This would have created a novel 

opportunity for the colonising population as it gained access to abiotic and biotic conditions 

unique to the islands and unavailable on the mainland. An argument can be made that a new 

area available itself can cause an increase in the diversification, however the area of the Canary 

Islands is small in comparison to the remainder of the range  in Europe, Asia, Africa and the 

Middle East. Research has shown that the likelihood of speciation increases with area (Kisel 

& Barraclough, 2010). Therefore, it would be expected that on the mainland Crambe species 

should have a higher speciation rate based on area alone. However, the opposite is shown in 

the models. Possibly due to the mainland species having access to more suitable habitats, 

increasing dispersal and therefore decreasing their heterogeneity (Figure 11). This can lead to 

less speciation due to lack of isolation by distance. Furthermore, the island species mostly 

occur in small areas on the islands while mainland species are widespread (Plants of the 

World Online, 2023). Besides this, Crambe only colonised the islands 2.5 million years ago 

while there are now already 14 different species (not including the aforementioned subspecies 

that might be species), which, especially given the small geographical area of the Canarian 

archipelago, can be considered many species produced in a short period of time. Therefore, 

our study confirms the Canary Island forms a radiation as it is recent and monophyletic. It 

also suggests it is adaptive, given that a key innovation might be involved and that there are 

changes in traits potentially related to its environment. However, this would need to be 

further investigated.    

 

Occurrence on the islands itself is not the only possible candidate for the key innovation. Only 

the Crambe species on the Canary Islands are (insular) woody. This shows a clear difference 

between the island and mainland clades and is therefore a good candidate trait to underlie the 

radiation of Crambe on the islands. A shift from herbaceousness to woodiness after the 

colonisation of an island (insular woodiness) has been proposed to be one of the key drivers 

for radiations on islands (Lens et al., 2013; Nürk et al., 2019). Zizka et al., (2022) argued that 

due to the Canary islands harbouring most insular woody genera there appears to be a link 

between woodiness and diversification. It could also be inferred that insular woodiness may 

confer evolutionary benefits within the Canarian climate, akin to how deciduousness provides 

benefits in temperate climates in woody angiosperms (Zanne et al., 2014; Wiens, 2023). 

However, research based on other species on the Canary islands (e.g. Limonium; Koutroumpa 

et al., 2021) has argued that the evolution of insular woodiness was not associated with an 

increase in the rate of diversification. Nevertheless, without further statistical tests (for co-

evolution of trait syndromes and island occurrence, for example) we cannot currently 

conclude that woodiness influenced the radiation of Crambe on the Canary Islands.   

 

Fruit size influences dispersal rates, and, as fruit and seed size can be highly inheritable, this 

could lead to effects on diversification (Galetti et al., 2013; Schupp et al., 2019). Indeed, fruit 

size has been hypothesised to influence diversification rates (Helmstetter et al., 2023). In 
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Crambe, seeds are only produced in the upper segment (Prina 2000 & 2009). As the ancestor of 

the island clade most likely had a larger upper segment (Figure 6), the species evolved a 

smaller upper segment length after being on the island. Interestingly, Crambe follows a classic 

island syndrome (Schrader et al., 2021), with reduction in fruit mass and subsequently seed 

investment and smaller seed size, reflected in the lower fruit upper segment length (Figure 6). 

As this is likely a response to promote fitness in island systems by reducing the number of 

propagules lost to the sea, it is possible this shift to shorter dispersal distances has facilitated 

within-archipelago dispersal, promoting allopatric cladogenesis. Therefore, this could 

potentially be a the key innovation. 

 

It is interesting to note that while the fruit size in Crambe is lower on the islands,  the size of 

the plant itself was found to be higher on the islands. Some indications in previous studies 

have been given for a difference in maximum plant height between islands and mainland. 

Maximum plant height tends to be lower on islands (island dwarfism), with the exception of 

some becoming substantially larger instead (island gigantism) (Burns, 2016; Biddick, 

Hendriks & Burns, 2019). The Crambe clade on the Canary Islands seems to favour the 

hypothesis of the existence of island gigantism. Little research has been done on the effect of 

maximum plant height on diversification rates, though some indications show that the smaller 

the plant size the faster the diversification rate (Boucher et al., 2017). If this is the case, it would 

mean for Crambe that the evolution of larger plant sizes on the islands and other potential 

diversification-boosting effects had enough of a positive effect to counteract the generally 

negative effect of plant height on diversification rate. Another hypothesis could be that plant 

height might have the opposite effect for diversification on islands. The possible common 

occurrence of gigantism on islands might indicate a benefit for the plants on the islands to 

become bigger and thus possibly influencing diversification rates positively. Further research 

on maximum plant height of species on the mainland and island and the effect of this trait on 

diversification rates may yield interesting results.  

   

The continentality for the island clades is much lower than the mainland clades (Figure 10). 

