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Invertebrate communities in freshwater streams form the basis of many environmental
biomonitoring protocols. However, because of several practical limitations, these studies often
rely on coarse taxonomic resolution. It is possible that this will group together species with
different environmental preferences, thus masking the relationship between taxonomic
composition and environmental variables. My thesis looks at the relationship between taxonomic
resolution and our ability to characterise aquatic invertebrate communities using metacommunity
theory. I found that for most orders, as taxonomic resolution increased the proportion of
community composition variability explained by the environment decreased. These results
suggest the ecological interchangeability of closely related species in this system, given the
environmental variables I measured. My thesis illustrates the importance of using a
metacommunity context in environmental monitoring and the need to establish the most efficient
taxonomic resolution for routine monitoring.
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Chapter 1
General introduction to metacommunity ecology
Understanding community ecology
A community is defined as groups of potentially, or actually, interacting species living in
the same location, the boundaries of which contain similar environmental characteristics (Fauth
et al. 1996). However, the dynamics involved in the formation and maintenance of those
respective communities are still not fully understood (Chase and Leibold 2003, Gamfeldt and
Hillebrand 2008). A variety of theories have proposed different mechanisms or factors that
impact community dynamics, focusing primarily on the impacts of species interactions, habitat,
and space.
Dominant theories addressing community assembly have predominantly focused on
factors affected by local scale processes. Two of these theories with significant current support
are niche theory and neutral theory. Niche theory strives to explain how species are able to
coexist based on the impact of environment and species interactions. While the term niche has
various interpretations, it defines both how an organism reacts to the environment (both biotic
and abiotic) and the role an organism plays in an ecosystem, or the effect it has on the
environment (Chase and Leibold 2003). The combination of all the biotic and abiotic variables
that impact a species, and the range of tolerance for each, determines a species’s fundamental
niche (Hutchinson 1991). The fundamental niche for a species is not impacted by interspecific
constraints because those do not alter the species’s basic biology (Hutchinson 1991). However,
in nature it is highly likely that species will face density-dependent interactions with other
species, resulting in a reduction of a species’s fundamental niche to its realized niche.
Competition between species for the same resource limits the ability of species to undergo
population growth, which may result in competitive exclusion. Competitive pressure is usually
limited by trade-offs between limiting resources, environmental tolerances, predation avoidance,
and temporal variation to facilitate co-existence (Kneitel and Chase 2004).
While niche theory is helpful to understand community assembly, some suggest that it
cannot fully explain the diversity observed in species-rich communities, such as those in the
tropics (Zhou and Zhang 2008). Hubbell (2005) observed that in the tropics, communities found
in shaded areas were more diverse than those found in non-shaded areas. Based on niche theory,
!
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however, the opposite should be true because shaded areas should exhibit competitive exclusion
due to greater limitation of the light resource (Hubbell 2005). Hubbell (2006) determined that
competitive exclusion was delayed because the plant species faced severe dispersal and
recruitment limitations, allowing inferior competitors to survive. Caswell (1976) proposed a
neutral model, to use as a null model to test for biotic interactions affecting community assembly.
This idea was expanded on, especially by Bell (2001) who thought that neutral community
models provided a way to predict the fundamental processes and patterns affecting community
assembly. Based on his own observations and work by Caswell, Bell, and others, Hubbell
hypothesized a formal neutral theory. This neutral theory assumes that all individuals of all
species in a community are ecologically equivalent, varying only in their life histories (Hubbell
2006). Thus one of the key assumptions for explaining coexisting species with a neutral model is
strong dispersal limitation. Similarly, explicitly adding the different interactions of dispersal
processes with niche dynamics has resulted in the development of metacommunity theory.
Metacommunity theory
Metacommunity theory combines concepts from both the neutral and niche theories into
one cohesive framework (Cottenie 2005, Leibold et al. 2004). It recognizes that community
dynamics are impacted primarily on two scales: local interactions, those that occur in a specific
area, and regional processes, such as dispersal between these areas (Ricklefs 1987).
A metacommunity is a set of local communities linked by a set of potentially interacting
species, impacted by a variety of different spatial processes (Leibold et al. 2004).
Metacommunity dynamics can be classified as one of four paradigms that are differentiated
based on the relative role of dispersal. They can be defined as (Leibold et al. 2004, Logue et al.
2011, Winegardner et al. 2012):
1. Neutral: Species do not differ in their fitness or niche.
2. Species Sorting with
a. Limiting Dispersal (or patch dynamics): Habitat patches can be either
homogenous or heterogeneous, and where species are found depends on their
ability to disperse there and their ability to outcompete competitors.
b. Efficient Dispersal (or species sorting): Here, habitat patches are heterogeneous.
When species are not strongly limited by dispersal, their spread throughout the
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metacommunity will result in a match between the niche requirements of the
different species and the local environmental conditions.
c. High Dispersal (or mass effects): Habitat patches are heterogeneous, and highly
linked through dispersal. As a result, source-sink habitats form, where the
reproduction in a source habitat feeds dispersal into sink habitats. This will
maintain species in sites with negative population growth rates.
While metacommunity research is still in its infancy, the various paradigms have been
observed throughout different communities and taxa, moving metacommunity theory from a
purely theoretical framework to one with empirical evidence (see Logue et al. 2011 for a review).
For example, studies on bacteria, zooplankton, and phytoplankton have observed all four
metacommunity dynamics within each of the major taxonomic categories (Beisner et al. 2006,
Vanormelingen et al. 2008, Ng et al. 2008, Davies et al. 2009, Barberan and Casamayor 2010).
Mass effects have been observed in fish (Beisner et al. 2006, Leprieur et al. 2009), vascular
plants (Hájek et al. 2011), and bats (Stevens et al. 2007). Species sorting has been observed in
birds (Meynard and Quinn 2008), tropical plants (Jones et al. 2008), and small mammals
(Heikinheimo et al. 2003). Together, these studies reveal substantial variability among taxa in the
role of dispersal limitation as a mechanism structuring local-scale communities from regional
species pools
Studying stream communities
Freshwater insect metacommunity research is still quite limited (Finn and Poff 2011) and
only a handful of studies have applied metacommunity theory to freshwater stream aquatic insect
communities (Brown and Swan 2010, Finn and Poff 2011, Mykrä et al. 2007, Thompson and
Townsend 2006). These studies have been limited in their quantification of the environmental
habitat as well as by limited species-level identification, especially for families that are difficult
to identify, such as the widespread and abundant dipteran family Chironomidae (Ekrem et al.
2010).
Studies on freshwater streams have found that communities are impacted by a variety of
water chemistry and physical characteristics, including pH, water temperature, depth, velocity,
macrophytes, substratum, shading, stream width, and conductivity (Heino et al. 2003, Merovich
and Petty 2010, Mykrä et al. 2007). However, the extent to which these characteristics play a role
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in determining community composition is highly variable (Mykrä et al. 2007). Moreover,
although macroinvertebrate assemblages are strongly influenced by water chemistry, assemblage
composition is highly variable within, as well as between, water quality types (Merovich and
Petty 2010). This lack of consensus indicates that other factors must impact community
composition rather than just environmental characteristics. Therefore, metacommunity
approaches that explicitly incorporate other factors, such as dispersal limitation, may yield
productive new research directions for understanding community assembly in these systems.
Aquatic invertebrates of Algonquin Provincial Park
Documentation of the invertebrate species in Algonquin Provincial Park began as early as
1941 with the riverine aquatic insect work conducted by Sprules (1941). Over 190 species
belonging to 17 different orders have been documented in the park’s aquatic environment (Table
1.1). The scope of the studies of aquatic invertebrates has been varied, though it has primarily
focused on studying the effects of environmental change on benthic ecosystems (Hall and Ide
1987, Sprules 1941, Stephenson et al. 1994). As well, these studies primarily focus on the lake
rather than stream communities. However, the types of taxa analysed or the number of different
study sites sampled have limited the scope of these studies. In general, the most comprehensive
studies on stream aquatic invertebrates have focused primarily on studying the common aquatic
insect taxa, that is, the Ephemeroptera, Plecoptera, and Trichoptera of Algonquin Provincial
Park. Consequently, the full aquatic invertebrate community has not been characterized for the
area.
Freshwater aquatic invertebrates are the ideal study system to study metacommunity
dynamics. Due to a reliance on invertebrates for biomonitoring protocols because of their
ubiquity and ease of sampling, classification and sampling schemes for the biotic and abiotic
characteristics of streams have been developed and refined (Jones et al. 2007). Rapid
bioassessment surveys are used widely in North America as a tool to assess ecosystem health,
and improvements in our understanding of these aquatic systems will greatly improve assessment
quality (Jones et al. 2007).
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Use of DNA barcoding
Adequately assessing metacommunity dynamics relies on two factors: adequate
characterization of the environmental habitat and species-resolution identification (Webb et al.
2002, Leibold et al. 2004). Limitations with environmental characterization stem primarily from
technological difficulties related to the ability to measure variation in different environmental
parameters. Additionally, Sweeney et al. (2011) found that adding taxonomic resolution
increases the ability to detect ecological degradation. Species-resolution identification could be
particularly important because different species can show differences in habitat use. For instance,
Pandit et al. (2009) demonstrated that habitat generalists (species that can use a variety of
resources) had very different metacommunity patterns from habitat specialists (species that have
a very restricted set of resource requirements). This suggests that it is important to discriminate
true generalists from morphospecies that are comprised of multiple species that are habitat
specialist. Consequently, the accurate assessment of the relationships among communities
requires a thorough understanding of the species that make up a community (Leibold et al. 2004).
However, a limitation of biological research in general, and community ecology in particular, is
that for invertebrate species it can be extremely difficult to reach species-level identifications
(Pfenninger et al. 2007).
Work by Hebert et al. (2003) established that most animal species can be rapidly and
correctly identified by examining the DNA sequence of a portion of the cytochrome c oxidase
subunit I mitochondrial gene – a “DNA barcode”. However, in order for DNA sequence data to
provide useful species-level identifications, there needs to be a well-developed reference library
to match the genetic sequence of the individual of concern to a species that was previously
identified (Gotelli 2004). Through the combined work of geneticists and taxonomists, a
publically accessible reference database covering focal taxa from around the globe is being built
(Ball et al. 2005, Ratnasingham and Hebert 2007, Zhou et al. 2009). Moreover, in cases where a
species-level match is not possible, molecular operational taxonomic units (MOTUs, Blaxter et
al. 2005) can be analyzed as interim units for ecological studies. There are, however, limitations
associated with barcoding wherein recently diverged or hybridizing species may be overlooked.
Studies with a large spatial scale may also find that the separation between intraspecific versus
interspecific divergences can be reduced, limiting the power of the analysis to observe distinct
species (Bergsten et al. 2012). These limitations should not impact my study significantly as the
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spatial scale is not large, and there have been high success rates in identifying invertebrates using
DNA barcodes, particularly in temperate aquatic insects (Zhou et al. 2009, 2011, Ekrem et al.
2010).
Objectives of my thesis
My thesis addresses the issue of how taxonomic resolution impacts the ability to detect
differences in metacommunity patterns. Metacommunity ecologists have not addressed this
question, and as a result studies often mix levels of taxonomic resolution in analysis, particularly
in hard-to-identify groups. My first study (Chapter 2) addresses the issue of how changing
taxonomic resolution community characterization using metacommunity theory as well as
common diversity indices used in biomonitoring, using the aquatic insect order Trichoptera. My
second chapter (Chapter 3) expands on my work in Chapter 2, by examining how changing
taxonomic resolution affects our understanding of the underlying processes that may impact
community structure. Based on the results from both chapters, I suggest that this disregard for
how taxonomic resolution may affect analysis output is problematic, especially as my results
indicate that changes in taxonomic resolution dramatically change the patterns observed.
Together, these two studies comprising my master’s thesis provide an examination into
the relationship between taxonomic resolution and the detection of metacommunity patterns. My
thesis assesses an understudied area of research in metacommunity theory, as well as provides
the most recent bioassessment of five orders of aquatic insects and one subclass of Annelida
found in Algonquin Provincial Park, to my knowledge.
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Table 1.1. Studies involving the sampling of stream aquatic invertebrates in Algonquin
Provincial Park. An asterisk (*) indicates that the study found specimens that were identified as
an unknown species of a known genus. 1 study also sampled ponds. 2 study also sampled lakes.
Paper
2

