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ABSTRACT
Benthic macroinvertebrate taxonomic data is the foundation of freshwater
biomonitoring programs.around the world. Biological trait information has been proposed
as an effective alternative or supplement to taxonomic data for ·biomonitoring purposes.
Traits are simply measurable, heritable properties of an organism that interact with the
environment. Trait data can expand the geographical scope of assessments as well as
describe mechanistic relationships between environmental conditions and the biological
community to diagnose impact severity and type of stressor. In riverine ecosystems, a
change in the flow regime or hydrological alteration is considered the most significant
environmental stressor because of the detrimental effects on biological communities and
habitats as well as interactions with other stressors. To maintain ecological integrity, trait
data can inform the benthic macroinvertebrate assemblage response to flow properties to

support environmental flow management criteria. My objective was to define and
evaluate traits and trait metrics that could be linked to hydrological conditions.
Specifically, I investigated intra- and inter-taxon trait properties for body size and body
shape, which are predicted to respond strongly to hydraulic and hydrologic scale
variables. Multiple field sites were sampled several times over a five-year period in the
unregulated Miramichi River Basin, New Brunswick, Canada to resolve the relationships
between flow and ecology. I was able to demonstrate the importance of intraspecific trait
variation and trait properties for characterizing the benthic assemblage. By measuring
specimen body sizes and establishing body shape criteria using geometric morphometric
analysis, I improved the accuracy of traits-based metrics and demonstrated a sizedependent bias in current taxonomic-based metrics. Using both traditional categorical
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trait states as well as high-resolution trait data, I was able to characterize relationships
among aquatic insects and hydrological properties at nested spatial scales. Then I tested
the performance of taxonomic and trait metrics to assess hydrological data over short
(two-year) to moderate (five-year) temporal scales. High-resolution trait metrics
demonstrated equal or greater association with hydrological factors than taxonomic or
other trait metrics at these timescales. Trait information can add value to biomonitoring
approaches by accurately describing trait expression, enabling stronger statistical
inference, and increasing sensitivity and interpretability, which are essential for
evaluating the complex relationship between benthic assemblages and their hydrological
environment.
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1. General Introduction
This doctoral dissertation takes a novel approach to the description and application of
benthic macroinvertebrate trait information for freshwater biomonitoring, specifically
identifying mechanistic relationships between morphological traits and hydrological
variables at multiple scales. Evaluating and defining suitable trait properties and linking
trait data directly to hydrological conditions has the potential to increase the effectiveness
of biomonitoring programs to detect and diagnose disturbance as well as contribute to
ecologically-meaningful environmental flow targets as part of an integrated flow
management strategy (e.g., ELOHA, Poff et al. 2010).
1.1

The status of freshwater conservation using aquatic insect trait information

Freshwater systems represent some of the most significantly perturbed
ecosystems globally (Revenga and Cura 2003, VOrOsmarty et al. 2010). The ecological
integrity of freshwater systems is threatened by many co-occurring anthropogenic
stressors including agricultural and industrial pollution, nutrient enrichment and
sedimentation, as well as direct and indirect modifications to habitat structure and
hydrology (Allan 2004). Of these critical threats, hydrological alteration has emerged as
one of the most pervasive and detrimental (Poff et al. 1997, Bunn and Arthington 2002,
VOrOsmarty et al. 2010).
River hydrology comprises the primary physical habitat for lotic ecosystems,
including constraining the effects of temperature and light, and is evaluated in terms of
five properties: the magnitude (amount) of water present in the stream channel, frequency
of fluctuations in water level, duration of specific flows (e.g. low or high/flood flows),
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predictability or seasonality of the patterns in water levels, and rate of change in water
level (Poff et al. 1997, Bunn and Arthington 2002). The natural flow regime (sensu Poff
et al. 1997) describes the typical ranges and variability for each of these properties for a
river system. Each of these parameters, however, is sensitive to anthropogenic activities
in the watershed and direct modification to the stream channels and banks. Hydrologic
alterations create modified flow regimes that can have deleterious effects on the
ecological integrity (sensu Karr 1991, 1999) of streams and rivers by affecting the
diversity and distribution of the biological communities and quality of the habitat (Bunn
and Arthington 2002, Poff and Zimmerman 2010).
In response to mounting pressure on freshwater systems from streamflow (flow
regime) alteration there is increasing emphasis on the management of environmental
flows, which preserve the ecologically significant components of the flow regime in
order to conserve natural systems and support sustainable human water consumption
(Richter et al. 1996, Acreman and Dunbar 2004, Brisbane Declaration 2007, Pahl-Wostl
et al. 2013). Effective environmental flow approaches depend on quantifying robust,
mechanistic relationships among riverine biological communities and natural and altered
flow environments in order to achieve ecologically and economically acceptable
outcomes (Poff and Zimmerman 2010, Harris and Heathwaite 2012, Pahl-Wostl et al.
2013).
Ecological monitoring programs have been established worldwide (e.g., USA,
UK, Canada, Australia, South Africa and others) to detect ecosystem degradation,
prioritize conservation areas, and evaluate restoration progress in· order to maintain the
ecological integrity of freshwater systems. In recent decades, the scope of these
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monitoring programs has grown to include the assessment of flow regimes and
constituent environmental flow components (Tharme 2003). Many of these programs rely
on various benthic macroinvertebrate metrics and indices to establish ecological
condition (Bonada et al. 2006). Examples of indices developed specifically to assess the
response ofbenthic macroinvertebrates to flow properties include the Lotic-invertebrate
Index for Flow Evaluation (LIFE; Extence et al. 1999) developed and applied in the UK
and the Canadian Ecological Flow Index (CEFI, Armanini et al. 2011). Both of these
indices rely on the relative or weighted abundance ofbenthic macroinvertebrate taxa
belonging to pre-defined flow groups or possessing a flow affinity score to derive a single
value representing flow status for individual sites or comparing among groups of sites
(Extence et al. 1999, Armanini et al. 2011). Such indices consider aspects of the
organism's ecological association to perform the assessment. The recognition that
ecological theory, which connects organism life history properties or traits to
environmental conditions (sensu Southwood 1977), applies in the context of
biomointoring has fostered the development of traits-based environmental assessment
approaches (Poff et al. 1997, Lytle and Poff 2004, Poff et al. 2006, Menezes et al. 2010,
Statzner and B~che 2010, Culp et al. 2011 ). Examining individual or suites of traits can
improve the impact detection sensitivity, stressor diagnostic ability, and geographic scope
,for biomonitoring applications (Pollard and Yuan 2010, Culp et al. 2011).
Traits-based analyses of benthic macroinvertebrates often accompany traditional
taxonomic metrics for freshwater biomonitoring purposes and can take many forms
(Bonada et al. 2006, Menezes et al. 2010). An early and still frequently applied example
of traits-based metrics includes the description ofbenthic macroinvertebrate assemblages
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in terms of functional feeding groups (Cummins 1974, Cummins and Klug 1979). This
idea, of classifying benthic macroinvertebrate tax.a into groups with similar ecological
properties or functions, has been expanded to describe many facets of benthic
macroinvertebrate ecology (e.g., Tachet et al. 1991, Usseglio-Polatera et al. 2000a,
2000b, Poff et al. 2006, Vieira et al. 2006), including a taxon's morphology (e.g., size
and shape), mobility (e.g., swimming or flying ability), and life history (e.g., fecundity
and development rate), as well as ecological preferences (e.g., rheophily and temperature
optima) and tolerances such as those used to calculate common biological indices (e.g.,
pollution or oxygen tolerance, Hilse~offBiotic Index, Hilsenhoff 1988). Efforts to
compile and standardize trait information has resulted in published books, articles and
reports as well as searchable online databases (e.g. US Environmental Protection Agency
Freshwater Biological Traits Database, http://www.epa.gov/ncea/global/traits/; the Taxa
and Autecology Database for Freshwater Organisms, http://www.freshwaterecology.info;
and Tachet et al. 1991, Usseglio-Polatera et al. 2000a, 2000b). The availability of trait
information has facilitated investigations of benthic macroinvertebrate assemblage
response to many significant current and emerging natural and anthropogenic stressors,
including environmental contamination by potentially toxic substances (e.g., Buchwalter
et al. 2008, Archaimbault et al. 2009, Rubach et al. 2012); the type and severity of landuse practices (e.g., Gayraud et al. 2003, Doledec et al. 2006, Doledec and Statzner 2008,
Doledec et al. 2011), specifically the effects of sedimentation (e.g., Pollard and Yuan
2010, Larsen et al. 2011, Buendia et al. 2013); natural disturbances (e.g., fire, Vieira et al.
2004); climate change (e.g., Bonada et al. 2007, Conti et al. 2014) and restoration
activities (e.g., K.leef et al. 2006, Tullos et al. 2009). Recent reviews by Menezes et al.
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(2010), Statzner and Beebe (2010), and Culp et al. (2011) summarize the status of traitsbased analyses for assessing these and other stressors.
Subsequent research has elaborated on the utility of traits-based approaches for
evaluating the hydrological or hydrogeomophological conditions in flowing waters by
observing benthic macroinvertebrate assemblages (Brooks et al. 2011, Carlisle et al.
2011, Walters 2011, Walters and Post 2011, Demars et al. 2012, Wooster et al. 2012,
Feld et al. 2014). By separating the hydrological environment into discrete units (i.e.,
biotopes) based on hydro-morphological characteristics, including water depth, Froude
number, substrate and vegetation, Demars et al. (2011) was able to test predicted traithabitat associations of 13 biotopes among seven UK rivers. Each of the biotopes
possessed several positively associated trait states, with 11 of the 17 trait states
conforming to the predicted gradient of Froude number values among the biotopes
(Demars et al. 2011). Robust relationships among traits and habitats at the smaller
physical scale of patches or biotopes contributes to trait-based ecology, but difficulties
associated with the transferability of biotope definitions and mapping biotope positions
over time among many sites may restrict applications for monitoring and management.
Currently, our understanding of trait-ecology relationships is limited and more research is
needed to improve the ability to predict biological responses to changes in hydrological
conditions at multiple spatial scales.
At the site or reach scale, Wooster et al. (2012) investigates the benefits of using a
traits-based approach to assess multiple hydrological stressors associated with water
abstraction and channelization, including surface water loss and increased water velocity.
The high water velocities caused by the flood control management structures were the
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primary drivers of changes in benthic macroinvertebrate assemblage composition
(Wooster et al. 2012). Shifts in trait composition indicative of channelization impacts
successfully identify the disturbance with the most influence on the benthic
macroinvertebrate assemblage among the six sites along a hydrologically-stressed river in
the Pacific Northwest (Wooster et al. 2012). The ability to diagnose the type and degree
of impaimient is one of the advantages of a traits-based approach (Statzner and Beebe
2010, Culp et al. 2011).
The work by Brooks et al. (2011) focused specifically on the benthic
macroinvertebrate response to flow modification from water abstraction. Rather than
examining individual traits, Brooks et al. (2011) assessed the effect of the flow alteration
on multiple, integrated traits - an approach advocated by several studies (e.g., life history
strategies, Verberk et al. 2008a, 2008b, 2013) since traits can be both phylogenetically
and ecologically linked (Poff et al. 2006). Combinations of traits possessed by a taxon
determined the susceptibility of the taxon to hydrological change from water abstraction
(Brooks et al. 2011). The largest biological responses were detected in taxa collected in ·
riffles where declines in taxa with particular suites of traits generally conformed to
expectations and benthic macroinvertebrate life history theory (Brooks et al. 2011 ). Taxa
characterized by rheophily, clinger habit, shedder functional feeding group, and slow
development were negatively associated with water withdrawls while taxa possessing a
higher temperature tolerance were tolerant of reductions in water level (Brooks et al.
2011 ). Therefore, vulnerable taxa can be identified a priori based on their traits and
appropriate management practices prescribed(Brooks et al. 2011).
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The studies by Walters (Walters 2011, Walters and Post 2011) also evaluated the
response ofbenthic macroinvertebrate traits to reductions in flow (i.e., low-flow
disturbance}, however these studies report the results of controlled, replicated
experiments. Such experimental studies have long been advocated for as a necessary step
toward disentangling the effects of multiple stressors (Bunn and Arthington 2002,
Wooster et al. 2012). Walters (2011) primarily focused on the effects of flow reduction
on six individual traits: desiccation resistance, maximum crawling rate, armoring, size at
maturity, rheophily and habit, which were all hypothesized to respond positively to
conditions of low-flow stress. Benthic macroinvertebrate taxa possessing one or more of
these traits should be more resistant to the low-flow disturbance and therefore more
prevalent in the water diversion treatments (Walters 2011). Consistent responses were
only reported for two of the six traits: high crawling rate and armoring which suggests a
confounding effect of biotic interactions in times of low flow which concentrate
organisms in shrinking habitat volumes (Walters 2011). Walters and Post (2011) is based
on the same experimental design, but only explicitly considers the taxon's functional
feeding group as a trait response variable. Predators were resistant to low-flow
disturbance while collector-filterers, collector-gatherers and scrapers were more
vulnerable (Walters and Post 2011). These studies demonstrate the value of experimental
approaches for isolating individual stressors and testing predictions, however, such
approaches are difficult and expensive to design and maintain. Thus, other techniques
that take advantage of datasets accumulated over large spatial and long temporal scales,
even at low resolution, are valuable for expanding the scope of studies on benthic
macroinvertebrate response to flow variation.
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Carlisle et al. (2011) is one example of a study investigating broad patterns in
benthic macroinvertebrate traits at a continental scale. After identifying the primary types
of flow alteration across the conterminous US (inflated or diminished maximum and
minimum flows), Carlisle et al. (2011) assess the gains and losses of taxa with particular
traits at impacted sites. Generally, sites with lower maximum and minimum flows were
characterized by benthic macroinvertebrates taxa with stronger swimming ability, the
ability to temporarily exit the aquatic environment and a preference for fine-grained
substrates while sites with inflated minimum flow levels possessed more rheophilic taxa
(Carlisle et al. 2011). Although confounded by a failure to separate the impacts of
multiple stressors from hydrological impacts, patterns in trait selection were consistent
with predictions based on benthic macroinvertebrate ecology (Carlisle et al. 2011 ).
Another broad scale, regional assessment ofbenthic macroinvertebrate taxonomic
and trait responses to different types and degrees of hydrological alteration identified few
consistent, predictable responses in either the taxonomic or trait response data (Feld et al.
2014). Rather than examining individual trait responses or adaptive life history strategies,
Feld et al. (2014) investigated patterns in trait diversity across a gradient of
hydromorphological alteration in the Netherlands, Germany and Poland. Trait diversity as
well as several measures of taxonomic and phylogenetic diversity showed only weak
responses to the hydromorphological gradient (Feld et al. 2014)~ Subsequent inspection
of taxonomic turnover along the hydromorphological gradient revealed an unexpected
equivalence in trait representation. The traits of taxonomic groups added to sites along
I

the disturbance gradient matched the traits of taxonomic groups that were lost (Feld et al.
2014). Thus, little net change in trait composition was observed, although taxonomic
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composition changed along the gradient (Feld et al. 2014). The results of the Feld et al.
(2014) study seem to contradict the generally accepted trait-filtering theory that states
that strong environmental performance filters, such as a disturbance gradient, should .
result in a shift in trait composition as different biological traits confer an adaptive
advantage to particular taxonomic groups (Webb et al. 2010, Culp et al. 2011). The
counter-intuitive results of the Feld et al. 2014 study expose some of the weaknesses in
many current traits-based analyses, including inappropriate trait selection, assignment,
measurement, and analysis or environmental variables assessed at inappropriate spatial or
temporal scales.
Addressing fundamental aspects of trait-based benthic macroinvertebrate ecology
such as quantifying intra-taxon variability in trait values, defining trait properties, and
assessing the performance of trait metrics under natural, unimpacted flow scenarios at
multiple scales is necessary for achieving the expected benefits of a traits-based approach
to biomonitoring (Culp et al. 2011). Testing assumptions and establishing basic trait
criteria to resolve flow-ecology relationships (sensu Poff et al. 2010) is essential for
developing effective techniques to evaluate hydrological impairment using benthic
macroinvertebrate traits.
Intraspecific variability has important consequences for population dynamics,
species interactions, and ecosystem function (Cianciaruso et al. 2009, Thompson 2009,
Berg and Ellers 2010, Albert et al. 2011, Bolnick et al. 2011, Laughlin et al. 2012, Violle
et al. 2012). Thus, trait variation may affect the ability to determine ecological condition
from bioassessments. Conventional traits-based approaches typically apply mean trait
values for continuous traits or broad, poorly-defined categorical states to all members of a
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taxon, oversimplifying trait information by ignoring intraspecific variation due to
phenotypic plasticity and ontogenetic development (e.g., allometric growth and,diet
shifts). Aquatic insects comprise a significant proportion ofbenthic macroinvertebrates
and are more diverse than their aquatic vertebrate counterparts often possessing multiple
developmental strategies and stages contributing additional complexity (Lancaster and
Downes 2013). Yet, the diversity that makes aquatic insects such useful freshwater
bioindicators (Rosenberg and Resh 1993) is subsumed by current approaches into a few
simplified trait categories and states, often without verifying that the organisms actually
possess the particular trait state. Therefore, understanding aquatic insect trait variation
and its effect on assemblage structure is essential for the development of effective traitsbased metrics. Measured or verified higher resolution assemblage and trait data may
benefit stressor diagnosis and improve prediction of biotic response to environmental
change leading to more sensitive bioassessments (Culp et al. 2011, Verberk et al. 2013)
and the development of environmental flow criteria.
Flow-ecology relationships form the core of many environmental flow assessment
and management programs (Poff et al. 2010). Explicitly incorporating trait information
into these flow ecology relationships can contribute to a predictive, mechanistic model to
relate organisms to their dynamic flow environment. Investigating patterns in taxonomic
and trait composition in the context of unregulated, naturally variable river systems can
be used to effectively elucidate taxon and trait flow-ecology relationships. These
unregulated, relatively pristine river systems provide valuable reference conditions and
baselines for impaired systems as well as pre-impact data for future flow alterations
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resulting from human development or the ubiquitous effects of climate change (Poff and
Zimmerman 2010).

1.2

Objectives and dissertation organization

This doctoral dissertation is arranged into a series of scientific publications (journal
articles and book chapters) each addressing a separate but related topic that informs the
general theme of incorporating high-resolution trait information into biomonitoring
approaches for evaluating hydrological conditions. Several of the chapters have already
been published (Chapters 2-5). Chapter 6 will be submitted to an appropriate scientific
journal for subsequent publication.

The dissertation is organized into the following chapters:

Chapter 2: The tiny mayfly in the room: Implications of size-dependent invertebrate

taxonomic identification for biomonitoring data properties. (Orlofske, J.M., and
D.J. Baird. 2013. Aquatic Ecology 47:481-494.)

Benthic macroinvertebrate taxonomic information is one of the primary sources of
biological data used for freshwater biomonitoring, particularly in North America (Resh
2008). Each biomonitoring program has developed protocols and operations standards,
including levels of taxonomic sufficiency: the practical level of taxonomic resolution for
organisms collected for biomonitoring purposes (Ellis 1985, Ferraro and Cole 1992).
These standards vary among programs and jurisdictions, but often require identifying
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each organism to the lowest (i.e., highest-resolution) taxonomic level possible (Carter and
Resh 2001, Haase et al. 2006). However, benthic macroinvertebrate specimens collected
in a biomonitoring sample, regardless of sampling device or collection season, vary in
suitability for achieving the desired level of identification. Damage to specimens is an
acknowledged source of taxonomic variability (Carter and Resh 2001). Yet, specimen
size associated with the developmental stage of the organism may be the primary factor
that determines the level of taxonomic precision for a specimen. Systematically
identifying the smallest specimens to coarser taxonomic resolution or omitting data from
these specimens has implications for the validity -0f common biomonitoring metrics,
including richness,~ diversity, and functional diversity. Thus, I demonstrate how trait
information (body size and body shape) can be used to test assumptions regarding the
taxonomic description of aquatic insect assemblage composition for biomonitoring
purposes.

Chapter 3: Incorporating continuous trait variation into biomonitoring assessments by
measuring and assigning trait values to individuals or taxa. (Orlofske, J.M., and
D.J. Baird. 2014. Freshwater Biology 59:477-490.)

The proliferation of traits-based analyses, particularly in freshwater science, has
been facilitated by the development of extensive trait databases (e.g. US Environmental
Protection Agency Freshwater Biological Traits Database,
http://www.epa.gov/ncea/global/traits/; the Taxa and Autecology Database for
Freshwater Organisms, http://www.freshwaterecology.info; and Tachet et al. 1991,
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Usseglio-Polatera et al. 2000a, 2000b). These trait databases provide· information on a
taxon's morphology, life history, ecology and behavior summarized from species
descriptions, reports and natural history studies (Vieira et al. 2006). High taxonomic and
trait diversity as well as limited data sources has necessitated broad, often ill-defined trait
categories and states. Typically applied to all specimens identified to a single taxonomic
unit, these trait states may misrepresent a specimen's trait expression due to multiple
sources of natural variability (e.g., phenotypic plasticity and ontogenetic change).
Validating trait database information (e.g., Thorson et al. 2014) can identify
discrepancies in trait states and specimen trait expression that may arise from intra-taxon
variation. Therefore, I describe how different methods and approaches for the
measurement and attribution of aquatic insect trait information lead to alternative
interpretations of aquatic insect assemblage structure.

Chapter 4: A geometric morphometric approach to establish body shape criteria in

aquatic insects. (Orlofske, J.M., and D.J. Baird. 2014. Freshwater Science 33:000000)

Benthic macroinvertebrate traits are expected to respond to important elements of
the aquatic environment. There is a well-developed literature that connects aspects of
benthic macroinvertebrate body shape directly to hydraulic and hydrological conditions
(Statzner and Holm .1982, 1989, Smith and D~all 1980, Statzner 1988, 2008)
supporting the use of body shape in traits-based assessments of flow alteration. Existing
definitions for different benthic macroinvertebrate body shape traits are derived from
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studies on body shape or form and principles of fluid dynamics (Purcell et al. 1977,
Vogel 1988, 1994). Few benthic macroinvertebrate tax.a have received such detailed
treatments resulting in many missing trait state values in trait databases, even for
common tax.a. Geometric morphometrics, an analytical technique that uses configurations
of morphological structures, provides an effective method for evaluating organismal body
shape (Zelditch et al. 2004). Therefore, I develop a geometric morphometric approach to
body shape trait assessment that can be used to establish body shape trait criteria for a
diverse group of aquatic insects targeted by biomonitoring assessments.

Chapter 5: Ecohydraulics for river management: Can mesoscale lotic macroinvertebrate

data inform macroscale ecosystem assessment? (Orlofske, J.M., W.A. Monk, and
D.J. Baird. 2013. Pages 357-374 in I. Maddock, A. Harby, P. Kemp and P. Wood
(eds). Ecohydraulics: An Integrated Approach. John Wiley & Sons, Ltd,

Chichester, UK.)

Ecohydraulics is an interdisciplinary field that developed to explicitly link
biology, hydrology and geomorphology at the scale between fluid dynamics and
hydrology (Rice et al. 2010, Maddock et al. 2013). Benthic macroinvertebrates figure
prominently in many ecohydraulics studies. Their small body size and relatively limited
mobility constrain their habitat use, but their high diversity allows for habitat
specialization which make benthic macroinvertebrates ideal for quantifying the influence
of hydraulic conditions on biological assemblages. Patterns in taxonomic data have
predominantly been used to describe relationships among hydraulic variables and benthic
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macroinvertebrate assemblages; however, trait information, assessed using traits states
applied to taxonomic units, has also been used both to explain assemblage variation in
relation to hydraulic parameters and also as a response variable (e.g., Sagnes et al. 2008).
I used a literature review and a case study to convey how the coupling of trait information
and hydraulic variables, which represent the aquatic habitat at the scale of the organism,
can inform ecological relationships among aquatic insects and hydrological variables at
scales meaningful for management.

Chapter 6: Benthic macroinvertebrate taxonomic and trait data track seasonal and
interannual hydrological conditions in the Miramichi River, Canada. (Orlofske,
J.M., C.D. Tyrrell, W.A. Monk, and D.J. Baird. In prep.)

Hydrological conditions vary over short (e.g., hourly, daily) and long (e.g.,
annual, decadal) time scales. Long-term time series of hydrological data are often
recommended for the determination of flow impairment (e.g., -20-30 years, Huh et al.
2005), yet the turnover in benthic macroinvertebrate populations seldom exceeds several

years, and can be as short as one season (Lancaster and Downes 2013). Further, studies
by Monk et al (2008) and Dunbar et al (2010) suggest that benthic macroinvertebrate
assemblage structure reflects flow conditions within 3 to 6 months before sampling.
Lamouroux et al. (2013) provides evidence of temporally stable associations ( 1 to 7
years) among hydraulic and hydrological conditions and selected taxonomic groups.
Trends in trait information associated with the benthic macroinvertebrate assemblage or
individual taxonomic groups can provide a mechanistic perspective of aquatic insect
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synchronization to natural temporal hydrologic variation as a baseline for predicting
changes under alternative flow conditions. Thus, I examine how the trait and taxonomic
composition of aquatic insect assemblages are related to hydrological variables over short
to moderate time scales, relative to the life span of the focal organisms (i.e., aquatic
insects).
The final chapter of my dissertation (Chapter 7) summarizes the primary findings
of each of these component chapters and synthesizes the main conclusions for the
development of robust, ecologically relevant traits-based biomonitoring approaches
applicable for assessing hydrological impairment. Additionally, I provide specific
recommendations for how to incorporate the principal discoveries of my dissertation into
standard biomonitoring programs and the establishment of new biological-hydrological
monitoring networks. Finally, I identify productive areas for further research towards the
development of applied traits-based benthic macroinvertebrate ecology.

1.3

Contributions of authors

I was the primary author of each chapter in this dissertation. The ecological and
methodological questions posed in chapters 2 - 4 are primarily my own with some
contribution from D. Baird for refinement and manuscript editing. Sample collection in
the field was undertaken by a previous graduate student, Colin Curry, and the samples
were used with his permission. All subsequent laboratory processing and data analysis
were my responsibility as were the drafting, editing, submitting and revising of the
manuscripts.

16

My supervisor, D. Baird and colleague, W. Monk, received an invitation to
contribute a book chapter to a forth-coming volume on ecohydraulics that has now been
published. I was invited by Ors. Monk and Baird to lead the manuscript since the topic
was closely related to my dissertation work already in progress. Together we developed
an outline for the book chapter and each took primary responsibility for particular
sections. I contributed about 70% of the chapter, W. Monk about 20% and D. Baird about
10%. I also coordinated the submission and revision process. This book chapter
comprises Chapter 5 of this dissertation.
My collaboration with W. Monk and my supervisor continued for the initiation and
completion of Chapter 6. Each of us contributed to the original development of the
research project. I took a leadership role in the execution of fieldwork, often assisted by
W. Monk. I also took primary responsibility for laboratory processing and data analysis
for biological data. W. Monk was instrumental in preparing and analyzing geographical
and hydrological data. I was responsible for manuscript preparation. C. Tyrrell
contributed to data analysis and manuscript development. All authors shared editorial
roles, but I coordinated our efforts and will continue to see the manuscript through to
publication in a scholarly journal.
Permission to reproduce already published manuscripts in this dissertation has been
obtained from each publisher (Appendix 1). Likewise, I have obtained permission from
my co-author, W. Monk, to use the manuscript from our published book chapter in this
dissertation (Appendix 2). The only other co-author for published material in this
dissertation is my supervisor, Donald Baird.
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2.1

Abstract

The appropriate level of taxonomic identification, taxonomic sufficiency, for
biomonitoring purposes continues to be controversial. Taxonomic sufficiency, however,
fails to address ~he bias. created by size-dependent taxonomic identification, which can
result in coarse-resolution identification for immature specimens lacking distinguishing
characteristics. Our study provides a direct test for this potential systematic bias in
biomonitoring data by examining two morphological traits: body size and shape of key
organisms (Ephemeroptera, Plecoptera, Trichoptera and Odonata) collected from
standard aquatic biomonitoring samples. Direct measurement of body size and a
geometric morphometric description of body shape provide consistent, quantitative
variables to describe the composition of specimens identified at different levels of
taxonomic resolution (genus or family). Corroborating our expectations; we observed
evidence of systematic size bias in family-level identifications. Specimens that could only
reliably be identified to the family level were significantly smaller than specimens
identified to the genus level. Qualitative comparisons of shape variation between
specimens demonstrated a high degree of variation in specimens identified only at the
family level and support the conclusion that specimens identified at the family level
possess multiple constituent taxa (genera or species). Thus, size-dependent taxonomy can
have negative consequences for the accurate determination of biodiversity and may
invalidate common biomonitoring metrics. Improvements to biomonitoring protocols
through technological advances, including DNA-based taxonomy to augment specimen
identification, should effectively remove the size-bias problem in the long term. In the
short-term, recognizing instances of size bias, the degree to which it may impact
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bioassessment and exploring methods for remediation, including traits-based
assessments, can enhance data quality and inferences derived from biomonitoring studies.
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2.2

Introduction

Taxonomic sufficiency is the practice of defining appropriate levels of taxonomic
resolution for biological assemblages investigated in biomonitoring and biodiversity
studies (Ellis 1985, Ferraro and Cole 1992). Taxonomic sufficiency has been debated
extensively for invertebrate biomonitoring studies in aquatic systems (Bowman and
Bailey 1997, Bailey et al. 2001, Lenant and Resh 2001, Heino and Soininen 2007, Jones
2008, Jiang et al. 2013). More recently, this issue has also been explored for terrestrial
systems (Timms et al. 2013) where the ability to identify specimens to the genus or
species level is not routinely inhibited by the collection of larval specimens. The concept
of taxonomic sufficiency is necessary to overcome key obstacles in the processing of
field samples: (1) overwhelming amounts of biological material to process, generally
with limited resources dedicated to proper processing and archiving and (2) a shortage of
adequately trained taxonomists for many diverse groups, especially insects and other
invertebrates (Cardoso et al. 2011 ). The level of skill, training and experience varies
among taxonomists. Initiatives such as the Society for Freshwater Science taxonomic
certification program (http://www.nabstcp.com) provide some accreditation and
standardization at least among aquatic invertebrate taxonomists for particular taxonomic
groups; however, variability in expertise will undoubtedly persist. Taxonomic sufficiency
is believed to ameliorate these issues by identifying levels of taxonomic identification
that efficiently and effectively use limited resources and are still appropriate for the
individual study objectives (Bailey et al. 2001 ).
Defining an optimal taxonomic level for each major taxon likely to occur in a
sample may result in mixed taxonomic levels being used to calculate sample metrics
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related to biodiversity or ecological conditions (Carter and Resh 2001, Jones 2008, Jiang
et al. 2013). The lowest practical taxonomic level for each tax.on may depend on its
constituent diversity: the number of higher resolution tax.a (genera or species) belonging
to a family or genus (Holzenthal et al. 2010, Monk et al. 2012). Thus, a tax.on with a
greater number of constituent tax.a may require a more detailed taxonomic description
(Holzenthal et al. 2010). Using mixed taxonomic levels in analyses may not be ideal for
biodiversity studies, but establishing consistent taxonomic effort for each class, order or
family can provide standardization for biomonitoring programs (e.g., Environment
Canada 2012a). How to proceed with a specimen that cannot be identified to the specified
level, however, needs to be resolved.
Traditional evaluations of taxonomic sufficiency do not fully address the
challenge of encountering specimens that are not suitable for traditional taxonomic
analysis due to developmental sta~e because of size (age)-dependent taxonomy. A
variable proportion of each biomonitoring or biodiversity sample is comprised of
specimens too small or of insufficient developmental condition to achieve the ideal level
of taxonomic identification. Yet, this property of biomonitoring data is often ignored,
even when quality control issues are being investigated (e.g., Haase et al. 2006, Mueller
et al. 2013).
Individual studies and programs need to resolve this complication within their
sample processing methodology. A common practice is to identify these smallest
specimens to the lowest 'practical' taxonomic level (Carter and Resh 2001). This solution
ca~ unintentionally lead to size-biased samples because larger specimens at more mature
developmental stages are more easily identified to a lower taxonomic level. Groups of
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smaller specimens remain at coarse levels of taxonomic identification, creating an inverse
relationship between size and level of taxonomic identification. While analytical
approaches have been proposed to resolve apparent discrepancies in the taxonomic data
(e.g., Cuffney et al. 2007, Mueller et al. 2013), there is still uncertainty over the degree of
occurrence within samples and the consequent ecological implications. Moreover, these
analytical approaches do not address the underlying cause of the problem. Understanding
the properties of the bias in these samples may obviate the need to artificially resolve
these discrepancies.
By assessing two relevant morphological traits (body size and body shape) of
individual specimens collected in standardized biomonitoring samples, we can explore
the variation and trends that occur in the smaller-sized fraction. We address two
objectives for this investigation. First, we use measured body length and level of
taxonomic resolution achieved for each specimen to demonstrate a systematic size bias in
the description of benthic macroinvertebrates from four orders of aquatic insects
(Ephemeroptera, Plecoptera, Trichoptera, and Odonata) often targeted by biomonitoring
programs: Second, we apply geometric morphometric techniques to illustrate variation in
the body shape of specimens identified to each taxonomic level (family or genus level),
within the same four insect orders. We predict that specimens that can only be reliably
identified to the family level will be smaller than specimens identified to the genus level
and have greater variation in shape because these smaller-sized specimens will represent
more than one taxonomic group (species and/or genera). Thus, we demonstrate how two
morphological traits provide complementary evidence supporting a systematic bias in the
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context of routine biomonitoring sample analysis and may also provide alternative,
independent data for biomonitoring and biodiversity metrics.

2.3

2.3.1

Materials and Methods

Collection sites

Sites were located along two tributaries in the Miramichi River basin (New
Brunswick, Canada) and represent variable flow and substrate conditions. All sites were
categorized as reference or near reference (least impacted) in 2010 according to criteria
established by the Canadian Aquatic Biomonitoring Network (CABIN; Environment
Canada 2012b). Samples were obtained from the South Branch Renous River (SBREN;
46.79287°N, 66.48058°W) and two locations in the Dungarvon River. Dungarvon midstream (DUNMR; 46.070777°N, 66.5686°W) was taken approximately 23.4 km upstream
of Dungarvon downstream (DUNDS; 46.81393°N, 65.91795°W).
2.3.2 Benthic sampling

Each benthic macroinvertebrate sample was collected using the standard CABIN
protocol (Environment Canada 2012b). A three-minute traveling kick-net (mesh size 400
µm) procedure was used to collect each sample. Kick-net samples provide an integrated

sample across the primary microhabitats present and are adequate for characterizing the
benthic macroinvertebrate assemblage in each reach. Samples were collected on
November.2, 2007 into 10 % buffered Formalin and transferred to 70 % ethanol after
approximately 24-48 h.
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2.3.3 Specimen processing

We extracted our target taxa (Ephemeroptera 'E', Plecoptera 'P', Trichoptera 'T'
and Odonata 'O') from each sample. The entire sample was used to ensure adequate
material and to prevent any unintentional size bias as a result of subsampling. Genus
level is the CABIN program standard of taxonomic effort for all aquatic insect taxa
(Environment Canada 2012a) collected at reference sites. Therefore, genus-level
identification was attempted for each individual specimen (Merritt et al. 2008; Leica
Wild M3C, Wetzlar Germany, IOX). If the individual could not be reliably identified to
genus (e.g., lacking sufficient gill development, unable to distinguish labial characters or
ambiguous setae in some Ephemeroptera and Plecoptera genera), the specimen was
retained at the family level. All specimens were given equal treatment, and the author's
(J.M.O.) identifications were confirmed by a second certified taxonomist to ensure
quality and prevent intentional bias. Following identification and quality control, each
specimen was digitally photographed using a stereomicroscope (Leica Mz 16 A, Wetzlar,
Germany; Q Imaging MicroPublisher 5.0 RTV, Surrey, British Columbia, Canada
attached with a Leica 10446261 0.63

x

extension tube, Wetzlar, Germany).

