Macroinvertebrate CommugiResponse to SpatiBlatterns oiVater Quality and Habitatithin
Mining-influenced Headwater StrearosCentralAppalachia

Melanie Ann McMillan

Thesis submitted to the faculty of the Virginia Polytechnic InstituteState University in partial
fulfillment of the requirements for the degree of

Master of Science

In
Forest Resources and Environmental Conservation

Daniel L. McLaughlin Co-chair
Stephen H. SchoenholtZo-chair
Sally Entrekin

Greg Pond

April 27, 2023
Blacksburg, VA

Keywords: surfaceoal mining, salinity, benthic macroinvertebrates, spatial trends, specific
conductanceyater quality



Macroinvertebrate Community Response to Spatial Patterns of Water Quality and Habitat within
Mining-influenced Hedwater Streams of Central Appalachia

Melanie Ann McMillan

Abstract (Academic)

Benthic nacroinvertebrates are heavily relied on to indicate stream condition because of their ease of
sampling, broad span of sensitivities to pollution among taxagiaedse life histories that utilize

various habitats and environmental conditions. Surtaad mining in central Appalachia often results

in salinization of headwater streams, with documented responses in macroinvertebrate communities
across streams theary in specific conductance (S@n index of degree of salinizatidvlining-

influenced leadwater streams can also exhibit witeiream spatial variation in SC, frequently via

dilution with downstream distance from mining. However, the extent to whedhngioing alters
downstream patterns in water chemistry and macroinvertebrate communities is largely unknown. This
study ainedto determine macroinvertebrate community responses to physical and chemical gradients
within six Appalachian headwater strean@uff miningimpacted, two reference). Streams were

sampled fobenthicmacroinvertebrates, habitat characteristics, and water chemistry in fall 2021 and
spring 2022 at skto-ninelocations per stream over a range ofil®dkm. Miningimpacted streams
exhibited greater spatial variation in macroinvertebrate community composition compared to reference
streams, particularly igpring. BrayCurtis Community similarity determinddghly-impactedstreams
experienced the greatest witkstream shifts in communitsimilarity. Metrics of macroinvertebrate
communities and community similarity showed some correlation with SC at vgiifrgam scales,
particularly in highly impacted streams in spring; however, such trends were much fewer and weaker
compared to relatiohgps among streams when collectively examining communRedundancy
Analysis(RDA) and VariationPartitioning (VP) indicated water quality, habitat, and location do overlap
in explanation of community variation although they oftelditionally explain variance in uniqueays
Significant variables identifiedy RDA within at least two of the six streams include channel slope,
streamwatenutrientsandhardnessstream channe&dmbeddedness, and percent finesiprising the
streambedRedundancy Analysiglsoindicated 18 keynacroinvertebrate taxa study streams

responding to locatiowithin stream habitat, and water quality. Of those 18 takeedderscollectors,
andclingers were most frequently impacted. Improved understaraditige spatial scale of cealining
influences on headwater stream characteristics will help inform bioassessment protocols to most
accurately assess stream condition, and infonredkationefforts within the central Appalachian region
and in other salizied stream systems.
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Abstract (Public)

Smallstreamgqor headwater streamariginating in the central Appalachidhountains harbor a variety

of unique organisms and are essential to the quantity and quality of downstream freshwater for fishing,
recreation, and other uses. Coal mining processesiding disturbance of celeaing bedrockpften
increassthe streams salinity by adding pollutants that elevate dissolved minerals, or salts. Salinization
of streams can come from a variety of sources in addition to coal mining sucicasydead salts and

crop irrigation and i®f growing concern regarding its impacts to the quality of freshwater available for
wildlife and human use. A common way to determine stream health is by identifying aguatic

insects (omacroinvertebratg¢sre present in a streatrecause differentrgups are present based on the
type and intensity of a variety of pollutants. Previous stuti¢srminedstream health by identifying

insects from one location in a stream and comparing it to others. $treamh abi t at and wat
naturally change as they join with larger rivers and flow to lower elevatewmsing different
macroinvertebrates to be present at locations within sgeBms study aimed to determine how

changes along stream distanoesy be different in streams galied from coal mining. The objectives

of this study vereto determine if one sampig adequate teepresent the entire condition of a headwater
stream Six streams were sampled for macroinvertebrate, water quality, and habitatahine

locations wihin each stream over distances of ca. 2,000 m. Four streams were impacted by mining, of
which two were highly impacted and two were impacted to albwel, the last twostreamsawvere

unimpacted to represent reference condition. The study found the typeiauber of

macroinvertebrates within streams were chantgagtwithin reference streanmand mosin highly

impacted stream&/acroinvertebrate communities imghly-impacted streams changed more within
streams because thbgd high concentrations of d@lved saltsipstream near the source of eaahing
pollution andthese saltsliluted with distance downstreamost likely due to fresh springater
contributionswith minimal dissolved salt§ herefore, highlyimpacted headwater streams experience
greaer environmental and macroinvertebrate variability indicating more than one sample location may
be helpful inaccurately assessinghat macroinvertebrates inhabit the strdangth of interest

Ensuring accurate sampling technique to determine streantioondiessential to our understandofg
stream health anldow to remediate and monitor impacts of salinization on our freshwater resources.
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Chapter 1Introduction

Purpose

Surface coal mining in central Appalachia has altevatér quality and benthic macroinvertebrate
communities within headwater streafhsS. EPA 2011)but less is known about the withstream
variability and downstream extent of these impacts. This study seb&lptdl this knowledge gap by
documentingyithin-stream patterns in water chemistngpitat,macroinvertebrate communities, and
their association. Such information will provide the spatial context necessargrtaveunderstanshg
of downstream effects of surface coal mining and how well previoust&ngsinglepoint sampling
locations represent longer stream reachmproved understanding of the spatial scale of-coiaing
influences will help to inform bioassessment protocots riamediationefforts within the central
Appalachian region. Furthermoréjd studycan add to a broader understanding of variable water
guality/habitat and associatathcroinvertebrate metacommunity dynamigthin streamsand thus the
spatial relevancef singlereach bioassessment$se of macroinvertebrates in bioassessments has been
widely implemented as a primary means of indicating stre@mdition(U.S. EPA 2003and is a
method under constant scientific scrutiny for refinen{Bonada et al. 2006)

Background

Mountairtop Mining and Valley Fills: InfluencesndNater Quality

Coalmining hastransformed much of theentralAp pal achi an regionds econonm
cultural context. Since the 19700 sseclangedfthece e c 0 a
centralAppalachian region, with roughly 5,900k(3.5%) of forest land being converted to epahing
use(Pericak et al. 2018; Sayler 2008) West Virginia, Virginia, Kentucky, and Tennessee over-a 17

year period, 1,165 km of headwater streams were permanently lost due tdiltddlayal (U.S. EPA

2011; 2005)This mining landuse persistently elevateswnstreandissolvedion levels, consistently

degrades macroinvertebrate and fish communitiescandegrade water quality to acutely toxic levels

for somebenthicorganismgU.S. EPA 2011)

Surface mining is the process of using explosives to remote 3@0 m of soil and rock, called

overburden, and expose coal seams for extraction. The overburden is either usmohtourethe

impacted mountain or placed into adjacent valleys as valley fill. This process alters ephemeral,
intermittent, and small pennial headwater streamflow patterns and increases sediment loading from
mined areas and valley fil{&).S. EPA 2011)During mining, settling ponds are used to store runoff,
precipitatetrace elemeniglecrease suspended sediment, and regulate pH befdigence with

downstream systems. After mining, the area is graded and planted to control sediment, artificial streams
are constructed on the fill, and settling ponds are eventually removed. These changes to the natural
system have persistent influencesieadwater hydrology, chemistry, and biota in a variety of ways
(Hartman et al. 2005; U.S. EPA 2005; 2011; Pond et al. 2008)

Due to the geology of theentralAppalachian region, most of the overburden produced from coal
mining consists of sandstone, siltstone, and glate. EPA 2011)Accelerated weathering of these
newly fragmented and expossdbstances results in dissolved carbonates rapidly neutraliyracals,



producing alkalinemine drainag€U.S. EPA 2011)This drainage consists of elevated levels of

dissolved inorganic salts such as sulfate, bicarbonate, calcium, and mag(@siknet al. 2018)

resulting inincreasd total dissolved solids (TD@nd associated salinity, often measured as specific
conductance (SCPostmining elevated SC has been shown to persist in central Appalachian headwater
streams, withmeanannualSC rates oflecline from 1.9% to 3.7% and streams not returning to reference
conditionsover ca. 40 year¢Ciancioloet al.2020) Critically, such salinity levels have been well
documented to altdreshwateffish and benthic macroinvertebrate communifiesuffer and Ferreri

2002; Fulket al.2003; Pond et al. 2008; Pond 20B@ind et al. 2014)

Macroinvertebrate Communities Response to Altered Water Chemistry

Since implementation of the Clean Water Act in 1972, benthic macroinvertebrate comnaftahes

have been used to assess water quality and stream comadidionform review and assessment of state
waters Benthic macroinvertebraaeommunity structuréntegrates water and sediment quality and can
therefore indicate collective impact of pollutionep\time. Macroinvertebrates integrate stream
conditiondue to the diversity of life histories creating variable habitat requirements, trophic relations,
and waterguality sensitivities among taXBluryn and Wallace 1987; Wallace and Webster 1996;
Clarke etal. 2008) Furthermorethey are relatively sedentary for aquatic biota and have lifespans of
approximately a yeameaning the community composition can reliably represent conditions at that
specific time and plac@ccordingly, macroinvertebrates havedm shown to resportd various sources

of anthropogenic disturbances such as urbanization, agriculture, logging, and other various forms of
resource extraction and developmg@vierritt et al.2019) Macroinvertebrates with greatest response to
associatedtressors of anthropogenic disturbance, such as habitat degradation, chemical or sediment
contamination, and hydrologic alterations, vary depending on scale, i.e. continent, stateanegion,
stream sizéMerritt et al.2019) As such, i has become comma@ractice to use benthic
macroinvertebrateultimetricscoring systems tdetermine responsive macroinvertebratesdewklop
stream condition indicesapable of assessing the degree of disturbaes the case in i¥ginia, the
Virginia Stream Conditio Index (VASCl)examinedmacroinvertebrateollectionsfrom 278 non

coastal \frginia sites from 19941998 to score streams based on the six metrics that best discriminate
between reference and stressed conditions such as those of-mihiagce(Burton and Gerritsen

2003)

Stream alterations caused by coal mining can have a variety of consequences on benthic
macroinvertebrate community structure. For example, changes in SC impact osmoregulation of aquatic
insects by changing the ionic compositanmd/or concentratioaf thewater(Griffith 2017), but with

effects varying amongertainaquatic insectéMerritt et al.2019) That is some taxa are less sensitive to
elevated SC than others depending on physio{@giffith 2017). In streams impacted by coal mining,
elevated SC ecreases benthic macroinvertebrate richness, creates changes in specificdbenthic

metrics, and causes shifts in communities to moretedtant taxgBoehme et al. 2016; Timpano et al.
2018; Vander Vorste et al. 201%or example, elevated SC hash®bserved to negatively correlate

with Ephemeroptera, Plecoptera, and Trichoptera (EPT) richness, Ephemeroptera richness, Plecoptera
richness, and clinger richne@ampano et al. 2018)Conversely, elevated SC has been associated with
increases in perogof pollutiontolerantchironomid andligocheates, percent of sample that is

composed of the two most dominant taxa, percent Trielnapand percent abllectorfilterer taxa

(Timpano et al. 2018; Merricks et al. 2007; U.S. EPA 20Although increases in SC are the main
influenceon biotic condition in Appalachian streanmgluenced by coal miningaltered



macroinvertebrate communities have also been attributed to other impacts from coal mining)such as
increasedelenium concentriains causing declines in scraper richness and predator déhsityer et

al. 2020 andii) alower proportion of large cobble®-fine in streambedand relative streambed

stability increasing clinger richne@Bond et al. 2014)

Changes to benthic magnvertebrate community composition can have significant impacts on the
functionality of headwater strear(Rondet al.2016) The Appalachian Mountainacted as a refuge

during the last glacial period resulting in endemic species and high biodiversityaadiern day. The
persistence of this biodiversity is in part due to headwater stream spatial and temporal dynamics creating
a variety of habitats to support the many different life histories of aquatic orgaiusshEEPA 2011)

Both benthic macroinvertelite assemblages and their functional roles défifeongheadwater streams

and largetorder streaméVannote et al. 1980 ompared to largesrder streams, headwater streams
consist of relatively more substrate and large woody debris, which slow flow and provide more time for
collecting and shredding benthic macroinvertebrates to process organic matteantheate troptu
subsidies that increase downstream biomass and secondary pro(Betika and Wallace 1997)

Therefore, loss and/or alterations to headwater streams can result in loss of species diversity and
functionality, with potential impacts to downstream waterS. EPA 2011)For these reasons, it is
important to incorporate spatial context when examining downstream effects and potential benthic
macroinvertebrate community recovery with distance from mined areas.

Role of Spatial Gradients in Bioassessments

Bioassessments have become widely used in the US to assess stream condition since implementation of
the Clean Water AqlU.S. EPA 2003)These bioassessments commonly utilize collecting benthic
macroinvertebrates as they are relatively easily accessibibjtdihited mobility, and vary in their

sensitivity to different stressors, thereby providing insight into local stream con@htamor et al.

2016) Since widespread incorporation of bioassessments, their precision and rigor have been
consistently inveggated, mostly in a sample's capacity to accurately represent the condition of the

stream syster(Bonada et al. 2006; Pond et al. 2008; Buss et al. 2885urrent protocols delineate
sites based on a singl e r at thaecensresdajclehadfurthee fr epr
challenged our knowledge of bioassessments in terms of their effectiveness at representing longer
stream reaches using one sampling locatitegino 2013; Cai et al. 2018arbour et al. 1999

Spatial studies incorporaterm®epts, such as the river continuum concept (R@@nnote et al. 1980)
and metacommunity theo(izeibold et al. 2004)that are less considered in acregam studies.
Natural shifts in macroinvertebrate communities ovepatialgradient of physicalanditions has been
defined by the RCCVannote et al. 1980However physical gradients are not the only drivers of
community composition in any single locatjamhere ertain taxgpreferspecific physical conditions but
are not strictly limited to thenA metacommunitys a community linked by dispersal that would
otherwise be independefiteibold et al. 2004)Considering community connectivibanhelpexplain
movement outside of prefamtial conditions through drift and disperaall thudifferences in
community similarity/dissimilarityalong stream gradienfseibold et al. 2004)Metacommunity
dynamics emphasize the significance of how differences in presence or absence of mtalrcatesr
exhibiting specific traits (i.e. high dispersarsudow dispersal) can inform causality of community
shifts (or lack thereofjo natural and/or alterduhbitatgradients Furthermore, studies on largerder
streams have found metacommunity agrmics may distort the ability of bioassessments to accurately



reflect steam condition at a single locati@deino 2013; Zhengfei et al. 2023t less is known about
such potential effects in smaller, headwater streams

Previous research has shown sgatariation in benthic macroinvertebrate communities within streams,

and in both undisturbed and disturbed systems. Some wsgiifdam variation (or lack theaf) can be

explained by taxa traits. For example, a study of 14 pristine streams in Finladdsfoullarity of
macroinvertebrates with poor dispersal ability decreases with increasing di#tlatarga et al. 2012)

However, most studies attribute witkstream variability to local environmental factarsd have

focused on community shifts alongdarorder streamg@J.S. EPA 2003)For example, study of 14

Wisconsin streams found the distances at which macroinvertebrate assemblages no longer display spatia
correlation, known as distance to independence, to range freh8 B&km(Shupryt and Studski

2021) Specific to stream salinization, this study and others found distance to independence to be
strongly and positively related to SC, most likely due to either homogenization of water chemistry
gradients or elimination of sensitive tatéoss and Brnhardt 2017; Shupryt and Studinski 2018t,

such studies have largely focused on laiweler streams and river systems where pollutants have been
observed to accumulate downstre@mompson and Townsend 2006; Li et al. 2001; Wilson and
McTammany 2016Weigel et al. 2003; Bonad al.2012) Due to steeper slopes and higher relative
groundwater inputs, headwater streams have been observed to exhibit trends oppositedialérger
streams, diluting pollutants with distance downstré@ranciolo 2019) This leads to the question:

should we expect to see opposite trends in macroinvertebrate communities over such reversed gradients
in headwater streams, where if pollutants dilute downstream, do aquatic communities change (and
recover) oer shorter distances than in largeder streams?

The extent to which coahining alters physical gradients, chemical gradients, and metacommunity
dynamics of headwater streams remaangely unknown. Headwater streams generally consist of

patchily distibuted, isolated habitats and endemic species that depend on this heterogeneity, and
therefore may have lower dispersal abilities compared to taxa of more commonly studiedri@eger
streamqU.S. EPA 2005)TheRCC and metacommunity theory, combinethwinique headwater
characteristics, pose the question: If headwater macroinvertebrate communities exhibit lower dispersal
along steeper physical and chemical gradients of change, compared totdegestreams, will

communities shift over shorter distas? This leads to the question: how representative of the
headwatestream network is a single sampling location in both mined and unmined headwater streams
in central Appalachia where coal mining is a dominant lan@ use

Need for Study

In ongoing workconducted by our research group, 23 headwater streams in the central Appalachians
have been studiezsince 201%o find a variety of trends relating to the effects of nearby coal mining on
stream condition. Most notably, this work has documented a netpainteic macroinvertebrate
community response to increased SC, designating SC a primary siesgmno et al. 2018)NVe have

a good understanding of differengesnacroinvertebrate communitiasnong streams that vary in SC,

but little is known about macinvertebrate community trend$ong longitudinal distancesithin these
study streams. Analyzing macroinvertebrate response to vetteam spatial trends in water chemistry
and habitat can help inform bioassessnpeatocolsandremediatiorof coatmining impacts.



We have also recently observedpatialgradient of water quality conditions within our study streams.

A 2019 survey on a subset of our study streams found wstheam gradients of SC and associated

ions, largely exhibiting diltion with downstream distan¢€ianciolo, unpublished data)Vhat remains

to be assessed is the effect of these wisfiieam water chemistry gradientskmenthic

macroinvertebrate community assemblages. Is the wstigam association between water cisém

and macroinvertebrate communities comparable to previously observed associations between water
chemistry and macroinvertebrate communities across streams? Further, as typical in most stream
condition studies, we have been utilizing bioassessmesitsgatiar 100m sample reaches aimed to
represent each headwater stream of interest. A spatial macroinvertebrate study is needed to determine
the reliability of asinglereach to represent condition of longer stream reaches. A spatial study could
further inform assessment dfiture resilience and recovery trends in mininfluenced streams. We

know the watexquality impacts of coal mining persist and thus there is little recovery of
macroinvertebrate communities among impacted stré@msacioloet al.2020) Less is known about
whether benthic macroinvertebrate communities will have the capacityesiaielish through dispersal
iffwhen water quality conditions within and among streams improve.

Objectivesand Predictioa

Assesspatial trends in water chemistimd habitaind associated respos$s benthic
macroinvertebrate communities witheference (unimpacted) angining-influenced headwater
streams.

