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 I aimed to expand our understanding of community assembly and species co-existence by 

examining the implications of phylogenetic robustness on metrics describing phylogenetic 

community structure, as well as the phylogenetic patterns of co-occurring insect species in 

Churchill, MB. Using a variety of tree reconstruction methods, I found that cytochrome c 

oxidase subunit I (COI) was able to accurately estimate phylogenetic community structure 

metrics calculated from a multi-gene phylogeny when using more biologically realistic 

approaches. This included incorporating known phylogenetic relationships among families, and 

methods that employ best-fit models of molecular evolution (i.e. Bayesian inference). My second 

study examined the phylogenetic community patterns of freshwater insects. Overall communities 

were phylogenetically clustered suggesting environmental filtering, but community structure 

varied with time, habitat, taxonomic group, and water chemistry (particularly pH and turbidity). 

My thesis has suggested more robust techniques for calculating phylogenetic community 

structure, and described patterns of phylogenetic community composition in subarctic freshwater 

insects. 
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Chapter 1  

General introduction to phylogenetic community assembly 

Community assembly 

There are estimated to be at least 3-15 million species on Earth (May 1990; Stork 1993; 

Mora et al. 2011) and to understand how this diversity persists, ecologists have asked how 

species are able to co-exist and how communities are assembled (Gause 1934; MacArthur 1967; 

Schoener 1974; Diamond 1975). A community is a group of locally interacting species, and the 

species that are present in any one community is the result of community assembly. Community 

assembly is the sorting of the larger regional/source community, which contains all the species 

occurring in a region, into a subset of co-occurring species of a particular habitat, the local 

community (Diamond 1975).  

Understanding the interaction of biotic and abiotic variables in influencing species co-

occurrence, and ultimately community assembly, is an old and key component of ecological 

research. Ecologists have been thinking about species niches, competition, and co-existence as 

early as Gause (1934), who first proposed competitive exclusion. Ecologists have been 

particularly interested in defining a species’ niche, and the elements that determine it. 

Hutchinson (1957) proposed that a species’ niche is determined by the range of environmental 

variables in which a species is able to survive, which he termed the ‘fundamental niche’. 

However, the biotic pressures imposed on a species reduce a species’ occurrence to a ‘realized 

niche’, where it is able to persist. MacArthur (1967) considered species co-existence to be 

facilitated by a species’ specialization on particular resources. This could include specializing on 

different foods, habitats, or times (MacArthur 1967; Schoener 1974). Diamond (1975) expanded 

on this by noticing that, despite comparable environments being colonized by the same species 

pool, communities were still different, and thus speculated that species niches were being 

partitioned to create a stable system. Thus, he formulated a set of rules stating that only certain 

combinations of species are found in natural systems, composed of species with reduced overlap 

of shared resources that optimize resource consumption of the system and, as such, the 

community resists invasion. Some species pairs can never co-exist; however, species pairs 

combinations are influenced by the geographic size of the system, as well as the other species co-

existing in the system (Diamond 1975). Diamond's (1975) community assembly rules are 

generally supported by the more recent literature (Gotelli & McCabe 2002). Diamond (1975) 
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also emphasized the importance of dispersal for the persistence of competitively inferior species, 

which Leibold et al. (2004) expanded on to form the meta-community concept, which highlights 

the role of dispersal in connecting a set of local communities and facilitating species co-

existence. Dispersal is also proposed as an important factor determining community assembly in 

Hubbell's (2005, 2006) controversial neutral theory, along with birth rate, death rate, and 

speciation rate. Neutral theory describes species as ecologically equivalent, and examines the 

demographic stochasticity of a species, only incorporating biological information when it 

improves the fit of the model (Hubbell 2005, 2006). However, critics of neutral theory point out 

that any stochasticity is the result of real biological processes, and furthermore, that species are 

not necessarily interchangeable; species interact with their environment differently (Clark 2009). 

However, Leibold & McPeek (2006) suggest that there is no dichotomy between niche and 

neutral theory, and that in fact they represent the two ends of a spectrum of potential 

communities. Therefore, emerging studies should incorporate both niche and neutral processes as 

mechanisms of community assembly. 

Phylogenetic community approaches 

The issue remains, though, as to how to define a species’ niche when there can be an 

insurmountable number of variables that can describe the niche. The answer may lie in the 

application of phylogenetics to community ecology, as niche similarity of species can be 

approximated by their phylogenetic relatedness. Under a Brownian model of evolution, change 

(which can be defined in terms of both genetics and ecology) is generally small and random. 

This results in species that diverged more recently being more similar, while species that shared 

a common ancestor longer ago have accumulated more change and therefore have increased 

genetic divergence and increased separation of ecological traits and niche. Therefore, a 

relationship exists between the amount of genetic and ecological divergence (Losos 2008), which 

results in closely related species sharing more similar traits than species drawn at random, which 

is termed phylogenetic signal (Blomberg & Garland 2002). A review by Freckleton et al. (2002) 

found evidence for phylogenetic signal in ecological traits, as 23 of 26 phylogenies displayed 

decreasing ecological similarity with increased genetic distance. 

Phylogenetic niche conservatism, however, is the maintenance of a species’ fundamental 

niche over time (Wiens & Graham 2005). Phylogenetic niche conservatism is distinguished from 

phylogenetic signal in that there is some process driving the retention of a species’ niche beyond 
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Brownian evolution (Losos 2008). Phylogenetic niche conservatism is thought to be facilitated 

through gene flow, stabilizing selection, pleiotropy, and low genetic variation (Wiens & Graham 

2005). Gene flow between populations occurring in the historical geographic range and those 

populations dispersing to new locations limits a population’s ability to adapt to new 

environments. Stabilizing selection can also be important for phylogenetic niche conservatism if 

species experience reduced fitness outside of their fundamental niche. In addition, there may be 

limitations within the genome that retain phylogenetic niche conservatism. Multiple phenotypic 

traits may be linked to one gene (pleiotrophy), where traits linked with ecological niche 

expansion are coupled with traits that decrease fitness in another aspect. Finally, a lack of genetic 

variation could prevent a species from adapting to a new environment and deviating from its 

ancestral niche (Wiens & Graham 2005). Thus, since phylogenetic signal and phylogenetic niche 

conservatism both result in closely related species sharing similar ecological niches, we can 

approximate species niche similarity with phylogenetic similarity. 

 Assuming phylogenetic trait conservatism, we would therefore expect three patterns of 

species co-occurrence within a local community in relation to the regional species pool. (1) Co-

occurring species are closely related, or phylogenetically clustered, which indicates that an 

environmental filter is acting on a community (Figure 1.1A). This pattern results from only 

certain traits or life strategies being successful in a community, which are found amongst closely 

related species. (2) Co-occurring species are distantly related, or phylogenetically overdispersed, 

which suggests that ecologically similar species are unable to co-exist (Figure 1.1B). This pattern 

is the result of biotic interactions dominating community assembly and, more specifically, 

suggests the competitive exclusion of ecologically comparable species. (3) Co-occurring species 

may display no phylogenetic pattern, which would be the result of random factors determining 

community assembly (Figure 1.1D). Finally, if traits and niches are not phylogenetically 

conserved, a fourth phylogenetic pattern may occur, where convergent evolution in distant 

lineages of an important ecological trait would result in an overdispersed phylogeny (Figure 

1.1C). Thus, distantly related species are able to co-exist because each lineage has evolved a trait 

that is able to cope with a common environmental stress. (Figure 1.1C; Webb 2000; Webb et al. 

2002). Thus, by assessing the presence of phylogenetic signal and phylogenetic pattern, we can 

determine the dominant force influencing community assembly for that particular community. 
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 Empirical research in this area has found all of these phylogenetic patterns to occur in 

nature, which has been recently reviewed by Vamosi et al. (2009). Phylogenetic clustering, for 

example, has been documented in Borneo rain forest trees (Webb 2000), tropical tracheophytes 

(however, clustering decreased with finer geographic and taxonomic scale) (Swenson et al. 

2006), and Amazonian forest plants (Kraft & Ackerly 2010). Phylogenetic overdispersion has 

been reported less frequently (Vamosi et al. 2009), but for example has been observed in 

Floridian oaks (Cavender-Bares et al. 2004), monkeys and squirrels (Cooper et al. 2008), as well 

as in some island mammal groups (Cardillo et al. 2008). In addition, apparently randomly 

phylogenetically structured communities have been observed in tropical forests (Kembel & 

Hubbell 2006) and English meadow plants (Silvertown et al. 2006). Furthermore, these patterns 

may vary depending on the group examined, as exotic plant species have been observed to be 

phylogenetically clustered, while native species in the same area were phylogenetically 

overdispersed (Cadotte et al. 2010). However, as Vamosi et al. (2009) point out, the majority of 

the current research has been conducted on terrestrial plant systems (temperate and tropical), and 

further studies are required examining different taxonomic groups as well as habitats and 

ecosystems to improve our knowledge of phylogenetic community assembly. 

Studies examining community assembly must carefully consider the source pool from 

which they draw their conclusions. Diamond & Gilpin (1982) stressed the importance of 

examining species pairs that are interacting and potentially competing (comprising a guild); 

otherwise, the patterns observed will be random. Defining the source pool, therefore, can 

influence the results and explanations for observed patterns when examining community 

structure. Too wide of a source pool will contain species that are not interacting (the dilution 

effect), and thus will obscure patterns of species co-existence (Diamond & Gilpin 1982). 

Alternatively, any pattern may be difficult to detect if the source pool is too restricted (Gotelli & 

Graves 1996). As such, careful consideration must be given to the species included in the source 

pool, with the central caveat being that the species included should be potentially interacting 

(Gotelli & Graves 1996). In addition, the degree of ecological reality applied to the source pool 

can alter the degree of phylogenetic clustering observed. For instance, decreased phylogenetic 

clustering is observed with three different definitions of a source pool: (1) by including species 

that have geographic ranges that overlap with the study area but were not necessarily collected,  

(2) by incorporating the probability of sampling abundant and wide-spread species, and finally 
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(3) by increasing the probability of sampling a species in a local community if the species 

composition is similar to a neighbouring community (Lessard et al. 2012). Thus, it is also 

important to consider the geographic range of the study, as this will undoubtedly alter the source 

pool and could potentially influence the phylogenetic patterns of co-occurrence observed. For 

example, Webb et al. (2002) emphasized the different patterns of community assembly that 

would be expected at different geographic scales. For communities studied at a very local scale 

(i.e. a neighbourhood, <100m), we would expect co-occurrence to be determined by individual 

interactions; while at a more expansive regional scale (10-1,000km), communities may be 

strongly influenced by broad phenotypic sorting (Webb et al. 2002). This is supported by 

empirical evidence, as Gómez et al. (2010) noted increased phylogenetic clustering with 

decreased geographic scale in Neotropical forest birds. It is only at this local geographic scale, 

and also a small taxonomic breadth (“Darwin-Hutchinson zone”), that interspecific competition 

could be observed and, as such, can be suggested as an explanation of observed phylogenetic 

overdispersion in small-scale studies (Vamosi et al. 2009). Therefore, careful consideration must 

be given to the taxonomic and geographic scale of the study, and the potential implications of 

these decisions. 

The utility of DNA barcoding 

Accurate species-level identifications are also important for studies of community 

assembly, yet generally hard to obtain. With a limited number of taxonomists worldwide, 

ecological studies become cumbersome when dealing with species identifications of diverse 

groups (Gotelli 2004). However, work on cytochrome c oxidase subunit I (COI) has proven it to 

be effective in delineating genetic clusters that represent taxonomically described species, with 

usually >3% sequence divergence between animal species (Hebert et al. 2003; Monaghan et al. 

2005; Robinson et al. 2009). The application of COI for species identification (DNA barcoding) 

allows for the rapid identification of species based on a short gene region (Hebert et al. 2003; 

Janzen et al. 2005; Hajibabaei et al. 2006; Zhou et al. 2011). For taxonomic groups that are 

difficult to identify, due to insufficient keys or easily damaged specimens (such as freshwater 

insects), DNA barcoding can not only provide a finer taxonomic resolution, but improve our 

understanding of the variation caused by environmental gradients (Sweeney et al. 2011). Of 

course, for a DNA-based sequence identification to be maximally useful for linking with other 

ecological information, there must be a reference library for matching genetic sequences to 
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species (Gotelli 2004). Fortunately, there has been a strong effort to barcode all of the 

multicellular life in the Churchill, MB region, which was selected as my study region (see 

below). Thus, a thorough, publically accessible, reference database for certain taxonomic groups 

has been built by the joint effort of geneticists and taxonomists for the Churchill region (Zhou et 

al. 2009, 2010), now housed within the Barcode of Life Data System (BOLD; Ratnasingham & 

Hebert 2007). In addition, prior work in Churchill on insects has found that a >2% sequence 

divergence cut-off can generally approximate the number of morphologically identified species. 

For example, morphological identification of Trichoptera indicated 68 species in the area, while 

a >2% barcode cluster identified 77 species (Zhou et al. 2009). For Ephemeroptera, there were 

37 morphological species and 39 barcode clusters in Churchill, indicating that COI can roughly 

approximate the number of morphological species in the area (Zhou et al. 2009). Furthermore, 

the maximum intraspecific divergences for these orders was generally 0.65-1.10%, while the 

nearest neighbour interspecific distances ranged from 11.6-14.97% (Zhou et al. 2010). However, 

potential cryptic species have been reported for Churchill, with two Trichoptera species detected 

that display large intraspecific divergences yet limited morphological variation (Limnephilus 

sansoni –  4.01%; Cheumatopsyche campyla – 5.25%) (Zhou et al. 2010). These intraspecific 

clusters showing deep genetic divergences are suggestive of reproductive isolation and are 

typically treated as provisional species in ecological studies, pending further work incorporating 

other genetic markers and ecological data. For Coleoptera, work by Bergsten et al. (2012) found 

that at local geographic scales, the 3’ end of COI (i.e. not exactly the animal DNA barcode 

region) were able to correctly identify species of the tribe Agabini. As well, the maximum 

intraspecific variation was found to be 6.54%, which overlapped with the interspecific variation 

(distance to the nearest neighbour), which ranged from 0-13.84%, but this was examining 

continent-wide relationships. At more local geographic scales, there was less overlap between 

the intra- and interspecific variation (Bergsten et al. 2012), likely reflecting the commonality of 

allopatric speciation in combination with constrained intraspecific variation at local scales. 

Therefore, at more local scales, Bergsten et al. (2012) found that DNA barcodes can correctly 

identify the aquatic beetle tribe Agabini, which is a prominent group in Churchill. As such, DNA 

barcoding is reliable in providing species delineations when examining Trichoptera, 

Ephemeroptera, and Coleoptera at a local scale, such as Churchill, MB, Canada. 

Freshwater insects of Churchill, MB, Canada 
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Churchill, MB, Canada is a subarctic location on the southern coast of Hudson Bay that 

borders the transition from boreal forest to arctic tundra. Due to this area being covered during 

the last ice age, the species occurring in this region dispersed from more southern latitudes or 

from Beringia and dispersed high arctic refugia. Generally, populations inhabiting post-glacial 

environments have reduced genetic diversity due to founder effects from post-glacial re-

colonization (Hewitt 2000). However, contact zones of recolonization from multiple refugia can 

result in elevated local genetic diversity in some species inhabiting formerly glaciated regions 

(Bernatchez & Wilson 1998; Weider & Hobaek 2003). Recent work on freshwater Branchiopoda 

(Crustacea) has indicated recolonization of the Churchill region from multiple glacial refugia, 

some from more northern locations than Churchill (Jeffery et al. 2011). 

Freshwater habitats are interesting systems to study from an ecological perspective, in 

that there are numerous biotic interactions (Holomuzki et al. 2010) and trophic levels (Cummins 

1973). In addition, freshwater habitats are generally discrete, which simplifies defining local 

communities, and contain a wealth of species diversity. Apart from the Diptera, the Trichoptera, 

Ephemeroptera, and Coleoptera are the most diverse freshwater insect groups in the world. 

Globally, there are approximately 13,000 Trichoptera species (Holzenthal et al. 2007), 6,000 

freshwater Coleoptera species (Lévêque et al. 2005), and 3,000 Ephemeroptera species (Barber-

James et al. 2008) described. These three insect orders have more manageable species diversity 

than Diptera, which is estimated to be over 20,000 species (Lévêque et al. 2005). In addition, 

aquatic Diptera larvae have very similar morphological characters, making species sorting and 

identification difficult, and thus requiring more intensive DNA sequencing. Therefore, the high 

species diversity of Trichoptera, Ephemeroptera, and Coleoptera make them interesting insect 

lineages to study in terms of species co-existence. 

In addition to being diverse in terms of species richness, the stem of the Trichoptera, 

Ephemeroptera, and Coleoptera lineages are very old. Ephemeroptera is one of the oldest defined 

insect orders, with distinct specimens that can be assigned to this order appearing in the fossil 

record in the early Permian (~280 million years ago, MYA), and even potential close relatives 

from the Carboniferous (310 MYA). The Coleoptera stem lineage also originated in the early 

Permian, however true coleopterans, which would be assigned to this order using the current 

trait-based definition of the order, are not found in the fossil record until the Triassic (230 

MYA). Aquatic groups of Coleoptera, the Hydradephaga (Dytiscidae, Gyrinidae, and Haliplidae, 



8 

 

in my study), appeared in the late Triassic (230-220 MYA), and Coleoptera as a whole had 

reached a high diversity by the late Jurassic (155-160 MYA). Trichoptera fossils are also found 

from the early Jurassic period (180-185 MYA), and some modern families (Rhyacophilidae, 

Philopotamidae) were established by the mid-Jurassic, with even larval cases from the family 

Hydroptilidae being collected from this period. The sub-order Integripalpia, a well-represented 

group in the Churchill fauna, does not appear in the fossil record until the early Cretaceous. 

Nevertheless, by the Cretaceous Trichoptera was a diverse and abundant order (Grimaldi & 

Engel 2005). As such, the diversity that we see today appears to have arisen several million years 

ago. 

The distribution of this diversity today is not uniform with respect to latitude. For 

example, Scott et al. (2011) examined latitudinal gradients of species richness in aquatic insects 

in the Mackenzie River in northern Canada and found that Coleoptera and Ephemeroptera 

generic diversity decreased with increasing latitude, following the most common latitudinal 

diversity gradient pattern (Willig et al. 2003). The Trichoptera, however, showed the lowest 

diversity around 65.2-65.8
o
N, with increased generic diversity at more southern and northern 

latitudes.  Heino (2009) reported European Ephemeroptera species diversity to have a significant 

relationship with latitude, but Trichoptera and aquatic Coleoptera displayed no pattern within 

Europe. Pearson & Boyero (2009), however, reported no latitudinal relationship of Trichoptera 

species richness once area was accounted for, while Ephemeroptera species diversity actually 

increased with increasing latitude. Exceptions to the general pattern of increasing species 

diversity with decreased latitude, while not as common, have been reported (Willig et al. 2003). 

Heino (2009) suggested that groups that do not display clear species richness-latitude 

relationships may be more heavily influenced by local processes in certain areas, or that there is 

no difference of habitats with latitude. As such, while there is some evidence of historic and 

geographical influences on the species richness patterns of northern freshwater insects, it may be 

that local processes are also an important driver of community assembly.  

