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ABSTRACT

The Blackside Dacedhrosomus cumberlandensBSD) is a federally threatenesinnow
that has been extirpated from 31 streams in TeneesstKentucky since 1978. Although there
is strong evidence linking elevated conductivity levels and low BSD occurrence, the mechanistic
relationship between the twariabless poorly understoodlhe goalof this project is to further
elucidate proxima explanationfor the progressive extirpation and contemporary genetic
disjunction of BSD populationssing a closely related speci€&hrosomus erythrogaster
(Southern Redbelly Dace, SRBIYe hypothestethatelevatedvaterconductivityaffeds
reprodution of SRBD and causesiblethal effects which contribute to reduced fitnigsadults
First, wereconstituted water chemically analogous to streams wittleihistoric rangeof BSD
reflectingvaryinglevels of mining related impairmendsing reconstiited water, \@
subsequentlperformedive separate experiments on SRBD at ddfetife stages testing both
acute and chronistresgesponses to elevated water conductivity. fdiand a significant
negativerelationship between water conductivity leaat proportion oSRBD egg hatch
(GLM; p<0.001,n = 600 eggsfrom 7 individual$. Our acute sublethal test resultsupport the
hypothesis that elevated conductivity elicitsamute stress response from adult SREDibited
by detection ofkignificantlyelevated waterborne cortiShNOVA; F 29=7.34,p=0.013n=
12) as well as increased oxygen consump{idNOVA; F 217=11.5 p<0.001, n=27).
Furthermoregevidence of chronic stress adult SRBDwasdetectedafter prolonged exposure to
high condictivity; individualsin impaired treatments experienaedluced growth overfave
week perioccompared to controlANOVA; F 115=7.11 ,p = 0.016, 95% CI:0.27,-0.04) and,
although not significantye detected a trend indicating hypothalaipititary-interrenalaxis

disruptionreflected by reduced cortisol response in high conductivity groups (Cah®6Iing g
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160 min1, SD= 4.6 High conductivity: 4.03 ng-4¢ 60 minl, SD= 2.28;T-test;p =0.16, n=
12). Ourresults provide the first evidendemonstrating thpotential negativéitness costs
associated with elevated water conductivéhatedto surface mining oa representativiish

speciesat multiple lifehistory stages.
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Introduction

The Appalachian Blu®idge forest ecoregion encompasses approximately 62,000 square
miles and extends south from New York state to nonti¢éabama in a,500mile unbroken
chain. This region contains an abnormally high number of relic and endemic species due to its
long-termgeologic stability (Bernhardt and Palmer 2011). Central Appaldarizorsshe most
biodiverse freshwater systemsNiorth America and contains roughly 10% of the global
amphibian and mussel diversity (Steinal.2000). Headwater streams represent a
disproportionate percentage of river networks in Central Appalachia (USEPA 2005) and play a
critical role in maintaininghe biodiversity of freshwater systems. These small catchments offer
a diversity of habitats that act as a refuge for sensitive flora and fauna from predators,
competition, and invasive species (Meyer et. al 2007). Although fish biodiversity is relatively
low in Appalachiarheadwater streams, inhabitaptssessiniquephysb-chemicalrequirements
(USEPA 2005)Headwater streams are especially vulnerable to small scale biotic and abiotic
changes as @onsequence of their small s&ed, as a result, headter species are most likely to

be affected by anthropogenic changes (USFWS 2017).

Surface mining impacts

In Central Appalachia, surface mining for coal is arguably the most influential factor
contributing to headwatetreamalteration and aquatic eco$ss degradation (Bernhardt and
Palmer 2011, USEPA 20&1Lindberg et al2011).Central Appalachia supplies roughly 18% of
the nationés coal (Bernhardt and Pal mer 2011)
Agency (USEPA) predicted that by 2018rface mining for coal impacted about 7% of the 4.86

million hectares of forested land within the Appalachian coalfield region of West Virginia,
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Kentucky, and Tennessee (USEPA 2810Dver2,000 miles of headwater streams have been
covered by valley fill ativities in the last forty years (USEPA 2G@).1In addition to effectively
eliminating streams, surface mining has a number ofdallumented adverse effects on aquatic
and terrestrial ecosystenmluding increased sedimeation, heavy metal pollution,

acidification and increased specific conductivitySFWS 2014; Bernhard and Palmer 20,

Jiminez et al2009 Lindbergh et al. 2000
Elevated conductivity

The specific conductivity of water is a measur@®hability to conduct an electric
current,thereforet is a direct measurement of the ionic strength of a salt solutieaqured as
e S/ ,J8EPA 2011)Appalachiarstreamsinaffected by surface minirigpically range
between 8-110e S/ @BEPA 2011b); however, severely impaired strehang&up 1 thirty
timesthe backgroundctonductivitylevels(Pond et al. 2008; Palmer et al. 2010; Lindberg et al.
2011]). Regardless of reclamation strategpnic concentrations downstreamiactivemining
operationgersist for decades after operatibcessatiao (Lindberg et al. 2011; Bernhardt and
Palmer 2011)Surface nme discharge itCentralAppalachia isuniquelycharacterized bthe
disproportionately high concentration of&avig?*, SO, and CGQ* ionsas a result oéxcess
pyrite, calcite, and doloite that comprise the majority ofiining overburderwithin the region
(USEPA 2011b)Hardness is typically elevatéa mining-affected streamand pH is
circumnuetral to alkalinas a result of excess bicarbonate salts leached into the watg?sheld
et d. 2008 Bryant et al. 2002

Elevated specific conductivity (conductivity; measured in uS/cm) caused by surface
mining is undoubtedly one of the most appreciable stressors for freshwater organisms in Central

Appalachia (Bernhardt and Palmer 2011; USERAID).A number of feld studies examining



elevated conductivityvithin mining affected streantf West Virginia, Kentucky, and Virginia
havefoundsignificantdecreasg infamily and genugevel richnes®f bothmacroinvertebrate

and fishassemblagedjtt and Chambers 201#opkins et al. 2013Timpano 2011; Bernhardt
and Palmer 201Pond et al. 2008tauffer and Ferreri 2002n Appalachia, racroinvertebrate
richness and abundanaeesignificantlyalteredat conductivity levelsas low as 308 S/,c m
whereas fisttommunity shifthave been observéxtweer600-1000e S/ @ith and

Chambers 2014; Pond et al. 2008)healthy Appalachian streanmayfly nymphscomprise up

to 50% of the macroinvertebrate biomass, and at high disturbance sité8 g&Sl6m this group

is virtually eliminategdalong with reductions in over 3086 caddisfly andstonefly larvae(Pond

et al 2008. Clements and Kotalik (2015) demonstrated macroinvertebrate community tolerance
to elevated conductivity is correlated witte background conductivity of occupied streams. In
the same region, communitiegthin low conductivity streams (602¢ S / )@xperience greater
toxicity responses compared to those found within higher conductivity streamr23260S / ;¢ m
Clements and Kotilak 2015n 2011 the Environmental Protection Agency (EPApued a
maximumconductivity benchmark of 308 S / to pnotect 95% of aquatilife in ecosystems
within CentralAppalachian regions encompassauaplogicallysimilar Ecoregions 68, 69, and

70 (USEPA 2013).

Despitenumerous studiedearly showinglisturbed aquatic communities downstream of
surface mining actity (Hitt and Chambers 201WUSEPA 2014; Petty et al. 2010Pond et al.
2008 there have beefew, conflictingexperimentainvestigatios assessinthe impact of
alkalinesurface miningpollution on freshwater organismand nongublishedthus far onikh.

