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ABSTRACT
Assessing Linkages Among Landscape Characteristics, StreanatHabd

Macroinvertebrate Communities in the Idaho Batholith Ecoregion

by

Andrew C. Hill, Master of Science
Utah State University, 2010

Major Professor: Brett B. Roper
Department: Watershed Sciences

Understanding the composition of lotic communities and the landscape processes
and habitat characteristics that shape them is one of the main challenigestow
stream ecologists. In order to better understand the linkages among lanuscagses,
stream habitat, and biological communities and to understand how accurately our
measurements represent important factors influencing biological comesulitiis
important to test explicit hypotheses regarding these linkages. Ingeasin
understanding of aquatic communities in a hierarchical context and recogmzngell
our measurements represent factors structuring aquatic communitieslgiinanagers
better evaluate the influence of land management practices on aquatste&nssylirect
conservation strategies, and lead to better assessments of ecologidairtondi

In Chapter 2, we used spatial data, field-based habitat measurements, and
macroinvertebrate community data to 1) examine the influence of landscapssg®on

two factors of stream habitat; maximum stream temperatures and fineesgdand to



2) examine how well these landscape and habitat characteristics refaesmst
influencing gradients in macroinvertebrate community structure. Thisre$this study
showed that spatially derived measurements may be effectively usethypetheses
regarding landscape influences on stream habitat and that spatial data, used in
conjunction with field measurements can provide important information regaedituys
influencing gradients in biological communities. In addition, spatially deérive
measurements may provide the same or additional information regarding iefiu@nc
community structure as field-based measurements, which suggests thatrastiaech
should be done to assess how well our field measurements represent factoes that ar
important in shaping stream communities.

The objective of Chapter 3 was to compare how well single field measurements
and a combination of indicator variables hypothesized to be components of a single
ecological processes or concept, known as a latent variable, represent streisaand
fine sediment influences on macroinvertebrate communities. Resultshiostudy
showed that both single and latent variables explained relatively the same amount
variation in macroinvertebrate community structure. This suggests that wéile la
variables may have a potential to better refine how we represent ecofagioas, a
better basis for defining priori hypotheses is needed before these variables can provide
any additional information compared to single habitat measurements.

(109pages)
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CHAPTER 1

INTRODUCTION

The composition of aquatic communities is influenced by a complex interaction
of physical and biological processes taking place at multiple spatial apdredracales.
Aquatic systems have long been recognized as products of the surrounding landscape
(Hynes 1975) and this recognition has served as a basis for scientific invasiiggat
the relationships among landscape processes, in-stream habitat, and sttaarim bi
order for aquatic organisms to persist in a local community, they must passetgsnal
traits that allow them to adapt to environmental conditions at multiple sp=iaks
(Tonn 1990; Poff 1997). Therefore, the composition of local aquatic communities is
comprised of taxa that have adapted to environmental conditions at scales nanging f
the watershed and stream channel, to microhabitat scales.

Many stream organisms have specific environmental tolerance rangksqWist
and Rundle 2002) which implies that changes in environmental conditions may lead to
changes in community structure as well as shifts in community dynamicsophdtt
interactions (Bilby et al. 1996; Willson et al. 1998). On federal lands withimtaedr
Columbia River Basin (CRB), land management practices have been idergtified a
contributing factors leading to alterations in stream habitat conditions antiree die¢he
distribution and abundance of native species (Kershner et al. 2004). In order to conserve
aguatic ecosystems, it is important to understand the linkages among landscape
processes, stream habitat, and aquatic communities and to better understand baw wel

field-based habitat measurements characterize important inflgestcgam biota.
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The objectives of this research were to 1) use mapped information in conjunction

with field-based habitat measurements to assess the efficacy of aftabates to
characterize landscape factors influencing stream habitat and ydemtifonmental
gradients in macroinvertebrate community structure, 2) compare thgegaéicacy of
spatial attributes and field-based habitat measurements to indicate erritahm
influences on community structure, and to 3) test whether the combination of multiple
habitat measurements hypothesized to be components of a single ecologica prage
more effectively characterize in-stream habitat influences omsttceenmunities
compared to single measurements. To accomplish these objectives, we focusadlyour st
on two factors of stream habitat; maximum stream temperature and fimeesgdand

used macroinvertebrate community data as a biological response. High stream
temperatures and increased sedimentation are two of the major aspee@nofretbitat
that have been identified as threats to aquatic ecosystems within the CRB #0&
USBLM 2000) and macroinvertebrates are often used as biological indicators keie to t
sensitivity to changes in stream habitat (Cairns and Pratt 1992) anththes refficiency

of sample collection (Resh 2008). Macroinvertebrates are also often used in place of
sampling fish species due to the potential stress biological sampling can hawnsitines
fish species (Nielsen 1998).

Results from this research will provide additional insight into the efficacy of
spatial attributes to represent landscape influences on stream habitatiatic! aq
communities in order to assess factors shaping gradients in community doonpeosd
provide a better understanding of how well our field measurements indicate tive rela

environmental factors important in shaping aquatic communities. These imagts
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potentially provide managers with better predictive capabilities, apiolits that may

allow the use of spatially derived landscape characteristics to factorr@iiorain the
landscape to better assess the influence of management on aquatic ecosystems, and a
means to more effectively characterize environmental processes aifigetream biota

for use in monitoring programs.
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CHAPTER 2
EXPLORING GRADIENTS IN MACROINVERTEBRATE COMMUNITY
STRUCTURE USING SPATIAL DATA AND FIELD-BASED HABITAT

MEASUREMENTS

Introduction

Conditions of aquatic habitats and the biological communities that inhabit them
are shaped by a complex interaction of physical, chemical, and biologitmakfa
operating at multiple spatial and temporal scales (Poff 1997). For aquatiessjoeci
persist in a local community, they must possess a suite of functional tragdidiaathem
to adapt to environmental conditions ranging from watershed and stream channel, to
microhabitat scales (Tonn 1990; Poff 1997). The composition of local aquatic
communities is therefore comprised of taxa that have adapted to environmental
conditions at multiple spatial scales, where compositional shifts rmalf feem temporal
changes in local stream habitat characteristics caused by natuealthrmpogenic
disturbance (Gresswell 1999; Robinson et al. 2000). In order to understand how natural
and anthropogenic disturbance may lead to changes in stream habitat and compositional
shifts in aquatic communities, it is important to understand the environmental pgcess
within a landscape that shape stream habitat, and the physical charestefistieam
habitat that influence aquatic communities (Imhof et al. 1996; Wang et al. 2006). A
better understanding of landscape processes and the factors influencinglaqgtaais
fundamental in assessing the implications that management activities veagrha
aquatic ecosystems and directing land management strategies thaimaaidteestore

the integrity of aquatic systems (Minshall 1988; Palmer et al. 1997).
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Within the Interior Columbia River Basin (CRB), land management practices

such as livestock grazing, road construction, and timber harvest have been identified a
contributing factors leading to the loss of available quality habitat and thealetl
many native species (Kershner et al. 2004a). Loss in the availability dfyduaditat
threatens the stability and persistence of native fish populations and tharsteunct
function of aquatic ecosystems (Rieman et al. 2000). Currently theregeedtate
monitoring efforts taking place on federal lands within the CRB aimed at detegmini
whether land management and conservation strategies are effective mimmagrar
restoring the structure and function of aquatic ecosystems (Whitaadte2607). These
efforts include field-based surveys that measure a variety of physeasattributes to
assess the status and trends of stream habitat. Determining the efésstioEland
management strategies on the status and trends of stream habitat dependsility tbe a
understand landscape processes influencing stream habitat conditions and to understand
how well our habitat measurements represent factors important to aquatic biot

In recent years, the use of mapped information has provided researchers with a
tool for analyzing spatial data to examine relationships with the streanoremant
(Allan and Johnson 1997). Deriving spatial attributes from mapped data provides an
efficient approach to assessing landscape influences on stream habitataageos
geographic areas (Wang et al. 2006). Recent work in stream ecology has shawn that
substantial amount of variation in local-scale habitat can be empiricalyeddrom
landscape features and suggests that spatially based methods may be used as an
alternative to field-based habitat assessments (Wehrly et al. 2006;rcowdiley 2006;

Brenden et al. 2007; Burcher et al. 2007; Wehrly et al. 2009). While assessment of local
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habitat characteristics based on landscape associations may be bettediciahtribution

of these methods to our understanding of environmental processes is dependent upon the
ability of spatial attributes to accurately represent landscape pesdafisencing stream
habitat.

The objectives of this study were to use mapped information in conjunction with
field-based habitat measurements to assess the efficacy of afiatales to
characterize landscape factors influencing physical stream halatactgristics in order
to identify environmental gradients in macroinvertebrate community struenbalréo
assess how well field-based measurements indicate the influence of tiabitat
community structure. We focused our study on sustained periods of high stream
temperatures and fine sediment accumulation because these habitat faettesema
identified as major threats to aquatic ecosystems on federal lands withiRBhn@JSFS
and USBLM 2000) and are common characteristics used in monitoring the status and
trends of stream habitat. Macroinvertebrate community data was used axjecdiiol
response due to the sensitivity of macroinvertebrates to changes in sthainfitan
anthropogenic influences (Cairns and Pratt 1992), the relative efficieiseynpie
collection (Resh 2008), and the potential stress biological sampling can have avesensit
fish species (Nielsen 1998). The use of spatial attributes in conjunction wdtbéiséd
measurements provides a method to test explicit hypotheses regardsuafznd
influences on stream habitat in order to potentially understand environmentahtgadie
shaping aquatic communities and assess how well our field-based habitatemeassir
characterize factors influencing aquatic biota. A better understaoflihg influence of

landscape processes on stream habitat and the habitat that is important t@ timaypiot
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potentially lead to more effective assessments of biological condition basgteam

habitat relationships.

Study Area

The Idaho Batholith Ecoregion (Bailey 1995) encompasses approximately 40,000
km? of land within central Idaho and western Montana (Figure 2.1) and is defined by
mountainous terrain with both deeply dissected and glacially scoured vallegsifyrim
underlain by granitic lithologies (McGrath et al. 2002). Climate is matinfluenced
with a north to south gradient of decreasing precipitation, varying with edayathich
range from approximately 300 to 3000 m. Most precipitation in the study areasfalls
snow in late fall, winter and early spring, and runoff is primarily fronngpsnowmelt
(McGrath et al. 2002). Dominant vegetation at high elevations within the study area
consists of Englemann sprud@dea engelmanijiand subalpine fireAbies lasiocarpg
Grand fir Abies grandiy Douglas-fir Pseudotsuga menzigsiand lodgepole pine
(Pinus contorta at mid-elevations, and ponderosa piRan(is ponderoSaand sagebrush
(Artemisia tridentataat lower elevations (McGrath et al. 2002).

The study area forms the headwaters of the Bitterroot, ClearwaterabndnS
Rivers in addition to major tributaries of the Snake River. Streams draininitlye s
area provide spawning and rearing habitat for anadromous Endangered Species Ac
(ESA) listed fish species such as Chinook salf@mcorhynchus tshawytschand
steelhead@. mykiss)in addition to critical habitat for resident ESA listed populations of
bulltrout (Salvelinus confluentus)

Distinct gradients of both natural and anthropogenic disturbance regimes are

found in the study area. Fire is the dominant natural disturbance in the studpdrea
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anthropogenic disturbance is predominantly associated with timber harvesadad r

with grazing and mining also occurring. Because of the varying degrdegwbance
and the presence of ESA listed species, understanding the influence of landscage pr
on stream habitat and the efficacy of in-stream habitat measurements abeifigotors
influencing biotic communities is important in determining the impacts of tetwe on

aguatic ecosystems and prioritizing restoration activities within thg ane.
Methods

Study Design and Reach Selection

Our study is part of a larger program aimed at monitoring the status anddfends
in-stream habitat on federal lands within the Interior Columbia River Bisisiiner et
al. 2004b). Sample watersheds were determined probabilistically usingadlyspati
balanced sample design described in Kershner et al. (2004b). This approach first
organized the Interior Columbia River Basin (CRB) into groups of 20 contigtibfis!@®
hydrologic code watersheds and within each of these groups, watershedanseraly
selected to determine the potential for sampling. Watersheds were trgoricatbas
either reference or managed based on current and historical managenagigisacti
Watersheds were considered reference if they contained minimal manageingigsac
with no permitted livestock grazing in the last 30 years, less than 0.5 knolch
density at the watershed scale and no roads within the proximate (1 km) ripafgin buf
less than 10 percent timber harvest within the watershed, and no evidence of mining
within riparian areas (Kershner et al. 2004b). Watersheds were consideregechdna

they contained higher degrees of land management activities. Within eacshedteve
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located sample reaches by identifying the lowermost stream sectiodevallig managed

land with a gradient less than 3 percent and federal ownership greater than 50 percent in
the upstream catchment. Reaches at the lowermost portion of the watershed wer
selected because they are thought to integrate the cumulative effects @fmpstre
disturbance (Kershner et al. 2004b), and low gradient channels are likely to be more
sensitive to change under variable sediment and flow regimes (Montgomery and
MacDonald 2002). Further details on the study design can be found in Kershner et al.
(2004b) and Al-Chokhachy et al. (2010). We attempted to control for variation in biotic
assemblages that can arise from inherent differences in physiographictehstics
(Feminella 2000) by selecting a subset of reaches from this larger prograset
located within our study area that had complete physical habitat and bibkiggesn
data.