Objectives of my thesis 

My first study (Chapter 2) addresses the issue of the input phylogeny from which the 

metrics of phylogenetic clustering/overdispersion are calculated. While studies on phylogenetic 

community structure have become increasingly popular, there has been little consideration as to 

the effect of phylogeny on these metrics, with only the issue of polytomies currently examined in 
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the literature (Swenson 2009). My study examines the effect of branch length, tree reconstruction 

method, and amount of input sequence data on phylogenetic community structure metrics using 

Trichoptera collected from the subarctic location of Churchill, MB, Canada. I suggest 

approaches that provide the most accurate calculation of phylogenetic community structure, 

which future researchers can employ and which I utilize in my second study. 

My second study (Chapter 3) expands on my work on Trichoptera in Churchill by 

examining the phylogenetic community patterns of this group in addition to the Ephemeroptera 

and Coleoptera, and explores the potential drivers of these patterns. I examine the phylogenetic 

community structure for each insect order in light of different habitat types, temporal shifts, and 

environmental variables. I hypothesize that environmental constraint is more important than 

species interactions in structuring local-scale subarctic freshwater communities, due to the harsh 

climate and environmental gradients. If my hypothesis is true, then communities will be 

composed of ecologically similar individuals that are phylogenetically clustered. In addition, 

phylogenetic community structure may vary throughout the summer and between habitats. 

 Together, these two studies comprising my master’s thesis provide an examination into 

the current methods of phylogenetic community structure and a detailed study using this 

approach on the freshwater insects of Churchill, MB. Not only does my thesis provide 

suggestions to improve the methods of phylogenetic community structure studies, but with this 

approach I examine understudied communities, taxa, and ecological questions.  
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Figure 1.1. Phylogenetic patterns of community assembly adapted from Webb et al. (2002). The 

highlighted species represent species in a local community that are co-occurring, while species 

A-E represent the regional species pool. (A) A community where the traits are conserved and an 

environmental filter is acting on the community, leading to phylogenetic clustering; (B) A 

community where the traits are conserved and a competitive filter is acting on the community, 

resulting in phylogenetic overdispersion; (C) A community where traits are not conserved within 

the phylogeny, but rather convergent evolution has produced similar traits in distant lineages that 

convey an advantage to an environmentally stressful community; (D) A randomly assembled 

community.   
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Chapter 2 

Assessing the impact of phylogenetic reconstruction method upon measures of phylogenetic 

community structure 

  Abstract 

Studies examining phylogenetic community structure have become increasingly popular, 

yet little attention has been given to the influence of the input phylogeny on metrics that describe 

phylogenetic patterns of co-occurrence. My study examines the influence of branch length, tree 

reconstruction method, and amount of data on measures of phylogenetic community structure 

using Trichoptera communities collected from Churchill, MB. My results suggest that tree 

reconstruction methods that increase biological accuracy improve estimations of phylogenetic 

community structure. In addition, trees built using the barcode region of cytochrome c oxidase 

subunit I (COI) were found to accurately predict metrics of phylogenetic community structure 

obtained from a multi-gene phylogeny. Metrics describing the amount of phylogenetic signal 

gave conflicting results among input trees, indicating the need for caution in interpreting results. 

As the discipline of community phylogenetics continues to expand, it is important to investigate 

the best approaches in order to accurately estimate patterns. 

Introduction 

The explicit application of phylogenetics to understanding community assembly was first 

proposed by Webb (2000), and community phylogenetics has since become a rapidly expanding 

field in ecology. Community assembly is the sorting of a regional species pool, consisting of all 

of the species that occur in a region, into a subset of species that occur in a local habitat 

(Diamond 1975). This sorting of species is typically facilitated through environmental and biotic 

pressures, which can act at various phylogenetic and spatial scales (Cavender-Bares et al. 2004; 

Swenson et al. 2006; Helmus et al. 2007; Cardillo et al. 2008). Given that these different 

pressures leave distinct phylogenetic patterns between locally co-occurring species, we can 

distinguish between different processes of community assembly. Assuming phylogenetic niche 

conservatism, communities composed of closely related species (phylogenetically clustered) 

imply an environmental filter acting on a community, while communities containing distantly 

related species (phylogenetically overdispersed) indicate a competitive filter determining 

community assembly (Webb 2000; Webb et al. 2002).  
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To determine whether competition or abiotic filtering is dominating community 

assembly, first studies must assess the presence of phylogenetic signal. If the assumption of 

phylogenetic trait conservatism is violated, this complicates the interpretation of the linkage 

between mechanisms of community assembly and phylogenetic community patterns. For 

example, evolutionary convergence, rather than competition, may underlie a community pattern 

of phylogenetic overdispersion. Two metrics of phylogenetic signal are commonly employed, 

Blomberg’s K (Blomberg et al. 2003) and Pagel’s λ (Pagel 1999). Blomberg’s K is calculated as 

a ratio of two metrics that incorporate the trait data and the phylogeny. The first is the mean 

squared error of the trait data corrected for phylogeny, which is the observed trait value minus 

the estimated trait value at the root of the tree, divided by n-1 observations (MSE0).  The second 

is the generalized least square of the trait value, multiplied by the variance-covariance matrix 

from the phylogeny, and corrected as above (MSE). These are used to calculate the observed 

ratio which is standardized by the expected ratio under Brownian evolution, to ensure that tree 

size and shape do not influence the calculation (Blomberg et al. 2003): 

 

Thus, when K = 0 there is no phylogenetic signal, and K < 1 suggests that traits display a 

lower phylogenetic signal than expected under Brownian motion. When K > 1 it implies that 

traits display a stronger phylogenetic signal than expected under Brownian motion, which could 

indicate phylogenetic niche conservatism acting on the trait (Blomberg et al. 2003; Losos 2008).  

Alternatively, we can test for phylogenetic signal using Pagel’s λ. Pagel’s λ represents the 

deviation of the phylogeny and trait co-variance matrix from pure Brownian evolution. So, λ 

represents the alteration of the phylogeny to fit the trait data to a Brownian model of evolution. 

As with Blomberg’s K, λ values close to 0 imply no phylogenetic signal in the trait (so the 

phylogeny is reduced to a polytomy) and values close to 1 (or higher) indicate strong 

phylogenetic signal of the trait (Pagel 1999). Münkemüller et al. (2012) used simulated data to 

investigate the sensitivity of these metrics to phylogenetic structure and found that Pagel’s λ had 

similar values with repeated simulations, was less sensitive to variation in the number of species 

in the phylogeny, and less prone to missing branch length information than Blomberg’s K. In 

addition, Pagel’s λ had a small Type I error rate and was able to detect traits evolving under 

Brownian motion better than Blomberg’s K, which was prone to Type II error (Münkemüller et 

al. 2012). Freckleton et al. (2002) also reported appropriate Type I error rates for Pagel’s λ in 
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simulated data, and found that λ was able to detect phylogenetic signal in >90% of simulations 

for trees with 20 species, and close to 100% for trees with 40 species. In addition, Freckleton et 

al. (2002) found that 88% of published phylogenies display phylogenetic signal for at least one 

trait with Pagel’s λ, and overall, 60% of traits displayed phylogenetic signal. Given that 

Blomberg’s K is a commonly reported value for phylogenetic signal in numerous recent 

community phylogenetic studies (Cadotte et al. 2010; Gómez et al. 2010; Pei et al. 2011; 

Baraloto et al. 2012; Burns & Strauss 2012; Hultgren & Duffy 2012; Loiola et al. 2012; Swenson 

et al. 2012), it was included for comparative purposes. 

Second, studies must determine the degree of phylogenetic clustering or overdispersion 

of cohabiting species to understand community assembly. Metrics commonly applied that 

describe the degree of phylogenetic clustering or overdispersion are the mean pairwise distance 

(MPD), the mean nearest taxon distance (MNTD), the net relatedness index (NRI), and the 

nearest taxon index (NTI). MPD is calculated by taking the mean of all of the pairwise 

phylogenetic distances (measured through branch lengths) between all co-occurring species in a 

local community. The MNTD, alternatively, is the mean phylogenetic distance of the closest co-

occurring relative for each species in the local community. Thus, the MPD generally 

incorporates the entire phylogeny into the calculation, whereas the MNTD is focused at the 

terminal branches of the phylogeny (Webb 2000). The NRI and NTI are simply the MPD and 

MNTD, respectively, standardized based on the mean and standard deviation of a random null 

distribution (Webb et al. 2002): 

NRI = 1 – ((xObs MPD - xRdm MPD)/σRmd MPD) 

NTI = 1 – ((xObs MNTD - xRdm MNTD)/σRmd MNTD) 

Where x is the mean and σ is the standard deviation of the random (Rdm) and observed 

(Obs) communities. It is important to note that the NRI and the NTI can be informative of 

different patterns of co-occurrence on a phylogeny. For instance, communities may be clustered 

at the tips of a phylogeny, which would be indicated by a high NTI value, but across the 

phylogeny these localized tip clusters may be randomly distributed, which would lead to a NRI 

value near zero (Vamosi et al. 2009).   

The capabilities of these metrics to detect phylogenetic community structure and the 

factors that influence their power have been tested with regard to certain properties. Hardy 

(2008) assessed the power of a suite of phylogenetic community structure metrics and null 



14 

 

models using a forest community and found that null models that retain some biological reality 

are more powerful, such as the independent swap algorithm, which maintains species frequency 

and community species richness (Gotelli 2000). This was also supported by Kembel (2009), who 

used a simulated phylogeny and community matrix to test the same question, and found the 

independent swap algorithm had an appropriate Type I error. In addition, when this null model 

was combined with NRI and NTI, it was effective at detecting environmental filtering (Kembel 

2009). The ability of NRI and NTI to detect communities with different assembly patterns and 

degrees of trait conservatism has also been tested by Kraft et al. (2007) using a simulated 

phylogeny and community matrix. Kraft et al. (2007) found that in general, NRI was more 

powerful at detecting habitat filtering, while NTI was superior for competitive filtering. They 

also found that as more traits are included, and as trait phylogenetic signal increases (larger 

values of Blomberg’s K), the ability to detect phylogenetic community structure was increased. 

Kraft et al. (2007) also reported that for communities structured by environmental filtering, 

larger regional species pools increased statistical power, but for competitively assembled 

communities, larger regional species pools decreased the statistical power. In addition, the power 

of NTI peaks when the local community species richness is 30-60% of the regional species 

richness (Kraft et al. 2007). Swenson (2009) found that the number of taxa present in the 

regional species pool affects the power of the community structure metrics, with increased taxa 

increasing the power of NRI but decreasing the power of NTI. There has also been some 

investigation into the impact of scale of the regional species phylogeny and the geographic area 

on metrics of phylogenetic community structure. Swenson et al. (2006) found that increased 

focus on one portion of the phylogeny (going from the entire plant kingdom to single divisions) 

increased the phylogenetic overdispersion observed. In addition, the authors found that as the 

spatial scale of the study increased (a specific forest to a continent-wide comparison), 

phylogenetic community structure became increasingly clustered (Swenson et al. 2006). 

González-Caro et al. (2012) also found that NTI values differed in the scale of the spatial grain 

used to define local hummingbird communities. As such, there has been substantial effort to 

understand the power, optimal model settings, and the influence of scale of these calculations, 

but much work is still needed. 

Yet while these metrics have now become the standard for phylogenetic community 

structure studies, there has been little investigation into how these metrics are affected by the 
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properties of the phylogenies to which they are applied.  Swenson (2009) identified three 

phylogenetic issues that could potentially affect the power of the phylogenetic community 

structure metrics: (1) the lack of confidence and variability of branch lengths, (2) the assumption 

of correct topology, and finally (3) the presence of polytomies. Swenson (2009) investigated the 

last of these and found that polytomies reduced the power of NRI and NTI to detect non-random 

communities (Type II error), and this was especially prevalent in basal polytomies in comparison 

to more terminal polytomies.  

There has been further investigation into the effect of polytomies on metrics of 

phylogenetic community structure. More specifically, the use of molecular phylogenies based on 

plant DNA barcoding regions (rbcL, matK, and trnH-psbA) has been compared with results 

using less-resolved phylogenies constructed from Phylomatic (Webb & Donoghue 2005). 

Phylomatic is a commonly employed database that utilizes a mega tree approach to concatenate 

trees from the plant literature to produce a tree with all the observed species in a community. 

However, due to limited data, relationships below the family level are usually represented as 

polytomies (Webb & Donoghue 2005). Both studies found the Phylomatic phylogeny to have a 

higher incidence of being unable to detect non-random communities (i.e. higher Type II 

statistical error) than the more resolved molecular phylogenies (Kress et al. 2009; Pei et al. 

2011). These studies discuss the possibilities of using plant DNA barcode regions for 

phylogenetic community structure metrics; however, there has been no investigation of the 

application of animal DNA barcodes (a region of cytochrome c oxidase subunit I, COI) to this 

field. Mitochondrial genes are expected to reconstruct less accurate relationships at deeper nodes 

of a phylogeny due to higher rates of evolution and saturation. In insects, mitochondrial genes 

have been found to have faster rates of evolution, lower consistency index (CI), higher base 

composition bias, higher transition:transversion ratios, and higher rate heterogeneity among sites, 

which suggests homoplasy (Lin & Danforth 2004). However, previous research has found that 

there is comparable phylogenetic accuracy at the genus level in COI compared to nuclear genes 

in Lepidoptera (Wilson 2010). It is possible that COI may be applicable to phylogenetic 

community structure metrics that focus along the tips of the phylogeny below the genus level 

(i.e. NTI). However, the suitability of COI for these metrics needs to be tested to establish the 

power of using animal DNA barcode data for community phylogenetics studies. 
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As such, we have an inadequate understanding of: (1) phylogenetic community structure 

metrics variation with branch length; and (2) superiority of multi-gene data sets in comparison to 

single-gene. Since these metrics are calculated from a pairwise species distance matrix, variation 

in branch length between trees will alter the input distance matrix, and thus the resulting 

calculation. If the phylogeny is biologically inaccurate with respect to branch length due to poor 

reconstruction methods (less input data, unrealistic substitution model), this will alter the 

community pattern detected. Of course, this may affect NRI and NTI differently, depending on 

where the phylogeny is most inaccurate. As NTI is calculated primarily from the tips of the 

phylogeny, it is expected that it will be more robust to phylogenetic inaccuracies at deeper nodes 

in the phylogeny. Alternatively, the calculation of NRI typically involves the entire phylogeny, 

and is therefore sensitive to erroneous phylogenetic reconstructions (Webb 2000). However, the 

actual impact of these issues remains to be examined. 

To understand how these metrics behave, here I investigate the influence of branch length 

variability and multi-gene vs. COI phylogenies for calculating these metrics. In addition, my 

study asks how well COI can approximate the ‘true’ pairwise species distance matrix, as this is 

used to calculate phylogenetic community structure metrics. If COI proves to estimate 

phylogenetic community structure with reasonable accuracy, this could lead to broader 

community studies with the large amount of data being generated by initiatives such as the 

International Barcode of Life (iBOL) project. By not using simulation data, we can understand 

how observed phylogenetic community structure metrics are affected by the phylogeny 

employed, and how this would impact the conclusions drawn from an actual study.  

To test these questions, I decided to focus on real communities of Trichoptera larvae 

collected from Churchill, MB, Canada. Trichoptera is a diverse and well-studied order of insects 

with well-supported phylogenies at the family level based on multiple genes and morphological 

characters, which can be used to compare topology (Kjer et al. 2002; Holzenthal et al. 2007). In 

addition, Trichoptera of the Churchill area have had a nearly comprehensive DNA barcode 

reference library constructed (Zhou et al. 2009, 2010), which has been made publically available 

on the Barcode of Life Data System (BOLD, Ratnasingham & Hebert 2007). This resource is a 

valuable aid for species-level identifications for the difficult-to-identify larvae (Zhou et al. 2007). 

Furthermore, freshwater communities provide excellent systems to study community structure, 

as the discrete nature of these habitats simplify defining a local community of interacting 



17 

 

species. In addition, by focusing sampling at such a relatively small spatial scale, the 

phylogenetic patterns observed are more likely to be the result of direct interactions (Vamosi et 

al. 2009).  

My study aims to understand how phylogenetic community structure metrics behave with 

variation in phylogeny reconstruction. I hypothesize that NTI is not as dependent on the deeper 

structure of the phylogeny as NRI; if true, then NTI calculations will be more accurate than NRI 

values when using a COI-based phylogeny. As well, with increased biological accuracy 

incorporated into the phylogeny construction, i.e. by using model-based phylogenetic methods, 

we would expect a better approximation of both the NRI and NTI values.  

Methods 

Field collection 

I collected Trichoptera larval specimens from the subarctic location of Churchill, MB, 

Canada from June 5 to August 25, 2010. I sampled specimens from a variety of freshwater 

habitats, including 30 rocky coastal bluff ponds, 30 tundra ponds, seven creeks, five lakes, and 

three points along the Churchill River encompassing an area of approximately 400 km
2
 

(Appendix S1, Figure S1.1). Using a 100 μm dip net and hand picking, I sampled each location 

once a month in approximately the same order. I defined a local community as the entire aquatic 

habitat encompassing both the benthic and pelagic regions, and if the area was large (i.e. a lake), 

then 20 m of shoreline. For large habitats I sampled an approximately 20 m transect parallel to 

the shore, collecting 1 m away from the shore and then again 5 m from the shore or until a depth 

of 1.5 m (Figure S1.2). To ensure that all the species occurring in the location were collected, I 

performed the sweep along the transect twice, and retained 10 individuals per morphospecies at 

each site. I preserved specimens in 95% ethanol and upon return from the field stored them at -

20
o 
C. 

I sorted specimens to family based on Wiggins (1977) and then selected 10 individuals 

per morphospecies, when available, from a range of localities and time periods for sequencing 

(Appendix S2). My morphospecies designation was aided by photos from previous research on 

Trichoptera larvae in the Churchill region (Zhou et al. 2009; Ruiter et al. in press), which is 

available on BOLD. If a hypothesized morphospecies resulted in multiple species identifications 

based on the cytochrome c oxidase subunit I (COI) sequence, then I subsequently selected and 

sequenced additional specimens. For sequencing nuclear genes, I selected one specimen per 
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species which I based on being a high quality COI sequence (658 base pairs [bp], 0 ambiguous 

bases) that was closely related to the other specimens of that same species (i.e. not an outlier on 

the neighbour-joining phenogram). 

Molecular analysis 

For my analysis, I sequenced one mitochondrial (COI) and three nuclear genes: cadherin, 

(CAD), elongation factor 1α (EF-1α), and RNA polymerase II (POL-II). These genes are 

commonly used for phylogeny reconstruction in Trichoptera (Kjer et al. 2001, 2002; Zhou et al. 

2007; Pauls et al. 2008; Espeland & Johanson 2010; Geraci et al. 2010; Johanson & Espeland 

2010; Johanson & Malm 2010), and I found for my specimens to have the highest polymerase 

chain reaction (PCR) success (Appendix S3). I removed one leg from each specimen that I 

selected for sequencing, lysed the tissue, and extracted the DNA using the manual glass fiber 

technique described in Ivanova et al. (2006). I increased the initial DNA elution volume of 50 μl 

for COI to 100 μl for the nuclear genes as this increased my amplification success (Appendix 

S3). 