Sprules 1966
Scheuluer and Karstad 20092
Strongman and White 20081
Giberson & MacKay 1990
Hunter and Hitesh 2000
Hunter et al. 2000
Sharp and Hunter 2008
Strongman and White 20081
Giberson & MacKay 1990
Hall & Ide 1987
Sprules 1941
Strongman & White, 20081
Hall & Ide 1987
Sprules 1941
Ross 1941
Sprules 1941
Stuart and Currio 20011
Scheuluer and Karstad 20092
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Order
Amphipoda
Decapoda
Decapoda
Diptera
Diptera
Diptera
Diptera
Diptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Plecoptera
Plecoptera
Trichoptera
Trichoptera
Trichoptera
Unionoida

Families
1
1
N/A
1
1
1
1
2
9
5
11
4
6
6
1
10
4
1

Number of
Genera
1
2
N/A
1
4
1
2
N/A
16
13
18
4
11
6
1
18
15
5

Species
1
6
N/A
4
14*
3
2*
N/A
26
26
31
4
23
11
1
23
N/A
6
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Chapter 2
Impact of taxonomic resolution on the detection of metacommunity patterns
in Trichoptera using DNA barcoding
Abstract
Invertebrate communities in freshwater streams form the basis of many biomonitoring
protocols. However, because of several practical limitations, these studies often rely on coarse
taxonomic resolution. It is possible that this will group together species with different
environmental preferences, thus masking the relationship between taxonomic composition and
environmental variables. Alternatively, closely related species share similar traits; therefore,
refining the taxonomic resolution will not impact, or will even decrease, the strength of
relationships between community composition and environment. In addition, it is possible that
increasing taxonomic resolution could expose spatially localized distribution patterns arising
from dispersal limitation, potentially independent from environmental heterogeneity.
To test these competing hypotheses, I characterized the metacommunity patterns of
Trichoptera in 21 streams in Algonquin Provincial Park, Ontario, Canada, as the metacommunity
framework explicitly recognizes interactions between environmental filtering and dispersal
processes. I determined community composition at the family, genus, and species (DNA barcode
cluster) levels. Twenty explanatory variables were characterised at each site, reduced through
PCA, and their relative roles in structuring the metacommunity were analysed using variation
partitioning. I also compared site diversity rankings based on richness, Shannon Index, and
Simpson Index values for all sites between species-genus, genus-family, and species-family
levels of resolution.
I found evidence to support the second hypothesis. As taxonomic resolution increased,
the proportion of community composition variability explained by the environment decreased by
12%. The variation explained by spatial variables was negligible (~1%) at all taxonomic levels.
These results suggest the ecological interchangeability of closely related Trichoptera in this
system, given the environmental variables I measured. Reducing taxonomic resolution decreased
the consistency of site rankings for all three diversity indexes. My study thus illustrates the
importance of using a metacommunity context in environmental monitoring and the value of
comparing patterns at multiple taxonomic levels even when molecular data are available.
!
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Introduction
Biomonitoring methods, using a variety of indicator taxa, have been used extensively
throughout the world (Bonada et al. 2006). Such methods compare the species composition of
potentially impacted sites to some benchmark, often using a reference condition approach
(RCA), to provide an indication of ecosystem condition (Jones 2008). However, the suitability of
potential indicator taxa depends upon how the presence, absence, abundance, and behaviour of a
taxon reflect a stressor’s effect on the ecosystem (Bonada et al. 2006). As indicated by the
number of biomonitoring protocols and studies using them, aquatic invertebrates are ideal
indicator species for monitoring freshwater ecosystem health. They are species-rich, are
ubiquitous, have a relatively sedentary lifestyle, are easy to sample, cover a wide range of welldescribed genera and families, and exhibit a range of pollution tolerance values (Bonada et al.
2006).
Taxonomic resolution is particularly of concern as there has been an increase in rapid
bioassessment protocols that rely on coarse taxonomic resolution (Jones 2008). This is primarily
because reaching fine taxonomic resolution is limited by technical and financial issues, including
large incremental increases in cost and time (Marshall et al. 2006), loss of taxonomists (Jones
2008), and difficulties identifying the large number of immature specimens collected (Lenat and
Resh 2001). However, as costs for species-level identification using DNA barcoding have
decreased, recent barcoding literature has advocated its use in biomonitoring (Smith and Fisher
2009, Sweeney et al. 2011, Hajibabaei et al. 2011).
Previous work suggests that taxonomic resolution should have a significant effect on
community characterization and understanding, and a lack of biological knowledge about species
may mask community differences (Lenat and Resh 2001). Significant differences have been
detected in feeding patterns and habitat preferences among species in the Trichoptera (caddisfly)
family Hydropsychidae (Gordon and Wallace 1975, Wallace 1975). Resh and Unzicker (1975)
found that pollution tolerances varied at a species- versus genus-level in the trichopteran genus
Ceraclea, which contained species that fell into each of the three tolerance categories (intolerant,
facultative, and tolerant).
Despite the large number of papers on the effect of taxonomic resolution on the ability to
detect differences in community composition, there has been no consistent conclusion across a
wide variety of phyla (Jones 2008, Bevilacqua et al. 2012). While comparisons across phyla may
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not be possible, for aquatic insects, genus and even family-level data are often sufficient to
differentiate between stream communities. When using large datasets of over 150 sites, Waite et
al. (2004) and Hewlett (2000) found that genus and family-level data were similar in their ability
to distinguish among sites when using a variety of diversity indexes. However, this is not always
the case. Wright et al. (1995) and Bowman and Bailey (1997) found that while coarser levels
were sufficient to detect differences between communities, species always performed marginally
better. When comparing molecular to morphological identifications, Sweeney et al. (2011) found
that finer taxonomic resolution dramatically improved their ability to detect differences between
two sites that were upstream versus downstream of a land use impact.
A negligible effect of changing taxonomic resolution may be caused by several factors.
Bowman and Bailey (1997) found that as diversity increased, similarity matrices were less
consistent in their description of the variation present in the community as taxa were pooled into
higher categories. The ability to capture the species richness present may also have a significant
effect on metric performance. Sweeney et al. (2011) found that expert taxonomists missed over
25% of the species present when compared to DNA barcoding methods, perhaps due to the
difficulty of identification organisms in early juvenile stages, suggesting that challenges
associated with morphological identification may play a role in the effect of changing taxonomic
resolution. Here, I incorporate comprehensive species-level information, as provided through
DNA barcoding, into my examination of taxonomic resolution to mitigate some of the
difficulties associated with morphological identification.
Previous studies have also not explicitly incorporated spatial and environmental data into
the analysis. While most have implicitly, albeit often coarsely, incorporated environmental data
by grouping similar sites together (e.g. Hewlett 2000), or by comparing impacted to nonimpacted sites (e.g. Waite et al. 2004, Sweeney et al. 2011), incorporation of spatial factors, such
as distance between sites, has been limited. It is expected that increasing taxonomic resolution
would allow for the identification of spatially localized distribution patterns due to dispersal
limitation, which is potentially independent from environmental heterogeneity. Additionally,
while Heino (2013) suggests testing the effect of taxonomic resolution on metacommunity
dynamics analysis, no studies to my knowledge have conducted such an analysis.
I hypothesize that coarse taxonomic resolution will group together species with
potentially very different environmental preferences, masking the relationship between
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community composition and environmental variables. Consequently, as species are grouped into
higher taxonomic ranks, there should be a loss in the relationship between community
composition and environmental variables, negatively affecting the amount of variation explained
by the metacommunity model. Alternatively, closely related species may typically differ little in
their environmental preferences (share similar traits) (Freckleton et al. 2002), and so grouping
them will not affect, or perhaps will increase, relationships between communities and
environmental variables. In addition, if the species most often missed by morphological
taxonomy are rare species, Siqueira et al. (2011) predict that because rare species have
environmental responses similar to common species, coarser levels of taxonomic resolution will
not affect metacommunity models.
Methods
Study system
Benthic invertebrate communities in 21 wade-able streams located in Algonquin
Provincial Park, Ontario, Canada were sampled once between June 21 and July 13, 2011 (Figure.
2.1). Characteristic of the Canadian Shield region, there are numerous small lakes that disrupt the
connections between streams. While all orders of aquatic benthic invertebrates were collected,
only Trichoptera were assessed for this study. Trichoptera was selected because of reliance on
members of the order as indicator species for biomontioring studies (Lenat and Resh 2001), as
well as their high abundance and diversity within the samples.
Field sampling
Field sampling methods used standard biomonitoring protocols based on national and
provincial standards (Jones et al. 2007). At each stream, a stream reach that encompassed three
transects (two riffles, one pool) was selected. At each transect there were 2 stationary kicks using
a 1 m2 500 µm net. To ensure equal sampling of all habitats along a transect I picked a littoral
and a more central location for each kick. To ensure that drift did not impact subsequent samples,
downstream kicks were conducted first, and then I worked upstream. I disturbed a 1 m2 area
directly upstream of the net for 2 minutes, and disturbed at least the top 3 cm of sediment. The
net was rinsed into a bucket and then hand-picked clean to collect all specimens. The 2 kicks for
each transect were combined into 1 bucket. After stirring, a random subsample was removed
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from each bucket via a scoop and all specimens in each scoop were picked live in the field.
Samples were picked clean on a white surface, and a minimum of 100 specimens were retained
from each transect. If 1 scoop did not yield 100 specimens, additional scoops were taken. If more
than 100 specimens were collected, the scoop was counted to completion. The total number of
scoops represented in the bucket was counted before discarding the remainder of the sample.
Specimens were stored in 95% ethanol, which was exchanged daily for at least 1 week.
Specimens were placed in a -20°C freezer upon return to the lab to ensure high quality DNA.
In addition to collection of specimens, 22 environmental parameters were collected at
each site, of which 20 exhibited variability and were included in the final analysis. At the middle
transect of each site, in the middle of the water column, I measured the following variables:
acidity (Hanna Instruments), temperature (°C) (Hanna Instruments), dissolved oxygen (mg/L)
(YSI), conductivity (µS/L) (YSI), percent canopy cover (approximated), and GPS coordinates.
Percent canopy cover was divided into 4 categories: 0-24%, 25-49%, 50-74%, and 75-100% and
approximated by eye.
Habitat was more specifically characterised at each of the 3 transects. Dominant and
second dominant substrates were measured using a modified Wetworth scale. Seven categories
were used: (1) clay (hard pan), (2) silt (gritty, <0.06 mm), (3) sand (grainy, 0.06-2 mm), (4)
gravel (2-65 mm), (5) cobble (65-250 mm), (6) boulder (>250 mm), and (7) bedrock. Woody
debris, detritus, emergent macrophytes, rooted floating macrophytes, submergent macrophytes,
free floating macrophytes, floating algae, filamentous algae, attached algae, and slime or crust
algae were recorded as being (1) abundant, (2) present, or (3) absent. Maximum depth (m),
wetted width (m), bank full width (m), and maximum hydraulic head (mm) were also recorded
for each transect.
Specimen selection for molecular analysis
In the lab, all preserved specimens were counted and sorted down to family using a 4x
dissecting microscope and keys compiled by Merritt et al. (2008). Using the R programming
language (R Core Development Team 2012) 20 specimens where possible were randomly
selected for DNA barcoding from each family from each stream. Twenty was determined to be a
suitable number based on a preliminary analysis which suggested that 20 specimens per family
per stream captured 70% of the community likely present within the streams sampled using the
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site-based estimate method suggested by Chao et al. (2009). This was considered acceptable
because the 30 singleton and 7 doubleton species were represented by only one or two specimens
collected in the respective sample. Additionally, increasing the number of representatives for
those species was not possible as I could not return to resample sites to look for more species
during the same season as specimen identification occurred in the following winter. Returning
again at a later time could significantly affect community composition as a 17-year study of
stream composition by Lenat and Resh (2001) found that only 5-10% of the species found were
present each year. Where there were fewer than 20 specimens, all were selected for barcoding.
All selected specimens were photographed, and a 1-2 mm length of leg tissue was removed for
molecular analysis.
Species identification using DNA barcoding
DNA extracts were prepared using a glass-fibre protocol with invertebrate lysis buffer
(Ivanova et al. 2006) and re-suspended in 50 µL of molecular-grade water. A 658 base pair (bp)
region near the 5’ terminus end of the cytochrome c oxidase I (COI) gene was amplified using a
primer cocktail (LepF1_LCO1490/LepR1_HCO2198) (Folmer et al. 1994, Hebert et al. 2004)
following standard protocols (Hajibabaei et al. 2005, Ivanova et al. 2006). All chromatograms
were inspected visually during alignment. Resulting forward and reverse sequences were
assembled, edited, aligned using the Clustal W algorithm, and checked for stop codons and gaps
in CodonCode Aligner (CodonCode Corporation v. 4.2.1). All consensus text sequences as well
as chromatograms have been uploaded to the Barcode of Life Data System (BOLD;
www.boldsystems.org; Ratnasingham and Hebert 2007) and are currently stored in the project
Trichoptera of Algonquin Park (GMTAP), along with detailed collection information about each
vouchered specimen.
All sequences were verified as belonging to Trichoptera using the following methods.
Sequences were assigned taxonomic identifications down to genus-level whenever possible using
the taxon identifier tool in BOLD, which uses a publically available database of COI sequences
in BOLD, whenever possible. Genus-level identifications were assigned only when there was a
98% or higher species match. Work by Zhou et al. (2009) has found this to be an appropriate and
conservative threshold for Trichoptera. These identifications were compared to the
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corresponding specimen images and vouchers to ensure that genus- and higher-level
identifications were correct.
To test the effect of taxonomic resolution on metric performance and metacommunity
model explanatory power, the specimens were grouped according to family, genus, as well as a
species-level proxy based on percent sequence divergence to avoid difficulties with
morphological species identification. Specimens that failed to yield a barcode sequence were
removed from the species-level analysis. Removal of species without a barcode would not affect
comparisons across taxonomic resolution greatly because they did not represent any unique
genera. Three Molecular Operational Taxonomic Unit (MOTU) definitions were chosen: 1)
sequences were clustered based on the specimen’s BIN (Barcode Index Number), which are
available through BOLD (Ratnasingham and Hebert 2013); 2) sequences were clustered based on
a threshold value of 2% sequence divergence; and 3) sequences were clustered based on a
threshold level based on 4% divergence. BINs were used to account for the fact that a constant
threshold value may not best approximate species boundaries among taxa. BINs are assigned
based upon a seed threshold of 2.2%, and then MOTUs may be merged or split depending upon
the clustering pattern in the sequence divergence data. Threshold levels of 2% and 4% were
determined using typical intraspecific levels of divergence observed within morphospecies in a
published paper on these taxa (Zhou et al. 2009), with MOTUs defined using the program
jMOTU v. 1.0.7 (Jones et al. 2011).
To test for an effect of sequence length upon the number of MOTUs defined, full-length
barcodes (658 bp) were trimmed to 600 bp and 500 bp, and the same dataset analyzed for each
sequence length. Sequences were trimmed an equal number of base pairs from both the 5’ and
the 3’ end to limit the number of internal and external unknown base pairs. No variation in the
number of MOTUs assigned was observed among these three lengths. As a result, all subsequent
analyses were conducted using all sequences of at least 500 bp length data set, trimmed to 500
bp. Species-level identifications (based on MOTUs) were possible for 99.1% (465 out of 469) of
the specimens, with <1% exhibiting sequence failure or poor quality sequences; genus-level
identifications were reached for all specimens.

!

14!