We evaluated 190 reaches on U.S. Forest Service and BLM lands located in
predominantly federally managed catchments. Stream sizes at samapleesreanged
from 1.29 to 20.78 m in bankfull width and varied in elevation from 460 to 2350 m.
Reach gradients ranged from 0.03 to 2.99 percent. Contributing catchment area upstream
of sample reaches varied from 1.08%m 145.52 ki Land management activities
within upstream catchments represent the varying degrees of management finend i

study area with 65 catchments considered reference and 125 considered managed.

Field Methods
We conducted field sampling from late June to early September during baseflow
conditions between 2004 and 2007. Reach lengths were defined as 20 times the average

bankfull width, with a minimum length of 160 m. We assessed reach lengths of 20 times
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the bankfull width to increase the likelihood that multiple riffle-pool sequences wer

sampled in each reach (Knighton 1998). At each reach, we collected in-stream
temperature, substrate, and macroinvertebrate data.

Temperature- We recorded hourly stream temperatures from JulytaRugust
31% at a point location within each reach using thermal data loggers. From thege hourl
temperature measurements, we summarized the seven-day moving avenagenum
daily temperatures and used the maximum temperature within the warresstiag
period (hereafter referred to as weekly maximum temperature) as eatanchf
sustained periods of high stream temperatures. This summary metric ie assdds
compliance with Environmental Protection Agency water quality standarddruorgds
in the Pacific Northwest (U. S. Environmental Protection Agency 2003) and has also
been used in the investigation of species-habitat relationships (Ebersole et al. 2006)

Fine Sediment We collected sediment size measurements to characterize the
amount of fine sediment at each reach. To accomplish this, we first estaldtished t
sample reach by measuring bankfull width at four random locations and used the average
of these four measurements to categorize reaches into 2 meter widthieatego
(minimum width category = 8m, maximum = 25m). We then established transects
(minimum of 20) at evenly spaced intervals of the corresponding width categogy al
the stream.

At each transect, we collected substrate at 5 equally spaced intervals
perpendicular to the channel and measured the intermediate axis of each particl
(Wolman 1954). From these samples, we used patrticles collected within the active

stream channel (no bank material) to estimate the proportion of bed mataritide 4
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mm (hereafter referred to as substrate < 4). The proportion of sand and fineegarticl

within a reach is a common summary metric used in habitat monitoring prodrapes (
et al. 2002) to indicate the amount of fine sediment accumulation in a reach.
Macroinvertebrates- We collected macroinvertebrate samples at each reach prior
to sampling in-stream habitat. Macroinvertebrates samples weeetedllat two random
locations in each of the first four fast-water (riffle) habitats using a 0°CBumber
sampler (500-pm mesh) for a total of eight samples. Within each 6.6&mple area,
substrate was disturbed to a depth of 10 cm and rubbed to facilitate the dislodgment of
macroinvertebrates and collection in the sampler. Samples were then combined,
transferred to jars, and preserved in 95% ethanol.
Macroinvertebrate samples were sorted (Vinson and Hawkins 1996) and
identified to the lowest possible taxonomic level (usually genus or specids by
National Aquatic Monitoring Center (www.usu.edu/budjatbue to ambiguities in
taxonomic resolution that occur where organisms cannot be identified to a consistent
taxonomic level (Cuffney et al. 2007), macroinvertebrates were converted into
Operational Taxonomic Units (OTUs) by Charles Hawkins at The WestererGent
Monitoring and Assessment of Freshwater Ecosystems (http://www.cnr.usuresdu/w
Operational Taxonomic Units can vary in level of taxonomic resolution, but are unique
from one another and are identified based on the aggregation of ambiguous taxa into an
OTU or the exclusion of ambiguous taxa from the analysis. This results imadirsi

taxa being classified to a consistent taxonomic level.
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Geographic Analysis

We used publicly available geographic data sets in a geographical infermat
system (GIS; Environmental Systems Research Institute (ESBHIBr9.2) to derive
landscape characteristics hypothesized to influence sustained periods of high
temperatures and fine sediment accumulation at the reach (Table 2.1). Withi§the Gl
environment, reach locations were first identified from field geographic poisig
system (GPS) coordinates and used to delineated catchment boundaries upgtream of
bottom of each reach using 10-meter digital elevation models (DEMs) acquirethérom
U.S. Geological Survey (USGS) National Elevation Dataset (http://www. gsdges).

To facilitate the delineation process, we identified stream networks ffrerit24,000
scale USGS National Hydrography Dataset (NHD; http://nhd.usgs.gov/) antiedodi
DEMs by lowering stream elevation values with the AGREE algorithm\{i¢gkr
1997).

Spatial scales: We identified environmental characteristics at four spatially
nested scales (Frissell et al. 1986) that were hypothesized to influenceumaxi
temperatures and fine sediment accumulation at sampled reaches. Spasalsszhin
this analysis included the catchment drainage, catchment stream netwark, stre
segment, and reach scales (Figure 2.2). We defined the catchment drainajefhere
referred to as catchment) as the contributing area upslope of the samgihedhea
catchment stream network (hereafter referred to as stream netwdrk)sast of streams
draining the catchment, the segment as stream sections within the streank net
extending from the bottom of the sampled reach upstream 1000 m in flow length, and the

reach as the stream section extending from the sampled reach bottom upstream 300
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flow length. All stream sections had a width of 10 m, equal to the resolution of the

DEMs.

Environmental influences on stream temperatuk&¥e derived measurements
from GIS at the catchment, stream network, and segment scales that pahehized to
influence maximum stream temperatures at our sampled reaches (Tablat2te
catchment scale, we hypothesized that hill slope and channel structure (togpgraph
important in controlling the transport rate of sub-surface and surface watertlaroug
landscape (residence time) and that increases in residence times fhelergosure of
water to factors that may potentially increase surface water tatapes such as air
temperature and direct solar radiation (Caissie 2006)represent topographic controls
on water residence times, we calculated the flow path distance from ddottloe
catchment outlet and the flow path gradient from each cell to the outlet using DEMs
ratio of the median flow path distance and median flow path gradient within each
catchment was then calculated to represent topographic controls on stream water
residence time (McGuire et al. 2005). Higher flow path distance to gradiest rat
characterize catchments with longer flow paths and lower hill slope and tigeautients
indicating longer residence times and a slower rate of water trangploet tatchment
outlet.

At the stream network scale, we hypothesized that maximum summer air
temperatures were important factors contributing to extended periods of high stream
water temperatures. The temperature of streams closely follows ddesos of the
surrounding air temperature due to the convective heat transfer from air tqAvizie

and Castillo 2007). To represent the influence of summer air temperaturesaom str
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temperatures during our period of field measurements, we calculated tageaver

maximum July and August air temperat(iP&RISM Group, Oregon State University,
http://www.prismclimate.orgyithin the stream network for the year field sampling
occurred.

The structure and composition of riparian vegetation plays an important role in
shading and insulating streams from direct solar radiation (Gregory 604a). 4nd
reductions in forested riparian cover can lead to a decrease in effectiuggsbiathe
stream (Moore et al. 2005). Riparian cover in closer proximities to a lociiog the
stream continuum may also have a greater influence on localized strearmratenege
than cover further upstream (Johnson 2004). To indicate the amount of shading proximal
to the reach from riparian vegetation, we calculated the mean percentagsstefdor
canopy cover (LANDFIRE, http://www.landfire.gov) at the segment scale.

Environmental influences on fine sedimee derived measurements in GIS at
the catchment, stream network, and reach scales that were hypothesizetcéenfine
sediment deposition at our sample reaches (Table 2.1). At the catchment scale, we
hypothesized that the susceptibility of hillsides to mass failure and thpdrang
sediment by overland flow increases with slope and that steeper hill slopestol the
stream increase the potential supply and delivery of fine sediment to ta.stf®
characterize catchments with steeper slopes near the stream netwoalkculated the
slope for each cell within catchments using DEMs and weighted each el drashe
distance to the ridge as a fraction of the total distance from the ridgestioghm. This
weighting method results in a measure for each cell between 0 and 1 indicating the

proximity of a cell to the stream channel. The cell weight was then mexdtipyi the
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slope value for each cell in the catchment and summarized as the avegigedvaope

within the catchment.

To indicate the sediment transport capacity of the stream, we estithat
distribution of stream energy (stream power) within the stream network. Sthibwtion
of energy within a stream network is a measure indicating the potentisld@ediment
transport and storage within the stream channel (Jain et al. 2006). Stream neittorks w
high stream power distributions would be expected to efficiently move fine sediment
through the stream network leading to an expected reduction in the amount of fine
sediment found at low gradient sections such as our sampled reaches. Networks wit
lower stream power distributions would be less adept at moving sediment through the
system, where lower gradient sections would act as sinks for finer sedinoe@stimate
stream power, we first used the normalized excavation version of the AGREihaigo
(Baker et al. 2006) to identify stream elevation values from DEMs. Normalized
excavation uses the minimum elevation within a specified local area (250m) from the
stream channel to identify stream elevations to reduce topographi& &ssmciated with
elevation values where vector (NHD) and DEM stream locations may differth&v
divided the stream network into individual stream links which are defined as sections of
the stream channel extending between two tributaries or between a strecgnasolits
first junction with another stream (Kelley et al. 1988). Within each stredywie
calculated the range of elevation values and divided these results by the fltwoleng
each link to yield a measure of channel slope (m/m) for each link. Due to the potential
error in gradient estimates stemming from the simplification of chammesty in raster

based length estimates, we used a smoothing process to estimate average channe
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gradient within a 130 meter focal radius of the stream channel from our initial Bekl ba

gradient estimates.

We estimated bankfull discharge for each stream cell within the streamrket
using the bankfull discharge-area relationship of Castro and Jackson (2001) for the
Western Cordillera Ecoregion (Omernik 1987), which encompassed a majority of our
study area. This empirically derived regional curve uses a power functiomtatesti
discharge as a function of the contributing drainage area. The equation fatiagtim
bankfull discharge in the Western Cordillera Ecoregion is:

Q, =1728-A"®

where @ = bankfull discharge (tsecond)A = drainage area ()i and 17.28 and 0.86
are empirically derived coefficients and exponents, respectively.

From our link based estimates of channel slope and our continuous estimate of
bankfull discharge (convertirdjschargeto nv/s) within the stream network, we
estimated bankfull specific stream pow@g) for each stream cell using the equation:

Qp=7-Qy-S
whereQs, = specific stream power (watts/m)= the unit weight of water (9800 N#n
ot = bankfull discharge (ffsecond), and = the energy slope (m/m) which is considered
equivalent to bed slope. The resulting values were summarized as the mediak networ
stream power (hereafter network stream power) in order to charadtegidistribution of
energy within the stream network (Jain et al. 2006).

While network stream power indicates the distribution of energy or the

competency of a stream to transport sediment within a stream network, #ecpres

fine sediment at a specified location within a stream network and the competéney of
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stream to initiate substrate movement may also be influenced by localza glower.

To estimate unit stream power at the reach scale, we used equation 1.ldteestim
bankfull discharge and estimated the bankfull channel width of our reaches using the
bankfull width-area relationship of Castro and Jackson (2001). The equation estimating
bankfull width in the Western Cordillera Ecoregion is:

Whe = 9.4 - R4
whereW,; = bankfull width (ft),A = drainage area ()i and 9.4 and 0.42 are empirically
derived coefficients and exponents, respectively. Although field measured vélue
bankfull width were available for each sample reach, we used estimatieclsdrethe
previous equation in order to maintain the consistency of using GIS-derived
measurements and to avoid potential inconsistencies stemming from eldl-ba
measurement error (Roper et al. 2010). Reach gradient (slope) wasesstnorat
unconditioned DEMs by dividing the range of elevations in the reach by the reach flow
length. Gradient values of 0 m/m were given the value of 0.1 for calculation purposes.

We then estimated the stream power per unit &geof the reach with the equation:

. 7-Qy - S
W

Q

u

whereQ, = unit stream power (wattsfiny = the unit weight of water (9800 NAmMQys =
bankfull discharge (fitsecond)s = the energy slope (m/m), amgi = stream width at

bankfull (m).
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Analytical Methods

Assessment of landscape influences on stream habita.incorporated our
GIS-derived variables into ordinary least-squares multiple lineaessign (MLR)
analyses to assess whether the GIS measurements met our expectatidimgrega
influences on maximum weekly temperature and fine sediment and to test tkre relat
efficacy of GIS-derived measurements to predict field measuredhaPitior to our
final assessment, we square root transformed substrate < 4 and log trandfierfroed t
path distance to gradient ratio, network stream power, and reach stream pgwet Xl
Model assumptions were then checked for violations of normality, linearity and
heteroscedascity using visual assessments of the residuals. Multicibylinee
assessed using the variance inflation factor (VIF > 10).

Macroinvertebrates- We used the relative abundance of OTUs (hereafter
referred to as taxa) to examine variation in macroinvertebrate commanigosition.