To amplify the barcode region of COI, I performed a PCR using a 12.5 μl reaction of 

6.25 μl 10% trehalose (D-(+)- Trehalose dehydrate), 2 μl ddH2O, 1.25 μl 10X buffer, 0.625 μl of 

50 mM MgCl2, 0.0625 μl 10 mM dNTP, 0.06 μl Platinum Taq polymerase (Invitrogen®), 0.125 

μl of 10 μM of each primer, and 2 μl of DNA template (Ivanova & Grainger 2007a). For the 

nuclear genes (CAD, EF-1α, and POL-II) I used a 25 μl reaction consisting of the same 

proportion of trehalose, 10x buffer, MgCl2, dNTP and Platinum Taq polymerase, but I increased 

the amount of forward and reverse primer to 1.25 μl of 10 μM and added 2 μl of DNA template. 

Increasing the reaction volume, in addition to the increased DNA elution described above, 

increased my PCR success greatly for the nuclear genes (Appendix S3). The primers and 

thermocycling regimes that I used for each gene can be found in Table 2.1 and Table 2.2, 

respectively. 

To check each sample for successful PCR amplification, I used an Invitrogen E-gel® 

visualized with an ethidium bromide stain and transillumination UV (Ivanova & Grainger 

2007a). For samples that were successfully amplified, I diluted the PCR product with 15 μl of 

ddH2O, and then I used a 11 μl sequencing reaction consisting of 5 μl 10% trehalose, 0.875 μl 

ddH2O, 0.250 μl BigDye®, 1.875 μl 5x buffer, 1 μl of 10 μM of primer, and 2 μl of PCR product 

(Ivanova & Grainger 2007b). I then ran the reactions using the SEQ31 thermocycling program 



19 

 

(Table 2.2) and submitted the samples to the Canadian Centre for DNA Barcoding (CCDB) 

within the Biodiversity Institute of Ontario (BIO), at the University of Guelph for sequencing 

cleanup and Sanger sequencing using the Applied Biosystems 3730xl DNA analyzer (Hajibabaei 

et al., 2005).  

Using Codon Code Aligner (Codon Code Corporation, v. 3.7.1), I edited and 

concatenated the forward and reverse chromatograms. I then subsequently aligned sequences 

using Clustal W and checked the amino acid sequences for stop codons in MEGA 5.0 (Tamura et 

al. 2011). I uploaded sequences to BOLD and identified sequences to species using only the 

expert-identified published database of COI sequences available on BOLD that had ≥98% 

sequence similarity to my sequences (Ratnasingham & Hebert 2007). Since previous work has 

found a 2% using cut-off to correctly delineate Trichoptera species of the Churchill region (Zhou 

et al. 2009), I employed a 2% threshold for sequence dissimilarity. All of my sequences are 

currently stored on BOLD in the project EBTCH, Trichoptera Larvae of Churchill 2010. For 

failed sequences, I identified each specimen to genus or species based on Wiggins (1977) and 

photographs from my projects on BOLD. If a closely related species (within the same genus) was 

collected from the same site at the same time, then I simply identified the specimen as that 

species, unless there was a clear morphological difference. This ensured a complete species 

presence/absence matrix from which I calculated my community structure metrics. 

Phylogeny construction 

To assess the influence of phylogeny construction on community structure metrics, I built 

in total six phylogenies. I constructed a multi-gene Bayesian tree to assess the importance of a 

biologically more realistic tree and a COI Bayesian phylogeny to determine how well COI can 

estimate a more accurate phylogeny and the associated community metrics. To determine if an 

improved topology was better for estimating the true phylogeny and community structure 

metrics, I included a COI Bayesian phylogeny with a constrained backbone at the family level 

based on Holzenthal et al. (2007). I also stretched the family level relationships 2x and 5x their 

original length on the COI Bayesian phylogeny to account for saturation at the deeper levels of 

the phylogeny, which is a common issue for COI in Insecta (Lin & Danforth 2004). I included a 

distance-based method, Neighbour Joining, as it is a commonly applied, rapid approach for 

generating phenograms for barcode markers and handling large data sets (Yang & Rannala 

javascript:openProject('EBTCH');
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2012). Finally, to ensure that the metrics were behaving as expected, I also built a random tree as 

a negative control. 

For the construction of the Bayesian phylogenies, I selected the best model of nucleotide 

substitution based upon the lowest Akaike information criterion (AIC) score for each gene using 

MrModelTest 2.3 (Nylander 2004), in co-operate with PAUP 4.0 (Swofford 2002). For all genes, 

MrModelTest found the best model to be generalized time reversible (GTR) with a gamma 

distribution parameter describing among-site rate variation and a proportion of invariant sites. I 

built all Bayesian phylogenies in MrBayes 3.2 (Ronquist et al. 2012) using 4 chains with 

10,000,000 generations, a sampling and diagnostic frequency of 1000, and a 25% burnin.  

 For the construction of the COI neighbor joining (NJ) tree, I used MEGA 5.0 to select 

both the best model of nucleotide substitution and to build the tree. A Tamura-Nei model with a 

gamma distribution was applied, and a bootstrap test with 1000 replicates was performed to 

assess the support for the tree.  

Finally, to ensure that subsequent tests are executed correctly, I built a randomized tree 

for comparison, where I took the COI Bayesian phylogeny and randomly shuffled the taxa along 

the tips using Mesquite (Maddison & Maddison 2011). Therefore, the randomized phylogeny has 

the same topology and branch lengths as the COI Bayesian phylogeny, but the taxa are randomly 

distributed along the tips. 

As Lepidoptera is the well-supported sister group to Trichoptera (McKenna & Farrell 

2010; Ishiwata et al. 2011), I rooted all trees with three Lepidoptera species downloaded from 

GenBank (GenBank IDs: Coleophora serratella COI - GU828594.1, CAD - GU828096.1, and 

EF-1α - GU828929.1; Hypenodes humidalis COI - GU828672.1, CAD - GU828169.1, and EF-

1α - GU829002.1; Phalera bucephala COI- GU828607.1, CAD - GU828108.1, and EF-1α - 

GU828941.1). No lepidopteran sequences for POL-II were available. 

Congruence of distance matrices 

To assess the congruence of the distance matrices built in this study, I calculated the 

congruence among distance matrices (CADM) metric in R using the package ape (Paradis et al. 

2004; R Development Core Team 2008). CADM performs a Mantel test using the species 

pairwise distance matrices for each phylogeny and has been modified to accommodate several 

matrices at once (Campbell et al. 2011). In addition, I performed a posteriori testing to assess 

which matrices are the most incongruent. Since all phylogenies are converted to species pairwise 
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distance matrices to calculate the MPD, MNTD, NRI and NTI, CADM allows me to evaluate 

how different the input matrices are for these calculations. As such, topology is not a 

consideration for these calculations. Also, to determine the effect of taxon sampling on these 

calculations, I randomly selected one species per family and secondly, one species per genus, for 

inclusion in each phylogeny. All other taxa were cut from the tree, to determine the effect of 

sampling error.  

Phylogenetic signal metrics  

To test the influence of phylogeny on phylogenetic signal metrics, I calculated 

Blomberg’s K statistic and Pagel’s λ for maximum body length and maximum case length. Body 

size of Trichoptera larvae has been linked to habitat preferences such as shear velocity (Sagnes et 

al. 2008) and vegetation density (Tolonen et al. 2003). Increased body length has also been found 

to decrease phylogenetic clustering in the aquatic beetle family Dytiscidae (Vamosi & Vamosi 

2007). In addition, body size is a commonly used ecological trait to test for phylogenetic signal 

in a variety of taxonomic groups (Freckleton et al. 2002). Although other traits may also be 

ecologically important for Trichoptera, for this study the question of focus is how metrics 

measuring phylogenetic signal vary based on the phylogeny from which they are calculated. I 

measured the maximum body length of the species instead of the mean body length, to account 

for the difference in size between instars and seasonal growth patterns of the group. To ensure 

that I measured the largest individual from each species, I selected the three largest individuals 

per species as judged by eye found in one 95-well plate for measurement, and repeated this for 

every plate in which the species was present. Using a Nikon AZ100M microscope and NIS 

elements BR 3.0, I measured body length (mm) from the tip of the mandible to the end of the 

anal claw on specimens, while case length (mm) was the maximum distance spanned. Four 

species of Trichoptera (Hydropsyche alternans, Neureclipsis crepuscularis, Polycentropus 

aureoles, and Rhyacophila angelita) were excluded from the case length analysis, as they do not 

build portable cases, but either fixed retreats or are free living (Wiggins 1977).  

I utilized the maximum length measured for each species and calculated Blomberg et al. 

's (2003) K statistic with 1000 replicates using the package Picante in R (Kembel et al. 2010). In 

addition, I calculated Pagel’s λ using Geiger in R (Harmon et al. 2008) and tested for 

significance using a likelihood ratio test and a chi-squared distribution compared to a tree with 

no phylogenetic signal (λ = 0).  
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Phylogenetic community structure metrics 

For each phylogeny, I calculated the MPD, MNTD, NRI, and NTI. Even though MPD 

and MNTD are not standardized metrics, I included them as they are still commonly reported in 

contemporary phylogenetic community structure studies (Cadotte & Strauss 2011; Arroyo-

Rodríguez et al. 2012; Cavender-Bares & Reich 2012; Hardy et al. 2012). I calculated each 

metric using the same observed species presence/absence matrix for local communities 

determined for Trichoptera for the Churchill area. Using the Picante package in R, I calculated 

each metric with 1000 randomizations and 1000 iterations using the independent swap algorithm 

(Kembel et al. 2010). The independent swap algorithm developed by Gotelli (2000) maintains 

species occurrence frequency and community species richness, and has low Type I error rate 

when combined with NRI and NTI (Kembel 2009). This randomization of the species 

presence/absence matrix creates a null distribution of the phylogenetic community structure 

metric based on the phylogeny, from which the significance of the observed community metric 

can be determined (Webb 2000).   

To examine the effect of phylogeny on the community structure metrics, I performed a 

linear regression of the multi-gene Bayesian calculated MPD, MNTD, NRI and NTI, against all 

other phylogenetic hypotheses with the origin forced through zero, as in Swenson (2009) using 

R. I am assuming that the multi-gene Bayesian tree is the strongest phylogenetic hypothesis for 

three main reasons. First, increasing the number of genes used in phylogeny reconstruction 

increases phylogenetic accuracy (Mitchell et al. 2000; Rokas & Carroll 2005). Second, sampling 

independent genes throughout the genome results in a more accurate representation of the entire 

genome and improves phylogenetic accuracy (Cummings et al. 1995). Furthermore, non-

independent sites resulting in less accurate phylogenetic reconstructions can inflate the support 

(bootstrap value) of a tree, leading to false confidence in a tree (Galtier 2004). Third, Bayesian 

reconstruction is advantageous over a distance-based method (Neighbour Joining) in that more 

complex models of evolution can be incorporated, leading to a closer approximation of 

biological realism (Yang & Rannala 2012). Therefore, I assume that the multi-gene Bayesian 

tree will be the strongest phylogenetic hypothesis, and therefore the most accurate for estimating 

metrics of phylogenetic community structure. I treated this tree as the “gold standard” for my 

data, against which to compare trees based upon less data, particularly the barcode region alone. 

Results 
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In total, I processed 570 Trichoptera larval specimens for molecular analysis with a 

99.5% COI sequencing success and found 46 species among my samples from the Churchill 

region. Of these, I was able to recover sequences for 45 species for POL-II (98%), 43 species for 

EF-1α (93%), and 34 species for CAD (74%). After trimming sequences so that at least 50% of 

species were represented at the beginning and the end, COI consisted of 658bp, POL-II 712bp, 

EF-1α 490bp, and CAD 730bp. I only included the first half of the EF-1α gene for this study due 

to amplification failure of the second half. None of the alignments contained any stop codons or 

gaps. 

Phylogeny support 

The topology of my multi-gene Bayesian phylogeny is largely consistent with the current 

literature on Trichoptera, and most nodes have a high posterior probability, indicating a robust 

phylogenetic hypothesis (>0.95, 35/45 nodes, Figure 2.1; Alfaro et al. 2003; Erixon et al. 2003). 

There are some differences between my recovered family-level relationships within the sub-

order Integripalpia with Kjer et al. (2001, 2002); however, Holzenthal et al.'s (2007) phylogeny 

incorporating morphological characters in addition to Kjer’s data is topologically congruent with 

my phylogeny. Two genera within Limnephilidae, Asynarchus and Limnephilus, do not form 

monophyletic groups (in any of the phylogenies); however, this is not surprising as this family 

has been exceedingly difficult to resolve taxonomically (Vshivkova et al. 2007). 

The COI Bayesian phylogeny was slightly less supported by the posterior probabilities 

(>0.95, 22/45 nodes; Figure 2.2). The topology was generally congruent with the multi-gene 

phylogeny; however, the position of Glossosoma intermedium, the association of the species 

within Leptoceridae, and the topology of the families of Integripalpia is altered. The COI 

Bayesian + backbone nodes are also well supported (>0.95, 25/45 nodes; Figure 2.3), although 

the topology differs from my multi-gene Bayesian phylogeny in many instances below the 

family level. COI NJ showed high bootstrap support (>0.70; Hillis & Bull 1993) for 21/45 nodes 

(Figure 2.4). The same topological issues I found in the COI Bayesian phylogeny are also 

present in the NJ phylogeny.  

Distance matrix similarity 

 The distance matrices from all of the phylogenies I constructed (exempting the random 

phylogeny) were congruent. A posteriori testing showed that the mean of the Mantel 

correlations, computed on rank-transformed distances, between the multi-gene Bayesian distance 
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matrix and all others were high (>0.9, p=0.010 for all trees; Table 2.3). The trees with the highest 

to lowest congruence score were: COI Bayesian + backbone > COI Bayesian > COI Bayesian 2x 

> COI Bayesian 5x > COI NJ. The random phylogeny, as expected, was found to be incongruent 

with the multi-gene Bayesian phylogeny (p=0.881).  

 When only one species per genus was included (22 species), there was a large decrease in 

the correlation coefficients with the multi-gene Bayesian phylogeny (Table 2.4); however, the 

matrices were still found to be congruent. The same was also observed when one species per 

family was included (10 species), but the correlation coefficients were further reduced (Table 

2.4). In both cases, the order of decreasing correlation coefficients was the same as with the full 

phylogeny. 

Presence of phylogenetic signal 

For body length, Blomberg’s K showed significant phylogenetic signal for all of the 

phylogenies except the multi-gene Bayesian and the random phylogeny (Table 2.5). 

Alternatively, Pagel’s λ detected significant phylogenetic signal for all of the phylogenies except 

the NJ (Table 2.5).  

Case length was shown to display phylogenetic signal based on Blomberg’s K for only 

the NJ tree (Table 2.6). In contrast, Pagel’s λ displayed statistically significant phylogenetic 

signal for all trees except the NJ tree (Table 2.6). The estimation of Pagel’s λ by the NJ tree 

however for both body size and case length was highly unsupported. 

Estimation of phylogenetic community structure metrics 

NRI and NTI values calculated using the multi-gene Bayesian phylogeny distance matrix 

were well estimated by the other phylogenies, excluding the random phylogeny (Figure 2.5 and 

Figure 2.6, respectively). I observed a strong correlation between the NRI and NTI values of the 

multi-gene phylogeny and NRI and NTI values for all other phylogenetic hypotheses (r
2
>0.75), 

and the slopes were slightly below 1. 

Alternatively, the MPD and MTND values of the multi-gene Bayesian phylogeny were 

not well approximated by the other phylogenies (Figure 2.7 and Figure 2.8, respectively). While 

in general there were high r
2
 values for both MPD and MNTD (r

2
>0.8, excluding random), the 

slopes were not close to 1. The slope of the MPD and MNTD for all of the trees except the NJ 

were well below 1, while the NJ tree had a slope above 1.   
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Both the NRI and the NTI values were well estimated by the COI Bayesian + backbone 

phylogeny. For both NRI and NTI, the COI Bayesian + backbone phylogeny had the highest r
2
 

values (0.888 and 0.864, respectively), and slopes close to 1 (0.949 and 0.885, respectively). The 

COI Bayesian 2x performed best in terms of the closest slope to 1 (NRI=0.99, NTI=0.924); 

however, it had a lower r
2
 value than several other phylogenies (NRI=0.86, NTI=0.854).   

Discussion  

Studies examining phylogenetic community structure are becoming increasingly popular, 

and while this novel approach has provided exciting insight into community assembly, it is 

important to evaluate the current methods applied to any new field. While the power and scale of 

phylogenetic community structure metrics and null models have been thoroughly investigated 

(Swenson et al. 2006; Kraft et al. 2007; Hardy 2008; Kembel 2009; González-Caro et al. 2012; 

Münkemüller et al. 2012), my study examined the phylogenetic problems proposed by Swenson 

(2009), which have received little attention in the literature. 

In general, I found that COI produced significantly similar genetic distance matrices to 

the multi-gene Bayesian approach. The COI Bayesian + backbone phylogeny produced the most 

congruent distance matrix, and the COI NJ had the lowest correlation. In addition, I found that 

the correlation between the multi-gene Bayesian distance matrix and the COI matrices decreased 

as the thoroughness of taxonomic sampling decreased. When only one species per genus and one 

species per family were included, the matrices are significantly congruent but the correlation 

values decreased considerably. As such, it is clearly important to have thorough taxonomic 

sampling to produce accurate species distance matrices. 

Discrepancy of metrics measuring phylogenetic signal 

My study revealed substantial variation of the metrics measuring phylogenetic signal 

with phylogenetic reconstruction method. Similar to Münkemüller et al. (2012), I found that 

Blomberg’s K and Pagel’s λ suggested very different conclusions about the phylogenetic signal 

of traits in my phylogenies. For instance, Blomberg’s K suggested that both traits are not 

significantly conserved in the multi-gene Bayesian phylogeny; however, Pagel’s λ implied that 

they are in fact significantly conserved. For all of the COI Bayesian phylogenies for case length, 

Blomberg’s K found no support for phylogenetic signal, while Pagel’s λ found significant 

phylogenetic signal. Münkemüller et al. (2012) simulation experiments found Blomberg’s K to 

be prone to Type II error, while Pagel’s λ displayed appropriate Type I error rates. It may be that 
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Blomberg’s K is failing to detect significant phylogenetic signal in the traits I measured. It is also 

important to note that since my phylogenies contain a relatively large number of species for this 

type of study (n > 40), this increases the power of Pagel’s λ to detect phylogenetic signal 

(Freckleton et al. 2002). For COI NJ tree the opposite pattern was observed, with traits 

displaying significant phylogenetic signal for Blomberg’s K, but not for Pagel’s λ. In fact, a 

phylogeny where λ=0 significantly fit both body size and case length better than the NJ tree. 

Since I do not explicitly know the process of trait evolution for my Trichoptera phylogenies, I 

cannot state which metric is superior to the other. However, I believe my results highlight the 

importance of calculating both metrics when testing for phylogenetic signal on a real data set, as 

conclusions drawn from only one metric could be misleading, even if significant phylogenetic 

signal is detected. If both metrics were to agree, this would give increased confidence in the 

result. 

In addition to the variation observed between the phylogenetic signal metrics, very 

different conclusions would be drawn based on phylogenetic reconstruction method. In general, 

all of the Bayesian reconstructions came to consistent conclusions between metrics for either 

detecting or rejecting phylogenetic signal. The COI NJ tree however came to the opposite 

conclusion for both traits with Pagel’s λ and for Blomberg’s K for case length. As such, COI NJ 

approach appears to be very poor at correctly detecting phylogenetic signal. 