The inconsistentesults ofprevious toxicity experimestare in part due to thause ofnon

representativepecies that are comparatively toleransalinityfluctuations(Kunz et al. 2013,



USEPA 2012Merricks et al. 200)f Kunz et al (2013)performed toxicity experiments using
both Appalachiarrepresentativand norrepresentativenvertebratdaxaandfound that native
taxa experienced adverse effectalt@line mine effluenat significantly lower concentrations
than nonnative taxaijllustrating theimportance of species selection for laboratory testing in
studies inferring toxicity of fieldlerived water quality measurements.

Thebiochemicaimechanismsesponsible for thadverse effectsf elevated water
conductivityon freshwater organisnase attributed tosmadic stres§Cormier et al2013
USEPA 2014&; USEPA 2011k Both freshwateinvertebrates and fishtilize semipermeable
membranes within gill epithelia faritical osmoregulatory functiorsuch as internal pH
regulation removal ofmetabolic waste, secretion of hormones, initiation of embryonic
development, and generation of cellular energy (Evans 2009; Bradley 2009; Tarin et al. 2000).
In s¢enohalinefreshwater faunthese activities aréependent opassive ionic transport
processes driven bg concentration gradient between high internal and low external ionic
concentrations, disruptianf this ionic gradientesults in a loss abnic co-transport
functionality (USEPA 2014&; Evans 2009; Bradley 20R9ncreasedoncentrationsf
bicarbonate saltand sulfatesn watercanaffectthe uptake of Clionsin gill lamina, preventing
the removal of C@andsubsequentldisrupting thenternalbalance of essential ions such ds K
H*, and NH leading tophysiological stresand redaed survivorshifUSEPA 2011aAvenet
and Lingnon 198p

In addition todirectmortality, the effects of acutessmoregulatorgtress and prolonged
chronicstress orfishescontribute to reduced survivorshipwild populationgBarton 2002)In
fish, aawte physiological responses to environmental stressanifestas primary and secondary

phases (Helfman et al. 200®rimary responses inclu@etivation of the hypothalamic



pituitary-interrenal (HPI) axis and the release of cortisol into the bloodstnggdnim minutes
(Sadoul et al. 2019; Barton 2002). Genetic, developmemtdkenvironmental factors can
influence the corticosteroid stress response in fish, contributing to the wide variation in release
rates reported for freshwater fishexperimentastudies(Barton 2002).Additional acute sub
lethal effects induced by wheleody stressnanifestas secondary responses leadinméoeased
oxygen consumptiorhehavioral modifications, and increased gill permeahifypinka et al.
2016;Echols et al201Q Merricks et al. 200;/Mount et al. 199¥. Chronic exposuré an
environmental stressand persistent elevated cortisehdsto theactivation of tertiary
responses resulting prolonged diversion of energy asdsequent reduced body condition,
reducedgrowth, reduced reproductive output, and reduced immune fungtielfiman et al
2009 Barton 2002 Chronic stress in fish may also cause desensitization of the HPI axis,
reflected by a reduced ability to mount a cortisol response (Barton 20id2etRe. 1998,
Hontela 1997).
Surface mining and Blacksideabe

The adverse response of fish communities to elevated water condustlesgyg studied
and less straightforwattian macroinvdebrate community responsdé®mwever, the existence of
the Blackside Cace Chrosomus cumberlandensBSD) is jeopardized as a direct result of coal
mining activity within its home ranggates 2017Hitt et al. 2016 McAbee 2013; USFWS
2015) TheBSD s a federally threatenedinnowendemic to headwater streams elcterized
by low conductivity and low temperature (Hitt et al. 2016; Black et al. 201#) current range
of BSD extendsicross the upper Cumberland River drainage in TN and KY, one watershed in
the upper Kentucky River, and the Powell and Clinch Riveemheds in Virginia (Black et al

2013b, USFWS 2015). As of 2015, there were 77 active coal mining permits in the upper



Cumberland Rivedrainageof Tennessee, and additional 169 active coal mines in the upper
Cumberland River watershed of Kentucky (W8% 2015).The BSDhas been extirpated from
31 streams sindés descrptionin 1978(Etnier and Starngsand the UB. Fish and Wildlife
Service (USFW2015)recovery plan for BSBtates that anthropogenic factors, including
elevated water conductivity asresult of surface mining activity, pose the greatest present threat
to the species.

The first thorough population genetic analysis of B8izealeda high degree of isolation
amongcurrent populationsaused by factors other than geographic distancse fivedings are
against a backdrop of mtDNA datadicatingwidespread historic connectivifCashner and
Johansenynpub data Streams currently containing stable BSD populations are characterized by
conductivities between 6070uS/cm(Jacob Cyd, persmal communication 2019nd field
studies have documented BSD intolerance to streams aboyeSBAA(Yates 2017Hitt et al.
2016; Black and Mattingly 2007These observatiorssiggesthat the observed BSD
metapopulation disjunction gartiallyinfluenced bya hostile stream matrix fragmied by
mining-impaired stream#lthough there is strong evidence linkingcreased wataronductivity
to decreaseBSD occurrence, the mechanistic relationship between theawables is poorly
understoodBlack andMattingly 2013;Mcabbe et al. 2013)SFWS 2015)The USFWS2015)
recovery plan for BSBtatesthat further investigatioanalyzingthe link between elevated
conductivityand BSDat all life history stagess critical to the conservation of this species
(USFWS 2015Mattingly and Floyd 2013

Thegoalof this projectis to further elucidate proximate explanatidoisthe progressive
extirpationandcontemporarygenetic disjunction of BSD populatiaridsing a closely related

and ecologically relevargpecis, Chrosomus erythrogasteguthern Redbelly Dace, SRBD)



we aimto explicitly identify the fithess costs associated with exposure to elevated water
conductivitycaused by alkaline mine drainagéeuse of surrogate organisms for research
concerning thratened and endangered specieommonpractice (Shoffield and Ross 2003)

and br our experimentSRBDwas used as a surrogate species in place of B®hermore,

our study is not the first to use SRBD as a surrogate for BSD in laboratory experiDetats (

and Mattingly 2004)Chrosomuss a monophyletic genus containing seven species in North
America; SRBD and BSD are within sister clades and represent the only two species of
Chrosomusvith sympatric populationdJSFWS 2017; Strange and Mayden 200%xoughout

its range, SRBD inhabits unpolluteti tb 39 order streams with low sedimentation and unaltered
fish communities (Stasiak 200@pdMattingly and Black (2013joundthat SRBD and BSD

share strong preferences for similar habitat in Kentudkg/hypothesizeéhathigh conductivity
water affects reproduction &8RBD andcausesublethal effects which contribute to reduced
fitnessin aduls. We predict a reduction in SRBD egg hatch rate as water conductivity increases
as well asa positive correlabn between increased water conductivity and increasetk stress

in adult SRBD Additionally, we predict reduced growth in SRBD adults exposed to high
conductivity water compared to control watemd expecHPI axisdysfunction to be a secondary

stresscharacteristic observed in chronic exposures.

