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Summary  

Summary 

Soils are among the most biodiverse systems on earth. The coexistence in soils of  a multitude of  

animal species has long puzzled soil ecologists. How can so many species co-occur, and what are the 

processes driving and maintaining species coexistence in soil? Using a deductive approach, I propose that 

(1) there are assembly processes, (2) that work on, or are related to, certain objects, i.e., functional traits, 

to (3) produce particular patterns. I use a conceptual model combining patterns of  evolution of  species 

traits, trait similarity and phylogenetic relatedness between coexisting species, from which to infer 

assembly processes in soil Collembola (springtail) communities collected from habitats characterized by 

different disturbance regimes.  

In Chapter 2, I reconstruct a Collembola phylogeny and use phylogenetic comparative methods to 

explore phylogenetic signal, model of  evolution and ancestral state for a variety of  traits, including body 

shape, body length, pigmentation, number of  ommatidia, vertical stratification and reproductive mode. 

The results demonstrate that body shape of  Collembola evolved quickly early in their diversification but 

slowed down afterwards. In contrast, evolutionary transitions in pigmentation, number of  ommatidia and 

reproductive mode depended on how deep in the soil that species live. Ancestral Collembola traits were 

likely slender body, hemiedaphic way of  life, sexual reproduction, possession of  many ommatidia and 

bright color, but these traits presumably changed several times during species diversification. The 

phylogenetic signal detected in these traits forms the basis of  further community phylogenetic analyses. 

In Chapter 3, I propose the neutral lipid fatty acid composition of  Collembola as a functional trait 

related to both food resources and physiological functions and test phylogenetic signal in fatty acid 

profiles. Long-chain polyunsaturated fatty acids related to physiological functions demonstrated 

phylogenetic signal. In contrast, most food resource biomarker fatty acids and the ratios between 

bacterial, fungal and plant biomarker fatty acids exhibited no phylogenetic signal. These results suggest 

that Collembola with close phylogenetic affinity experienced similar environments during divergence, 

while niche partitioning in food resources among closely related species favored species coexistence. 

In Chapter 4, I use both community phylogenetic and trait-based approaches to infer the assembly 

processes of  Collembola communities inhabiting arable fields, grasslands and forests. The results indicate 

that Collembola communities in arable fields were mainly structured by environmental filtering, while 

niche partitioning dominated in forests. Epedaphic (surface-living) species showed phylogenetic clustering 

in grasslands and forests, while in forests they also possessed similar traits. Hemiedaphic (sub-surface-

dwelling) species were phylogenetically clustered in arable fields and grasslands, but in forests they were 

phylogenetically overdispersed and had different traits. However, the assembly of  euedaphic (soil-

dwelling) communities did not differ from random patterns. Furthermore, different phylogenetic groups 

of  Collembola showed different patterns in the three habitats. These results suggest that Collembola 

assemblages are driven by different mechanisms in different habitats, with the relative importance of  

these mechanisms different between soil strata and between phylogenetic lineages. 
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Summary  

Furthermore, applying community phylogenetic approaches to a manipulative soil block experiment 

(Auclerc et al. 2009; Soil Biology and Biochemistry 41, 1596–1604) in Chapter 5 shows that Collembola 

community composition during their succession in forest and meadow soil was determined by the 

interaction of  dispersal and selection processes. Niche partitioning gradually strengthened at later 

successional stages, offsetting the effects of  environmental filtering. As a consequence of  dispersal, 

community composition changed gradually from that resembling the original habitats to that of  the new 

habitats. 

In the final chapter I ascribe the above-mentioned patterns to the scenarios presented in the 

conceptual model and discuss the likely mechanisms, with reference to the four high-level processes, 

selection, dispersal, drift and speciation, proposed in The Theory of  Ecological Communities (Vellend 2016). I 

provide a roadmap for integrating phylogenetic comparative methods, community phylogenetic analyses 

and trait-based approaches in studies on the assembly processes of  soil communities. Overall, this thesis 

is the first application of  new methods developed in community ecology and evolutionary biology to the 

study on assembly processes in the soil communities. Future studies using the conceptual model and 

roadmap proposed in this thesis will advance our understanding of  the mechanisms driving and 

maintaining soil biodiversity from both ecological and evolutionary perspectives. 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Chapter 1  General Introduction

Chapter 1 

General Introduction 

The nature of  soil biodiversity 

Soils are among the most biodiverse systems on earth and have been viewed as “the poor man’s 

tropical rainforest” (Giller 1996). The coexistence in soils of  a multitude of  animals has long puzzled soil 

ecologists, as reflected in the phrase “the enigma of  soil animal species diversity” (Anderson 1975). For 

example, the density of  soil mesofauna, animals with a body width between 0.2 mm and 2 mm, typically 

ranges between 10,000 and 200,000 individuals m-², and local species richness in temperate deciduous 

forests is usually between 60 and 200 species (Petersen and Luxton 1982). How can so many species co-

occur, and what are the processes driving and maintaining species coexistence in soil? 

Inferring processes from patterns 

For natural communities, assembly processes are hidden. What is observable in nature are the final 

patterns, the results of  various mechanisms working on the members of  communities. Using a deductive 

reasoning approach, I propose that (1) there are assembly processes, (2) that work on, or are related to, 

certain objects, to (3) produce particular patterns. By designing models of  specific assembly processes 

and deriving the subsequent patterns, it is possible to relate the patterns observed in real communities 

with those derived from the models, thus inferring the assembly processes. 

Community assembly processes 

Theories posit that communities are affected by a number of  processes, including niche-related 

(Chase and Leibold 2003), neutral (Hubbell 2001) and biogeographical processes (Ricklefs 1987). 

Recently, Vellend (2010, 2016) in The Theory of  Ecological Communities linked community ecology and 

evolutionary biology and summarizes a variety of  processes into four overarching high-level processes: 

selection, drift, dispersal and speciation. In this theory, niche-related processes, such as abiotic 

environmental filtering and interspecific competition, usually considered as major drivers of  community 

composition, are ascribed to selection processes. Studies on soil biotic communities usually fall into this 

category and focus on e.g., community-environment relationships (Scheu and Schulz 1996, Scheu et al. 

2003, Eissfeller et al. 2013). Ecological drift, in line with the neutral theory of  biodiversity (Hubbell 

2001), emphasizes stochasticity (i.e., rare or unpredictable fluctuations of  populations) of  local 

communities. Some studies suggest that the contribution of  stochastic drift to soil community assembly is 

similar to that of  deterministic processes (Minor 2011, Caruso et al. 2011, Caruso et al. 2012). 

Furthermore, dispersal as a high-level process (i.e., movement of  individuals between local communities 

or from source populations) interacts with selection processes and so together influence local community 

composition. Metacommunity studies of  soil invertebrates point to the generality of  frequent dispersal of  
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Chapter 1  General Introduction

individuals between local communities, resulting in mass effects being a dominant metacommunity 

scenario for soil biota (Ingimarsdóttir et al. 2012, Heiniger et al. 2014). Finally, speciation, as a 

consequence of  selection and dispersal but not usually discussed as part of  community ecology, is the 

only process generating new ecologically relevant phenotypes or traits—the objects on which selection 

processes can work. 

  

Functional traits—the objects 

Functional traits are properties of  species which influence their performance and fitness (Violle et al. 

2007, Pey et al. 2014). Ecologically, functional traits regulate the occurrence of  species in habitats and the 

coexistence with other species (McGill et al. 2006, Ackerly and Cornwell 2007, Adler et al. 2013). They 

are the objects (or targets, media) on which work selection processes, such as environmental filtering and 

interspecific competition, resulting in certain patterns of  traits in local communities. There are two 

categories of  ecological traits, α and β niche traits. β niche traits determine the environmental tolerance 

of  species, while α  niche traits relate to resource exploitation (Ackerly and Cornwell 2007). Similar β 

niche traits but different α  niche traits allow species to live under similar environmental conditions but 

utilize different resources thereby promoting coexistence (Silvertown et al. 2006).  

From an evolutionary perspective, traits are the products of  the adaptation of  species during their 

evolutionary history. They may exhibit phylogenetic signal (i.e., a statistic pattern where closely related 

species resemble each other in their trait values), since species inherit similar traits from their common 

ancestors. Where this occurs, variations in traits between species are predicted by phylogenetic distances. 

However, environmental constraints in the past may result in more conserved traits than predicted, while 

other diversifying mechanisms, such as adaptive radiation or competition, may result in trait divergence 

and therefore in traits being phylogenetically labile. As a consequence, β  niche traits are usually 

phylogenetically conserved and exhibit phylogenetic signal, while α niche traits tend to be evolutionarily 

labile or divergent (Ackerly et al. 2006, Best and Stachowicz 2013). The different evolutionary 

consequences of  α  and β  niche traits allow species coexistence (Silvertown et al. 2006, Ackerly and 

Cornwell 2007). The phylogenetic signal in functional traits therefore forms a mechanistic link between 

the evolutionary history of  species and the contemporary ecological processes to which they are exposed 

(Cavender-Bares et al. 2009). Contemporary selection processes, such as environmental filtering and 

biotic interactions, work on existing traits, resulting in similar and/or different traits among the members 

of  local communities. 

Trait-based approaches aim at inferring community assembly processes from the patterns of  traits 

within and between communities. A community with species possessing similar traits is usually inferred to 

result from environmental filtering, while coexisting species with different traits indicate interspecific 

competition or niche partitioning (Widenfalk et al. 2015, Widenfalk et al. 2016). Soil ecologists have 

recently adopted the concept of  functional traits, in addition to simple species identity, to investigate 
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belowground community structure and its association with the environment (Vandewalle et al. 2010, Pey 

et al. 2014, Moretti et al. 2017). Commonly used functional traits of  soil invertebrates include 

morphological characters (e.g., body size, pigmentation and eye morphology), life history (or 

performance) traits (e.g., reproductive mode and fitness), physiological traits (e.g., metabolic rate and 

desiccation resistance), behavioral traits (e.g., dispersal mode), as well as ecological preferences that 

interrelate with other traits (Pey et al. 2014, Moretti et al. 2017). Using functional traits has been shown to 

be more powerful than simply using species identity for predicting the environmental associations of  

communities in soil (Makkonen et al. 2011, Bokhorst et al. 2012). Therefore, trait-based approaches are 

increasingly adopted in analyzing soil communities.  

However, not all traits relevant to assembly processes can be measured in soil invertebrates (Moretti et 

al. 2017). Given that functional traits exhibit phylogenetic signal, phylogenetic information about species 

can be used as a surrogate for functional traits to infer assembly processes (Kembel 2009, Mouquet et al. 

2012, Cadotte et al. 2013). Soil invertebrates likely exhibit phylogenetic signal (Pachl et al. 2012, Ponge 

and Salmon 2013, Potapov et al. 2016, Malcicka et al. 2017), and therefore, in this thesis I adopt the 

methods of  community phylogeny which have been developed among plant ecologists (Webb et al. 2002, 

Cavender-Bares et al. 2009) and applied these methods to the studies on soil animal communities. 

Community phylogenetic patterns 

Community phylogenetic approaches explore the phylogenetic patterns of  local communities to 

investigate the relative contribution of  different processes to community assembly (Webb et al. 2002, 

Cavender-Bares et al. 2009). The essence of  the community phylogenetic approach is to compare the 

observed pattern of  phylogenetic distances between species in local communities with that derived from 

null model communities by randomly drawing species from a pre-defined species pool. If  the assumption 

of  phylogenetic conservatism of  ecologically relevant traits is accepted, a community composed of  

phylogenetically closely related species can be inferred to be structured by environmental filtering. The 

environment may select for species possessing certain conserved traits that cope with specific abiotic 

conditions. In contrast, low relatedness among coexisting species reflected in each species having 

different traits points to the dominance of  competitive interactions, as species compete for the same 

resources thereby limiting local coexistence or occupying different niches (Webb et al. 2002, Cavender-

Bares et al. 2009, but see Gerhold et al. 2015).  

Furthermore, community phylogenetic approaches are sensitive to spatial and taxonomic scales and 

the definition of  species pool (Cavender-Bares et al. 2006, Swenson et al. 2006, Cavender-Bares et al. 

2009). At larger spatial scales, environmental filtering influences local communities more strongly than 

species interactions, while the species interactions are more influential at finer taxonomic or spatial scales 

(Cavender-Bares et al. 2006, Swenson et al. 2006, Cavender-Bares et al. 2009). Therefore, using different 

specific pool definitions at different scales may help to gain deeper insight into the processes working at 
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different spatial, temporal and taxonomic levels (Swenson et al. 2006, Emerson and Gillepsie 2008, 

Lessard et al. 2012).  

Community phylogenetic approaches have shown their value for inferring assembly processes in 

aboveground communities inhabiting various environments characterized by disturbance regimes or 

harshness. For example, phylogenetic clustering in communities of  plants (Webb 2000, Dinnage 2009, 

Ding et al. 2012), birds (Gianuca et al. 2014), amphibians (Brum et al. 2013) and bees (Pellissier et al. 

2013, Sydenham et al. 2016) indicates that intensive disturbance and harshness in environments work 

predominantly as filtering processes leading to the coexistence of  phylogenetically closely related species 

possessing similar disturbance-adapted traits (Ding et al. 2012, Gianuca et al. 2014). However, community 

phylogenetic approaches have not yet been commonly applied to soil biota [but see Bässler et al. (2014) 

and Thorn et al. (2016) for fungi; Li et al. (2014) for nematodes; Hausberger and Korb (2015) and 

Hausberger and Korb (2016) for termites; Andújar et al. (2015) and Thorn et al. (2016) for beetles], 

despite the exceptional diversity of  soil communities and the varied traits possessed by different species.  

A conceptual model for soil biodiversity studies 

In this thesis, I use the conceptual model of  Emerson and Gillespie (2008) that considers (1) 

evolution of  species traits, (2) trait similarity and (3) phylogenetic relatedness between coexisting 

species (Figure 1.1). Patterns of  these three measurable elements together produce scenarios of  

coexisting species that situate somewhere between the four extreme cases: 

(a) Conserved traits + similar states + closely related species; 

(b) Conserved traits + different states + distantly related species; 

(c) Divergent traits + different states + closely related species; 

(d) Convergent traits + similar states + distantly related species. 

Here, conserved, divergent and convergent indicate how traits have evolved during species 

diversification, while similar or different indicate the differences in trait states between coexisting species.  

Various processes can produce the above-mentioned patterns. In case (a) local species possess similar 

traits that have evolved in a conserved manner, and the local species are phylogenetically close relatives. 

This suggests that environmental filtering is the predominant process by selecting species that possess 

certain traits and therefore resulting in similar traits between coexisting species. The strength of  species 

dispersal is weak, compared to local environmental filtering. This scenario may also suggest sympatric 

speciation, since species within local communities belong to the same phylogenetic clades and each 

community is assembled of  species from a single clade all of  which inherit their traits from the common 

ancestor. Case (b) provides an example in which the local community is assembled from species of  

various phylogenetic clades each possessing different traits inherited from their ancestors. This suggests 

that contemporary competition drives species toward niche partitioning; the local species possess 
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different traits. Here, dispersal is intermediate, allowing species from different phylogenetic clades to meet 

together. In case (c) species possess different traits but assemble from the same phylogenetic clades. 

Divergent traits resulting from species diversification may suggest historical competition, while different 

traits among coexisting species indicate niche partitioning. The dispersal ability of  the species is likely 

limited. Finally, in case (d), environmental filtering is likely a predominant process that selects local 

species with similar traits that evolved convergently, presumably reflecting past competition or adaptation. 

This scenario also points to substantial dispersal allowing species to colonize new habitats where selection 

is at work. 

Given that the target objects are known, the patterns are used to infer the processes. This thesis aims 

at integrating community phylogenetic approaches with phylogenetic comparative and trait-based 

methods, to study assembly processes in one of  the most widespread and abundant soil arthropods, 

Collembola. 

Collembola—the model organisms 

Collembola (springtails) are early-derived Hexapoda characterized among others by a “jumping organ” 

(furca) at the ventral side of  abdomen. The evolution of  the furca likely contributed to species 

diversification (Beutel et al. 2017). The furca presumably evolved to escape predators, but it is reduced or 

lost in some soil-dwelling species. Another feature that characterizes Collembola is the ventral tube, from 

which Collembola got their name from Greek colla (glue) and embolus (piston). The ventral tube functions 

in fluid balance and is presumably important because the habitats of  Collembola are usually moist, such 

as soil, tree canopies, aquatic surfaces, glaciers and caves (Hopkin 1997).  
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Figure 1.1 
The conceptual model used in this thesis. Possible processes resulting in the four scenarios are (a) sympatric 
speciation + phylogenetic niche conservatism of  trait + environmental filtering, (b) phylogenetic niche 
conservatism of  trait + intermediate dispersal ability + contemporary competition, (c) historical competition + 
niche partitioning + low dispersal ability and (d) environmental filtering + convergent evolution of  trait + 
substantial dispersal. Figures are modified from Emerson and Gillespie (2008). Squares represent local communities 
composed of  species with different states of  a trait (circles with different sizes and colors). Trait states are mapped 
on the phylogenetic tree, with connecting lines to the communities that indicate phylogenetic belonging of  the 
species in the local communities.



Chapter 1  General Introduction

In soil, Collembola are among the most abundant and diverse mesofauna. Their density may reach 

10,000–100,000 individuals m-2, with a typical species richness of  60–80 species in temperate deciduous 

forests (Petersen and Luxton 1982). They are decomposers, feeding mainly on fungi and decaying organic 

matter but may also function as omnivores consuming a variety of  food resources (Scheu and Falca 2000, 

Berg et al. 2004, Chahartaghi et al. 2005, Ferlian et al. 2015). They regulate microbial activity and 

therefore contribute to decomposition processes and nutrient cycling (Petersen and Luxton 1982, Rusek 

1998, Schaefer et al. 2009).  

Community compositions of  Collembola typically vary with habitat characteristics. Different 

Collembola communities have been reported inhabiting arable fields, grasslands and forests, three types 

of  habitats dominating mosaic landscapes in Central Europe (Ponge et al. 2003, Sousa et al. 2006, Martins 

da Silva et al. 2012, Heiniger et al. 2014). This thesis aims at investigating soil Collembola communities 

sampled from habitats characterized by different disturbance regimes by integrating phylogenetic 

comparative methods, community phylogenetic and trait-based approaches. The challenges in applying 

such approaches include the lack of  knowledge on phylogenetic relationships of  Collembola. Also, traits 

relevant to processes need to be identified and phylogenetic signal of  traits needs to be tested. 

Collembola phylogeny 

The first fossil record of  Collembola is from the Devonian, ca. 400 million years ago (Hirst and 

Maulik 1926, Whalley and Jarzembowski 1981). Today about 8,600 Collembola species have been 

described and assigned to four orders, i.e., Poduromorpha, Entomobryomorpha, Neelipleona and 

Symphypleona (Bellinger et al. 1996–2017; www.collembola.org), with their phylogenetic relationships still 

in debate. Molecular phylogenetic studies suggest that Symphypleona are sister to the other Collembola 

taxa, either paraphyletic (D’Haese 2002, Luan et al. 2005) or monophyletic (Xiong et al. 2008, Schneider 

et al. 2011, Yu et al. 2016) and that Entomobryomorpha are paraphyletic due to the position of  

Tomoceridae (Schneider et al. 2011). Furthermore, the phylogenetic position of  Neelipleona is not 

resolved, although they are likely more closely related to Entomobryomorpha than to Symphypleona 

(Deharveng 2004). 

However, previous phylogenetic studies of  Collembola either were based on few genetic markers 

(D'Haese 2002) or few taxa (Xiong et al. 2008), or focused on single taxonomic groups (Schneider et al. 

2011, Yu et al. 2016). Different marker selection, unbalanced taxon sampling and choice of  outgroup taxa 

may lead to inconsistency in phylogenetic inference (Heath et al. 2008, Rosenfeld et al. 2012). Since 

phylogenetic relationships of  Collembola species are still not resolved, in the thesis I first construct 

phylogenetic trees for locally occurring Collembola species sampled from arable fields, grasslands and 

forests, and then apply the trees in the subsequent studies on trait evolution and community phylogeny. 
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Collembola traits 

Collembola are among the few soil taxa for which trait databases are available (Vandewalle et al. 2010, 

Pey et al. 2014, Matty P. Berg, unpublished data). Collembola traits, such as reproductive modes and 

morphological characters, are associated with the environment (Makkonen et al. 2011, Bokhorst et al. 

2012, Salmon and Ponge 2012, Salmon et al. 2014, Widenfalk et al. 2015). Spherical body shape, large 

body size, dark pigmentation and sexual reproduction are characteristic of  species occurring in open 

habitats and at the soil surface, whereas small body size, lack of  eye spots, pale color and asexual 

reproduction are typical traits of  species inhabiting forests and living in soil (Salmon et al. 2014). That 

particular traits are associated with habitats suggest that community assembly processes are driven by 

selection processes (Vellend 2016), e.g. environmental filtering or interspecific competition (Widenfalk et 

al. 2015, Widenfalk et al. 2016).  

In this thesis, I use body shape, body length, pigmentation, number of  ommatidia, vertical 

stratification and reproductive mode as traits of  Collembola. Phylogenetic signal of  these traits is 

analyzed using comparative methods. To link traits that presumably underlie contemporary assembly 

processes to evolutionary processes, I estimate ancestral character states of  the traits and compare models 

of  trait evolution. Furthermore, I propose neutral lipid fatty acid composition as a trait that can reflect 

both food resources and physiological attributes of  different species. 

Fatty acid composition as a trait 

Neutral lipid fatty acids (NLFAs) in fat deposits of  consumers are commonly used to identify diets of  

soil animals (Ruess and Chamberlain 2010, Ferlian et al. 2015). Specific NLFAs directly incorporated from 

food resources without modification in consumers carry signatures of  food resources (‘dietary routing’). 

Thus, these NLFAs are used as biomarkers to identify the origin of  food. As omnivores in soil, 

Collembola consume a wide range of  food resources including detritus, roots and root exudates, bacteria, 

fungi and algae (Hopkin 1997), which are difficult to measure directly in the field. By examining 

biomarker fractions of  NLFAs in Collembola, the dietary routes can be identified (Chamberlain et al. 

2005, Ferlian et al. 2015). Proportions of  different biomarker NLFAs may be considered as a trophic trait 

, i.e., an α niche trait that reflects food resources.  

Other NLFAs are synthesized or modified by consumers from precursors and then further integrated 

into other compounds. For example, long-chain polyunsaturated fatty acids are essential for biosynthesis 

of  prostaglandins and eicosanoids, which are associated with reproduction, immune response and 

temperature regulation (Chamberlain et al. 2004, Chamberlain and Black 2005, Haubert et al. 2008, Ruess 

and Chamberlain 2010). Proportions of  these fatty acids may thus represent physiological attributes, i.e., 

β niche traits that reflect environmental requirements of  species. 
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In this thesis, I analyze NLFA profiles of  field-sampled Collembola. A further compilation of  

literature-reported NLFA profiles in other Collembola species allows phylogenetic signal to be measured 

in a broader context. 

Case studies using Collembola 

To conduct community phylogenetic analyses for studying assembly processes of  Collembola 

communities, three datasets are needed: a phylogenetic tree, a trait matrix and a species-site (community) 

matrix. Assembly processes are inferred from the patterns of  phylogenetic relatedness and trait similarity 

of  the coexisting species in local communities (an α-diversity approach; Webb et al. 2002). The observed 

patterns in communities are compared with those generated by null models, where species are randomly 

selected from a pre-defined species pool. The species pool can be defined in various ways, for example, at 

different taxonomic levels or for species with certain traits e.g., vertical stratification in soil profile. In this 

thesis I focus on the comparison of  species coexistence patterns between Collembola communities 

inhabiting arable fields, grasslands and forests. Since these habitats are characterized by distinct 

disturbance regimes and vegetation, community assembly processes in soil are likely different between 

habitats. In a disturbed habitat, Collembola assemblages are likely to be driven by environmental filtering, 

resulting in similar traits and phylogenetically related species coexisting locally (Widenfalk et al. 2015). In 

contrast, different traits of  distant relatives coexisting in a stable environment suggest that communities 

are predominantly influenced by niche partitioning or interspecific competition (Widenfalk et al. 2016). 

I also use a metacommunity phylogenetic approach (phylogenetic β-diversity; Graham and Fine 2008). 

In distinction to traditional β-diversity studies where species are treated independently, phylogenetic β-

diversity considers similarity in traits and phylogeny between species when exploring dissimilarities 

between local communities thus allowing regional or evolutionary processes to be connected to local 

processes, such as environmental filtering and interspecific competition (Graham and Fine 2008). 

Accounting for non-independence between coexisting species in the traits and phylogeny can help to 

investigate community-environmental associations from an evolutionary perspective (Pillar and Duarte 

2010, Duarte 2011, Duarte et al. 2016).  

Furthermore, inferring processes from patterns may benefit from experimental manipulations, 

compensating for the insufficiency of  process inference in pure observational studies (Weber and 

Agrawal 2012). Controlling for factors that potentially influence community assembly is a necessity if  

processes are to be explicitly tested. In this respect, soil animal communities are more easy to manipulate 

than those of  higher plants or vertebrates, for example, by defaunation (removing animals from soil) 

followed by the translocation of  soil blocks (Ponge et al. 2008, Auclerc et al. 2009, Heiniger et al. 2015). 

Taking the data of  Collembola communities from the experiment conducted by Auclerc et al. (2009) that 

aimed at ascribing species to different groups of  dispersal ability and habitat preferences, I reanalyze 
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species compositions using (meta)community phylogenetic approaches, to understand assembly processes 

that result from dispersal, are determined by soil properties, and differ at different successional stages. 

Structure of  the thesis 

The aim of  this thesis is to investigate assembly processes of  soil Collembola communities in different 

types of  habitats using phylogenetic comparative methods, community phylogenetic approaches and trait-

based analyses. The general hypothesis tested here is that species in disturbed habitats are determined by 

environmental filtering that results in phylogenetic clustering and similar traits, while in relatively stable 

habitats interspecific competition or niche partitioning is predominant that leads to phylogenetic 

overdispersion with species possessing different traits, given that traits exhibit phylogenetic signal.  

In Chapter 2, I construct Collembola phylogeny and use phylogenetic comparative methods to 

explore phylogenetic signal, model of  evolution and ancestral state for a variety of  traits, including body 

shape, body length, pigmentation, number of  ommatidia, vertical stratification and reproductive mode. In 

Chapter 3, fatty acid composition is considered as a trait of  Collembola and its phylogenetic signal is 

measured. Chapter 4 aims at inferring community assembly processes of  Collembola inhabiting arable 

fields, grasslands and forests using community phylogenetic approaches. Further in Chapter 5, I test for 

phylogenetic signal in habitat/soil preferences and dispersal abilities of  Collembola species reported in 

Auclerc et al. (2009), and with a specific focus on assembly processes I explore the phylogenetic patterns 

in communities derived from the experimental designs. In Chapter 6, I ascribe the patterns of  

Collembola communities found in this thesis to the scenarios in the conceptual model (Figure 1.1), 

discuss the likely processes referring to the four high-level processes in The Theory of  Ecological Communities 

(Vellend 2010, 2016) including selection, dispersal, drift and speciation, and propose a roadmap for soil 

ecologists to integrate phylogenetic comparative methods, community phylogenetic analyses and trait-

based approaches in studies on the assembly processes of  soil communities. 
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Chapter 2 

Collembola Phylogeny and Trait Evolution 
Ting-Wen Chen, Jo-Fan Chao, Matty P. Berg, Ina Schaefer, Stefan Scheu 

Abstract 

Collembola (springtails) are among the most diverse soil mesofauna. As basal Hexapoda derived from 

a crustacean ancestor they diversified on land and occupied a wide variety of  ecological niches, with 

distinct morphological and ecological traits among different taxonomic groups. However, information on 

trait evolution during Collembola diversification is scarce. At least in part this is due to the lack of  

knowledge on phylogeny across taxonomic levels. In this study, we first reconstructed phylogenetic trees 

of  Collembola from various taxonomic groups that locally co-occur in arable fields, grasslands and 

forests. We then used phylogenetic comparative methods to investigate the evolution of  functional traits 

of  Collembola. Results demonstrate that body shape of  Collembola evolved quickly early in their 

diversification but slowed down afterwards. In contrast, evolutionary transitions of  pigmentation, number 

of  ommatidia and reproductive mode correlated with vertical stratification of  species living in soils. 

Ancestral traits of  Collembola were likely slender body, hemiedaphic way of  life, sexual reproduction, 

possession of  many ommatidia and bright body color, but these traits presumably changed several times 

during diversification of  species. The traits with phylogenetic signal can help to investigate assembly 

processes in soil animal communities using community phylogenetic approaches and our study paves the 

way for integrating of  evolutionary approaches into soil ecological studies. 

Keywords 

ancestral state reconstruction; Brownian motion model; Early Burst model; evolutionary constraint; 

functional trait; life form; phylogenetic comparative method; phylogenetic signal; reproductive mode; 

springtail; soil 
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Introduction 

Diversification processes of  soil organisms are less investigated than aboveground biota, albeit the 

tremendous diversity of  soil animals has puzzled ecologists for decades (Anderson 1975, Petersen and 

Luxton 1982, Giller 1996). Extant soil invertebrates include Nematoda, Annelida, Chelicerata, Myriapoda 

and Hexapoda that terrestrialized several times independently (von Reumont et al. 2012, Rota-Stabelli et 

al. 2013, Minter et al. 2017). Among these, Hexapoda derived from a crustacean ancestor with the fossil 

record dating back to the Devonian or earlier (Hirst and Maulik 1926, Whalley and Jarzembowski 1981, 

Rota-Stabelli et al. 2013, Wolfe et al. 2016) and rapidly diversified into various ecological niches. Today, 

Collembola (springtails) are the most abundant and diverse Hexapoda living in soil (Hopkin 1997).  

About 8,600 species of  Collembola have been described (Bellinger et al. 1996–2017; 

www.collembola.org). Systematically, they are classified into the four orders: Poduromorpha, 

Entomobryomorpha, Symphypleona and Neelipleona. Species of  different orders are characterized by 

distinct morphological characters and usually prefer different ecological environments. For example, 

Entomobryomorpha are elongate in body shape, while Symphypleona are globular, and both usually live 

on the soil surface. Similarly, elongated Poduromorpha and globular Neelipleona predominantly dwell in 

the soil (Salmon et al. 2014). Morphological characters possessed by different Collembola species 

presumably are associated with adaptation to the habitat they colonize, and thus represent functional 

traits on which ecological processes can work (Violle et al. 2007, Pey et al. 2014).    

However, traits associated with environmental factors are also shaped by evolutionary processes. As 

being inherited from a common ancestor, functional traits of  species show phylogenetic signal, i.e., 

closely related species possess similar traits. As a result of  different evolutionary mechanisms, a trait can 

be phylogenetically conserved (i.e., shaped by evolutionary constraints), convergent (i.e., evolved 

repeatedly in distantly related species) or labile. These evolutionary mechanisms can be inferred using 

phylogenetic comparative methods (Blomberg and Garland 2002, Losos 2008, Revell et al. 2008, Cooper 

et al. 2010) such as phylogenetic signal measurements, ancestral character state reconstruction and 

likelihood comparisons of  evolutionary models. In this study we examined the patterns of  evolution in 

Collembola functional traits including body length, body shape, intensity of  pigmentation, number of  

ommatidia (eyes), vertical stratification in soil profile and reproductive mode—all associated with 

environmental factors (Widerfalk et al. 2015). 

Although it appeals intuitively that variations in functional traits of  different species have evolutionary 

bases, few studies have tested evolutionary hypotheses of  traits in soil animals. Previous studies indicated 

that desiccation resistance of  Isopoda (Dias et al. 2013) and defense mechanisms of  Oribatida (Pachl et 

al. 2012) exhibit phylogenetic signal. In Collembola, ecological preferences (Ponge and Salmon 2013) and 

stable isotopic signatures (Potapov et al. 2016) are likely to exhibit phylogenetic signal. Recently, Chen et 

al. (2017) demonstrated that fatty acid profiles of  Collembola exhibit phylogenetic signal. Furthermore, 

Malcicka et al. (2017) suggested that trophic guilds of  Collembola and their mouthpart structures evolved 
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in parallel. However, the results of  these studies are limited, as they only used a single comparative 

method (Dias et al. 2013, Malcicka et al. 2017, Chen et al. 2017) or used taxonomy as proxy for 

phylogenetic relationships without basing them on phylogenetic trees inferred by genetic markers (Ponge 

and Salmon 2013, Potapov et al. 2016).  

One challenge in applying phylogenetic comparative approaches to soil animals is the lack of  

phylogenetic information for most taxa. In Collembola phylogenetic relationships between the four 

orders are still debated. Symphypleona, either paraphyletic (D’Haese 2002, Luan et al. 2005) or 

monophyletic (Xiong et al. 2008, Schneider et al. 2011, Yu et al. 2016), are recovered as the sister group to 

the other Collembola. Species of  Entomobryomorpha are paraphyletic, presumably due to the position 

of  Tomoceridae. Furthermore, the phylogenetic position of  Neelipleona is not resolved, although they 

are likely more closely related to Entomobryomorpha than to Symphypleona (Deharveng 2004). 

However, previous studies on Collembola phylogeny were based on few genetic markers (D'Haese 2002), 

few taxa (Xiong et al. 2008) or focused on a narrow spectrum of  taxonomic groups (Frati and Carapelli 

1999, Frati et al. 2000, Soto-Adames 2002, Burkhardt and Filser 2005, Park 2009, Cicconardi et al. 2010, 

Greenslade et al. 2011, Schneider et al. 2011, Cicconardi et al. 2013, Zhang et al. 2014, Yu et al. 2016). A 

phylogeny of  Collembola including all major evolutionary lineages and various taxonomic levels is still 

lacking.  

In this study, we reconstructed phylogenetic trees of  Collembola from various taxonomic groups that 

locally co-occur in arable fields, grasslands and forests in Central Europe. We further included sequences 

deposited in GenBank for additional Central European species, to construct a more comprehensive 

phylogeny. Then, we mapped Collembola traits on the phylogenetic tree, measured phylogenetic signal, 

tested models of  trait evolution and reconstructed ancestral states. We hypothesized that (1) Collembola 

functional traits show phylogenetic signal, with closely related species having similar traits, and that (2) the 

evolution of  major traits of  Collembola is correlated with the vertical stratification of  species in soil, i.e. 

their depth distribution. 

Materials and Methods 

Taxa sampling  

Collembola were sampled between March and June 2014 from arable fields, grasslands and forests at 

six sites near Göttingen, Germany (Figure 2.1, Table S2.1). In each of  the arable fields and grasslands, 

one suction sample equal to a surface area of  154 cm2 was taken for 10 s to collect surface-living 

individuals. Then, to sample soil-dwelling individuals, a soil core (5 cm diameter, 5 cm depth) was taken at 

the center of  the area from which the suction sample was collected. In each forest, litter material (L and F 

layer) from an area of  154 cm2 was sampled by hand, followed by a 10 sec suction sample of  the humus 

layer (H layer). Animals from this suction sample later were added to the animals from the litter sample 

forming the full sample of  organic layers. Further, to sample soil dwelling Collembola, a soil core (5 cm 
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diameter, 5 cm depth) was taken at the center of  the area sampled for Collembola in organic layers. 

Collembola from the suction samples from arable fields and grasslands were directly transferred into 96% 

ethanol, while those in the organic layers and soil cores were extracted by heat (Kempson et al. 1963), 

collected in water and then transferred into 96% ethanol every two days over a period of  ten days. 

Samples were kept at 4°C until identification and then stored at -80°C. Collembola identification was 

based on Hopkin (2007), Fjellberg (1998, 2007) and Gisin (1960); nomenclature followed Bellinger et al. 

(1996–2017; www.collembola.org). 

DNA extraction, PCR and sequencing 

In total, 75 morphological species representing 51 genera and 18 families were collected from the 

study sites and used for phylogenetic reconstruction. To cover cryptic species, multiple individuals of  

each species were sequenced, if  replicates were available. Genomic DNA from a single individual was 

extracted using the DNeasy® Blood and Tissue Kit (Qiagen, Hilden, Germany) following the 

manufacturer’s protocol for animal tissue. Two ribosomal genes, partial 18S rRNA (~680 bp; 

McGaughran et al. 2010) and partial 28S rRNA covering the D1-D2 region (~780 bp; D’Haese 2002) and 

D3-D5 region (~570 bp; Luan et al. 2005), and two protein coding genes, Histone H3 (H3; nuclear gene, 
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~372 bp; von Saltzwedel et al. 2016) and Cytochrome Oxidase I (COI; mitochondrial gene, ~681 bp; 

Schneider et al. 2011), were amplified separately in 25 μl volumes containing 12.5 μl SuperHot Taq 

Mastermix (Genaxxon Bioscience GmbH, Ulm, Germany), 1.5 μl of  each primer (10 pM; Table S2.2), 

2 μl MgCl2 (25 mM) and 3–5 μl template DNA. PCR conditions for 18S rRNA, 28S rRNA and H3 

included an initial activation step at 95°C for 15 min, followed by 35 amplification cycles (with a 

denaturation step at 94°C for 30 s, a primer-annealing step at the optimal temperature for 45 s and a 

elongation step at 72°C for 30 s; Table S2.2) and ended with a final elongation step at 72°C for 6 min. 