Best approaches for estimating phylogenetic community structure 

My study investigated how different phylogenetic reconstruction methods can 

approximate MPD, MNTD, NRI, and NTI calculated from a more robust multi-gene tree. I found 

that NRI and NTI values calculated from COI Bayesian phylogenies were generally accurate, 

therefore not supporting my main hypothesis. Since the COI distance matrices were congruent 

with the multi-gene genetic distance matrix, and the phylogeny was well supported at the deeper 

nodes, it is not surprising that NRI and NTI values were also well estimated. Therefore, the 

rather surprising finding was how well the COI data estimated the phylogeny. Overall, NRI and 

NTI values were approximated more accurately than MPD and MNTD from the multi-gene 

Bayesian phylogeny. All COI Bayesian phylogenies and the COI NJ tree had slopes slightly less 

than 1 for both NRI and NTI, indicating a slight bias towards over estimating the true value, or 

increased non-random phylogenetic community structure (Type I error). For all of the COI 

Bayesian phylogenies, the slope for MPD and MNTD was well below 1, implying a high Type I 
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error for these metrics based on COI alone. Alternatively, the MPD and MNTD estimated from 

the COI NJ tree had a slope much greater than 1, suggesting underestimation of the multi-gene 

MPD and MNTD values. Therefore, COI NJ trees appear to have a high Type II error and have a 

tendency for random phylogenetic community structure when calculating MPD and MNTD. It is 

also interesting to note that the estimated MPD, MNTD, NRI, and NTI have a higher variance 

for overdispersed values than clustered values. This variance may be the result of the greater 

uncertainty at the deeper nodes of the phylogeny, from which more distantly related species of a 

community are calculated. 

In terms of which phylogenetic reconstruction method most accurately estimated the 

multi-gene phylogenetic community structure metrics, I found that a Bayesian approach using 

COI while enforcing a backbone for the deeper relationships in the phylogeny performed well. 

The COI Bayesian + backbone phylogeny had the highest r
2
 values for both NRI and NTI when 

comparing against the multi-gene Bayesian tree, indicating that this approach had a low variation 

from the multi-gene Bayesian NRI and NTI values. In addition, the COI Bayesian + backbone 

phylogeny for NRI and NTI had slopes close to 1, suggesting that the values estimated with the 

COI Bayesian + backbone were very similar to the multi-gene Bayesian phylogeny. It is intuitive 

that this approach produced the most accurate NRI and NTI values, as it also produced the most 

congruent distance matrix with the multi-gene phylogeny. In addition, it was expected that a 

stronger phylogenetic reconstruction method including more biological information and more 

sophisticated approaches would produce a more accurate phylogeny and thus estimation of 

phylogenetic community structure metrics. As such, I would recommend future researchers to 

incorporate more realistic phylogeny reconstruction methods, as well as including information 

about the known relationships among taxa. 

Utility of COI 

My study has highlighted the utility of COI for estimating phylogenetic community 

structure at a small regional scale within the order Trichoptera. When more genetic information 

is available, I encourage people to utilize it for estimating NRI and NTI; nonetheless, my results 

suggest that using only COI is a reasonable approach at the taxonomic and geographic scale 

examined. However, for phylogenies reconstructed using only COI, I would recommend NTI 

values over NRI values, as NTI focuses on the tips of the phylogeny where there is expected to 

be more support for a COI phylogeny. The Churchill area sampled according to Webb et al. 
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(2002) is classified as a region, and while my study suggests that COI is suitable at this scale for 

estimating NRI and NTI, difficulties may arise when examining larger geographic areas and 

broader taxonomic groups. It might be expected that a wider geographic area would include 

more taxa (species-area relationship; Sólymos & Lele 2012), which is expected to increase 

phylogenetic accuracy. Yet at a broader geographic scale more taxonomic families may be 

sampled, which could reduce the accuracy of a COI phylogeny and thus the NRI and NTI of the 

community. However, improved phylogeny reconstruction methods are allowing researchers to 

build accurate phylogenies amongst insect orders with mitochondrial genomes (Talavera & Vila 

2011), and so with improved methods these problems may be alleviated. In addition, the utility 

of COI as a means of species identification at a broader geographic scale has been found to be 

slightly reduced in the tribe Agabini (Bergsten et al. 2012); hence this should be another 

consideration for future studies. Despite these minor challenges, the large quantities of DNA 

barcodes and associated ecological data available on websites such as BOLD could be a vast 

untapped resource of ecological information. 

Conclusions 

 Understanding the most robust approaches to answering questions of community 

phylogenetics is critical to ensure that the proper conclusions are drawn about the mechanisms 

driving community assembly. My study has examined several different techniques of tree 

reconstruction, and identified the strongest methods and metrics for future researchers to 

consider. Since phylogenetic community structure is a rapidly expanding field that holds a lot of 

potential for understanding community assembly, it is important to couple observational research 

with a broader understanding of the methods employed in the field. 
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Table 2.1. List of primers used in this study. Specific COI primers used for each individual are 

available on BOLD, however I commonly used a primer cocktail of all four COI primers listed. 

Primer Gene Nucleotide sequence (5’ to 3’) Reference 

LepF1 COI ATTCAACCAATCATAAAGATATTGG Hebert et al. 2004 

LepR1 COI TAAACTTCTGGATGTCCAAAAAATCA Hebert et al. 2004 

LCO1490 COI GGTCAACAAATCATAAAGATATTGG Folmer et al. 1994 

HCO2198 COI TAAACTTCAGGGTGACCAAAAAATCA Folmer et al. 1994 

743nF-ino CAD GGIGTIACIACIGCITGYTTYGARCC Johanson & Malm 2010 

1028R-ino CAD TTRTTIGGIARYTGICCICCCAT Johanson & Malm 2010 

Lepto-IF-ino POL-II TRAARCCIAARCCIYTITGGAC Johanson & Malm 2010 

REV2 POL-II TYYACAGCAGTATCRATRAGACCTTC Danforth et al. 2006 

F EF-1α ATCGAGAAGTTCGAGAARGARGC Kjer et al. 2001 

IntR EF-1α CCAYCCCTTGAACCANGGCAT Kjer et al. 2001 

 

Table 2.2. List of thermocycling regimes used in this study. 

Gene Step Settings 

COI PCR 94 
o
C 1 min; 5x[94 

o
C 40 s, 45 

o
C 40 s, 72 

o
C 1 min]; 35x[94 

o
C 40 s, 51 

o
C 40 s, 72 

o
C 1 min]; 72 

o
C 5 min; maintain at 4 

o
C 

POL-II /CAD PCR 95 
o
C 5 min; 40x[95 

o
C 30 s, 51 

o
C 30 s, 72 

o
C 50 s]; 72 

o
C 8 min; 

maintain at 4 
o
C 

EF-1α PCR 95 
o
C 5 min; 40x[95 

o
C 30 s, 58 

o
C 30 s, 72 

o
C 50 s]; 72 

o
C 8 min; 

maintain at 4 
o
C 

SEQ31 SEQ 96 
o
C 2 min; 30x[96 

o
C 30 s, 55 

o
C 15 s]; 60 

o
C 4 min; maintain at 4 

o
C 

 

Table 2.3. Mantel correlation of genetic distance values and probability values of each 

phylogeny in comparison to the multi-gene Bayesian phylogeny from congruence among 

distance matrix (CADM). 

Phylogeny Correlation Probability 

COI Bayesian 0.949 0.010* 

COI Bayesian + backbone 0.951 0.010* 

COI Bayesian stretched 2x 0.942 0.010* 

COI Bayesian stretched 5x 0.934 0.010* 

COI NJ 0.903 0.010* 

Random -0.103 0.881 
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Table 2.4. Mantel correlation and probability values of each phylogeny in comparison to the 

multi-gene Bayesian phylogeny from CADM. Values shown when only one species per family is 

included in the analysis and when only one species per genus is included. 

 1 Species per Family  1 Species per Genus 

Phylogeny Correlation Probability   Correlation Probability 

COI Bayesian 0.819 0.010*   0.896 0.010* 

COI Bayesian + backbone 0.837 0.010*  0.908 0.010* 

COI Bayesian stretched 2x 0.769 0.010*  0.867 0.010* 

COI Bayesian stretched 5x 0.734 0.010*  0.848 0.010* 

COI NJ 0.580 0.010*  0.819 0.010* 

Random -0.164 0.772  -0.295 1.000 

 

Table 2.5. Phylogenetic signal metrics for Trichoptera maximum body length. 

 Blomberg's K  Pagel's λ 

Phylogeny K p-value  λ p-value 

Multi-gene Bayesian 0.148 0.169  0.119 0.013* 

COI Bayesian 0.344 0.042*  0.243 3.55x10
-14

* 

COI Bayesian + backbone 0.327 0.043*  0.233 4.55x10
-14

* 

COI Bayesian stretched 2x 0.210 0.034*  0.314 1.74x10
-17

* 

COI Bayesian stretched 5x 0.092 0.032*  0.510 3.32x10
-18

* 

COI NJ 0.809 0.007*  0.224 9.52*10
-37+

 
+
 Likelihood ratio test switched to lnLCOI NJ – lnLλ=0, i.e. λ = 0 was a better fitting model.  

 

Table 2.6. Phylogenetic signal metrics for Trichoptera maximum case length. 

 Blomberg's K  Pagel's λ 

Phylogeny K p-value  λ p-value 

Multi-gene Bayesian 0.202 0.165  0.074 0.003* 

COI Bayesian 0.455 0.061  0.178 3.77x10
-61

* 

COI Bayesian + backbone 0.445 0.062  0.177 6.03x10
-59

* 

COI Bayesian stretched 2x 0.296 0.067  0.175 1.19x10
-77

* 

COI Bayesian stretched 5x 0.139 0.054  0.217 6.85x10
-89

* 

COI NJ 0.923 0.018*  0.211 1.12x10
-94+

 
+
 Likelihood ratio test switched to lnLCOI NJ – lnLλ=0, i.e. λ = 0 was a better fitting model.  
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Figure 2.1. Trichoptera Bayesian tree built with COI, CAD, EF-1α, and POL-II. Node values indicate estimated posterior probabilities 

from Bayesian analysis.  
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Figure 2.2. Trichoptera Bayesian tree built with COI. Node values indicate estimated posterior probabilities from Bayesian analysis. 

Branches highlighted in blue indicate family level relationships that were stretched 2x and 5x their original length for analysis.  
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Figure 2.3. Trichoptera Bayesian tree built with COI with a constrained backbone at the family level based on (Holzenthal et al. 2007). 

Node values indicate estimated posterior probabilities from Bayesian analysis.  
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Figure 2.4. Trichoptera Neighbour Joining tree built using COI. Bootstrap values are shown at each node. 
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Figure 2.5. Linear regression of the NRI values of the multi-gene Bayesian phylogeny against 

other phylogenetic hypotheses. Red lines show the equation for each linear model, which is 

forced through 0. 
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Figure 2.6. Linear regression of the NTI values of the multi-gene Bayesian phylogeny against 

other phylogenetic hypotheses. Red lines show the equation for each linear model, which is 

forced through 0.  
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Figure 2.7. Linear regression of the MPD values of the multi-gene Bayesian phylogeny against 

other phylogenetic hypotheses. Red lines show the equation for each linear model, which is 

forced through 0. 
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Figure 2.8. Linear regression of the MNTD values of the multi-gene Bayesian phylogeny against 

other phylogenetic hypotheses. Red lines show the equation for each linear model, which is 

forced through 0. 
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Chapter 3 

Variation with habitat and time of phylogenetic structure in freshwater insect communities 

of Churchill, MB, Canada 

Abstract 

Different mechanisms of community assembly impart a signature upon the phylogenetic 

relatedness of co-occurring species. My study aims to understand the phylogenetic co-occurrence 

patterns of sub-arctic freshwater marcoinvertebrates and how they vary with time, habitat and 

environmental variation. I collected macroinvertebrates from 75 habitats three times in Churchill, 

MB. I sequenced cytochrome c oxidase subunit I to construct a regional phylogeny for 

Trichoptera, Ephemeroptera, and Coleoptera and determined the degree of relatedness between 

locally co-occurring species. Communities were phylogenetically clustered in comparison with 

random communities from the regional source pool, indicating an environmental filter 

dominating community assembly. However, there were exceptions to this pattern, and I found 

phylogenetic community composition to vary with time and habitat. Water chemistry was also an 

important influence on the phylogenetic community structure of these taxa. Community 

assembly of these systems appears to be influenced not only by niche filtering, but by time and 

habitat. 

Introduction 

Examining communities in a phylogenetic context has become increasingly popular since 

Webb first proposed the approach (Webb 2000; Webb et al. 2002), and has provided valuable 

insight into community assembly. However, there is an obvious bias for certain study systems in 

the literature, which is dominated by land plant communities and a limited variety of habitats 

(Vamosi et al. 2009). Plants, while a diverse and common model system for community ecology 

studies, comprise a relatively small portion of the Earth’s biota (Mora et al. 2011) and have very 

different dispersal strategies and resource needs in comparison with animals. Since the majority 

of research has been conducted on plants, it follows that most studies have examined primary 

producers, and many trophic levels have received limited research (Vamosi et al. 2009). Yet the 

intensity of competition varies among trophic levels (Gurevitch et al. 1992), so we would expect 

phylogenetic community structure also to differ between trophic levels. In addition, the majority 

of research has been confined to tropical and temperate regions (Vamosi et al. 2009), with little 

consideration for the polar regions of the Earth. Furthermore, it is not expected that community 
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structure would be constant over time (Webb et al. 2002), yet temporal variation has received 

limited consideration in phylogenetic community structure studies (Silver et al. 2012). Silver et 

al. (2012) found that phylogenetic community structure did vary with time, since communities 

became increasingly overdispersed as the summer season progressed in permanent wetland 

macroinvertebrates. As such, while there has been substantial interest in the emerging field of 

phylogenetic community structure, we have a limited understanding of polar environments, 

temporal variation, and invertebrate systems. 

Polar environments are intriguing in that they present unique challenges to life compared 

to temperate and tropical systems. Subarctic environments exert a number of pressures, and it is 

believed that the abiotic stresses of these habitats overpower any biotic interactions, particularly 

for invertebrate life (Danks 2007). The abiotic pressures imposed in the subarctic include: 

severity (temperature), seasonality (very different climatic conditions between seasons), and 

variability (abrupt changes in temperature and yearly inconsistencies) (Danks 2004). These 

conditions require species to possess a suite of adaptations that allow them to cope with the 

challenging environment, and on a continental scale these adaptations are found amongst related 

taxa that occur in the subarctic (Danks 2004). We would expect that within a region such as 

Churchill, community structure would be determined by phenotypic sorting of different 

environmental gradients or habitat types, leading to phylogenetic clustering (Webb et al. 2002). 

However at more local scales, such as an individual pond, we could observe either phylogenetic 

patterns resulting from biotic interactions, or further habitat filtering (Webb et al. 2002). In 

addition, the distinct temporal variation of arctic systems makes them ideal for studying 

community structure variation over time.  

 In arctic systems, adaptations related to the timing of events can be critical for survival. 

For example, the length of the life cycle is either very short so that it can be completed in the 

short growing season, or extended over multiple years to accommodate limited resources (Danks 

2004). Adult emergence in some groups occurs early in the summer season or during a very 

specific time, which allows reproduction to occur early and in a concerted manner (Danks 2004). 

Distinct adult emergence times have been observed in the adult Trichoptera of Churchill. Zhou et 

al. (2010) reported that many species (31/68) were collected as adults during one of three 18-20 

day collection periods, and only 14 species were collected throughout the summer. Therefore, we 

might expect to observe temporal variation of community structure in a subarctic environment. 
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Another interesting pattern that is observed in arctic systems is the variation of species 

composition with habitat type. Previous research on adult Trichoptera in the Churchill area found 

a large discrepancy in species composition of adults near lentic and lotic habitats, with only four 

species of the 68 being collected in all habitat types (Zhou et al. 2010). Similar results were also 

reported by Harper (1990), who found that Trichoptera, Ephemeroptera, and Plecoptera adult 

community composition collected from emergence traps varied in the dominance and abundance 

of species present between different habitat types in the James Bay drainage area. This variation 

of species composition between habitat types may result in distinct phylogenetic patterns, which 

has been found in many other systems. For instance, plant phylogenetic community structure has 

been found to vary with rainfall and site fertility (Anderson et al. 2011), fire frequency (with 

increased frequency increasing phylogenetic overdispersion) (Silva & Batalha 2010), slope, 

elevation (Pei et al. 2011), forest age, slope, and habitat type (Kembel & Hubbell 2006). 

Phylogenetic community structure varies in hummingbirds with elevation and humidity (Graham 

et al. 2009; González-Caro et al. 2012). An elevational gradient has also been observed in 

bacteria communities, with increased clustering at higher elevations linked to lower water 

temperatures (Wang et al. 2012). Temporary or permanent wetlands have also been found to vary 

in phylogenetic community structure in freshwater macroinvertebrates (Silver et al. 2012). In 

zooplankton communities, Helmus et al. (2010) reported increased phylogenetic clustering with 

increased disturbance (biological, chemical, and physical) in the system. Variation of 

phylogenetic community structure between different habitat types appears to be prevalent in a 

number of taxonomic groups, and we might expect to see these patterns in the freshwater 

invertebrates of Churchill.  

 Freshwater insects are an extremely diverse group, with an estimated 50,000 species in 

the world, the most diverse estimated to be Diptera (true flies; >20,000 species have freshwater 

larvae), Trichoptera (caddisflies; >10,000, which all have aquatic larvae), Coleoptera (beetles; 

>6,000 species are completely aquatic or have aquatic larvae), and Ephemeroptera (mayflies; 

>3,000 species, which all have aquatic larvae) (Lévêque et al. 2005). Freshwater insects are not 

only diverse in terms of the number of species, they also occupy a variety of trophic levels and 

freshwater habitats. For example, Trichoptera can be herbivores, detritivores, or carnivores, and 

can occupy a wide range of environmental characteristics (Mackay & Wiggins 1979). As such, 

freshwater systems have been the focus of much ecological research over the years (Holomuzki 
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et al. 2010). Previous research examining community assembly using a non-phylogenetic 

approach include Heino (2009b), who found that predatory stream macroinvertebrates displayed 

significantly high pairwise species co-occurrences (C-score) in relation to a null model, 

suggesting an environmental filter. However, scrapers, shredders, and gatherers displayed 

moderately low co-occurrence, implying competitively structured communities (Heino 2009b). 

In contrast, Schmera et al. (2007) reported random co-occurrence of Trichoptera shredder 

communities. These systems have also received some attention as to their phylogenetic 

community structure. Vamosi & Vamosi (2007) found that aquatic water beetles (family 

Dytiscidae) in Alberta lakes displayed phylogenetic clustering, with increased clustering 

correlated with smaller body size. In the same system, insects were found to vary in phylogenetic 

structure between temporary and permanent habitats and as the summer progressed, while 

Lophotrochozoa and Gastropoda displayed an increase in phylogenetic overdispersion in both 

habitats (Silver et al. 2012). Hydropsyche (Trichoptera: Hydropsychidae) in the Western 

Mediterranean Basin display random phylogenetic community structure, yet non-phylogenetic 

co-occurrence analysis suggested competitive interactions dominating community assembly 

(Múrria et al. 2012). Yet while freshwater insects are interesting systems to study, they have 

received little attention in the community phylogenetics literature (Vamosi et al. 2009). 

