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Abstract

Competing paradigms of community assembly emphasize different mechanisms for
predicting patterns in biogeography. Niche assembly emphasizes the role of environmental
gradients as filters that organize a metacommunity by locally selecting colonizers with similar
functional traits, whereas dispersal assembly emphasizes the importance of source pool
characteristics and dispersal limitation in organizing a metacommunity. In this study, I
developed a framework that uses spatially explicit patterns in taxonomic and functional measures
of community composition as diagnostics for community assembly processes for benthic
macroinvertebrates in headwater streams in the southern Appalachians. Distance decay in
taxonomic and functional similarity was used to determine the scales at which taxonomic
turnover occurred within functional niches. Trait-neutral models of community composition
were used as null models to assess which functional traits were the best candidates to explain
how community composition was influenced by environmental gradients: an assessment of
niche-based community assembly. Regional scale patterns suggested that niche-based
community assembly was the dominant mechanism organizing community composition in
headwater streams at local scales (<30km). Therefore, I compared how well trait-neutral models
identified functional traits as relevant to community sorting against how well observed trait
distributions correlated with environmental variation at a local scale, in the Ray Branch
catchment (<10km study extent). Functional traits exhibiting non-random distributions within
the Ray Branch watershed were most strongly correlated with environmental variation. Lastly, |
assessed how the influences of niche and dispersal assembly on benthic macroinvertebrate
community composition were affected by disturbance (shelterwood logging). Environmental
variables defining the habitat template, and macroinvertebrate community composition, were
measured before and after the disturbance; and path analysis was used to quantify the disturbance

effect. The relationship between environmental variation and functional composition increased



following logging, indicating disturbance augmented the influence of environmental filters, and
consequently, the importance of niche-based community assembly. My dissertation provides the
framework for a novel assessment of taxonomic and functional community composition data to
infer the types of ecological dynamics that organize communities in the landscape. Additionally,
this work provides a theoretical basis for assessing how dominant ecological processes change,

in predictable ways, in response to changes in the habitat template.
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Chapter 1 - Introduction

Competing paradigms of assembly of ecological communities emphasize different
mechanisms for generating biogeographic patterns of interacting groups of species in the
landscape. A deterministic perspective of community assembly was pioneered by Clements’
(1916) work on successional theory, which emphasized how local environmental constraints
defined the niches that organized community composition based on the functional attributes of
the resident species. Alternatively, the individualistic concept, proposed by Gleason (1939),
provided a conceptual foundation for incorporating stochasticity into mechanistic hypotheses of
community assembly by way of dispersal and colonization dynamics.

The ideas of Clements and Gleason were the precursors to the antagonistic hypotheses of
niche-based (deterministic) (Chase 2003) and dispersal-based (stochastic) community assembly
(Hubbell 2001), which have served as alternative models to describe how species are sorted into
groups in the landscape to create spatially explicit patterns in community composition within a
metacommunity. Niche-based community assembly (Chase and Leibold 2003) is the filtering
effect of the local environmental constraints that select certain species to become established
while excluding others based on their functional traits, whereas dispersal-based community
assembly (Hubbell 2001) emphasizes the importance of source pool characteristics and dispersal
limitation in organizing a metacommunity.

The degree to which niche-based and dispersal-based assembly processes describe the
underlying mechanisms for species sorting in the landscape is contingent on the characteristics of
the study system (Chase 2007), the taxonomic and functional constraints used to define the study
community (Hubbell 2001, 2006), and the scale of observation (Nekola and White 1999). The
manner in which these factors influence community assembly has been recognized as an
important, and largely unaddressed, question (Chase 2005, Bell et al. 2006, Holyoak and Loreau
2006, Hubbell 2006, Leibold and McPeek 2006, McGill et al. 2006).

In this study, I focused on benthic macroinvertebrate communities in headwater streams
in the southern Appalachians, but my goal was to contribute to basic ecological understanding of
how the perceived relative importance of community assembly processes were influenced by the
characteristics of the organisms, landscape, and study design. The three main objectives of this

investigation were to (1) develop a framework to infer community assembly processes from



patterns in community composition, (2) test the inferred community assembly processes at a
local scale, and (3) determine how disturbance affects the relative influence of different
community assembly processes.

Chapter Two, “The affy’s of community sorting: using taxonomic- and trait-based
measures of community composition to infer assembly processes,” describes a framework by
which community assembly processes can be diagnosed from spatially explicit patterns in
community composition. Taxonomic and functional diversity patterns, together, were used to
create two simple diagnostics that indicate the scales at which niche-based and dispersal-based
community assembly processes organize the metacommunity. This framework was used to
determine the scales at which the different sorting processes were relevant for benthic
macroinvertebrate communities in forested headwater streams in the southern Appalachians.

Chapter Three, “Multivariate environmental filters determine B-diversity in functional
composition of benthic macroinvertebrate communities,” describes an application and test of the
theoretical framework developed in Chapter Two. Patterns in taxonomic and functional
community composition described in Chapter Two suggest that niche-based assembly dominates
in forested headwater streams at study extents less than 30km, when benthic macroinvertebrate
communities are observed at a reach scale (10-100m observational grain size). Chapter Three
describes how the correlation between observed environmental gradients and variation in
measures of community composition were used to test the dominance of niche-based community
assembly at a local scale (<30km) in the Ray Branch catchment in the Nantahala National Forest
in western North Carolina, and determine specifically which environmental gradients and
functional traits interact to organize the benthic metacommunity.

Chapter Four, “The interaction between community assembly and disturbance: how
logging affects benthic macroinvertebrate communities in headwater streams,” is a study of how
community assembly processes for benthic macroinvertebrate communities in the Ray Branch
catchment are affected by a landscape scale disturbance (logging).

In Chapter Two I derive a new perspective for inferring community assembly processes
from simultaneously considering patterns in taxonomic and functional community composition
data, and the subsequent two chapters are ecological studies grounded in the theory developed in
Chapter Two. Thus, Chapter Five, provides a synthesis and overview of the conclusions derived

from this body of work.



Chapter 2 - The affy’s of community sorting: using taxonomic- and
trait-based measures of community composition to infer assembly

processes

Introduction

A long history of empirical and theoretical work in ecology provides an ambiguous story
about the processes that drive the assembly of ecological communities. Whittaker (1975)
developed metrics for metacommunity diversity, which can be used to test the predictions of
different community assembly hypotheses: a-diversity is a measure of community composition
(e.g., richness and evenness) of the local assemblage within an observational unit (OU), -
diversity is a quantification of the difference in community composition among OUs, and y-
diversity is a measurement of the composition of the regional community (all OUs pooled).
Niche theory and neutral theory (Hubbell 2001) both seek to explain the same patterns in
community composition, but they employ opposing mechanisms and assumptions to explain
observed a-, B-, and y-diversity.

Baas Becking (1934) succinctly described the niche theory perspective of community
assembly when he stated that “everything is everywhere, but the environment selects.” This
cannon of community ecology invokes the process of environmental filtering, which predicts
local community composition (a-diversity) is correlated with the characteristics of the local
habitat, and among-site differences in community composition (B-diversity) are due to
differences in environmental constraints that non-randomly select subsets of organisms based on
their functional traits (Hutchinson 1957, Southwood 1977, Poff 1997, Weiher and Keddy 2001,
Westoby and Wright 2006). Grime (2006) labeled this community assembly process
“convergent sorting” because functionally similar taxa tend to co-occur at the same sites if the
same source pool is universally available. Environmental filtering alone is not sufficient to
predict taxonomic variation in community composition among sites when different source pools
of potential colonizers are available to different sites; however, the prevalence of convergent
sorting in the ecological literature suggests that the assumption of a homogenous (non-dispersal
limited) source pool is valid at the scales of interest for many different types of communities

(Tilman et al. 1982, Finlay 2002, Lamouroux et al. 2004).



Neutral theory refers to a family of hypotheses that predict B-diversity patterns within a
landscape based on an interaction between metacommunity dynamics (per capita birth and death
rates, immigration and emigration) and stochastic processes (local speciation and extinction),
while assuming ecological equivalence among all organisms (Bell 2001, Hubbell 2001,
Tuomisto and Ruokolainen 2006). Like their niche theory based counterparts, neutral
community models (NCMs) predict non-random variation in community composition. Unlike
niche theory, NCMs hypothesize that all individuals in a source pool of potential colonizers have
an equal probability of colonizing a site; therefore, there is no expectation for diversity patterns
indicative of convergent sorting or a correlation between habitat characteristics and community
composition. Instead, NCMs predict decay in among-site similarity in community composition
with an increase in geographic distance because of the decreased likelihood for interactions (e.g.,
emigration/immigration) among communities that are farther apart (Nekola and White 1999,
Hubbell 2001).

The interaction between dispersal limited source pools and environmental filters were
originally organized into a mechanistic hypothesis in Gleason’s (1939) Individualistic Concept
(IC). Niche and neutral theory provide opposite ends of a community assembly continuum
(Gravel et al. 2006) that has evolved from the IC in two respects: (1) neutral theory assumes
ecological equivalence (assumption 1, Figure 2.1), whereas niche theory depends on the
interaction between environmental gradients and functional differences among taxa (mechanism
1, Figure 2.1) to predict diversity patterns; and (2) niche theory assumes a uniform source pool
for all OUs in a metacommunity (assumption 2, Figure 2.1), whereas neutral theory depends on
variation in the source of colonizers among sites (mechanism 2, Figure 2.1) to predict diversity
patterns. A factorial combination of these two sets of opposing assumption-mechanism pairs
provides a framework of four community assembly hypotheses (Figure 2.1) (Tuomisto et al.

2003, Martiny et al. 2006).
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Figure 2.1. Four community assembly hypotheses and predicted diversity patterns that result from the
factorial combination of the community sorting assumptions/mechanisms of neutral and niche theory. The
two assumption/mechanism pairs are (i) ecological equivalence (assumption 1)/environmental filtering
(mechanism 1) and (ii) a homogenous source pool (assumption 2)/heterogeneous source pool of dispersal
limited colonizers (mechanism 2). Each combination of assumption/mechanism pairs outlines a different
community assembly hypothesis: Hy (null) — an assemblage is a random sample from a homogenous source
pool of ubiquitous taxa and dominance ranks are maintained throughout the metacommunity. H; (niche
theory) — local environmental filters select for organisms with suitable ecological characteristics from a
homogenous source pool. H, (neutral theory) — a heterogeneous source pool and limited dispersal result in
nonrandom assemblages of ecologically equivalent taxa. H., (niche + neutral theory) — local environmental
filters select for organisms with the same ecological characteristics from a heterogeneous source pool. Each
hypothesis predicts a unique pattern in p-diversity (diagnostic 1 [D,]): H, predicts no detectable type I or type
II B-diversity when the assumptions of source pool homogeneity and ecological equivalency are met. H;
predicts only type I B-diversity, an indicator of local environmental filters selecting colonizers from a
homogenous source pool. H, assumes no niche differentiation and predicts only type II p-diversity because
any turnover in community composition results from differences in source pools (i.e., provincialism) among
OUs. H;., predicts type I B-diversity at small spatial lags and type II B-diversity at large spatial lags. This
pattern is a consequence of environmental filters selecting colonizers from a heterogeneous source pool of

dispersal-limited potential colonizers, which results in a divergence of source pool composition at large spatial



lags. Each hypothesis also predicts a unique relationship among regional diversity (y,), the local effective

source pool (y;), and local community composition (a;) (diagnostic 2 [D,], see text).

Hy (Figure 2.1) can be distinguished from the other three hypotheses because it is the
only hypothesis that predicts local measurements of a-diversity are random samples of y-
diversity, and B-diversity is not detectable. Niche and neutral models can both predict the same
patterns in the diversity metrics, even when spatial patterns are considered. Therefore, a second
type of measurement of community composition is necessary to provide additional information
for distinguishing between patterns that are indicative of niche and neutral processes.

Functional trait databases provide such information, and supplement taxonomic
identifications in the quantification of community composition (Statzner et al. 2001b, Wright et
al. 2004, Poff et al. 2006). This creates the possibility for separating tests for dispersal limitation
and environmental filtering, instead of using the same null model to test both hypotheses. My
objective is to combine measures of taxonomic and functional trait community composition with
diversity metrics to create a set of diagnostics that can be used to infer community assembly
processes that apply to patterns of diversity observed at a given scale of observational grain size
and study extent.

I apply this analysis to benthic macroinvertebrate data from forested headwater streams in
the southern Blue Ridge Physiographic Province to investigate why there is so much inter-site
variability (B-diversity) in community composition among streams that are commonly classified
as “reference” sites by stream ecologists. Is B-diversity in headwater streams an emergent
property of dispersal limitation and metacommunity dynamics in a relatively stochastic study
system, or is environmental variability in “reference” sites sufficient to justify invoking

environmental filtering?

Observed community composition data

A total of 26 observations of aquatic macroinvertebrate assemblages from forested
headwater streams (orders 1-3) within the southern Blue Ridge Physiographic Province were
included in the meta-analysis. Observational Units (OUs) include four watersheds that were
quantitatively sampled with a Surber sampler (see Chapter 3 methods) in 2005 in the Nantahala
National Forest as well as macroinvertebrate density data from forested headwater streams from

four additional studies (Harding et al. 1998, Sponseller et al. 2001, Cook 2003, Ely in prep). On



average, the macroinvertebrate community composition data for each OU represents a benthic
assemblage from a 115m stream reach. OUs were geospatially referenced either from data
obtained from the original publication or from sampling location estimates using 7.5 minute
USGS topographic maps.

Only taxonomic groups included in the North American trait database compiled by Poff
et al. (2006) were included in the analysis, excluding members of Chironomidae. Taxonomic
data had a genus level resolution, unless trait data was only available at a coarser taxonomic
resolution in the trait database. The mean a-diversity of an OU was 32.7(5.2 s.d.) taxonomic
groups, with a total y-diversity of 98 taxonomic groups (Appendix A) throughout the study
extent.

Community-aggregate functional trait (CFT) scores provide information about the
functional nature of an assemblage of organisms. A trait refers to an ecologically relevant
characteristic of an organism. Each trait state is referred to as a “trait syndrome” and each
syndrome is represented by a trait score. The functional trait niche (FTN) (Poff et al. 2006) of a
taxonomic group refers to the set of trait syndromes assigned to that taxonomic group.
Therefore, community-aggregate functional trait niche (CFTN) refers to a set of CFT scores that
best describe the functional characteristics of an assemblage of multiple taxonomic groups.

The CFTN for a set of observations of assemblages of macroinvertebrates were
calculated as

CFTN =P -T' (1)
where CFTN is an OU by trait matrix in which each cell, CFT, is the average functional trait
syndrome for the entire assemblage for observation i for trait z. P is an OU by taxon matrix of
relative abundances and 7" is the transpose of a taxon by functional trait syndrome matrix (7)
(Legendre and Legendre 1998, McCune and Grace 2002). Relative abundance data in P was
In(1000x + 1) transformed and then rescaled so that transformed relative abundances for each
OU summed to 1. For sites with a density ranging from 100 to 1000 no./m?, this transformation
is similar to the log(x+1) transformation used on density data before converting it to relative
abundances in other trait based studies (Lamouroux et al. 2004, Doledec et al. 2006). T is an
Niaxa DY Nyraie matrix, where nyqi (nyqi = 29) 1s the number of traits that were scored for each of

Niaxa (Miaxa = 98) taxonomic groups.



For this study, 7 (Appendix B) was modified from the list of taxon specific trait scores
provided by Poff et al. (2006), in which traits were grouped into trait classes: ecology, life
history, mobility, and morphology (Table 2.1). I rescaled all trait scoring to have a minimum of
0 and a maximum of 1, and non-ordinal traits (e.g., Functional Feeding Group and Habit) were
scored as a set of binary variables for each category (see Table 2.1, and Table 1 in Poff et al.
2006 for original trait descriptions; see Appendix B for taxon specific trait scoring). In this
analysis, a community level trait score of an OU for a categorical trait represents the relative
abundance of organisms in the OU with that trait syndrome. For ordinal traits, a community
level trait score represents the average trait syndrome for the assemblage of macroinvertebrates

of an OU.

Table 2.1. Trait code descriptions (see Poff et al. 2006 for more details).

Trait Class Trait Trait Code
ECOLOGY Functional Feeding Group, Collector-filterer (proportion collector FFG.CF
filterers)
Functional Feeding Group, Collector-gatherer (proportion collector FFG.CG
gatherers)
Functional Feeding Group, Predator (proportion predators) FFG.Pred

Functional Feeding Group, Scraper or herbivore (proportion scrapers or FFG.SC

herbivores)
Functional Feeding Group, Shredder (proportion shredders) FFG.SH
Habit, Burrow (proportion burrowers) Hab.Burrow
Habit, Climb (proportion climbers) Hab.Climb
Habit, Cling (proportion clingers) Hab.Cling
Habit, Skate (proportion skaters) Hab.Skate
Habit, Sprawl (proportion sprawlers) Hab.Sprawl
Habit, Swim (proportion swimmers) Hab.Swim
Rheophily (correlates with preferences for running water) Rheo
Thermal preference (correlates with thermal tolerance) Ther

LIFE HISTORY  Desiccation resistance (correlates with resistance to dessication) Desi
Development time (0 indicates fast seasonal, 1 indicates Devl
slow/nonseasonal)



Trait Class Trait Trait Code

Adult ability to exit (correlates with ability/affinity to exit water) Exit
Adult life span (correlates with life span length) Life
Synchronized emergence (0 indicates poor synchronization, 1 indicates Sync

highly synchronized emergence)

Voltinism (generations/year, 0 indicates semivoltine, 1 indicates Volt
multivoltine)

MOBILITY Crawl ability (correlates with crawling ability) Crwl
Dispersal of females before oviposition (0 indicates < 1km, 1 indicates Disp

greater than 1 km)

Drift Occurrence (correlates with occurrence in drift) Drft
Adult flight ability (correlates with flight ability) Flgt
Swimming ability (correlates with swimming ability) Swim
MORPHOLOGY Armoring (0 indicates membranous, 1 indicates highly sclerotized) Armr
Attachment (correlates with affinity to attach to substrate) Atch
Respiration (0 indicates preference for high DO habitats, 1 indicates Resp

tolerance of hypoxia)
Shape (0 indicates fusiform, 1 indicates high drag) Shpe

Size (correlates with size as an adult) Size

Diagnostic 1 (D1): Taxonomic and functional trait B-diversity

Interpreting diagnostic patterns in p-diversity

The first diagnostic (D, Figure 2.1) is a prediction of the expected type of B-diversity
that should result from each community assembly hypothesis. When he defined B-diversity,
Whittaker described two types of patterns of variation among OUs (Whittaker 1975, Ackerly and
Cornwell 2007): type I B-diversity is taxonomic turnover along an environmental gradient, type
II B-diversity is taxonomic turnover within a niche.

Type I B-diversity is a pattern of community structure that results from convergent
sorting in the landscape (Grime 2006), where functionally similar taxa co-occur due to a set of
environmental filters selecting for similar physiological constraints (Poff 1997, Weiher et al.

1998, Weiher and Keddy 2001). Therefore, assuming a homogenous source pool for all OUs,



type I B-diversity should result in a positive correlation between the taxonomic composition and
the functional composition among all OUs.

Type II B-diversity can result from a negative correlation between taxonomic and
functional composition, as in Diamond’s (1975) checkerboard pattern. This pattern occurs when
the same source pool of colonizers is available throughout the entire extent of the observed
metacommunity, but biotic interactions result in localized competitive exclusion (Diamond 1975,
Pacala and Tilman 1994) so that functionally similar taxa tend not to co-occur at the same site
(overdispersion).

Type II B-diversity can also result from a divergence in source pool composition, referred
to as provincialism (Martiny et al. 2006), where sites that are geographically far apart have
different taxonomic groups available to occupy a given functional niche. Provincialism results in
type I B-diversity locally, and type II B-diversity among sites located in different provinces.

I used a distance based approach to analyze both taxonomic and functional trait 3
diversity patterns at different spatial lags using the ecodist package (Goslee and Urban 2007b)
for R (R Development Core Team 2007). OU by OU geographic (D, — Euclidean), taxonomic
(Dyaxqg — Bray-Curtis), and functional trait (D,.;; — Bray-Curtis) distance matrices were calculated
from geospatial data, relative abundance data (P), and CFT data, respectively.

The pmgram function was used to plot multivariate correlograms to show how OU by
OU similarity measurements in multivariate community composition space change with an
increase in geographic distance between each OU by OU comparison. Multivariate correlograms
use the mantel coefficient (7,,), which is analogous to pearson’s r, and indicates how similarly a
set of OUs are organized with respect to two different sets of distance measures (Legendre and
Legendre 1998). I used this method to visualize the relationship taxonomic-geographic and trait-
geographic pairings of distance matrices (7u[Diaxas Dgeo] and 7| Dirais, Dygeo] respectively). OU by
OU trait syndrome difference matrices (D4i;) Were calculated for each trait ¢ and used to plot
correlograms of CFT scores for each trait so that I could detect which traits exhibited patterns
indicative of spatially dependent environmental gradients.

The correlation between taxonomic and functional community composition provides an
index of whether macroinvertebrate community sorting is convergent or divergent (Ackerly and
Cornwell 2007). OU by OU pairwise comparisons were divided into six spatial lag classes based

on their geographic separation, and r,, was calculated for each subset of comparisons and used to
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plot multivariate correlograms. Type I B-diversity is indicated by a positive correlation between
co-occurrence and trait state and type II B-diversity is indicated by a negative correlation. Partial
multivariate correlograms were used to plot », for each subset of comparisons between the
functional trait and taxonomic distance matrices (7u[Diaxas Dirait | Dgeo], @ comparison of overall
functional turnover and taxonomic turnover), and for CFT score differences and taxonomic

distance matrices (7] Diaxas Diraint

Dygeo), for t =1 ... nyais, a comparison of functional turnover
for a particular trait and taxonomic turnover) for each trait z. Partial multivariate correlograms
were plotted using the ecodist package for R (Goslee and Urban 2007b). r,, statistics were
calculated at each spatial lag using 10000 iterations, and a two tail p-value of 0.05 was used to
indicate statistical significance for all multivariate and partial multivariate correlograms.

For the purposes of diagnosis, I considered there to be a decay in similarity if the 7,
statistics of at least one of the two smallest spatial lag classes was significantly positive and one
of the two largest spatial lag classes was significantly negative, and other r,, statistics fit a pattern
of spatial decay reasonably well. I considered there to be a spatially independent regional
correlation if 7, values for all six spatial lags were consistently one sign (positive or negative)
and one of the two smallest and largest classes had a significant p-value. A decay in similarity
for 7,u(Dyair, Dgeo) 1s sufficient to refute Hy, but not distinguish between type I or type II B-
diversity; therefore, partial multivariate correlograms were used to diagnose B-diversity type. A
consistent positive 7,u(Dyir, Diaxa | Dgeo) Value indicates type I B-diversity, a consistent negative
Ym(Diraity Diaxa | Dygeo) Indicates type II B-diversity, and distance decay in 7,,(Dsaits Diaxa | Dgeo)
indicates provincialism. These diagnostic criteria were also applied to correlograms for

individual traits.

Observed diagnostic patterns in p-diversity

Multivariate correlograms showed a distance decay of both taxonomic and CFT
similarity among OUs (Figure 2.2, A and B), indicating a spatially dependent pattern in -
diversity. Sites included in the smallest spatial lag (mean = 32km) were positively correlated in
both taxonomic and CFT composition, intermediate distances showed no significant relationship,
and sites in the 221km spatial lag class showed significant divergence in both community
composition measures. 7u(DirDiaxa | Dgeo) 1 consistently positive at all spatial lags (Figure
2.2C) despite divergence in functional composition with spatial lag, indicating the presence of

type I B-diversity and convergent sorting throughout the southern Blue Ridge.
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Figure 2.2. Multivariate correlograms of benthic macroinvertebrate community composition in the southern
Blue Ridge. The x-axis is spatial lag measured as Euclidean distances in 2 dimensional geographic space. (A)
Yu(Draxas Dgeo) is a mantel statistic that indicates taxonomic similarity at each spatial lag and is estimated from
D,y an OU by OU Bray-Curtis distance matrix calculated from transformed relative abundances. (B)
Pi(Diaies Dgeo) indicates functional similarity and is the mantel correlation at each spatial lag estimated from
Dyy.it (Bray-Curtis distance matrix calculated from CFT scores for all traits). (C) r(D1xas Diraic | Dyeo) is the

mantel correlation between D,,;; and D,,,, for a subset of pairwise comparisons that indicates whether similar
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taxa occupy similar functional niches (a positive r,, indicates a correlation between taxonomic and functional

community composition) at each spatial lag.

Correlograms for individual traits (Appendix C) showed distance decay of 7,,(D i1, Dgeo)
for nine of 29 traits, including traits from all trait classes. Seven traits, from the ecology, life
history, and morphology trait classes, exhibited a positive 7,u(Dyit i, Diaxa | Dgeo) at all spatial lags
indicating type I B-diversity (Table 2.2). No mobility traits showed patterns indicative of type I
B-diversity at the regional scale; instead, three mobility traits and one morphology trait (size)

showed a decay in 7u(Diait1, Diaxa | Dgeo) indicative of provincialism (Table 2.2).

Inferences from D1

D, is a distance based analysis of B-diversity (see Legendre et al. 2005, Tuomisto and
Ruokolainen 2006, and Laliberte 2008 for a discussion on the application of this method), and
requires three distance matrices: Dju, Dgeo, and Dy Unlike Tuomisto and Ruokolainen
(2006), I am not attempting to partition the variation in taxonomic composition among two
different predictor distance matrices. Instead, I am using Dpg,, to divide Dyux, and Dyq;; pairwise
comparisons into groups based on distance, to determine whether there is a positive r, for each
distance class. This method does not provide an estimation of the proportion of taxonomic
variance predicted by environment (or in this case functional group) and/or geographic space, but
it can provide a general indication of the scale at which taxonomic turnover occurs within a
functional group.