Objective 1 Determine withiastream variability obenthicmacroinvertebrate communities and stream
condition

This objectiveassessespatial variation in benthic macroinvertebrate communities and, more broadly,
the effect of sample location on streaondition studésassessing the influence of coaihing. This
objective will determinehanges ofmacroinvertebrate communities within streams at different
downstream distancdéiom stream origin in both reference and mininfuenced streams

Prediction 1 There is Igherspatialvariability of macroinvertebrate communities and stream condition
in mining-influenced streams as compared to reference.

Objective 2 Determine if thesame changdas macroinvertebrate communitiasnongstreams over a
gradient of SGireoccurring within streams

Among our 23 longerm study streams, a strong relationship between macroinvertebrate communities
and SC gradient has been consistently observed. This objective will assess whether or not this trend
occurs within streams that ekit spatial variation in SC.

Prediction 2 Macroinvertebrate within miningnfluenced streamsensitive to SC will prefer locations
with lower SC

Objective 3 Examine influence of water quality and otleswvironmentafactors on withirstream
benthicmacroinvertebrateommunityvariability.

Among mininginfluenced streams, SC is a highly influential factor in macroinvertebrate community
composition, although macroinvertebrate community assemblages can also be attrisenedatiother
local stream characteristics. This objective will evaluate the extent to wiiehn chemistry (including



SC and other variables) and stream habitat attributes (e.g. streamsivedmbedediment sizeand
streamchannelgradient, etc.) explain #hin-stream benthic macroinvertebrate variati®patial

patterns of sample location will also be examined in this objectiv@ravitie insighon within-stream
dispersalThis knowledge will indicate whether metacommunity dynamics have potentrdluence
resilience and recovery benthicmacroinvertebrate communities in headwater streams impacted by
coal mining.

Prediction 3 Water quality variables, in addition to SC, along with habitat and location variables, will
further explain variation in maginvertebrate communities within streaomnpared t&C alone.



Chapter 2 Methods
Site Selection

To assess with#stream variation in water quality and macroinvertebrate communities, a subset of six
headwater streams were selected from a set of 23téwsngmonitoring stream sites, which include six
reference and 17 miniAgfluenced streams. These &iBeams were selected to have comparable habitat
features and each consists of one sampling reach withsin 30-minute automated SC logger where
bi-annual (spring and fall) benthic macroinvertebrate and veéigemistry sampling has occurred since
2011 (seeTimpano et al. 201%or site details and selection criteria). Other than surfacemoahg and
natural gas wells, these streams were selected to be in mainly forested areas without other active land
uses. Longerm sampling reaches on these 28aatns are typically located on or near the most
downstream section practical for sampling as described by the Virginia Department of Environmental
Quiality Rapid Bioassessment Protocol (VA DEQ RBP) for rftla habitat in higkgradient streams

(VA DEQ 2009. In order to select six of these streams for my spatial study, nine streams were ruled out
due to habitat features, property access, or significariuaadhange upstream of the previously
established sample locatidburing summer 2021he 14 remaimg longterm study streams were

walked from influential confluence to point of origin, measuring SC, pH, temperature, and dissolved
oxygen and multiple habitat characteristics at approximately 200m intervals. Habitat characteristics were
selected from th&PA Rapid Bioassessment Protocol for High Gradient Streams and included sediment
deposition, available cover, and riffle frequeriBarbour et al. 1999 \ppendixA). Measurements of

stream width and depth and ocular estimates of percent canopy covetsegerarded to ensure no

major habitat variation among selected stream referencetreamgaverage SC ranging 4D

uS/cm),two streams experiencing lekevels of impact (average SC ranging Z8ID uS/cm), and two
streams experiencing higeavels ofimpact (average SC ranging 8&(100 uS/cm) were selected based

on the data collected from stream reconnaissance in summer 2021.tidam, selection totaled four
impacted and two reference study streakigure 1, Table )L All streams were iEPA LevellV

Ecoregion 69dOmernik 1987) Watershed area waseviouslydelineated through Spatial Analyst tools

in ArcMap v.10 (ESRI Inc., Redlands, CA, USA) software using USGS digital elevation rasters (United
States Geological Survey (USGS); http://nationalmay).
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Figure 1. Studystreamlocations From South to North: EAS, ROL, FRY, CRO, SPC, LLW

Tablel. Siteattributes for six selected streams in the coalfield of central Appalachia.

Stream Site Site Type Approx. County State | Watershed % Max
ID Max. (Fall, Area (km2) | Watershed |Stream
Spring) SC Mined Length
gradient (m)?
(nmS/cm)?
Eastland [ EAS Reference 10-14 Wise VA 2.38 0 2,500
Creek (R)®
Crooked | CRO Reference 40-10 Dickenson| VA 2.27 1.1 2,050
Branch (R)
Fryingpan| FRY Mining- + 260, +290| Dickenson| VA 5.73 4.5 2,785
Creek (L) Influenced
(Concentrating
Spruce | SPC Mining- -260,-65 Buchanan| VA 6.71 3.8 2,555
Pine (L) Influenced
Creek (Diluting)
Roll Pone| ROL Mining- -800,-990 Russell VA 1.30 29.9 1,500
Branch (H) Influenced
Creek (Diluting)
Longlick | LLW Mining- -640,-780 [ Wyoming | WV 1.98 26.4 1,950
Branch (H) Influenced
(Diluting)

! + - indicate if stream is concentrating (+) or dilutinywith distance downstream.

2 Some stream lengths were shorter in fall due to stream d¢rylrigh eliminatedsome upstream sites.

3R=reference, L=lowmpact mininginfluenced, H=higiimpact mininginfluenced.




Of the six streams selected, the shottigistl distance of stream available to sampkesca.1,500m,
whereas the longestasca. 2,800 mAt each stream,asnpling reaches of 5@ for both
macroinvertebrate and watguality samplingveredesgnated approximately every 3@d@0m going
from most upstream to downstream, along with additional reaches at thetongnonitoring locations
(Timpano et al. 2015 igure 2) With this designtheshortest strearhadsix sampling reachesndthe
longes hadninesampling reacheg\ll reachesvereflagged and GPS coordinates recortedeplicate
samplinglocationsin different seasons.

50m sampling
reaches

- PH of sam plm/greach
S )

300-400m between
sampling reaches

Downstream end

Figure 2. Samplingreachdelineation.Arrows indicate direction of flow.

Field Methods

Macroinvertebrates

In each 50n sampling reachcrossall six study streams, macroinvertebratesesampled in October
2021 and April 2022 in accordance with the lgagm biannual protocol that has been in place in these
study streams sindall 2011, which follows the VA DEChigh-gradient, singléhabitat, rifflerun
proceduregVA DEQ 2008) However for this study, | usedhultiple 53m sampling reaches versus a
single 106m sampling reach tbetteridentify spatial trenddJsing a0.3m 500 nm D-frame kicknet,
moving downstream to upstream within arB@eachsix 1 m kickswerecomposited as one
maaoinvertebrate collectioreflecting approximatgl2 m? of streambedAll macroinvertebrate
collectionswere caductedby the same individual to reduce technique bias. Net placement was secure
to stream bottom to prevent flow beneath the net, in areas with enough watexttoqagh the net to
ensure dislodged insects enter the het not too high of flows where watpassed above the net.
Macroinvertebrate collectiongerepreserved in 95% ethanol in the field to be stored in the lab until
processing.

WaterQuality

At every sampling reach, watgquality measurementsgeretaken for both the October 2021 and April
2022 sampling event&rab ssmpleswerecollectedfrom the main thalweg in each sampling reaod
analyzed as approved by the EPA for CWA chemical test methods (section Godédf Federal
Regulationstitle 40, part 13 Streamwatergmperature, pH, dsolved oxygen, and S&ererecorded
using a calibrated YSI Professional P{ySl Inc. Yellow Springs, OH)Seven grab samples for each
sampling reaclverecollected for analysis of the following water chemistry parameters: alkalinity,
major cations (CH, Mg?*, K*, Na'), dissolved trace elements (B, Al, Cr, Cu, Co, Fe, Ni, Mo, Cd, Ba,



Pb, Mn, Se, Zn)majoranions (Cl, SO?), nutrients (P@ total P, N@, NOz, NHs, total N; 1 sample
filtered and lunfiltered for totals measuremeptand norpurgeableorganic carbon (NPOC). Vertically
mixed watemascollected upon arrival at each reach before any disturlfesroenacroinvertebrate
sampling. Nutrient samplegerecollected in Nalgene bottles with head space, NPOC in glass amber
vials with minimal headpace, and the remaining samplesecollected in polyethylene sample bags.
Waterwasdrawn into a 60 mL syringe before addingp the totalP and Nsample, andthe remaining
samplesverefiltered through a 0.46m pore filter.Fifty ml of stream watewascollected for NPOC,
and 100 mlwascollected for all other samples. For appropriate preparation, nitricvasddded to the
traceelementsample and HClwasadded to the NPOC samld.S. EPA 1996)All sampleswere
stored in a cooler of ice in the field and, upon retorthe lah transferred to a cold room at 4C except
for nutrients samples, whickerefrozen inthetransitional time before analysis.

Habitat

In JuneJuly of 2022 ach sampling reaclvasassessed for the following habitat features influential to
benthic macroinvertebrate community structure: stream gragdteesambedediment composition,
canopy cover, epifaunal substrate, stream depth at thalweg, stream width, \s&teedwidth, bank
stability, and riparian vegetative zone widlpifaunalsubstrate, bank stability, and riparian vegetative
zone widthwererecorded as described by the EPA for habitat assessment ajragjent streams
(Barbour et al. 19995treamgradient, depth at thalweg, stream width, and stream wetted wteh
collected as outlined by VA Department of Foregfkystin 1997) Canopycover was estimated from an
average ofhreemeasurements from the apanopeo (Patrignani and Ochsner 201aken at the

most downstream, middle, and upstream point of the 50m re&tnesmbededdimentcomposition
datawerecollected using a modified/olman pebble count methd@/olman 1954with an average of
120 pebbles collected for each 50m reach. Within each red&cpebbles from the wetted width were
chosen randomly along 21 transects set 2.5 m apart. Pebbles were measured al@axgsthsiiy a
gravelometer.

Laboratory Methods

Biological Collections

Field collectionsfor macroinvertebratesereprocessed according to sequantitative VDEQ protocol

(VA DEQ 2008) Collectionswerewashed and decanted to remove debris and the remaining fauna and
organic mattewerespread evenly ove grid. This gridvasrandomly suksampled to a 200 count and
selected macroinvertebrates watentified to genus using standard kéykerritt et al.2019; Morse et

al. 2017) All specimeis were identified by the same individualinsure consistency

Water Chemistry

Alkalinity wasmeasured through titration of the field sample with a potentiometrieténator

(TitraLab 865, Radiometer Analytical) and a prepared standard acid (APHA, 2005). Total alkalinity and
pH measurementsereused to calculate HCO(APHA, 2005). Major cations (G4 Mg?*, K*, Na')

and dissolved trace elements (B, Al, Cr, Cu, Co, Fe, Ni, Mo, CdRBayIn, Se, Znjvereanalyzed

using ICRMS with a Thermo iCARRQ (APHA, 2005). @lorideand S@ 'wereanalyzed using ion
chromatography with a Dionex IEE00 lon Chromatography Systé&PHA 2005) Nutrients(total
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N, totalP, PQs, NH3, NOz & NO3’) weredetermined through colorimetric analysis using a SEAL
AutoAnalyzer3, Multitest MT7A/MT8A analyzgAmerican Public Health Association (APHA 2005)
NPOCwasanalyzed using a Shimadzu T&Ccph Total Organic Carbon AnalyzekPHA 2005)
Together this aalysis yielded threenaincomponentsYSI (SC, temp, pl, and DO)field measurements
trace elementsand nutrientesultingin 46 water quality metrics to be analyz8aple 2.

Table2. Water quality metrics for selected study streams in the coalfield regeamivél Appalachia.

Category Metric Abbreviaton
Sodium na.mgl
Chloride cl.mg!
Lithium li.ugl
Strontium sr.ugl
Calcium ca.mgl
Magnesium mg.mg|
Nickel ni.ugl
Potassium k.mgl
Uranium u.ugl
Calcium to Magnesium Ratio ca.mg
Barium ba.ugl
Selenium se.ugl
Trace Copper cu.ugl
Elements Manganese mn.ugl
Vanadium v.ugl
Titanium ti.ugl
Cobalt co.ug!
Cadmium cd.ug!
Arsenic as.ugl
Zinc zn.ugl
Iron fe.ugl
Aluminum al.ugl
Chromium cr.ugl
Lead pb.ugl
Silver ag.ugl
Molybdenum mo. ugl
Sulfate sod.mgl
Bicarbonate hco3.mgl
Ratio of Sulfate to Bicarbonate sod.hco3
nitrate + nitrite no2no3.n.mgl
Nutrients Non-Purgeable Organic Carbon npoc.mgl
Ortho-Phosphate ortho.pod.p.mgl
Total Nitrogen tn.mg!
Total Phosphorus tp.mgl
Ammonia nh3.n.mgl
Specific Conductance sc.uSem
Actual Conductance ac.uscm
Field Alkalinity alkalinity.mgl
Measurements H.ardness hardness
Dissolved Oxygen do.mgl
Temperature Celcius temp.C
Potential Hydrogen (pH) ph
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Data Analysis

Using collected data, | first determined metrics describing macroinvertebrate communities and habitat
conditions for each sampling locatianthin each study streagrnwhich were then used along with water
guality data to assess Objective8.Rll data analysis was executed in RStudio version 1.4.1106.

Selected Macroinvertebrate Groups

Taxa (117 taxa identified) were groupedonr ways (tolerance, habit, feeding, and taxonomic) based
ondiffering physiology and behaviowsgithin the macroinvertebrate assemblages to better distinguish the
nature of impairments. These groupings are basddlerance values and movement and feeding

methods that have been documented regionally in the Virginia DEQ BIOMON database and broadly in
the Invertebrate Community Index (IGDeShon 1995)RBP(Barbour and Gerritsen 199@&nd the
benthicindex of Bblogical Integrity (Bl) (Kerans and Karr 1994 olerance values represent the
sensitivity to perturbatiomainly weighted for organic pollutio@s a scale of-10, with 10 being the

most tolerant. Taxa with tolerance value8 weregrouped as intolerant and those with scor@svere
grouped as tolerant. Each temwvas assigned to a habit of clingers (CN), sprawlers (SP), burrowers

(BU), climber (CB), or swimmers (SW).Atakd s habit indicates the prim
associanhg it to specific types of habitat, substrate, and/or stream velocities. Taxa were further assigned
to one offive functional feeding groups (FFGs): collecfdterers (CF), collectegatherers (CG),

predators (PR), scrapers (SC), and shredders {[$iegeFFGs provide information on the balance of
feeding strategies, trophic dynamics, nutrient spiraling, and organic matter pro¢Bssbur et al.

1999) Lastly, taxonomic groups were included for specific orders known to be sensitiveands@her
pdlution stressorsuch as EPT or even further excluding families of sensitive orders know to be more
tolerant such as Baetidae (Beuctridae (L or lewc), and Hydropsychidae (H). Expected responses to
disturbance for the following taxa metrics were maedapted fronthe EPA Repor{U.S. EPA 2011)
summarizing researdhatexamined downstream impacts of valley fdils macroinvertebratg3able

3).

Taxa Metric Calculations

CommunityComposition (%)

Benthicmacroinvertebrate community composition wated®ined by proportioning individuals of
certain groupings to the total identified community of that sanif@ecentage of totabmposition was
calculated for select taxa, FFGs, halarsd tolerancesl@able3).

TaxonomidRichness

Benthicmacroinvertebrate taxonomiachness was calculated as the number of taxa summed for the
subsample to 200 of each sampling reatéxonomic ichness values did not include damaged or

immature individuals that were unable to be identified to genus. Ricluasssalculated for select taxa,
FFGs, habits and toleranc&sable 3.

12



Diversityand Evenness

Shannon and Simpsonv@rsity werecalculated in R using thaiversityfunction invegan(Oksanen et
al. 2016)

Evenness (JMcCune and Grace 200@)s calalated as:
Shannon Diversity/ (logéxonomicrichness))
Virginia Stream Condition Index (VASCI)

Virginia Stream Condition Indexas calculated using the followitigmily-level metrics: total richness,
EPT richness, percenpBemeroptergoercent Recopera andlrichopterdessHydropsychidagpercent
chironomids, percent scrapers atitsenhoff biotic indexBurton and Gerritsen 2003Jhese metrics
were compared to a standard valepresentative of reference condition for VA streg@gpendixB)

to create a score and averageduantifystream condition for thahacroinvertebrate collectigiBurton
and Gerritsen 2003This calculation was performed using data from subsampling to 20@ 6
specimens rather than VDEQ stand&d@+/+ 10% speanens subsample. Consequently, VASCI scores
calculated with 200 +/10% specimens are more likely to include rare speaidinflate total and EPT
taxa metrics. Therefore,ASCI scores used in this study do not imply impairment, or lack of
impairment, whib is based on the standard Virginia DE@SCI score, but rather@aused as a
comprehensive metripr additional comparison within and among the six study streams

Hilsenhoff biotic index is calculated:as
Sh / total abundance
whereh equalscount of individuaimultiplied byt hat i ndi vi dual 6s t ol erance

The above macroinvertebrate groupings and taxa resulted in 60 metrics to be afalpied.(Fifteen
metrics with most notable responses based on previous research are reporgbati@nalyss in this
thesis(bolded and underlined in Table 3), whereas Appendix C presents results for all 60. Fetrics
the 15 selected metricgtal richness, EPT richnegsercent phemeroptergoercent Rcoptera and
Trichopteradess Hydropsychie percenthironomids, and percent scrapers were chosen as indicated
by VADEQ as most significant metrics for VA strea(Bsirton and Gerritsen 2003)dditionally,
Ephemeropteréess Baetidaerichness and percentaggtemeropterachness and percentadePT
richnessscraper Richness, total richness, Shannon diversity, and percentage composed of the 5
dominant taxa were selected as indicated to be most responsive to SC in our study Singaans et

al. 2018) Lastly, Ephemeropteraichness and percentage, clinger richness and predator richness and
percentage were chosen as they have been determined responsive to multiple stressors in our study
streamgDrover et al. 2020)Based on strength of documented previous relationshipsitogn
influence(Burton and Gerritsen 2003; Timpano et al. 2018; Drover et al. 20@Dyliversity of life

history representation, six of these met(gtarred in Table 3yerefurther selectedb be graphically
represented throughout this thesis: perégttemeroptera, Ephemeropt&asBaetidaeaichness, EPT
richness, scraper richness, clinger richness, and percent 5 dominant taxa.
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Table3. Benthic macroinvertebrate metrics calculated for selected study streams in the coadfietd
of central Appalachia.