2.3.4 Size

Total body length, measured as the distance from the anterior margin of the head
to the posterior tip of the last abdominal segment, was our indicator of body size.
Calibrated digital photographs were used to measure size using AutoMontage Pro
software (Syncroscopy, Synoptics Ltd., Cambridge, UK).
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2.3.5 Shape

Geometric morphometrics was used to describe larval aquatic insect shape
independent of size by evaluating the configuration of a consistent set of landmark
positions among broad taxonomic groups (Zelditch et al. 2004, Claude 2008). Landmark
locations (Fig. 2.1., Table 2.1.) were selected separately for hemimetabolous (EPO)
versus holometabolous (T) taxonomic orders due to their strongly divergent
morphologies; however, within these categories, the same landmarks were applied to all
specimens. Several type 2 (maxima, minima or endpoints of a structure) and type 3
(extremal points of morphological structures relative to other features) landmarks
(Bookstein 1991, Zelditch et al. 2004) were selected to adequately describe general
patterns in a taxonomically diverse aquatic insect assemblage. We identified 15
landmarks and 1 sliding landmark (used to 'unbend' distorted specimens) for a total of 16
landmarks for EPO (Fig. 2.1.a) and 11 landmarks plus a series of pseudo-landmarks for
the Trichoptera (Fig. 2.1.b). Pseudolandmarks were used to correct for the abdomen
curvature of some Trichoptera specimens (e.g., Hydropsychidae; Fig. 2.1.b). Each body
region (head, thorax, and abdomen) was digitized separately in the R programing
environment (Urbanek 2011, R Development Core Team 2012, R Studio 2012) an~
reassembled prior to analysis to reduce the influence of non-shape variation due to
photography (Adams and Rohlf2000). A Procrustes analysis (superimposition) of the
digitized landmark coordinates was performed in tpsSplin
(life.bio.sunysb.edu/morph/index.html) to eliminate the effects of non-shape variation
due to rotation of the specimen, translation or position of the specimen and the size or
scaling of the specimen in the photograph (Zelditch et al. 2004). These standardized
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coordinate values were used to calculate a weight matrix composed of partial warp scores
(non-uniform, non-affine shape components) and uniform, affine shape components for
each pair of landmark coordinates using tpsRelw (life.bio.sunysb.edu/morph/index.html).
The resulting weight 'matrix provi4es the shape variables appropriate for statistical
analysis (Zelditch et al. 2004).

2.3.6 Data analysis
Data analysis was performed using the R programming environment (R
Development Core Team 2012, R Studio 2012). A two-tailed t test on logarithmically
transformed body-length data was used for size comparisons of genus versus family-level
specimens. Eight abundant families comprised of several (2-4) genera were tested. A
MANOVA (Pillai's trace) was performed on the weight matrix for shape comparison
between the specimens identified at the genus level or family level for the same eight
abundant families.

2.4

Results
For all analyses, identification was dependent on the properties of each individual

larval insect specimen; therefore, specimens within the same family were identified to
either the genus level or retained at the family level (i.e., the level of taxonomic
resolution was not predetermined based on specimen size). Sample processing resulted in
4,714 individual specimens among 64 EPTO taxa (families and genera; Appendix 1). We
identified 2,305 specimens to the genus level with the remaining 51 % (2,409 specimens)
identified to only the family level (Appendix 1). In only a few cases, limited to several
North American mono-generic insect families, could all the individuals of a family be
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identified to the genus level (e.g., Isonychiidae, Isonychia; Helicopsychidae,
Helicopsyche; and Rhyacophilidae, Rhyacophila), for all other families a combination of

genus and family-level taxonomic resolution resulted.
2.4.1

Systematic size bias in specimens identified to family versus genus level

The specimens obtained in our biomonitoring samples exhibited a high degree of
variability in body size at both genus and family levels (App~ndix 1). Almost a quarter
(23%) oftaxa observed possessed a range of specimen size values exceeding one or more,
orders of magnitude (Appendix 1). Our objective was to examine if this variation was
skewed between family and genus-level specimens.
A general trend was observed for many families possessing multiple genera: the
smallest specimens tended to be classified at the family level (Fig. 2.2.). We tested this
pattern using two-tailed t tests to compare the mean size of specimens identified only to
the family level to specimens identified at the genus level (pooled across two to four
genera for each family). Sufficient data were available to test for potential size bias in
eight families representing each of the four orders surveyed. Body size data were
logarithmically transformed prior to analysis. The largest specimens were identified to a
finer taxonomic resolution (genus level) for six of the eight families compared (Fig. 2.3.).
The size discrepancy between family and genus-level median size (logarithmically
transformed mean) was most pronounced in the Trichopteran family, Leptoceridae (Fig.
2.3.), which also possessed the smallest individuals observed in our study (Appendix 1).
Two families, Brachycentridae (Trichoptera) and Chloroperlidae (Plecoptera), possessed
genus and family-level specimens of similar size (Fig. 2.3.).
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2.4.2

Variation in body shape ofspecimens identified to family compared with genus
level

We used a geometric morphometric approach to examine variation in body shape
among family and genus-level specimens. Shape variables for each taxonomic unit
(family or genus) were compared within families using MANOVA. Body shapes of
genus-level specimens were unique and differed significantly from both the family-only
group and the overall shape for the family (Table 2.2.). Variation in Trichoptera families
(Brachycentridae, Hydropsychidae, and Leptoceridae) occurred primarily in the length
and angle of the head with additional variation in the length of thoracic segments (Fig.
2.4.). The head and thorax region were variable among genera in the other families
examined, especially the Ephemeropteran families Ephemerellidae and Heptageniidae
(Fig. 2.4.). Abdomen shape, however, particularly the landmark indicating the widest
point of the abdomen, also showed higher levels of variation between genera belonging to
the same family (e.g., Gomphidae and Perlidae; Fig. 2.4. ). A qualitative comparison of
the variability in the location of each landmark based on the variance ellipses suggest that
specimens identified only to the family level possessed higher within group variation than
either the individual genera or all specimens combined (Fig. 2.4.).

2.5

Discussion

Taxonomic sufficiency is just .one aspect of biomonitoring and biodiversity
studies that have been evaluated, compared and debated in the literature. Largely absent
from this conversation has been any discussion of how to treat the substantial number of
specimens too small to properly identify that are often collected in bulk samples for
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biodiversity assessment and biomonitoring programs. Our study examined the
morphological traits body size and body shape of a representative group of organisms in
our aquatic biomonitoring samples in order to verify or refute systematic bias due to sizedependent taxonomy. The level of taxonomic resolution achieved given a specimen's size
was used to describe the degree of size bias for the biomonitoring sample and for
individual taxonomic groups. The variability in shape information provided a means of
evaluating the pote!}tial taxonomic composition of the smaller specimens that could not
be reliably identified.
According to the standard biomonitoring methodology employed, our biological
samples were collected in autumn, which maximizes the likelihood of capturing mature
specimens ofNorth Temperate insect taxa (Environment Canada 2012b). Despite this,
less than half of the specimens possessed distinguishable characters permitting genuslevel identification, creating mixtures of genus and family-level identifications for most
of the aquatic insect families in our biomonitoring samples. While the phenology of
certain taxa may change over the year, the issue of size-dependent taxonomy is
independent of season as differential growth, overlapping cohorts, differences in
voltinism, and emergence patterns will contribute smaller forms during every season
(Huryn and Wallace 2000). Thus, optimizing the timing of sampling clearly cannot
eliminate the collection of immature specimens, which frustrate genus-level
identification. Evaluation of the seasonality component for biomonitoring protocol
development is confounded by the size-bias problem, since exploring seasonal patterns in
. taxa (either at the population or the community scale) is itself severely constrained by
size-dependent taxonomy.
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Measurement of individual specimens reveals a wide range of body sizes at the
assemblage scale, but also a high degree of variability in size within individual taxonomic
groups. High natural variability within a population may be due to both biotic and abiotic
factors. The net effect of physical characteristics, such as: flow regime, temperature, and
type of substrate for each stream site used in our study, may promote or retard growth
and development of individuals or populations (Ward 1992). These physical constraints
coupled with biological properties of the organisms, including growth rate and dispersal
(Huryn and Wallace 2000), will generate mixtures of sizes, even of the same taxon,
collected for bulk biomonitoring samples using various devices and methodologies. High
variability in traits like size may be ecologically informative, but pose a significant
obstacle to taxonomists.
We did observe a size bias for six out of the eight taxa with sufficient numbers to
examine in detail for this study. Smaller tax.a were retained at the family lever, while
larger, presumably more developed specimens, were able to be identified at the genus
level. Size bias may be more problematic for particular taxa. Some genera may have
distinctive features that allow accurate diagnosis even when larvae are smaller and less
mature. While size of a specimen may aid in identification, the quality of the specimen
(e.g., damaged or missing features) may ultimately determine whether a specimen can be
identified to the desired level (Carter and Resh 2001). Our results do suggest that a size
bias is present. Although, this bias may not be observed to the same degree in all tax.a.
Therefore, the implications and risks associated with this bias should be investigated
further.
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By applying the geometric morphometric approach, we observed significant
differences in shape among genera within seven of the eight families in our detailed
analysis. Variation was detected in each body region (head, thorax and abdomen) with
deflections in particular landmarks or entire regions being useful for recognizing some
taxa. Dominant shape characteristics of each family were visible when the shape was
averaged among all specimens in the family, including those identified to genus. Each
genus shares some of the same features with the family average, but genera can still be
distinguished by the unique locations of specific landmarks.
As predicted, we detected significant variation in body shape for specimens
retained at the family level. Higher variability in shape information for this smaller-sized
fraction indicates the presence of multiple species or genera within this portion of the
biomonitoring sample, which may or may not correspond to the taxonomic records for
the specimens of larger size. Thus, geometric morphometric techniques were useful as a
coarse indication of the taxonomic variability within the smaller-sized fraction and
falsifies the assumption that the smallest individuals in the sample are all taxonomically
equivalent.
Applications of geometric morphometrics as a proxy for genus determination for
smaller specimens may be possible as recognition of these shapes could be useful in
taxonomic identification. In fact, automated photographic identification methods are
already being developed (e.g., Lytle et al. 2010). Non-destructive methods like geometric
morphometric and automated imaged-based programs may support the quickly advancing
field of DNA barcoding used for specimen identification (Hajibabaei et al. 2011). As
these technologies develop, become more practical, and less expensive, the combination
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of approaches may ameliorate some of the uncertainty in metrics calculated and
conclusions drawn from size-biased biomonitoring samples.
Grouping the smallest specimens in a sample at the family or even order level can ·
have unpredictable consequences for the calculation of common metrics and parameters
used in biodiversity or biomonitoring assessments. We describe how the characteristics of
the sized-biased portion of a biomonitoring sample may alter several common
community metrics, including richness, evenness, a diversity,~ diversity, trait states, and
functional diversity.
2.5.1.1 Richness, evenness, a-diversity
Richness, evenness and a diversity are fundamental metrics calculated by most
biomonitoring programs and are likely to be influenced in similar ways by the omission
of information on the small size fraction of the biomonitoring sample. Richness is a direct
measure of the number of different tax.a present in a sample (Magurran 2004, ·Magurran
and McGill 2011) or the numbers of higher taxonomic levels present within an order or
family (e.g., EPT richness). Evenness is the parameter that evaluates how the specimens
are distributed among the tax.a present in the sample (Magurran 2004, Magurran and
McGill 2011 ). Diversity is an amalgamated assessment of both richness and evenness
measures and can be calculated according to several different formulae (Magurran 2004,
Magurran and McGill 2011 ). Each of these metrics may over or under-estimate the
properties of the sample depending on the characteristics of the size-biased fraction. The
size-biased fraction may contain only smaller individuals of the same taxonomic groups
(genera) that have already been reported in the sample and in a similar proportion
resulting in .no net change in the basic diversity measure. However, the smaller-sized
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fraction may contain tax.a that have not already been identified in the sample and, given
that invertebrate populations can vary widely both in numbers and distribution (Gaston
and Lawton 1988) sufficiently high numbers of additional specimens may skew the
abundance of both reported and unreported taxa. In this case, richness, evenness and
subsequently a-diversity would be inaccurate underestimates of the biomonitoring sample
diversity measures.
2.5.1.2 8-Diversity
A primary goal of biomonitoring programs is to determine the quality or status of
a site by comparing taxonomic composition between sites using some measure of~diversity: the turnover or change in the community composition between sites (Jurasinski
et al. 2009). Several definitions and calculations apply for ~-diversity determination (e.g.,
Anderson et aL 2006, Jost et al. 2010, Tuomisto 2010a, 2010b); however, each of these
approaches could be influenced by the description of the composition of the size-biased
portion of standard biomonitoring samples. Additional taxon records may result in higher
or lower similarity among sites depending on the biogeographical setting and taxonomic
breadth of the sampling. The omission of this information could increase or decrease site
similarity depending on taxonomic identity and proportion of each taxon in the sizebiased fraction. Inaccurate calculation of ~-diversity parameters may obscure early
signals of degradation or indicate a change that has not occurred potentially leading to
misappropriated time and resources for conservation or restoration practices.
2.5 .1.3 Functional diversity and trait states
Descriptions of functional diversity incorporate elements of both taxonomic and
trait composition (Petchey et al. 2009) and may be sensitive to changes in either
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component. Traits are measurable, heritable characteristics of individuals that are linked
to organism fitness (McGill et al. 2006). Organisms recorded in biomonitoring samples
can be categorized into various trait states (e.g., Poff et al. 2006, Horrigan and Baird
2008, Culp et al. 2011 ). Trait states represent broad categories and provide a coarse
description of community structure, but one that is more easily related to ecological
function (Culp et al. 2011). Trait metrics, such as trait richness and trait diversity will
generally have a lower magnitude than the same metrics calculated for the community
based on taxonomic data, but provide a useful means of community trait comparison
(e.g., Finn and Poff 2005, Bonada et al. 2007, Doledec et al. 2011). Trait metrics m!'y
differ in sensitivity to the trait state records or trait state abundance derived from the
biomonitoring sample. Often, genera within a family share characteristics that are
phylogenetically linked (Poff et al. 2006); therefore, simply adding additional genus
records may not increase the trait states present in the sample. Genera may not always
share the same trait characteristics, however, so failure to observe these hidden trait states
may lead to errors in the descriptions of trait patterns at the community level and lead to

an under-estimate for functional diversity since each additional taxonomic or trait unit
could potentially contribute to a higher value of functional diversity.
Thus, the individual effects of reporting a sized-biased sample can alter the
overall assessment of diversity resulting in either a low risk of over-estimates or a high
risk of under-estimates. The basic assumption regarding the smallest specimens in a
sample is that they are a direct, proportional match for the rest of the specimens. Our
results demonstrate that this assumption can easily be falsified, and there is little
ecological justification for it based on studies of stream-insect larval community
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dynamics (e.g., Elliott 1967). Reasonable and reliable natural resource management
decisions depend on accurate diversity data.

2.6

Conclusions
Valuable information may be gained from an examination of the smallest sized

fraction of a sample depending on selectivity of the collection method and the study or
monitoring objectives. Accurate calculation of biomonitoring parameters may depend on
the composition of the size-biased fraction and can have significant implications for
comparing biodiversity, designing effective biomonitoring programs and managing
ecosystems. The development of standards or thresholds of size for the attainment of
higher or desired level of taxonomic resolution for specimens within different taxonomic
groups could ensure consistent taxonomic effort and enable accurate data comparisons by
taxonomists and biomonitoring programs. This type of information is available in
particular taxonomic treatments (e.g., Trichoptera, Wiggins 1996), but is largely absent
for many taxonomic groups. Once developed, these general or taxon-specific standards
could be evaluated by expert taxonomists for different taxonomic groups and tested by
practitioners and other professionals.
Trait data, such as body size, may be a useful complement or alternative to
traditional taxonomic data as information on many traits can be easily aggregated from
direct observations or measurements of individuals irrespe~tive of size, or can be
retrieved from trait databases (e.g., Tachet et al. 1991, Vieira et al. 2006). Meta-analyses,
detailed studies or simulations, like those used for taxonomic data (e.g., Cuffney et al.
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2007), could be used to optimize biomonitoring data-processing procedures for
taxonomic and trait data (e.g., Mueller et al. 2013).
Studies of taxonomic sufficiency provide scientific evidence and practical
commentary on a challenging topic that has important implications for ecological
assessment, natural resource use, and conservation. A similar assessment of the costs,
benefits, and risks regarding the treatment and analysis of the smaller-sized fraction of
our samples is required. Alternative assessment tools including trait measurement
approaches (Culp et al. 2011, Mueller et al. 2013) and new technology such as DNA- .
based taxonomy (Baird and Hajibabaei 2012) may improve our handling and analysis of
small specimens, and thus, our taxonomic standards and data requirements may need to
shift accordingly as these tools become more available and affordable. Our study
supports the goal of finding the most efficient means to acquire data of the highest quality
for biodiversity and biomonitoring research.
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2.9

Tables

Table 2.1 Morphological landmarks used to characterize larval aquatic insects shape for four orders
(Ephemeroptera, Plecoptera, Odonata, and Trichoptera). Separate landmarks were used to characterize EPO
and T. Annotation based on Merritt et al. 2008. Sliding landmark was used to correct for variation in bent
specimens and was not included in final statistical analysis. Pseudo-landmarks are used along the abdomen
of Trichoptera to aid in measurement.

Landmark

Description

Type

Ephemeroptera, Plecoptera, Odonata (dorsal view)

2

median point on the distal margin of the labrum

II

intersection of the cervix and the median posterior margin of the

II

head
3

anterior median margin of the pronotum •note: this may be the

II

same point as #2
4

posterior median margin of the metanotum

5

variably positioned along the dorsal median line of the abdomen

6

dorsal apex of the supra-anal process

II

left and right distal margin of the head corresponding to the point of

II

7&8

II

sliding

maximum width
9& 10

left and right distal margin of the thoracic region corresponding to

II

the point of maximum width
11 & 12

left and right distal margin of the abdominal region corresponding to

II

the point of maximum width
13

midpoint of the left distal margin of the head between landmark 1

III

and 7
14

junction of the left posterior margin of the head and the left anterior

III

margin of the pronotum
15

junction of the left posterior margin of the metanotum and the left
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III

anterior margin of the first abdominal terga
16

junction of the left anterior margin of tergum 10 (terminal segment)

III

and the left posterior margin of the abdominal tergum 9

Trichoptera (lateral view)

2

distal margin of the labrum

II

intersection of the posterior margin of the head and the cervix (or

II

pronotum if head is not protruding) along the dorsal edge

3

intersection of the anterior margin of the pronotum and the cervix

II

(or posterior margin of head if head is not protruding) along the
dorsal edge *Note: #2 and 3 may be the same if head is not
protruding

4

dorsal margin of the head corresponding to the point of maximum

II

depth

5

ventral margin of the head corresponding to the point of maximum

II

depth

6

midpoint of the distal dorsal margin of the head between landmark 1

II

and2

7

union of the posterior margin of the prothorax and the anterior

II

margin of the mesothorax along the dorsal edge
8

union of the posterior margin of the mesothorax and the anterior

II

margin of the metathorax along the dorsal edge

9

union of the posterior margin of the metathorax and the anterior

II

margin of the first abdominal segment along the dorsal edge

10

dorsal margin of the abdominal region corresponding to the point of

III

maximum depth

11

ventral margin of the abdominal region corresponding to the point of
maximum depth
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III

12

multiple landmarks along the dorsal median line of the specimen
extending from landmark 10 to the base of the anal proleg of
abdominal segment 10 to account for abdomen curvature.

54

pseudo

Table 2.2 Geometric morphometric shape compared among EPTO specimens identified to genus or family
level from 3 biomonitoring samples collect in the Miramichi River Basin on 2 November 2007. MANOV A
of shape weight matrix variables. Body shapes of genus-level specimens differed from family only and
overall family shape.

Taxon

df

Pillai

approx F

numdf

den df

Pr(>F)

p value

Brachycentridae

2

1.33

3.62

36

66

2.93x10-6

0.001

Chloroperlidae

2

0.59

2.76

56

366

7.23x10"9

0.001

Ephemerellidae

4

0.70

8.25

112

4320

2.20x10·16

0.001

Gomphidae

2

1.11

2.89

56

130

3.83x10"7

0.001

Heptageniidae

4

1.17

18.10

112

4892

2.20x10· 16

0.001

Hydropsychidae

2

0.31

1.65

36

328

l.37xto·2

o.os

Leptoceridae

3

2.08

1.51

54

36

9.72xto·2

0.1

Perlidae

4

1.19

3.96

112

504

2.20xto· 16

0.001
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2.10 Figures

Figure 2.1 a) Dorsal view of a stonefly larva (Perlidae) showing position of 16 landmarks used to define

the shape ofEphemeroptera, Plecoptera and Odonata specimens. b.) Lateral view of a caddisfly larva
(Hydropsychidae) showing position of 11 landmarks and relative position of pseudo-landmarks used to
define the shape of T~ichoptera specimens. Position details included in Table 2.1.
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illustrated in Fig. 2.2. Panels are arranged in three columns: all specimens, family only specimens, and
genus level specimens. Eight rows correspond to the eight families in the analysis. The ellipses illustrate
variation in landmark position for all individuals in each taxon as noted in each panel. Body shape outlines
differ between genera, genera and family-only specimens and all specimen shapes. Variation in landmark
position is greater for family-only specimens than for all specimens combined and could represent a
combination of multiple species or genera in this small size class.
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3.1

Abstract

Traits-based analyses of insect assemblages support biomonitoring programme
objectives. To date, however, few traits-based metrics have demonstrated the degree of
sensitivity or discriminatory power required by biomonitoring programmes. Trait
information used for analyses is typically based on static descriptions of dynamic
communities and is attributed only to taxonomic units. Given that traits can vary even
among specimens from the same species, quantifying trait variation and its consequences
could be essential for successful traits-based biomonitoring. Here, we study the
consequences of measuring trait expression among individual specimens versus assigning
trait states from published databases at the taxon level (genus or family) for the
interpretation of trait patterns within aquatic insect assemblages. Specifically, do database
body size trait states accurately reflect measured body size values of aquatic insects·
collected in biomonitoring samples and should body size data be aggregated at the taxon
level or assessed at the specimen level to detect differences among sites? We assessed
body size, a continuous trait linked to fundamental organism properties and ecological
function, for four orders of aquatic insects: Ephemeroptera, Plecoptera, Trichoptera and
Odonata. Invertebrate samples were collected from the Miramichi River basin (New
Brunswick, Canada) according to the Canadian Aquatic Biomonitoring Network method.
Concordance between measured specimen sizes and published trait states was poor; 55%
of tax.a expressed body sizes considerably smaller or larger than assigned database states.
Recalibration of size classes based on specimen measurements yielded three size classes
that facilitated detection of assemblage-aggregated size differences among reference
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sites. Measured body size trait values were able to distinguish these differences in
community structure, whereas values derived from databases yielded erroneous patterns
in the size structure among sites. Gaining accurate ecological insights from traits-based
biomonitoring may require assessing trait properties at the scale of individual specimens.
The benefits of this approach, however, should be balanced against additional effort
required in the context of specific study or programme objectives.
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3.2

Introduction

As a result of ongoing global perturbations due to anthropogenic stressors, fresh
waters are among the most significantly threatened ecosystems on the planet
(Allan, 2004, Vorosmarty et al. 2010). Worldwide, biomonitoring programmes have been
developed to detect ecosystem degradation, prioritise conservation areas and evaluate
restoration progress. In addition.to taxonomic data, the morphological and physiological
properties of benthic macroinvertebrate assemblages - traits - can be used to assess
ecological condition (Bonada et al. 2006, Menezes et al. 2010,_Statzner and Beche 2010).
Traits describe measurable, heritable characteristics of individuals that contribute to
organism fitness (McGill et al. 2006). Trait information can support the assessment of
ecological integrity by characterising ecosystem function and structure, providing
mechanistic explanations and earlier detection of environmental change, which can be
compared consistently among different biogeographic locations (Pollard and Yuan 2010,
Culp et al. 2011).
The application of traits-based analyses has been tested and reviewed for
freshwater systems threatened by various environmental stressors (Menezes et al. 2010,
Statzner and Beche 2010, Brooks et al. 2011, Doledec et al. 2011 ). A few studies have
demonstrated predictable traits-metric responses to natural gradients or anthropogenic
stressors (Doledec and Statzner 1994, Townsend et al. 1997, Statzner et al. 2004, Finn
and Poff 2005, Verberk et al. 2008b, Larsen and Ormerod 2010, Pollard and Yuan 2010).
Several of these and other studies provide examples of trait responses that differ from the
a priori predictions derived from hypothesized mechanisms of response (Resh et al.
1994, Lamouroux et al. 2004, Bonada et al. 2007, Tullos et al. 2009, Brooks et al. 2011,
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Doledec et al. 2011, Feio and Doledec 2012, Zuellig and Schmidt 2012). The
development of a posteriori explanations for unexpected trait patterns limits synthesis
and application (Resh et al. 1994, Verberk et al. 2008a, Statzner and Beebe 2010). Thus,
despite considerable effort to develop effective traits-based methods (Clarke et al. 2006,
Verdonschot and Moog 2006, Carlson et al. 2012), traits-based metrics have not been
fully integrated into many established biomonitoring programmes, with a few exceptions
(Feio and Doledec 2012). Multi-metric indices often use selected traits (Mondy et al.
2012), but such indices suffer from limited geographic scope and can vary according to
system and stressor (Ruaro and Gubiani 2013). Multivariate reference condition approach
models (e.g., RIVPACS, Moss et al. 1987, Wright et al. 1998, Clarke et al. 2003,
Armanini et al. 2013; AUSRIVAS, Smith et al. 1999, Davies 2000) used by several
national biomonitoring programmes still rely primarily on taxonomic rather than trait
data, but recent work by Feio and Doledec (2012) supports the inclusion of trait
information into these types of analyses.
An obstacle to the effective performance of traits-based metrics to detect and
diagnose meaningful change could be how trait properties are defined and applied to
community data. Trait information on aquatic invertebrates is available in. publicly
accessible databases (e.g., US Environmental Protection Agency Freshwater Biological
Traits Database, http://www.epa.gov/ncea/global/traits/; the Taxa and Autecology
Database for Freshwater Organisms, http://www.freshwaterecology.info; and Tachet et
al. 1991, Usseglio-Polatera et al. 2000a, 2000b). Trait databases include information on a
variety of organismal traits, such as size, shape, functional feeding group, respiration
mode as well as many other morphological, behavioural and ecological characteristics.
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Each trait possesses multiple modalities or states, for example, size is often partitioned
into states such as small, medium and large. Trait state records for a taxon are usually
based on published taxonomic accounts, reports and selected studies that have been
compiled from numerous sources (Vieira et al. 2006). These types of records are often
restricted to only a few populations with detailed morphological data provided by
examination of a subset of voucher specimens, although efforts to gather additional data
are ongoing (e.g., freshwaterecology .info). The resulting trait data matrix may be
geographically restricted and has not been independently or empirically vetted for actual
aquatic invertebrate communities in a biomonitoring context. Merritt et al. (2008)
suggested caution in using such broadly generalised trait information in their highly cited
taxonomic treatment of North American aquatic insects. Additionally, several methods
can be used to link trait data to taxon occurrence. These methods include binary trait
selection based on geographic constraints (Horrigan and Baird 2008), majority
designation based on trait occurrence in component lower taxonomic groups (Tullos et a_l.
2009) and analytical procedures such as 'fuzzy-coding' (Chevenet et al. 1994, Doledec et
al. 1999) and taxon-weighting (Monaghan and Soares 2013). All of these methods
attribute trait states at the taxon level regardless of whether the trait state is expressed by
the organism collected.
Aquatic insect assemblages are composed of many taxa, themselves represented
by mixtures of ages and developmental stages which may possess different habitat
requirements, trophic positions, behaviours or ecological functions (Hynes 1976,
Peckarsky 1982, Moreira and Peckarsky 1994, Hanquet et al. 2004, Reich and Downes
2004, Sagnes et al. 2008). Thus, effectively summarising the traits of these assemblages
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is challenging. Some organismal traits are discontinuous or discrete, such as respiratory
mode, mode of feeding or trophic position. These categorical traits might seem easier.to
characterise, but may not be mutually exclusive for many tax.a across all life stages.
Continuously varying phenotypic characters, such as body size, are notoriously difficult
to categorise in a concise or consistent fashion. Predictable ontogenetic variation and
phenotypic plasticity that enables organisms to adapt to local conditions can contribute to
high natural variability and result in tax.on-trait mismatches. These discrepancies may
obscure linkages between stressors and summarised trait states or metrics, particularly if
a significant proportion of the individuals grouped within a taxon do not possess the
assigned trait state. Thus, representing these variables as discrete trait states may not
adequately represent natural assemblages (Verberk et al. 2013). Higher resolution trait
information may be required to achieve biomonitoring objectives.
Traits-based biomonitoring methods could be used to detect environmental
degradation before a change in taxonomic composition occurs, but only when trait~
composition is disconnected from taxonomic composition. When traits are assigned per
tax.on, trait composition is inescapably linked to taxonomic composition and therefore
may not have greater discriminatory power over current taxonomic metrics. Examining
traits at the specimen level, uncoupling trait data from taxonomic identity, allows traits to
be used to provide an independent assessment of site condition. Thus, traits-based .
biomonitoring requires identification of appropriate criteria to apply trait information to
community data.
Body size strongly mediates ecological function and is linked to physiological
properties (e.g., metabolism, fecundity) and life history characteristics (e.g., dispersal),
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which determine species performance in different habitats (Brown 1995, Gayraud et al.
2003, Robson et al. 2005, McGill et al. 2006, Doledec and Statzner 2008, Chown and
Gaston 2010). The body size distribution of a community is ecologically informative
(Woodward and Hildrew 2002, Woodward et al. 2005, Hildrew et al. 2007) and can be
used to compare similar habitats (Robson et al. 2005). Since body size among individuals
of the same t'axon can differ by orders of magnitude within and across habitats (Brown
1995), it is prudent to quantify variation in body size before arbitrarily assigning trait
information to a taxon or specimen.
Intra-taxon trait variability, including body size, has important implications for
biomonitoring studies. Continuous traits can be measured rather than summarized into
discrete categories and assessed independently of taxonomic data when applied to
individuals. This approach could add discriminatory power to compare ecological
condition across sites. Therefore, we examine an important continuous trait, body size,
from an empirical perspective and assess its concordance with current trait database
values. We investigate whether body size trait states listed in databases accurately
represent the body size values of aquatic insects collected for biomonitoring ·and whether
attributing body size information to individuals provides a better characterisation of
community size structure among reference sites. We propose that development of traitsbased analyses of aquatic insect assemblages can benefit from a careful examination of
individual trait expression at the scale of individuals to account for variability in trait
data.
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3.3

Methods

3.3.1 Study Area

Benthic invertebrate collection sites were located in the Miramichi River basin
(New Brunswick, Canada). The Miramichi basin is located entirely in the province of
New Brunswick and occupies an area of 13,800 km2, which drains into the Gulf of St.
Lawrence (Swansburg et al. 2004). Three reference sites were selected to provide
a gradient of flow and substratum conditions (Table 3.1.). Samples were obtained from
one location on the South Branch Renous River (SBREN) and two locations on the
Dungarvon River (Fig. 3.1.); one sample was taken approximately 23.4 km upstream
(mid-stream, DUNMR) of the second sampling location (downstream, DUNDS).
Reference sites were classified according to Canadian Aquatic Biomonitoring Network
(CABIN) criteria as assessed in 2010 (Environment Canada 2012).
3.3.2 Aquatic insect sampling

Benthic macroinvertebrate samples were collected using a three-minute kick-net
(mesh size 400 µm) procedure ~ccording to the CABIN protocol (Environment Canada
2012). This approach provides an integrated sample across the primary microhabitats
available in each reach. Samples were collected in late autumn (2 November 2007) in
accordance with the CABIN protocol to coincide with stable, wadeable flow levels and
maximise collection of mature or near-mature aquatic insect larvae for many Canadian
river systems (Environment Canada 2012). Samples were preserved in 10% buffered
formalin for 24--48 h to fix biological tissues and prevent specimen distortion (Leuven et
al. 1985, Stoffels et al. 2003). Following formalin treatment, samples were transferred to
70% ethanol for storage, sorting and identification.
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3.3. 3 Specimen processing

We extracted our target taxa, Ephemeroptera, Plecoptera, Trichoptera and
Odonata (EPTO), from each sample. Preserved material was used to replicate the
standard biomonitoring sample workflow and represents the majority of material
available for trait assessment. The use of preserved material reduced ha~dling time to
maximise the number of specimens used for the analysis. Any damaged, distorted or
aberrant specimens caused by abrasion with substratum material during sample collection
and processing or the effects of the preservation procedure were removed (<5% of the
total specimens retrieved for this analysis). The remaining specimens were identified to
the lowest possible taxonomic level (family or genus; Merritt et al. 2008) and digitally
photographed with the aid of a stereomicroscope (Leica Mz 16 A with attached 10446261
0.639 extension tube, Wetzlar, Germany; Q Imaging MicroPublisher 5.0 RTV, Surrey,
BC, Canada).
We used total body length (anterio~ margin of the head to posterior tip of the last
abdominal segment) as our proxy of body size. Lengths were measured from the
calibrated digital photographs of the preserved material using AutoMontage Pro software
(Syncroscopy; Synoptics Ltd., Cambridge, U.K.).
3.3.4 Evaluating database body size trait states correspondence to measured body size
values

Body size is a continuous trait that is categorised in different ways among aquatic
invertebrate trait databases: maximal body size with seven trait states (Usseglio-Polatera
et al. 2000a, 2000b), body size with four trait states (Vieira et al. 2006) and body size at
maturity with three trait states (Poff et al. 2006; US EPA database). We compared our
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measured body size values to the trait states provided by the USEPA Freshwater
Biologica,l Traits Database: small< 9,000 µm; medium 9,000-16,000 µm; large> 16,000
µm; http://www.epa.gov/ncea/global/traits/, accessed April 2012). Currently, the USEPA
database represents the most comprehensive trait database for North American aquatic
invertebrate tax.a and describes taxa known to occur in our Canadian samples. The
application of these database states ensures the most appropriate trait classification for
our tax.a as tr~it information from other databases covering different geographic regions
may not be appropriate for North American tax.a and introduce another source of
potential misclassification.
Higher taxonomic resolution (i.e., species) could reduce intra-tax.on size variation
and potentially alter trait state assignment, although it is worth noting that this level of
taxonomic identification cannot be achieved consistently across all instars (Orlofske and
Baird 2013). Therefore, it was necessary to summarise database body size trait states for
each tax.on identified from our samples at either the family or genus level. Family-level
trait state assignments were based on trait records from genera only found in Atlantic
Canada based on CABIN database records (http://www.ec.gc.ca/rcbacabin/default.asp?lang=En&n=4A1D6389-l, accessed April 2012).
Body size information was available for all but one taxon, resulting in exclusion
of <1 % of specimens collected (n = 44). Correspondence of measured body size values to
database trait state was assessed for each tax.on by comparing the median body size
measurement to the range for the database body size trait states. If the median body size
for the tax.on fell outside the bounds of the database range, the record was considered a
misclassification. Similarly, we compared the maximum body size for each tax.on to the
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corresponding database range because the database values are expected to reflect
maximum larval size prior to maturation. We tallied the number of specimens _that were
not properly classified to illustrate the severity of the data mismatches.
3.3.5

Classification of body size trait states based on measured trait data

We sought to refine the body size trait states using measured body size
distributions. Body size distributions were visualised to determine natural breaks using
kernel density estimates generated from the size measurements of the aquatic insect
specimens. Body size classes, comparable to the body size trait states available in the trait
database, were tested with a k-means cluster analysis preformed for one to seven
potential groupings (Maechler et al. 2012). The cluster analysis identified the sizes that
occurred with the highest frequency among our measurements of the jnsect populations.
The optimal number of groups and group membership for measured size classes were
determined using explained variance of alternative grouping structures and visualisation
of the slope of the elbow criterion (PAM function). We selected the number of partitions
in the data that maximized the variance explained by the clustering algorithm without
overfitting the data into more size classes that would not significantly increase explained
variance. Once the number of groups was selected, the median and upper and lower
bounds were calculated. Each individual specimen was classified into a single size class.
Each taxon was assigned a size class based on the highest frequency of constituent
specimens within a particular size class. The reclassified data were used to compare how
well the alternative classification schemes represented the size structure of the sites.
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3.3.6

Testing specimen size or database body size trait states to detect differences
among reference sites

A nonparametric Kruskal-Wallis test and subsequent Tukey-like multiple
comparisons (Aho 2011) were used to compare the measured body size distribution
among the three reference sites. The rank test was more appropriate for evaluating this
objective since we were evaluating similar non-normal data distributions with less
emphasis on differences among means. However, a one-way ANOVA on logarithmically
transformed data produced concordant results for a comparison of the body size median
at each site. A chi-squared test was used to compare the proportions of body size trait
states and measured size classes among sites. All calculations were carried out in the R
programming environment (R Development Core Team 2012, R Studio 2012).