Site-by-taxon matrices
The abundance of each species at each site was calculated to create five site-by-taxon
matrices (2% threshold MOTU, BIN, 4% threshold MOTU, genus, and family) (Appendix I, II).
Hellinger transformation (Rao 1995) was conducted on taxa matrices before analysis to ordinate
species data (Legendre and Gallagher 2001). Hellinger transformation reduces the impact of rare
species, and allows the use of ordination methods, such as the redundancy analysis used in the
following metacommunity analysis (Legendre and Gallagher 2001).
Environment matrix
Free-floating macrophytes and floating algae were removed from the analysis as these
parameters showed no variation across sites. Mean values were used whenever parameters were
recorded at multiple transects at a site. Seven parameters (temperature, dissolved oxygen,
conductivity, max depth, wetted width, bank full, and hydraulic head) were log base ten
transformed after averaging to reduce skew and the influence of outliers. Principal component
analysis (PCA) was used to reduce the number of explanatory factors, and the first four
component axes were used for the environmental variables in subsequent analysis following an
eigenvalue cut-off value of one. A site-by-environment matrix was then created using the PCA
axis values (Appendix II).
Space matrix
GPS coordinates were converted to two-dimensional Cartesian coordinates, and
transformed through principal coordinates of neighbour matrices analysis (PCNM) to describe
variable degrees of possible spatial structure in a dataset and their effect on other measured
parameters. The six positive eigenvalues were used to create the space matrix (Appendix II)
(Legendre and Legendre 2012).
Diversity index analysis
I calculated three diversity numbers based on taxon richness, the Shannon Index, and the
Simpson Index (Hill 1973) for each site at each level of taxonomic resolution. These three
diversity numbers express diversity as an effective number of species present, but with a
decrease in the importance of rare species. Kendall rank correlation analysis was used to
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compare how site rankings changed between BINs and genus, genus and family, and BINs and
family. This was conducted to determine whether site rankings were impacted by a loss of
taxonomic resolution. The BIN MOTU data were used instead of 2% MOTU and 4% MOTU
data because it represented the middle ground for the number of species-like taxonomic units
present, and all three were extremely similar in the number of MOTUs created.
Metacommunity analysis
All analyses were conducted using R, with the packages ade4 (Dray and Dufour 2007),
vegan (Oksanen et al. 2013), and packfor (Dray et al. 2011). To parse out the relative importance
of environment and space on community composition I used variation partitioning and
redundancy analysis (RDA) coupled with forward selection to test the significance of the various
environmental variables (Siqueira et al. 2011). Forward selection was conducted on the spatial
and environmental explanatory variables to determine whether certain characteristics had a
greater effect than others.
To determine whether the level of taxonomic resolution impacted metacommunity
dynamics, a linear regression was used to assess the relationship between percent variation in
community composition explained by environment and level of taxonomic resolution. As the
same taxonomic rank could have different meanings in terms of biological similarity among taxa,
taxonomic resolution was quantified based upon the average percent sequence divergence within
each level. Distance summary tools on BOLD were used to determine inter-taxa divergence at a
species (2%, BIN, and 4% MOTU data), genus, and family level to facilitate comparisons across
groups. The distance model used was Kimura-2 Parameter with pairwise deletion of gaps
(Kimura 1980).
Results
A total of 11 families, 26 genera, 46 MOTUs at the 4% threshold, 47 BINs, and 48
MOTUs at the 2% threshold were found among the 469 Trichoptera individuals from 21 streams
sampled. Site rankings based on richness, Shannon, and Simpson Indices changed for all sites
when BIN data were compared to genus data, when genus data were compared to family data,
and when BIN data were compared to family data (Figure 2.2).
When comparing richness across all three levels of taxonomic resolution, the strength of
association declined as taxonomic resolution decreased (BIN-genus: tau=0.819, p < 0.001;
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genus-family: tau=0.793, p< 0.001; BIN-family: tau=0.675, p< 0.001). When comparing
Shannon Index values across the three pairings of taxonomic resolution, the association
decreased as taxonomic resolution decreased (BIN-genus: tau=0.644, p< 0.001; genus-family:
tau=0.633, p< 0.001; BIN-family: tau=0.338, p=0.036). For the Simpson Index, the association
also decreased (BIN-genus: tau=0.635, p< 0.001; genus-family: tau=0.560, p< 0.001; BINfamily: tau =0.333, p=0.038).
Environmental variables were clearly more important than spatial variables in explaining
community composition, and their importance varied between the different levels of taxonomic
resolution (Figure 2.3). As taxonomic resolution decreased, the amount of variation explained by
environmental variables increased significantly by 11.47% (p<0.001). Environmental variables
accounted for 8.58%, 8.64%, 8.67%, 18.63%, and 20.05% of the variation as taxonomic
resolution increased from 2% to family. The greatest increase in the amount of variation
explained occurred between species- and genus-level data. Spatial variables were never
significantly related to the assemblage structure of the Trichoptera communities. Forward
selection found that species-level communities (2% MOTU, BIN, and 4% MOTU) were
structured by environmental PCA axis 1 (p=0.005), genus-level communities were structured by
environmental PCA axes 1 (p=0.005) and 2 (p=0.002), and family-level communities were
structured by environmental PCA axes 2 (p=0.006) and 1 (p=0.018) (Figure 2.4).
Discussion
Metacommunity analysis approaches could add an additional useful dimension to
biomonitoring through the explicit treatment of variation in the environment and spatial
processes, and an understanding of how species respond to that variation. The goal of this
chapter was to look at how changing taxonomic resolution affected my ability to detect
metacommunity patterns as well as my ability to characterize the diversity of aquatic insect
communities. Investigations of taxonomic resolution have been considered in biomonitoring
work but not in metacommunity research thus far. Overall, I found that increasing taxonomic
resolution had a significant negative effect on the patterns observed.
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Effect of taxonomic resolution on diversity indices
My results demonstrate that there is a significant effect of changing taxonomic resolution
on community characterization when using relative rankings of diversity indices. While
aggregation to genus-level resulted in a change in site rankings in all cases, aggregation from
genus to family-level resulted in a more substantial loss of information compared with the
species to genus grouping.
These results support previous findings such as Sweeney et al. (2011), who found that
species-level data improved their ability to detect changes in community composition
downstream of a stressor. However, most work on taxonomic resolution in benthic invertebrates
has found that aggregation to higher levels of taxonomic resolution, either genus or family, does
not significantly impact one’s ability to detect differences between sites (Timms et al. 2012).
However, it is important to note that my study only examined how individual site
characterization changed, treating each stream as its own stream type. These results could change
if more streams were sampled and if distinct stream types, e.g. with a wider range of physical
characteristics or distinct pristine versus impacted designations, were sampled.
Such a discrepancy in the literature may be the impact of the addition of DNA barcoding
to both my study and Sweeney et al. (2011). Sweeney et al. (2011) found that barcoding
increased the number of identified species by approximately 25% compared to expert-identified
species-level data, and there was additionally a 15% increase in taxon richness when comparing
expert-identified genus-level data to expert-identified species-level data. In their study, a shift
from genus to species resulted in significant differences between the two sites in three diversity
indices, whereas none showed a difference at the genus-level. Adding the additional species
found using barcoding resulted in significance in 2 additional diversity measures compared to
expert-identified species (Sweeney et al. 2011). This suggests that an increase in the number of
species present could significantly impact the variability in taxon richness among sites and, in
turn, how the diversity indices function. However, in a simulation conducted by Neeson et al.
(2013), changing the community richness did not have a significant effect on the performance of
different taxonomic surrogates. Simulations testing the effect of richness on diversity indices
found that higher-taxon surrogates performed best in communities with low richness, but all with
high abundance, and worst in communities with high richness and even abundance (Neeson et al.
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2013). The communities studied here did not fit into these two categories, suggesting that in
communities that are dominated by one or two species in very high abundance, and also contain
several species present in low numbers, analyses based on coarse resolution also perform poorly.
Effect of taxonomic resolution on metacommunity dynamics
My primary hypothesis was that coarse taxonomic resolution would group together
species with potentially very different environmental preferences, masking the relationship
between community composition and environmental variables. Consequently, as species were
grouped together (resolution decreased), I expected to see a reduction in the strength of the
relationship, negatively affecting the variation explained by the metacommunity model.
However, I observed my alternative hypothesis; as species were grouped together, the
metacommunity models explained more of the variation observed.
A decrease in the relationship between taxonomic resolution and environment could be
caused by several mechanisms. As alternatively hypothesized, closely related species may share
more similar traits (Buchwalter et al. 2008); therefore, grouping species together into genera or
families could result in a stronger relationship between community composition and
environment. For instance, in a genus with 4 species with very similar niches, Species 1 occurs
in site A, Species 2 in site B, Species 3 and 4 in site 3, while Sites A, B, and C all have the same
environmental variables. The absence of Species 1 in Sites B and C, Species 2 in Sites A and C,
and Species 3 and 4 in Sites A and B will result in lower explained variation at the species-level,
while at the genus-level all individuals from this genus are present in sites with their
corresponding niche variables. The lack of co-occurrence of all species across all sites could be
caused by dispersal limitation or biotic interactions rather than environment.
This notion of neutral species within a genus lowering the detectability of the
environmental signal has not received a lot of attention. There is some indirect evidence for
aquatic insects based on similarities in niche requirements. Múrria et al. (2012) found that