In order to reduce noise in further analyses stemming from the presenxe iof ta

minimal samples, taxa that were present at fewer than five percestrefithes were
eliminated (McCune and Grace 2002) and the resulting data weg&ledl)

transformed. From the log-transformed abundance data, we converted reaches int
distance matrix using Bray-Curtis dissimilarity (BCD; BraylaCurtis 1957) based on
community composition, and used Non-Metric Multi-Dimensional Scaling (Clarke 1993)
to summarize multi-dimensional patterns in macroinvertebrate assershiaciere.
Bray-Curtis dissimilarity compares the degree to which reaches #teasame taxa
(Hawkins and Norris 2000), resulting in an interpretable measure of ecoldigitzadce

of taxa abundance among sampled reaches (Faith and Minchin 1987; Legendre and
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Anderson 1999). NMDS is an unconstrained ordination method based on ranked

distances of samples (reaches) that attempts to represent taxa imalmumnber of
dimensions while preserving the distance relationships (BCD) among sdirgriesdre
and Legendre 1998)The multi-dimensional solution of dissimilarity from NMDS is
compared to the original BCD measurement to yield a measure of fie(testmess).
Stress values are scaled from 1 to 100, with lower stress values indicatttey ditbe
between the two distance matrices. In addition to stress, NMDS resulitst cdmsach
axis coordinates (reach scores) calculated as the weighted avereggshes based on
their order along the ordination axes that indicate gradients in reach community
composition, and taxa axis coordinates (taxa scores) that represent the weiglaigel ave
centroid of the taxa along the ordination axes. We used the resulting NMDS
configuration of reach scores as a response variable to assess theeaHiatigg of our
GIS-derived variables and in-stream habitat measurements to ehiaeatte influence

of sustained periods of high stream temperatures and fine sediment accumulation on
gradients in macroinvertebrate community structure. All NMDS analyses we
performed using the metaMDS function in R (Oksanen et al. 2008).

Assessing landscape and habitat influences on community struchur@rder to
identify and assess the relative influence of landscape and habitat cl&trestenaping
gradients in macroinvertebrate community structure, we fit regression sraidair GIS-
derived measurements and field measured habitat variables to thexgeNMIDS axis
reach scores. We regressed our field measured habitat variables on each>»heMDS a
assess the variation in community structure along each axis accounteaiorfigyd

measurements and identify whether gradients shaping macroinvertetuetigrstin our
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sample were related to high stream temperatures and fine sediment atoomise

then used the GIS-derived independent variables from our initial MLR analysithei
habitat variables to assess the variation in community structure alongxeaahcunted

for by our GIS-derived variables. The results from these analyseserapared using
adjusted coefficients of determinationZ{Ep and Akaike Information Criteria (AIC)

scores to assess whether our hypotheses regarding the influence ofiG8-dedscape
characteristics were consistent with field measured variables ansegsdke relative
efficacy of our field measurements and GIS-derived measuremengsdsart sustained
periods of high stream temperatures and fine sediment accumulation influences on
macroinvertebrate community structure. Whefe/&lues indicate the amount of

variation in the response explained by the predictor variables, AIC calcalatese for

each model that is based on model parsimony and unexplained variance (Burnham and
Anderson 2002). For a set of competing models, the model with the lowest AIC score is
considered to be the better model. Competing models with a difference in AICs@res
suggest comparable models, while differences > 10 suggest non-comparable models
(Burnham and Anderson 2002). To visualize our results, we used the envfit function in R
(Oksanen et al. 2008) to additionally identify gradients in the ordination confaurat
correlated with each of our field and GIS-derived variables and overlaidoa diphese
variables on the NMDS configuration (Axes 1 and 2). All regression analyses wer

conducted in the R programming environment (R Development Core Team 2008).
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Results

Assessment of Landscape Influences on
Stream Habitat

Temperature: We were able to account for 37 percent of the variation in weekly
maximum temperature from our GIS variables hypothesized to influencenggistai
periods of high stream temperatures (Table 2.2). The resulting regregsatioe for
the model was:

WMT = -0.64 + 1.23(LGradR&} + 0.52(MxAirT) — 1.85(Canopy Cover)
whereWMT = weekly maximum temperatu@xAirT = maximum summer air
temperaturel GradRat= the ratio of flow path length to gradie@anopy Cover
forested canopy cover, aadndicates the log transformed variable. Each of the three
GIS predictor variables was significant in the moée(0.001).

Visual assessment of the observed field measurements plotted with the GIS
predicted values suggest that our model tended to over predict lower observed
temperatures and under predict higher observed temperatures. This is evidesnced by
number of points with lower observed temperatures occurring above the 1:1 line and a
majority of higher observed temperatures occurring below the 1:1 line (R@)reThe
standard residual error for the model was 2.24 (C°).

Fine sediment Our GIS variables indicating landscape influences on fine
sediment accumulation accounted for 28 percent of the variation in substrate < 4 (Table
2.2). The resulting regression equation for the fine sediment model was:

Substrate < 2= 1.65 — 0.006(Slope) — 0.204(NSBWr0.010(RSPW)
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whereSubstrate < 4= substrate < 4 mnglope= weighted catchment slop&SPwr=

network stream poweRSPwr= reach unit stream power, aadndb indicate square
root and log transformed variables, respectively. Network stream powetatisscally
significant in the modelR < 0.001) while weighted slope and reach unit stream power
were not significantK > 0.10).

Assessment of the observed field measured values of substrate < 4 plotted with
the GIS predicted values indicate that the regression model had a tendency tedicer pr
the amount of substrate < 4 at reaches with low amounts of fine sediment and under
predict the amount of substrate < 4 at reaches with high amounts of fine sediger (Fi

2.3). The standard residual error for the model was 1.77 (back transformed = 3.2 %).

Macroinvertebrates

A total of 163 taxa were originally identified from all sample reaches. This
number was reduced to 90 taxa when only those taxa found at more than 5 percent (10
occurrences) of reaches were considered. Results from the Non Non-Metric Mul
Dimensional Scaling (NMDS) of macroinvertebrate data indicated a thremsional
solution provided the best low-dimensional fit between the original Bray-Curtis
dissimilarities and the multi-dimensional dissimilarity of NMDS (fis@ess = 15.79).
The resulting site scores from the NMDS, plotted in two-dimensional spacessugge
macroinvertebrate compositional similarities among many of the sitth most outliers
occurring on the positive end of NMDS Axis 1 and the negative end of NMDS Axis 2
(Figure 2). Outliers consisted of both reference and managed sites.

Taxa centroids (taxa scores) in relation to each NMDS axis resul&dlis

having the highest positive taxa score (1.59) associated with NMDS AxisKlogotlLs
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(-0.60) andRhyacophila hyalinat#0.60) having the highest negative taxa scores

associated with Axis 1. The second NMDS Axis showed the highest positive tags scor
associated witktherix (1.26),Agapetuq1.20), andPteronarcyg1.16). Negative taxa
scores along NMDS Axis 2 were associated \Wlyacophila verrulg-0.64) and
Prosimulium(-0.64). Individual taxa axis scores can be found in Table A.1.
Assessing Landscape and Habitat Influences
on Community Structure

Temperature— The linear regression results of weekly maximum temperature on
each NMDS axis indicated that gradients in community composition were only
moderately represented by our field measured variable. Weekly maximjoarsgure
had a positive relationship with NMDS Axes 1-3 and accounted for approximately 21,
24, and 6 percent of the variation in community structure along each axis, respectivel
(Table 2.3). The multiple linear regression results of GIS-derived vesiadpresenting
landscape characteristics influencing high stream temperatures on e&x® &iis
indicated that our hypothesized variables explained the most variation in community
structure along NMDS Axis 2 (42 percent) followed by Axis 1 (16 percent) and Axis 3
(12 percent; Table 3). All three predictor variables were statistiagghyfisant (P <
0.01) in the regression with Axis 2 while only maximum summer air temperature was
significant in the regression with Axis B € 0.001; Table 4). Both air temperature and
forested canopy cover were significant in the regression with A®s<30(01). AIC
scores indicating model fit were lower for the weekly maximum temperatodel on

NMDS Axis 1, and lower for the GIS-derived model on Axes 2 and 3 (Table 2.3).
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Plotting field measured weekly maximum temperature and the GIS-derived

variables over the NMDS scatterplot of Axes 1 and 2 provided a visual assessment of our
regression findings. Weekly maximum temperature was most associdttadaximum
summer air temperature and the influence of both of these variables on gradients i
macroinvertebrate community structure was split between Axes 1 and 2 and had a
positive relationship with both (Figure 2.4). The flow path length to gradient raio w
most strongly associated (positive) with NMDS Axis 2 and forested canopy ailsve
had the strongest association (negative) with Axis 2.

Fine sediment: Regression results of substrate < 4 on each NMDS axis indicated
that our field derived measurement moderately characterized the influeime of
sediment on macroinvertebrate structure. Substrate < 4 had a positive relatmatishi
all three axes and accounted for approximately 27 percent of the variation in RKM®S
1, 1 percent in Axis 2, and 10 percent in Axis 3 (Table 2.3). The multiple linear
regression results of the GIS-derived variables hypothesized to repessstiape
influences on fine sediment accumulation on each NMDS axis explained the most
variation in NMDS Axis 1 (27 percent) followed by Axis 2 (6 percent) and Axis 3 (6
percent; Table 3). Network stream power and weighted catchment slope were both
statistically significant® < 0.01) in the regression with NMDS Axis 1 while only slope
was significant in the regression with AxisR € 0.001) and network stream power in
the regression with Axis (< 0.05; Table 4). AIC scores were lower for the substrate <
4 model on NMDS Axes 1 and 3, and lower for the GIS-derived model on Axis 2 (Table

2.3).
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Visual assessment of substrate < 4 and our GIS-derived fine sedimeahtesar

plotted on the NMDS scatterplot of Axes 1 and 2 substantiated our findings from the
regression analysis (Figure 2.4). Substrate < 4 was had the highest @Eesitig@ation
with NMDS Axis 1 and network stream power had a highly negative association with
Axis 1. The association of reach stream power with the NMDS axes was highegst a

Axis 1 (negative) while slope had a slightly higher association with Axis 1 tken2A

Discussion

The objectives of this study were to assess the efficacy of GIS-derived
measurements to characterize landscape factors influencing sustaindd pehigh
stream temperatures and fine sediment accumulation in order to identifgrgsadi
community structure and assess how well field measurements indicat¢aimfactors
shaping the community structure of stream macroinvertebrates. Understéueding t
implication of management activities on stream habitat and aquatic biota not only
depends on our ability to understand how landscape processes influence stream habitat
and biotic communities, but also depends on our ability to understand and accurately
characterize habitat that is important to the biota. Without knowing how accurate our
habitat measurements are in representing factors influencing strgradeents in
aguatic communities, it is difficult to determine how changes in stream thaiaiyeaffect
the condition of stream biota.
Assessment of Landscape Influences on
Stream Habitat

Temperature: The relationship of our hypothesized GIS measurements

indicating landscape influences on stream temperature met our expectajedsge
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their direction of influence on field measured weekly maximum temperature.esulisr

were also consistent with other studies indicating GIS-derived summnienmgieratures

and riparian shading as significant factors influencing stream tempee(itaak and

Hubert 2001; Wehrly et al. 2006; Isaak et al. 2010). Although our model accounted for a
modest amount of the variation in weekly maximum temperature compared to other
studies that selected GIS-derived variables using correlative methedsl€B et al.

2007; Wehrly et al. 2009) and process based hypotheses (Isaak et al. 2010) to predict
temperatures using alternative statistical methods to ordinarysigastes regression

such as generalized additive modeling, kriging interpolation, and linear mixedsmodel
our objective in fitting the GIS-derived landscape variables to each habitdileavas

to validate whether our expectations regarding the influence of each variabk on t
response was consistent with our initial hypotheses. Thus, our concern was not about
how much variation we could explain in the response variable but rather if our GIS-
derived measurements met our initial hypotheses.

Fine sediment: Both network and reach stream power met our expectations of a
negative relationship with substrate < 4 while weighted slope had the opposite mfluenc
of our initial hypothesis. We initially hypothesized that steeper slopegheeaiream
would contribute higher amounts of fine sediment to the stream through mass wasting
and overland transport. Instead we observed a negative relationship with weighted slope
and substrate < 4 in the model. This opposite sign may indicate that steeper slopes nea
the stream may be contributing larger size classes of sediment (i.e. bptddee
stream from landslide events. It may also indicate that steeper hilé silepestreams

restrict streams from meandering which leads to higher amounts of enpender on
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the channel bed surface to steepen channel gradients and more effectivebrttrans

sediment. This interpretation may be substantiated by the correlation btedegope
and both networkr(= 0.217 ) and reach stream powes (0.401).

While some of our predictor variables met our expectations regarding their
relationship with substrate < 4, both reach stream power and slope were sti¢atgti
significant @ > 0.10) in the model. This finding could be due to network stream power
accounting for much of the same variation as the two other measurements, or atir habit
measurement representing a poor measure of fine sediment. When accountiag for t
negative relationship of slope to substrate < 4 in the model, all three predictogsyare v
similar in theory regarding their influence on fine sediment and are alsoatelgle
correlated with each other. Therefore, network stream power may be accoanting f
much of the overlapping variation in substrate < 4 that would otherwise be accounted for
by reach stream power and slope. In fact when network stream power is Usetbas t
predictor variable, it accounts for just as much variation in substrate < 4 (28 pascent
the full model. This may indicate that our two other predictors are poor representat
of factors influencing fine sediment accumulation at the reach due to esooraded
with GIS-derived measurements, or that our initial hypotheses about landstagreces
on fine sediment accumulation are incorrect. Further testing of Gl&deri
measurements representing sources of fine sediment should be tested in oraemto acc
for variation in fine sediment accumulation stemming from processes other than

transport.



Assessing Landscape and Habitat Influences *
on Community Structure

Assessing the influence of our GIS-derived landscape measurements and our
habitat variables on gradients in macroinvertebrate community structwieqxu insight
into the potential environmental gradients shaping macroinvertebrate commuwithies
our study area and how well our field measurements characterize hahiihcett on
community structure. The variation in community structure of each NMDS axis
accounted for by our field measured weekly maximum temperature identified both
NMDS Axis 1 and Axis 2 as gradients moderately influenced by high stream
temperatures. While the gradients in community structure of Axis 1 and 2 may loe due t
the influences of stream temperature, it is unlikely that both gradients arydie¢ated
to sustained periods of high temperatures. Evidence from our model of GIS
measurements on each axis indicates that it is likely that NMDS Axgé&sents a
gradient of community structure based on stream temperature while Axis &dsdras
landscape organization or position along the stream continuum.