D, showed decay in similarity for both taxonomic and functional composition (Figure
2.2A). Decay in taxonomic similarity over a spatial lag refutes Hy; however, both neutral and
niche theory can predict spatially autocorrelated patterns in taxonomic composition. The
irregular decay pattern can result either from a community dominated by ubiquitous taxa
following neutral metacommunity dynamics, or from spatially autocorrelated environmental
gradients acting as filters (Laliberte 2008).

Spatial decay in functional composition (Figure 2.2B) coupled with a consistent positive
correlation between functional and taxonomic composition (Figure 2.2C) indicates regular
convergent sorting in the community at all spatial lags (type I B-diversity) and that taxonomic
turnover follows functional turnover in the landscape. If the regional source pool is not

homogenous, the change in the source pool correlates with functional turnover, and presumably
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an environmental gradient. Therefore, D; provides support for niche theory (H;, Figure 2.1) and
suggests environmental gradients organize the benthic macroinvertebrate community within the

southern Blue Ridge Physiographic Province through convergent sorting, when observations are
made at the reach scale.

When I analyzed individual traits instead of overall functional composition, I did see
taxonomic turnover within functional groups for mobility traits and one morphology trait (Size,
which is related to mobility) (Table 2.2). This dataset suggests turnover within these traits
occurs between 150 and 220 km, a threshold which could be estimated more precisely with more
data points. The distance based analysis does not indicate whether there is taxonomic turnover
within the “good disperser”, “intermediate disperser”, or “poor disperser” functional groups, but

it does indicate that the taxonomic identity of the organisms filling one of those niches must

change.

Table 2.2. Trait sorting summary. D,: B-diversity patterns for each functional trait (see Appendix C for
correlograms). Trait B-diversity is indicated as 1, 2, or 1->2 (type I locally and type II at larger spatial lags,
indicating provincialism). D,: P{CFT,} are goodness of fit values for each trait 7 for predicted CFT scores for

S(Pobsy Dgeoy m =0) and f(P,5, Dge,, m # 0). Sorting ranks are higher for traits with poor fit (low P{CFT}

values).
B-diversity m=0 m #0 mean
Trait class Trait code type P{CFT, rank P{CFT} rank rank
ECOLOGY FFG.CG 0.15 6 0.11 4 5
FFG.CF 1 0.13 4 0.08 1 25
FFG.SC 0.18 11 0.13 5 8
FFG.Pred 0.08 2 0.09 2 2
FFG.SH 1 0.28 27 0.25 26 26.5
Hab.Burrow 0.25 25 0.22 20 22.5
Hab.Climb 0.05 1 0.19 16 85
Hab.Sprawl 1 0.24 23 0.19 13 18
Hab.Cling 1 0.22 19 0.16 9 14
Hab.Swim 0.23 22 0.21 19 20.5
Hab.Skate 0.46 29 0.44 29 29
Rheo 1 0.29 28 0.19 14 21
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B-diversity m=0 m #£0 mean

Trait class Trait code type P{CFT,}  rank P{CFT,}  rank rank
Ther 0.16 8 0.20 17 12.5
LIFE HISTORY Desi 0.16 9 0.18 11 10
Devl 0.10 3 0.09 3 3
Exit 0.27 26 0.22 21 23.5
Life 0.15 7 0.14 7 7
Sync 0.16 10 0.17 10 10
Volt 1 0.20 16 0.27 28 22
MOBILITY Crwl 122 0.18 12 0.20 18 15
Disp 122 0.24 24 0.25 27 25.5
Drft 0.22 20 0.23 23 21.5
Flgt 0.21 18 0.24 24 21
Swim 122 0.19 14 0.16 8 11
MORPHOLOGY Armr 0.22 21 0.23 22 21.5
Atch 0.18 13 0.19 15 14
Resp 0.13 5 0.14 6 55
Shpe 1 0.20 17 0.24 25 21
Size 122 0.20 15 0.18 12 13.5

Diagnostic 2 (Dy): Source pool characteristics

Using a trait-neutral model to evaluate Yo =7i =€,

The second diagnostic (D») is a test of the relationship between regional (y) diversity and
local (a) diversity. Hubbell (2001) suggested that without dispersal limitation and perfect
connectivity with the source pool, the expected relative abundance for each taxon & at each OU;
is the relative abundance of each taxon £ in the regional metacommunity, which serves as a
source pool. Let a; be a vector of observed relative abundances (pj) of the colonizers that
establish at OUj, and P, be an ng;.; (number of observational units in the study) by 7, (number
of observed taxonomic groups in the study) matrix of observed relative abundances, where each

row i is a vector of relative abundances that describes a;. Then the column means of P, is a
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vector (yp) of nyy, relative abundances and provides an estimate of y-diversity for the region.
Therefore, with no dispersal limitation, I expect

Yo =7 =4, (2)
for all OUs (i = 1 ... ng.s), where y; is the “effective source pool,” a vector of relative

abundances ( p,, ) of the potential colonizers that have access to OU;. In equation 2, y; is

analogous to the “seed-bank” in Gleason’s (Gleason 1939) Individualistic Concept. Equivalence
in relative abundances among yy, y;, and a; is expected given the assumptions listed for Hy,
(Figure 2.1).

If environmental filters select for taxa with specific combinations of functional traits from
a homogenous source pool (i.e., no dispersal limitation or provincialism), then I

expecty, =y, # ,. Under Hj, neither yynor y; predict a;, but y; should be the same for all OU;s

and equivalent to yy (i.e., each OU; has the same propagule rain, but local environmental
constraints select for different individuals at each site).
If dispersal limits the connectivity between each OU; and the metacommunity, but the

assumption of ecological equivalence holds, then I expecty, # y, = «;. Under H,, ypno longer
predicts the a; of each local assemblage, but the relative abundance of each taxon ( p,, ) in the

pool of potential colonizers that actually reach OU; (y;) should predict its probability of
establishment, and ultimately its relative abundance (py).
Lastly, niche assembly mechanisms are sorting from different source pools at different

points in the landscape, then I expect y, # 7, # &,. The inequalities among the regional pool,

effective source pool, and local community for each OU; indicate that environmental filters are
selecting individuals to establish at the site from a source pool that is different than the one
predicted by yy. This pattern indicates either nested environmental filters that function at
different spatial and temporal scales (Tonn et al. 1990b, Poff 1997) or environmental filters
acting locally in the context of larger scale biogeographic processes (Gravel et al. 2006, Martiny
et al. 2006, Thompson and Townsend 2006).

The first step in determining the relationships between yy, y;, and o; is to calculate an

estimate of the effective source pool (y;) with and without dispersal limitation. I used a trait-

neutral lottery model to calculate an 75 by 144y, matrix, P , of expected relative abundances, p, ,
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for each taxon k at each OU;. Each row i of P is an estimate of yi for OUi. f(Pobs, Dgeo, m) 1s a
function that estimates each p, in P given a set of observed relative abundances (P,ps), an ngjes

by nies matrix of geographic distances between sites (Dg,), and a parameter for dispersal
limitation (m).

S(Pobs, Dgeo, m) 1s based on a simplified version of Hanski’s (1994, 1999) metacommunity
model that describes colonization probability from a permanent mainland population as a
function of dispersal limitation:

C, = exp(-md,) 3)

where Cj; is the probability that a potential colonizer from a source pool j (the mainland in
Hanski’s model) will successfully disperse distance d; to the sink site (OU;). m is a measure of
dispersal limitation ranging from 0 to infinity, where 0 indicates no dispersal limitation and
infinity indicates no connectivity with the metacommunity.

I applied Cjj in f{P,ps, Dgeo, m) so that

Py =b, ZCijpjk 4)

J#i
where Cj; represents the contribution of OU; to the local source pool (y;) for OU; as a proportion
of the nearest neighbor OU, pj (for k = 1...n4.q, and j # i) are elements of P, for all

neighboring OUs, and b; is a scaling factor. Each p, for taxon £ at site i is estimated as a
weighted mean of the relative abundances of taxon £ at all other OUs, with closer sites having a
greater weight. Then all p, values at OU; are rescaled to sum to 1 using the scaling factor (b;).

Substituting equation 3 for Cj; results in

Pi = bizexp(_mdij )P i (5)

i
When m =0, p, is simply calculated as the mean of the relative abundances of all neighboring
sites, and for large sample sizes the estimates of y; for all OUs converge on the regional y,
relative abundance values.

Following Hubbell’s (2001) logic, because f{Pyps, Dgeo, m) provides an estimate of the
structure of the source pool of potential colonizers that is unique to each OUj, it also serves as a

prediction of the expected relative abundances for each OU; under the assumption of ecological

equivalence. Therefore, if P = Py, then y; = o, and if the best estimate of m is 0, then yp =1y;. 1
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calculated estimates of m for the entire dataset, P,ps, for a subset including only taxonomic
groups in the 50™ percentile (qso) of regional relative abundances, and a subset only including
groups from the 90" percentile (qoo). The optimize function, available in the stats v2.6.2 package
for R (R Development Core Team 2007), was used to estimate the parameter m iteratively by
minimizing the residual sum of squares (RSS) when comparingf’ against P, I then estimated
P for APy, Dgeo, m # 0) and fAP,ps, Dgeo, m = 0) for each dataset.

P{y;= a;} was calculated for each y; estimate for both trait neutral models [f(Pops, Dgeo, m
# 0) and f{P,ss, Dgeo, m = 0)] as the probability that the expected value of the absolute value of
the differences between observed and predicted relative abundances for each OU; is 0. If d;, the

expected difference between p; and p,, , is a normally distributed random variable for each OU;

where the mean can be estimated as

1 Migxg
Z |p ik ~ Pik

taxa k=1

d -

(6)

n

and the standard deviation is estimated by

Sq, = ;sz ﬁ_ikldl)2 ’ v

taxa

—\2
then X {df ‘df] ®)

Sy

where X’ follows a chi-squared distribution with one degree of freedom. Therefore, if d; =0,

X - {d_J ©)
S,

is a chi-squared statistic that yields a p-value (P{y; = a;}) for the null hypothesis 671 = 0 (there is

then

no difference between predicted and observed community composition at site 7). P{y;= o}
values for taxonomic community composition estimates for OUs by the two trait-neutral models
were compared with a t-test to determine if there was a difference in how well the models

predicted local relative abundances.
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CFT scores were calculated from P for each trait-neutral model. The goodness of fit
statistic described above was used to compare the rows and columns of predicted CFT score
matrices against the observed CFT matrix. A comparison of rows provides estimates of P{y; =
o;} for functional composition, a measure of how well each model predicts the CFTN of each
OUj; (Q route analysis) (McCune and Grace 2002). The p-values from a comparison of columns
provides and estimate of P{CFT;}, which is a measure of how well each model predicts the
distribution of trait syndromes among sites for each trait #, (R route analysis) (McCune and Grace
2002). Traits were then ranked by fit, where traits with the lowest fit ranked as the most likely

candidates to be subject to sorting by an environmental filter.

Ttrait-neutral prediction of the source pool

Change in C;; with distance, when modeled as a function of m (equation 3), resulted in
similar curves for all abundance data and when rare taxa were excluded (Figure 2.3A).
Estimates of the distances beyond which neighboring OUs contribute 0.95, 0.50, and 0.05 times
as much to y; as the nearest neighboring site (Figure 2.3B, labeled dos, dso, and dos, respectively)
did not change when rare taxa were excluded. Assuming the metacommunity dynamics that
cause variation in community composition among OUs with a grain size of ~100m function at a
scale larger than 5.4 km (the mean nearest neighbor distance), sites greater than 36km away

contributed less than half as much as nearest neighbor sites to y;.
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Figure 2.3. Values for models where m was fit with all observed taxa (all), 50" percentile taxa (qso), and 90™
percentile taxa (qq9). Percentiles were calculated from mean regional observed relative abundances. (A)
Fitted distance decay curves for Cj;, where C; is a measure of connectivity between OUs i and j. (B) Distances

at which Cj is 0.95 (dys), 0.50 (dso), and 0.05 (dos).
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Mean P{y; = a;} values for taxonomic composition were consistently above 0.05 (both
excluding and including rare taxa in the calculation), and near 0.40 when rare taxa were included
in the analysis, indicating that both models provide a reasonable estimate of relative abundances
(see Appendix D for figures illustrating model fit). P{y; = a;} values are slightly higher for
S(Pobs, Dgeo, m # 0) (p = 0.05) when all taxonomic groups or the 50™ percentile taxonomic groups
were used in the analysis. Mean P{y; = a;} values (£1s.d.) for functional trait composition were
between 0.20 and 0.40 for both models and for estimates calculated either with or without rare
taxa.

P{CFT,} values, estimates of goodness of fit for how well trait scores were predicted to
vary among OUs, averaged near 0.20 for both f{P,p5, Dgeo, m # 0) and f{Poss, Dgeo, m = 0), and no
trait had a P{CF'T;} value less than 0.05. Trait ranks (Table 2.2) for potential as candidates for
community sorting based on P{CFT;} from the two models were roughly similar and positively
correlated (r=0.71, p <0.001). Functional feeding group (excluding FFG.SH) and life history
traits had the highest average rank.

Inferences from D,

Niche and neutral theory both make predictions about the relationship between the
regional source pool (yy) and local community composition (a;) at site i (OU;). If a source pool
of ubiquitous colonizers is available, the effective source pool at any site i (y;) should be a
random sample of yy. Therefore the assumption of ecological equivalence in combination with a
homogenous source pool results in the prediction in equation 2 (all three metrics are equal).
Distinguishing between niche and neutral community assembly means distinguishing which
metrics are unequal. A difference between y; and o; indicates a difference in composition
between the effective source pool and the observed local community composition. Disparity
between yy and y; indicates a divergence in available source pools among OUs.

The trait-neutral models used here are both null model predictions of a; under the
assumption of ecological equivalence (assumption 1, Figure 2.1), and predict y; = a;. Both
models will be rejected if local environmental filters are selecting colonizers based on their
functional traits. Both trait neutral models use the function f{P,ss, Dgeo, m), which estimates the
relative contribution of neighboring OUs to y; as a prediction of the effective source pool for

OU;; however, f{Pops, Dgeo, m # 0) provides a dispersal limited estimate of y;, and f{P,ps, Dgeo, m =
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0) assumes yy = y;. For the observational grain size used in this study, OUs up to 35km away
contributed approximately half as much to y; as the nearest neighboring OU in the dispersal
limited model.

The results do not provide sufficient evidence to reject the assumption yy = y;, because
both models had a mean goodness of fit (P {y; = a;}) between 0.30 and 0.40 for each OU. The
dispersal limited model provided a slightly better estimate of the y; than the homogenous source
pool model (t-test comparison of P{y; = a;} values for the two models, p = 0.05) when rare taxa
are included, but both models performed the same (p = 0.46) when the ten most ubiquitous taxa
were included in the analysis (see Appendix D). These ambiguous results suggest there is some
detectable dispersal limitation in the regional source pool for less dominant taxa, but the regional
source pool is a reasonable estimate of the effective source pool.

The two models described above provide two different trait neutral predictions of y; that

can be compared against o; to test the assumption of ecological equivalence, and the prediction y;

= 0;. 1 used the predicted community composition, P, to calculate an expected CFT score for
each trait . Comparisons of observed against predicted CFT scores for each trait 7 provide a
measure of how strongly each trait is being sorted at the scale of the OU. If community
composition is a result of convergent environmental filtering, observed CFT scores should be
more extreme than expected, but the mean CFT score among OUs should not differ from the
expected mean CFT score. Therefore, [ used a null hypothesis that the absolute differences
between predicted and observed CFT scores for OUs were predicted by a random variable with a
mean of zero to create a test for environmental filtering, where a low P{CFT;} indicates
environmental filtering with respect to trait z. Trait ranks based on P{CFT,} (Table 2.2) show

functional feeding group and life history traits are the best candidates for sorting.

Conclusions

I implemented a study design in which I expected a bias for detecting neutral processes
because habitats were similar (forested headwater streams) and there was little variation among
the CFTNs calculated for OUs within the study (Appendix B). While the community
composition data did exhibit spatial decay in similarity (Figure 2.2A), it corresponded with
functional turnover (Figure 2.2C), providing support for the environmental filtering mechanisms

of community assembly hypothesized by niche theory (H;).
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The two diagnostics described here are complimentary analyses of diversity that provide
testable predictions for niche and neutral theory. D, (spatially explicit patterns in -diversity)
yields two important pieces of information: (1) a measure of the scale at which there is a decay in
compositional similarity among communities, and (2) the spatial lags at which there is disparity
between taxonomic and functional composition. D; indicates whether the different functional
guilds for a respective trait are underdispersed (P{y; = a;} < 0.05), regardless of whether the
functionally homogenous group is taxonomically homogenous. Together, these two diagnostics
indicate which functional traits are the best candidates to describe how environmental filters
influence community assembly, and the spatial lag at which source pool composition begins to
diverge.

The results of this study are likely influenced by the lack of resolution in taxonomic
identifications and the coarse level at which functional groups are identified. I used genus level
taxonomic resolution, which would miss turnover within a niche among congeneric species.
Recent developments in barcoding techniques for indentifying macroinvertebrates (Janzen et al.
2009) show promise for a high throughput technique that may result in high resolution
phylogenetic data that I expect would show greater source pool heterogeneity (i.e.,
provincialism) and a greater role for dispersal limitation in community assembly. Similar
applications of barcoding in microbiology have alluded to a more important role for
biogeography as a determinant of community composition (Lachance 2004) than the cannon
(Baas Becking 1934) suggests.

Patterns in the data available for benthic macroinvertebrates in forested headwater
streams in the southern Blue Ridge suggest “everything is everywhere, but the environment
selects.” The lack of evidence for turnover within functional groups leads me to suspect that
turnover within functional groups, if it does occur, occurs among congeneric species. This
conclusion suggests that if turnover within a niche occurs, it results from a race between range
expansion and genetic drift. Thus, the dynamics extensively described in Hubbell’s (2001)
unified neutral theory and the manner in which a community is defined for an investigation in
patterns in biodiversity may become increasingly important as high resolution taxonomic data

becomes more readily available.
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Chapter 3 - Multivariate environmental filters determine B-diversity
in functional composition of benthic macroinvertebrate

communities

Introduction

Niche and neutral theory provide two ends of a continuum of community assembly
processes (Hubbell 2001, Gravel et al. 2006) that predict patterns of B-diversity in
metacommunities (Leibold et al. 2004). At the niche theory end of the continuum, the
interaction between the habitat template (Southwood 1977) and organisms’ functional traits
determines community composition at a site (Poff et al. 2006, Westoby and Wright 2006);
whereas metacommunity dynamics (e.g., dispersal, local extinctions, speciation) (Martiny et al.
2006) organize community composition at the neutral theory end of the community assembly
continuum. Therefore, the proportion of B-diversity described by environmental variation and
spatial structure (independent of spatially structured environmental gradients) indicates the
relative influence of niche and neutral community assembly processes, respectively (Legendre et
al. 2005, 2008).

The niche theory based mechanism of environmental filtering (Keddy 1992, Weiher et al.
1998) has long been invoked as the primary mechanism for determining among site variation in
benthic macroinvertebrate community composition (B-diversity) (Tonn et al. 1990a, Poff 1997).
With the development of functional trait databases (Usseglio-Polatera et al. 2000, Poff et al.
2006), researchers have demonstrated that ecologically significant relationships exist between
variation in the habitat template and the functional composition of communities (e.g., Charvet et
al. 1998, Bady et al. 2005, Statzner et al. 2005, Diaz et al. 2008). However, different functional-
trait/environmental-constraint interactions have been shown to organize benthic community
composition at different scales of observation (Lamouroux et al. 2004) because lotic habitat
templates are defined by nested, hierarchical environmental gradients (Frissell et al. 1986, Poff
1997).

Recent studies (Thompson and Townsend 2006) have also shown neutral community

assembly processes may play a role in determining benthic macroinvertebrate community
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composition, especially at recently disturbed sites. However, the relative influence of neutral
theory is likely influenced by observational grain size and study extent (Nekola and White 1999),
and neutral community models are likely not appropriate for explaining B-diversity at local
(intra-basin) scales (Heino and Mykra 2008).

If environmental filters are organizing communities by traits, then organisms that are
functionally similar with respect to the traits that are being sorted are more likely to co-occur,
resulting in a non-random distribution of the trait types (modalities) for the sorted traits among
sites (Grime 2006). Therefore, neutral community models can be used as null models to predict
B-diversity in functional community composition, which can be used to evaluate the different
components of observed functional B-diversity and identify the functional traits that are most
strongly influenced by environmental filters.

In this study, I seek to identify whether niche theory processes alone are sufficient to
determine variation in benthic macroinvertebrate community composition (B-diversity) among
reaches located along an environmental gradient influenced by a logging disturbance within the
Ray Branch basin, and to determine the direct and indirect relationships by which different
aspects of the habitat template influence p-diversity. The results of this study are not meant to
draw conclusions about watershed scale logging practices as a disturbance. Instead, I took
advantage of the among-reach environmental variation to address the influence of reach scale
variation in the habitat template on benthic macroinvertebrate community composition observed
at the reach scale. Specifically, my objectives were to (1) determine the relative influence of
spatial and environmental variation on community composition (i.e., -diversity), (2) determine
which functional traits are distributed among sites in a manner that indicates they are influenced
by an environmental filter, (3) validate the traits identified as relevant to community sorting in
objective 2 with actual correlations between functional composition and observed variation in
environmental variables, and (4) resolve the habitat characteristics that interact to create

environmental gradients that act as filters to organize the benthic macroinvertebrate community.
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Methods

Study site and design

All sampling reaches were located in headwater tributaries of Ray Branch (Figure 3.1) in
the Nantahala National Forest, North Carolina. Sites were located between elevations of 800 and
1100 m, in watersheds with 20-30% slope and similar geology (biotite gneiss with locally
abundant quartz and aluminum silicates). Shelterwood cut timber harvest occurred in 6.5 — 9.7
ha sections (13-28% of the basin area) in two watersheds (L1 and L2, Figure 3.1) in 2005, while
two reference watersheds (R1 and R2) remained forested with secondary growth, montane oak-
hickory forests. Streams had perennial flow, with median discharge of 6 - 10 L/s at upstream

sites and 14 - 25 L/s at downstream sites during the study period.

Ray Branch Catchment

[] Research watersheds Y

— Ray Branch
mainstem

3400 ft
(1036m)

25 S
Kilometers

[] Cutareas H— 100-m
-- USFSroad | 1He
b Sampling locations

Downstream recovery
reach

Figure 3.1. Map of sampling sites. Four sampling reaches were located in headwater subwatersheds that
were logged (L1 and L2) and two reference subwatersheds (R1 and R2) in the Ray Branch watershed in the
Nantahala National Forest, North Carolina. 10 m sampling reaches were spaced longitudinally along streams
at -50 m (50 m upstream of the cut boundary), 0 m (at the but boundary), 25 m and 200 m in logged

watersheds, and spaced similarly in reference watersheds.
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The primary goal of this study was to explore the relationship between environmental
variables that define the habitat template and the B-diversity of benthic community functional
composition. Therefore, sites were distributed longitudinally in sub-watersheds, which were
subject to different logging treatments to ensure that study sites spanned a detectable
environmental gradient. Habitat characteristics and benthic macroinvertebrate community
composition sampling schemes were designed to be representative of a 10 m reach observational
unit. Four sampling reaches were located longitudinally along a stream at -50 m, 0 m, 25 m, and
200 m, with the 0 m site located at the downstream cut boundary (or arbitrarily at a similar
position in the watershed in the reference streams), for a total of 16 reach scale observational
units. Samples were collected in April 2006 and the location of the upstream end of each

sampling reach was estimated using a handheld GPS unit.

Macroinvertebrate community composition

Reach scale observations of macroinvertebrate densities were estimated from five Surber
samples within a 10 m reach of stream. Benthic Surber samples were collected from each reach
in April, 2006, and samples were preserved in 80% ethanol and sorted in the lab. All insects
were identified to genus (Wiggins 1977, Stewart et al. 1993, Merritt and Cummins 1996), or the
highest taxonomic resolution available in the trait database compiled by Poff et al. (2006). Other
macroinvertebrates not included in the database and members of Chironomidae were excluded
from the analysis.

Community-aggregate functional trait (CFT) scores provide information about the
functional nature of an assemblage of organisms. A trait refers to an ecologically relevant
characteristic of an organism. Each trait state is referred to as a “trait syndrome” and each
syndrome is represented by a trait score. The functional trait niche (FTN) (Poff et al. 2006) of a
taxonomic group (e.g., Baetis) refers to the set of trait modalities assigned to that taxonomic
group (e.g., the trait modalities for Baetis in Appendix E describe its FTN). Therefore, a
community-aggregate functional trait niche (CFTN) refers to a set of community-aggregate
functional trait (CFT) scores that best describe the functional characteristics of an assemblage of
multiple taxonomic groups (e.g., the macroinvertebrates that make up a benthic assemblage in a

watershed).
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CFT scores for a set of observations of assemblages of macroinvertebrates was calculated
as
C=P-T' (1)
where C is a sampling reach by trait matrix in which each cell, C;,, is the average functional trait
modality (CFT score) for the entire assemblage for observation i for trait z. P is a reach by taxon
matrix of relative abundances and 7" is the transpose of a taxon by functional trait syndrome
matrix (7) (Legendre and Legendre 1998, McCune and Grace 2002). Relative abundance data in
P was calculated from Hellinger transformed (Legendre and Gallagher 2001) densities that were
rescaled so that transformed densities for each reach summed to 1. 7'is an 7y, by n44; matrix,
where ny4i (N0 = 29) 1s the number of traits that were scored for each of the observed
taxonomic groups.