The PCR program for COI was identical to that used in Anslan and Tedersoo (2015). Positive PCR 

products were purified with the PCR DNA Purification Mini Prep Kit (Genaxxon Bioscience GmbH, 

Ulm, Germany) following the manufacturer’s protocol and sent for sequencing to the Göttingen Genome 

Laboratory (Institute for Microbiology and Genetics, University of  Göttingen, Germany). The obtained 

sequences were checked and ambiguous positions were corrected using Sequencher 5.0 (Gene Code 

Corporation, Ann Arbor, Michigan, USA) aided by chromatograms. 

Phylogeny of  field-collected Collembola 

Individual-based unrooted phylogeny 

First, individual-based phylogenetic trees were built to remove redundant sequences of  the same 

species. Sequences of  the five genetic markers were aligned separately in R 3.2.2 (R Core Team 2015) 

using the functions AlignSeqs and AdjustAlignment with the default parameter settings (package 

“DECIPHER”; Wright 2015). In each marker set, terminal gaps at the beginning and the end of  

sequences were replaced by “?”. The alignments of  the five markers were concatenated in a supermatrix 

(3,084 bp) using SequenceMatrix 1.8 (Vaidya et al. 2011). An unrooted phylogeny was inferred using 

Bayesian Inference (BI) in MrBayes 3.2.4 (Ronquist et al. 2012), setting the model of  sequence evolution 

as GTR+I+G. Bayesian Inference was conducted by two independent runs of  four chains, 5,000,000 

generations, 0.02 temperature and 0.5 burn-in fraction; all other parameters remained set as default. The 

resulting consensus tree was checked to remove redundant sequences of  the same species for the 

following species-based phylogenetic inference. Redundant sequences were excluded if  genetic distances 

between individuals were less than 5% across all five markers. Different lineages of  the same species were 

retained if  they showed genetic distances more than 5% using the R function otuPhylo (Steven Kembel 

pers. comm.). Overall, a total of  102 operational taxonomic units (OTUs) of  different species and within-

species lineages were obtained for the species-based phylogenetic reconstruction (Table S2.3; Accession 

Number KY230697–KY231137). 

Species-based phylogeny 

Sequences of  the 102 OTUs were aligned with the outgroup taxa Zygentoma (Insecta), Machilis 

(Insecta: Archaeognatha), Callibaetis (Insecta: Palaeoptera), Baculentulus (Protura), Parajapyx (Diplura) and 
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Speleonectes (Crustacea; Table S2.3) using the R functions mentioned above. For each genetic marker the 

aligned sequences were trimmed to the same length. The best model of  sequence evolution for all tested 

markers were fitted with GTR+I+G according to Akaike information criterion (AIC) estimated in 

jModelTest 2.1.4 (Guindon and Gascuel 2003, Darriba et al. 2012). Terminal gaps of  each alignment were 

replaced by “?”, and a supermatrix including all genetic markers was generated using SequenceMatrix 1.8 

(Vaidya et al. 2011), resulting in a total length of  3,650 bp of  the alignment. Bayesian Inference (BI; 

MrBayes 3.2.4, Ronquist et al. 2012) was applied for phylogenetic reconstruction by setting the five 

markers (all GTR+I+G) unlinked, two independent runs, four chains, 10,000,000 generations, 0.05 

temperature and 0.5 burn-in fraction. Other parameters were set as default. Furthermore, Collembola 

phylogeny was inferred using Maximum Likelihood (ML) algorithm in RAxML 7.0.3 (Stamatakis 2006) 

setting the GTR+I+G model and 1,000 bootstrap replicates. BI and ML trees were similar in topology 

and we continued the analyses of  trait evolution with the BI tree. 

Extended Collembola phylogeny 

To construct a more comprehensive phylogeny, we further included sequences of  the above-

mentioned genes reported in the literature for other Collembola species with recorded Central European 

occurrence (Bellinger et al. 1996–2017; www.collembola.org). Here 242 OTUs of  167 species, 82 genera 

and 18 families were downloaded from NCBI, covering most of  the common Collembola in Central 

Europe (Table S2.4). Since outgroups always resulted in polytomies in the backbone of  the tree in 

preliminary trials, we constructed an unrooted phylogeny using the extended dataset. The downloaded 

sequences were aligned with the field-collected dataset following the steps mentioned above, except that 

D1 and D2 regions of  28S rRNA were aligned separately and the three codon positions of  protein-

coding genes (H3 and COI) were spilt into three alignments. The model of  sequence evolution of  each 

marker was estimated using jModelTest 2.1.4. Terminal gaps of  each alignment were replaced by “?”, and 

concatenated in a supermatrix. The total length of  the alignment was 3,083 bp. Bayesian Inference was 

applied, setting the genetic markers unlinked and other parameters as default except for 10,000,000 

generations, 0.02 temperature and 0.5 burn-in fraction. 

Ultrametric tree transformation 

The species-based BI tree was transformed to a chronogram (ultrametric tree) using a penalized 

likelihood approach by setting different models of  substitution rate variation among branches, i.e., 

correlated, relaxed, discrete and strict clock models, using the function chronos implemented in the R 

package “ape” (Paradis et al. 2004). The most appropriate ultrametric tree was selected based on the 

smallest value among all PHIIC generated from different models (Paradis 2013). The ultrametric tree 

based on the strict clock model was selected. For the morphological species including different genetic 
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lineages (cryptic species), only one OTU was retained. Traits of  species were mapped onto the ultrametric 

phylogenetic tree using the function plot.phylo implemented in the R package “ape” (Paradis et al. 2004). 

Collembola traits 

Traits of  the field-sampled Collembola species were extracted from a trait database (Matty P. Berg, 

unpublished data) compiled from literature, including maximum body length, overall body shape, intensity 

of  pigmentation, number of  ommatidia (eyes), vertical stratification in soil profile and reproductive 

mode. These traits are associated with environmental gradients or stress (Vandewalle et al. 2010, 

Makkonen et al. 2011, Salmon et al. 2014, Widenfalk et al. 2015). Collembola body length was used as 

continuous variable spanning from 0.4 to 6.5 mm, whereas body shape (slender, stocky, spheric), 

pigmentation (pale, bright, dark), number of  ommatidia [many (6–8), few (1–5), none (0)], vertical 

stratification (epedaphic, hemiedaphic, euedaphic) and reproductive mode (parthenogenetic, bisexual) 

were used as categorical variables. Species occurrence in each of  the three habitats was further included as 

a binary variable [0 (absence), 1 (presence)], and species logarithmic density summed across habitat types 

and sites was treated as further continuous variable (Table S2.4). 

Phylogenetic signal 

Phylogenetic signal in continuous, categorical and binary variables was analyzed using Blomberg's K 

(Blomberg et al. 2003), Pagel's lambda (Pagel 1999, Freckleton et al. 2002) and D statistic (Fritz and 

Purvis 2010), respectively. Blomberg's K was calculated using the function phylosig implemented in the R 

package “phytools” (Blomberg et al. 2003, Revell 2012). Significance tests were done by randomizing 

species on the phylogeny 1,000 times to test whether trait values showed phylogenetic signal or not (i.e., 

H0 = 0). In case of  significant K-values of  traits, the observed K-value was further compared with 

10,000 simulated K-values to test whether phylogenetic signal significantly differed from the level 

expected under Brownian motion evolution model (i.e., H0 = 1; Revell et al. 2007). Simulations of  trait 

values were conducted using the function fastBM in the R package “phytools” (Revell 2012). Lower and 

higher phylogenetic signal than predicted by a Brownian motion model was defined as a K-value in the 

0.025 and 0.975 quantiles of  the log-transformed simulated K-values, respectively. For categorical 

variables, Pagel's lambda was estimated using the function fitDiscrete implemented in R package 

“geiger” (Pagel 1999, Freckleton et al. 2002, Harmon et al. 2008). An appropriate trait evolution model 

was estimated from one of  the equal-rates (ER), symmetric (SYM) and all-rates-different (ARD) models 

using likelihood comparison. The ER model was accepted for all categorical traits. Then, a star-like tree 

(lambda 0) was transformed from the original tree (lambda 1). Likelihoods of  the distribution of  trait 

states among species were compared, given the lambda 1 and lambda 0 trees. If  the lambda 0 tree was 

accepted, the trait showed no phylogenetic signal (Pagel 1999, Freckleton et al. 2002). Phylogenetic signal 

in binary variables was measured using the D statistic with 10,000 permutations by the function phylo.d 

 23



Chapter 2  Collembola Phylogeny and Trait Evolution

implemented in the R package “caper” (Fritz and Purvis 2010, Orme et al. 2013). A D-value smaller than 

zero indicated a trait with conserved phylogenetic signal, while a value greater than one suggested that a 

trait is divergent. The observed D-value was compared with simulated D-values generated by two models, 

phylogenetic randomness and Brownian threshold models (Fritz and Purvis 2010). 

Ancestral state estimation 

For continuous traits with phylogenetic signal, ancestral character states were estimated using 

Maximum Likelihood method by the function fastAnc and then followed by a traitgram plotted using the 

function phenogram implemented in the R package “phytools” (Revell 2012). For the categorical traits with 

phylogenetic signal, stochastic character mapping was used to estimate ancestral character states using the 

function make.simmap implemented in the R package “phytools” (Huelsenbeck et al. 2003, Bollback, 2006, 

Revell 2012). Trait state transition was assumed following the ER model. Prior distribution on root node 

was estimated from tip character states. Transition matrix Q was sampled 1,000 times from the posterior 

probability distribution using Bayesian MCMC. Then, 1,000 stochastic maps were simulated which were 

conditioned by the sampled value of  Q. Numbers of  trait state transitions in the tree were calculated 

based on the mean and median. Posterior probabilities of  trait states were mapped to the tree nodes. 

Evolution model of  traits 

For continuous traits, the fits of  trait evolution under Brownian motion model (BM) and Ornstein-

Uhlenbeck model (OU) were compared using the function fitContinuous implemented in the R package 

“geiger”, while for discrete traits, the fits of  trait evolution under the rate constancy model, white-noise 

model, Pagel’s lambda model (lambda), time-dependent model (delta), Early-burst model (EB) and 

punctuational model (kappa) were compared using the function fitDiscrete. Akaike Weights (AICw) were 

used to estimate the support of  each tested model to the trait states. 

Correlated evolution of  traits 

To explore the evolution of  traits Collembola body length was converted into a categorical variable 

and coded as small (0.4–1.5 mm), medium (1.6–3.1 mm) and large (> 3.2 mm). Then, all the categorical 

trait variables were coded as binary variables to estimate relationships of  evolutionary changes between 

any two traits using Pagel’s general method as implemented in the function fitPagel in the R package 

“phytools” (Pagel 1994, Revell 2012). The model of  evolution for each trait was set as ER. Using 

likelihood ratio test, the independent model was compared with the dependent model. Three dependent 

models (“x”, “y” and “xy”) were used to explore the dependency of  substitution rate of  one variable on 

the other (“X” on “Y”), that of  the opposite direction (“Y” on “X”) and that in both directions (“X” on 

“Y” and “Y” on “X”; Pagel 1994). P-values were derived from 1,000 simulations and then adjusted using 

Benjamini and Hochberg corrections (BH; Benjamini and Hochberg 1995). 
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Results 

Phylogeny of  field-collected Collembola 

Both BI tree and ML tree using the data on local Collembola species supported monophyletic origin 

of  major taxonomic groups including Entomobryoidea, Isotomidae, Tomoceridae, Neelidae, 

Symphypleona and Poduromorpha. Entomobryoidea was sister to all other Collembola lineages. 

Isotomidae was sister to the remaining taxa, while Poduromorpha formed the sister lineage to 

Symphypleona. Neelidae and Tomoceridae formed one monophyletic clade positioned between 

Isotomidae and the clade comprising Poduromorpha and Symphypleona, although this positioning was 

based on weak support. Within Poduromorpha, Neanuridae plus Hypogastruridae and Brachystomellidae 

formed a monophyletic clade, sister to the clade composed of  Tullbergiidae, Onychiuridae and 

Odontellidae. Notably, monophyly of  Hypogastruridae was not supported, and Brachystomellidae was 

nested within Neanuridae. Symphypleona comprised two clades, one including Sminthurididae, 

Arrhopalitidae and Katiannidae, and the other including Bourletiellidae and Sminthuridae (with 

Sminthurides parvulus, however). The position of  Dicyrtomidae in the BI tree (sister to Bourletiellidae + 

Sminthuridae) differed from that in the ML tree (sister to Sminthurididae + Arrhopalitidae + 

Katiannidae). In Isotomidae most genera formed monophyletic clades including Parisotoma, Isotoma, 

Vertagopus and Folsomia; however, species of  the genus Desoria were separated, with D. violacea Fjellberg, 

1979 forming the sister taxon of  Vertagopus and D. trispinata forming the sister taxon of  Parisotoma. Within 

Entomobryoidea, Orchesellidae was sister group to Lepidocyrtidae + Entomobryidae (Figure 2.2). 

In addition to the position of  Dicyrtomidae, the topology of  the ML tree differed from that of  the BI 

tree in the relationships within Tullbergiidae, relationship of  Brachystomellidae with the other clades, 

monophyly of  Neelus murinus, the position of  Isotomodes productus within Isotomidae and that of  

Pseudosinella within Lepidocyrtidae (Figure S2.1). 

Phylogeny of  species occurring in Central Europe 

Including the sequences of  the other European Collembola species, the phylogenetic tree showed 

several monophyletic groups: Poduromorpha, Symphypleona, Tomoceridae, Neelipleona, Isotomidae, and 

Entomobryoidea. Within Poduromorpha, except Triacanthella perfecta (Hypogastruridae) of  which the 

sequence was taken from GenBank, the monophyly of  Onychiuroidea was supported and included three 

monophyletic families, Onychiuridae, Odontellidae and Tullbergiidae. Odontellidae was the sister group 

to Tullbergiidae, while Onychiuridae was the sister group to Odontellidae plus Tullbergiidae. 

Relationships of  the remaining Poduromorpha were complex. Both Hypogastruridae and Neanuridae 

were not monophyletic, while Poduridae and Brachystomellidae were close to Neanuridae. Symphypleona 

was the sister group to Poduromorpha. In Symphypleona, Sminthurididae formed the sister clade to 

Katiannoidea which composed of  Arrhopalitidae and Katiannidae. Dicyrtomidae was the sister group to 
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Allacma fusca

Arrhopalites caecus

Baculentulus tianmushanensis (Protura)

Bilobella braunerae

Bourletiella hortensis

Ceratophysella denticulata
Ceratophysella luteospina

Ceratophysella succinea

Desoria violacea

Deuteraphorura inermis L2

Deuterosminthurus bicinctus

Entomobrya nicoleti

Folsomia cf. candida

Folsomia manolachei

Folsomides parvulus

Heteromurus nitidus

Heterosminthurus bilineatus

Hypogastrura burkilli

Isotoma anglicana
Isotoma viridis L1
Isotoma viridis L2

Folsomia inoculata

Desoria trispinata

Isotomurus graminis
Isotomurus italicus

Lathriopyga longiseta

Lepidocyrtus cyaneus

Lepidocyrtus lignorum L1
Lepidocyrtus lignorum L3

Lepidocyrtus lignorum L4

Lepidocyrtus cf. violaceus

Lepidocyrtus cf. weidneri

Zygentoma

Megalothorax minimus L1

Mesaphorura sp3
Mesaphorura sp4

Micranurida pygmaea

Micraphorura absoloni

Neelides minutus
Neelus murinus L2

Orchesella bifasciata

Orchesella villosa

Parajapyx emeryanus (Diplura)

Paratullbergia macdougalli

Mesaphorura sp1

Parisotoma notabilis L0
Parisotoma notabilis L4

Parisotoma notabilis L5

Pogonognathellus flavescens L1
Pogonognathellus flavescens L2

Protaphorura armata L2

Protaphorura campata

Pseudachorutes sp2

Pseudosinella alba

Pygmarrhopalites principalis
Pygmarrhopalites pygmaeus

Pygmarrhopalites sericus

Sminthurides signatus

Sminthurinus aureus

Sminthurus viridis

Sphaeridia pumilis L1
Sphaeridia pumilis L2

Stenacidia violacea

Stenaphorura denisi

Supraphorura furcifera

Pogonognathellus longicornis

Vertagopus arboreus L2
Vertagopus arboreus L1

Willemia anophthalma
Willemia denisi

Entomobrya muscorum

Friesea claviseta

Sminthurinus elegans

Sminthurides schoetti

Sphaeridia pumilis L3

Dicyrtomina ornata

Lepidocyrtus lignorum L2

Callibaetis ferrugineus (Palaeoptera)

Protaphorura armata L1

Deuteraphorura inermis L1

Odontellidae spp
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Chapter 2  Collembola Phylogeny and Trait Evolution

Sminthuroidea which included Sminthuridae and Bourletiellidae. Isotomidae seemed closely related to 

Entomobryoidea. In Isotomidae, Archisotoma was sister to the other species. Within Entomobryoidea, 

Entomobryidae and Lepidocyrtidae were sister to each other, forming a monophyletic group sister to 

Orchesellidae. However, relationships of  Tomoceridae and Neelipleona to the other Collembola were not 

resolved (Figure 2.3). 
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Figure 2.3 
Unrooted Bayesian tree of  242 Collembola taxa (including 167 species, 82 genera and 18 families) based on a 
concatenated alignment of  18S and 28S rRNA, Histone H3 and COI genes (3,083 bp). Numbers next to branches 
and colors on nodes represent posterior probabilities of  20,002 sampled trees.
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Phylogenetic signal of  traits 

Collembola body length exhibited phylogenetic signal following Brownian motion model (K = 0.786, 

P(H0 = 0) = 0.001; 2.5%–97.5% simulated K: 0.587–1.770, P(H0 = 1) = 0.520; Figure 2.4, S2.2). Body shape, 

vertical stratification, pigmentation, number of  ommatidia and reproductive mode all showed 

phylogenetic signal as indicated by Pagel’s lambda which approached 1.0 (Table 2.1). Species abundance, 

however, exhibited lower phylogenetic signal than that predicted by Brownian motion model (K = 0.412, 

P(H0 = 0) = 0.029; 2.5%–97.5% simulated K: 0.581–1.762, P(H0 = 1) < 0.001), indicating abundant species 

comprised species from different clades. Species occurrence in different types of  habitats, however, 

exhibited no phylogenetic signal, as indicated by the D-values of  0.889, 0.790 and 0.661 for occurrence in 

arable fields, grasslands and forests, respectively. All D-values deviated from the Brownian threshold 

model but followed the phylogenetic randomness model. 

Trait evolution 

Ancestral states of  the examined characters of  Collembola were intermediate size, slender body shape, 

hemiedaphic, bright pigmentation, many ommatidia and sexual reproduction (Figure 2.5, S2.2, S2.3). 

During Collembola diversification trait states changed several times (Table S2.6). Variation in Collembola 

body length as a continuous variable was not different from that predicted by the BM model as compared 

to the OU model, suggesting that difference in body length of  Collembola species resulted from a 

gradual and continuous drift when species diverged. However, evolution of  Collembola body shape was 

supported by the EB model, suggesting that evolution of  body shape was faster early in Collembola 

diversification and decelerated afterwards. The evolution models of  the other categorical traits were not 

different from the rate constancy model (Table 2.2). Evolutionary transitions of  Collembola traits 

depended on each other, especially for vertical stratification, number of  ommatidia, pigmentation and 

reproductive mode, with euedaphic stratification correlated with pale pigmentation, none ommatidia and 

parthenogenesis (Figure 2.6, S2.4, Table S2.7). Interestingly, body shape did not correlate with any other 

examined traits. 
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Table 2.1
Phylogenetic signal reported as Pagel's lambda with maximum log likelihood test in Collembola categorical traits. 
Maximum log likelihood of  a trait fit to the given phylogeny (logL) was tested against that fit to a lambda 
transformed phylogeny (logL0, lambda = 0). A significant P-value in Pagel's lambda test indicates phylogenetic 
signal in that trait as predicted by the Brownian motion model.
Trait States lambda logL logL0 P
Body shape 3 1.000 -24.48 -73.36 0.000
Vertical stratification 3 1.000 -61.56 -81.87 0.000
Pigmentation 3 0.995 -70.63 -81.49 0.000
Number of ommatidia 3 1.000 -53.40 -73.36 0.000
Reproductive mode 2 0.899 -42.21 -42.45 0.044
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Figure 2.4 
Ultrametric phylogenetic tree of  the 75 Collembola species based on the Bayesian tree using penalized likelihood 
that assumes a strict clock model of  substitution rate variation among branches. Trait states (squares) and trait 
values (circles) are plotted next to the tree. Size of  a circle represents relative quantity of  the trait.
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Figure 2.5 
Ancestral state reconstruction of  vertical stratification of  Collembola. Colored squares at the tips of  each branch 
represent the vertical stratification of  each extant species. Pie charts on each node indicate the proportion of  each 
character state summed across the posterior distribution of  simulations. One of  the 1,000 stochastic character maps 
is plotted.
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Discussion 

In most trait-based studies on soil animals, associations of  traits of  species with the habitats are 

usually descriptive but still have been interpreted as the result of  adaptation to environmental factors, 

without testing it in an evolutionary context (Vandewalle et al. 2010, Ponge and Salmon 2012, Bokhorst et 

al. 2017, but see Malcicka et al. 2017). Here, we conducted phylogenetic comparative analyses to study the 

evolution of  functional traits in soil Collembola. We first reconstructed phylogenetic trees for species 

occurring in various habitats, and erected a more comprehensive phylogeny as compared to existing 

Collembola phylogenies. We then focused on the evolution of  functional traits of  Collembola in light of  

their associations with different soil layers. Explicitly testing trait evolution is an important step toward 

integrating phylogeny into studies on assembly processes of  soil communities using community 

phylogenetic approaches. See Chapters 1 and 4 for more details on the community phylogenetic 

methods. 

Collembola phylogeny 

In the present study, both conserved (18S rRNA and H3) and variable (28S rRNA and COI) genetic 

markers were used to infer the phylogeny of  102 locally occurring Collembola species. Our tree provides 
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the most comprehensive Collembola phylogeny to date that included 51 genera and 18 families and 

considered a variety of  closely related outgroups (Misof  et al. 2014). This tree indicates that 

Entomobryoidea and Isotomidae diverged earlier from the other Collembola lineages, while 

Poduromorpha and Symphypleona are sister groups, contrary to previous studies, which recovered 

Symphypleona as the sister group to the other Collembola (D’Haese 2002, Xiong et al. 2008, Schneider et 

al. 2011, Yu et al. 2016). Marker selection, unbalanced taxon sampling and choice of  outgroup taxa can 

affect the topology of  phylogenetic trees (Heath et al. 2008, Rosenfeld et al. 2012) and thus resulted in 

the inconsistency between our tree and those inferred in the previous studies. However, fossil records of  

Collembola support our findings of  the early diverging positions of  Entomobryoidea and Isotomidae. 

The first fossil record of  Collembola, Rhyniella praecursor (396–407 million years ago; Hirst and Maulik 

1926, Whalley and Jarzembowski 1981, Greenslade 1988), has been assigned to Isotomidae (Greenslade 

and Walley 1986), suggesting that Isotomidae are likely among the oldest Collembola. Another Paleozoic 

fossil, Permobrya mirabilis from the Upper Permian, shares characters with extant Entomobryoidea (Riek 

1976), suggesting that this superfamily is also phylogenetically old. Fitting the more derived position in 

our tree, fossil Collembola found in mid and upper Cretaceous amber have been assigned to Collembola 

families such as Sminthuridae, Neanuridae and Tomoceridae (Christiansen and Pike 2002a, b, Christiansen 

and Nascimbene 2006). However, in particular early radiation of  Collembola lineages needs further 

investigation using novel approaches, e.g. phylogenomics. Nevertheless, with the extensive taxon sampling 

and more genes included in this study and the support from the existing fossil record, our tree provides a 

solid basis for investigating the evolution of  traits in Collembola. 

Functional traits and their evolution 

Collembola body length, body shape and vertical stratification all showed phylogenetic signal, 

supporting our first hypothesis. Intuitively plausible, body shape and body length of  Collembola may 

relate to the three-dimensional structure of  soil pores (Larsen et al. 2004), as pore size declines typically 

with soil depth and differs between mineral soil and organic layers. If  the structure of  soil pores is related 

to evolutionary adaptation of  Collembola species to the vertical distribution in soil profile, we would 

expect to find evolutionary correlations between body shape, body size and vertical stratification. 

However, our study does not support the existence of  such relationships, suggesting that other 

mechanisms resulted in the phylogenetic signal of  these traits. The evolution of  body shape followed the 

early burst model, suggesting a rapid morphological change in the early evolution followed by relative 

stasis, presumably under stable evolutionary or ecological constraints. The finding contrasts the 

conclusion of  Harmon et al. (2010) that early evolutionary changes in body shape are rare. In contrast to 

body shape, body size followed the rate constancy model, suggesting that Collembola gradually changed 

their body size via drift, an evolutionary process in which trait variation accumulated during evolutionary 

time. Collembola body size has been shown to relate to desiccation resistance of  species (Kærsgaard et al. 

2004). Phylogenetic signal detected in the body size therefore supports the idea that phylogenetically 
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related species share physiological attributes (Chen et al. 2017). The evolution of  vertical stratification of  

Collembola, though not related to either body shape or body size, was likely related to pigmentation, 

number of  ommatidia and reproductive mode, supporting the second hypothesis. 

Evolutionary correlation between pigmentation and vertical stratification suggests that these two traits 

were functionally related during species diversification. Dark pigmentation is likely a product of  

adaptation of  Collembola to open habitats or surface-living (Salmon et al. 2014), since it reduces damages 

caused by solar ultraviolet radiation (UV). Also, species with spots and stripes of  different colors 

probably function to mislead predators. Therefore, surface living (epedaphic) species possess shiny or 

dark pigments, such as many species of  Entomobryoidea and Symphypleona. Species dwelling in soil, on 

the contrary, are usually pale, such as Onychiuroidea. This is further supported by reconstruction of  pale 

coloration as ancestral state in Onychiuroidea. Similar to the pigmentation, significant correlation between 

the number of  ommatidia and vertical stratification indicates that these two traits were functionally 

related in Collembola evolution. This is also reflected in the eight evolutionary shifts from many 

ommatidia to no ommatidia, corresponding closely to the nine evolutionary shifts in vertical stratification 

from hemiedaphic to euedaphic. Surface living Collembola may use their ommatidia as sensory organ to 

orient themselves according to sunlight (Hågvar 1995) and to detect predators (Salmon et al. 2014). In 

contrast, euedaphic species rely more on other sensory organs, such as sensory structures on antennae or 

the postantennal organ (Hopkin 1997, Salmon et al. 2014). Furthermore, contrary to the findings of  

Malcicka et al. (2017), our study shows that reproductive mode correlated with pigmentation, number of  

ommatidia and vertical stratification. Indeed, most parthenogenetic Collembola species are euedaphic 

(Chernova et al. 2010), pale and lack ommatidia. Parthenogenesis in deep soil may reflect the increased 

difficulty in finding sexual partners due to restricted movement and location of  olfactory cues of  

spermatophores of  respectively male partners. In addition, less pronounced resource limitation and 

dominance of  density independent factors in soil may also contribute to the dominance of  

parthenogenetic Collembola deeper in soil (Chahartaghi et al. 2009). 

We did not find phylogenetic signal of  species occurrence in different types of  habitats, i.e., arable 

fields, grasslands and forests. Compared to the broadly defined habitats investigated in this study, soil 

microhabitats, especially the vertical heterogeneity in the soil profile, may have played a more important 

role for evolutionary adaptations in Collembola than habitat types such as forests and grasslands. 

Interestingly, in each phylogenetic clade, there was one or few species reaching high abundance, resulting 

in the significantly lower phylogenetic signal measured in total abundance than that predicted by the 

Brownian motion model. Since abundance of  soil microarthropods positively correlates with the amount 

of  food resources available (Domes et al. 2007, Chahartaghi et al. 2009), this might indicate niche 

partitioning in food resources between closely related species. Considering the many microhabitats in soil 

and associated niches, niche partitioning likely contributed to species diversification and this may offer an 

explanation for the enigma of  soil animal biodiversity (Anderson 1975). 
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Conclusions and Outlooks  

Overall, phylogenetic signal in body length, body shape, vertical stratification, pigmentation, number 

of  ommatidia and reproductive mode support our first hypothesis that phylogenetically related species of  

Collembola share similar functional traits. Further, the results suggest that the body shape of  Collembola 

evolved fast during early diversification of  lineages but slowed down thereafter. Transitions of  

pigmentation, number of  ommatidia and reproductive mode depended on vertical stratification of  

species during Collembola diversification, supporting our second hypothesis. The ancestral state of  

Collembola traits are likely slender body shape, hemiedaphic lifestyle, sexual reproduction, possession of  

many ommatidia and bright color, but these traits changed several times during Collembola evolution.  

Phylogenetic signal in functional traits of  soil species provides an evolutionary perspective to soil 

biodiversity and community assembly processes. The traits of  species are products of  ecological 

processes in the past resulting in evolutionary processes. Although trait patterns in communities may 

reflect environmental associations of  the species resulting from contemporary ecological processes, e.g. 

environmental filtering (Widenfalk et al. 2015), evolution of  traits also needs to be considered. If  traits 

evolved in a constrained manner or following Brownian motion model, trait similarity between species in 

communities cannot be simply inferred as a result of  contemporary ecological processes, since also 

evolutionary mechanisms may have resulted in species possessing similar traits. Our study on trait 

evolution of  soil biota, therefore, paves the way for integrating evolutionary approaches and perspectives 

into soil ecological studies. Future studies on functional traits and assembly processes of  soil communities 

will benefit from multiple approaches including phylogenetic comparative and community phylogenetic 

methods. 
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Table S2.1
Sampling locations of  this study.
Site Habitat Latitude (°N) Longitude (°E)
1 Herberhausen Arable 51.53408 10.00058

Grassland 51.53294 9.99273
Forest 51.53072 9.99066

2 Deppoldshausen Arable 51.57565 9.97312
Grassland 51.57612 9.97195
Forest 51.57506 9.97443

4 Ossenfeld Arable 51.54789 9.79804
Grassland 51.54731 9.79733
Forest 51.54898 9.80041

5 Waake Arable 51.56308 10.05845
Grassland 51.56293 10.06232
Forest 51.55943 10.07080

6 Billingshausen Arable 51.59006 10.02655
Grassland 51.59372 10.03101
Forest 51.59235 10.03254

8 Ellershausen Arable 51.51264 9.66830
Grassland 51.50857 9.66414
Forest 51.51325 9.66628

Table S2.2
Primer pairs used in this study.
Region Primer Sequence 5' - 3' Annealing temperature Reference
18S rRNA 18SA2_F ATGGTTGCAAAGCTGAAAC 50°C Whiting 2002

18S9_R GATCCTTCCGCAGGTTCACCTAC

28S rRNA 
D1-D2 C1'_F ACCCGCTGAATTTAAGCAT 50°C D'Haese 2002

D2coll_R ACCACGCATGCWTTAGATTG

D3-D5 28SA_F GACCCGTCTTGAAGCACG 52°C Tully et al. 2006
28Sbout_R CCCACAGCGCCAGTTCTGCTTACC

Histone H3 H3F2 ATGGCTCGTACCAAGCAGAC 56°C Colgan et al. 1998
H3R2 ATRTCCTTGGGCATGATTGTTAC

COI LCO1490_F GGTCAACAAATCATAAAGATATTGG 45°C (5 cycles) followed 
by 51°C (35 cycles)

Folmer et al. 1994
HCO2198_R TAAACTTCAGGGTGACCAAAAAATCA

References 
Colgan, D.J., McLauchlan, a., Wilson, G.D.F., Livingston, S.P., Edgecombe, G.D., Macaranas, J., Cassis, G. & Gray, M.R. (1998) Histone 

H3 and U2 snRNA DNA sequences and arthropod molecular evolution. Australian Journal of Zoology, 46, 419. 
D’Haese, C.A. (2002) Were the first springtails semi-aquatic? A phylogenetic approach by means of 28S rDNA and optimization 

alignment. Proceedings of the Royal Society of London B, 269, 1143–1151. 
Folmer, O., Black, M., Hoeh, W., Lutz, R. & Vrijenhoek, R. (1994) DNA primers for amplification of mitochondrial cytochrome c oxidase 

subunit I from diverse metazoan invertebrates. Molecular Marine Biology and Biotechnology, 3, 294–299. 
Tully, T., D’Haese, C.A., Richard, M. & Ferrière, R. (2006) Two major evolutionary lineages revealed by molecular phylogeny in the 

parthenogenetic collembola species Folsomia candida. Pedobiologia, 50, 95–104. 
Whiting, M.F. (2002) Mecoptera is paraphyletic: Multiple genes and phylogeny of Mecoptera and Siphonaptera. Zoologica Scripta, 31, 
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Table S2.3
NCBI Accession Numbers of  sequences generated in this study to construct the molecular phylogeny of  
Collembola.