My study aims to understand the phylogenetic community structure of freshwater 

macroinvertebrates of the subarctic region of Churchill, MB, Canada. Subarctic aquatic systems 

are ideal for studying community structure in that there is expected to be a reduced species 

diversity compared to more temperate systems, and aquatic systems provide more distinct habitat 

boundaries than terrestrial systems. I examine the phylogenetic community structure of 

Trichoptera, Ephemeroptera, and Coleoptera and select potential variables that may be 

influencing community structure. By studying a geographic area that has been overlooked 

previously, and taxonomic groups that have received limited attention in the literature, we can 

gain further insight into phylogenetic community structure patterns and likely mechanisms of 

community assembly. More specifically, I examine variation of phylogenetic community 

structure with time and habitat type (including numerous habitat characteristics) across taxa. If 

environmental constraint is more important than species interactions in structuring subarctic 

freshwater communities, due to the harsh climate and environmental gradients within the region, 

then communities will be composed of ecologically similar individuals that are phylogenetically 
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clustered. In addition, phylogenetic community structure may vary throughout the summer and 

between habitats, based on previous findings discussed above. 

Methods 

Field collection 

I collected macroinvertebrate specimens from the subarctic location of Churchill, MB, 

Canada from June 5 to August 25 2010. In total, I sampled specimens from 75 freshwater sites 

once a month for a total of three months encompassing a variety of habitat types (See Chapter 2 

and Appendix S1). For each location, I recorded the GPS coordinates, habitat type, substrate, 

vegetation, and depth 1m from the shore. Using a YSI 6600V2 multi-parameter water quality 

sonde, I also recorded conductivity (μS/cm), salinity (ppt), pH, oxidization reduction potential 

(ORP, mV), turbidity (Nephelometric Turbidity Units, NTU), chlorophyll-α, and dissolved 

oxygen (DO%). I preserved specimens in 95% ethanol and upon return from the field stored 

them at -20
o 
C. 

I sorted Trichoptera specimens to family based on Wiggins (1977), Ephemeroptera larvae 

to family based on Merritt, Cummins, & Berg (2008), and Coleoptera specimens to family, and 

further identified adult Dytiscidae to genus or species level when possible using Larson, Alaire, 

& Roughley (2000). From across the time span and habitat range in which the hypothesized 

morphospecies occurred, I selected 10 specimens for sequencing per morphospecies (Appendix 

S2). My morphospecies designation was aided by specimen photographs from previous research 

on the Churchill fauna, which are available on BOLD (Zhou et al. 2009, 2010). If a hypothesized 

morphospecies resulted in multiple species identifications based on the cytochrome c oxidase 

subunit I (COI) sequence, then I subsequently selected and sequenced additional specimens.  

Molecular analysis 

For Trichoptera, Ephemeroptera, and Coleoptera, I sequenced COI using the same 

protocols as described in Chapter 2 and in detail in Appendix S3. Briefly, I removed one leg 

from each specimen that I selected for sequencing, lysed the tissue, and extracted the DNA using 

the manual glass fiber technique described in Ivanova et al. (2006). I performed a polymerase 

chain reaction (PCR) for the amplification of COI using a primer cocktail consisting of LepF1 – 

ATTCAACCAATCATAAAGATATTGG, LepR1 – TAAACTTCTGGATGTCCAAAAAATCA 

(Hebert et al. 2003), LCO1490 – GGTCAACAAATCATAAAGATATTGG, and HCO2198 – 

TAAACTTCAGGGTGACCAAAAAATCA (Folmer et al. 1994) using the COI PCR regime 



44 

 

(Chapter 2, Table 2.2). I used the same primers for cycle sequencing and the SEQ31 

thermocycling program (Chapter 2, Table 2.2) and sent the samples to the Canadian Centre for 

DNA Barcoding (CCDB) within the Biodiversity Institute of Ontario (BIO) at the University of 

Guelph for sequencing cleanup and Sanger sequencing using the Applied Biosystems 3730xl 

DNA analyzer (Hajibabaei et al., 2005).  

I edited and concatenated the forward and reverse chromatograms using Codon Code 

Aligner (Codon Code Corporation, v. 3.7.1) and then subsequently aligned sequences using 

Clustal W in MEGA 5.0 (Tamura et al. 2011). I uploaded sequences to BOLD and I identified 

sequences to species using only the expert-identified published database of COI sequences 

available on BOLD that had ≥98% sequence similarity. Previous work has found a 2% sequence 

dissimilarity threshold to correctly delineate Trichoptera and Ephemeroptera species (Zhou et al. 

2009) and the Coleoptera (Woodcock et al. unpublished) of the Churchill region, so I employed 

this cut-off in my study. For species with a large intraspecific divergence or specimens that did 

not return a species identification based on the BOLD ID engine, I generally employed a >2% 

sequence divergence cut off to define individual provisional species. There was one instance in 

the Coleoptera where there was <2% sequence divergence between two species (Agabus 

thomsoni and Agabus phaeopterus); however, these genetic clusters were identified by a 

taxonomic expert so I decided to keep them separate. In addition, some species showed large 

intraspecific sequence variation (maximum sequence divergence: Asynarchus montanus 2.5%, 

Hydroporus CHU2 3.46%, Lepidostoma togatum 2.17%, Mystacides interjectus 2.17%); 

however, these groups formed a distinct genetic clusters with genetic continuity within the group 

and a large distance to the nearest neighbouring species (a “barcoding gap”; Meyer & Paulay 

2005), so I decided to not divide them further. All of my sequences are currently stored on 

BOLD in the projects Trichoptera Larvae of Churchill 2010 (EBTCH), Aquatic Coleoptera of 

Churchill 2010 (EBCCH), and Ephemeroptera Nymphs of Churchill 2010 (EBECH). As in 

Chapter 2, I identified failed sequences to genus or species based on the taxonomic keys 

mentioned above and photographs from my projects on BOLD. 

Phylogeny construction 

From the successful, high-quality sequences (658 bp and 0 ambiguous sites, when 

available), I selected one representative sequence per species for phylogenetic analysis using 

MOTHUR for both Ephemeroptera and Coleoptera (Schloss 2009). MOTHUR selects the 
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sequence with the minimum distance to all other sequences within one species. Trichoptera 

sequences used were the same as in Chapter 2. To acquire a more encompassing phylogeny for 

the Churchill region and thus improve my phylogenetic community structure calculations, I 

included one representative sequence selected using MOTHUR of any species previously 

collected as either adults or larvae in Churchill available on BOLD. Given my findings from 

Chapter 2, at this taxonomic and geographic scale utilizing only COI with an enforced backbone 

can provide a reasonable estimate of NRI and NTI. 

I selected the best model of nucleotide substitution with the lowest Akaike information 

criterion (AIC) score for each insect order using MrModelTest 2.3 (Nylander 2004), in co-

operate with PAUP 4.0 (Swofford 2002). For Trichoptera, Ephemeroptera, and Coleoptera, 

MrModelTest found the best model to be the generalized time reversible (GTR) model with a 

gamma distribution parameter for among-site rate variation and a proportion of invariant sites. I 

built all Bayesian phylogenies in MrBayes 3.2 (Ronquist et al. 2012) using 4 chains with 

10,000,000 generations, a sampling and diagnostic frequency of 1000, and a 25% burnin. I 

enforced a backbone topology at the family level for Trichoptera based on Holzenthal et al. 

(2007), for Ephemeroptera based on Ogden et al. (2009), and for Coleoptera based on Hunt et al. 

(2007). 

I rooted the Trichoptera with three Lepidoptera species (McKenna & Farrell 2010; 

Ishiwata et al. 2011) downloaded from GenBank (GenBank IDs: Coleophora serratella 

GU828594.1, Hypenodes humidalis GU828672.1, Phalera bucephala GU828607.1). I rooted the 

Coleoptera phylogeny with three species, Hydroscapha gramulum (GBCL5174-09), Priacma 

serrata (GBCL5256-09), and Sphaerius spp. (GBCL4322-09), as these were an outgroup of the 

aquatic Churchill Coleoptera families based on Hunt et al. (2007). Unfortunately, no suitable 

outgroup sequence (Siphluriscidae based on Ogden et al. (2009)) could be obtained for the 

Ephemeroptera, and so the tree was rooted with the family Baetidae. 

 Due to the distinct life history between adult and larval stages of aquatic Coleoptera, I 

decided to analyze them separately. For instance, in all four families, almost all adults are 

winged and have the ability to disperse to new habitats, while larvae are generally confined to 

the water (Roughley 2001a, 2001b; Roughley & Larson 2001; Van Tassell 2001). In addition, 

the diet is usually different between larval and adult forms. Adult Dytiscidae and Hydrophilidae 

are generally scavengers or omnivores, but as larvae both families are aggressive predators and 
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may even be cannibalistic (Larson et al. 2000; Roughley & Larson 2001; Van Tassell 2001). 

Gyrinidae larvae are also predatory, while the adults are usually scavengers living at the surface. 

Variation in diet is also seen in Haliplidae, as all life stages will feed on algae, but the adults will 

also feed on insect eggs and Hydrozoa. As such, Coleoptera adults and larvae occupy very 

different niches and as such may not be strongly interacting with one another, thus should not be 

considered a guild. 

Phylogenetic signal in morphological traits 

 Following the same sampling procedures described in Chapter 2, I measured the 

maximum body length for the Ephemeroptera and the Coleoptera adults and larvae. As the cerci 

frequently fall off in the Ephemeroptera, body length was measured from the mandibles to the tip 

of the abdomen. To test for phylogenetic signal, I calculated Pagel’s λ and Blomberg’s K using 

the same procedures in Chapter 2.  

Phylogenetic community structure metrics 

For each group, I calculated the NRI and NTI for each local-scale community using the 

Picante package in R to calculate each metric with 1000 randomizations and 1000 iterations 

using the independent swap algorithm (R Development Core Team 2008; Kembel et al. 2010).  

Statistical analysis 

I performed data exploration according to Zuur et al. (2010). This included checking the 

environmental variables, NRI, and NTI for outliers based points outside of the whiskers on box 

plots, checking for homogeneity of variance in NTI, checking for normal distributions using a 

histogram, and calculating skewness using Moments in R (Komsta & Novomestky 2012) and log 

transforming the data if necessary. I also checked for collinearity amongst environmental 

variables using the R package AED (Zuur 2009), and plotted the individual relationships 

between NTI and the environmental variables (Appendix S4). 

I ran all statistical analyses using R (R Development Core Team 2008), including a two-

tailed one-sample t-test of all of the communities for each order for both NRI and NTI, 

comparing the mean values against a null expectation of zero. I included NRI as it can be 

informative as to the deeper relationships of the phylogeny, indicating overall patterns occurring 

in Churchill (Webb 2000; Webb et al. 2002). However, for the rest of the analysis I only 

calculated NTI, as NTI is focused on the tips of the phylogeny, and all of my trees are more 

supported in this area since they were constructed using a mitochondrial gene. I also calculated 
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an ANOVA and Tukey Honestly Significant Difference (HSD) test between habitat types within 

one month for NTI, and between months for the number of species present in a local community. 

I performed a two-tailed one-sample t-test for each habitat type per month for NTI. I also 

examined the influence of the environmental variables on NTI using a multiple linear regression 

and model simplification (stepwise backward elimination until all predictor variables were 

α≤0.10).  

Results 

 In total, 570 Trichoptera, 233 Ephemeroptera, and 973 Coleoptera specimens were 

photographed and selected for sequencing. Overall, there was a very high sequencing success 

rate for Trichoptera (99.5%), Ephemeroptera (95.7%), and Coleoptera (94.4%). All sequences 

except one were high quality, containing <1% ambiguous sites (Ns) for all three orders of insect. 

The one low quality sequence (5.6% Ns) was a Baetis brunneicolor (Ephemeroptera) sequence; 

however, this sequence was 467 bp and the next closest species identification on BOLD was 

Baetis subalpinus, which only had a 95.65% sequence similarity as has not been recorded in 

Churchill. For each group, the total length sequenced was 658 bp, contained no gaps, and there 

was no group-specific failure within each order. 

 In total, I collected 46 species of Trichoptera, 25 species of Ephemeroptera, and 71 

species of Coleoptera from Churchill. Based on prior research, the Churchill regional species 

pool for Trichoptera is 93 species, for Ephermeroptera is 45 species, and for aquatic Coleoptera 

is 87 species (Zhou et al. 2010; Ruiter et al. accepted; Woodcock et al. unpublished). I found 37 

species of Trichoptera in June, 27 species in July, and 23 species in August (Figure 3.1). The 

mean Trichoptera community species richness was 4 species or ~4% of the regional species pool 

(maximum 11 species; excluding communities with only one species). Ephemeroptera species 

richness was 20 species in June, 14 species in July, and 10 species in August (Figure 3.2). I 

found the Ephemeroptera mean community species richness to be 3 species (~7% regional 

species pool; maximum 7 species). Finally, Coleoptera species richness in June was 60 species, 

50 species in July, and 37 species in August. Coleoptera adult communities were composed of 3 

species on average (~3% regional species pool; maximum 8 species), and larval communities 

also contained 3 species on average (~3% regional species pool; maximum 6 species).  

 I also found differences between the number of species present in individual communities 

between months (Figure 3.3). The number of species present in a Trichoptera community was 
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significantly different between June and July (p=0.004), as well for Ephemeroptera between June 

and August (p=0.032). While I observed no difference in the number of species present in a 

community between months for the Coleoptera adults, the Coleoptera larvae local communities 

contained a significantly different number of species between July and August. 

Phylogenies 

 The Trichoptera COI Bayesian tree is well supported, with the majority of nodes having a 

high posterior probability (53/95 nodes >0.95; Figure 3.4). Most of nodes in the Ephemeroptera 

phylogeny also have a high posterior probability (27/44 nodes; Figure 3.5), while the Coleoptera 

phylogeny has a slightly lower proportion of nodes with high support (41/90 nodes; Figure 3.6). 

Phylogenetic signal 

 Trichoptera and Coleoptera both had significant phylogenetic signal of body length for 

both Blomberg’s K and Pagel’s λ (Table 3.1). Trichoptera also showed significant phylogenetic 

signal for case length with Pagel’s λ, and had a moderately significant K value. Body length for 

Ephemeroptera, while having a large λ, was marginally non-significant (p=0.104) for 

phylogenetic signal. However, Ephemeroptera maximum body length did have a significantly 

high Blomberg’s K. 

Overall phylogenetic community patterns 

Based on the one-sample t-test including all sampling events and locations for each order, 

I found the Ephemeroptera and the Coleoptera larvae to display significant phylogenetic 

clustering in comparison to a null community (Ephemeroptera: mean NRI=0.693, p=0.021; mean 

NTI=0.467, p=0.067; Coleoptera larvae: mean NRI=0.408, p=0.006; mean NTI=0.456, 

p=0.004). The Trichoptera larvae and Coleoptera adults’ phylogenetic structure, however, did 

not differ from a random community (Trichoptera: mean NRI=0.034, p=0.764; mean NTI=0.050, 

p=0.671; Coleoptera adults: mean NRI=0.107, p=0.358; mean NTI=0.160, p=0.171). 

Phylogenetic community structure by month and habitat 

 One sample t-tests of NTI values for each month and habitat found that Trichoptera have 

significantly clustered community structure in June for both bluff ponds and tundra ponds 

(p=0.0003 and p=0.0008, respectively; Table 3.2). Lakes are also phylogenetically clustered, but 

not significantly so. However, as the summer progresses, bluff ponds, tundra ponds, and lakes all 

became slightly, but non-significantly, phylogenetically overdispersed. Alternatively, in creeks 

Trichoptera were not different from zero, although the tendency was towards being 
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overdispersed (June p=0.585; July p=0.194; August p=0.556). In river systems, Trichoptera were 

overdispersed in June (mean =-2.74, p=0.194) and become slightly clustered later in the season, 

displaying the opposite pattern of lentic habitats. 

In contrast, Ephemeroptera in creeks and rivers are phylogenetically clustered throughout 

the summer (Table 3.2). NTI values for Ephemeroptera in creeks in fact were significantly larger 

than 0 for both June and July (p=0.039 and p=0.047, respectively); however, creeks become 

slightly overdispersed in August. Tundra ponds are somewhat phylogenetically clustered in June, 

but are slightly overdispersed for the remainder of the season; however, there was a low sample 

size for these habitats so these are not significant patterns. 

Phylogenetic community structure for Coleoptera adults is primarily clustered throughout 

the summer (Table 3.2), especially in bluff ponds for July and August (p=0.079 and p=0.002, 

respectively); however, rivers are slightly overdispersed in August. The exception to the general 

clustering pattern is the tundra ponds, which are overdispersed throughout the summer, and 

significantly so in June (p=0.006).  

The NTI values in the Coleoptera larvae in both bluff ponds and tundra ponds, which are 

significantly clustered in June (p=0.023 and p=0.001, respectively), become slightly 

overdispersed in July (bluff pond p=0.096), and are slightly clustered in August (Table 3.2). 

Coleoptera larvae in creeks and rivers are consistently clustered throughout the summer; 

however, there is a low sample size so no significant pattern was detected. 

Variation of phylogenetic community structure by habitat 

 The ANOVA found that in June, Trichoptera phylogenetic community structure was 

significantly different among habitat types (p=2.23x10
-5

), and the Tukey HSD revealed that 

rivers had significantly different NTI values from all other habitat types (p<0.05). However, 

habitat NTI values were not significantly different for July or August for Trichoptera (Figure 3.7, 

Figure 3.8). 

 Ephemeroptera were found to have significantly different community structure among 

habitat types in June and July (p=0.009 and p=0.029, respectively). Further investigation 

revealed that in June, tundra ponds were significantly different from both rivers and creeks 

(p<0.05), while in July, tundra ponds were significantly different from creeks (p=0.027). NTI 

values for habitat types, however, were not significantly different in August for Ephemeroptera 

(Figure 3.9, Figure 3.10). 
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 NTI values by habitat type also varied in Coleoptera adults in June (p=0.014). More 

specifically, bluff and tundra ponds had significantly different phylogenetic community structure 

(p=0.025), while tundra ponds and river systems had moderately different NTI values (p=0.076). 

There was no difference of NTI values found between different habitat types in July (p=0.158), 

while in August there was a difference (p=0.023) between bluff and tundra ponds (p=0.023) for 

Coleoptera adults (Figure 3.11, Figure 3.12). Finally, no significant differences of NTI values 

between habitat types for any month was observed for the Coleoptera larvae (Figure 3.13, Figure 

3.14).  