Category Metrict Abbreviation Expected mw?‘
to Disturbance
% Chironomidae pChi +
% Chironomidae and Oligochaeta pChio +
% Diptera pD +
*% Ephemeroptera pE
% Ephemeroptera less Baetidae pE.less.B
% Ephemeropter, Plecoptera, and Trichoptera pEFT
% Ephemeropter, Plecoptera, and Trichoptera less Cheumatopsyche pEPT.less.Cheum
% Ephemeropter, Plecoptera, and Trichoptera less Hydropsychidae, Baetidae, and Leuctridae pEPT.less.H
Community % Ephemeropter, Plecoptera, and Trichoptera less Hydropsychidae pEPT.less.HBL
Compasition % Oligochaeta pOligo +
% Plecoptera pP
% Plecoptera less Allecapnia pP.less. Allo
% Plecoptera less Amphinemura pP.less. Amph
% Plecoptera less Leuctra, Allocapnia, and Amphinemura pP.less LAA
% Plecoptera less Leuctra pP.less.Leuc
% Plecoptera and Trichoptera less Hydropsychidae pPT.H
% Trichoptera pT
% Trichoptera less Hydropsychidae pT.less.H
Total Taxa rich
Colecptera Taxa rich.C
Diptera Taxa rich.D
Ephemeroptera Taxa rich.E
*Ephemeroptera Taxa less Baetidae rich.E.less.B
*Ephemeroptera, Placoptera, and Trichoptera Taxa rich.EPT
Taxonomic Richness - . .
Ephemeropter, Plecoptera, and Trichoptera Taxa less Hydropsychidae rich.EPT.less.H
All Taxa Except Ephemeroptera rich.less.E
Plecoptera Taxa rich.P
Plecoptera and Trichoptera Taxa rich.PT
Trichoptera Taxa rich.T
Trichoptera Taxa less Hydropsychidae rich.T.less.H
% Collector-Filterers pCF +
% Collector-Gatherers pCG
% Predators pPR
% Scrapers pSC
% Scrapers less Ephemeroptera pSC.less.E .
Functional % Shredders pSH +
Feeding Group Collector-Filterer Taxa rich.CF +
Collector-Gatherer Taxa rich.CG
Predator Taxa rich.PR
*Scraper Taxa rich.5C
Scraper Taxa less Ephemeroptera rich.SCless.E -
Shredder Taxa rich.SH +
% Burrowers pBurrow +
% Clingers pCling
% Sprawlers pSprawl +
Habit % Swimmers pSwimm +
Burrower Taxa rich.Burrow +
*Clinger Taxa rich.Cling
Sprawler Taxa rich.Sprawl| +
Swimmer Taxa rich.Swimm +
Pielou's Evenness 1
% 1 Dominant Taxon pldom +
Dominance )
% 2 Deminant Taxa p2dem +
*% 5 Dominant Taxa phdom +
Tolerance % Tolerant Taxa pTOL +
Intolerant Taxa rich.INT
Tolerant Taxa rich.TOL +
Shannon Diversity Hshannon
Diversity Simpson Diversity Hsimpson -
VA Stream Condition Index Score WASCI -

1 Key metrics for analyses bolded and underliaegireported in tables throughout this thetbie
remaining metrics are reported in the appendisiesstarred metrics were selected for graphical
representation.

2Responses to disturbance adapted ffons. EPA 2011; Burton and Gerritsen 2003; Simpson 1949;
Kelso and Entrekin 2018; Hamilton et al. 2020; Shannon and Weaver. 1971)
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Similarity Metric Calculation

Community similarity matrices composed of similarity ices of allcollection sitegor each stream

were created using both the Jaccard (J) and the Gualys (BC) methodéMcCune and Grace 2002,

Brown and Swan 2010Bray-Curtis indices are created using occurresnog abundanceatg whereas)

utilizes presecdabsence data, giving equal weight to rare and abundant taxa. Indices were calculated in
R using theregdistfunction from theveganpackaggOksanen et al. 2016)

TheBray-Curtis Similarity (BC) is calculatedor abundancas:

1-(d[jk]) = (sum abs(x[ij -x[ik]))/(sum (x[ij]+x[ik]))
binary: 1- ((A+B-2*J)/(A+B))

wherex]ij] X[ik] refer to the quantity otaxa(column)i and sites (rows)andk. In binary
(presence/absence standardization performed before anabrsi®nsA andB are the numbers of
species on compared sites, dnd the number ofaxathat occur on both compared sit€soresof 0
indicateno similarity and1 beingthesame.

Jaccard Similarity (J) is calculated for incidence (i.e. presence/absence) data as:
2BC/(1+BC)
where BC is Bray-Curtis similarity

Habitat Metric Calculations

The data manipulations detailed below produced 27 habitat metrics to be anabtzed). To create

one score for each site to be analyzedanof all threetransect values were calculated including
channeklope,averageadepth, wetted width, bank stability, canopy cover, embeddedness, riparian width,
and vegetative protectioBireambedexliments collected from the Wolman pebble count were

converted into quailes of the sediment distributions (10, 16, 25, 50, 75, 84, and 90; expressed as D10,
D16, etc.), proportion of sediments that occur in each size class (e.g. % fines, % gravel, % cobble) based
on the UddesWentworth grairsize classification syste(iVentvorth 1922) ratics oflarge cobbles to

fine (LCF) and small cobbles to fine (SCF) , in
proportions, and ratio of D84 to D50. Size classes are as follows: fines (<=2.8 mm), peldidesn(?,

small cobble (6490 mm), large cobbles (1280 mm).
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Table4. Habitat metrics calculated for selected study streams in the coalfield region of central

Appalachia.
Category Metric Abbreviation
Slope avg.slope
Bank Stability Left Bank avgbankstablL
Bank Stability Right Bank avgbankstaR
Canopy Cover avgcancov
EPA Rapid |Wetted Depth avgdepth
Assessment |Embeddedness avgembedd
Sampling Reach |Riparian Width Left Bank avgriparianwidL
Averages Riparian Width Right Bank avgriparianwidR
Vegetative Protection Left Bank avgvegproteclL
Vegetative Protection Right Bank avgvegprotecR
Wetted Width avgwetwidth
Large Woody Debris (square meters) LWD.m2
Size at Which 10% of all Particles are Found D10
Size at Which 16% of all Particles are Found Dle
Size at Which 25% of all Particles are Found D25
Size at Which 50% of all Particles are Found D50
Size at Which 75% of all Particles are Found D75
Size at Which 84% of all Particles are Found D&4
Size at Which 50-84% of all Particles are Found D84to50
Sediment Size |Size at Which 90% of all Particles are Found D90
Distribution |Sediment Diversity Hsimpson
Inner Quartile Range of Sediment Sizes IQR
Large Cobbles to Fine Ratio LCF
% Fines pfines
% Large Cobbles plargecobble
% Pebbles ppebbles
% Small Cobbles psmallcobble
Small Cobbles to Fine Ratio SCF

Objective 1 Determine withiastream variability obenthicmacroinvertebrate communities and stream

condition.

Comparison®f Taxa Metrics by Stream

Comparison®f selected taxa metrics and VASCI sconese used tevaluateifferences in
macroinvertebrate compositi@mong and within streamBata were testeidr normality using
shapiro.teqf) function of thestatspackage and homoskedasticity usiegeneTeg} function of the
packagecar (Fox and Weisberg 2019 nalysis of variancevas performed on all parametric data and
KruskalWallis was performed on ngparametric dataAnalysis of variancevas followed by a Tukeys
pairwise posthoc test with th@oW) andTukeyHS) function ofstatspackaggR Core Team 2022)
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Lettersdenoting significant paiwise differencesvere assigned usimgultcompLetter@ function from
multcompVievpackagéGraveset al.2019) KruskalWallis was followed by a dunhonferroni post
hoc test with thd&ruskal.tesf) function ofstatspackage andunnTeg) function ofFSApackaggR
Core Team 2022; Ogle et al. 202Rgtters were assigned usialglList)) function ofrcompanion
packaggMangiafico 2023)

Spearman Correlations

Correlations were used to assess responses of taxa metrics and community similarity to distance
downstream. Spearman rank correlation were utilized throughout this analysis because distributions of
the analyzed variables varied widely and were often nohalty distributed. Correlations were done
usingrcorr() function fromHmiscpackaggFrank 2022)

NonMetric Multidimensional Scaling (NMDS)

Non-metric multidimensional scalingas used to visualize differences in taxa among and within
streamsMetaMDSJ function created the ordination using auto transformation and BC distance (matrix
of dissimilarities) Envfit() was used to fit taxa vectors. Both functions are fronvédganpackage
(Oksanen et al. 2016Yectors to be graphically represented were ehdkrough identification of
significant vectors and/or visual exploration of raw data to select taxa with the most individuals.

Objective 2 Determine if the same changes among streams over a gradient of SC are oaqtlninng
streams

Comparisons of SC by Stream

Specific conductance data warenparametri¢cconsequenthyKruskalWallis was grformed to
determine differences and variability of SC within streams. EBomferroni posthoc test was
performed and letters for pairwise comis@n were assigneas described for Objective 1

Spearman Correlations

First, to further understanaithin-stream gradients and visualize longitudinal SC variability, SC was
correlatedwith distance downstream in each stream. Ngp&arman correlatianwere used to assess
responses of taxa metrics and community similarity to SC. Taxa matidcg ASClwere correlated to
SChbothin individual streams and globally with all streams pooled together.

Objective 3 Examine influence of water quality and ateavironmental factors on withistream
benthicmacroinvertebrate variability

As afirst step in examining thiafluence ofdifferentenvironmentalariables, | reduced collinearity of
water quality and habitat metrics (\Waincipal Componemnalysis PCA) analysis) and created
variables representing spatial patterns RiacipalCoordinates of Neighbourhood Mat(iRCNM)
analysis) With water quality, habitat, andcationattributes| used Redundancy Analysis (RDA) to
determine which vaables best model taxonomic abundance within and among sites. Lastly, Variation
Partitioning (VP) was used @ssess thpower and relatedness of the three attributes separately and
collectively.
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PCA toReduceCollinearity in Water Qualityand HabitatAttributes

Collinearity is ubiquitous in environmental dgdcCune and Grace 2008uch thaenvironmental
studiesoften face thehallengeof the dynamism of nature creating a multitude of variables interacting
and influencing ecosysterasponsed~or water qualityneasuresgspecially changes in S@ostare

likely collinear, or experiencing similar change, to major ionsteaxke elemeniavhich directly affect

SC. Similarly, as a riparian area becomes tlisturbedassociated increases in bank stability,
vegetation, canopy cover, etire expected-or initial examination of this collinearityhe pairs

function from the graphics packageswased for visual analysis of both water quadityl habitataw

data and dictated a clear necessity to redotmearity.

To reduce dimensionality PCA, executed ugingomp()from thestatspackagewas onductedoy a
singular value decomposition ofethilata matrix as e preferred method for numerical accuraby
other words, PCA compiles variables to cresparate axes, with each representiogy multiple
variables are related to each other. For the water qadtitpute do.mgl, temp.C, sc.ch,
hardness.mgl, and npoc.mgl were maintained and PCA grouped nutrients (total nitrogen, total
phosphorus, NH3 ammonia, nitrite and nitrate, and orthophosphate) indaismariable and trace
elements (seace elementsategory,Table2) into anotherFor the habitaattribute pfines, ppebbles,
psmallcobbles, plargecobbles, LCF, and avgwetwidth, avgdepth, avgembedd, avgcancov and avg.slope
were maintained as independent variadResicipal Component Analysisas used to group all pebble
diameter metcs into oneaxisand all riparian characteristic metrics irsioother After dimensionality
was reduced, the Variance Inflation Factor (VIF) was usidufiction fromcar package) to further
assesshe influence of collinearity on the RDA results.

VIF equation:

The VIF for predictoriisc / ( 1 R_R "i2) 2 1)wHete/RRLR2i)2 Ri2 is the R 2 R"2
R2 from a regression of predictor i against the remaining predictors.

CreatingLocationAttribute PCNM

Environmental conditions, created by water quality and habitat, and metacommunity dynamics are often
spatially structured, therefore the location of the sample could either be a driving force or confounding
variable wherconsidering macroinvertebrate respon&sy et al. 2006)To address thiRrincipal
Coordinates of Neighbourhood Matrix (PCNR&halysis usesite latitude and longitude data to create
variables of space encompassing the shape, arrangement, clustaditigpersal of site locationsing

the Pcnmfunction of theveganpackaggOksanen et al. 2016principal Coordinates of Neighbourhood

Matrixuses a spatial weighting matrix and maxi mi ze
orthogonal mapé€Dray et al.2006) Spatial weight arethe relationship of theample locations one
anotherand Morandés spatial autocorrelation evaluat

first PCNM show droadscale variation and later PCNM show smadiealespatialvariation.A broad

scale will highlight the spatial differences betweendites farthest apart, veheasa smaliscale will
emphasize the relationship of sites closer togdBercard and Legendre 2003patial structure is
important in deciphering the relationship of metacommunity dynamics and local environmental factors
wheninterpreting the impact of coal mining on stream biota. For example, local factors may explain
more community variation than space if dispersal is low in that stf@aison and McTammany 2016)
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For this study, | used GPS coordinates collected in thedteddch sampling location to conduct PCNM
analysis for the study streams usighmfunction of theveganpackaggOksanen et al. 2016)

Redundancy Analysis (RDA) and Variation Partition{Né)

Once the variables for eaaltributewere finalized, RDA was used to determthe relative influence
of environmental variablesn taxa abundancaeithin and among streamRedundancy analysis was
performedseparately for each attribute (water quality, habitat, and locatiorfpaedch steam and all
streams pooled together in each seaBeifore analysis, the dataframe was normalized ubiag
decostandunction For eachattribute,tiwo RDA models were created using ttta function, one null
model and one with all variables for that dttrie. TheOrdiR2stefunction performedbackwards
stepwise model selection using permutation testhe model of all variables given the scope of the
null model This model selectioaoreated a model of best fit to be used irsabsequerdnalyses. This
model of best fidictated which variables for eaeltributewere most influentiaih driving
macroinvertebrate communitpmposition. Lastlyyarpartwas used to perforwariation patitioning
and determine what percent of changes in community composition were due &dtelbicteand from
combinations thereiMhebest RDA model (representative of selected drivers) for each attribute was
used in thdunctionvarpart, which partitioned thevariation in the community matridueto thethree
explanatory attributeseparately and collectivelAll functions utilized were from theeganpackage
(Oksanen et al. 2016)
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Chapter 3Results

Objective 1 Determine withiastream variability obenthicmacroinvertebrate communities and stream
condition

Comparing Taxa Metrics by Stream

| evaluatel how taxa metrics differedmongstreams and the extent of variability within thasing
meanor mediancomparisonseitherANOVA or KruskalWallis, respectivelyfor the15 selectedaxa
metrics. | found variability ofmacroinvertebrate community compositiand thughese metricsvithin
the studystreamsespecially in miningnfluenced streams ispring (Figures 3-4, Table $. Generally,
referencgR) streams had higher median values for taxa metaosmonlyassociated with reference
conditions and less variability thaighly-impacted(H) mining-influenced streams. Percent composed
of thefive dominanttaxa was an exception in that there was no clear separation of this taxa metric
amongany of the studgtreans for either season. Although separation of reference midyhimpacted
streams was often clearly reflected by the mediannatinih-stream variion of taxa metrics, lowevel
(L) impacted stream tended to overlap wéha metrics froneither reference or highiynpacted
streamsStrongest separation of lelevel impacted streams wabservedn spring (Figure 3) Long-
term sampling locationwere often not representative of median stream values@mnuairedin various
positions of withiastream variation. For example, lotgym sampling locations were more likely to
occur outside the interquartile ran@eiddle 50% of datan spring for minimg-influenced streams
(Figure 3)
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region of central Appalachitor six taxa metrics of interes€olors indicate level afnpact from
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Different letters indicate significant differences at alpha=0.05.

21



Kruskd-Wallis 45 = 1.7e-06

Kruskal-Wallis, p = 2.1e-05 6
%a J
SRR .
ab
20{ —e— .
. . —e— ab
abe! 3 m4 ]
| g * w
0. w
w I o T Impact
8 w . . . # High-level
c » b b * Low-level
515 L e = # Reference
[l . o]
Py . be > x:?2 ——
. . -c
. —— ™
10 [] a
[ ]
a 0 L] L] —e—
EAS (R) CRO (R) FRY (L) SPC (L) ROL (H) LLW (H) EAS (R) CRO (R) FRY (L) SPC (L) ROL (H) LLW (H)
Stream (Fall) Stream (Fall)
Kruskal-Wallis gp = 1.2e-05 Kruskal-Wallis, p = 0.00021 .
b
L)
30 a ab
[] - ®ab ab *—
ab 20 ——— .
M —a— .
a . . . .
I * &
. I abe é [ ] [ ] . [ |mpact
w = h
- X 16 . # High-level
S I . 5 *® Low-level
o # Reference
£ a
e o . .
10
: 12 L]
:bc
:‘ e bc
B by . o
0 . e o .
EAS (R) CRO (R) FRY (L) SPC (L) ROL (H) LLW (H) EAS (R) CRO (R) FRY (L) SPC (L) ROL (H) LLW (H)
Stream (Fall) Stream (Fall)
10{ Angva, p =0.0035 Anova, p = 0g16
. . 75
b
ab
I abc abc 3
8 . . e ] a
[} Q . [ ]
g g 70 ‘ ;
_g 'y . ] L] * Impact
S S ac [+ a a a i
o E ] ! ‘a - ; Elgh—lleve;l
= 'l ow-level
:'%’ 6 - * . oc 8 . 'a # Reference
G ) —r e
@ 265 . .
L] —e— []
] ] .
[ ]
4 'y L] L] o b
60 E
] ® ¢ .
EAS (R) CRO (R) FRY (L) SPC (L) ROL (H) LLW (H) EAS (R) CRO (R) FRY (L) SPC (L) ROL (H) LLW (H)
Stream (Fall) Stream (Fall)

Figure 4. Fall ANOVA and KruskaWWallis comparisons among six study streamthe coalfield region
of central Appalachidor select taxa metrics of intere§tolors indicate level of impaftom mountain
top mining valley fill salinizatiorand black dots represent lotgym samplindocation. Different letters
indicate significant differences at alpha=Q0.05
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Table5. KruskatWallis and ANOVA chsquaredor F values for 15 selectadetricsfrom six study
streams in the coalfield of central Appalachia

Spring Fall
Taxa Metric Test p X’ orF Test p xorF
*pSdom ANOVA, 4. 20E-01 0.914 AMNOVA 1.55E-01 1.723
*pE Kruskal-Wallis 1.93E-06 34.453 Kruskal-Wallis 1.22E-05 30.411
*rich.Cling ANOWVA 1.51E-07 13.03 Kruskal-Wallis 2.12E-04 24.057
*rich.E.less.B |Kruskal-Wallis 247E-0B 33.923 Kruskal-Wallis 1.65E-06 34.796
*rich.EPT Kruskal-Wallis 5.44E-06 32.192 Kruskal-Wallis 2. 14E-05 29.180
*rich.5C AMNOVA B.35E-07 11.23 AMOVA 3.48E-03 4,352
Hshannon Kruskal-Wallis 1.43E-06 35.119 AMOVA 2.50E-07 13.410
pChi ANOVA, B.16E-05 7.295 Kruskal-Wallis 7.B2E-D5 26.35
pE.less B Kruskal-Wallis 6. 70E-D6 31.737 Kruskal-Wallis 1.07E-DE 35.734
pPR ANOWVA 1.00E-06 11.05 ANOWVA 9. 44E-05 7.253
pPT.H ANOVA 4. 14E-07 11.95 AMNOVA B.97E-D3 3.668
psCc AMNOVA 4.05E-08 14.52 KRUSKAL 0.02836 12.516
rich Anova 8. 79E-11 2291 AMOVA 1.19E-07 14.330
rich.E Kruskal-Wallis 2.B6E-D6 33.603 Kruskal-Wallis 1.B6E-DE 34.544
richPR KRUSKAL 0.001633 19.379 AMNOWVA, 0.00059 5.714

*Key metics which are graphically represented throughout this thesis
KruskalWallis of VASCI Scores by Stream

| used nediancomparison of VASCI scores among streams to indicate variation among and within

streams in overall stream conditibased on metrics used by VA DEBurton and Gerritsen 2003)
Similar to taxa metricstream conditionas indicated by VASCiyas highesand least variable in

reference and lowest and most variable ighly-impactedstreams (Figur®). However, ontrary to taxa

metric patternshowever fall best identified separation of reference streams frorddoel impacted
streams. In highiympactedstreams, mediadASCI scores weréwer inspring (Figure 5)

Additionally, in multiple stream3/ASCI scoresat the longterm sitesoccuredoutside of the
interquartile rang
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Figure 5.Virginia Stream Condition Inde®/ASCI) score variability among and within six study streams
in the coalfield of central Appalachia by seaswfith spring results shown left and fall riglack dots
indicate the location of lonterm sample collections. Different letters indicate gigant differences
among nediars at alpha=0.05.