Taxonomic group Family Species 18S rRNA
28S rRNA

Histone H3 COI
D1-D2 D3-D5

Outgroups
Crustacea Speleonectes EU370431 EU370446 KC989979 JF297647
Protura Baculentulus AY037169 EF192433 HQ882817
Diplura Parajapyx AY037168 EF192440 JQ796635
Archaeognatha (Insecta) Machilis AY338689 AY338646 AY338614 JF826083
Palaeoptera (Insecta) Callibaetis AF370791 AY859557 AY749703 GU711466
Zygentoma (Insecta) Zygentoma EU368615 EU376048 AY555568 JN970940

Collembola
Poduromorpha Brachystomellidae Brachystomella parvula KY230724 KY230822 KY230925 KY231017 KY231088

Hypogastruridae Ceratophysella denticulata KY230747 KY230847 KY230948 KY231036 KY231107
Ceratophysella luteospina KY230762 KY230859 KY230962 KY231118
Ceratophysella succinea KY230885 KY230990 KY231065 KY231136
Hypogastrura burkilli KY230725 KY230823 KY230926 KY231018 KY231089
Willemia anophthalma KY230726 KY230869 KY230972 KY231090
Willemia denisi KY230757 KY230855 KY230957 KY231114
Xenylla boerneri KY230728 KY230824

Neanuridae Bilobella braunerae KY230721 KY230819 KY230922
Friesea claviseta KY230730 KY230826 KY230929 KY231020 KY231092
Lathriopyga longiseta KY230722 KY230820 KY230923 KY231086
Micranurida pygmaea KY230723 KY230821 KY230924 KY231087
Pseudachorutes sp1 KY230754 KY230954 KY231113
Pseudachorutes sp2 KY230886 KY231067

Odontellidae Odontellidae spp KY230796 KY230998 KY231074
Onychiuridae Deuteraphorura inermis L1 KY230761 KY230858 KY230961 KY231068 KY231117

Deuteraphorura inermis L2 KY230791 KY230887 KY230991
Micraphorura absoloni KY230868 KY230971 KY231049 KY231127
Protaphorura armata L1 KY230759 KY230856 KY230959 KY231064 KY231116
Protaphorura armata L2 KY230788 KY230884 KY230988 KY231063
Protaphorura campata KY230770 KY230867 KY230970 KY231048 KY231126
Supraphorura furcifera KY230792 KY230888 KY230992 KY231069 KY231085

Tullbergiidae Mesaphorura sp1 KY230786 KY230828 KY230931 KY231022
Mesaphorura sp3 KY230785 KY230882 KY230987 KY231062
Mesaphorura sp4 KY230760 KY230857 KY230960
Metaphorura affinis KY230731 KY230827 KY230930 KY231021 KY231093
Paratullbergia macdougalli KY230790 KY230817 KY230920
Paratullbergia sp KY230787 KY230883
Stenaphorura denisi KY230720 KY230818 KY230921 KY231135

Symphypleona Arrhopalitidae Arrhopalites caecus KY230780 KY230879 KY230981 KY231060
Pygmarrhopalites principalis KY230800 KY230901 KY231002
Pygmarrhopalites pygmaeus KY230746 KY230846 KY230947 KY231106
Pygmarrhopalites sericus KY230799 KY230900

Bouletiellidae Bourletiella hortensis KY230700 KY230898
Deuterosminthurus bicinctus KY230732 KY230829 KY230932 KY231023 KY231094
Deuterosminthurus sulphureus KY230733 KY230830 KY230933 KY231024 KY231095
Heterosminthurus bilineatus KY230734 KY230831 KY230934 KY231025 KY231096

Dicyrtomidae Dicyrtomina minuta KY230769 KY230866 KY230969 KY231047 KY231125
Dicyrtomina ornata KY230768 KY230865 KY230968 KY231046
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Table S2.3 Continued

Taxonomic group Family Species 18S rRNA
28S rRNA

Histone H3 COI
D1-D2 D3-D5

Katiannidae Sminthurinus aureus KY230741 KY230839 KY230942 KY231031 KY231102
Sminthurinus elegans KY230782 KY230881 KY230984 KY231061

Sminthuridae Allacma fusca KY230735 KY230832 KY230935 KY231097
Sminthurus viridis KY230701 KY230798 KY230899 KY231001

Sminthurididae Sminthurides parvulus KY230699 KY230797 KY230897 KY231000
Sminthurides schoetti KY230781 KY230982
Sminthurides signatus KY230697 KY230895 KY230999
Sphaeridia pumilis L1 KY230783 KY230985 KY231133
Sphaeridia pumilis L2 KY230758 KY230958 KY231115
Sphaeridia pumilis L3 KY230698 KY230896
Stenacidia violacea KY230784 KY230986 KY231134

Neelipleona Neelidae Megalothorax minimus L1 KY230793 KY230889 KY230993
Megalothorax minimus L2 KY230890 KY231070
Megalothorax minimus L3 KY230794 KY230891 KY230994 KY231071
Neelides minutus KY230716 KY230813 KY230916
Neelus murinus L1 KY230892 KY230995 KY231072
Neelus murinus L2 KY230745 KY230844 KY231104

Tomoceridae Tomoceridae Pogonognathellus flavescens L1 KY230717 KY230814 KY230917 KY231016 KY231083
Pogonognathellus flavescens L2 KY230718 KY230816 KY230919 KY231075 KY231084
Pogonognathellus longicornis KY230845 KY230946 KY231035 KY231105
Tomocerus vulgaris KY230777 KY230877 KY230979 KY231058 KY231131

Isotomidae Isotomidae Desoria trispinata KY230773 KY230874 KY230976 KY231054
Desoria violacea KY230736 KY230833 KY230936 KY231026 KY231098
Folsomia cf. candida KY230756 KY230854 KY230956 KY231042
Folsomia inoculata KY230743 KY230842 KY230944 KY231033
Folsomia manolachei KY230706 KY230803 KY230906 KY231007 KY231077
Folsomia quadrioculata KY230755 KY230853 KY230955
Folsomia spinosa KY230707 KY230804 KY230907 KY231008
Folsomides parvulus KY230742 KY230841 KY230943 KY231032
Isotoma anglicana KY230703 KY230801 KY230903 KY231004 KY231076
Isotoma viridis L1 KY230752 KY230852 KY230953 KY231041 KY231112
Isotoma viridis L2 KY230774 KY230875 KY230977 KY231055 KY231129
Isotomiella minor KY230744 KY230843 KY230945 KY231034 KY231103
Isotomodes productus KY230709 KY230805 KY230908 KY231009
Isotomurus fucicolus KY230737 KY230834 KY230937 KY231027 KY231099
Isotomurus graminis KY230738 KY230836 KY230939 KY231100
Isotomurus italicus KY230739 KY230837 KY230940 KY231029 KY231101
Parisotoma notabilis L0 KY230772 KY230872 KY230974 KY231052 KY231128
Parisotoma notabilis L4 KY230771 KY230870 KY230973 KY231050
Parisotoma notabilis L5 KY230871 KY231051
Vertagopus arboreus L1 KY230705 KY230802 KY230905 KY231006
Vertagopus arboreus L2 KY230775 KY230876 KY230978 KY231056 KY231130

Entomobryoidea Entomobryidae Entomobrya muscorum KY230710 KY230806 KY230909 KY231010
Entomobrya nicoleti KY230740 KY230838 KY230941 KY231030 KY231120
Willowsia buski KY230767 KY230864 KY230967 KY231124

Lepidocyrtidae Lepidocyrtus cyaneus KY230751 KY230851 KY230952 KY231040 KY231111
Lepidocyrtus lanuginosus KY230765 KY230862 KY230965 KY231044 KY231123
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Table S2.3 Continued

Taxonomic group Family Species 18S rRNA
28S rRNA

Histone H3 COI
D1-D2 D3-D5

Lepidocyrtus lanuginosus L2 KY230748 KY230848 KY230949 KY231037 KY231108
Lepidocyrtus lanuginosus L3 KY230763 KY230860 KY230963 KY231121
Lepidocyrtus lignorum L1 KY230764 KY230861 KY230964 KY231043 KY231122
Lepidocyrtus lignorum L2 KY230766 KY230863 KY230966 KY231045
Lepidocyrtus lignorum L3 KY230750 KY230850 KY230951 KY231039 KY231110
Lepidocyrtus lignorum L4 KY230749 KY230849 KY230950 KY231038 KY231109
Lepidocyrtus paradoxus KY230795 KY230894 KY230996 KY231073
Lepidocyrtus cf. violaceus KY230778 KY230878 KY230980 KY231059 KY231132
Lepidocyrtus cf. weidneri KY230893 KY231137
Pseudosinella alba KY230711 KY230807 KY230910 KY231011
Pseudosinella immaculata KY230712 KY230911 KY231012 KY231078

Orchesellidae Heteromurus nitidus KY230776 KY230808 KY230912 KY231013 KY231079
Orchesella bifasciata KY230713 KY230810 KY230914 KY231081
Orchesella flavescens KY230714 KY230811 KY230915 KY231015 KY231082
Orchesella quinquefasciata KY230809 KY230913 KY231014 KY231080
Orchesella villosa KY230729 KY230825 KY230928 KY231019 KY231091



Chapter 2  Collembola Phylogeny and Trait Evolution

 45

T
ab

le
 S

2.
4

N
C

B
I 

A
cc

es
si

on
 N

um
be

rs
 o

f 
se

qu
en

ce
s 

us
ed

 a
nd

 g
en

er
at

ed
 in

 th
is

 s
tu

dy
 to

 c
on

st
ru

ct
 th

e 
m

ol
ec

ul
ar

 p
hy

lo
ge

ny
 o

f 
C

ol
le

m
bo

la
.