closely related species in the genus Hydropsyche filled similar and overlapping ecological
niches. Thompson and Townsend (2006) found that predatory Trichoptera showed considerable
dietary overlap, and were also closely related. By contrast, in the terrestrial realm, work on
herbivorous Lepidoptera larvae by Hebert et al. (2004) and parasitoid wasps by Smith et al.
(2008) suggest that there are many species with very specific host relationships, particularly in
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these cases exhibiting intensive biotic interactions among species. My findings suggest then that
more generalist species, such as Trichoptera, are not as closely linked to the environment as
expected. Another important point to consider in the context of niche breadth is environmental
quality; though there is active logging in Algonquin Provincial Park, on the whole the streams
sampled should be fairly impact-free. Consequently, different results may be observed in higherimpact communities, where physiological differences (such as pollution tolerance thresholds)
might be revealed even among close relatives. This could result in a partial reversal of the trend
detected here.
In addition, streams are known to be high-disturbance habitats, affected by flash floods
and periodic water deficiency (Lake 2000, Heino and Mykrä 2008). As shown by Bell (2001),
neutral dynamics could appear to be present in metapopulations due to populations developing
source/sink relationships with the environment; however, frequent disturbance of the
environment could mask relationships with the environment resulting in the appearance of
neutrality. The loss of explained variation in the metacommunity model at a species-level could
be due to the fact that species move rapidly from site to site due to environmental disturbance,
but higher taxonomic groupings are always represented at each suitable site. High disturbance
could also result in communities that are also more ephemeral than expected in permanent lentic
water bodies (Heino and Mykrä 2008), potentially contributing to a weak relationship with
environment. Also, the relative importance of different environmental factors has been found to
vary over time (Heino and Mykrä 2008), and such variation may affect how higher-level taxon
surrogates perform. In addition, stream community composition is known to be highly variable.
Over a 17-year period, Lenat and Resh (2001) found that only 5-10% of species were present
during all years, while 30% only appeared once. Unless a study explicitly incorporates dispersal
ability into the analysis, it can be challenging to differentiate between species sorting with
efficient dispersal and species sorting with high dispersal dynamics, or species sorting with high
dispersal and neutral dynamics (Logue et al. 2011).
Finally, it is possible that I did not measure the key environmental variables that affect
Trichoptera species. This is unlikely at the lower taxonomic resolutions, as the environmental
variables measured were ones that have been found in the past to affect community composition
(Heino and Mykrä 2008, Merovich and Petty 2010), and it is unlikely that I would have missed
ones that are more important, especially given that my study was conducted in a protected area
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relatively free from industrial effluents that could affect community composition. In addition, I
already explained more than 20% of the variation present. Other studies on aquatic insect
metacommunity patterns also found environmental variables explained similar amounts of
community composition (Thompson and Townsend 2006, Mykrä et al. 2007, Brown and Swan
2010, Finn and Poff 2011). However, it is possible that individual species are structured by
different environmental variables and biotic processes not included in my study, such as
predation, food preferences, micro-habitat features, and interspecific interactions such as local
competition or mutualism.
Conclusion
The detection of potentially neutral species within a genus has interesting implications for
metacommunity research, as well as other research based upon the theory. To my knowledge,
such a pattern linked to taxonomic resolution has not been tested in prior metacommunity
research, and further study needs to be conducted to see if this pattern holds true for other orders
and water systems. If so, this would suggest that taxonomic resolution needs to be considered
more closely to ensure that the level of resolution used will provide the most appropriate
information for the question being asked. Preparation of biomontoring protocols may need to
take into greater account what question is of interest. Species-level identifications will provide
greater information about the exact community composition, and finer detail about the effects of
human impacts. While the importance of species-level information for non-neutral species is
well known to be important for assessing communities, it could still be of greater importance in
orders that have neutral species, as other biological factors, such as dispersal ability or species
interactions, could be more important in assessing ecosystem impacts. While species may appear
neutral at the level studied, they might not be equal in terms of their environmental tolerance, or
how they interact with other organisms. Thus, assessing species-level composition may be
important for better understanding how communities will respond to change. However, familylevel data may be sufficient for capturing the general response of the community to stressors.
Given improving protocols and declining costs of collecting molecular data (e.g. Hajibabaei et al.
2011), species-level data will become increasingly prevalent. I propose there remain important
insights to be gained by performing analyses at multiple taxonomic levels to gain insights into
community variability and responses. Studies of how barcoding affects species identification and
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subsequent community structure analyses should be performed on a larger scale, either by
comparing across a variety of different habitats or using a reference condition approach.
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Figure 2.1. A) Approximate locations of sampled stream reaches, marked by black dot, in 21
freshwater streams in Algonquin Provincial Park, ON. Streams were sampled once in the
summer of 2011. B) Illustration of sampling procedure at each stream reach. Grey boxes
represent a 1m2 kick along a transect. Arrow represents direction of stream flow. Transects were
sampled in order from riffle one to riffle two, moving upstream.
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Figure 2.2. Diversity metrics determined using species (based on Barcode Index Numbers),
genus, and family identifications for Trichoptera collected at 21 streams. Differences between
site rank using three diversity indices (Shannon Index (A), Simpson Index (B), and taxon
richness (C)) were compared between species and genus, genus and family, and species and
family using Kendall rank correlation analysis. Calculations were based on absolute abundance
data, and comparisons of diversity indices made using Hill’s transformation.
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Figure 2.3. The variation in Trichoptera community structure (n=21 streams) explained by
environment. Separate analyses were conducted for each level of taxonomic resolution (in order
of increasing average percent divergence): three species surrogates (2% sequence divergence,
Barcode Index Number algorithm, and 4% sequence divergence), genus, and family. Data
marked with an asterisk represents average variation explained by environment over three years
from a similar study conducted by Heino and Mykrä (2008) in north eastern Finland using
similar analysis methods. Their Trichoptera community characterization was based on
morphological identification down to species or genus (Heino and Mykrä 2008). Data points are
considered closest to my genus-level results because of work that suggests that even expert
identifications miss many species (see Sweeney et al. 2011). I used the average percent
divergence within genera value obtained by my study to assign a likely divergence value for their
data.
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Figure 2.4. Biplot of environmental data. PCA axis 1 and PCA axis 2 represent the first two axis
of the PCA analysis conducted on the environmental data, which accounted for 44.78% of the
data. Eighteen environmental data vectors are also plotted: maximum hydraulic head
(hydraulic), maximum depth (depth), bank full width (bank), wetted width (width), temperature
(temp), acidity (pH), conductivity, dissolved oxygen (DO), percent canopy cover (canopy),
woody debris (debris), detritus (detritus), dominant substrate (S1), secondary substrate (S2),
rooted floating macrophytes (RFM), emergent macrophytes (EM), submergent macrophytes
(SM), slime or crust algae (SCA), attached algae (AA), and filamentous algae (FA).
Environmental vectors marked with a dashed line represent categorical measures, while solid
lines represent continuous data.
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Chapter 3
Increasing taxonomic resolution negatively affects metacommunity model
explanatory power
Abstract
Previous work on the impact of taxonomic resolution on the detection of metacommunity
patterns in Trichoptera communities showed that decreasing taxonomic resolution resulted in the
detection of stronger environmental relationships. The objective of this chapter was to test the
generality of this pattern. I characterized the metacommunity patterns of six orders of aquatic
invertebrates in 21 streams in Algonquin Provincial Park, Ontario, Canada. I determined
community composition at the family, genus, and DNA barcode cluster level (a surrogate for
species identifications). Genus-level identifications were not possible for the Diptera, and
species-level identifications were only possible for the Oligochaeta. Twenty explanatory
variables were characterized at each site then reduced through PCA, and their relative roles in
structuring the metacommunity were analyzed using variation partitioning. Instead of grouping
levels of resolution categorically, I used interspecies divergence within species, genus, and
family, making it easier to compare results across groups.
Coleoptera, Diptera, Ephemeroptera, Plecoptera, and Trichoptera all showed the same
pattern: the proportion of community composition explained by the environment significantly
increased as taxonomic resolution decreased (p=0.02), supporting the generality of the
previously observed pattern. These results suggest the ecological interchangeability of species
within genera, or even families, given the environmental variables I measured. My study
illustrates the importance of carefully considering taxonomic resolution for both metacommunity
work as well as biomonitoring.
Introduction
Metacommunity theory provides a framework to assess variation in biodiversity that
results from local and regional processes. However, despite metacommunity theory’s acceptance
as a way to assess theoretical and empirical ecological problems, it has not been incorporated
into applied ecological areas of research such as biomonitoring (Heino 2013). Heino (2013)
suggests that ignoring the role regional process play may result in inaccurate assessment of
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ecosystem health and biodiversity loss, especially as biomonitoring relies on species sorting, or
niche processes, concepts.
Despite the growth of metacommunity theory as a viable framework for understanding