Influence of environmental variables 

The multiple linear regression with NTI as the response indicated different environmental 

variables affecting the phylogenetic community structure for each order. For the Trichoptera, the 

presence of decaying organic material, pH, willow, turbidity, and (log-transformed) salinity were 

all moderately significant predictors of NTI (p<0.10; Table 3.3). However, the coefficient of 

determination for this model is very low (adjusted r
2
=0.105), even though the model is 

significant (p=0.033). Turbidity and pH were also important predictors of Ephemeroptera NTI; 

however, the multiple linear regression also indicated the presence of aquatic plants and mud to 

be important (Table 3.4). The fit of this model was considerably better (adjusted r
2
=0.445, 

p=0.005), and turbidity, pH, and the presence of plants were all significant predictors of NTI 

(p<0.05). The multiple linear regression for the Coleoptera adults indicated that NTI was 

significantly predicted by the presence of decaying organic material, rocks, chlorophyll-α 

content, and depth (adjusted r
2
=0.339, p=1.255x10

-6
; Table 3.5). Finally, none of the variables I 

measured were significant predictors of Coleoptera larvae NTI values, and the model was non-

significant and did not explain the variation in NTI (adjusted r
2
=0.024, p=0.242; Table 3.6).   

Discussion 

My study on the freshwater insects of Churchill suggests that the processes influencing 

community assembly may shift with time and habitat. I found some support for my main 

hypothesis that Churchill freshwater insect communities are predominantly structured by 

environmental pressure. However, I found several exceptions to this once I examined in detail 

the variation among habitats and over time.  

Phylogenetic signal in Churchill insects 
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First, I tested the assumption that traits display phylogenetic signal, which suggests that 

species niche differences can be approximated with a phylogeny. For Trichoptera, maximum 

body length and maximum case length was significantly conserved with respect to phylogeny 

(although case length was only moderately significant using Blomberg’s K statistic). This was 

also true for maximum body length for the Coleoptera adults and larvae. Ephemeroptera 

maximum body length displayed significant phylogenetic signal for K, and while it had a large λ, 

it was not significant. Therefore, there is evidence of phylogenetic signal for each insect order 

with respect to maximum body size and for case length for Trichoptera. As such, it appears that 

the reconstructed phylogenies approximate some aspect of niche similarity, since body size has 

been found to correlate with microhabitat selection in Trichoptera (Tolonen et al. 2003; Sagnes 

et al. 2008). This has important implications for how phylogenetic community structure patterns 

are interpreted in my study (Figure 1.1; Webb 2000; Webb et al. 2002).  

Insect phylogenetic community structure patterns 

The phylogenetic community structure for both Ephemeroptera and Coleoptera larvae 

implies that environmental pressure is an important driver for community assembly, as indicated 

by having significantly high values of NRI and NTI. Along the tips of the phylogeny (for 

example within a genus, as indicated by NTI), as well as across the phylogeny as a whole (i.e. 

NRI), communities are composed of closely related individuals. This suggests that 

environmental pressure is important in structuring communities at multiple levels in the 

phylogeny (i.e. within a genus, and between families). Alternatively, Trichoptera and Coleoptera 

adult communities were found to not deviate from a random community for both NRI and NTI. 

However, it should be noted that individual communities for each taxonomic group were 

composed of a small percentage of the regional species pool, which reduces the power of NTI to 

detect non-significant patterns (Kraft et al. 2007). While random phylogenetic community 

structure would indicate more neutral processes influencing community assembly, when 

variation between habitats and over time are examined some interesting patterns emerge.  It is 

not surprising that each insect order displays different phylogenetic patterns, as there are 

differences amongst life history patterns and niches between each order.   

Trichoptera displayed both temporal and habitat variation in terms of their community 

phylogenetic structure. In lentic habitats (bluff ponds, tundra ponds, and lakes), Trichoptera had 

high NTI values in June (significantly so for bluff and tundra ponds), indicating phylogenetic 
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clustering and thus an environmental filter acting on the community. However, as the summer 

progressed, the NTI values shifted to slightly negative values, indicating phylogenetic 

overdispersion and increased importance of competitive interactions relative to an environmental 

filter. However, this is a moderate shift, as these communities were not significantly different 

from zero, which represents a community with random phylogenetic structure. Alternatively, 

creeks had consistently negative NTI values throughout the summer, suggesting the competitive 

interactions are more important for community assembly. Finally, rivers showed a distinct 

pattern from other habitats, with low NTI values in June, and then shifting later in the summer to 

more positive values just above zero. As such, rivers appear to have the opposite pattern of lentic 

habitats, with competition heavily influencing community structure early in the summer in rivers, 

and then shifting to a slight environmental filter. However, it should be noted that these shifts 

were generally not significantly different from a random community, a pattern also observed by 

Múrria et al. (2012) of the phylogenetic community structure in Mediterranean Trichoptera. 

I observed similar temporal and habitat-linked patterns of phylogenetic community 

structure in the Ephemeroptera. Tundra ponds in June had high NTI values that shifted to slightly 

negative values later in the summer. This same pattern was also observed for creeks, which had 

high NTI values in June and then in August the NTI values dropped below zero. Thus, as with 

Trichoptera, there appears to be a transition from environmentally structured communities in 

June to competitively structured communities later in the summer in tundra ponds and creeks. 

Alternatively, rivers had consistently clustered NTI values throughout the summer suggesting 

environmentally structured communities; however, there was a drop in the NTI value to near 

zero in July, indicating a random phylogenetic structure of communities.  

Coleoptera adults generally had more temporally stable phylogenetic community 

structure. Bluff ponds and creeks were both phylogenetically clustered throughout the summer 

indicating an environmental filter dominating community assembly. River systems also had 

clustered NTI values for the majority of the summer; however, the NTI value dropped in August 

to slightly below zero, suggesting a shift to random structuring. This is generally consistent with 

Vamosi & Vamosi (2007), who also observed clustered phylogenetic structure of aquatic 

Coleoptera in Alberta lakes. Coleoptera adults in tundra pond communities, however, had 

consistently negative NTI values, suggesting that competition is more important in structuring 

these communities.  
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Coleoptera larvae displayed a very different phylogenetic community structure from their 

adult counterparts. In general, communities in June had high NTI values, indicating 

environmental pressure dominating community assembly, followed by a drop in NTI to near zero 

in July, and then a subsequent increase in NTI in August. For example, both bluff and tundra 

ponds are significantly phylogenetically clustered in June, become slightly overdispersed in July 

indicating competitive filtering, and then become clustered in August. This same pattern was 

mirrored in all of the habitat types that Coleoptera larvae were collected from.  

Temporal variation of communities 

 The Trichoptera, Ephemeroptera, and Coleoptera larvae all displayed variation in 

phylogenetic community structure throughout the summer. Temporal variation of insect 

phylogenetic community composition was also reported by Silver et al. (2012), who also noted 

variation in species richness with time. It is not surprising that insects with an immature aquatic 

life stage have variable community structure. Both Trichoptera and Ephemeroptera emerge from 

aquatic systems as terrestrial adults (Wiggins 1977; Brittain 1982), and as such when they leave 

the system the species composition of the aquatic community changes. Therefore, it is expected 

that this change would be reflected in the alteration of the phylogenetic community structure. 

The shift in species composition can be seen for Trichoptera in Figure 3.1, which shows many 

species not being sampled in July that re-appear in aquatic systems in August. In addition, I 

found significantly fewer Trichoptera in a local community in July compared to June, which also 

suggests adult emergence (Figure 3.3). A personal observation that I had was the smaller body 

size of the Trichoptera in August, suggesting that these might be newly hatched larvae that have 

entered the system. It is also interesting to note that this time frame also overlaps with the peak 

in Trichoptera adult emergence observed in Churchill by Zhou et al. (2010, Figure 5). A gap in 

species sampling and a decrease in the number of species in a local community can also be 

observed in the Ephemeroptera (Figure 3.2 and 3.3), which again appears to coincide with shifts 

in phylogenetic community structure. The variation of phylogenetic community structure 

observed in Coleoptera larvae may also be explained by life stage transitions. All four families of 

Coleoptera found in Churchill leave the aquatic habitat to pupate in the soil near the shore, and 

subsequently return to the freshwater system as an adult (Roughley 2001a, 2001b; Roughley & 

Larson 2001; Van Tassell 2001). As such, the variation observed in the larval phylogenetic 

patterns with time may be the result of species leaving the community to pupate, which also 
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coincides with the shift in the number of species present in a local community. This idea was 

also briefly touched upon by Silver et al. (2012), and as more research is done on aquatic 

systems we will gain a better understanding of how emergence patterns influence community 

structure. However, there could be other possible explanations for these patterns. Bjelke et al. 

(2005) suggested that the shredder guild (Isopoda, Plecoptera, Trichoptera) in Swedish lakes is 

dependent on the organic matter in a system. The authors found that shredder species richness 

and biomass, and coarse/fine detritus ratio were all lowest in July and August, indicating a 

possible dependence. Therefore, temporal patterns of available resources may also be important 

for variation in species composition and the phylogenetic structure of freshwater communities. 

As such, the distinctive life history patterns of freshwater insects present some interesting 

questions to pursue about factors influencing community assembly and phylogenetic structure. 

Influence of habitat on phylogenetic community structure 

In addition to temporal variation, I also found significant habitat variation of 

phylogenetic community structure in freshwater insects of Churchill. For Trichoptera, river 

systems had significantly different phylogenetic structure in June from every other habitat type. 

River systems were highly overdispersed compared to the other habitats, indicating a stronger 

role of competitive interactions in these communities. For the Ephemeroptera, tundra ponds had 

significantly different community structure from both rivers and creeks in June, and creeks in 

July. Tundra ponds were significantly more clustered in June, suggesting more dominant 

environmental filtering acting on these communities than in creeks and rivers. Yet in July, tundra 

pond community structure for Ephemeroptera becomes phylogenetically overdispersed 

indicating stronger competitive interactions, which are not as prominent in creeks which are 

phylogenetically clustered. This suggests that the dominant forces influencing Ephemeroptera 

community structure are quite different depending on the habitat. Variation in community 

structure was also observed in the Coleoptera adults, with bluff and tundra ponds having 

significantly different community structure in both June and August. In both time periods, bluff 

ponds are phylogenetically clustered suggesting environmental filtering, while tundra ponds are 

slightly overdispersed, indicating mild competitive filtering. The same is also observed for 

Coleoptera adults between tundra ponds and rivers in June, which are moderately different. 

Alternatively, for Coleoptera larvae there are no significant differences between habitat types 

during any of the sampling periods. As such, for the Trichoptera, Ephemeroptera, and Coleoptera 
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adults, there appears to be very different factors influencing community assembly between 

different habitat types. This is not surprising, as there are numerous examples of previous 

research that has found variation of phylogenetic community structure with habitat (Kembel & 

Hubbell 2006; Graham et al. 2009; Helmus et al. 2010; Silva & Batalha 2010; Anderson et al. 

2011; Pei et al. 2011; González-Caro et al. 2012; Wang et al. 2012). A similar study by Silver et 

al. (2012) also found variation of phylogenetic community structure in freshwater invertebrates 

between temporary and permanent wetlands. As such, there appear to be very different forces 

influencing community assembly in broad habitat categories, which I found to vary not only 

temporally, but with each insect order. 

 As well as the variation I observed in phylogenetic community structure with time and 

habitat, there also appears to be several important habitat characteristics driving community 

assembly. For Trichoptera, Ephemeroptera, and Coleoptera adults, water chemistry appears to be 

strongly influencing phylogenetic community structure, as many of these variables had a 

significant relationship with NTI, and interestingly always negative. For both Trichoptera and 

Ephemeroptera, pH and turbidity both had a significant negative relationship with NTI. Decaying 

organic material was also an important predictor of community structure for Trichoptera and 

Coleoptera adults; however, while it has a positive relationship with Trichoptera NTI, the 

opposite pattern is observed in Coleoptera adults. Variation of freshwater insect diversity and 

community composition with environmental variation is well documented (see review by Heino 

2009a), and so it is not surprising that environmental variables are also important factors 

influencing the phylogenetic structure of communities. What is surprising, however, is that none 

of the variables I measured were able to significantly explain the variation in phylogenetic 

structure for Coleoptera larvae. This is especially intriguing in that their phylogenetic patterns 

suggest that environmental pressure is important for community assembly; however, it could 

simply be that an influential variable was missing from the model. It should be noted that there 

remains a lot of unexplained variation in these models, which again could be accounted for by 

noise in the data, or unmeasured abiotic or biotic variables.  

Conclusions 

 In conclusion, the phylogenetic structure of freshwater insects in the subarctic region of 

Churchill, MB appears to be influenced by several variables. While communities generally 

appear to be influenced by environmental pressure as indicated by being phylogenetically 



56 

 

clustered, there are exceptions. For instance, Trichoptera in creeks, and Coleoptera in tundra 

ponds displayed slightly phylogenetically overdispersed community structure, indicating the 

increased importance of competitive interactions during community assembly. I also observed 

temporal variation of phylogenetic community structure, as is seen in all the aquatic immature 

life stages examined. In addition, while several environmental variables (particularly related to 

water chemistry) are important for describing NTI, there is still some variation that I was unable 

to explain. As such, the assembly of these communities seems to be complex, with time, habitat, 

and different niche filters all playing a part in the communities we see. 
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Table 3.1. Phylogenetic signal for each insect order.  

  Blomberg’s K p-value Pagel’s λ p-value 

Trichoptera     

   Maximum body length 0.290 0.046 0.244 0.003 

   Maximum case length 0.399 0.084 0.187 2.880 x 10
-6

 

Ephemeroptera     

   Maximum body length 0.542 0.005 0.986 0.113 

Coleoptera     

   Adult maximum body length 1.224 0.001 1 5.831x10
-12

 

   Larval maximum body length 0.894 0.001 0.642 4.656x10
-11

 

 

Table 3.2. Mean of community NTI values for each insect order found in Churchill, with positive 

values reflecting phylogenetic clustering and negative values overdispersion. Asterisks indicate a 

significant difference of the mean from zero (p<0.01 = **; p<0.05 = *). Eph = Ephemeroptera. 

 

   June July August 

T
ri

ch
o
p
te

ra
  Bluff Pond 0.933** -0.192 -0.496 

 Tundra Pond 0.682** -0.176 0.004 

 Lake 0.303 -0.792 -1.432 

 Creek -0.244 -0.525 -0.302 

 River -2.740 0.280 0.067 

E
p
h
 

 Bluff Pond   -0.544 

 Tundra Pond 2.500 -0.460 -0.512 

 Creek 0.985* 1.687* -0.458 

 River 0.290 0.086 1.156 

C
o
le

o
p
te

ra
 

A
d
u
lt

s 

Bluff Pond 0.329 0.480 0.958** 

Tundra Pond -

0.818** 
-0.014 -0.306 

Creek 0.587 1.543 0.998 

River 0.947 0.146 -0.159 

L
ar

v
ae

 Bluff Pond 0.752* -0.428 1.852 

Tundra Pond 1.041** -0.403 0.590 

Creek 3.207 0.182 1.389 

 River 0.295 0.191  
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Table 3.3. Minimum adequate model of multiple linear regression of Trichoptera NTI values. 

Multiple r
2
=0.170, adjusted r

2
=0.105, p=0.033. 

Variable Estimate Standard Error p value 

Intercept 13.258 5.539 0.020 

Decaying organic material 0.589 0.254 0.024 

pH -0.845 0.436 0.057 

Willow 0.499 0.269 0.069 

Turbidity -0.006 0.003 0.085 

Salinity (log) -0.572 0.342 0.100 

 

Table 3.4. Minimum adequate model of multiple linear regression of Ephemeroptera NTI values. 

Multiple r
2
=0.546, adjusted r

2
=0.445, p=0.005. 

Variable Estimate Standard Error p value 

Intercept 23.774 6.026 0.001 

Turbidity -0.011 0.004 0.010 

pH -1.095 0.473 0.032 

Aquatic Plants -1.175 0.514 0.035 

Mud -1.661 0.934 0.092 

 

Table 3.5. Minimum adequate model of multiple linear regression of Coleoptera adult NTI 

values. Multiple r
2
=0.375, adjusted r

2
=0.339, p=1.255x10

-6
. 

Variable Estimate Standard Error p value 

Intercept 1.898 0.672 0.006 

Decaying organic material -0.971 0.210 1.73x10
-5

 

Chlorophyll-α (log) -0.747 0.248 0.004 

Rocks 0.574 0.242 0.021 

Depth (log) -0.944 0.406 0.023 

 

Table 3.6. Model of multiple linear regression of Coleoptera larvae NTI values, minimum 

adequate model could not be found, so three lowest p-values shown. Multiple r
2
=0.080, adjusted 

r
2
=0.024, p=0.242. 

Variable Estimate Standard Error p value 

Intercept 10.693 6.119 0.087 

Turbidity -0.008 0.005 0.108 

Aquatic Plants -0.383 0.379 0.317 

Sand -0.450 0.448 0.319 
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June July August 

Week 5 13 20 27 4 11 18 25 1 8 15 22 

Brachycentrus americanus                         

Glossosoma intermedium                         

Hydropsyche alternans                         

Lepidostoma togatum                         

Ceraclea annulicornis                         

Ceraclea excisa                         

Mystacides interjectus                         

Oecetis immobilis                         

Oecetis inconspicua                         

Triaenodes reuteri                         

Triaenodes frontalis                         

Anabolia bimaculata                         

Arctopora pulchella                         

Asynarchus lapponicus                         

Asynarchus montanus                         

Asynarchus mutatus                         

Asynarchus rossi                         

Grammotaulius interrogationis                         

Lenarchus fautini                         

Limnephilus ademus                         

Limnephilus alaicus                         

Limnephilus argenteus                         

Limnephilus canadensis                         

Limnephilus externus                         

Limnephilus extractus                         

Limnephilus fischeri                         

Limnephilus hageni                         

Limnephilus indivisus                         

Limnephilus infernalis                         

Limnephilus nigriceps                         

Limnephilus partitus                         

Limnephilus perpusillus                         

Limnephilus picturatus                         

Limnephilus sansoni                         

Nemotaulius hostilis                         

Philarctus bergrothi                         

Molanna flavicornis                         

Agrypnia colorata                         

Agrypnia deflata                         

Agrypnia glacialis                         

Agrypnia straminea                         

Agrypnia pagetana                         

Banksiola crotchi                         

Neureclipsis crepuscularis                         

Polycentropus aureolus                         

Rhyacophila angelita                         

Figure 3.1. Trichoptera sampling dates. Black boxes indicate week species were present. Species 

are organized by family and then albabetically. 
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June July August 

Week 5 13 20 27 4 11 18 25 1 8 15 22 

Acerpenna sp. CHU1                         

Acerpenna sp.JMW1                         

Baetis brunneicolor                         

Baetis bundyae                         

Baetis hudsonicus                         

Baetis phoebus                         

Baetis tricaudatus                         

Procloeon mendax                         

Procloeon pennulatum                         

Baetisca laurentina                         

Caenis latipennis                         

Heptagenia pulla                         

Maccaffertium terminatum                         

Nixe joernensis                         

Stenonema femoratum                         

Tricorythodes mosegus                         

Tricorythodes sp. JMW05                         

Leptophlebia nebulosa                         

Paraleptophlebia sp. CHU1                         

Metretopus borealis                         

Siphloplecton basale                         

Parameletus midas                         

Siphlonurus alternatus                         

Siphlonurus phyllis                         

Siphlonurus quebecensis                         

Figure 3.2. Ephemeroptera sampling dates. Black boxes indicate week species were present. 
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Figure 3.3. Box plots of the number of species collected at an individual site for each insect order 

per month. Letters indicate months with significantly different number of species present in one 

community (p<0.05).
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Figure 3.4. Trichoptera COI Bayesian phylogeny. 
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Figure 3.5. Ephemeroptera COI Bayesian phylogeny. 
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Figure 3.6. Coleoptera COI Bayesian phylogeny.
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Figure 3.7. Box plot of NTI values for Trichoptera larvae collected from Churchill for each 

month and habitat type. Letters indicate habitats with significantly different NTI values (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Mean NTI values for Trichoptera larvae collected from Churchill for each month and 

habitat type. 
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Figure 3.9. Box plot of NTI values for Ephemeroptera larvae collected from Churchill for each 

month and habitat type. Letters indicate habitats with significantly different NTI values (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Mean NTI values for Ephemeroptera larvae collected from Churchill for each month 

and habitat type. 
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 Figure 3.11. Box plot of NTI values for Coleoptera adults collected from Churchill for each 

month and habitat type. Letters indicate habitats with significantly different NTI values (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Mean NTI values for Coleoptera adults collected from Churchill for each month and 

habitat type. 



