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ASSTRACI: Concern has be6n raised that selenium contamination may be adversdy affecting endan-
gered tish in th€ upp€r Colorado Rfuer basin. The obiective ol the study was to detsrmine if operation of
a water control structure (opened ln December 1996) that allowed the Colorado Rlver to flo\rr through a' cfiannel area at Walter Walker State Wildlit€ Aroa (WWSWA) would reduce selenium and othar inorganic
elemer s in water, s€diment, aquatic invsrtebates, and torags fsh. Endangered Colorado dkeminnow
\xere collected and muscle plug sarnples takcn ior selcnium analysis. Selonium conoe,nintions in fih€red
water wete 21.O p4A- in .t995, 23.5 pgA in 1996, 2.1 Itg/L in 1997, and 2.1 ,r{/L in 1998. Selenium
concerdrations in sediment cores and sediment traps were 8.5 pg/g in 1 995, 8.2 pgr'q in 1 996, 4.8 /9r'9
in 1997, and 1.1 pgr'g in 1998. Selenium concentrations in aquatic iovenebrates wer€ 27.4 ll,9/g in 1996,
15.5 pglg in 1997, and 4.9 Jqlg lrr 1998. Ss,6nlum concentations ,h forage tsh w6re 27 2 pglg in 1W6,
2O.2 pg/g ln 1997, and 8-6 F€y'g in |998. Selenium conc8rtrations in muscle plugs of Colorado piko-
minnow were S.$ rrglg in 1995, 9.5 rrgr'g in 1996,9.0 g{r'g in 1997, and 10.3 pglg in 1998. Athough
sd8nium conceltrations in water, sediment, aquatic invertabrat*, and forage fsh decreasad substan-
tially after operatlon ot the water control structure, a coffesponding chang€ in Cotorado pikeminnow did
not seem to occur. Selenium concentrations in musde plugs decreased with Increasing ftsh total lengrth
and welght, did not change between repeat sampling in lh€ same y€ar or recapture in subs€quent yaars,
and seened to be mct closely associdcd wlth tha m6an monthly rlver flo\fl tor the MarotrJuly period,
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INTRODUCTION

Selenium collanination of the upper and lower Colorado
River basins has b€en documented in wateL sediment. and
bioh in strdiqs by U.S. Depafiment of the Interior agencies
and aca&mia (rcviewed in Hamilton, 199E). Historic sclc-
nium cost.rnination of the upper and lower Colorado Rivef,
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basins prior to dre conscuction of main slem dams has been
hypothesized to hayc contributed to the de.line of rEtive
fisl, now federally listed as endangered (Hamitton, 1999).
,.,, . : r.rpofis have suggested thar endargered fish, espe-
ciatly razorback suckff, a.re being adversely affected by
selenium cotrtamination in the Green, hice, Yampa, and
upper Colorado rivers (Hamilton, 1998; St€phetrs and Wad-
dell, 1998; Hamilton et al., 2000).

The upp€r Colorado Riyer provides cdtical habitats for
four endangered fish species: Colomdo pikcminllor{ (Pf}-
chocheilw racirc), rszorback sltcker (Xlrrauchen teytnusl,
humpback chub (dilc clpta), and bonltail (Gila elcsans)
(USFWS, 1987, 1994). A combined approacb for recoverJ,
of the four endangered fsh in the upper Colorado River
basin was undeftaken in 198? by the Upper Colo,rado River
Eadangered Fish Recoycry ftpglam (USFiVS, 1987). The
goal of the l5-yoar prcgram was to re€stablish self-sustain-
ing populations of dre four species while allowing contimred
watgr deYolopment.

In an effort to stabliz€ and enhance popularions of
endangered fishes itr the upper Colorado River, the Flood-
plain Habitar Resroration Progam ryifth the Recovery
Program ha6 undertaken th€ task of restoring floodplain
habitaB for use by endangered fsh larvae atrd adults. The
Trtll:.{}sed stxategy for achievhg these goal6 was to recon-
nect selected floodplain habitats to dle main riyer chanrcl in
a manner that simulatod hisroric hydrological colditions.
An importaot component of this progra.E was to seleat sites
ftat after restoration would not pose contaminant problems
to 0lo fish, especially from selenium.