Spearman Correlations of Taxa Metrics to Distance Downstream

| used correlations between taxa metrics and distance downstream to identify if longitudinal distance
explains withinstream variation in metricalues. For this analysikjllustrate trends for the six selected
graphedmetrics (Figures) and present correlations fibre 15 keytaxa metrics (Tablé); see Appendix

C for all 60 metricsGenerally, more taxa metrics were correlated to distangwimg, except for one
reference and one lelevel impacted stream (CRO and FR¥spectively. Of thel5 selected metri¢s
all had correlationso distance downstreaim at least one stream §ring but onlyninehad

correlations to distanatownstreamn fall (Table §. Of the nine metrics correlated in fall, only two of
those metrics were of the six key metrigsrcentEphemeropterandEphemeropteressBaetidae
richnessOne lowlevel impacted streatfi-FRY) did not have any correlationgth the six key metrics in
eitherseasonOne highlyimpactedROL) and one lowlevel impacted streaftPC)had the most taxa
metrics (21 and 2fespectively) correlated to distance, botlspring.

Eleven aixa metricsverecorrelated to distance in at le#isteeof the six streamgercent
Ephemeropteréand less B)clinger richness, EPfichnesgand less H)percent scrapefand less E)
scraper richness le§phemeropteraCF richnessnd total richness ispring four of which are not
included in the 15 metrics selected to be most responsive in previous $ampeadixC). In fall, only
percent RecoptergandlessLuectra, Allocapnia, and Amphinemuaad less Lugddae and percent
sprawlerswere correlated to digtae in at least three of the six streg@ppendixC). Onehighly-
impacted strearfROL) and one lowlevel impacted streaifSPC)hadthe most shared taxa metric
correlationsalthough the lowevel impacted streaifsPC)had the opposite trergknerally with
expected response to disturbance downstream instead of upsiee@metrics changing in reference
streams that did not change significantly in impacted streams include pdezmayitérapercent SH and
richness otolerant taxa in spring, and percent CF, percent CG, percent CN, percent SW, percent
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Trichoptera percent tolerant, richness burrowers, richnessdpterarichness SC, richness
Trichoptera and richness tolerant in f§AppendixC). One lowlevel impaced strean{SPC)had the
most unique taxa metric responses in sptilmgee of which(percentchironomids percenpredatoy and

richnesgpredatoy have been found to respond to disturbance in previous regea&HEPA 2011)
(Table 6)
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Table6. Spearmancorrelation coefficientdor selectedtaxametricsversusdistancedownstream with
value< 0.05for six study streams in the coalfield of central Appalachia by season

EAS (R) CRO (R) FRY (L) SPC(L) ROL (H) LLW (H)
Taxa Metric Season R
*pSdom Spring MNA B.BE-01 MNA -7.4E-01 MA MNA
*pE Spring 7.2E-01 MA MNA MNA 7.7E-01 B.9E-01
*rich.Cling Spring MNA MA MNA -8.7E-01 B.5E-01 9.3E-01
*rich.E.less.B Spring MNA MA MNA -7.7E-01 7.7E-01 MNA
*rich.EPT Spring MNA MA MNA -8.9E-01 B.1E-01 B.BE-01
*rich.5C Spring MNA MA MNA MNA 9.2E-01 9.3E-01
Hshannon Spring MNA MA MNA -74E-01 MA 8.3E-01
pChi Spring MA MA MNA 8.6E-01 MA MNA
pE.less.B Spring 7.3E-01 MA -8.3E-01 -9.0E-01 B.1E-01 MNA
pPR Spring MNA MA MNA -8.1E-01 MA MNA
pPT.H Spring MNA -8.2E-01 MNA MNA MA MNA
psC Spring 7.5E-01 MA MNA -0.8E-01 B.9E-01 B.O9E-01
rich Spring NA MA MNA -9.0E-01 9.3E-01 B.A4E-01
rich.E Spring MNA MA MNA MNA 7.7E-01 MNA
richPR Spring MNA MA MNA -8.9E-01 MA MNA
*pE Fall MNA MA MNA MNA 9.9E-01 MNA
*rich.E.less.B Fall MNA -8.7E-01 MNA MNA B.4E-01 MNA
Hshannon Fall MNA MA MNA MNA MA 9.4E-01
pE.less. B Fall MNA MA MNA MNA 9.9E-01 MNA
pPT.H Fall MNA MA -8.2E-01 MNA -8.9E-01 1.0E+00
psC Fall MNA -0, 3E-01 B.6E-01 MNA MA MNA
rich Fall NA MA MNA -9.5E-01 MA MNA
rich.E Fall MNA -7.8E-01 MNA MNA B.4E-01 MNA
richPR Fall T.1E-01 MA MNA MNA MA 9.3E-01

* Key metrics
Spearman Correlations of VASCI to Distance Downstream

Correlations were tested f9iASCI scoreswith distance to determine if distance downstreamhedp
explain variation irstream conditionvhen considering effects of multiple taxa metriosspring,

VASCI wassignificantly correlated to distance downstreawositivelyin bothof thehighly-impacted
streams(ROL and LLW)andnegatively inone lowlevel impacted stream (SP(igure 7) In fall,
VASCI wasnotcorrelated to distance downstreanaimy streamsAlthoughsome significant
correlations of taxa metrics to distance downstream in referencesineae notedVVASCI reflected
minimal changeespeciallywhencompared tahe magnitude obbserved changes mghly-impacted
streams. In the sprin,ASCI in reference streams ranged from ca980in lowlevel impactedrom
ca. 7999, and in highlyimpactedirom ca. 5379. In the fallVASCI in reference streams ranged from
ca. 8898, in lowlevel impactedrom ca. 7495, and in highlyimpactedirom ca. 5383. Separation of
stream condition due to season waglentin two mininginfluenced streams, i higher VASCI score
for FRY in spring and ROL in fallFigure 7)

27



EAS (R) \ CRO (R) FRY (L)
1001 TR— ~ S——
.:;T—"":".:.i" P '.-—""'-"" r-!-"_'_h_____._._-
[ ] s @ by
801 “ - _ .
o - e
60 R=-0.048, p=0.93 R=-061,p=017 R=-0.036, p=0.96
R=-0.033, p=0.95 R=0.21,p=0866 R=-0.52 p=0.16
O 40! Season
2 | SPC (L) | ROL (H) | LLW (H) | & Fal
> + Spring
1001 e
e e '\-.. » .
-T._ o —‘-h_'!_-..__ _-,
80 « . )
. _— -~ -
P ot
60 R=0036,p=096 ® R=054p=023 | R=0.66, p=0.1
R=-0.83,p=0015 =1, p = 4e-04 % R=0.89, p=0.0
40-
0 1000 2000 0 1000 2000 0 1000 2000

Distance Downstream (m)

Figure 7. Spearman correlations &firginia Stream Condition IndeX¥@ASC) to distance downstream
by stream and season for six streams in the coalfields of central Appaltacheason_evel of impact
from mountaintop mining valley fill salinization indicated in () after stream n&nk, and H indicate
Reference, Lowevel, and Highlevel, respectively.

Spearman Correlatianof Community Similarity to Distance Downstream

To further assess withistream variation in community composition, community similariiesng
sampling locations were determined and correlated with distance downstreartypes of similarity
matrices were used #ssesghe extento whichcommunitiesnvereshifting within streams. BrayCurtis
(BC) emphasizes dominance/abundance of taxa rdthemiresencabsenceJaccard (J) standardizes
presence/absence data rendering this index sensitive to rarBeéo correlations were performed,
the two most dissimilar sites in each stream for each season were identified and averages of both
referene streams and the remaining four mirinfluenced streams were asses&tien considering
within-stream BC community similarity, mininigfluenced streamsnost dissimilar siteshanged an
average25% in spring and20.1% in fall (Figure §. In reference séams, BC similarity indicatecha
average20.9% shift inspring and #.7% in fall. When considering J community similarity, miring
influenced streammshost dissimilar siteshanged an averad@e8% in spring and9.98% infall. Jaccard
similarity showed refemce streams shifted4%6 in spring and5% in fall. This suggests utilizinBC in
mining-influenced headwater streams captures the largest shifts in community similarity.
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For BC, community similarity related to distance downstraarfive streamgall but CRO) inspring,
butrelated to distance downstreanoinly three streams ifall (CRO, FRYand ROL) Figure §. For J,
community similaritywasrelated to distance downstream in one referéBée&) and one highly
impacted strearROL) in spring andone referenc€CRO)in fall (Figure §. Although BC captures
larger shifts in community similaritygn additional consideration forig that itmay captureinique
patterns of changeaused byaxa turnoverConsidering J, total percent change from upsiréo
downstream was negligible except in higitypacted streamsuggesting morehange irsimilarity can
be attributed to taxa turnover in these streams.
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NMDS Displaying Site and Species Relationships

To visualize overall relatedness of community composition within and among sites and which taxa drive
such variation, NMDS analysis of taxa abundance was utili#enpoolingall streams together, there
wassome but not completeoverlapof community compositiobetween levels of impact, although

more separation is visible in fgFigure 9. Taxa that may bereighing most heavily on community

similarity andthe divide betwee reference and impactstreamsncludeHabrophlebiodiesand
StenelmigEphemeropterand Mleopteraaxa respectively in reference andipulaandAmphinemura
(Dipteraand Pecopteraaxa respectively in mining-influencedstreamsWithin streams, therwasa

general grouping ahiddle sites and separationtbE most upstream and downstream ghiggures 10,

11). In low- and highlevel impactedstreamsdominant taxa indicate lesensitive taxa than reference
streamgqFigures 10,11).
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Figure 9. NMDS ofsix study streamm two seasonfom the coalfields of central Appalachiath taxa
vectors.Selected taxaectorsrepresent those with highest proportion of abunddgiipses represent
level of impact.
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Objective 2 Determine if the same changasservedamong streams over a gradient of SC are
occurringwithin streams

Determining SC Trends Within Streams

KruskalWallis and correlation of SC to distance were utilized to determine wstirsam trends of SC.
Reference streams had the lowest@th the least variabilitywhereaghe twohighly-impacted streams
(ROL and LLW)had the mostvithin-streamSCvariability (Figurel2). In fall, medianSCincreased

but with reduceadvithin-stream variability irthree of the foumining-influenced streamGPC had low
variability in spring) For lowlevel impactedstreams (FRY and SPGSC ranges did not overlap
betweerseasons

In both season®nereferenc EAS) andtwo highly-impacted seans (ROL and LLW)exhibited
significant correlations betwe&Canddistance EAS had a positive correlation between SC and
distancewhereas the highlimpacted streams exhibited negative correlat{®igure 13). Additionally,
one lowlevelimpacted stream in fall (SP@ad a significant negative correlati@md one irspring
(FRY) had a significant positive correlatigRigure13). Although the reference stred2AS) showed a
trend in SC, it was over a change of less than 10 uSdonparedo much larger ranges in lelgvel
impacted (65290 uS/cm) and highlimpacted (64890 uS/cm) stream3 éblel, Figure 13 Some
streams showed perfect correlat{@e. R=-1) of SC to distance due tdenticalspearman ranking of the

two variables.

Kruskal-Wallis, p = 3.5e-08 Kruskal-Wallis, p = 3.4e-07
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Figure 12. KruskaltWallis comparisons of specific conductance (SC) variability among and within six
study streams in the coalfield of central Appalachia by seaBtatk dots indicate the location of long
term sample collections. Different letters indicate significant differences amatigmsat alpha=0.05
Level of impact from mountaintop mining valley fill salinization indicated in () after stream:idnhe
andH indicate Reference, Lovevel, and HigHevel, respectively
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Spearman Correlatiosof Taxa Metrics to SC by Stream

Correlations between taxa metrics and\#&e assessdd determine if taxa respoaedto SC gradients
occurringwithin the studystreamsAs spearman correlations ranked distance and SC the sdmthin
seasons ithe highlyimpacted stream@OL and LLW)andin fall for one low-level impacted stream
(SPC), the same taxa metrics correlated to distance were correlated SC stréd@ssThe 15 selected
metrics were more often correlated to SC in highipacted streams spring(Figure 4, Table7). All
streams had more taxa metrics correlated to SC igptireg with the most correlatioreccurringin
highly-impacted stream#\ppendixC). Of the taxa metricsignificantly correlated to SC, most
exhibited the expected response to disturbéineesensitive metrics declining and tolerant metrics
increasing with SCgxceptin one lowlevel impacted stream (SP(able7, AppendixC). That is SFC
was the onlymining- influencedstream that showeamajority oftoleranttaxa metrics reflective of
disturbance increasing wittecreasing SGn both lowlevel impacted stream{SPC and FRY)more
taxa metrics were correlated to SC ie $hasons opposite when the streams experienced the largest SC
gradient.
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Figure 14. Spearman correlations of six selected taxa metricpézific conductandey stream and
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Table7. Selected taxa metrics Spearman etation coefficients for 15 selected taxa metrics versus
specific conductance withyalue < 0.05 by season for six study streams in the coalfield of central
Appalachia.

TaxaMetric Pt coacon  EAS(R)®  CRO(R)  FRY(Y)  SPC(U)  ROL(H)  LLW(H) ALL
Response .

*pSdom pos Spring NA 7.7€-01 NA NA NA NA NA
“pE neg Spring | 7.8E-01 NA NA 74601 | -7.76-01 | -89E-01 | -6.2E-01
*rich.Cling neg Spring NA 9.0E-01 NA NA 85E-01 | -9.3801 | -5.9E-01
*rich.E.less.B neg Spring NA NA NA NA 7.7E-01 NA 7.4E-01
*rich.EPT neg Spring NA NA NA NA 81E-01 | -8.8E-01 | -6.7E-01
*rich.5C neg Spring NA NA NA NA 92E-01 | -9.301 | -7.2E-01
Hshannon neg Spring NA 7.7€-01 NA 7.1E-01 NA 83E-01 | -7.6E-01

pChi pos Spring NA NA NA -8,1E-01 NA NA NA
pE.less.B neg Spring | @.1E-01 NA 7.8-01 NA -8.1E-01 NA 7.6E-01
pPR neg Spring NA NA NA NA NA NA -4.4E-01
pPT.H neg Spring | -7.1E-01 NA NA 7.1E-01 NA NA 6.4E-01
pSC neg Spring | 7.8E-01 NA -6.7E-01 NA 8.9E-01 | -89E-01 | -7.0E-01
rich neg Spring NA NA NA NA 93E-01 | -84E-01 | -7.2E-01
rich.E neg Spring NA NA NA NA 7.7E-01 NA 7.1E-01
richPR neg Spring NA NA NA NA NA NA -3.9E-01
*pSdom pos Fall NA NA NA NA NA NA “3.7E-01
“pE neg Fall NA NA NA NA -9.9E-01 NA 7.4E-01
*rich.Cling neg Fall NA NA NA NA NA NA -3.5E-01
*rich.E.less.B neg Fall NA NA NA NA -8.4E-01 NA -8.3E-01
*rich.EPT neg Fall NA NA NA NA NA NA -6.6E-01
*rich.5C neg Fall 7.6E-01 NA NA NA NA NA -4.2E-01
Hshannon neg Fall NA NA NA NA NA 9.4E-01 | -5.3E-01
pChi pos Fall NA NA NA NA -9.9E-01 NA -8.6E-01
pE.less.B neg Fall NA NA NA NA -9.9E-01 NA -8.6E-01
pPR neg Fall NA NA NA NA NA NA 5.6E-01

pPT.H neg Fall NA 7.9€-01 NA NA 89E-01 | -1.0£+00 NA
pSC neg Fall NA NA NA NA NA NA -3.6E-01
fich neg Fall NA NA NA 9.5€-01 NA NA .4.1E-01
rich.E neg Fall NA NA NA NA -8.4E-01 NA -8.0E-01

richPR neg Fall NA NA -8.0E-01 NA NA .9,3-01 NA

1 Grey cellsexhibit opposite of expected response to disturbance.
2Level of impact from mountaintop mining valley fill salinization indicated in () after stream name; R,
L, and H indicate Reference, Lelevel, and Highlevel, respectively.

When macroinvertebrateetricswerepooled among all streanthere weranorerelationshipsof
community compositioto SG with double the number ¢dxametrics correlated to S€mpared to

any one stream igpring and almost tripléhe correlations compared to any one str@afall (Table 7)
Three of the sikey metrics (SC rich, CN rich, and EPT rich) had global correlation that were stronger
in spring compared to fallwhich exhibited stronger trends for the other treelected keynetrics (%
Ephemeropterajch EphemeroteralessBaetidae% 5 dom)(Figure15). Reference streams had a
within-stream range of ca. D uS/cm and highimpactedstreams had a withistream range afa.
640-990 uS/cmWhenall six study streams wepoled together, the SC range substantially increased
to ca. 1670-1,860uS/cm. Although poling streams together gives a greater gradient to examine
macroinvertebrate responseghly-impacted streams most often exhibited stronger correlations within
theindividual stream than when all streams were compiled.
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pooled among sigtudystreams in the coalfield of central Appalachia.
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Spearman Correlatianof VASCI to SC

Correlationof VASCI scoredo SCwere used to further understand how SC varidtiinences overall
stream conditioras indicated by multiple combined taxa metri8SCI was onlysignificantly
negativelycorrelated to SC in the most highiypacted stream@OL and LLW)in spring (Figurel6).
Thus,VASCI trends reflect taxa metric trends as higinhpacted streamalsohad the most significant
correlations of key taxa metrics. Change in additional mdesssstrongly associated with disturbance,
such as were identified in reference and-lewel impacted streams, are not reflected in VAS¢Ires.
When VASCI scores for all streams were analyzed collectigéigam condition was more strongly
related to & in fall with clearer separation of lelevel impacted streams from reference (Figufe 1
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Figure 16. Spearman correlations d&firginia Stream Condition Inde¥@ASC) to specific conductance
by stream and seasdor six study streams in the coalfield of central Appalachével of impact
indicated in () after stream nani®, L, and H indicating Reference, Ldevel, and HigHevel,
respectively.
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Figure 17. Spearma correlations oVirginia Stream Condition Inde¥@ASC) versus specific
conductancgooled amongix studystreamsn the coalfield of central Appalachlay season.