Il. Methods
A. Acute StressEgg Hatching Experimentation

i.  Fish collection and maintenance

Southern Redbelly Dade Tennessee begin spawning around-Match and will spawn
intermittently until midJune (Settleand Hoyt 1978)Between May 1st, 2019 and May 17th,

2019, 23 wild SRBD were caught via seinévat locdities within the Cumberland River



watershed for captive propagatid@dause Rd. tributarg f  Mi | | €36.4425590N; e e k
87.034027 WRobertsorCounty TN and Dry Fork Creek (36.26667 M6.85966 W) Davidson
County, TN.After collection, ve immediately transportefish from field sites an@venly

divided them intseparategroups intwo 40-gallonspawninganks to prevent overcrowding.

ii. Induction d captive pawning

The manipulation of photoperipdiet, andvater temperatureansuccessfully induce
spawning in other closely relatednnowspecies (Rakes et &013) and proved to be equally
influential for SRBD.Wild SBRD are associated with theagel nests of otheninnowssuch as
CampostomaligolepisandSemotilus atromaculaty$ettles and Hoyt 19780ur captive
SRBD spawned without any physicalamipuldion of the gravel substrate; however, we found
that construction of a mound 8th x 30cmwith pebbles at least&nin diametewastly
improved egg recovery by providing a refugetfoe demersatggs from adult SRBD that will
readily eat exposed eggd/e controlled photoperioda 24-hourtimer to producea13.510.5hr.

light/dark cycle The intensity of light remained static throughout #35-hourwindow.

We measured ater temperature of streams containing spawning SRBD populations
severntimes between May and June of 2019. Witlsineam temperatures ranged from1B7°C
with a steadypositive increase across montBsased on ourlwservations of fish durinfipur
documentedpawning episodesaptive spawningccurred when the tank water was at a
temperature betwe&t0 and21 °C. Water temperature was regulated by manipulating the
ambientair temperature of the laboratory coupled with placement of a 100 watt heater inside the
aquarium. Once temperatures remained stable for mordivieadays and no spawning
behavios (changes in coloration of pelvic fins, pectoral fins, and ventral hdilofas well as

Achasi ngo behayvi waareocmsernved) @30% codl water changelwas)performed
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to decrease tartemperaturdy approximatell.5-2.5°C. This method proved sufficient to
induce spawning on multiple occasiokssh were fed frogn bloodworms, Mysis shrimp, and

Spirulina twice a dayhile in spawning condition.
iii . Collecton and distribution of ggs

We collecteceggsimmediately after spawningnd egg releasgereobservedEggs were
collected via gentle disturbance of substkatgravelvac and filteredrom water through a fine
mesh dip nef1/32 inch)suspended (<2 inches) in watéfe removedeggsfrom the net by
turning net inside out and dipping into 500 ml plastic container holdingg800n!I of tank
water.Individual egg were then transferred via modified 5 mL transfer pipet (enlarged opening)
from the holdingcontainer to plastic petri dish holding 50 rof tank waterWe assessedggs
under dissecting microscope and dead or damaged eggs (opaque color or contaimpigiaco
yolk) wereremovedand viable ggs weraandomlydistributedto treatmentsindividual test
chambers consisted of 800cm? square, polycarbonate container with a i@ x 15mm
polycarbonatgetri dish placedhside(Figure J). Chambers were féld with 400 mL of
treatment water and eggs were placed with@petri dish.We providedaerationvia vinyl

airline tubing placed ithe corner ofthechamber and set to produce ~1 bubble/second.
iv. Preparation ofreconstitutedvater

One of the primary gals of this study was to create reconstituted water chemically analogous
to both impaired and reference streams within B&Wye of distributionFor our egehatching
experiment, & chose to usene control andhree(low, medium, and highiyeatmens tha
spanned thdocumentedange ofstreamconductivityand major ion concentratiarharactestic

of reference and mining impaired streams witBBD historicrangeand relevant, adjacent



ecoregiongTable 1).Water parameters for our low conductivity treant werebased ormlata
provided by Kentucky Division of Water from sites containing BSD populations. These
reference sites are characterized by specific conductivity betwet®0gB/cm hardness
between 2810 mg/L CaCQ between 210 mg/LSQ:?*, and béow 15 mg/LCa&*/Mg?* (KY
Division of Water, personal communicatioifhe target water quality parameters far o
medium conductivityand highconductivitytreatmens were derivedrom opensource stream
monitoring data in the Upper Cumberland River basid published research on the water
quality of surface mining impacted sitesERA Ecoregions 68, 69, and 70 (Kunz et al. 2013;
USEPA 2012{USEPA 201& KDOW 2008 Pond et al. 2008 Our mredium conductivity
treatment water was targeted to have a spemificiuctivity between 65850uS/cm hardness
250-350 mg/L CaC@ between 25@50 mg/Lof SQ%, betwee0-60mgL Ca*/Mg?*, and
below 10 mg Cland K'. Target parameters fouohigh conductivitytreatmenfre:specific
conductivity between 1560650uS/am, hardness 55050 mg/L CaC@®, between 60-850 mg/L
SO, between 10050mg/LC&*/Mg?*, and 15 mg/L Cland K. Parameters for control
(dilution) waterreflectedwater quality measureat four SRBD collection sitef spring2019
(Table 2).These sitebad conductivity ranging fror@50-300 uS/cm hardness 200 mg/L
CaCQ, SO between 50100 mg/L, C4"/Mg?* between 120 mg/L, and below 10 mg CGind
K*. We create@®0-liter batches of concentrated treatment water and dilution \iratera
mixture ofMgSQs, NaCQ, KCI, and CaS®@salts and deionized watemagallowedeach batclto
aerate overnighbo ensure sufficient dissolution of sal&/ater was stored at°€ andnew
batchesweremixed every two week&Vater for controls and each treatmesgtre ceated in
bulk, from a mixture of dilution, concentrated, and deionized water to achieve predetermined

parameters.
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Major cations, anions, pH, and conductivity were measuredchtreatment batchefore
eachegg exposuréial. Dissolved oxygen, conduetiy, and ammonia were checked ddiby
each exposure replicatendwater was renewed by 30% daily. Eggs were cheeket day
under dissecting microscope for signs of infection or death, and affected eggs were removed.
Hatching occurred withifive days after whichposthatchlarvae were transferred to separate,
larger tank. Conductivity, pH, D.O.¢hloride, and potassiurionswere determined with Vernier
probes and analyzed using LoggerPro3 softard.15, Verniey. Ammonialevels were
assessedsingammonia test kit dropAPI Aquarium PharmaceuticalsSulfate, total hardness,
and total alkalinity were measured with Hach test (dtsalinity-Model AL-DT; sulfate Model
SF1; hardnessModel HA-71A). Calciumand magnesiuraoncentrationsvere measwedvia

Vernier probes andtomic absorbance spectrophotomet

B. Acute StressCortisolExperiments

i. AcuteExperiment 1: consecutive day sigithal testing

We measurd acute subrlethal effects of conductivitinduced stress to SRBDa
analysis otcottisol release ratesf wild-caught, experimentally naive fightwo separate
experimentbetween Deaaber 2019 and March 202Cortisol diffuses across the gills and into
the surrounding environment in levels reflecting circulating plasma concentratiunhk, can be
measured directly as a less invasive alternative to plasma extractibas been validated for
use in fish across taxonomic groy@sovo et al. 2015Gabor and Contreras 201&chard et al.
2012; Scott and Ellis 2006)Vatertreatmentgor both experimentsonsisted of a controd,
medium conductivityeconstituted water, andnggh conductivityreconstituted water (control,
moderate, high In our Acute, subethal experiments, we did not expose fish to the low

conductivity treatment usad egghatching experimentatio&ontrol, medium, and high
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conductivity teatment waters for cortisol tests were creatsd storecgimilarly to reconstituted
water used in egbatching test§Table 1) We measured alkalinity, hardness, and sulfate
concentations for each treatment batch prior to fish exposure and measssetveld Q, pH,

and conductivity ofndividual exposure beakemmmediately prior to fish placemenn the first
experimentwe exposeeéachSRBD (n = 9) tothe control, medium, anddt conductivity
treatmentvaterover the course dhree consecutive days. Each fish was exposed to a different
treatment each day so that all fiskre exposetb eachreatmenbnce,and theorder of

exposure was randomizedle held fish in groups of the within20-gallonaquarafor
acclimation48 hoursprior to testingThe grouping of fish was necessary for identification in
order to prevent groups from being tested in a single treatment water more than once;
furthermore, SRBD are highly social in tMéd, and isolation of individual fish during holding
would exacerbate stregssh were fed flakek(e n s Pr emi um Tr opi)c al FI1 alk

once daily and provided a 12L:12D photoperiod during acclimation.