Ta
xo

no
m

ic
 g

ro
up

Fa
m

ily
G

en
us

Sp
ec

ie
s

C
od

e
So

ur
ce

18
S 

rR
N

A
28

S 
rR

N
A

H
is

to
ne

 H
3

C
O

I
D

1
D

2
D

3-
5

Po
du

ro
m

or
ph

a
B

ra
ch

ys
to

m
el

lid
ae

Br
ac
hy
st
om
el
la

pa
rv
ul
a

A
F-

H
Q

N
C

B
I

A
F4

83
36

0
A

F4
83

41
8

H
Q

73
19

12
JC

Th
is

 st
ud

y
K

Y
23

07
24

K
Y

23
08

22
K

Y
23

08
22

K
Y

23
09

25
K

Y
23

10
17

K
Y

23
10

88
H

yp
og

as
tru

rid
ae

C
er
at
op
hy
se
lla

de
nt
ic
ul
at
a

ES
2

N
C

B
I

K
F6

84
42

2
K

F6
84

75
2

K
F6

84
58

7
FR

N
C

B
I

K
F6

84
38

2
K

F6
84

71
2

K
F6

84
54

7
G

R
N

C
B

I
K

F6
84

39
0

K
F6

84
72

0
K

F6
84

55
5

IT
2

N
C

B
I

K
F6

84
39

5
K

F6
84

72
5

K
F6

84
56

0
JC

Th
is

 st
ud

y
K

Y
23

07
47

K
Y

23
08

47
K

Y
23

08
47

K
Y

23
09

48
K

Y
23

10
36

K
Y

23
11

07
M

E
N

C
B

I
K

F6
84

39
9

K
F6

84
72

9
K

F6
84

56
4

gi
bb
os
a

N
C

B
I

A
F4

83
36

2
A

F4
83

42
0

H
Q

73
19

24
H

Q
73

20
39

lu
te
os
pi
na

Th
is

 st
ud

y
K

Y
23

07
62

K
Y

23
08

59
K

Y
23

08
59

K
Y

23
09

62
K

Y
23

11
18

su
cc
in
ea

Th
is

 st
ud

y
K

Y
23

08
85

K
Y

23
08

85
K

Y
23

09
90

K
Y

23
10

65
K

Y
23

11
36

H
yp
og
as
tr
ur
a

bu
rk
ill
i

JC
Th

is
 st

ud
y

K
Y

23
07

25
K

Y
23

08
23

K
Y

23
08

23
K

Y
23

09
26

K
Y

23
10

18
K

Y
23

10
89

pu
rp
ur
es
ce
ns

H
Q

N
C

B
I

H
Q

73
21

18
H

Q
73

20
09

H
Q

73
19

42
H

Q
73

20
58

so
ci
al
is

N
C

B
I

LK
02

43
30

LK
02

43
30

H
G

42
26

30
sp

X
N

C
B

I
X

90
67

7
X

90
67

9
X

90
68

0
su
bb
ol
do
ri
i

N
C

B
I

H
Q

73
21

24
H

Q
73

20
15

H
Q

73
19

48
H

Q
73

20
64

ve
rn
al
is

N
C

B
I

A
F4

83
37

1
A

F4
83

42
9

H
Q

73
19

49
H

Q
73

20
65

M
ic
ro
ga
st
ru
ra

se
ns
ili
at
a

N
C

B
I

A
F4

83
37

9
A

F4
83

43
7

H
Q

73
19

58
Pa
ra
xe
ny
lla

af
fin
ifo
rm
is

N
C

B
I

A
F4

83
38

7
A

F4
83

44
5

H
Q

73
19

62
Sc
ho
et
te
lla

un
un
gu
ic
ul
at
a

N
C

B
I

A
F4

83
39

5
A

F4
83

45
3

H
Q

73
19

67
H

Q
73

20
79

Tr
ia
ca
nt
he
lla

pe
rf
ec
ta

N
C

B
I

A
F4

83
40

7
A

F4
83

46
5

H
Q

73
19

72
W
ill
em
ia

an
op
ht
ha
lm
a

Th
is

 st
ud

y
K

Y
23

07
26

K
Y

23
08

69
K

Y
23

08
69

K
Y

23
09

72
K

Y
23

10
90

de
ni
si

Th
is

 st
ud

y
K

Y
23

07
57

K
Y

23
08

55
K

Y
23

08
55

K
Y

23
09

57
K

Y
23

11
14

Xe
ny
lla

bo
er
ne
ri

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
28

K
Y

23
08

24
K

Y
23

08
24

K
T8

08
34

9
gr
is
ea

N
C

B
I

AY
55

55
17

A
F4

83
40

9
A

F4
83

46
7

H
Q

73
19

74
AY

55
55

63
hu
m
ic
ol
a

N
C

B
I

LK
02

44
40

LK
02

44
40

H
G

42
26

32
tu
llb
er
gi

N
C

B
I

A
F4

83
41

0
A

F4
83

46
8

H
Q

73
19

80
H

Q
73

20
88

Xe
ny
llo
de
s

ar
m
at
us

N
C

B
I

A
F4

83
41

1
A

F4
83

46
9

H
Q

73
20

89
N

ea
nu

rid
ae

An
ur
id
a

gr
an
ar
ia

N
C

B
I

A
F4

83
35

6
A

F4
83

41
4

H
Q

73
19

09
K

T8
08

32
5

m
ar
iti
m
a

N
C

B
I

EU
36

86
03

A
F4

83
35

7
A

F4
83

41
5

H
Q

73
19

10
H

Q
73

20
28

An
ur
id
el
la

ca
lc
ar
at
a

N
C

B
I

A
F4

83
35

8
A

F4
83

41
6

H
Q

73
19

11
Bi
lo
be
lla

au
ra
nt
ia
ca

N
C

B
I

EU
36

86
02

A
J2

51
72

9
A

J2
51

72
9

A
J2

51
72

9
G

U
65

65
64

br
au
ne
ra
e

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
21

K
Y

23
08

19
K

Y
23

08
19

K
Y

23
09

22
K

T8
08

39
4

m
as
so
ud
i

N
C

B
I

A
J2

51
73

2
A

J2
51

73
2

A
J2

51
73

2
JN

28
39

05
C
an
si
lia
nu
ra

m
al
at
es
ta
i

N
C

B
I

A
J2

51
73

7
A

J2
51

73
7

A
J2

51
73

7
D
eu
to
nu
ra

co
nj
un
ct
a

N
C

B
I

A
J2

51
73

5
A

J2
51

73
5

A
J2

51
73

5
gi
bb
os
a

N
C

B
I

JX
26

17
25

H
M

20
86

37
m
on
tic
ol
a

L1
N

C
B

I
JX

26
16

95
JX

26
18

42
L2

N
C

B
I

JX
26

16
77

JX
26

18
17

L3
N

C
B

I
JX

26
16

56
H

M
39

77
63

pr
ov
in
ci
al
is

N
C

B
I

JX
26

16
55

JX
26

17
95

Fr
ie
se
a

cl
av
is
et
a

JC
Th

is
 st

ud
y

K
Y

23
07

30
K

Y
23

08
26

K
Y

23
08

26
K

Y
23

09
29

K
Y

23
10

20
K

Y
23

10
92

m
ir
ab
ili
s

N
C

B
I

A
F4

83
36

8
A

F4
83

42
6

tr
un
ca
ta

N
C

B
I

A
F4

83
36

9
A

F4
83

42
7



Chapter 2  Collembola Phylogeny and Trait Evolution

 46

T
ab

le
 S

2.
4 

C
on

tin
ue

d

Ta
xo

no
m

ic
 g

ro
up

Fa
m

ily
G

en
us

Sp
ec

ie
s

C
od

e
So

ur
ce

18
S 

rR
N

A
28

S 
rR

N
A

H
is

to
ne

 H
3

C
O

I
D

1
D

2
D

3-
5

La
th
ri
op
yg
a

lo
ng
is
et
a

A
J-

K
T

N
C

B
I

A
J2

51
73

6
A

J2
51

73
6

A
J2

51
73

6
K

T8
08

38
5

JC
Th

is
 st

ud
y

K
Y

23
07

22
K

Y
23

08
20

K
Y

23
08

20
K

Y
23

09
23

K
Y

23
10

86
M
ic
ra
nu
ri
da

py
gm
ae
a

A
F

N
C

B
I

A
F4

83
37

7
A

F4
83

43
5

JC
Th

is
 st

ud
y

K
Y

23
07

23
K

Y
23

08
21

K
Y

23
08

21
K

Y
23

09
24

K
Y

23
10

87
M
on
ob
el
la

gr
as
se
i

N
C

B
I

A
F4

83
38

0
A

F4
83

43
8

K
T8

08
34

3
M
or
ul
in
a

ve
rr
uc
os
a

N
C

B
I

AY
55

55
21

A
F4

83
38

1
A

F4
83

43
9

H
Q

73
19

59
AY

55
55

65
N
ea
nu
ra

m
us
co
ru
m

AY
-A

J
N

C
B

I
AY

55
55

20
A

J2
51

73
3

A
J2

51
73

3
A

J2
51

73
3

AY
55

55
44

LK
N

C
B

I
LK

02
43

67
LK

02
43

67
LK

02
44

86
Ps
eu
da
ch
or
ut
es

pa
lm
ie
ns
is

N
C

B
I

A
F4

83
39

2
A

F4
83

45
0

H
Q

73
19

66
sp

EU
N

C
B

I
EU

37
10

45
EU

37
10

45
EU

37
10

45
JC

Th
is

 st
ud

y
K

Y
23

07
54

K
Y

23
08

86
K

Y
23

08
86

K
Y

23
09

54
K

Y
23

10
67

K
Y

23
11

13
su
bc
ra
ss
us

N
C

B
I

LK
02

44
10

LK
02

44
10

LK
02

45
15

Th
au
m
an
ur
a

ca
ro
lii

N
C

B
I

A
F4

83
40

3
A

F4
83

46
1

ru
ffo
i

N
C

B
I

A
J2

51
73

4
A

J2
51

73
4

A
J2

51
73

4
O

do
nt

el
lid

ae
O
do
nt
el
id
ae

sp
p

Th
is

 st
ud

y
K

Y
23

07
96

K
Y

23
09

98
K

Y
23

10
74

Su
pe
ro
do
nt
el
la

al
pi
na

N
C

B
I

A
F4

83
40

0
A

F4
83

45
8

H
Q

73
19

68
H

Q
73

20
80

gi
si
ni

N
C

B
I

A
F4

83
40

1
A

F4
83

45
9

H
Q

73
19

69
H

Q
73

20
81

O
ny

ch
iu

rid
ae

D
eu
te
ra
ph
or
ur
a

in
er
m
is

L1
Th

is
 st

ud
y

K
Y

23
07

61
K

Y
23

08
58

K
Y

23
08

58
K

Y
23

09
61

K
Y

23
10

68
K

Y
23

11
17

L2
Th

is
 st

ud
y

K
Y

23
07

91
K

Y
23

08
87

K
Y

23
08

87
K

Y
23

09
91

K
al
ap
ho
ru
ra

pa
ra
do
xa

N
C

B
I

A
F4

83
37

3
A

F4
83

43
1

H
Q

73
19

55
H

Q
73

20
71

M
ic
ra
ph
or
ur
a

ab
so
lo
ni

Th
is

 st
ud

y
K

Y
23

08
68

K
Y

23
08

68
K

Y
23

09
71

K
Y

23
10

49
K

Y
23

11
27

O
ny
ch
iu
ru
s

am
bu
la
ns

N
C

B
I

AY
55

55
18

A
F4

83
38

4
A

F4
83

44
2

H
Q

73
19

61
AY

55
55

64
H

Q
73

20
75

Pr
ot
ap
ho
ru
ra

ar
m
at
a

A
F-

H
Q

N
C

B
I

A
F4

83
39

1
A

F4
83

44
9

H
Q

73
19

65
H

Q
73

20
78

L1
Th

is
 st

ud
y

K
Y

23
07

59
K

Y
23

08
56

K
Y

23
08

56
K

Y
23

09
59

K
Y

23
10

64
K

Y
23

11
16

L2
Th

is
 st

ud
y/

N
C

B
I

K
Y

23
07

88
K

Y
23

08
84

K
Y

23
08

84
K

Y
23

09
88

K
Y

23
10

63
H

G
42

25
85

sp
Th

is
 st

ud
y

K
Y

23
07

70
K

Y
23

08
67

K
Y

23
08

67
K

Y
23

09
70

K
Y

23
10

48
K

Y
23

11
26

Su
pr
ap
ho
ru
ra

fu
rc
ife
ra

Th
is

 st
ud

y
K

Y
23

07
92

K
Y

23
08

88
K

Y
23

08
88

K
Y

23
09

92
K

Y
23

10
69

K
Y

23
10

85
Te
tro
do
nt
op
ho
ra

bi
el
an
en
si
s

N
C

B
I

AY
55

55
19

EU
37

60
51

EU
37

60
51

EU
37

60
51

AY
55

55
43

Po
du

rid
ae

Po
du
ra

aq
ua
tic
a

N
C

B
I

EU
36

86
04

A
F4

83
39

0
A

F4
83

44
8

H
Q

73
19

64
H

Q
73

20
77

Tu
llb

er
gi

id
ae

M
es
ap
ho
ru
ra

m
ac
ro
ch
ae
ta

N
C

B
I

A
F4

83
37

5
A

F4
83

43
3

sp
1

Th
is

 st
ud

y
K

Y
23

07
86

K
Y

23
08

28
K

Y
23

08
28

K
Y

23
09

31
K

Y
23

10
22

sp
3

Th
is

 st
ud

y
K

Y
23

07
85

K
Y

23
08

82
K

Y
23

08
82

K
Y

23
09

87
K

Y
23

10
62

sp
4

Th
is

 st
ud

y
K

Y
23

07
60

K
Y

23
08

57
K

Y
23

08
57

K
Y

23
09

60
M
et
ap
ho
ru
ra

af
fin
is

Th
is

 st
ud

y
K

Y
23

07
31

K
Y

23
08

27
K

Y
23

08
27

K
Y

23
09

30
K

Y
23

10
21

K
Y

23
10

93
de
ni
si

A
F-

H
Q

N
C

B
I

A
F4

83
37

6
A

F4
83

43
4

H
Q

73
19

56
H

Q
73

20
72

Pa
ra
tu
llb
er
gi
a

m
ac
do
ug
al
li

Th
is

 st
ud

y
K

Y
23

07
90

K
Y

23
08

17
K

Y
23

08
17

K
Y

23
09

20
sp

Th
is

 st
ud

y
K

Y
23

07
87

K
Y

23
08

83
K

Y
23

08
83

St
en
ap
ho
ru
ra

de
ni
si

Th
is

 st
ud

y
K

Y
23

07
20

K
Y

23
08

18
K

Y
23

08
18

K
Y

23
09

21
K

Y
23

11
35

Sy
m

ph
yp

le
on

a
A

rr
ho

pa
lit

id
ae

Ar
rh
op
al
ite
s

ca
ec
us

AY
N

C
B

I
AY

23
90

37
JC

Th
is

 st
ud

y
K

Y
23

07
80

K
Y

23
08

79
K

Y
23

08
79

K
Y

23
09

81
K

Y
23

10
60

Py
gm
ar
rh
op
al
ite
s

pr
in
ci
pa
lis

Th
is

 st
ud

y
K

Y
23

08
00

K
Y

23
08

00
K

Y
23

09
01

K
Y

23
10

02
py
gm
ae
us

Th
is

 st
ud

y
K

Y
23

07
46

K
Y

23
08

46
K

Y
23

08
46

K
Y

23
09

47
K

Y
23

11
06

se
ri
cu
s

Th
is

 st
ud

y
K

Y
23

07
99

K
Y

23
07

99
K

Y
23

09
00



Chapter 2  Collembola Phylogeny and Trait Evolution

 47

T
ab

le
 S

2.
4 

C
on

tin
ue

d

Ta
xo

no
m

ic
 g

ro
up

Fa
m

ily
G

en
us

Sp
ec

ie
s

C
od

e
So

ur
ce

18
S 

rR
N

A
28

S 
rR

N
A

H
is

to
ne

 H
3

C
O

I
D

1
D

2
D

3-
5

B
ou

rle
tie

lli
da

e
Bo
ur
le
tie
lla

ho
rt
en
si
s

Th
is

 st
ud

y
K

Y
23

07
00

K
Y

23
08

98
D
eu
te
ro
sm
in
th
ur
us

bi
ci
nc
tu
s

Th
is

 st
ud

y
K

Y
23

07
32

K
Y

23
08

29
K

Y
23

08
29

K
Y

23
09

32
K

Y
23

10
23

K
Y

23
10

94
su
lp
hu
re
us

Th
is

 st
ud

y
K

Y
23

07
33

K
Y

23
08

30
K

Y
23

08
30

K
Y

23
09

33
K

Y
23

10
24

K
Y

23
10

95
H
et
er
os
m
in
th
ur
us

bi
lin
ea
tu
s

Th
is

 st
ud

y
K

Y
23

07
34

K
Y

23
08

31
K

Y
23

08
31

K
Y

23
09

34
K

Y
23

10
25

K
Y

23
10

96
D

ic
yr

to
m

id
ae

D
ic
yr
to
m
a

at
ra

N
C

B
I

LK
02

44
12

LK
02

44
12

LK
02

45
18

fu
sc
a

LK
-H

G
N

C
B

I
LK

02
43

01
LK

02
43

01
H

G
42

26
54

D
ic
yr
to
m
in
a

m
in
ut
a

Th
is

 st
ud

y
K

Y
23

07
69

K
Y

23
08

66
K

Y
23

08
66

K
Y

23
09

69
K

Y
23

10
47

K
Y

23
11

25
or
na
ta

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
68

K
Y

23
08

65
K

Y
23

08
65

K
Y

23
09

68
K

Y
23

10
46

K
T8

08
33

1
sa
un
de
rs
i

N
C

B
I

EU
36

86
11

EF
19

99
74

EF
19

99
74

EF
19

99
74

K
at

ia
nn

id
ae

Sm
in
th
ur
in
us

au
re
us

JC
Th

is
 st

ud
y

K
Y

23
07

41
K

Y
23

08
39

K
Y

23
08

39
K

Y
23

09
42

K
Y

23
10

31
K

Y
23

11
02

bi
m
ac
ul
at
us

N
C

B
I

AY
55

55
22

A
F4

83
39

8
A

F4
83

45
6

AY
55

55
36

AY
55

55
66

AY
55

55
45

gr
an
ul
os
us

N
C

B
I

H
Q

59
27

74
H

Q
59

27
74

H
Q

59
27

14
re
tic
ul
at
us

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
82

K
Y

23
08

81
K

Y
23

08
81

K
Y

23
09

84
K

Y
23

10
61

K
T8

08
39

1
tu
be
rc
ul
at
us

N
C

B
I

H
Q

59
27

70
H

Q
59

27
70

H
Q

59
27

09
Sm

in
th

ur
id

ae
Al
la
cm
a

fu
sc
a

Th
is

 st
ud

y
K

Y
23

07
35

K
Y

23
08

32
K

Y
23

08
32

K
Y

23
09

35
K

Y
23

10
97

C
ap
ra
in
ea

m
ar
gi
na
ta

N
C

B
I

A
F4

83
36

1
A

F4
83

41
9

Li
po
th
ri
x

lu
bb
oc
ki

N
C

B
I

LK
02

43
63

LK
02

43
63

H
G

42
26

52
Sm
in
th
ur
us

vi
ri
di
s

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
01

K
Y

23
07

98
K

Y
23

07
98

K
Y

23
08

99
K

Y
23

10
01

K
C

15
00

80
Sm

in
th

ur
id

id
ae

Sm
in
th
ur
id
es

aq
ua
tic
us

N
C

B
I

AY
59

63
64

AY
59

63
91

AY
66

53
15

pa
rv
ul
us

Th
is

 st
ud

y
K

Y
23

06
99

K
Y

23
07

97
K

Y
23

07
97

K
Y

23
08

97
K

Y
23

10
00

sc
ho
et
ti

Th
is

 st
ud

y
K

Y
23

07
81

K
Y

23
09

82
si
gn
at
us

Th
is

 st
ud

y
K

Y
23

06
97

K
Y

23
08

95
K

Y
23

09
99

Sp
ha
er
id
ia

pu
m
ili
s

L1
Th

is
 st

ud
y

K
Y

23
07

83
K

Y
23

09
85

K
Y

23
11

33
L2

Th
is

 st
ud

y
K

Y
23

07
58

K
Y

23
09

58
K

Y
23

11
15

L3
Th

is
 st

ud
y

K
Y

23
06

98
K

Y
23

08
96

N
C

B
I

N
C

B
I

AY
14

51
40

EF
19

24
43

EF
19

24
43

EF
19

24
43

St
en
ac
id
ia

vi
ol
ac
ea

Th
is

 st
ud

y
K

Y
23

07
84

K
Y

23
09

86
K

Y
23

11
34

N
ee

lid
ae

N
ee

lid
ae

M
eg
al
ot
ho
ra
x

m
in
im
us

A
Th

is
 st

ud
y

K
Y

23
07

93
K

Y
23

08
89

K
Y

23
08

89
K

Y
23

09
93

EU
-E

F
N

C
B

I
EU

36
86

08
EF

19
99

75
EF

19
99

75
EF

19
99

75
F

Th
is

 st
ud

y
K

Y
23

07
94

K
Y

23
08

91
K

Y
23

08
91

K
Y

23
09

94
K

Y
23

10
71

FR
A

11
N

C
B

I
JN

97
09

90
JN

97
09

90
JN

97
09

14
G

Th
is

 st
ud

y
K

Y
23

08
90

K
Y

23
08

90
K

Y
23

10
70

sp
B

EG
1

N
C

B
I

JN
97

10
01

JN
97

10
01

JN
97

09
25

FR
A

1
N

C
B

I
JN

97
09

88
JN

97
09

88
JN

97
09

12
FR

A
10

N
C

B
I

JN
97

09
99

JN
97

09
99

JN
97

09
23

FR
A

2
N

C
B

I
JN

97
09

93
JN

97
09

93
JN

97
09

17
FR

A
3

N
C

B
I

JN
97

09
87

JN
97

09
87

JN
97

09
11

FR
A

4
N

C
B

I
JN

97
09

96
JN

97
09

96
JN

97
09

20
FR

A
8

N
C

B
I

JN
97

09
89

JN
97

09
89

JN
97

09
13

LK
-H

G
N

C
B

I
LK

02
43

65
LK

02
43

65
H

G
42

26
46

N
ee
lid
es

m
in
ut
us

JC
Th

is
 st

ud
y

K
Y

23
07

16
K

Y
23

08
13

K
Y

23
08

13
K

Y
23

09
16

sp
N

C
B

I
EF

42
23

66
EF

42
23

66
EF

42
23

66



Chapter 2  Collembola Phylogeny and Trait Evolution

 48

T
ab

le
 S

2.
4 

C
on

tin
ue

d

Ta
xo

no
m

ic
 g

ro
up

Fa
m

ily
G

en
us

Sp
ec

ie
s

C
od

e
So

ur
ce

18
S 

rR
N

A
28

S 
rR

N
A

H
is

to
ne

 H
3

C
O

I
D

1
D

2
D

3-
5

N
ee
lu
s

ko
se
li

N
C

B
I

JN
97

10
08

JN
97

10
08

JN
97

09
32

m
ur
in
us

5F
Th

is
 st

ud
y

K
Y

23
07

45
K

Y
23

08
44

K
Y

23
08

44
K

Y
23

11
04

6F
Th

is
 st

ud
y

K
Y

23
08

92
K

Y
23

08
92

K
Y

23
09

95
K

Y
23

10
72

sp
FR

A
1

N
C

B
I

JN
97

10
06

JN
97

10
06

JN
97

09
30

FR
A

2
N

C
B

I
JN

97
10

07
JN

97
10

07
JN

97
09

31

To
m

oc
er

id
ae

O
nc

op
od

ur
id

ae
O
nc
op
od
ur
a

cr
as
si
co
rn
is

N
C

B
I

D
Q

01
65

63
A

F4
83

38
3

A
F4

83
44

1
To

m
oc

er
id

ae
Po
go
no
gn
at
he
llu
s

fla
ve
sc
en
s

L1
Th

is
 st

ud
y

K
Y

23
07

17
K

Y
23

08
14

K
Y

23
08

14
K

Y
23

09
17

K
Y

23
10

16
K

Y
23

10
83

L2
Th

is
 st

ud
y

K
Y

23
07

18
K

Y
23

08
16

K
Y

23
08

16
K

Y
23

09
19

K
Y

23
10

75
K

Y
23

10
84

lo
ng
ic
or
ni
s

JC
Th

is
 st

ud
y

K
Y

23
08

45
K

Y
23

08
45

K
Y

23
09

46
K

Y
23

10
35

K
Y

23
11

05
K

T
N

C
B

I
EU

36
86

07
EU

37
60

53
EU

37
60

53
EU

37
60

53
K

T8
08

35
8

To
m
oc
er
us

ba
ud
ot
i

L1
N

C
B

I
JX

26
16

97
JX

26
18

45
L2

N
C

B
I

JX
26

16
84

G
U

65
62

31
m
in
or

AT
-A

F-
K

T1
N

C
B

I
AY

55
55

16
A

F4
83

40
6

A
F4

83
46

4
H

Q
73

19
71

AY
55

55
62

K
T8

08
37

9
JX

-H
M

N
C

B
I

JX
26

17
00

H
M

39
80

41
vu
lg
ar
is

Th
is

 st
ud

y
K

Y
23

07
77

K
Y

23
08

77
K

Y
23

08
77

K
Y

23
09

79
K

Y
23

10
58

K
Y

23
11

31

Is
ot

om
id

ae
Is

ot
om

id
ae

Ag
re
ni
a

ri
pa
ri
a

N
C

B
I

JN
98

10
32

JN
98

10
55

JN
98

10
55

JN
98

10
55

JN
98

10
76

An
ur
op
ho
ru
s

se
pt
en
tr
io
na
lis

N
C

B
I

LK
02

42
96

LK
02

42
96

LK
02

44
46

Ar
ch
is
ot
om
a

be
ss
el
si

N
C

B
I

JN
98

10
45

JN
98

10
45

JN
98

10
45

JN
98

10
71

D
es
or
ia

tig
ri
na

JN
N

C
B

I
JN

98
10

33
JN

98
10

56
JN

98
10

56
JN

98
10

56
JN

98
10

78
tr
is
pi
na
ta

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
73

K
Y

23
08

74
K

Y
23

08
74

K
Y

23
09

76
K

Y
23

10
54

K
T8

08
35

6
vi
ol
ac
ea

Th
is

 st
ud

y
K

Y
23

07
36

K
Y

23
08

33
K

Y
23

08
33

K
Y

23
09

36
K

Y
23

10
26

K
Y

23
10

98
Fo
ls
om
ia

ca
nd
id
a

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
56

K
Y

23
08

54
K

Y
23

08
54

K
Y

23
09

56
K

Y
23

10
42

AY
55

55
41

fim
et
ar
ia

N
C

B
I

LK
02

43
19

LK
02

43
19

H
G

42
26

09
in
oc
ul
at
a

Th
is

 st
ud

y
K

Y
23

07
43

K
Y

23
08

42
K

Y
23

08
42

K
Y

23
09

44
K

Y
23

10
33

m
an
ol
ac
he
i

Th
is

 st
ud

y
K

Y
23

07
06

K
Y

23
08

03
K

Y
23

08
03

K
Y

23
09

06
K

Y
23

10
07

K
Y

23
10

77
pe
ni
cu
la

N
C

B
I

JN
98

10
26

JN
98

10
49

JN
98

10
49

JN
98

10
49

qu
ad
ri
oc
ul
at
a

D
E

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
55

K
Y

23
08

53
K

Y
23

08
53

K
Y

23
09

55
K

F6
84

77
2

K
F6

84
60

7
ES

3
N

C
B

I
K

F6
84

47
9

K
F6

84
80

9
K

F6
84

64
4

G
R

_F
q3

N
C

B
I

K
F6

84
44

9
K

F6
84

77
9

K
F6

84
61

4
G

R
_F

q4
N

C
B

I
K

F6
84

45
0

K
F6

84
78

0
K

F6
84

61
5

H
R

_F
q3

N
C

B
I

K
F6

84
43

0
K

F6
84

76
0

K
F6

84
59

5
M

E
N

C
B

I
K

F6
84

46
1

K
F6

84
79

1
K

F6
84

62
6

N
O

N
C

B
I

K
F6

84
46

4
K

F6
84

79
4

K
F6

84
62

9
R

S
N

C
B

I
K

F6
84

47
4

K
F6

84
80

4
K

F6
84

63
9

R
U

1
N

C
B

I
K

F6
84

46
8

K
F6

84
79

8
K

F6
84

63
3

sp
in
os
a

Th
is

 st
ud

y
K

Y
23

07
07

K
Y

23
08

04
K

Y
23

08
04

K
Y

23
09

07
K

Y
23

10
08

Fo
ls
om
id
es

pa
rv
ul
us

Th
is

 st
ud

y/
N

C
B

I
K

Y
23

07
42

K
Y

23
08

41
K

Y
23

08
41

K
Y

23
09

43
K

Y
23

10
32

JN
98

10
69

Fo
ls
om
in
a

on
yc
hi
ur
in
a

N
C

B
I

JN
98

10
28

JN
98

10
51

JN
98

10
51

JN
98

10
51

JN
98

10
73

Is
ot
om
a

an
gl
ic
an
a

Th
is

 st
ud

y
K

Y
23

07
03

K
Y

23
08

01
K

Y
23

08
01

K
Y

23
09

03
K

Y
23

10
04

K
Y

23
10

76
ri
pa
ri
a

N
C

B
I

LK
02

43
37

LK
02

43
37

H
G

42
26

21
vi
ri
di
s

L1
Th

is
 st

ud
y

K
Y

23
07

52
K

Y
23

08
52

K
Y

23
08

52
K

Y
23

09
53

K
Y

23
10

41
K

Y
23

11
12

L2
Th

is
 st

ud
y

K
Y

23
07

74
K

Y
23

08
75

K
Y

23
08

75
K

Y
23

09
77

K
Y

23
10

55
K

Y
23

11
29



Chapter 2  Collembola Phylogeny and Trait Evolution

 49

T
ab

le
 S

2.
4 

C
on

tin
ue

d

Ta
xo

no
m

ic
 g

ro
up

Fa
m

ily
G

en
us

Sp
ec

ie
s

C
od

e
So

ur
ce

18
S 

rR
N

A
28

S 
rR

N
A

H
is

to
ne

 H
3

C
O

I
D

1
D

2
D

3-
5

Is
ot
om
ie
lla

m
in
or

ES
1

N
C

B
I

K
F6

84
53

4
K

F6
84

86
3

K
F6

84
69

8
ES

2
N

C
B

I
K

F6
84

53
0

K
F6

84
86

5
K

F6
84

70
0

FR
N

C
B

I
K

F6
84

49
2

K
F6

84
82

2
K

F6
84

65
7

G
R

N
C

B
I

K
F6

84
50

0
K

F6
84

83
0

K
F6

84
66

5
H

R
N

C
B

I
K

F6
84

48
9

K
F6

84
81

9
K

F6
84

65
4

JC
Th

is
 st

ud
y

K
Y

23
07

44
K

Y
23

08
43

K
Y

23
08

43
K

Y
23

09
45

K
Y

23
10

34
K

Y
23

11
03

M
E

N
C

B
I

K
F6

84
51

1
K

F6
84

84
1

K
F6

84
67

6
N

O
N

C
B

I
K

F6
84

51
6

K
F6

84
84

6
K

F6
84

68
1

Is
ot
om
od
es

pr
od
uc
tu
s

Th
is

 st
ud

y
K

Y
23

07
09

K
Y

23
08

05
K

Y
23

08
05

K
Y

23
09

08
K

Y
23

10
09

sp
N

C
B

I
JN

98
10

23
JN

98
10

42
JN

98
10

42
JN

98
10

42
JN

98
10

70
Is
ot
om
ur
us

fu
ci
co
lu
s

Th
is

 st
ud

y
K

Y
23

07
37

K
Y

23
08

34
K

Y
23

08
34

K
Y

23
09

37
K

Y
23

10
27

K
Y

23
10

99
gr
am
in
is

Th
is

 st
ud

y
K

Y
23

07
38

K
Y

23
08

36
K

Y
23

08
36

K
Y

23
09

39
K

Y
23

11
00

ita
lic
us

Th
is

 st
ud

y
K

Y
23

07
39

K
Y

23
08

37
K

Y
23

08
37

K
Y

23
09

40
K

Y
23

10
29

K
Y

23
11

01
m
ac
ul
at
us

N
C

B
I

A
J2

51
74

0
K

T8
08

36
2

pa
lu
st
ri
s

N
C

B
I

D
Q

01
65

60
K

T8
08

34
0

Pa
ri
so
to
m
a

no
ta
bi
lis

L0
Th

is
 st

ud
y

K
Y

23
07

72
K

Y
23

08
72

K
Y

23
08

72
K

Y
23

09
74

K
Y

23
10

52
K

Y
23

11
28

L1
N

C
B

I
K

J7
92

14
4

K
J7

92
38

4
K

J7
92

26
4

L2
N

C
B

I
LK

02
43

87
LK

02
43

87
K

J7
92

14
8

K
J7

92
38

8
K

J7
92

26
8

L3
N

C
B

I
K

J7
92

16
2

K
J7

92
40

2
K

J7
92

28
2

L4
Th

is
 st

ud
y/

N
C

B
I

K
Y

23
07

71
K

Y
23

08
70

K
Y

23
08

70
K

Y
23

09
73

K
Y

23
10

50
K

J7
92

23
0

L5
Th

is
 st

ud
y/

N
C

B
I

K
Y

23
08

71
K

Y
23

08
71

K
Y

23
10

51
JN

97
09

35
Ps
eu
di
so
to
m
a

se
ns
ib
ili
s

JN
N

C
B

I
JN

98
10

65
JN

98
10

65
JN

98
10

65
JN

98
10

86
Sc
ut
is
ot
om
a

su
ba
rc
tic
a

N
C

B
I

JN
98

10
30

JN
98

10
53

JN
98

10
53

JN
98

10
53

Te
tr
ac
an
th
el
la

sp
N

C
B

I
JN

98
10

25
JN

98
10

44
JN

98
10

44
JN

98
10

44
w
ah
lg
re
ni

N
C

B
I

JN
98

10
24

JN
98

10
43

JN
98

10
43

JN
98

10
43

Ve
rt
ag
op
us

ar
bo
re
us

4F
Th

is
 st

ud
y

K
Y

23
07

75
K

Y
23

08
76

K
Y

23
08

76
K

Y
23

09
78

K
Y

23
10

56
K

Y
23

11
30

5F
Th

is
 st

ud
y

K
Y

23
07

05
K

Y
23

08
02

K
Y

23
08

02
K

Y
23

09
05

K
Y

23
10

06
sp

N
C

B
I

JN
98

10
39

JN
98

10
66

JN
98

10
66

JN
98

10
66

En
to

m
ob

ry
oi

de
a

En
to

m
ob

ry
id

ae
C
oe
co
br
ya

te
ne
br
ic
os
a

N
C

B
I

K
C

23
62

31
K

C
23

62
72

K
C

23
62

72
K

C
23

62
72

En
to
m
ob
ry
a

co
rt
ic
al
is

N
C

B
I

LK
02

43
07

LK
02

43
07

LK
02

44
54

la
nu
gi
no
sa

N
C

B
I

A
F4

83
36

5
A

F4
83

42
3

JN
97

09
07

m
ar
gi
na
ta

N
C

B
I

LK
02

43
09

LK
02

43
09

H
G

42
26

00
m
ul
tif
as
ci
at
a

N
C

B
I

K
C

23
62

37
K

C
23

62
76

K
C

23
62

76
K

C
23

62
76

K
M

61
01

23
m
us
co
ru
m

Th
is

 st
ud

y
K

Y
23

07
10

K
Y

23
08

06
K

Y
23

08
06

K
Y

23
09

09
K

Y
23

10
10

ni
co
le
ti

Th
is

 st
ud

y
K

Y
23

07
40

K
Y

23
08

38
K

Y
23

08
38

K
Y

23
09

41
K

Y
23

10
30

K
Y

23
11

20
ni
va
lis

N
C

B
I

LK
02

43
13

LK
02

43
13

H
G

42
25

98
Si
ne
lla

cu
rv
is
et
a

N
C

B
I

D
Q

01
65

65
EF

19
24

41
EF

19
24

41
EF

19
24

41
W
ill
ow
si
a

bu
sk
i

Th
is

 st
ud

y
K

Y
23

07
67

K
Y

23
08

64
K

Y
23

08
64

K
Y

23
09

67
K

Y
23

11
24

ni
gr
om
ac
ul
at
a

N
C

B
I

K
C

23
62

63
K

C
23

63
04

K
C

23
63

04
K

C
23

63
04



Chapter 2  Collembola Phylogeny and Trait Evolution

 50

T
ab

le
 S

2.
4 

C
on

tin
ue

d

Ta
xo

no
m

ic
 g

ro
up

Fa
m

ily
G

en
us

Sp
ec

ie
s

C
od

e
So

ur
ce

18
S 

rR
N

A
28

S 
rR

N
A

H
is

to
ne

 H
3

C
O

I
D

1
D

2
D

3-
5

Le
pi

do
cy

rti
da

e
Le
pi
do
cy
rt
us

cy
an
eu
s

JC
Th

is
 st

ud
y

K
Y

23
07

51
K

Y
23

08
51

K
Y

23
08

51
K

Y
23

09
52

K
Y

23
10

40
K

Y
23

11
11

la
nu
gi
no
su
s

lik
e1

Th
is

 st
ud

y
K

Y
23

07
48

K
Y

23
08

48
K

Y
23

08
48

K
Y

23
09

49
K

Y
23

10
37

K
Y

23
11

08
lik

e2
Th

is
 st

ud
y

K
Y

23
07

63
K

Y
23

08
60

K
Y

23
08

60
K

Y
23

09
63

K
Y

23
11

21
st

d
Th

is
 st

ud
y

K
Y

23
07

65
K

Y
23

08
62

K
Y

23
08

62
K

Y
23

09
65

K
Y

23
10

44
K

Y
23

11
23

lig
no
ru
m

L1
Th

is
 st

ud
y

K
Y

23
07

64
K

Y
23

08
61

K
Y

23
08

61
K

Y
23

09
64

K
Y

23
10

43
K

Y
23

11
22

L2
Th

is
 st

ud
y

K
Y

23
07

66
K

Y
23

08
63

K
Y

23
08

63
K

Y
23

09
66

K
Y

23
10

45
L3

Th
is

 st
ud

y
K

Y
23

07
50

K
Y

23
08

50
K

Y
23

08
50

K
Y

23
09

51
K

Y
23

10
39

K
Y

23
11

10
L4

Th
is

 st
ud

y
K

Y
23

07
49

K
Y

23
08

49
K

Y
23

08
49

K
Y

23
09

50
K

Y
23

10
38

K
Y

23
11

09
pa
ra
do
xu
s

JC
Th

is
 st

ud
y

K
Y

23
07

95
K

Y
23

08
94

K
Y

23
08

94
K

Y
23

09
96

K
Y

23
10

73
U

-J
N

-K
J

N
C

B
I

U
61

30
1

JN
98

10
68

JN
98

10
68

JN
98

10
68

K
J2

07
89

7
sp
1

Th
is

 st
ud

y
K

Y
23

07
78

K
Y

23
08

78
K

Y
23

08
78

K
Y

23
09

80
K

Y
23

10
59

K
Y

23
11

32
sp
2

Th
is

 st
ud

y
K

Y
23

08
93

K
Y

23
08

93
K

Y
23

11
37

Ps
eu
do
si
ne
lla

al
ba

JC
Th

is
 st

ud
y

K
Y

23
07

11
K

Y
23

08
07

K
Y

23
08

07
K

Y
23

09
10

K
Y

23
10

11
K

C
-K

T
N

C
B

I
K

C
23

62
53

K
C

23
62

95
K

C
23

62
95

K
C

23
62

95
K

T8
08

33
8

im
m
ac
ul
at
a

Th
is

 st
ud

y
K

Y
23

07
12

K
Y

23
09

11
K

Y
23

10
12

K
Y

23
10

78
O

rc
he

se
lli

da
e

H
et
er
om
ur
us

m
aj
or

K
C

N
C

B
I

K
C

23
62

41
K

C
23

62
82

K
C

23
62

82
K

C
23

62
82

L1
N

C
B

I
JX

26
17

11
H

M
39

77
31

L2
N

C
B

I
JX

26
16

71
JX

26
18

06
L3

N
C

B
I

JX
26

16
79

JX
26

18
20

L4
N

C
B

I
JX

26
16

57
G

U
65

64
99

L5
N

C
B

I
JX

26
16

54
G

U
65

62
25

L6
N

C
B

I
JX

26
16

53
JX

26
17

94
L7

N
C

B
I

JX
26

17
32

JX
26

18
85

ni
tid
us

JC
Th

is
 st

ud
y

K
Y

23
07

76
K

Y
23

08
08

K
Y

23
08

08
K

Y
23

09
12

K
Y

23
10

13
K

Y
23

10
79

K
C

-J
X

N
C

B
I

K
C

23
62

42
K

C
23

62
83

K
C

23
62

83
K

C
23

62
83

JX
26

18
68

O
rc
he
se
lla

bi
fa
sc
ia
ta

Th
is

 st
ud

y
K

Y
23

07
13

K
Y

23
08

10
K

Y
23

08
10

K
Y

23
09

14
K

Y
23

10
81

ci
nc
ta

A
F-

JN
N

C
B

I
A

F4
83

38
5

A
F4

83
44

3
JN

97
09

33
K

C
-K

T
N

C
B

I
K

C
23

62
50

K
C

23
62

90
K

C
23

62
90

K
C

23
62

90
K

T8
08

38
3

fla
ve
sc
en
s

JC
Th

is
 st

ud
y

K
Y

23
07

14
K

Y
23

08
11

K
Y

23
08

11
K

Y
23

09
15

K
Y

23
10

15
K

Y
23

10
82

LK
-H

G
N

C
B

I
LK

02
43

78
LK

02
43

78
H

G
42

26
27

qu
in
qu
ef
as
ci
at
a

Th
is

 st
ud

y
K

Y
23

08
09

K
Y

23
08

09
K

Y
23

09
13

K
Y

23
10

14
K

Y
23

10
80

vi
llo
sa

Th
is

 st
ud

y
K

Y
23

07
29

K
Y

23
08

25
K

Y
23

08
25

K
Y

23
09

28
K

Y
23

10
19

K
Y

23
10

91



Chapter 2  Collembola Phylogeny and Trait Evolution

 51

T
ab

le
 S

2.
5

Tr
ai

t a
ttr

ib
ut

es
 o

f 
th

e 
75

 C
ol

le
m

bo
la

 s
pe

ci
es

 u
se

d 
in

 th
is

 s
tu

dy
.

Sp
ec

ie
s

B
od

y
Ve

rt
ic

al
 

st
ra

tif
ic

at
io

n
Pi

gm
en

ta
tio

n
O

m
m

at
id

ia
R

ep
ro

du
ct

iv
e 

m
od

e*
*

D
en

si
ty

 (i
nd

iv
id

ua
ls

/m
2 )

O
cc

ur
re

nc
e

*L
en

gt
hS

ha
pe

C
ol

or
L

ev
el

N
um

be
r

L
ev

el
A

ra
bl

e
G

ra
ss

la
nd

Fo
re

st
A

ll
A

ra
bl

e
G

ra
ss

la
nd

Fo
re

st

Al
la

cm
a 

fu
sc

a
4.

0
sp

he
ric

ep
ed

ap
hi

c
da

rk
 b

ro
w

n
da

rk
8

m
an

y
bi

se
xu

al
0

0
39

0
39

0
0

0
1

Ar
rh

op
al

ite
s c

ae
cu

s
1.

0
sp

he
ric

eu
ed

ap
hi

c
w

hi
te

 o
r p

in
ki

sh
pa

le
1

fe
w

pa
rth

en
og

en
et

ic
0

50
9

0
50

9
0

1
0

Bi
lo

be
lla

 b
ra

un
er

ae
2.

5
st

oc
ky

he
m

ie
da

ph
ic

sa
lm

on
 p

in
k

br
ig

ht
2

fe
w

?
0

0
65

65
0

0
1

Bo
ur

le
tie

lla
 h

or
te

ns
is

1.
8

sp
he

ric
ep

ed
ap

hi
c

bl
ui

sh
 b

la
ck

da
rk

8
m

an
y

bi
se

xu
al

16
89

0
0

16
89

1
0

0
Br

ac
hy

st
om

el
la

 p
ar

vu
la

1.
0

st
oc

ky
he

m
ie

da
ph

ic
bl

ui
sh

 v
io

le
t

da
rk

8
m

an
y

bi
se

xu
al

0
93

73
0

93
73

0
1

0
C

er
at

op
hy

se
lla

 d
en

tic
ul

at
a

1.
8

st
oc

ky
he

m
ie

da
ph

ic
bl

ui
sh

 g
re

y
da

rk
8

m
an

y
bi

se
xu

al
0

0
56

65
56

65
0

0
1

C
er

at
op

hy
se

lla
 lu

te
os

pi
na

1.
5

st
oc

ky
he

m
ie

da
ph

ic
bl

ui
sh

 g
re

y
da

rk
8

m
an

y
?

0
0

15
38

15
38

0
0

1
C

er
at

op
hy

se
lla

 su
cc

in
ea

1.
8

st
oc

ky
he

m
ie

da
ph

ic
bl

ui
sh

 g
re

y
da

rk
8

m
an

y
pa

rth
en

og
en

et
ic

0
27

51
2

0
27

51
2

0
1

0
D

es
or

ia
 tr

is
pi

na
ta

1.
3

sl
en

de
r

he
m

ie
da

ph
ic

lig
ht

 b
lu

e
br

ig
ht

8
m

an
y

pa
rth

en
og

en
et

ic
15

28
46

49
0

61
77

1
1

0
D

es
or

ia
 v

io
la

ce
a

2.
4

sl
en

de
r

he
m

ie
da

ph
ic

vi
ol

et
 b

la
ck

da
rk

8
m

an
y

bi
se

xu
al

19
5

21
02

0
22

97
1

1
0

D
eu

te
ra

ph
or

ur
a 

in
er

m
is

2.
3

sl
en

de
r

eu
ed

ap
hi

c
w

hi
te

pa
le

0
no

ne
bi

se
xu

al
50

9
0

10
19

15
28

1
0

1
D

eu
te

ro
sm

in
th

ur
us

 b
ic

in
ct

us
0.

8
sp

he
ric

ep
ed

ap
hi

c
ye

llo
w

 w
ith

 v
io

le
t p

at
ch

es
br

ig
ht

8
m

an
y

bi
se

xu
al

0
0

52
0

52
0

0
0

1
D

eu
te

ro
sm

in
th

ur
us

 su
lp

hu
re

us
1.

0
sp

he
ric

ep
ed

ap
hi

c
un

ifo
rm

ly
 y

el
lo

w
br

ig
ht

8
m

an
y

bi
se

xu
al

10
94

40
28

0
51

22
1

1
0

D
ic

yr
to

m
in

a 
or

na
ta

3.
0

sp
he

ric
ep

ed
ap

hi
c

irr
eg

ul
ar

 b
ro

w
n 

pa
tc

he
s 

of
 p

ig
m

en
t

br
ig

ht
8

m
an

y
bi

se
xu

al
0

19
5

29
23

31
18

0
1

1
En

to
m

ob
ry

a 
m

us
co

ru
m

3.
5

sl
en

de
r

ep
ed

ap
hi

c
ch

ar
ac

te
ris

tic
 p

at
te

rn
br

ig
ht

8
m

an
y

?
0

0
25

33
25

33
0

0
1

En
to

m
ob

ry
a 

ni
co

le
ti

2.
0

sl
en

de
r

ep
ed

ap
hi

c
ch

ar
ac

te
ris

tic
 p

at
te

rn
br

ig
ht

8
m

an
y

?
19

5
11

69
65

14
29

1
1

1
Fo

ls
om

ia
 c

an
di

da
3.

0
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

pa
rth

en
og

en
et

ic
0

0
10

19
10

19
0

0
1

Fo
ls

om
ia

 in
oc

ul
at

a
1.

9
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

bi
se

xu
al

20
37

35
65

10
84

66
86

1
1

1
Fo

ls
om

ia
 m

an
ol

ac
he

i
1.

0
sl

en
de

r
he

m
ie

da
ph

ic
gr

ey
is

h 
br

ow
n

br
ig

ht
2

fe
w

bi
se

xu
al

24
95

5
24

68
24

19
5

27
19

74
1

1
1

Fo
ls

om
ia

 q
ua

dr
io

cu
la

ta
2.

5
sl

en
de

r
he

m
ie

da
ph

ic
gr

ey
is

h 
br

ow
n

br
ig

ht
2

fe
w

bi
se

xu
al

87
88

86
58

31
17

9
48

62
5

1
1

1
Fo

ls
om

ia
 sp

in
os

a
1.

3
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

pa
rth

en
og

en
et

ic
10

19
0

50
9

15
28

1
0

1
Fo

ls
om

id
es

 p
ar

vu
lu

s
0.

9
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
2

fe
w

pa
rth

en
og

en
et

ic
25

97
4

0
0

25
97

4
1

0
0

Fr
ie

se
a 

cl
av

is
et

a
1.

4
st

oc
ky

he
m

ie
da

ph
ic

bl
ui

sh
 g

re
y

da
rk

8
m

an
y

?
31

21
45

84
23

62
10

06
6

1
1

1
H

et
er

om
ur

us
 n

iti
du

s
3.

0
sl

en
de

r
eu

ed
ap

hi
c

pa
le

 b
ro

w
ni

sh
 to

 w
hi

te
pa

le
1

fe
w

?
62

18
16

58
65

79
41

1
1

1
H

et
er

os
m

in
th

ur
us

 b
ili

ne
at

us
1.

0
sp

he
ric

ep
ed

ap
hi

c
ye

llo
w

is
h 

w
ith

 d
ar

k 
ba

nd
s

br
ig

ht
8

m
an

y
bi

se
xu

al
0

12
99

0
12

99
0

1
0

H
yp

og
as

tr
ur

a 
bu

rk
ill

i
2.

8
st

oc
ky

he
m

ie
da

ph
ic

gr
ey

is
h 

bl
ue

da
rk

8
m

an
y

?
0

0
15

49
15

49
0

0
1

Is
ot

om
a 

an
gl

ic
an

a
4.

0
sl

en
de

r
he

m
ie

da
ph

ic
bl

ui
sh

 o
r v

io
le

t
da

rk
8

m
an

y
bi

se
xu

al
65

29
47

0
30

12
1

1
0

Is
ot

om
a 

vi
ri

di
s

6.
0

sl
en

de
r

he
m

ie
da

ph
ic

gr
ee

ni
sh

br
ig

ht
8

m
an

y
bi

se
xu

al
79

30
7

79
95

9
0

15
92

67
1

1
0

Is
ot

om
ie

lla
 m

in
or

1.
2

sl
en

de
r

eu
ed

ap
hi

c
w

hi
te

pa
le

0
no

ne
pa

rth
en

og
en

et
ic

0
0

29
12

3
29

12
3

0
0

1
Is

ot
om

od
es

 p
ro

du
ct

us
1.

0
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

pa
rth

en
og

en
et

ic
0

50
9

0
50

9
0

1
0

Is
ot

om
ur

us
 fu

ci
co

lu
s

2.
5

sl
en

de
r

he
m

ie
da

ph
ic

gr
ee

ni
sh

br
ig

ht
8

m
an

y
bi

se
xu

al
68

13
11

70
1

0
18

51
4

1
1

0
Is

ot
om

ur
us

 g
ra

m
in

is
3.

0
sl

en
de

r
he

m
ie

da
ph

ic
gr

ee
ni

sh
br

ig
ht

8
m

an
y

bi
se

xu
al

20
58

11
16

0
0

13
21

8
1

1
0

Is
ot

om
ur

us
 it

al
ic

us
2.

0
sl

en
de

r
he

m
ie

da
ph

ic
vi

ol
et

br
ig

ht
8

m
an

y
bi

se
xu

al
0

37
03

0
37

03
0

1
0

La
th

ri
op

yg
a 

lo
ng

is
et

a
2.

5
st

oc
ky

he
m

ie
da

ph
ic

bl
ui

sh
 g

re
y

da
rk

2
fe

w
?

0
0

52
0

52
0

0
0

1
Le

pi
do

cy
rt

us
 c

ya
ne

us
1.

5
sl

en
de

r
ep

ed
ap

hi
c

bl
ui

sh
 v

io
le

t
da

rk
8

m
an

y
pa

rth
en

og
en

et
ic

44
95

46
46

5
0

50
96

1
1

1
0

Le
pi

do
cy

rt
us

 la
nu

gi
no

su
s

2.
0

sl
en

de
r

ep
ed

ap
hi

c
w

hi
te

 b
ro

w
n

br
ig

ht
8

m
an

y
?

11
56

8
14

72
3

33
67

3
59

96
4

1
1

1
Le

pi
do

cy
rt

us
 li

gn
or

um
2.

0
sl

en
de

r
ep

ed
ap

hi
c

w
hi

te
 b

ro
w

n
br

ig
ht

8
m

an
y

?
0

27
71

2
21

22
2

48
93

4
0

1
1



Chapter 2  Collembola Phylogeny and Trait Evolution

 52

T
ab

le
 S

2.
5 

C
on

tin
ue

d

Sp
ec

ie
s

B
od

y
Ve

rt
ic

al
 

st
ra

tif
ic

at
io

n
Pi

gm
en

ta
tio

n
O

m
m

at
id

ia
R

ep
ro

du
ct

iv
e 

m
od

e*
*

D
en

si
ty

 (i
nd

iv
id

ua
ls

/m
2 )

O
cc

ur
re

nc
e

*L
en

gt
hS

ha
pe

C
ol

or
L

ev
el

N
um

be
r

L
ev

el
A

ra
bl

e
G

ra
ss

la
nd

Fo
re

st
A

ll
A

ra
bl

e
G

ra
ss

la
nd

Fo
re

st
Le

pi
do

cy
rt

us
 w

ei
dn

er
i

2.
0

sl
en

de
r

ep
ed

ap
hi

c
bl

ui
sh

 v
io

le
t

da
rk

8
m

an
y

?
0

26
0

0
26

0
0

1
0

M
eg

al
ot

ho
ra

x 
m

in
im

us
0.

4
sp

he
ric

eu
ed

ap
hi

c
w

hi
te

pa
le

0
no

ne
pa

rth
en

og
en

et
ic

15
28

15
28

11
15

0
14

20
6

1
1

1
M

es
ap

ho
ru

ra
 sp

0.
7

sl
en

de
r

eu
ed

ap
hi

c
w

hi
te

pa
le

0
no

ne
pa

rth
en

og
en

et
ic

45
84

16
29

7
55

01
4

75
89

5
1

1
1

M
et

ap
ho

ru
ra

 a
ffi

ni
s

1.
3

sl
en

de
r

eu
ed

ap
hi

c
w

hi
te

pa
le

0
no

ne
bi

se
xu

al
0

15
28

0
15

28
0

1
0

M
ic

ra
nu

ri
da

 p
yg

m
ae

a
0.

6
st

oc
ky

eu
ed

ap
hi

c
w

hi
te

 to
 b

lu
is

h 
gr

ey
pa

le
2

fe
w

pa
rth

en
og

en
et

ic
0

0
12

13
12

13
0

0
1

M
ic

ra
ph

or
ur

a 
ab

so
lo

ni
0.

9
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

pa
rth

en
og

en
et

ic
0

0
11

49
11

49
0

0
1

N
ee

lid
es

 m
in

ut
us

0.
6

sp
he

ric
eu

ed
ap

hi
c

pa
le

 b
ro

w
n

pa
le

0
no

ne
pa

rth
en

og
en

et
ic

0
0

71
5

71
5

0
0

1
N

ee
lu

s m
ur

in
us

1.
0

sp
he

ric
eu

ed
ap

hi
c

pa
le

 b
ro

w
n

pa
le

0
no

ne
pa

rth
en

og
en

et
ic

0
0

32
5

32
5

0
0

1
O

rc
he

se
lla

 b
ifa

sc
ia

ta
3.

0
sl

en
de

r
ep

ed
ap

hi
c

ch
ar

ac
te

ris
tic

 p
at

te
rn

, b
ro

w
n

br
ig

ht
8

m
an

y
bi

se
xu

al
0

0
65

65
0

0
1

O
rc

he
se

lla
 fl

av
es

ce
ns

5.
0

sl
en

de
r

ep
ed

ap
hi

c
ch

ar
ac

te
ris

tic
 p

at
te

rn
, b

ro
w

n
br

ig
ht

8
m

an
y

bi
se

xu
al

0
0

14
29

14
29

0
0

1
O

rc
he

se
lla

 q
ui

nq
ue

fa
sc

ia
ta

5.
0

sl
en

de
r

ep
ed

ap
hi

c
ch

ar
ac

te
ris

tic
 p

at
te

rn
, b

ro
w

n
br

ig
ht

8
m

an
y

bi
se

xu
al

19
5

65
0

26
0

1
1

0
O

rc
he

se
lla

 v
ill

os
a

5.
5

sl
en

de
r

ep
ed

ap
hi

c
ch

ar
ac

te
ris

tic
 p

at
te

rn
, b

ro
w

n
br

ig
ht

8
m

an
y

bi
se

xu
al

23
93

65
65

25
23

1
1

1
Pa

ri
so

to
m

a 
no

ta
bi

lis
1.

0
sl

en
de

r
he

m
ie

da
ph

ic
gr

ey
is

h 
br

ow
n

br
ig

ht
4

fe
w

pa
rth

en
og

en
et

ic
65

39
5

14
62

85
12

94
81

34
11

61
1

1
1

Po
go

no
gn

at
he

llu
s f

la
ve

sc
en

s
6.

5
sl

en
de

r
he

m
ie

da
ph

ic
gr

ey
is

h 
br

ow
n

br
ig

ht
6

m
an

y
bi

se
xu

al
0

26
0

40
93

43
52

0
1

1
Po

go
no

gn
at

he
llu

s l
on

gi
co

rn
is

6.
5

sl
en

de
r

ep
ie

da
ph

ic
gr

ey
is

h 
br

ow
n

br
ig

ht
6

m
an

y
bi

se
xu

al
0

0
26

0
26

0
0

0
1

Pr
ot

ap
ho

ru
ra

 sp
2.

5
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

bi
se

xu
al

11
20

5
30

55
8

20
38

2
62

14
4

1
1

1
Ps

eu
da

ch
or

ut
es

 sp
1.

5
st

oc
ky

he
m

ie
da

ph
ic

da
rk

 b
lu

e
da

rk
8

m
an

y
?

0
0

57
4

57
4

0
0

1
Ps

eu
do

si
ne

lla
 a

lb
a

1.
1

sl
en

de
r

eu
ed

ap
hi

c
w

hi
te

pa
le

2
fe

w
pa

rth
en

og
en

et
ic

54
28

12
96

9
32

51
21

64
8

1
1

1
Ps

eu
do

si
ne

lla
 im

m
ac

ul
at

a
1.

9
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

?
65

65
0

13
0

1
1

0
Py

gm
ar

rh
op

al
ite

s p
ri

nc
ip

al
is

1.
0

sp
he

ric
eu

ed
ap

hi
c

pa
le

 re
dd

is
h

pa
le

1
fe

w
pa

rth
en

og
en

et
ic

65
0

65
13

0
1

0
1

Py
gm

ar
rh

op
al

ite
s p

yg
m

ae
us

1.
2

sp
he

ric
eu

ed
ap

hi
c

w
hi

te
 p

in
ki

sh
pa

le
1

fe
w

bi
se

xu
al

0
0

50
9

50
9

0
0

1
Py

gm
ar

rh
op

al
ite

s s
er

ic
us

0.
8

sp
he

ric
eu

ed
ap

hi
c

pa
le

 g
re

y
pa

le
1

fe
w

pa
rth

en
og

en
et

ic
0

0
65

65
0

0
1

Sm
in

th
ur

id
es

 p
ar

vu
lu

s
0.

6
sp

he
ric

he
m

ie
da

ph
ic

lig
ht

 b
lu

e
br

ig
ht

8
m

an
y

bi
se

xu
al

0
0

84
4

84
4

0
0

1
Sm

in
th

ur
id

es
 sc

ho
et

ti
0.

5
sp

he
ric

he
m

ie
da

ph
ic

ye
llo

w
 w

ith
 b

lu
e 

ba
nd

br
ig

ht
8

m
an

y
bi

se
xu

al
0

45
84

0
45

84
0

1
0

Sm
in

th
ur

id
es

 si
gn

at
us

0.
5

sp
he

ric
ep

ed
ap

hi
c

ye
llo

w
is

h 
w

ith
 v

io
le

t p
at

ch
es

br
ig

ht
8

m
an

y
bi

se
xu

al
52

0
13

0
0

65
0

1
1

0
Sm

in
th

ur
in

us
 a

ur
eu

s
1.

0
sp

he
ric

he
m

ie
da

ph
ic

ye
llo

w
, b

ro
w

n
br

ig
ht

8
m

an
y

bi
se

xu
al

13
40

8
78

42
13

0
21

38
0

1
1

1
Sm

in
th

ur
in

us
 e

le
ga

ns
0.

7
sp

he
ric

he
m

ie
da

ph
ic

ye
llo

w
 w

ith
 b

lu
is

h 
ba

nd
s

br
ig

ht
8

m
an

y
bi

se
xu

al
19

5
0

41
58

43
52

1
0

1
Sm

in
th

ur
us

 v
ir

id
is

3.
0

sp
he

ric
ep

ed
ap

hi
c

gr
ee

ni
sh

br
ig

ht
8

m
an

y
bi

se
xu

al
10

39
25

23
26

0
38

22
1

1
1

Sp
ha

er
id

ia
 p

um
ili

s
0.

5
sp

he
ric

he
m

ie
da

ph
ic

pi
nk

is
h 

or
 g

re
yi

sh
 y

el
lo

w
br

ig
ht

8
m

an
y

bi
se

xu
al

65
17

73
7

19
5

17
99

7
1

1
1

St
en

ac
id

ia
 v

io
la

ce
a

0.
7

sp
he

ric
he

m
ie

da
ph

ic
vi

ol
et

da
rk

8
m

an
y

bi
se

xu
al

83
4

15
93

52
0

29
47

1
1

1
St

en
ap

ho
ru

ra
 d

en
is

i
1.

3
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

bi
se

xu
al

30
56

10
19

10
19

50
93

1
1

1
Su

pr
ap

ho
ru

ra
 fu

rc
ife

ra
1.

9
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

bi
se

xu
al

0
0

67
38

67
38

0
0

1
To

m
oc

er
us

 v
ul

ga
ri

s
4.

0
sl

en
de

r
he

m
ie

da
ph

ic
gr

ey
is

h 
bl

ac
k

br
ig

ht
6

m
an

y
bi

se
xu

al
57

4
58

5
0

11
59

1
1

0
Ve

rt
ag

op
us

 a
rb

or
eu

s
1.

8
sl

en
de

r
he

m
ie

da
ph

ic
bl

ui
sh

 v
io

le
t

da
rk

8
m

an
y

bi
se

xu
al

0
0

19
5

19
5

0
0

1
W

ill
em

ia
 a

no
ph

th
al

m
a

0.
7

sl
en

de
r

eu
ed

ap
hi

c
w

hi
te

pa
le

0
no

ne
pa

rth
en

og
en

et
ic

50
9

50
9

21
67

31
86

1
1

1
W

ill
em

ia
 d

en
is

i
1.

0
sl

en
de

r
eu

ed
ap

hi
c

w
hi

te
pa

le
0

no
ne

pa
rth

en
og

en
et

ic
0

0
13

0
13

0
0

0
1

W
ill

ow
si

a 
bu

sk
i

1.
5

sl
en

de
r

he
m

ie
da

ph
ic

br
ow

ni
sh

 v
io

le
t

da
rk

8
m

an
y

?
0

0
65

65
0

0
1

Xe
ny

lla
 b

oe
rn

er
i

0.
7

st
oc

ky
he

m
ie

da
ph

ic
bl

ui
sh

 g
re

y
da

rk
5

fe
w

?
0

0
13

0
13

0
0

0
1

* 
B

od
y 

le
ng

th
 in

 m
m

.
**

 S
pe

ci
es

 w
ith

 u
nk

no
w

n 
re

pr
od

uc
tiv

e 
m

od
e 

“?
” 

w
er

e 
pr

e-
de

fin
ed

 a
s 

bi
se

xu
al

 in
 p

hy
lo

ge
ne

tic
 s

ig
na

l m
ea

su
re

m
en

t a
nd

 tr
ai

t s
im

ila
rit

y 
m

at
rix

. 



Chapter 2  Collembola Phylogeny and Trait Evolution

 53

Table S2.6(d)
Estimated number of  transitions across 1,000 stochastic character mapping simulations of  number of  ommatidia 
of  Collembola (N = 19, median; 19.8 ± 3.3, mean ± SD).

To: Many Few None
From: Median Mean ± SD Median Mean ± SD Median Mean ± SD
Many 6 6.5 ± 1.4 8 7.7 ± 1.6
Few 1 0.8 ± 1.0 1 1.0 ± 1.2
None 1 1.3 ± 1.4 3 2.7 ± 1.1

Table S2.6(c)
Estimated number of  transitions across 1,000 stochastic character mapping simulations of  pigmentation of  
Collembola (N = 33, median; 34.3 ± 7.1, mean ± SD).

To: Dark Bright Pale
From: Median Mean ± SD Median Mean ± SD Median Mean ± SD
Dark 4 4.4 ± 2.6 5 5.1 ± 2.3
Bright 8 8.6 ± 2.4 8 7.9 ± 2.9
Pale 3 3.3 ± 2.5 4 5.0 ± 3.1

Table S2.6(e)
Estimated number of  transitions across 1,000 stochastic character mapping simulations of  reproductive mode of  
Collembola (N = 19, median; 19.9 ± 4.26, mean ± SD).

To: Parthenogenetic Sexual
From: Median Mean ± SD Median Mean ± SD
Parthenogenetic 5 6.0 ± 2.8
Sexual 13 13.9 ± 2.5

Table S2.6(a)
Estimated number of  transitions across 1,000 stochastic character mapping simulations of  body shape of  
Collembola (N = 6, median; 5.8 ± 1.0, mean ± SD).

To: Slender Stocky Spheric
From: Median Mean ± SD Median Mean ± SD Median Mean ± SD
Slender 1 1.2 ± 0.7 2 2.3 ± 0.6
Stocky 2 1.9 ± 0.7 0 0.1 ± 0.4
Spheric 0 0.2 ± 0.7 0 0.1 ± 0.3

Table S2.6(b)
Estimated number of  transitions across 1,000 stochastic character mapping simulations of  vertical stratification of  
Collembola (N = 25, median; 26.1 ± 4.8, mean ± SD).