For this study, 7 was modified, from the list of taxon specific trait scores provided by
Poff et al. (2006), in which traits were grouped into trait classes: ecology, life history, mobility,
and morphology (Table 2.1). Trait scores for Tipulidae were expanded to a genus level
resolution, and trait scores for Peltoperlidae were added using information available in Merrit
and Cummins (1996) and Stewart et al. (1993). I rescaled all trait scores as described in Chapter
2 (see Table 2.1 or Table 1 in Poff et al. 2006 for trait descriptions; see Appendix E for taxon

specific trait scoring).

Testing CFT distributions

[ used a bootstrapping procedure to create a trait-neutral null model of the distribution of
CFT scores among sites to calculate probabilities for the observed CFT scores using R statistical
software (R Development Core Team2007). The model assumes no dispersal limitation, a
homogenous source pool, and ecological equivalence among all taxonomic groups. The
procedure calculates a site by taxa matrix of abundances (400/), Where each row, i, is a simulated
reach scale sample, o;, of n; individuals from the regional source pool, yy. Each n; was randomly
set to one of the observed reach scale total densities (no./m” summed across all taxonomic
groups). yp is a vector of mean relative abundances of all observed sampling reaches.
Individuals are randomly sampled from the source pool and their probability of being selected in

each sampling event is equivalent to their relative abundance in y,.
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CFT scores were calculated from the Hellinger transformed abundances from each
simulated a;. Percentiles were calculated for each observed CFT score, p{C;,} for each trait ¢ at
site 7 and used to estimated the probability of the observed distribution of CFT scores for each
trait ¢, P{C,}, given the null model. P{C,} was estimated as

1 Nyites
P{C,}=—— 2 1-2|p(C,;}- 0.5 )
sites =1
where distributions of CFT scores that are more extreme (either high or low) given the null
distribution will have P{C;} scores closer to 0. I used the P{C,} to rank traits as candidates for
sorting, where traits with the lowest P{C;} scores were expected to be the most likely to correlate

with environmental gradients (a rank of 1 = most likely to be sorted).

Environmental variables

Two to three Thermochron iButton (Maxim Integrated Products, Inc., Sunnyvale, CA)
temperature data loggers were installed at each reach in polyethylene centrifuge tubes and
anchored in areas in the reach with perennial flow and recorded ambient water temperature every
4 hours from 19 February 2006 to 19 May 2006. Temperature readings from each data logger in
a reach were averaged to represent reach temperature for each time period. Degree days were
calculated for each reach for the time period that the data loggers were deployed as the sum of
mean (across all data loggers in a reach) temperature reading per time interval (1/6 day)
multiplied by the number of days of observations.

Streams were surveyed with a Topcon total station GTS 300. I surveyed 300 m of stream
thalweg in each watershed (Gordon et al. 1992). At least two cross sections were measured
within reach each reach. Cross section depth profiles were measured using a meter tape and
meter stick (Gordon et al. 1992), with leveling correction from the survey data. Gradient was
calculated as the slope (%grade, where 100% = a 45° angle) over the 10 m sampling reach.

HOBO U20-001 water level loggers from the Onset Computer Corporation were placed
in stilling wells near the 0 m mark in each stream and used to record stage height in each
watershed between 8 February 2006 and 19 May 2006. Stream discharge (Q) was estimated on
select dates at up and downstream sites using the slug dilution method (Gordon et al. 1992).
Observed estimates of O, channel cross sectional shape, thalweg gradient, and the stream stage

time series data were used to fit a value for Manning’s n (a roughness coefficient) and a time
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series of channel velocity for each reach (see Appendix F). Summary statistics were calculated
from velocity data for each reach and I used overall median velocity (V_med) as an
environmental variable to describe differences in reach velocity.

Pebble counts along a zigzag transect, using a heel-to-toe walk, were used to sample 100
observations of bed particle size for each reach, and size classes were determined using a
gravelometer (Bunte and Abt 2001). The the 26", 50™, and 84" percentile b-axis lengths (D26,
D50, and D84 respectively) were estimated by interpolation from the b-axis lengths of the
nearest observed quantiles (Bunte and Abt 2001).

For each 10 m reach, I laid out a 30 m meter tape, zigzag transect, and recorded the
diameter of all pieces of wood greater than 1 cm in diameter. I estimated the proportion of large
wood habitat per area active channel as the ratio of wood surface area to transect length (Benke
et al. 1984).

Biofilm standing crops were sampled from three sets of three randomly selected cobbles
from each sampling reach (Hauer and Lamberti 2006). Samples were homogenized,
subsampled, and filtered through GF/F filters (effective 0.7um pore size, Whatman Inc.,
Piscataway, NJ) for chlorophyll a and ash free dry mass (AFDM) analysis. Chlorophyll a
concentrations in subsamples were determined using a spectrophotometric analysis following hot
ethanol extraction (APHA et al. 1998). Biofilm AFDM samples were combusted at 550 °C,
AFDM was calculated as the proportion mass lost in combustion, and used to calculate biofilm
AFDM standing crop.

Coarse benthic organic matter (CBOM) and fine benthic organic matter (FBOM) were
sampled using a steel sampling corer (Hauer and Lamberti 2006). CBOM (>1 mm) samples that
were composed primarily of wood and leaves were placed in bags and dried for AFDM analysis.
Stream bed sediment was disturbed up to a 5 cm depth, contents in the corer homogenized, and a
250 ml subsample was collected to estimate the FBOM concentration. Five water depths in the
corer were recorded to estimate the volume of water that was subsampled for FBOM
concentrations.

CBOM samples were dried at 60 °C, ground, subsampled, and combusted at 550 °C to
determine CBOM AFDM. FBOM samples were passed through a 1 mm sieve and a GF/F filter

using gravimetric filtering. The fraction on the GF/F filter (i.e., 0.7 um — 1 mm), was combusted
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at 550 °C to determine the AFDM. CBOM and FBOM AFDM were standardized to benthic area
sampled and reported as g/m’.

Particulate sediment and organic matter (OM) in transport was collected with a 500 um
mesh size drift net, placed in the stream for a 24 h period. Particulate transport samples were
collected on two separate dates from each reach in April and May of 2006. Flow velocities into
the nets and water depths were measured before and after net deployment and used to estimate
the volume of water that had passed through the net. Samples were dried at 60 °C for at least 24
h and weighed. Concentrations of sediment and organic matter in transport were calculated as
dry weight per volume of water (g/L).

Each environmental variable was tested for normality with Shapiro test and log or
arcsine-root transformed when necessary. All variables were then centered around the mean and
scaled to standard deviation. Principal component analysis (PCA) on transformed and scaled
data was used to ordinate sites in environmental space. Environmental variables that appeared to
be redundant and were suspect of multicolinearity were excluded from the analysis (see Table

3.2 for an environmental variable list).

Evaluating f-diversity

Variance partitioning of raw data matrices was used to determine the relative contribution
of environmental and spatial variation as organizers of community composition (Borcard et al.
1992, Legendre et al. 2005). I used the function varpart in the ecodist package (Goslee and
Urban 2007b) for R to conduct a redundancy analysis (RDA) to assess the relationship Y = Xeny
+ Xspace- Y 1s either 4 (site by taxa community composition matrix of Hellinger transformed
densities) or C (site by functional trait matrix of CFT scores), X,y 1S a site by environmental
variable matrix, and Xgpace 1S @ matrix describing the spatial structure of the sites (e.g., x and y
coordinates or principal coordinates from a principal coordinate of neighbor matrices analysis
(PCNM) (Borcard and Legendre 2002)). RDA is analogous to a multiple regression, but the
response and predictor variables are multivariate. In this study, the main role of variance
partitioning was to show environmental gradients were driving community composition rather
than distance decay patterns that function independent of observed environmental gradients.

I used a two-way, stepwise selection process (stepAIC, available in the MASS package

for R) (Venables and Ripley 2002) to determine the best fit linear models that explained the
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relationship between environmental variation and the variation in the distribution of CFT scores
among sites for individual traits. The adjusted coefficients of determination for the best model
for each trait were used as an index of the overall strength of the influence of the environmental
gradient on that trait.

PCoA served to reduce the dimensionality of CFT space and I used the principal
coordinate scores from relevant axes as composite variables to described the variation for a suite
of related, multicolinear functional traits (e.g., predators tend to be good dispersers). I then used
stepAIC to perform two-way stepwise selection for the best linear, multiple regression model
describing the relationship between community functional composition and relevant
environmental variables.

Environmental variables selected using the stepAIC function were then used to construct
path models which provide a method for describing and testing the relationships among predictor
variables, causal relationships between predictor and response variables, and indirect
relationships involving multiple predictor variables. I used AMOS 16.0.1 (Arbuckle 2007) to
conduct a specification search on the multiple regression models from the variable selection
process. This process allowed me to restrict non-significant relationships to 0, providing degrees
of freedom to calculate a model goodness of fit statistic. I constructed and tested path models
describing causal relationships among predictor variables using the information from the
specification search and my general knowledge about freshwater ecosystems (e.g., LWD may
influence FBOM concentrations at a site, but the reverse causal relationship is not likely to be the

case).

31



Results

Macroinvertebrate community composition

A total of 53 taxonomic groups were included in the analysis. Average
macroinvertebrate density was 870.2 (£91.9 SE) individuals/m?, and an average of 32 (+0.8 SE)
taxonomic groups were observed among the five Surber samples pooled to represent each reach.
The first three axes of the PCoA ordination represent 61.7% of the variance in community
composition among reaches (Figure 3.2) and show which taxa tend to co-occur and which sites

have similar taxonomic composition.
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Figure 3.2. Principal coordinate analysis (PCoA) of sites in taxonomic space. The first 3 axes explain 33.7%,
18.4%, and 9.6% (total = 61.7%) of the variation in the data, respectively. Vectors indicating loading of taxa
onto PC axes were estimated with the function vf available in the R package ecodist (Goslee and Urban

2007a), and were only shown if significant (p < 0.05).

Variation in CFT scores indicates differences in among reach functional composition
(Figure 3.3). The first three axes of a PCoA explain 84.5% of the variation in CFT scores. The
ordinations in CFT space indicate which sites have functionally similar communities of
macroinvertebrates, and which functional traits co-vary among reaches. Axis 1 (CFT PCl1)is
positively correlated with swimming ability (Swim), fusiform shape (Shpe), larger body size
(Size), a preference for high DO habitats (Resp), and negatively correlated with synchrony in
emergence patterns (Sync), and presence of collector-filterering (FFG.CF) and shredding
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(FFG.SH) functional feeding groups. Axis 2 (CFT_PC2) is positively correlated with body size,
dispersal ability (Disp, Flgt), crawling (Crwl), burrowing (Hab.Burrow), and predation
(FFG.Pred). Axis 3 (CFT_PC3) is positively correlated with voltinism (more generations per
year) and negatively correlated with thermal tolerance, development time, life history, armoring,

and the scraping functional feeding group.
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Figure 3.3. Principal coordinate analysis (PCoA) of sites in functional trait space. The first 3 axes explain
40.1%, 30.1%, and 14.2% (total = 84.5%) of the variation in the data, respectively. Vectors indicating

loading of traits onto PC axes were estimated, and were only shown if significant (p < 0.05).

A comparison of observed CFT distributions against CFT distributions predicted by the
trait-neutral null model (Figure 3.4) show a large proportion of traits following a pattern of
random sampling from a common source pool. Seven traits (Drift, Disp, Life, Sync, Hab.Swim,
Hab.Burrow, and Shpe) have a P{C,} < 0.05 (Table 3.1), indicating the observed distribution of
CFT scores for those traits tend to be outliers when compared against predicted trait-neutral

distributions of CFT scores.
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Figure 3.4. Distributions of observed and predicted CFT scores for each trait (f). Boxplots for CFT scores

indicate quartiles and median for the observed distribution of CFT scores among sites for each trait, and the
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distribution of CFT scores predicted for each trait by the trait-neutral model. p{C;; is the percentile for the
CFT score for trait 7 at site i when compared to the trait-neutral null distribution of CFT scores for trait .
Boxplots for p{C;,} are distributions of percentiles. Points outside of the vertical dotted lines are outside of

the 95% confidence interval of the expected CFT score predicted by the trait-neutral lottery model.

Table 3.1. Trait sorting ranks based on a trait-neutral lottery model. Traits with a P{C,}<0.05, indicating

significant sorting, are in bold.

Trait Code P{C;} Rank Trait Code  P{C;} Rank

Drft 0.000 1 FFG.CG 0.179 16
Disp 0.006 2 FFG.SH 0.250 17
Life 0.015 3 Ther 0.287 18
Sync 0.017 4 Crwl 0.393 19
Hab.Swim 0.020 5 Atch 0.411 20
Hab.Burrow  0.039 6 Resp 0.585 21
Shpe 0.044 7 FFG.SC 0.610 22
Devl 0.053 8 Volt 0.650 23
Flgt 0.088 9 FFG.Pred 0.668 24
Size 0.116 10 Desi 0.679 25
Swim 0.116 11 Rheo 0.708 26
Hab.Climb 0.130 12 Exit 0.759 27
FFG.CF 0.130 13 Hab.Skate  0.919 28
Hab.Cling 0.135 14 Armr 0.920 29

Hab.Sprawl 0.138 15

These traits were ranked as the most likely candidates for interacting with an environmental

filter, and to correlate with an environmental gradient.

Environmental gradients

The first four axes of a principal component analysis (PCA) capture 81.3% of the among-
site environmental variation (Figure 3.5). The ordinations indicate which environmental
variables (Table 3.2) covary and which relationships are positive and negative. The

environmental gradient along axis 1 is positively correlated with channel velocity (V.med and
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V.range) and FBOM and negatively correlated with the amount of large wood habitat (LWD),
temperature (Temp_ DegDays). Axis 2 shows a gradient positively correlated with biofilm
standing crop (BioAFDM) and substrate size (D84 and D26) and negatively with temperature
range (Temp range). Axis 3 is positively correlated with D26 size class and FBOM, and
negatively correlated with velocity (V.med and V.range) and material in transport (SedTot).
Lastly, axis 4 is negatively correlated with gradient (Gradient) and velocity (V.med, V.range),

and positively correlated with material in transport.

Table 3.2. Descriptions of reach scale environmental variables.

Variable ID Variable description Mean (SE)

Temp DegDays (°C day) Degree days above 0 °C between 19 Feb 905.5 (8.8)
and 19 May 2006

Gradient Gradient over a 10 m stream reach 0.13(0.01)

V_med (m/s) Median channel velocity between 8 Feb 0.051 (0.006)
2006 and 31 May 2006

D26 (mm) 26" percentile of stream bed particle-size 11.1(1.6)
(b-axis) distribution

D84 (mm) 84" percentile of stream bed particle-size 102.2 (7.9)
(b-axis) distribution

LWD Large wood surface area as a proportion of 0.039 (0.010)
the active channel surface area

BioAFDM (mg/cm?) Ash free dry mass of biofilm standing crop ~ 0.17 (0.02)
on cobbles

Chl_a (mg/cm?) Chlorophyll a standing crop on cobbles 0.10 (0.01)

CBOM (g/mz) Coarse benthic organic matter (ash free 82.6 (22.1)
dry mass)

FBOM (g/m’) Fine benthic organic matter (ash free dry 45.0 (10.8)
mass)

SedTot (mg/L) Particulate sediment and OM in transport 7.0 (3.8)
(dry mass)
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Figure 3.5. Principal component analysis of environmental variables. Biplots show sites plotted in
environmental space. The first four principal components explain 29.6%, 21.4%, 17.6%, and 12.7% (total =

81.3%) of the variation in the data, respectively.

Evaluating f-diversity

The adjusted coefficients of determination (R?) calculated from variance partitioning with
RDA (Table 3.3) showed 39.6% (p = 0.005) of the variation in taxonomic composition and
57.2% (p = 0.006) of the variation in functional composition (CFT scores) was explained by
among reach environmental variation. Adjusted R? values were not significant for either raw xy
coordinates or principal coordinates from a PCNM analysis, used to model non-linear spatial
structure, as explanatory variables. These results indicate environmental variation is the main
organizer of community composition at the 10m reach observational grain size, and
environmental variation is a better predictor of community functional composition than
taxonomic composition.

Stepwise linear regression of CFT scores for each trait against environmental variables
produced significant (p < 0.05) linear models for 17 of the 29 environmental variables (Table
3.4). Gradient, V_med, and LWD were the environmental factors most commonly included as
statistically significant predictor variables for CFT variation (included in models for 10, 10, and
9 of the 29 traits, respectively). Chla and SedTot were moderately, statistically significant,

predictor variables (included in models for 5 and 4 traits, respectively). The adjusted coefficients
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of determination for the best fit model for each trait were predicted moderately well by trait

ranks determined by the trait-neutral null model (Figure 3.6, R* = 0.28, p = 0.01).

Table 3.3. Variance partition of B-diversity in Taxonomic and Functional composition.

Taxonomic comp. Functional comp.
Predictor variables Adj.R*  p-val* Adj.R*  p-val*

[a+b] = X1 Environment 0.40 0.01 0.57 0.01
[a] = X1]|X2 Env|Sp.St. 0.44 0.02 0.70 0.01
[btc] = X2 Spatial Structure 0.06 0.09 -0.01 0.49
[c] = X2|X1 Sp.St.|Env 0.10 0.31 0.12 0.27
[atb+c] = X1+X2 Env + Sp.St. 0.50 0.69
[d] = Residuals Error 0.50 0.31

*p-values estimated from 10000 permutations
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Table 3.4. Multiple regression models for individual traits. Regression coefficients and p-values are reported for environmental variables that were
selected in stepwise selection to describe the variation in CFT scores for each trait. Whole model adjusted coefficients of determination and p-values

indicate the model fit for each trait.

BioAFDM CBOM Chla D26 D84 FBOM
Trait Adj.R*  p-val coef p-val coef p-val coef p-val coef p-val coef p-val coef p-val
Drft 0.47 0.02 -0.174  0.114 0.021  0.110 -0.031 0.144
Disp 0.76 0.00
Life 0.66 0.00 0.348  0.002
Sync
Hab.Swim 0.75 0.00 0.029  0.001
Hab.Burrow 0.36 0.06 -0.014  0.057
Shpe 0.80 0.00 0.061 0.017 -0.015 0.009 0379 0.019
Devl 0.61 0.01 0.244  0.015 -0.013 0.210
Flgt 0.73 0.00 0.007 0219 0.020 0.129
Size 0.21 0.17 -0.031  0.059
Swim 0.50 0.01
Hab.Climb
FFG.CF 0.19 0.05 0.023  0.050
Hab.Cling 0.16 0.07
Hab.Sprawl 0.60 0.01 0.045  0.020 -0.079 0.034
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Table 3.4 (Continued). Multiple regression models for individual traits.

BioAFDM Chla
Trait Adj.R2  p-val coef p-val coef p-val
FFG.CG 0.63 0.00
FFG.SH 0.52 0.02
Ther
Crwl
Atch 0.64 0.00 0.032  0.001
Resp
FFG.SC 0.16 0.07
Volt 0.52 0.01 0.013  0.169 -0.194  0.007
FFG.Pred
Desi 0.65 0.01
Rheo 0.19 0.10 0.021  0.056
Exit 0.36 0.04 -0.018  0.057
Hab.Skate 0.29 0.04
Armr 0.15 0.08
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Table 3.4 (Continued). Multiple regression models for individual traits.

Gradient LWD SedTot Temp DegDays V_med
Trait Adj. R? p-val coef p-val coef p-val coef p-val coef p-val coef p-val
Drft 0.47 0.02 0.780  0.008
Disp 0.76 0.00 -1.241  0.000 0.000 0.007  -0.486  0.003
Life 0.66 0.00 -0.006  0.118 -0.856  0.001
Sync
Hab.Swim 0.75 0.00 0.036  0.000 0.018  0.008 -0.029  0.008
Hab.Burrow 0.36 0.06 -0.810  0.125 0.001 0.017  -1.014 0.011
Shpe 0.80 0.00 -0.854  0.000 2.707  0.000 -0.033  0.000
Devl 0.61 0.01 -0.008  0.031 -0.730  0.003
Flgt 0.73 0.00 -0.183  0.009 -0.004  0.024  0.000 0.071
Size 0.21 0.17 0.538  0.111  -2.011  0.018 -0.542  0.244
Swim 0.50 0.01 0564  0.003 -0.861 0.008 0.006 0.133
Hab.Climb
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Table 3.4 (Continued). Multiple regression models for individual traits.

Gradient LWD SedTot Temp DegDays V_med
Trait Adj. R? p-val coef p-val coef p-val coef p-val coef p-val coef p-val
FFG.CG 0.63 0.00 1.290  0.000 -2.328  0.002
FFG.SH 0.52 0.02 -0.581  0.027 1.911 0.002 0.531  0.202
Ther
Crwl
Atch 0.64 0.00 -0.243  0.002 0522 0.002 -0.006 0.008
Resp
FFG.SC 0.16 0.07 -0.309  0.068
Volt 0.52 0.01 0.416  0.008
FFG.Pred
Desi 0.65 0.01 -0.315  0.021 1.192  0.002 0.000 0.141
Rheo 0.19 0.10 -0.259  0.126
Exit 0.36 0.04 -0.224  0.015 0.344  0.030
Hab.Skate 0.29 0.04 0.000 0.064 0.094  0.036
Armr 0.15 0.08 -0.309  0.078
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Figure 3.6. Relationship between variation in CFT scores and environmental variation plotted against ranks.
Each point represents a functional trait, the x-axis represents trait ranks based on the trait-neutral lottery
model, and the y-axis is the adjusted coefficient of determination (adj. R?) for the best fit linear model
describing the observed relationship between among-site CFT score variation and among-site environmental

variation for trait z. Point sizes are inversely proportional to p-values from the linear models.

Stepwise linear regression of PCoA axes on individual environmental variables provided
a more detailed model of the relationship between functional composition and environmental
gradients. Only significant explanatory variables with variance inflation factors less than 5
(McCune and Grace 2002) were included in regression models. Multiple regression models
explained between 43% and 61% (adjusted R?) of the variation in the composite functional
community composition variables (PCoA axes), and all models were significant (p < 0.05).

Path models of the relationships between environmental variation and functional
composition were constructed from the best fit multiple regression model for each CFT
composite variable using the procedure outlined in Figure 3.7, using CFT_PC3 as an example. A
specification search on the multiple regression model (model A) indicated which causal and

correlation pathways could be fixed at 0 (pathways removed from the model), and provided
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degrees of freedom to test model goodness of fit (model B). Correlations among predictor
variables were redrawn as causal pathways if such a relationship made sense ecologically (model
C). Otherwise correlations were left to indicate covariation was due to an unobserved, common
causal parent.

The binary variable (Treatment) was added to indicate whether sites were in logged or
reference watersheds (model D) to determine which environmental gradients covaried with
watershed type. The purpose of adding this variable was to test Treatment as a possible
unobserved causal parent. In the example in Figure 3.8, a specification search on model D
produced model E, indicating SedTot and Chla were weakly correlated, and it is likely a causal
relationship independent of watershed Treatment. The final path models for CFT_PC1 (Figure
3.8A) and CFT_PC2 (Figure 3.8B) showed LWD and Gradient in model A and Treatment and
Temp DegDays and LWD in model B covaried independently of Treatment, respectively,
whereas CBOM and Temp DegDays likely share Treatment as a causal parent (Figure 3.8B).

The path model for the first principal coordinate of functional composition (Figure 3.8A,
CFT_PCI - larger, swimming macroinvertebrates that prefer high DO environments vs. small,
poor swimmers tolerant of low DO [relative to headwater streams]) showed a high overall
goodness of fit (p = 0.989). The model also indicated FBOM, Gradient, and LWD were stronger
predictors of CFT_PCI1 (p < 0.05) than D84 (p <0.10). This path model only indicates a weak
indirect relationship between Treatment and CFT PC1, and variation in functional composition
related to CFT PCl is likely due to environmental gradients organized independently of the
logging/reference dichotomy.

All four predictor variables from the best fit multiple regression model had a significant
(path coefficients statistically significant, p < 0.05) direct causal influence on variation in
CFT_PC2 (large, good-dispersing, predators vs. small, poor dispersing non-predators) (Figure
3.8B). The model explained a large proportion of the variance in CET_PC2 (R* = 0.79) but only
had a fair goodness of fit (p = 0.227).

The two environmental variables, Chla and V_med, were stronger predictors (p < 0.05) of
CFT_PC3 (multivoltine, short lived, fast developing vs. warm water, longer lived, slow
development, uni- or semivoltine scrapters) than the quantity of material in transport (SedTot, p
<0.10) (Figure 3.8C). The path model explained a large proportion of the variation in CFT PC3
(R* = 0.62) and had the best goodness of fit (p = 0.756) of the three path models.
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Figure 3.7. Path models illustrating the relationships among environmental variables and a composite
functional composition variable (CFT_PC3 is the third axis from the PCoA ordination of functional trait
composition). Single headed arrows indicate direct causal relationships and double headed arrows indicate

covariance. Paths selected using a specification search were included in the model, standardized path
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coefficients are shown, p-values for path coefficients are indicated by arrow thickness, and coefficients of
determination for endogenous and response variables are shown. Variables drawn as boxes are observed
variables. Variables drawn as ovals represent unexplained error of endogenous, observed variables. See text

for description of the different models.
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Figure 3.8. Path models describing the relationship between environmental variables and community
functional composition. The first three axes from a principal coordinate analysis of sites in trait space are (A)
CFT_PC1, (B) CFT_PC2, and (C) CFT_PC3, which serve as composite variables of community composition,

and response variables for the models. See Figure 3.7 for details on elements of the path models.
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Discussion

What organizes benthic macroinvertebrate community composition?

The perceived organizing factors of patterns of B-diversity (among-site variation in
community composition within a metacommunity) for a given study depend on the scale of the
observational grain size and the study extent (Nekola and White 1999). Larger observational
grain sizes integrate habitat complexity and obscure the influence of local environmental
gradients on B-diversity, while emphasizing the influence of broader environmental gradients
(Tonn et al. 1990a, Poff 1997), legacy effects (Harding et al. 1998), and biogeographic processes
(e.g., dispersal limitation, extinction, speciation — See Chapter Two).