3.4

Results

The three biomonitoring samples yielded 4, 723 intact specimens for body size
measurement. Identifications included 28 families and 44 genera, with nine specimens
retained at the order level (Trichoptera and Plecoptera). A total of 66 unique 'lowest
taxonomic units, occurred among the samples (Appendix 2.).
3.4.1

Evaluating database body size trait state correspondence to measured trait values

'The median size for more than half of the taxa (-55%, 35/64) did not correspond
to their assigned trait database state (Fig. 3.2.). Only one of the misclassified taxa,
Cheumatopsyche, had a median size that exceeded its database body size range. The

median size for all other misclassified taxa occurred below the expected range (Fig. 3.2.).
The size distributions of many taxa possessed a high degree of natural variability as
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demonstrated by the interquartile range, which spans more than one trait state for four
tax.a: Dolophilodes, Cheumatopsyche, Paragnetina and Pteronarcys (Fig. 3.2., Appendix
3). In a few cases (e.g. Hydropsyche and lsonychia), the size distribution of the taxon
approaches the boundaries for the corresponding trait database state, but do not attain the
threshold. One appropriately classified tax.on, Dolophilodes, has a distribution aggregated
at the upper boundary of its designated trait database range.
The maximum size for larval specimens also produced a similar number of
misclassifications for trait database states (-53%, 34/64). Classification based on the
maximum size allowed a few tax.a to achieve their designated trait database range
(Hydropsyche andlsonychia), however, three additional tax.a exceeded the upper

boundary of their expected trait database range (Dolophilodes, Paragnetina and
Hydropsychidae; Appendix 3).
The classification of individual specimens into trait database states paralleled the
results of the taxonomic analysis. Overall, 44% (2,061/4,670) of specimens possessed
sizes that were either above or below the designated range for the trait database state
attributed by their taxonomic identity. The highest proportion of misclassified specimens
(-97%, l,751/1,798) occurred for the state representing the medium body size trait state
(9,00~ 16,000 µm). In this case, the majority of specimens were smaller than expected,
however, two specimens within Paragentina (Plecoptera) exceeded their expected size
· range. The lowest proportion of erroneous specimen records occurred for the small body
size trait state (<9,000 µm), and all the misclassifications were specimens larger than the
bounds for the trait state range (-0.5%, 14/2,559), including specimens within the
Trichopteran genera Cheumatopsyche and Dolophilodes. Conversely, the inaccurate
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specimen records for the large body size trait state (> 16,000 µm) were all specimens that
failed to achieve the size threshold for the category (-95%, 296/313).
3.4.2

Classification of body size trait states based on measured trait data

Cluster analysis revealed three primary size groups within the data set. These
three size classes maximised the cumulative variance explained. Partitioning the size
distribution into more size classes did not contribute significantly to the explained
variance in the analysis. Therefore, we partitioned the continuous EPTO body size
distribution into three size ranges (<3,725 µm, 3,726-10,000 µm and >10,000 µm) based
on the size ranges of each of the size clusters (Fig. 3.3.). Each of these categories is an
equivalent order of magnitude to the trait database size trait states, but is shifted towar~
lower values to appropriately reflect the abundance of smaller specimens and taxa
encountered in our biomonitoring samples.
3.4.3

Testing specimen size or database body size trait states to detect differences
among reference sites

Measured trait data were used to describe patterns in assemblage size structure
among the three reference sites. The body size distribution generated by the measurement.
data was bimodal and skewed towards smaller body sizes for each site (Fig. 3.3.).
Significant differences in the frequency of organism sizes were observed among sites (K

= 427.8, d.f. = 2, P < 0.0001), with post hoc analyses indicating that all site comparisons
were different. SBERN had the smallest specimens and the highest overall density of
small specimens followed by DUNDS and finally DUNMR, which also had a slightly
higher density of larger specimen (Fig. 3.3.). We compared three methods that can be
used to describe the body size structure of the assemblage - trait database body size trait
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states- small (<9,000 µm), medium (9,000-16,000 µm), large (>16,000 µm) size classes
applied to tax.a as fixed states and measured specimens using our estimated size classes:
1: <3,725 µm, 2: 3,726-10,000 µm and 3: >10,000 µm (Fig. 3.4.). By applying the trait
database states to our data set, the proportion of database states differs among sites (Fig.
3.4.a), but does not reflect the actual size distribution (Fig. 3.3.). The proportion of trait
state medium is artificially inflated at DUNMR and the proportion of trait state small is
reduced for SBREN (Fig. 3.4.a). All three sites possess a higher proportion of trait state
large than occurred in the data (Fig. 3.4.a). Our estimated, rescaled size classes applied to
taxonomic groups as states demonstrate slight improvement over database states (Fig.
3.4.b). Size classes correct the proportion of size class one (<3,725 µm) observed for
DUNMR and SBREN. The rescaled size classes also provide a more accurate proportion
of size class two (3, 726-10,000 µm) for DUNMR and size class three (> 10,000 µm) for
all sites, but fail to discriminate differences between DUNMR and DUNDS (Fig. 3.4.b).
Classifying individual specimens based on size using the rescaled size classes retained
the structure of size distribution pattern at each site, and differences among sites were
observed (Fig. 3.4.c). SBREN has the highest proportion of size class one (<3,725 µm),
DUNMR has the highest proportion of size class two (3, 726-10,000 µm) and three
(>10,000 µm), and DUNDS is intermediate (Fig. 3.4.c).

3.S

Discussion

Body size is a fundamental organismal property that varies at the individual level,
and examination of community size information can reveal important spatial and
temporal patterns (Robson et al. 2005, Chown and Gaston 2010). Identifying the most
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appropriate scale to collect and analyse community size information can enhance
determination of site condition and habitat suitability. We evaluated the efficacy of
separating a continuous trait, body size, into discrete categories and applying body size
categories to aquatic insect taxonomic groups or individual specimens to infer site
properties from biomonitoring data.
3.5.1

Methods/or summarising continuous trait information/or biomonitoring

Traits are expressed by individual organisms, can be measured and should relate
to organism fitness (McGill et al. 2006), yet the primary applications of trait information
for biomonitoring using aquatic insects rely on traits, both continuous and discrete,
summarised into states. Trait states may incorrectly portray the trait expressed by the
organism, resulting in a mismatch between the actual trait value and the database values
used for analysis and interpretation. We demonstrate this potential source of error by
comparing our measurements of body sizes to North American trait database states for
key aquatic insects found in our samples. Body size trait states defined in several trait
databases are based on the maximum size achieved by aquatic insects during the larval
stage. This can systematically overestimate the size range of individuals within composite
biomonitoring samples. Aquatic insects, like their terrestrial counterparts, grow through
multiple orders of magnitude during their development (Chown and Gaston 2010,
Woods 2013) and exhibit type 3 mortality (sensu Pinder et al. 1978), resulting in greater
numbers of individuals of initial larval stages relative to the number surviving to
adulthood (Birch 1948). Other organismal traits such as phenology, voltinism and
emergence synchrony may also contribute to the overall size variability of the aquatic
insects collected in biomonitoring samples (Huryn and Wallace 2000). These properties
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of aquatic insect populations make it more likely for specimens, which are smaller than
their projected maximum size, to dominate biomonitoring samples. This prediction is
evident in our samples as <1 % of misclassified specimens exceeded their expected body
size trait state range; all of the remaining misclassified specimens were smaller than
estimated by the trait database states. The interpretation of conventional database body
size trait states for biomonitoring may misinform aquatic insect assemblage structure and
inferences of habitat conditions.
Rescaled body size classes or trait states may improve data quality for traits-based
biomonitoring approaches. We partitioned continuous body size measurements into size
classes that more accurately reflect aquatic insect assemblage size structure. The
modified size ranges represent the body sizes present in the sample rather than the
'

expected body size of mature larvae, but can be applied in the same types of analyses as
conventional trait states. Our reclassification, however, is limited to four orders of aquatic
insects. A comprehensive analysis of the entire benthic macroinvertebrate community
would extend beyond the scope of the present study and may suggest additional
modifications to both the number of categories and the specific size ranges for revised
body size trait states.
Although additional data may be useful for establishing more meaningful trait
states for body size, any classification scheme for a continuous trait, such as body size,
may fail to adequately represent the trait properties of the biological assemblage and
restrict inference (Verberk et al. 2013). The body size distribution of a sample can be
used directly as the response variable for site assessment.
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Observing patterns in body size can lead to the development of specific
hypotheses to aid in site assessment and contribute to stressor diagnosis at impacted sites.
For example, body size has been proposed as a potential indicator of global climate
change impacts (Parmesan 2006, Gardner et al. 2011, Forster et al. 2012). Therefore,
improved data resolution on body size patterns may be useful as a signal of climateinduced community changes which precede phenological shifts and range modifications
while simultaneously influencing other traits such as emergence synchrony (Harper and
Peckarsky 2006) and voltinism (Braune et al. 2008). These patterns, as well as other
differences among sites, might only be observed reliably when size is evaluated as a
continuous variable.
Conventional traits-based approaches attribute trait information to each taxon
observed in a sample. This practice treats all individuals of a taxon as equivalent and
even with improved trait state definitions may not fully account for intra-taxon
variability. However, by measuring traits, such as size, for individual specimens, the data
is a realistic accounting of organism status, condition and functional role at a site. These
data can be more easily quantified, classified and subjected to more rigorous statistical
tests. Moreover, the scope of trait data is not restricted by the availability of trait database
records. Measuring trait data at the individual level also makes it possible to consider trait
data independent of taxonomic identity, reducing barriers due to taxonomy and
biogeography. Recent literature exploring specimen level patterns in ecotoxicological and
ecophysiological traits of aquatic insects supports measuring traits at an individual level,
rather than aggregating traits at the taxon level, to substantially improve interpretation of
trait-stressor relationships (Rubach et al. 2012) or evaluate ecophysiological properties

79

(Back and King 2013). Indeed, only in community analyses of invertebrate samples is
routine evaluation of individual specimens an issue due to vast quantities of specimens
and high diversity causing taxonomic complications and time constra~nts (Orlofske and
Baird 2013). The assessment of physical measurements of plant and vertebrate traits for a
variety of ecological studies is more common (e.g. Cornelissen et al. 2003 for plants;
Adams et al. 1993 for fish).
3.5.2

Comparing performance ofdifferent trait summary approaches

The primary objective of many biomonitoring programmes is to distinguish
patterns among sites that are indicative of environmental condition or change (Rosenberg
and Resh 1993). We evaluated the performance of conventional database body size trait
states and our size classes applied to taxonomic units OJ:.' individual specimens to detect
meaningful patterns among references sites. In our analysis, applying the trait states or
size ranges from the North American trait database (i.e., USEPA database) failed to
appropriately characterise the size structure of the aquatic insect community among
reference sites. Similar size discrepancies may occur with other trait databases, although
these could not be explored, since our data were restricted to North American sites. Our
rescaled size classes applied to taxonomic groups improved data resolution to
characterise the body size structure of the aquatic insect assemblage, but did not account
for intra-taxon variability. As a result, patterns at the site scale remained highly skewed.
In contrast, classifying each individual based on measured size provided a more
consistent and informative description of size trends, ~oth within and between sites.
Either of these summarising methods provided a good approximation ofbody size as a
continuous variable - the standard to which we compared each method. We conclude that
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measuring continuous traits, such as body size, at the individual specimen level, provides
biologically relevant and ecologically informative trait information to support site
comparisons.
Patterns in body size may relate to different environmental conditions among our
sites. For reference sites, these differences likely relate to variation in physical habitat
parameters, including temperature, hydraulic complexity and flow regime, which may
impact aquatic insect growth rates (Ward 1992, Huryn and Wallace 2000). Limited data
on these and other parameters were available for evaluating site conditions for these
samples; however, subsequent work on these sites has confirmed natural variation in
hydrologic and hydraulic properties consistent with the body size patterns observed (J.M.
Orlofske and D. J. Baird, unpublished data).
Trait information, especially at the specimen level, can elu~idate site-level
responses or conditions. Empirical support for measuring body size, such as our study,
will encourage the development of more efficient methods for collecting size information
from bulk aquatic biomonitoring samples to provide more effective discrimination of
natural variation among sites or habitats impacted by current or predicted environmental
stressors.
3. 5. 3

Considerations for traits-based biomonitoring

The collection and processing ofbiomonitoring samples can be expensive and
time-consuming. Trait determination, such as size measurement, adds to time and labour
considerations as well as methodological processing requirements for biomonitoring
programmes. Fresh biological material may be more appropriate for the determination of
specimen size, as some types of preservation may cause specimen shrinkage. Yet,
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preserved material provides many practical advantages for efficient specimen
identification and measurement and is standard practice for many biomonitoring
protocols (Carter and Resh 2001). Therefore, any future integration of direct trait
assessment, including size, would probably need to accommodate sample preservation.
Our results indicate that any specimen shrinkage attributable to preservation is probably
minimal, as selected individuals of several taxonomic groups achieved or even exceeded
their estimated mature larval size based on trait database values. Many of the specimens
that did not achieve their expected trait database state were considerably smaller than
expected, and it is unlikely that this is due to the effect of preservative alone. Declaration
in individual studies and annotation of trait database records of whether size values were
determined on fresh or preserved material along with the type of preservation used would
allow for cross-validation and comparison.
The resolution and applicability of both trait and taxonomic data must be
evaluated in the context ofbiomonitoring, because traditional traits-based approaches
link trait database states to taxonomic determinations. Higher resolution taxonomic
information (e.g. species level) can improve the quality of inference from biomonitoring
data (Lenant and Resh 2001), but it is difficult to achieve given reasonable constraints on
processing times, taxonomic expertise and specimen maturity (Bailey et al. 2001, Mueller
et al. 2013, Orlofske and Baird 2013). Therefore, taxonomic data resolved at the genus or
family level are common for many biomonitoring applications (Carter and Resh 2001).
Trait database states summarised for each coarser level (family or genus}, regardless of
trait attribution methodology, may increas~ variability or noise, because each coarser
level describes an increasingly larger number of constituent taxa that may have different
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growth trajectories or maxima. The coupling of trait and taxonomic information can
obscure actual sample properties, since trait information applied to a taxon, even at the
species level, may still misrepresent the actual properties (e.g., size) of the specimens
occurring in the biomonitoring sample. Assessing the traits of individual specimens
provides accurate trait information for the sample and can be analysed independently of
taxonomic data, as we demonstrate in this study (e.g., Fig. 3.4.c). Balancing the practical
aspects of both taxonomic and trait resolution of data requires a thorough understanding
of the assumptions inherent in each classification step for both taxonomic and trait data.
Trait databases are valuable repositories of functional character information on
aquatic insect ecology that contribute to the creation of enhanced biomonitoring
techniques. However, the existence of trait databases does not mean that researchers and
practitioners should assume that these data are the most appropriate measures for every
trait. Trait measurement data can support the definition of trait states that are more
representative of specimens collected for routine biomonitoring, fill gaps in the trait
records for many taxa and validate trait data from multiple sources (Fitzsimmons 2013).
Different forms of trait data could be incorporated into trait databases and used for
comparative assessments, including means, medians, ranges or quartiles. Refinement to
many traits, such as body size, could be accomplished using measurement data
accumulated by dynamic, semantic trait databases (Baird et al. 2011). This process of
compiling trait data already occurs for some trait databases (e.g., freshwaterecology .info).
Development of traits-based biomonitoring tools that are both precise and reliable will be
more successful with an increased investment towards the collection of high quality trait
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data and metadata to be used in analyses and biomonitoring applications (Baird et al.
2011).
Prioritisation of programme or study objectives and budgetary considerations may
determine whether it is beneficial to assess continuous trait data at the scale of individual
specimens or whether trait and tax.on categories can be applied. It may not be necessary
or appropriate to evaluate detailed size information for every instance of biomonitoring
data collection. Coarse descriptions of sites using trait database states may be sufficient
for the initial characterisation of site status or to expedite surveys on many sites, but
stressor diagnosis and enhanced prediction for changes in site condition may benefit from
more detailed trait information (Culp et al. 2011). It is essential that project managers and
researchers understand the trade-offs between effort and benefit with assumptions
inherent in trait data collection to select the appropriate level of data resolution. Improved
techniques and technology will enable more cost- and time-effective application of trait
assessment for biomonitoring, and further research will refine recommendations for when
trait measurement can support programme objectives and develop protocols for consistent
trait assessment (Cornelissen et al. 2003).
Direct trait measurement data may provide greater ecological information than
trait states alone, improving our ability to determine ecological condition from traitsbased biomonitoring and linking community dynamics and other ecological properties
(Bolnick et al. 2011 ).
Thus, actual data values may provide better inputs to enhance stressor-specific
predictive models than trait states (Verberk et al. 2013). A standard workflow to process
biomonitoring samples, which incorporates measured trait data (Ramsay et al. 1997),
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could be developed to provide reliable, standardised, comparable trait data for traitsmetrics development and eventually site classification and stressor diagnosis. The
establishment of next-generation databases that incorporate direct trait measurement data
from studies or monitoring programmes could provide additional data for future
applications and meta-analysis (Baird et al. 2011). Realising the full benefits of traitsbased biomonitoring depends on evaluating trait properties and accounting for natural
organismal variability while balancing additional time and financial cost in the context of
specific study objectives.
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3.8

Tables

Table 3.1 Summary of water chemistry and channel characteristics obtained during biomonitoring
sampling at three locations in the Miramichi Basin on 2 November 2007. Water chemistry parameters were
obtained using a YSI Multi-parameter probe. Channel characteristics describe the stream profile used for
the determination of discharge (Sontek Flowtracker) following benthic sample collection. Median percent
embeddedness is given for the area used for benthic sampling. Average and maximum substratum (cobble)
size is also provided.

Site
South Branch

Dungarvon

Dungarvon

Renous

Downstream

Mid-Reach

Abbrev.

SBREN

DUNDS

DUNMR

Latitude

46.79287

46.81393

46.70777

Longitude

-66.48058

-65.91795

-66.15686

Temp. (0 C)

3.59

6.60

5.42

Dissolved Oxygen (mg/L)

13.32

16.56

14.82

36

26

38

pH

7.25

6.96

6.39

Mean

33.5

42.5

33.1

Max.

48

67

56

Mean

0.32

0.56

0.63

Max.

0.49

0.71

0.81

Bankfull

33.3

42.3

34.4

Water Chemistry Parameters

Conductivity (µSiem)

Channel Characteristics
Depth (cm)

Velocity (mis)

Width (m)
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21.7

28.0

24.7

2.34

6.64

5.12

0

0.2

0.15

Mean

11.6

6.6

9.4

Max.

24

11

19

Wetted
Discharge (m3/s)
Substrate Variables

Embeddedness (%)
Size (cm)
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Figure 3.1 Map of New Brunswick, Canada, indicating three benthic invertebrate sampling locations in the

Miramichi River basin used in this study.
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Maccaffertium
Ephemerellidae
Eurylophella
Micrasema
Setodes
Serrate/la
Oxyethira
Caenis
Baetidae
Attenella
Acentrella
Lepidostoma
leptophlebiidae
Leuctridae
Hydroptila
Lepidostomatidae
Capniidae
Haploperla
Paracapnia
G/ossosoma
Glossosomatidae
Hyd ropsych id ae
Choroterpes
Chimarra
Helicopsyche
Philopotamidae
Dolophilodes
Cheumatopsyche
Leptoceridae
Heptageniidae
Epeorus
Stenonema
Rhithrogena
Ceraclea
Ephemerella
Taeniopterygidae
Taenionema
Paraleptophlebia
Mystacides
Lanthus
Chloroperlidae
Suwallia
lsoperla
Neureclipsis
Brachycentridae
Hydropsyche
lsonychia
Rhyacophila
Brachycentrus
Apatania
Apataniidae
Paragnetina
Limnephilidae
Perlodidae
Gomphidae
Perlidae
Ophiogomphus
Agnetina
Acroneuria
Hansonoper/a
lsogenoides
Boyeria
Coenagrionidae
Pteronarcys
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Figure 3.2 Boxplot of body size variation for 64 aquatic insect taxa for three typical biomonitoring samples
collected from three stream reaches in the Miramichi River basin, Canada, on 2 November 2007. The grey
boxes represent the USEP A trait database body size trait state for each taxon. Taxa are arranged by size
within each USEPA trait database body size state category: small (<9,000 µm), medium (9,000-16,000 µm)
and large (> 16,000 µm).
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Figure 3.3 Kernel density plot ofEPTO body size distribution for each New Brunswick stream site
partitioned into three size ranges (<3,725 µm, 3,726-10,000 µm and >10,000 µm) based on a cluster
analysis procedure. Distribution ofEPTO body size varies significantly by site. EPTO, Ephemeroptera,
Plecoptera, Trichoptera and Odonata.
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4.1

Abstract

Body shapes of aquatic insect larvae reflect phenotypic responses to complex
environmental conditions and can be used to infer habitat properties and indicate natural
and anthropogenic perturbations in river ecosystems. Investigation of relationships
between body shape and physical-habitat characteristics has been restricted by a lack of
an objective schema for quantitative characterization of body-shape variation. We present
a functional ecological framework for body-shape classification based on defined criteria.
We applied a geometric morphometric (GM) approach to the general classification of
body shape in 4 morphologically diverse orders, Ephemeroptera (E), Plecoptera (P),
Trichoptera (T), and Odonata (0) collected from 3 sites with contrasting hydrological and·
hydraulic characteristics.. We describe a robust classification of body shapes for E, P, and
0, which possess a compartmentalized body plan, and suggest a preliminary
classification for T. We compared GM body shapes with body-shape trait states available
in trait databases and found discordance between the 2 classifications. We explored the
value of GM body shapes to describe taxon shape structure of reference sites and to
detect variation reflecting physical properties of the sites. GM body-shape classes can
augment the trait states already available and enhance inference regarding habitat status.
Patterns in the shape strategies of aquatic insects, particularly EPO taxa, can be used to
extrapolate shape information for other taxonomic groups. GM provides a stable shape
classification that can contribute to the description of different ecological strategies of
aquatic insects. Expanding the scope of shape information available for many taxonomic
groups can improve our understanding of how organism phenotype relates to
environmental conditions and support traits-based assessment.
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4.2

Introduction
Body shape or form is an important phenotypic character of aquatic organisms and

reflects morphological adaptation linked to life-history strategies in the 3-dimensional
volume of aquatic habitats (Purcell 1977, Vogel 1994). Body shape has been studied
extensively for aquatic vertebrates, especially fish, with a focus on morphological
properties that contribute to feeding and locomotion (Webb 1984, Haas et al. 2010, Farre
et al. 2013). Body shape is also a valuable functional attribute of aquatic insects, but it
has received only sporadic attention, generally focused on a limited selection of families,
genera, and species (Sheldon 1980, Smith and Dartnall 1980, Hogue and Hawkins 1991,
Sites et al. 1996, Arnqvist and Johansson 1998, Funk et al. 2008, Giacomini and de
Marco 2008, Lee and Lin 2012, Miiller-Peddinghaus and Hering 2013) with little
integration among studies regarding the influence of environmental characteristics on
aquatic insect shape.
Aquatic systems present insects with physical conditions that can impose
significant fitness chal~enges on physiological and morphological adaptations, i.e., the
habitat templet (Southwood 1977) influences both taxon~mic and trait-occurrence
patterns (Townsend and Hildrew 1994, Poff 1997). In lotic environments, body shape
affects how aquatic insects cope with complex micro- and mesoscale flow environments
(Statzner and Holm 1982, 1989, Smith and Dartnall 1980, Statzner 1988, 2008).
Mediated through other morphological traits, such as body size, body shape interacts with
flow forces including turbulence, fluid viscosity (Reynolds numbers), boundary layers,
and shear stress (Statzner and Holm 1982, Smith and Dartnall 1980, Statzner 1988,
Peckarsky et al. 1990, Sagnes et al. 2008, Oldmeadow et al. 2010). Body shape couples
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fluid properties with morphological characteristics and may correspond to behavioral
responses, including movement patterns and orientation to flow and suspended materials.
Positive responses to water movement may increase respiration rates or accelerate seston
delivery to filter feeders (Davis 1986, Vogel 1994, Lacoursiere 1991, Statzner 2008).
Negative responses may arise through abrasion from sediment in the water column or
detachment from the substrate (Davis 1986, Peckarsky et al. 1990, Oldmeadow et al.
2010). Thus, body shape has implications for how aquatic insects use their habitat and the
inferences that can be drawn from their occurrence in a stream (Smith and Dartnall 1980,
Oldmeadow et al. 2010).
Body-shape data have been used to assess ecological consequences of natural and
anthropogenic perturbations in aquatic systems, particularly hydr9logical alteration
(Horrigan and Baird 2008, Brooks et al. 2011), sedimentation (Doledec et al. 2006), or of
multiple stressors associated with land use and industrial development (Doledec et al.
1999, 2006, 2011 ). Body shape generally was just one of many traits used in these
analyses to form the basis for traits-based metrics, which can support biomonitoring
program objectives. Public databases are repositories of aquatic-insect shape-trait
information (e.g., US Environmental Protection Agency [EPA] Freshwater Biological
Traits Database, http://www.epa.gov/ncea/global/traits/; Taxa and Autecology Database
for Freshwater Organisms, http://www.freshwaterecology.info; Tachet et al. 1991,
Usseglio-Polatera et al. 2000a, b). In these databases, body shape/form information
typically is compiled from species descriptions and taxonomic revisions and only rarely
from ecological studies (Poff et al. 2006, Vieira et al. 2006, Culp et al. 2011). Taxonomic
sources ofbody-shape information often describe an idealized form of the organism and
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provide little data regarding ontogeneti~ variation or phenotypic plasticity within or
between habitats across the geographic range of a taxon. Such variation in body shape
could inform ecoevolutionary dynamics as has been hypothesized for other traits (Berg
and Ellers 2010, Bolnick et al. 2011 ).
Availability of body-shape trait records is limited for many taxa. The absence of
body-shape trait records may cause loss of taxa that could be used for analysis, and such
losses can have detrimental effects (e.g., Pakeman 2013). The gaps in body-shape trait
records may be so extensive that it cannot be used in some traits-based analyses. Bodyshape trait states used in databases (henceforth, database trait states) are defined primarily
on the basis of expectations regarding how the organism experiences drag from fluid
movement (Smith and Dartnall 1980, Davis 1986). However, these categories are
difficult to assign to previously uncharacterized taxa and may not fully express the shape
variation in the aquatic insect community. Important evidence of ecosystem alteration
could be lost when analyses of aquatic insect community body-shape patterns exclude a
significant portion of taxa or specimens because of missing trait-state records or omit
shape information completely because of a lack of trait data. The deficiencies in current
body-shape trait descriptions indicate a need to develop explicit shape criteria for aquatic.
insects and to explore shape patterns in natural assemblages.
Body shape is multidimensional. Several methods have been proposed to evaluate
body shape quantitatively. Traditional morphometric approaches (sensu Rohlf and
Marcus 1993) rely on measurements of distances between morphological features,
including specific body regions or lengths of structures, to describe shape and infer
ecological or evolutionarily relationships. Measurement-based approaches have been
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applied to a limited number of larval (Sheldon 1980, Funk et al. 2008, Giacomini and de
Marco 2008, de Paula Paciencia et al. 2012) and adult (Hogue and Hawkins 1991, Ribera
and Nilsson 1995, Milller-Peddinghaus and Hering 2013) aquatic insect tax.a. A
geometric morphometrics (GM) approach for describing organismal shape uses
configurations of key morphological points or landmarks to delineate the shape of
individual structures (e.g., animal skulls; Rohlf et al. 1996) or entire body forms (e.g.,
Haas et al. 2010, Farre et al. 2013). The coordinates for each landmark, rather than
measurements between points, provide shape information (Zelditch et al. 2004), This
approach has several advantages over earlier methods. GM provides shape variables that
are appropriate for rigorous statistical analysis (Rohlf and Marcus 1993). The landmark
coordinates can be visualized easily to enable interpretation of body form (Rohlf and
Marcus 1993). GM has become a standard procedure for examining organismal shape in
evolutionary and developmental studies (Adams and Otarola-Castillo 2013) and has been
used to resolve evolutionary and systematic questions for aquatic insects (Amqvist and
Johansson 1998, Lee and Lin 2012). GM techniques also have potential for application in
conservation (Haas etal. 2010, Perry et al. 2013) and biodiversity studies (Farre et al.
2013).
We used a simplified GM approach to examine patterns in basic shape
morphology for selected orders of aquatic insects with diverse ecological characteristics.
We described major patterns of shape variation and derived classes of quantitative shapetrait information for ecological analyses of aquatic insect trait data. Our goal was to
develop criteria that could facilitate consistent, objective body-shape definitions for a
diverse assemblage of aquatic insects.
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4.3
4.3.1

Methods
Study sites

We collected aquatic insects from sites in the Miramichi River basin (New
Brunswick, Canada). The Miramichi Basin covers 13,800 km2 and drains into the Gulf of
St. Lawrence (Swansburg et al. 2004). We sampled at 1 site on the South Branch Renous
River (SBREN) and 2 sites on the Dungarvon River that were -23.4 km apart (midstream, DUNMR; downstream, DUNDS). We selected sites to represent a gradient of
flow and substrate conditions created by the high natural variability of these rivers {Table
4.1. ). Sites were assessed in 2010 as being in reference or near-reference condition (least
impacted) in New Brunswick (Canadian Aquatic Biomonitoring Network [CABIN]
criteria; Environment Canada 2012).

4.3.2 Benthic sampling

We collected benthic macroinvertebrate samples according to the CABIN
protocol (Environment Canada 2012). We used a 3-min traveling kicknet (mesh size=
400 µm) procedure in a zig-zag pattern across a riffle to collect each sample. This
approach provides an integrated sample across the primary microhabitats available in
each reach. We collected all samples in late autumn (2 November 2007) as recommended
in the CABIN protocol. We preserved samples in 10% buffered formalin and transferred
them to 70% ethanol after 24 to 48 h.
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4.3.3 Specimen processing
We extracted specimens representing 4 orders, Ephemeroptera, Plecoptera,
Trichoptera, and Odonata (EPTO) from each sample, identified them to the lowest
possible taxonomic level (family or genus; Merritt et al. 2008), and photographed them
digitally with the aid of a stereomicroscope (Leica Mz 16 A, Wetzlar, Germany; Q
Imaging MicroPublisher 5.0 RTV, Surrey, British Columbia) attached to a Leica
i0446261 0.63x extension tube. We collected size information (total body length from
the anterior margin of the head to posterior tip of the last abdominal segment) for each
specimen from the digital photographs and used size as a covariate in our analyses, where
appropriate.

4.3.4 GM analysis
We used a GM approach to describe aquatic insect shape. In a GM approach, the
form of each specimen is summarized by a configuration of consistent landmark positions
(coordinates) independent of size (Zelditch et al. 2004, Claude 2008). We selected
landmark locations for T separ~tely from EPO (Fig. 4. 1.a, b, Table 4.2.) because the
strongly divergent morphologies of these orders make consistent landmark observations
impossible without damaging specimens. We selected landmarks categorized as Type II
(maxima, minima, or endpoints of a structure) and Type III (extremal points of
morphological structures relative to other features), following the approaches of
Bookstein (1991) and Zelditch et al. (2004). Together, these landmarks were suitable for
a taxonomically broad (64 families/genera), coarse GM analysis to characterize overall
patterns in shape variation. We identified 15 regular landmarks and 1 sliding landmark
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(used to "unbend" distorted specimens) for a total of 16 landmarks for EPO (Fig. 4.1.a)
and 11 landmarks plus a series of pseudolandmarks for T. We used pseudolandmarks to
account for the extreme curvature of some T specimens (e.g., Hydropsychidae; Fig.
4.1.b). We used a separate subset method to digitize each body region (head, thorax, and
abdomen) to reduce the effect of nonshape variation resulting from the position of each
body segment in the photograph (Adams and Rohlf 2000). Coordinates recorded on each
body segment were recombined before further analysis. The calibrated digital
photographs were used to digitize landmark locations in the package }peg in R (version
0.1-2, Urbanek 2011) and R Studio (version 0.96.304; R Project for Statistical
Computing, Vienna, Austria; http://www.rstudio.org/). We stored landmark coordinates
directly as R objects, which we exported into data formats appropriate for analysis using
TPS morphometric software packages (available from F. James Rohlf, State University of
New York Stony Brook; life.bio.sunysb.edu/morph/index.html). We used a Procrustes
analysis (superimposition) to eliminate the effects ofnonshape variation resulting from
rotation, translation, and scaling (tpsSplin). The values obtained from this analysis were
used to calculate a weight matrix composed of partial warp scores (nonuniform,
nonaffine shape components) and uniform, affine shape components (tpsRelw). The
weight matrix provides the shape variables appropriate for s~tistical analysis. The weight
matrix was converted to a comma separated values' (csv) file (tpsUtil) and exported to R
for statistical procedures. Analysis of shape data was done in R using the asbio (Aho
2011) and cluster (Maechler et al. 2012) packages.
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4.3.5 Shape trait classification based on GM data

Body-shape categories were established by using a multivariate cluster analysis
(cluster) of the weight matrix to identify the patterns of landmark configurations that

produced the optimal explained variance and number of distinguishable shape classes
(PAM function). Classifications for EPO and T were produced separately because of the

difference in the initial landmark configurations. Taxonomic identity was compared to
the resulting shape classes to assess whether shape classes were evolutionarily linked.
Individual specimens were classified into a single shape class. Each taxon was assigned
to the shape class having the highest frequency of its constituent specimens. A principal
components analysis (PCA) of the multivariate shape variables (weight matrix) was used
to visualize patterns in shape variability.