Adult Colondo prkeminnow are rypically found in fte
deep fast-flowing waters of the Colorado River and in large
pools of tributaries artd aro slow-growitrg and piscivorous
(Mqyle, 1976). Youog Colorado pikeminnow less than 50
mm in total length frcquent the quiet waters of the river,s
edge or shallorv pools and feed mostly on cladocerars,
copepods, and chfuonomid tarvae (Moyle, 1976). By the
1970s Colorado pikeminnow had beon extirpat€d from the
Colorado River below Gle[ Canyon Dam (Moyle, 19?6).
Th6 status and tretrds of the Colorado pikeminnow were
reviewed by Osmundson ard Burnham (1998), who esti-
rnared thcre wcrc 598 Colorado pikeminnow iu ttrc upper
Colorado River: 254 adults in the upper 98 km and 3,14
adults and subadults in the lower 181 km. They corcluded
that the ab[ndance of Colorado pikeminnow rras lower than
that suggested in hisrorical accounts. The current population
was thought to have a constant adult survival fate, btt
recraitment was higldy variable and could represent tbe
most imponant demographic factor to population persi6-
tence i! fte uF,per Colorado River basin. High spring river
flows were sp€culafed to be an importad Fecursor to suc-
cessfirl reproduction of Colondo pikemirmow because of
the importance of flow on maintaining cobblc bars used for
spawning, tliluting pollutants, mai.uraining channel divenity
and biological productivity, and reducing dre number of

Fig. l. Map of sampling stations during '1995-1996 at
walter Walker State Wildlifo Area near Grand Juncllon, CO.

nonnative flsh in backwatcr nursery areas (Osmundson and
Bumham, 1998).

The strrdy was conducted in dle backwater cha.mel of the
Colorado River at Walter Walk€r Statc Wildlife Area
(!YWSWA) near Grand Jurction, Colorado, which i5 higNy
contdninated witl seleniurt (Buder and Osmundson, 2000;
Hamilton et al., ?001a, 2001b). Numerous adult Colorado
pikeminnow have bean rcuthely found at WWSWA (Kidd,
197'1: Yaldnz et a1., 1982; Valdez and Wick, 1983; Archer
et al-, 1985; Osmundson ard Kaedirg, 1989; Mouming,
1995; Lloyd, 196; Scheer, 199). Rerendy, Colorado
pikeminnow captu€d at WWSWA have b€€n documentcd
to haye highef selenium concentrations itr muscle plugs ftan
have adults collected in other parts of th€ upper Colorado
River basin (Buder and Osmundson, 2000; Osmundson et
d.. 2000), This backwater is also where razorback sucker
had hisl,oricaly b€err observed (McAda, 1977;Kidd,1977:
Valdez et al-, 1982; Osmundson and Kaeding, 1989).

The objective of this study was to deterEire if a wat€r
control struchrre that allow€d flushing of a selenium-coo-
taminated backwater lvith water having lower selenium than
thc backwat€r would reduce selenium concentratiotrs in
wator, surficial sediment, aquatic invengbrates, forage fish,
and Colondo pikeminnow.

MATERIALS AND METHODS

The study was conducted between May 1995 and Ssplem-
ber 1998 at WWSWA (Fig. l), which iE abort a half
kilometer southwest of the Grand tunction city limirs.

Site Description

The sampling stations at WWSWA were desigmted WWl
through WW10 (Fig. 1). The backwacr chamel is in a bend



in tlr Colorado Riv€r that formedy was a gravel pit. A dike
alone the north side of the Colorado River preyents the riyer
:,,,.i,r riowing tluough the channel arca. Dudng spring runoff
. : , .: .rcks into tle channel area at station WW9 and
croar.€s a backrvater pool that itr som€ yearn has extended the
entire lengdr of dre channel to station WW4. In 1996 a water
control structure was constucted iD drc dike near WlV4 to
povide flushing flows into dte charurel area fioxo drc Col-
orado River in order to reduce selenium concentrations in
wat€r, sediment, ard biota. The water cotrtrol structure was
opened on Dec€mber 5, 1996. The backwater channel re-
ceiyos an inflow of groundwatef, from the undorlyiBg cobble
aquif€r (Phillips, 1986). Elevaten sebnium concerrrations
in groundwater and surface seeps enteriog the channel area
haYe been dooumented by Budei and Osmuadron (2000)-