I focused on the reach scale observational grain size because benthic communities seem
to respond to changes in the landscape at a sub-watershed scale that is large enough to integrate
microhabitat variation (e.g., different bedform structures) (Richards et al. 1997, Sponseller et al.
2001), and I restricted the study extent to avoid the confounding influence of large scale
biogeographic patterns. I was able to measure a number of aspects of reach scale environmental
variability at a resolution that allowed me to interpret its influence on the functional composition
of the benthic macroinvertebrate community in an ecologically meaningful way.

Variance partitioning (Borcard et al. 1992) on raw data matrices (Legendre et al. 2005)
revealed that variation in community composition among reaches was organized by
environmental variation and not spatial structure (Table 3.3). Environmental gradients were
better predictors of B-diversity when it was quantified as variation of functional (adj R* = 0.57, p
<0.05) rather than taxonomic (adj R* = 0.40, p < 0.05) composition. Consequently, I focused on
functional composition as a response variable because differences in community composition
defined by functional traits are easier to interpret ecologically (Doledec et al. 1999), and the
results are less likely to be compromised by sampling effort and researcher error (Bady et al.
2005).

The trait ranks (Table 3.1) derived from comparing the difference in the distributions of
observed CFT scores compared to those predicted from a trait-neutral null model (Figure 3.4)
revealed seven non-neutral traits. Adjusted coefficients of determination for the best fit multiple
linear regression models (MLRs) describing the relationship between environmental variables
and CFT scores for each trait indicate the relative strength with which environmental filters

interact with functional community composition. Traits with lower ranks (more likely to interact
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with an environmental filter) based on comparisons against the trait-neutral model had a greater
proportion of variation in distribution of CFT scores among sites explained by environmental
variation (Figure 3.6). The significant relationship suggests that trait-neutral null models may be
useful for distilling a set of candidate traits that are likely to respond to environmental variation,
in more focused analyses, by weeding out traits that are not subject to sorting in the landscape by
environmental filters.

The rather high variance in the relationship between trait ranks and MLR fits is likely due
to a combination of small sample size, imprecise estimates of community functional composition
and environmental variation, and a relatively weak environmental gradient. All four watersheds
had similar land use, until logging began the year prior to this study. Sites with greater
differences in land use histories (e.g., historically agricultural vs. historically forested) would
likely produce a more pronounced signal in variation in both environmental and functional
composition (Harding and Winterbourn 1995, Harding et al. 1998). Regardless, the general
agreement between trait ranks and coefficients of determination from regressions against
observed environmental variation provide some validation for the ranking scheme.

Functional traits have been shown to covary (Poff et al. 2006) because trait categories do
not necessarily describe phylogenetically independent physiological or ecological characteristics.
Additionally, variation among environmental constraints that act as filters on different functional
traits may covary in the landscape. Consequently, variation in the distribution of trait types for
any one trait can not be assumed to be independent of other traits because variation in functional
composition will necessarily be constrained by taxonomic composition. Because of the
complicated, multicolinear nature of functional composition, I believe composite variables that
describe variation in multiple functional traits simultaneously (e.g., principal coordinates, Figure
3.3) serve as a more appropriate response variable to assess variation in functional composition
than individual functional traits. Therefore, I used the first three principal coordinates from a
PCoA ordination of the functional composition of the benthic communities of the sample reaches

as composite variables to model among-reach variation in related sets of functional traits.

Resolving environmental influences on community composition

Path models (Figure 3.8) illustrate how different variables used to define the stream
habitat interact to create gradients that act as environmental filters to organize the

macroinvertebrate community in the landscape. The first gradient (Figure 3.8A) is partially a
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habitat complexity gradient because it correlates with large wood availability (LWD) and a
higher D84 (i.e., more large rocks providing stable substrate). The correlation between large
wood habitat and functional composition (CFT PC1) indicates a positive relationship between
large wood and the presence of clinging insects (Hab.Cling), and a negative relationship with
sprawling (Hab.Sprawl) insects. Habitat complexity (LWD) also affects FBOM standing crop
which correlates with collector filterer dominance (FFG.CF loads negatively on CFT_PC1).
This shows that large wood affects community composition directly as habitat (Benke et al.
1984) and indirectly by affecting resource availability for select feeding groups .

The second environmental gradient (Figure 3.8B) organizes the distribution of large
(Size) burrowing (Hab.Burrow) predators (FFG.Pred) that are good dispersers (Crwl, Disp).
These functional attributes characterize communities at warmer (Temp DegDays) sites with
lower CBOM standing stocks, less large wood habitat (LWD), and lower channel velocity
(V_med). Sites on the other end of the gradient with higher V_med and LWD represent reaches
with constricted channel morphology, deeper water, and more large wood. This combination of
intra-reach habitat characteristics results in the co-occurrence of areas of supercritical flow where
collector filterers dominate along with backwater depositional pools. Similar to streams in the
western U.S. where riffle-pool sequences had a shorter turnover length in lotic systems with
more large wood (Buffington et al. 2003, Allan and Castillo 2007). Consequently, skating
(Hab.Skate) and clinging (Hab.Cling) insects and collector-filterer (FFG.CF) insects were
similarly distributed along the same reach scale environmental gradient, when they would not
necessarily be expected to co-occur in the same microhabitats.

The third gradient (Figure 3.8C) is partially organized by the fluvial process described by
Lane’s Law (Lane 1955, Gordon et al. 1992, Allan and Castillo 2007), which suggests that the
amount of bedmaterial transported downstream is a function of stream power (gradient *
discharge). Both V_med (calculated from discharge, gradient, and channel shape) and SedTot
are positively correlated with the community functional composition (CFT_PC3), suggesting this
fluvial process influences the organization of the habitat template among the study sites. The
lack of a statistically significant direct causal path between V_med and SedTot may be a result
from among-reach variation in the other parameters used to calculate V_med (e.g., channel
cross-sectional shape, Manning’s n). Overall, this model suggests communities that average a

longer life span (Life), longer development times (Devl), more armoring (Armr), and a larger
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proportion of scrapers (FFG.SC) occur at the sites with higher chlorophyll @, and insects with
faster life cycles and less sclerotization occupy sites with higher stream power and more
particulate material in transport.

In the two logged watersheds, the upstream sites were located in the logged area, and
downstream sites were only affected by environmental factors that could be translated into a
downstream effect in some way (e.g., bedload, temperature, hydrology). This was supported by
the path models, which indicated Treatment correlated with stream bed particle size distribution
(D84, Figure 3.8A), CBOM standing crop (Figure 3.8B), temperature regime (Figure 3.8B), and
material in transport (SedTot, Figure 3.8A). Treatment did not correlate with large wood in the
active channel (LWD), which is not likely to be an environmental factor that could easily be
transported downstream in the year since timber harvest in the upstream portion of the Treatment
watersheds.

The observed “treatment effect” on environmental variables in this study only indicates
that the 8 reaches in the two logged watersheds are more similar with respect to that variable
than they are to reaches in the reference sites, but it does not necessarily indicate that these sites
are more similar because of logging. The Treatment variable is useful for indicating whether
habitat characteristics vary similarly among the same sites. For example, in model B (Figure
3.8) covariation between CBOM standing crop and the temperature regime was explained by
Treatment, indicating reaches in the two logged watersheds had similar CBOM standing crops
and temperature regimes. Alternatively, temperature regime and available large wood habitat
also covaried, but independent of Treatment, implying a different unobserved causal parent is

driving that relationship between temperature and large wood habitat.

Conclusions

Currently, many studies of variation in the composition of ecological communities have
focused on the relative influences of niche and neutral community assembly processes on 3-
diversity (Gravel et al. 2006, Leibold and McPeek 2006, Tuomisto and Ruokolainen 2006,
Laliberte et al. 2009). Therefore, my first step in the statistical analysis of community
composition was to conduct variance partitioning between environmental and spatial structure
(Borcard et al. 1992, Legendre et al. 2005), which showed B-diversity in this system was
organized by among-site variation in the habitat template. From this result, I concluded that if

functional traits and the trait modalities assigned to different taxa are ecologically meaningful,
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then they should be non-neutrally sorted among sites. Further, the distribution of functional
types for a trait will have a greater deviation from the distribution predicted by the null model the
more strongly that trait is linked to an organizing environmental gradient. The correlation
between trait rank and the proportion of variance in CFT scores for traits explained by
environmental variables (Figure 3.6) supports my conclusion; however, the variance in this
relationship indicates that the broad categories used to define trait modalities need to be refined.

After establishing that the among-reach B-diversity is organized by the variation in the
habitat template, I was free to focus on the relationship between the environmental variables that
defined the habitat template and community composition. Path models identified three
multivariate environmental gradients and their effects on reach scale community functional
composition. Overall, I found factors that organize physical habitat structure (gradient, channel
velocity, large wood) play the dominant role in organizing community composition in these
headwater streams, and were able to link these factors to most of the traits identified as
candidates for sorting by environmental filters.

The environmental gradients described in the path models are important for
understanding B-diversity patterns at the local scale; however at larger study extents, these reach
scale interactions become harder to detect because of the interaction of nested hierarchical
environmental filters (Tonn et al. 1990a, Poff 1997). The procedures outlined here can be
adapted for different combinations of observational grain size and study extent to detect the
scales at which spatial structure becomes important, which can then be included in path or
structural equation models (Grace 2006). A change in observational grain size and study extent
will alter the functional traits and environmental gradients perceived to organize B-diversity
(Lamouroux et al. 2004), and studies that identify the relevant habitat characteristics and
functional traits will play an important role in understanding the relationship among the nested

hierarchy of environmental filters and other processes that organize ecological communities.
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Chapter 4 - The interaction between community assembly and
disturbance: how logging affects benthic macroinvertebrate

communities in headwater streams

Introduction

Among-site variation in the composition of assemblages of organisms in a
metacommunity (B-diversity) has been suggested to be an emergent property of the interaction
between niche-based and dispersal-based assembly processes (Hubbell 2001, Gravel et al. 2006,
Zhou and Zhang 2008). Niche assembly (Chase 2003) emphasizes the role of environmental
gradients as filters that organize a metacommunity by locally selecting colonizers with similar
functional traits, whereas dispersal assembly (Hubbell 2001) emphasizes the role of source pool
characteristics and dispersal limitation in organizing a metacommunity.

Recent studies have successfully implemented both dispersal and niche based
mechanisms to explain among-site variation in community composition (Thompson and
Townsend 2006, Driscoll and Lindenmayer 2009, Linares-Palomino and Kessler 2009). The
balance between the relative dominance of dispersal and niche processes are influenced by the
prevalence of disturbance (Chu et al. 2007, Lepori and Malmgqvist 2009) and the intensity of the
environmental constraints that function as filters to organize the metacommunity in the landscape
(Chase 2007).

The environmental filtering concept has served as a useful framework for describing how
variation in benthic macroinvertebrate community composition in lotic ecosystems relates to
land use characteristics of the associated watershed (Poff 1997, Allan and Castillo 2007).
Variation in the characteristics that define the local habitat template (Southwood 1977), which
best predict benthic macroinvertebrate composition (Sponseller et al. 2001), tend to be nested
within a hierarchy of environmental gradients that define the landscape (Frissell et al. 1986).
Consequently, landscape scale disturbances affect benthic fauna indirectly by altering aspects of
the local habitat template at the reach scale, such as temperature, sediment load, hydrology, and
resource availability (Gurtz and Wallace 1984, Stone and Wallace 1998, Kiffney et al. 2003,
2004).
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Applications of dispersal assembly to describe variation in benthic macroinvertebrate
communities have indicated that the relevance of dispersal assembly mechanisms in structuring
communities is contingent on the strength of environmental gradients that may act as filters
(Chase 2007) and the degree to which dispersal capabilities that are inherent in the types of
organisms that make up the study community limit inter-community migration (Thompson and
Townsend 2006).

The availability of functional trait datasets provides an alternative method for describing
community composition. Using available functional trait scoring systems to quantify patterns in
variation in functional composition has been shown to provide an ecologically meaningful
measure of community response to environmental gradients (Statzner et al. 1997, Statzner et al.
2001a, Bady et al. 2005, Poff et al. 2006). Functional traits available for North American
benthic macroinvertebrates are classified into general groups pertaining to ecology, life history,
mobility, or morphology (Poff et al. 2006). Traits describing ecological function relate to
structural environmental variables (e.g., the relationship between functional feeding group
dominance and resource type and availability), which describe aspects of functional composition
most likely to respond to niche assembly mechanisms; whereas, traits relating to life history
(fecundity, life cycle speed) and mobility are precisely the attributes that define the parameters in
dispersal assembly models (Zhou and Zhang 2008).

The purpose of this study was to synthesize a comprehensive description of the response
of the lotic habitat template and benthic macroinvertebrate community to small scale logging
practices in headwater streams in the southern Appalachians, and to characterize the degree to
which the influence of niche and dispersal assembly processes were altered. I evaluated the
suitability of the niche and dispersal frameworks in lotic systems by testing two predictions
inferred from the pair of hypotheses: (prediction I) If dispersal assembly is more prevalent
following a disturbance (Chu et al. 2007), then macroinvertebrate community functional
composition should become decoupled from environmental variables that define functional
niches, and instead variation in functional composition relating to dispersal and life history traits
should correlate with treatment (logged vs. reference). However, shifts in macroinvertebrate
community composition following logging have been shown to correlate with changes in
resource type and availability which are mediated by microhabitat heterogeneity and

geomorphology. Thus, (prediction 2) a landscape scale disturbance, such as logging, may
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increase the intensity of the filtering effect, and relative importance of environmental variables
that were not necessarily involved in organizing B-diversity prior to the disturbance (Chase 2007,
Lepori and Malmgqvist 2009). My goals for this study were to develop descriptive models that
illustrate the multivariate response of the habitat template to logging and use measures of change
in community functional composition to provide an ecologically interpretable description of

community response to disturbance.

Methods

Study sites and design

All sampling reaches were located in headwater tributaries of Ray Branch (Figure 4.1) in
the Nantahala National Forest, North Carolina (see Chapter 3 for a detailed site description).
Shelterwood timber harvest occurred in three watersheds (L1,L2 and L3, Figure 4.1; L3 served
as a reference site for the analysis in Chapter 3, but was logged following the spring 2006 field
season) starting in December 2005 and ending in 2006, and the reference watershed (R1)
remained forested with secondary growth forests.

Habitat characteristics and benthic macroinvertebrate community composition sampling
schemes were designed to be representative of a 10 m reach observational unit. Four sampling
reaches were located longitudinally along a stream at -50 m, 0 m, 25 m, and 200 m, with the 0 m
site located at the downstream cut boundary (or arbitrarily at a similar position in the watershed
in the reference stream), for a total of 16 reach scale observational units. Pre-disturbance
samples and environmental data were collected in spring (unless otherwise noted) 2005. Post-
disturbance samples and environmental data were collected in spring 2007, using the same

sampling locations as in 2005.
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Figure 4.1. Site map. All sampling reaches are located in the Ray Branch watershed in western North
Carolina. Distances for sampling locations indicate distance downstream from the lower boundary of the

disturbed area.

Habitat template

Reach scale environmental variables were measured in spring (unless noted otherwise)
2005 and 2007 to characterize the local habitat template for each site before and after disturbance
(Table 4.1, see Chapter 3 methods for details). Stream temperature was recorded from 1 Sept to
13 Dec in both 2005 and 2007 and temperature summary statistics were calculated for each site
for each year. At least two cross sections were measured in each sampling reach. Bank-full

hydraulic radius (bank-full wetted perimeter/cross-sectional area) (Gordon et al. 1992) was
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calculated from survey data (see Chapter 3) as a metric to summarize channel width, depth, and
complexity at each cross section. Longitudinal gradient of the thalweg was only measured in
2005. Samples of particulate sediment and organic matter in transport were collected on 2-4
separate dates from each reach in April and May of 2005 and 2007.

Each environmental variable was tested for normality with Shapiro test and log or
arcsine-root (for ratios) transformed when necessary. All variables were then centered around
the mean and scaled to standard deviation. Principal component analysis (PCA) on transformed
and scaled data was used to ordinate sites in environmental space (data not shown).
Environmental variables that appeared to be redundant and were suspect of multicollinearity
were excluded from further analysis. All statistical analyses were conducted with R statistical

software (R Development Core Team 2009) unless otherwise noted.

Macroinvertebrate community composition

Reach scale observations of macroinvertebrate densities were estimated from five Surber
samples for each sampling reach in spring 2005 and 2007 (see Chapter 3 for methods).
Community-aggregate functional trait (CFT) scores provide estimates of the community level
functional composition with respect to each trait. CFT scores were calculated for the 2005 and
2007 datasets for each reach from estimates of macroinvertebrate densities and taxon specific
functional trait data (see Chapter 3 for methods, Table 2.1 for trait descriptions, and Appendix E
for taxon specific trait scores).

A mantel test was used to compare how similarly sites were organized in taxonomic and
functional trait space. I used a principal component analysis (PCA) to ordinate sites in functional
trait space. CFT scores were centered to 0 and standardized to unit variance prior to analysis.
Pre- and post-disturbance community composition datasets were combined in a single ordination
so that principal component scores could be used to compare pre- and post-disturbance

community composition among sites.

Disturbance effect

I used path analysis to evaluate an analysis of covariance (ANCOVA) model (Figure 4.2)
of the combined effect of distance downstream, time, and treatment (logging) on variation of
each of the response variables described above (Arbuckle 2007). Response variables in this

analysis refer to both environmental characteristics that define the habitat template and
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measurements of macroinvertebrate community functional-trait composition, both of which may
respond to the disturbance. The path model includes four observed variables: (X1) distance
downstream from the cut boundary, (X2) treatment, (0 = reference watershed, 1 = logged
watershed), (Y1) 2005 values of the response variable, and (Y2) 2007 values of the response
variable; and two variables to represent unexplained error (el and e2) associated with the two
endogenous variables, Y1 and Y2. X1 and X2 are exogenous variables that serve as predictors
for the response variables Y1 and Y2. The causal relationships indicated by paths A and B
represent the influence of the longitudinal position of a site in the watershed (X1) on the
response variable in 2005 (Y1) and 2007 (Y2), respectively. Pathway C represents the
expectation that the values of observed variable Y2 in 2007 (post-disturbance) are predicted by
the values of Y1 in 2005 (pre-disturbance). Pathway D represents a measure of covariance (two-
way arrow) between X2 and Y1, instead of a causal path (one-way arrow), because this provides
a measure of whether the sites in the reference watershed were different than the those in the
treatment watershed prior to disturbance; consequently, D is not a causal relationship, but is a
coincidental relationship that needs to be accounted for in the model. Pathway E represents the

causal relationship between X2 (logging) and the values of the response variable in 2007 (Y2).

X1
Dist. downstream
A B
Y1 c | Y2
Observed var. 2005 Observed var. 2007
/E' o>
D X2
Treatment (logging)

Figure 4.2. General ANCOVA model. This path model represents the ANCOVA used to analyze the
treatment and distance downstream effect on each response variable (environmental variables and
community composition variables) by testing how the response variable in 2005 (Y1) covaried with the

response variable in 2007 (Y2) with respect to distance downstream (X1) and treatment (X2).
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The objective of this model is to determine whether Y1 and Y2 are covariates with
respect to X1 and X2. If longitudinal position in the watershed affects the response variable
regardless of disturbance or year, then the main path of influence of X1 on Y2 should be through
Y1 (indirect pathway AC); whereas, if longitudinal position in the watershed only becomes
important in 2007, then the only significant pathway will be the direct relationship quantified by
pathway B. Similarly, if the treatment watersheds are inherently different than the reference
watershed with respect to the response variable, then pathway D will be significant, and the
correlation between X2 and Y2 will be accounted for in the indirect pathway through D and C.
Otherwise, if there is a treatment effect that results in the treatment sites becoming different than
the reference sites following logging, then pathway E will account for the correlation between
X2 and Y2.

The model in Figure 4.2 was evaluated for all environmental variables, CFT scores, and
composite variables (principal components) summarizing functional community composition
using AMOS 16.0.1 (Arbuckle 2007). I used a two-way specification search (similar to a two-
way stepwise selection in multiple regression) to determine which paths to include in the best fit
model for each response variable, where model fits were compared using an AICc statistic. The
combination of statistically significant pathways (path coefficients with p-values < 0.05)
included in a best-fit model (as described above) indicates whether the treatment sites change

relative to the reference sites with respect to the response variable.

The habitat template and community composition

Environmental variables were selected in a two-way stepwise regression (stepAIC in R)
(Venables and Ripley 2002) to create multiple regression models for each individual trait and
each principal component (composite variable of functional composition). Environmental
variables that artificially inflated the coefficient of determination (variance inflation factor > 5)
(McCune and Grace 2002) were excluded from the model. Environmental variables that were
included in at least one multiple regression model were included in path models used to describe
the habitat template.

Variance partitioning on raw data matrices using redundancy analysis (RDA) was used to
determine the relative influence of environmental variation (X1) and spatial variation (X2) on
community composition (Borcard et al. 1992, Legendre and Legendre 1998, Legendre et al.

2005, Peres-Neto et al. 2006). The analysis was conducted separately for factorial combinations
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of year (2005 and 2007) and community composition type (taxonomic or functional trait) with
the function varpart in the package vegan (Oksanen et al. 2009) in the R statistical environment
(R Development Core Team 2009). I used this analysis to compare how taxonomic and
functional trait composition correlated with environmental and spatial variation.

The multiple regression model fit for each trait for each year was used to determine
which individual trait most strongly interacted with the observed environmental variables used to
define the habitat template. The log-likelihood of each multiple regression model for each
individual trait was calculated with the logLik function in R (R Development Core Team 2009).
Using the log-likelihoods, Akaike weights (w;) (Burnham and Anderson 2001) were calculated
for the models from the 2005 and 2007 datasets, from AIC, scores for all individual traits. w; is a
probability that a model is the best fit model out of a set of models, and penalizes models with
more parameters. Thus, for each year w; indicated which multiple regression model was the best
fit model, and consequently which trait most strongly interacted with the habitat template, given
the dataset.

Separate models of the interactions among observed environmental variables were
created for pre- and post-disturbance datasets. The resulting models were then used to discern
which aspects of the habitat template interacted to translate the disturbance effect to a change in
macroinvertebrate composition. The model building process is illustrated for the 2005 dataset in
Appendix G. A specification search was used to determine which environmental variables were
influenced by the treatment (for 2005 data, this indicates whether reference sites were different
than all other sites with respect to each environmental variable, prior to logging) and distance
downstream by determining which causal pathways in model A (Appendix G) were statistically
significant, yielding model B (Appendix G). Path model B constrains covariance among
environmental variables not explained by either Treatment or Reach to be 0. Covariances, which
are drawn as double headed arrows representing unexplained correlations among environmental
variables, were added to model B if their modification index exceeded 4 (Arbuckle 2007).
Model C (Appendix G) shows the among-environmental variable relationships and the
interactions between environmental variables and treatment and distance downstream.

The covariance structure modeled in step C was used to explain variation in a composite
variable (PC1_2005) representing functional community composition, producing model D

(Appendix G). A specification search was used to select significant direct causal relationships
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between environmental variables and community composition, resulting in model E (Appendix
G). Model E is similar to a multiple regression model, where the 10 environmental variables are
predictor variables of the community composition variable (PC1_2005); however, this model is
different from a multiple regression model in that relationships among predictor variables are
constrained to 0 unless they are connected through a common causal parent variable (Treatment
or Reach) or a double headed covariance arrow. The standardized path coefficients are
standardized regression coefficients, which are conditioned on any other indirect causal
pathways between a given predictor and response variable. Any bivariate relationships not
considered statistically significant are set to zero, and provide additional degrees of freedom to
calculate model goodness of fit. Environmental variables were then removed from the model if
they were not involved in any direct or indirect causal pathways that predicted variation in

PC1 2005, and covariances among environmental variables were redrawn as causal relationships
(one-way arrows) if such a change was judged as ecologically justifiable (this was done for 2007
models that included chlorophyll a concentrations as an endogenous variable).

Model F (Appendix G) represents the final simplified model and provides a coefficient of
determination for all endogenous and response variables and a goodness of fit statistic for the
entire model. Any indirect path from treatment or distance downstream through an
environmental variable to the response variable indicates a possible mechanism by which the
treatment or distance downstream affects community composition. These relationships must
only be interpreted ecologically as a treatment effect in the context of the ANCOVA models
(described above).

Steps A through C, illustrated in Appendix G, were used to create models for pre (2005)
and post (2007) logging datasets. Steps D, F and E were used to create models describing the
influence of the different components of the habitat template on community composition for
composite variables (principal components) calculated from the 2005 and 2007 community
composition data and individual traits that were considered likely candidates to interact with the

habitat template.
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Results

Habitat template

Measurements of variables used to quantify the reach scale habitat template are
summarized in Table 4.1. The strongest treatment effect was a warming of treatment sites (Table
4.2, ANCOVA, p = 0.02). Other treatment effects included a decrease in canopy cover (p =
0.11) and an increase in chlorophyll a standing crop (p = 0.07). The 84™ percentile of the bed
particle size distribution, a metric to describe substrate size, was significantly larger at treatment
sites prior to logging (p = 0.04). Following logging, the bed particle distribution appeared to be
smaller at treatment sites (p = 0.12). The ANCOVA path model also indicated that CBOM
standing crops may have been greater at the reference site prior to logging (p = 0.17), but there
was no detectable difference between treatment and reference sites following the disturbance.
There was, however, a strong longitudinal trend indicating greater CBOM standing crops in the
upstream reaches (p < 0.001). The availability of large woody debris (LWD) as habitat, and the
amount of particulate material (organic and inorganic) in transport (Trans) were both greater in
upstream reaches before and after logging (p < 0.05). Hydraulic radius was strongly consistent
over time (p < 0.001) and gradient was not tested with the ANCOV A model because it was only
measured in the field once, and I assumed reach scale gradient measurements would not be

influenced by the disturbance.