Spearman Correlatiomof Community Similarity to SC

Correlations between community similarity and SC were assessed to further evaluate community
response to SC gradienBray-Curtis explained changes in similarity within streaamsociated with
changes ir5C in both highlyimpacted stream@OL and LLW)ard one reference (CRGn both
seasons and one lelevel impacted stream gpring (FRY) (Figure18). For J community similarity
responseto SC | observed significantorrelations in one referen¢EAS) in springand one low level
impacted stream (FRYh fall (Figure18). Thislow-level impacted stream (FRY) hddcorrelated to SC
in fall, but not in spring when BC was correlated to SC in this stream.
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Objective 3 Examine influence fovater quality and other environmental factors on wigtiream
benthicmacroinvertebrate variability.

RDA Identification of Community Drivers

Redundancy analysis is a popular ordination technique for community ecology capable of determining
which explanatory variables are redundant to variation in response vafladgesndre and Legendre

2012) Formy researchthe explanatory variablegereddined collectively by three attributegvater

quality, habitat, and locatipnand the response variablgeremacroinvertebrate abundanc&sme of

the collinear variables measured for water quality and habitat attributes were integrated into PCA axes to
reduce dimensionality, and location was represented with multiple spatial structures via PCNM analysis
(not presented herdredundancy analysis selected the variables from each attribute that explained the
most variation in macroinvertebraabundance andere thusidentified as drivers of community
composition(Table8). It is important to note that one highimpacted stream (LLW) in both seasons

and one highihimpacted and one reference (ROL and CRO, respectively) in fall produced stress near
zerg which may indicate insufficient data (Appendix @pecific conductance was only selected as a
driver within one reference stream (EAS) and among streams when analyzed collectively. Water quality
driversthat most ofterattributed to significant influence olm@mmunity composition in mining

influenced streammclude NPOC, hardness, nutrients, elements, and temperature. Reference water
guality most influential to macroinvertebrates included nutrients and hardness in additiorH@mb&&t.

drivers in both miningnfluenced and reference streams were oriented around fine sediments, such as %
fines and embeddedness in fall,empasspring was more heavily influenced by stream geomdgigs
slope)and large cobble&Vithin streams, almost adtreamsndicated inportance of the effect of wide

scale variation in location (PCNM1) on community, although amaegusis, smaller scales were

driving community more in springsenerally, each attribugvater quality, habitat, locatiorpuld
assignsimilar proportions of community variance ¢80%) with the exception of LLWvhich most

strongly attributed community variance to water quality.
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Table8. Redundancy Analysis for selected drivers of macroinvertebrate community structure for six
study streams irhe coalfield of central Appalachia.

Season Attribute’ EAS (R) © CRO (R) FRY (L) SPC(L) ROL (H) LLW (H) ALL
utrients SC, hardi MPOC, t . DO
Water Quality ~ SC+ nutrients nutrients + elements nutrients NPOC hardness » NArdness, T emp. t
hardness nutrients
adj. R* 0.31 0.17 0.33 0.21 0.27 0.34 0.37
- # fines, slope, pebble dimension,
) . slope + riparian ) .
Spring Habitat o % large cobbles slope wetted width LCF embeddedness, wetted width, and
characteristics NA S -
riparian characteristics
adj. R 0.33 0.15 031 0.14 0.29 0.23
Location PCNM1 PCNM1 PCNM1&2 PCNML PCNM182 PCNML PCNM 4, 2,185
adj. R 0.22 0.18 0.3 0.27 0.28 0.18 0.32
Water Quality hardness NA temp. NA hardness hardness SC, hardness, elements, DO, NPOC
adj. R 0.2 0.15 0.17 0.41 0.32
wetted width, % fines, pebble
Fall Habitat % fines LCF %fines NA embeddedness embeddedness dimensions, slope, riparian
a characteristics
adj. R® 0.22 0.28 0.1 0.17 0.29 0.22
Location PCNM1 PCNM1 PCNM1 NA PCNM1 PCNML PCNM 1,24, & 5
adj. R 0.18 0.32 0.15 0.16 0.29 0.34

1 Adjusted R squared values indicate the proportion of macroinvertebrate abundance variation explained
by theselected drivers of that attribute. Drivers were selbgsing backwards stepwise model selection

2L evel of impact from mountaintop mining valley fill salinization indicated in () after stream:f&ame

L, and H indicate Reference, Leevel, and Highlevel, respectively

Redundancy Analysis scores the weights of @axbnand collection site based on their ordination

position, with the heaviest weighted sites &ardadriving most of the variatiomithe ordinationTaxa

and site score weights from RDA results indicated 18 taxa to be most highly associated with water
quality, habitat, and location attributes within each stream and when pooled across the six study streams
(Table9). Of these 18 taxdhere were Thatwere Ephemeroptera, 4 were Plecoptera, 4 were

Trichoptera, 1 was Coleoptera, and 2 were Diptera, all of which were most highly associated with
measured stream attributes. Overlap in indicator taxa was common for each attribute wéima btre

often differed among streams. Indicator taxa in reference streams had lower tolerances, were more likely
to be shredders, and were all clingers or swimmers (BabMining-influenced streams had some

indicator taxa with higher tolerances and bwing and sprawling habit. One lelvel impacted stream

(FRY) in the fall had a predator as an indicator species. Usaaélyscores indicative of indicator taxa
presence were in upstream locatianth the exception o8PC inspring for the habitat pameter.
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Table9. Highesttaxaand site scoreweights fromRDA Analysis.

Season Attribute EAS (R) * CRO (R) FRY (L) SPC(L) ROL (H) LLW (M) ALL
Leuctra Habrophlebiodes Ameletus Chironomidae Chironomidae Amphinemura Acentrella
Habitat (0, SH, CN) * (0, SC, SW) (1, CG, SW) (6, CG, BU) (6, CG, BU) (2, SH, 5P) (4, CG, SW)
Peltoperla Baetis Ptercnarcys Oligochaeta Haploperla Prosimulium Amphinemura
Tallaperla Ameletus QOulimnius Baetis Lanthus Chironomidae Leuctra
Sites 1 1,3, &2 2,1, &3 182 7,886 281 182 FRY 6,5 &7
Peltoperla Baetis Ephemerella Cinygmula Chironomidae Amphinemura  Amphinemura
Water Quali (2, SH, CN) (2, CG, SW) (2, CG, CN) (1, 5C, CN) (6, CG, BU) (2, SH, SP) (2, SH, SP)
Spring R4 Leuctra Haploperla Epeorus lsoperla Haploperla Chironomidae Leuctra
Allocapnia Eccoptura Oulimnius Optioservus Lanthus Prosimulium Acentrella
Sites 182 182 182 153 281 1 ROL1, 2, &5
Peltoperla Habrophlebiodes Ephemerella Stenelmis Chircnomidae Leuctra
Location (2, SH, CM) (0, 5C, SW) (2, CG, CN) (1, 5C, CN) (6, CG, BU) (0, SH, CM)
Leuctra Baetis Epeorus Isoperla Haploperla NA 2 Amphinemura
Allocapnia Haploperla Oulimnius Optioservus Lanthus Acentrella
Sites 1,3, 82 281 182 1,3 &2 182 ROL1,5 6
Peltoperla Leuctra Rhyacophila Neotrichia Tipula Diplectrona
Habitat (2, SH, CN) (2, SH, CN) (0, PR, CN) (0, 5C, CN) (4, SH, B} (6, CF, CN}
Maccaffertium Eurylophella Paracapnia NA Chircnomidae Wormaldia Tipula
Attenella Habrophlebiodes Neotrichia Paracapnia Oligochaeta  Cheumatopsyche
Sites 182 2,1, &3 3 182 182 FRY 4,7, &1
Attenella Strophopteryx Neotrichia Tipula Cheumatopsyche
; (1, CG, CN) (2, SH, SP) (0, SC, CN) (4, SH, BU) (6, CF, CM)
Wat |
Fall ater Quality Peltoperla NA Rhyacophila NA Chircnomidae  lsoperla Tipula
Maccaffertium Marlirekus Allocapnia Dixa Diplectrona
Sites 182 1&%3 1 1&2 FRY 7,5PCH, &6
Attenella Leuctra Rhyacophila Neotrichia Tipula Cheumatopsyche
Location (1, CG, CN) (2, SH, CN) (0, PR, CN) (0, 5C, CN) (4, 5H, BU) (6, CF, CM}
Peltoperla Eurylophella Strophopteryx NA Chironomidae Dixa Tipula
Maccaffertium Habrophlebiodes Ectopria Allocapnia Peltoperla Diplectrona
Sites 2,1, &3 182 32,81 1,2, &3 182 FRY 7,5PCH &6

1 Site 1 being the most upstream. Species with the highest score indicate the taxa whose presence are
most representative of how that stream attribute is shifting communities. Sites with highest scores
indicate which locations are having the greatest chantiese taxa.

2Parentheses indicate tolerance value, FFG, and habit accordingly for the most influential taxa of that
attribute. Tolerance values range frora@ with one being the most sensitive to disturbance.

3NA indicates no metrics from that @aneter could constrain the site scores in a way that could
strengthen the relationship of sites based on macroinvertebrate communities.

4Level of impact from mountaintop mining valley fill salinization indicated in () after stream:fame

L, and H indiate Reference, Lodevel, and Highlevel, respectively.

To examine potential for collinearigmong variables used in the water quality and habitat attributes and
their potentiato bias RDA selected drivers, variance inflation factor scores ofssdebted driver to SC
were determinedl@ble D). VIF score were ¢10 for all drivers except hardness and elements among

all streams pooled together indicating they have notable collinearity.to SC
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Tablel0. Variable Inflation Factorscores to specific conductance of redundaanglysisselected
water quality and habitat metrics for six study streams in the coalfield of central Appalachia

Season Parameter Metric AllY? EAS (R) CRO (R} FRY (L) SPC(L) ROL (H) LLW [H)
Spring do.mgl 3.987 MA MA A A A MNA
Spring temp.C 3.12 MA MA A A A MNA
Spr?ng Water Quality hardness.mgl 3.915 NA 291 MNA MNA MNA MNA
Spring npoc.mgl 3.276 MNA MNA MNA MNA 3.62 MNA
Spring nutrients. pca 2.496 4.69 5.8 MNA 1.68 MNA MNA
Spring elements.pca NA NA NA 2.135 MNA MNA MNA
Spring pfines 2.639 MA MA A A A MNA
Spring plargecobble MNA MNA 3.405 MNA MNA MNA MNA
Spring LCF MA MA MA MA MA 3.62 MA
Spring Habitat avgwetwidth 2.2 NA NA MNA 1.68 MNA MNA
Spring avgembedd 1.72 NA NA MNA MNA MNA MNA
Spring avg.slope 2.45 5.08 MNA 2,135 NA MNA NA
Spring D.pca 1.64 MA MA MA MA MA MA
Spring Rip.pca 1.89 1.63 A A A MNA NA
Fall do.mgl 2.4 MA MA A A A MNA
Fall temp.C MA MA MA 1.293 WA A MNA
Fall Water Quality hardness.mgl 43.16 4.017 MA MA MA 9.15 3.73
Fall npoc.mgl 2074 MA MA A A A MNA
Fall elements.pca 40.36 MA MA A A A MNA
Fall pfines 2.23 4.017 MA 1.292 A A MNA
Fall avgwetwidth 1.645 MA MA MA A MNA MNA
Fall Habitat avgembedd MA MA MA A A 9.15 3.73
Fall avg.slope 2.37 MA MA A A A MNA
Fall D.pca 1.73 MA MA A A A MNA
Fall Rip.pca 217 MA MA MNA MNA MNA MNA

1 The higher the score, the greater the collinearity.
2Level of impact from mountaintop mining valley fill salinization indicated in () after stream name; R,
L, and H indicate Reference, Laevel, and Highlevel, respectively.

Variation Partitioning to 2termine Influences dfttributes

Variation partitioning was used to determine thlationshipof the threeattributesg(water quality,

habitat, andocation) to each othem terms of how uniquelgnd collectivelythey explained
macroinvertebrateommunity variatiorin bothspring andfall (Table 11). The highestcommunity
variation was often explained by the combined variation of all attributes (the spatial structure of water
guality and habitat) with the exceptiohtheonehighly-impacted stream (LLW) and all streams
collectively in spring in which wateguality variation uniquely explainestbstantiabdditional
community variation. Furthermore, in fall, ROL and LLWbth highlyimpacted streams) exhibited
unique explanatory power for location and water quality accordingly. Generally, the three attributes
could explain ca. 360% of community variatiorexcept forone reference (CRO) and one highly
impactedstream(ROL) in spring and one lodevel impactedgstream(FRY) in fall, all of which could

not explain more than 20%.ommunity variation in one lowevel impacted stream (SPC) in fall could
not be attributed to any variables associated with any attribute.
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Tablell. Variation partitioning individual fractions results for six study streams in the coalfield of
central Appalachia

Fractions of variation (ad]. R") *
Strearm Season . )
waQ H L WQ+H H+L Wa+L All Residuals
EAS (R) 4 Spring 0.02 0.10 0.06 0.12 0.00° 0.05 0.12 0.54
Fall 0.11 0.14 0.06 0.00 0.00 10,00 0.17 0.63
CRO (R} Spring 0.03 0.00 0.00 0.00 0.03 LiXi i) 0.17 0.85
Fall MA 0.00 0.03 MA 0.29 MNA NA 0.69
FRY (L) Spring 0.0 0.10 0.10 0.11 0.00 011 0.14 0.52
Fall 0.0 0.02 0.01 0.01 0.00 0.08 0.07 0.83
SPC (L) Spring 0.06 0.00 0.07 0.0 0.03 0.03 0.13 0.70
Fall MA MNA MNA MA WA MA MNA NA
ROL (H) Spring 0.00 0.00 0.00 0.03 0.05 0.0 0.29 0.80
Fall 0.00 0.02 0.17 0.11 0.00 0.00 0.11 0.72
LW (H) Spring 0.25 MNA 0.10 MA NA 0.08 MNA 0.57
Fall 031 0.14 0.08 0.00 0.00 0.00 0.35 0.42
ALL Spring 011 0.04 0.07 0.04 0.03 0.10 0.12 0.49
Fall 0.05 0.03 0.09 0.04 0.02 0.10 0.13 0.54

1WQ = Water Quality, H = Habitat, and L = Location.

2 Zeros represent®¥alues < 0.01. NA indicates the RDA found no variables from that attribute
improved site relationships of macroinvertebrate abundance. LLW in spring had no relationship to any
habitat variables, CRO had no relationship to any water quality variables in Fall, and SPC could not be
explained by any variables from any attributes.

3 Adjusted R values display the proportion of that attribute that uniquely shares its explanatory power to
model macroinvertebrate communities verses the shared explanatory value of the different a#fifbutes.

4 Level of impact from mountaintop mining valley fill salinization indicated in () after stream name

L, and H indicate Reference, Leevel, and Highlevel, respectively.
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Chapter 4 Discussion

In this work, | assessed three objectives to determine macroinvertebrate responses to spatial patterns of
water quality and habitat within four streams impacted by mining and two reference streams in central
Appalachia. | evaluated macroinvertebrate resperno distance downstream and SC over ca. 1.5 km in
the six study streams. | also constrained macroinvertebrate responses within streams to multiple
variablescomprisingthree attributes water quality, habitat, and locatieio determine which variakde

are most influential to community composition within streams. Findings indicated streams with highest
mean SC and largest SC gradients within sampling reaches had exaggerated spatial shifts in
macroinvertebrate community composition. Reference anddegl impacted streams had smaller
community shifts although losevel impacted streams were more variable than reference streams.
Specific conductancean be used to reflect community variation among strehavgever within-

stream variation in macroinvehteaste community structure is better explained with additional water
quality, habitat, and location variables. Furthermore, fall sampling better represented separation of low
level impacted stream condition from reference than spring sampling. Interpretigicevious research
focused on betweestream gradients would benefit from improved knowledge on how wsthégam
dynamics influence representation of stream condt@mpared to using single sampling point.

Ensuring interpretation of macroinvertab® communities most accurately reflects biologoceiditiors

a stream exhibits is vital for prioritization of monitoring and remediation efforts in central Appalachia
streams influenced by mining and in other disturbed streams more broadly.

Objective 1 Determine withiastream variability obenthicmacroinvertebrate communities and stream
condition

TheRCC defines a continuum of biotic adjustmentthin stream networks anmivers to accommodate

for changingphysical systems artd maximizeuse ofenegy inputs(Vannote et al. 19805ince RCC

has become widespread, multiple studies have further detailed the relationship of aquatic insects over
stream distancgShupryt and Studinski 2021; Heino 2013; Wilson and McTammany 281 6&ix of

the study seamsherewere in accordance with thedR by exhibiting a significant relationship of
community similarity to distandeetween samples in at least one seabba further the

macroinvertebrate collections were apart from each other, the more dissimilaotheunities were.

The strongest relationships of community similarity to distance downstream were associated with the
streams experiencing greatest disturbance from mimimg.is in accordance with mypothesighat in
mining-influenced streams, assthnce from disturbance increased, local conditions would improve, and
therefore macroinvertebrate communities would shift over shorter distances than in reference streams,
which remain in good condition throughout headwater stream lengths.

Taxa metricsvere utilized throughout the study to integrate understanding of shifts in community
function and sensitivity. Specific to taxa metriosttain changes within streams over distance have been
well-documented, such as with mayfly diversity increasing wigtadce downstreaiiondet al2016)
TheRCC outlines how headwaters are strongly influenced by allochdisqjoriginating outside the
stream, i.e. fallen leaves) detritughich results in communities primarily composed of shredders and
collectors. Withdistance downstream as the stream increassge, relative contribution @érrestrial
inputis reducedwhich increases the importance of autochtiusn(originating within the stream, i.e.
algae) primary production and organic transport from upstréais cawsestaxa shifts away from
shredders towards scrapév&annote et al. 198000f the taxa metrics examined in this stutey
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corresponded to these aforementioned taxa gréa@sd richness diphemeroptera, Ephemeroptera
lessBaetidaeshredders, scraper taxa and scrapers less E. Correlations of these metrics were more
responsive in three of the four minigfluenced streams (in spring), further supporting findings that
exaggerated gradients in streams caused by mining adedleatiral shifts over shorter distances as
compared to reference conditions.