il. AcuteExperiment: single day sulbethal testing fish use

In order to remove confounding effects of multipl@y exposuren cortisol release rate
we performed a second acute exposure experiment in &tgebond set of experimentally naive
SRBD (n = 12)were each only exposed to one treatmenen@pe on a single day so that 4 fish
were testedh control, medium, and high conductivitgatmens. Fish were placed into a single
20-gallonaquarium for 4&our acclimation priortotestinf ed f | akes ( Kends Pre
Flake, Taunton, MA) ncedaily, and provided a 12L:12D photoperiod during acclimation.
Reconstituted water use, experimental procedure, and methods for cortisol extraction were the

same for botlexperimens 1 and 2and are described below
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iii. Experimental protocol and cortisobliection

We performed allxgperimental trialgor our Acute Cortisol Experimentetween 10:00
AM and 11:00 AMto account for daily hormonal fluctuatian&/e placedndividual test fish in
500 mL beakers containing 3@4L of test solutionBeakers weregsitioned side by side within
glassl3 cmx 13 cmglasscompartments half filled with watasothatfish were visible to each
otherin order toreducestress caused by isolatigRigure1b). In Acute Experiment 1, dissolved
oxygen concentrationseremeasued for all unis immediately before introducing test subjects
using a calibrated, Claitype polarographic electrode (Vernier; EBTA, range: 615 mg/L;
accuracy: = 0.2 mg/l. Fish were placed in their randomly assigned treatment water and
remained in th treatment for 30 minuteBish begin releasing metabolized steroids from gill
lamella into the water within minutes of exposure to stressor3@mainutess sufficient time
for fish to respond to acute stregsghout inducing hypoxiaelated stresgHik et al. 200. After
30 minutes, fish were weighed individually and placed into holding tanks with addition of Stress
ZYME (API Aguarium Pharmaceuticaldmmediately after testing, we measured dissolved
oxygenandfiltered the watetthrough C18 cartridyes (Sefpak, Waters Technology
Corporation, Milford, MI) primed with 4 mbbf methanol and pumped at 25 mL/minute usang
vacuum manifold. Cortisol was eluted from filters with 5 ethyl acetate into glass test tubes
and evaporated undpressurizedir. After evaporationfesidue was either immediately re
suspended atored at80C until resuspension (<72 hourd)le resuspended dried resiglin
350¢ bf ELISA bufferandthe suspension wassayedt 1:200dilution. The plate was
incubated developedand read at a wavelength of 44% according to procedures outlined in
Cortisol ELISA instructions (Cayman Chemical, Ann Arbor, MI). ELISA kits were validated for

SRBDbefore analysiby serially diluting a pooled sample consisting of 10-egperimental
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fish and achieving parallelism with standard curve provided with ELISAlkipé comparison;
p=.99). A second set of serially diluted samples pooled from 10axperimental fish were

spiked wth known concentrations of cortisol to assess recoBayks were run each treatment
water and subtracted from measurements to accouas$ary crosseactivitywith background
water.We measured differences in dissolved oxygen concentrations before and aftebtesting
suspending the probe éhcmof testbeakemwater and slowly swihg to homogenize the

treatment solution. Oxygen measurements were taken at 30 seconds to ensure stabilization of
reading. Blank dissolved oxygen concentrations were measured in each treatment without fish to

account for backgrounchanges in dissolved O2 oVv&d-minutetrial time.

C. Chronic Stress: Growth adP| Testing

i. Growthexperiment

We assessed theffects of chronic stresm 12 experimentally naivadult SRBD by
trackingweekly weight differencem groups offish expogd to either a control or highly
impaired treatment watewer the course dive weeks Fishwereheldin groups otthree and
we exposed two groups to control water and two groups to impaired water for the duration of the
experiment. The variation in steng weight among individuals of a group was <10% and the
variation in total weights between groups was <1®éan mass of individual fisftn=12) was
1.61gand mean mass of each grodpdtal) was 4.83g. All fish were fe@.3 g flakefood( Ke n 0 s
PremiumTropical Flake, Taunton, MAYionday, Wednesday, Friday; f€dl5g Tuesday,
Thursday, Saturday, and fasted Sunday. We constructed tgall®@ control tanks using
dechlorinated tap watéo minimize any chemical variation occurring between control and
previous holding tank. Tap water at Austin Peay State University is moderately hard, between

300320 €S/ cm, and has8. We crpated voafer used forghle twy impaire
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treatmentanks using salt concentrations outlined for the concentratesrigapwater used itihe
egghatchingexperiments.Every seven days, we weighed each group separately inral300
beaker containing 150 mL tdnkwater. We recorded weights of each group to the thousandth
of a gramafterall three fishwere in the beakeAfter weights were taken, fish were returned to

their experimental tanksith the addition of Stres8&yme.

ii. HPI axisassessment

Using thel2 SRBDfrom the growth experimentsye measurehdividual cortisol
release rateafter application of an atel stressoto test for evidence diypothalamiepituitary-
interrenal(HPI) axis dysfunction. We held the fish in the same water they had been exposed to
during the growth experiment for one additional week prior to cortisol tests in order to reduce
stresgelated to previous handling/weighirtgerefore, at the point of testing, each fish had been
exposed to experimental conditions for a totadinfwveeks At the start of each trialve placed
each fish ira 1000ml beaker containing 400ml of dechlorinatga water and immediately used
small dipnets to chase each fish for the first 30 seconds within the bedkkr avoiding direct
contact. After being chasédr 30 seconddish were left alone for one hoandremoved from
testing beakerdVe filtered test wateimmediatelyafterone-hourexposures using primect18
cartridges. All methods for hormone extraction and analysis of cortisolthesameas

methods used in previous cortisol tests.

[1l. Statistical Analyses

All statistical analyses weperformed in R (versiod.0; R Development Core Team
2020) andwe visually inspected datasets fmympliance withindividual test assumptions using

Aautopl ot 0 f unct jHorikosHi @ al.2628)HassungpBhsoof linearf y
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regression analgs were not metwe used Kruskalallis tests in place of ANOVA or
generalized |inear models (GLM) and Aboxcoxo
data transformatiorzor egghatching experimentation, we assesegprobability of egg

mortality based on water conductivitisinga weighted, binomiaGLM. Egg hatching data did

not meet normality assumptions, therefaeusedruskalWallis with posth o ¢ Diegsitm 6 s

analyze differenceis egghatch proportionamongtreatments

Thedata fromthe first two acute cortisol experimentgeremass adjusted arekpressed
as release rate (ng'@0mirt!) per individual Our results were unbalanced after the loss of a
sample and did not meet themoscedasticitagssumption of a repeatedeasures ANOVA,
therefore ve fit thedatafrom Acute Experiment 1 (consecutive day testsp log-linked,
repeateemeasures Generalized Linear Mixed Mo@&lLMM ; package Ime4, Bates and
Maechler 201Pand madgosthoc pairwise comparisonsing estimated marginal means
(EMM; package fAemmeans 0.Weinclutled#reatfnent ancedaygas h e t
within-subject factors and included subjectdd random effects in our mod#le structured
modelsa-priori to assess howteractions betweeconductivityand the spafic dayin which
fish were testethfluenced cortisol release raaadperformedsubsequeninodel comparisons
using loglikelihood ratio testsWe analyzedxygen consumptioamong treatmentga repeated
measure®ANOVA with posthoc Tukeytest For Acute Experiment2 (single day testing), we
used aoneway ANOVA to assess cortisol release rate among treatmengzoahidoc Tukey
testto comparecortisol release rasdetween treatment&@xygen consumption data from Acute

Experiment 1 was masaljusted fo fish weight and expressed as mg/t.g3 30mir.