Table 4.1. Observed environmental and community composition variables.

2005 2007 2007
Reference Reference Treatment

Variable description mean SE mean SE mean SE
%Canopy cover Canopy* 0.81 0.07 0.89 0.02 0.67 0.07
Daily temperature (°C)

mean 11.53 0.10 12.01 0.05 12.24 0.12

median Temp_med* 12.35 0.21 11.90 0.07 12.54 0.16

SE 0.15 0.00 0.15 0.01 0.15 0.00
Particulate transport

mean transport (mg/L) Trans* 0.36 0.09 0.02 0.01 0.03 0.01
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2005 2007 2007

Reference Reference Treatment

Variable description mean SE mean SE mean SE
Periphyton
AFDM  (mg/cm’) 0.17 0.01 0.11 0.02 0.11 0.01
Chl a (ug/cm?) Chla* 0.14 0.03 0.08 0.04 0.13 0.02
Benthic organic matter
Fine (g AFDM FBOM/m?) FBOM* 26.33 10.81 44.40 11.22 35.94 3.72
Coarse (g AFDM CBOM/m?) CBOM* 86.63 4.00 212.80 159.61 100.60  29.16
Large woody debris (ratio) LWD* 0.06 0.01 0.07 0.01 0.08 0.01
Geomorphology

Mean hydraulic radius (m) HydRad* 0.31 0.05 0.29 0.04 0.32 0.03

Gradient (% grade) Gradient*® 0.12 0.01 0.12 0.01 0.13 0.01
Bed particle size distribution (mm)

D26 (26" percentile) 7.61 0.77 9.35 0.23 15.06 3.61

median 15.85 245 35.00 4.10 36.89 5.28

D84 (84" percentile) Dg4* 59.54 6.01 104.85 7.95 106.89  9.74
Macroinvertebrate community

Density (no./m?) 626.5 150.6 2119.4 472.7 17229 2732

Richess (no. taxonomic groups) 27.3 1.4 33.0 1.7 30.9 1.3

*indicates variables included in path analysis

63



Table 4.2. ANCOVA of environmental and macroinvertebrate response to logging.

N B c’ D' Ef
DD-->2005 DD-->2007 2005-->2007 Trt-->2005 Trt-->2007
Estimate p  Estimate p  Estimate p  Estimate p  Estimate p

Environmental variable
Canopy -0.38 0.11
CBOM -0.66 ek -0.38  0.17
Chla -0.35  0.11 0.40 0.07
D84 0.67 0.02 0.63 004 -043 0.12
FBOM
HydRad 0.90 deek
LWD -0.61 0.00 -0.65 whE
Temp med 0.53 0.02
Trans -0.87 il -0.51 0.02

Fucntional Trait

Ecology FFG.CF -0.63  0.00
FFG.CG 0.61 0.00 0.39 0.04 0.56 0.00
FFG.Pred 0.48 0.04
FFG.SC 0.30 0.14 0.53 0.01
FFG.SH -0.51 0.01 0.40 0.08 0.36 0.19 -0.53  0.02
Hab.Burrow -048  0.10 -0.59 0.01
Hab.Climb -0.35  0.14 -0.38  0.11
Hab.Cling 0.43 0.07 0.61 0.00
Hab.Sprawl 0.39 0.16 -0.37 0.13
Hab.Swim
Rheo -0.36  0.14 0.48 0.04
Ther -0.42  0.04 0.46 0.11

Life History  Desi -040  0.09 -041 0.06 -0.39  0.07
Devl -0.38  0.08 0.33 0.13
Exit -0.57  0.00 0.46 0.01 0.38 0.17
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T T

N B' c’ D' E'
DD-->2005 DD-->2007 2005-->2007 Trt-->2005 Trt-->2007
Estimate p  Estimate p  Estimate p  Estimate p  Estimate p

Life
Sync 0.36 0.14 0.38 0.11
Volt
Mobility Crwl -0.37  0.12 -042  0.14
Disp -0.45  0.05
Drft 0.65 wEkE
Flgt 0.34 0.17
Swim 0.37 0.12
Morphology  Armr 0.57 0.00 0.36 0.19 0.39 0.10
Atch
Resp -0.42 0.08
Shpe -0.45  0.05
Size -0.41 0.02 0.58 0.00

Principal component (CFT scores)

PCl1 0.60 0.01 0.38 0.17  -0.51 0.02
PC2 0.32 0.12 0.53 0.01
PC3 -0.55  0.01

***p-value < 0.001

*Corresponds to a path in the model in Figure 4.2.
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Path models (Figure 4.3) illustrate the correlations among the environmental variables
used to represent the reach scale habitat template before (2005) and after (2007) logging. Prior
to logging, chlorophyll @ and FBOM standing crops were positively correlated, independent of
treatment and distance downstream. CBOM and D84 were negatively correlated, and the
negative covariance was accounted for by a difference in the treatment and reference reaches
prior to logging. Covariance among gradient, LWD, and particles in transport was accounted for
by a common negative correlation with distance downstream. The goodness of fit for the entire
model in 2005 (p = 0.35) is better than the 2007 path model (p = 0.03), but comparable goodness
of fit statistics are observed when subsets of interacting variables in 2007 are analyzed separately
(models not shown).

In the post-disturbance dataset (2007), canopy cover and chlorophyll a standing crop,
D84 and FBOM standing crops, and hydraulic radius and median temperature were negatively
correlated independent of distance downstream and treatment. The positive relationship between
gradient and LWD increased beyond what was previously explained by a common negative
correlation with distance downstream. Treatment was negatively correlated with canopy cover
and positively correlated with median temperature. Distance downstream was negatively

correlated with CBOM, Gradient, LWD, and the amount of particulate transport.
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Figure 4.3. Path models summarizing the covariance structure of observed environmental variables in 2005 (A) and 2007 (B), and the affect of
treatment and distance downstream (DD). Environmental variables are described in Table 2.2. Boxes represent variables with observed values and
ovals represent unexplained error. Single headed arrows indicate direct causal relationships, and standardized path coefficients are reported.
Coefficients of determination are displayed for endogenous variables. Double headed arrows represent significant correlation among endogenous

variables that is not explained by any other variable included in the model. Displayed p-values represent the goodness of fit for each model.
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Community compostion
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Figure 4.4. The observed distribution of CFT scores for each trait in 2005 and 2007. Post disturbance
distributions are plotted separately for reference and treatment sites.

** significant treatment effect (p < 0.05).

* treatment effect indicated by specification search (p <0.10)

+ trait best predicted by environmental variables in 2005

I trait best predicted by environmental variables in 2007
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Prior to logging (2005), and including only taxonomic groups for which trait scores were
available, sites had a mean density of 724 (120 SE) no./m?, and an average richness of 26 (+1.9
SE) out of the 55 possible taxa included in the trait database (Table 4.1). Following logging
(2007), reference reaches had a mean density of 2119 (473 SE) no./m” and an average richness
of 33 (1.7 SE) taxa, and treatment reaches had a mean density of 1723 (273 SE) no./m* and an
average richness of 31 (+1.3 SE). The distributions of community-aggregate functional trait
(CFT) scores for each trait in 2005 and 2007 are illustrated in Figure 4.4, where treatment and
reference CFT score distributions are shown separately for the post logging data. A paired t-test
indicates there was an overall increase in mean reach macroinvertebrate density (p < 0.001) from
2005 to 2007 among all sites, but there was no detectable difference between reference and
treatment mean reach densities within a sampling season when they were compared with a t-test.
A Wilcoxon Signed Rank Test indicated an increase in richness (p = 0.012) from 2005 and 2007
as well, but a Mann-Whitney Rank Sum Test showed no difference between reference and
treatment within a sampling season. A mantel correlation of 0.82 (p < 0.001) indicated a strong
similarity in the organization of sites in taxonomic space and functional trait space.

Distributions of trait scores (Figure 4.4) related to functional feeding group (FFG), habit,
and rheophily showed the strongest response to the treatment (Table 4.2). Traits related to
resistance of desiccation, development time, swimming ability, armoring, and shape were also
indicated to be marginally influence by the treatment by the ANCOVA analysis. The ANCOVA
also indicated that CFT scores at treatment sites relating to thermal preference, exit ability as an
adult, and crawling ability became more similar to reference sites following the disturbance.
CFT scores for armoring were marginally greater at treatment sites in both years. The ANCOVA
also indicates a longitudinal pattern in functional composition that changes from 2005 to 2007,
and most strongly affects distributions of CFT scores related to functional feeding group
(collector gatherers and shredders), thermal preference, exit ability, dispersal ability, and
armoring.

The first three principal components of an ordination of sites in functional trait space
account for 22, 18, and 15% of the variation in functional composition, respectively (Table 4.3).
Functional trait loading on each of the first three principal components are listed in Table 4.3.
Principal component 1 (PC1) is a composite variable that is positively correlated with trait scores

indicating a sprawling habit and shredding functional feeding group and is negatively correlated
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with collector gatherer dominance, mobility via crawling, and size. PC2 is positively correlated
with traits indicative of multivoltinism, rheophily, an affinity to attach to substrate, and
synchronized emergence and negatively correlated with burrowing habit. PC3 is negatively
correlated with traits indicating occurrence in drift, adult flight ability, female dispersal distance
before oviposition, swimming ability, and ability to exit the water as an adult.

The principal components of the ordination of sites in trait space served as composite
variables to describe how groups of multicollinear traits responded collectively to environmental
gradients. The ANCOVA indicates a significant treatment effect in 2007 on PC1, PC2 and PC3.
PC1 had greater values at treatment sites prior to disturbance, a relationship which was reversed

in 2007. PC2 showed a weak longitudinal pattern in 2007.

Table 4.3. Trait loading on the first three principal components of a PCA of functional composition.

Trait Class Trait PC1 PC2 PC3
Ecology FFG.CF -0.04 0.19 -0.20
FFG.CG -0.29 0.03 -0.24
FFG.Pred -0.24 -0.20 0.26
FFG.SC 0.11 0.26 0.05
FFG.SH 0.36 -0.04 0.04
Hab.Burrow -0.04 -0.29 0.25
Hab.Climb 0.06 0.04 0.12
Hab.Cling -0.24 0.22 -0.17
Hab.Sprawl 0.37 -0.10 0.09
Hab.Swim -0.18 0.02 -0.13
Rheo -0.04 0.31 0.05
Ther 0.19 -0.11 0.03
Life History ~ Desi 0.07 -0.27 0.03
Devl -0.24 -0.16 -0.09
Exit 0.17 -0.18 -0.31
Life -0.22 -0.21 -0.06
Sync 0.17 0.29 0.03
Volt -0.02 0.31 0.16
Mobility Crwl -0.27 -0.21 -0.03
Disp 0.05 -0.12 -0.33
Drft 0.23 0.01 -0.36
Flgt 0.14 -0.14 -0.35
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Trait Class Trait PC1 PC2 PC3

Swim -0.04 0.10 -0.32
Morphology ~ Armr -0.05 -0.03 -0.13
Atch 0.07 0.30 0.08
Resp -0.15 0.02 -0.10
Shpe 0.20 -0.25 0.13
Size -0.25 0.05 0.19
Var. Explained 0.22 0.18 0.15
Cumulative 0.22 0.40 0.55

Interactions between the habitat template and community composition

Variance partitioning (Table 4.4) showed that in 2005 variation in taxonomic
composition was not organized by observed environmental variables (X1, adj. R>=0.12,p =
0.28), but spatial organization did significantly affect taxonomic composition (adj. R* = 0.20, p <
0.01). However, spatial patterns did not significantly explain variation in taxonomic
composition when the effect of environmental variation was statistically controlled for (X2|X1,
adj. R*=0.08, p=0.29). Variation in functional composition was influenced by the
environment (X1, adj. R*=0.23, p = 0.07) and space (X2, adj. R*=0.11, p = 0.01), but neither
accounted for variation in functional composition independent of the other. In 2007, spatial
variation (X2) organized both taxonomic (adj. R =0.26, p < 0.01) and functional trait (adj. R* =
0.11, p=0.01) composition, but not independent of the environment (X1), and environmental
variation may have influenced functional composition independent of space (X1|X2, adj. R’ =
0.28, p = 0.08).

Table 4.4. Variance partitioning of raw data matrices of taxonomic and functional trait composition using
redundancy analysis (RDA). The adjusted R? values represent the proportion of variance explained by
variation in the environmental data matrix (X1) or the spatial data matrix (X2, where X2 is a matrix of
arbitrary xy coordinates in geographic space calculated from GPS coordinates). [a] is variance in the
response variable that is solely accounted for by environmental variation, [b] is variance explained by both
environment and spatial structure, [c] is variance explained only by spatial structure. The significance (p-

values) of RDA ordinations were calculated with the function permutest, available in the vegan packate for R

(Oksanen et al. 2009) , with 10000 iterations.

2005 2007
Adj.R? p Adj.R? p
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Taxonomic composition

[a+b] = X1 0.12 0.28 0.11 0.18

[b+c] = X2 020  <0.01 0.15 <0.01
[atbte] = X1+X2  0.20 0.27

[a] = X1|X2 -0.01 0.46 0.12 0.24

[c] = X2|X1 0.08 0.29 0.16 0.21

Functional composition

[a+b] = X1 0.23 0.07 0.11 0.23
[b+c] = X2 0.11 0.01 0.11 0.01
[atbte] = X1+X2 0.3 0.39

[a] = X1[X2 0.12 0.31 0.28 0.08
[c] = X2|X1 0.01 0.53 0.28 0.18

The best fit multiple regression models for individual traits indicate that at least 1
environmental variable is significantly correlated with most of the functional traits, but w; scores
show that Crwl and Hab.Climb are the best individual traits to describe how community
functional composition was affected by the observed environmental variables in 2005 and 2007,
respectively (Table 4.5). A paired t-test indicates AIC, scores for individual traits tended to
decrease from 2005 to 2007 (lower AIC, sores indicate better model fit). Six environmental
variables are correlated with variation in CFT scores related to crawling ability (Crwl) in 2005
(Figure 4.5A). The path model also indicates indirect effects linking Crwl to both treatment and
distance downstream prior to logging. Model B (Figure 4.5) indicates indirect effects of
treatment and distance downstream (DD) on Crwl through a different set of environmental
variables in 2007, and is a poorer (p = 0.42) fit than model A (p = 0.87). Both models show high
coefficients of determination for Crwl (R* = 0.99 and 0.83 for models A and B, respectively),
and low variance inflation factors for the analogous multiple regression models suggest

multicollinearity is not driving the high R?.

Table 4.5. Multiple regression model fits for each functional trait. The coefficient of determination and p-
value for the best fit multiple regression model of functional composition on environmental variables for each
trait is reported. Akaike weights (w;) were then calculated for the set of best fit models for all traits for both
years, and indicate the probability for each model that it is the best model of the relationship between

observed environmental variables and functional composition in a given year. The trait best predicted by
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environmental variation for each year is in bold. AIC, scores tended to be lower in 2007 (paired t-test, p =

0.004).

2005 2007
Trait Class Trait adj.R2 p AIC, w; adj.R2 p AIC, w;
Ecology FFG.CF 0.36 0.11 -47.3  0.00 0.16 0.29 -45.6  0.00
FFG.CG 0.60 0.01 -39.3  0.00 0.71 0.01 -31.7  0.00
FFG.Pred 0.38 0.01 -47.0  0.00 0.19 0.22 -40.3  0.00
FFG.SC 0.86 0.00 -66.5  0.00 0.33 0.08 -81.3  0.00
FFG.SH 0.16 0.07 -29.8  0.00 0.50 0.02 -38.6  0.00
Hab.Burrow 0.45 0.03 -56.5  0.00 0.27 0.12 -54.7  0.00
Hab.Climb 0.44 0.01 -90.0 0.01 0.65 0.01 -97.0  0.30
Hab.Cling 0.45 0.05 -29.1  0.00 0.32 0.03 -37.8  0.00
Hab.Sprawl 0.54 0.05 -17.6 ~ 0.00 0.64 0.01 -43.7  0.00
Hab.Swim 0.87 0.00 -56.9  0.00 0.52 0.04 -50.3  0.00
Rheo 0.59 0.03 -40.7  0.00 0.36 0.08 -60.7  0.00
Ther 0.58 0.01 -75.9  0.00 0.42 0.08 -80.4  0.00
Life History  Desi 0.64 0.04 -22.6  0.00 0.24 0.13 -57.0  0.00
Devl 0.37 0.11 -37.0  0.00 0.75 0.00 -77.0  0.00
Exit 0.69 0.00 -42.4  0.00 0.72 0.00 -69.0  0.00
Life 0.18 0.23 -42.2  0.00 0.52 0.02 -68.9  0.00
Sync 0.50 0.03 -40.4  0.00 0.58 0.05 -242  0.00
Volt 0.65 0.00 -70.6  0.00 0.14 0.08 -79.0  0.00
Mobility Crwl 0.98 0.00 -984  0.61 0.54 0.02 -66.3  0.00
Disp 0.46 0.04 -549  0.00 0.96 0.00 -73.7  0.00
Drft 0.53 0.01 -54.0  0.00 0.34 0.05 -71.3  0.00
Flgt 0.37 0.17 24 0.00 0.55 0.02 -62.3  0.00
Swim 0.70 0.01 -552 0.00 0.86 0.00 -48.7  0.00
Morphology ~ Armr 0.20 0.14 -63.7  0.00 0.54 0.03 -62.2  0.00
Atch 0.62 0.01 -65.5  0.00 0.09 0.21 -93.4  0.05
Resp 0.87 0.01 -3.5  0.00 0.95 0.00 -923  0.03
Shpe 0.68 0.01 -31.9  0.00 0.61 0.01 -55.5  0.00
Size 0.60 0.02 -42.9  0.00 0.44 0.07 -61.8  0.00
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Figure 4.5. Path models showing the effect of treatment and distance downstream (DD) and important
relationships between environmental variables and the variation in functional composition for the traits Crwl

and Hab.Climb in 2005 and 2007.

CFT scores relating to climbing habit (Hab.Climb) were correlated with canopy cover
(Canopy) and particulate transport (Trans), and indirectly with distance downstream (DD) in
2005 (Figure 4.5C). The indirect influence of distance downstream on Hab.Climb through
particulate transport remained in 2007, but there were also significant direct and indirect
treatment effects via canopy cover (Canopy), chlorophyll a standing crops (Chla) and median
temperature (Temp med) (Figure 4.5D). Bed particle size (D84) and hydraulic radius (HydRad)
had direct effects on Hab.Climb, independent of treatment or distance downstream. Model C
had a better goodness of fit (p = 0.97) than model D (p = 0.31), and a smaller coefficient of
determination for Hab.Climb (R* = 0.53) than model D (R* = 0.95).
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*Emvironmental variables measuned in 2005 were used as
predictors of PC2 in 2007

Figure 4.6. Path models showing the effect of treatment and distance downstream (DD) and important
relationships between environmental variables and the variation in functional composition for the traits
principal components of functional trait composition in 2005 and 2007. See Table 4.3 for trait loading for

principal components.

The best fit path model for the 2005 dataset for PC1 (Figure 4.6A) indicates an indirect
causal path from the treatment through bed particle size (D84), and a negative correlation
between hydraulic radius (HydRad) and PC1. The best fit model for the 2007 dataset (Figure
4.6B) suggests two indirect pathways by which treatment influences PC1 (through canopy and
median temperature), and correlation with FBOM that is independent of treatment. Model B also
shows chlorophyll a standing crop (Chla) is indirectly related to treatment by the same

environmental variables (canopy cover and median temperature) as PC1.
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PC2 correlates with all observed environmental variables except bed particle size (D84)
and coarse benthic organic matter (CBOM) in the 2005 dataset (Figure 4.6C), and is indirectly
influenced by distance downstream though gradient, the presence of large woody debris (LWD),
and particulate transport (Trans). None of the observed environmental variables in the 2007
dataset are correlated with PC2; however, variation in the 2007 values of PC2 is directly affected
by treatment and correlates with the 2005 measures of fine benthic organic matter standing crop
(FBOM) (Figure 4.6D).

Path analysis indicates PC3 is indirectly affected by treatment via bed particle size, and
indirectly affected by distance downstream through gradient, large woody debris, and particulate
transport in the 2005 dataset (Figure 4.6E). The 2007 dataset shows an indirect effect of
treatment via canopy, separate indirect effects of distance downstream via CBOM and LWD, and
a direct effect of FBOM on PC3 (Figure 4.6F). PC3 has a coefficient of determination over 0.60
in both models, and model E has a better goodness of fit (p = 0.90) than model F (p = 0.13).

Discussion

Effects of logging on the reach scale habitat template

The reach scale habitat template of forested headwater streams, as quantified by the
environmental variables measured in this study (Table 4.1, Figure 4.3), exhibited a complicated
and dynamic set of interacting environmental gradients. The ANCOVA model (Figure 4.2)
showed two distinct treatment effects on the reach scale habitat template. An interaction between
distance downstream and the logging treatment indicates upstream treatment sites realized an
increase in CBOM standing crop, relative to the reference sites, but this change in CBOM was
not detected in downstream reaches in treatment watersheds. The trend of increased CBOM
standing crops at treatment sites directly adjacent to logged areas is likely to reverse in
subsequent years due to the reduced influence of canopy tree cover as a CBOM source (Webster
et al. 1990, Kiftney et al. 2003).

The resultant decrease in canopy cover in the treatment watersheds correlated with an
increase in cholorphyll a standing crop and median temperature (Table 4.2). The lack of a
longitudinal effect, especially in temperature, shows how this treatment effect is perpetuated up
to 200m downstream from the logged area. The weak correlation between canopy cover and

treatment, and lack of a detectable longitudinal pattern, is likely due to the strong influence, and
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unimodal distribution of Rhododendron in the study watersheds with distance downstream. The
observed decrease in canopy cover at upstream sites was great enough to be detected with the
specification search, but I did not survey enough sampling points along each reach to account for
the non-linear spatial patterns in canopy cover.

The slope of the channel bed along the thalweg (Gradient), the proportion of habitat
provided by large woody debris (LWD) , and particulate matter in transport (Trans) all covaried
longitudinally, but were unaffected by the treatment (Gradient was assumed to be unaffected by
the treatment). The path models in Figure 4.3 illustrate how these gradients remained

consistently negatively correlated with distance downstream between 2005 and 2007.

Shifts in community composition

The use of functional traits to quantify shifts in community can be easily compared across
studies that use similar trait scoring methods, even among sites spanning multiple provinces with
different faunal pools (Poff 1997, Statzner et al. 2001a, Cummins et al. 2008). Trait scores also
provide ecologically interpretable characterizations of community composition, and the
distribution of functional types of a particular trait provides a measure of how physiological
characteristics of the organisms that make up assemblages correlate with particular
environmental constraints (Poff 1997, Lamouroux et al. 2004).

Caveats related to the functional trait approach include a lack of phylogenetic
independence among traits, and rudimentary scoring schemes that oversimplify some aspects of
functional diversity. Poff et al. (2006) showed some subsets of trait categories that are scored
separately in the North American benthic macroinvertebrate functional trait dataset are innately
linked evolutionarily, thus interpretation of trends in functional trait composition must proceed
with caution. [ used principal components as composite variables to describe trends in functional
composition that incorporate multiple traits that covary among sites, and to account for
correlated trends in functional composition among traits that may occur merely from a
phylogenetic association.

The distribution of trait scores (Figure 4.4) indicates that communities at these sites were
dominated by collector gatherer, predator, and shredder functional feeding groups; however, the
ANCOVA model indicates collector gatherers and scrapers, increased in dominance at treatment
sites, while shredder dominance decreased, hinting at a shift in resource availability. This shift

in functional feeding group dominance was consistent with the response reported by Gurtz and
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Wallace (1984). Other studies have also reported shifts in community composition relating to
resource availability as a response to a logging disturbance (Kiffney et al. 2004, Jackson et al.
2007).

The results from the ANCOVA of the principal coordinates of CFT scores indicates a
shift in community composition occurred along at least three separate, ecologically meaningful,
functional axes. The collective relationship between CFT scores correlating with PC1 (Table
4.3) and treatment was reversed, indicating an extreme shift in the relative differences in
functional composition between the reference and treatment sites following disturbance.
Functional shifts also occurred along PC2 and PC3, with PC2 developing a weakly detectable
longitudinal pattern following disturbance. Collectively, these treatment effects indicate that
logging influences different aspects of the habitat template at different scales, where some
functional responses only occur locally in stream reaches located within the disturbed area
(PC2), while other treatment effects may influence community composition at sites located

downstream of logging.

Dominant community assembly processes

The mantel correlation (0.82, p < 0.001) between site organization in taxonomic and
functional trait space indicates much of the variation in taxonomic community composition
among sites is preserved, in general, when using CFT scores to describe community
composition. Variance partitioning indicates taxonomic and functional composition are similarly
influenced by environmental (X1) and spatial (X2) multivariate predictors (Table 4.4). Variation
in both taxonomic and functional trait composition correlates with spatial structure (X2), but not
spatial structure independent of environmental variation (X2|X1).