Although largescale variation (such @ ecoregionscalesor among stream studies) often identifies
more differences in community composition, it is important to additionally censiéchanisms at play
atlocal scales. It is expected that similarity will decrease with increased distance between
macroinvertebrate collectionislocal conditions are the strongest driver of community composition
(Leibold et al. 2004)It has also beetletermined that headwater streams exhibit less dispersal due to
strong niche partitionin¢Pondet al2016) This was reflected in the finding$ my researclas all
significant correlations of community similarity to distance betweagroinvertebrate clelctionswere
negative, indicating high dependency on local conditiofseadwater streamlowever three of the

six streamsn which community similarity was correlated to distance between collectiorirsgpsing

did not have them in falvhich coudl be indicative of presence of species with higher dispersal abilities
or more homogenized local conditions than in spring

Previous studies found expanding the spatial scale of sampling within strearmpraye

understanding diactors driving commurty structuregLi et al. 2001; Wileyet al1997) Ephemeroptera
taxaoftenhave been the focus of explaining level of disturbamengstreamgTimpano et al. 2018;

Burton and Gerritsen 2003)Vithin mininginfluenced streamsnore specific and tolerardxta (such as
percent RecopterdessLuectra, Allocapnia, and Amphinemupapercent sprawlers) can reveal more

about change over distance, and associated functions provided by those taxa, as sensitive taxa may not
be present in the first place. Withétream macroinvertebrate shifts of certain-lewel impacted

streams may better separate stream condition from referenogdhithoccur using a study among
streamsAdditionally, richness of Cis aninfluential metric withinthe studystreams that hasot been
emphasized iprevious studies amorgjreams.

Widespread bioassessment protocols uttiaeparison ofamples from a single locatiamone stream

to that ofa single location imnotherstreamio indicate stream conditidqivA DEQ 2008; Timpanet al.

2018; Pond et al. 2008; Hartman et al. 20@)dies at this scale of comparison among streams have
contributed to policy, mitigation and reclamation efforts surroundingroaahg in central Appalachia.
Furthermore, salinization can be attritdite a variety of sources in addition to coahing such as
urbanization and agricultural impacts, which also benefit from advancing knowledge on impacts of
salinized systems to water quality and bigafnedeArgielles et al. 2013Best scientific praate

considers an issue from multiple angles or scales before forming conclusions to apply best practice and
to best mitigate consequences on ecosystem function from anthropogenic §0ooyer et al. 1997;

Wiley et al.1997; Li et al. 2001 As scale habeen influential in understanding of environmental

systems, it is essential to be able to support the assumption that a single sample location is representativi
of headwatestreams used in mining research.

This study aimed tevaluatdrends at play inainized systems at a smaller witkstream scale to add a
new angle antb benefit understanding of the impacts of coal mining to headwater streams in central
Appalachia and potentially more broadly in salinized streams. Analysis of VASCI scoresfibiimel
stream sample location has the power to reflect variable stream conditilbimsmining-influenced
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streamsalthough VASCI scores in this study were inflated and unaldedghethow within stream
location impacts impairment statdighly-impactedsite VASCI scores ranged from ca.-85, whereas
reference streams ranged ca:190. Furthermore, loMevel impacted streams exhibited ranges of ca.
75-100 within streams, indicating sampling location could influence how comparatsam is to
referene condition. This study clarified that withstream scale is influential to interpretation of stream
condition in mininginfluenced headwateend potentially in other disturbed systems

In summary, theeresults demonstrated that 1) high levels of mining impact prompted
macroinvertebrate response over shorter distancaseajn sample location is influential &ssessing
stream condition in mininghfluenced streams, and i8icreasing thepatialscaleof sampling may
reveal finerscale trends impactful to understanding the influence of mmingtream conditionot
revealed byargerscale dynamics.

Objective 2 Determine if the same changes among streams over a gradient of SC are occurring within
streams

Natural processes of salinization occurbuover ge
anthropogenic sources, such as guoaling valley fills, expedite these processetime framesover

decadegU.S. EPA 2011)Anthropogenic salinizeon has been classified as one of the top stressors

posing severe biodiversity loss and insecurity of freshwater resq@agsdeArguelles et al. 2013)

Stream slinization is a persistent challenge with documented impactsity organisms, including

benthic macroinvertebrates. For exam®,T taxaareparticularlysensitivewith notable influence to
Ephemeroptera taxa diversity and ecosystem function such as secondary prq¢Qigticiolo et al.

2020; Tank et al. 2010; Pond et al. 2016; Huryn andas&1987; Merricks et al. 2007; Hartman et al.

2005; Pond 2010; Stauffer and Ferreri 20@2) such, there is a need to understand how salinization

impacts differ among stream systems but also, albeit less studied, within streams.

Previous researdmasreflected the urgency of anthropogenic salinization in headwaters of central
Appalachia finding gradients of SC (the measure of salinization) to be the driving variable in community
structure among mininmfluenced streamis this region(Timpano et al. @18) Research has
emphasized gradients of SC among streams, but less is known about how mining influences within
stream gradients of SC and associated consequences to macroinvert&lbfatesmining-influenced
streams exhibited higher variability ofthMn-stream SC when comparedtb® tworeferencestreams
Highly-impacted streams exhibited strong diluting SC gradients in both seasons:-6Q0T@Jcm as
compared to ca. #B00nE/cm in lowlevel impacted streams and ca-4@nE/cm in reference streams.
In most mininginfluenced streams, taxa metrics improved wigicreasingC downstrearas expected
(U.S. EPA 2011)with the exception abne lowlevel impacted streafsPQ, where SC was slightly
decreased downstreabut community composition deteriorat€dne lowlevel impacted streantRY)
showed a uniqu8C concentrating gradient, with lower SC upstream in the fall (below EPA threshold
for aquatic life), angbresence oligh-SC tributaries that escalated SC downstre@aspite these
within-stream gradienisesults indicated that more macroinvertebrate groups are responding to
gradients of SC among headwater streams rather than within@uwenrnary to my prediction, lovevel
impacted streams did not exhibit m@oe strongey correlations of taxa metrics or community similarity
with SCeven though withirstream gradientsf SC wereclosest to thresholds for biotic li{fond 2010;
U.S. EPA 2011)Although ¢reams with the lamest withinstream SC gradients did reflebe nore

similar macroinvertebrateesponseasobserved iracrossstreamstudies correlations of taxa metrics
strongest among strearfldmpano et al. 2018Jo not fully represent correlations within streams
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When considering taxa metrics responding to SC within streams it is important tbatoééerence
streams have likely haglatively stable communities throughout tinvehereasmpactedstreamsnay
have been subject extirpationand recolonization eventser time since mininglhereforestudies
assessing differenc@snong streams reveal more about how communities are altered byiooa]
events over time rather than direct taxonomic responses and movement within streamarsessS0
discern patterns, larggcale amongtream studies emphasize taxa most sensitive to extirga#on

DEQ 2008) To reveal withirstream patterns, there shoulddakglitionalemphasis on dominant taxa
present and how they are responding, espgdralnining-influenced streams due to sensitive taxa
scarcity following extirpation events. For example, my study found wgtream changes of Plecoptera
and shredders unique to reference streaommpared tavithin-stream changes chironomids, clinges,
Coleoptera, and Trichoptemramining-influenced streams. Streams with the largest SC gradients were
most likely to exhibit responses in thé selectednetrics emphasized in my study, indicating sensitive
taxa were isolated to locations with the mfzstorable environmental conditions within impacted
streams.

To furtherdetermine if alterations of withistreamSCgradients from coal mining triggered
macroinvertebrate response comparable to those among streams, correlations of taxa metrics and
communiy similarity to distances compared t8C gradients were explored (Tablg)1With this
comparison, distancgas abetter descptor of macroinvertebrate trendisan SGn reference and low
level impacted streams. Distance and SC were collindsotirhighly-impacted streamaith SC
declining consistently with distance downstreama therefore both SC addtance werequally
correlated to the same taxa metrics iese twostreams. When SC and distance were not collitiear,
spring had slightly more aeelations to SGhan distancevith the exception obne lowlevel impacted
stream (SPChndfall had more taxa metrics correlated to distance tharGg@erally, more
macroinvertebratesietrics responded to both distance andrsépring(except FRY), potentialldue to
the higher diversity of macroinvertebrates inhabiting the stream or higher flovesraadhconnectivity
in spring(Barbour et al. 1999Furthermore, dtancewas correlated witktream condition\(ASCI) in
one referencand one highlympactedstreamin fall and one lowlevel impactedtreamin springwhen
these streamsere notsignificantly affectedy SC.Thus,| determined distance downstream was
generally a stronger indicator in fatbmpared t&C, whichwas generdy the stronger indicatan
spring of withinstream macroinvertebrate trends in reference anddwoal impacted streams.
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Tablel12. Summaryf number of specific conductance (SC) and distance correlations to all 60 taxa
metiics for each season along with stream distances and SC for six study streams in the coalfield of
central Appalachia.

EAS(R)' CRO(R) FRY(L) SPC(L) ROL(H) LLW(H) AllStreams
# Metrics Correlated to 12 13 7 14 21 17 41
SC Spring
# Metrics Correlated to a 1 1 a 10 13 36
SCFall
# Meiirlcs Correlalted 11 8 6 27 21 17 8
to Distance Spring
# Metrics Correlated 6 14 15 a 10 13 2
to Distance Fall
r
SC Range (uS/cm) 14,10 10,40 290,260 65,260 990,800 780,640 1673,1865
spring, fall
Average SC(USfem) 1, 55 53,77 252,460 415,605 903,860 1175,1400 423,534
spring, fall
Distance 2500 2050 2785 2556 1500 1950 NA
sampled (m)

! Level of impact from mountaintop mining valley fill salinization indicated in () after stream:fame
L, and H indicate Reference, Lelevel, and Highklevel, respectively.

Examining the relationship of community similarity to SC and comparing it tofttastance helped
furtherassesshe effects obothdistance and S@radients especially in twehighly impacted streams
Correlations to taxa metrics for SC and distance were the samghlg-impactedstreamsbut

similarity was strongly influencedytSC in theonemosthighly-impacted stream (LLWin both seasons
and the other highlympactedstreamin fall (ROL). Distance betweemacroinvertebrate collections
explained differences in community similarity for more streams and seasons than SChalthury
change in SC was correlated, the relationship was usually stronger than that of distamctast, a

study by Shupyrt in 2021 found with greater disturbaasar{dicated by increas&r), community
structure shifted over longer distances dubdmogenization of the systelet, this study was

conducted over longer distances (10s of kmhjich may have overpowered finrgcale patternthat

were the focus of my studilacroinvertebrateommunity dissimilarity in reference streamas not
expectd due tominimal SCgradientsHowever, analysis often found stronger relationships of
macroinvertebrate communities to SC than distance in spring for reference s@eanpessible
explanation for this is that SC is collinear to another water quality n{strat as nutrients or hardness)
that may have stronger influence on macroinvertebrates over smaller gradients in referencefstreams.
previously mentionedhelow-impact streanfFrRY exhibitedthe onlySC concentrating gradient

(upstream SC was below EPA threshold) and the only significant J relationship to SC. This suggests that
streams with high SC inputs downstream of the stream origin may harbor sensitive texthaboput

that do not inhabit downstream habitBtis is further reinforced bthisstreatd s pat t ern of h
scores upstreafefore source of pollutiorgnd downstrear(after pollution dilution)ca. 92) and

lowest in middle sitegmost pollutedareas)ca. 82)suggesting macroinvertebrates avoided high SC
areas within headwater strearfsirthermorethe streams experiencing the most change in community
similarity were highlyimpacted, suggesting tolerant taxa in these streanasarstructurirg

themselves to avoid stressful locations.
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Objective 3 Examine influence of water quality and other environmental factors on vgittgam
benthicmacroinvertebrate variability

To further understanding of withistream drivers of macroinvertebrate conmities, relative

contributions of three attributesvater quality (in addition to SC), habitat, and locatioo
macroinvertebrate metrics were further analyZeatch attribute had multiple variables of which a subset
of the mostinfluential was selectefibr each individual stream and collectively among streams with
multiple sample locations for both seasohsvds determinethatSCwasnot always the strongest
indicator of macroinvertebrate communities withily studystreams, anthatstudies at thiscale

should consider additional water quality, habitat, and location attrilfeiether, taxa and sample

location that most significantly responded to variables selected for each attribute were ideasfigd
each attribute was examined to deternviimether it explained macroinvertebrate community variation
uniquely or in shared ways with other variables.

Water quality drivers and indicattaxavaried by stream. When analyzed collectively, SC, closely
followed by hardness, were the primary drivers in both seasons, with additional explanatory power
found in NPOC, temp, DO, and nutrients in spring, siadeelements, DO, and NPOC identified iril.fa
In spring, nutrients were a significant driver in both reference streams and oley&wnpacted

stream (SPC), which exhibited opposite trends inttl@humber of sensitive taxa decreasét

distance downstrearnirace é¢ements, NPOC, anldardness were indicated as significant drivers of
community variation in the remaining three minimfjuenced streams (FRY, ROL, and LLW,
respectively). This agrees with previous studies over larger sediieh found withinstream

community variation atibuted to SC, pH, DO, Se, and nutrie(@sengfei et al. 2021; Shupryt et al.
2021; Cianciolo et al. 2020Explanatory power of water quality diminished in fall apart fromothe
highly-impacted stream (LLW) and one reference (EAS). Water quality caildxplain any

community variation in one reference (CRO) and onelkxel impacted stream (SPC) in fall.
Macroinvertebrate community variation in the kevel impacted stream (SPC) could not be explained
by any attribute in fall. In conclusion, findja on all streams pooled are in agreeance with other studies
of this scaldinding SC to be the main driver of community composi{idmpano et al. 2015%)
althoughin this study when analyzed on an individual stream basis, intricacies of other watigy qual
variables may overpower effects of SC within streams.

The two strongest drivers of community change attributed to habitat among my study streams
collectively were percent finas the streambedndchanneklope in spring, and wetted width and
percenffines in fall. These habitat drivers are in accordance wekipusresearctihatattributed
within-streamcommunityvariation tohabitatfactors such as stream gradient, channel width, and
streambedubstrat€dZhengfei et al. 2021; Shuprgt al.2021) Seasonal differences may be attributed
to how stream flows are higher in spring and drying is common in headwaters in fall, influencing
significance of slope and wetted width accordin@lyS. EPA 2011)Within individual streams,
streambedediments wera significant driver of macroinvertebrate community in fall. In contrast,
spring drivers of macroinvertebrate communitigghin streamsvere diverse, including riparian
characteristics, percent large cobbles, wetted wathnneklope, andgtreambed lare cobble:fine

ratio. Sedimentation is also wedistablished to negatively impact macroinvertebrate communities and is
associated with impacts of cemiining (Drover et al. 2020; Paybins 200&)d may thereforbe causing
greater separation of lelevel impacted streams from reference conditions invakn stream flows are
typically lower. Habitat did not explain any community variation in tmehighly-impacted stream
(LLW) in spring and one lovlevel impacted stream (SPC) in fallverall, channel slapin spring and
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%fines/embeddedness in fall best explained macroinvertebrate community variation in ways water
guality and location variables could not.

Broadscale location was indicated as a driver in all straaigidually and collectivelyfor both

seasons (aside from SPC in fall in which no attribute could explain community varigadedting

location within my study streams influenced community variation. Spatial distribution has been used as
an indicator of dispers@Wilson and McTammany 201&hengfei et al. 2021wherethe importance of
spatial structure decreases with higher dispersal abilityr@neasesvith higher importance of local

factors. Collectively among streams, firsmale location patterns explained community variation, which
is in accordance with the expectation that the streams acted as clusters with less community variation
within streams than between them. As would be expected, only the broadest variables of space (i.e.
upstream to downstream) best explaimadationwithin individual streams because communities are
better connected (by the water flow) than they are among str€amsequentlyspdial structures not

as strong an indicator within streams as between ,ttiErefore weakening importance of local factors
(e.g. withinsite SC gradientsh explaining community variatioryet, spacedoes explairsome
additionalcommunity variation within streams.

Most within-stream studies have focused on dispersal of inaadtfiow it influences beta diversity
when considering environmenfalkctorsand sreamdistancegCallisto et al. 2021; Astorga et al. 2012;
Shupryt et al. 2021) ess is known abouaterivedtaxa metrics and how withistream gradients are
changing strearfunctioning.Compared to largeorder streams,dadwaters have lower dispersal and
are more dependent on local factors and niche partitighir®y EPA 2011)Macroinvertebrate
groupings associated with withgiream variatiommong allmy study streamsiclude mainly
shreddersscrapersandcollectorsin both seasonand additionallypredatorsn fall, clingersand
sprawlersn referencestreamsand lowlevelimpacted streams&ndburrowersin highly-impacted
streamsPrevious studies have found resporfsgredators to selenium in miningfluenced streams
indicatingthe lowlevel impacted stream (FRY) with predataka respondinghay be experiencing
elevated Se ifiall (Cianciolo et al. 2020)

The presence déxa metriggroupings was most often assae@with upstreantocation. | determined

taxa present at these upstream locations that most differed from downstream communities were often
shredders, thuflecting shifts in stream function of organic matter processing decreasing downstream
within headvater streamas is in accordance with the RQZannote et al. 1980However upstream

sites were not always indicative of indicator taxa presence. The sartevievimpacted stream that
experienced opposite correlations to SC as would be expgittedisturbance and was the only stream

to have VASCI degrade with distance downstream (SPC), had habitat site scores indicating most
influential taxa were found at downstream locations. This stieardicator taxa had high tolerance

values and the habhit driver included wetted widtkvhich suggests ponding may be a possible influence
to macroinvertebrate trends in this stream. Anomalies such as predator taxa and uniquérivaipitat

taxa may be influential in targeting stream remediation actions.

As was predictegdas the scale at which macroinvertebrate communities are being observed increases
(i.e. within streamsersusamong them ersusecoregion), variatioof macroinvertebrate communities

can be attributed to different environmental factors at ata/is exhibited in different taxalsing

variables for water quality, habitat, and locatidms studyfound compiling six streams with samples at
multiple locations could explain similar proportions of variability as within streams individually, with
residuals ranging 485%. This contradicts a study which found ca. 70% residuals within stieaeus
ca.30-60% among streams, although this study was not performed on streams with gradients altered by
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coalmining (Li et al. 2001) The highlyimpacted s&eam (LLW) in both seasons most clearly indicates a
dependence on water quality in explaining community variation suggesting macroinvertebrates are
responding to exaggerated water quality gradients within minihgenced streams. Generally, spatial
structre and/or habitat added explanatory power to community variation more ifhfalgreatest

change in withirstream macroinvertebrate BC similarity was3®%6 inlow-impact mininginfluenced
streams $PC and FRYin spring andn one highlyimpacted strea (LLW) in fall, with the

corresponding driveriseingPCNM1&2, traceelements, nutrients, wetted width, hardness,
embeddedness, and slofeerall,water quality, habitat, and locati@ttributes in my studgccounted

for macroinvertebrateommunity variabity in shared waysHowever,mostexplanatory values for
streamswveresupplemented througlse of all threattributes.
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Chapte51 Summary

This study demonstrated the influence of witeiream gradients altered by caoaining on
macroinvertebrate community composition and associated representations of stream condition.
Headwater streams compose8@% of stream networks in central Appalachia with ca. 72dfmi
streamdost to mining(U.S.EPA 2011) Previous monitoring and remediation efforts have centered on
representation of a single posdampling locationwvithin impacted streams over time. Mining impacts
are experienced over multiple scales and have additional consequence withis tta¢a@ne not

reported inamongstream, broadescale studiebased on singlpoint sampling

Sampling location within streams matters

Within mining-influenced streams, stream condition and macroinvertebrate community composition
vary based on sample ltion. Lowlevel impacted streams are especially sensitive to analysis in that
some taxa metrics reflected reference conditiotnereasothers indicaté a clear separatioinom
reference conditions

Variables to best reflect macroinvertebrate commurotyposition vary based on scale.

| found environmental factore addition toelevated SC from mountaintop mining were influential to
macroinvertebrate community composition within streams. Although previous studies found that mining
impacts homogenize damstream systeme. widespread sedimentation or elimination of sensitive
taxa)(Shupryt and Studinski 202Imining-influenced streams are experiencing exaggerated taxonomic
shifts near stream origin within headwaters. Furthermore, wétineam shiftsnay not be fully

represented by taxa metrics emphasized in current astogeym protocols and reseatidsed on
amongstream scalePDocumented responses of mayfly taxaigiance downstreaimave been

associated with increased diversity in reference conditions and decreased diversity with distance
downstream in salinized streaif®ond 2010; Pond et al. 2008®maltscale studies should emphasize
unique taxa, and for mininpfluenced streams, legslerant taxa (such as Plecoptera and Collectors)
that are more likely to be present and respondeggtivelyto disturbance.