To: Epedaphic Hemiedaphic Euedaphic
From: Median Mean ± SD Median Mean ± SD Median Mean ± SD
Epedaphic 3 3.4 ± 1.8 4 4.2 ± 1.5
Hemiedaphic 5 5.0 ± 1.9 9 8.4 ± 2.5
Euedaphic 1 1.4 ± 1.6 3 3.7 ± 2.8
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Figure S2.1 
Comparison between Bayesian Inference (BI) tree and Maximum Likelihood (ML) tree based on 102 Collembola 
species and lineages. Coloring indicates inconsistency of  phylogenetic relationships of  taxa between BI and ML 
trees. 
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Figure S2.3 
Ancestral state reconstruction of  (a) body shape, (b) pigmentation, (c) number of  ommatidia and (d) reproductive 
mode of  Collembola. Colored squares at the tips of  each branch represent the trait state of  extant species. Pie 
charts on each node indicate the proportion of  each character state summed across the posterior distribution of  
simulations.
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Figure S2.4 
Results of  Pagel’s correlation test between the substitution rate of  Collembola traits; significant dependence 
between two traits (i.e., “x” or “y” model) are indicated by arrows and lines with thickness reflecting the P-values. 
Red lines indicate that both directions (“x” to “y” and “y” to “x”) are significant with the same level of  P-values 
(< 0.001, 0.001–0.01, or 0.01–0.05). Blue lines indicate that “x” and “y” as dependent variables give different P-
values. Black lines indicate that only one direction is significance.
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Neutral lipid fatty acid composition as trait and constraint in 

Collembola evolution 
Ting-Wen Chen, Philipp Sandmann, Ina Schaefer, Stefan Scheu 

Abstract 

Functional traits determine the occurrence of  species along environmental gradients and their 

coexistence with other species. Understanding how traits evolved among coexisting species helps to infer 

community assembly processes. We propose fatty acid composition in consumer tissue as a functional 

trait related to both food resources and physiological functions of  species. We measured phylogenetic 

signal in fatty acid profiles of  13 field-sampled Collembola (springtail) species and then combined the 

data with published fatty acid profiles of  another 24 species. Collembola fatty acid profiles generally 

showed phylogenetic signal, with related species resembling each other. Long-chain polyunsaturated fatty 

acids, related to physiological functions, demonstrated phylogenetic signal. In contrast, most food 

resource biomarker fatty acids and the ratios between bacterial, fungal and plant biomarker fatty acids 

exhibited no phylogenetic signal. Presumably, fatty acids related to physiological functions have been 

constrained during Collembola evolutionary history: species with close phylogenetic affinity experienced 

similar environments during divergence, while niche partitioning in food resources among closely related 

species favored species coexistence. Measuring phylogenetic signal in ecologically relevant traits of  

coexisting species provides an evolutionary perspective to contemporary assembly processes of  ecological 

communities. Integrating phylogenetic comparative methods with community phylogenetic and trait-

based approaches may compensate for the limitations of  each method when used alone and improve 

understanding of  processes driving and maintaining assembly patterns. 

Keywords 

community phylogenetics; comparative method; functional traits; phylogenetic signal; springtails; trophic 

niche 
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Introduction 

Functional traits are measurable properties of  species which influence their performance and fitness 

(Violle et al. 2007, Pey et al. 2014). They in part regulate the occurrence of  species along environmental 

gradients and coexistence with other species in local communities (McGill et al. 2006, Ackerly and 

Cornwell 2007, Adler et al. 2013), where coexisting species may possess similar or different traits. 

Ecological traits have been assigned to two categories, α and β niche traits. While β niche traits determine 

species’ environmental tolerance, α  niche traits relate to resource exploitation (Ackerly and Cornwell 

2007). Similar β  niche traits but different α  niche traits thus allow species to live under similar 

environmental conditions but utilize different resources (Silvertown et al. 2006). 

Understanding evolution of  traits in coexisting species helps to infer community assembly processes 

(Webb et al. 2002, Silvertown et al. 2006, Best and Stachowicz 2013). Species' traits may exhibit 

phylogenetic signal, i.e., phylogenetically related species share similar traits derived from a common 

ancestor (Harvey and Pagel 1991). In contrast, traits may evolve convergently, resulting in closely related 

species with dissimilar traits or distantly related species with similar traits (Cavender-Bares et al. 2004). 

However, species' traits may also be labile, i.e., varying among species irrespective of  phylogenetic 

relationships. Further, α  and β  niche traits may evolve in different ways and thus exhibit different 

phylogenetic signal: β niche traits are usually phylogenetically conserved, while α niche traits tend to be 

evolutionarily labile (Silvertown et al. 2006, Ackerly et al. 2006, Best and Stachowicz 2013). In this study, 

we measured phylogenetic signal in a ubiquitous trait of  terrestrial microarthropods, i.e., fatty acid 

composition. 

Fatty acids (FAs) are major components of  lipids, serving as a source of  energy (i.e., neutral lipids) 

and structural components of  cell membranes (i.e., phospholipids; Ruess and Chamberlain 2010). Neutral 

lipid fatty acids (NLFAs) in animal fat deposits carry the signal of  the diet. Some NLFAs are incorporated 

directly and unmodified from food resources and are useful as biomarkers to distinguish between major 

food resources in animals living in soil (Ruess and Chamberlain 2010, Buse et al. 2013, Ferlian et al. 2015). 

These biomarker FAs include absolute bacterial biomarkers which are only synthesized by prokaryotes, 

such as a15:0, i15:0, 16:1ω5, 16:1ω7, i16:0, i17:0, cy17:0, 18:1ω7 and cy19:0, as well as relative 

biomarkers, such as plant biomarker 18:1ω9 and fungal biomarker 18:2ω6,9, which are found in high 

proportions when the consumer mainly feeds on plant or fungi, respectively. Thus, proportions of  

biomarker FAs imply α niche traits related to food resources. Other NLFAs, such as C20 polyunsaturated 

FAs 20:4ω6 and 20:5ω3, can be synthesized or modified from precursors by consumers (Chamberlain 

and Black 2005, Ruess and Chamberlain 2010). These FAs are essential for biosynthesis of  other 

compounds such as prostaglandins and eicosanoids, which are associated with reproduction, immune 

response and temperature regulation (Chamberlain et al. 2004, Chamberlain and Black 2005, Haubert et 

al. 2008). They thus represent β niche traits reflecting species environmental requirements.  
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Springtails (Hexapoda: Collembola) are among the most abundant soil invertebrates. They occur in 

virtually every terrestrial habitat reaching particularly high densities in soil and contribute to 

decomposition processes and nutrient cycling in terrestrial ecosystems (Rusek 1998). They are ideal for 

exploring phylogenetic signal of  FAs as they consume a wide range of  food resources including detritus, 

roots and root exudates, bacteria, fungi and algae (Hopkin 1997). Fatty acid profiles have been used to 

identify food resources of  Collembola and their association with different decomposition channels based 

on bacteria, fungi or root exudates as basal resources (Ruess et al. 2005, Pollierer et al. 2012, Ferlian et al. 

2015). Distinct FA profiles of  different Collembola species suggest trophic niche differentiation among 

co-occurring species (Chamberlain and Black 2005, Ruess et al. 2007, Ferlian et al. 2015). This may be 

attributed to (1) taxonomic or evolutionary relationships between different phylogenetic groups 

(Chamberlain and Black 2005), reflecting fixation of  the physiology of  species and their way of  feeding 

over evolutionary time, and/or (2) ecological characteristics, such as life-forms (eu-, hemi-, and 

epedaphic) or availability of  food resources in a habitat (Ruess et al. 2007). Further, species assigned to 

different soil strata may have similar FA profiles, indicating the use of  similar resources (Ferlian et al. 

2015). Overall, FA composition of  Collembola may be similar in closely related species (phylogenetic 

signal present) and/or determined by available resources and thus not related to phylogenetic affinity 

(phylogenetic signal absent). 

In this study we consider FA composition as a functional trait and analyze its phylogenetic signal using 

a comparative method (Harvey and Pagel 1991, Freckleton et al. 2002). Based on the α and β niche trait 

concept, we tested the following hypotheses: (1) C20 polyunsaturated FAs exhibit phylogenetic signal in 

Collembola, suggesting that closely related species have similar physiological attributes. (2) Food resource 

FA biomarkers in Collembola are phylogenetically independent as different species utilize different 

resources. We used two FA datasets: FA profiles measured in this study from 13 field-sampled Collembola 

species and our data combined with published FA profiles of  another 24 species (Table 3.1). We 

constructed a phylogenetic tree for all 37 Collembola species and measured phylogenetic signal in both 

FA datasets using two common comparative phylogenetic metrics, Blomberg's K (Blomberg et al. 2003) 

and Pagel's lambda (Pagel 1999, Freckleton et al. 2002).  

Materials and Methods 

Sampling  

Collembola were sampled from two sites near Göttingen, Germany, Deppoldshausen (51.575°N, 

9.973°E) and Ossenfeld (51.548°N, 9.798°E). Each sampling site was composed of  three adjacent habitats: 

arable field, pasture and forest. In each habitat, five samples (1 m2, at least 5 m apart) were taken in June 

and July 2015. Collembola in arable fields and pastures were sampled using an aspirator then immediately 

brought to the laboratory at the University of  Göttingen and sorted. Collembola in forests were extracted 

from leaf  litter by heat (Kempson et al. 1963) at constant 35°C for one week. Collembola were sampled 
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Table 3.1
Taxonomy and collection habitat of  the Collembola species used in this study. The 13 species collected for this 
study are marked in bold.
Phylogenetic group Family Species* Habitat** Reference
Symphypleona Sminthuridae Allacma fusca Arable field (1) This study

Forest (3) This study
Forest Chamberlain and Black (2005)

Sminthurus viridis Arable field (1) This study
Grassland (5) This study

Bouletiellidae Deuterosminthurus sulphureus Arable field (1) This study
Grassland (2) This study

Dicyrtomidae Dicyrtomina ornata Forest Chamberlain and Black (2005)
Forest Ruess et al. (2005)
Forest Ruess et al. (2007)

Dicyrtomina sp. (D. saundersi) Forest Ruess et al. (2005)

Poduromorpha Hypogastruridae Ceratophysella denticulata Forest (3) This study
Forest Ruess et al. (2005)
Forest Ruess et al. (2007)
Forest Ferlian et al. (2015)

Ceratophysella succinea1 Grassland Sechi et al. (2014)
Willemia anophthalma Arable field Ngosong et al. (2009)

Arable field Ngosong et al. (2011)
Brachystomellidae Brachystomella parvula1 Grassland Sechi et al. (2014)
Neanuridae Neanura muscorum Forest Ruess et al. (2005)

Forest Ruess et al. (2007)
Polyacanthella (Friesea claviseta) Arable field Ngosong et al. (2009)

Onychiuridae Onychiurus spp. (O. ambulans) Forest Ruess et al. (2005)
Protaphorura armata Forest Ferlian et al. (2015)
Protaphorura fimata (P. sp1) Arable field Haubert et al. (2009)
Protaphorura spp. (P. sp2) Forest Ruess et al. (2007)

Tomoceridae Tomoceridae Pogonognathellus flavescens Grassland (1) This study
Forest (6) This study

Pogonognathellus longicornis Forest Chamberlain and Black (2005)
Forest Ruess et al. (2005)
Forest Ruess et al. (2007)

Tomocerus vulgaris Forest (4) This study
Tomocerus baudoti Forest Pollierer et al. (2012)
Tomocerus minor Forest Chamberlain and Black (2005)

Isotomidae Isotomidae Isotoma viridis Arable field (4) This study
Grassland (4) This study
Arable field Ngosong et al. (2009)
Arable field Ngosong et al. (2011)
Forest Chamberlain and Black (2005)

Isotoma viridis2 Grassland Sechi et al. (2014)
Isotoma anglicana2 Grassland Sechi et al. (2014)
Desoria violacea Forest Ruess et al. (2005)

Forest Ruess et al. (2007)
Folsomia quadrioculata Forest Ruess et al. (2005)

Forest Ruess et al. (2007)
Forest Ferlian et al. (2015)

Isotomiella minor Forest Ferlian et al. (2015)
Isotomurus palustris (I. fucicolus) Forest Chamberlain and Black (2005)
Parisotoma notabilis Forest Ruess et al. (2005)

Forest Ferlian et al. (2015)



Chapter 3  Phylogenetic Signal in Fatty Acid Profile

alive daily and immediately stored at -80°C until identification and lipid extraction. Species were identified 

according to Hopkin (2007). In total, sufficient biomass for FA extraction was obtained for 13 species. 

Fatty acid analysis 

Soil and organic matter was removed from the surface of  each Collembola using a brush prior to FA 

extraction. Depending on body size of  individuals and species, three to 36 individuals of  the same species 

and sample were pooled for one FA extraction. In total, 70 FA measurements were obtained, ranging 

from one to four replicates for each species per habitat and site.  

NLFAs were extracted as described in Haubert et al. (2004). Neutral lipid fractions were dried at 50°C 

using a rotation vacuum concentrator (RVC 2-25, Chris, Osterode am Harz, Germany). The lipid 

fractions were then saponified, methylated and washed. The obtained FA methyl esters were transferred 

into vials, capped and stored at -21°C until gas chromatography (GC) analysis. The gas chromatograph 

(Clarus 500, Perkin Elmer, Waltham, USA) was equipped with a flame ionization detector (PE-5 capillary 

column, 30 m × 0.32 mm i.d., 0.25 mm film thickness, Perkin Elmer, Waltham, USA) and helium as 

carrier gas. The analysis program followed Ferlian and Scheu (2014). FA methyl esters were identified by 
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Table 3.1 Continued
Phylogenetic group Family Species* Habitat** Reference
Entomobryoidea Entomobryidae Entomobrya muscorum Grassland (2) This study

Forest (5) This study
Forest Ruess et al. (2005)

Entomobrya nicoleti Grassland (2) This study
Entomobrya nivalis Forest Ruess et al. (2005)

Lepidocyrtidae Pseudosinella immaculata Grassland (1) This study
Lepidocyrtus cyaneus Arable field (4) This study

Grassland (5) This study
Grassland Sechi et al. (2014)

Lepidocyrtus lanuginosus Arable field (2) This study
Grassland (4) This study
Forest (1) This study
Forest Pollierer et al. (2012)
Forest Ferlian et al. (2015)

Lepidocyrtus lignorum Forest Ruess et al. (2005)
Forest Ruess et al. (2007)

Lepidocyrtus curvicollis (L. sp) Forest Chamberlain and Black (2005)
Orchesellidae Orchesella villosa Arable field (8) This study

Forest (1) This study
Forest Chamberlain and Black (2005)
Arable field Haubert et al. (2009)

Orchesella flavescens Forest Ruess et al. (2005)
Forest Ruess et al. (2007)

* Name in parenthesis indicates the congeneric species used in the phylogeny constructed by sequences listed in Table S3.1.
** Number in parenthesis indicates replicate number in fatty acid measurements of field derived Collembola in this study 
(pooled for sites)
1 Fatty acid data compiled using Poduromorpha in Sechi et al. 2014
2 Fatty acid data compiled using Isotoma spp. in Sechi et al. 2014
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comparing retention times of  samples and standard mixtures comprising unbranched and branched FA 

methyl esters. 

Collembola phylogeny 

In addition to the above 13 Collembola species, published NLFA data were available for 24 additional 

species (Table 3.1). A phylogeny of  all 37 Collembola species, spanning 12 families, was constructed 

using six genetic markers: 18S rRNA, 28S rRNA D1, D2 and D3 regions, cytochrome oxidase subunit I 

(COI) and Histone H3 genes. Callibaetis (Insecta: Ephemeroptera), Machilis (Insecta: Archaeognatha) and 

Zygentoma (Insecta: Zygentoma) were used as outgroups. Sequences were downloaded from GenBank 

(www.ncbi.nih.gov; Accession Number see Table S3.1). Species without sequence data available in 

GenBank were replaced by the taxonomically closest species, usually a congener (Table 3.1). The six 

genetic markers were aligned separately in R 3.2.2 (R Core Team 2015) using functions AlignSeqs and 

AdjustAlignment for 18S and 28S rRNA and Histone H3 genes (package “DECIPHER”; Wright 2015) and 

function msaClustalW for COI by setting gap opening as 15 and gap extension as 6.6 (package “msa”; 

Bodenhofer et al. 2015). The aligned sequences were trimmed to the same length in BioEdit 7.2.5 (Hall 

1999). Models of  sequence evolution for each marker were obtained using jModelTest 2.1.4 and based on 

the Alkaike information criterion (Darriba et al. 2012). Terminal gaps in each marker set were replaced by 

“?” and the six markers were concatenated in a supermatrix (3,053 bp) using SequenceMatrix 1.8 (Vaidya 

et al. 2011). The phylogeny was inferred using Bayesian Inference (BI) in MrBayes 3.2.4 (Ronquist et al. 

2012), setting models of  sequence evolution for each marker separately as suggested by jModelTest. 

Bayesian Inference was conducted using two independent runs of  four chains for 1,000,000 generations 

and the consensus tree generated using a burn-in of  0.25. A second phylogenetic tree was constructed 

using Maximum Likelihood (ML) in RAxML 7.0.3 (Stamatakis 2006) based on the GTR+I+G model and 

1,000 bootstrap replicates. The topologies of  the phylogenetic trees of  BI and ML were similar, except 

for the sister taxon of  Poduromorpha. In the BI tree, Tomoceridae was sister of  Poduromorpha 

(Figure S3.1), while in the ML tree it was Symphypleona (Figure S3.2). The BI tree was selected and 

transformed to an ultrametric tree using a penalized likelihood approach assuming different models of  

substitution rate variation among branches, including correlated, relaxed, discrete or strict clock models, 

using the function chronos implemented in the R package “ape” (Paradis et al. 2004). The ultrametric tree 

for downstream phylogenetic signal analyses was selected based on the smallest PHIIC value, a criterion 

analogous to Alkaike information criterion reflecting the best model fit to the data (Paradis 2013). 

Concomitantly, a strict clock model was used in the phylogenetic analyses. This tree was then used in the 

phylogenetic signal measurement. 
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Statistical analysis 

For our field data, rare FAs present in only single measurement and FAs contributing less than 1% of  

total FAs were eliminated from the analyses. The remaining FAs were summed to 100% and the 

proportions of  single FAs were logit-transformed using the function logit in the R package “car” (Fox and 

Weisberg 2011). To test for differences in FA compositions between Collembola species and habitats, 

multivariate analysis of  variance (MANOVA) and discriminant function analysis (DFA, function lda 

implemented in the R package “MASS”; Venables and Ripley 2002) were used, with sites and habitats set 

as error terms in the model, followed by ANOVA with Holm's adjusted P-values (Holm 1979). For the 

FAs showing significant differences between Collembola species, Tukey's honestly significant difference 

(HSD) test was conducted. Fatty acid profiles of  species were also explored using eigen decomposition 

principle components analysis (PCA). Species mean logit-transformed FA proportions were calculated 

and then multiplied by the eigenvectors based on a covariance matrix using the species mean. Individual 

observational logit-transformed FA proportions were multiplied by the same eigenvectors to examine 

intraspecific variation. Principle components (PCs) were selected if  the variance explained by each axis 

was more than predicted by a broken stick model. Pearson correlation coefficients of  FAs and PCs were 

calculated using function cor.test in R with Holm's P-value adjustment. 

Three types of  FA data were used to measure phylogenetic signal: (1) Species mean scores on the PC 

axes, irrespective of  site and habitat; (2) species mean proportion of  individual FAs; (3) species mean 

values of  FA indices, including sums of  bacterial FAs, plant-to-fungal FA marker ratios (P:F ratio), 

bacterial-to-fungal FA marker ratio (B:F ratio), bacterial-to-plant FA marker ratio (B:P ratio), 

Unsaturation Index (UI; Haubert et al. 2004), sums of  saturated FAs (SFAs), monounsaturated FAs 

(MUFAs), polyunsaturated FAs (PUFAs) and C20 PUFAs and ratio of  unsaturated to saturated FAs (U:S 

ratio). Phylogenetic signal was detected and quantified using both Blomberg's K (Blomberg et al. 2003) 

and Pagel's lambda (Pagel 1999, Freckleton et al. 2002). These two metrics assume a Brownian motion 

model of  trait evolution, i.e., variance in trait values is directly proportional to branch length of  a given 

phylogeny (Pagel 1999, Blomberg et al. 2003). Both methods were used because they have different 

sensitivities in detecting phylogenetic signal for traits evolved with various strengths of  Brownian motion 

and for trees with different size (Münkemüller et al. 2012). Phylogenetic signal analyses were conducted 

using the function phylosig implemented in the R package “phytools” (Revell 2012). Standard errors of  FA 

measurements were considered in Blomberg's K statistics (Ives et al. 2007). Significance tests were done 

by randomizing species on the phylogeny 10,000 times, to test whether trait values show phylogenetic 

signal or not (i.e., H0 = 0). In case of  significant K-values of  traits, the observed K-value was further 

compared with 5,000 simulated K-values to test whether phylogenetic signal was significantly different 

from the level expected under Brownian motion evolution model (i.e., H0 = 1; Revell et al. 2007). 

Simulations of  trait values were conducted using the function fastBM in the R package “phytools” (Revell 

2012). Lower and higher phylogenetic signal than predicted by a Brownian motion model was defined as a 

K-value in the 0.025 and 0.975 quantiles of  the log-transformed simulated K-values, respectively. All P-
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values in phylogenetic signal measurement were adjusted using Benjamini and Hochberg’s method 

(Benjamini and Hochberg 1995). Phylogenetic signal of  FAs was accepted only when both Blomberg’s K 

and Pagel’s lambda were significant.  

Since a small phylogenetic tree (13 species in our field-sampled dataset) may lack power to detect 

phylogenetic signal (Freckleton et al. 2002, Blomberg et al. 2003, Münkemüller et al. 2012), FA 

phylogenetic signal was also measured using a combined dataset comprising data of  our field-sampled 

Collembola and published FA data (Table 3.1). Mean FA proportions were calculated for each species at 

each site and habitat for our FA data. Data from the literature were compiled at species level for each 

treatment or site by extracting the published mean values or recalculating original data provided by the 

authors. Due to inconsistency of  FAs measured in different studies, only biomarker FAs, C20 unsaturated 

FAs and saturated FAs 16:0 and 18:0 were included. Unavailable values of  these FAs in literature data 

were replaced by zero assuming that they were not reported due to being present in trace amounts only. 

Fatty acids contributing less than 1% of  total FAs and those occurring in only one sample were 

eliminated. The remaining FAs were summed to 100% and logit-transformed, resulting in a final dataset 

of  37 species and 149 data points for phylogenetic signal measurements. Principle components and 

phylogenetic signal in species mean scores on PCA axes, mean proportion of  individual FAs and FA 

indices were analyzed as above. 

Results 

Fatty acid composition of  Collembola 

Thirty-two FAs were identified from the 13 field-sampled Collembola species (Table S3.2). Frequent 

FAs (occurring in > 30 of  the 70 measurements) were 18:1ω9, 18:2ω6,9, 16:0, 18:0, 20:5ω3, 20:4ω6, 

16:1ω7, 14:0 and 18:1ω7. Overall, the lipid composition of  Collembola predominantly differed between 

species, whereas the effect of  habitat was not significant (MANOVA, F384,288 = 1.65, P < 0.001 for 

species and F256,160 = 1.26, P = 0.058 for habitat). The DFA plot clearly separated the FA profiles 

between different species (Figure 3.1). Allacma fusca, Deuterosminthurus sulphureus, Sminthurus viridis, 

Ceratophysella denticulata and Isotoma viridis were separated from the remaining species along the first two 

axes. The proportions of  individual FAs differed among species (Table S3.2, S3.3). Fatty acid 18:1ω9, a 

predominant FA in Collembola, was lower in I. viridis (12.4%), while it contributed 26.5%–42.2% to total 

FAs in all other species. Another major FA, 18:2ω6,9, was highest in the three Symphypleona species, S. 

viridis (37.6%), A. fusca (34.9%) and D. sulphureus (32.3%). Fatty acid 16:0 was low in A. fusca (9.6%), but 

high in all Entomobryoidea (23.3%–26.4%), except for Orchesella villosa (17.6%). Fatty acid 18:0 was 

present in trace proportions in D. sulphureus (0.9%), but was one of  the main FAs in I. viridis (15.8%). C20 

PUFAs 20:4ω6 and 20:5ω3 were not detected in any of  the three Symphypleona species, while 20:5ω3 

was high in the Tomoceridae, Pogonognathellus flavescens (8.1%) and Tomocerus vulgaris (6.1%). Fatty acid 

16:1ω7 was highest in C. denticulata (8.3%), while 18:1ω7 was highest in the two tomocerids, T. vulgaris 
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(6.7%) and P. flavescens (5.7%). Pseudosinella immaculata had a relatively high proportions of  FA 14:0 

(11.4%). 

Phylogenetic signal in FAs of  sampled species 

The first four PCs together explained 84.2% of  the variation in the FA profiles of  the Collembola. 

PC1, representing 44.9% of  the variation, showed phylogenetic signal consistent with predictions from 

the Brownian motion model, as indicated by both Blomberg's K and Pagel's lambda (Table 3.2). The 

PCA biplots indicated that three Symphypleona, A. fusca, D. sulphureus and S. viridis, had higher scores 

along PC1, which was negatively correlated with FA 18:0, 20:5ω3, 20:4ω6 and 16:0, and positively 

correlated with FA 18:2ω6,9 (Table S3.4, Figure 3.2, 3.3a). The remaining PCs, however, exhibited no 

phylogenetic signal, except PC3 using Blomberg’s K without P-value adjustment.  

Proportions of  the FAs 16:0, 18:1ω7, 18:2ω6,9, 20:1ω9 and 20:5ω3 showed significant phylogenetic 

signal as indicated by Blomberg’s K after P-value adjustment. Pagel's lambda further indicated that the 

FAs 2-OH 10:0, 12:0, 14:1, 15:0, 16:1ω7, i16:0, 18:0, 20:2ω6,9, 20:3ω6, 20:4ω6 and 22:2 also showed 
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Figure 3.1 
Discriminant function analysis of  fatty acid profiles of  13 field-sampled Collembola species. Ellipses represent 
confidence ranges at P = 0.05.
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phylogenetic signal after P-value adjustment (Table 3.2). Phylogenetic signal in FA 16:0 resulted from 

higher proportions in the clade composed of  Lepidocyrtidae and Entomobryidae and lower proportions 

in C. denticulata and Symphypleona. Phylogenetic signal in FA 20:1ω9 resulted from the lack in the clades 

of  Lepidocyrtidae (Lepidocyrtus and Pseudosinella), Entomobryidae (two Entomobrya species) and 

Sminthuridae (Allacma and Sminthurus). Notably, the K-value of  20:1ω9 was larger than the 97.5% 

quantile of  simulated K-values, suggesting stronger phylogenetic signal than predicted by the Brownian 

motion model. Fatty acid 20:5ω3 showed phylogenetic signal due to its consistently lower proportions in 

C. denticulata and Symphypleona, intermediate proportions in Entomobryoidea, higher proportions in 

Tomoceridae, and even higher proportions in I. viridis. Phylogenetic signal in the bacterial biomarker 

18:1ω7 reflected higher relative proportion in Tomoceridae and lower in Symphypleona and 

Entomobryoidea (Table 3.2, Figure 3.3b). The fungal biomarker 18:2ω6,9 showed phylogenetic signal, 

reflecting higher proportions in Symphypleona as well as lower proportions in most Entomobryoidea 

(Table 3.2, Figure 3.3c).  
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Chapter 3  Phylogenetic Signal in Fatty Acid Profile

The sum of  C20 PUFAs and of  all PUFAs exhibited phylogenetic signal according to both 

Blomberg’s K and Pagel's lambda after P-value adjustment. The sum of  C20 PUFAs was low in 

Symphypleona but high in I. viridis and the two Tomoceridae species (Table 3.2, Figure 3.3d). The sum 

of  all PUFAs, however, was high in Symphypleona, C. denticulata and I. viridis but low in Entomobryoidea. 

The other FA indices, such as ratios between bacterial, fungal and plant biomarker fatty acids, showed no 

phylogenetic signal. 

Phylogenetic signal in FAs of  combined dataset 

The first four PCs explained 76.4% of  variation in the FA profiles of  the 37 species of  the combined 

dataset. PC1 explained 31.8% of  the variation in the FA profiles which was positively correlated with FA 

18:2ω6,9 and 18:1ω9 and negatively with 18:1ω7, 20:5ω3, 20:4ω6 and 18:0 (Table S3.4, Figure 3.4). 

Phylogenetic signal in species mean scores at PC1 were driven by low scores in Tomoceridae and high 

scores in the clade of  A. fusca, D. sulphureus and S. viridis (Table 3.3, Figure 3.5a). No phylogenetic signal 

was detected in species mean scores at the other three PCs. 
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Figure 3.3 
Relationship between phylogeny and selected trait values for field-sampled Collembola. Trait values were scaled and 
centralized before plotting. The size of  the white and black circles indicates more negative or positive values, 
respectively. (a) Mean values of  the scores of  fatty acid profiles on the first four axes in principle components 
analysis (PCA), (b) proportions of  individual fatty acids, (c) proportions of  fatty acids derived from bacteria, fungi 
or plants, and the ratios between these three, and (d) summed proportions of  polyunsaturated fatty acid and C20 
polyunsaturated fatty acid, and ratio of  unsaturated to saturated FAs; see Table 3.2 for abbreviations. Traits 
exhibiting phylogenetic signal as indicated by both Blomberg’s K and Pagel’s lambda are marked in bold.
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Analyses of  phylogenetic signal in the mean proportions of  individual FAs (Table S3.5) suggested 

that FA 18:0 and 20:5ω3 exhibited phylogenetic signal as indicated by both Blomberg’s K and Pagel's 

lambda (Table 3.3). Fatty acid 18:0 was high in the clade composed of  Isotomurus palustris, Parisotoma 

notabilis, Isotomiella minor and Folsomia quadrioculata, while FA 20:5ω3 was mainly present in Tomoceridae 

but absent in Poduromorpha (Figure 3.5b). The fungal biomarker 18:2ω6,9 exhibited phylogenetic signal 

only by Pagel’s lambda; however, plant biomarker 18:1ω9, the sum of  bacterial FAs and the ratios 

between fungal, plant and bacterial FAs showed no phylogenetic signal (Table 3.3, Figure 3.5c). The 

sum of  C20 PUFAs showed phylogenetic signal as indicated by both Blomberg’s K and Pagel's lambda 

(Table 3.3). It was high in Tomocerus, intermediate in Entomobryoidea, and low in the clade of  I. minor, F. 

quadrioculata and P. notabilis, as well as the clade of  S. viridis, A. fusca and D. sulphureus (Figure 3.5d). 
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Figure 3.5 
Relationship between phylogeny and selected trait values of  Collembola using the combined dataset. Trait values 
were scaled and centralized before plotting. The size of  the white and black circles indicate more negative or 
positive values, respectively. (a) Mean values of  the scores of  fatty acid profiles on the first four axes in principle 
components analysis (PCA), (b) proportions of  fatty acids, (c) proportions of  fatty acids derived from bacteria, 
fungi or plants, as well as the ratios between these three, and (d) summed proportions of  C20 polyunsaturated fatty 
acid and ratio of  unsaturated to saturated FAs; see Table 3.3 for abbreviations. Traits exhibiting phylogenetic signal 
as indicated by both Blomberg’s K and Pagel’s lambda are marked in bold.
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Discussion 

Studies of  FAs in Collembola usually have used one or two species in laboratory cultures under 

different conditions (Chamberlain et al. 2005, Haubert et al. 2008, van Dooremalen and Ellers 2010) or 

analyzed FAs of  field-sampled species but with limited numbers of  species sampled from one habitat 

type, i.e., forest (Chamberlain and Black 2005, Ruess et al. 2007, Ferlian et al. 2015) or arable fields 

(Haubert et al. 2009, Ngosong et al. 2009, Sechi et al. 2014). This study is the first to measure 

phylogenetic signal in FA compositions of  field-sampled Collembola from different habitats using a 

phylogenetic comparative method. Our results suggest that although habitat effects on FA profiles were 

minor, FA compositions differed significantly between species and generally displayed phylogenetic signal, 

as indicated by the first PC axis for both field-sampled and combined datasets. 

Fatty acids, animal physiology and phylogenetics (β niche traits) 

Phylogenetic signal was detected in C20 PUFAs and proportions of  20:5ω3 in both our field-sampled 

and combined datasets, supporting the first hypothesis that closely related Collembola species have 

similar proportions of  C20 PUFAs. In field-sampled Collembola, Symphypleona contained lower 

proportions of  C20 PUFAs than Entomobryomorpha, consistent with previous findings (Chamberlain 

and Black 2005). Collembola may have the ability to synthesize C20 PUFAs from precursors, as indicated 

by laboratory experiments in which a high proportion of  C20 PUFAs was found in Isotomidae and 

Onychiuridae fed with food containing no PUFAs (Chamberlain and Black 2005). In insects, C20 PUFAs 

are essential for biosynthesis of  prostaglandins and eicosanoids, which are important for reproduction 

and immune response, and related to temperature and humidity of  the habitat (Stanley-Samuelson et al. 

1992, Stanley-Samuelson 1994). Accordingly, the phylogenetic signal of  C20 PUFA in different 

Collembola lineages presumably reflects an evolutionary constraint of  physiological functions related to 

these FAs. Symphypleona predominantly live at the soil surface where humidity fluctuates with some dry 

periods, while the other taxa, such as Isotomidae, Tomoceridae and Poduromorpha, predominantly dwell 

in soil where humidity is high and relatively stable. Physiological constraints on the proportions of  C20 

PUFAs within phylogenetic lineages likely reflect the different soil horizons the species live in. However, 

the linkage between C20 PUFAs and the adaptation of  species to different soil layers requires further 

examination of  the functions of  C20 PUFAs in Collembola. 

Fatty acids, food resources and phylogenetics (α niche traits) 

Among biomarker FAs, only three markers (18:1ω7, 18:2ω6,9 and 20:1ω9) exhibited phylogenetic 

signal in the field-sampled dataset, while the combined dataset showed phylogenetic signal in PC1 that 

correlated with 18:1ω7 and two other biomarker FAs (18:1ω9 and 18:2ω6,9). Fatty acid 18:1ω7 is an 

absolute bacterial biomarker synthesized exclusively by bacteria (Ruess and Chamberlain 2010, Ferlian et 
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al. 2015). High proportions of  18:1ω7 in Tomoceridae of  our field-sampled dataset indicate that they fed 

heavily on bacteria at the study sites, whereas Entomobryoidea and Symphypleona consumed less of  food 

resources containing this FA. Presumably, feeding on bacteria has been restricted to certain Collembola 

phylogenetic groups during evolutionary history, but this hypothesis needs further testing. 

Phylogenetic signal was detected in the proportion of  18:2ω6,9 in the field-sampled dataset. Fatty acid 

18:2ω6,9 was higher in Symphypleona, consistent with findings of  Chamberlain and Black (2005) where 

two Symphypleona species also had higher proportions of  it than the other species sampled from a 

deciduous woodland. High proportions of  18:2ω6,9 are found in body tissue under a fungus-based diet 

and thus have been used as indicator of  fungal food resources (Ruess and Chamberlain 2010, Ferlian et al. 

2015). However, 18:2ω6,9 can be synthesized by higher insects (Cripps et al. 1986) and therefore may also 

be related to species’ physiology. Several groups of  Collembola are able to synthesize 18:2ω6,9, including 

Isotomidae, Poduromorpha and Entomobryoidea (Chamberlain et al. 2004, Chamberlain and Black 2005, 

Haubert et al. 2006), but this has not been tested for Symphypleona. Nevertheless, high proportions of  

18:2ω6,9 still may reflect a fungal based diet in Symphypleona (Ruess et al. 2005, Ruess and Chamberlain 

2010), but biosynthesis must be excluded by laboratory experiments before concluding that there is an 

evolutionary constraint in fungal feeding among different Collembola phylogenetic groups. 

Strong phylogenetic signal was detected in the proportion of  20:1ω9 of  the field-sampled dataset. 

Collembola unlikely are able to biosynthesize 20:1ω9 de novo but rather incorporate it from food, 

presumably from nematodes (Ruess et al. 2004, Ruess et al. 2005). The lack of  20:1ω9 in the clade of  

Lepidocyrtidae and Entomobryidae and the clade of  Sminthuridae indicates that at our study sites these 

Collembola did not feed on nematodes, while the remaining species, especially C. denticulate, may have 

consumed nematodes. However, when more species and measurements were included from other studies 

(the combined dataset), no phylogenetic signal was found in proportion of  20:1ω9, nor in site scores on 

PC3 and PC4 which were correlated with 20:1ω9. Phylogenetic signal found in our field-sampled dataset 

may therefore be an exception. Indeed, Collembola from different forest sites have been shown with 

different proportions of  20:1ω9, presumably related to the amounts of  resources in the environment 

(Ruess et al. 2005). 

The ratios of  bacterial, fungal and plant FAs, which have been used to assign species to feeding guilds, 

did not show phylogenetic signal. These results partially support our second hypothesis that food 

resource FAs are a phylogenetically independent trait, implying niche partitioning in food resources 

among closely related species, thereby favoring species coexistence. Phylogenetic signal may be reduced 

due to a mixture of  convergent evolution and conservatism in traits, or a developed trait irrespective of  

species’ evolution (i.e., a phylogenetically random trait). Our analyses used ratio as a continuous variable 

and the ability to detect phylogenetic signal may be reduced due to large intraspecific variation or 

measurement errors (Ives et al. 2007). Indeed, Collembola are described as generalists able to consume a 

broad spectrum of  food resources, exhibiting a considerable intraspecific variation in biomarker FA 
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proportions from laboratory experiments (Chamberlain et al. 2005, Ruess et al. 2005, Haubert et al. 2011). 

In field samples, the variation is expected to be even larger, and it is possible that consumption of  food 

resources is influenced by other co-occurring species. 