We assessed the effect of prolonged exposure to elevated water conductivity on group

weights in our chronic growth experiment usingiikedmodel ANOVAto account for
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autocorrelationWe used treatment asbetweersubject factor, time as withisubject factor,
and weadded group ID as a random effadfe made pogbtoc comparisons using EMM to
identify specific time points (week®) where significantveight differencesvere present
betweerhigh conductiviy and controtreatmentsWe analyzedubsequent HPI functionality
after chronic exposurassinglog-transformed cortisol release ratag g* 60mir') to meet
normality assumptionand compargrelease ratelsetweerhigh conductivityand control

treatmatsusngatwos a mpl e S-testdent 6s T

IV Results

A. Egg Hatching Tests

i. Reconstituted water parameters

A major challenge in toxicology experiments using reconstituted water is ensuring the ionic
composition of treatments accurately falls within targegesWe took all necessary
precautions to mitigate significant deviations by calibrating equipment multiple times, using
precise measurements of salt masses and water volumes, and allowing sufficient time for salt
dissolution; howevethe inherent chacieristics of interacting dissolved major ions make 100%
target accuracy difficult to achievehe chemical parameters of the contloly, and two
elevated conductivityaters used for eglgatching tests were created to reflect a range of
mining-related @égradation found throughout BSD histaramge The mean water quality
measurements across all egg exposure tedlwithin our target level¢Table3). Thespecific
conductivity,pH, chloride, potassium, calcium, total alkalinity, DO, and ammonia never
measured outside of target parameters for any treatthesdlsoimportant to note that no ionic

deviations occurred outside the documented range ofriielasured, mining impaired streams
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ii. Egg-hatching esults

In October of 2019ve collectedbver700 eggs withiré hours offertilization from aholding
tank containing sevenmild caughtSRBD. The averag@roportion of eggfatcredamong all
treatments was 81.75%nd mean hatgbroportionsfor each treatment were: control 93%, low
94%, mid 71%, andigh 69%(Table4). Increasing wateconductivitysignificantly decreased

the probability of hatching succe$&LM, SE= 0.00018 z= 6.2922, 10p = <0.001) and with an

increase in water conductivity from160S/ con 1650 €S/ cm, the esti mat

hatching decreased by 27% (95% CI:-5%86). Thereweresignficant differencesn proportion
hatchbetweerthe low/controltreatmentand high conductivity treatmerkiuskatWallis post
hoc Duzn2léspg=0.035n=12 as well adow/control vs. mediunconductivity
treatment KruskalWallis posthoc Duniis; z = 1.99,p = 0.046,n = 12,Figure2). There vasa
total of 101 egg mortalities across all treatments, with 70% of mortality occurring wihfirst

48 hours of exposure to treatment (FigBieed); 95% of surviving eggs hatched within 5 days
B. AcuteSublethal Exposur&esults
ii.. AcuteExperiment 1: consecutive day tests

In Acute Experiment 1, weandomlyexposed 12 adult SRBD for 30 mies to control
(2782 8 7 ¢ S édwmconductivity(830-850e S/ ¢ m) , caaductivityh(16 754690
eS/ cm) treatments over three consecutive
individual fish. Across the three day triaheancortisolreleag rate in control water was84 ng
g 30min* (SD= 2.198), inmedium conductivityvater wass.23ng g* 30mirn! (SD= 2.95),
and in highconductivitywater was3.91ng g* 30min* (SD= 1.47; Figure4). The pooled

cortisol release rates of SRBD Acute Experiment Iwere not significantly diffeent among
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treatment water€GLMM , EMM; controkmoderateSE= 0.907 p = 0.60; controthigh, SE=

0.27, p=0.44; moderatdigh, SE= 0.28,p = 0.21)and water conductivity alone was not a
significant explanatoryariable in the amount of cortisol release across the three day experiment
(GLMM; t=1.09 p= 0.27). However,cortisol release rate wagynificanty influenced by the
interactionbetweerthe conductivity of treatmernwaterand theday in whichgroupswere testd

On day one, the highest cortisol release rate was among fish exposed to high conductivity water
(5.91 ng ¢ 30mint!, SD= 0.39. Increasingconductivity on days two and three were associated
with decreases in cortisol release @ &MM ; Day 2, t =-2.21 p= 0.027, Day 3,t =-1.28,p =

0.17, Figure5). Our model predicted 5.91ng g* 30mir? (SE+ 1.41)cortisolrelease rate for

fish exposed to highonductivitytreatment wateon day oneg2.11ng g* 30min(SE + 1.74) for

fish exposedhigh conductivitydaytwo, andon daythreecortisol release rate high

conductivity watemwas predicted lowest at 1.99 nd 80min (SE + 1.8)

Dissolved oxygen concentration was measured before and after evanyAeste
Experiment 1. The highest aveeagxygen consumption was measured in fish exposed to high
conductivity water (0.55 mg/L/30 misD= 0.05) followed by fish exposed toeaium
conductivitywater (0.45 mg/L/30 mirSD= 0.01) with fish in the control water consuming the
least amount of oxyge(0.37 mg/L,SD= 0.06). Treatment type significantly explained
differences in oxygen consumption (ANOVPR; 7= 11.62 p < 0.001) andxygenconsumption
was significantly different betwearontrol and high treatments as well asderateand high
treatments(Tukey testcontrothigh, p<0.001; midhigh, p = 0.028,n = 27, Figure6), with no
differences detected between days (Tukey test, d@ys=D.99). The meanintra-assay
coefficient of variation from Acute Experiment 1 was 13% and{agsay variatio was not

calculated since all samples were assayed on one plate.
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ii. AcuteExperimen®: single day testing

In Acute Experiment2, in which 12adult,naive SRBD were exposed single timeo
either controlmedium conductivityor highconductivitywater, we detectedignificant
differences in cortisol release rate among treatm@&MNOVA; F 29= 7.34,p=0.013,n=12)
and significant differences in cortisol release rate between the control anddagtlyctivity
treatmen{Tukey testp =0.01, Figure 7). Fish in hgh conductivitytreatmenteleased, on
average, the most cortisol (3.99 n§3Pmint, SD= 0.98) followed by fish exposed toadium
conductivitywater (2.72 ng ¢ 30min, SD= 0.26) and thosexposed to control water had the
lowest aerage cortisol release rate among the treatments (2.07 3@ngjnt, SD=0.21).
Oxygen consumption was not measured for fisAdate Experimen2. Water quality
measurements for both acute cortisol experimiefitgvithin target valuegTable5). Thecortisol
samples were analyzed on one plate andrb@nintra-assay coefficient of variation for Acute

Experiment 2 was 10.8%
C. Chronic 6 Week Growth Study and HPI Axis Results
i. Fish growth oveb weeks