The consistency of the temperature between the warmest and the coldest months 

(continentality) can influence diversification rates. Temperature has been found to influence 

plant morphology, metabolic processes and speciation (Allen et al., 2006; Larcher, 2003). It has 

been speculated that regions that experience less disturbances will have greater numbers of 

species due to decreased extinction rates (Schluter & Weir, 2007). However, the relationship 

between consistent temperatures and less disturbances is still unclear. Furthermore, there 

currently is still debate over if there are higher diversification rates at low latitudes and/or 

high latitudes (Willis, Bennett & Birks, 2009). Therefore, this may have been a reason as to 

why Crambe has diversified in 2.5 million years from one to 14 species.    

 

The results of this study show that UV for the species on the island is higher than species on 

the mainland (Figure 12). UV tends to change with latitude and altitude, the closer a spot is to 
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the sun the more UV it gets (Willis, Bennett & Birks, 2009). Another study found that higher 

environmental energy, which includes UV, has been linked to a strong effect on species 

richness and evolutionary rates (Daves et al., 2004). Therefore, UV could be the extrinsic trait 

that explains the increase in diversification. Furthermore, as temperature is also included in 

environmental energy it could be a combination of these two traits.   

 

Lastly, aridity and aridity-induced vicariance on diversification have been shown in a 

multitude of species (GonÇalves et al., 2018). Furthermore, this is often the result of key 

innovations, such as in C4 photosynthesis in cacti (Arakaki et al., 2011). So as the Crambe 

species on the island are found on more  arid environments than mainland taxa (Figure 9) this 

might be due to an adaptation that made it possible for these species to survive in more arid 

conditions. It is therefore possible that the key innovation was a trait not included in this 

study.  

 

The species on the island have seen some changes in the traits in comparison to the other 

species (Figures 6-8). Their woodiness, segment length and size differs between island and 

mainland clades. Furthermore, the extrinsic traits of the island are overall different from those 

where any of the other species are present (Figures 9-12). Especially aridity, continentality and 

UV. Either of these traits, besides the fact that the species colonised the islands could be a key 

innovation that has caused this species to radiate on the Canary Islands.   

Limitations 

This research was based on  the new trait database built for this study (Supplementary I). 

However, the amount of information available per species varied widely This could have an 

effect on the completeness of the data, especially the data that was based on coordinates. For 

example, the vegetation zone is a range that becomes more certain when more data points are 

available. Furthermore, it was assumed that if no publications mentioned a difference for the 

subspecies, that the trait would be the same as that in the main species description. All these 

factors could result in some biases in the trait data. Another limit is that the maps used were 

on a different resolution (5 and 30 arc seconds), but as no comparison between the map results 

was made, the impact should be limited.  

 

While the phylogeny produced here has included more Crambe species than ever before, not 

all (sub)species were included. Though this is unfortunate, a 76% coverage was still reached, 

therefore, the results are still applicable. The phylogeny also is based on only the crown age. 

Lastly, an interesting observation was that Crambe laeviata failed to be sequenced four different 

times (including three not in this study), from three different specimens. Whilst this could be 

related to specific properties of the chosen herbarium specimens, there could possibly be a 

species-specific property preventing DNA from being effectively recovered, one that is not 

present in other Crambe species. As Francisco-Ortega et al., (2002) used only short fragments 
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of two genes, it is possible this was not a limiting factor for their study. For future studies, it 

would be pertinent to compare DNA extraction methods with more C. laevigata specimens.  

 

Conclusion 

In short, a new phylogeny was generated which revealed that the current taxonomic 

classifications, based on morphology, at both the species and subspecies level are inaccurate. 

Particularly subspecies are not closely related and Crambe gigantea and Crambe santosii, 

previously debated synonyms, are two different species. Furthermore, the phylogeny was 

used to compare the traits between the island and mainland species within genus Crambe. It 

was found that a key innovation was involved in the radiation of Crambe on the islands. The 

species on the island has seen some changes in the traits in comparison to the other species. 

Their woodiness, segment length size has changed in response to the island. Furthermore, 

the extrinsic traits of the island are overall different from where any of the other species are 

present. Especially aridity, continentality and UV. Any of these traits besides the fact that the 

species came to colonise could be the key innovation that has caused this species to radiate 

on the Canary Islands. In addition to the key innovation, and changes in traits potentially 

related to its environment, the species colonised 2.5 million years ago, suggesting that the 

radiation was adaptive. However, further investigation is needed.      
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steveniana  1.6144 5.92 346 346 35.7 325 759 759 46.1 745 

NB4 
Crambe 
pinnatifida 

28.360
1 7.37 346 346 25.3 332 755 755 44.1 749 
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63 
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Annex III Hispanica tanglegram
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Annex IV ASR 

 
Figure: ancestral state reconstruction for the life cycle for the Crambe genus. 1: annual, 3: 
perennial. Uncertainty for the outgroups was added. The asterisk (*) indicates the crown 
node of the island clade 

  
  
Figure: ancestral state reconstruction for vegetation zones of the Crambe genus. 1: low, 
2:mid, 3:high, 4:low/mid, 5:mid/high, 6:full range. The asterisk (*) indicates the crown node of 
the island clade 
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Figure: ancestral state reconstruction for evapotranspiration in mm/year for the Crambe 
genus. The asterisk (*) indicates the crown node of the island clade. 
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Annex V PCA 

 
 