Overall, I found that shelterwood logging altered the stream habitat template in a manner
that was detectable in environmental variables at the reach scale, primarily canopy cover, CBOM
standing crop, area specific chlorophyll a concentrations, and stream temperature. Response in
functional composition suggests the shift in these dimensions of the habitat template augmented
the filtering effect of some environmental variables and increased the relative importance of
niche assembly processes. Distributions of CFT scores were generally better predicted by
environmental variables in 2007 (p = 0.004), and the trait most strongly correlated with the
habitat template shifted from a mobility trait (Crwl — crawling ability) in 2005 to an ecology trait
(Hab.Climb — habitat preference) (Table 4.5).
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While the results of this study suggest an increased importance of environmental filtering
following a disturbance, this conclusion must be placed in the context of the study system. Lotic
ecosystems are rather unique in that they experience a strong background perturbation intensity
(constantly shifting bedmaterial, changing hydrograph, etc.) (Allan and Castillo 2007).
Consequently, dispersal assembly mechanisms may be sorting community composition at a scale
smaller than the observational scale used in this study (a 10 m reach), and the importance of
dispersal assembly may vary among reaches depending on the local perturbation level (e.g., local
hydrological characteristics). This interaction between the habitat template and dispersal
assembly mechanisms at the microhabitat scale (<1 m) would be manifested as a correlation
between a habitat characteristic (e.g., bed particle size, hydrologic regime) and functional
composition with respect to dispersal traits at the reach or watershed scale. The distribution of
Crwl, a trait related to mobility, correlated with variables that relate can relate to the hydrologic
regime (D84, LWD, HydRad, Trans) (Figure 4.5A). D84 and LWD affect local hydrodynamics
by adding complexity to water flow paths or by constricting the channel to alter flow velocity
(Gordon et al. 1992), and Trans and D84 represent environmental parameters that correlate with
water velocity (Gordon et al. 1992, Allan and Castillo 2007). The decrease in model fit for Crwl
in 2007 (multiple regression model — Table 4.5, path model — Figure 4.5B) indicates a waning
importance of these dynamics as organizers of community composition following disturbance.

Hab.Climb is an indicator of a preference for habitat complexity produced by debris
dams, submerged roots and branches (Merritt and Cummins 1996). The direct causal path from
treatment to Hab.climb (Figure 4.5D) suggests the habitat template was altered in a manner that
affected Hab.climb CFT score distribution that was not accounted for in the environmental
variables that were sampled. This model also shows indirect effects of treatment through
temperature and chlorophyll a standing crop.

Chlorophyll a standing crop and PC1 were both modeled as response variables in model
B (Figure 4.6) to illustrate how both were indirectly affected by the treatment through canopy
cover and temperature. Any covariance between these two variables is explained by the
common causal parents (canopy cover and temperature). As expected, the model shows logging
results in less canopy cover and warmer median temperature, and ultimately an increase in

chlorophyll a standing crop. This effect covaries negatively with PC1, and thus providing a
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context for the community compositional shifts detected with the ANCOVA for the variables
that load most strongly on PC1 (see Table 4.3 for PCA loadings).

The change in the relationship between PC2 and the observed components of the habitat
template indicate a disruption in the connection between some aspects of the reach scale habitat
template and community composition. PC2 was significantly correlated with a number of
variables prior to disturbance (Figure 4.6C), but the connection between variation in the
functional composition represented by PC2 and the observed environmental variables was lost in
2007. PC2 did exhibit a treatment effect (Table 4.2), suggesting logging led to a compositional
shift along this component by altering an aspect of the habitat template not measured in this
study.

PC3 showed a functional shift in an aspect of community composition that also covaried
with distance downstream. Logging affected the functional composition of upstream sites, with

respect to PC3, through CBOM standing crop and canopy cover.

Conclusions

The shift in community composition in these headwater stream reaches indicate that
landscape scale disturbances, such as logging, affect community composition in lotic ecosystems
by increasing the filtering effect of various aspects of the local habitat template. Thus,
disturbance increased the relative importance of niche assembly in streams, similar to the effect
of drought on macroinvertebrate communities in ponds reported by Chase (2007). In headwater
streams, one of the main organizing environmental variables to fill this role in the post-
disturbance habitat seems to be insolation (Kiffney et al. 2003, 2004), as indicated by the
importance of canopy cover, chlorophyll a standing crops, and temperature as conduits for the
treatment effect in the path models.

Disturbance is classically thought to act on community composition as a mass mortality
event, reducing richness, and creating a clean slate for early successional species (Connell and
Slatyer 1977). The influence of landscape scale disturbance on lotic ecosystems appears to have
the opposite effect, by creating more pronounced environmental filters in a habitat that is

regularly dominated by instability.
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Chapter S - Conclusions

Niche and neutral theory provide endpoints for a continuum of community assembly
processes, and make specific predictions about spatially explicit patterns in community
composition (Gilbert and Lechowicz 2004, Gravel et al. 2006, Chase 2007, Chu et al. 2007). In
Chapter Two, I developed a framework that used methods for describing patterns in community
composition created by Whittaker (1975), to evaluate patterns in both taxonomic and functional
community composition.

Taxonomic and functional trait identifications provide two complimentary descriptions of
community composition. [ used a-, B-, and y-diversity patterns in functional and taxonomic
community composition to develop criteria for two diagnostics of community assembly based on
community composition patterns. Diagnostic 1, B-diversity type, is a measure of whether
taxonomic turnover occurs along an environmental gradient (type I) or within a functional niche
(type II). Diagnostic 2 uses a trait-neutral lottery model as a null model to test the relationship
between the regional source pool (yy), the local “effective source pool” (y;), and observed local
community composition (a;).

I used these diagnostics to assess the community composition patterns of benthic
macroinvertebrates in forested headwater streams in the southern Blue Ridge Physiographic
Province. From the spatially explicit patterns in community composition, I inferred that benthic
macroinvertebrate communities in the study system are largely organized by the community
assembly processes outlined by niche theory. When variation in functional composition with
respect to individual traits was considered, community composition appeared to be organized by
environmental gradients affecting resource and habitat preference throughout the study region;
whereas, functional variation related to dispersal and size traits was only relevant locally
(<30km).

While metacommunity organization is generally thought to be influenced by both niche-
based and dispersal-based community assembly processes (Leibold et al. 2004, Chase 2007), the
regional scale analysis of benthic macroinvertebrate communities in Chapter Two suggests that
niche-based community assembly is the dominant process organizing the metacommunity in
headwater streams in the southern Blue Ridge, and stream reaches likely share a common source

pool of colonizers. Therefore, variation in both functional and taxonomic composition should
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correlate with variation in measures of reach scale habitat characteristics that act as
environmental filters, but not spatial structure independent of environmental variation (Dray et
al. 2006, Laliberte et al. 2009).

In Chapter Three, I used taxonomic- and trait-based measures of B-diversity as metrics
for compositional variation in the benthic macroinvertebrate metacommunity along a local
(<10km study extent) disturbance (logging) gradient in the Ray Branch watershed in western
North Carolina to test the conclusions from Chapter Two. Variance partitioning indicated that
both taxonomic and functional B-diversity were predominantly organized by environmental
variation among sites, corroborating my prediction that niche-based processes dominated
community assembly at these sites. Trait-neutral lottery models were used to predict null
distributions of functional composition, which were compared against observed distributions of
trait scores to rank traits as candidates for interacting with the environmental gradients thought to
be organizing the metacommunity. Multiple linear regression models predicting the variation in
functional composition with respect to each trait were constructed using two-way stepwise linear
regression. Traits ranked most likely to be sorted generally correlated best with environmental
variation, corroborating the diagnostic framework from Chapter Two, which predicted
community sorting processes from f-diversity patterns in taxonomic and functional composition.
After establishing the importance of niche-based community assembly in this system, I used path
analysis to show factors that organize physical habitat structure (gradient, channel velocity, large
wood) play the dominant role in organizing community composition in these headwater streams.

The relative importance of niche-based and dispersal-based assembly processes is linked
to the prevalence of disturbance (Chase 2007, Chu et al. 2007, Lepori and Malmqvist 2009). In
Chapter Four, I reported an enhanced relationship between reach scale environmental gradients
and the functional composition of benthic macroinvertebrate communities following disturbance
(shelterwood logging) in the Ray Branch watershed.

ANCOVA showed environmental variables and community composition were affected
by logging (primarily by a decrease in canopy cover, and an increase in temperature, chlorophyll
a concentrations, and CBOM standing crops) with an interaction with distance downstream from
the logging treatment. Path analysis helped to elucidate the multivariate relationship between
shifts in community functional composition and shifts in the habitat template. Model

comparisons with AIC, showed stronger relationships between environmental variables and
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individual functional traits following logging, indicating an increased influence of environmental
filters following logging.

These results corroborate the conclusions of other recent studies in lotic systems (Chase
2007, Lepori and Malmqvist 2009) that in dynamic systems, such as headwater streams, a
disturbance can augment the relative importance of niche-based community assembly.
Additionally I was able to identify the particular environmental filters and functional traits that
organize the reach scale response in streams to a landscape scale disturbance within the

watershed.
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Appendix A — Taxonomic groups and observed relative abundances

Table A.1. Estimates of benthic macroinvertebrate densities (no./m’) from 26 headwater streams in the southern Blue Ridge Physiographic Province.

Site ID
Order Family Genus Elyl Ely2 Sponseller7 Sponseller8 Sponseller9 Cookl Cook2 Cook3 Hardingl Harding? Harding3 Harding4 Harding5
Coleoptera Elmidae 380.2 297.0 2451.1 295.6 648.8 667.4 592.0 3875 26.9 61.5 47.4 39.5 7.2
Coleoptera Psephenidae Ectopria 4.1 37.7 11.6 0.0 30.2 10.8 0.0 0.0 0.0 4.6 0.0 0.0 0.0
Coleoptera Psephenidae Psephenus 0.0 0.0 9.3 72.1 46.5 0.0 0.0 0.0 0.0 4.6 43 0.0 3.6
Diptera Athericidae Atherix 0.0 0.0 11.6 0.0 14.0 0.0 0.0 0.0 0.0 4.6 0.0 0.0 0.0
Diptera Blephariceridae Blepharicera 0.5 3.4 455.8 83.7 267.4 0.0 0.0 0.0 0.0 0.0 2.2 5.4 46.6
Diptera Ceratopogonidae ~ Ceratopogonidae  619.7 667.5 25.6 107.0 16.3 3014 236.8 2583 12.6 9.2 8.6 1.8 10.8
Diptera Deuterophlebiidae  Deuterophlebia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diptera Empididae 819 17.6 39.5 16.3 58.1 4844 1151.8 2153 9.0 26.1 99.0 0.0 9.0
Diptera Psychodidae Pericoma 0.0 0.0 0.0 0.0 0.0 43.1 0.0 43.1 0.0 0.0 0.0 0.0 0.0
Diptera Simuliidae Simuliidae 304.7 1284 786.1 9.3 1772.1 0.0 0.0 0.0 19.7 6.2 68.9 9.0 3.6
Diptera Tipulidae 456.1 381.6 65.1 193.0 32.6 2217.4 1528.5 2088.3  25.1 60.0 86.1 14.4 12.6
Ephemeroptera Ameletidae Ameletus 0.3 24 0.0 0.0 0.0 86.1 236.8 3875 0.0 0.0 22 9.0 1.8
Ephemeroptera Baetidae Acentrella 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera Baetidae Baetis 380.5 261.1 148.8 125.6 233 0.0 0.0 0.0 52.0 44.6 226.0 28.7 116.6
Ephemeroptera Caenidae Caenis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.0 0.0 0.0 0.0
Ephemeroptera  Ephemerellidae Attenella 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 48.4 0.0
Ephemeroptera Ephemerellidae Drunella 0.0 0.0 165.1 60.5 153.5 0.0 0.0 0.0 7.2 63.0 6.5 3.6 0.0
Ephemeroptera Ephemerellidae Ephemerella 0.0 0.0 476.7 251.2 1402.3 1646.9 1797.6 4887.0 181.2 395.2 426.3 68.2 175.8
Ephemeroptera  Ephemerellidae Eurylophella 0.0 0.0 0.0 0.0 0.0 96.9 0.0 21.5 1.8 0.0 8.6 0.0 0.0
Ephemeroptera Ephemerellidae Serratella 745.6 278.1 0.0 0.0 0.0 0.0 323 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera Ephemeridae Ephemera 0.0 0.0 27.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera Heptageniidae Cinygmula 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 71.8 0.0 60.3 0.0 0.0
Ephemeroptera Heptageniidae Epeorus 59.5 319 393.0 1174.4 111.6 21.5 215 431 89.7 116.9 174.4 125.6 14.4
Ephemeroptera Heptageniidae Heptagenia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera Heptageniidae Rhithrogena 0.0 0.0 0.0 0.0 0.0 0.0 10.8 0.0 17.9 4.6 90.4 0.0 245.8
Ephemeroptera Heptageniidae Stenacron 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Stenonema/
Ephemeroptera Heptageniidae Maccaffertium 16.7 61.8 14.0 446.5 39.5 139.9 333.7 1722 3.6 75.3 75.3 359 30.5
Ephemeroptera  Isonychiidae Isonychia 0.4 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.8 0.0 0.0
Ephemeroptera Leptophlebiidae Habrophlebia 0.0 33.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera  Leptophlebiidae Leptophlebia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 28.0 0.0 0.0
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Ephemeroptera
Hemiptera
Hemiptera
Hemiptera
Lepidoptera
Megaloptera
Megaloptera
Megaloptera
Odonata
Odonata
Odonata
Odonata
Odonata
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera

Plecoptera

Leptophlebiidae
Gerridae
Veliidae
Veliidae
Pyralidae
Corydalidae
Corydalidae
Sialidae
Cordulegastridae
Gomphidae
Gomphidae
Gomphidae
Gomphidae
Capniidae
Chloroperlidae
Chloroperlidae
Chloroperlidae
Chloroperlidae
Leuctridae
Nemouridae
Nemouridae
Nemouridae
Peltoperlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae

Paraleptophlebia 394.5 231.6

Trepobates
Microvelia
Rhagovelia
Petrophila
Corydalus
Nigronia
Sialis
Cordulegaster
Dromogomphus
Gomphus
Lanthus
Stylogomphus
Allocapnia
Alloperla
Haploperla
Sweltsa
Utaperla
Leuctra
Amphinemura
Paranemoura
Soyedina
Peltoperlidae
Acroneuria
Agnetina
Beloneuria
Hansonoperla
Paragnetina
Perlesta
Clioperla
Cultus
Helopicus
Hydroperla
Isogenoides
Isoperla

Kogotus

0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
112 121
0.0 0.0
0.0 0.0
726 172
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
448 479
0.0 0.0
1079.6 1032.6
382.5 370.6
0.0 0.0
203.3  262.5
208.1 2554
0.0 0.0
0.0 0.0
2.1 7.1
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
4747 1813
0.0 0.0
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0.0
0.0
0.0
0.0
0.0
0.0
2.3
0.0
0.0
0.0
0.0
0.0
0.0
151.2
0.0
0.0
0.0
0.0
0.0
18.6
0.0
0.0
9.3
9.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
41.9
0.0

30.2
0.0
0.0
0.0
0.0
4.7
0.0
0.0
23
0.0
0.0
0.0
0.0
0.0
0.0
0.0

467.5
0.0

14.0

233
0.0
0.0
7.0

27.9
0.0
0.0
0.0
2.3
0.0
0.0
0.0
0.0
0.0
0.0
18.6
0.0

2.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
9.3
0.0
14.0
314.0
0.0
0.0
65.1
18.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
349
0.0

3240.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

226.0
0.0
0.0

871.9
0.0
0.0
0.0

183.0

43.1
0.0

2368.1

398.3
0.0
0.0

3692.1
0.0
0.0
10.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1625.4 1786.9

0.0 21.5
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
10.8  86.1
0.0 0.0
0.0 0.0
215 2153
0.0 0.0
0.0 0.0
0.0 0.0
86.1 0.0
0.0 6674
0.0 0.0
516.7 1743.8
247.6 4952
0.0 0.0
0.0 0.0
1474.7 1076.4
0.0 0.0
0.0 0.0
21.5 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
64.6 0.0
0.0 0.0

12.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.6
0.0
3.6
16.1

359
0.0
0.0
1.8
0.0
0.0
0.0
0.0
0.0
5.4
1.8
3.6
0.0

30.8
0.0
0.0
0.0
0.0
0.0
7.7
0.0
0.0
0.0
0.0
0.0
4.6
0.0
0.0
0.0
6.2
0.0

2153

13.8
0.0
0.0
3.1

21.5
0.0

53.8
0.0
0.0
0.0
0.0

26.1

27.7
0.0
0.0

41.5
0.0

21.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.2
0.0
0.0
0.0
0.0
8.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
19.4
12.9
0.0
0.0
0.0
0.0
0.0
0.0
8.6
0.0
0.0
22

94.7
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
14.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
28.7
3.6
0.0
0.0
3.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

14.4
0.0
0.0
0.0
0.0
1.8
0.0
1.8
0.0
0.0
0.0
0.0
0.0
0.0

233
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

12.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0

55.6
0.0
0.0

95.1
0.0



Plecoptera Perlodidae Malirekus 31.8 8.1 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 3.6 0.0
Plecoptera Perlodidae Remenus 0.0 0.0 0.0 0.0 0.0 0.0 559.7 193.8 0.0 0.0 0.0 0.0 0.0
Plecoptera Perlodidae Yugus 0.0 0.0 0.0 4.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.4 0.0
Plecoptera Pteronarcyidae Pteronarcys 0.0 0.0 65.1 7.0 162.8 0.0 0.0 0.0 9.0 4.6 0.0 16.1 0.0
Plecoptera Taeniopterygidae ~ Oemopteryx 0.0 0.0 20.9 2.3 0.0 0.0 0.0 0.0 413 206.1 0.0 66.4 21.5
Plecoptera Taeniopterygidae  Taeniopteryx 28.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Trichoptera Brachycentridae Brachycentrus 0.0 0.0 0.0 16.3 0.0 0.0 0.0 0.0 3.6 0.0 2.2 0.0 1.8
Trichoptera Brachycentridae Micrasema 42.6 309 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Trichoptera Glossosomatidae ~ Agapetus 0.0 0.0 0.0 0.0 233 0.0 0.0 0.0 0.0 0.0 15.1 3.6 0.0
Trichoptera Glossosomatidae  Glossosoma 1.1 1.9 9.3 18.6 7.0 0.0 10.8 0.0 3.6 0.0 0.0 0.0 0.0
Trichoptera Glossosomatidae  Matrioptila 0.0 0.0 9.3 0.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Trichoptera Hydropsychidae Arctopsyche 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.0
Trichoptera Hydropsychidae Ceratopsyche 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 344.5 49.2 0.0 0.0 1.8
Trichoptera Hydropsychidae Cheumatopsyche 0.0 0.0 32.6 233 11.6 0.0 0.0 0.0 3.6 0.0 0.0 0.0 1.8
Trichoptera Hydropsychidae Diplectrona 4779 371.0 442 7.0 65.1 0.0 0.0 0.0 62.8 0.0 22 17.9 0.0
Trichoptera Hydropsychidae Hydropsyche 0.0 0.0 0.0 0.0 0.0 721.2  2669.5 3229 0.0 227.6 28.0 3.6 34.1
Trichoptera Hydropsychidae Parapsyche 356.7 356.6 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.0 0.0 26.9 0.0
Trichoptera Hydroptilidae Hydroptila 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Trichoptera Hydroptilidae Leucotrichia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Trichoptera Lepidostomatidae  Lepidostoma 98.9 1157 0.0 0.0 0.0 0.0 0.0 0.0 3.6 0.0 22 0.0 0.0
Trichoptera Lepidostomatidae  Theliopsyche 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 43 0.0 0.0
Trichoptera Limnephilidae Pycnopsyche 649 1538 0.0 0.0 0.0 635.1 2153 107.6 9.0 0.0 12.9 0.0 0.0
Trichoptera Odontoceridae Pseudogoera 1.9 24 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Trichoptera Odontoceridae Psilotreta 0.0 2.6 0.0 0.0 0.0 10.8 10.8  64.6 0.0 0.0 0.0 0.0 0.0
Trichoptera Philopotamidae Dolophilodes 12.3 9.8 14.0 0.0 4.7 0.0 0.0 0.0 3.6 0.0 0.0 0.0 0.0
Trichoptera Philopotamidae Wormaldia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 47.4 0.0 0.0
Trichoptera Polycentropodidae  Cyrnellus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21.5 1.8 0.0 43 0.0 0.0
Trichoptera Polycentropodidae  Neureclipsis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 0.0 0.0
Trichoptera Polycentropodidae  Polycentropus 0.4 24 0.0 14.0 30.2 43.1 0.0 0.0 1.8 3.1 0.0 7.2 0.0
Trichoptera Psychomyiidae Lype 44.6 15.1 0.0 0.0 0.0 1722 431 431 0.0 0.0 0.0 0.0 0.0
Trichoptera Rhyacophilidae Rhyacophila 107.8 373 32.6 7.0 44.2 269.1 538.2 430.6 7.2 33.8 43.1 21.5 0.0
Trichoptera Uenoidae Neophylax 95.6  19.8 2.3 0.0 7.0 236.8  107.6 215 0.0 0.0 4.3 0.0 0.0
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Table A.1. (Continued)

Site ID
Order Family Genus Harding6 Harding7 Harding8 Harding9 Hardingl0 Hardingll Hardingl2 Hardingl3 Hardingl4 Sokoll Sokol2 Sokol3 Sokol4
Coleoptera Elmidae 19.4 93.8 27.7 47.7 113.8 64.6 70.7 323 18.5 436 657 60.6 49.0
Coleoptera Psephenidae Ectopria 0.0 1.5 0.0 0.0 0.0 4.6 0.0 0.0 1.5 5.4 151 340 108
Coleoptera Psephenidae Psephenus 2.2 0.0 0.0 0.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0 0.0 0.0
Diptera Athericidae Atherix 0.0 3.1 0.0 6.2 12.3 3.1 0.0 1.5 4.6 0.0 0.0 0.0 0.0
Diptera Blephariceridae Blepharicera 49.5 0.0 6.2 26.1 40.0 1.5 0.0 10.8 0.0 0.0 0.0 0.0 0.0
Diptera Ceratopogonidae Ceratopogonidae 0.0 1.5 23.1 3.1 4.6 24.6 7.7 323 3.1 17.8 135 6.8 40.9
Diptera Deuterophlebiidae  Deuterophlebia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.0
Diptera Empididae 15.1 3.1 26.1 1.5 6.2 20.0 1.5 1.5 3.1 14.5 22 2.3 3.8
Diptera Psychodidae Pericoma 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Diptera Simuliidae Simuliidae 6.5 55.4 289.1 127.6 269.1 53.8 86.1 84.6 46.1 5.9 102 1926 129
Diptera Tipulidae 10.8 89.2 123.0 66.1 75.3 33.8 69.2 13.8 30.8 37.1 264 102 388
Ephemeroptera ~ Ameletidae Ameletus 2.2 6.2 0.0 4.6 30.8 29.2 16.9 0.0 3.1 0.0 0.0 0.0 0.0
Ephemeroptera  Baetidae Acentrella 0.0 0.0 0.0 0.0 3.1 315.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera  Baetidae Baetis 30.1 296.8 876.5 219.9 861.1 10.8 70.7 482.9 96.9 264 581 1065 544
Ephemeroptera  Caenidae Caenis 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera  Ephemerellidae Attenella 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0
Ephemeroptera  Ephemerellidae Drunella 43 24.6 33.8 3.1 154 13.8 12.3 1.5 33.8 0.0 22 2.3 1.1
Ephemeroptera  Ephemerellidae Ephemerella 25554  859.6 550.5 542.8 1399.4 253.7 467.5 507.5 250.7 0.5 1.6 1.1 1.6
Ephemeroptera  Ephemerellidae Eurylophella 0.0 0.0 0.0 0.0 0.0 13.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera  Ephemerellidae Serratella 0.0 9.2 0.0 0.0 0.0 0.0 0.0 0.0 7.7 0.0 0.0 0.0 0.0
Ephemeroptera  Ephemeridae Ephemera 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0
Ephemeroptera  Heptageniidae Cinygmula 22 558.2 0.0 0.0 0.0 40.0 644.3 176.8 339.8 0.0 0.0 0.0 0.0
Ephemeroptera  Heptageniidae Epeorus 198.1 129.2 80.0 183.0 232.2 112.3 361.4 161.5 263.0 32 4.8 23 7.5
Ephemeroptera  Heptageniidae Heptagenia 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.0 0.0 0.0 0.0
Ephemeroptera  Heptageniidae Rhithrogena 211.0 49.2 173.8 346.0 21.5 0.0 0.0 63.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera  Heptageniidae Stenacron 0.0 1.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 2.3 0.5
Stenonema/
Ephemeroptera  Heptageniidae Maccaffertium 232.5 27.7 33.8 63.0 29.2 38.4 4.6 50.7 18.5 0.0 0.0 0.0 0.5
Ephemeroptera  Isonychiidae Isonychia 0.0 0.0 384 0.0 3.1 0.0 6.2 4.6 0.0 9.7 1.6 23.8 1.6
Ephemeroptera  Leptophlebiidae Habrophlebia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera  Leptophlebiidae Leptophlebia 0.0 7.7 0.0 0.0 0.0 0.0 50.7 0.0 0.0 0.0 0.0 0.0 0.0
Ephemeroptera  Leptophlebiidae Paraleptophlebia  17.2 27.7 3.1 152.2 0.0 27.7 166.1 9.2 23.1 0.0 0.0 0.0 1.1
Hemiptera Gerridae Trepobates 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hemiptera Veliidae Microvelia 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0
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Hemiptera
Lepidoptera
Megaloptera
Megaloptera
Megaloptera
Odonata
Odonata
Odonata
Odonata
Odonata
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera

Plecoptera

Veliidae
Pyralidae
Corydalidae
Corydalidae
Sialidae
Cordulegastridae
Gomphidae
Gomphidae
Gomphidae
Gomphidae
Capniidae
Chloroperlidae
Chloroperlidae
Chloroperlidae
Chloroperlidae
Leuctridae
Nemouridae
Nemouridae
Nemouridae
Peltoperlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae

Rhagovelia
Petrophila
Corydalus
Nigronia
Sialis
Cordulegaster
Dromogomphus
Gomphus
Lanthus
Stylogomphus
Allocapnia
Alloperla
Haploperla
Sweltsa
Utaperla
Leuctra
Amphinemura
Paranemoura
Soyedina
Peltoperlidae
Acroneuria
Agnetina
Beloneuria
Hansonoperla
Paragnetina
Perlesta
Clioperla
Cultus
Helopicus
Hydroperla
Isogenoides
Isoperla
Kogotus
Malirekus
Remenus

Yugus

0.0
0.0
43
0.0
0.0
0.0
0.0
0.0
0.0
0.0
43
8.6
0.0
0.0
0.0
0.0
0.0
40.9
0.0
6.5
15.1
0.0
22
0.0
0.0
0.0
0.0
22
344
0.0
0.0
163.6
0.0
0.0
0.0
0.0
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0.0
0.0
0.0
3.1
0.0
0.0
0.0
0.0
0.0
0.0
3.1
13.8
3.1
7.7
0.0
323
13.8
0.0
6.2
18.5
9.2
0.0
7.7
0.0
0.0
0.0
0.0
1.5
1.5
0.0
0.0
52.3
0.0
0.0
1.5
12.3

0.0
0.0
9.2
0.0
6.2
0.0
0.0
0.0
0.0
0.0
0.0
6.2
0.0
0.0
0.0
0.0
1.5
0.0
0.0
0.0
307.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.5
0.0
0.0
3.1
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
23.1
0.0
0.0
26.1
0.0
0.0
7.7
0.0
0.0
70.7
47.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
16.9

0.0
0.0
0.0
18.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
13.8
7.7
1.5
6.2
0.0
0.0
29.2
43.1
0.0
30.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
10.8
0.0
0.0
0.0
20.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
6.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.1
0.0
0.0
13.8
9.2
0.0
0.0
4.6
0.0
0.0
0.0
7.7
0.0
0.0
0.0
20.0
0.0
0.0
20.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.1
0.0
0.0
1353
0.0
0.0
12.3
0.0
3.1
10.8
154
0.0
7.7
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
43.1
0.0
0.0
0.0
9.2

0.0
0.0
0.0
3.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
6.2
0.0
0.0
6.2
0.0
0.0
7.7
7.7
0.0
21.5
0.0
0.0
0.0
0.0
40.0
0.0
0.0
0.0
24.6
4.6
0.0
0.0
123

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
12.3
354
0.0
0.0
36.9
0.0
0.0
7.7
23.1
0.0
0.0
12.3
0.0
0.0
0.0
7.7
0.0
1.5
0.0
20.0
0.0
0.0
0.0
0.0

0.0
1.6
0.0
0.0
0.0
0.0
0.0
7.0
0.0
0.0
0.0
0.0
0.0
13.5
0.0
13.5
21.0
0.0
0.0
128.1
31.8
0.5
1.6
0.0
0.0
0.0
59
0.0
0.0
0.0
0.0
0.0
0.0
14.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.8
0.0
0.0
0.0
0.0
0.0
4.8
0.0
19.4
22
0.0
0.0
47.4
23.1
0.0
0.0
0.0
0.0
1.1
8.6
0.0
0.0
0.0
0.0
0.0
0.0
14.5
0.0
0.0

0.6
0.6
0.0
0.0
0.0
0.0
0.0
34
0.0
0.0
0.0
0.0
0.0
1.7
0.0
10.8
34
0.0
0.0
45.9
2.8
0.0
0.0
0.0
0.0
0.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.1
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0
0.0
0.0
0.0
0.0
1.1
0.0
19.9
59
0.0
0.0
30.7
28.0
0.0
0.0
0.0
0.0
0.5
43
0.0
0.0
0.0
0.0
0.0
0.0
16.7
0.0
0.0



Plecoptera

Plecoptera

Plecoptera

Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera

Pteronarcyidae
Taeniopterygidae
Taeniopterygidae
Brachycentridae
Brachycentridae
Glossosomatidae
Glossosomatidae
Glossosomatidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydroptilidae
Hydroptilidae
Lepidostomatidae
Lepidostomatidae
Limnephilidae
Odontoceridae
Odontoceridae
Philopotamidae
Philopotamidae
Polycentropodidae
Polycentropodidae
Polycentropodidae
Psychomyiidae
Rhyacophilidae

Uenoidae

Pteronarcys
Oemopteryx
Taeniopteryx
Brachycentrus
Micrasema
Agapetus
Glossosoma
Matrioptila
Arctopsyche
Ceratopsyche
Cheumatopsyche
Diplectrona
Hydropsyche
Parapsyche
Hydroptila
Leucotrichia
Lepidostoma
Theliopsyche
Pycnopsyche
Pseudogoera
Psilotreta
Dolophilodes
Wormaldia
Cyrnellus
Neureclipsis
Polycentropus
Lype
Rhyacophila
Neophylax

43
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
43
0.0
101.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
8.6
0.0
22
0.0

21.5
73.8
0.0
0.0
0.0
1.5
0.0
0.0
0.0
21.5
29.2
3.1
13.8
0.0
0.0
0.0
0.0
0.0
3.1
0.0
0.0
1.5
0.0
0.0
0.0
24.6
0.0
96.9
0.0

0.0
116.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
127.6
0.0
0.0
0.0
0.0
3.1
0.0
0.0
0.0
0.0
0.0
0.0
106.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0

20.0
84.6
0.0
10.8
0.0
0.0
0.0
0.0
0.0
26.1
4.6
0.0
27.7
0.0
0.0
0.0
0.0
0.0
1.5
0.0
0.0
12.3
0.0
0.0
0.0
4.6
0.0
109.2
0.0

0.0
6.2
0.0
18.5
0.0
1.5
0.0
0.0
0.0
6.2
1.5
0.0
170.2
0.0
3.1
0.0
0.0
0.0
0.0
0.0
0.0
502.8
81.5
0.0
0.0
0.0
0.0
192.2
0.0

27.7
426.0
30.8
13.8
0.0
0.0
0.0
0.0
0.0
107.6
1.5
1.5
3.1
1.5
0.0
1.5
0.0
0.0
12.3
0.0
0.0
15.4
0.0
9.2
0.0
0.0
0.0
47.17
0.0

L5
24.6
0.0
0.0
0.0
0.0
0.0
0.0
0.0
36.9
3.1
0.0
1.5
0.0
0.0
0.0
13.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.5
0.0
20.0
0.0

16.9
27.7
0.0
1.5
0.0
0.0
0.0
0.0
0.0
0.0
370.6
0.0
132.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.1
1.5
0.0
0.0
0.0
7.7
0.0
16.9
0.0

9.2
43.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
10.8
3.1
0.0
13.8
0.0
0.0
0.0
3.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.5
0.0
30.8
0.0

0.0
0.0
0.0
0.0
0.0
0.0
1.6
0.0
14.0
0.0
0.0
40.4
0.0
2.7
0.5
0.0
22
0.0
43
0.0
0.5
0.5
43
0.0
0.0
0.0
1.6
14.5
0.0

0.0
0.0
0.0
0.0
0.0
0.0
3.8
0.0
8.1
0.0
0.0
38.2
0.0
0.5
0.5
0.0
0.5
0.0
0.5
0.0
0.5
32
1.6
0.0
0.5
0.0
0.0
11.8
0.0

0.0
0.0
0.0
0.0
0.0
0.0
34
0.0
138.8
0.0
0.0
323
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.3
0.6
0.0
0.0
0.6
0.0
0.0
5.7
0.6

0.0
0.0
0.0
0.0
0.0
0.0
5.4
0.0
19.4
0.0
0.0
19.9
0.0
22
0.0
0.0
0.5
0.0
0.5
0.0
0.0
0.0
4.8
0.0
0.0
0.0
0.0
17.2
1.1
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Appendix B — Functional trait scores for the southern Blue Ridge Physiographic Province

Table B.1. Functional trait scores for North American benthic macroinvertebrates, modified from Poff et al. (2006), used for analysis in Chapter Two.

ECOLOGY LIFE HISTORY MOBILITY MORPHOLOGY
Functional Feeding
Group Habit
Order Family Genus CG CF SC Pred SH  Burrow Climb Sprawl Cling Swim Skate Rheo Ther  Desi Devl Exit Life Sync Volt Crwl Disp Drft Flgt Swim _ Armr Atch Resp Shpe Size
Coleoptera Dryopidae Helichus 0o 0 1 0 0 0 0 0 1 0 0 1 05 0O 05 0 1 0 O o 0 0 0 o0 1 0 1 1 0
Coleoptera Dryopidae Pelonomus 0o 0 1 0 0 0 1 0 0 0 0 05 05 o 1 o0 I o0 O o 0 0 0 o0 1 0 1 1 0
Coleoptera Dytiscidae Agabus 0o 0 0 1 0 0 0 0 0 1 0 05 05 0O 05 1 1 0 O 1 1 0 1 1 1 0 1 0 05
Coleoptera Dytiscidae Hydroporus 0o 0 0 1 0 0 0 0 0 1 0 0 05 0 05 1 1 0 O 1 1 0 1 1 1 0 1 0 05
Coleoptera Dytiscidae Oreodytes 0o 0 0 1 0 0 0 0 0 1 0 0 05 0o 05 1 1 0 O 1 1 0 1 1 1 0 1 0 05
Coleoptera Elmidae Elmidae 1 0 0 o0 0 0 0 0 1 0 0 0.5 05 1 1. 0 1 0 O 05 0 05 0 O 05 0 0 1 0
Coleoptera Haliplidae Brychius 0o 0 1 0 0 0 0 0 1 0 0 1 0 0O 05 1 1 1 05 05 0 0 1 05 1 0 05 1 0
Coleoptera Psephenidae Ectopria 0o 0 1 0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 0 o 0 0 0 o0 1 05 05 0 05
Coleoptera Psephenidae Psephenus 0o 0 1 0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 0 o 0 0 0 o0 05 05 05 0 05
Diptera Athericidae Atherix 0o 0 0 1 0 0 0 1 0 0 0 0.5 05 0O 05 0 0 I 05 05 0 0 0 O 05 0 0 1 05
Diptera Blephariceridae Agathon 0o 0 1 0 0 0 0 0 1 0 0 05 0 0 05 0 0 I 05 o 0 0 0 o0 1 05 05 0 0
Diptera Blephariceridae Bibiocephala 0o 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 0 1 05 o 0 0 0 o0 1 05 05 0 05
Diptera Blephariceridae Blepharicera 0o 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 0 1 05 o 0 0 0 o0 1 0505 0 0
Diptera Blephariceridae Philorus 0o 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 0 I 05 o 0 0 0 o0 1 05 05 0 0
Diptera Ceratopogonidae genl 0o 0 0 1 0 0 0 1 0 0 0 0.5 0.5 0O 0 0 0 0 05 0 o 0 0 O 05 0 0 1 0
Diptera Deuterophlebiidaec  Deuterophlebia 0o 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 0 1 05 o 0 0 0 o0 1 05 0 0 O
Diptera Empididae Empididae 0o 0 0 1 0 0 0 1 0 0 0 05 05 0O 05 1 0 I 05 05 0 0 0 O o 0 0 1 05
Diptera Psychodidae Maruina 0o 0 1 0 0 0 0 0 1 0 0 1 0 0O 0 0 0 I 05 o 0 0 0 o0 05 05 0 0 O
Diptera Psychodidae Pericoma 1 0 0 o0 0 1 0 0 0 0 0 0 05 0O 0 0 0 0 05 o 0 0 0 o0 05 0 0 1 0
Diptera Simuliidae Simuliidae o 1 0 0 0 0 0 0 1 0 0 1 05 o 0 o0 o0 1 1 05 0 05 1 0 0 05 0 1 0
Diptera Tipulidae genl o 0 0 o0 1 0 0 1 0 0 0 05 05 1 05 0 05 0 05 05 0 0 0 O 0O 0 05 1 05
Diptera Tipulidae gen?2 o 0 0 O 1 1 0 0 0 0 0 0.5 05 1 05 0 05 0 05 05 0 0 0 O 0O 0 05 1 05
Ephemeroptera  Acanthametropodidae ~ Acanthametropus 0 0 0 1 0 0 0 0 0 1 0 0 0 0 05 0 05 1 05 1 0O 0 0 05 0 0 05 1 0
Ephemeroptera  Ameletidae Ameletus 1 0 0 0 0 0 0 0 0 1 0 05 0 0O 0 0 05 1 05 1 0o 0 0 1 O 0 05 0 O
Ephemeroptera ~ Ametropodidae Ametropus 0o 1 0 0 0 1 0 0 0 0 0 05 0 o 0 0 0 1 05 0 0 05 0 0 0O 0 05 0 O
Ephemeroptera  Baetidae Acentrella 1 0 0 O 0 0 0 0 0 1 0 05 05 o 0 0 o0 0 1 0 0 05 0 1 0O 0 05 0 O
Ephemeroptera  Baetidae Acerpenna I 0 0 0 0 0 0 0 0 1 0 05 05 o 0 0 0 0 1 o o0 1 0 1 0O 0 05 0 0
Ephemeroptera  Baetidae Apobaetis 1 0 0 O 0 0 0 0 0 1 0 05 05 o 0 0 o0 o0 1 o 0 0 0 1 0O 0 05 0 O
Ephemeroptera  Baetidae Baetis 1 0 0 0 0 0 0 0 0 1 0 05 05 o 0 0 0 0 1 o o0 1 0 1 0O 0 05 0 O
Ephemeroptera  Baetidae Callibaetis 1 0 0 0 0 0 0 0 0 1 0 0 05 o 0 0 0 0 1 05 0 0 O 1 0O 0 05 0 O
Ephemeroptera  Baetidae Camelobaetidius 1 0 0 0 0 0 0 0 0 1 0 0 05 o 0 0 0 0 1 05 0 1 0 1 0O 0 05 0 O
Centroptilum/
Ephemeroptera  Baetidae Procloeon 1 0 0 O 0 0 0 0 0 1 0 0.5 05 o 0 0 0 o0 1 05 0 0 0 1 0O 0 05 0 O
Ephemeroptera  Baetidae Cloeodes 1 0 0 o0 0 0 0 0 0 1 0 0.5 05 o 0 0 0 o0 1 05 0 0 0 1 0O 0 05 0 O
Ephemeroptera  Baetidae Diphetor 1 0 0 O 0 0 0 0 0 1 0 0.5 05 o 0 o0 o0 o0 1 05 0 0 0 1 0O 0 05 0 O
Ephemeroptera  Baetidae Fallceon 1 0 0 o0 0 0 0 0 0 1 0 0.5 05 o 0 0 0 o0 1 05 0 1 0 1 0O 0 05 0 O
Ephemeroptera ~ Baetidae Heterocloeon 0o 0 1 0 0 0 0 0 0 1 0 1 05 o 0 0 0 0 1 05 0 0 O 1 0O 0 05 0 O
Ephemeroptera ~ Baetidae Paracloeodes 0o 0 1 0 0 0 0 0 0 1 0 0 1 o 0 0 0 0 1 05 0 0 O 1 0O 0 05 0 O
Ephemeroptera  Baetidae Pseudocloeon 1 0 0 O 0 0 0 0 0 1 0 05 05 o 0 0 o0 0 1 05 0 1 0 05 0O 0 05 0 O
Ephemeroptera  Baetiscidae Baetisca 1 0 0 0 0 0 0 1 0 0 0 0 05 o 0 0 0 1 05 o 0 0 0 o0 05 0 05 1 05
Ephemeroptera  Caenidae Amercaenis o 1 0 o0 0 0 0 1 0 0 0 0 05 o 0 0 O I 05 05 0 0 0 05 0O 0 05 1 0
Ephemeroptera ~ Caenidae Brachycercus 1 0 0 0 0 0 0 1 0 0 0 0 05 0O 05 0 0 1 05 05 0 0 O 05 0O 0 05 1 0
Ephemeroptera  Caenidae Caenis 1 0 0 O 0 0 0 1 0 0 0 0 1 0 05 0 0 1 1 05 0 0 0 05 0O 0 05 1 0
Ephemeroptera ~ Ephemerellidae Attenella 1 0 0 0 0 0 0 0 1 0 0 1 05 0O 05 0 0 1 05 05 0 0 O 05 0O 0 05 1 05
Ephemeroptera  Ephemerellidae Caudatella 1 0 0 o0 0 0 0 0 1 0 0 05 0 0O 05 0 0 I 05 05 0 0 0 05 0O 0 05 1 05
Ephemeroptera ~ Ephemerellidae Caurinella 1 0 0 0 0 0 0 0 1 0 0 05 0 0O 05 0 0 1 05 05 0 0 O 05 0O 0 05 1 05
Ephemeroptera  Ephemerellidae Drunella 0 0 1 0 0 0 0 0 1 0 0 0.5 05 0 05 0 0 I 05 05 0 0 0 05 0O 0 05 1 05
Ephemeroptera  Ephemerellidae Ephemerella 1 0 0 0 0 0 0 0 1 0 0 0.5 0.5 0O 05 0 0 1 05 05 0 05 0 05 0O 0 05 1 05
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Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera

Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Ephemeroptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera
Lepidoptera
Megaloptera
Megaloptera
Megaloptera
Neuroptera
Neuroptera
Odonata
Odonata

Ephemerellidae
Ephemerellidae
Ephemerellidae
Ephemeridae
Ephemeridae
Ephemeridae
Ephemeridae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae
Heptageniidae

Heptageniidae
Isonychiidae
Leptohyphidae
Leptohyphidae
Leptophlebiidae
Leptophlebiidae
Leptophlebiidae
Leptophlebiidae
Leptophlebiidae
Leptophlebiidae
Leptophlebiidae
Leptophlebiidae
Metretopodidae
Oligoneuriidae
Polymitarcyidae
Polymitarcyidae
Potamanthidae
Pseudironidae
Siphlonuridae
Belostomatidae
Belostomatidae
Corixidae
Gerridae
Gerridae
Gerridae
Gerridae
Gerridae
Nepidae
Nepidae
Veliidae
Veliidae
Pyralidae
Corydalidae
Corydalidae
Sialidae
Sisyridae
Sisyridae
Aeshnidae
Aeshnidae

Eurylophella
Serratella
Timpanoga
Ephemera
Hexagenia
Litobrancha
Pentagenia
Cinygma
Cinygmula
Epeorus
Heptagenia
Ironodes
Leucrocuta
Macdunnoa
Nixe
Raptoheptagenia
Rhithrogena
Stenacron
Stenonema/
Maccaffertium
Isonychia
Leptohyphes
Tricorythodes
Choroterpes
Habrophlebia
Habrophlebiodes
Leptophlebia
Neochoroterpes
Paraleptophlebia
Thraulodes
Traverella
Siphloplecton
Homoeoneuria
Ephoron
Tortopus
Anthopotamus
Pseudiron
Siphlonurus
Abedus
Belostoma
Corixidae
Aquarius
Gerris
Metrobates
Rheumatobates
Trepobates
Curicta

Nepa
Microvelia
Rhagovelia
Petrophila
Corydalus
Nigronia
Sialis
Climacia
Sisyra

Aeshna
Basiaeschna
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Boyeria
Epiaeschna
Nasiaeschna
Calopteryx
Hetaerina
Argia
Chromagrion
Coenagion
Enallagma
Hesperagrion
Ischnura
Cordulegaster
Didymops
Epicordulia
Epitheca
Helocordulia
Macromia
Neurocordulia
Somatochlora
Aphylla
Arigomphus
Dromogomphus
Erpetogomphus
Gomphus
Hagenius
Lanthus
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Ophiogomphus
Phyllogomphoides
Progomphus
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Allocapnia
Capnia
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Eucapnopsis
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Alaskaperla
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Bisancora
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Kathroperla
Paraperla
Plumiperla
Suwallia
Sweltsa
Triznaka
Utaperla
Despaxia
Leuctra
Moselia
Paraleuctra

C OO OO O OO O~ —~O0 000000000000 OO D000 OO0 OO

(==l lele - E=i-E-holele oo e E=-Relel el =2 - ==l e Re el le el e Re e X ==l el el e N e X = =i el el e i e R R e R e

(==l lelel—E-R=-R-holohelelelelelelelel -l le e e R =R e = = == NN e e le el = Ne e X =Rl el e =N NN

O O O~~~ O~ O~ OO RO OO O OO OO O — — o o b e e e e e e e e e e e e e e e e e e e e e e

103

—_——_ e, OO0 OO0 OO OO OO~~~ R, 00000000 DO DD DDOODODDDOoODOoOOOODODOODOoO OO O

S OO O DO DO OO OO OO OO OO OO~ =R O~~~ 0000000~ 00000000 OOCO

SO OO DO OO OO OO OO OO OO0 OO OO OO0 OO OO OO0 OO0~ OO~ OO = = O ===

—_—_—_—_ 0 0000000000 ==, 0000000000000 O RO~ OO0O0OOoOO0O0O0O0OCOO

S OO O e el 0 0O OO HRP OO DD OO DO DO DD DD OO OO OO DO DO OO~ OO OOO

S OO O DO DO DD DO OO DO OO DO DD DO OO OO OO DO DD DO OO OO OO OO oOooOO

S OO O DO OO OO DO OO DO OO OO DO DO OO DO DD OO DD DO DO OO OO0 DODOODDoDOoDODOoOoOO

— OO OO0 OO OO OO0 OO = P, 0000 0000000000000 OCCOO

==l lelel-E=i-E-holole el e =-R-Rele el ==l el - le e N e e =R e e =R e e e e e R = N =B = = Nl N X =

S OO0 OoOO O == SO OoOoOoOo O
S v e sy p e B B e e e e e e e e e el S S S O S S S J ]

GG UVl GGG GGG GGG GGG U U Y

(=] SO oo O

S OO O DD DO O DD OO O OO O OO DO DO DO OO OO OO OO OO~ e, —m 0000000 O ———

C OO O OO OO OO OO OO OO O OO OO OO OO = e e = e e e = = e = = = = 000000 = =

== OO OO OO0 O00O0 (==l ]

===l lelel-E - -l lelelel 2 ===l = E-R=-R-l=-helelele s ===l el —x-

e e e e e e e e e e e e e e R R e R e e e O O e e e e e e e e e e e e, e, OO0 00000 O — — —



Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera
Plecoptera

Leuctridae
Leuctridae
Nemouridae
Nemouridae
Nemouridae
Nemouridae
Nemouridae
Nemouridae
Nemouridae
Nemouridae
Nemouridae
Nemouridae
Peltoperlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Perlodidae
Pteronarcyidae
Pteronarcyidae
Taeniopterygidae
Taeniopterygidae
Taeniopterygidae
Taeniopterygidae
Taeniopterygidae

Perlomyia
Zealeuctra
Amphinemura
Malenka
Nemoura
Paranemoura
Podmosta
Prostoia
Shipsa
Soyedina
Visoka
Zapada
Peltoperlidae
Acroneuria
Agnetina
Attaneuria
Beloneuria
Calineuria
Claassenia
Doroneuria
Eccoptura
Hansonoperla
Hesperoperla
Neoperla
Paragnetina
Perlesta
Perlinella
Calliperla
Cascadoperla
Clioperla
Cultus
Diploperla
Diura
Frisonia
Helopicus
Hydroperla
Isogenoides
Isoperla
Kogotus
Malirekus
Megarcys
Oroperla
Osobenus
Perlinodes
Pictetiella
Remenus
Rickera
Setvena
Skwala
Susulus
Yugus
Pteronarcella
Pteronarcys
Bolotoperla
Doddsia
Oemopteryx
Strophopteryx
Taenionema

===l E-R-R-hol-leR-leRelelelel-R=-le = X=R=Re - - =Rl Rl Ne R =2 R ==l e el e = B ==l i i)

(==l lele - E=i-E-holele oo e E=-Relel el =2 - ==l e Re el le el e Re e X ==l el el e N e X = =i el el e i e R R e R e

el =R e e e R e R R e R e R e R e I e e e B = = =N =N R e e i = e e e e e e =R = =R el e R el e e e e e e - =R =Rl e e e e e -

fe I B =T I =T =T = S UV GG G GGG GV G G GGG U e B B e B e B e B e B e B e W e B Y =

104

S OO OO PP OO OO OO0 OO DO DO DO OO0 OO OO OO OO O OO OO O = = = =

(==l ole-l-Re el ===l lelelelel = -R-RololeheleleoleBe -2 = -E=-hololeleleloBaBe o= ==l Rel-le o)X=l

===l ==l lelel - ===l Relele el =R = -R=-=lelelele el Nl =2 =R = =l e R R i e i)

—__—_— O 000000000 OO OO OO OO0 OO OO OO OO OO OO OO OO OO0 OO O = = =

O O O OO e e e e e e e e e e e e e R e R e R R R R R R R R e e E , 00000000000 OO

S OO O DD DO DD OO OO DO OO DO DO DO OO DO OO DO DD DO OO DD OO OO oOooOO

SO OO DO OO DD DO OO DO OO OO DO DD OO OO DO OO DO DD DD OO OoOO

j=4 f=4 o O
OOOOMOMOOOOOOOOOOOOOQMOOO'

—__—_——, 0 0000000000000 OO0 OOOOOOO O OO OO0 O—OO =~ OO~ O—r——

(==}

0.5

==l lelel-E=i-R=-holole el el =E-R=ielelele e e X=-Rele e R =l e R Ne X ===l el el e i e R — i == e e el e e R e R e R R )

j==ReloBoloBololsl=l=R=-RoRololelolele e oo X=-2=]
bbb n O oco0o0o

0.5

e e b b e b e b b e e b b b e e b et e e et e b e e e e D D D e e D O e m O O O e e e e e e e

=1 (==

S OO OO OO DD DO OO0~ RO O0OOCO—~ OO M= —~Orr—HFFErEeeSe,m,0 000000000000

(== (== oo OoOo O

o
[

S OO O OO OO0 O0O O

SO OO O~ OO OO OO OO DD OO0 OO D000 =~ =R —~O0O—~O0O— O~~~ O00000O0OoOoOoO00OCO0O

COOOO P00 O0O0O0O00O0O0O0O0O0O0O0O0O0O000O00O0O0O0O0000O0O0O0O0O0O0O0O0O0O00000
[ RNV RPN ML hLnhhhhhnhhonnhnnnonnnononan