Our GIS-derived model accounted for 42 percent of the variation in NMDS axis 2
which indicates that landscape influences on high temperatures are shapnagliget g
in community structure along this axis. From these findings, we may able to dealuce t
stream temperature is the major driver of community composition along NMDBS?Axi
where positive reach scores along this axis represent less shaded stiezoisnents
with higher air temperatures and longer water residence times. lasiotite positive
association of field measured weekly temperature and GIS-derived maxumummes air
temperature with NMDS Axis 1 may be due to the position of reaches along tra stre

continuum. Evidence supporting this may be derived from observing the variation in
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community structure along Axis 1 accounted for by our field derived finensedi

indicator (substrate < 4; 27 percent). As one moves longitudinally down the stream
continuum, stream temperatures generally increase due to decreasestiareénd the
availability of fine sediment increases due to weathering (Vannote e8él). 1Bower
gradient streams where fine sediment may accumulate are alyddikelcur lower
along the continuum due to landscape evolutionary processes. Therefore changes in
community structure along Axis 1 may not only be due to high stream tempetaitires
due to the interaction of multiple environmental characteristics that asated along
the stream continuum. Evidence of this interpretation is supported when we regressed
both field measurements (substrate < 4 and weekly maximum temperatungsdn A
reach scores where our habitat variables accounted for 46 percent of the variation i
community composition along this axis. Incorporating measures indicating position
along the stream continuum such as drainage area or distance from the sarpée reac
catchment headwaters may be beneficial in future models in order to accoumet for t
correlation of environmental variables based on longitudinal position along the
continuum.

Concluding that the gradient in community composition along NMDS Axis 2 is
directly related to stream temperature or a close correlatenpetature independent of
the influence of landscape position represented by Axis 1, our findings suggest that our
field measurement of weekly maximum temperature may not be capturing the true
variation in stream temperatures that lead to changes in community compaosition. Our
GIS-derived model accounted for 42 percent of the variation in community composition

along Axis 2 (AIC = 24.60) while the field measurement accounted for 24 percent of the
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variation in this axis (AIC = 76.22). This discrepancy suggests that our initidusmrc

that stream temperature defines the dominant gradient in habitat ateng Way be
incorrect, the environmental driver(s) of community composition along thissaais i
close correlate of stream temperature, or that weekly maximum riaungeas a metric
may not be accurately characterizing the influence of maximum stezaperatures on
stream biota. Further research is needed to understand additional fadtorsheit
landscape and stream environment that may be potential correlatesof s#mperature,
that in conjunction with temperature shape gradients in community structure, and to
validate how well our measurements of stream temperature accuratelgtehae
thermal influences on stream biota.

The positive association of substrate < 4 and our GIS-derived measurements
associated with fine sediment accumulation indicate that the community graldiegt
Axis 1 may be partially related to gradients in stream substrate butlseayeadue to
gradients in correlated habitat along the stream continuum. Substrate < 4 haie posit
association and explained 28 percent of the variation in NMDS Axis 1 (AIC =111.85).
Our GIS-derived measurements also explained 28 percent of the variation h (AXG
=112.96). This indicates that our field measurement may be insufficiently chiaragte
fine sediment influences on stream biota or that our GIS measurements aregapt
additional variation in community composition along Axis 1 indirectly relatechto fi
sediment accumulation.

We summarized substrate < 4 within both riffle and pool habitat units while
macroinvertebrate were sampled only in riffle units. Therefore, part ofckefia

association we see between substrate < 4 and the community gradient in NN4OS Ax
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may be due to the disassociation between summarizing the habitat variable over all

stream habitat units and assessing the influence of this variable on biotasociptes!
with one of these units. This illustrates that carefully thought out hypothesedingg
the type and location of habitat data collection should be considered before conducting
field surveys. In our case, the initial collection of habitat data was ainmedratioring
the status and trends of stream habitat within the Interior Columbia River Bds® a
primarily aimed at habitat metrics hypothesized to be important to E®A4 fish species
within the basin. By using sediment measurements in both pools and riffles, we
undertook this analysis with the understanding that some error in associatimgtsubst
from both habitat units to macroinvertebrates sampled in riffles would lead taoaddliti
unexplained variance in our models.

The use of GIS variables may provide an effective means to validateitae eff
of field measurements to capture habitat influences on stream biota yeplateom
understanding of what GIS-derived measurements indicate is important. tki¢hile
amount of variation explained in NMDS Axis 1 by our GIS measurements isstmil
the amount explained by substrate < 4, it is unknown whether the true variation that the
GIS measurements is accounting for in the community gradient is direletigd to fine
sediment accumulation. Weighted slope and reach stream power were both non
significant factors® > 0.10) in assessing landscape influences on substrate < 4 yet were
statistically significant® < 0.01 and 0.05, respectively) in the model relating GIS
measurements to NMDS Axis 1. This may indicate that measurement sooiated
with substrate < 4 may be confounding the ability of the field measurement tatabcur

capture the effect of fine sediment on the biota and thus the influence of slopadnd re
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stream power are non significant, or the two variables may not be directly rielditee

sediment accumulation, but instead indicate environmental factors thabsee cl
correlates to fine sediment accumulation influencing macroinvertebratawaity
structure. Measurement error stemming from observer variability leasrbeognized in
substrate measurements (Roper et al. 2002; Whitacre et al. 2007) which could lead to
additional errors in analyses linking landscape influences to the field reddsbitat
variable. In addition, our estimate of reach stream power may not purely represe
influences on fine sediment accumulation but may also be representative bédear-
hydraulic conditions (i.e. velocity) which may influence community commosdiong
the same environmental gradient as substrate (Reid and Thoms 2008). This may also be
the case with our GIS-derived measurements of high stream temperaturedMID8g
Axis 2 where the additional amount of variation explained by our GIS variables (~16
percent) may be due to landscape influences on in-stream primary production.
Much of the current research assessing landscape influences on aquatic
ecosystems use spatial attributes to predict reach scale habitataristies (Davies et
al. 2000; Sridhar et al. 2004; Baker et al. 2005; Creque et al. 2005; King et al. 2005;
Brenden et al. 2007; Allen 2008; Wehrly et al. 2009; Isaak et al. 2010). While this
research has shown that measurements derived from spatial data providee effic
means to assess habitat conditions across large geographic areas, tabiliypic
predicted habitat characteristics to assess influences on aquatic comsmeafigis on our
initial ability to define and characterize in-stream habitat factop®rtant to the biota.
In this study, we used in-stream habitat measurements in conjunction withtatri

derived from spatial data in order to 1) assess the efficacy of spatiallgdiemdscape
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factors to characterize influences on stream habitat, 2) identify graglients

macroinvertebrate community structure, and 3) validate how well our habitat
measurements indicate temperature and fine sediment influences on agtatid\tile
some of our spatial attributes met initial expectations regarding lgrelsdéuences on
maximum stream temperatures and fine sediment, integrating the lp@dswhhabitat
characteristics allowed us to more effectively identify environmenméalients shaping
macroinvertebrate communities and assess how well our habitat measurements
characterize factors that are important to the biota. We found that our GlSdderive
models at times explained as much, to almost twice as much variation in community
structure and had substantially lower AIC scores than the habitat measisieieese
results further suggest that spatial methods may offer an effectveadive to field-
based methods, and also indicate that our field measurements may not be accurately
characterizing in-stream habitat that is important to the biota. Furtlearchss needed
in order to understand how accurate our habitat measurements are at riegrésent
relative factors influencing aquatic communities. A better understandihgs# factors
will lead to more effective assessments of biological condition based onthabita
relationships and provide direction in conserving and restoring the ecologicabfuofti

aguatic systems.
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Table2.1 Description of GIS-derived variables used to indicate landscape influences on
field measured variables.

Field Variable GIS Variable (units) Indication Seal

Weekly Maximum

Temperature
Ratio of Flow Path Topographic control on water Catchment
Distance to Gradient (m) residence time
Maximum Summer Air Convective heat transfer Stream Network
Temperature (°C)
Forested Canopy Riparian shading Segment

Cover (%)

Substrate < 4

Slope (%) Sediment source and transport  Catchment
Network Specific Stream Sediment transport Stream Network
Power (watts/m)

Reach Unit Stream Power Initiation of Sediment Reach

(watts/nf) Movement
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Table2.2 Multiple linear regression model results assessing the influence of GIS
derived measurements on field measured weekly maximum tempenadisalestrate <
4. a and b denote log and square root transformed variables, respectively.

Response Variable Independent Variable Correlation Coefficient Standar P-value  Model
(Field) (GIS) w/ Response Error Rzacj
Weekly Maximum
Temperature 0.365
Intercept -0.64 2.03 0.754
Flow Path Distance to 0.356 1.23 0.07 <0.001
Gradient Ratid
Maximum Summer 0.475 0.52 0.23 <0.001
Air Temperature
Forested Canopy -0.262 -1.85 0.69 0.008
Cover
Substrate <% 0.281
Intercept 16.5 1.42 <0.001
Proximity-weighted -0.233 -0.06 0.06 0.358
Slope
Network Stream -0.534 -2.04 0.27 <0.001
Powef
Reach Unit Stream -0.212 -0.10 0.13 0.462

a
Power
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Table 2.3 Regression analysis results indicating the amount of variance explafi)énl (R
macroinvertebrate structure along each NMDS axis by field measuratllgarand GIS-
derived models.

Environmental Factor Predictor Axis1l Axis1 AXxis 2 AXxis 2 Axis 3 AXis 3
Rzaq- AlC Rzacj AIC Rzaq- AIC

Sustained High

Temperatures
Field 0.214 124.68 0.236 76.22 0.059 73.46
Measurement
GIS-derived 0.158 13996 0.424 24.60 0.121 62.16
Model

Fine Sediment

Accumulation
Field 0.267 111.85 0.014 124.35 0.097 65.71
Measurement

GIS-derived 0.270 11296 0.064 116.33 0.057 75.98
Model
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Table2.4 Multiple linear regression results indicating regression coeffict®&S-
derived variables for each NMDS axis. Bolded numbers represent stadyistigaificant

variables in the modeP(< 0.05)

Sustained High Temperatures LGradRat MxAIrT CanGpver
Axis 1 -0.020 0.061 0.131
Axis 2 0.193 0.058 -0.230
Axis 3 0.123 -0.003 -0.194

Fine Sediment Accumulation Slope NSPwr RSPwr
Axis 1 -0.034 -0.262 -0.047
Axis 2 0.034 -0.065 0.041
Axis 3 0.019 0.090 0.014
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Catchment Stream Network
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Figure 2.2 Example of spatial scales used to derive landscape characteristics
hypothesized to influence weekly maximum temperature and fine sedimeihd-at fie
sampled reaches. The catchment was defined as the contributing area upslope of the
sampled reach and the stream network as the sum of streams draining thergat®hen
defined the segments as stream sections within the stream network regfemati the

bottom of the sampled reach upstream 1000 m in flow length and the reach as the stream
section extending from the bottom of the sampled reach upstream 300 m in flow length.
All stream sections had a width of 10 m.
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Figure 2.5 Scatterplot of Non-Metric Multi-Dimensional Scaling ordination Axes 1 and
2 of macroinvertebrate samples. Points indicate reach scores along each KBMDS a
Arrows indicate the strength and direction of correlations between fielG Ederived
measurements and each axis. Names of stream habitat and landscape assabiated
with each arrow are shown in black for measurements indicating sustained dagh str
temperatures and in gray for measurements indicating fine sediment aattomwhere
WMT = weekly maximum temperature, LGradRat = the flow path length toegradi

ratio, MxAIrT = maximum summer air temperature, Canopy Cover = foreateapy
cover, Substrate < 4 = substrate < 4, Slope = weighted catchment slope, NSPwr =
network stream power, and RSPwr = reach unit stream power.
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CHAPTER 3

COMPARING TWO APPROCHES TO ASSESS THE INFLUENCE OF STREAM

HABITAT METRICS ON MACROINVERTEBRATE COMMUNITIES

Introduction

The physical stream environment forms a habitat template that influences the
composition of aquatic communities by limiting the persistence of species éothiabs
have adopted strategies to exist within a specific range of environmental @os Roff
and Ward 1990; Fisher et al. 2007). Many stream organisms have specific thermal and
hydrological tolerance ranges, which implies that changes in physibdaat can have
major consequences for stream biota (Malmqgvist and Rundle 2002). Potential
consequences of changes may lead to physical stressors on individual taxatgnd shif
community structure, dynamics, and trophic interactions (Bilby et al. 199&0dwWikt al.
1998). In order to protect stream ecosystems, it is important to understand the influence
of both natural and anthropogenic factors on stream habitat as well as the influence of
physical processes on aquatic communities (Imhof et al. 1996; Fausch et al. 2002; Wang
et al. 2006). Understanding environmental processes and the factors influencing aquati
communities is fundamental in directing strategies that maintain and raqtatc
systems (Minshall 1988; Palmer et al. 1997).

Changes in stream habitat leading to persistent conditions that border on the upper
and lower limits of natural variation have primarily been a result of human cetchf
to the physical environment (Bohn and Kershner 2002). In the Interior Columbia River
Basin (CRB), land management practices such as livestock grazing, roadctmrst

and timber harvest have been identified as contributing factors to changeain st
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habitat leading to degraded conditions (Kershner et al. 2004a). This degradatexh has |

to the reduction and fragmentation of quality habitat to smaller patches in headwater
streams primarily managed by federal agencies (Thurow et al. 1997).