4.3.6 Availability ofshape trait data

Body-shape trait data for North America are available in the US EPA Freshwater
Biological Traits Database. Body-shape trait states include bluff(blocky), dorsoventrally
flattened, round (humped), streamlined (fusiform), and tubular. We compiled body-shape

trait records from the database for each taxon at the family or genus level. We obtained
family-level summaries from data records for genera found only in Atlantic Canada from
the CABIN database (http://www.ec.gc.ca/rcba. cabin/default.asp?lang=En&n=4A 106389-1 ).
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4;3, 7 Shape-trait suitability for detecting differences among reference sites

We compared the distribution of individuals and taxa classified according to the
database trait states and GM shape classes. we· used i' tests to compare the proportions of
database trait states and GM shape classes among sites separately for EPO and T in R.

4.4

Results
Three biomonitoring samples yielded 4, 723 intact specimens appropriate for

shape analysis. Identifications included 28 families and 44 genera (Table 4.3.), but 9
specimens could not be identified below order level and were excluded from further
analysis. Therefore, a total of 64 unique 'lowest taxonomic units' occurred among the
samples (Table 4.3.).

4.4.1

GM classification of body shape

The cluster analysis of GM shapes identified 4 EPO shape classes (Fig. 4.2.)
distinguished primarily by the width of the head relative to the thorax and abdomen, the
widest point of the thorax, the length of the abdomen, and the bluntness of the head and
abdomen (Fig. 4.2.). Simple ratios of sizes of body regions could be used to differentiate
EPO shape classes (Table 4.4.). Individuals in EPO shape class na"ow head possessed a
narrow head relative to thorax and abdomen width, whereas individuals in EPO shape
class wide head possessed a wide head relative to thorax and abdomen width. Individuals
in EPO shape class slender possessed elongated, parallel-sided body fonns, and
individuals in the EPO shape class stout possessed shorter, more compact body shapes
(Fig. 4.2.).
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Analysis of the T landmarks revealed 4 shape classes (Fig. 4.3.) distinguished by
the length and angle of the head, and the relative lengths of each thoracic segment (Fig.
'

4.3.). The T shape classes were short head, concave head, long head, and convex head
(Fig. 4.3.). T shape classes were superficially more similar to one another than to EPO
shape classes.
GM shape classes are applied to individual specimens, in contrast with the
database traits states, which can be applied only to taxonomic units. A taxon's GM shape
class can be identified based on the frequency of specimens in a particular shape class.
Specimens in the same family may occur in different shape classes because shapes vary
among genera within families (e.g., Heptageniidae, Gomphidae, Perlidae, and
Perlodidae). H9wever, in our study, 15 to 56% of specimens in 4 genera (/sonychia,
Rhithrogena, Ephemerella, Agnetina) were distributed among > 1 shape classes. We

tested for differences in specimen size among classes for each of these genera as a test for
allometry, a change in body shape or proportion with development or age. We used 4
separate unbalanced analyses of variance (ANOVAs; one for each genus) to compare
log(x)-transformed body length of specimens classified into each shape class. Three of
the 4 tests gave preliminary evidence that shape-class membership was related to size
(lsonychia: n = 190', F = 8.9895, df= 1, p = 0.003; Agnetina: n = 35, F = 12.045, df= 1, p

= 0.001; Ephemerella: n = 100, F = 4.3822, df= 1, p = 0.04, Rhithrogena: n = 93, F =
1.2699, df= 1, p = 0.3) indicating that for some taxa, body shape, in this case GM shape
class, may depend on specimen size.
The shape classes allowed us to attribute shape information to all specimens and,
therefore, all taxa in our samples. We classified each taxon (genus and family) into the
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shape class that contained most of the specimens of the taxon. This process adequately
summarized the shape properties of the taxon, even in instances of potential allometry.
Each shape class included several taxa, often a mixture of taxonomic gro-1:1ps, except for
EPO shape class wide head, which included only individuals of the family Heptageniidae
(Ephemeroptera) and T shape class long head, which contained only a portion of
Leptoceridae (Trichoptera). Genera tended to be grouped with families. However, notable
exceptions occurred for EPO (e.g., Rhithrogena and Heptageniidae; Lanthus and
Gomphidae; Agnetina and Perlidae; Isoperla and Perlodidae) and T (e.g.,
Cheumatopsyche and Hydropsychidae; Ceraclea, Mystacides, and Leptoceridae). The

EPO shape class narrow head had the highest taxonomic diversity (14) and included
families and genera from both Plecoptera and Odonata. The T shape class short head had
the highest taxonomic diversity (10) and included both free-living and case-making taxa.
The T shape class concave head possessed only case-making taxa, whereas the T shape
class convex head contained only free-living taxa.

4.4.2

Correspondence of body-shape trait states and GM shapes

We compared assignment of body-shape infonnation for EPTO taxa between the
database trait states and GM shape classes. Body-shape trait-state infonnation was absent
from the EPA traits database for 41 % of taxa (n = 26) constraining our comparison of
specimen records to 1141 individuals of 38 taxa (Table 3). All T taxa were described as
tubular in the EPA traits database, whereas they were distributed among 4 GM classes

(Table 4.3.). EPO taxa possessed several database trait states, but these states did not
correspond directly to our GM shape classes (Table 4.5.). The 2 classification systems

113

were not consistent, and descriptions of tax.on body shape are not interchangeable
between schemas.
We examined the arrangement of specimens according to their shape variables in
multivariate space to identify patterns in the shape structure of the EPO assemblage and
assessed how well each classification scheme resolved the primary trends. The 1st
principal component of the PCA of the weight matrix explained 49% of the variation in
the EPO shapes and corresponded to differences in head width relative to thorax and
abdomen width (Fig. 4.4.a). Shape classes narrow head and wide head were extremes
along this gradient. The 2nd principal component accounted for an additional 18% of the
shape variation and represented a gradient from shorter, more compact body shapes
(shape class stout) to longer, more slender body forms (shape class slender). The
database trait states were unable to resolve these patterns in shape among the EPO
specimens because the database trait states blend across both PCA shape gradient axes
(Fig. 4.4.b). This result supports our previous assertion that the 2 classification schemes
do not provide the same information about organism shape.

4. 4. 3

Detecting differences among reference sites

Categorical shape data can be used to compare shape composition among sites.
We evaluated the body-shape structure of the aquatic insect community based on
database trait states and GM shape classes (Fig. 4.5.). We examined the GM shape
classes for EPO and T separately (Fig. 4.5.). The community structure represented by the
proportion of database trait states differed significantly among sites (x.2 = 306.2904, df =
6, p < 2.2e-16; Fig. 4.5.a). However, this structure was based on only 69% of the
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available data. The trait state flat predominated at all 3 sites (Fig. 4.5.a). Sites DUNDS
and SBREN had similar proportions of the trait state bluff as the 2nd most frequently
occurring trait state (Fig. 4.5.a), but DUNMR had a higher proportion of trait state
tubular than bluff(Fig. 4.5.a). The trait state streamline occurred with similar frequency

among all sites (Fig. 4.5.a). The proportions of each GM shape class applied to
taxonomic groups as states differed significantly among sites for EPO

(r = 362.1095, df

= 6, p < 2.2e-16; Fig. 4.5.b) and T taxa (x2 = 99.1524, df= 6, p < 2.2e-16; Fig. 4.5.c).
The proportions of EPO shape classes slender, stout, and wide head differed among the 3
sites (Fig. 4.5.b). DUNDS had the highest proportion of the slender class and the lowest
proportion of the wide head class (Fig. 4.5.b). SBREN had a lower proportion of the
slender class and a higher proportion of the stout and wide head classes (Fig. 4.5.b).

DUNMR possessed an intermediate proportion for slender, stout, and wide head classes
relative to the other 2 sites (Fig. 4.5.b). All sites had a similar proportion of the narrow
head class (Fig. 4.5.b). All Trichoptera share a similar general body plan (tubular)

according to the EPA database, but community structure based on GM shape classes for
T differed strongly among sites (Fig. 4.5.c). T shape class long head was absent from
DUNDS and SBREN (Fig. 4.5.c). DUNDS had the highest proportion ofT shape class
convex head among the 3 sites (Fig. 4.5.c). SBREN had the highest proportion ofT shape

class concave head among the 3 sites, but the lowest proportion of T sh~pe class short
head (Fig. 4.5.c). All T shape classes were present at DUNMR, including the highest

proportion ofT shape class short head (Fig. 4.5.c).

115

4.S

Discussion

Morphological characteristics of fish assemblages have been used to predict the
ecological status of freshwater habitats (Haas et al. 2010, Farre et al. 2013), but we are
the first to attempt this task using GM classification of aquatic insects. We derived a GM
classification for aquatic insects at the assemblage level, whereas previous studies have
been limited to detailed investigation of only 1 or 2 cl?sely related tax.a (e.g., Sheldon
1980, Hogue and Hawkins 1991, Sites et al. 1996, Arnqvist and Johansson 1998, Funk et
al. 2008, Giacomini and de Marco 2008, Lee and Lin 2012, Miiller-Peddinghaus and
Hering 2013). We applied the approach to a broad group of aquatic insects to explore its
potential for use in biomonitoring.
Greater integration and improved resolution of aquatic insect body-shape
information for more taxonomic groups is an essential step in evaluating aquatic habitats.
Lack of available shape information for many tax.a in trait databases can negatively affect
traits-based assessments (e.g., Pakeman 2013 }, or may lead to exclusion of shape from
traits-based analyses. Our analyses increased available shape information for many
taxonomic groups at the family and genus level and provided a template for studies of
shape at the specimen, tax.on, or assemblage scale. Our landmark configurations captured
key morphological characteristics and enabled us to identify combinations of features
indicative of general, 2-dimensional body forms.
Simple morphometric measurements, such as head width or maximum abdomen
width, could be used to attribute our GM shape classes to additional EPO tax.a, and
potentially to other taxonomic groups, without repeatedly undertaking the entire GM
procedure. A set of criteria, arranged in the form of a dichotomous key, such as the model
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we provide in Table 4.4., could be used to classify the shape of individual specimens or
taxonomic groups in a similar fashion to taxonomic identifications. We propose that
aq~atic insect orders with body plans that superficially resemble those of EPO
(Hemiptera and aquatic Coleoptera adults) taxa could be analyzed with a similar set of
landmarks.
Body forms of and cases produced by many Trichoptera larvae present challenges
for GM shape assessment. The lack of unambiguous landmarks on the abdomen because
of the flexible, expandable cuticle necessitates concentration of landmarks on the highly
sclerotized head and thorax region. The locations of these landmarks provide the
description and resolution of shape for the larva and can influence the interpretation of
the organisms' response to the environment. This response can be modified by the
presence or absence of cases, nets, retreats, and other structures for many taxa. In a case
study of UK Trichoptera genera, Orlofske et al. (2013) found that the presence of a case
and the type of material used to construct the case differed among taxa classified into
different flow groups based on the Lotic-invertebrate Index for Flow Evaluation (Extence
et al. 1999), which represents a gradient of velocity and hydraulic conditions. The
differences in proportion of cases and case types among flow groups suggest that
behavioral characteristics of organisms that produce and maintain these structures and
physical properties of the structure can modify how the larvae select and experience the
physical environment (Orlofske et al. 2013).
Shape configurations were more easily resolved for EPO taxa than for T taxa, a
result suggesting that a conservative set of flexible landmarks is required to account for
differences in the general body plan of larvae in particular orders. If we modify the
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landmarks for Trichoptera and use·concurrent analysis of cases, we might be able to
des·cribe Trichoptera larval morphology in a way that would better describe the
relationship between larvae and physical habitat properties, including hydraulic forces.
Such improvements could be applied to other orders, especially the diverse and abundant
Diptera and Coleoptera whose larvae share the vermiform shape of Trichoptera and may
construct cases (e.g., Chironomidae).
GM shape information is gathered at the level of individual specimens but can be
summarized at the tax.on level. Quantitative data at the specimen level revealed intra- and
inter-taxonomic trait variation that carry implications for how organisms relate to
environmental factors, particularly flow. Not all specimens in a taxon belonged to the
same shape class. In the case of family-level taxa, this discrepancy was not surprising
because constituent genera could belong to different shape classes. However, variability
also occurred at the genus level for Agnetina, Ephemerella, Jsonychia, and Rhithrogena.
Species-level diversity might be an explanation, but we think that the variation was
related to allometric changes in body proportions (Zelditch et al. 2004, Claude 2008) that
could cause individuals to move from one shape class to another with development.
Specimens obtained from biomonitoring samples can differ in size by multiple orders of
magnitude within a taxon (Orlofske and Baird 2014). Size information is removed during
GM analysis, but because we had t~e data, we were able to test for differences in size
among specimens of the same taxon in different shape classes. In 3 cases, smaller
specimens were classified into a different shape class than larger specimens of the same
tax.on. Tests for allometry can be confounded by growth-related impediments to
taxonomic identification because genus-level identification was not always possible for
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the smallest specimens (Orlofske and Baird 2013). One exception is the monogeneric
family lsonychiidae. In New Brunswick, all specimens in this family belong to the genus,
Jsonychia. We detected a significant difference in the size of lsonychia specimens

distributed between 2 shape classes, a result suggesting that size and shape are
interrelated for this taxon. Even in cases of isometry (static body proportions through
growth), size is an important property that mediates the interaction of body form and
environmental conditions, specifically hydraulic forces. Reynolds numbers, which
describe the properties of the fluid surrounding an organism, are directly related to body
· length or size (Vogel 1988, 1994, Lancaster and Downes 2013). Thus, body-shape
classification schemes may have to be scaled to organism size. An advantage of GM over
the static body-shape trait states available in trait databases is that GM can provide shape
variables for individual specimens that can be interpreted in the context of size.
Our GM shape classes bear some similarity to existing database trait states, but a
comparison of GM shape classes and database trait states highlighted differences in trait
designations for EPO taxa. The 2 approaches evaluate different aspects of organismal
shape (2-dimensional GM vs 3-dimensional trait states), making precise comparison
difficult and accounting for the lack of correspondence between schemes. Our GM
approach was restricted to a 2-dimensional representation of an organism's shape. An
ideal description of aquatic insect shape would consider the 3-dimensional properties of
the organism because the forces of flow act on the entire body surface (Statzner 2008)
and frontal area is particularly important for how flow moves over an organism (Vogel
1994). The shape descriptions used in the EPA trait database provide a proxy of3dimensional shape information implied by the trait state. For example, flat aquatic insects
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should have a lower profile than streamline or bluff forms, but these height differences
are difficult to define and quantify without measurement. Newer technologies, expanded
image capacity and analytical support may soon allow efficient GM characterization of
insect body shape in 3 dimensions (Zelditch et al. 2004, Plyusnin et al. 2008). Our
analysis provides an important proof of concept that GM, even in 2 dimensions may be
ecologically informative for studies of aquatic insect communities. The GM classification
provided more-precise criteria for defining shape classes and reflected alternative
morphological strategies present in our aquatic insect assemblages.
Significant differences among sites in the proportion of shapes were observed for
both GM shape classes and database shap(: states. The 2 approaches may provide
different information related to site conditions, but without a clear framework for linking
database shape states to physical conditions, the differences are difficult to interpret. GM
classification may have greater potential than database shape states to indicate important
facets of the habitat because it provide~ clear definitions of mutually exclusive categories.
Variation in GM shape composition of EPO and T among sites may be related to
physical-habitat variables, including temperature, hydraulic complexity, flow regime, and
bed roughness. However, kick-net biomonitoring samples contain organisms from
multiple microhabitats, and linking specimens in a multihabitat sample with microhabitat
physical conditions is difficult (Davis and Barmuta 1989). Targeted sampling approaches
paired with high-resolution physical data are needed to test mechanistic relationships
between GM shape categories and relevant ecological factors.
GM provides a summarized, quantitative description of the complex
morphologies of organisms that traditionally have been expressed in qualitative terms.

120

GM shape variables facilitate analysis of morphological features that can vary in response
to particular components of the habitat temp let. Linkages among GM shape variables and
environmental characteristics have been described for aquatic and semiaquatic
vertebrates, including fish (Caldecutt and Adams 1998, Haas et al. 2010, Farre et al.
2013), turtles (Claude et al. 2004, Rivera 2008), and salamanders (Adams and Rohlf
2000, Arif et al. 2007, Church 2011) with recent work adding select aquatic invertebrates
(i.e., crayfish, Perry et al. 2013). These studies demonstrate the value of shape
information for addressing basic and applied ecological questions.
Hydrologic and hydraulic forces are the prevailing physical features of lotic
environments, and they strongly influence the composition and distribution ofbenthic
macroinvertebrates (Davis and Barmuta 1989, Growns and Davis 1994, Bouckaert and
Davis 1998, Robson et al. 1999, Orlofske et al. 2013). The GM approach is an alternative
way to explore how hydraulic forces structure the stream benthos. Shape information
· may help explain sensitivities of aquatic insects to particular hydraulic conditions and
could be used to support an integrated description of flow-indicator groups, such as the
flow-exposure groups proposed by Growns and Davis (1994). Shape composition of
aquatic insect assemblages could then be used to infer flow and substrate properties (e.g.,
Statzner 2008, Franken et al. 2008, Vaughn 1985, Orlofske et al. 2013) and other
environmental stressors and contaminants (e.g., fluctuating asymmetry; Lenat 1993) that
directly or indirectly interact with organism morphology. Thus, GM provides a way to
establish body-shape criteria for diverse aquatic insect taxa that can be incorporated into
ecomorphological studies and used to assess ecological condition of streams.
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4.8

Tables

Table 4.1 Summary of water chemistry and channel characteristics obtained during biomonitoring
sampling at 3 locations in the Miramichi Basin on 2 November 2007.

South Branch

Dungavon

Dungavon

Renous

Mid-reach

downstream

SBREN

DUNMR

DUNDS

Latitude

46.79287

46.70777

46.81393

Longitude

-66.48058

-66.15686

-65.91795

Temperature (0 C)

3.59

5.42

6.60

Dissolved 0 2 (mg/L)

13.32

14.82

16.56

Conductivity (µS/cm)

36

38

26

7.25

6.39

6.96

Mean

33.5

33.1

42.5

Maximum

48.0

56.0

67.0

Mean

0.32

0.63

0.56

Maximum

0.49

0.81

0.71

Bankfull

33.3

34.4

42.3

Wetted

21.7

24.7

28.0

Discharge (m3/s)

2.34

5.12

6.64

Variables
Site
Abbreviation

Water chemistry variables

pH
Channel characteristics
Depth (cm)

Velocity (mis)

Width (m)
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Table 4.2 Morphological landmarks used to characterize shapes of larval aquatic insect orders

(Ephemeroptera, Plecoptera., Odonata [EPO], and Trichoptera [Tl). Separate landmarks were used to
characterize EPO and T. Annotation is based on Merritt et al. 2008. A sliding landmark was used to correct
for variation in bent specimens and was not included in final statistical analysis. Pseudolandmarks were
used along the abdomen of Trichoptera to aid in measurement. See text for explanation of Type II and III
landmarks.
Landmark

Description

Type

Epliemeroptera, Plecoptera, Odonata (dorsal view)
Median point on the distal margin of the labrum

II

2

Intersection of the cervix and the median posterior margin of the head

II

3

Anterior median margin of the pronotum (can be the same point as 2)

II

4

Posterior median margin of the metanotum

II

5

Variably positioned along the dorsal median line of the abdomen

6

Dorsal apex of the supraanal process

II

7, 8

Left and right distal margins of the head _corresponding to the point of maximum width

II

9, 10

Left and right distal margin of the thoracic region corresponding to the point of maximum width

II

11, 12

Left and right distal margin of the abdominal region corresponding to the point of maximum width

II

13

Midpoint of the left distal margin of the head between landmarks 1 and 7

III

14

Junction of the left posterior margin of the head and the left anterior margin of the pronotum

III

15

Junction of the left posterior margin of the metanotum and the left anterior margin of the 1st

III

Sliding

abdominal tergum
16

Junction of the left anterior margin of tergum 10 (tenninal segment) and the left posterior margin of

III

abdominal tergum 9
Trichoptera (lateral view)

2

Distal margin of the labrum

II

Intersection of the posterior margin of the head and.the cervix (or pronotum if head is not

II

protruding) along the dorsal edge
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3

Intersection of the anterior margin of the pronotum and the cervix (or posterior margin of head if

II

head is not protruding) along the dorsal edge (2 and 3 may be the same if head is not protruding)

4

Dorsal margin of the head corresponding to the point of maximum depth

II

s

Ventral margin of the head corresponding to the point of maximum depth

II

6

Midpoint of the distal dorsal margin of the head between landmarks 1 and 2

II

7

Union of the posterior margin of the prothorax and the anterior margin of the mesothorax along the

II

dorsal edge
8

Union of the posterior margin of the mesothorax and the anterior margin of the metathorax along the

II

dorsal edge
9

Union of the posterior margin of the metathorax and the anterior margin of the 1st abdominal

II

segment along the dorsal edge
10

Dorsal margin of the abdominal region corresponding to the point of maximum depth

III

11

ventral margin of the abdominal region corresponding to the point of maximum depth

III

12

Multiple landmarks along the dorsal median line of the specimen extending from landmark 10 to the
base of the anal proleg of abdominal segment l Oto account for abdomen curvature.
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Pseudo

Table 4.3 Body-shape trait states for aquatic insect specimens collected from 3 sites in the Miramichi River
Basin on 2 November 2007 and identified to lowest practical taxonomic level. US Environmental
Protection Agei:icy (EPA) database body-shape trait-states were bluff, flat, round, humped, streamlined, and
tubular. Geometric morphometric (GM) shape classes were narrow head, wide head, slender, and stout. The
2 classification approaches are similar, but not interchangeable. GM shapes are available for all taxa
recovered from our samples; however, trait database shapes are only available for 59% oftaxa (n = 38).

Order
Ephemeroptera

Family

Trait database shape

GM shape

Streamline

Slender

Acentrel/a

Flat

Slender

Caenis

Flat

Slender

Genus

Baetidae

Caenidae
Ephemerellidae

Bluff .

Attenel/a
Ephemerel/a

Stout
Bluff

Eury/ophel/a
Serrate/la
Heptageniidae

Epeorus

Bluff

Stout

Flat

Wide head

Flat

Wide head
Wide head

Rhithrogena

Flat

Slender

Stenonema

Flat

Wide head

Isonychia

Streamline

Slender

Leptophlebiidae

Odonata

Aeshnidae

Stout
Stout

Maccaffertium

lsonychiidae

Stout

Slender

Choroterpes

Slender

Paraleptophlebia

Slender

Boyeria

Bluff

Slender

Coenagrionidae

Flat

Narrow head

Gomphidae

Bluff

Slender
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Plecoptera

Lanthus

Flat

Narrow head

Ophiogomphus

Bluff

Slender

Flat

Narrow head

Flat

Narrow head

Flat

Narrow head

Flat

Narrow head

Capniidae
Paracapnia

Chloroperlidae
Haploperla

Narrqw head

Suwallia

Leuctridae

Narrow head

Perlidae

Stout
Stout

Acroneuria

Narrow head

Agnetina
Hansonoperla

Stout

Paragnetina

Stout

Perlodidae

Narrow head
Narrow head

Isogenoides

Stout

/soperla

Pteroriarcyidae

Narrow head

Pteronarcys

Taeniopterygidae

Narrow head
Narrow head

Taenionema

Trichoptera

Apataniidae

Tubular

Concave head

Tubular

Concave head

Tubular

Concave head

Brachycentrus

Tubular

Concave head

Micrasema

Tubular

Concave head

Tubular

Short head

Glossosoma

Tubular

Short head

Helicopsyche

Tubular

Short head

Tubular

Convex head

Apatania

Brachycentridae

Glossosomatidae

Helicopsychidae
Hyclropsychidae
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Hydroptilidae

Cheumatopsyche

Tubular

Short head

Hydropsyche

Tubular

Convex bead

Hydroptila

Tubular

Short head

Oxyethira

Tubular

Short head

Tubular

Concave head

Tubular

Concave head

Tubular

Long head

Ceraclea

Tubular

Concave head

Mys tac ides

Tubular

Short head

Lepidostomatidae
Lepidostoma

Lepto~eridae

Setodes

Long head

Limnephilidae

Concave head

Philopotamidae

Short head
Chimarra

Short head

Dolophilodes

Short head

Polycentropodidae

Neureclipsis

Convex head

Rhyacophilidae

Rhyacophila

Convex bead
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Table 4.4 Dichotomous key to classification of Ephemeroptera, Plecoptera, Odonata shape classes based
on ratios of body regions.

1. Body length:head width ratio < 3 .............................................. Wide head
1'. Body length:head width ratio ~ 3 .......................................................... 2
2. Body length:head width ratio~ 4.2 .................................................. Stout
2'. Body length:head width ratio> 4.2 ....................................................... 3
3. Body length:head width ratio~ 5.2 ................................................ Slender
3'. Body length:head width ratio> 5.2 ....................................... Narrow head
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Table 4.5 Comparison of geometric morphometic (GM) shape classes and Environmental Protection
Agency database trait states for Ephemeroptera, Plecoptera, and Odonata. Each classification considers
different aspects of shap,e for the organism, and categories are not equivalent between classification
systems.

EPA database shape trait
GM shape class

Bluff

Narrow head

Flat

Streamline

Unclassified

Capniidae

Agnetina

Chloroperlidae

/sogenoides

Coenagrionidae

Leuctridae

Haploperla

Perlodidae

Lanthus

Pteronarcys

Paracapnia

Suwallia
Taenionema
Taeniopterygidae

Slender

Stout

Boyeria

A centre/la

Baetidae

Choroterpes

Gomphidae

Caenis

/sonychia

Leptophlebiidae

Ophiogompus

Rhithrogena

Paraleptophlebia

Ephemerella

Acroneuria

Ephemerellidae

Attenella

Serrate/la

Eurylophella
Hansonoperla
lsoperla
Paragnetina
Perlidae

Wide head

Epeorus
Heptageniidae
Stenonema
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Maccaffertium

4.9

Figures

Figure 4.1 A.-Dorsal view of Perlidae specimen showing positions of 16 landmarks used to define the

shape ofEphemeroptera, Plecoptera, and Odonata specimens. A sliding landmark (5) was used to correct
for variation in bent specimens and was not included in final statistical analysis. B.-Lateral view of
Hydropsychidae specimen showing positions of 11 landmarks and relative positions of pseudolandmarks
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used to define the shape ofTrichoptera specimens. Pseudo-landmarks were used along the abdomen of
Trichoptera to aid in measurement.
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+-.. -----+ ----,+:.+:- ------Figure 4.2 Diagrams of morphometric shape classes applied to Ephemeroptera, Plecoptera, and Odonata
(EPO) taxonomic groups. Gray line represents the average shape for all EPO specimens as a reference. LM
- landmark.
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Figure 4.3 Diagrams of morphometric shape classes applied to Trichoptera (T) taxonomic groups. Gray
line represents the average shape for all T specimens as a reference. LM = landmark.
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0.2

0.3

Figure 4.4 Principal Components Analysis (PCA) plots for Ephemeroptera, Plecoptera, Odonata (EPO)
taxa and geometric morphometric shape classes (N = narrow head, L = slender, T = stout, W = wide head)
applied at the lowest taxonomic level (A), and EPO taxa and trait database states (B = bluff, F =flat, S =

streamline) (B). Colors indicate taxon, symbols indicate shape.
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Figure 4.5 Shape structure of aquatic insect assemblages at sites (See Table 4.3. for codes) summarized as
% composition of US Environmental Protection Agency trait database states (A), and geometric
morphometric shape classes for Ephemeroptera, Plecoptera, Odonata (EPO) (B) and Trichoptera (T) (C).
Shape classes applied as states to each taxon identified to the lowest taxonomic level.
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5.1

Introduction
Rivers are naturally hierarchical systems, exhibiting interlinked characteristics

evident across spatial and temporal scales (Poole 2002, Benda et al. 2004, Dunbar et al.
2010) and can be viewed as a set of nested filters whereby large-scale processes, such as
climate, regional geology and discharge, constrain local-scale hydraulic conditions (Poff
1997). In this way, rare, high-magnitude hydrological events can be viewed as drivers of
large-scale (and thus long-term) changes in aquatic community structure, whereas lowmagnitude, more frequent events control short-term, local-scale changes in community
structure, often on an annual/seasonal basis. Flow management aims to incorporate
biological metrics in assessments, which requires consideration of how to integrate sitelevel data across scales for appropriate interpretation at the management level.
Sustainable river management and restoration strategies presuppose linkages between
-different spatio-temporal scales and relevant ecological processes, often in the absence of
any direct supporting evidence. For this reason, it could be argued that river management
remains a 'faith-based' discipline (sensu Hilborn 2006). Robust linkages between the
physical habitat templet, including hydraulic parameters and its associated biota, based
on hypothesis-driven science are urgently needed.
Offering an interdisciplinary approach, research within the field of ecohydraulics
is improving our understanding of the complex spatial and temporal connections between
aquatic organisms and local-scale hydraulic properties of the habitat through both pure
and applied research (Newson and Newson 2000, Rice et al. 2010). Yet, in a recent
commentary, Lancaster and Downes (201 Oa, 201 Ob) question the value of ecohydraulic
studies, which rely on correlating species densities with hydrological and hydraulic
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variables. They highlight the need for studies to incorporate greater ecological realism:
specifically information on individual organisms, biotic interactions and factors
underlying population dynamics. They further suggest that this approach provides greater
resolution and enhanced predictability of detected biological-ecohydraulic linkages and a
framework for effective ecohydraulic research, and that the extensive datasets and
considerable costs required to derive and maintain the sampling network may not be
realistic or economically feasible. The discipline of ecohydraulics has clearly been
challenged to address the immediate pressures of global threats to lotic systems without
compromising scientific rigour. Lancaster and Downes (201 Oa, 201 Ob) correctly state that
ecohydraulics cannot develop as a robust, predictive discipline if we ignore natural
complexity, yet the value of information acquired by ecohydraulic studies for use in river
management is ultimately dependent not only on appropriate study design, but also on the
use of cost-effective methods, applied at appropriate scales with transferable results.
Here, we evaluate the current state of ecohydraulics science, with a specific focus
on lotic macroinvertebrates. We explore the application of this knowledge for river
management and identify areas of ecohydraulic research, which may benefit from more
innovative approaches (sensu Lancaster and Downes 2010a).

S.2

Lotic macroinvertebrates in a management context

Species-rich and functionally diverse, lotic macroinvertebrates are a key
component of stream and river biodiversity and significantly contribute to ecosystem
function. They occupy an integral role in energy flow pathways by processing organic
material and by supporting higher trophic levels as a food source. Although they exhibit
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diverse life-history strategies, during aquatic development they generally have limited
mobility compared to larger-bodied organisms such as fish (Gore and Judy 1981, Newson
and Newson 2000). As a consequence of this, lotic macroinvertebrate species are more
ecologically diverse, each generally existing within a narrower range of habitat
conditions than fish species (Gore and Judy 1981, Newson and Newson 2000). For these
reasons, macroinvertebrates are viewed as good indicators of river habitat degradation,
both in terms of water quality (e.g., organic pollution, Hilsenhoff 1987, 1988;
sedimentation, Extence et al. 2013) and water quantity (e.g., flow variability, Armanini
et al. 2011). Thus, macroinvertebrates are routinely sampled for freshwater bioassessment
and biomonitoring (Dunbar et al. 2010) and are key indicators in fisheries management
(Jowett and Richardson 1990).
River biomonitoring using macroinvertebrates has always required some
consideration of their response to flow, if only in terms of characterizing in-stream
habitat. Recently there has been growing recognition of the importance of flow-related
variables as potential predictors of lotic macroinvertebrate community structure, and an
increasing awareness of threats to rivers from modification of the flow regime (Poff et al.
1997). Many countries (e.g., USA, UK, Canada, Australia and South Africa) have
national or regional government-led programmes for collecting macroinvertebrates to
monitor the condition of river ecosystems, including ecological flows. Most programmes
follow a standardized sample collection protocol including channel-habitat variables and
regional geospatial information. Ideally, sites are sampled over multiple years and can be
directly associated with a continuous hydrometric record from a nearby gauging station.
This allows observations regarding community structure to be placed in a long-term
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context by monitoring natural community variability in relation to hydrological
conditions over time.
Sustainable river management, in terms ofbiomonitoring, requires the
development of rapid assessment metrics that measure the effects of hydrological
alteration on aquatic community structure. This has spurred the development of the Loticinvertebrate Index for Flow Evaluation (LIFE) in the UK (Extence et al. 1999) and the
Canadian Ecological Flow Index (CEFI; Armanini et al. 2011). These methods use
biomonitoring data and flow velocity optima of macroinvertebrate taxa to determine the
influence of hydrological alteration at a site. Both LIFE and CEFI scores have
demonstrated a clear response to the influence of extreme and moderate antecedent
hydrological events across a range of river types (e.g., Monk et al. 2006, 2008, Armanini
et al. 2012). In this way, such indices can be used, in the context of a reference model, to
explore deviations of test sites from a regional reference state and identify
ecohydrological impairment (Peters et al. 2012).
Rarely measured in standard biomonitoring studies, hydraulic parameters translate
hydrologic conditions to dynamic, local scale, fluid and associated substrate processes
that compose the template (sensu Southwood 1977) of micro- and mesoscale lotic
macroinvertebrate habitats. The importance of hydraulic conditions for lotic
macroinvertebrates, particularly at the mesoscale (Quinn and Hickey 1994, Newson and
Newson 2000, Brooks et al. 2005) has been well established (Nowell and Jumars 1984,
Statzner et al. 1988, Hart and Pinelli 1999, Lancaster and Belyea 2006). As a relatively
new science (Rice et al. 2010), ecohydraulics is only just beginning the task of
quantifying the influence of such complex habitat variables, which invariably act in
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concert with a range of other natural and anthropogenic drivers to determine the longterm ecological status of riverine ecosystems.