community assembly, there has been little assessment of how the quantification of taxonomic
data may affect the outputs of the model. Such work has been conducted extensively in
biomonitoring research in which the costs associated with specimen collection and identification
are of particular concern (see Chapter 2 for a discussion). The effect of changes to taxonomic
resolution and the presence of rare species has been assessed in many different communities, and
the results have been mixed (Jones 2008, Bevilacqua et al. 2012). However, limited
metacommunity modeling has demonstrated that the structure of the original community – such
as a community with high richness and even abundance, versus a community with high richness
and uneven abundance – significantly impacts the ability to detect patterns (Neeson et al. 2013).
To my knowledge, analyses that alter taxonomic resolution using a metacommunity framework
have not yet been conducted.
Chapter 2 tested the hypothesis that coarse taxonomic resolution will group together
species with potentially very different environmental preferences, masking the relationship
between community composition and environmental variables for one group of aquatic
invertebrate taxa, the order Trichoptera. I found evidence in direct opposition of my hypothesis –
that grouping species increased the relationship between communities and environmental
variables. Here, I determine whether that pattern holds for the other members of the communities
I sampled, and the implications such a relationship would have on the processes that structure
metacommunities. Building upon my alternative, supported hypothesis from Chapter 2, I
hypothesize that closely related species may typically differ little in their environmental
preferences (and share similar traits) (Freckleton et al. 2002), and so grouping them will
strengthen relationships between communities and environmental variables. I predict that
changes to taxonomic resolution will similarly affect the ability to detect metacommunity
patterns for the other aquatic invertebrate orders that predominate stream communities (Mackay
and Kalff 1969). In addition, if the species most often missed by morphological taxonomy are
rare species, Siqueira et al. (2011) predict that because rare species have similar environmental
responses as common species, coarser levels of taxonomic resolution will positively affect
metacommunity models.
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Methods
Study system and field sampling
Benthic invertebrate communities in 21 wade-able streams located in Algonquin
Provincial Park, Ontario, Canada were sampled once between June 21 and July 13, 2011. The
study system and field sampling procedures are explained in detail in Chapter 2. As this is an
extension of my work in the previous chapter, I build upon that initial Trichoptera dataset by
including 5 additional insect orders (Coleoptera, Diptera, Ephemeroptera, and Plecoptera) and
one subclass of annelids (Oligochaeta).
Specimen selection for molecular analysis
In the lab, all preserved specimens belonging to insect orders were counted and sorted
down to family using a 4x dissecting microscope and keys compiled by Merritt et al. (2008). Due
to difficulties identifying Oligochaeta orders, Oligochaeta specimens were not sorted below
subclass. To ensure that I captured most of the species present in the communities, for each taxon
I conducted preliminary analyses to assess expected community richness using a site-based
estimate method proposed by Chao et al. (2009). Twenty specimens appeared to
sufficientlycapture >70% of the community for all groups except the Diptera and Plecoptera
(Table 3.1). The analysis indicated that by adding an additional 20 specimens for the most
diverse Diptera family, Chironomidae, I would capture 95% of the Chironomidae community.
Plecoptera specimens could not be increased because for most sites all the Plecoptera collected
were selected for sequencing. Additionally, Plecoptera communities sampled seem to be
structured by a few dominant species that occurred in high numbers, and additional sequencing
of those species would not reduce the number of singletons or doubletons.
Following the random sampling procedure outlined in Chapter 2, at least 20 specimens
where possible were randomly selected for DNA barcoding from each site for each family of
Ephemeroptera, Coleoptera, Plecoptera, and Diptera (plus an additional 20 for members
belonging to the Chironomidae). If there were fewer than 20 specimens (40 specimens for the
Chironomidae), all collected specimens were selected for barcoding.
All selected specimens were photographed, and 1-2 mm of tissue was taken from a leg, or
the middle of the specimen for non-legged specimens, for sequencing. Due to difficulties
identifying whether fragments of Oligochaeta belonged to the same specimens as a result of
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fragmentation and lack of difference between body segments, 20 fragments per site where
possible were selected for DNA barcoding.
Species identification using DNA barcoding
DNA extracts were prepared and analyzed following the procedure explained in Chapter
2. All consensus text sequences as well as chromatograms have been uploaded to BOLD and are
currently stored on BOLD in the public projects Coleoptera of Algonquin Park (GMBAP),
Diptera of Algonquin Park (GMDAP), Ephemeroptera of Algonquin Park (GMEAP),
Oligochaeta of Algonquin Park (GMOAP), Plecoptera of Algonquin Park (GMPAP), and public
dataset Trichoptera of Algonquin Park (DS-GMTAP), along with detailed collection information
about each voucher specimen.
Similar to Chapter 2, to test the effect of taxonomic resolution the specimens were
grouped according to family, genus, as well as based on percent sequence divergence to avoid
difficulties with morphological species identification. Specimens that failed to yield a barcode
sequence were removed from the species-level analysis. One Molecular Operational Taxonomic
Unit (MOTU) definition was chosen: sequences were clustered based on the specimen’s BIN
(Barcode Index Number, Ratnasingham and Hebert 2013), which are available through BOLD
(Barcode of Life Datasystem, Ratnasingham and Hebert 2007). Multiple levels of MOTUs were
not used for this analysis, as analysis of different OTU methods found that jMOTU was inferior
in determining true species grouping (Ratnasingham and Hebert 2013). Similar to Chapter 2,
BINs were used to account for the fact that a constant threshold value may not best approximate
species boundaries among taxa.
MOTU assignments were possible for 97% (2819 out of 2905) of the specimens, with
<3% exhibiting sequence failure or poor quality sequences; genus-level identifications were
reached for 68.7% of specimens; and family-level identifications were reached for 95.8% (see
Table 3.2 for a breakdown by order). For specimens with no sequence data genus-level
identifications were made using a 12x dissecting microscope, following keys compiled by
Merritt et al. (2008) unless key features were missing from the specimen.
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Site-by-taxon matrices
The abundance of each species at each site was calculated to create three site-by-taxon
matrices (BIN, genus, and family) following the procedure outlined in Chapter 2, as well as
Appendix II, for 4 of the 5 taxa: Coleoptera, Diptera, Ephemeroptera, and Plecoptera. Hellinger
transformation (Rao 1995) was conducted on taxa matrices before analysis to ordinate species
data (Legendre and Gallagher 2001). Because it was impossible to distinguish individual
specimens for the Oligochaeta only presence-absence data were used. Matrices can be found in
Appendix 2.
Environment and space matrices
The site-by-environment matrix was based on a PCA (Principal Components Analysis) of
20 different environmental variables: acidity, temperature (°C), dissolved oxygen (mg/L),
conductivity (µS/L), percent canopy cover, dominant and second dominant substrates, woody
debris, detritus, emergent macrophytes, rooted floating macrophytes, submergent macrophytes,
filamentous algae, attached algae, slime or crust algae, maximum depth (m), wetted width (m),
bank full width (m), and maximum hydraulic head (mm). The site-by-space matrix was based on
a PCNM (Principal Coordinates of Neighbour Matrices) conducted on the Cartesian coordinates
for each sample site. More detailed discussion of the methods used, and their justification, can be
found in Chapter 2. Matrices can be found in Appendix 2.
Metacommunity analysis
The results from the Trichoptera metacommunity analysis at a BIN, genus, and family
level from Chapter 2 were included in the comparison of the effect of taxonomic resolution
across all taxa. Metacommunity analysis was conducted on the 5 additional orders following the
procedure outlined in Chapter 2. To test for an effect of including both adult and larvae
Coleoptera, the Coleoptera analysis was run twice: once including all Coleoptera specimens, and
once excluding adult Coleoptera. To test for an effect of comparing between presence/absence
data and abundance data, analyses for all insect orders were run using presence/absence data.
Similar results occurred, so abundance data was used whenever possible. A detailed discussion
of the methods used to conduct the metacommunity analysis can be found in Chapter 2.
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Distance summary tools on BOLD were used to determine average inter-taxa divergence
at a species, genus, and family level to facilitate comparisons across groups. The distance model
used was Kimura-2 Parameter with pairwise deletion of gaps (Kimura 1980).
A multiple linear regression was conducted using R to determine whether the amount of
variation explained by the environment varied significantly across taxonomic levels for all 6
orders.
Results
A total of 37 families, 65 genera, and 414 BINs were found among the 2905 individuals
selected for sequencing from the 21 streams sampled for all six orders (see Table 3.3 for a
breakdown for each order). Two species and their respective genera were only found as adult
Coleoptera (Ilybious gagates and Macronychus glabratus). Adult Coleoptera represented 15% of
the individuals present in the streams.
Environmental variables were clearly more important than spatial variables, and their
importance varied between the different levels of taxonomic resolution (Figure 3.1). As
taxonomic resolution decreased, the amount of variation explained by the environment increased
by up to 25.88% (p=0.02). Environmental variables did not significantly affect Coleoptera
family-level community assemblage (p=0.116). The inclusion of adult Coleoptera in the analysis
resulted in a decrease of <1% in the amount of variation explained by the metacommunity model
(Figure 3.2).
Forward selection found that environmental PCA axis 1 was significantly important in
structuring the species-level communities of Ephemeroptera (p=0.009), Oligochaeta (p=0.036),
and Plecoptera (p=0.009); genus-level communities of Ephemeroptera (p=0.016) and Plecoptera
(p=0.004); and family-level communities of Diptera (p=0.016), Ephemeroptera (p=0.004), and
Plecoptera (p=0.003) (Table 3.4, Figure 3.3). Environmental PCA axis 2 was significantly
important in structuring the species-level communities of Coleoptera (p=0.01), Diptera
(p=0.002), and Ephemeroptera (p=0.003); genus-level communities of Coleoptera (p=0.002) and
Ephemeroptera (p=0.006); and family-level communities of Ephemeroptera (p=0.013).
Environmental PCA axis 3 was significantly important in structuring family-level
Ephemeroptera communities (p=0.006), and environmental PCA axis 4 was significantly