On U.S. Forest Service and Bureau of Land Management managed lands within
the CRB, two of the major environmental factors identified as threats to@aquati
ecosystems are high summer water temperatures and increased sedm@n&HiS and
USBLM 2000) Grazing, road construction, and timber harvest near streams may
indirectly influence stream temperatures by reducing the amount oanpsrading,
thereby increasing direct solar radiation to the stream. These astiwithin a watershed
can also increase runoff rates, which reduce stream baseflow leve}s @tlial. 1991)
and decreases the buffering capacity of streams to direct solar radiaide 4Rd
Berman 200Q) Poorly managed forest land use practices may also lead to increased
amounts of fine sediment delivered to the stream through stream bank and upland soil
erosion (Platts 1981; Hicks et al. 1991; Gucinski et al. 2001).

Increased water temperatures and sedimentation are considered majstohrea
aguatic ecosystems because both temperature and sediment play a dominant role in
shaping biological communities (Allan and Castillo 2007) and are two of the funddmenta
physical characteristics of stream habitat templates (Poff and Ward 182@¢r
temperatures above a species tolerance range leads to therrsalstobsresults in
decreased growth, increased metabolic function rates, and influences inamigreat
emergence timing (Vannote and Sweeney 1980). Continued or repeated exposure of
coldwater adapted species to thermal stressors may eventually kseties emigration

or death (Allan and Castillo 2007). Therefore, the distribution and persistesicecids
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is partially dependent upon their biological adaptations to thermal strésablisnit the

occurrence of temperature intolerant species to those individuals with highltherma
tolerances or preferences (Vannote and Sweeney 1980).

Increased levels of fine sediment can fill interstitial spaces andedta
availability of habitat (Waters 1995) that organisms use to feed and seek fireiung
predators and sub-optimal environmental conditions (Stickler et al. 2008). Finestedim
deposition can also clog the feeding apparatus of filter feeders (Ral@@n2005) and
coat larger substrate, inhibiting periphyton and macrophyte growth (Wood anagemit
1997). Additionally, fine sediment accumulation can have a direct effect on the-egg-
fry survival of salmonids (Bjornn and Reiser 1991) and reduce food subsidies of juvenile
salmonids (Suttle et al. 2004). A reduction in the quality and quantity of habitat due to
fine sediment accumulation may therefore lead to a shift in biotic comemin@nsisting
of species that have adopted strategies to persist in natural conditions afdow fi
sediment levels to taxa that are more tolerant of higher levels of timees# (Lanat et
al. 1981; Harrison et al. 2007).

Currently, large scale monitoring efforts are taking place on federal fétids
the CRB to determine whether land management and conservation straeegiésciive
in maintaining or restoring the structure and function of aquatic ecosystents€k/at
al. 2007). These efforts include field surveys that measure a varietys€ghstream
attributes to assess the status and trends of stream habitat which is thenaused a
surrogate of biological condition.

Physical habitat measurements hypothesized to be important to stcararbi

often times used in place of monitoring biological conditions due to the relative
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efficiency of data collection and the temporal variability of biological camitres

(Dauwalter et al. 2009). Although logistically practical, the genead@ance of this
strategy is based on the assumed linkages between habitat and biota (Ralb200&y.
Although we have a basic understanding of the physical habitat requiremergsangc¢o
sustain the structure and function of aquatic ecosystems, the effectivefielss of
measured habitat variables to accurately characterize the divectirgnental processes
influencing stream biota is still uncertain. In order to better understantievioetr
assumptions regarding the linkages between habitat measurements and biotd anel val
whether these measurements accurately characterize processaeing the biota, it is
necessary to examine the relationship between stream biota and field metshrgdsa
and test alternative methods of characterizing process based influenbesaid.

One of the limitations to directly measuring and testing process based iruenc
on aquatic biota is that our measurements are limited by time and resoureesaiida
Brown 2006). Because of these limitations, we often use proximal measures
hypothesized to be an indicator or representation of the direct process we want to
examine (Loehlin 2004). Most measurements we make are proximal measures of
ecological processes and concepts we seek to represent. While proginzbns
provide an efficient means to represent ecological processes, measurreanent e
associated with indicators may lead to uncertainty about the true underlyingaefloie
ecological processes on biota.

Many measurements used as explanatory variables in ecological anedyaks® a
often times highly correlated among each other (Graham 2003). Collinearity ca

confound the statistical validity and ecological interpretation of analysesgnifying
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or obscuring relationships between explanatory and response variables (G€i3am

King et al. 2005; Baker and Wiley 2009)0 avoid collinearity and simplify analyses,

we often choose single indicator variables to represent environmental factats nweyi

lead to results that are dependent upon the methodology used to measure the indicator
(Grace 2006).

An alternative to using single indicator variables is to combine indicator \esiabl
hypothesized to be components of a single ecological processes or concept. The
similarity of indicator variables, assessed by the shared covaaamugg variables may
be used to represent underlying environmental processes that each proxirbbd isaria
hypothesized to indicate (Grace 2006). These underlying processes oiidakoret
constructs are known as latent variables. The use of latent variablesoigieadol
research has the potential to extend and refine ecological concepts in ordercitdyexpli
test hypotheses about environmental — species relationships.

The objectives of this study were to examine the influence of thermsd stnel
fine sediment on aquatic biota and to compare the relative efficacy af simgllatent
variables to characterize thermal stress and fine sediment influsmbéslogical
communities.We use macroinvertebrate community data as a biological response due to
the sensitivity of macroinvertebrates to changes in stream habitat froro@ogenic
influences (Cairns and Pratt 1992), the relative efficiency of sampletauii¢Resh
2008), and the potential stress biological sampling can have on sensitive fish species
(Nielsen 1998). Results from this study will further our knowledge as to theedafgre

influence thermal stress and fine sediment have in shaping macroinvertebrate
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communities and help determine the potential of latent variables to chamecteri

environmental factors influencing stream biota.

Study Area

The Idaho Batholith Ecoregion (Bailey 1995) encompasses approximately 40,000
km? of land within central Idaho and western Montana (Figure 3.1). The topography of
the study area is defined by mountainous terrain with both deeply dissected &dty glac
scoured valleys primarily underlain by granitic lithologies (McGratal.€2002).
Climate is maritime-influenced with a north to south gradient of decrepssagitation,
varying with elevation, which range from approximately 300 to 3000 m. Most
precipitation falls as snow in late fall, winter and early spring, and rispfimarily
from spring snowmelt (McGrath et al. 2002). Dominant vegetation within the steay a
consists of Englemann sprud@dea engelmanijiand subalpine fireAbies lasiocarppat
higher elevations, Grand fiAbies grandiy Douglas-fir Pseudotsuga menziésiand
lodgepole pineFinus contorta at mid-elevations, and ponderosa piRe(is ponderosa
and sagebrustAftemisia tridentatpat lower elevations (McGrath et al. 2002).

The study area forms the headwaters of the Bitterroot, ClearwaterabndnS
Rivers in addition to major tributaries of the Snake River. Streams drainistuthge
area provide spawning and rearing habitat for anadromous Endangered Species A
(ESA) listed fish species such as Chinook salf@mcorhynchus tshawytschand
steelhead@. mykiss)in addition to critical habitat for resident ESA listed populations of
bulltrout (Salvelinus confluentus)

Distinct gradients of both natural and anthropogenic disturbance regimes are

found in the study area. Fire is the dominant natural disturbance in the studpdrea
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anthropogenic disturbance is predominantly associated with timber hardesizals,

with grazing and mining also occurring. Because of the varying degrdegwbance
and the presence of ESA listed species, monitoring the status of in-strieiteh drad
assessing the influence of in-stream habitat on biotic communities istamiior
determining the impacts of disturbance on aquatic ecosystems and prioritstorgtien

activities within the study area.
Methods

Study Design and Reach Selection

This study is part of a larger program aimed at monitoring the status adsl tfe
in-stream habitat on federal lands within the Interior Columbia River Ba&tB |
(Kershner et al. 2004b). In brief, watersheds were determined probabijisigiag a
spatially balanced sample design described in (Kershner et al. 2004b). Thiglhpproa
first organized the CRB into groups of 20 contiguoliiéld hydrologic code
watersheds. Within these groups, watersheds were randomly selected to debermine t
potential for sampling. Each watershed was then categorized as eithemgefer
managed based on current and historical management activities. Refermmshetia
contained minimal management activities with no permitted livestock grazihg last
30 years, less than 0.5 km/kmoad density at the watershed scale and no roads within
the proximate (1 km) riparian buffer, less than 10 percent timber harvest within the
watershed, and no evidence of mining within riparian areas (Kershner et al. 2004b).
Watersheds subject to higher degrees of land management activities welereohsi

managed. Within each watershed, sample reaches were located by idetiigying
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lowermost stream section on federally managed land having a gradightleSspercent

and greater than 50 percent federal ownership in the upstream catchment. We selec
reaches at the lowermost portion of the watershed because they are thonigigraoe

the cumulative effects of upstream disturbance (Kershner et al. 2004b), anddemigra
channels are likely to be more sensitive to change under variable sedimeniand fl
regimes (Montgomery and MacDonald 2002). Additional details on study design and
reach selection can be found in (Kershner et al. 2004b) and (Al-Chokhachy et al. 2010).
From this larger program dataset, we attempted to control for variatiootio bi
assemblages that can arise from inherent differences in physiographictehstics
(Feminella 2000) by selecting a subset of reaches located within ourastéadghat had
complete physical habitat and biological stream data.

We evaluated 190 reaches located on U.S. Forest Service and Bureau of Land
Management lands within our study area. Stream sizes ranged from 1.29 to 20.78 m in
bankfull width and varied considerably in elevation (range = 460 to 2350 m). Reach
gradient ranged from 0.03 to 2.99 percent. Catchments upstream of sample reaches
represent the varying degrees of management in the study area with 65ecdéschm

considered reference and 125 considered managed.

Field Methods

We conducted field sampling between 2004 and 2007 from late June to early
September during baseflow conditions. Survey reach lengths were definedrae<20 ti
the average bankfull width, with a minimum length of 160 m. A reach length of 20 times

the bankfull width increases the likelihood that multiple riffle-pool sequenees ar
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sampled in each reach (Knighton 1998). At each reach, we collected in-stream

macroinvertebrates, temperature, and substrate data.

Macroinvertebrates. Prior to in-stream habitat sampling, macroinvertebrate
samples were collected at each reach. We collected two random samplds af the
first four fast-water (riffle) habitats using a 0.09 Surber sampler (500-um mesh) for a
total of eight samples. Within the 0.09 sample area, substrate was disturbed to a depth
of 10 cm and rubbed to facilitate the dislodgment of macroinvertebrates andaoliect
the sampler. Samples were then combined to provide a single sample for each reach,
transferred to jars, and preserved in 95% ethanol.

Macroinvertebrates were sorted using criteria outlined by (Vinson and R&wki
1996) and identified to the lowest possible taxonomic level (usually genus ors3jgcie
the National Aquatic Monitoring Center. Due to ambiguities in taxonomic resolihiat
occur during identification where organisms cannot be identified to a consistent
taxonomic level (Cuffney et al. 2007), macroinvertebrates were converted into
Operational Taxonomic Units (OTUs) by Charles Hawkins at The WestererGent
Monitoring and Assessment of Freshwater Ecosystems. OTUs can vary ie\bakeof
taxonomic resolution, but are unique from one another and are identified based on the
aggregation of ambiguous taxa into an OTU or the exclusion of ambiguous taxa from the
analysis. This results in a dataset where all similar taxa asefidddgo a consistent
taxonomic level.

Temperature. We collected stream temperature at a point location within each
reach. Temperature was recorded hourly from Julta@ugust 28 using thermal data

loggers. From the hourly temperature data, we derived the average dailyumaxim
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temperature of the warmest consecutive seven day period (hereaftexdrédeas weekly

maximum temperature), the number of days exceeding 16 degrees Celsiutetherea
referred to as days >16), and the percent of hourly observations greater thah the 90
percentile of temperature values for all sampled reaches (here&dieed to as the

percent of observations > the"™dpercentile). Each temperature metric was hypothesized
to represent prolonged exposure of aquatic biota to thermal stressors.

Fine sediment. To characterize stream substrate, we collected sediment size and
pool tail fine sediment measurements at each reach. For our sediment size
measurements, we first established the overall reach by measuring barddtukht four
random locations and used the average of these four measurements to categbgge rea
into 2 meter width categories with a minimum width category of 8 m and amaxbf
25 m. We then established transects (minimum of 20) along the stream at evesdly spac
intervals of the corresponding width category.

At each transect, we collected substrate at 5 equally spaced intervals and the
intermediate axis of each particle was measured (Wolman 1954). Only garticle
collected within the active stream channel (no bank material) were @tcfodthe
analysis. From our samples, we estimated the median particle g)zan the
proportion of bed material less than 4 mm (hereafter referred to as substrate <4)

We estimated the amount of substrate covered by surface fines at pool tail
locations within the reach. Pool habitat units were defined as areas whereahetsed
is both laterally and longitudinally concave in profile and bounded by an upstream break
in slope (i.e. pool head) and a downstream break in slope (i.e. pool tail). Criteria for

defining a pool also include the designations that the maximum depth Ivagimes
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deeper than the water depth at the pool tail, the length of the habitat uritheasetted

channel width, and the habitat unit waS0 percent of the wetted width at its widest part.
Pool tails were identified as the lowermost 10 percent of each habitat unke(ldedl.
2007).