S.3

Patterns in lotic macroinvertebrate response to hydraulic variables

Lotic macroinvertebrate hydraulic studies are confounded by interactions between
organisms with complex lifecycles and collinear hydraulic variables resulting in
-complicated analyses with ambiguous interpretation (Collier 1994). Thus, many have
approached 'ecohydraulic' questions from diverse perspectives, using various methods,
which sometimes reveal apparently different results. We examined a range of peerreviewed scientific publications to provide a review of common approaches, taxa and
hydraulic parameters in order to elucidate patterns in the responses of lotic
macroinvertebrates to hydraulic conditions (Table 5.1.). The measurement or
manipulation of hydraulic variables (excluding laboratory experiments) was our selection
criterion, rather than focusing only on studies explicitly labeled 'ecohydraulics', as many
relevant earlier works would have otherwise been excluded. Our analysis revealed that
field observation is more common (85%) than field experimentation (15%) in
ecohydraulic research (Table 5.1.). This may re~ect the difficulty associated with
controlling or manipulating hydraulic conditions in the field, and has resulted in the
current status, lamented by Lancaster and Downes (201 Oa, 201 Ob), where ecohydraulic
knowledge is based largely on correlative rather than hypothesis-derived evidence.
The field observation studies can be further divided into community-level studies
(10), which examine more than ten species or taxa, and focused studies (12) which
analyze fewer than ten species or taxa (Table 5.1.). Among the latter, the most frequently
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investigated organisms are Trichoptera (7 studies, 17 taxa), followed by Ephemeroptera
(6 studies, 8 taxa), Diptera (2 studies, 2 tax.a) and Hemiptera (1 study, 1 taxon). In some
instances, the same taxon was included in multiple studies, as was the case for two
Ephemeroptera taxa (Rhithrogena semicolorata and the Deleatidium spp. complex).
Community studies ranged from those focusing on multiple species or genera of a single
insect family (e.g., Trichoptera - Hydrobiosidae, Collier et al. 1995) to other studies
considering the entire macroinvertebrate community (e.g. Brooks et al. 2005). However,
many studies restricted their focus to certain tax.a, including indicator groups such as the
insect orders: Ephemeroptera and Trichoptera. Community studies have potentially
greater overlap in taxa, but individual responses were often not reported. Field·
experiments followed a similar trend in terms of taxonomic breadth, with Trichoptera
(Osborne and Herricks 1987) and Diptera (Morin et al. 1986) being the focus of specific
studies while a range of aquatic insect orders were the subjects of the community
experimental studies (Table 5.1.).
Most studies contain mixtures of hydraulic, hydrological and biotic parameters
(Table 5.1.). Here, we focus only on hydraulic parameters, acknowledging that this
assumes other unobserved/unconsidered factors were not confounding any i~dividual
study linking hydraulic effects and community structure. This simplified approach is
reasonable given the present state of our knowledge and our objective of illustrating
broad patterns among ecohydraulics studies to inform future investigations. The most
commonly used simple hydraulic parameters (sensu Statzner et al. 1988) were depth,
velocity and substrate characteristics (Table 5.2.). Substrate characteristics are germane
to a discussion of river hydraulics. Hydraulic flows and substrate possess a reciprocal
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relationship since both physical attributes influence and modify the other. In addition,
substrate properties must be measured in order to calculate particular hydraulic
parameters (e.g., shear velocity). Substrate characteristics are often substituted for
hydraulic variables that are more difficult to measure in field locations and are
themselves valuable explanatory variables. The derived (i.e., complex, sensu Statzner
et al. 1988) hydraulic parameters used most frequently include Froude number, shear
velocity and Reynolds number (Table 5.2.). Since these hydraulic parameters are derived
from simple parameters, studies with derived parameters also report those corresponding
simple parameters. Generally, studies combine a few simple and derived variables,
although there is wide variability in study design and methods employed.
Detailed field observations typically incorporate a greater number of hydraulic
variables, illustrating a common practical trade-off in ecohydraulic studies (Table 5.2.).
By focusing on reduced numbers/types of organisms, more effort can be dedicated to
fully describing the hydraulic conditions. Field observations of the lotic
macroinvertebrate community use fewer parameters in orde~ to characterize the
environment (Table 5.2.). These selected parameters may be easier to measure in the field
across a greater number of sampling sites or events, or they were chosen based on results
of previous research.
Flow velocity and water depth are among the hydraulic variables that resulted the
strongest responses from lotic macroinvertebrates. However, this trend is likely
confounded by the frequency with which flow velocity and water depth are reported, and
their occurrence as components of derived variables, namely Froude number, shear
velocity, Reynolds number and roughness/boundary Reynolds number. Some studies do
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not describe individual taxon responses. This is particularly true of field observations of
the macroinvertebrate community. In addition, the objective for several studies was. the
modelling of 'hydraulic' preferences, making it difficult to describe specific responses
· from mathematical relationships.
The variety of responses to hydraulic parameters observed in these and many
other studies may be due to the diverse strategies and adaptations of lotic
macroinvertebrates, which allow them to take advantage of resources available under
different hydraulic conditions. River flow provides a mechanism for respiratory gas
exchange and delivery of food and nutrients, aids dispersal, is a potential means for rapid
escape from predators via entering the drift and defines suitable emergence and
oviposition sites (Collier et al. 1995, Teague et al. 1985). In addition, the fluid properties
of the flow may interact with the behaviour and morphology of the organism to determine
their distribution in the stream (Oldmeadow et al. 2010). Therefore, it is important to
consider the adaptations of the organisms themselves - in terms of their traits - with
regard to the use of hydraulic habitat.

5.4

Linking ecohydraulics and lotic macroinvertebrate traits

Traits-based approaches can provide primary information for the development of
alternative metrics for lotic ecosystem research and management. Such metrics could
employ the functional attributes of organisms in addition to their taxonomic identity to
incorporate aspects of ecological function in biomonitoring programmes. It has been
argued that incorporating traits in this way could provide a more consistent means of
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comparing locations, yield mechanistic explanations of perceived environmental
perturbations and provide earlier detection of environmental change (Culp et al. 2011 ).
Lotic macroinvertebrate traits have been observed and quantified in order to
connect functional ecological information about each taxon to environmental factors and
perturbations, including hydrology (Bonada et al. 2007), human impacts/land use
(Doledec et al. 1999, Doledec and Statzner 2008, Carlisle and Hawkins 2008), sensitivity .
to toxic materials (Baird and Van Den Brink 2007, Buchwalter et al. 2008), effects of
restoration (Tullos et al. 2009) and suites of multiple stressors (Statzner and Beebe 2010).
Horrigan and Baird (2008) identified several trait 'modalities' (the instance of the trait)
that respond consistently to flow and flow-associated conditions (e.g., temperature and
dissolved oxygen). However, few of the traits available in various databases (e.g., Tachet
et al. 2000, Vieira et al. 2006) were derived to be related purposefully to hydraulic
parameters. Two exceptions may be body size and body shape traits, which are subject to
hydraulic properties such as Reynolds number, thickness of the boundary layer, drag,
turbulence and other forces (Statzner 1988, 2008). Some traits, for example current
preference/rheophily and microhabitat preference (Vieira et al. 2006), might be suitable
indicators of hydraulic conditions. However these 'traits' may represent a whole
organism response (e.g., a co-evolved life history strategy, Verberk et al. 2008) that is
being mediated by independent or linked traits (i.e., Poff et al. 2006a), for example
morphological traits such as armouring and shape may be correlated with rheophily (see
case study below).
Hydraulic conditions change over time, as do the requirements of many lotic
macroinvertebrates (Statzner 2008, Culp et al. 2011). Ecohydraulic studies demonstrate a

154

shift in hydraulic habitat use with age or developmental stage (Collier 1994, Collier et al.
1995, Reich and Downes 2004, Doledec et al. 2007, Sagnes et al. 2008). A greater
understanding of these patterns is vital to the successful management of organisms with
complex lifecycles (Lancaster and Downes 2010a), since supporting the needs of only
one life stage does not guarantee the long-term success of an organism. This is
particularly true for aquatic. insects, which often possess multiple aquatic growth stages
and terrestrial adults, some of which also have hydraulic habitat requirements for
emergence and/or oviposition (Teague et al. 1985, Collier et al. 1995).
We have yet to fully realize the potential benefits of traits-based metrics for lotic
systems management. The adoption of this approach will depend on recognizing the
importance of the mesoscale and hydraulic forces, coping with multiple sources of
variation, both in the system and the organisms, and clarifying how traits respond in a
consistent manner to perform better than taxonomic metrics. Below we illustrate how the
traits-based approach can strengthen existing metrics, focusing on the UK LIFE index
(Extence et al. 1999) as an example.

S.S

Trait variation among lotic macroinvertebrates in LIFE flow groups

Using national biomonitoring data paired with antecedent hydrological data from
nearby gauging stations, LIFE scores have been used to quantify the response of benthic
macroinvertebrate communities to both habitat modification (e.g., Dunbar et al. 2010)
and flow conditions (Monk et al. 2006, 2008, Dunbar et al. 2010) for different river types.
The association of lotic macroinvertebrate taxa to hydraulic variables is integral to
LIFE. The LIFE score is based on six flow groups (based on flow velocity preferences;
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see Dunbar et al. 2010) that can be related to perceived hydraulic habitat (microhabitat)
preferences of the. taxa, in terms of measured velocity and substrate composition. Taxa
with lower LIFE flow group values are associated with higher velocities and large
particle-size substrates (e.g., cobble); taxa with higher LIFE flow group values are
associated with lower velocities and small particle size substrates (e.g., silt) (Dunbar et al.
2010). The LIFE flow groups, determined thorough literature review, were used to weigh
each taxon in conjunction with its abundance (log categories) for the overall calculation
of the LIFE score per sample (Extence et al. 1999).
To illustrate the potential association between LIFE flow groups and biological
and ecological traits (sensu Usseglio-Polatera et al. 2000), we used a trait database
compiled for the UK that included 13 traits comprised of 33 modalities (Bowser,
Armanini and Baird, unpublished data). We focused our analysis on Trichoptera, since
they are well studied from both an ecohydraulic and ecohydrological perspective, show a
variety ofresponses to hydraulic conditions (Table 5.1.) and are often focal taxa in
biomonitoring programmes. The trait database included information on 55 Trichoptera
genera.
Trichoptera are a morphologically and functionally diverse order of aquatic
insects (Mackay and: Wiggins 1979); however, they still possess a restricted suite of traits
relative to the full complement expressed in lotic invertebrates. Therefore, some traits and
some trait modalities were eliminated from this analysis because they were rare or absent
(e.g. desiccation resistance, swimming ability (one taxon) and aerial respiration) or
invariant (all members possessed the trait and/or modality; e.g. adult ability to exit the
water)within Trichoptera. Thus, we analyzed nine observed traits, expressing 24 total
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modalities (Table 5.3.). Due to intra- and inter-genera variation, there were several
instances of multiple trait modalities within a single tax.on. For analysis, each occurrence
of a modality was used and we therefore employed proportions for consistency.
We observed variation in trait modalities among LIFE flow groups. Trichoptera
genera in LIFE flow groups 1 and 2 showed a greater proportion of rheophily-erosional
and cold/cool trait modalities (Fig. 5.1.). In addition, these LIFE flow groups also showed
higher proportions of protective armouring and semivoltine lifecycle modalities (Fig.
5.1.). The reverse pattern was observed for Trichoptera genera in LIFE flow groups 3-5.
Higher proportions of rheophily-depositional, warm, no or poor armouring and univoltine
lifecycle modalities were shown for these tax.a (Fig. 5.1.). However, the patterns detected
in some traits were ambiguous. Traits such as respiration and attachment show less
variation across the LIFE flow groups (Fig. 5.1.). This is probably a consequence of
focusing only on Trichoptera, since members of this insect order possess less variation in
these characteristics. In addition, flight is a trait attribute of the adult form and
uninformative for larvae.
Trichoptera pose a challenge for shape and size traits. Variation in these traits
among LIFE flow groups was also less clear. Functionally, size and shape_ of case-bearing
caddisflies is dependent on the shape, materials and construction of their cases.
Taxonomic treatments (species accounts and keys) of case-bearing tax.a typically include
at least a basic description of the case and its component materials (e.g. Wallace et al.
2003). The possession of a case is often not treated as a trait, but the information is
incorporated into other traits (e.g., armouring) to be evaluated consistently across other
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non-case-bearing lotic invertebrates. Cases can also be lost or damaged during
invertebrate sampling or processing, making consistent measurements difficult.
We analyzed the presence of cases in a similar fashion to traits analysis among the
LIFE flow groups by first dividing these into categories/modalities, based on construction
materials. With the exception of LIFE flow group 5, the trend was for fewer caseless taxa
in higher LIFE groups (2-4) (Fig. 5.2.). Of the taxa possessing cases, the lower LIFE
flow groups (1-3) generally had a higher proportion of stone cases, while higher LIFE
flow groups (4--5) had a higher proportion of plant-material cases (Fig 5.2.). LIFE flow
group 5 had the most extreme pattern, with the highest proportion of caseless and plantmaterial cases among all LIFE flow groups, which may be due to the smaller number of
taxa represented in this category.
Case construction in Trichoptera is a complex genetically-controlled,
environmentally-modified behaviour which can serve multiple beneficial functions,
including enhancing respiration (Williams et al. 1987) and protection from predation
(Johansson 1991). Prevailing hydrologic and hydraulic forces influence substrate
characteristics and, both directly and indirectly, larval habitat selection, which may carry
over into case construction (Cummins 1964, Wetmore et al. 1990). Our ad hoc analysis
suggests that larval selection of case materials could reflect a shift in substrate
availability and suitability for the construction of cases among flow groups. The addition
of this trait information could provide further evidence of stream impairment and even
aid in the diagnosis of the cause of impairment as flows and sediments are modified.
Not all traits reflect abiotic habitat constraints, but may be the result of dual or
multiple selection pressures. Armouring, as in the Trichoptera case study above, is an
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example of such a trait, which is influenced by the physiological requirements of the
organism (respiration and thermoregulation) as well as its need for protection. Likewise,
evolutionary constraints may result in 'trait syndromes' (sensu Poff et al. 2006a) such
that genetic linkages between traits may obscure individual trait responses to
environmental conditions. A visual representation using non-metric multidimensional
scaling (nMDS) shows trait modalities, which occur together more frequently, plotted in
closer proximity than those found less frequently together (Fig. 5.3.). Overall, there is a
lack of strong structure in the data, reflecting fewer linkages between these selected traits
occurring in UK Trichoptera genera.
Since the LIFE flow groups were initially developed to reflect the organisms'
biology, trends observed in the distribution of particular trait modalities among the LIFE
flow groups were expected, indicating that there are common attributes of taxa that
inhabit particular hydraulic habitats. This information could be used to help decipher
which habitat characteristics most strongly influence lotic macroinvertebrates and to
interpret the LIFE score of a stream or river site while taking into account confounding
aspects oflotic macroinvertebrate biology.

5.6

Upscaling from ecohydraulics to management

Flow variation across spatial and temporal scales from the individual patch to the
watershed scale is necessary to maintain habitat diversity and sustain the biodiversity of
aquatic communities within river systems. One goal of sustainable river management is
to develop and ·apply protection strategies based on the knowledge of the ecological and
habitat responses t~ hydraulic and hydrological processes within that system. However,
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the scales at which river management is applied are often quite different from the scales
at which biomonitoring samples are collected (Friberg 2010). Site scale information
needs to be applicable at regional scales, allowing environmental managers to move away
from extensive data collection and site-specific models (Dunbar et al. 2010).
Part of the challenge is upscaling from individual site data with finer-scale
hydraulic variables based on flow velocity and individual benthic macroinvertebrate
samples to the higher-level watershed seal~ hydrological variables based on discharge
and multiple benthic macroinvertebrate samples collected across different habitats and
stream orders. For example, at spati.al scales greater than a habitat patch, it is often
difficult to monitor habitat-specific point velocity to calculate hydraulic parameters, and
the majority of flow data is collected in the form of channel discharge and summarized as
hydrological indices. Wood et al. (2001) explored these linkages between scale, flow
variability and macroinvertebrate community assemblages by developing models
calculated at the reach scale, within-reach scale (upstream versus downstream), withinriffle scale and individual sample scale. Their results highlight the increased amount of
ecological variance explained with smaller spatial scales. Newson and Newson (2000)
advocate a mesoscale approach that allows an understanding of the direct linkages
between ecohydraulics and ecohydrology by providing the balance between the highly
detailed, resource-intensive, small-scale field studies and the often more general regional
management plan. However, for many studies, a mismatch of scales may be a limitation
to a direct upscaling using simple hydrological statistics (Stewardson and Gippel 2003).
F~r example, hydrological variables are often calculated for average changes in
environmental conditions, while the biological variables may respond rapidly over much
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smaller spatial scales or integrate changes on short to moderate (seasonal) time scales.
This mismatch of scales echoes Fausch et al. (2002), who argued that research for
management and conservation has been unsuccessful because of insufficient research
centred on linking spatial and temporal scales appropriate for major management
decisions, notably the need for basin-level versus process knowledge. Investigating
ecohydraulic and ecohydrological patterns at the appropriate spatial and temporal scales
is important for developing a greater understanding which can lead to more accurate
prediction of macroinvertebrate communities (Dunbar and Acreman 2001, Parsons et al.
2004, Biggs et al. 2005).
Historically, management strategies used highly focused approaches based on a
range of different flow conditions, for example, percentile flows, wet- and dry season
baseflows, normal high flows, extreme drought and flood conditions, rates of flood rise
and fall and the interannual variability using threshold limits for specific flow
characteristics (Tharme 2003). However, ecological systems are inherently complex and,
therefore, do not conform to simple models. Poff et al. (2006b) raised two reoccurring
problems with current management applications. First, management decisions are often
needed at specific locations where detailed studies at the appropriate scale are lacking,
leading to the application of sometimes inappropriate management schemes. Second,
environmental regulation and management are often applied at broad geographical
regional scales, which encompass supstantial variation in topographic or ecological
conditions. To counter these problems, we suggest that a classification of river types
applied at an appropriate scale offers an approach to reduce the within-group
environmental variability an~, therefore, tailor the expected aquatic community to
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hydraulic variability for a particular river type. For example, grouping river types by
hydrological regimes has provided a better understanding of the potential ecological
response to environmental variability at a sample site and, consequently, to upscale and
incorporate hydrological variability at the watershed scale (e.g., in Canada: Armanini et
al. 2012, Monk et al. 2011, UK: Monk et al. 2006, 2008). This also highlights the clear
potential for integrative ecohydrological indices to be used in an environmental flow
management context, for example, the CEFI and LIFE scores, which were developed
based, in part, on assumptions with hydraulic relevance. Based on biomonitoring data,
CEFI was derived using average channel velocity measured at the time of sampling to
calculate environmental optima associated with each taxon. Calculated at the reach scale
from a single benthic macroinvertebrate sample, CEFI presents a direct link between the
hydraulic habitat of the sample and the hydrological habitat of the reach when paired with
discharge data (Armanini et al. 2011, 2012). For example, a site CEFI or LIFE score can
be used to flag a community response at an individual site to a particular hydrological
disturbance, or it could be compared to a regional score to integrate site status and
assessment at the watershed scale. This level of information can support environmental
flow assessment at the scales that are relevant to river managers and engineers (Dunbar et
al. 2010).
Effective river flow management requires adequate characteriz@.tion of the
ecologically relevant components of hydrological variability, which, in tum, requires
rapid assessment methods (Archer and Newson 2002), such as biological metrics (e.g.,
CEFI and LIFE scores) and key hydrological and hydraulic indices (e.g., Indicators of
Hydrologic Alteration, Richter_ et al. 1996). However, most rivers have been affected by
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some degree of anthropogenic flow alteration, for example by agricultural water
withdrawals, hydropower infrastructure and operation and urbanization. These
modifications can have both direct and indirect effects on the aquatic community (e.g.,
Peters et al. 2012). Wilby et al. (2010) emphasize the need to understand the direct
response of environmental flow management across multiple scales on the aquatic
communities, particularly when planning for climate change.
They suggest that more research is needed to understand the adaptation strategies
across different scales and emphasize that it is critical to manage environmental flows by
maintaining hydrological variability to sustain ecological integrity (e.g., Poff et al. 1997,
Monk et al. 2008). Elucidating and integrating the mechanisms underlying observed
patterns at the site (hydraulic), reach and watershed (hydro logic) scales is needed to
improve understanding and prediction of system processes. This integration of
hydrological, hydraulic and ecological data within management strategies still presents a
major research challenge (Newson 2002). The development of strategic national plans for
paired data collection is required for sustainable management, which include co-locating
ecological sample sites with gauging stations in addition to using geospatial information
to develop site- and watershed specific data.

5. 7

Conclusions
Appropriate models linking mesoscale ecohydraulic observations to macroscale

patterns in biota are lacking, due in part to the absence of a rigorous classification system
for river habitats with global application. Upscaling biological observations from the
reach to watershed scale is also problematic due to a lack of biological and ecohydraulic
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data with appropriate spatial coverage and which can be explicitly linked to hydrological
observations. Armanini et al. (2012) give an example for the Fraser River in British
Columbia of the type of data attrition which can result when appropriate spatial matching
is required: of 1600 unique site observations, 400 were classified·as suitable for analysis,
of these only 95 could be appropriately matched to an existing set of hydrometric
observations. A further obstacle to the development of scalable models is that most
studies examine hydraulic influences on community pattern without consideration of
confounding variables, and thus cross-scale issues are rarely identified or commented
upon. We argue that the use of correlative approaches to develop indices such as LIFE
and CEFI has value, and that such indices can be rigorously tested through hypothesisdriven science, both in real, field scenarios and under controlled laboratory conditions
(e.g., Armanini et al. 2011 ). The most urgent need, however, is a sound theoretical
framework to link the composition of lotic invertebrate communities to the habitat
templet - going beyond physical habitat filters to incorporate or otherwise account for the
influence of other natural drivers (such as competition and predation) and which allows
the relative contribution of anthropogenic factors to be quantified against a background of
natural variability (Peters et al. 2012). In this way, the importance of hydraulic factors in
influencing population and community dynamics of lotic invertebrates can be understood
and managed within an appropriate spatial and temporal context. The science of
ecohydraulics requires the engagement of scientists across .a range of disciplines, with a
strong focus on solutions to river management problems. This will ensure that key
fundamental science questions can be explored and that resource managers can access
monitoring and assessment tools that are reliable, robust and scientifically defensible.
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Tables

Table 5.1 Summary of ecohydraulic studies describing the distribution patterns and association of lo tic invertebrate taxa to ecohydraulic parameters
arranged by type of study and year of publication.

Taxon
Order

Family

Species

Location

Parameters*

Association/Response

Source

Field observations - focal taxa
transition in substrate use
from silt-organic material
to larger substrate particles
during development; broad

Pycnopsyche lepida

-

velocity range

-....J
VJ

Trichoptera

Trichoptera

substrate particle size,

silt-organic substrate use;

velocity

broad velocity range

Limnephilidae

Pycnopsyche guttifer

Glossosomatidae

Glossosoma califica

Glossosomatidae

Glossosoma penitum

Species specific

Limnepbilidae

Dicosmoecus gilvipes

microhabitat selectivity for

Uenoidae

Neophy/ax rickeri

Ucnoidae

Neophylax splendens

USA

USA

depth, velocity, rock size,

depth, velocity, rock size

rock roughness, rock slope

and rock roughness

Cummins, 1964

Teague et al., 1985

weak response to velocity,

Trichoptera

Limnephilidae

0/igophlebodes zelti

Uenoidae

Neothremma alicia

lower velocities
Canada

depth, velocity

weak response to velocity,

Ogilvie & Clifford,
1986

higher velocities
Simple: Substrate profile,
water surface slope, depth,

Hemiptera

Aphelocheiridae

Aphelocheims aestivalis

Germany

velocity, kinematic viscosity,

Preference curves for

discharge, stream width.

size/age cohorts. Stronger

Complex: Reynolds number,

response to complex

Froude number, shear

parameters, including

velocity, shear stress,

Froude Number, thickness

thickness of the viscous

of the viscous sublayer,

sublayer, boundary Reynolds

and boundary Reynolds

number

number.

Statzner et al., 1988

develop habitat
preferences/suitability
-..J

curves; depth, velocity,

..t:,,.,

Deleatidium spp. (Additional

New

depth, velocity, substrate

substrate (univariate and ·

Jowett &

Zealand

composition (embeddedness)

multivariate responses)

Richardson, 1990

Ephemeroptera

Leptophlebiidae

taxonomic groups)

Trichoptera

Brachycentidae

Brachycentrus occidentalis

Local velocity and flow

Froude Number

G lossosomatidae

Glossosoma intermedium

profiles: velocities, depths,

Depth

Wetmore et al.,

Simuliidae

Simulium vittatum

water surface slopes

Froude Number

1990

- Trichoptera
Diptera

--

Canada

- ---

--

velocity, depth,
combination of velocity

New
Ephemeroptera

Leptophlebiidae

Deleatidium

Zealand

and depth; size, sex and
Velocity, depth

morphotype specific

Collier, I 994

responses

Rhithrogena semico/orata
Ephemeroptera

Heptageniidae

-~

Ecdyonurus sp. vr. venosus

Italy

~-

Roughness, velocity, depth,

Size related habitat

substrate composition, Froude

preferences based on

Buffangni et al.,

number

roughness

1995

-

early instars: boulders with
medium velocity; later
instars: sand with low

Epherneridae

Ephemera danica

velocity,
early instars: low depth

-

and velocity; later instars:

- .J
VI

higher depth and velocity,
Ephemeroptera

Heptageniidae

Rhithrogena semicolorata

no shift in substrate use
all instars: large substrate,

Trichoptera

Hydrosphychidae

Hy dropsy che siltalai

Trichoptera

Hydrobiosidae

Ulmerochorema rubiconum

Trichoptera

Hydrobiosidae

Ethochorema turbidum

Trichoptera
Ephemeroptera

Hydrobiosidae
Polyrnitarcyidae

Apsilochorema obliquum

-

.Ephoron virgo

France

depth, velocity, substrate

high velocity; shift prior to

composition

pupation

Hanquet et al., 2004

fast surface water velocity

Australia
France

velocity: surface and average

(instar effects)

(2/3 depth), substrate size

slow surface water velocity

Reich & Downes,

index

( instar effects)

2004

Shear velocity preferences,

Sagnes et al., 2008

Shear velocity, FST

-~

Ephemeroptera

Oligoneuriidae

Oligoner,riella rhenana

Ephemeroptera

Ephernererndae

Sen·atella ignita

Trichoptera

Hydrosphychidae

Cheumatophsyche lepida

Trichoptera

Hydrosphychidae

Hydrophsyche exocel/ata

Diptera

Blephariceridae

hemisphere number*

Blepharicera fascia ta

-

--

shifts with body size

Velocity, depth, wetted width,
discharge, bed gradient,
hydrau1ic radius, grain size,
boundary shear stress, Shields

Ephemeroptera

.......
-.:i

Baetidae

Baetis bicaudatus

USA

number, Reynolds number,

drift propensity: positively

Froude number, Darcy-

related to Reynolds

Weisbach friction factor,

number, negatively related

Relative submergence

to Shields number

Wilcox et al., 2008

Field observations - invertebrate community

°'

species specific
associations with
combinations of depth,
Selected Aquatic
Insect Orders

40 taxa

Sweden

depth, velocity, substrate

velocity and substrate

condition

conditions
develop habitat

Ulfstrand, 1967

---

preferences/suitability

Selected Aquatic
Insect Orders

18 tax.a

USA

depth, velocity, substrate

curves; depth, velocity,

composition, Froude number

substrate and turbu1ence

Orth & Maughan,

(turbulence)

(regression analysis)

1983

Benthic
Community

Highlight 9 common taxa

Simple: mean velocity, depth,

Strongest correlation for a

substrate size, kinematic

single variable: boundary

viscosity, substrate

Reynolds number;

roughness; Complex: Froude

Combined variables:

number, shear velocity, water

substrate size, depth and

New

column and boundary

mean velocity; Taxa

Quinn & Hickey,

Zealand

Reynolds number

specific responses

1994

depth, velocity, substrate size
categories, substrate
roughness, Froude Number,
Reynolds number, shear

......

-.....)
-.....)

I

Trichoptera

Hydrobiosidea

14 taxa

New

velocity, boundary layer

depth, velocity, Foude

Zealand

Reynolds number

Number

Collier et al., 1995

depth, FST hemisphere

hydraulic stress, FST

Mobes-Hansen &

number

hemisphere number

Waringer, 1998

--

Selected Aquatic

Substrate profile, velocity,

Insect Orders,
Amphipoda

/

31 taxa

Austria

Trait association with
Froude number;
Benthic
Community

172 taxa

France

Bentbic
Community

31 taxa

France

Depth, velocity, Froude

correlations among

Lamouroux, et al.,

Number, substrate roughness

variables

2004

FST hemisphere number,

strongest correlation: shear

depth, substrate particle size,

stress and Froude Number;

Merigoux &

bed roughness, Froude

Combined variables:

Doledec, 2004

number

substrate size, depth and
mean velocity; Taxa
specific responses
Negative associations with
roughness Reynolds
number, shear velocity,
velocity and Froude
Number; highest

Benthic
Community

155 species

Australia

Velocity, depth, substrate

explanatory power:

roughness; roughness

roughness Reynolds

Reynolds number, shear

number, velocity, shear

velocity, Froude Number

velocity

-

Brooks et al., 2005

Groups of species with
similar re!.-ponses divided

- .)

00

between coarse substrate,
shallow water, chute flow,

Trichoptera

48 Species

Slovenia

substrate, water depth, flow

and fine substrate in deep

type

water

Benthic

Urbanic et al., 2005

Modeling oftaxa hydraulic

Community

151 taxa

Germany

FST hemisphere number

preferences

Doledec et al., 2007

Field experiments - focal taxa
Prosimulium mixtum/fascum

develop habitat

Stegopterna mutata

preferences/suitability
curves; depth, velocit):

Diptera

Simuliidae

Simulium aureum

Canada

Velocity, depth

(comparing rufferent types

Morin et al., 1986

of analysis)

Trichoptera

Hydropsychidae

Hydropsyche bronta

species specific

Hydropsyche cheilonis

microhabitat selectivity for

Hydropsyche sparna

velocity and turbulence;

Hydropsyche betteni

USA

Velocity, turbulence

importance of pattern and

Osborne&

(microhabitat flow pattern)

turbulence of flow

Herricks, 1987

Field experiments - invertebrate community
Response to substrate
manipulation; substrate
Selected Aquatic
Insect Orders

14 taxa

USA

substrate composition and

preference, concomitant

Minshall &

structure, depth, velocity

velocity preference

Minshall, 1977

Response to substrate
Selected Aquatic

......

Insect Orders

"°

* velocity synonymous with water velocity, current velocity;

-...l

16 taxa

USA

Substrate size and

manipulation; substrate

Rabeni & Minshall,

composition, velocity, depth

preference

1977

depth synonymous with water depth; FST hemisphere number (Statzner & Muller 1989)

Table 5.2 Summary of simple and derived (complex) hydraulic parameters (sensu Statnzer et al., 1988)
used in four types of lotic invertebrate ecohydraulics studies.

Hydraulic Parameters

Simple

Frequency of application
Observation,

Observation,

Experiment,

Experiment,

Focal Taxa

Community

Focal Taxa

Community

Total

depth

9

10

2

2

23

velocity

11

7

2

2

22

substrate composition

3

3

0

2

8

substrate particle size

4

3

0

0

7

substrate roughness

2

6

0

0

8

3

0

0

4

FST hemisphere
number
water surface slope

2

0

0

0

2

substrate slope

2

0

0

0

2

2

0

0

0

2

0

0

2

0

0

0

0

embeddedness/
relative submergence
kinematic viscosity
hydraulic radius
flow type

0
0

Complex
Froude number

3

6

0

0

9

shear velocity

2

3

0

0

5

Reynolds number

2

2

0

0

4

Reynolds number

3

0

0

4

shear stress

0

0

0

thickness of the

0

0

0

boundary/roughness

180

viscous sublayer
boundary shear stress

0

0

0

friction factor

0

0

0

Shields Number

0

0

0

Darcy-Weisbach

turbulence

0

0
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0

Table S.3 Descriptions and abbreviations oflarval Trichoptera traits used in LIFE flow group case study,
based on those used in Horrigan and Baird (2008) and Vieira et al., (2006).