Implications to current protocols

Collaborative implementation of protocols at large scales is important for collective scierpifictjm

and the goal is to implement widespread sampling protocols that have capacity to adequately focus
efforts on streams necessitating greatest cor(@rss et al. 2015)NVidely implemented protocols are
often limited by their time and resource requiegnts. Generally, smallescale studies require relatively
resourceantensive techniques. Finding applicable solutions for consideration of scaddi, within

stream dynamics in mainstream protocols is essential for accurate targeting of remediatioattomser
efforts. The main concern with largeale (ie. amongstream or ecoregion) studies is often lost
emphasis on rare taxa not captured and general accuracy of representatgingtepoint sampling
locations Previous studies have found rare tapeaadded withncreasedvithin-stream sampling effort
and taxon richness has been thought to adequately represent a system through identificatie@®f 100
organismgBarbour and Gerritsen 1996; Zhengfei et al. 20€Lrrent protocolsvidely used to asss
stream condition in the coalfields of central Appalachguire a subsampling technique with
identification of 200 individuals, which this study found to be representative of reference streams, but
less so in miningnfluenced streams. This study fouthét sample location can deemphasize or
exaggerate impacts of minindgpending on level of disturbaneghich is information otherwise lost to
singlesample protocols based on amastgeam studiedVhen comparing systems, initial withgtream
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observatios may be helpful in selecting lotbgrm locations with representation most close to mean
stream conditions. Furthermore, broader application of current headwater sampling protocols with
emphasis on-3 sampling locations above largest confluence, suehnagstupstream, middle, and
downstream sample, could refine our knowledge of central Appalachia rmrflingnced headwater
stream condition.

Future work

This work further justifies withirstreamscale studies of headwater streams impacted by disturbance
focused on alterations to environmental gradiefitss study consisted of® sample locationalong
distances of 1,50@,800mwithin six streams and could be strengthened through additional
macroinvertebrate collectiors these locations over timadditionally quantitative sampling such as
surbersampling, identification of all individuals (versus ssémpling to 200), and measurements of
biomass would strengthen thecuracy angower of our understanding of withgtream trendsThis
study did not incorporate a temporal aspect outside of two seagbimsone year. Incorporatinirther
temporal considerations, such as locations within streams with the lardeastvariation of SCover

time (i.e. SC range of 10 fall samplesrsus one fall sampleyould further aid in predicting differences
between withirstream sites and understanding the power of wihimam shifts to skew among stream
trends. Lastly, to fully understand withgtream dynamics, emphasis on genetic comnigcof
downstream waterand even amongatersheds could determine if improvements in water quality and
habitat have potential for recolonization of macroinvertebrates.
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Appendix

Appendix A.External Sources

FormA. 1. Best standard values as determined for benthic macroinvertebrate metrics. Sourced from

Burton

and

Gerr

i t sen

200

3 A

Loastal StreanS.o n d i

HABI TAT ASSESSMENT FI ELD DATA SHEETOHI GH GRADI E!
STREAM NAME LOCATION
STATION # RIVERMILE STREAM CLASS
LAT LONG RIVER BASIN
STORET # AGENCY
INVESTIGATORS
FORM COMPLETED BY DATE REASON FOR SURVEY
TIME AM  PM
Habitat Condition Category
Parameter Optimal Suboptimal Marginal Poor
Greater than 70% of 40-70% mix of stable 20-40% mix of stable Less than 20% stable
1. Epifaunal substrate favorable for | habitat; well-suited for habitat; habitat habitat; lack of habitat is
Substrate/ epifaunal colonization anfifull colonization potential;| availability less than obvious; substrate
Available Cover fish cover; mix of snags, | adequate habitat for desirable; substrate unstable or lacking.
submerged logs, undercytmaintenance of frequently disturbed or
banks, cobble or other | populations; presence of | removed.
stable habitat and at stadeadditional substrate in th
to allow full colonization | form of newfall, but not
potential (i.e., logs/snags| yet prepared for
that arenotnew fall and | colonization (may rate at
not transient). high end of scale).
SCORE 20 19 18 17 16 15 14 13 12 11y 10 9 8 7 5 4 3 2 1 0
% Gravel, cobble, and Gravel, cobble, and Gravel, cobble, and Gravel, cobble, and
2 | 2. Embeddedness | boulder particles are 0- | boulder particles are 25- | boulder particles are 50- | boulder particles are more
= 25% surrounded by fine | 50% surrounded by fine | 75% surrounded by fine | than 75% surrounded by
= sediment. Layering of | sediment. sediment. fine sediment.
£ cobble provides diversity
Z of niche space.
1éSCORE 20 19 18 17 16 15 14 13 12 11 10 9 8 7 5 4 3 2 1 0
®
% All four velocity/depth Only 3 of the 4 regimes | Only 2 of the 4 habitat | Dominated by 1 velocity/|
@ | 3. Velocity/Depth regimes present (slow- | present (if fast-shallow is | regimes present (if fast- | depth regime (usually
2 | Regime deep, slow-shallow, fast- | missing, score lower thar| shallow or slow-shallow | slow-deep).
o deep, fast-shallow). if missing other regimes).| are missing, score low).
g (Slow is < 0.3 m/s, deep s
T >0.5m.)
ESCORE 20 19 18 17 1¢ 15 14 13 12 11 10 9 8 7 5 4 3 2 1 0
T
& Little or no enlargement | Some new increase in bgf Moderate deposition of | Heavy deposits of fine
4. Sediment of islands or point bars | formation, mostly from new gravel, sand or fine | material, increased bar
Deposition and less than 5% of the | gravel, sand or fine sediment on old and new| development; more than
bottom affected by sediment; 5-30% of the | bars; 30-50% of the 50% of the bottom
sediment deposition. bottom affected; slight bottom affected; sedimen} changing frequently;
deposition in pools. deposits at obstructions, | pools almost absent due fo
constrictions, and bends;| substantial sediment
moderate deposition of | deposition.
pools prevalent.
SCORE 20 19 18 17 16 15 14 13 12 11} 10 9 8 7 5 4 3 2 1 0
Water reaches base of | Water fills >75% of the | Water fills 25-75% of the| Very little water in
5. Channel Flow both lower banks, and available channel; or available channel, and/of channel and mostly
Status minimal amount of <25% of channel riffle substrates are mostly present as standing pool$.
channel substrate is substrate is exposed. exposed.
exposed.
SCORE 20 19 18 17 1¢ 15 14 13 12 11y 10 9 8 7 5 4 3 2 1 0

Rapid Bioassessment Protocols For Use in Streams and Wadeable Rivers: Periphyton, Benthic
Macroinvertebrates, and Fish, Second Edition - Form 2
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HABI TAT ASSESSMENT FI ELD DATA SHEETOHI
Habitat Condition Category
Parameter Optimal Suboptimal Marginal Poor
6. Channel Channelization or Some channelization Channelization may be | Banks shored with gabio|
Alteration dredging absent or present, usually in areas| extensive; embankments| or cement; over 80% of
minimal; stream with of bridge abutments; or shoring structures the stream reach
normal pattern. evidence of past present on both banks; | channelized and
channelization, i.e., and 40 to 80% of stream| disrupted. Instream
dredging, (greater than | reach channelized and | habitat greatly altered or|
past 20 yr) may be disrupted. removed entirely.
present, but recent
channelization is not
present.
SCORE 20 19 18 17 16 15 14 13 12 11410 9 8 7 445 4 3 2 1 O

Parametersto be evaluated broader than sampling reach

7. Frequency of
Riffles (or bends)

SCORE

8. Bank Stability
(score each bank)

Note: determine left
or right side by
facing downstream.

SCORE ___ (LB)
SCORE ___(RB)

9. Vegetative
Protection (score
each bank)

SCORE ___ (LB)
SCORE ___(RB)
10. Riparian
Vegetative Zone

Width (score each
bank riparian zone)

SCORE ___(LB)

SCORE __ (RB)

Total Score

Occurrence of riffles
relatively frequent; ratio
of distance between riffle:
divided by width of the
stream <7:1 (generally 5
to 7); variety of habitat is
key. In streams where
riffles are continuous,
placement of boulders or
other large, natural
obstruction is important.

Occurrence of riffles
infrequent; distance
between riffles divided b
the width of the stream is
between 7 to 15.

Occasional riffle or bend;
bottom contours provide
some habitat; distance
between riffles divided b
the width of the stream is
between 15 to 25.

Generally all flat water ol
shallow riffles; poor
habitat; distance betweef
riffles divided by the
width of the stream is a
ratio of >25.

20 19 18 17 1

Banks stable; evidence o
erosion or bank failure
absent or minimal; little
potential for future
problems. <5% of bank
affected.

15 14 13 12 1]

Moderately stable;
infrequent, small areas o
erosion mostly healed
over. 5-30% of bank in
reach has areas of erosig

10 9 8 7 4

Moderately unstable; 30
60% of bank in reach ha:
areas of erosion; high
erosion potential during
floods.

5 4 3 2 1 0O

Unstable; many eroded
areas; "raw" areas
frequent along straight
sections and bends;
obvious bank sloughing;
60-100% of bank has
erosional scars.

Left Bank 10 9

8 7 6

5] 4 3

2 1 0

Right Bank 10 9

More than 90% of the
streambank surfaces and
immediate riparian zone
covered by native
vegetation, including
trees, understory shrubs,
or nonwoody
macrophytes; vegetative
disruption through
grazing or mowing
minimal or not evident;
almost all plants allowed
to grow naturally.

8 7 6

70-90% of the
streambank surfaces
covered by native
vegetation, but one class
of plants is not well-
represented; disruption
evident but not affecting
full plant growth potential
to any great extent; more]
than one-half of the
potential plant stubble
height remaining.

5] 4 3

50-70% of the
streambank surfaces
covered by vegetation;
disruption obvious;
patches of bare soil or
closely cropped vegetatio
common; less than one-
half of the potential plant
stubble height remaining|

2 1 0

Less than 50% of the
streambank surfaces
covered by vegetation;
disruption of streambank
vegetation is very high;
nvegetation has been
removed to

5 centimeters or less in
average stubble height.

Left Bank 10 9

8 7 6

5 4 3

2 1 0

Right Bank 10 9

Width of riparian zone
>18 meters; human
activities (i.e., parking
lots, roadbeds, clear-cuts|
lawns, or crops) have not]
impacted zone.

8 7 6

Width of riparian zone
12-18 meters; human
activities have impacted
zone only minimally.

5 4 3

Width of riparian zone 6-
12 meters; human
activities have impacted
zone a great deal.

2 i 0

Width of riparian zone <4
meters: little or no
riparian vegetation due t
human activities.

Left Bank 10 9

Right Bank 10 9

A-8
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Table A.1. Best standard values as determined for benthic macroinveetebeatics. Sourced from
A Soastal StrleandBo n d i

Burton and Gerritsen 2003

Benthic Index for Virginia

Table 4-2. Metrics for recommended Draft Virginia non-coastal benthic multimetric index:
Standard values and standardization equations.

Standard (best value)

Standardization equation

[Metrics that decrease with stress Xos Kinin (Section 3.6, Equation 1; X=metric value)
Total taxa 22 0 score = 100 x (X/22)
EPT taxa 11 0 score = 100 x (X/11)
% Ephemeroptera 58.9 0 score = 100 x (X/58.9)
% Plec+Tric less Hydropsych. 348 0 score = 100 » (X/34.8)
% Scrapers 49.1 0 score = 100 x (X/49.1)

IMetrics that increase with stress

% Chironomidae
% Top 2 Dominant
HBI (family)

Standard (best value) X«
Xs

0 100
29.5 100
32 10

Standardization equation
(Section 3.6, Equation 2; X=metric value)

score = 100 x [(100-X)/(100-0)]
score = 100 x [(100-X)/(100-29.5)]
score = 100 x [(10-X)/(10-3.2)]

Final index score for a site is determined by averaging the site’s 8 unitless standardized metric scores, using a
maximum metric score of 100 for any metric whose individual score at a site exceeded 100.
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AppendixB. Supporting Tables

Table B.1. Spearman correlations ( 0.05 )for all 60 taxa metrics to distance downstream for six
study streams in the coalfields of central Appalachia.

comelated to Distance Season PSR CRO (R) FRY (L) SPC (L) ROL (H) LW (H)
Metrics B R p R P R B R p R P R
*pSdom Spring. NA NA 14E-02  B6E-01 NA NA 3SE-02 7401 NA NA NA NA
*rich.Cling Spring NA NA NA NA NA NA 45603  -8.76-01 | L6E-02  BSE-01 | 77603  93E-01
Zrich.E Spring NA NA NA NA NA NA 26602  :2.76-01 | 44807 77601 NA NA
*richEPT Spring NA NA NA NA NA NA 29603  -8.96-01 | 27602  BAE-01 | 206-02  8.8E-01
*richSC Spring. NA NA NA NA NA NA NA NA 34603  926-01 | 27603  93E-01
Hsimpson Spring NA NA NA NA NA NA NA NA NA NA 4.26-02 8.3E-01
] Spring NA NA NA NA NA NA NA NA NA NA 42602 B3E01
pldom Spring NA NA 27602 B1E-01 NA NA 16E-02 8.1E-01 NA NA NA NA
p2dom Spring NA NA 14602 B6E-01 NA NA 35E-02 74601 NA NA NA NA
pBurrow Spring NA NA NA NA 5.0E-02 -6.7E-01 1.0E-02 8.3E-01 NA NA NA NA
pCF Spring NA NA 3.6E-02 7.9E-01 NA NA NA NA 1.4E-02 B.6E-01 NA NA
PG Spring NA NA NA NA NA NA 10602 83601 NA NA NA NA
BChi Spring NA NA NA NA NA NA 6SE-03  B6E-01 NA NA NA NA
pChi0 Spring NA NA NA NA NA NA 10602 B3E-01 NA NA NA NA
pCling Spring NA NA NA NA 1.3e-02 -7.8E-01 2.6E-04 -9.5E-01 NA NA NA NA
pD Spring NA NA NA NA NA NA 10802 B3E-01 NA NA NA NA
Spring 5.0E-02 -6.7E-01 3.6E-02 -1.9€-01 NA A NA NA NA NA NA NA
pP.less Allo Spring NA NA NA NA NA NA NA NA NA NA NA NA
pP.less. Amph Spring 13602 -7.86-01 NA NA NA NA NA NA NA NA NA NA
pP.less LAA Spring 2.5E-02 -7.3€-01 NA NA NA NA 2.0E-03 9.0E-01 NA NA NA NA
PP.less.Leuc Spring 36602 -7.06-01 NA NA 58E-03  B.3E01 NA NA NA NA NA NA
BPR Spring NA NA NA NA NA NA 15E-02 NA NA NA
BPT.H Spring Na NA 2.3E-02 8.2E NA NA NA NA NA NA
pSCless.E Spring NA NA NA NA NA NA 6.8E-04 9.3E-01 4.8E-03 9.4E-01
PSH Spring 3.06-02 -7.26-01 3.6E-02 -1.9€-01 NA NA NA NA NA NA NA NA
pSprawl Spring NA NA NA NA 13£-02  7.8E-01 NA NA NA NA NA NA
pSwimm Spring NA NA NA NA NA NA NA NA 4.0€-02 7.8E-01 1.9€-02 89E-01
pT Spring NA NA NA NA NA A NA NA 4.5E-04 9.6E-01 NA NA
pToL Spring 2.5€-02 7.3E-01 NA NA NA NA NA NA NA NA 19E-02 -8.9E-01
fich Spring NA NA NA NA NA NA 20603  -9.0E-01 - £ 2
rich.C Spring NA NA NA NA NA NA NA NA 84E-04  9S5E-01 | 31604 9SE-0L
rich.CF Spring 29602 7.26-01 NA NA 996-03  BOE-01 NA NA 40602 78E-01 | 39602 8301
rich.CG Spring NA NA NA NA NA NA NA 5.8E-03 9.0E-01 NA NA
richE Spring. NA NA NA NA NA NA NA 44E-02 77601 NA NA
rich.EPT.less.H Spring NA NA NA NA NA NA 26603 90601 | 27602  BIE-01 | 77603 9301
richINT Spring NA NA NA NA NA A 2.6E-04 -9.5E-01 1.6E-02 B.5E-01 NA NA
rich.less E Spring NA NA NA NA NA NA 25602 77601 | 41602 77601 NA NA
rich P Spring NA NA NA NA NA NA 35602 -7.4E-01 NA NA NA NA
rich.PR Soring NA NA NA NA NA NA 29603  -8.9E-01 NA NA NA NA
rich PT Spring NA NA NA NA NA NA 47E-02 =7.1E-01 NA NA 2.1€-02 B8.8E-01
rich.SCless.E Spring NA NA 12602 B7E-01 NA NA 37602  -7.4E-01 | 9JE-03  BSE-01 | 12603  97E-01
richSwimm Spring NA NA NA NA NA NA 35602 -7.46-01 | 28602  BAE-01 NA NA
richTOL Spring 2.5E-02 7.3E-01 NA NA NA NA NA NA NA NA NA NA
“pE Fall NA NA NA NA NA NA NA NA 3.1E-04 9.9E-01 LLY NA
Hsha Fall NA NA NA NA NA NA NA NA NA NA 48603 94E-01
Hsimpson Fall NA NA NA NA NA NA NA NA NA NA 4BE-03  94E-01
1 Fall NA NA NA NA NA NA NA NA NA NA 42602 B3E0L
pBurrow Fall NA NA NA NA 14602 86E-01 NA NA NA NA NA NA
pCk Fall NA NA 45E-04  9.6E-01 NA NA NA NA NA NA NA NA
pLG Fall NA NA 2.3E-02 8.2E-01 NA NA NA NA NA NA NA NA
plling Fall 37602 -74E-01 NA NA NA NA NA NA NA NA NA NA
pD Fall NA NA NA NA 25603 93E01 NA NA NA NA NA NA
pEJess.B Eall NA NA NA NA Na NA NA Na 31604 99E-01 NA NA
PEPT Fall NA NA NA NA 6.8E-03 -8.9€-01 NA NA NA NA NA NA
PEPT less.Cheum Fall NA NA NA NA 14E-02  -B.6E-01 NA NA NA NA NA NA
PEPT.less.H Fall NA NA NA NA 23802 -B.26-01 NA NA NA NA NA NA
PEPT less. HBL Fall NA NA NA NA 2.3E-02 -B.2€-01 NA NA 4.8E-03 -9.4E-01 NA NA
pOligo Fall NA NA NA NA NA NA NA NA NA NA NA NA
PP Fall NA NA NA NA 25603 -9.3601 NA NA NA NA 0.0E+00  LOE+0D
pP.less Allo Fall NA NA NA NA 2.5E-03 +9.3E-01 NA NA NA NA 4.BE-03 9.4E-01
pP.less Amph Fall NA NA NA NA 25603 -9.3£-01 NA NA NA NA 00E+00  1O0E+00
pPless LAA Fall NA NA 23E02 82601 | 25603  -9.3E01 NA NA 19602 -B9E-01 NA NA
pP.less.Leuc Fall NA NA 3.6E-02 7.9€-01 2.5E-03 -9.3E-01 NA NA 1.8€-02 -8.9E-01 NA NA
BSC Fall NA NA 2.5E-03  -9.3E-01 1.4€-02 8.6E-01 NA NA NA NA NA NA
pSCless.E Fall NA NA NA NA NA NA NA NA NA NA 42602 83E0L
pSprawl Fall 2,6E-04 9.5€-01 NA NA 2.5E-03 -9.3E-01 NA NA 4.8E-03 “9A4E-01 NA NA
pSwimm Fall 3.9E-03 B.8E-01 NA NA NA NA NA NA NA NA NA NA
pr Fall NA NA 4.5E-04 9.6€-01 NA NA NA NA NA NA NA NA
p.less.H Fall NA NA NA NA 23802 -B.2E-01 NA NA 48E-03  -9.4E-01 NA NA
proL Fall NA NA 12602 -R76-01 NA NA NA NA NA NA NA NA
Eall NA NA NA NA NA NA BAE-04  -95E-01 NA NA NA NA
rich Burrow Fall NA NA 36E-02  -7.9E-DL NA NA NA NA NA NA NA NA
rich.C Fall NA NA 2BE-02  8.1E-01 NA NA NA NA NA NA NA NA
rich.CF Fall NA NA 3.9E-02 7.8E-01 NA A 4.0E-02 -7.8E-01 NA NA NA NA
rich.CG Fall NA NA NA NA NA NA 44E-02 77601 NA NA NA NA
rich.less E Fall NA NA NA NA NA NA 2.7E-03 -9.3E-01 NA NA NA NA
rich.P Fall NA NA NA NA NA NA NA NA NA NA 21602 88E01
rich PR Fall 5.06-02  7.1E-01 NA NA NA NA NA NA NA NA 77603 93601
richPT Fall NA NA NA NA NA NA NA NA NA NA S0E-02  81E-01
rich5C Fall 1.2€-02 -B.2E-01 NA NA NA NA NA NA NA NA NA NA
rich.SCless.E Fall 19602 -7.9E-01 NA NA NA NA NA NA NA NA 51603  94E-01
rich.Swimm Fall NA NA NA NA NA NA NA NA NA NA 34602 -BSE01
rich.T Fall NA NA 4.6E-02 7.6E-01 NA NA NA NA NA NA NA NA
rich.TOL Fall NA NA 12602 -B7E-01 NA NA NA NA NA NA NA NA