At each pool tail within the sample reach, we conducted grid measurements to
estimate the amount of substrate covered by surface fines. Grid measureenents w
carried out by placing a 0.35 by 0.35 meter grid with 50 intersections at threestoniidi
locations across the wetted width of the lowermost portion of the pool. For each grid, we
counted the number of intersections that corresponded with particles <2 mm and < 6
mm. The average percent fines of each size category was then estimatathfpool
from the three grids and the total percent fines < 2 mm (hereafter referetinesa< 2)
and < 6 mm (hereafter referred to as fines < 6) was averaged for the reaclso We a
calculated the ratio of lgg(x + 1) substrate < 4 and Ig(x + 1) do (hereafter referred to
as the ratio of substrate < 4 ang)do indicate the potential entrainment of smaller
streambed particles in interstitial spaces leading to the embeddingefsaibstrate

(Lisle, 1989).

Analytical Methods

Macroinvertebrates. We used the relative abundance of OTUs (hereafter
referred to as taxa) to examine variation in macroinvertebrate commamgosition.
In order to reduce noise in further analyses stemming from the presenga of t
minimal samples, taxa that were present at fewer than five percestrefithes were
eliminated (McCune and Grace 2002) and the resulting data wegledL)

transformed. From the log-transformed abundance data, we converted reaches int
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distance matrix using Bray-Curtis dissimilarity (BCD; BraylaCurtis 1957) based on

community composition, and used Non-Metric Multi-Dimensional Scaling (NMDS;
(Clarke 1993) to summarize multi-dimensional patterns in macroinvertebrateldage
structure. Bray-Curtis dissimilarity compares the degree to whatthes share the same
taxa (Hawkins and Norris 2000), resulting in an interpretable measure of ecllogica
distance of taxa abundance among sampled reaches (Faith and Minchin 1987; Legendre
and Anderson 1999). NMDS is an unconstrained ordination method based on ranked
distances of samples (reaches) that attempts to represent taxa imalmimnber of
dimensions while preserving the distance relationships (BCD) among sdirgriesdre
and Legendre 1998)The multi-dimensional solution of dissimilarity from NMDS is
compared to the original BCD measurement to yield a measure of fie(testmess).
Stress values are scaled from 1 to 100, with lower stress values indicattiey ditbe
between the two distance matrices. In addition to stress, NMDS resudistadireach
axis coordinates (reach scores) calculated as the weighted avereggshes based on
their order along the ordination axes, and taxa axis coordinates (taxa sgpresg¢mting
the weighted average centroid of the taxa along the ordination axes. We used the
resulting NMDS configuration of reach scores as a response variaSkessdhe relative
efficacy of single variables and latent variables to characteriaafthence of thermal
stress and fine sediment on macroinvertebrate community structure MBISNnalyses
were performed using the metaMDS function in R (Oksanen et al. 2008; R Devetopme
Core Team 2008).

Single variables. We used weekly maximum temperature and substrate < 4 as

proximal variables characterizing thermal stress and fine sedimerdctigsty. The
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weekly maximum temperature is often used as a temperature summacytassess

compliance with water quality standards for salmonids in the Pacific Norttwd&s
Environmental Protection Agency 2003) and has also been used in the investigation of
species-habitat relationships (Ebersole et al. 2006). Substrate < 4 is agbrag@msure
representing the proportion of sand and finer particles within a reach which isreonom
summary metric used in habitat monitoring programs (Roper et al. 2002). Weekly
maximum temperature and substrate < 4 were used as single, independensvariable
further analyses assessing the influence of these variables on commumtysition and
compared with results from the latent variable models.

Latent variable models.ln contrast to single variables, latent variable models are
built upon the concept that combining multiple indicator variables may more acguratel
characterize and represent ecological processes (Fabricius and De'Ath P0@4
combination of these indicator variables may be used to represent underlying sauses a
unmeasured factors or theoretical constructs known as latent variables 26089.

Latent variables are hypothetical or theoretical factors that may mitdadly observed
but are hypothesized to be common among multiple indicators (Hershbeed2003).
Latent variable models are structural models that explicitly ideatifydescribe the
statistical relationship between the observed indicator variables and titevéatable
(Bollen 1989).

We constructed latent variable models and used confirmatory factor analysis
(CFA) to evaluate the covariance structure among proximal indicatorshiegodd to
represent two latent, environmental factors influencing macroinvertebratewsoty

composition; thermal stress and fine sediment accumulation. While CFA eptoalty
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similar to principal components analysis (PCA), CFA specifies direct liakseen

observed variables and the latent factor and assumes that the latent vasioles a
representations of the underlying factor, measured without error, while theaxbser
variables contain measurement error (Grace 2006). In contrast, PCAtatteraccount
for a maximum amount of variance in the data by allowing all observed variatbesit
on all factors (components), and makes the assumption that observed variables are
measured without error (Grace 2006). Because all variables are allowed ¢m lakh
factors in PCA, PCA is generally considered an unreliable method leading to
interpretable factors (Grace 2006).

Confirmatory factor analysis uses linear combinations of the observed gariabl
account for the covariance among descriptors, resulting in a latent vahiaiéxplains
the covariance structure of the observed variables in relation to the hypethlesent
factor (Legendre and Legendre 1998). The covariance among observed variables is
assessed using maximum likelihood estimation resulting in standardized péttiesusf
or factor loadings, that are scaled from O to 1 and describe the relativieuwtoom of
each indicator variable to the latent factor, and a measure that reptheeardgsation of
each indicator accounted for by the factor.

We used three variables in each of two latent variable models to represent the
latent factors thermal stress and fine sediment accumulation (Figure 2u2abl¥'s used
in each model represent hypothesized proximal indicators of the two latens fa€tor
the thermal stress latent variable model, we used the weekly maximumdampelays
> 16, and the percent of observations > tH @ércentile as proximal indicators of

thermal stress. Days > 16 indicates the upper limit of the optimal rangedail¢
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salmon and trout rearing (USEPA 2003) and probability of bull trout occurrence

(Dunham et al. 2003). The percent of observations > th@éentile provides a
regional context to reaches with repeated periods of high temperatures. a8ilreware
hypothesized to characterize sustained periods of high stream tempetatuneayt limit
the distribution and community composition of aquatic biota.

For the fine sediment accumulation latent variable model, we used substrate < 4,
fines < 6, and the ratio of substrate < 4 agohd proximal indicators of fine sediment
deposition at the reach. Fines < 6 represents the amount of fine sediment accuntulation a
pool tails and is commonly used as a summary metric in habitat monitoring programs
(Roper et al. 2002; Al-Chokhachy et al. 2010). The ratio of substrate <4@ndidates
the potential filling of substrate interstitial spaces, leading to actiedun habitat
availability (Richards and Bacon 1994; Waters 1995). Each proximal measure of fine
sediment were hypothesized to represent fine sediment accumulation yHatichto
shifts in biological communities (Lanat et al. 1981; Harrison et al. 2007).

From the results of the CFA, we derived factor scores from each lateatileari
model using the regression method of Thomson (1951). Thomson’s regression method
calculates the z-score of the sum of the products of indicator values and factagdoadi
The CFA was conducted using the stats package within the R programming eevironm
(R Development Core Team 2008). We used the latent variable derived facter score
(hereafter referred to as latent variables) along with the single \ewifslthermal stress
and fine sediment as independent variables to compare the relative efficaci of e

variable to account for the variation in macroinvertebrate community composition.
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Comparison of Single and Latent Variables

To assess the relative efficacy of single variables and latenibhesria
characterize the influence of thermal stress and fine sediment on madefrster
community composition, we compared the overall variation in community structure
explained by the single and latent variables. The overall variation in community
composition was assessed by fitting variables to the NMDS results usiny/fite e
function in R (Oksanen et al. 2008). The envfit function finds the gradient in the
ordination configuration with the highest correlation to each environmental variable
This results in a measure that expresses the total amount of variation in communi
composition explained by the environmental variabf.(Ro visualize the strength and
direction of influence of thermal stress and fine sediment on community structuie a
examine whether compositional differences in reference and managed cascivarent
related to the environmental factors, we overlaid a biplot of the single and laiabtesa
on a scatterplot of NMDS Axes 1 and 2 reach and taxa scores.

Due to the uncertainty of statistical estimates within a single dateaecurately
assess the influence of environmental factors on community composition within a
population, we used a bootstrap procedure to assess the accuracy and potential bias of R
squared estimates within our dataset. Bootstrapping is a nonparameiriplmega
procedure used to estimate the sampling variance of a statistic where adeplidtion
of data is difficult (Efron 1982). We used 1000 randomly drawn samples with
replacement to estimate Ralues resulting from the analysis of single and latent
variables on the NMDS results. The resulting distributions of values were used to

compare the reliability of single and latent variables to assess thenoggloéthermal
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stress and fine sediment on macroinvertebrate community composition. abéirgbf

estimates was assessed by comparing the median, mean, bias (diffeetmeen the
mean of bootstrap estimates and the original estimate), 95 percent confidervadsnt

and £'and & quantiles of bootstrapped values between the single and latent variables.
Results

Macroinvertebrates

In total, 163 OTUs (taxa) were originally identified from all sampéehes. This
number was reduced to 90 taxa when only those taxa found at more than 5 percent (10
occurrences) of sampled reaches were considered. Results from the Nbtetkdon-
Multi-Dimensional Scaling (NMDS) of macroinvertebrate data indicatéuleset
dimensional solution provided the best low-dimensional fit between the original Bra
Curtis dissimilarities and the multi-dimensional dissimilarity of N®@inal stress =
15.79). The resulting reach scores from the NMDS, plotted in two-dimensional space
suggest macroinvertebrate compositional similarities among many of tiheseac
including both reference and managed reaches (Figure 3.3). Oultliers consistathe§r
in both reference and managed catchments. A fairly distinct separation betacrezsre
in reference catchments and a portion of reaches in managed catchments olmngred a
NMDS Axis 1 & 0.5) and to a lesser degree along NMDS Axis @.5).

Taxa centroids (taxa scores) in relation to each NMDS axis resul&dlis
having the highest positive taxa score (1.59) associated with NMDS AxisKlogotlus
(-0.60) andRhyacophila hyalinat#0.60) having the highest negative taxa scores

associated with Axis 1. The second NMDS Axis showed the highest positive tags scor
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associated witttherix (1.26),Agapetuq1.20), andPteronarcyg1.16). Negative taxa

scores along NMDS Axis 2 were associated \Wltyacophila verrulg-0.64) and

Prosimulium(-0.64). Individual taxa axis scores can be found in Table A.1.

Latent Variable Models

Results from the latent variable models showed relatively strongoredhips
among indicator variables comprising each hypothesized factor and latentevariabl
derived factor scores (Table 3.1). For the thermal stress model, 86.5 perbent of t
covariance among the thermal stress indicators weekly maximum téunpedays > 16,
and the percent of observations > th& percentile was attributed to the latent variable
(Figure 3.4). Latent variable factor loadingsd¢n each indicator variable were
consistent among variables with weekly maximum temperature having trestigbtor
loading ¢ = 0.934) followed by days > 16 € 0.930) and the percent of observations >
the 9 percentile{ = 0.927). The amount of variation in each indicator variable
accounted for by the latent variable was consistent with the factor loadmegs weekly
maximum temperature had the highest amount of variation explained byethiefdator
(87.2%) followed by days > 16 (86.4%) and the percent of observations >'the 90
percentile (86.0%).

Eighty three percent of the covariance among substrate < 4, fines < 6, and the
ratio of substrate < 4 andydvas accounted for by the latent variable representing fine
sediment accumulation (Figure 3.4). The fine sediment accumulation latexear
loaded highest on substrate <y4=(0.973), followed by the ratio of substrate <4 agd d

(y = 0.895) and fines < & £ 0.843). The latent variable accounted for 94.6 percent of
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the variation in substrate < 4 and 81.1 and 71.0 percent of the variation in the ratio of

substrate < 4 andigland fines < 6, respectively.
Thermal Stress and Fine Sediment Influences
on Community Structure

Pearson product-moment correlations of the thermal stress and fine sediment
single and latent variables on individual NMDS axes indicate that both environmental
factors are influential in shaping gradients in macroinvertebrate commtroitjuse
(Table 3.2; Figure 3.1). Both of the thermal stress variables were positivediated
with NMDS Axis 1 and 2, and negatively correlated with NMDS Axis 3. The two fine
sediment variables were positively correlated with NMDS Axis 1 and 3, andvetgat

correlated with NMDS Axis 2.

Comparison of Single and Latent Variables

Comparison of the amount of variation explained) fetween the single and
latent variables in overall community structure showed that each variablelatasety
equal in characterizing thermal stress and fine sediment influences onmeaxtedrates
(Table 3.3). The thermal stress single and latent variables explainedetwpal
amounts of variation (52.3 and 51.8 %, respectively) in overall community composition
using our initial dataset and were significanPat 0.001. Results from the
bootstrapping of thermal stress single and latent variables on overall comstuurgtyre
were consistent with our initial findings. The single variable consistertijpied
higher R estimates for the median, mean, and 95 percent confidence intervals of
bootstrapped values. All bootstrapped values were signific@«&.0001. Both of the

initial single and latent variable’Rstimations were negatively biased, indicating that the
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initial values tended to overestimaté\Rilues. Figures illustrating differences in the

distribution of bootstrap Restimates for thermal stress and fine sediment single and
latent variables with overall macroinvertebrate community strucaurdoe found in
Figure A.1.