In our chronic growth experiment, we exposedagiult SRBD to control water (two
groups of three fish) and six adult SRBD to hagimductivitywater (two groups of three fish)
for five weeks and tracked the weekly weights of each group of fish.vEnage starting
weights for control groups was 4.4@ontrol group 1, 4.97g; Control group 2, 4.8@gy
average starting weightsr high conductivitygroups was 4.&4.(High group 1, 4.96 gHigh
group 2, 4.60 g)At the conclusion of weefkve the cantrol groups had gained an average of

1.2 g final weights: Control group 1, 5.91g; Control group 2, 6.36M; t =-4.814,p =
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0.000, a 25% increase in weight since initiatwhereasigh conductivitygroups gained an
average of 0.26,q 5% increase from stdftnal weights:High group 1, 5.08gHigh group 2,
4.92g EMM; t =-1.034,p = 0.89 Figure §. Treatment type was a significant predictor of
weight differenced®etween groupever the course of the experim¢ANOVA; F 118= 7.11,p
=0.016, 95%CI: -0.27, -0.04). Accounting for individual gpup variation, we found significant
differences inveightsbetween treatment and control groups each week from weekls/gvo
(EMM; week2, p=0.023; week 3p=0.01; week 4p=0.01; week 5p=0.003, FigureB). The
mean conductivity of control water oveethix weeks was 3%5/cm and mean conductivity of

high conductivitywater was 1688S/cm.
ii. Subsequent cortisol release rate of SRBD after growth study

One week after the conclusion of the previous growth experiment we tested the cortisol
release rates of all 12 SRBW/e provided an acute stressor by chasing fish for 30 seconds in a
beaker and measured cortisol release rates after one hour. The average cortisol release rate for
fish tested in control water was 6.96 ngap min* (n = 6, SD= 4.6) and the average casi
release rate of fish after chroriigh conductivityexposure was 4.03 ng*$0 mir (n=6,SD=
2.28). Despite a 53% difference between the two group meandidmnotdetecta statistically
significant difference between the two groups of {iBtest;95% Ct -0.11, 0.56;, p = 0.16)

drivenby thehigh variationamonggroup release ragé€Figure9).

VI. Discussion
Acute egg toxicity

In our egghatching experimenwe found that exposure teconstitutednining-impaired
watera b o v e 6 Signifier8ly reduced hatdhg successf newly-fertilized (<24hr)

embryonic SRBD comparedd low conductivityand control treatment8ur study is the first to
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documentcutemortality of fish eggsesulting from exposure @kalinemine pollutedwater,

and ourobservedoxicity threshold§or SRBDembryonic mortalityare consistent witBurvival
thresholdsobserved foAppalachiammacroinvertebrate® alkaling mine-pollutedwater(Kunz

et al. 2013; Passmore et al. 20881 major ion toxicity to fathead minneWyWang et al. 2008)

Since aquatic macroinvertebrates and fish share numerous, identical ionic exchange pathways to
maintain homeostasis, acute toxicity of aquatic macroinvertebrates to mining impaired water are
informative where fiskderived thresholdsra lacking (Evans 2009.or example, experiments

using reconstituted water similar to auedium and high conductivityeatments (high hardness
dominated by Ca, Mg, and SO4 ions) documented 82% mortality in musaeipgilis
silquoidea)exposed to wateabove 50@¢ S /,@and 76100% mortality for mayfly lyella

Azteca)n water above 906 S/ @umz et al., 2013).

In freshwater fish embryos, osmoregulation is maintained through mitochaiutiria
ionocytes within the skin prior to gill functionality (BuLin, & Hwang 2015). The primary €0
transport activities of embryonic skin ionocytes function similarly throughout ontogeny and
regulate Na, Ca, and Cl uptake as well as H,,IkHand HCQ secretion (Dyomowska et al
2012). Exposure to increased concatidns of major cations and anions, particularly for a
stenohaline fish adapted to low salinity (such as BSD and SRBD) presents physiological
challenges that may ultimately end in death (USEPA @0Characterizing the toxicity of a
solutionto fish embyosis challenging, in part because differing concentrations -@fcooirring
ions also vary in their toxicity (Mount et al. 2018nd because tolerance to salinity in
embryonic stages varies widely across species (Myosho et al.\&@b&rScanny & Duffy
2007). Consequentlyresults from acute toxicity tests usithg same species may report different

effect concentrations depeing on salt mixtures used and the characteristics of dilution water

22



(Mount et al. 2019; Webecanny & Duffy 2007)Our reconstiited medium and high
conductivitytreatments closely matched the target parameters derived from published field
measurements mining-affected streamsand the dominant major ions in dugh conductivity
treatments were HCGSQ,, Ca, and MgElevated 4 and HCQ bothappear tdeimportant
contributors tahe acutdoxicity of fathead nmnow (P. promelas)arvaeand adult§Wang et al.
2016;Mount et al. 199¥. Our elevated conductivityreatments ranged from 2885 mg/L SQ,
which iswithin range ofLC50 SQ concentrations observed for2dhr embryos ofP. promelas
in 7-day exposure@Nang et al. 2016); however, the toxicity of &@ems to be ameliorated
with bothincreased hardneasd increased Kconcentration§Wang et al. 2016;asier and
Hardin 2010). The proportional increase in hardress#K * concentratiorbetween our
moderately and higbonductivitywatermay explain why the hatch ratesSRBDdid not differ
significantly betweelthe twotreatmentslespite a ~900 S/ ioonease in conductivitgTable

3).

The timing betweespecific events such agg fertilization,eggcollection, treatment
exposureand experimental conclusion apptainfluenceresultsof toxicity experiments using
embryonic fishLonger exposte periodausing hatched larvae foip to 35 days have been
demonstrated to yield increased toxicity in fathead minrmwspared to -14 day trial{Wang
et al. 2016). Additionally, ggs exposetb treatmentgarlier appear to be more sensitive to
toxicans, which may relate to a threshold within an embryonic critical period, after which
tolerance to salinization increag®gang et al 2016; Skar et al. 200Buring this criticalperiod,
the development dérval fin rays, vertebrae, myotomes, and gill raksinfluenced by

environmental factor@Helfman et al. 2009)in futurestudiesthe posthatchmeasurement of
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meristic traitsas well addocumentatiomf visible abnormalities in embryonic development

should be condered asupplemental quantificatioof sublethalstress.

It is likely that ouregghatchingresults are a conservative reflection of the direct fitness
coststo wild BSD associated witBurface mining actiwt We collected103viableeggs per
breeding SRBD adult ithe October 201%pawning event, which isver three timegreater than
thereportednumber producetbr anyBSD captive propagatioavent (Rakest al. 2013; 1992).
We gathered eggs within 124 hours of fertilization and concluded the test aftarendays
exposures startedadier than 12 hourpostfertilization may lead to even higher egg mortality
thanwas observed in our experent(Skar et al. 2006)ncreasedvaterconductivitymayalso
disruptosmoregulatorynechanismef eggs duringexternalfertilization, since ionictransport
processes drive membrane permeability for externally fertilized fish(&ggs et al.2000).
Exposure to elevated conductivity at fertilization has been demonstrated to decrease hatch rate in

CohoSalmon compared to eggs exposed fedilization (Stekoll et al. 2003

Sublethal stress

We alsopresenevidenceof sublethal stressn adultfish resulting from acute exposure
to alkaline, high conductivitwater. Although no known studies have investigafistie®
response to our system ofenést our resultsare consistent with literature reporting acute stress
in freshwater staryophysans via waterborne hormone collection (Crovo 20&ysocki et al
2005) as well as acute cortisol increasestary@hysans to increased salinization (Bableesét

al. 2019; Irob et al. 2019).