Trait

Trait description

Trait code

Armouring

None (soft-bodied forms)

ArmNo

Armouring

Poor (heavily sclerotized)

ArmPoor

Armouring

Good (e.g., some cased caddisflies)

ArmGood

Attachment

Free-ranging

AtchFree

Attachment

Sessile, sedentary

AtchSessSed

Attachment

Both

AtchBoth

Adult flying strength

Weak (e.g., cannot fly into light breeze)

FlgtWeak

Adult flying strength

Strong (e.g. can fly into light breeze)

FlgtStrong

Respiration

Tegument

RespTegum

Respiration

Gills

RespGills

Rheophily

Depositional only

RheoDep

Rheophily

Depositional and erosional

RheoDepEros

Rheophily

Erosional

RheoEros

Shape

Streamlined (flat, fusiform)

ShpStreamline

Shape

Not streamlined (cylindrical, round, or bluff)

ShpNonStreamline

Size at maturity

Small (< 9mm)

SizeSmall

Size at maturity

Medium (9-16 mm)

SizeMed

Size at maturity

Large(> 16 mm)

SizeLarge

Thermal preference

Cold stenothermal or cool eurythermal

TherColdSteno

Thermal preference

CooVwarm eurythermal

TherCoolWarm

Thermal preference

Warm eurythermal

TherWarm

Voltinism

Semivoltine (<l generation/year)

VoltSemi

Voltinism

Univoltine (1 generation/year)

VoltUni

Voltinism

Bi- or Multi-voltine (> 1 generation/year)

VoltBiMulti
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Figure 5.1 Panel of bar-charts showing the proportion of each trait modality occurrence among LIFE Flow
•
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groups for 55 UK Trichoptera genera. In the case that a genus could possess more than one modality for a
trait, each instance was plotted. Refer to Table 3 for a description of traits and their abbreviations.
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Figure 5.2 Bar-chart showing the proportion of each case type occurrence among LIFE Flow groups for 55
UK Trichoptera genera. In the case that a genus could possess more than one type of case each instance
was plotted. Legend abbreviations: None: no case present; Silk: silk case; Plant: case constructed of
organic, primarily plant material; Stone: case constructed of inorganic material, primarily stones.
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Figure 5.3 nMDS plot (Jaccard's distance for binary data, stress: 23.4622, vegan package in R) showing the
association of trait modalities occurring among 55 UK Trichoptera genera. The plot summarizes
associations among traits: modalities plotted in close proximity may occur more often together than those
plotted further apart. Refer to Table 3 for a description of traits and their abbreviations.
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6.1

Abstract

Protecting ecologically-sensitive components of a dynamic flow regime requires a
mechanistic understanding of how properties ofbiological assemblages respond to
temporal variation in hydrologic variables. Coupled biological and hydrological data over
short (< 5 years) and moderate (< 10 years) time periods are adequate for investigating
these trends for the short generation times of benthic macroinvertebrates. Therefore, we
assessed the association of benthic macroinvertebrate taxonomic and trait metrics (body
size and body shape) to annual and inter-annual variability in hydrological variables
within the Miramichi basin, New Brunswick, Canada. Intermittent benthic sampling at
three sites over five years provided seasonal and annual trends over a moderate
hydrological time series. A two-year dataset provided annual patterns for eleven sites
occurring throughout the basin. Significant differences in both taxonomic composition
and trait data were detected for the five time interval series, with the highest variation
observed between seasons. Likewise, annual hydrological changes between years
corresponded to changes in taxonomic composition and trait expression for sites
throughout the basin. The trait metric body size had the highest correlation with
fluctuations in average water velocity used as a hydrological metric, outperforming
taxonomic metrics (richness and diversity) as well as a flow-sensitivity index (Canadian
Ecological Flow Index). Taxon-specific size changes illustrated developmental and
phenological attributes of the benthic assemblage related to hydrological habitat. Thus,
multiple response variables can improve risk assessment for taxa and assemblages,
indicate developmental patterns related to habitat changes, facilitate detection of potential
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habitat impairment for biomonitoring approaches, and contribute to flow-ecology
relationships for environmental flow management.
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6.2

Introduction

Increasing demands from all sectors of human society (e.g., energy, agriculture,
and transportation) disproportionately affect freshwater resources (Carlisle et al. 2011,
Peters et al. 2012, Pahl-Wostl et al. 2013), often resulting in both direct and indirect
changes to streamflow - the most significant global threat to riverine ecosystem integrity
(Poff et al. 1997, Bunn and Arthington 2002, Vorosmarty et al. 2010). Approaches for
identifying and managing environmental flows have been developed and refined over the
last several decades to achieve positive ecological outcomes balanced with sustainable
human water use (Acreman and Dunbar 2004, Poff et al. 2010, Richter et al, 2012, PahlWostl et al. 2013). By definition, environmental flows aim to conserve and protect key
societal and ecological properties of the flow regime (Brisbane Declaration 2007).
Integrated programs that consider multiple ecological as well as socio-economic
outcomes for establishing flow guidance. show the most promise for long-term
sustainability in flow management (e.g., ELOHA/SUMHA; Poff et al. 2010, Pahl-Wostl
et al. 2013). The ability of these frameworks to contribute to positive ecological and
. socio-economic goals depends on identifying and describing meaningful linkages
between the hydrological (physico-chemical) and biological components of the riverine
ecosystem (Pahl-Wostl et al. 2013), referred to as flow-ecology relationships (Poff et al.
2010).
Benthic macroinvertebrate assemblage metrics are used extensively for freshwater
biomonitoring (Bonada et al. 2006, Dunbar et al. 2010a). Identifyingthe fundamental
hydro-ecological responses for benthic macroinvertebrate assemblages could expand the
capacity for detecting and diagnosing flow impairment while supporting the
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establishment of environmental flow protection strategies. Yet, existing information is
often equivocal and unreliable (Konrad et al. 2008, Feld et al. 2014). A synthesis of
investigations relating benthic macroinvertebrate assemblage metrics to hydrological
variables found weak or inconsistent responses to varying degrees of hydrological
impairment (Poff and Zimmerman 2010). Efforts to quantify flow-ecology relationships
for benthic macroinvertebrate assemblages are limited by the availability of biological
and hydrological data and often confounded by mismatches in spatial extent and temporal
scale (Konrad et al. 2008, Armanini et al. 2011).
Hydrological conditions change perceptibly over both short and long time periods
(seconds to centuries), thus continuous flow records exceeding 20 years or more are often
recommended to adequately capture natural flow variability (Huh et al. 2005, Nature
Conservancy 2007). The infrastructure necessary to collect hydrometric data is often
difficult and costly to maintain. Limited budgets often require strategic placement of
hydrological monitoring stations (gauging stations) in priority areas that may be
unsuitable or impractical for effective biological sampling, for example, large, high
stream order, river reaches in close proximity to high-density human population centers
(Armanini et al. 2011 ). Thus, long-term, high resolution, paired hydrological and
biological datasets are generally lacking, particularly in remote and rural areas (Armanini
et al. 2011, Monk et al. in prep).
Investigating trends in benthic macroinvertebrate assemblage structure over ·
shorter time periods (2-5 years) may not only be necessary due to the lack of long-term
records, but may yet prove valuable in building robust flow-ecology relationships.
Benthic macroinvertebrate life cycles typically range from one to several seasons or years
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(Lancaster and Downes 2013 }, providing a rapid response to annual and inter-annual
fluctuations in habitat conditions (Rosenberg and Resh 1993, Resh 2008). Several studies
have indicated the influence that short-tenn antecedent flow conditions can have on the
structure ofbenthic macroinvertebrate assemblages. For example, Konrad et al. (2008)
reported several benthic macroinvertebrate metrics associated with flow characteristics
measured at short time scales, within 30 to 100 days prior to sampling. Studies by Mo~
et al. (2008) and Dunbar et al. (2010a) indicate benthic macroinvertebrate responses with
flow records from the preceding 3 - 6 month period. Lamouroux et al. (2013) assessed
moderate time scales ( 1 to 7 years) and observed temporally stable associations among
selected taxonomic groups to hydraulic, fluid variables and hydrological conditions.
Benthic macroinvertebrate taxonomic metrics remain the primary ecological
response variables for many ecohydrology investigations, including those by Konrad et
al. (2008), Monk et al. (2008), Dunbar et al. (2010a) and Lamouroux et al. (2013) and
others reviewed by Poff and Zjmmennan (2010). Alternative benthic macroinvertebrate
assemblage metrics, specifically trait metrics, could provide a mechanistic perspective to
effectively link benthic macroinvertebrate assemblage properties to temporal variation in
hydrological data. Traits represent the basic genetically-inherited, measurable, attributes
of the organisms that interact directly with the environment (McGill et al. 2006).
According to ecological trait theory, organisms with suitable traits should be successful
in a particular environment, while organisms with suboptimal traits will decline or

disappear (Southwood 1977, Resh et al. 1994). Therefore, trait composition can be used
to detennine habitat quality (Menezes et al. 2010, Statzner and Beebe 2010, Culp et al.
2011 ). Organisms are integrated collections of traits (life-history strategies, sensu
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Verberk et al. 2008), and certain traits will confer ecological advantages to organisms
~der specific environmental conditions. Individual traits expected to respond predictably
to flow ~egime properties include body size and voltinism (Horrigan and Baird 2008).
Both of these traits provide alternative descriptions of organism growth (i.e., body size)
and development (i.e. voltinism), making them ideal candidates for investigating trends in
trait information associated with temporal hydrologic variation. Body shape is another
trait likely to respond to hydrological conditions (Statzner 1988, 2008, Statzner and Holm
1982, 1989), which, until recently, lacked sufficient resolution and taxonomic coverage
for thorough investigation (Orlofske and Baird 2014a).
Coupled trait. and taxonomic information over a short to moderate time series of
hydrological conditions can aid in the description of diagnostic flow-ecology
relationships and contribute to the determination of environmental flow properties.
Specifically, our objectives were to: (i) evaluate temporal shifts in the taxonomic and trait
compositions of aquatic insect assemblages in relation to seasonal and annual variation in
hydrological descriptors, including changes in trait expression by individual taxa; (ii)
assess the performance of taxonomic and trait metrics, and a diagnostic index (Canadian
Ecological Flow Index) to track fluctuations in intra- and inter-annual hydrologic
variability; and (iii) determine the potential for developmental delays or lags to structure
the taxonomic and trait composition of aquatic insect assemblages due to hydrological
variation. We anticipate a shift towards larger body sizes and shapes likely to experience
less drag during years and seasons with more severe hydrological conditions represented
by higher velocity values and higher water levels. We expect assemblage trait values to
be regulated by both taxonomic changes and trait expression regulated by phenotypic
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plasticity and ontogeny. Thus, we analyze trait and taxonomic compositions of aquatic
insect assemblages in relation to temporal variation in hydrology using a dataset divided
into five-year (2007-2012) and two-year (2011-2012) partitions.

6.3
6.3.1

Methods
Study area and sampling intervals

Temporal trends in benthic assemblage properties related to hydrological
conditions were evaluated in the unregulated Miramichi River basin in northeastern New
Brunswick, Canada. The Miramichi comprises the largest basin that occurs entirely
within the boundaries of the province (14,000 km2), discharging into the Gulf of St.
Lawrence at the Northumberland Strait (Cunjak and Newbury 2005). All sites were
considered reference sites or potential reference sites under the criteria established by the
Canadian Aquatic Biomonitoring Network (CABIN; Environment Canada 2012a).
Surrounding land use was primarily forest cover, with a mixture of coniferous and
deciduous forest stands. Forestry operations were active in the basin throughout the
period of sampling; however, forestry activities during this five-year period were
considered minimal and not likely to have a significant hydrological impact on our study
locations. Limited human development, in the form of temporary, recreat~onal homes and
unpaved roads exert minimal direct impacts on these sites.
Five visits (5-yr dataset) occurred at three sites (South Branch- Renous, SBREN;
Dungarvon Mid-stream, DUNMS; Dungarvon Downstream, DUNDS, Table 1) beginning
in November 2007 and continuing through July 2010, September 2010, October 2011 and
October 2012. Two visits (2-yr dataset) occurred at eight additional sites (Catamaran
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Downstream, CATDS; Catamaran Upstream, CATUS; Northwest Miramichi at Highway
430, NWM430; Northwest Miramichi at Wayerton, NWMWAY; Southwest Miramichi
Upper Blackville Bridge, SWMUBB; Southwest Miramichi at Doaktown, SWMDOAK;
Little Southwest Miramichi at Lyttleton, LSWMLTY; Little Southwest Miramichi at
Otter Brook, LSWMOTB) in October 2011 and October 2012, for a total of 1,1 sites with
a two-year sampling interval (Table 6.1). The eight sites added in 2011 and 2012 were
located in pairs along the three major tributaries to the Miramichi (Northwest Miramichi,
Southwest Miramichi, and Little Southwest Miramichi) and at a long-term research
facility, Catamaran Brook, draining into the Little Southwest Miramichi (Fig. 6.1).
6. 3. 2 Hydrological monitoring

Hydrological data were obtained to describe the primary physical habitat
properties of each site for the period June 2010 to October 2012. Temporary hydrological
monitoring stations were established at SBREN, DUNDS and DUNMS in June 2010 by
deploying HOBO pressure and temperature data loggers.(HOBO U20 Water Level Data
Logger - U20-001-01, Onset Computer Corporation, Bourne~ MA) attached using hightensile strength airline cable to stationary objects in the stream channel. A corresponding
atmospheric monitoring station was established on the bank to calibrate pressure
measurements and determine water level. Data loggers were programmed to record
pressure and temperature measurements at 30-minute time intervals for the period June
2010 to October 2011 and at 1-hour time intervals from October 2011 to October 2012.
Pressure records for this period were converted and summarized as daily water level.
Limited site access prevented the collection of sufficient discharge measurements to
establish a stage-discharge relationship for our temporary monitoring stations. Therefore,
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water level (m) records were used. Equivalent daily water level data records were
obtained from the Water Survey of Canada (WSC) for the paired sites on rivers equipped
with permanent hydrological monitoring stations (CATUS and CATDS, LS~MLYT and
LS WM OTB, NWMWAY and NWM430, and SWMUBB and SWMDOAK). Due to
difficulties of maintaining hydrological monitoring stations during the winter ice-cover
period, all data records were trimmed to the open water season June to October for each
year of observations (2010 - 2012).
Velocity is a fundamental component of hydrological data with predictable effects
on benthic communities and is routinely collected in the course of standard biomonitoring
protocols. Although less stable than discharge or water level metrics, velocity data can
provide a rough approximation of local hydrological conditions for benthic organisms.
The average cross-sectional velocity for each reach was determined using a 3D
FlowTracker Handheld-ADV (SonTek, San Diego, CA). Generally, 10 to 15 points
equally distributed across the channel or in the wadeable area of the channel were
assessed to provide an integrated velocity value, in accordance with the physical data
collected as part of the CABIN program requirements (Environment Canada 2012a).
6.3.3 Benthic sampling and processing

Standardized benthic macroinvertebrate samples were collected according to the
CABIN protocol (Environment Canada 2012a). Briefly, a kick net (mesh size 400 µm) is
guided through a riffle area while the substrate is agitated, working upstream in a zig-zag
pattern for three-minutes. Samples are thus composites of the primary microhabitats
available in each reach. CABIN surveys are conducted in the autumn to coincide with
stable, wadeable flow levels (Environment Canada 2012a). The three sites sampled in
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July 2010 (SBREN, DUNDS, DUNMS) followed this field protocol, but were surveyed
at a non-standard time-period. All samples were preserved in the field using 10%
buffered formalin. In the laboratory, samples were transferred to 70-90% ethanol for
storage, sorting and identification.
Laboratory processing of the benthic samples also followed the CABIN procedure
(Environment Canada 2012b). The entire benthic sample was transferred into water and
large substrate was thoroughly washed and removed. All remaining benthic substrate and
organisms were placed in a plexiglass Marchant box with 100 equal subchambers
(Marchant 1989). Contents of individual cells were extracted and allocated into
subsamples in 5% or 10% increments until half of the sample remained as the final
subsample portion. Beginning with the first 5%, benthic invertebrates were tallied until a
300 count was achieved. Counted invertebrates were identified to the taxonomic
resolution required by the CABIN program (Environment Canada 2012b}, generally
family or genus, using taxonomic keys (Mccafferty et al. 1983, Wiggins 1996, Needham
et al. 2000, Merritt et al. 2008) and a stereomicroscope (Leica MZ 75). Abundance data
were calculated based on the entire sample volume.
In addition to taxonomic data, trait information was obtained for several orders of
aquatic insects: Ephemeroptera (E}, Plecoptera (P}, Trichoptera (T}, Odonata (0) and
Megaloptera (M) herea~er referred to as 'EPTOM'. Together these taxonomic groups
represent a significant portion of the aquatic insect taxonomic diversity of New
Brunswick river systems. They also exhibit high morphological and functional diversity,
comprising a practical subset ·of taxa and specimens for traits analysis.

196

Body size was assessed as total body length (anterior margin of the head to
posterior tip of the last abdominal segment). Lengths were measured directly from
specimens using an ocular micrometer, and were converted to millimeters for analysis.
Body _shape was attributed to taxonomic units based on geometric morphometric
shape categories (Orlofske et al. 2014a). It should be noted that several additional
EPTOM taxa were obtained in our samples than were analyzed by Orlofske et al.
(2014a). The body shapes of genera were either inferred based on the body shape applied
to the family (Acerpenna, Baetis, Diphetor, Diploperla, Drunella, Habrophlebia,

Heterocloeon, Leptophlebia, Leucrocuta, Mayatrichia, Oecetis, Plauditus,
Polycentropus, Procloeon, Stenacron, Stenonema, Strophopteryx, Stylogomphus,
Taeniopteryx, Teloganopsis) or assigned using the key provided by Orlofske et al.
(2014a) (Baetiscidae, Baetisca; Libellulidae; Leptohyphidae). A few taxa lacked
sufficient information and could not have their body shape classified (Megaloptera,
Corydalidae, Nigronia; Sialidae, Sia/is; Odontoceridae, Psilotreta).
Voltinism describes the typical number of generations a taxon has in a year and
can be used as a proxy for developmental rate. Voltinism trait values for each taxonomic
unit were obtained from the United States Environmental Protection Agency Freshwater
Biological Traits Database, a comprehensive trait database for North American aquatic
invertebrate taxa (http://www.epa.gov/ncea/global/traits/; Accessed November 2013).
Voltinism status, semivoltine (multiple year life cycle), univoltine (single year life cycle),
or bivoltine/multivoltine (seasonal life cycle, multiple generations per year), was applied
to each taxonomic unit at the designated level of taxonomic identification (genus or
family). When conflicting voltinism states were recorded in the database for a taxon, the
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state with the highest frequency among constituent genera that occur within Atlantic
Canada was used for the family-level voltinism trait value. Without data to verify the
applicability of the voltinism data provided in the trait database for our EPTOM tax.a in
Atlantic Canada, we made the assumption that potential deviations in voltinism status due
to the lower temperatures or shorter growing season in our region were minimal and
would not significantly alter the results of our analysis.
6.3.4 Data Analysis

6.3.4.1 Hydrological data
Hydrological data were summarized as three variables for analysis. Average water
velocity at the time ofbenthic sampling was used as a proxy for local hydrological
conditions. Changes in average velocity over time were tested using a general linear
model with zero-sum contrasts (to account for unbalanced replicates). Daily water level
records for each year were used to calculate two measures of hydrological variability: the
ratio of days above mean and days below mean and Nash - Sutcliffe Efficiency. Both of
these metrics required calculating an average, daily water level series for each site for all
years of record (2010-2012). This baseline was compared to the actual daily water level
for each year at each site. The number of days above or below the average was tallied and
the ratio calculated. Developed to assess the fit of hydrological models to observed
hydrological data, we· used the Nash - Sutcliffe Efficiency (Nash and Sutcliffe 1970) to
determine the similarity between daily average water level records and the daily water
level observed each year for each site. Nash- Sutcliffe Efficiency was calculated using
the nse function in the hydroGOFpackage (Zambrano-Bigiarini 2013) as part of the R
statistical environment (R Core Team 2013, R Studio 2013).
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6.3.4.2 Aquatic insect assemblage data
Quantitative analyses comparing aquatic insect assemblage structure among time
points were carried out for both taxonomic and trait composition. Taxonomic data were
summarized from counts of a subset of the sample scaled to the total volume for each
sample. These data were used to derive common diversity metrics, including taxon
richness and Shannon diversity (diversity function, vegan package, Oksanen 2013).
Taxonomic data were also used to calculate the Canadian Ecological Flow Index (CEFI),
a flow-sensitivity index based on the association of sampled tax.a to water velocity
(Armanini et al. 2011). The site by taxon matrix was converted into relative abundance
and frequency and weighted by the velocity optima (V;) and the sensitivity (W;) of each
tax.on using weighting factors and formulae provided by Armanini et al. (2011). CEFI
values for each sample were calculated in Microsoft Excel 2010. A Permutational
Multivariate Analysis of Variance test (adonis function, vegan package, Oksanen 2013)
I

was used to compare taxonomic composition among time points following confirmation
of multivariate homogeneity of variances (multivariate homogeneity of group
dispersions; betadisper function, vegan package, Oksanen 2013) .. The data were
visualized using non-metric multi-dimensional scaling ordination (NMDS; metaMDS
function, vegan package, Oksanen 2013) calculated using Bray-Curtis dissimilarity
distance of log- transformed taxonomic abundance data.
Body size and shape data were used to evaluate shifts in trait composition among
time points. Measurements of specimen body size (length) were used to calculate the
average body size per tax.on, average body size per site, and average body size per tax.on
per site. Significant differences in- body size for a tax.on or site among multiple time
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points we~e determined using non-parametric Wilcoxon tests with unequal samples sizes
(wilcox.test function) or Kruskal-Wallis tests (kruskal.test function; post hoc tests,
pairw.kw function, asbio package; Aho 2013) and illustrated using fluctuation plots

(programmed in R). The same multivariate analysis routine was used to evaluate trends in
body size trait structure over time by substituting a log-transformed taxon size by site
matrix for the log-transformed abundance data in the ADONIS, BETADISPER and
NMDS analyses. Body shape data were evaluated as counts or proportions for each

sample. Differences among time points were tested using ·x2 tests (chisq.test function) and
depicted as barplots. Subsequent to body size and body shape analyses, voltinism data
were used to classify taxonomic and trait response patterns suggestive of potential
phenological delays or developmental lags linked to hydrologic variables.
The two-year dataset was used specifically to evaluate annual differences in
taxonomic structure, taxon and assem~lage size shifts and changes in shape composition
under contrasting annual hydrologic conditions at a diverse set of sites. The five-year
dataset was used to evaluate seasonal and multi-year taxonomic and trait patterns as well
as assess the consistency of the correlations among taxonomic data, trait data and the
CEFI index to fluctuations in hydrology.

6.4

Results
A total of 31 benthic macroinvertebrate samples were collected for analysis (3 in

2007, 3 in July 2010, 3 in September 2010, and 11 each in 2011 and 2012). On average,
36 (±6 SD) benthic macroinvertebrate taxa were identified in each sample. Individuals in
the EPTOM group were identified to genus, where possible (Orlofske and Baird 2013)
and non-EPTOM to family-level. Overall, 110 taxonomic units were collected, 95 or 86%
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belonged to the EPTOM grouping. Shannon diversity values calculated for each sampling
event ranged from 1.81 to 3.11 (Table 6.2). The hydrological-sensitivity index, CEFI,
was also calculated for each sample based on family-level benthic community
composition and abundance (Table 6.2). CEFI values ranged from 0.37 (± 0.04 SE) to
0.46 (± 0.04 SE) and can be expressed in the same units as velocity (mis).
Trait data were attributed to individuals in the case of body size and summarized
for individual sites or sampling periods while body shape and voltinism were applied to
taxonomic units as trait states (Appendix 6). Information for all three traits was obtained
for the majority (92.6%) of focal EPTOM taxa (88/95). Body size was measured for
11,481 EPTOM specimens (Table 6.2). Body shape data were lacking for only a few taxa

(Nigronip, Sia/is, Psilotreta) comprising 0.2% (25/11,481) ofEPTOM specimens
collected for this study. Voltinism data were missing for four taxa (Libellulidae,

Maccaffertium, Plauditus, Teloganopsis) eliminating about 1.6% (192/11,481) of
specimens from analysis.

6.4.1
6.4.1.1

Temporal changes in hydrological conditions and biological response variables
Hydrological Data
We observed evidence of significant annual and intra-annual fluctuations in

hydrologic conditions among our study sites in both datasets (Fig. 6.2). Although
inherently variable, water velocity among samples averaged 0.55 mis (± 0.20 SD).
Velocities ranged from 0.23 mis(± 0.01) at CATUS in 2011 to 1.01 mis(± 0.03) at
SWMDOAK in 2012. September 2010 had the overall lowest velocities (0.39 mis±
0.07), whereas 2012 had the highest (0.70 mis± 0.20) (Table 6.2). Average water
velocity was used to approximate seasonal and annual hydrological variability in the five-
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year dataset. Significant differences were detected among sites (Site: df= 2, F = 5.5,p =
0.005) but these were modest compared with difference among sampling periods

(Sampling Period: df= 4, F = 14.9,p< 0.001) with little support for an interaction
(Site*Sampling Period: df= 8, F = 0.6,p = 0.738). Generally, higher velocity values were
recorded for autumn samples (October/November) compared with summer (i.e., July)
samples (Table 6.2).
Temporal changes in hydrologic conditions between 2011 and 2012 were
qualitatively assessed using both the ratio metric and the Nash-Sutcliffe Efficiency (NSE)
value for water levels (Table 6.3). NSE values range from -oo to 1. NSE Values closer or
equal to 1 indicate close correspondence between datasets. High variance in the modeled,
or in this case, average data compared with observed or annual data result in NSE values
less than zero. Water level records from 2010 were the best fit (values closer to 1) to the
short-term average for 4 locations (CAT, DUNDS, DUNMS, and LSWM), however 2012
records were the best fit for the remaining 3 locations (NWM, SBREN, and SWM). The
lowest NSE values occurred in 2011 among all locations indicating the greatest
divergence but lower variance than the three-year site average. Except for SBREN, all of
the 2011 records had the highest number of days below average and ratio values less than
1 (Table 6.3). Thus, our hydrological metrics signify greater similarity among water level
records for 2010 and 2012 than 2011, which was generally characterized by water levels
below the three-year site average with a spike in above average water levels in late
August 2011 (Fig. 6.2).
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6.4.1.2 Taxonomic composition
Differences in taxonomic composition were expected to correspond to the
seasonal patterns detected in hydrological metrics, specifically we anticipated greater
diversity, abundance and similarity among autumn samples. Taxonomic turnover and
concomitant shifts in abundance were observed at the 3 sites sampled intermittently over
five years (Fig. 6.3). Greater similarity among sampling points (within years) than among
sites was observed based on the log abundance ofbenthic invertebrate taxa (Fig. 6.4.a)
and the EPTOM in the assemblage (Fig. 6.4.b). In both cases, the highest level of
compositional variation was observed for the samples collected in July 2010 (Fig. 6.4 a
and b}, providing evidence of strong seasonal patterns in taxonomic variation. Consistent
with our prediction, less variation was observed for samples collected in the autumn
(September and October) than in summer. Significant differences were detected among
sampling events and sites for the compositional structure of the benthic
macroinvertebrate community, while only the sampling period was significant for the
EPTOM assemblage (Table 6.4).
Variation in taxonomic composition was also observed for the inter-annual
co~parison among 11 sites. Substitutions in taxa collected at each site and changes in
their abundance contribute to differences observed between years for each site (Fig. 6.5).
Among the 11 sites, 7 had higher taxon richness and diversity values in 2011 than 2012
(DUNDS, DUNMS, SBREN, LWSMOTB, NWMWAY, SWMDOAK and SWMUBB;
Table 6.2). The same number of taxa was collected in both years at NWM430, but the
composition of those taxa differed (Fig. 6.5). Three sites had lower taxon richness and
diversity values in 2012 (CATDS, CATUS, and LSWMLYT; Table 6.2). These analyses
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demonstrated annual changes in taxonomic composition among years at each site, but
with weak associations between hydrologic conditions and the direction and magnitude
of change in richness, diversity, and abundance.
6.4.1.3 Trait composition
Significant differences in the average body size of EPTOM specimens were
detected among the five sampling periods for each of the three study sites (Fig. 6.6;
DUNDS:

Y: = 522.6, df= 4,p< 0.001; DUNMS (

= 325.3, df= 4,p< 0.001; SBREN X,2

= 248.8, df= 4,p< 0.001). A clear seasonal trend was observed at all three sites. The
body size distribution for summer (July and September) was characterized by smaller
EPTOM specimens, while samples collected in mid- to late- autumn possessed specimens
of larger size (Fig. 6.6). Although the mechanism associated with the trend (e.g., seasonal
growth or emergence timing) cannot be determined from our data, body size roughly
corresponds to the velocity trends observed at these sites.
The PERMANOVA procedure using average log body size for each taxonomic
unit detected significant differences among sampling periods (Table 6.4). The pattern of .
variation in size structure was similar to that observed using abundances (Fig. 6.4.c).
Samples collected in July had the greatest variation in sizes. Autumn samples, regardless
of year, possessed lower variation in ~oth abundance and size components.
The two-year dataset provided an opportunity to investigate annual shifts in size
at the site and tax.on scale for a broader collection of sites. Differences in the median size
of all tax.a between years, detected using the Wilcoxon rank sum tests, were statistically
significant for 7 of the 11 sites (Fig. 6. 7). A trend toward smaller body sizes for samples
collected in 2012 were observed.for five of the seven significant tests, only the two sites
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on the Southwest Miramichi (SWMDOAK and SWMUBB) had body size distributions
that tended to be larger in 2012 (Fig. 6.7). Differences in the size distributions between
years could not be detected at CATDS, DUNMS, LS WM OTB, and SBREN. ,
Significant differences in the composition of EPTOM body shapes among years
and between seasons were detected at all three sites in the five-year dataset (DUNDS, x2
= 1452.3, df= 28,p< 0.001; DUNMS, x_2 = 1275.9, df= 28,p< 0.001; SBREN, x_2 =
1689.2, df= 28,p< 0.001). The highest variation among sampling periods was observed
for the slender, wide, short, concave and convex shapes (Fig. 6.8). Long was the least
frequently detected shape and was absent from several sampling periods (Fig. 6.8).
Strong seasonal differences in body shape composition were observed at all three sites
(Fig. 6.8). July samples at DUNDS and DUNMS contained a higher proportion of convex
and short shaped individuals, and a lower proportion of wide individuals, whereas
SBREN had a higher proportion of slender shapes (Fig. 6.8). Autumn samples had more
stable shape compositions with relatively less variation than summer samples (Fig. 6.8).
Annual patterns in body shape were further investigated with the 2-year dataset.
Significant differences in body-shape composition between 2011 and 2012 were detected
for each site (Table 6.5). The primary differences between samples for most sites were a
decrease in the percent composition of slender, except for SWMDOAK and SWMUBB,
an increase in the percent of concave, and a slight increase in short from 2011 to 2012
(Fig. 6.9). The long shape was the most rare and was absent from several sites and
sampling periods. Other shapes, particularly narrow and wide, were relatively invariant
between years at most sites (Fig. 6.9).
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6. 4.2

Metrics and index performance

We evaluated the association of two taxonomic metrics, one trait metric (average
body size) and the CEFI index to the five-year, temporal series of velocities using
Spearman's rank correlation (Fig. 6.10). Mean water velocity (Fig. 6.1 O.a) was not
correlated with richness (rs= 0.039,p = 0.889, Fig. 6.10.b), Shannon's diversity index
(rs= 0.25;p = 0.375, Fig. 6.10.c), or the CEFI index (rs= 0.056,p = 0.843, Fig. 6.10.e),

but was significantly correlated with average body size (rs= 0.51, p = 0.05, Fig. 6.10.d).
Although the CEFI index includes a taxonomic component (diversity) and a trait
component (velocity preference), the relationship between CEFI and trends in velocity
values over time was weaker than the correlations we observed between velocity and the
taxonomic and trait components (Shannon's diversity index and average body size)
individually.
6. 4. 3

The influence ofstreamjlow variation on aquatic insect development

In a semi-quantitative analysis, we assessed the magnitude and direction of size
change (increase or decrease) for each annual hydrological period (2011 and 2012) for
the 11 sites distributed across the Miramichi Basin. The change (increase or decrease) in
tax.on body size was determined for samples at each of the sites between 2011 and 2012
(Fig. 6.11 ). Several sites demonstrated an increase (e.g., CATUS) or decrease (e.g.,
SBREN) among tax.a for the size change between years. However, all sites possessed a
combination of taxonomic units that increased or decreased between the two years (Fig.
6.11 ). At individual sites, SWMDOAK had the smallest magnitude of change (slight
increase) and NWMWAY had the greatest magnitude of change (slight net decrease).
The direction and magnitude of change for individual taxonomic entities varied among
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sites (Fig. 6.11). Among taxa occurring at >3 sites, only Epeorus (decrease),
Heptageniidae (increase) and Leptophlebiidae (increase) showed consistent size changes
among sites (Fig. 6.11 ). Acroneuria, Agnetina, Isonychia, Nigronia, Ophiogomphus,
Perlidae, Perlodidae, and Pteronarcys demonstrated the greatest magnitude of size
, change, but inconsistent trends among sites (Fig. 6.11 ). By examining annual size shifts
among all sites, we can evaluate general trends in body size trait composition of the
EPTOM assemblage (Fig. 6.12). The largest magnitude increases were observed for
Acroneuria, Ophiogomphus, and Paragnetina, while the largest magnitude decreases
were observed for Nigronia and Pteronarcys (Fig. 6.12). Although the largest magnitudes
of change were positive, the number of taxonomic units with a positive change in size
between 2011 and 2012 was 17, 11 fewer than displayed a negative size change over the
same period (28). Eleven taxa showed negligible change between 2011 and 2012 at these
sites. A few of these taxa (e.g., Jsonychia) exhibited large magnitude changes at
individual sites, however, the conflicting directions of their responses among sites
resulted in a relatively small size change overall.
The allocation of voltinism trait states was unequal among the EPTOM
assemblage. The univoltine trait state had the highest frequency among the EPTOM taxa
(68 taxa), followed by both semivoltine and bi/multivoltine (12 taxa each). This pattern
was repeated for the subset ofEPTOM taxa that occurred in both 2011 and 2012 among
our 11 sites. Fifty-one genus and family-level taxonomic units were detected in both
sampling years, 37 were classified as univoltine, 8 as semivoltine and 6 as
bi/multivoltine.
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We evaluated whether taxa classified according to voltinism showed a consistent
tendency to increase or decrease in size between sampling years to assess a potential
physiological or developmental response to annual variation in hydrology. The number of
bi/multivoltine taxa that increased (3) between years was equal to the number oftaxa that
decreased (1) or possessed no discernable change (2). Likewise, the number of
semivoltine taxa that increased (4) between 2011 and 2012 was equivalent to the number
oftaxa that decreased (3) or stayed the same (1). Semivoltine taxa possessed the highest
magnitude of body size change among years, including both the largest positive
(Paragnetina, 8.9mm; Ophiogomphus, 4.3mm) and negative values (Nigronia, -7.Smm;
Pteronarcys, -5.3mm) (Figs. 6.11 and 6.12). Univoltinism was the most common trait

state. Of the 37 univoltine taxa, a decrease in body size was recorded for 60% of tax.a
(22), while 24% oftaxa (9) increased and 16% oftaxa (6) stayed the same over the twoyear period. The univoltine taxon with the highest magnitude change was Acroneuria,
which increased in size by 7.7mm between years (Figs. 6.11 and 6.12). Although
equivocal, patterns in size change among taxa seem to suggest that a tax on' s response to
hydrologic conditions is related in part to development rate as represented by voltinism.
Univoltine taxa had a greater frequency of negative body size change values associated
with the hydrological conditions between years~ Larger, semivoltine taxa had a slightly
higher frequency of positive body size change values between years. The cumulative
change among all 8 semivoltine taxa was positive, despite 3 negative values. Thus, body
size and voltinism are strongly associated and may respond predictably to changes in
hydrological conditions.
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6.5

Discussion
We used a short (two-year) and a moderate (five-year) biological and hydrological

time series to investigate the response of three types ofbiological variables: benthic
macroinvertebrate taxonomic composition, trait composition and a taxon- and trait-based
flow index (CEFI), to fluctuations in several common hydrologic metrics. Annual and
seasonal variation in biological properties was observed for both taxonomic and traits
data, but traits demonstrated an equal or stronger association to hydrological metrics than
taxonomic metrics. CEFI responded weakly to both seasonal and annu~l variation in
velocity. Thus, we were able to assess the responsiveness of each biological variable to
hydrological variation at references sites to support the development of flow-ecology
relationships and subsequent environmental flow standards, as well as offer a preliminary
evaluation of developmental or phenological lags in the relationship between benthic
macroinvertebrate communities and the hydrological environment.
Consistent with our expectations, our hydrological values displayed a high degree
of temporal variability over the typical temperate invertebrate life cycle (1 to 3 years).
We observed annual and intra-annual shifts in hydrological variables, but within the
normal range of variability expected of natural systems in Atlantic Canada. The summer
months are characterized by low flows and high variability from occasional summer
storms (Monk et al. 2011 ). Thus, seasonal and annual hydrological variation within this
summer period that precedes autumn benthic sample collection is predicted to influence
the taxonomic and trait composition of the benthic invertebrate community (Monk et al.
2008, Dunbar et al. 2010a).
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Benthic macroinvertebrate taxonomic composition is the most frequently used
structural metric for indicating site conditions in a biomonitoring context (Bonada et al.
2006, Dunbar et al. 2010a). Resolving the potential effects of hydrology on this key
biological response variable can help distinguish interacting stressors and improve
environmental flow standards. Strong seasonal, yet weak annual shifts, in taxonomic
composition, represented by the benthic invertebrate assemblage and the subset of
EPTOM, were observed in both datasets. The relative similarity of taxonomic
composition in autumn benthic samples in contrast to the high variability detected for
summer samples in our five-year dataset may be the result of invertebrate life history
strategies interacting with the hydrological environment. The open water season
represents a period of intense growth and activity for many aquatic insects, however, the
unpredictability of summer flows in this region can induce high compositional variation,
by influencing developmental rates, emergence, oviposition, and dispersal (Encalada and
Peckarsky 2006, Wilcox et al. 2008). The composition of autumn samples is more
uniform but still reveals traces of antecedent hydrological conditions, demonstrated by
changes in taxon richness and diversity across the Miramichi Basin. This observation
supports the collection ofbenthic samples in the autumn season - the current standard for
the federal biomointoring program protocol (i.e., Environment Canada 2012a). The
intense selective pressure of the hydrological environment during the summer may
regulate the more stable community observed in the autumn.
According to ecological filter theory (sensu Keddy 1992), the interaction between
hydrology and benthic invertebrate taxa can be mediated through o~ganismal traits (Resh
et al. 1994, Townsend et al. 1997). Measured body size provides a higher level of
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resolution in trait data (Orlofske and Baird 2014b) enabling a range of site and taxon
level comparisons. Substituting dispersion in body size values for abundance information
revealed a consistent pattern of seasonal separation in benthic assemblage composition.
This trend in trait data supports our interpretation that hydrological conditions affect
benthic invertebrate growth rates leading to increased size variation in the summer season
compared with the autumn. The magnitude of size variation is reduced in the autumn,
however, differences in autumn body size among annual samples from the broader
collection of sites suggests flexibility in life history or growth patterns cannot fully
compensate for the severity of annual deviations in hydro logic conditions. For example,
the greatest decrease in velocity recorded for our sites, -0.49 mis at LSWMLYT, was
associated with a decrease in body size, while the greatest magnitude increase in velocity,
0.71 mis at SWMDOAK, corresponded to an increase in average body size for the
EPTOM assemblage. The smaller average size recorded for July and September samples
compared with autumn samples at a subset of sites indicates the potential growth range in
the benthic assemblage. Thus, body size data can inform patterns observed in the
taxonomic data and indicate the same trends with greater insight into the mechanism of
perceived change (Culp et al. 2011).
The same principle of trait filtering applies to the body shape trait. Significant
seasonal differences in body shape composition in the five-year dataset corroborate the
patterns observed in both the taxonomic and size data. Less variation in shape
composition was detected among autumn samples between years, but was still significant
in both the five-year and the two-year dataset. The body shape categories used for this
analysis (sensu Orlofske and Baird 2014a), and similar classifications used in other trait
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databases (e.g., US Environmental Protection Agency Freshwater Biological Traits
Database, http://www.epa.gov/ncea/global/traits/; the Tax.a and Autecology Database for
Freshwater Organisms, http://www.freshwaterecology.info; and Tachet et al., 1991;
Usseglio-Polatera et al., 2000a,b), are expected to indicate an assemblage response to
hydrological variables. Shifts in the proportion of particular shape categories can be used
to infer selective hydrological conditions. These trends can be illustrated using the sites
with the greatest magnitude velocity change be~een 2011 and 2012. The EPO
assemblage at LSWMLYT (velocity decrease) was composed of fewer slender and
narrow specimens, which were replaced by stout specimens, while these same groups
increase proportionally at SWMDOAK (velocity increase). Presumably, both slender and
narrow are shaped to resist drag and shear forces (Statzner 1988, 2008, Statzner and
Holm 1989) and would be expected to respond positively to increases in velocity and
discharge. In addition to indicating hydrological information, body shape traits for
Trichoptera were also linked to other aspects of their life history including whether the
tax.on is cased or caseless (Orlofske and Baird 2014a), an attribute that also interacts with
flow (Orlofske et al. 2013). Trichoptera with a short or concave head shape generally
increased in abundance between 2011 and 2012 for most sites. These primarily cased tax.a
may have benefitted from the hydrological conditions in 2012 compared to 2011.
Therefore, patterns in body shape composition represent another form of selection
between organisms and the hydrological environment and may support the interpretation
of positive or negative associations with hydro logic properties. Experimental studies
should be used to clarify and confirm predicted linkages for body shape and body size
traits to hydrological variables.