68 

 

 

Figure 3.13. Box plot of NTI values for Coleoptera larvae collected from Churchill for each 

month and habitat type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Mean NTI values for Coleoptera larvae collected from Churchill for each month and 

habitat type. 
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Chapter 4 

General conclusions 

My thesis research broadened our understanding phylogenetic community structure in 

terms of both methods and biology. My first study aimed to understand how various 

phylogenetic reconstruction approaches influenced the conclusions drawn from metrics 

describing phylogenetic community structure, which has received limited attention in the 

literature (Swenson et al. 2006). To address this issue, I examined the ability of various 

phylogenetic reconstruction methods to estimate community structure metrics calculated from a 

more robust phylogeny. I demonstrated that by incorporating biological information such as 

family-level relationships amongst taxa and stronger reconstruction methods such as Bayesian 

analysis, phylogenetic community structure metrics can be accurately approximated with less 

genetic data. While it is always preferable to include as much information as possible when 

reconstructing a phylogeny, my findings may help future researchers decide where to invest their 

time and resources.  

By applying community phylogenetics to new ecosystems, we gain further insight into 

the patterns and processes driving community assembly. As such, the aim of my second study 

was to apply this approach to a novel system. I examined three freshwater insect orders 

(Trichoptera, Ephemeroptera, and Coleoptera) in the Churchill, MB area. My study is unique by 

examining a more polar region and comparatively understudied taxa than what is currently found 

in the literature (Vamosi et al. 2009). In addition, I studied the temporal variation of community 

phylogenetic structure, which has until recently (Silver et al. 2012) been overlooked. I further 

improved our understanding of these systems by examining general habitat patterns and, more 

specifically, the habitat characteristics that drive community structure. I found both temporal and 

habitat variation of phylogenetic community structure for these systems. Furthermore, taxonomic 

groups vary in their phylogenetic patterns even within the same habitat and time frame. I found 

Ephemeroptera and Coleoptera larvae to generally display phylogenetic clustering, suggesting 

environmental filtering in these communities. I observed similar patterns of temporal variation in 

Trichoptera and Ephemeroptera, which in general were both phylogenetically clustered at the 

beginning of the summer, but this decreased as the summer progressed. In terms of habitat 

variation, for both of Trichoptera and Ephemeroptera river systems displayed very different 

patterns from the other community types. For the Coleoptera adults, I observed much more stable 
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temporal variation, and in general these communities displayed phylogenetic clustering 

indicating environmental pressure during community assembly. Finally, in the Coleoptera larvae 

I observed no variation between habitats; however, this group showed temporal variation, 

shifting from phylogenetically clustered in June, to neutral phylogenetic structure in July, and 

returning to a clustered pattern in August. I found that while several parameters related to water 

chemistry were important descriptors of insect phylogenetic community structure, there is still 

variation that I was unable to account for. As such, my second study has uncovered some 

interesting patterns of phylogenetic community structure in these systems, and provided a deeper 

understanding into their assembly. 

While my first study has provided some knowledge of the influence of phylogeny on 

metrics of phylogenetic community structure, there are many research avenues that could be 

pursued. For instance, the family Limnephilidae is a dominant group in Churchill which results 

in an unbalanced tree shape. These metrics may behave differently for a tree with a more even 

distribution of species diversity amongst families, or with a higher number of families present in 

the community. COI may not perform as well for calculating phylogenetic community structure 

metrics where there is a greater diversity of families, and this would be an important point to 

investigate. Some distinguishing patterns emerged between Blomberg’s K and Pagel’s λ, and it 

would be interesting to investigate this further with more phenotypic traits, perhaps with a meta-

analysis similar to Freckleton et al. (2002) . While I decided to test these questions on a real data 

set, simulation studies can also provide further knowledge. Simulation studies have a particular 

advantage when metrics give conflicting results in that we have a better understanding of the 

underlying patterns, which is of particular importance for the issues I found with Blomberg’s K 

and Pagel’s λ. Of course, I only examined one taxon and one geographic scale. Source pool 

species diversity, taxonomic rank examined, and spatial scale have been shown to influence 

estimations of phylogenetic community structure metrics (Swenson et al. 2006; Kraft et al. 2007; 

Swenson 2009; González-Caro et al. 2012). To solidify this approach, it would be beneficial to 

examine other taxa and at different taxonomic breadths, species diversities, and geographic 

scales. However, my study has improved our understanding of the metrics applied to community 

phylogenetics, and identified stronger approaches for future researchers. 

My second study on the phylogenetic structure of freshwater insect communities in 

Churchill, MB has revealed some factors important for community assembly, yet there remain 
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unexplored research areas. For instance, Danks (2004) noted that insects in arctic systems not 

only have to cope with seasonal variation, but with prolonged stress over many years. As such, it 

would be interesting to investigate the yearly variation of these communities and its impact on 

community structure. In addition, my study operated under the assumption that these individuals 

are not dispersal limited since the adults are able to fly, but it would be interesting to investigate 

this system in a meta-community framework (Leibold et al. 2004) and test for spatial patterns. It 

would also be interesting to examine the phylogenetic structure of these taxa on a broader 

geographic scale, and determine what biogeographic variables may be influencing community 

assembly (Webb et al. 2002). In addition to a broader geographic scale, examining freshwater 

taxa with different life history characteristics, such as water mites or leeches that are parasitic 

(Holomuzki et al. 2010), and more diverse lineages such as Diptera (Lévêque et al. 2005), may 

offer further insight into important mechanisms influencing community assembly. Furthermore, 

many studies incorporating species traits into the analysis have revealed further insight into the 

process of community assembly (Cavender-Bares et al. 2004; Webb et al. 2006; Vamosi & 

Vamosi 2007; Prinzing et al. 2008; Kraft & Ackerly 2010), which may help with any 

unexplained variation in phylogenetic community structure that I observed. In addition, I found 

general patterns of phylogenetic community structure to coincide with emergence patterns of 

freshwater immature insects. It would be interesting to investigate this further by incorporating 

adult data into the analysis. 

There are also some issues of power related to my study. Kraft et al. (2007) found that the 

power of NTI is strongest when the local community richness is 30-60% of the regional species 

richness, while for my study local communities were composed of a much lower percentage of 

the regional species pool. This problem could be alleviated by partitioning the regional species 

pool by habitat or month, however preliminary results subsetting by month lead to random 

patterns. In addition, my sample size for rivers and lakes was constrained by the limited number 

found in Churchill, which reduced my power to detect significant patterns, if present. It would 

also strengthen my study to investigate the presence of phylogenetic signal in multiple traits 

related to a species niche. Despite these issues, my study has still contributed to the scientific 

literature by examining a novel system in terms of its phylogenetic community structure and 

some potential influences. 
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 To conclude, my thesis has shown that insect phylogenetic community structure in 

Churchill, MB is structured primarily by environmental pressure however, there is also 

substantial variation with habitat, time, and taxonomic group. In addition, I have shown that 

using a Bayesian reconstruction method while enforcing a backbone at the family level for 

phylogeny reconstruction is the strongest approach when calculating metrics of phylogenetic 

community structure. Taken together, I hope that my research will provide the scientific 

community interested in fundamental questions about species co-existence and community 

assembly a more thorough understanding of community phylogenetics. 
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Appendix S1 

Field collection 

I collected specimens from the Churchill, MB region from June 5
th

 to August 25
th

, 2010 

while staying at the Churchill Northern Studies Centre (CNSC). Churchill, MB is a sub-arctic 

habitat situated on the southern coast of Hudson Bay. 

I sampled a variety of freshwater habitats, including: 30 bluff ponds, 30 tundra ponds, 7 

creeks, 5 lakes, and 3 locations along the Churchill River, totalling 75 locations (Figure S1.1). 

Habitats encompassed were variable, from barren tundra near the bay, fens, bogs, and more 

inland communities with boreal characteristics. I sampled each location once a month in roughly 

the same order, totalling three sampling efforts per location over the summer season. At the same 

time, I recorded the substrate (presence/absence), vegetation (presence/absence), depth 1m from 

shore, and GPS coordinates for each habitat along with any other notable features, such as the 

presence of fish, for reference. I took readings with a YSI 6600V2 multi-parameter water quality 

sonde for every location, which measured: conductivity (μS/cm), salinity (ppt), pH, oxidization 

reduction potential (ORP, mV), turbidity (Nephelometric Turbidity Units, NTU), chlorophyll-α 

(μg/L), and dissolved oxygen (DO%).  

The sampling area for each location was approximately 20 m parallel to the shore, 

collecting 1 m away from the shore and then again 5 m from the shore or until a depth of 1.5 m 

(Figure S1.2). If the habitat did not have 20 m of shoreline, then I sampled entire habitat. I 

performed the sweep along the transect twice to ensure that all the species occurring in the 

location were collected. I collected specimens using a dip net and hand picking. I used a 100 μm 

dip net to disturb the substrate to acquire the benthic organisms in addition to running the dip net 

throughout the water column to collect any pelagic species. Dip netting in combination with light 

trapping has been shown to be the most comprehensive method of collecting aquatic 

invertebrates (Hilsenhoff 1991), but I found light trapping to be ineffective, possibly due to the 

limited hours of darkness each night during the summer in the sub-arctic. As a result, I only 

employed dip netting for collecting specimens. To assess the effectiveness of my sampling, I 

sampled two ponds with three sweeps which were kept separate so that I could build a species 

accumulation curve. This curve began to plateau after two sweeps, suggesting relatively 

thorough sampling. In addition, if species were missed in the sampling, this is most likely due to 

a low abundance, in which case they may not have a strong influence on community structure.  
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To prevent carnivorous species from consuming other individuals, and thus ensure the 

integrity of my data is maintained, I placed known carnivorous groups in ethanol in the field. I 

kept known herbivorous groups in water, to help maintain any distinguishing features such as 

colour for sorting back at the field station lab.  In the case of multiple individuals of the same 

apparent morphospecies, at least 10 individuals were kept in the field in case they later proved to 

be multiple species. I sorted specimens using a light box back at the field station and preserved 

specimens in 95% ethanol to maintain the specimen and the integrity of the DNA for sequencing. 

Specimens were sorted to order, and for the Trichoptera additionally sorted by case type since 

specimens typically leave their case when placed in ethanol.  
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Figure S1.1. Map of Churchill, MB, Canada region with sampling sites plotted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1.2. Diagram showing sampling technique used for large habitats with a shore line 

>20m. Blue arrows indicate where the habitat was sampled using a dip net. These transects were 

repeated once to ensure complete sampling. 
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Appendix S2 

Specimen sorting and storage 

I brought the preserved specimens back to the University of Guelph in Guelph, ON, 

where I stored the specimens in a -20
o 
C freezer and replaced the 95% ethanol to ensure the DNA 

quality was maintained.  

I identified Trichoptera larvae to family based on Wiggins (1977) and further subdivided 

specimens based on case type, body size, and colouration, with the aid of the image libraries in 

other Trichoptera of Churchill projects on BOLD (Ratnasingham & Hebert 2007; Zhou et al. 

2009, 2010) (BOLD project abbreviations: VCTLS, SSTLR, LBTLT, CUTLV, VCTRI, 

CUTLB). I selected 10 specimens per morphospecies for sequencing, which were given a 

morphospecies ID. If a morphospecies was collected more than 10 times, I selected specimens to 

be sequenced to represent the entire time range that it was collected as well as the different 

habitat types from which it was collected, in order to challenge my morphospecies hypotheses. If 

the sequencing revealed multiple genetic clusters for a single hypothesized morphospecies, then I 

re-examined the group and performed additional sequencing. Due to the morphological similarity 

of some Trichoptera groups (i.e. Asynarchus, some Limnephilus), I sequenced at least one 

individual per morphospecies, per collection event, to ensure that a proper species-level 

identification was obtained. For this step, I was extremely sensitive in my morphospecies 

designation, generally sequencing two specimens that looked identical morphologically but 

perhaps differed in size, which were generally revealed to be the same species. In total, I selected 

579 Trichoptera specimens for sequencing. To assess the thoroughness of sampling, I built a 

species accumulation curve for each order and groups requiring special attention using 1000 

permutations of sub-sampling without replacement, with the package vegan in R (R 

Development Core Team 2008; Oksanen et al. 2011). For Trichoptera, the species accumulation 

curve begins to reach a plateau, signifying a comprehensive sampling of the available species 

(Figure S2.1). This is also observed for the Asynarchus and Limnephilus (Figure S2.2). 

I identified Coleoptera adults based on Larson et al. (2000) to the family level, and I 

keyed family Dytiscidae adults to genus since they are so diverse and abundant. For the more 

diverse genera in the Dytiscidae found in Churchill (Agabus and Hygrotus), I attempted to 

identify specimens to species level, using the keys written by Larson et al. (2000). I then 

sequenced 10 individuals per hypothesized species to confirm this result. As with Trichoptera, if 
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one hypothesized species resulted in several species identified, I sequenced more individuals. For 

the genus Hydroporus within the Dytiscidae, which contains species that are not highly 

morphologically distinct, I sequenced one individual per morphospecies per collection event. 

When I plot a species accumulation curve for Hydroporus collected and sequenced from 

Churchill, a plateau is reached which suggests that the majority of species have been sampled 

(Figure S2.1).  Since the Gyrinidae are difficult to identify, I sequenced two individuals per 

morphospecies per collection event (one habitat sampled at a specific time). I sorted the 

Haliplidae into morphospecies and sequenced 10 individuals per morphospecies that represented 

the date and habitat range of each group. Identification of Haliplidae and Hydrophilidae 

morphospecies was aided by image libraries of Coleoptera of Churchill on BOLD for this group, 

and ten specimens per morphospecies were sequenced (BOLD project ID: COCHU;). For the 

Coleoptera larvae, due to the limited resolution of the published taxonomic keys and their 

complexity, two individuals per morphospecies per collection event were sequenced. In total, I 

selected 975 Coleoptera specimens for sequencing. For the entire Coleoptera order, the species 

accumulation curve is reaching a plateau (Figure S2.1) and this is also observed for the families 

Dytiscidae and Hydrophilidae (Figure S2.3). The Gyrinidae and Haliplidae have slightly steeper 

species accumulation curves (Figure S2.3); however, they are close to reaching a plateau and 

both families are represented by low species diversity in the Churchill region. In addition, all of 

the morphologically indistinct or diverse genera within the Dytiscidae (Agabus, Hygrotus, and 

Hydroporus) are reaching an asymptote in their respective species accumulation curves (Figure 

S2.4). Therefore, I can be confident that I sequenced the majority of aquatic Coleoptera species 

that I collected during my study. 

Ephemeroptera were identified to family based on Merritt et al. (2008) and divided into 

morphospecies with the aid of photographs from the Churchill Ephemeroptera projects available 

on BOLD (Project ID: CUMAY). As before, 10 specimens per morphospecies were selected for 

sequencing when available, and chosen to span the range of habitats and time that they were 

collected. Genera that proved to be difficult to distinguish morphologically and resulted in 

multiple species per hypothesized morphospecies (i.e. Baetis, Procleon) received additional 

sequencing. In total, 233 specimens were selected for sequencing. The species accumulation 

curve for Ephemeroptera (Figure S2.1) is reaching a plateau, implying thorough sequencing for 

the species diversity collected.  
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Prior to sequencing, I photographed each specimen using a Canon EOS 30D and an EOS 

50D and uploaded the image along with the collection information to BOLD. For molecular 

analysis, I removed one leg using forceps from each specimen and placed it into a sterile well 

with 50 μl of ethanol. To reduce the risk of contamination, I sterilized the forceps between each 

specimen using ethanol and a Bunsen burner. I removed one leg (usually the metathoracic leg), 

and if the specimen was large I only removed the distal 3mm. I removed any debris present on 

the sample to avoid contamination. I sub-sampled into a 96-well plate which allows many 

samples to be processed at once during the molecular work. I stored samples at -20
o 
C until they 

were ready for processing.  
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Figure S2.1. Species accumulation curve for the Insecta orders of Churchill collected in this 

study. 
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Figure S2.2. Species accumulation curve for the morphologically ambiguous or diverse 

Trichoptera genera of Churchill collected in this study. 

 

 

 

 

 

 

 

 

 

 

 



94 

 

Figure S2.3. Species accumulation curve for the aquatic Coleoptera families of Churchill 

collected in this study. 

 

 

 

 

 

 

 

 

 

 

 



95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.4. Species accumulation curve for the morphologically ambiguous Dytiscidae genera 

of Churchill collected in this study. 
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Appendix S3 

Molecular techniques 

Since species-level delineations are important for my phylogenetic analysis, I sequenced 

the barcode region of the cytochrome c oxidase subunit I (COI) gene. In addition, to improve 

phylogenetic accuracy, I sequenced nuclear genes.  

For buffer recipes and mixes mentioned below, see Ivanova et al. (2006). For lysis and 

extraction, I followed the protocols described in Ivanova et al. (2006).  

I placed the 96-well plate into which the specimens had been sub-sampled in an incubator 

at 56
o 
C to evaporate the ethanol. I then added 50 μl to each well from a stock solution containing 

5 ml of invertebrate lysis buffer and 0.5 ml of proteinase K (20 mg/mL). The plate was 

centrifuged at 1000 G for 30 seconds to ensure the tissue was immersed in the reagents, and 

incubated overnight at 56
o
 C.  

To extract the DNA from the lysate, I used a glass fibre extraction technique. I removed 

the plate from the incubator and centrifuged at 1000 G for 30 seconds to remove condensation 

from the caps. I then added 100 μl of binding mix to each well, mixed the solution in the well, 

and I then transferred 150 μl of the lysate and binding mix to a glass fibre plate placed on a 

square well block. I centrifuged the plate at 5000 G for five minutes to attach the DNA to the 

glass fibre membrane and remove the excess fluid into the square well block. I then added 180 μl 

of protein wash buffer to each well in the glass fibre plate and centrifuged at 5000 G for three 

minutes. I then performed a second wash step, where I added 750 μl of wash buffer to each well, 

centrifuged at 5000 G for three minutes, removed the seal over the plate and reattached it, and 

then centrifuged the plate for an additional two minutes. Removing the seal is to ensure that the 

entire wash buffer is passed though the plate. I then incubated the glass fibre plate at 56 
o
C for 30 

minutes to evaporate any residual ethanol. At the same time, I placed 7.5 ml of ddH2O in the 

incubator to warm the water, which improves extraction success. I then transferred the DNA in 

the glass fibre plate to a new plastic plate by placing the glass fibre plate into the new plastic one 

and dispensing 50 μl of the ddH2O into the glass fibre plate. I then centrifuged the plates at 5000 

G for five minutes to pass the water through the glass fibre plate and into the new plate. I then 

stored this plate containing the extracted DNA at 4 
o
C.  