important for structuring species-level Oligochaeta communities (p=0.012).
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Spatial variables were only significantly related to the assemblage structure for Diptera
and Oligochaeta communities at a species level, explaining 3.08% (p=0.042), and 7.43%
(p=0.003) respectively. Spatial variables were marginally significant in structuring species-level
assemblages for Plecoptera explaining 15.2% (p=0.052). For the other three orders, Coleoptera,
Ephemeroptera, and Trichoptera, spatial variables were not significantly related to the
assemblage structure at any taxonomic resolution. Forward selection indicated that species-level
Diptera and Oligochaeta communities were structured by regional processes (p=0.034, and
p=0.005 respectively).
I have shown that decreases in taxonomic resolution increase the amount of variation
explained for Trichoptera communities in Chapter 2. Forward selection conducted in Chapter 2
found that Trichoptera species-level communities were structured by environmental PCA axis 1
(p=0.005), genus-level communities were structured by environmental PCA axes 1 (p=0.005)
and 2 (p=0.002), and family-level communities were structured by environmental PCA axes 2
(p=0.006) and 1 (p=0.018). Spatial variables were not important for structuring the Trichoptera
communities studied.
Discussion
Effect of taxonomic resolution on community characterization
Based on the prevalence of cryptic species (Bickford et al. 2007), metacommunity theory
suggests that increasing taxonomic resolution increases the detection of processes and
biomonitoring efficiency. However, evidence provided from this study indicates that this is not
the case.
The results obtained from this study followed, for the most part, the relationship observed
in Chapter 2. As species were grouped together, the relationship between communities and
environmental variables increased for four of the five orders: Diptera, Ephemeroptera,
Plecoptera, and Trichoptera. As species belonging to the Coleoptera were grouped together, there
was no significant change in relationship between communities and environmental variables.
While I was unable to test for a trend in the Oligochaeta due to lack of genus and family
resolution, the amount of variation in the community at a species level explained by the
environmental variables measured fell within the values observed for the other insect orders.
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Spatial structuring was only significant for three of the six orders studied. Regional
processes were important for structuring the Diptera community and Oligochaeta at a species
level, and local-scale processes were important for structuring the Plecoptera community at a
species level. It is important to note that the relationship between environment and community
assembly was most apparent at lower levels of taxonomic resolution (genus or family), while
spatial relationships were only detected at a higher level, i.e. species level. This may be because
genera and families typically have wider geographic distributions than species.
Inclusion of Coleoptera adults did not have a significant effect on the relationship
observed. This could be because aquatic adults are ecologically similar to their larvae, or only a
small proportion of Coleoptera individuals (15%) included in this study were adults. One of the
few studies on larval mortality found that only approximately 0.5% of all Hydropsyche slossonae
eggs resulted in mature adults, and over 90% of the mortality occurred during the first-instar
stage (Willis and Hendricks 1992). This high larval mortality supports the idea that inclusion of
Coleoptera adults would not significantly affect the patterns detected because of their low
abundance relative to their larvae. However, as comparisons between the patterns detected using
aquatic life stages versus terrestrial stages have not been conducted, this question warrants
further research.
Impact for metacommunity theory
The strength of the relationship differed significantly between orders. The weakest
relationship, observed for the Coleoptera, may be attributable to a near one to one ratio of species
to genera, and a very small number of families. As a result the likelihood of detecting any
relationship between environment and community structure is significantly smaller. However,
the most diverse group, the Diptera, had only a moderately strong relationship, while the
Ephemeroptera, with moderate richness had the strongest relationship. It is important to not that
there could be different molecular evolutionary rates among taxa, thus impacting the observed
relationship between metacommunity model explanatory power and taxonomic resolution.
Ideally, the analysis would be repeated using both a more complex model of sequence evolution
and an ultra-metricized tree, for example, woti rate smoothing using a relaxed molecular clock
approach.
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However, the variation in the relationship between metacommunity explanatory power
and taxonomic resolution for different orders may be attributable to ecological differences
between taxa in each order. Thompson and Townsend (2006) found that when comparing
metacommunity dynamics of a complete aquatic insect community versus the dynamics for
predators and grazers separately the role of environment increased for both groups. While the
general metacommunity pattern may remain constant, Grönroos and Heino (2012) found that the
strength of the metacommunity dynamics differed based on guild and trophic level. Dispersal
ability has also been found to have a significant effect, as the role of space increases as dispersal
ability decreases (Cottenie and De Meester 2004, Thompson and Townsend 2006,
Vanschoenwinkel et al. 2008, Brown and Swan 2010, Hájek et al. 2011). Returning to the
findings presented in this paper, the strength of the relationship might be related to the ecological
variation present within an order. Grouping together taxa with greater variation would mask the
relationship between environment and community structure, weakening the relationship. Further
work should be done to incorporate ecological traits into a similar analysis that would improve
our understanding of the different relationships between environment and community structure
observed in this study. These findings stress the importance of incorporating ecological
differences between taxa, as they can also have a significant effect on the patterns observed.
However, the finding of nearly neutral dynamics suggests that genera and families group
together species that are similar in their ecology, or that this ecological variation at a species
level was not captured by my study.
Additionally, depending on the level of taxonomic resolution used, the relative role of
the environment differed between orders. At a species level, the metacommunity dynamics
present were very similar across all orders, while at a family level there was much more
variation. As a result the level of taxonomic resolution used in metacommunity analysis could
have a significant effect on the conclusions drawn. A comparison of results between different
groups identified to different levels of taxonomic resolution may result in drawing incorrect
conclusions about the strengths of the dynamics observed in that environment. For example,
when comparing the species-level Trichoptera dataset to a genus-level Coleoptera dataset in my
study, environment is marginally more important for structuring Coleoptera communities than
Trichoptera communities. However, very different results are reached when comparing like to
like: at a genus level environment is much more important for Trichoptera communities, while at
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a species level, both communities are similarly environmentally structured. Additionally, at a
species level it may be much harder to differentiate between communities than at a family level,
because at a species level the amount of variation explained by the metacommunity model is
very similar across all orders, while at a family level there is greater variation among orders. This
is important because metacommunity analyses do often include multiple levels of taxonomic
resolution (an example being Heino and Mykrä 2008). This is especially the case for aquatic
invertebrates, which can be hard to identify even to genus level at immature nymphal stages
(Merritt et al. 2008). The variation between results at different levels of taxonomic resolution
suggests resulting analyses could be significantly affected by the inclusion of individuals
identified down to genus, or even family level only, as is common for the highly diverse
Chironomidae. As a result, careful consideration of the taxonomic resolution used in any study
should be a first step.
To my knowledge there has been only one other study that has superficially looked at the
effect taxonomic resolution has on the ability to detect metacommunity patterns. Using a similar
analysis method to determine metacommunity patterns, Verleyen et al. (2009) compared
morphospecies and genus-level data for 15 regional diatom datasets and found that taxonomic
resolution did not significantly affect the results. However, the scale of their study was very
different (over 2000 km between sites). Heino and Soininen (2007) suggest that spatial
structuring would not be present at a genus level unless very large spatial scales are studied
because genera typically have much wider distributions than species.
Impact on biomonitoring
However, taxonomic resolution is not just important for metacommunity theory. One of
the main applied uses of metacommunity theory is biomonitoring (Heino 2013). As discussed in
Chapter 2, there has been little conclusive evidence in the literature to support the use of
taxonomic surrogates (Jones 2008, Bevilacqua et al. 2012). The effectiveness of taxonomic
surrogates seems to vary depending on the scale, purpose, and taxa used in a biomonitoring
study. My findings point to carefully selecting the level of taxonomic resolution used based on
the purpose of the study. When looking at the effect that a changing environment may have on
communities, a lower level of taxonomic resolution may be more useful if the signal of the
relationship between environment and community composition is stronger. However, if the
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question is based on changes to biodiversity, species-level information is still important and
relevant, as using genus- or family-level data would not capture species loss.
Conclusion
The detection of a strong relationship between metacommunity dynamics and taxonomic
resolution for multiple orders of aquatic invertebrates has implications for both metacommunity
research, as well as other research based upon metacommunity theory. Variation in the impact of
the strength of the relationship may be due to differences in the ecology of the invertebrates
studied. Consequently, comparisons between different levels of taxonomic resolution for the
same taxa or across different levels of taxonomic resolution between different taxa may impact
resulting conclusions. Understanding how different ecological factors affect the relationship
between metacommunity dynamics and taxonomic resolution is key to ensure that future
research correctly interprets patterns across groups of organisms.
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Table 3.1. Percent community composition captured by selected specimens based on a site-based
estimator developed by Chao et al. (2009).
Order
Coleoptera
Diptera
Ephemeroptera
Oligochaeta
Plecoptera
Trichoptera