The fine sediment single variable initially explained slightly 1€s3 ¢o) variation
in overall community structure compared to the fine sediment latent variatdle whi
initially explained 42.8 percent (Table 3.3). Bootstrap results were congsistierihe
comparison of initial Restimates for the fine sediment variables with the latent variable
exhibited higher median, mean, and confidence interval bootstrap estimaticnsAif R
bootstrapped values were significanPat 0.0001. Both of the initial single and latent
variable R estimations were negatively biased when compared to the distribution of
bootstrapped Rvalues. This suggests that both fine sediment variables tended to
overestimate Rin the initial dataset, while the single variable overestimafechiRes

slightly more than the latent variable.
Discussion
Thermal Stress and Fine Sediment Influences
on Community Structure

The objectives of this study were to examine the influence of thermsd stnel
fine sediment on aguatic community composition and compare the relativeetifcac
single and latent variables to assess the influence of thermal stresseasetiment on

macroinvertebrate community structuiResults examining the variation in community

structure explained by the thermal stress and fine sediment variablegarttist both
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thermal stress and fine sediment are important factors influencingubtusgrof

macroinvertebrate communities.

We were able to account for 52 percent of the variation in community structure
with our thermal stress variables and 43 percent of the variation in communityise
with our fine sediment variables. The correlations of thermal stress anédingesit
variables on each NMDS axis suggest that both factors were influential fusirgc
community gradients along NMDS Axis 1 while thermal stress was moueirial in on
community gradients defining Axis 2. The shared moderately high correlatitme of
two factors on Axis 1 may indicate an expected gradient in stream habitaatesnpl
leading to a corresponding gradient in community structure related to #tiotoof
reaches along the stream continuum (Vannote et al. 1980). The interpretation of habita
gradients corresponding with community structure is supported lyostihocanalysis
using Geographic Information Systems where Axis 1 had a positive correfation (
0.407) with mean summer air temperature and a negative correlation with fieldretba
stream gradient (= —0.336). This indicates that community structure is influenced by a
continuum of stream habitat along Axis 1 that ranges from steeper, highatiat
streams (negative values) to lower elevation streams with lower stradrargs
(positive values) where fine sediment may accumulate.

The structure of community composition along Axis 2 may also be related to this
same gradient of reach position along the stream continuum which is evidenced by the
negative correlation of reach elevation with Axis 2 reach scoresQ.437). This

suggests that the total variation in community structure cannot be solely attribwt
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single factor but instead may be influenced by the interaction of multiplecghattors

whose relationship is based on landscape position along the stream continuum.
Differences in community structure between reference and managed eatshm
indicate that both thermal stressors and fine sediment play a factor inrdiéeng these
communities. A majority of reaches in both reference and managed catchments
overlapped in the scatterplot of NMDS Axes 1 and 2 (Figure 3.3). This suggests that
community composition in many managed catchments is similar to thoserenife
catchments. Deviations from this overlap do occur though along Axis 1 and 2 where
reaches with higher positive values which are correlated with highés Ehermal
stress and fine sediment are dominated by managed catchments. While df@menc
community structure between reaches in reference and managed catchnydrgs ma
attributed to different levels of thermal stress and fine sediment, it issundhat these
differences stem from. A majority of forest land management pracit@es in terrain at
lower elevations where natural resources are more easily ddeesEnerefore it is
difficult to assess whether differences in community structure resfiangthermal
stressors and fine sediment accumulation are directly related to anthropofieeicces,
landscape position, or a combination of these two factors. Our findings illubgate t
importance of accounting for the natural variation in watershed charactewsien
comparing stream habitat (Kershner et al. 2004a; Al-Chokhachy et al. 2@ilBioéc

communities (Cao et al. 2007) between reference and managed watersheds.

Latent Variable Models
Results from the latent variable models indicate that a substantial amount of

covariation among indicator variables characterizing thermal stresghargktiiment was
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captured by each model. In the thermal stress latent variable modelyditzettia

regression coefficients were relatively high and weighted evenly amdiogtor

variables. This indicates that aupriori hypothesis about indicator variable similarities

is valid, but also suggests that the thermal stress indicator variabledwardamt,

resulting in a latent variable that is nearly equivalent to each indicator. negide

supporting the latter is confirmed by observing the correlations betweenethie la

variable derived factor scores and thermal stress indicator variables,thnére/est

Pearson product-moment correlation between the factor scores and indicators was 0.951
(Table 3.1).

In the fine sediment model, differences in standardized regression coesfiarel
the amount of variation explained for each indicator variable by the latent eamaist
likely reflects differences in sampling locations and methods. Substraias 4
measured at evenly spaced transects in both pool and riffle/run habitats, finese< 6 we
measured at pool tail locations, and the ratio of substrate < 4g@addatio of
measurements in pool and riffle/run habitats. Therefore, the discontinuity among
indicator variable regression weights may be partially due to the diffeabitat types in
which the measurements were taken and the covariance among variabless mang
representative of fine sediment within all reach habitat types. Diffesendhe variance
explained by the latent variable may also be due to differences in samptimzgse
Substrate < 4 was estimated from (Wolman 1954) pebble counts which may bias
observations toward larger particles (Marcus et al. 1995) and has been assothated w
higher observer variability when summarizing the percent of fine sedinoemthese

measurements (Roper et al. 2002; Whitacre et al. 2007). Methods used to measure fines
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< 6 have been associated with low signal to noise ratios stemming from observer

variability (Roper et al. 2002). The recognition of observer variability in satbstr
measurements illustrates how combining multiple measurements hypathesieea
component of the latent factor (fine sediment) and assessing the covariatiogn am
indicators may more precisely reflect the underlying structure of theoanvental factor
by reducing the effects of measurement error. This also suggestsahatvéatable
models may be a preferred method used to account for sources of variability adsociat
with substrate measurements where failure to account for this variamgityesult in a

decreased ability to meet habitat monitoring objectives (Olsen et al. 2005).

Comparison of Single and Latent Variables

Results from the comparison of thermal stress and fine sediment singlé¢esud la
variables on overall macroinvertebrate community structure suggest thatroualthe
stress latent variable was not as effective in characterizing thenné of thermal stress
on community structure as the single variable while the fine sedimentVateable was
more effective at characterizing the influence of fine sediment on comnstmnitture
compared to the single variable. The thermal stress single variald#yimiiplained a
higher percentage in overall community composition compared to the latent variable and
these results were further supported by the results of the bootstrap anahysis
suggests that important information in the variance of the single variablelttas to
macroinvertebrate composition may have been lost when the single vargable w
combined with similar proximal measures in the latent variable model. Although the
difference in the initial amount of variation explained by the two models wdk sma

(0.5%), the bootstrap results indicate that the single variable was consistergly
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effective at representing the influence of thermal stress on communitipstcudhis is

confirmed in the lower bootstrap bias estimate of the single variable, whiehedifirom
the latent variable by 1.9 percent and indicates that the single variablésmég anore
effective at representing the influence of thermal stress on macrobratet outside of
our original dataset of sample reaches.

The high correlation of the thermal stress single variable with the lsgable
(r =0.958; Table 3.1) also indicates that the two variables are nearly identical.
Therefore, we should not have expected that one variable should account for a
substantially more amount of variation than the other. Including alternativenaioxi
measures of thermal stress in the latent variable model that were not gcbigilated
may have aided us in developing a more effective latent variable. For exaitngam
temperature summary metrics may not be the only indicators of thernsal straquatic
biota. High stream temperatures can also lead to a decrease in dissoherd(@QY
levels and an increase in organism metabolic rates (Allan and Castillo 2007) yhat ma
lead to a shift in community composition toward species more tolerant of high DQ levels
Developing a latent variable model that incorporates DO or other close tEx@a
sustained high stream temperatures along with temperature summacsg aed
assessing the covariance among these variables may lead to a |latbefe ttzaias more
effective in characterizing the influence of thermal stressors on maertebrate
community structure.

The fine sediment latent variable initially explained 0.3 percent more of the
variation in overall macroinvertebrate community structure than the fine sgdingle

variable. Results of the bootstrap analysis support these initial findings valcerefehe



75
bootstrapped summary statistics (Table 1.3) were higher for the laterttiednian the

single variable and the difference between the resulting bootstrap distrib@os nvas
1.1 %. The bias of the latent variable was also smaller (0.8%) than that of the single
variable which indicates that the latent variable may be a more relglviete of fine
sediment influences on macroinvertebrates in sample populations outside our initial
dataset. Although the differences in the amount of variation explained by the two
variables were small, these results suggest that the latent variable weasfieciive in
characterizing the influence of fine sediment on community structuretibaingle
variable.

Similar to the high correlation between the thermal stress single and latent
variable, our fine sediment variables were highly correlated)(997). Therefore, the
difference in the amount of variation explained between the two variables may be
attributed to the other proximal variables in the model and their covariatibrsustrate
< 4. Fines < 6 and the ratio of substrate < 4 gglatl moderately high correlations with
substrate < 4r(= 0.843 and = 0.871, respectively). This suggests that the two variables
are somewhat distinct indicators of our hypothesized latent factor andatienstip
among the variables, assessed through their covariance may be morentafivess the
underlying influence of fine sediment on macroinvertebrate community seubtam the
single variable. The small amount of additional variation explained by the Vaiiéaible
may not be enough to warrant using the latent variable in place of the singldevanri
further analyses, but it does provide evidence for the potential of latent vat@biese

accurately characterize factors influencing stream biota.
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While our fine sediment latent variable did explain slightly more variation in

community structure than our single variable, a more effective model maykan
constructed by using alternative proximal measures of fine sediment tinabisre
spatially relevant to where biotic samples are taken. Alternative measinee
sediment such as those that more accurately indicate embedded substratgh(iiotHu
Budy 2005) and are not as highly correlated with or derived from other measurements i
the model may have resulted in a more effective latent variable. A mectivedfmodel
may also have been attained if all proximal indicator variable measureneaets w
conducted in riffles where macroinvertebrate samples were taken. These ratiosisle
should be employed when developing theoretical and statistical models aimed at
representing factors influencing a target biological community.

In this analysis, we were limited to physical stream attributes taseonitor the
status and trends of in-stream habitat. While many of these attributesedrto assess
the effect of land management on stream habitat, the reliability of mahngsaf
measurements to characterize factors influencing aquatic biolaussgrtain.
Considerable effort has been taken to assess the reliability of observeowania
measuring physical stream attributes (Roper et al. 2002; Olsen et al. 200&;ré/kttal.
2007). Results from these studies have helped us to understand which measurements are
more reliable in characterizing in-stream habitat. Given our increasetstarmding of
the reliability of in-stream habitat measurements, the next step may xenme the
reliability of these measurements to assess influences on streamWiaita our ability

to characterize in-stream habitat may be sufficient, our ability toureastributes
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representing environmental factors directly affecting the biota itelinby our

understanding of these factors and the resources to measure them.

Including additional measurements in our habitat assessments that anegbroxi
indicators of the environmental factors effecting stream communitieall@iv us to test
the efficacy of multiple habitat measurements to characterize tifleience on stream
biota. By combining multiple proximal indicators with ecologically simitnilautes
into latent variable models, we may be able to more accurately charaatetiagsess
the ecological processes influencing the biota. The use of latent vat@bdgsesent
underlying processes or factors provides a potentially effective dlterna single
habitat measurements. Although their use has been limited in the aquatic sta¢ets
variables have been successful in representing unmeasured theoreteslifacther
ecological analyses (Grace and Pugesek 1997; Malaeb et al. 2000; Bakereand Wil
2009). Further refining of conceptual models based on underlying processes may be
especially beneficial to researchers investigating habitatdapdsand species-habitat
relationships in lotic environments and further our understanding of the factors

influencing aquatic communities.
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Table3.1 Pearson product-moment correlations between field measured variables and
latent variable model derived factor scores representing indicators obtlstrass and

fine sediment

accumulation.

Environmental
Factor

Indicator Variable

Thermal Stress

Weekly Maximum Days > 16 Observations >Latent

Temperature 90th Percentile Variable
Weekly Maximum
Temperature 1
Days > 16 0.868 1
Observations >
90th Percentile 0.866 0.862 1
Latent Variable 0.958 0.953 0.951 1
Fine Sediment Substrate < 4 Fines < 6 RatioSubstrate  Latent
<4 and g Variable
Substrate < 4 1
Fines <6 0.843 1
RatioSubstrate < 4
and d 0.871 0.757 1
Latent Variable 0.997 0.867 0.896 1
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Table 3.2 Pearson product moment correlations of thermal stress and fine sediment
single and latent variables with individual NMDS axis site score. The thetraess
variables were significantly correlated with each axiB &t0.0001 and the fine sediment
variables were & < 0.001.

Environmental Variable

Factor

Thermal Stress NMDS Axis1 NMDS Axis2 NMDS Axis 3
Single 0.471 0.488 -0.250
Latent 0.422 0.505 -0.292

Fine Sediment NMDS Axis1 NMDS Axis2 NMDS Axis 3
Single 0.550 -0.203 0.284
Latent 0.554 -0.215 0.273
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Table3.3 Initial R-squared (B estimates and statistical summaries of bootstrapped R

values for thermal stress and fine sediment single and latent variathes/esall

community structure. Lower Cl and Upper CI represent the lower and upper 95%
confidence intervals of bootstrap values.