North Pond is ar WWSWA and is an isolated pond about
I ha in size with a maximum deptb of 1.5 m on a terrace
about 2 m above the backwater chanlrel- Water in Noflh
Pond was supplied primarily by groundwarer discharge,
which contahed eleyalcd selenium corcentratioDs (Buder
and Osmundsorl 2000). The south side of Nonh Pond had
a dike and water overnow structure installed to mainiain
rraier levels, and overffow rvater ent€red the channel area.
Water levels at North Pond were sul4rlemented by inflow at
WW10 lrom I:odependent Rurchman's Ditch. The chsnnel
area neaf WW6 received efflued from North Pond during
periods between 1995 and 1997 when water from lndepen-
dent Ranchman's Ditch was used to maiotain water levels
for a reproduction study with adult razorback sucker (IIam-
ihon et al., 2001a, 2001b).

The sa.mpling station at the outfall of the marsh was
desiglated W'W4 (Tig. l) pdo( to consmtcdon and opera-
lion of the water control structure; it was designatei WW4a
after dle installation and op€ning of tho waler control struc-
true aad was aI the miring zone of the water control struc-
ture and the mar6h oudall (Fig. 2). A ne\, 6ration, WW4b,

W ?- Map ot sarDpling stations during 1996-1994 at
Walter Walker Stat6 Wildllie Area near Grand Junction. CO.
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was establishcd away ftom the mixing zone and nearer the
marsh. Sampling station WW8 (Fig. l), desiFated prior io
dre construction and operation of the wa@r cotrtrol structurE,
was designated WW8a after installation and opening of the
colrtlol siructurc, aEd a new station, WW8b, .Fas e6tablished
(Fig. 2). Folloving operation of the watef control $tructure,
it b€came apparent that dre water flow d[ough the channel
area was unifomly mixed, Consequendy, dle sampli:rg of
water quality charactedstics was discontilued at WW5,
Wrtr?. and WW9 in 1997 ard 1998"

Fish and Aquatic Invertebrate Sampl;ng

Fish were capblicd at various sites in the backwatcr chatmel
by peisonnel of fte Colorado Rivcr Fishery Project (CRFP),
Grand Junction, Colorado. Details of fish collection and the
resulting data are giv€o in articles by Mouming (1995),
Lloyd (1996), and Schc€r Ogn, lW8} Briefly, fish were
collected by using fyke nets, using tralllnel 4ets, seining,
using mionow traps, elccffoflshing, or a combinatiotr of two
or more of these mothods, Sampling was accompliShed
from April to late summer, when water ley€ls dropped. Fisb
were identified by species and age claAsification and
counted, aod total length aod weight wele meaEured- Sam-
ples of forage fish were placed in Whirl-Pak bags, stored
ftorc'j' tt -20oC while awaiting analysis of total selenium
and other inorganic elernenls, and shipped with dry ice
when tran6pofted.

One razorback sucker was collected during 1995-1998,
whercas trumerous Colorado pikeminnor+ were collected
each year. The ramrback sucker, which was collected io
1995, did not have a passive inlegrated transponder PIT)
and was moved to the CRFP facility at Horsethief Canyon
State Wildlife Arca For each Colorado pikeminnow col-
lected, the PIT tag was deiermined, total length and weigbt
wero t€cord€d, and a muscle plug sample for selenium
analysis was taken from the d,orsal area adjacent 0o the
dorsal fiD. If no PIT lag was found. a o€w one was im-
planted. Muscle plugs were collected u$ing a 4- or 5-mm
biopsy punch placed in cryotubes, storcd otr ice in fie field,
stored in a frezet (-ZO'C) while awaiting analysis of
selenium concentratiols, and shipped with dry ice when
trarspofted.