On the first day of Acute Experiment\We observea trend indicatingncreased cortisol

release as water conductivity increageidure 5) This observation wagerifiedin Acute
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Experiment 2 byur detectionof significantly inaceasecortisol releasérom SRBDin the high
conductivitytreatment compared to low and moderate treatn{€igare 7) Secondary
responses to stresgy alsomanifest as increased respiration i@t elevated gill permeability
to supportheincreased metabolic dend (Barton et al. 2002), which aedlected inthe
significantlyincreased oxygen consumption we meastnau fish exposed to the high
conductivitytreatment in Acute Experiment(Eigure 6) The differences in oxygen
consumption we detected in Acute Experimeatsb follow the pattern of cortisol release rates
observed in day one of Acute Experiment 1 and Acute Experiment 2, all of which demonstrate
an acute stress response to elevated water condudtivitsh, cortisolfunctions as a catalyst for
the recruitment of mitochondriatich epithelial cellgo gill lamellain orderto facilitate short

term management of osmoregulatory disruptievans et al. 2005)his process may partially
explain the overall increased oxygen consumption we detected disloegposed to high
conductivitytreatmentscross all three dagkespite significantly reduced cortisol releaséne
same high conductivity treatment days two ad three of Acute Experiment 1. Nonetheleks, t
resultsfrom ourAcute Experiments 1 & demongrate that elevated water conductivity
analogous to alkaline, mifimpaired streams causes measurable|ethial stress to adult

SRBD, and likely effect BSD similarly

Additionally, we detected evidence of chronic stress as reflectemjbificantly rediced
growth rates in SRBIBompared to control grousera fiveweek exposureSimilar studies
have documented reduced biomass in fish after chronic exposure to abnormally saline water
(Wong et al. 2008Babershke et al. 20).Persisteninterrenal actiationresulting in HPI
dysfunction has beewidely documented in fish expossachronic stressaused by

environmental contaminaticand presents itself @asduced corticosteroid response to additional
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stressorgMarentette et al. 2013aflamme et al. 200; Norris et al. 199%F ontela 199Y. We

tested for HPI dysfunction by applying an acute stressor and measuring subsequent cortisol
releasaatesof all fish from chronic growth experiment. On average, high conductivitygroup
released less cortisolptvever, due to large group variation in release rates, our results were not
significant. Our chronic experimentation was limited by sample size, and adding fish or using
additionalbiometrics affected by HPI dysfunction suchhéstopathology of specificrgans,
circulating leukocyte densities, or measuremenvesitilation rate may have revealed significant
differences between groupsad should be considered in future studies (Helfmann et al..2009)
Nonethelesswve have evidence that prolonged exposui@gh conductivity, alkaline mine

water causes chronic stress in adult SRBD.

Reduced growth is only one response to chronic stress, and many other important
biological functions ardetrimentallyaffected Helfmann et al. 2009; Barton 2002Persistent
stress has been shown to reduce immune funatidish by the induction of Bcell apoptosis
(Weyts et al. 2003), inhibition of inflammatory responses (Saeli,e2003), and modification of
circulating leukocyte densities (Moijaszek et al. 20@8)of which ultimately lead to decreased
disease resistance and increased susceptibility to environmental pathogens (Leupes et al. 2006)
Additionally, chronic stress reduces reproductive fitness in fish; specifically, by inhibiting
production of sex hormonégBlelfmann et al. 2009), reding gamete and egg qualitgnd
subsequently decreasiggowthof larval fish(Weil et al. 2001; McCormick 1998) astly,
chronic stress affesskin pignentation in fish, and periods pfolongedstress in trout resulted
in the diversion of carotenoids from skin pigmentation to supplement immune function
(Backstrom et al. 2013We did not explicitly quantify SRBD coloration within our study, but

we observed visibly less coloration in fish exposeldigh conductivitywater compare to the

26



control waterAt least 33% of stream fish species in Tenneasm®e exhibitred and yellow
nuptialcolorationproduced by carotencidependent chromatophorgettles and Hayl1978,
Etnier and Starnes 1993 he costs ofmodified carotenoid utikzation from pigmentation to
immune system supplementatioray have significant fitnesonsequence®r spawning stream

fish in Central Appalachia that shoulé explored in future studies.

VII. Conclu sion and future directions

We havepresented the fit evidence of the direct fitness costs associatedaltiing
mining-impaired water om representativiish specieat multiple life history stagegirst, we
detected 20930% mortality of SRBD embryos above 660S / @ able4). Second, we
measured ghificant increases in the cortisol release rate and oxygen consumption of adult
SRBD during exposure to 16@0S / water(Figures6 & 7). Lastly, we observed the effects of
persistent stress to adult SRBD as reflected by significantly reduced gnowtfih conductivity
treatment water compared to control gro(fagure 8) Themortality and subethal stress
conductivitythresholds we observed in SRBiBeconsistent with field studies demonstrating
fish community richness decreases betweenllle S / i Wiest Virginia (Hitt and
Chambers 2014) and corroborate the observed BSD conductivity thresholds betw880 240
e S/ io fennessee and Kentucky (Yates 2017; Hitt et al. 2016; Black et al. 2013). Our study
also validates thmaximum300e S/ leenthmark set by the EPA to protec¥®6f aquatic life
in ecoregions 68, 69, and 70 (USEPA 200t results suggest that the extirpationndblerant
fish speciedrom streams affected by miningpuldresult from a combination of culminating
reproductive failuresstreamavoidance relatetb acuteosmoticstress, andecreased
survivorshipresulting from chroniexposure to elevated condwdly and associated major ions

Specieéresponses to elevated conductivity are contiextendent (Clements and Kotilak 2015),
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and snce SRBD aremoretolerant of water quality degradation and even displace BSD from
disturbed streams (USFWS 2015;1988), we expect &3l life history stagew® be more

sensitive to elevated conductivity.

The BSD s only one of many fish species that sirailarly imperiled by the effects of
surface miningThe Kentucky Arrow DarterHtheostoma spilotuniy equally sensitive to stream
degradation antas recently experienced dramatic range reductions related to elevated
conductivity caused by surface mining (Yates 201i#; ¢4 al. 2016)Within Chrosomusl.aurel
Dace C. saylori) Clinch Dace C. sp. cf. saylori)and Tennessee Dadg.(tennesseensia)l
have extremely limited ranges witheavily mined regions Appalachia SFWS 2014; White
and Orth 2014). Additionbl, our results are directly relevant$&RBD populations at the edge
of its rangethatare critically imperiled by habitat alteration and in need of conservation attention
(Stasiak 2007)We hope thatur resultextend to inform policymakers in guidingaovery

management dll imperiled speciewithin Central Appalachia

Aquatic communities are complex, synergistic systems that function via interactions from
numerous biotic and abiotic factors. In Central Appalachia, elevated conduistimitgof mary
interacting componentgflecting stream impairmegtused bgurface mining (USEPA 2011b;
Palmer et al. 2010); however, our results suggesegaisure televated conductivitplonehas
fitnesscosts forfish at multiple life history stageButurestudies should investigate the
contribution of specific iont toxicity; the specific osmoregulatory pathways that are being
affected in fish at different life history stag@sterspecific and intraspecific variation in salinity
tolerance across the Agpahian regionand how variables such as temperature, increased heavy

metals, and reduced prey abundancgany with conductivity to reduce fitness in fish.
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VIII Figures and Tables