[=NeNeNeloNeNoNeNoRe oo NoBo o Ro No - Neo o No - No o Ho e Neo - No N No e No Re Yo Re No Re o Nl
S N T T T T T T T P T T T P T S T T VR P T R T VR VR P PR P TS TRV P T T ISV I T A A

===l lelelsE -2 E-R-R-helel-elelelele el =Rl ===l lelele e - XA —-R=-=h=lelelele el Nl =R =N =l i i R i i)

[=] == [=]

oo
W

S OO OO

e e = =m0 0000000000 OO0 O0OO O OO OO OO0 OO OO OO O OO OO e = = =

(= el el = 3 = =R i e i e )



Plecoptera

Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera
Trichoptera

Taeniopterygidae
Apataniidae
Apataniidae
Apataniidae
Brachycentridae
Brachycentridae
Brachycentridae
Brachycentridae
Calamoceratidae
Calamoceratidae
Glossosomatidae
Glossosomatidae
Glossosomatidae
Glossosomatidae
Glossosomatidae
Glossosomatidae
Goeridae
Goeridae
Helicopsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydropsychidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Hydroptilidae
Lepidostomatidae
Lepidostomatidae
Leptoceridae
Leptoceridae
Leptoceridae
Leptoceridae
Limnephilidae
Limnephilidae
Limnephilidae
Limnephilidae
Limnephilidae
Limnephilidae
Limnephilidae
Limnephilidae

Taeniopteryx
Allomyia
Moselyana
Pedomoecus
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Brachycentrus
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Agapetus
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Culoptila
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Matrioptila
Protoptila
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Goeracea
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Diplectrona
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Trichoptera Limnephilidae Ecclisomyia 1 0 0 O 0 0 0 0 1 0 0 1 0 0 05 0 05 1 0 05 0 0 0 O 1 05 05 1 05
Trichoptera Limnephilidae Eocosmoecus 0o 0 0 o0 1 0 0 1 0 0 0 05 0 0 05 0 05 1 0 05 0 0 0 O 1 05 05 1 05
Trichoptera Limnephilidae Hesperophylax o 0 0 o0 1 0 0 1 0 0 0 0.5 05 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Limnephilidae Homophylax 0o 0 0 o0 1 0 0 0 1 0 0 05 0 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Limnephilidae Hydatophylax 0o 0 0 o0 1 0 0 1 0 0 0 0 05 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Limnephilidae Onocosmoecus o 0 0 0 1 0 0 1 0 0 0 0 0 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Limnephilidae Philocasca 0o 0 0 o0 1 0 0 0 1 0 0 05 0 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 05
Trichoptera Limnephilidae Platycentropus o 0 0 0 1 0 1 0 0 0 0 0 05 0 05 0 05 I 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Limnephilidae Pseudostenophylax 0 0 0 0 1 0 0 1 0 0 0 05 05 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Limnephilidae Psychoglypha 1 0 0 o0 0 0 0 1 0 0 0 1 0 0O 05 0 1 1 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Limnephilidae Psychoronia 0o 0 0 o0 1 0 0 1 0 0 0 05 0 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 05
Trichoptera Limnephilidae Pycnopsyche 0o 0 0 O 1 0 0 1 0 0 0 05 0 0 05 0 05 1 05 05 0 0 0 O 1 05 05 1 1
Trichoptera Odontoceridae Pseudogoera 0 0 0 1 0 0 0 1 0 0 0 05 0 0 05 0 05 1 05 0o 0 0 0 O 1 05 05 1 05
Trichoptera Odontoceridae Prsilotreta 0 0 1 0 0 0 0 1 0 0 0 05 1 0 05 0 05 1 05 0o 0 0 0 O 1 05 05 1 05
Trichoptera Philopotamidae Chimarra o 1 0 o0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 0o 0 0 0 O 0 05 0 1 0
Trichoptera Philopotamidae Dolophilodes o 1 0 o0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 o 0 0 0 O 0 05 0 1 0
Trichoptera Philopotamidae Wormaldia o 1 0 o0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 0o 0 0 0 O 0 05 0 1 0
Trichoptera Polycentropodidaec ~ Cyrnellus 0o 1 0 0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 0 1 0 0 O 0 05 0 1 05
Trichoptera Polycentropodidae  Neureclipsis o 1 0 0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 1 0 I 0 0 o0 0O 05 0 1 05
Trichoptera Polycentropodidaec  Nyctiophylax 0o 0 0 1 0 0 0 0 1 0 0 05 0.5 0 05 0 05 1 05 0 1 0 0 O 0 05 0 1 05
Trichoptera Polycentropodidac  Polycentropus 0o 0 0 1 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 0 1 0 0 O 0 05 0 1 05
Trichoptera Psychomyiidae Lype 0 0 1 0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 0o 0 0 0 O 0 05 0 1 0
Trichoptera Psychomyiidae Psychomyia 1 0 0 0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 0 1 0 0 O 0 05 0 1 0
Trichoptera Rhyacophilidae Rhyacophila 0 0 0 1 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 1 0 0 0 05 05 05 0 1 05
Trichoptera Rossianidae Rossiana 0 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 05 1 05 05 0 0 0 05 1 1 05 1 05
Trichoptera Sericostomatidae Gumaga o 0 0 o0 1 0 0 1 0 0 0 1 0 0 05 0 05 1 05 05 0 0 0 O 05 05 05 1 05
Trichoptera Uenoidae Farula 0 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 05 1 05 0o 0 0 0 05 05 0505 1 0
Trichoptera Uenoidae Neophylax 0o 0 1 0 0 0 0 0 1 0 0 1 05 0 05 0 05 1 05 0 0 0 0 05 1 05 05 1 05
Trichoptera Uenoidae Neothremma 0 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 05 1 05 0 0 0 0 05 05 0505 1 0
Trichoptera Uenoidae Oligophlebodes 0 0 1 0 0 0 0 0 1 0 0 1 0 0 05 0 05 1 05 0O 0 0 0 05 1 05 05 1 05
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Appendix C — Functional trait correlograms

Each plot is a correlogram of a mantel statistic (correlation of distances matrices) for
successively larger spatial lags. The top plots in each row of paired (stacked) plots show
similarity among watersheds in terms of functional trait composition (r,,[CFTN,Geo]). The
bottom plots show mantel correlations between functional and taxonomic composition for
subsets (defined by spatial lag classes) of watershed by watershed comparisons at different
spatial lags (rm[CFTN, P | Geo]). Solid points indicate statistically significant mantel
correlations. Positive values mean functionally similar taxa tend to co-occur at those spatial lags,
and negative values indicate taxonomic turnover within a functional niche occurs at that spatial
lag.

9 © FFG.Pred FFG.SH
[0 d <
o e ST 0 3
z ] °]
o N
5 IS p= X" o
E © > <
- S 3 s
9 ©
[0 d <
o ° S LD._.\’\Q/‘\S\. 3
o — o
z = o PN \N___ 2P 1 _________ ~
g o ] o_ 0 o
-t 7 © < S <
£ TT T T T 11 TT T T T T 1@ T T T T T T 1@ T T TTTT1 T T T TT S TTT T
50 150 300 50 150 300 50 150 300 50 150 300 50 150 300 50 150 300
Distance (km)
«_, Hab.Climb o_ Hab.Sprawl o _, Hab.Cling < , Hab.Swim Hab.Skate Rheo
=) ~ -~ =}
4 ~ >
N 3 3
2 = 3

-0.2 04 -1.0

1.0 0.0 1.0

1.0 0.0 1.0
-0.2 02

rm(CFTN,P|Geo) rm(CFTN,Geo)
-0.8 -02 04 -0.8 -0.2

-1.0

LN I A e e e N O B I B L L TTTTTT T T
50 150 300 50 150 300 50 150 300 50 150 300 50 150 300 50 150 300
Distance (km)

107



0k 00 01L- 0L 00 O~

(099'NL4D)w (099|d‘NL4D)w

300

50 150

300

50 150

300

50 150

300

50 150

300

50 150

300

50 150

Distance (km)

00 O0L- 00 O01-

(099'NL4D)w (099|d‘NL4D)w

300

50 150

300

50 150

300

50 150

300

50 150

300

50 150

300

50 150

Distance (km)

Size

TTTTTTT
90 00 90

90 00 90- 90 00 90-

S0 0 §¢

0L S0- 02- 0L §0- 0¢
(099'NL4D)wd (099|d'N.LAD)w

300

50 150

300

50 150

300

150

300 50

50 150

300

50 150

Distance (km)

108



Appendix D — Trait-neutral model fits: observed versus predicted
community compostion

Relative abundances

m=0 m#¥0
- ’ ’,
© p=0.012 L’ p = 0.004 L’
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Figure D.1. Predicted relative abundances plotted against observed relative
abundances for all taxa at all OUs. Column 1 (m = 0) are plots for estimates
calculated with (P, Dyeo, m = 0) and column 2 (m # 0) are plots for estimates
calculated with f(P,, D,e, m # 0). Row labels indicate the subset of taxa used to
calculated the values (90™ percentile taxa [qoo], 50" percentile taxa [qso], all taxa
[all]) p-values are goodness of fit values calculated from all predicted and observed
values using a wilcox signed-rank test, 1:1 lines are plotted for reference.
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Figure D.2. Predicted CFT (community-aggregate functional trait)
scores plotted against CFT scores calculated from observed data.
See Figure 6 for label and p-value descriptions.
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Figure D. 3. Distribution of OU goodness of fit values (P{y; = a;}) for (A)
taxonomic composition and (B) functional composition predicted by f(P,,
Dyeo, m = 0) and (P, Dygeo, m # 0) for all observed taxa (all), 50™ percentile
taxa (qso), and 90™ percentile taxa (qo). Distributions of P{y; = a;} values for
f(Pypsy Dgeo, m = 0) and (P s, Dgeo, m # 0) were compared with a t-test for each
data subset, p-values < 0.05 are listed.
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Figure D.4. Distribution of goodness of fit values (P{CFT}) for traits predicted by
f(Pobs, Dgeoy m = 0) and f(Pyps, Dyeo, m # 0) for all observed taxa (all), 50™ percentile
taxa (qs), and 9™ percentile taxa (qq¢). Distributions of P{y; = a;} values for f(Pys,
Dgeo, m # 0) and f(Pps, Dgeo, m = 0) were compared with a t-test for each data subset,
no comparisons resulted in p-values < 0.05.
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Appendix E — Functional trait scores for Ray Branch sites

Table E.1. Functional trait scores for North American benthic macroinvertebrates, modified from Poff et al. (2006), used for analysis of Ray Branch
sites. Scores were expanded for Tipulidae, as described in Chapter Three.

FFG FFG FFG FFG FFG Hab Hab Hab Hab Hab Hab

Order Family Genus Volt Devl Sync Life Disp Flgt Exit Drft Crwl Swim Atch Armr Rheo Desi Shpe Size Ther Resp CG CF SC Pred SH Burrow Climb Sprawl Cling Swim Skate
Coleoptera Dryopidae Helichus 0 05 0 1 0 0 0 0 0 0 0 1 1 0 1 0 05 1 0 0 1 0 0 0 0 0 1 0 0
Coleoptera Dryopidae Pelonomus 0 1 0 1 0 0 0 0 0 0 0 1 0.5 0 1 0 05 1 0 0 1 0 0 0 1 0 0 0 0
Coleoptera Dytiscidae Agabus 0 0.5 0 1 1 1 1 0 1 1 0 1 0.5 0 0 0.5 0.5 1 0 0 0 1 0 0 0 0 0 1 0
Coleoptera Dytiscidae Hydroporus 0 05 0 1 1 1 1 0 1 1 0 1 0 0 0 05 05 1 0 0 0 1 0 0 0 0 0 1 0
Coleoptera Dytiscidae Oreodytes 0 05 0 1 1 1 1 0 1 1 0 1 0 0 0 05 05 1 0 0 0 1 0 0 0 0 0 1 0
Coleoptera Elmidae 0 1 0 1 0 0 0 05 05 0 0 0.5 0.5 1 1 0 05 0 1 0 0 0 0 0 0 0 1 0 0
Coleoptera Haliplidae Brychius 05 05 1 1 0 1 1 0 0.5 0.5 0 1 1 0 1 0 0 0.5 0 0 1 0 0 0 0 0 1 0 0
Coleoptera Psephenidae Ectopria 0 05 1 05 0 0 0 0 0 0 0.5 1 1 0 0 05 05 05 0 0 1 0 0 0 0 0 1 0 0
Coleoptera Psephenidae Psephenus 0 05 1 05 0 0 0 0 0 0 05 05 1 0 0 05 05 05 0 0 1 0 0 0 0 0 1 0 0
Diptera Athericidae Atherix 05 05 1 0 0 0 0 0 0.5 0 0 0.5 0.5 0 1 0.5 0.5 0 0 0 0 1 0 0 0 1 0 0 0
Diptera Blephariceridae Agathon 05 05 1 0 0 0 0 0 0 0 0.5 1 0.5 0 0 0 0 0.5 0 0 1 0 0 0 0 0 1 0 0
Diptera Blephariceridae Bibiocephala 05 05 1 0 0 0 0 0 0 0 0.5 1 1 0 0 05 0 0.5 0 0 1 0 0 0 0 0 1 0 0
Diptera Blephariceridae Blepharicera 05 05 1 0 0 0 0 0 0 0 0.5 1 1 0 0 0 0 05 0 0 1 0 0 0 0 0 1 0 0
Diptera Blephariceridae Philorus 05 05 1 0 0 0 0 0 0 0 0.5 1 1 0 0 0 0 0.5 0 0 1 0 0 0 0 0 1 0 0
Diptera Ceratopogonidae 05 0 0 0 0 0 0 0 0 0 0 05 05 0 1 0 05 0 0 0 0 1 0 0 0 1 0 0 0
Diptera Deuterophlebiidae Deuterophlebia 05 05 1 0 0 0 0 0 0 0 0.5 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
Diptera Empididae 05 05 1 0 0 0 1 0 05 0 0 0 05 0 1 05 05 0 0 0 0 1 0 0 0 1 0 0 0
Diptera Psychodidae Maruina 0.5 0 1 0 0 0 0 0 0 0 05 05 1 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
Diptera Psychodidae Pericoma 0.5 0 0 0 0 0 0 0 0 0 0 0.5 0 0 1 0 05 0 1 0 0 0 0 1 0 0 0 0 0
Diptera Simuliidae 1 0 1 0 0 1 0 05 05 0 0.5 0 1 0 1 0 05 0 0 1 0 0 0 0 0 0 1 0 0
Diptera Tipulidae Antocha 05 05 0 05 0 0O 0 0 05 0 0 0 0.5 1 1 05 05 05 1 0 0 0 0 0 0 0 1 0 0
Diptera Tipulidae Dicranota 05 05 0 0.5 0 0 0 0 0.5 0 0 0 0.5 1 1 05 05 05 0 0 0 1 0 0.5 0 0.5 0 0 0
Diptera Tipulidae Limnophila 05 05 0 0.5 0 0 0 0 0.5 0 0 0 0.5 1 1 05 05 05 0 0 0 1 0 1 0 0 0 0 0
Diptera Tipulidae Hexatoma 05 05 0 0.5 0 0 0 0 0.5 0 0 0 0.5 1 1 05 05 05 0 0 0 1 0 0.5 0 0.5 0 0 0
Diptera Tipulidae Tipula 05 05 0 05 0 0O 0 0 05 0 0 0 0.5 1 1 05 05 05 0 0 0 0 1 1 0 0 0 0 0
Diptera Tipulidae Molophilus 05 05 0 0.5 0 0 0 0 0.5 0 0 0 0.5 1 1 05 05 05 0 0 0 0 1 1 0 0 0 0 0
Diptera Tipulidae Limonia 05 05 0 0.5 0 0 0 0 0.5 0 0 0 0.5 1 1 05 05 05 0 0 0 0 1 1 0 0 0 0 0
Diptera Tipulidae Pseudolimnophila 05 05 0 05 0 0 0 0 05 0 0 0 0.5 1 1 05 05 05 0 0 0 0 1 1 0 0 0 0 0
Diptera Tipulidae Rhabdomastix 05 05 0 05 0 0O 0 0 05 0 0 0 0.5 1 1 05 05 05 0 0 0 0 1 1 0 0 0 0 0
Ephemeroptera  Acanthametropodidae Acanthametropus 05 05 1 05 0 0 0 0 1 0.5 0 0 0 0 1 0 0 0.5 0 0 0 1 0 0 0 0 0 1 0
Ephemeroptera  Ameletidae Ameletus 0.5 0 1 0.5 0 0 0 0 1 1 0 0 0.5 0 0 0 0 0.5 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Ametropodidae Ametropus 05 0 1 0 0 0 0 05 0 0 0 0 0.5 0 0 0 0 0.5 0 1 0 0 0 1 0 0 0 0 0
Ephemeroptera  Bactidae Acentrella 1 0 0 0 0 0O 0 05 0 1 0 0 05 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Acerpenna 1 0 0 0 0 0 0 1 0 1 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Apobaetis 1 0 0 0 0 0 0 0 0 1 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Baetis 1 0 0 0 0 0 0 1 0 1 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Callibaetis 1 0 0 0 0 0 0 0 05 1 0 0 0 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Camelobaetidius 1 0 0 0 0 0 0 1 0.5 1 0 0 0 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Centroptilum/
Ephemeroptera  Baetidae Procloeon 1 0 0 0 0 0 0 0 05 1 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Cloeodes 1 0 0 0 0 0 0 0 05 1 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Diphetor 1 0 0 0 0 0 0 0 0.5 1 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Fallceon 1 0 0 0 0 0 0 1 0.5 1 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Heterocloeon 1 0 0 0 0 0 0 0 05 1 0 0 1 0 0 0 05 05 0 0 1 0 0 0 0 0 0 1 0
Ephemeroptera  Bactidae Paracloeodes 1 0 0 0 0 0 0 0 05 1 0 0 0 0 0 0 1 05 0 0 1 0 0 0 0 0 0 1 0
Ephemeroptera  Baetidae Pseudocloeon 1 0 0 0 0 0 0 1 0.5 0.5 0 0 0.5 0 0 0 05 05 1 0 0 0 0 0 0 0 0 1 0
Ephemeroptera  Baetiscidae Baetisca 0.5 0 1 0 0 0 0 0 0 0 0 0.5 0 0 1 05 05 05 1 0 0 0 0 0 0 1 0 0 0
Ephemeroptera ~ Caenidae Amercaenis 05 0 1 0 0 0 0 0 05 05 0 0 0 0 1 0 05 05 0 1 0 0 0 0 0 1 0 0 0
Ephemeroptera ~ Caenidae Brachycercus 05 05 1 0 0 0 0 0 05 05 0 0 0 0 1 0 05 05 1 0 0 0 0 0 0 1 0 0 0
Ephemeroptera  Caenidae Caenis 1 0.5 1 0 0 0 0 0 0.5 0.5 0 0 0 0 1 0 1 0.5 1 0 0 0 0 0 0 1 0 0 0
Ephemeroptera  Ephemerellidae Attenella 05 05 1 0 0 0 0 0 05 05 0 0 1 0 1 05 05 05 1 0 0 0 0 0 0 0 1 0 0
Ephemeroptera  Ephemerellidae Caudatella 05 05 1 0 0 0 0 0 05 05 0 0 0.5 0 1 05 0 0.5 1 0 0 0 0 0 0 0 1 0 0
Ephemeroptera ~ Ephemerellidae Caurinella 05 05 1 0 0 0 0 0 05 05 0 0 0.5 0 1 05 0 0.5 1 0 0 0 0 0 0 0 1 0 0
Ephemeroptera ~ Ephemerellidac Drunella 05 05 1 0 0 0 0 0 0.5 0.5 0 0 0.5 0 1 05 05 05 0 0 1 0 0 0 0 0 1 0 0
Ephemeroptera  Ephemerellidae Ephemerella 05 05 1 0 0 0 0 05 05 05 0 0 0.5 0 1 05 05 05 1 0 0 0 0 0 0 0 1 0 0
Ephemeroptera  Ephemerellidae Eurylophella 05 05 1 0 0 0 0 05 05 05 0 0 0.5 0 1 05 05 05 1 0 0 0 0 0 0 0 1 0 0
Ephemeroptera  Ephemerellidae Serratella 05 05 1 0 0 0 0 05 05 05 0 0 0.5 0 1 05 05 05 1 0 0 0 0 0 0 0 1 0 0
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Appendix F — Estimating channel velocity

Stage levels were recorded in winter and spring 2006 using HOBO U20-001 water level
loggers from the Onset Computer Corporation (correcting for changes in barometric pressure
with a data logger recording air temperature) which were placed in vented wells near the Om
mark in each stream reach. Stream discharge (Q) estimates for the Om site in each watershed
were measured using the slug-injection method (Gordon et al. 1992). Estimates of Q were
measured at various stage heights throughout the year and used to fit the parameters that
established the relationship between d; (recorded water level logger depth), O, and V' (mean
channel velocity).

Left bank (LB) 07” i Right bank (RB)
/—% 1 4
N /
\ /4\ f(x) = cross
Bank full . /// sectional profile
depth ‘
P / \Water surface
e L
' | ' h = stage height
- L= s
f(XLB) = hs f(XRB) = hs

Figure 1. Channel bank-full cross section. Channel bankfull cross sectional shape was
estimated for representative cross sections for each sampling reach. To estimate cross
sectional shape and area, a meter tape was strung across the stream channel at the estimated
bankfull depth. End points for the cross sectional transect were surveyed for a correction if
the meter tape was not level. Channel depts. (d;) were measured along the meter tape to
capture the channel shape, and each dept was used to estimate area of a “cell” (gray boxes).
Bankfull cross sectional area was estimated from the sum of the area of the cells, and channel
shape (fix)) was estimated from the perimeter of the cells as the outline the channel cross
section. x;p and xgp are the points at which the water surface intersects the channel cross
section (f{x) = hy). The wetted perimeter is the portion of f{x) between x;3 and xgp, and is
estimated from tracing the outline of the cells between those points. The wetted area is the
area between the water surface and the wetted perimeter (equation 5) and estimated from the
cumulative cell area below the water surface.

Channel cross sectional profiles (Figure 1) and the gradient of the stream bed (m
elevation change / m of thalweg length) were measured for each sampling reach and were used in
fitting the relationships between d;, V, and Q as defined in Manning’s equation (Gordon et al.
1992), where

Q:lAR2/3Sl/2 (1)
n

and

V:%R2/3S1/2 (2)
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where A4 is the wetted cross sectional area, R is the hydraulic radius, n is Manning’s n, S is
channel slope (thalweg slope over a 10m reach). R is defined as A/P (Gordon et al. 1992), where
P is the wetter perimeter, therefore

._4A5/3Sd/2
O=—i— 3)
and
A2/3sl/2
V=" 4)
nP

In equations 3 and 4, n and S are independent of stage height, and constant over time; however, 4
and P are functions of stage height, which varies over time with the hydrograph. I used the
relationships

g while /; — f(x) > 0, and x; 5 and xgrp are the points
A= j(hs — f(X)Hx  at which ,— f{x) = 0 (the left and right wetted (5)
¥1g bank)
and
P = L(f(x)) for xi g <X < Xgrn (6)

where f(x) is the function describing the curve of the channel profile, and L(f{x)) is an estimate of
the length of the curve f(x). The relationship between d; and A was linear, but not 1:1, so I
substituted /4, = by + b;d; to determine the relationship between the recorded sensor depth and the
actual stage height. Therefore, for a set of observations of d; and QO (which vary with the
hydrograph) and S (which is constant over time), | used optim (a parameter fitting function in the
R software statistical package)(R Development Core Team 2007) to fit the parameters by, b;, and
nin
5/3 1/2

_ [ +2id— o] s while by + byd; — fix) > 0 )

n(L(f(x))*"
by minimizing the residual sum of squared error between observed and predicted Q
measurements. f{x) is empirically estimated from the field measurements of each cross section
and does not change with d;. Once parameterized, equation 7 was used to calculate a hydrograph
and a mean reach velocity (V) time series from the time series of d; values provided by the water
level logger.

There were no surface inputs, and I assumed no major ground water inputs between the -
50m, Om, and 25m sites, and assumed Q to be constant among those sampling reaches.
Therefore equation 7 was parameterized with the same Q and d; values for the -50m, Om, and
25m sampling reaches in the same watershed, but channel shape and the fitted Manning’s n
varied among these sites.

There were tributaries between the three upstream sampling reaches and the 200m
sampling reach in each watershed, therefore I measured discharge at the downstream sites using
the slug injection technique. Due to a lack of data points for downstream sites, I fit a linear
relationship between log(upstream Q) and log(downstream Q) to all observed pairs of
upstream/downstream measurements of O (Figure 2, R = 0.68, p < 0.05). From this scaling
relationship, I constructed a hydrograph and parameterized equation 7 for each 200m sampling
reach.
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0.5 -
0.7 | y =1.22x + 0.83
R? = 0.68

p = 0.01

-0.9 4
-1.1 4
-1.3 4
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1.7 4
1.9 4
2.1 4

log (200m Q)

-2.3
'25 T T T 1

log Om Q)

Figure 2. Regression of log(Q) at 200m reaches
against log(Q) at Om reaches.

Summary statistics (mean, range, standard deviation, and 0.05, 0.50, and 0.95 quantiles)
were calculated from the time series data for each sampling reach. All of the summary statistics
varied similarly among sites, so I only used overall median velocity (V_med) from these
calculations as an environmental variable that describes the difference between high velocity and
low mean reach velocity sites.
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Appendix G — Path analysis of the habitat template

Figures illustrating the process for building path models to describe the relationship between the habitat template and community composition.

121



122