Fatty acid composition complements stable isotopes in analyzing the trophic niche of  soil biota 

(Ferlian et al. 2015). Using taxonomy as a surrogate of  phylogenetic relationships with stable isotope data 

suggests conservatism in Collembola trophic niches (Potapov et al. 2016), in contrast to the findings of  

the current study. Thus, Collembola feeding traits are, on one hand, likely to have been constrained along 

species' evolutionary history; on the other hand, they may retain variability to reduce competition. More 

data on trophic niches and food resources of  Collembola species from different phylogenetic groups are 

necessary to test this hypothesis. 

Traits and species coexistence in soil 

Species can coexist when they have similar β niche traits and different α niche traits (Silvertown et al. 

2006). Phylogenetic signal detected in C20 PUFAs (β niche) but general lability in biomarker FAs and 

bacterial, fungal and plant FA ratios (α niche) may explain how different Collembola species coexist. 

Moreover, explicitly testing phylogenetic conservatism in functional traits is crucial for community 

phylogenetic and trait-based approaches, because the traits are mechanistic links by which phylogenetic 

history can influence contemporary ecological processes in communities (Cavender-Bares et al. 2009). 

Phylogenetic signal measurement in this study, therefore, represents a starting point to further investigate 

evolutionary hypotheses on the adaptation of  soil animals to environmental conditions (Revell et al. 2008, 

Cooper et al. 2010), thereby linking community phylogenetic and trait-based approaches with coexistence 

studies on soil biota. 

Conclusions 

Our results show that Collembola FA profiles generally exhibit phylogenetic signal. We found 

phylogenetic signal in C20 PUFA proportions of  Collembola, while biomarker FAs differed among 

species but were generally labile. These patterns suggest that (1) physiological properties of  species may 

be constrained during evolutionary history, resulting in phylogenetically related species having similar 

physiologically related FAs, and (2) Collembola food resources are phylogenetically labile, favoring species 

coexistence. Our study is the first to report phylogenetic signal in the fatty acid compositions of  animals 

in the context of  species coexistence. The results form a starting point to further investigate evolutionary 

hypotheses on the adaptation of  soil animals to environmental conditions. Integrating phylogenetic 

comparative methods and community phylogenetic and trait-based approaches may help identify 

evolutionary and ecological forces driving and maintaining communities in soil. 
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Table S3.1
NCBI accession numbers of  sequences used to construct the molecular phylogeny of  Collembola.

Species
Molecular markers

18S rRNA
28S rRNA

Histone H3 COI
D1 D2 D3-D5

Zygentoma (outgroup) AF370791 AY859557 AY859557 AY859557 AY749703 KM535783
Callibaetis (outgroup) AY521826 AY521735 AY521735 AY521735 AY521695 JF735107
Machilis (outgroup) AY210811 AY210810 AY210810 AY210810 AY338644 JN970940
Allacma fusca KY230702 KY230832 KY230832 KY230935 KY231097
Brachystomella parvula KY230724 KY230822 KY230822 KY230925 KY231066 KY231088
Ceratophysella denticulata KY230747 KY230847 KY230847 KY230948 KY231036 KY231107
Ceratophysella succinea KY230885 KY230885 KY230990 KY231065 KY231136
Desoria violacea KY230736 KY230833 KY230833 KY230902 KY231003 KY231098
Deuterosminthurus sulphureus KY230753 KY230830 KY230830 KY230933 KY231024 KY231095
Dicyrtomina ornata KY230768 KY230840 KY230840 KY230968 KY231046 KY231125
Dicyrtomina saundersi EU368611 EF199974 EF199974 EF199974
Entomobrya muscorum KY230710 KY230806 KY230806 KY230909 KY231010
Entomobrya nicoleti KY230740 KY230838 KY230838 KY230941 KY231030 KY231119
Entomobrya nivalis LK024313 LK024313 HG422598
Folsomia quadrioculata KY230755 KY230853 KY230853 KY230955 KF684772 KF684607
Friesea claviseta KY230727 KY230826 KY230826 KY230929 KY231020 KY231092
Isotoma anglicana KY230779 KY230873 KY230873 KY230975 KY231053 KY231076
Isotoma viridis KY230708 KY230835 KY230835 KY230938 KY231028 KY231129
Isotomiella minor KY230744 KY230843 KY230843 KY230945 KY231034 KY231103
Isotomurus fucicolus KY230704 KY230834 KY230834 KY230937 KY231057 KY231099
Lepidocyrtus cyaneus KY230751 KY230851 KY230851 KY230952 KY231040 KY231111
Lepidocyrtus lanuginosus KY230748 KY230848 KY230848 KY230949 KY231037 KY231108
Lepidocyrtus lignorum KY230749 KY230849 KY230849 KY230950 KY231038 KY231109
Lepidocyrtus sp KY230750 KY230850 KY230850 KY230951 KY231039 KY231110
Neanura muscorum AY555520 AJ251733 AJ251733 AJ251733 AY555544
Onychiurus ambulans AY555518 AF483384 AF483442 HQ731961 AY555564 HQ732075
Orchesella flavescens KY230714 KY230811 KY230811 KY230997 KY231015 KY231082
Orchesella villosa KY230715 KY230812 KY230812 KY230904 KY231005 KY231091
Parisotoma notabilis KY230772 KY230872 KY230872 KY230974 KY231052 KY231128
Pogonognathellus flavescens KY230717 KY230814 KY230814 KY230917 KY231016 KY231083
Pogonognathellus longicornis KY230845 KY230845 KY230946 KY231035 KY231105
Protaphorura armata AF483391 AF483449 HQ731965 HQ732078
Protaphorura sp1 KY230789 KY230884 KY230884 KY230989 KY231063 HG422585
Protaphorura sp2 KY230719 KY230856 KY230856 KY230959 KY231064 KY231116
Pseudosinella immaculata KY230712 KY230911 KY231012 KY231078
Sminthurus viridis KY230701 KY230880 KY230880 KY230983 KY231001 JN970939
Tomocerus baudoti JX261697 JX261845
Tomocerus minor AY555516 AF483406 JX261700 HQ731971 AY555562 HM398041
Tomocerus vulgaris KY230777 KY230815 KY230815 KY230918 KY231058 KY231131
Willemia anophthalma KY230726 KY230869 KY230869 KY230927 KY231090
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Table S3.3
ANOVA table of  logit-transformed proportions for each fatty acid from 13 field-collected Collembola species. 
Species and habitats are used as explanatory factors and sites and habitats as error terms in the model. P-values 
were obtained after Holm’s correction. Fatty acids significantly different between species are marked in bold.

Fatty acid
Species Habitat:Species

df F Adjusted P df F Adjusted P

8:0 12 2.111 0.539 8 1.077 0.975
10:0 12 1.622 1.000 8 1.083 0.975
2-OH 10:0 12 2.050 0.539 8 2.288 0.211
12:0 12 0.182 1.000 8 0.235 1.000
14:0 12 5.324 0.001 8 2.063 0.277
14:1 12 2.258 0.423 8 2.520 0.193
15:0 12 4.630 0.002 8 0.000 1.000
a15:0 12 1.364 1.000 8 1.895 0.340
i15:0 12 2.894 0.100 8 1.331 0.738
16:0 12 4.759 0.002 8 0.214 1.000
16:1ω5 12 1.336 1.000 8 0.091 1.000
16:1ω7 12 6.120 < 0.001 8 1.470 0.626
i16:0 12 0.558 1.000 8 0.629 1.000
17:0 12 0.954 1.000 8 0.934 1.000
17:1ω8 12 1.135 1.000 8 0.623 1.000
i17:0 12 0.894 1.000 8 1.003 1.000
cy17:0 12 2.150 0.521 8 1.660 0.482
18:0 12 3.657 0.018 8 0.901 1.000
18:1ω7 12 4.975 0.001 8 0.855 1.000
18:1ω9 12 4.761 0.002 8 0.420 1.000
18:2ω6,9 12 6.162 < 0.001 8 0.705 1.000
19:0 12 2.571 0.214 8 2.514 0.193
cy19:0 12 2.508 0.237 8 2.272 0.211
20:1ω9 12 2.062 0.539 8 0.278 1.000
20:2ω6,9 12 0.962 1.000 8 0.087 1.000
20:3ω6 12 0.734 1.000 8 0.272 1.000
20:4ω6 12 8.411 < 0.001 8 0.354 1.000
20:5ω3 12 16.549 < 0.001 8 0.354 1.000
22:1ω9 12 3.519 0.023 8 2.538 0.193
22:2 12 0.688 1.000 8 0.043 1.000
23:0 12 3.663 0.018 8 2.642 0.193
24:1 12 2.109 0.539 8 0.493 1.000
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Table S3.4
Correlations of  different fatty acids with the first four axes (PCs) from principle component analyses. P-values 
were adjusted using Holm’s method. Fatty acids correlated with the first PC are marked in bold.

Fatty acid
PC1 PC2 PC3 PC4

*cor P cor P cor P cor P
Field-derived species
8:0 0.483 1.000 0.121 1.000 -0.225 1.000 0.649 0.476
10:0 -0.566 1.000 0.036 1.000 -0.575 0.832 0.248 1.000
2-OH 10:0 -0.404 1.000 0.224 1.000 -0.697 0.220 -0.121 1.000
12:0 -0.402 1.000 0.013 1.000 -0.744 0.107 0.141 1.000
14:0 -0.117 1.000 -0.850 0.008 -0.361 1.000 0.074 1.000
14:1 -0.404 1.000 0.224 1.000 -0.697 0.220 -0.121 1.000
15:0 0.161 1.000 0.151 1.000 -0.125 1.000 -0.770 0.065
a15:0 -0.259 1.000 0.103 1.000 -0.656 0.360 0.277 1.000
i15:0 0.175 1.000 -0.218 1.000 -0.704 0.203 -0.130 1.000
16:0 -0.778 0.048 -0.235 1.000 0.422 1.000 -0.178 1.000
16:1ω5 -0.185 1.000 -0.103 1.000 -0.013 1.000 0.202 1.000
16:1ω7 -0.095 1.000 0.033 1.000 -0.547 1.000 -0.751 0.092
i16:0 -0.495 1.000 -0.000 1.000 -0.627 0.478 0.077 1.000
17:0 0.073 1.000 0.413 1.000 -0.669 0.311 0.352 1.000
17:1ω8 0.237 1.000 0.238 1.000 -0.263 1.000 0.538 1.000
i17:0 0.298 1.000 0.339 1.000 -0.486 1.000 0.518 1.000
cy17:0 0.484 1.000 -0.354 1.000 -0.321 1.000 -0.073 1.000
18:0 -0.953 < 0.001 0.158 1.000 -0.022 1.000 0.135 1.000
18:1ω7 -0.357 1.000 0.674 0.358 0.252 1.000 -0.003 1.000
18:1ω9 0.235 1.000 -0.573 1.000 0.731 0.130 -0.081 1.000
18:2ω6,9 0.849 0.007 0.372 1.000 0.087 1.000 -0.231 1.000
19:0 0.382 1.000 0.178 1.000 -0.182 1.000 0.225 1.000
cy19:0 0.208 1.000 0.314 1.000 -0.294 1.000 0.339 1.000
20:1ω9 0.122 1.000 0.195 1.000 -0.331 1.000 -0.805 0.029
20:2ω6,9 -0.294 1.000 0.516 1.000 -0.243 1.000 -0.584 0.973
20:3ω6 -0.452 1.000 0.104 1.000 -0.814 0.022 0.047 1.000
20:4ω6 -0.854 0.006 0.037 1.000 -0.115 1.000 -0.276 1.000
20:5ω3 -0.948 < 0.001 0.181 1.000 -0.019 1.000 0.069 1.000
22:1ω9 -0.320 1.000 0.227 1.000 -0.631 0.478 -0.154 1.000
22:2 -0.508 1.000 0.189 1.000 -0.774 0.059 0.042 1.000
23:0 0.515 1.000 0.259 1.000 -0.237 1.000 0.627 0.613
24:1 0.493 1.000 -0.429 1.000 -0.171 1.000 -0.029 1.000

Literature 37 species
a15:0 -0.066 1.000 -0.618 0.001 -0.355 0.336 -0.027 1.000
i15:0 0.148 1.000 -0.240 1.000 -0.300 0.569 -0.246 0.878
16:0 -0.256 1.000 -0.870 < 0.001 -0.040 1.000 -0.181 1.000
i16:0 -0.215 1.000 -0.461 0.045 -0.219 1.000 0.290 0.820
16:1ω7 0.207 1.000 0.029 1.000 0.531 0.010 0.351 0.400
i17:0 0.150 1.000 0.028 1.000 -0.214 1.000 -0.189 1.000
18:0 -0.643 < 0.001 -0.481 0.031 -0.046 1.000 -0.112 1.000
18:1ω7 -0.825 < 0.001 -0.063 1.000 -0.252 0.932 0.394 0.224
18:1ω9 0.477 0.031 0.183 1.000 0.586 0.002 -0.283 0.820
18:2ω6,9 0.542 0.006 0.572 0.003 -0.513 0.014 0.256 0.878
cy19:0 0.110 1.000 0.326 0.441 -0.311 0.551 -0.180 1.000
20:1ω9 0.052 1.000 -0.163 1.000 0.523 0.012 0.526 0.013
20:2ω6,9 -0.136 1.000 -0.002 1.000 -0.356 0.336 0.327 0.532
20:3ω6 0.343 0.379 0.071 1.000 0.712 < 0.001 0.277 0.820
20:4ω6 -0.649 < 0.001 0.344 0.370 0.182 1.000 0.427 0.125
20:5ω3 -0.696 < 0.001 0.562 0.004 0.168 1.000 -0.393 0.224
* Pearson correlation coefficient
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Table S3.5
ANOVA table of  logit-transformed proportions for each fatty acid in the expanded 37-species dataset. Species and 
habitats are used as explanatory factors in the model. P-values were obtained after Holm’s correction. Fatty acids 
significantly different between species are marked in bold.

Fatty acid
Habitat Species Habitat:Species

df F Adjusted P df F Adjusted P df F Adjusted P

a15:0 2 3.090 0.327 36 0.877 1.000 9 0.415 1.000
i15:0 2 2.899 0.327 36 2.146 0.011 9 0.811 1.000
16:0 2 23.017 < 0.001 36 3.557 < 0.001 9 1.065 1.000
16:1ω7 2 1.545 0.825 36 2.370 0.004 9 0.347 1.000
i16:0 2 3.160 0.327 36 1.422 0.440 9 0.192 1.000
i17:0 2 0.535 0.825 36 0.716 1.000 9 0.845 1.000
18:0 2 15.104 < 0.001 36 2.619 0.001 9 3.424 0.016
18:1ω7 2 35.324 < 0.001 36 1.522 0.319 9 0.693 1.000
18:1ω9 2 11.782 < 0.001 36 2.278 0.006 9 1.174 1.000
18:2ω6,9 2 31.610 < 0.001 36 3.176 < 0.001 9 0.918 1.000
cy19:0 2 12.049 < 0.001 36 1.379 0.440 9 1.191 1.000
20:1ω9 2 40.593 < 0.001 36 3.760 < 0.001 9 2.943 0.054
20:2ω6,9 2 1.603 0.825 36 0.841 1.000 9 0.103 1.000
20:3ω6 2 87.090 < 0.001 36 3.637 < 0.001 9 3.016 0.047
20:4ω6 2 5.363 0.049 36 4.431 < 0.001 9 1.072 1.000
20:5ω3 2 1.244 0.825 36 3.418 < 0.001 9 1.961 0.671
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Figure S3.1 
Bayesian Inference phylogeny of  Collembola based on the concatenated DNA sequences of  ribosomal 18S and 
28S rRNA and cytochrome oxidase I and Histone H3 genes. Callibaetis, Machilis and Zygentoma served as 
outgroups. Numbers at nodes represent Bayesian posterior probabilities.

Figure S3.2 
Maximum likelihood phylogeny of  Collembola based on the concatenated DNA sequences of  ribosomal 18S and 
28S rRNA and cytochrome oxidase I and Histone H3 genes. Callibaetis, Machilis and Zygentoma served as 
outgroups. Numbers at nodes represent bootstrap values from Maximum Likelihood analyses.
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Mechanisms of  Collembola species coexistence as indicated by 

phylogeny and functional traits 
Ting-Wen Chen, Jo-Fan Chao, Victoria Kreipe, Ina Schaefer, Matty P. Berg, Stefan Scheu 

Abstract 

The mechanisms driving and maintaining species coexistence in soil have long puzzled ecologists. To 

investigate the relative contributions to community assembly of  different processes, such as 

environmental filtering and interspecific competition, community phylogenetic and trait-based approaches 

have recently been developed. If  process-related traits exhibit phylogenetic signal, the presence of  

phylogenetically closely related species within local communities point to environmental filtering as the 

major structuring force, while low relatedness among coexisting species point to the dominance of  biotic 

interactions or niche partitioning. In this study we inferred assembly processes of  Collembola 

communities sampled from arable fields, grasslands and forests by exploring phylogenetic relatedness and 

functional trait similarities of  local communities. We found associations between habitat types and 

Collembola phylogenetic group at the metacommunity scale. The results indicate that Collembola in 

arable fields were mainly structured by environmental filtering, while niche partitioning dominated in 

forests. Epedaphic (surface-living) species showed phylogenetic clustering in grasslands and forests, while 

in forests they also possessed similar traits. Hemiedaphic (sub-surface-dwelling) species in arable fields 

and grasslands were phylogenetically clustered, but in forests they were phylogenetically overdispersed 

with different traits. However, the assembly patterns of  euedaphic (soil-dwelling) species in each of  the 

three habitat types did not differ from random patterns. Furthermore, different phylogenetic (taxonomic) 

groups of  Collembola showed different patterns in the three habitats. Overall, the results suggest that 

Collembola assemblages were driven by different mechanisms in the studied habitats, with the relative 

importance of  these mechanisms varying between soil strata and between phylogenetic lineages. Future 

studies integrating phylogenetic comparative methods, trait-based approaches and community phylogeny 

will allow novel insight into assembly processes of  soil communities. 

Keywords 

community assembly; co-occurrence; disturbance; environmental filtering; habitat; niche partitioning; soil; 

springtail; stochasticity; trait 
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Introduction 

Soils are among the most biodiverse ecosystems on earth and have been viewed as “the poor man’s 

tropical rainforest” (Giller 1996). The coexistence of  a multitude of  animal species has puzzled soil 

ecologists for long, as reflected in the phrase “the enigma of  soil animal species diversity” (Anderson 

1975). How can so many species co-occur, and what are the mechanisms driving and maintaining species 

coexistence in local communities?  

Community composition is influenced by a number of  processes, including niche-related (Chase and 

Leibold 2003), neutral (Hubbell 2001) and biogeographical processes (Ricklefs 1987). Community 

phylogenetic framework (Webb et al. 2002, Cavender-Bares et al. 2009) and trait-based approaches 

(McGill et al. 2006; Adler et al. 2013) have been developed to investigate the relative importance of  these 

processes for community assembly. In both frameworks, functional traits are crucial, since they form the 

mechanistic link between evolutionary processes and contemporary ecological processes (Cavender-Bares 

et al. 2009). On the one hand, traits are characters of  species derived from their ancestors and thus, 

exhibit phylogenetic signal, i.e., phylogenetically related species possess similar traits. On the other hand, 

traits influence the performance and fitness of  species in certain environments and are thus functional 

(Violle et al. 2007). If  process-related traits exhibit phylogenetic signal, a community composed of  

phylogenetically closely related species is inferred to be structured by environmental filtering. In contrast, 

low relatedness among coexisting species points to the dominance of  competitive interactions or niche 

partitioning (Webb et al. 2002, Cavender-Bares et al. 2009; but see Gerhold et al. 2015). Furthermore, 

using a phylogeny-weighted community matrix allows the measurement of  phylogenetic dissimilarities 

between local communities and a trait-weighted matrix the measurement of  trait dissimilarities (Pillar and 

Duarte, 2010). The phylogeny- or trait-weighted community matrix, combined with principle coordinate 

analysis, generates the principal coordinates of  phylogenetic or trait structure of  a metacommunity, 

allowing the identification of  specific phylogenetic clades or species with certain traits that associate with 

habitats (Duarte, 2011, Duarte et al. 2016). In this study we adopted community phylogenetic approaches 

for the first time to investigate community assembly processes in one of  the most abundant and diverse 

soil invertebrates, Collembola (springtails). 

Collembola are basal Hexapoda that occur in high densities in soil with 10,000–100,000 individuals m-2 

and local diversities of  60–80 species (Petersen and Luxton 1982). They occupy a wide variety of  

ecological niches, regulate soil microbial activity and contribute to decomposition processes and nutrient 

cycling (Petersen and Luxton, 1982, Rusek, 1998, Schaefer et al. 2009). Among the few soil taxa for which 

trait databases are available (Vandewalle et al. 2010, Pey et al. 2014, Moretti et al. 2017, Matty P. Berg, 

unpublished data), Collembola are ideal subjects for the application of  trait-based and community 

phylogenetic approaches to investigate community assembly. The environmental associations of  

community structures and species functional traits suggest that both abiotic and biotic factors select for 

certain traits of  Collembola (Ponge et al. 2003, Sousa et al. 2006, Makkonen et al. 2011, Bokhorst et al. 

2012, Martins da Silva et al. 2012, Salmon and Ponge 2012, Heiniger et al. 2014, Widenfalk et al. 2015, 
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Widenfalk et al. 2016, Pollierer and Scheu 2017). Spherical body shape, large body size, dark pigmentation 

and sexual reproduction are characteristics of  species preferentially occurring in open habitats and at the 

soil surface, whereas small body size, lack of  eye spots, pale color and asexual reproduction are typical 

traits of  species in stable environment and in soil (Salmon et al. 2014). Furthermore, co-occurring 

Collembola species possessing similar traits suggest that disturbed habitats structure community assembly 

via abiotic factors (Widenfalk et al. 2015), while niche partitioning or interspecific competition are likely  

predominant processes in stable environments that result in co-occurring species with different traits 

(Widenfalk et al. 2016). Since the functional traits of  Collembola derive from ancestors and thus exhibit 

phylogenetic signal (as being tested in Chapter 2), similar traits in local community also likely reflect close 

phylogenetic relationships between coexisting species.  

In this study we explored habitat associations of  Collembola phylogenetic groups and phylogenetic 

and trait patterns in local communities collected from arable fields, grasslands and forests, three types of  

habitats characterized by distinct disturbance regimes and dominating mosaic landscapes in Central 

Europe. We hypothesized that species co-occurring in heavily disturbed habitats, such as arable fields, 

show phylogenetic clustering and similar traits (Ding et al. 2012, Gianuca et al. 2014, Widenfalk et al. 

2015), as disturbance functions as environmental filter selecting for specific traits that exhibit 

phylogenetic signal. In contrast, forests, representing stable habitats little disturbed by agricultural 

activities, allow complex soil food webs to be established (Scheu and Falca 2000, Digel et al. 2014), where 

different phylogenetic clades of  Collembola occupy various niches and thus exhibit phylogenetic 

overdispersion with different traits in local communities. Since community phylogenetic analyses are 

sensitive to the spatial and taxonomical scales of  the study (Cavender-Bares et al. 2006, Swenson et al. 

2006), we further confined our analyses by defining species pools using habitat types (arable fields, 

grasslands and forests), vertical stratification of  species (surface-living, sub-surface-dwelling and soil-

dwelling species) and different phylogenetic (taxonomic) groups. 

Materials and Methods 

Sampling 

Collembola were sampled between March and June 2014 from arable fields, grasslands and forests at 

six sites near Göttingen, Germany (Figure 2.1, Table S2.1, Chapter 2). In each of  the arable fields and 

grasslands, one suction sample equal to a surface area of  154 cm2 was taken for 10 sec to collect surface-

living individuals. Then, to sample soil-dwelling individuals, a soil core sample (5 cm diameter, 5 cm 

depth) was taken at the center of  the area from which the suction sample was collected. In each forest, 

both litter and fragmented litter were collected by hand in an area of  154 cm2, followed by a 10 sec 

suction sample of  the humus layer. This suction sample was added to the litter collection producing a full 

litter-sample. Thereafter, a soil core sample was taken at the center of  the same area previously sampled 

by hand-collection and suction. Collembola from the suction samples from arable fields and grasslands 
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were directly transferred into 96% ethanol, while those in the litter and soil cores were extracted by heat 

using a Kempson extractor (Kempson et al. 1963), collected in water and then transferred into 96% 

ethanol every two days over a period of  ten days. Samples were kept at 4°C until identification and then 

stored at -80°C. Collembola identification was based on Hopkin (2007), Fjellberg (1998, 2007) and Gisin 

(1960). and the nomenclature followed Bellinger et al. (1996–2017; www.collembola.org). The density 

(individuals m-2) of  each species in the suction (litter) sample was added to that in the soil samples for the 

following analyses. 

Phylogenetic and trait distances between species 

Phylogenetic relatedness and trait similarities of  between species were calculated based on species 

pairwise distance matrices referred to their phylogeny and traits, respectively. The phylogenetic distance 

matrix was obtained from the ultrametric phylogenetic tree (Figure 2.3, Chapter 2) using the function 

cophenetic.phylo implemented in the R package “ape” (Paradis et al. 2004). The trait distance matrix was 

calculated based on species characters in body shape and length, pigmentation, number of  ommatidia, 

vertical stratification and reproductive mode, multiple traits that exhibited phylogenetic signal 

(Chapter 2). While body length was used as a continuous variable, body shape, pigmentation, number of  

ommatidia, vertical stratification and reproductive mode were coded by binary variables for each state of  

traits. Gower's distances were calculated to generate a trait distance matrix using the function dist.ktab 

implemented in the R package “ade4” (Dray and Dufour 2007). 

Phylogenetic and trait structures of  communities 

To investigate habitat associations with species phylogeny and traits, phylogeny- and trait-weighted 

community matrices were generated using a fuzzy-weighting method (Pillar and Duarte, 2010). 

Community data were first standardized using the “Hellinger” transformation (Legendre and Gallagher 

2001) by the function decostand implemented in the R package “vegan” (Oksanen et al. 2015) and then 

weighted by species phylogenetic or trait distance metrics using the function matrix.p implemented in the 

R package “SYNCSA” (Debastiani and Pillar 2012). Differences in community phylogeny- or trait-

weighted compositions were calculated based on Bray-Curtis dissimilarity between communities, followed 

by distance-based multivariate analysis of  variance (ADONIS) with 9,999 permutations using the 

function adonis implemented in the “vegan” package, to test habitat effects on community phylogeny- or 

trait-weighted compositions. If  habitats had significant effects on community phylogeny- or trait-

weighted compositions, the weighted community compositions were applied to principle coordinate 

analysis (PCoA) using the function pcps implemented in the R package “PCPS” (Debastiani and Duarte 

2014). This resulted in principal coordinates of  phylogenetic structures (PCPS) and trait structures 

(PCTS) of  the metacommunity. Pearson correlation coefficients of  site scores and species densities at 

each PCPS axis were calculated using the function cor.test. P-values of  correlation tests were adjusted using 
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Benjamini and Hochberg corrections (BH; Benjamini and Hochberg 1995). Habitat effects on site scores 

of  PCPS axes were further tested using Kruskal-Wallis rank sum test followed by Dunn’s test with BH 

corrections for multiple comparisons. 

Phylogenetic relatedness and trait similarities of  coexisting species 

To represent overall species relatedness of  a local community, the Net Relatedness Index (NRI) was 

calculated based on mean pairwise distance (MPD) of  a local community (Webb 2000). The NRI is a 

negative value of  standardized effect size of  MPD, for which the observed MPD was standardized by 999 

simulated MPDs generated by drawing species with equal probability from the phylogenetic distance 

matrix (“phylogeny.pool” null model) representing the species pool, in which only species occurring in all 

the local communities were retained. A positive NRI indicates that the species in the observed community 

are more closely related than expected based on the null communities. A negative NRI, on the contrary, 

indicates that species within a local community were more distantly related to each other than expected. 

NRI was calculated using the function ses.mpd implemented in the R package “picante” (Kembel et al. 

2010) for phylogenetic distance matrix or trait distance matrix using species presence/absence or density 

data. 

Since considering different definitions of  species pools may help to inspect assembly processes at 

different spatial or taxonomic levels (Emerson and Gillepsie 2008, Lessard et al. 2012), NRI was 

calculated based on the following definitions of  species pools: (1) a total species pool considering all 

species recorded in the study (i.e., entire phylogenetic tree including all species); (2) habitat-specific 

species pools based on species occurrence in a certain habitat type: arable fields (37 species), grasslands 

(43 species) and forests (52 species; Figure S4.1). A significant pattern found in local communities after 

constraining the randomization process within a certain habitat-specific pool indicates that other factors 

beside the broad-defined habitat type influence community assembly at the local scale. These factors may 

relate to the microhabitat conditions, e.g. soil moisture, food resources, etc.; (3) soil horizontal species 

pools according to the data on vertical stratification of  different species: epedaphic (surface-living, 19 

species), hemiedaphic (sub-surface-dwelling, 30 species) and euedaphic (soil dwelling, 26 species; 

Figure S4.2). Species vertical stratification is relevant to the scale at which individuals likely interact; (4) 

different taxonomic (phylogenetic) scales at higher taxonomic levels including Entomobryomorpha (34 

species), Poduromorpha (20 species) and Symphypleona (18 species), and at lower taxonomic levels for 

Entomobryoidea (14 species) and Isotomidae (17 species; Figure S4.3). Analyses across different 

taxonomic scales can help to inspect how evolution may have influenced contemporary species 

coexistence (Silver et al. 2012, Tanaka and Sato 2015), and assembly processes may differ between 

phylogenetic lineages (Ndiribe et al. 2013, Elliott et al. 2016). For each of  the defined species pools, only 

the species belonging to the pool were retained in the community dataset as well as in the phylogenetic 

and trait distance matrices. 
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Since the aim of  the study was to infer assembly processes of  Collembola in different habitats, the six 

sites were treated as replicates, and phylogenetic and trait NRI in each habitat was tested using Wilcoxon 

signed rank test against “0”, which indicated a randomly assembled community. Kruskal-Wallis rank sum 

test was applied to compare NRI values among habitats. 

Results 

Phylogenetic and trait structures between communities 

In total, 6,323 Collembola individuals were collected, with 75 morphologically defined species. 

Phylogeny-weighted community structures significantly differed among habitats (R2 = 0.321, P = 0.006, 

ADONIS). However, trait-weighted community structures were not different among habitats (R2 = 0.292, 

P = 0.051, ADONIS). Communities from forests were associated with Neelipleona and the clade 

comprising Poduromorpha and Symphypleona, with higher scores at PCPS 1 than that in grasslands and 

arable fields (P = 0.019, Kruskal-Wallis rank sum test), while at PCPS 2 communities in arable fields were 

associated with species of  Isotomidae (Figure 4.1). 
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Figure 4.1 
Scatter diagram of  phylogenetic-weighted structure of  Collembola communities (PCPS). Polygons encompass 
replicates of  the same habitats. Only Collembola species significantly correlated to the axes are plotted with names 
and the others with cross symbols.
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Phylogenetic relatedness and trait similarities of  coexisting species 

When all the species were used as species pool, co-occurring Collembola showed phylogenetic 

overdispersion in forests (phylogenetic NRI = -0.82 ± 0.21, mean ± SE; P = 0.031, Wilcoxon test). Mean 

phylogenetic relatedness of  species inhabiting forests was significantly lower than those inhabiting arable 

fields and grasslands (P = 0.019, Kruskal-Wallis test). Accounting for species density, communities in 

arable fields showed phylogenetic clustering (phylogenetic NRI = 1.68 ± 0.37; P = 0.031, Wilcoxon test), 

indicating that abundant species in arable fields were closely related phylogenetically. Trait similarities in 

local communities, however, were not significantly different from random patterns in either of  the three 

habitats, irrespective of  using species presence/absence or density data (Table 4.1). 

When the species pool was defined according to habitat types, similar patterns were detected to those 

using the entire species pool. In contrast, when the species pool was defined by vertical stratification of  

species, local communities exhibited different patterns of  phylogenetic relatedness and trait similarity 

among different habitats. For epedaphic species, abundant species in grasslands and forests showed 

phylogenetic clustering, while forest species exhibited similar traits irrespective of  whether species 

presence/absence or density data was considered. For hemiedaphic species, abundant species in arable 

fields and grasslands showed phylogenetic clustering, while species present in forests exhibited 

phylogenetic overdispersion and similar traits. Phylogenetic relatedness of  the occurrence of  hemiedaphic 

species was low in forests, intermediate in arable fields and high in grasslands. For euedaphic species, 

community phylogenetic relatedness and trait similarity in each of  the three habitats were not different 

from random communities (Table 4.1). 

At different taxonomic scales (phylogenetic clades), Collembola communities differed in their 

phylogenetic relatedness and trait similarities among the three habitats. At the order level, 

Entomobryomorpha, including Entomobryoidea, Tomoceridae and Isotomidae, showed similar patterns 

as compared to those using the entire species pool. When species densities were considered, weak but 

significantly similar traits were found in Symphypleona inhabiting arable fields, while phylogenetic 

overdispersion was detected in Poduromorpha living in forests. At the family level, Entomobryoidea in 

grasslands were from close relatives when species densities were considered, but displayed various traits 

when presence/absence data was used. In forests Entomobryoidea were phylogenetically clustered and 

carried similar traits when densities were considered. In contrast, Isotomidae in arable fields and 

grasslands showed phylogenetic overdispersion, while in forests they were phylogenetically closely related 

when densities were considered (Table 4.1, Figure S4.3). 

Discussion 

In this study we explored and compared phylogenetic and trait patterns of  Collembola assemblages 

among arable fields, grasslands and forests, and inferred potential mechanisms driving Collembola 
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Table 4.1
Phylogenetic and trait structures represented by Net Relatedness Index (NRI; mean ± standard error), based on 
species occurrence (presence/absence, p/a) or density (abundance) of  Collembola assemblages collected in 
different types of  habitats. Different species pool definitions and taxonomic scales were applied. Numbers in 
parentheses indicate number of  species in the species pool. A mean NRI value significantly different from zero (P 
< 0.05, Wilcoxon signed rank test) is marked in bold, with color in red indicating clustering and in blue 
overdispersion. Asterisks indicate NRI values significant different among habitats (P < 0.05, Kruskal-Wallis rank 
sum test).

Species pool definition Habitat
Phylogenetic NRI Trait NRI

p/a Abundance p/a Abundance
All species pool (75) Arable -0.04 ± 0.27 * 1.67 ± 0.37 0.74 ± 0.51 0.80 ± 0.34

Grassland 0.76 ± 0.40 * 1.13 ± 0.51 1.20 ± 1.04 0.94 ± 0.84
Forest -0.82 ± 0.21 * 0.15 ± 0.38 -0.18 ± 0.29 0.22 ± 0.22

Habitat pool Arable (37) -0.26 ± 0.27 * 1.42 ± 0.34 0.17 ± 0.57 0.61 ± 0.34
Grassland (43) 1.01 ± 0.47 * 1.14 ± 0.47 0.12 ± 0.87 0.44 ± 0.69
Forest (52) -0.84 ± 0.22 * 0.17 ± 0.38 0.42 ± 0.37 0.41 ± 0.24

Vertical stratification pool
Epedaphic (19) Arable 0.03 ± 0.39 0.51 ± 0.54 -0.19 ± 0.52 -0.41 ± 0.40 *

Grassland 0.72 ± 0.61 1.09 ± 0.25 -0.07 ± 0.39 -0.75 ± 0.48 *
Forest 0.85 ± 0.59 1.40 ± 0.30 1.67 ± 0.52 1.88 ± 0.17 *

Hemiedaphic (30) Arable 1.17 ± 0.40 * 1.60 ± 0.36 -0.05 ± 0.40 -0.43 ± 0.32
Grassland 1.47 ± 0.47 * 1.64 ± 0.38 -0.36 ± 0.62 -0.36 ± 0.55
Forest -0.88 ± 0.18 * 0.57 ± 0.50 -1.32 ± 0.13 -0.82 ± 0.34

Euedaphic (26) Arable -0.51 ± 0.19 -0.52 ± 0.27 -0.18 ± 0.31 -0.07 ± 0.28
Grassland -0.62 ± 0.19 -0.55 ± 0.26 0.02 ± 0.24 0.00 ± 0.12
Forest 0.28 ± 0.39 -0.18 ± 0.26 0.30 ± 0.34 0.71 ± 0.35

Taxonomic scale
Order level
Entomobryomorpha (34) Arable 0.07 ± 0.30 0.80 ± 0.13 -0.40 ± 0.35 0.19 ± 0.31

Grassland 0.45 ± 0.36 0.67 ± 0.29 -0.27 ± 0.43 0.38 ± 0.41
Forest -0.48 ± 0.17 0.12 ± 0.24 0.32 ± 0.53 -0.15 ± 0.27

Symphypleona (18) Arable -0.08 ± 0.71 -0.06 ± 0.76 0.80 ± 0.35 0.63 ± 0.26
Grassland -0.35 ± 0.71 0.03 ± 0.68 1.23 ± 0.39 1.24 ± 0.19
Forest -0.38 ± 0.22 -0.33 ± 0.26 0.28 ± 0.53 0.48 ± 0.48

Poduromorpha (20) Arable -0.24 ± 0.50 -0.16 ± 0.39 0.56 ± 0.72 0.64 ± 0.57
Grassland -0.19 ± 0.27 -0.32 ± 0.34 -0.66 ± 0.13 -0.60 ± 0.25
Forest -0.50 ± 0.27 -0.57 ± 0.12 -0.06 ± 0.32 0.17 ± 0.22

Lower levels
Entomobryoidea (14) Arable 1.03 ± 0.97 1.05 ± 0.83 -0.66 ± 0.35 * -0.61 ± 0.30 *

Grassland 1.66 ± 0.75 1.58 ± 0.31 -0.68 ± 0.13 * -0.48 ± 0.32 *
Forest 0.25 ± 0.37 1.40 ± 0.11 1.68 ± 0.61 * 1.67 ± 0.17 *

Isotomidae (17) Arable -0.52 ± 0.07 * -0.46 ± 0.21 * 0.47 ± 0.62 0.40 ± 0.33
Grassland -0.46 ± 0.15 * -0.21 ± 0.21 * 0.81 ± 0.69 0.96 ± 0.50
Forest 0.72 ± 0.31 * 0.35 ± 0.06 * -0.33 ± 0.24 0.03 ± 0.22
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assemblages using community phylogenetic approaches. We found strong phylogeny-habitat associations, 

with Isotomidae generally associated with arable fields and Neelipleona, Poduromorpha and 

Symphypleona with forests. Our results generally support the hypothesis that Collembola communities in 

disturbed habitats such as arable fields are mainly driven by environmental filtering and those in stable 

habitats such as forests are based on competitive interactions or niche partitioning. 