Estimated Community Composition Captured (%)
75
70
72
70
50
70

Table 3.2. Identification successes for all selected specimens broken down by order. 1 Omitted
from subsequent analyses.
Order

Coleoptera
Diptera
Ephemeroptera
Oligochaeta
Plecoptera
Trichoptera

Total number of
specimens selected for
molecular analysis
132
1352
343
346
263
469

MOTU
assignment
(% success)
93.2
97.9
92.4
94.8
99.2
99.1

Genus-level
identification
(% success)
100
44.01
92.4
64.21
99.2
100

Family-level
identification
(% success)
100
100
100
65.01
100
100

Table 3.3. Number of Barcode Index Numbers, genera, and families found for each order.
Asterisks (*) indicate that genus-level identifications could not be reached for the majority of the
Diptera, and that both genus-level and family-level identifications could not be reached for the
majority of Oligochaeta; therefore, total counts do not represent the actual number of taxa
present. As a result, subsequent analyses were not conducted at those levels for these two orders.
BIN
Genus
Family
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Trichoptera Coleoptera Diptera
47
13
263
26
11
*
11
4
11

Ephemeroptera Plecoptera Oligochaeta
44
11
36
22
6
*
7
4
*
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Table 3.4. The significance of the different environmental PCA axes in structuring aquatic
invertebrate communities, at three different levels of taxonomic resolution, as determined by
forward selection. Genus-level communities could not be determined for the Diptera, and only
species-level communities could be determined for the Oligochaeta.
Order

Taxonomic
Rank
Species-level
Coleoptera
Genus-level
Family-level
Species-level
Diptera
Family-level
Species-level
Ephemeroptera Genus-level
Family-level
Oligochaeta
Species-level
Species-level
Plecoptera
Genus-level
Family-level
Species-level
Trichoptera
Genus-level
Family-level
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PCA Axis 1