Figure 1(a): Individual, polycarbonategghatch test chambevith <24hr posthatch larvaeFigure 1(b): Individual test beakers,
with adult SRBD, used for static cortisol collectionAicute Experiments 1 & 2. Beakers containing fish were positioned side by side
within glass compartments half filled with water so thstt ivere visible to each other in order to ehiate stress caused by isolation.
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Table 1 Target water parameters for control and three treasuoeetin egghatching experiment Control treatments were derived
from field samples taken from SRBD t=aition sites. Low treatment parametereseprovided via field samples collected in BSD
inhabited streams by Kentucky Division of Watenedium and high treatment water were estimated from open source water quality

data taken from mining impaired stream<entral Appalachfa

Conductivity Hardness Alkalinity Sulfate  Calcium Magnesium Potassium  Chloride  Ammonia
(uS/em) P (mg/L as CaCO3) (mg/L as CaCO3) (mg/L) (mg/L) (mg/L) (mg/L)  (mg/L)  (mg/L)
Control 250-300 7.5-8.5 80-100 80-100 50-100  10.0-20.0  10.0-20.0 <5 1.0-3.0 <.h
Low 60-100 7.5-8.5 20-40 20-40 <50 <10 <10 <5 1.0-3.1 <.b
Medium 650-750 7.5-8.5 250-350 830-100 250-350 40-50 50-60 2.0-6.0 3.0-6.0 <.h
High 1500-1650  7.5-8.5 550-700 120-150 650-850  100-150 100-150 8.0-15.0  8.0-15.0 <.5

1 Jacob Culp. 2019. Kentucky Division of Water. Personal communication
2Kunz et al. 2013; USEPA 2011; Pond et al. 2008

Table 2. Water parameters for samples taken at SRBD collection sites (n=4) in Dry Fork Creek, DavidENne@d.Miller's Creek
trib, RobertsorCo. TN. These parameters were used as targets for control water during egg hatching and acute cortisol experiments

Site ID Conductivity 1 Total Alkalinity Hardness Calcium  Chloride Potassium  Sulfate  Magnesium
o (uS/em) ! (mg/L CaCO3) (mg/L as CaCO3) (mg/L) (mg/L) (mg/L)  (mg/L) (mg/L)
Miller’s Creek 321 7.31 100 99.8 14.2 1.1 0.2 65 10.3
Dry Fork Creek 240 7.70 80 90.6 18.5 0.5 0.5 65 12.3
Miller’s Creek 2 288 747 100 111.5 11.3 1.0 0.2 50 10.2
Dry Fork Creek 2 251 7.65 100 95.5 20.1 0.5 0.2 50 11.5
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Table 3 Water quality characteristics of reconstituted wéteregghatching expriments Specift conductivityis presented as mean

and standard deviation from measurements before and after trial. Other values are derived from measurements of treatment batc
created directly before egg exposuCencentrations that deviate >20% from target valuesated (*). NA values on first row are

due toAA spectrophotometanalfunction.

Conductivity Temperature — DO Total Alkalinity Hardness Calcium  Chloride Potassium Sulfate Magnesium

Ireatment (uS/cm) (F) (mg/L) pH (mg/L CaCO3) (mg/L as CaCO3) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) Mg+Ca:504
Control  282.3 (2.51) 68.7 7.8 7.84 90 86 NM 2.2 24 70 NM NM
Low 108 (8.6) 69.7 7.9 7.80 40 34 5.1 1.7 1.5 30 6.3 1.42
Mid T84 (14.1) 68.7 7.9 3.00 100 274 41.7 6.1 5.0 450%* n8.9 0.73
High 1636 (35.15) 68.7 7.9 8.21 140 860* 104.6 13.6 14.8 985 170.2* 0.94

Table 4. Number of eggs per treatment, water conductifritgans + SD taken oveevendays) and proportion hatas foregg
hatchingexperimentationThe egghatchingexperimentconsisted of three replicates per treatment, and results are presented as means
with standard deviations in parentheses for each treaifmen600 eggs from 7 witdaught SRBD).

Conductivity ~ Number of Number of Proportion

Ireatment (uS/cm) eggs at start mortalities hatched (%)
control 282 (3) 50 3 (1) 94 (2)
low 108 (14) 50 3 (1.5) 94 (3)
medium 784 (14) 50 15 (3.4) 71 (6)
high 1636 (35) 50 15 (3) 70 (6)
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Figure 2. Proportion of eggs hatchegnongthree conductivitgreatmentsn egghatching
experimen{control90-125¢ S/ ;miach 750-790¢ S / ; high 16201665¢ S / )cSignificant
differences in hatch rategere recoveretietweerlow/control vs. highreatmentgKruskak
Wallis posth o0 ¢ D pa0.03%)sand low/control vs. medium treatments (Krudkallis post
hoc Dunnsp = 0.046, n =600 egg} indicated bydiffering letters above plots
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Figure 3(a-d). Number of egg mortalities per day for each treatment irhedgching
experimetation Total number of egg mortalities across treatmtitded 101, with the greatest
proportion of eggs dying withid8 hourspostfertilization (67%).
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Figure 4. Pooled ortisol levelsof adultSRBD in Acute Experiment 1: consecutnay testing

with cortisol values presented as release rate mean ®&#all, ortisol release rates of SRBD
were not significantly different among treatment waters (GLMM, EMM; comtrotierate SE=
0.907,p = 0.60; controhigh, SE=0.27,p = 0.44;moderatehigh, SE= 0.28, p=0.21) and water
conductivity alone was not a significant explanatory variable in the amount of cortisol release
acrosghe three day experiment (GLMNI= 1.09 p=0.27).
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Figure 5. Pooled cortisol release rates from all fiseted in Acute Experiment 1: consecutive day testiaparated by dagortisol
release rate was significantly influenced by the interaction between the conductivity of treatment water and the dagriouphiakere
tested. On day one, the highesttisol release rate was among fish exposed to high conductivity water (5.91 3@nginl, SD= 0.39).
Increasing conductivity on days two and three were associated with decreases in cortisol release rate (GLMM:D2¥¢,p,= 0.027;
Day 3,t =-1.28 p=0.173, Figure 6). Controlling for individual variation, our model predicted a 5.911n80gnin1 (SE+ 1.41) cortisol
release rate for fish exposed to high conductivégtment water on day orz11 ng g1 30min (SE + 1.74) for fish exposed high
conductivity day two, and on day three cortisol release rate was predicted lowest at 1-D30wig (SE * 1.8).
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Figure 6. Oxygen consumptionf SRBD amongtreatment$ooled from all three days

Acute Experiment I{n = 27). Dissolved oxygen concemation was measured before and
after everytest andvas significantly different between control and high treatments as well
as mid and high treatmen&NOVA posthocTukey test; contrehigh, p < 0.001; mid

high, p = 0.02§. Differing letters denote sigficant differences between groups
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Figure 7. Cortisol release rates (mean + SE) of SRBD in Acute Experiment 2: single day trial
(n=12).We detectedignificant differences in cortisol release rate among treatments (ANOVA,

F 29=7.34 p=0.013) and significant differences in cortisol release rate between the control and
fish in highly impaired water (Tukey tegt = 0.01, Figure 14.)Differing letters denote

significant differences between treatment groups
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Table 5.Water qually characteristic$or treatments acrogscute Experiment& and 2. Specific conductivity averages, with standard
deviations, are values derived from individual test beakers immediately prior to exfissodved oxygen concentrations for Acute
Experimen 1 are mean initial measuremeatsd standard deviatiows$ individual test beaker®issolved oxygen was not measured

in Acute Experiment 20ther measurements are values measured in batches of treatment water directly prior to experiment initiation.
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