Phylogeny-habitat associations 

Phylogeny-weighted community structures of  Collembola separated well based on the habitats that 

associated strongly with phylogenetic lineages. In the phylogenetic tree, Isotomidae and Entomobryoidea 

derived earlier than the other Collembola groups. Their associations with disturbed environments, here 

represented by arable fields and grasslands with fluctuating temperature and humidity, likely reflected 

their early terrestrialization history and exposure to harsh environments. Development of  forest habitats 

later on was likely accompanied by the diversification of  other Collembola groups such as Symphypleona 

and Poduromorpha. This indicates that different phylogenetic groups remained associated with certain 

types of  habitats. However, as pointed out in Chapter 2, the phylogenetic relationships between 

Collembola orders remain to be resolved.  

Since disturbance regimes differed between arable fields and forests, phylogeny-habitat associations 

were likely mediated by disturbance-tolerant traits and related to moisture and habitat preferences of  

species (Makkonen et al. 2011, Widenfalk et al. 2015). Presumably, species with close phylogenetic 

affinities share similar physiological traits reflecting adaptation to disturbance regimes. However, to prove 

this idea, physiological traits need to be measured directly and the phylogenetic signal of  the traits needs 

to be tested. 

Community assembly in different habitats 

The low phylogenetic relatedness in disturbed habitats, represented by the arable fields in this study, is 

consistent with the low relatedness in other communities at high altitudes or in disturbed habitats (Ding 

et al. 2012, Pellissier et al. 2013, Gianuca et al. 2014). Harsh environments likely select for species with 

similar traits e.g. those for coping with stress (Widenfalk et al. 2015), and these traits are likely to exhibit 

phylogenetic signal (Silvertown et al. 2006). Although all the traits analyzed in this study exhibited 

phylogenetic signal (Chapter 2), phylogenetic clustering in communities inhabiting arable fields did not 

translate into trait similarity, i.e., not different from randomness, suggesting that while some of  the 

examined traits were filtered by disturbance in arable fields, other traits included in this study likely 

differed among coexisting species and were presumably driven by niche partitioning. Traits exhibiting 

phylogenetic signal but not included in this study, e.g. those related to drought and heat tolerance (Dias et 

al. 2013, Chen et al. 2017, Chapter 3), might be more relevant to the environmental filtering process. 
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In contrast, Collembola communities in forests were phylogenetically overdispersed, suggesting that 

assemblages of  Collembola in stable habitats are based on competitive interactions, as argued in an earlier 

trait-based study on Collembola (Widenfalk et al. 2016). While little is known on the role of  interspecific 

competition in community assembly of  Collembola (Caruso et al. 2013), there is evidence that predator-

prey interactions may regulate Collembola communities (Schneider and Maraun 2009, Birkhofer et al. 

2010, Caruso et al. 2013). We therefore suggest that phylogenetic overdispersion and trait dissimilarity 

reflect resource-based niche partitioning. Stable habitats such as forests allow the establishment of  

complex soil food webs that include several trophic levels from primary decomposers to predators (Scheu 

and Falca 2000, Digel et al. 2014). Collembola species in forests span several trophic levels (Chahartaghi 

et al. 2005, Hishi et al. 2007, Pollierer et al. 2009, Hyodo et al. 2010) with taxonomically related species 

occupying similar trophic niches as represented by stable isotope signatures (Potapov et al. 2016). 

Phylogenetic overdispersion in forests therefore likely resulted from the presence of  species affiliated to a 

variety of  phylogenetic clades. This variety allows the community to cover a wide range of  trophic niches 

and thereby completely exploit the available resources. Notably, when the species pool was defined based 

on the forest habitat, Collembola communities were still phylogenetically overdispersed in forests, 

suggesting that factors other than those associated with the broadly defined habitat, presumably local 

micro-habitat characteristics or food resources, influenced community assembly. Spatial heterogeneity 

across vertical soil layers in forests likely resulted in phylogenetic overdispersion (Berg et al. 1998, Berg 

and Bengtsson 2007). Sampling at a finer vertical spatial scale is needed to prove this idea. 

Other scenarios also likely resulted in phylogenetic overdispersion in Collembola communities 

inhabiting forests, such as environmental filtering for phylogenetically convergent traits, a pattern in 

which distantly related species share similar traits (Emerson and Gillespie 2008). The morphological traits 

considered in this study, however, all exhibited phylogenetic signal and presumably more related to abiotic 

factors, pointing to the need to consider other types of  traits such as those related to resource 

exploitation or interspecific competition. For soil animals, integrating stable isotope signatures, neutral 

lipid fatty acid composition and molecular gut content and microbiome analyses will shed new light on 

their trophic niches (Ferlian and Scheu 2014, Heidemann et al. 2014, Ferlian et al. 2015, Potapov et al. 

2016, Chen et al. 2017, Gong et al. submitted), and these need to be considered as functional traits and 

included in future phylogenetic and trait-based analyses. 

Species pool definitions 

When the species pool was defined based on vertical stratification of  species, a spatial scale where 

species are more likely to interact, the abundant epedaphic species in forests exhibited phylogenetic 

clustering with similar traits, suggesting that environmental filtering predominantly worked on the traits. 

For example, two congeneric species, Lepidocyrtus lanuginosus and L. lignorum, shared a number of  traits and 

always coexisted in forests. In contrast, hemiedaphic Collembola in forests presumably were driven by 

niche partitioning that likely resulted in phylogenetic overdispersion. Species assigned to this category 
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typically migrate between different soil layers and possess various traits. In deep soil (euedaphic 

communities), in contrast, community assembly was likely driven by stochastic processes or a balance 

between environmental filtering and niche partitioning, as indicated by randomness in both phylogenetic 

relatedness and trait similarity. However, in this study we used data on vertical stratification compiled 

from literature without proving if  this also applied to the study sites. Further studies at a finer spatial scale 

of  the vertical community composition along soil profiles are needed to explore coexistence patterns at 

the scale relevant to species interactions (Maaß et al. 2015).  

Using different species pools defined by phylogenetic (taxonomic) groups may help to infer 

mechanisms driving communities across different hierarchical taxonomic groups and between different 

phylogenetic groups, although species may interact with each other irrespective of  their phylogenetic 

affinities. Species of  the same phylogenetic clade usually possess similar traits. Controlling the similarity at 

a higher level and then exploring patterns at a lower level may therefore reveal the patterns and processes 

working at the lower level, likely improving the detection of  overdispersion (Swenson et al. 2006, 

Cavender-Bares et al. 2006, Elliott et al. 2016). Analyses confined to single phylogenetic clade in this study 

suggest that community assembly processes vary with taxonomic levels and between phylogenetic 

lineages. At the order level, phylogenetic and trait patterns in Entomobryomorpha resembled those if  

total Collembola was used as species pool. In contrast, community assembly processes in Symphypleona 

and Poduromorpha differed from those of  total Collembola, with trait-based environmental filtering 

being important for Symphypleona in arable fields and niche partitioning for Poduromorpha in forests. 

At lower taxonomic level, phylogenetic clustering and similar traits of  Entomobryoidea inhabiting forests 

point to the importance of  environmental filtering working on the abundant species. In grasslands co-

occurring Entomobryoidea species possessed divergent traits, including pigmentation and numbers of  

ommatidia, suggesting that niche partitioning played a major role. However, Entomobryoidea in 

grasslands exhibited phylogenetic clustering when species densities were accounted, presumably resulting 

from environmental filtering that selected other unmeasured traits. Interestingly, community assembly 

processes in Isotomidae differed from those of  other Collembola taxa. Isotomidae inhabiting arable fields 

and grasslands were likely structured via niche partitioning, while environmental filtering dominated in 

Isotomidae inhabiting forests, the latter being most evident in Folsomia species. 

Integration of  phylogenetic, trait and comparative approaches 

The community phylogenetic framework was proposed by plant ecologists 15 years ago and thereafter 

proven by its ability to infer assembly processes (Webb et al. 2002, Cavender-Bares et al. 2009, Vamosi et 

al. 2009). Application of  this method to soil biota, however, just started recently and so far is restricted to 

fungi (Bässler et al. 2014, Thorn et al. 2016), nematodes (Li et al. 2014), termites (Hausberger and Korb 

2015, Hausberger and Korb 2016) and beetles (Andújar et al. 2015, Thorn et al. 2016). Our study 

provides an example of  integrating community phylogenetic and trait-based approaches in studies on the 

assembly processes of  one of  the most diverse soil microarthropod groups, Collembola. The 
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phylogenetic signal first needs to be tested using comparative methods for process-related traits, such as 

Collembola body shape, body length, pigmentation, number of  ommatidia, reproductive mode and 

vertical stratification that reflect species associations with the habitats (Salmon et al. 2014, Malcicka et al. 

2017; Chapter 2). Significant differences in community phylogenetic relatedness then provide evidence 

on assembly processes, as shown in Collembola inhabiting arable fields and forests exhibiting different 

phylogenetic relatedness. In this approach phylogenetic information is used as a surrogate for functional 

similarity (Kembel 2009, Mouquet et al. 2012, Cadotte et al. 2013). However, other traits such as those 

related to dietary resources may be phylogenetically labile (Chen et al. 2017, Chapter 3) and therefore 

phylogeny may be of  limited value as a proxy for traits. If  these labile traits are at work, trait values of  

individual species need to be measured and trait-based approaches instead of  community phylogeny need 

to be adopted. Nevertheless, since species phylogeny and traits are not mutually exclusive but 

complemented each other (Cadotte et al. 2013), integrating information on both functional traits and 

phylogenetic relationships promises major progress in understanding of  assembly processes not only for 

aboveground biota but also for belowground organisms. 
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Figure S4.3 
Densities of  Collembola collected from the study sites plotted against the ultrametric phylogenetic tree. Size of  
circles represents standardized relative density of  a species in a given community. Color of  circles represent habitat 
type a species was sampled. Colors in the species names indicate vertical stratification of  species. See Figure 2.4 and 
Chapter 2 for details on phylogenetic reconstruction of  Collembola.
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Chapter 5 

Inferring assembly processes of  Collembola communities along 

successional trajectories using phylogenetic approaches 
Ting-Wen Chen, Gerrit Moser, Apolline Auclerc, Jean-François Ponge, Sébastien Barot, Florence Dubs, 

Stefan Scheu 

Abstract 

Understanding ecological and evolutionary processes in community assembly can help to explain 

species coexistence of  soil biota. Along successional trajectories, dispersal of  species interacting with 

selection processes determines species composition in local communities. Intermediate dispersal with 

local environmental selection results in “species sorting” according to metacommunity theory, while 

frequent dispersal leads to “mass effect”. As a consequence, the community may show a random pattern 

in early stages of  succession but may follow deterministic pathways in later stages. In this study, we 

applied community phylogenetic approaches to a manipulative soil block experiment (Auclerc et al. 2009; 

Soil Biology and Biochemistry 41, 1596–1604), to infer factors influencing community assembly of  soil 

springtails (Hexapoda: Collembola) during succession in forest and meadow soil. Soil blocks were 

defaunated and/or exchanged, and Collembola colonization from surrounding habitat into soil blocks 

was monitored one week, one month and six months after soil block reinstallation to the fields. We found 

phylogenetic signal of  species preference to the soil types and of  their dispersal ability in meadow but not 

in forest. Community assembly processes in meadow were predominated by niche partitioning, while in 

forest environmental filtering was the main driver. While environmental filtering continuously influenced 

Collembola community assembly in forest during the whole succession period, niche partitioning worked 

during Collembola succession in meadow and was significant at the later successional stage. Our results 

also indicate that soil properties of  the defaunated and transferred blocks influenced community 

assembly of  Collembola at initial stages of  succession, in line with the species sorting scenario of  

metacommunity theory, while at later stages community assembly was dominated by mass effect. 

Furthermore, indigenous Collembola species survived in forest soil blocks that were transferred to the 

meadow habitat. In contrast, while most indigenous meadow species transferred to forest did not survive, 

Isotomidae species survived in meadow soil blocks and likely also immigrated from the surrounding 

forest habitat. 

Keywords 
ancestral state estimation; community phylogeny; dispersal ability; experimental manipulation; habitat 

preference; phylogenetic signal; phylogeny; springtail; soil preference; succession; transfer experiment 
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Introduction 

Composition of  biotic community is influenced by both ecological and evolutionary processes 

(Vellend, 2010, 2016). In a metacommunity, local communities are connected via individual dispersal, 

interacting with habitat selection processes such as environmental filtering and species interactions that 

together drive local community composition (Leibold et al. 2004). In local communities, species possess a 

number of  traits reflecting both habitat selection and dispersal processes. Traits associated with habitats, 

e.g. physiological attributes, may reflect environmental requirements of  a species. Other traits such as 

morphological characters may directly link to species dispersal abilities in a habitat (Ponge et al. 2006, 

Auclerc et al. 2009, Pey et al. 2014). However, species traits not only are the characters which 

contemporary assembly processes are based on, but also reflect adaptation of  species to the environment 

during evolutionary history, thus showing phylogenetic signal (Liu et al. 2015). Therefore, contemporary 

ecological processes, such as habitat selection and dispersal, work on (or relate to) species traits that have 

been shaped by past processes, and result in current patterns of  community assembly. 

Relative strengths of  assembly processes may vary during colonization of  species in new habitats, 

resulting in dynamic changes in community assembly patterns with time (Emerson and Gillespie 2008, 

Purschke et al. 2013, Li et al. 2014). At early successional stages, species arrive via dispersal from source 

habitats; species with high dispersal ability recolonize faster than poor dispersers (Emerson and Gillespie 

2008). At these stages dispersal likely overwhelms the influence of  local environments, resulting in the 

“mass effect” scenario, i.e., similar compositions of  local communities. In later stages of  succession, 

communities likely follow deterministic trajectories influenced by habitat selection, i.e., environmental 

filtering and biotic interactions (Purschke et al. 2013, Letten et al. 2014). Selection by the habitats results 

in the “species sorting” scenario, in which community compositions correlate with local abiotic and/or 

biotic factors. 

To uncover the processes predominant during succession, community phylogeny offers an analytical 

framework, in which phylogenetic distances of  species are used as a surrogate for the differences in traits, 

assuming that process-related traits exhibit phylogenetic signal (Cavender-Bares et al. 2009, Cadotte et al. 

2013, de Bello et al. 2015). If  traits are phylogenetically conserved (i.e., related species share similar traits), 

a community composed of  phylogenetically closely related species suggests environmental filtering as 

major structuring force. In contrast, low relatedness between coexisting species suggests the dominance 

of  biotic interactions, such as competition or niche partitioning (Webb et al. 2002, Cavender-Bares et al. 

2009). Furthermore, a phylogeny-weighted community matrix (Pillar and Duarte, 2010) allows to measure 

phylogenetic dissimilarities between local communities. This matrix, combined with principle coordinate 

analysis, generates principal coordinates of  phylogenetic structure of  a metacommunity, allowing to 

identify phylogenetic clades associated with different habitats (Duarte 2011, Duarte et al. 2016). 

Compared to studies on aboveground community succession, assembly processes of  belowground 

community are little known, despite the tremendous biodiversity in soil ecosystems (Anderson 1975, 
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Bardgett and van der Putten 2014). Collembola (springtails) are among the most abundant and diverse 

soil invertebrates which contribute to organic matter decomposition processes and nutrient cycling 

(Petersen and Luxton 1982, Rusek 1998, Schaefer et al. 2009). Distinct community composition of  

Collembola in different habitats suggests that assembly processes are related to local abiotic and biotic 

factors (Caruso et al. 2013, Salmon et al. 2014). Collembola communities also change along successional 

gradients (Dunger et al. 2004, Huebner et al. 2012, Perez et al. 2013), likely following the “mass effect” 

scenario via frequent dispersal from the source habitats (Ingimarsdóttir et al. 2012). After arrival in new 

habitats, however, local environmental conditions likely drive communities in certain directions. As 

indicated by a field observational study on Collembola assembly processes (Chapter 4) using community 

phylogenetic approaches, Collembola assemblages are likely driven by environmental filtering in disturbed 

environments, while niche partitioning is more prominent in a stable habitat. However, to further 

understand assembly processes of  Collembola during succession, a combined approach of  community 

phylogeny and manipulative experiments is needed. 

The experiment of  Auclerc et al. (2009) offers a model system to examine assembly processes during 

succession of  soil animal community in contrasting habitats. In this study, the authors eradicated animals 

from meadow and forest soil blocks, and then transferred the soil blocks back to the original habitat or to 

new habitats (Table 5.1). Individual Collembola species were ascribed to different groups in respect of  

dispersal ability and habitat preferences based on monitoring species recolonization in the soil blocks. In 

the present study, we took a community perspective with a focus on assembly processes of  Collembola 

recolonizing the soil blocks. We reanalyzed the data of  Auclerc et al. (2009) using (meta)community 

phylogenetic approaches. We analyzed phylogenetic signal and ancestral states of  dispersal abilities and 

environmental preferences of  the species examined in Auclerc et al. (2009), to infer how the ecological 

preferences of  Collembola and their dispersal abilities in habitats have evolved. Then, we inferred 

assembly processes of  Collembola communities inhabiting meadow and forest and at different 

successional stages. We examined effects of  soil origin on community succession patterns and assembly 

processes in defaunated blocks, as well as the fate of  indigenous species after soil blocks were transferred 

to a new habitat. 

We hypothesized that (1) community structures and phylogeny-weighted structures both differ 

between meadow and forest but not between sampling time; communities in meadow exhibit 

phylogenetic clustering due to environmental filtering resulting from disturbances, e.g. mowing and 

grazing, while forest communities show phylogenetic overdispersion resulting from niche partitioning in a 

stable environment. (2) At early successional stages drift predominates resulting in random patterns of  

phylogenetic relatedness in defaunated blocks, while selection drives communities to deterministic 

patterns at later successional stages. (3) Successional patterns in defaunated soil blocks differ between 

transferred soil blocks and those remained in the original habitat. (4) Community structures in untreated, 

transferred soil blocks change gradually from those installed in the original habitat to those in the 

transferred habitat (Table S5.1). 
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Materials and Methods 

Collembola communities  

We reanalyzed the data of  Collembola community used in Auclerc et al. (2009). The original 

experiment was conducted between December 2005 and June 2006 in Morvan Regional Natural Park in 

Burgundy, France. Sixty soil blocks (15 cm in diameter and 10 cm in depth) were sampled from a meadow 

and another 60 soil blocks from a mixed forest nearby. For each habitat, 30 soil blocks were frozen at 

-20°C for one week to eradicate soil animals, and the other 30 blocks were left undisturbed. Fifteen 

defaunated and 15 undisturbed blocks were installed back to their original habitat, while the other 15 

defaunated and 15 untreated blocks were transferred to the respective other habitat. The manipulations 

resulted in eight treatments with 15 soil blocks each (Table 5.1). The soil blocks were sampled again in 

three time intervals: one week (T1), one month (T2) and six months (T3) after installation. For each 

sampling interval, five blocks per treatment were randomly selected and used as replicates in the following 

statistical analyses. Soil animals were extracted from the blocks using heat and Collembola were identified 

to species level. For more details on the experiment see Auclerc et al. (2009).  

Collembola phylogeny 

Forty-nine species of  Collembola were found in the untreated blocks installed in the original habitats 

(WFF and WMM; Table 5.1) and were used as the regional species pool in the community phylogenetic 

analyses. Collembola phylogeny of  the regional species pool was constructed using six genetic markers, 

including 18S rRNA, 28S rRNA (D1, D2 and D3-D5 regions), Histone H3 and Cytochrome Oxidase I 

(COI). Sequences were downloaded from Genbank with the Accession Number listed in Table S5.2. For 

species for which none of  the above molecular sequences were available, sequences of  congeneric species 

were used. In case of  lack of  congeneric sequences, taxa were grafted to the most recent common 

ancestors according to the taxonomy (Table S5.2). 
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Table 5.1
Eight treatments used in Auclerc et al. (2009). Soil blocks were sampled from meadow or forest, defaunated or 
untreated and installed to the original or the respective other habitat. For example, WMF indicates untreated soil 
blocks with fauna (W) originated from meadow (M) and installed in forest (F). Each of  the treatments was 
replicated in 15 soil blocks. Five replicates per treatment were sampled at each of  the three intervals, T1 (one 
week), T2 (one month) and T3 (six months) after soil block installation.

Habitat Defaunation
Soil block installation to

Original habitat Respective other habitat
Meadow Untreated WMM WMF

Defaunated OMM OMF
Forest Untreated WFF WFM

Defaunated OFF OFM
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Sequences of  each marker were aligned with outgroup taxa Zygentoma (Insecta), Machilis (Insecta: 

Archaeognatha) and Callibaetis (Insecta: Palaeoptera) using R functions AlignSeqs and AdjustAlignment for 

18S and 28S rRNA (package “DECIPHER”; Wright 2015) and msa for Histone H3 and COI, setting gap 

opening penalty to 15 and gap extension penalty to 6.6 (package “msa”; Bodenhofer et al. 2015). For each 

genetic marker the aligned sequences were trimmed to the same length. The best model of  sequence 

evolution of  each genetic marker was estimated using jModelTest 2.1.4 on the basis of  the Akaike 

information criterion (AIC; Guindon and Gascuel, 2003, Darriba et al. 2012). Ribosomal 18S and 28S 

markers and COI were fitted with GTR+I+G model, while Histone H3 was fitted with SYM+I+G. In 

each marker set, terminal gaps at the beginning and the end of  sequences varied in length and were 

replaced by “?”, and all the six markers was concatenated in a supermatrix (3,073 bp) using 

SequenceMatrix 1.8 (Vaidya et al. 2011). Collembola phylogeny was inferred using Bayesian Inference (BI; 

MrBayes 3.2.4; Ronquist et al. 2012), setting the model of  sequence evolution separately for the six 

markers, two independent runs, four chains, 2,000,000 generations, 0.1 temperature and 0.5 burn-in 

fraction; other parameters were set as default. 

The resulting tree (Figure S5.1a) was transformed to an ultrametric tree using a penalized likelihood 

approach by assuming different models of  substitution rate variation among branches, i.e., correlated, 

relaxed, discrete and strict clock models, using the function chronos implemented in the R package 

“ape” (Paradis et al. 2004). The best ultrametric tree was selected based on the smallest PHIIC value, a 

criterion analogous to AIC reflecting the best model fit to the data (Paradis  2013).  The ultrametric tree 

based on the strict clock model was selected, and the species without available sequences (Gisinianus 

flammeolus and Stenognathellus denisi) were grafted to the most recent common ancestors according to the 

taxonomy using the function add.species.to.genus implemented in the R package “phytools” (Revell 2012). 

This tree was then used in comparative analyses of  species preferences for habitats and phylogenetic 

analyses of  community (Figure S5.1b). 

Phylogenetic comparative methods 

Collembola preferences for habitat and soil and dispersal abilities in meadow and forest reported in 

Auclerc et al. (2009) were tested for phylogenetic signal (Table S5.2). Species for which data on soil 

preference were lacking were removed from the corresponding analysis. Characters of  species were 

mapped onto the phylogenetic tree and phylogenetic signal was measured using Pagel's lambda (Pagel 

1999, Freckleton et al. 2002) by the function fitDiscrete implemented in R package “geiger” (Harmon et al. 

2008). An appropriate model of  character evolution was estimated from one of  the equal-rates (ER), 

symmetric (SYM) and all-rates-different (ARD) models using likelihood comparison. The ER model was 

selected for habitat and soil preferences, while the SYM model was selected for dispersal ability in 

meadow and forest. A star-like tree (lambda 0) was then transformed from the original tree (lambda 1). 

Likelihoods of  the distribution of  character states among species were compared, given the lambda 1 and 

lambda 0 trees. If  the lambda 0 tree was rejected, the character showed phylogenetic signal. An optimal 
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lambda value was then estimated which represented the strength of  phylogenetic signal (Pagel 1999, 

Freckleton et al. 2002). 

For the characters exhibiting phylogenetic signal, ancestral states of  characters were estimated using 

stochastic character mapping (Huelsenbeck et al. 2003, Bollback 2006) by the function make.simmap 

implemented in the R package “phytools” (Revell 2012). Transition of  character state was assumed 

following the ER model. Prior distribution on root node was estimated from tip character states. 

Transition matrix Q was sampled 1,000 times from the posterior probability distribution using Bayesian 

MCMC. Then, 1,000 stochastic maps were simulated which were conditioned by the sampled value of  Q. 

Numbers of  character state transitions in the tree were reported as mean and median, and posterior 

probabilities of  character states were mapped to the tree nodes. 

Community composition and phylogenetic structure 

For each community assembly hypothesis, a respective metacommunity was defined as a combination 

of  several treatments (Table S5.1). Differences in community compositions were calculated based on 

Bray-Curtis dissimilarity between communities, resulting in a phylogeny-unweighted distance matrix. 

Effects of  treatment and sampling interval on community compositions were tested by distance-based 

multivariate analysis of  variance (ADONIS) with 9,999 permutations using the function adonis 

implemented in the R package “vegan” (Oksanen et al. 2015). If  treatments had significant effects on 

community compositions, principle coordinate analysis (PCoA) was performed to visualize community 

compositions using the function pcoa implemented in the R package “ape” (Paradis et al. 2004). Pearson 

correlation coefficients of  site scores and species abundance at each PCoA axis were calculated using 

function cor.test. P-values of  correlation tests were adjusted using Benjamini and Hochberg corrections 

(BH; Benjamini and Hochberg 1995). Treatment effects on site scores of  the PCoA axes were tested 

using Kruskal-Wallis rank sum test followed by the Dunn’s test with BH corrections for multiple 

comparisons. 

Furthermore, community compositions were weighted by species phylogenetic relationships using the 

phylogenetic fuzzy-weighting method (Pillar and Duarte 2010) implemented in the R package 

“SYNCSA”; Debastiani and Pillar 2012). ADONIS was then used to test treatment effects on the 

phylogeny-weighted community compositions. If  treatments had significant effects, phylogeny-weighted 

community compositions were applied to PCoA using the function pcps implemented in the R package 

“PCPS” (Debastiani and Duarte 2014), resulting in principal coordinates of  phylogenetic structures 

(PCPS) of  the respective metacommunity. Pearson correlation coefficients of  site scores and species 

abundance at each PCPS axis were tested as described above. Treatment effects on PCPS using Kruskal-

Wallis rank sum test followed by the Dunn’s test were tested as described above. 
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Community phylogenetic relatedness 

Phylogenetic relatedness of  coexisting species in local communities was calculated based on species 

pairwise phylogenetic distances obtained from the ultrametric tree using the function cophenetic.phylo 

implemented in R package “ape” (Paradis et al. 2004). Mean pairwise phylogenetic distance (MPD) and 

mean nearest taxon distance (MNTD) of  a local community were calculated and Net Relatedness Index 

(NRI) and Nearest Taxon Index (NTI) were calculated based on MPD and MNTD to represent overall 

species relatedness and terminal species relatedness of  a local community, respectively (Webb 2000). The 

NRI is a negative value of  the standardized effect size of  the MPD, for which the observed MPD was 

standardized by 999 simulated MPDs generated by drawing species with equal probability from the 

phylogenetic distance matrix (“phylogeny.pool” null model). Similarly, the NTI is a negative value of  the 

standardized effect size of  the MNTD, for which the observed MNTD was standardized by 999 

simulated MNTDs. A positive NRI or NTI indicates more closely related species as compared to the 

“null” communities. A negative NRI or NTI, on the contrary, indicates more distantly related species in a 

local community. NRI and NTI were calculated using the function ses.mpd and ses.mntd implemented in R 

package “picante”, respectively (Kembel et al. 2010), based on species presence/absence or abundance 

data. 

To infer community assembly processes in each treatment, Student’s t-test was used to test mean 

phylogenetic relatedness of  the five replicates of  a treatment against “0”, which indicates a randomly 

assembled community. P-values were adjusted by the number of  treatments within a metacommunity 

using BH corrections. Kruskal-Wallis rank sum test was applied to test effects of  treatments on NRI or 

NTI, followed by the Dunn’s test with BH corrections. 

Results 

Evolution of  species preferences for habitats and dispersal abilities 

Among the four characters published in Auclerc et al. (2009), only soil preference and dispersal ability 

in meadow exhibited phylogenetic signal (soil preference: lambda = 0.881, P = 0.003; dispersal ability in 

meadow: lambda = 0.498, P = 0.020; Figure 5.1a, b).  

The most likely ancestral state of  soil preference of  Collembola was for the meadow soil. The median 

number of  soil preference changes was 21. The median number of  transitions from meadow specialist to 

soil generalist was eight and for the opposite direction it was three, while from meadow specialist to 

forest specialist it was five and in the opposite direction it was two. There was a single transition between 

soil generalist and forest specialist for both directions (Table S5.3). The ancestor of  Neanuridae and the 

ancestor of  Lepidocyrtidae were likely soil generalists, while the ancestor of  Isotomidae was likely a 

meadow specialist (Figure 5.1a). 

Ancestral state of  Collembola dispersal ability in meadow was likely either M0 or M1. Transitions of  

dispersal ability in meadow occurred more often between M0 and M1 and between M0 and M4 than the 
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other state transitions (Table S5.4). The ancestor of  Isotomidae and Entomobryoidea was likely a fast 

disperser in meadow (M1), while the ancestor of  Poduromorpha was likely a slow or poor disperser in 

meadow (M4 and M0). The ancestor of  Symphypleona, however, was likely a poor disperser in meadow 

(M0; Figure 5.1b). 

Habitat effects on Collembola communities 

Both community structures and phylogeny-weighted structures differed significantly between meadow 

(WMM) and forest (WFF) but not between sampling intervals (Table S5.5). Site scores on PCoA 1 and 

those on PCPS 1, PCPS 3 and PCPS 5 significantly differed between meadow and forest (Figure 5.2a, b, 

Table S5.6). Phylogenetic gradient along PCPS 1 was mostly correlated with Entomobryoidea and 

Isotomidae which were associated with forest, and Poduromorpha and Symphypleona which were 

associated with meadow. PCPS 3 was positively correlated with Poduromorpha and negatively with 

Symphypleona (Figure 5.2b). Communities in meadow showed phylogenetic overdispersion, while in 

forest they were phylogenetic clustered as indicated by NRI using species presence/absence data, with a 

significant difference between meadow and forest. When species abundances were considered, NRI 

increased in both habitats, indicating that abundant species in both habitats were close relatives. Mean 

NTI of  communities did not differ significantly between meadow and forest when species presence/

absence data were used. However, abundant species of  forest communities exhibited phylogenetic 

clustering, resulting in the NTI being higher in forest than in meadow (Table 5.2). 

Successional patterns of  community structures 

Community structures differed during succession in both meadow and forest, mainly due to increased 

abundance of  a few species (Figure 5.3a, c, Table S5.5). In contrast, phylogeny-weighted structures in 

meadow did not differ significantly with successional stages (Figure 5.3b, Table S5.5). However, 

phylogeny-weighted structures in forest differed between OFF at T1 and WFF (Table S5.6). The OFF 

communities at T1 were associated with Symphypleona and Entomobryoidea, while WFF communities 

were associated with Isotomidae and Poduromorpha (Figure 5.3d).  

In meadow, NRI using species presence/absence data decreased from T1 to T3 and to the WMM 

where local communities showed phylogenetic overdispersion. However, when abundances were 

considered, although NRI did not differ from 0 in all successional stages, NRI at T3 was significantly 

higher than that at T2 and WMM. In contrast, NTI of  OMM at T2 and of  WMM show phylogenetic 

overdispersion but were not different from each other. In forest OFF communities, although 

phylogenetic relatedness based on species presence/absence data did not differ from that of  a random 

pattern, abundance-weighted NRI and NTI showed significant phylogenetic clustering in each sampling 

interval, indicating that abundant species were phylogenetically closely related. The abundance-weighted 

NRI in OFF at T2 was the lowest among all the successional stages, while the abundance-weighted NTI 
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in OFF at T1 was the highest. Interestingly, NTI using species presence/absence data decreased from T1 

to T3 and to WFF the lowest (Table 5.2). 
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Figure 5.2 
Scatter diagram of  principle coordinates of  (a) community structure (PCoA) and (b) phylogenetic-weighted 
structure (PCPS) of  Collembola communities occurring in the untreated soil blocks installed in meadow (WMM) 
and forest (WFF) pooled for sampling times. Polygons encompass replicates of  the same treatment. Only 
Collembola species significantly correlated with the axes are plotted with names and the others with cross symbols.
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Chapter 5  Collembola Assembly Processes along Succession

Effects of  soil origin on community compositions 

Communities of  OFM, OMM and WMM, all surrounded by meadow soil, differed in their assembly 

patterns but this varied with sampling intervals (Table S5.5). Site scores of  OFM communities at T1 

differed from those at T3 on PCoA 1. OFM communities differed from OMM communities at T2 for 
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Figure 5.3 
Scatter diagram of  principle coordinates of  (a) community structure (PCoA) and (b) phylogenetic-weighted 
structure (PCPS) of  Collembola communities occurring in defaunated meadow soil blocks (OMM) sampled one 
week (T1), one month (T2) and six months (T3) after installation and in untreated meadow soil blocks (WMM). 
Scatter diagram of  principle coordinates of  (c) community structure (PCoA) and (d) phylogenetic-weighted 
structure (PCPS) of  Collembola communities occurring in defaunated forest soil blocks (OFF) sampled one week 
(T1), one month (T2) and six months (T3) after installation and in untreated forest soil blocks (WFF). Polygons 
encompass replicates of  the same sampling time. Only Collembola species significantly correlated to the axes are 
plotted with names and the others with cross symbols.
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site scores on PCoA 4 which were positively correlated with the abundance of  Ceratophysella denticulata 

(Figure 5.4a, Table S5.6). In contrast, phylogeny-weighted structures were influenced by treatments but 

not by sampling intervals (Table S5.5, S5.6). Soil originating from forest was associated with 

Entomobryoidea that immigrated from the meadow surrounding (Figure 5.4b). OFM communities 

exhibited phylogenetic clustering that decreased with successional stages, as indicated by NRI using 

presence/absence data. However, NRI of  OFM communities did not differ significantly from those of  

OMM in all three sampling intervals. Furthermore, NTI of  OFM at T2 was significantly higher than that 
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Figure 5.4 
Scatter diagram of  principle coordinates of  (a) community structure (PCoA) and (b) phylogenetic-weighted 
structure (PCPS) of  Collembola communities surrounded by meadow, and of  (c) community structure (PCoA) and 
(d) phylogenetic-weighted structure (PCPS) of  Collembola communities surrounded by forest. Polygons encompass 
replicates of  the same treatment per sampling time. Only Collembola species significantly correlated to the axes are 
plotted with names and the others with cross symbols.
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of  OMM using species presence/absence data, while abundance-weighted NTI at both T1 and T2 were 

higher than that of  OMM at the corresponding sampling intervals. This indicates that while OFM 

communities were phylogenetically clustered at T1, phylogenetic relatedness decreased with succession to 

a more random pattern at T3; compared with OMM, OFM exhibited more phylogenetic clustering 

(Table 5.2). 

OMF, OFF and WFF communities, all surrounded by forest soil, differed in their assembly patterns 

but this again varied with sampling intervals (Table S5.5). OMF communities did not differ from OFF 

communities in any sampling interval (Table S5.6), although OMF communities changed with 

successional stages (Figure 5.4c). This indicates that meadow soil in the transferred blocks to forest 

habitat did not influence community structures significantly. Similarly, phylogeny-weighted structures 

differed between treatments and between successional stages, with these two factors depending on each 

other (Table S5.5). Differences between OMF and OFF communities were significant at T1 on PCP2 

(Table S5.6). On that axis OMF communities were associated with Symphypleona while those of  OFF 

with Entomobryoidea (Figure 5.4d). At T1 mean abundance-weighted NRI of  OMF communities was 

significantly lower than that of  OFF communities but both were higher than 0. The species presence/

absence NTI of  OMF communities decreased significantly with successional stage but did not differ 

from random. Abundant species in the OMF communities exhibited phylogenetic clustering at T3 as 

indicated by both NRI and NTI (Table 5.2). 