212

Average water velocity is routinely collected as part of the standard suite of
physical parameters in the CABIN protocol and served as the basis for the original
development of the Canadian Ecological Flow Index (CEFI; Armanini et al. 2011). CEFI
and an analogous index developed in the UK, the Lotic-invertebrate Index for Flow
Evaluation (LIFE; Extence et al. 1999) have both been implemented successfully to
indicate hydrologic conditions or potential impairment (CEFI: Armanini et al. 2012,
Peters et al. 2012; LIFE: Dunbar et al. 2010a, 2010b, Worrall et al. 2013). In our
comparison of metric and index associations with velocity, CEFI was invariant to
seasonal and annual changes in the five-year time series. Average body. size had a
stronger correlation to average v~locity than CEFI, as did Shannon diversity, even though
taxon diversity is a component of the CEFI index (Armanini et al. 2011 ). Greater
taxonomic resolution for an expanded network of sites, as proposed by the authors of the
index (Armanini et al. 2011) may be able to improve the relationship observed between
the index and target driver, water velocity. Incorporating additional organismal trait
information, such as body size, into the index may also enhance sensitivity and
performance (Culp et al. 2011, Orlofske and Baird 2014). Likewise, better precision in
the collection of velocity data prior to or concurrent with benthic sampling could benefit
the performance of each potential metric or index.
Measured traits information can reveal individual taxonomic responses to
hydrological and other environmental components, a key requirement for the
development of taxon-specific flow-ecology relationships (Poff and Zimmerman 2010).
We illustrate this approach by assessing change in size for individual taxonomic units
between two hydrologically distinct years (2011 and 2012) in the Miramichi Basin. The
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majority of our EPTOM taxa differed in both the magnitude and direction of size change
among the sites. Variation in individual taxon response among sites was large enough in
some cases to obviate a detectable change between years at the basin scale indicating that
site-level differences in terms of other habitat properties (e.g., temperature, food
availability, refugia, or hydraulics) likely contribute to taxon response in the context of
hydrology. Among taxa that showed a consistent or substantial size change at the basinscale, voltinism was able to inform trends in the direction or magnitude of change.
Although variable, univoltine taxa generally exhibited a negative response (decrease in
size) between years, while semivoltine taxa were characterized by a positive response
(increase in size) between years. Several processes in coordination with other
morphological and physiological traits could generate the size changes observed among
univoltine and semivoltine taxa. Emergence synchrony may promote entire cohorts,
regardless of size into the next life history stage; emergence asynchrony is a more
flexible strategy that may be cued to habitat conditions and stress. For example, the
interaction of hydrology and temperature prompt the high-altitude mayfly, Baetis
biacudatus to emerge in the mountain streams of Colorado, USA (Harper and Peckarsky

2006). Therefore, our size distributions may indicate potential growth for each taxon as
well as the assemblage structure retained following emergence. Hydrological conditions
may support rapid development and the achievement of larger larval body size to prompt
a greater proportion of individuals emerging for particular taxa while slowing growth and
emergence rates for other taxa. Evidence provided by taxon-specific size changes can
indicate potential risks to taxa from hydrological alteration requiring environmental flow
protection. Individual benthic invertebrate species and constituent life history stages may
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have specific ecological requirements in terms of hydro logic habitat, but often, aquatic
insect assemblages are reduced to single metric or index values. Greater resolution and
biological realism (sensu Peckarsky et al. 1997, Lancaster and Belyea 2006, Lancaster &
Downes 2009, 2010) are necessary to provide adequate protection of aquatic insect
assemblages while preserving their functionality for biomonitoring applications.
Flow-ecology relationships need to be assessed at appropriate temporal and
spatial scales. Aquatic insect response variables, assessed as either traits or taxonomic
composition, may be more responsive to hydraulic variables at the micro-mesohabitat
scale (e.g., Merigoux and Doledec 2004, Doledec et al. 2007, Lamouroux et al. 2004,
2013, Orlofske et al. 2013). These habitat variables are constrained in a physical
hierarchy to prevailing hydrological conditions (Thorp et al. 2006, Poole 2010), therefore
relating hydrological variables to hydraulic conditions becomes an effective intermediary
to scale aquatic insects responses to management scales (Orlofske et al. 2013).
Establishing mechanistic relationships between aquatic insects and higher resolution
hydraulic data would increase our understanding of aquatic insect ecology with
concomitant benefits for using these organisms as the basis for biomonitoring and the
development of environmental flow criteria.
Long-term hydrological and biological data are essential for understanding recovery
from chronic hydrological stressors (Hansen and Hayes 2012, RenOfiilt et al. 2013),
detecting the potential effects of climate change (Wilby et al. 2010) and building robust
flow-ecology relationships (Poff et al. 2010) and responsive metrics (Armanini et al.
2011 ). Biological and hydrological records over short to moderate time periods can take
advantage of monitoring and sampling infrastructure expanding into new areas and
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regions where long-term records are limited (Monk et al. in prep). Shorter time frames
correspond closely with the typical life cycle of benthic macroinvertebrates, the target
tax.a used for biomonitoring. Fewer samples also make it feasible to collect higherresolution information regarding the organisms in the samples, including trait
information. Thus, assessing several types of biological response variables (taxonomic
and trait) over practical time periods can aid in risk assessment for specific taxa and
assemblages, inform tax.on-specific developmental processes, facilitate detection of
potential hydrological impairment using biomonitoring approaches, and contribute to the
description of appropriate flow-ecology relationships to support the management of
environmental flows.
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Tables

Table 6.1 Summary of location information and biological and hydrological observations from 11 sites in the Miramichi Basin collected over two to five
intervals from 2007 to 2012.

Location
Hydrology Records
River

Abbrev.

Lat.

Stream

Sampling

Order

Periods

4

5

Long.

Sampling Dates
Source
Nov 2007, Jul 2010, Sept.

South Branch Renous

SBREN

46.79287

-66.48058

Jun - Oct (2010-12) 1

Logger

Jun - Oct (2010-12) 1

Logger

Jun - Oct (2010-12)1

Logger

2010, Oct 2011, Oct 2012
Nov 2007, Jul 2010, Sept,
Dungarvon@ Camp Cole

DUN-OS

46.81393

-65.91795

4

5
2010, Oct 2011, Oct 2012

N
N

Nov 2007, Jul 2010, Sept,
Dungarvon @ Prison Fann Road

DUN-MS

46.70777

-66.15686

4

5

~

2010, Oct 2011, Oct 2012
Northwest Mirarnicbi @ 430

NWM430

47.18578

-65.89457

5

2

Oct 2011, Oct 2012

Jun- Oct (2010-12)

wsc2

Northwest Miramicbi@ Wayerton

NWM-WAY

47.142

-65.83295

6

2

Oct 2011, Oct 2012

Jun - Oct (2010-12)

wsc2

Catamaran Brook (downstream)

CAT-OS

46.87833

-66.10500

3

2

Oct 2011, Oct 2012

Jun - Oct (20 I 0-12)

wsc2

Catamaran Brook (upstream)

CAT-US

46.85598

-66.19068

3

2

Oct 2011, Oct 2012

Jun - Oct (2010-12)

wsc2

LSWM-OTB

46.88000

-66.03498

6

2

Oct 2011, Oct 2012

Jun - Oct (2010-12)

wsc2

LSWM-LYT

46.93360

-65.91192

6

2

Oct 2011, Oct 2012

Jun - Oct (2010-12)

wsc2

SWM-UBB

46.61780

-65.87867

6

2

Oct 2011, Oct 2012

Jun - Oct (2010-12)

wsc2

SWM-OOAK

46.55170

-66.14425

6

2

Oct 2011, Oct 2012

Jun - Oct (2010-12)

wsc2

Little Southwest Miramichi @ Otter
Brook
Little Southwest Miramichi@ Lyttleton
Southwest Mirarnichi @ Upper
Blackville Bridge
Southwest Miramichi @ Doaktown

N
N

VI

1

Gaps in continuous flow records were estimated bmed on complete data records from neighboring sites and validated using nearby gauging station data

2

Water Survey Canada gauging station.

Table 6.2 Summary of taxonomic metric components (sample richness and diversity), body size data, and CEFI values. Average velocity for each sample shown

for comparison with hydrological data! J = June, S = September.

Average

Shannon's
Taxon

Site

Sample Period

Velocity (m/s) ±

Diversity
Richness

SE
DUNDS

N
N

DUNMS

°'

SBREN

Average

Maximum

EPTOMBody

EPTOM

Size (mm) ± SE

Size (mm)

EPTOM
CEFI±SE

Count
Index

2007

0.56 ± 0.02

28

2.43

1771

3.32 ±0.001

24.5

0.41 ±0.06

12010

0.42±0.02

34

2.11

132

1.41 ± 0.010

7.9

0.37±0.04

S2010

0.47 ± 0.02

37

2.56

229

1.81 ± 0.008

18.5

0.39±0.04

2011

0.50 ± 0.02

45

3.11

245

3.06 ± 0.010

26.3

0.45 ± 0.05

2012

0.76 ± 0.06

40

2.91

237

2.46 ± 0.008

14.9

0.43 ± 0.05

2007

0.63 ± 0.02

22

2.26

904

3.83 ± 0.003

38.7

0.41 ± 0.06

12010

0.43 ± 0.02

43

2.4

202

2.23 ± 0.008

11.8

0.38±0.03

S2010

0.37 ± 0.01

45

2.62

216

2.05 ± 0.011

22.2

0.39± 0.04

2011

0.43 ±0.03

46

3.02

344

2.80±0.005

27.0

0.42±0.05

2012

0.77±0.04

44

2.67

198

2.78 ± 0.011

13.9

0.39 ± 0.04

2007

0.32 ± 0.03

20

1.82

2048

2.63 ± 0.001

21.7

0.39±0.06

12010

0.40±0.02

28

1.98

151

2.02 ±0.009

14.6

0.39±0.03

S2010

0.33 ± 0.02

44

2.39

432

1.84±0.005

18.9

0.40±0.05

2011

0.30±0.02

34

2.62

250

1.95 ± 0.003

6.8

0.45 ± 0.05

CATDS

CATUS

LSWMLYT

LSWMOTB

NWM430
N
N
-...J

NWMWAY

SWMDOAK

SWMUBB

2012

0.61 ±0.05

30

1.81

130

2.04±0.010

11.9

0.38±0.05

2011

0.46±0.03

32

2.66

161

2.17 ±0.008

10.8

0.42±0.05

2012

0.85 ± 0.04

37

2.68

199

2.25 ± 0.009

19.8

0.41 ±0.05

20ll

0.23 ± 0.01

36

2.89

3ll

2.24±0.004

8.6

0.45 ± 0.04

2012

0.42 ± 0.03

41

2.45

148

2.37 ±0.020

27.2

0.40±0.04

20ll

0.78±0.05

.28

2.49

243

2.87±0.010

34.4

0.44±0.07

2012

0.29±0.01

29

2.19

209

2.19±0.005

8.1

0.41 ±0.06

2011

0.49±0.05

40

2.77

315

2.53 ±0.005

21.0

0.46±0.04

2012

0.77 ± 0.05

39

2.68

184

2.52 ± 0.013

24.2

0.42±0.04

2011

0.63 ± 0.03

34

2.52

267

2.23 ± 0.006

14.4

0.43 ± 0.05

2012

0.70 ± 0.04

34

2.32

281

1.97 ±0.004

9.2

0.42±0.05

2011

0.74±0.03

40

2.64

290

2.92±0.007

19.7

0.42 ± 0.05

2012

0.84±0.04

38

2.42

395

2.07±0.004

16.9

0.43 ± 0.05

20ll

0.30±0.02

45

3.05

306

2.42 ± 0.005

9.9

0.41 ±0.04

2012

1.01 ± 0.03

38

2.79

203

2.73 ± 0.008

11.0

0.39±0.04

20ll

0.53 ± 0.03

35

2.50

334

2.44±0.004

12.5

0.42 ± 0.05

2012

0.71 ± 0.03

30

2.18

146

3.13 ± 0.012

10.3

0.37±0.03

Table 6.3 Hydrograph variability metrics. A three-year mean water level data series was generated for each
site. The annual records for each site were compared against the mean. The corresponding number of days
above and days below the mean was recorded and reported as a ratio. The Nash Sutcliffe Efficiency (NSE)
value was determined using the three-year mean as modeled data and the individual year of record as the
observed. Comparisons for all sites indicate differences between years.

Sites

Year

Days>Mean

Days<Mean

Ratio

NSE ·

CAT

2010

90

63

1.43

0.321

CAT

2011

37

116

0.32

-0.137

CAT

2012

76

76

1.00

0.417

2010

99

27

3.67

0.358

DUNDS

2011

-53

99

0.54

-0.283

DUNDS

2012

48

104

0.46

0.487

2010

95

31

3.06

0.480

DUNMS

2011

71

80

0.89

-0.281

DUNMS

2012

49

102

0.48

0.574

LSWM

2010

105

48

2.19

0.234

LSWM

2011

66

87

0.76

-0.039

LSWM

2012

28

124

0.23

0.384

NWM

2010

108

45

2.40

0.403

NWM

2011

72

81

0.89

0.148

NWM

2012

30

122

0.25

0.229

2010

89

37

2.41

0.413

SBREN

2011

100

52

1.92

-0.190

SBREN

2012

13

139

0.09

0.181

SWM

2010

124

29

4.28

0.339

SWM

2011

71

82

0.87

0.071

SWM

2012

33

119

0.28

0.300

DUNDS

1

DUNMS

SBREN

1

1

Water level only recorded for 126 days.
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Table 6.4 Summary of Pennutational Multivariate Analysis of Variance Using Distance Matrices

(ADONIS, marginal sums of squares) test results for three datasets: log abundance of site taxonomic
composition by time point; log abundance of site EPTOM composition by time point, log size for EPTOM
taxa by time point. Each dataset indicates significant differences among sampling events. Significant
differences among sites were only detected when the taxonomic composition of the benthic
macroinvertebrate assemblage was considered.

df

ss

MS

F

?

p

Taxonomic Composition: Log Abundance
Sampling Event

4

1.191

0.298

6.866

0.697

0.001

Site

2

0.170

0.085

1.958

0.099

0.046

Residuals

8

0.347

0.043

14

1.708

Total

0.203
1.000

EPTOM Composition: Log Abundance
Sampling Event

4

1.172

0.293

4.289

0.598

0.001

Site

2

0.242

0.121

1.771

0.123

0.055

Residuals

8

0.547

0.068

14

1.961

Sampling Event

4

1.452

0.363

2.391

0.481

0.001

Site

2

0.352

0.176

1.159

0.117

0.262

Residuals

8

1.215

O.f52

14

3.019

Total

0.279
1.000

EPTOM· Log Size

Total

0.402
1.000
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Table 6.5 Results of x2 tests for b~dy shape composition among annual samples at 11 sites in the Miramchi
River collected in 2011 and 2012. All comparisons were statistically significant.

t

df

p

CATDS

617.6163

6

0.001

CATUS

591.7059

6

0.001

DUNDS

154.4725

7

0.001

DUNMS

192.5151

7

0.001

LSWMLYT

1449.277

7

0.001

LSWMOTB

18.8354

7

0.009

NWM430

768.6759

6

0.001

NWMWAY

1171.271

7

0.001

SBREN

257.9537

6

0.001

SWMDOAK

398.0542

7

0.001

SWMUBB

840.0578

7

0.001

Site
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Figures

•

D

Sample sites
Sample site sub-basins
7°30'0"N

?OO'O~N

OJ()'O"N

0

2S

(b)

50km

0

67°0'0"W

66°<10"W

0'0"N

6S 0'0"W
0

Figure 6.1 Map indicating location of the Miramichi River basin and sites used for the two-year and five-

year study of aquatic insect responses to flow variability. Shaded areas represent study sub-basins.
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CAT

NWM

SWM

DUNDS

00

d

"'d
..,
d
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0

d

150

~

250

200

300

Ordinal Date

LSWM

00

d

2010 .
-

150

200

250
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-
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• • •

3-yr Site Mean

300

Ordinal Date

Figure 6.2 Hydrographs of water level (m) for the open water period (l June - 31 October) for three

consecutive years (2010-2012) for seven hydrological monitoring stations in the Miramichi Basin, NB,
Canada used for this study. Seasonal and annual fluctuations in water level are compared to the three-year
site mean.
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•
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Figure 6.3 Fluctuation diagram depicting the log abundance of each taxonomic unit among the samples for
three sites sampled at five intervals in five years. The size of the shaded box is scaled proportionally to the
log-abundance.
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1.5

Figure 6.4 Non-metric multidimensional scaling ordination plot (Bray Curtis dissimilarity) illustrating
similarities in taxonomic and trait composition among three sites sampled five times in five years. A.) Log
abundance of taxonomic composition for all benthic invertebrate taxa, B.) Log abundance of taxonomic
composition for EPTOM taxa, and C.) Log size of EPTOM taxa. A higher degree of compositional
similarity was observed within year or seasori than among sites for all comparisons. The greatest variation
among time points was observed in mid-summer samples (July 2010) in all comparison, indicating seasonal
variation in both taxonomic composition and size structure among sites.
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Figure 6.S Fluctuation diagram depicting the log abundance of each taxonomic unit among the samples for

11 sites sampled in the autumn of 2011 and 2012. The size of the shaded box is scaled proportionally to the
log-abundance.
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Figure 6.6 Series ofboxplots illustrating the log-scale size ofEPTOM specimens for each of five sampling
events at three sites. The post hoc test results of non-parametric Kruskal Wallis tests comparing the log size
distribution among sampling periods for each site are displayed above the boxplot in each panel.
Significant differences in size among several pairs of sampling points were detected for each site.
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Figure 6.7 Series of boxplots illustrating the log-scale size of EPTOM specimens for 11 sites sampled in
autumn of 2011 and 2012. Wilcoxon rank sum tests were used to compare the log size distribution among
sampling periods for each site. Results of statistical tests are displayed below the boxplot in each panel.
Significant differences in size were detected at seven sites.

241

DUNDS

SBREN

DUNMS

Narrow

•

C
Q)

N

~

~

Q)

a..

N

11 -2007

7-2010

9-2010

10-2011

Sample Date

10-2012

11 -2007

7-2010

9-2010

Sample Date

10-2011

10-2012

11-2007

7-2010

9-2010

10-2011

Sample Date

10-2012

Slender

Figure 6.8 Series of stacked barplots illustrating the percent composition of shape states among repeated sampling periods at three sites. itest results indicate
significant differences in shape trait composition among sampling points for each site. The percent of shapes slender, wide and sf,ort constitute the highest
variation among sampling points.

t,..)
~

w

CATDS

CATUS

DUNMS

DUNDS

LSWMLYT

LSWMOTB

80

'E

60

~

8:

40

20

2011

2012

2011

2012

2011

2011

2012

2012

2011

2012

2011

2012

Year

NWM430

NWMWAY

SBREN

SWMDOAK

SWMUBB

100

D Convex
D Concave

80

'E 60

•

Long

•

Short

~

8:

Owide

40

D Narrow
20

•

Stout

•

Slender

0

2011

2012

2011

2012

2011

2012

2011

2012

2011

2012

Year

Figure 6.9 Series of stacked barplots illustrating the percent composition of shape states among sites
sampled in 2011 and 20 t 2.x2test results indicate significant differences in shape trait composition between
years for all sites. The percent of slender generally decreases from 2011 to 2012, except for SWMDOAK
and SWMUBB. The percent of concave generally increases from 2011 to 2012. Other shape traits are
relatively stable between years at most sites.

244

0.8

0.7

0.8

I

J

0.5

0.4

0.3
-

02
50 -

B
..........

40 -

I

,--

------, , :; ----..............., .,

45 -

DUNDS
DUNMS
SBREN

-

,

35 -

---;''----,,
,,

_.,..,,_ -

30 -

--- --- ---

25 -

20 15 3.5 -

C

I 3.o -

f,. _

- -- - ---- --'

- - - -.... ....., -.....
.....

-;.-

.. .. ..

--- ---- ·- ---

2.0

..

1.5
3.5

D

'

''

3.0

I
M
I

''
2.5

'

'

............ '..,)

' ''

'

2.0

, '.,

'
''
~,............. d.:... _____
~

,

,

- - .... ,.., .... - - - ~

~ ....

---~ :------- --- -------------,1JJ'.,, .,,

.,,; ,
,

1.6

0.8

E

0.7

0.8
Ii:

~ 0.6
0.4

==··--=:,~

=--------

0.3
- - DUNDS
- - DUNMS
- • SBREN

02
11-2007

7-2010

/

9-2010

1().2011

245

10-2012

Figure 6.10 Series of line plots assessing the congruence in benthic macroinvertebrate assemblage
taxonomic and trait metrics and CEFI index values over a five-year sampling interval at three sites. A.)
trends in velocity (mis), B.) trends in richness, C.) trends in Shannon's diversity index, D.) trends in and
average body size (mm), and E.) trends in CEFI (mis) over five time points. The measured trait value, body
size (D) had the highest correspondence to the hydrologic v~able, velocity (A). The lowest correlation
was observed between richness (B) and velocity (A) ..
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Figure 6.11 Change plot showing the direction and magnitude of taxon size change between sampling

years (2011 and 2012) for each site. The shaded gray triangle points in the direction of change (up for
increase, down for decease). The size of the triangle is scaled to the absolute change in taxon size between
2011 and 2012 at each" site. The magnitude and direction of change differs for individual taxa at each site.
A few sites show overall increasing or decreasing trends among taxa for the size change between years
(e.g., increasing trend, CATUS; decreasing trend, SBREN). SWMDOAK has the smallest magnitude of
change. NWMWAY has the greatest magnitude of change.

248

Mdr)*Wt
~

~
~ ~

BMldae
BNl.it.
~

.
A

'

CMl'it

c~
~)die

CNotop.tfdat
CG6MgtitJNdat
DokJpt,llt>t/8

~
~-fllidae

l:Jihem«oP*•
GlostotomaldN
GomphidH

Hll/iotof»y(he

~

•
"

·
~yffli*

..

~·
~··
~

tiJdtCJlllkla*

•

I~

~fofflit

L~ H

~
~
Af.la:
f""'1
~

~·
Nigmltia

~

PIJrau,pt'ti4

I

-·

....

~·.a

,,.~

P9didM
,,.,tcdidae.
PlafJtJJluit

A
A

~

Psilonta·-

~·
~.
Pr~

Rlty~ $«,Mtllta

'Y
y

...

SW

~.

T.Nnla~il
T.-nbpl•~
Ti

249

Figure 6.12 Change plot showing the direction and magnitude of taxon size change between sampling
years (2011 and 2012). The shaded gray triangle points in the direction of change (up for increase, down
for decease). The size of the triangle is scaled to the absolute change in taxon size between 2011 and 2012
at each site. Taxa with the largest magnitude of change include increasing taxa, Acroneuria,

Ophiogomphus, and Paragnetina, and decreasing taxa, Nigronia and Pteronarcys.

250

7
7.1

General Conclusions

Contributions toward the development of effective traits-based biomonitoring

The decline in freshwater ecosystem integrity and biodiversity has been welldocumented (Abell 2002, Dudgeon et al. 2006, Strayer and Dqdgeon 2010, Vorosmarty
et al., 2010). Habitat degradation, pollution, overexploitation, and invasive species each
contribute to the present freshwater ecological crisis (Dudgeon et al. 2006, Vorosmarty et
al., 2010), however, hydrological alteration is often the primary cause for the decline
(Poff et al. 1997, Bunn and Arthington 2002, Brisbane Declaration 2007). As the
dominant physical force in riv~rine ecosystems, streamflows are implicated with all other
stressors and flow alterations change the structural and functional character of the habitat
(Poff et al. 1997, Bunn and Arthington 2002). Management actions and monitoring
programs are urgently needed to respond strategically to this global catastrophe.
A proliferation of assessment methods and approaches has occurred in response to
the rapid deterioration in water quality and availability. In Europe alone, at least 300
metrics and indices have been proposed to meet the legislative requirements of the Water
Framework Directive (Birk et al. 2012), a joint governmental mandate establishing water
resource quality standards and monitoring goals for the European Union (2000/60/EC
WFD). A similar explosion of methodologies and standards has occurred for other
jurisdictions, including North America where the responsibility for water resource
protection is shared among federal, provincial/state and municipal levels of government.
Among the many metrics available globally, traits-based metrics have been
promoted to resolve issues of spatial scale due to differences in biogeography as well as
improve stressor diagnosis and sensitivity (Menezes et al. 2010, Statzner and Beebe
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2010, Culp et al. 2011 ). Yet, evidence of the unequivocal success of traits-based metrics
to achieve these goals has been limited (Verberk et al. 2013, Orlofske et al. 2014b).
Traits-based metrics often have insufficient data resolution and lack direct association
with the scale of the environmental stressors. This results in an inability to detect a
meaningful response between the benthic macroinvertebrate community and the stressor
or stressor gradient (Verberk et al. 2013). Results from several studies that apply
taxonomic and trait metrics to characterize a variety of environmental stressors confirm
this trend (Table 7.1 ). Each of these potential data quality or analysis errors may impede
effective aquatic biomonitoring, which requires accurate benthic macroinvertebrate
taxonomic and trait data for conservation planning and adaptive management (Holling
1978, Pahl-Wostl et al. 2013). Accurate, high-resolution biological and ecological data is
required to support effective freshwater biomonitoring.
7.1.1

Dissertation Outcomes

In this dissertation, I have contributed to our understanding of the intricate
relationships aquatic insects have to their environment, particularly hydrology, to
advance biomonitoring science and practice. My primary aims were to determine the
appropriate means of incorporating aquatic invertebrate trait information into valid
habitat assessments and to inform trait-stressor linkages by relating traits to hydraulic and
hydrological properties to support the flow-ecology component of environmental flow
~anagement schemes (e.g., ELORA, Poff et al. 2010). Each of the preceding chapters
approached a separate methodological or ecological question to advance the use of traits
information for science-based ecological assessment of freshwaters, primarily stream and
river ecosystems.
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Several significant obstacles interfere with the successful application of traitsbased biomonitoring (Culp et al. 2011, Verberk et al. 2013). For example, low trait
resolution and inconsistent attribution are two procedural elements in the traits-based
biomonitoring workflow that can introduce noise and obscure important patterns and
trends. I was able to demonstrate how high-resolution, specimen-level body size and
shape trait information could be used to test assumptions regarding the taxonomic
identification of aquatic insects in the context of biomonitoring (Chapter 2, Orlofske and
Baird 2013). I confirmed that size is a primary factor determining whether a specimen
can be identified to a desired level, typically genus or species, with smaller specimens
most often only identified to the family level. Evidence from geometric morphometric
shape analysis was used to test the assumption that smaller specimens are simply smaller
versions of taxa already present in the sample. I demonstrate how this may not be a valid
assumption for all taxa. The collection of trait information directly from the specimens .
instead of from a database can help to mitigate this entomological "elephant in the room"
by offering an alternative, unbiased response variable. In addition, trait information can
be used to support and refine the size thresholds for taxonomic determination so that data
compatibility can be maintained.
In addition to clarifying taxonomic identification impediments, measured trait
data can contribute directly to biomonitoring program objectives. I examined how
different approaches for the attribution of aquatic insect trait information to specimens
collected for biomonitoring lead to alternative interpretations of aquatic insect
community structure (Chapter 3, Orlofske and Baird 2014b). I evaluated three types of
body size trait data: trait database states assigned to taxonomic units, measured size
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ranges assigned to taxonomic units, and measured sizes of individual specimens.
Misclassification of body size traits introduced significant error into site assessment.
Conventional trait database states performed poorly, likely because the body size
expressed by over half of the taxa in the samples was different than the body size state
assigned using the trait database (sensu Chapter 2; Orlofske and Baird 2013). The
empirical size ranges for each taxon improved inferences over using the database state for
each taxon. Body sizes for each specimen, independent of taxonomic identity, were the
most appropriate data for interpreting community structure among references sites.
Measured body sizes express the actual conditions of the specimens and assemblage
rather than basing the size information on static database values tied to taxonomic
identity. The value of trait information is enhanced when traits data accurately reflects the
traits expressed by the taxon or specimen in the sample.
Comprehensive trait information is lacking for many traits, including body shape.
This lack of trait state records precludes the determination of trait accuracy and
representativeness· of the trait information. As a multi-dimensional morphological
property, body shape is difficult to characterize and, as such, the trait states for body
shape are poorly defined and difficult to attribute to unclassified taxonomic units. I used
geometric morphometrics as a new approach to develop body shape trait criteria and
define body shape trait states for several orders of aquatic insects targeted by
biomonitoring assessments (Chapter 4, Orlofske and Baird 2014a). I described four body
shape categories for Ephemeroptera, Plecoptera and Odonata as well as four separate
body/head shape categories for Trichoptera because of their different body plan. These
geometric morphometric shape categories were incongruent with the existing shape states
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available for these taxonomic groups in the trait database. Both sets of body shape trait
states detected differences among sites, but only the geometric morphometric shape
information included data for all the specimens, while database states excluded over half
of the specimens from analysis due to missing trait records. The geometric morphometric
categories I developed and the process I established to classify specimens into a shape
state can be used to expand shape information for additional taxa. Body shape
information is expected to be particularly useful for indicating patch-scale hydraulic and
site-scale hydrological parameters.
Linking traits information to environmental data is an explicit requirement for
effective traits-based biomonitoring (Culp et al. 2011). These relationships exist at
multiple scales, because the motion of water can be described at different physical scales
according to the hierarchical organization of ecosystems. Hydraulic forces act over the
spatial scale of millimeters or centimeters and a temporal scale of seconds or minutes.
This scale describes the primary physical habitat for aquatic insects. Therefore,
environmental properties at the hydraulic scale should influence aquatic insect
assemblage trait structure. I synthesized published literature to describe the ecological
relationships among aquatic insects and hydraulic variables (Chapter 5, Orlofske et al.
2013). Further, I used a case study to illustrate the association of hydraulic-hydrological
categories (i.e., LIFE scores; Extence et al. 1999) for aquatic insects to trait information
(Chapter 5, Orlofske et al. 2013). I discussed how the relationships observed between

aquatic insects, traits data, and hydraulic variables can be used to support river
management at larger spatial and temporal scales. In the same way that trait information
provides a mechanistic context for organismal response to environmental conditions,
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hydraulic variables underlie the site or reach scale hydrological data collected by
biomonitoring programs to inform management activities, including environmental flow
guidelines.
Basin-scale management of environmental flows requires responsive, reliable
biological metrics. Ideal metrics correlate significantly with hydrological variables and
conform to predictions based on flow-ecology relationships, which describe the
interaction of biological elements and the dynamic flow environment. Long-term
biological and hydrological data series are often used to build robust flow-ecology
relationships and test the effectiveness of proposed metrics (Beebe et al. 2006, Carlisle
and Hawkins 2008, Monk et al. 2008, Dunbar et al. 2010, Carlisle et al. 2011). However,
high-resolution, short-term records can take advantage of newly expanded or established
monitoring networks to contribute to this critical process in an environmental flow
framework. I used two short-term datasets to describe taxonomic and trait responses to
basin-scale temporal variation in hydrology as well as evaluate the performance of
metrics and indices to indicate hydrological variables. Body size and body shape
information were the primary traits investigated. Traits data were as sensitive and
responsive to temporal variation in hydrological data among reference sites as taxonomic
metrics and were easier to interpret in terms of aquatic insect life history, morphology
and physiology (Chapter 6, Orlofske et al. in prep). Body size was significantly
correlated with temporal fluctuations in velocity, a simple hydrological parameter often
collected for hydrological and hydraulic studies and as part ofbiomonitoring program
protocols, while taxonomic metrics and indices failed to detect responses. Body size also
informed individual taxon responses to annual variation in hydrology, a necessary
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component required for taxon-specific flow-ecology relationships (Poff and Zimmerman
2010).