Cytochrome c oxidase subunit I (COI) and species identification 
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For DNA amplification and sequencing, I followed the protocols described in Hajibabaei 

et al. (2005). I centrifuged the DNA plate at 1000 G for one minute to remove any condensation 

on the lid of the plate. I used the polymerase chain reaction (PCR) to amplify the barcode region 

of COI using a 12.5 μl reaction of 6.25 μl 10% trehalose (D-(+)- Trehalose dehydrate), 2 μl 

ddH2O, 1.25 μl 10X buffer, 0.625 μl of 50mM MgCl2, 0.0625 μl 10mM dNTP, 0.06 μl Platinum 

Taq polymerase (Invitrogen®), 0.125 μl of 10 μM of each primer, and 2 μl of DNA template. I 

used a primer cocktail for all COI sequencing consisting of Lep and Folmer primers (Table 

S3.1). I centrifuged the plate at 1000 G for one minute to ensure the DNA and PCR reagents 

were thoroughly mixed. I then used the thermal program COIfast (Table S3.2) using an 

Eppendorf Mastercycler epgradient S thermocycler and stored the PCR plate at 4 
o
C.  

Before proceeding with the subsequent steps, I checked the amplification success of the 

plate from the PCR using DNA electrophoresis using an Invitrogen agarose E-gel® with an 

ethidium bromide stain. I first centrifuged the PCR plate at 1000 G for one minute to remove any 

condensation from the lid. I then added 14 μl of ddH2O to the E-gel® to hydrate the gel and 

subsequently added 4 μl of PCR product to the wells of the gel. I then ran the gel on an 

Invitrogen E-base
TM

 for 6 minutes and exposed the gel using an Alpha Innotech AlphaImager 

3400 using transillumination UV with an ethidium bromide filter.  

For samples that I successfully amplified, I proceeded with bidirectional sequencing. I 

diluted the PCR product with 15 μl of ddH2O and centrifuged the PCR plate at 1000 G for two 

minutes. I used a 11 μl sequencing reaction consisting of 5 μl 10% trehalose, 0.875 μl ddH2O, 

0.250 μl BigDye®, 1.875 μl 5x buffer, 1 μl of 10 μM of primer, and 2 μl of diluted PCR product. 

I used LepF1 and LCO1490 for the forward reaction, and LepR1 and HCO2198 for the reverse 

reaction (Table S3.1). I centrifuged plates at 1000 G for one minute and thermocycled them 

using the SEQ31 program (Table S3.2). I then submitted the plate to the Biodiversity Institute of 

Ontario (BIO), at the University of Guelph for sequencing cleanup and Sanger sequencing using 

the Applied Biosystems 3730xl DNA analyzer (Hajibabaei et al. 2005).  

I edited the chromatograms and combined the forward and reverse sequences into a 

single sequence for each specimen using Codon Code Aligner (Codon Code Corporation, v. 

3.7.1).  I subsequently aligned the sequences using Clustal W, followed by visual alignment in 

MEGA 5.0 (Tamura et al. 2011). I also translated the aligned sequences in MEGA to a protein 

sequence to check for stop codons or frame shifts. I then uploaded clean sequences to the 
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Barcode of Life Data System (BOLD) which uses a Hidden Markov Model and searches for 

pseudogenes and possible contaminants and flags records with any issues (Ratnasingham & 

Hebert 2007). I uploaded sequences to BOLD and identified sequences to species using only the 

expert-identified published database of COI sequences available on BOLD that had ≥98% 

sequence similarity to the identified species. I employed a 2% threshold for sequence 

dissimilarity since previous work has found this cut-off to correctly delineate Ephemeroptera  

and Trichoptera species of the Churchill region (Zhou et al. 2009, 2010). BOLD also contains an 

extensive reference library for the Coleoptera of Churchill which were identified by taxonomic 

experts, and my sequence-based identifications were scrutinized with the aid of taxonomists and 

ecologists working on the barcode reference library for Churchill (Thomas Woodcock et al. 

unpublished data). In addition, I combined all of my sequences for each order with the other 

Churchill sequences on BOLD and built a neighbour-joining tree on BOLD using a Kimura-2-

parameter model to confirm the clustering of my sequences with taxonomist-identified voucher 

sequences. All of my sequences are currently stored on BOLD in the projects EBCCH, “Aquatic 

Coleoptera of Churchill 2010”, EBECH, “Ephemeroptera Nymphs of Churchill 2010”, and 

EBTCH, “Trichoptera Larvae of Churchill 2010”. Access can be given to this project upon 

request, and the project will be released to the public upon publication. 

Trichoptera nuclear and ribosomal genes 

In order to improve the accuracy of my Trichoptera phylogeny I sequenced additional 

genes. I performed a short literature review on previous gene regions used to build Trichoptera 

phylogenies in order to determine the most suitable regions to target (Kjer et al. 2001, 2002; 

Zhou et al. 2007; Pauls et al. 2008; Espeland & Johanson 2010; Geraci et al. 2010; Johanson & 

Espeland 2010; Johanson & Malm 2010). From this literature search, 28S D2 variable region, 

cadherin (CAD), RNA polymerase II (POL-II), elongation factor 1α (EF-1α) and nuclear 

wingless (nuMG) were selected as potential genes.  

I randomly selected one individual specimen that had a clean, full-length (658 bp) COI 

sequence from seven different Trichoptera families to test the primers for each potential gene. 

Using the primers (Table S3.1) and the thermocycling regimes (Table S3.2) described below, I 

found that 28S D2, CAD, and POL-II all amplified well, while EF-1α and nuMG did not. I 

diluted the extracted DNA (appendix 3.1) by a 1:2 ratio, and I amplified the extracted DNA 

using a 25 μl reaction. The 25 μl PCR reaction the consisted of same proportion of trehalose, 10x 
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buffer, MgCl2, dNTP and Platinum Taq polymerase as COI, but I increased the amount of 

forward and reverse primer to 1.25 μl of 10 μM (Table S3.1) and 2 μl of DNA template. I found 

this updated protocol to increase PCR success from 57% to 86% for 28S D2, 14% to 71% for 

CAD and 29% to 86% for POL-II. The first section of EF-1α amplified well, with 86%; 

however, I still found low PCR amplification success with the second section (14%). nuMG also 

persisted to have low PCR success with this updated protocol at 14%.  

Based on the improved protocol described above, I then randomly selected one specimen 

per species to sequence, using a high quality (0N) 658 bp COI sequence, when possible, and a 

sequence that was closely related to the other sequences for that species (i.e. was nested within 

the cluster of sequences and was not an outlier on the phylogeny). I slightly modified the 

thermocycling regime described in Johanson & Malm (2010), whereby I decreased the annealing 

temperature 2 
o
C which increased the PCR success from 52% to 87% for POL-II and from 43% 

to 89% for CAD. I further reduced the annealing temperature to 49 
o
C to help amplify some 

failed samples, with a 98% total PCR success for POL-II and 91% total PCR success for CAD. 

For the first half of EF-1α, I reduced the annealing temperature 2 
o
C to 56 

o
C which increased by 

PCR success to 83%. For those failed specimens I further reduced the annealing temperature to 

54 
o
C and then to 52 

o
C, which amplified some of my failed samples, giving me a total PCR 

success of 93% for EF-1α. I also tested 28S D2 and nuMG on the full set of Trichoptera species; 

however I still had low PCR success, with 28S D2 having 59% success and nuMG having 61% 

PCR success. I further reduced the 28S D2 annealing temperature to 56 
o
C and 54 

o
C 

subsequently, which increased my overall PCR success to 85%. In total, I performed three PCR 

amplification attempts for each gene. Since I had high PCR success for 28S D2, CAD, EF-1α, 

and POL-II, I performed the sequencing reactions using the same protocols as COI described in 

appendix S3.1. CAD, EF-1α, and POL-II all had clean sequences; however, I found a high 

instance of non-specific amplification in 28S D2 (most likely due to decreasing the annealing 

temperature) so these sequences were excluded from subsequent analysis. I edited and aligned 

the sequences using the same methods described above for COI. 

 

 

 

 



100 

 

Table S3.1. List of primers used in this study. 

Primer 

Name 

Gene Nucleotide sequence (5’ to 3’) Reference 

LepF1 COI ATTCAACCAATCATAAAGATATTGG Hebert et al. 2004 

LepR1 COI TAAACTTCTGGATGTCCAAAAAATCA Hebert et al. 2004 

LCO1490 COI GGTCAACAAATCATAAAGATATTGG Folmer et al. 1994 

HCO2198 COI TAAACTTCAGGGTGACCAAAAAATCA Folmer et al. 1994 

D2up4 28S D2 GAGTTCAAGAGTACGTGAAACCG Geraci et al. 2010 

D2dnB 28S D2 CCTTGGTCCGTGTTTCAAGAC Geraci et al. 2010 

743nF-ino CAD GGIGTIACIACIGCITGYTTYGARCC Johanson & Malm 2010 

1028R-ino CAD TTRTTIGGIARYTGICCICCCAT Johanson & Malm 2010 

Lepto-IF-

ino 

POL-II TRAARCCIAARCCIYTITGGAC Johanson & Malm 2010 

REV2 POL-II TYYACAGCAGTATCRATRAGACCTTC Danforth et al. 2006 

F EF-1α - 

1 

ATCGAGAAGTTCGAGAARGARGC Kjer et al. 2001 

IntR EF-1α - 

1 

CCAYCCCTTGAACCANGGCAT Kjer et al. 2001 

M46.1F EF-1α - 

2 

GAGGAAATYAARAAGGAG Whiting 2002 

R EF-1α - 

2 

GGGAAYTCCTGGAARGAYTC Kjer et al. 2001 

Wingnut1a nuMG GAAATCCGNCARGARTGYAA Goldstein, in Pauls et al. 

2008 

Wingnut3 nuMG ACYTCRCARCACCARTGRAA Goldstein, in Pauls et al. 

2008 

 

Table S3.2. Thermocycling programs using in this study. The annealing temperature was reduced 

for some PCR programs, which increased amplification success (see discussion above). 

Program 

name 

Step Settings 

COIfast PCR 94 
o
C 1 min; 5x[94 

o
C 40 s, 45 

o
C 40 s, 72 

o
C 1 min]; 35x[94 

o
C 40 s, 51 

o
C 40 s, 72 

o
C 1 min]; 72 

o
C 5 min; maintain at 4 

o
C 

SEQ31 SEQ 96 
o
C 2 min; 30x[96 

o
C 30 s, 55 

o
C 15 s]; 60

o
C 4 min; maintain at 4 

o
C 

28S D2 PCR 94 
o
C 3 min; 40x[94 

o
C 30 s, 60 

o
C 45 s, 72 

o
C 60 s]; 72 

o
C 10 min; 

maintain at 4 
o
C 

POL-II/CAD PCR 95 
o
C 5 min; 40x[95 

o
C 30 s, 53 

o
C 30 s, 72 

o
C 50 s]; 72 

o
C 8 min; 

maintain at 4 
o
C 

EF-1α 1 PCR 95 
o
C 5 min; 40x[95 

o
C 30 s, 58 

o
C 30 s, 72 

o
C 50 s]; 72 

o
C 8 min; 

maintain at 4 
o
C 

EF-1α 2 PCR 95 
o
C 5 min; 40x[95 

o
C 30 s, 52 

o
C 30 s, 72 

o
C 50 s]; 72 

o
C 8 min; 

maintain at 4 
o
C 

nuMG PCR 94 
o
C 3 min; 35x[95 

o
C 45 s, 60 

o
C 45 s, 72 

o
C 90 s]; 72 

o
C 10 min; 

maintain at 4 
o
C 
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Appendix S4 

Data exploration 

In order to determine if my data meets the assumptions of statistical testing, I performed 

several of the analyses outlined in Zuur et al. (2010) in R (R Development Core Team 2008). I 

tested for the presence of outliers in the data by plotting box plots for my environmental 

variables, and examining points beyond the whiskers. Detection of outliers can be important for 

some statistical testing and can be useful for detecting errors in data input (Zuur et al. 2010). 

Since I performed ANOVAs in my analysis, I plotted box plots of the response variables NRI 

and NTI for each month and habitat type to check for homogeneity of variance. I also tested to 

see whether NRI and NTI are normally distributed, which is an assumption of many statistical 

methods (Zuur et al. 2010). I also tested for collinearity between my independent variables, to 

see if any can be removed to increase the clarity of my analyses, performed with AED (Zuur et 

al. 2010).  To discern if there were any relationships between the response and predictor 

variables, I plotted each environmental factor against NTI to see if any linear relationships were 

apparent.  

After I removed possible outliers due to equipment failure or data entry error, my 

environmental variables fall within reasonable ranges for a freshwater habitat (Figure S4.1).  

I observed homogeneity of variance both between months and between habitat types for 

NRI and NTI for Trichoptera (Figure S4.2), Ephemeroptera (Figure S4.3), Coleoptera adults 

(Figure S4.4) and Coleoptera larvae (Figure S4.5). While there is some discrepancy in variance 

(particularly between habitat types), the variance is relatively similar between plots. In addition, 

all four taxonomic groups had normal distributions for both NRI (Figure S4.6) and for NTI 

(Figure S4.7).  

I found salinity and conductivity to have a high variance information factor score (VIF; 

Table S4.1), indicating collinearity. Therefore, I decided to exclude conductivity from further 

analysis. I did not detect any collinearity between any of the other water chemistry variables. 

Finally, there were no linear relationships between NTI and any of the water chemistry 

variables for Trichoptera (Figure S4.8), Ephemeroptera (Figure S4.9), Coleoptera adults (Figure 

S4.10), and Coleoptera larvae (Figure S4.11). 
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Table S4.1. Pairwise comparison of collinearity between independent variables with correlation 

coefficients reported and the variance information factor score. ORP = oxidation or reduction 

potential; DO = dissolved oxygen; VIF = variance information factor score.  

  Depth Conductivity Salinity pH ORP Turbidity Chla DO VIF 

Depth 1.000 

       

1.092 

Conductivity -0.152 1.000 

      

46.762 

Salinity -0.143 0.989 1.000 

     

47.028 

pH -0.093 -0.142 -0.152 1.000 

    

1.927 

ORP -0.082 0.218 0.239 -0.673 1.000 

   

2.024 

Turbidity -0.121 -0.039 -0.028 -0.031 0.088 1.000 

  

1.191 

Chla -0.033 0.103 0.115 0.023 0.024 0.013 1.000 

 

1.080 

DO -0.037 0.046 0.039 0.192 -0.181 0.327 0.220 1.000 1.277 
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Figure S4.1. Box plot of environmental variables with statistical outliers removed. 
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Figure S4.2. Box plot of net relatedness index (NRI) and nearest taxon index (NTI) for 

Trichoptera by month and habitat type. 
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Figure S4.3. Variance of net relatedness index (NRI) and nearest taxon index (NTI) for 

Ephemeroptera by month and habitat type. 
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Figure S4.4. Variance of net relatedness index (NRI) and nearest taxon index (NTI) for 

Coleoptera adults by month and habitat type. 
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Figure S4.5. Variance of net relatedness index (NRI) and nearest taxon index (NTI) for 

Coleoptera larvae by month and habitat type. 
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Figure S4.6. Histogram of the net relatedness index (NRI) for each insect order. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.7. Histogram of the nearest taxon index (NTI) for each insect order. 

 



109 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.8. Relationship between each covariable and the response, NTI for Trichoptera. A 

LOESS smoother line is included to aid in interpretation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.9. Relationship between each covariable and the response, NTI for Ephemeroptera. A 

LOESS smoother line is included to aid in interpretation. 
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Figure S4.10. Relationship between each covariable and the response, NTI for Coleoptera adults. 

A LOESS smoother line is included to aid in interpretation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.11. Relationship between each covariable and the response, NTI for Coleoptera larvae. 

A LOESS smoother line is included to aid in interpretation. 
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Appendix S5 

R code 

Calculate Pagel’s λ 

library(geiger) 

EC2.prune<-read.tree("Eph_COI2_prune.nwk")#Open tree in R. 

#Tree must only contain species for which trait data is available. 

EC2.prune$tip.label<-factor(EC2.prune$tip.label)#Factor the species names. 

 

Eph.0L<-lambdaTree(EC2.prune,0)#Create a tree where lambda=0. 

 

EL0Bphy<-match.phylo.data(Eph.0L,Etraits)#Match phylogeny with the trait data. 

EBodyphy<-match.phylo.data(EC2.prune,Etraits) 

 

ELambdaBody<-fitContinuous(EBodyphy$phy,EBodyphy$data,model="lambda")#Fit the model 

to the phylogeny. 

ELambda0Body<-fitContinuous(EL0Bphy$phy,EL0Bphy$data,model="BM")#Fit Brownian 

motion model to the phylogeny. 

E.LRT<- -2*(ELambda0Body$Trait1$lnl-ELambdaBody$Trait1$lnl)#Test for significance. 

pchisq(E.LRT, df=1,lower.tail = FALSE) 

 

Calculate Blomberg’s K 

#Use phylogeny and data from previous file. 

library(picante) 

phylosignal(Etraits$MaxBody[EC2.prune$tip.label], EC2.prune, reps=1000, 

checkdata=TRUE)#1000 randomizations 

 

Calculate NRI and NTI 

library(picante) 

EphCOI<-read.tree("Eph_COI2.nwk") 

EphCOI$tip.label<-factor(EphCOI$tip.label) 

 

Ematrix1<-read.table("EMatrix.csv", sep=",", header=T) #Species presence-absence matrix. 

Ematrix<-sample2matrix(Ematrix1) #Converting from BOLD/phylocom format to R friendly 

format. 

 

phy.distEph<-cophenetic(EphCOI)#Create a distance matrix from the phylogeny file that will be 

used to calculate NRI and NTI. 

 

mpd.Eph<-ses.mpd(Ematrix, phy.distEph, null.model = "independentswap",  

abundance.weighted = FALSE, runs = 1000, iterations = 1000)#Calculate mean pairwise 

distance (mpd) using independent swap algorithm. 

mpd.Eph#mpd.obs.z = NRI*-1, mpd.obs.p = p value of observed mpd vs. null communities. 

NRI.Eph<- mpd.Eph$mpd.obs.z*-1#Converting all of the mpd values to NRI values. 

NRImatrixEph<-cbind(mpd.Eph,"NRI"=NRI.Eph)#Binding on the NRI values with the rest of 
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the table along with the phylogeny type. 

 

mntd.Eph<-ses.mntd(Ematrix, phy.distEph, null.model = "independentswap",  

abundance.weighted = FALSE, runs = 1000, iterations = 1000)#Calculate the mean nearest taxon 

distance (mntd) using independent swap algorithm. 

mntd.Eph#mntd.obs.z = NTI*-1, mntd.obs.p = p value of observed mpd vs. null communities. 

NTI.Eph<- mntd.Eph$mntd.obs.z*-1#Converting all of the mntd values to NTI values. 

NTImatrixEph<-cbind(mntd.Eph,"NTI"=NTI.Eph)#Binding on the NTI values with the rest of 

the table. 

NTImatrixEph 

 