Indigenous species 

Indigenous species originating from one habitat but transferred to another habitat contributed to 

differences in community composition as compared with defaunated soil blocks, but this varied with time 

(Table S5.5). Collembola communities in forest blocks transferred to meadow (WFM) resembled those 

of  their original forest habitat (WFF), but differed from those of  the meadow (WMM) at each sampling 

interval, as indicated by site scores on PCoA 1 (Figure 5.5a, Table S5.6). Phylogeny-weighted structures 

differed between treatments but not between sampling intervals (Table S5.5). Furthermore, phylogeny-

weighted structures of  WFM communities at T3 resembled that of  WMM communities but differed 

from that of  WFF communities on PCPS 1, which was positively correlated with Poduromorpha, 

Tomoceridae and Neelidae, and negatively with Isotomidae and Entomobryoidea (Figure 5.5b). 

Phylogenetic relatedness in WFM communities did not differ from those of  the other treatments at all 

sampling intervals (Table 5.2). 

Collembola communities in meadow blocks transferred to forest (WMF) resembled those of  their 

original meadow habitat (WMM) at T1 and T2, but were more similar to WFF communities at T3. 

Significant differences between WMF and OMF communities occurred at T2, when WMF communities 

resembled WMM communities and OMF communities resembled WFF communities. At T3 both WMF 

and OMF communities resembled WFF communities (Figure 5.5c, Table S5.5, S5.6). Phylogeny-
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weighted structures of  WMF could not be differentiated from either WMM or WFF at each sampling 

interval. However, WMF communities differed from OMF communities at T1, as indicated by PCPS 1 

and PCPS 2 (Table S5.6). WMF communities at T1 were associated with the clade composed of  

Poduromorpha plus Tomoceridae and Neelidae, while OMF communities at T1 were associated with the 

other basal phylogenetic clades, e.g. Entomobryoidea and Isotomidae (Figure 5.5d). Mean abundance-

weighted phylogenetic relatedness of  WMF communities at T3 was significantly higher than 0 as well as 

that of  WMM communities, but not different from that of  WFF and OMF communities as indicated by 

abundance-weighted NRI (Table 5.2). 
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Figure 5.5 
Scatter diagram of  principle coordinates of  community structure (a) and (c), and phylogenetic-weighted structure 
(b) and (d) of  Collembola communities. Polygons encompass replicates of  the same treatment per sampling time. 
Only Collembola species significantly correlated to the axes are plotted with names and the others with cross 
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Discussion 

Evolution of  Collembola dispersal abilities and environmental preferences 

Phylogenetic signal found in Collembola dispersal ability in meadow suggests that related species 

displayed similar ability to move from the surrounding to the defaunated soil blocks in meadow habitat. 

Generally, most of  Isotomidae and Entomobryoidea recolonized the defaunated soil blocks, while most 

species from Neanuridae and Hypogastruridae were poor dispersers. Dispersal ability in meadow likely 

reflected morphological characters of  different taxa. Isotomidae and Entomobryoidea usually are 

elongate and possess long furca, while Neanuridae and Hypogastruridae are stout with short furca. Since 

these morphological characters were fixed within taxonomic groups (Chapter 2), ancestor of  Isotomidae 

and Entomobryoidea in a meadow-like habitat was likely a fast disperser, while that of  Poduromorpha 

was likely a poor disperser. Similarly, preference of  Collembola for soil types exhibited phylogenetic 

signal. Ancestral character estimation showed that ancestor of  Collembola was likely a meadow soil 

specialist but this changed to soil generalists several times during species diversification, while changes 

from generalist to meadow soil specialist occurred less frequently. Notably, changes from meadow soil 

specialists to forest soil specialists occurred frequently, while changes from soil generalists to forest soil 

specialists and vice versa rarely occurred. Compared to other soil animal taxa such as oribatid mites 

(Oribatida), Collembola recover faster after drought (Lindberg and Bengtsson 2005) and more tolerate 

fluctuations in temperature and soil moisture (Tsiafouli et al. 2005). Accordingly, Collembola might have 

adapted to meadow-like habitats characterized by fluctuations in abiotic environmental factors. 

In the paper of  Auclerc et al. (2009) Collembola dispersal ability in meadow and forest was defined by 

the time at which the species reappeared in the defaunated blocks (OFF, OMM), while soil preference 

was estimated by difference in abundance of  species between forest and meadow soil cores installed in 

the same habitat. Species abilities to immigrate from the surrounding habitat and to survive in a new 

habitat are determined not only by their morphological characters, such as legs, antenna, furca and visual 

apparatus (Ponge et al. 2006), but also by the physiological attributes e.g. those related to moisture 

tolerance (Kuznetsova 2003). Soil preference identified in the study may be correlated with species 

dispersal from the surrounding. Therefore, dispersal ability and soil preference in the present study should 

be considered as a summarized response that is influenced by various functional traits of  the species. 

Determination of  these functional traits needs further measurements at individual or population level 

using both laboratory experiments and field observations (Pey et al. 2014, Moretti et al. 2017). Overall, 

our study indicates that closely related species shared similar soil preference and dispersal ability in 

meadow, and phylogenetic signal in these characters likely resulted from niche conservatism in 

morphological and/or physiological functional traits. 
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Hypothesis 1 - Habitat  

Contrary to our Hypothesis 1, communities in meadow showed phylogenetic overdispersion, while 

those in forest exhibited phylogenetic clustering. These findings also contrast results presented in the 

previous study (Chapter 4) where Collembola from forests exhibited phylogenetic overdispersion, while 

those from grasslands showed random patterns. Presumably, the difference between the two studies was 

due to the different sampling designs. In the previous study, Collembola communities were sampled from 

replicated forest sites and grasslands, while in the present study communities of  each type of  habitats 

were replicated by soil blocks from a single site. This suggests that assembly processes of  Collembola 

differed not only between habitats but may also be site-specific. In the present study, Collembola in forest 

comprised species of  Isotomidae and Entomobryoidea, resulting in coexistence of  phylogenetically 

closely related species, while meadow communities comprised Poduromorpha, Symphypleona, 

Neelipleona and Tomoceridae - species distantly related to each other. If  traits responsible for these 

processes exhibited phylogenetic signal, Collembola communities of  the studied forest in Morvan 

Regional Natural Park were likely structured by environmental filtering. Future studies need to identify the 

traits responsible for the observed patterns. 

Hypothesis 2 - Succession 

As tested in Hypothesis 1, community structures and phylogenetic relatedness of  WMM and WFF did 

not significantly differed between the three sampling intervals, T1, T2 and T3. Temporal variations in the 

other treatments, therefore, reflected successional changes of  Collembola communities. Consistent with 

our expectation, community phylogenetic relatedness in meadow as indicated by NRI decreased along 

successional stages when presence/absence data were used, although phylogeny-weighted structures did 

not differ significantly. At later stages, communities comprised the species assembled from various clades, 

though with low abundance. Presumably, Collembola communities in meadow needed a longer period of  

time, i.e., 6 months (T3), to fill the empty niches of  defaunated soil blocks with distantly related species 

immigrated from the surrounding soil. Niche partitioning, instead of  environmental filtering, was likely 

the predominant process at later successional stages of  Collembola community in the meadow habitat. 

In contrast, phylogeny-weighted community structures in forest differed between OFF at T1 and 

WFF, suggesting that habitat sorting was the main driver of  Collembola community assembly early during 

succession (OFF, T1). Environmental filtering, interacting with frequent dispersal of  a few species of  

Entomobryoidea throughout the study period, likely resulted in phylogenetic clustering in Collembola 

communities in forest. Interestingly, a decrease in abundance-weighted NTI at later successional stages 

suggests that niche partitioning gradually became stronger. 
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Hypothesis 3 - Soil origin  

Community assembly patterns of  defaunated soil blocks transferred to the respective other habitat 

differed from those in the original habitat, suggesting that soil properties influenced community assembly 

of  Collembola. This is in line with the species sorting scenario of  metacommunity theory (Leibold et al. 

2004). However, the patterns varied with successional stages and also with the habitats where the soil 

blocks were inserted into. Soil originating from forest transferred to meadow was associated with 

Entomobryoidea. Presumably, forest soil attracted species of  Entomobryoidea with some traits 

facilitating immigration from the surrounding meadow, resulting in different structures between OFM 

and OMM. Future studies need to investigate the traits corresponding to the species sorting by forest soil. 

Furthermore, decrease in phylogenetic relatedness in OFM suggests that environmental filtering (“species 

sorting”) by forest soil in the meadow dominated at the beginning of  succession but was less pronounced 

later on. Continuous immigration of  species from the surrounding meadow habitat likely resulted in the 

“mass effect”, and as a consequence, phylogenetic relatedness of  OFM communities was similar to that 

of  OMM communities at later successional stages.  

The influence of  species sorting in meadow soil blocks inserted into forest was weaker than that in 

forest soil blocks inserted into meadow, as indicated by the similarity between OMF and OFF 

communities at all three sampling intervals. This is further supported by the only significant difference in 

PCPS between OMF and OFF at T1, with no differences at later successional stages. At the beginning of  

succession, meadow soil blocks (OMF) were colonized predominantly by Symphypleona, while forest soil 

blocks (OFF) were colonized predominantly by Entomobryoidea. The lower abundance-weighted NRI of  

OMF at T1 than that of  OFF indicates that meadow soil might hamper immigration of  phylogenetically 

related species from forest habitat early during succession. Later, frequent immigration of  species from 

the surrounding forest habitat likely resulted in the patterns in which OMF communities resembled OFF 

communities, and lower NTI (presence/absence data) in OMF communities at later successional stages. 

Overall, the results suggest that species sorting caused by transferring local soil likely influenced 

community assembly early in succession, while at later successional stages, mass effect predominantly 

structured Collembola communities in defaunated and transferred soil blocks. 

Hypothesis 4 - Indigenous species 

Community composition of  Collembola in untreated forest soil blocks inserted into meadow soil 

(WFM) resembled those in the original forest habitat (WFF) but differed from those in the meadow 

(WMM). Although meadow habitat was characterized by more fluctuation in soil temperature and 

moistures, indigenous Collembola species of  forest soil survived the translocation to meadow and might 

hamper colonization by meadow Collembola species. However, immigration of  species from the 

surrounding meadow soil at T3 (e.g., Poduromorpha, Symphypleona, Tomoceridae and Neelipleona) 

likely resulted in resemblance between WFM and WMM communities at PCPS 1. In contrast, Collembola 
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communities in meadow soil blocks inserted into forest soil (WMF) at T3 changed from meadow 

communities (WMM) to those of  forest soil (WFF), indicating that indigenous meadow species could not 

survive, except for Isotomidae that not only remained in meadow blocks but also immigrated from the 

surrounding forest soil. Presumably, the change from a fluctuating to a more stable environment resulted 

in environmental filtering predominantly structuring Collembola communities. 

Outlook 

For the first time we applied community phylogenetic approaches to a field manipulative experiment 

on Collembola communities where the original animals were removed and recolonization of  species was 

monitored in both native and translocated habitats characterized by different environmental variability. 

Assembly processes of  Collembola along successional trajectories were inferred using phylogenetic 

relatedness as a surrogate for trait similarity between coexisting species. Since traits are objects that 

different processes relate to or work on, the next step is to explicitly measure functional traits including 

morphological, physiological as well as trophic attributes, and to test phylogenetic niche conservatism of  

the traits. Integrating phylogenetic comparative methods and community phylogenetic and trait-based 

approaches in both manipulative experiments and field observations allows a deeper understanding of  the 

mechanisms driving and maintaining species coexistence in soil. 
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Table S5.1
Hypotheses tested in this study and definition of  metacommunity (species pool) for each hypothesis. Treatments in 
comparison are marked in bold. Asterisks in treatments indicate the focused treatments. For abbreviation of  
treatments see Table 5.1.

Hypotheses
Metacommunity (species pool)

Definition (number of species) Treatments
(1) Habitat and temporal effects: Community 

structures differ between meadow and forest but not 
between sampling time. Communities in meadow 
exhibit phylogenetic clustering due to environmental 
filtering resulting from disturbances, while forest 
communities show phylogenetic overdispersion 
resulting from niche partitioning in a relatively 
stable environment.

Reference: Untreated soil blocks installed in 
original habitats (49)

WMM 
WFF

(2) Successional patterns: At early successional stages 
drift predominates, resulting in a random pattern of 
phylogenetic relatedness in defaunated blocks, while 
selection drives communities to a deterministic 
pattern at later successional stages. 

M: Defaunated meadow soil blocks + 
untreated meadow soil blocks (32)

T1 - OMM 
T2 - OMM 
T3 - OMM 
WMM (all time)

F: Defaunated forest soil blocks + untreated 
forest soil blocks (40)

T1 - OFF 
T2 - OFF 
T3 - OFF 
WFF (all time)

(3) Soil origin effects: Successional patterns in 
defaunated soil blocks differ between the transferred 
soil blocks and the soil blocks installed in the 
original habitat. 

OM: Defaunated soil blocks from different 
origins surrounded by meadow + untreated 
meadow soil blocks (32)

OFM* 
OMM 
WMM

OF: Defaunated soil blocks from different 
origins surrounded by forest + untreated 
forest soil blocks (44)

OMF* 
OFF 
WFF

(4) Indigenous species: Community structures in 
untreated but transferred soil blocks change 
gradually from those in soil blocks of the original 
habitat to those in the transferred habitat. 

FM: Transferred forest soil blocks installed 
in meadow + untreated forest and meadow 
soil blocks (49)

WFF 
WFM* 
OFM 
WMM

MF: Transferred meadow soil blocks 
installed in forest + untreated meadow and 
forest soil blocks (49)

WMM 
WMF* 
OMF 
WFF
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Table S5.3
Estimated number of  transitions across 1,000 stochastic character mapping simulations of  soil preferences of  
Collembola reported in Auclerc et al. (2009).

To: Meadow-soil-preferring Soil-generalist Forest-soil-preferring
From: Median Mean ± SD Median Mean ± SD Median Mean ± SD
Meadow-soil-preferring 8 7.6 ± 2.0 5 5.1 ± 1.9
Soil-generalist 3 4.2 ± 3.4 1 2.0 ± 2.0
Forest-soil-preferring 2 2.7 ± 2.7 1 1.9 ± 2.0

Table S5.4
Estimated number of  transitions across 1,000 stochastic character mapping simulations of  dispersal ability in 
meadow of  Collembola reported in Auclerc et al. (2009). Dispersal ability in meadow: M1, species in defaunated 
meadow blocks after one week; M2, species in defaunated meadow blocks after one month; M3, species in 
defaunated meadow blocks after six months; M4, species which did not colonize defaunated meadow blocks within 
six months; M0, species absent in the meadow.

To: M1 M2 M3 M4 M0
From: Median Mean ± SD Median Mean ± SD Median Mean ± SD Median Mean ± SD Median Mean ± SD

M1 0 0.5 ± 0.9 2 2.0 ± 1.9 2 2.9 ± 3.0 9 10.1 ± 5.6
M2 0 0.4 ± 0.9 1 1.5 ± 1.5 0 0.6 ± 1.2 1 1.1 ± 1.7
M3 0 1.0 ± 1.7 1 1.4 ± 1.2 1 1.3 ± 1.9 1 1.4 ± 2.2
M4 2 2.7 ± 2.9 0 0.8 ± 1.2 2 2.1 ± 2.0 8 9.2 ± 6.7
M0 8 8.5 ± 4.8 1 1.3 ± 1.5 2 2.1 ± 2.1 8 9.1 ± 5.3
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Chapter 6 

General Discussion 

This thesis is the first attempt to apply phylogenetic approaches to elucidate assembly processes of  

soil Collembola communities. By integrating community phylogenetic approaches with phylogenetic 

comparative and trait-based methods, this thesis presents major advances in understanding biodiversity of  

soil animals from both ecological and evolutionary perspectives. The conceptual model proposed in 

Chapter 1 (Figure 1.1) can be applied to any other soil taxon and thus provides a framework for future 

studies.  

In this thesis, I reconstructed the evolutionary history of  several traits in Collembola, including 

morphological characters (Chapter 2), ecological preferences (Chapters 2 and 5), physiological attributes 

and food resources (Chapter 3). Phylogenetic relatedness and trait similarity of  species within local 

communities (α-diversity) were used to infer assembly processes, given the assumption of  phylogenetic 

signal in ecologically relevant traits. A phylogenetic β-diversity approach was used to elucidate 

community-environmental associations from an evolutionary perspective (Chapters 4 and 5). 

Furthermore, the community phylogenetic approaches were applied to both field observational 

(Chapter 4) and experimental (Chapter 5) studies.  

In the following sections, I first ascribe the patterns of  Collembola communities found in previous 

chapters to the scenarios in the conceptual model (Figure 1.1) by specifically exploring trait evolution, 

trait similarity and phylogenetic relatedness between coexisting species, then discuss the likely processes 

referring to the four high-level processes, selection, dispersal, drift and speciation, proposed in The Theory 

of  Ecological Communities (Vellend 2010, 2016). Finally, I supply a roadmap for soil ecologists to integrate 

phylogenetic comparative methods, community phylogenetic analyses and trait-based approaches in 

studies on the assembly processes of  soil communities. 

Assembly processes of  soil Collembola communities 

Disturbance as a selecting factor 

Phylogenetic clustering is revealed in the abundant Collembola species inhabiting arable fields near 

Göttingen (Chapter 4), following scenario (a) in which environmental filtering is a predominant process, 

if  the traits underlying community assembly processes are conserved relative to the ancestor and thus 

exhibit phylogenetic signal, or scenario (c) in which niche partitioning structures communities, if  the 

niche traits diverged from the ancestral state (Figure 1.1). Traits such as body length, vertical 

stratification, pigmentation, number of  ommatidia and reproductive mode are similar between 

phylogenetically related species and evolution of  body shape was constrained (Chapter 2), suggesting 

that scenario (a) is more likely. As a logical consequence, traits between coexisting species should be more 

similar than that predicted by the null model. However, randomness in trait similarity suggests that while 
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some of  the examined traits are filtered by the environment, other traits are likely driven by other factors 

from the opposite direction. For example, niche partitioning may structure coexisting species which 

differed in traits, such as vertical stratification, pigmentation, number of  ommatidia and reproductive 

mode, that co-evolved during Collembola diversification, and thus likely diminish the effect of  

environmental filtering, shifting the traits from similar to random patterns. Nevertheless, phylogenetic 

clustering in Collembola communities collected from arable fields is consistent with patterns in other taxa 

inhabiting disturbed environments (Ding et al. 2012, Pellissier et al. 2013, Gianuca et al. 2014) and with 

findings from trait-based analysis of  Collembola communities inhabiting salt marshes (Widenfalk et al. 

2015). Overall, environmental filtering is likely the predominant process in soil animal communities in 

habitats where disturbance may result in homogeneity of  soil properties (Maaß et al. 2014). 

Phylogenetic overdispersion is found in the forest Collembola communities collected in Göttingen 

(Chapter 4). Again, traits between coexisting species show a random pattern. Collembola communities in 

forests thus follow scenario (b) or (d) (Figure 1.1), depending on how the process-relevant traits have 

evolved and how they are structured by different processes. If  the traits show phylogenetic signal, 

coexistence of  distantly related species may result in different traits in local communities. Randomness in 

trait patterns, thus suggests that environmental filtering may still work but with limited influence, while 

niche partitioning is the predominant process working on Collembola living in forest soils. High spatial 

heterogeneity in forest soils likely results in different traits of  communities (Maaß et al. 2014, Widenfalk 

et al. 2016). Also, soil food webs in stable habitats such as forests are complex (Scheu and Falca 2000, 

Digel et al. 2014). Given that Collembola species span several trophic levels (Chahartaghi et al. 2005, 

Pollierer et al. 2009) with taxonomically related species occupying similar trophic levels (Potapov et al. 

2016), communities comprised of  species from a variety of  phylogenetic clades may be able to exploit a 

wide range of  food resources and thus facilitate coexistence in forests. Overall, niche partitioning in 

micro-habitats and food resources is likely a predominant process in Collembola communities in stable 

habitats, although environmental filtering working on phylogenetically convergent traits may produce 

similar patterns. 

The general hypothesis that Collembola communities in disturbed habitats are determined by 

environmental filtering, while in relatively stable habitats interspecific competition/niche partitioning is 

predominant, is supported by phylogenetic relatedness but not by trait similarity (Chapter 4), even 

though the tested traits exhibit phylogenetic signal (Chapter 2). In contrast, Collembola communities in 

Morvan Regional Natural Park (Chapter 5, Hypothesis 1) show phylogenetic clustering in forest but 

overdispersion in meadow habitats. Discrepancies between the two studies may be due to the sampling 

design. In Chapter 4, Collembola communities were sampled from replicated forest sites and grasslands, 

while in Chapter 5 communities of  each type of  habitat were replicated by soil blocks from a single site. 

Assembly processes of  Collembola likely differ not only between habitats but may also be site-specific. 

Furthermore, successional stages of  communities may also influence relative strengths of  the forces 

driving community assembly, as demonstrated in Chapter 5 (Hypothesis 2) in which niche partitioning 
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becomes stronger at later successional stages and may balance the effects of  environmental filtering. 

Overall, the results of  this thesis indicate that Collembola communities are structured by selection 

processes such as environmental filtering and niche partitioning, which vary in different habitats and with 

different successional stages. 

Dispersal as a high-level process 

Data on successional trajectories in the manipulative experiment (Auclerc et al. 2009; Chapter 5) show 

that species dispersal, interacting with selection processes, determine community composition of  

Collembola. Results indicate that soil properties of  the defaunated blocks influence community assembly 

of  Collembola at initial stages of  succession, while at later stages community assembly is dominated by 

mass effects due to continuous immigration of  species from the surrounding habitat (Hypothesis 3). As 

a consequence of  dispersal (dispersal as a high-level process), community compositions change gradually 

from those resembling the original habitats to those of  the new habitats (Hypothesis 4). These results 

are consistent with previous findings at different spatial scales, from plot (Åström and Bengtsson 2011) to 

landscape (Ingimarsdóttir et al. 2012), reemphasizing the importance of  mass effects (i.e., consequences 

of  dispersal) on Collembola community compositions. Collembola, considered a fast disperser among the 

soil animals (but see Ojala and Huhta 2001), can disperse actively at small spatial scales (Bengtsson et al. 

1994) but may also be transmitted via other vectors over long geographical distances (Costa et al. 2013). 

Furthermore, dispersal ability of  Collembola is likely related to their life forms, such as surface-living 

(epedaphic) or soil-dwelling (euedaphic) (Bengtsson et al. 1994, Hågvar 2000, Ojala and Huhta 2001, 

Zhang et al. 2017), and to food availability and quality in the habitats (Bengtsson et al. 1994, Stötefeld et 

al. 2012). 

Stochasticity in communities—ecological drift 

One prediction of  The Theory of  Ecological Communities (Vellend 2010, 2016) is that the signature of  

ecological drift as a high-level process on community assembly is random patterns of  traits. In Chapter 4, 

Collembola collected from the grasslands and those dwelling in soil (euedaphic) exhibit random patterns 

in both trait similarity and phylogenetic relatedness. Considering that disturbance and spatial 

heterogeneity in grasslands are between that in the arable fields and forests, it may be that communities in 

moderately disturbed habitats are driven by environmental filtering and niche partitioning with similar 

strengths, therefore resulting in the random patterns. Interestingly, euedaphic Collembola are also likely 

influenced by the stochastic processes, irrespective of  the habitat types. Whether ecological drift plays a 

major role in the coexistence of  deep soil species needs further investigations. Although some have 

attempted to evaluate the importance of  stochasticity in community assembly of  Collembola (Ims et al. 

2004, Ingimarsdóttir et al. 2012, Chen et al. 2015, Sha et al. 2015), to the best of  my knowledge, no study 

so far explicitly tests or quantifies the contribution of  drift (i.e., demographic stochasticity) to community 
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assembly in soil, presumably due to the difficulty to discriminate between dispersal and demographic 

stochasticity in the spatial processes. 

Speciation—with emphasis on trait evolution 

Phylogenetic reconstruction of  Collembola 

Results of  phylogenetic inference of  Collembola species indicate that Entomobryoidea and 

Isotomidae diverged earlier from the other Collembola lineages, while Poduromorpha and Symphypleona 

are sister groups (Chapter 2), contrary to the previous studies which recover Symphypleona diverging 

earlier than the other Collembola (D’Haese 2002, Xiong et al. 2008, Schneider et al. 2011, Yu et al. 2016). 

Although marker selection, unbalanced taxon sampling and choice of  outgroup taxa may affect the 

topology of  phylogenetic trees (Heath et al. 2008, Rosenfeld et al. 2012), genetic markers ranging from 

conserved (18S rRNA, H3) to variable (28S rRNA, COI) are used in this study to generate a phylogenetic 

tree for 102 locally occurring Collembola species including 51 genera from 18 families. Thus, this tree 

provides the most comprehensive Collembola phylogeny to date. Future studies applying phylogenomic 

methods may help to resolve phylogenetic relationships between basal Collembola lineages (van Straalen 

et al. 2008, Misof  et al. 2014, Carapelli et al. 2014). 

Trait evolution in light of  species coexistence 

According to the α and β niche traits concept, species within a community possess both similar and 

different traits. Similar traits related to β  niches allow community members to cope with certain 

environmental conditions, while different α niche traits avoid competition for resources (Silvertown et al. 

2006). Since traits are evolutionary signatures of  species diversification, these two types of  traits may 

evolve in different ways, with β  niche traits usually phylogenetically conserved, and α  niche traits 

evolutionarily labile (Silvertown et al. 2006; Ackerly et al. 2006; Best and Stachowicz 2013).  

Results of  Chapter 2 demonstrate that body shape of  Collembola evolved quickly early in 

diversification but followed by relative stasis, presumably under stable evolutionary or ecological 

constraints. Pigmentation, number of  ommatidia and reproductive mode of  Collembola were all 

associated with vertical stratification during species diversification. Although ancestral traits of  

Collembola were likely slender body, hemiedaphic way of  life, sexual reproduction, possession of  many 

ommatidia and bright color, these traits may have changed several times during diversification of  species. 

Overall, the traits considered in this chapter may be categorized as β niche traits, since they are more or 

less related to species adaptation to the abiotic conditions. Interestingly, in each phylogenetic clade, there 

is one or a few Collembola species with high abundance in the Göttingen region, resulting in lower 

phylogenetic signal measured in species total abundance compared to that predicted by Brownian motion 

model. Since abundance of  soil microarthropods positively correlates with the amount of  food resources 
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available in the habitats (Domes et al. 2007, Chahartaghi et al. 2009), food resource exploitation of  

Collembola might have evolved convergently during species diversification.  

In Chapter 3, neutral lipid fatty acid composition is proposed as a functional trait that relates to both 

physiological functions and food resources of  Collembola. Long-chain polyunsaturated fatty acids, related 

to physiological functions, demonstrate phylogenetic signal, while most food resource biomarker fatty 

acids and the ratios between bacterial, fungal and plant biomarker fatty acids exhibit no phylogenetic 

signal. Presumably, species with close phylogenetic affinity experienced similar environments during 

diversification, while divergence in exploitation of  food resources among closely related species may favor 

species coexistence. Since stable isotope data indicates phylogenetic (taxonomic) conservatism in 

Collembola trophic niches (Potapov et al. 2016) and fatty acid composition complements stable isotopes 

in analyzing trophic niche of  soil animals (Ferlian et al. 2015), Collembola feeding traits are, on one hand, 

likely to relate to the evolutionary history of  species; on the other hand, they may retain variability to 

reduce competition. More data on trophic niches and food resources identified indirectly by stable 

isotope signature and neutral lipid fatty acids and directly by gut content and microbiome analyses in 

various species from different phylogenetic groups are needed to test this hypothesis. 

Dispersal ability is a composite trait. Chapter 5 finds close Collembola relatives colonizing defaunated 

soil blocks with similar speed in a meadow habitat. However, species abilities to immigrate from the 

surrounding habitat and survive in a new habitat are determined not only by morphological characters, 

such as legs, antennae, furca and visual apparatus (Ponge et al. 2006, Auclerc et al. 2009), but also by 

physiological attributes such as moisture tolerance (Kuznetsova 2003) and presumably by food resource 

quality (Bengtsson et al. 1994, Stötefeld et al. 2012). Therefore, dispersal ability ascribed by Auclerc et al. 

(2009) and subsequently analyzed in this chapter should be considered as a summarized response, and 

phylogenetic signal measured in dispersal ability likely reflects phylogenetic niche conservatism in other 

functional traits. Future studies may estimate dispersal ability of  different species using observations 

(Zhang et al. 2017) and genetic tools (van der Wurff  et al. 2003) and further test phylogenetic signal in 

dispersal ability. 

Except for the fatty acid composition, this thesis mainly relies on the trait data compiled from 

literature at species level. The situation is probably applicable to most soil animals where information on 

field-measured traits at individual or population levels is still lacking (Pey et al. 2014, Moretti et al. 2017). 

To understand intraspecific variations, there remains a need to directly measure field-derived individuals 

including different cohorts and populations. Furthermore, laboratory measurements of  functional traits 

of  soil animals may help to determine the range of  species fundamental niches, which may be 

subsequently compared with field observation data to reveal the differences in realized niches under the 

influences of  other coexisting species. Explicitly measuring individual properties using both laboratory 

experiments and field observations for multiple traits, including morphological, physiological and trophic 

attributes, may help uncover the mechanisms driving and maintaining species coexistence in soil animals 

and thus explain the enigma of  soil animal biodiversity (Anderson 1975). 
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A roadmap for implementation 

In this thesis I use phylogeny as a surrogate for traits, a technique that has been much debated recently 

among plant ecologists (Gerhold et al. 2015, de Bello et al. 2015, Šímová 2016, Prinzing 2016, Rosado et 

al. 2016, McPeek 2017). One main critique is that traits are the objects that relate to or underlie different 

processes, not phylogeny. Phylogeny should not be used to infer assembly processes without considering 

the many assumptions behind it (Gerhold et al. 2015, McPeek 2017). For example, traits underlying 

processes must be identified and included in the null model tests; the assumption of  phylogenetic 

conservatism of  traits must be validated; phylogenetic dispersion should reflect trait dispersion; similarity 

in traits should translate to interspecific competition; competition should lead to species exclusion and so 

on. These many assumptions have received very limited empirical support (Gerhold et al. 2015, Prinzing 

2016). However, phylogeny may show its advantage as a representation of  multiple unmeasurable traits 

(Cadotte et al. 2013, de Bello et al. 2015). Phylogeny may therefore be treated as an independent variable 

and combined with existing trait data in the case in which the process-related traits are phylogenetically 

convergent or labile (Cadotte et al. 2013). Furthermore, beyond its use as a surrogate for traits, 

phylogenetic information can be used for studies on adaptation of  species in trait-based approaches (de 

Bello et al. 2015) and for asking evolutionary questions of  community assembly (Gerhold et al. 2015, 

Prinzing 2016). 

For most soil animal species, however, except for morphological traits, we lack information on other 

aspects of  traits, such as physiological attributes or those related to food resources. The situation may be 

worse for rare species and those difficult to culture in the laboratory. Also, species possess multiple traits 

that may correlate statistically or evolutionarily. Therefore, as compared to measuring all possible relevant 

traits, phylogenetic relationships may be a more pragmatic approach to the problem, considering the 

current developing stage of  trait databases of  soil animals, although the same concerns raised by plant 

ecologists may likely also apply to soil animals. Nevertheless, when trait information is lacking, we may 

use phylogeny to develop a first impression of  the likely distribution of  species traits in the communities, 

from which we are able to further study ecological and evolutionary hypotheses of  species coexistence in 

soil (Cadotte et al. 2013, Gerhold et al. 2015, de Bello et al. 2015; but see Rosado et al. 2016). To that end, 

I propose the following roadmap for analytical strategies to study community assembly of  soil animals 

using phylogenetic information and functional traits (Figure 6.1): 

1. Propose traits which are likely relevant for community assembly processes. Multiple traits of  soil animals from 

various aspects need to be considered, including morphological characters, physiological attributes and 

those related to food resources. Dispersal ability and ecological preference of  species may also be 

considered as traits. Here we may ask: Are these traits measurable for all species (Q1)? If  traits underlying 

community assembly processes are known and measurable for all species, we then go on with step 2. 
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2. Measure traits for individuals/populations in the laboratory/field. Traits should be measured at individual, 

population or species levels. Both laboratory experiments and field observations are needed to achieve 

species fundamental and realized niches. We may ask: Do trait variations reflect processes (Q2)? For example, 

whether environmental gradients correlate with community-weighted mean traits (Widenfalk et al. 2015), 

or whether coexisting species possess similar traits. Here, ecological processes, usually selection processes, 

can be investigated using trait-based approaches (the red route; I). However, in a situation where no 

functional traits are known, or traits of  rare species are difficult to measure (answer no to Q1), we need to 

go on with step 2a. 
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2a. Construct phylogeny for all species in communities. We may take phylogeny as a surrogate for the unknown 

or unmeasured traits, assuming phylogenetic signal (de Bello et al. 2015), and get first insight into the 

phylogenetic (thus likely trait) structures in local communities (the blue route). In this situation, 

phylogeny provides an alternative tool to quantify differences between species, without a priori knowledge 

of  traits (II). This approach may also apply to communities consisting of  cryptic species that are unable 

to be differentiated by any morphological characters, a situation frequently occurring in soil animals 

(Zhang et al. in revision), in which only genetic distances between cryptic species are known. In such a case 

phylogeny shows its advantage to quantifying differences between (cryptic) species. Furthermore, from 

these patterns, other hypotheses may be proposed; for example, if  phylogenetic clustering is found, we 

may hypothesize that some traits do differ between coexisting species which allow coexistence, and 

predict what these traits may be. This method is adopted, for example, in Chapter 5 of  this thesis. 

3. Examine trait evolution. Then, having species trait data and their phylogenetic tree, we may investigate 

evolutionary processes that shape trait variations in different species (the purple route). Trait evolution 

can be analyzed using phylogenetic comparative methods, such as phylogenetic signal measurements, 

model tests and ancestral state estimation as demonstrated in Chapters 2 and 3. Taxonomic or 

phylogenetic scales should be considered in the analyses. Here, the question we may ask includes: Is there 

phylogenetic niche conservatism of  the traits (Q3)? Different answers lead to different ways to the subsequent 

analyses: If  yes, first go to step 4 and then consider step 5; if  no, go to step 5 and combine this with 

step 4. 

4. Calculate phylogenetic distances, and 5. quantify trait dissimilarity between species. If  traits are phylogenetically 

conserved or follow Brownian motion model of  evolution (the brown route), phylogenetic distance 

matrix (P) is calculated and used to infer processes. At the same time, the trait dissimilarity matrix (T) is 

quantified to evaluate whether phylogenetic relatedness and trait similarity give congruent results (III; P/

T), as demonstrated in Chapter 4. On the contrary, if  traits evolved randomly or convergently (the green 

route), the trait distance matrix (T) should be treated as an independent dataset which can be combined 

with the phylogenetic distance matrix (P) to evaluate the relative contributions of  each dataset (P and T) 

to the differences between community members (IV; P+T; Cadotte et al. 2013, Gong et al. submitted). 

Conclusions 

This thesis provides the first example of  integrating phylogenetic comparative methods, community 

phylogenetic analyses and trait-based approaches in studies on the assembly processes of  soil 

invertebrates using both field observations and experimental manipulations with Collembola as the model 

soil animal group. Phylogenetic signal in process-related functional traits is demonstrated by using 

comparative methods for body shape, body length, pigmentation, number of  ommatidia, reproductive 

mode and vertical stratification that reflect adaptations to the environment. For the first time, neutral lipid 

fatty acid composition is established as a functional trait related to both food resources and physiological 
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attributes of  species. Phylogenetic signal in fatty acid composition suggests that species with close 

phylogenetic affinity experienced similar environments during divergence, while niche partitioning in food 

resources favored species coexistence. Furthermore, differences in phylogenetic relatedness and trait 

similarity of  local communities provide hints on assembly processes, i.e., Collembola in arable fields are 

mainly structured by environmental filtering, while niche partitioning dominates in forests. In addition, 

the relative importance of  these mechanisms varies between soil strata and between phylogenetic lineages. 

Furthermore, combining of  field manipulative experiments with community phylogenetic approaches 

allows deeper understanding of  assembly processes in Collembola communities along successional 

trajectories in different habitats. Both the conceptual model and analytical roadmap proposed in this 

thesis can be applied to other soil taxa. Future studies integrating different approaches may shed new light 

on the mechanisms driving and maintaining species coexistence and biodiversity in soil. 
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