Environmental Variable

Factor

Thermal Stress Initial R Median  Mean Bias Lower CI  Upper CI
Single 0.523 0.465 0.463 -0.060 0.374 0.548
Latent 0.518 0.438 0.439 -0.079 0.354 0.521

Fine Sediment Initial R Median  Mean Bias Lower CI  Upper ClI
Single 0.425 0.350 0.349 -0.075 0.239 0.456

Latent 0.428 0.359 0.360 -0.068 0.249 0.474
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Latent
Variable

Figure 3.2 Schematic path diagram of a latent variable model. Cirgleepeesent
error associated with each indicator variablg,(®hich are represented by rectangles.
Arrows from circles to indicator variables represent the influence of associated with
each measured variable. The oval represents the latent variable. Arrotirsgpfoom
the latent variable to each indicator variable symbolize that each indeatoreiement

of the latent factor
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Figure 3.4 Latent variable model results for a) thermal stress and b) fine sediment
Values within indicator variable rectangles represent the amount afigarexplained
by the latent factor. Standardized path coefficients, or factor loadinis tént factor
on indicator variables are located next to each arrow. Values within ovals irtieate
total variation among indicator variables explained by the latent variable
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CHAPTER 4

CONCLUSION

Understanding the linkages among landscape processes, in-stream habitat, and
aquatic biota is one of the major objectives and challenges of stream ecolodg. Whi
much knowledge has been gained in recent years regarding these linkagesya furt
more complete understanding of these linkages is needed. This understanding is an
essential step in assessing the influence of land management adiviéigaatic
ecosystems in order to direct conservation strategies aimed at proteciatig a
resources.

In Chapter 2, we used spatial data, field-based habitat measurements, and
macroinvertebrate community data to examine the influence of landscapespsooes
maximum stream temperatures and fine sediment, and to examine how welhfands
and habitat characteristics represent factors influencing gradiengminvertebrate
community structure. Regression results of the spatially derived landscegideson
weekly maximum temperature indicated that water residence time, oraxsmmer air
temperatures, and riparian shading were all significant factors inflgen@rimum
stream temperatures. Results of the landscape variables on fine seddivaed that
network specific stream power was a significant influence on fine sedanemmulation
at the reach while proximity-weighted slope and reach unit stream power were not
significant. These results indicate that our initial hypotheses regatarinfluence of
proximity-weighted slope and reach stream power may have been incorrect, but most
likely reflects either our inability to accurately characterizeghastors using spatial

data or the fact that network stream power accounted for much of the same vasgiation a



93
the other two variables in the model as indicated by the moderate correlatomg the

three.

Interpretation of the linear regression results of the field and GIS-derived
measurements on non-metric multidimensional scaling (NMDS) resuhig of t
macroinvertebrate community data suggested that macroinvertebrateioiynm
structure along NMDS Axis 1 most likely reflects a gradient in longituginaition
along the stream continuum. This gradient, based on the location of sampled reaches
along the continuum may be influenced by a combination of factors relating to both
landscape processes and in-stream habitat characteristics edmgres further from
steeper headwater streams at lower elevations tended to have incregiseaf liine
sediment accumulation and higher temperatures. Changes in macroinvertebrate
community structure associated with NMDS Axis 2 most likely reflegadient in
maximum stream temperatures or a close environmental correlatepafrstuore and
may also indicate a shift in community structure from heterotrophic torapiot
dominated communities. While both of these patterns in macroinvertebrate community
composition have previously been recognized (Vannote et al. 1980), our ability to
accurately characterize the landscape processes influenceegadterns may allow us
to factor out variation in the landscape in order to better understand the iropliziti
land management practices on in-stream habitat and aquatic biota.

What may be most interesting is that our GIS-derived model consisting of
measurements hypothesized to influence maximum stream temperaplasseskalmost
twice as much variation in macroinvertebrate community structure alorigSNAKis 2

compared to the field measurement of weekly maximum temperature and had a
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substantially lower AIC score. Also, the GIS-derived model representidgdape

influences on fine sediment explained roughly the same amount of variation in
community structure along NMDS Axis 1 and had a similar AIC score compatkd
field measurement of fine sediment. These results indicate that chiatmstevithin the
landscape may play a more dominant role than in-stream habitat in structuritig aqua
communities, that the GIS-derived measurements may be accountiwiglitorreal
variation in community structure indirectly related to the field measurener that our
field measurements may not be accurately characterizing imshabitat important to
the biota. The results also provide evidence that spatial methods may offerraatisk
method to assess patterns in stream communities and suggest that more isesearc
needed in order to understand how accurate our habitat measurements arseaitiregre
the relative factors structuring aquatic communities.

In Chapter 3, we compared the relative efficacy of single field measoi® anel
latent variables to characterize the influence of thermal stressnenskfiliment
accumulation on macroinvertebrate community composition. Results showed that the
latent variable indicating thermal stress was less reliable thamtjte gariable at
characterizing the influence of high temperature on macroinvertetmateunity
structure and that the latent variable indicating fine sediment accountauyfa limited
amount of additional variation compared to the single variable regardingflinence of
fine sediment accumulation on community structure. These results suggestitbat
latent variables may provide a potentially effective alternative teshmabitat
measurements, their ability to more accurately represent underlyiogsges or

ecological factors important to aquatic biota compared to single measuseis
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uncertain. Further work is needed to refine hypotheses in order to develop ractigeff

latent variables and more research is needed to determine how well our habitat
measurements characterize factors influencing aquatic biota.

One common question throughout this research was how well do our in-stream
habitat measurements represent factors influencing aquatic biota? Whiswts do
not provide a definitive answer to this question, they do suggest that further research
should be directed at comparing alternative in-stream habitat measuseim determine
how well these measurements characterize factors important to the bictanaiyhbe
accomplished by testing additional single habitat measurementsroatite means of
representing ecological processes such as latent variables. Owr absuKuggest that
additional research is needed to refine methods used to characterize landscagegproce
from spatial data. Further testing and improvements of methods used to clagacteri
landscape processes will allow us to better assess landscape influencearrabitat
and aquatic biota, better understand the implications of land management paactices
aguatic ecosystems, and eventually may reduce our reliance on field basedsnet
Improving how well our field and spatial measurements represent fatfioenicing
aguatic ecosystems will lead the way to better environmental assesanmethislp guide

strategies aimed at conserving aquatic resources.
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TableA.1 Operational Taxonomic Unit (OTU) names, non-metric multidimensional
scaling (NMDS) Axis 1-3 scores, and frequencies of occurrence of atbmaertebrate
OTUs with at least 10 occurrences (5%) in the dataset. OTUs are listedrioforaiek

(positive to negative) along NMDS Axis 1.

Operational Taxonomic Unit

(OTU) Name
Sialis
Tabanidae
Psychoglypha
Pisidiidae
Calineuria
Pteronarcella
Atherix
Cleptelmis
Isoperla
Pteronarcys
Malenka
Onocosmoecus
Agapetus
Lepidostoma
Tipula
Paraleptophlebia
Wormaldia
Hesperoconopa
Apatania
Oreodytes
Tanypodinae
Diphetor
Limnophila
Hydropsyche
Micrasema
Optioservus
Other_Oligochaeta
Zaitzevia
Rhyacophila_alberta_group
Hydroptilidae

NMDS NMDS NMDS Frequency (%)

Axisl Axis2 Axis3
1.589 -0.344 0.014
0.926 0.788 0.034
0.835 0.000 0.484
0.796 -0.440 0.449
0.714 1.119 -0.753
0.698 0.369 0.335
0.672 1.256 -1.285
0.668 -0.039 0.194
0.648 -0.315 0.404
0.623 1.156 -1.103
0.591 0.657 0.101
0.559 0.909 -0.208
0.531 1.207 -0.036
0.528 0.305 -0.036
0.518 -0.476 0.336
0.492 0.271 -0.034
0.461 1.052 0.153

0.426 0.540 0.227
0.422 0.263 0.089
0.416 0.528 0.063
0.395 -0.122 0.151
0.344 0.156 0.049
0.322 -0.227 0.737
0.316 0.991 -0.334
0.313 0.067 0.180
0.293 0.583 -0.273
0.284 0.136 -0.110
0.255 0.654 -0.292

0.254 -0.232 0.493
0.240 0.207 -0.385

Frequency (n)
5.79 11
6.84 13
7.89 15
16.84 32
5.79 11
8.42 16
6.32 12
48.95 93
16.84 32
6.32 12
8.42 16
6.32 12
7.37 14
29.47 56
22.11 42
24.74 47
7.89 15
5.79 11
21.05 40
9.47 18
67.89 129
26.84 51
16.32 31
15.26 29
68.95 131
61.58 117
21.05 40
42.63 81
10.00 19
11.05 21
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TableA.1 continued Operational Taxonomic Unit (OTU) names, non-metric

multidimensional scaling (NMDS) Axis 1-3 scores, and frequencies of oocerds all
macroinvertebrate OTUs with at least 10 occurrences (5%) in the dafadgs are
listed in order of rank (positive to negative) along NMDS Axis 1.

Operational Taxonomic Unit NMDS NMDS NMDS Frequency (%) Frequency (n)
(OTU) Name Axisl  Axis2 Axis3

Hesperoperla 0.232 0.487 -0.478 29.47 56
Pericoma_Telmatoscopus 0.226 0.382 0.253 15.79 30
Amiocentrus 0.211 0.322 0.219 10.00 19
Acari 0.202 0.121  0.390 30.00 57
Ceratopogoninae 0.200 0.038 0.213 57.37 109
Narpus 0.170 0536 -0.230 22.63 43
Peltoperlidae 0.169 -0.413 0.751 41.05 78
Helodon 0.149 -0.278 0.830 5.79 11
Rhyacophila_verrula_group 0.140 -0.623 0.858 9.47 8 1
Visoka 0.131 -0.481 0.796 15.26 29
Chironominae 0.129 0.003 0.111 82.11 156
Rhabdomastix 0.122 -0.166 0.364 14.21 27
Clinocera 0.104 0.170 0.370 6.84 13
Brachycentrus 0.102 0.529 -0.358 35.79 68
Dicranota 0.063 0.062 0.212 25.26 48
Simulium 0.057 0.064 0.011 74.74 142
Antocha 0.045 0.667 -0.152 28.42 54
Heterlimnius 0.031 -0.058 0.187 87.37 166
Orthocladiinae 0.024 0.031 0.019 96.84 184
Hexatoma 0.020 -0.036 0.162 73.16 139
Drunella_grandis 0.010 0.270 -0.379 5.26 10
Skwala 0.004 0.541 -0.453 8.42 16
Drunella_spinifera -0.015 -0.223 0.479 38.42 73
Chelifera_Metachela_Neoplasta -0.015 0.055 0.180 .0@®0 38
Arctopsyche -0.018 0.555 -0.329 38.42 73
Oreogeton -0.032 -0.631 0.644 10.53 20
Lara -0.033 0.609 -0.099 17.89 34
Serratella -0.056  0.147  0.113 56.32 107
Glutops -0.056 0.223 0.211 33.16 63
Other_Chloroperlidae -0.077 -0.078 0.032 95.79 182
Caudatella -0.087 0.277  0.098 39.47 75
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multidimensional scaling (NMDS) Axis 1-3 scores, and frequencies of oocerds all

macroinvertebrate OTUs with at least 10 occurrences (5%) in the dafadgs are

listed in order of rank (positive to negative) along NMDS Axis 1.

Operational Taxonomic Unit
(OTU) Name

Ameletus
Doroneuria

Rhyacophila brunnea vemna group

Dolophilodes

Baetis

Neophylax

Ephemerella

Neothremma

Zapada

Dicosmoecus
Rhyacophila_sibirica_group
Leuctridae

Acentrella

Megarcys
Rhyacophila_vofixa_group
Rhyacophila_betteni_group
Rhyacophila_angelita_group
Cinygmula

Drunella_doddsii
Drunella_coloradensis_flavilinea
Prosimulium

Rhithrogena

Capniidae

Parapsyche

Glossosoma

Epeorus
Rhyacophila_hyalinata_group
Kogotus

Oligophlebodes

NMDS
Axis1

NMDS NMDS Frequency (%) Frequency (n)
Axis2 Axis3
-0.089 -0.228 0.271 56.84 108
-0.098 0.068 0.170 52.63 100
-0.125 -0.052 0.154 80.00 152
-0.184 0.545 -0.046 20.00 38
-0.203  0.063 -0.076 92.63 176
-0.211  0.679 -0.027 15.79 30
-0.215 0.041  0.367 13.68 26
-0.257 -0.289 0.511 17.37 33
-0.262 -0.171 0.246 61.58 117
-0.272  0.048 -0.009 14.74 28
-0.275 -0.019 0.365 24.2 46
-0.294 -0.119  0.227 21.05 40
-0.299 0.128 -0.311 15.79 30
-0.313 -0.013  0.192 54.74 104
-0.389  -0.607 0.036 17.89 34
-0.415 -0.126  0.136 45.79 87
-0.441  0.121 -0.517 79.4 37
-0.458 -0.143 0.020 64.21 122
-0.458 0.087 -0.125 63.68 121
-0.473 -0.043 0.09 55.79 106
-0.484 -0.635 0.094 14.21 27
-0.488 0.156 -0.249 52.63 100
-0.492 0.150 0.120 10.00 19
-0.500 -0.142  0.188 38.42 73
-0.520 0.123 -0.039 39.47 75
-0.522  0.102 -0.259 64.74 123
-0.601  0.332 -0.050 0@o0. 38
-0.602  -0.197 0.137 18.42 35
-0.929 0.361 0.081 6.84 13
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Figure A.1 Bootstrap it = 1000) distribution results of R-squared)Ralues for a)
thermal stress and b) fine sediment accumulation single (white) and lasexk) (bl
variables on overall macroinvertebrate community structure. Vertical dotted and
dashed/dotted lines represent the median bootsfreglies for the single and latent
variable, respectively. Areas in grey represent overlapping distributions
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