1 Level of impact from mountaintop mining valley fill salinization indicated in () after stream name; R,
L, and H indicate Referenckegpw-level, and Highlevel, respectively.
2 Fifteen selected from relevant research bolded and underlined, six key metrics stared.
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Table B.2. Spearman correlations (0.05 ) of all 60taxametrics to SC for six study streanmsthe
coalfields of central Appalachia.

tasc EpectedResponse o EAS (R) <RO (R) FRY (1) 3 ROL (H) uw (H) AL
Disturbance 3 R P R P R P R P R P R P R
ZpSdom [ Spring NA NA 4.08E-02 L.75E Na Na NA NA NA NA NA NA NA NA
pE neg. Spring 1326-02 7.806-01 NA NA Na Na 366E-02 738601 43602 T.6BE-01 L88E-02 -B.86E-01 172606 6.23E-01
Zrich.Cli neg. Spring A 1LY 6.10£-03 B.38E-01 Na Na NA ha L62E-02 -B.ATE-01 LE7E-03 928801 L86E-05 5.86E-01
CrihEless.B oo Spring A na na nA NA NA NA NA 436607 E [ NA 337809 41601
Zrich EPT neg. Spring Na NA NA NA LY Na NA NA 2.69€-02 8.11E-01 198E-02 -B.83E-01 3.89€:07 6.6BE-0L
“richsc na Spring NA NA NA NA NA NA NA 919601 7.676-03 928601 140608 123601
Hsimpson neg Spring NA NA NA NA NA NA NA NA 416602 8.298-01 346611 -7.98E-01
1 neg Spring NA A NA NA NA NA NA NA 416602 829601 BETEIL TETE0L
pldom pos Spring NA NA 1.66€-02 B.45E-01 NA NA NA NA NA NA NA NA
p2dom pos Spring NA NA 4,08E-02 7.75E-m1 NA NA NA NA NA NA NA NA
pBurow pos Spring NA A NA NA NA NA 366E-02 NA NA NA NA NA
pCk pos Spring NA A NA NA 4.996-02 GE7E01 NA NA 137602 -8.57E-01 NA NA NA NA
PG neg Spring NA A 162602 847601 NA [ 36602 -7.386-01 NA NA NA NA NA NA
B s Spring NA Na na A NA na 189602 810601 na N na NA Na N
pChiO pos Spring NA A NA NA NA NA 366E-02 -7.386-01 NA NA NA NA NA NA
pCling neg Spring NA NA NA NA 2.98E-02 “TATE-01 NA NA NA NA WA NA 5.54£-03 -4.03E-01
p0 pos Spring NA NA NA NA NA NA LA49E-02 -8.10E-01 NA NA NA NA NA NA
pElessB neg Spring | 762603 812801 na na 125602 ~7.836-01 N NA 2.806-02 -8.0BE-01 na NA £.37E:10 163601
pEPT neg Spring NA NA NA NA NA NA 280602 762601 NA NA NA NA NA NA
PEPT less Cheum neg Spring NA HA NA NA NA NA 280602 763601 NA NA HA NA NA NA
PEPT less.H neg Spring NA NA NA NA NA NA 2.80E-02 7.62E-01 NA NA WA NA NA NA
PEPT Jess, HBL neg Spring NA A NA N NA A NA N A NA NA NA 1,506-05 -5.926-01
3 neg Spring 259602 7.206-01 NA NA NA A 465602 714E01 NA NA NA NA 168E-06 6.406-01
pPess.Allo neg Spring 314602 712601 NA NA NA A 280602 762601 NA NA NA NA 2.666-06 6.306-01
pPless.Amph neg Spring 5.56E-03 £31E-01 NA NA NA NA NA NA NA NA NA NA 346602 312601
pPJess.LAA neg Spring 344602 72601 NA NA NA NA 280602 762601 NA NA NA NA 5.126-09 737601
pPless. Leuc neg Spring 210602 “T46E-01 NA NA 104602 795601 NA NA NA NA NA NA 353603
BPR ey Spring NA Na nA nA NA NA NA NA NA NA A NA 2.166-03 441601
BPTH nag. Spring 314602 -7.126-01 N N NA NA 485E-02 Z1aE01 NA NA NA NA 2.10€:06 £35E-01
pSClessE neg Spring NA HA NA NA NA NA NA NA 252603 -9.29E-01 4.80E-03 943801 173605 -5.8BE-01
pSH pos spring 1.68E-02 -7.636-01 NA NA NA NA NA NA A NA [ A 3.06€-07 6.736-01
pSprawl pos Spring NA A NA Na 246602 733601 NA N NA NA NA NA 2.95€-13 8.406-01
pSwimm pos Spring NA NA NA NA NA NA NA NA 3.99E-02 TITE0L 188E-02 -8.866-01 167603 451601
ot neg Spring NA NA NA NA NA NA NA 458808 -8.64E-01 HA NA 115603 -4.64E-01
pTOL pos Spring 289602 7.206-01 NA NA NA NA NA N NA NA LE8E-02 8.86E-01 NA NA
rich. Burrow pos Spring NA NA NA NA NA NA NA NA NA 250604 -5.15E-01
fieh € neg Spring 282603 9.256.01 NA NA NA NA 836608 _9.54E-01 300604 085601 9.696.03 378601
fich.CF pos Spring 132602 B.59E-01 9.926-03 7.98€-01 NA NA 3.99E-02 TI7E01 394602 -8.336-01 NA NA
rich 06 neg Spring 101602 -8.74E-01 NA NA NA NA 583603 -8.99E-01 NA NA 125607 -6.88E-01
ich B neg Spring NA NA NA NA HA NA NA NA HA NA 491802 292601
richE neg NA NA NA NA NA NA 4.36E-02 -1.6BE-01 NA NA 3.966-08 -1.076-01
fich EPT bess.H neg spring nA NA NA NA NA N 269602 811601 767603 -9.286-01 1.46€-07 -6.86E-01
richINT neg Spring NA NA NA NA NA NA 162602 -BATE-0L NA NA 6.626-07 -6.5BE-01
rich less E neg Spring NA NA NA m NA NA 4.08E-02 175601 NA NA 3.96£.06 622601
richP neg Spring NA NA& NA NA NA NA NA NA NA NA 2.07E-05 -5.84E-01
rich.PR neg Spring NA NA Na A NA NA NA NA NA Na 184E:03 387601
AichpT neg Spring 314602 7.986-01 NA NA NA NA NA NA 206602 -8.806-01 BTE0S -5.45E-01
riehSCless.E neg Spring 405602 275601 NA A NA NA 9.076-03 -8.79E-01 125603 971601 1.286-04 -5.35E-01
richSH. pos Spring NA NA NA Na WA Na NA NA WA N& 5.238-04 -4.92E-01
rich.Spraw! pos Spring 29302 BME01 NA NA NA NA NA NA NA NA NA NA
rich.Swimm pos Spring NA NA NA NA NA NA 280602 -8.0BE-01 NA NA 6.956-04 482601
fieh T neg Spring 299602 802601 NA A NA NA nA NA NA A 153602 -3.56E-01
Fich T.less H neg Spring NA Na NA na N N NA NA N NA 218602 -3.3BE-01
rich.TOL pos Spring NA NA NA NA NA NA NA NA NA NA NA NA
*pSdom pos Fall NA A A [Ty NA A [ [T A A imEm  3esEor
ok [ Eall NA A NA A NA ha 1.09€-04 -9.86E-01 NA LY 2143E-08 LA4E-01
: o Fall NA N NA NA NA N NA NA N NA 229602 355601
“rich.E Jess.B neg Fall NA NA NA NA NA T8E-02 837601 NA NA 126611 -8.34E-01
rieh £PT neg. Fall nA M A Na N NA na Na 217606 -6.68E-01
Zrich.SC neg. Eall A NA Na Na NA NA NA ha 5.926-03 -4.23E-01
Hshannon neg Eall NA NA NA NA NA NA 4.80E-03 843601 3,89€-04 E
Hsimpson neg Fall NA NA NA A NA NA 4.80E-03 -9.436-01 332603 -4.4BE-01
) neg Fall NA NA A A NA N 416602 -8,296-01 656608 -5.10E-01
pldom pos Fall NA NA NA NA NA NA NA NA 166602 272601
p2dom pos Fall NA NA NA NA NA NA HA NA 177602 3.69E.01
pCF pos Fall NA N NA NA NA NA WA NA 1.33€-02 3.836-01
G neg Fall NA NA NA NA NA NA NA NA 391602 -3.246-01
pElessB neg Eall NA NA Na NA NA -2.86E-01 NA N& 1.09€:12 £.556:01
pEPT neg Fall NA NA NA NA NA NA NA NA 2,996 339601
PEPT less.Cheum neg Fall NA N NA NA WA NA NA NA WA NA 4.59€-04 -5.22€-00
PEPT Jess.H neg Fall NA HA NA NA NA A NA NA NA NA NA NA 837606 632601
PEPT Jess. HBL neg Fall NA A NA NA NA NA NA NA 430603 9.436-01 NA NA 182608 TASE01
polige pos Fall NA A NA NA NA A NA NA NA NA NA NA 590603 423601
3 neg Fall NA A N A NA NA HA NA A NA 0.00+00 1.00E+00 NA
pP.Jess. Alls neg Fall NA A NA NA NA NA NA N NA NA 480E-03 943801 NA
pFless.Amph neg Fall NA HA NA NA NA NA NA NA NA NA 0.00€+00 1.00E+00 NA
PP Jess.LAA neg Fall NA A NA NA NA A NA NA 188602 £.866-01 NA A -6.24E-01
pPless Leue neg Fall NA na NA NA NA NA NA N 188602 £.86E-01 N NA -3.75E-01
PR neg. Eall NA NA NA NA NA Na NA NA NA NA NA 5.57E:01
BPTH neg Eall Na NA 3.628-02 2.86E-01 Na NA KA NA 1.88£.02 8.85€.01 0.00E+00 LOOE+00 NA
850 neg Eall NA NA NA NA NA NA NA NA NA NA A NA 360601
PSCless E neg Fall NA A NA N NA NA NA N A NA 416602 -8.29€-01 NA
pSH pos Fall NA NA NA NA NA NA NA NA NA NA NA NA 472601
pSprawl pos Fall 201603 9.056-01 NA NA NA A NA NA 4.80E-03 943601 NA NA NA
pSwimm pos Fall 14%9E-02 B.10€-01 NA NA& NA NA WA Na NA NA WA NA -5.31E-01
plless.H neg. Fall NA NA NA NA NA NA NA NA 4.80E-03 9.43E-01 NA NA NA
pTOL pos Fall NA HA NA NA NA NA NA NA NA NA NA NA 452601
rich neg. Fall NA NA na na NA Na 836E:04 Na NA A NA -4.0BE-01
rich.CF pos Fall NA A NA Na NA m 3.996-02 7.77E-01 A NA N NA NA
rich 06 neg Fall NA NA NA NA NA NA 241602 767601 NA NA NA NA 472601
rich.D neg Fall NA NA NA NA NA NA NA NA NA NA NA NA 3.17E-01
fieh neg Fall NA na nA A NA NA NA NA 3.786-02 837601 A NA -1.976-01
fich.EPT Jess.H neg Fall NA A NA Na NA NA NA NA NA NA NA NA 691601
richINT neg Fall NA NA NA NA NA NA NA NA NA NA NA NA -5.59E-01
richless.E neg Fall NA NA NA N NA NA 2.70E-03 9.276-01 NA NA WA NA NA
fich P neg Fall NA HA NA NA NA A NA NA NA NA 213602 -8.78E-01 -3.636-01
fichPR neg Eall NA NA NA NA 3.01E-02 802601 NA NA .3 NA L67E-03 3.286:01 HA NA
fich.pT neg Fall NA NA NA NA NA NA NA NA NA 499E-02 812601 777603 -4.10E-01
richSCless. £ neg Fall 4.88E-02 718601 NA A NA NA A NA A NA 5.10E-03 5,416-01 NA NA
rich.Swimm pos Fall NA A NA NA NA NA NA NA NA NA 141602 845601 5.08E-06 -6.46E-01
richTOL pos Fall NA HA NA NA NA NA NA NA NA NA NA NA B39E-03 4.06E-01

! Level of impact from mountaintop mining valley fill salinization indicated in () after stream name; R,
L, and H indicate Reference, Laevel, and Highlevel, respectively.

2Fifteen selected from relevant resgabolded and underlined, six key metrics stared.

3Shaded values indicate correlations opposite of the expected response which are detailed in the
methods metric table.
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Table B.3. ANOVA and KruskalWa | | i

S

compar i s fomb sleced texa metresein v al u
six study streams in the coalfields of central Appalachia.

Season Tast Metric EAS (R)* CRO (R) FRY (L) SPC (L) ROL (H) LLW [H)
Spring ANOVA 'denmJ a® a a a a a
Spring Kruskal-Wallis *pE ab ab a abc '] bo
Spring  ANOVA *rich.Cling a ab a [ be
Spring Kruskal-Wallis *rich.E.less.B a ab akb b b
Spring Kruskal-Wallis *rich.EFT a ab a b b
Spring ANOVA *rich.5C ab b ac ac c c
Spring Kruskal-Wallis Hshanmon ab a b abc '] c
Spring  ANOVA pChi a a a a b
Spring Kruskal-Wallis pE.less.B a ab akb b b
Spring ANOVA pPR ab c a a b ab
Spring  ANOVA pPT.H ab b ab ac c ac
Spring  ANOVA pSC a bc ac b b
Spring  Anowva rich d ab a [ be
Spring Kruskal-Wallis rich.E a abe ac b be
Spring KRUSKAL richPR ab a ab ab b b
Fall ANOVA *pSdom a a a a a
Fall Kruskal-Wallis *pE ab bc abc [ bc
Fall Kruskal-Wallis *rich.Cling ab ab ab b a a
Fall Kruskal-Wallis *rich.E.less.B a b akb b b
Fall Kruskal-Wallis *rich.EFT ab abc a be c
Fall ANOVA ®rich.5C ab abc abc b ac c
Fall ANOVA Hshannon a a b a b b
Fall Kruskal-Wallis pChi ab a [ be abe abe
Fall Kruskal-Wallis pE.less.B a ab bc abc c c
Fall ANOVA pPR a a a a b b
Fall ANOVA pPT.H ab ab ab b ab a
Fall KRUSKAL psC a a a a a
Fall ANOVA rich a ab [ b b
Fall Kruskal-Wallis rich.E a ab bc abc c c
Fall ANOVA richPR a b ab akb a a

1Level of impact from mountaintop mining valley fill salinization indicated in () after stream name; R,
L, and H indicate Refrence, Lowlevel, and Highklevel, respectively.

2Six selected key metrics starred.

3 Different letters indicate significant differences at alpha=0.05.
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AppendixC. Supporting Graphs
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Figure C.1. RDA of all Streams in Spring (top) and Fall (bottom) with vectors of water quality, habitat,
and location. Vectors chosen with ordi2step function using backward selection. Larger points indicate
sites and ellipses indicate stream level of impact. Species positioatewiby purple dot and most

RDA1 (30.77%)

heavily weighted taxa are labelgdpurple text.
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Figure C.2. Spring RDA results for all selected variables of each attribute (water quality, habitat, and
location) by stream. All taxa indicaté&y colored points, highest scoring taxa indicated by text; color of
text and points indicated level of impact (blue = reference, green-felel; orange = higlevel).

Vectors for each variable represented by arrows, and black dots indicate samplilng$o&Stress = 0
may indicate insufficient data.
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Figure C.3. Fall RDA results for all selected variables of each attribute (water quality, habitat, and
location) by stream. All taxa indicated by colored poihighest scoring taxa indicated by text; color of
text and points indicatddvel of impact (blue = reference, green = {@wel, orange = higtevel).
Vectorsfor each variableepresented by arrowand black dots indicate sampling locatidBBC (L)
hadno explanatory variables. Stress = 0 may indicate insufficient data.
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Figure C.4. Log concentrations of major ions (top) and trace elements (bottom) plotted against distance
downstream for spring by stream.
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