7.2

Considerations for biomonitoring programs and protocols

The traditional taxonomic approach to biomonitoring exists in a myriad of forms,
but each follows the same basic structure (Fig. 7. I .a). Many programs use benthic
inacroinvertebrates as the biological response and sample these communities using
standardized field protocols (e.g, Canadian Aquatic Biomonitoring Network program,
Environment Canada 2012). Composite samples are often subsampled and specimens are
identified to a target taxonomic resolution (i.e., taxonomic sufficiency). Finally, the
community data (e.g., abundance, or presence/absence) for each site or set of sites is
analyzed using different multivariate models, metrics or indices. This procedure is
effective for local and regional comparisons, but is less effective for continental or global
comparisons when changes in taxonomic composition occur due to biogeographical shifts
(Culp et al. 2011). Likewise, discriminating the severity of impact can be confounded by
the inconsistent response of constituent taxonomic units or their variability over time
(Culp et al. 2011). Traits-based approaches were supposed to help ameliorate these and
several other issues confounding bioassessment applications (Culp et al. 2011).
The basic framework for creating a traits-based approach to biomonitoring was
outlined in the review by Culp et al. (2011). In this model, the basic biomonitoring
framework is altered slightly to connect taxonomic data to trait data (Fig 7.1.b). To
streamline the use of traits-based metrics, static descriptions of traits possessed by
taxonomic units were compiled into trait databases. Several possible complicated
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processes of summarization and attribution (e.g., fuzzy coding; Chevenet et al. 1994,
Doledec et al. 1999) are required to convert taxonomic surveys into trait data using the
trait databases. This type of trait data is then analyzed, primarily by exploratory
multivariate analysis. This process was expected to resolve issues related to
biogeographical disparity, temporal variability and enhance stressor discrimination (Culp
et al. 2011 ).
The trait-based approach, while theoretically compelling was weakened by the
complete dependence on incomplete, oversimplified trait databases. Simplifications and
over-generalizations in trait data or subsequent analysis lead to misidentification,
misattribution, or misclassification generating noise and obscuring meaningful
information (Fitzsimmons 2012, Orlofske & Baird 2013, Pakeman 2013, Orlofske &
Baird 2014a, Orlofske & Baird 2014b, Thorson et al. 2014). Weak, inconclusive or
contradictory results for many empirical studies (Table 7~1) cast the efficacy of the traitbased approach into doubt. Therefore, even though the trait - database approach can be
seamlessly incorporated into many existing biomonitoring programs, few if any
jurisdictions have elected to completely adopt such a protocol.
Throughout my dissertation, I demonstrate how the weaknesses of taxonomic and
trait resolution in trait databases can be overcome by focusing on trait information
derived in whole or in part from the biological material (Chapters 2-4). Similarly these
higher-resolution trait data are more powerful for elucidating trait-stressor relationships
(Chapter 6). However, the collection of high-resolution trait information also requires
greater cost in time and labor. Balancing these trade-offs, I propose~ trait assessment
approach for biomonitoring (Fig. 7.1.c). In this model, traits information can be gathered
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either directly from the specimens in the sample and analyzed using statistical tests
appropriate for either continuous or categorical traits data or derived from trait databases
and summarized as metrics or analyzed using exploratory multivariate methods. Rather.
than contributing to the proliferation of metrics and indices, this traits-assessment
approach can be hypothesis driven, relies on data generated directly from the sample and
can be analyzed with appropriate univariate and multivariate statistical methods.
Furthermore, adoption of the traits-assessment approach does not preclude the use of
established taxonomic and trait procedures.
7.3

Future challenges and opportunities

Trait-based biomonitoring has the potential to r~dically improve science-based
ecosystem monitoring and management, particularly for aquatic systems. However, traitsbased metrics and bioassessment methods require more research to achieve the same
level of acceptance and application as taxonomic metrics and indices. Further
development of traits-based biomonitoring should focus on two areas: clarifying traitstressor relationships and establishing efficient analytical procedures.
7. 3.1

Clarifying trait-stressor relationships

Traits-based biomonitoring is a tangible application of the broader discipline of
traits-based ecology. Refocusing on isolating the ecological components that link
individual or suites of traits to single and multiple stressors can help disentangle the
direction and magnitude of perceived relationships. This trend is illustrated by the
chronological sequence of trait studies presented in Table 7.1. Many of these studies,
particularly the early studies, examined every trait for every taxon in response to poorly
quantified stressors or environmental conditions (e.g., Doledec and Statzner 1994, Resh
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et al. 1994, Lamouroux et al. 2004, Statzner et al. 2004). The variation in taxonomic;
trait, and environmental data collectively contributed to weak inferences and poor
predictability (Table 7.1). In contrast, several later studies (e.g., Pollard and Yuan 2010,
Carlisle et al. 2011, Walters 2011 ), which examined fewer traits and established
mechanistic a priori predictions generally performed better. Observational or
experimental study designs can be developed to explicitly test key trait-stressor
relationships at multiple scales. Collectively, these studies can be used to build a better
theoretical framework for trait selection and data analysis. This approach is necessary for
isolijting the effects of complex, multi-faceted stressors and natural drivers such as
hydrology and is the type of information required to establish trait- or taxon- specific
flow relationships to support environmental flow criteria.
7. 3. 2 Establishing efficient analytical procedures

The analytical procedures used to detect trait-stressor responses or assess site status
with trait data lag behind methods established to evaluate taxonomic data. Partially, this
is due to the format of trait data (continuous vs. categorical) requiring different statistical
methods. The variability of trait data, study objectives, and environmental data further
complicates analysis. Trait data is predominately analyzed using multivariate techniques
(Table 7.1 ), but the specific analysis differs widely among studies (e.g., fuzzy
correspondence analysis, Doledec and Statzner 1994, Larsen et al. 2011; classification
and regression trees, Carlisle and Hawkins 2008, Wooster et al. 2012; redundancy
analysis, Finn and Poff 2005, Horrigan and Baird 2008; canonical correspondence
analysis, Doledec et al. 2011; nonmetric multidimensional scaling, Wooster et al. 2012,
Feld et al 2014). Some of these methods are exploratory, others provide quantifiable
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interpretations, and a few equate to statistical tests. The variety of methods applied to trait
data make it difficult to directly compare the results of different studies limiting synthesis
and prediction. Establishing the most appropriate and effective analytical tools or
processes for analyzing high-resolution continuous and categorical trait data would
eliminate a significant impediment to the incorporation of trait data into the
biomonitoring program workflow while ensuring comparability and coordination among
studies and programs.
7.4

Synthesis

The outcomes of my dissertation research verify the importance of evaluating intra-tax.on
trait variation for describing trait-stressor relationships and summarizing trait metrics.
Likewise, my research supports the development of trait metrics based on direct
measurement of trait information to accurately capture the traits expressed by the
organisms collected for biomonitoring. In the absence of trait data, I adapted analytical
tools (i.e., geometric morphometrics) to collect critical trait information. I also recorded
environmental data at several spatial and temporal scales to illustrate the practical
application of high-resolution, tax.on and specimen level trait information to elucidate
patterns and trends in hydraulic and hydrological variability. Each of these components
contributes to a new model for biomonitoring and stressor assessment.
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7.6

Tables

Table 7.1 A review of selected freshwater ecology studies that use traits-based metrics or data to investigate natural gradients or anthropogenic stressors. Trait
metric performance for each study is qualitatively assessed. Checkmarks indicate the level of support for trait-stressor predictions for each article (Black=
strong, gray = weak). Few studies provide unequivocal evidence of traits, assessed as static, categorical states, to support predicted trait-stressor responses.
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Figure 7.1 Schematic comparing the workflow for three biomonitoring approaches, A. Taxonomic data, B.

Trait state data, and C. Trait measurement or assessment data.
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Appendix3
Appendix 3 Summary of measured body size (µm) and abundance by sites for EPTO taxa acquired during
routine biomonitoring sample collection for 3 sites in the Miramichi River Basin on 2 November 2007.
Size
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2026.3

4591.5

2034.8

Genu,

Family

DUNDS

DUNMR

SBREN

Total

4

4

Trichoptera
Apataniidae
Apatania
Brachycentridae

Glossosomatidae
Glossosoma

7809.5

1
2

2

39

4521.6

2007.5

2

41

8

9

14

14

24

25

Helicopsychidae
Helicopsyche
Hydropsychidae

5840.1

269.8

4946.7

1915.9

2

2
6446.6

3179.3

8

1

Cheumatopsyche

9098.6

2663.0

2

11

Hydropsyche

6478.0

3246.2

13

47

Hydroptila

3233.5

1120.7

Oxyethira

2051.5

407.7

3363.4

2226.9

3066.2

1192.4

1441.6

489.4

Cerac/ea

2510.7

213.8

Mystacides

3322.7

Setodes

2198.3

784.2

1473.2

143.8

17

26

84

144

2

2

13

Hydroptilidae

Lepidostomatidae
uptdostoma
Leptoceridae

Limnephilidae
Philopotamidae

3
3068.6

1196.2

1890.2

728.4

2
6

33

211

250

16

17

6

7

1

6779.6

6
1473.2

143.8

8259.1

3833.5

5

6
19

24

1

Chimarra

5511.0

125.6

2

Do/ophllodes

9231.4

4159.2

3

4188.7

831.2

Rhyacophi/a

5843.3

1268.2

3152.3

195.3

Paracapnia

3874.2

266.5

4105.3

2200.1

Haploperla

3602.4

1200.5

Suwa/lia

3
6

10

7

7

Polycentropodidae
Neureclipsis
Rhyacophilidae
18

18

Plecoptera
Capniidae
Chloroperlidae

3251.8

785.1

48

25

3657.4

1293.0
161

4004.5

1472.7

3103.0

76.6

3103.0

76.6

Perlidae

2918.2

1135.1

5269.3

4020.3

Acroneuria

5335.3

3912.8

62

Agnetina

3876.7

1808.2

4

Hansonoperla

4962.2

1178.1

Paragnetina

10814.0

6163.0

1925.2

155.9

lsogenoides

9641.1

31

4
2139.4

282

12

12

25

186

14
7

1391.4

11

4

100
16

16

Leuctridae

Perlodidae

27

14
2

2

3

10

3

96

31

35

2

2

7

12

28

43

1

1

Jsoper/a

3852.3

Pteronarcyidae

Pteronarcys
Taeniopterygidae

Taenionema

19401.2

9139.0

2697.0

841.6

3021.S

473.1

3
2981.0

503.S
7

4

7

2

2

2

5

14

Odonata
Aeshnidae

Boyeria

11684.6

Coenagrionidae

15148.2

Gomphidae

1869.6

15148.2
390.0

Lanthus

3564.9

Ophiogomphus

5737.0
2310.7

524.3

Acentrella

2971.6

1103.3

Caenis

2304.0

5425.9

5309.7

7

7
1

5445.6

19

7

60

86

2

131

133

Ephemeroptera
Baetidae

2339.2

570.3
6

6

Caenidae
Ephemerellidae

1871.3

1

725.9

Attenella

2575.4

786.1 .

Ephemerel/a

2871.9

1079.5

Eurylophel/a

1939.9

622.7

Serrate/la

2065.l

571.4

Heptageniidae

Epeorus

1903.8

734.6

2226.5

1164.5

1990.7

814.5

330

2

3
86

575
26

29

14

100

17

55

18
2280.6

1179.4

907

18

18

20

35

154

174

363

243

55

381

679

Maccajfertium

3552.l

1555.2

23

9

12

44

Rhithrogena

2993.3

1381.1

119

20

26

165

Stenonema

2219.4

Isonychiidae

/sonychia
Leptophlebiidae

6251.0

2016.4

3397.l

1214.9

Choroterpes

5168.9

Paraleptophlebia

3062.5

1316.3

3398.6

1215.3

115

60

15

190

512

134

93

739

904

2047

4714

2
1763

283

2

Appendix 4
Appendix 4 Abundance data and USEPA body size trait state infonnation for aquatic insects specimens

identified to lowest taxonomic level observed from 3 sites in the Miramichi River Basin, Canada collected
2 November 2007. Body size trait states: small (<9,000 µm), med (9,000- 16,000 µm), large (>16,000
µm).
USEPA

Abundance

Body
Taxon

Order

Family

Genus

Size

DUNDS

DUNMR

SBREN

Total

States

Ephemerellidae

Ephemeroptera

Ephemerellidae

• small

330

2

515

907

Leptophlebiidae

Ephemeroptera

Leptophlebiidae

small

512

, 134

93

739

med

243

ss

381

679

med

3S

154

174

363

Epeorus

Ephemeroptera

Heptageniidae

Heptageniidae

Ephemeroptera

Heptageniidae

Lepidostoma

Trichoptera

Lepidostomatidae

Lepidostoma

small

6

33

211

2SO

Jsonychia

Ephemeroptera

Isonychiidae

Isonychla

med

11S

60

1S

190

Haploper/a

Plecoptera

Chloroperlidae

Haplopttrla

small

161

2S

186

Rhithrogena

Ephemeroptera

Heptageniidae

Rhithrogena

med

119

20

26

16S

Hydropsyche

med

13

47

84

144

2

131

133

27

25

100

86

14

100

Epeorus

Hydropsyche

Trichoptera

Hydropsychidae

Baetidae

Ephemeroptera

Baetidae

Capniidae

Plecoptera

Capniidae

Ephemerel/a

Ephemeroptera

Ephemerellidae

Ephemerella

med

Acroneuria

Plecoptera

Perlidae

Acroneuria

large

62

31

Ophiogomphus

Odonata

Gomphidae

Ophiogomphus

large

19

7

60

86

Serrate/la

Ephemeroptera

Ephemerellidae

Serrate/la

small

18

20

17

ss

Maccajfertium

NA

23

9

12

44

large

11

4

28

43

small
small

Maccaffertium

Ephemeroptera

Heptageniidae

Perlodidae

Plecoptera

Perlodidae

Brachycentrus

Trichoptera

Brachycentridae

Brachycentrus

med

Agnetina

Plecoptera

Perlidae

Agntttina

large

Allene/la

Allene/la

Ephemeroptera

Ephemerellidae

Hydropsychidae

Trichoptera

Hydropsychidae

Glossosoma

Trichoptera

Glossosomatidae

Limnephilidae

Trichoptera

Limnephilidae

Glossosoma

48

96

2

41

4

31

35

small

3

26

29

small

8

17

26

19

24

39

small

24

large

s

2S

Eurylophella

Ephemeroptera

Ephemerellidae

Eurylophel/a

small

18

18

Rhyacophila

Trichoptera

Rhyacophilidae

Rhyacophila

med

18

18

med

16

17

Paracapnia

small

16

16

Leptoceridae

Trichoptera

Leptoceridae

Paracapnia

Plecoptera

Capniidae

Glossosomatidae

Trichoptera

Glossosomatidae

Suwa/lia

Plecoptera

Chloroperlidae

Taenionema

Plecoptera

Taeniopterygidae

Taenion,ima

med

7

2

Cheumatopsyche

Trichoptera

Hydropsychidae

Cheumatopsyche

small

2

11

Chloroperlidae

Plecoptera

Chloroperlidae

Paragnetina

Plecoptera

Perlidae

small
Suwal/ia

14
14

med

med
Paragnetina

284

med

4

14
14

5

14
13

12

12

7

12

Dolophilodes

Trichoptera

Philopotamidae

Perlidae

Plecoptera

Perlidae

Micrasema

Trichoptera

Brachycentridae

Mlcrasema

Ceraclea

Trichoptera

Leptoceridae

Ceraclea

Oomphidae

Odonata

Gomphidae

Neureclipsis

Trichoptera

Polycentropodidae

Neureclipsis

Pteronarcys

Plecoptera

Pteronarcyidae

Pteronarcys

large

3

Acentrella

Ephemeroptera

Baetidae

Acentrella

small

6

Setodes

Trichoptera

Leptoceridae

Setodes

small

Trichoptera

Trichoptera

Dolophilodes

small
large

3

6

10

7

3

10

small

8

6

7

large

7

7

med

7

Apataniidae

Trichoptera

Apataniidae

Chimarra

Trichoptera

Philopotamidae

Chimarra

small

Oxyethira

Tricboptera

Hydtoptilidae

Oxyethira

small

Plecoptera

Plecoptera

Brachycentridae

Trichoptera

Brachycentridae

Hansonoperla

Plecoptera

Perlidae

6
6

6
6

med

4

3

3

3

Helicopsyche

Trichoptera

Helicopsychidae

Helicopsyche

small

Tricboptera

Hydroptilidae

Hydroptila

small

Lepidostomatidae

Trichoptera

Lepidostomatidae

small

Leuctridae

Plecoptera

Leuctridae

small

Paraleptophlebia

Epherneroptera

Lcptophlebiidae

Taeniopterygidae

Plecoptera

Taeniopterygidae

Apatania

Trichoptera

Apataniidae

Apatania

Boyeria

Odonata

Aeshnidae

Boyeria

large

Caenis

Epherneroptera

Caenidae

Caenis

small

Choroterpes

Ephemeroptera

Leptophlebiidae

Choroterpes

small

Coenagrionidae

Odonata

Coenagrionidae

Paraleptophlebia

med

Plecoptera

Perlodidae

lsogenoides

large

Perlodidae

lsoperla

med

Lanthus

Odonata

Gomphidae

lanthus

med

Mystacides

Trichoptera

Leptoceridae

Mystacidu

med

Trichoptera

Philopotamidae

Heptageniidae

2

2

2

2

2

2

2

2

2

2
2

2

large

Plecoptera

Epherneroptera

2
2

med

/sogenoides

Philopotamidae

2

med

/soperla

Stenonema

3

large

Hydroptila

4

2

2
med

7
7

4

6

Hansonoperla

9

, med

small
Stenonema

med
1771

285

904

2048

4723

Appendix 5
Appendix S Taxon size summary, including mean, standard deviation (SD), coefficient of variation (CV), minimum size (µm) and maximum size (µm) by site
and all sites combined (total).
DUNDS

DUNMR

Meu

SD

CV

Ml•

Mu

Acentrella

2971.6

ll033

0.37

1842.7

4499.1

Acroneuria

4839.2

3881.1

0.80

1747.0

22567.8

Ag,,etina

4790.0

2957.6

0.62

420.3

69573

Ta•

Apatania

Mea

6323.7

SD

3989.3

CV

0.63

7809.S

3326.S

7809.5

Mu

18478.1

N

Attenella

°'

Baetidae

20473

Boyo-ia

11684.6

Brachyceutridae

1372.6

4747.9

108.9

3809.8

0.08

0.80

1247.1

2054.0

14413
0.12

SD

CV

Mia

Mu

1869.2

22253

11684.6

11684.6

6196.4

Camu

2304.0

1037.8

0.17

4310.7

7994.S

2304.0

2304.0

Meo

SD

CV

MIii

Mu

2971.6

11033

0.37

1842.7

4499.I

5373.l

2515.5

0.47

3911.0

8m.1

5335.3

3912.8

0.73

1747.0

22567.8

3758.9

1644.8

0.44

1666.0

9255.0

3876.7

1808.2

0.47

4203

9255.0

7809.S

7809.5

7809.S

8562.4

332.4

0.04

8138.3

8916.S

8562.4

332.4

0.04

8138.3

8916.S

2714.1

70S.3

0.26

1453.2

3814.8

2575.4

786.1

0.31

1247.1

3814.8

2314.7

526.8

0.23

1049.3

3349.7

2310.7

524.3

0.23

11684.6

7441.9

Brad,ycentrvs

Capniidae

251.8

Mea

7809.S

Apetaniidac

00

Tetal

SBREN

Mia

6395.1

1648.9

0.26

S229.2

7561.0

1049.3

3349.7

11684.6

11684.6

4747.9

3809.8

0.80

2054.0

7441.9

6206.1

1045.5

0.17

4310.7

7994.5

2304.0

2304.0

2304.0

2244.1

3940.8

31523

795.3

0.25

1471.8

4102.1

2442.1

2442.1

2510.7

213.8

0.09

2200.3

2840.8

12248.9

9098.6

2663.0

0.29

4742.S

12248.9

5491.2

5511.0

725.6

0.13

4795.6

6246.3

41053

2200.1

0.54

1311.7

7341.0

5168.9

5168.9

2934.8

900.4

0.31

1471.8

3902.9

Chevmatopsyche

6818.7

836.0

0.12

6227.5

7409.8

Chimarra

6246.3

6246.3

62463

Cltoroterpes

5168.9

5168.9

5168.9

Cocnagrionidae

15148.2

151482

15148.2

15148.2

15148.2

Dolopl,ilodes

9341.6

9341.6

9341.6

14406.2

1555.7

O.ll

12813.2

15921.7

6625.7

2440.0

0.37

2133.7

9281.5

9231.4

4159.2

0.45

2133.7

15921.7

Epeonu

2fll12

953.1

5973.6

2270.4

1097.1

0.48

211.4

5488.7

1920.0

'll6.9

0.51

712.1

5S035

2226.S

1164.S

052

211.4

5973.6

Ceraclea

3274.0

807.3

0.25

1580.2

4102.1

3438.4

2522.I

231.8

0.09

22003

2840.8

2442.1

9513.1

2685.4

0.28

4742.5

5143.4

491.9

0.10

4795.6

Chroniperlidae

41053

1288.8

0.48

345.3

2200.1

0.10

0.S4

1311.7

7341.0

5168.9
15148.2

Epl,emere/Ja
Epbcmm:llidae

2103.2

680.8

0.32

686.6

4429.S

Eurylophella
Glossmoma

3026.2

3026.2

30262

2676.4

722.3

0.27

IS163

7263.6

4073.2

1912.2

0.47

2386.3

83Sl.9

2871.9

1079.S

038

IS16.3

83Sl.9

1341.4

111.6

0.08

1262.S

14203

1740.0

718.9

0.41

846.7

6327.2

1871.3

72S.9

0.39

686.6

6327.2

1939.9

622.7

032

1130.8

3771.7

1939.9

622.7

0.32

1130.8

3771.7

4662.9

2051.S

0.44

1748.6

87293

4S97.S

2034.8

0.44

1748.6

8729.3

2026.4

0.46

1723.0

7978.9

Glossosc:matidae
Gomphidae

1869.6

390.0

021

1342.9

3534.9

1195.0

034

246.l

6924.6

Hdicopsyd,e

N

00

.....J

5840.l

269.8

0.05

56493

2026.4

0.46

1723.0

7978.9

4386.2
1869.6

390.0

0.21

13429

2437.6

49622

1178.l

0.24

4129.2

S19S2

4962.2

1178.l

0.24

4129.2

S79S.2

4036.7

11673

029

2164.2

603S.7

3602.4

1200.5

0.33

246.l

6924.6

5840.1

269.8

o.os

5649.3

6030.9

2437.6

laMJnoperla

Haploperla

4386.2

6030.9

Hcplageniidac

2250.3

1178.8

0.52

1067.0

12953

1962.S

715.0

036

796.7

5966.9

17822

601.6

0.34

6612

5470.5

1903.8

734.6

0.39

6612

7295.3

Hydropsyche

64n.l

4289.9

0.66

1068.5

lS386.6

7193.6

3177.8

0.44

37382

l5S53.6

6077.8

3073.4

0.51

2695.7

15697.S

6478.0

32462

O.SO

1068.5

15697.S

Hydropsychidac

4499.1

1989.0

0.44

2810.7

7422.2

2348.S

2348.S

2348.5

5310.2

1925.4

0.36

2551.S

9244.9

4946.7

197S.9

0.40

2348.5

9244.9

Hydroptila

3233.S

1120.7

0.35

2441.l

4026.0

3233.5

1120.7

0.3S

2441.l

4026.0

lsogmoida

9641.1

9641.1

9641.l

9641.l

9641.1

9641.1

3025.0

14193.0

6251.l

2194.6

14193.0

3852.3

3852.3

3852.3

3852.3

3852.3

1473.6

6596.5

3066.2

1192.4

Jsonychia

6233.7

1696.9

0.27

2194.6

10562.0

S844.0

1804.6

0.31

3012.9

12073.9

Jsoperla

3S64.9

Lepidostoma

3124.9

Lepicloslomolti

1788.8

1017.8

0.33

2133.7

4418.l

1788.8

1788.8

LeplDceridac
3431.2

1186.1

0.35

1638.2

6618.9

3929.S

1427.9

0.36

3564.9

3564.9

2538.7

8413.1

0.46

Linmephilidac
3706.6

1637.8

0.44

1463.S

6745.2

2016.4

032

3564.9
2929.5

1102.1

0.38

3564.9

3564.9

0.39

1473.6

8413.l

4938.l

4938.l

4938.l

3363.4

2226.9

0.66

1788.8

4938.1

2690.l

2690.l

1441.6

489.4

0.34

989.7

2690.1

1363.6

380.9

0.28

989.7

2540.7

2690.1

3448.3

12SO.O

036

1947.S

6290.9

3135.8

12992

0.41

1033.8

6366.7

3397.l

1214.9

0.36

1033.8

6618.9

3103.0

76.7

0.02

3048.8

3157.2

3103.0

76.7

0.02

3048.8

3157.2

0.09

l26S.9

1783.3

1473.2

143.8

O.IO

1223.1

1783.3

Leuclridae

.Mat:cafferd-,

3698.9

3852.3

La,,tJna

Leptopblebiidae

8012.4

1507.9

212.2

0.14

1223.1

17832

1464.l

126.S

4401.6

1306.8

030

2148.9

6257.8

2618.8

1121.4

0.43

1467.2

5364.2

3552.1

15S52

0.44

1463.S

6745.2

Micrasema

2324.0

2324.0

2324.0

1857.4

609.S

• 0.33

1110.2

2694.0

1909.2

590.9

0.31

1110.2

2694.0

Myslacides

3322.7

3322.7

3322.7

3322.7

33227

4188.7

831.2

0.20

2886.9

52192

4188.7

831.2

0.20

2886.9

5219.2

61592

6025.0

0.98

1041.6

21696.2

5737.0

5445.6

0.95

1041.6

21696.2

Nt!11rrt:lipm
Opl,ioga,,,phm

3613.9

2053.9

0.57

1823.3

10831.4

7880.1

5393.8

0.68

2138.3

15544.9

3322.7

Oxyetllira

Paracopnia
Paragnetina

17669.8

6092.9

0.34

12082.S

24493.8

Para/qJtophlebia

3062.S

1316.3

0.43

2131.7

3993.2

Perlidae
Perlodidae

1889.1

Philopolamidae

6Tl9.1

Plecoptcra

1203.8

83.2

~

18427.0

Rhithrogena

2801.6

356.9

2269.3

407.7

0.20

3874.2

266.S

0.07

7flJ9.9

IS87.0

2307.l

3319.9

4409.8
76f/J.9

7354.0

201S.2

0.27

S169.3

9829.8

31Sl.9

127S.3

0.40

1749.3

4718.8

2372.8

S30.S

0.22

1782.3

2809.2

2684.6

1086.6

0.40

1796.7

4250.8

1830.8

784.S

0.43

1021.8

4626.l

2463.8

6779.7

6779.7

0.07

114S.O

1262.7

1286.7

0.07

174865

19893.3

20131.8

12817.2

0.64

9563.7

38696.9

1472.8

O.S3

1214.2

6016.4

3716.0

109S.S

0.29

1960.S

Sl4S.2

S843.3

1268.2

0.22

3742.7

93SS.3

2043.S

436.8

0.21

1594.8

3448.6

2198.3

784.2

0.36

1S89.7

3716.2

612.3

0.27

1096.8

3282.3

Setoda

2057.S

7flJ9.9

1228.9

0.19

RJ,yacophila
Serrau/la

20515

1.1:n.6

3314.8

1874.4

22Tl.6

813.4

62S.3

0.2S

0.33

2219.4

tv

Si,wa//ia
Taeniolfema

2819.3

349.8

0.12

2368.0

3373.7

Taeniop1aygidae
Trichcptera

1939.1

441.7

0.23

1353.0

2477.6

0.20

IS87.0

4004.5

1472.7

0.37

1938.3

6362.4

3148.5

773.8

0.25

2601.3

3695.6

2697.0

841.6

031

2102.0

3292.l

3253.9

497.0

0.15

2040.S

913.3

22Tl.6

4988.8

3117.9

2219.4

2219.4

2540.0

3873.9

2307.l

3874.2

266.S

0.07

3319.9

4409.8

10814.0

6163.0

0.57

S169.3

24493.8

3062.S

1316.3

0.43

2131.7

3993.2

2918.2

113S.l

0.39

1749.3

4718.8

192S.2

756.0

0.39

6Tl9.7

Ste,wne,na

00
00

407.7

1021.8

4626.1

6779.7

6Tl9.1

1561.8

622.8

0.40

ll4S.O

2277.6

19401.2

9139.0

0.47

9563.7

38696.9

2993.3

1381.1

0.46

1214.2

6016.4

S843.3

1268.2

0.22

3742.7

93SS.3
3448.6

2065.1

571.4

0.28

913.3

2198.3

784.2

0.36

lS89.7

3716.2

2219.4

2219.4

2219.4
4004.S

1472.7

0.37

1938.3

6362.4

3021.6

473.1

0.16

2368.0

3873.9

2697.0

841.6

0.31

2102.0

3292.1

1939.1

441.7

0.23

1353.0

2477.6

Appendix 6
Appendix 6 Taxon trait summary. EPTOM body shape states include: slender, stout, narrow head, wide
head. T body shape states include: short head, long head, concave head, and convex head. Body shape trait
states were assigned to each taxon based on a geometric morphometric analysis described by Orlofske and
Baird 2014 (Chapter 4), inferred based on the body shape applied to the family (Acerpenna, Baetis,
Diphetor, Diploperla, Drunella, Habrophlebia, Heterocloeon, Leptophlebia, Leucrocuta, Mayatrichia,
Oecetis, Plauditus, Polycentropus, Procloeon, Stenacron, Stenonema, Strophopteryx, Stylogomphus,
Taeniopteryx, Teloganopsis) or assigned using the key provided in Orlofske and Baird 2014 (Chapter 4),

including Baetisca, Libellulidae, Leptohyphidae.Voltinism traits states include univoltine, semivoltine, and
multi/bivoltine and were derived from the United States Environmental Protection Agency Freshwater
Biological Traits Database.
Trait States
Order

Ephemeroptera

Family

Genus

Baetidae

Baetiscidae

Taxon

Baetidae

Body Shape

Voltinlsm

Slender

Multi/Bi

Acerpenna

Acerpenna

Slender

Multi/Bi

Baetis

Baetis

Slender

Multi/Bi

Diphetor

Diphetor

Slender

Multi/Bi

Heterocloeon

Heterocloeon

Slender

Multi/Bi

Plauditus

Pl'auditus

Slender

NA

Procloeon

Proc/oeon

Slender

Multi/Bi

Baetisca

Baetisca

Stout

Multi/Bi

Caenidae

Slender

Multi/Bi

Caenis

Slender

Multi/Bi

Stout

Uni

Caenidae
Caenis
Ephemerellidae

Ephemerellidae
Acenttel/a

Acentrella

Slender

Multi/Bi

Attenella

Attenella

Stout

Uni

Drunella

Drunella

Stout

Uni

Ephemerella

Ephemere/la

Stout

Uni

Eury/ophella

Eurylophel/a

Stout

Uni

Serrate/la

Serrate/la

Stout

Uni

Teloganopsis

~e/oganopsis

Stout

NA

Heptageniidae

Wide

Uni

Epeorus

Epeorus

Wide

Uni

Leucrocuta

Leucrocuta

Wide

Uni

Heptageniidae
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lsonychiidae

Maccajfertium

Maccaffertium

Rhithrogena

Rhithrogena

Stenacron

Stenacron

Wide

Uni

Stenonema

Stenonema

Wide

Uni

lsonychia

Jsonychia

Slender

Uni

Stout

Uni

Leptohypidae

Leptohypidae

Leptophlebiidae
Choroterpes

Megaloptera

Odonata

Leptophlebiidae

Slender

Uni

Choroterpes

Slender

Uni

Habroph/ebia

Slender

Uni

Leptoph/ebia

Leptophlebia

Slender

Uni

Para/eptoph/ebia

Para/eptophlebia

Slender

Uni

Corydalidae

NA

Semi

Nigronia

Nigronia

NA

Semi

Boyeria

Boyeria

Slender

Semi

Coenagrionidae

Narrow

Uni

Coenagrionidae
Gomphidae
Lanthus

Plecoptera

Gomphidae

Slender

Semi

Lanthus

Slender

Semi

Ophiogomphus

Ophiogomphus

Slender

Semi

Stylogomphus

Stylogomphus

Slender

Semi

Libellulidae

Libellulidae

Capniidae

Capniidae

Stout

NA

Narrow

Uni

Paracapnia

Paracapnia

Narrow

Uni

Paracapnia!Allocapnia

Paracapnia/Allocapnia

Narrow

Uni

Chloroperlidae

Narrow

Uni

Hap/operla

Haploper/a

Narrow

Uni

Chloroperlidae

Suwallia

Suwallia

Narrow

Uni

Sweltsa

Sweltsa

Narrow

Semi

Leuctridae

Narrow

Uni

Leuctra

Leuctra

Narrow

Uni

Perlidae

Stout

Semi

Acroneuria

Acroneuria

Stout

Uni

Agnetina

Agnetina

Narrow

Semi

Hansonoperla

Hansonoperla

Narrow

Uni

Paragnetina

Paragnetina

Stout

Semi

Perlodidae

Narrow

Uni

Diploperla

Diploper/a

Narrow

Uni

Jsogenoides

Jsogenoides

Narrow

Uni

Jsoperla

Jsoperla

Stout

Uni

Leuctridae

Perlidae

Perlodidae

Pteronarcyidae

NA
Uni

Habrophlebia

Corydalidae

Aeshnidae

Wide
Slender

Pteronarcys

Pteronarcys

Narrow

Semi

Taeniopterygidae

Narrow

Uni

Strophopteryx

Strophopteryx

Narrow

Uni

Taenionema

Taenionema

Narrow

Uni

Taeniopteryx

Taeniopteryx

Narrow

Uni

Taeniopterygidae
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Trichoptera

Apataniidae

Apataniidae

Concave

Uni

Apatania

Apatania

Concave

Uni

Brachycentridae

Concave

Uni

Brachycentrus

Brachycentrus

Concave

Uni

Micrasema

Concave

Uni

Short

Uni

Brachycentridae

Micrasema

Glossosomatidae

Heliocopsychidae

Glossosomatidae
G/ossosoma

Glossosoma

Short

Uni

Heliocopsyche

Heliocopsyche

Short

Uni

Hydropsychidae

Hydropsychidae

Convex

Uni

Cheumatopsyche

Cheumalopsyche

Short

Multi/Bi

Hydropsyche

Hydropsyche

Convex

Uni

Hydroptilidae

Short

Uni

Hydroptilidae
Hydropti/a

Hydroptila

Short

Uni

Mayatrichia

Mayatrichia

Short

Uni

Oxyethira

Oxyethira

Short

Uni

Lepidostomatidae

Concave

Uni

Lepidostoma

Lepidostoma

Concave

Uni

Lepidostomatidae

Leptoceridae

Leptoceridae
Ceraclea

Uni
Uni

Mystacides

Mystacides

Short

Uni

Oecetis

Long

Uni

Setodes

Setodes

Limnephilidae

Odontoceridae
Psilotreta

Philopotamidae
Chimarra

Rhyacophilidae

Long
Concave

Oecetis

Limnephilidae

Polycentropodidae

Ceraclea

Long

Uni

Concave

Uni

Odontoceridae

NA

Uni

Psilotreta

NA

Uni

Philopotamidae

Short

Uni

Chimarra

Short

Uni

Dolophilodes

Dolophilodes

Short

Uni

Neureclipsis

Neureclipsis

Convex

Multi/Bi

Polycentropus

Polycentropus

Convex

Uni

Rhyacophi/a

Rhyacophila

Convex

Uni
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