PCA Axis 2

PCA Axis 3

PCA Axis 4

–
–
–
–
0.003
0.009
0.016
–
0.036
0.009
0.003
–
–
–
–

0.01
0.002
–
–
–
0.003
0.006
0.013
–
–
–
–
–
–
–

–
–
–
–
–
–
–
0.006
–
–
–
–
–
–
–

–
–
–
–
–
–
–
0.012
–
–
–
–
–
–
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Figure 3.1. The variation in community structure (n=21 streams) of six orders of aquatic
invertebrates explained by environment. Separate metacommunity analyses were conducted for
each level of taxonomic resolution: one species surrogate (BIN algorithm), genus, and family. I
then used average percent divergence within each taxonomic level for each taxon to determine
whether decreasing taxonomic resolution significantly impacted the amount of variation
explained. Asterisks (*) represent average variation explained by environment over three years
from a similar study conducted by Heino and Mykrä (2008) in North Eastern Finland using
similar analysis methods. Their community characterization was based on morphological
identification down to species or genus (Heino and Mykrä 2008). Data points are considered
closest to my genus-level results because of work that suggests that even expert identifications
miss many species (Sweeney et al. 2011). I used the average percent divergence within genera
value obtained by my study to assign a likely divergence value for their data.
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Figure 3.2. The variation in Coleoptera community structure (n=21 streams) by environment
based on data including or excluding adult specimens. Separate analyses were conducted for
each level of taxonomic resolution (in order of increasing divergence): one species surrogate
(Barcode Index Number algorithm), genus, and family.
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Figure 2.4. Biplot of environmental data. PCA axis 1 and PCA axis 2 represent the first two axis
of the PCA analysis conducted on the environmental data, which accounted for 44.78% of the
data. Eighteen environmental data vectors are also plotted: maximum hydraulic head
(hydraulic), maximum depth (depth), bank full width (bank), wetted width (width), temperature
(temp), acidity (pH), conductivity, dissolved oxygen (DO), percent canopy cover (canopy),
woody debris (debris), detritus (detritus), dominant substrate (S1), secondary substrate (S2),
rooted floating macrophytes (RFM), emergent macrophytes (EM), submergent macrophytes
(SM), slime or crust algae (SCA), attached algae (AA), and filamentous algae (FA).
Environmental vectors marked with a dashed line represent categorical measures, while solid
lines represent continuous data.
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Chapter 4
General conclusion
My thesis has broadened our understanding of methodological factors that impact our
conclusions about community assembly as well as provided novel insights into metacommunity
patterns in stream-dwelling invertebrates. Chapters 2 and 3 provide novel insight into how
changing taxonomic resolution affects the detection of metacommunity patterns, as well as
suggest that other ecological variables, such as dispersal ability and ecology, need to be assessed
to provide a more complete understanding behind the metacommunity dynamics observed for a
region.
A metacommunity is a group of communities with the potential to interact due to
dispersal of individuals. Due to this emphasis on connectivity, how metacommunities are
structured can be characterized in four ways: neutral dynamics, species sorting with limiting
dispersal, species sorting with efficient dispersal, and species sorting with high dispersal. Neutral
dynamics are based on the neutral theory, that species are interchangeable and disperse
randomly. Species sorting is based on niche theory, the idea that species have specific ecological
requirements, and as an individual’s ability to disperse from one location to another increases,
the effect environment and connectivity have on structuring a community changes.
Metacommunity dynamics fitting into the four categories mentioned have been observed
in communities of many different taxa. Typically, communities display dynamics that best fit
species sorting with efficient dispersal, or species sorting with limiting dispersal categories
(Chapter 1). Though neutral and species sorting with high dispersal dynamics have been
observed, they seem to occur much less frequently. Many different factors have been found to
affect metacommunity structuring. For example, different trophic levels, habitat specialisation
versus generalisation, habitat connectivity, and the spatial scale used in a study affect what
dynamics are observed.
However, while many community ecologists have embraced metacommunity theory,
there has been limited work addressing how community composition data affect the ability to
detect metacommunity patterns. Limited work by Neeson et al. (2013) looked at how community
evenness and diversity affected metacommunity patterns. No work to date, though, has looked at
how taxonomic resolution impacts metacommunity patterns. Due to high costs associated with
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reaching species-level identifications, taxonomic sufficiency has been addressed in detail with
relationship to community characterization using diversity indices, especially with regards to
biomonitoring applications. Diversity indices have been shown to respond unpredictably to
changes in taxonomic resolution, and meta-analyses have found no consistent pattern or response
among taxa. As metacommunity theory underlies biomonitoring principles, understanding how
taxonomic resolution affects metacommunity patterns is crucial.
My thesis hypothesized that coarse taxonomic resolution will group together species
with potentially very different environmental preferences, masking the relationship between
community composition and environmental variables. Alternatively, I hypothesized that closely
related species may typically differ little in their environmental preferences (share similar traits)
(Freckleton et al. 2002), and so grouping them will increase relationships between communities
and environmental variables. In Chapter 2 I tested this hypothesis by looking at how taxonomic
resolution affected metacommunity patterns in Trichoptera. In light of the support for my
alternative hypothesis, in Chapter 3 I assessed whether or not the decreasing power of
environmental data to explain community composition as taxonomic resolution increased was
present in other orders of aquatic invertebrates, and looked at how differences between orders
might affect our understanding of the underlying processes that impact community structure.
To test my hypotheses, I sampled the aquatic invertebrate communities of 21 streams in
Algonquin Provincial Park, Ontario following standardized sampling procedures used in
Provincial and National biomonitoring programs. I characterized the communities of six orders
of aquatic invertebrates: Coleptera, Diptera, Ephemeroptera, Oligochaeta, Plecoptera, and
Trichoptera. In my second chapter I demonstrated that taxonomic resolution has a significant
effect on Trichoptera community characterization, since strength of the relationship between
environment and metacommunity patterns decreased as taxonomic resolution increased.
Additionally, changing taxonomic resolution affected site rankings based on diversity indices. In
my third chapter, I demonstrated that an inverse relationship between taxonomic resolution and
metacommunity patterns is present throughout the aquatic invertebrate communities studied.
This finding emphasizes the fact that traditional approaches to taxonomic sufficiency in
metacommunity research miss critical biological interactions. Combining different levels of
taxonomic resolution, or comparing results from studies using different levels of taxonomic
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resolution could significantly impact resulting conclusions. What patterns may be apparent at the
species level may be considerably different when assessed at a family level.
One limitation of the analysis used here was the method employed to determine the
average within-taxa divergence. Though Kimura-2 parameter (K2P) (Kimura 1980) genetic
distances are widely used for DNA barcoding studies (beginning with Hebert et al. 2003),
comparisons between K2P and other models suggest that K2P is not as accurate at species
identifications as simpler models, such as p-distance (Srivathsan and Meier 2012). Consideration
of another model that more accurately estimates divergence at deeper nodes would improve the
analysis I conducted. The similarity between the genus and family average-within taxa
divergence values suggests saturation, which could disproportionately affect or underestimate the
family values. Additionally, the method used to calculate distances relied on identification of
specimens down to species or genus level. As that was not possible for a number of specimens
(primarily belonging to the Diptera), analyses were based on a relatively small subset of data
available. Greater resolution (i.e. to at least genus) would improve analysis, and provide more
strength for the results.
Given these results, future research should focus on how other ecological characteristics
of the taxa studied impact the strength of the relationship. Chapter 3 was limited in its
comparisons across multiple taxa as it was impossible for me to identify the majority of
individuals belonging to the Diptera to genus, and the Oligochaeta to genus or family. However,
as I demonstrated that the pattern seems to be consistent across taxa, a meta-analysis
incorporating taxa belonging to a wide variety of orders, as well as habitats, would provide
insight into the consistency of the relationship between taxonomic composition and environment
across varying levels of taxonomic resolution.
One of the greatest limitations in observational metacommunity studies thus far is the
inclusion of actual measurements of dispersal ability, rather than reliance on inference methods
such as connectivity, or spatial isolation of communities (Logue et al. 2011). Though the four
metacommunity types are differentiated primarily on the basis of the dispersal ability of the
individuals present in the metacommunity, incorporation of dispersal ability can be challenging,
especially for organisms that are small and not easily tracked. Though work on aquatic
invertebrate metacommunities has tried to incorporate dispersal (for example, Thompson and
Townsend 2006, Finn and Poff 2011), research on this topic has been limited. Measuring
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dispersal ability of aquatic insects can be particularly challenging as they can disperse both
through the water as larvae or aquatic adults, or over land as terrestrial adults. Additionally,
dispersal studies have found variable results for the dispersal abilities between, and among
species within, aquatic insect orders (see Bilton et al. 2001 for a review). However, by using
gene flow as a proxy for dispersal ability (i.e. greater gene flow equals better dispersal ability)
more direct incorporation of dispersal ability may improve our ability to differentiate between
neutral dynamics and dynamics fitting species sorting with high dispersal. This could be pursued
by capitalizing upon the large emerging public datasets of genetic data for standard markers.
Incorporation of other ecological characteristics of taxa present in a community besides
dispersal would help improve our understanding of community assembly. Ecologists have
proposed many other theories to help explain community assembly, including community
phylogenetics. Metacommunity theory is concerned with the role dispersal plays in impacting
community assembly (Leibold et al. 2004), focusing specifically on the interactions between
environmental variability and space. These studies treat the evolutionary history of the different
species as background information, regardless of how closely or distantly related they are.
Community phylogenetics, on the other hand, focuses on how species traits and phylogenetic
relatedness impact local community assembly, interpreting the observed patterns as clustering
due to environmental filtering, or overdispersion due to competition, without including the
potential influence of dispersal limitation on these observed patterns (Webb et al. 2002). These
identified gaps thus appear to be complementary. By expanding on the work done merging the
two theories into one framework, hopefully a greater amount of the variation present will be
explained.
Finally, aquatic insects are unique in that most species have aquatic larvae and terrestrial
adults. Due to the ease with which aquatic larvae can be sampled, ecological studies focus
primarily on the structure of the aquatic communities, and ignore what happens at a terrestrial
level. The aquatic/terrestrial lifestyle provides a unique opportunity to assess whether the
dynamics present for the aquatic communities are the same as those expressed by the terrestrial
communities. As aquatic and terrestrial life forms have very different ecological traits, this could
also be beneficial in determining how different ecological traits affect metacommunity dynamics.
To conclude, my thesis has demonstrated that the basic assumption that underlies
metacommunity theory – that increasing resolution increases detection of metacommunity
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processes at work due to the prevalence of cryptic species – is incorrect. Contrary to expectations,
a greater proportion of variation is explained at a family level than at a species level. It is my
hope that with this knowledge, community ecologists will more critically assess what level of
taxonomic resolution they use in their analyses, and try to incorporate more ecological traits into
the analysis to improve pattern detection.
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Appendix I: Abundance Calculations
Abundance was calculated initially on a per specimen basis, and then summed to
determine abundance per site at each of the five different taxonomic groupings. The following
formula was used:
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Estimated abundance was adjusted for sequence failure and variation in the number of
individuals identified per family per site. When specimens were not assigned a BIN or MOTU,
abundances were calculated out of 19 total and not 20, for example. If only four specimens for a
given taxon were present in the sample then abundance was calculated out of four.

Appendix II: Site by Taxa, Environment, and Space Matrices
Site by taxa, environment, and space matrices are included on separate tabs of the same
excel file. Five site-by-taxa matrices are included: family, genus, 4% MOTU (Trichoptera only),
BIN algorithm, and 2% MOTU (Trichoptera only). Sites are represented by rows, and columns
represent species. The addition of LO means larvae only data. Matrices are based on abundance
data. Two environment matrices are included: in both, sites are represented by rows, in envidata
columns represent raw data, and in envipca columns represent PCA axes. Two space matrices are
included: in both, sites are represented by rows, in space columns represent x and y Cartesian
coordinates for each site, and in spacepcnm columns represent PCNM axes. Voucher specimen
information can be obtained from BOLD (www.boldsystems.org).

!

57!

Appendix III: R-code
Random number
x <- sample(1-20, 40, replace=F)
Principal components analysis (PCA)
library(AED)
envi <- read.csv("envidatalog.csv")
summary(envi)
plot(princomp(Z, cor=T))
biplot(princomp(Z, cor=T))
princomp(Z, cor=T)$loadings
Principal components of neighbour matrices (PCNM)
pcnm1 <- pcnm(dist(space))
par(mfrow=c(1,3))
pcnm1
Kendall rank correlation
vector1 <vector2 <m <- cbind(vector1, vector2)
cor(m, method="kendall", use="pairwise")
cor.test(vector1, vector2, method="kendall")
Variation partitioning
source("HelperFunctions2.R")
library(vegan)
library(ade4)
library(packfor)
env <- read.csv("envipca.csv")
space <- read.csv("spacepcnm.csv")
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species <- read.csv("trichop2.csv")
summary(species)
str(species)
head(species)
summary(env)
summary(space)
prob2.vardecomp <- varpart.karl(decostand(species[,-1]^0.25,"hell"), env, space)
prob2.vardecomp
plot(prob2.vardecomp)
Forward selection
sel.pcnm <- forward.sel(decostand(species[,-1]^0.25, "hell"), space, R2thresh=Appropriate
Adj.R.squared)
sel.pcnm
sel.pca <- forward.sel(decostand(species[,-1]^0.25, "hell"), env, R2thresh=Appropriate
Adj.R.squared)
sel.pca
Linear regression
X <- c(1,2,3,4)
Y <- c(4,5,6,7)
plot(X,Y)
res <- lm(Y~X)
abline(res)
summary(res)
Multiple linear regression
all <- read.csv("allgroups.csv")
summary(all)

!

59!

full.model <- lm(Env ~ Group * Mean, data = all)
anova(full.model)
plot(full.model)
reduced1 <- lm(Env ~ Group + Mean, data = all)
anova(reduced1)
plot(reduced1)
full.model <- lm(log(Env) ~ Group * Mean, data = all[-c(5,10),])
anova(full.model)
plot(full.model)
reduced1 <- lm(log(Env) ~ Group + Mean, data = all[-c(5,10),])
anova(reduced1)
plot(reduced1)
summary(reduced1)
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