Aquatic invcrtebrat€s were collected fton stations in tie
channel using modifed light &aps (Espinosa and Clark,
ln\ a'J.d sedimcn grab sampl€rs. Light t(aps wet€ set
ovemight ard the trapped zooplaDkloi and other aquatic
inyertebrates werc collected the following mordng. At each
saDpling staiion the conteqts of all the light traps were
combined and concencated by filtering the samples through
the basket of a 153-Fm plaokton Drt. The coBbined samples
were dlerl backwashed into a 3.8-L pla6tic jar filled $.ith sito
water, covc{ed, and transported to the labo[atory in coolers-
In the laboratory the samples werE filtered to remove water,
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phced iD WhirlPak bags, storEd &ozen at -20"C while
a.raitlrl aualysis of toal selenium and other inorganic
.- .!,.i. r,ii. i{rd rhipped with dry ice when nansponed.

, : : : lb samples were collected in plastic jars aad
tialspttcd in coolds to thc labqatory for srp[atioD of
bonrhic inveft€brates, Sediment samples were washed
duough a set of sieves and thc inv€rtebralcs cxttactfi from
rhe debris usiug stainless-steel or plastic forceps.

Some sediment samples wefe shipped with w€t ics packs
to dre Yankton Field Research Station @RS) for separation
of bonthic invertcbrates. Composite sa.uples of inverte-
bmtes were placed in ]Vlkl-Pa& ll€{is, starcd f$zen at
-20"C while awaiting analysis of total selenium and orier
inorganic elemeots, aud shipped with dry ice when trans-
ported.

Water and Sediment Sompling

From May 1995 to September 1998 selecrd waier-quality
charactfiistics were measurEd ir Jitz on atr i(egular basis at
the sampling sbtions in Orc chauel area. Io addirion, water
was collfftd on a r€gular basis at sample stations and
analyzed for general water quality characteristics in a mo-
hi-l.: labontory housed ar the CRFP faciliry. Warer quality
clalacteristies measured ir! ritt at each sbrion included pH,
conductiviry, and salidty. Water quality characteristics itr
unfilter€d water samples measured in rhe mobile laboratory
included pH, cotrductivity, hardness, calcium, magnesium,
alkalinity, and cl oridc, Two subsamples of each sample
taken to the mobile laboratory were collccted io polyethyl-
cnc boulcs. Onc tarDlrlc was urcil for ammonia analysis and
was acidified to a pH of less ftan 2 widt concentrated
sulfuric acid, The other sample was ussd for nitrat€, dtriae,
sulfate, total suspended solids, volatile solids, atrd fxed
solids analyses and was storcd in a reftigerator at 4.C.
These subsamples were then shipped in a cooler with wet
ice packs by oyemight express to the Ya.okton FRS for
analysis. All watef,qoality characteriraics were measured
according to standard method$ (APIIA €r al., 1995), except
for the nitsogcnous chemicals and chloride. Ammonia, ni-
trote, atrd dtrite $re(e BesaN€d usitrg ioD-geleative elec-
trodes according !o the procedutEs for low-concentation
measurements of the elcctrode manufac0[er (Orion, 1990,
l99l; Afi Orion, 1994). Chloride was measured usitrg the
msrcuric nitrale titration method (llach Company, 1992,
1947).

Subsamples of s'ater collected for water-quality snalyses
iiom $amplo stations were takel for analyses of selcnium
r ': : r\i.l3i-oic elements. Filtertd atrd unfiltered water wa6
collected for selenium analysis, The walef was fldred
through a 04-;r.rn polycarbonate filter usitrg a Geotech
fltration unir, and 200 mL of the filtered war€r was acidified
witb 2 mL of ultr&tr[e HCI atrd stored frozen untll the
analysis of dissolved selenium conccntrations. Two hundred

milliliters of the unfilte{ed water was acidified with 2 mL of
uitrapure HCI and stored frozen until the analysis of total
selenium concentrations, Samples for analysis of inorga.nic
elements werc floercd as described above, acidined with 2
mL of ulu-apurc HNO., and storcd frozcl,

Samples of bofiom sediment (hercafter iefelled to as
sediment) wer€ collected between May 1995 and Soplember
1998 for analysis of selenium concenrations. Eetween 1995
and mid- I 996, sediment was collected by a petit ponar grab
sampler, placed in a large plastic pan and thoroughly mixed,
a.nd then large pieces of debris (plants, twigs, rocks, etc.)
uere relfroved, SubsEmple$ of the bomogenized sedinent
were collcclcd in polyethylene botdes and sldEd in a
freczer until analysis- One sample was analyzed for total
selenium ooncentratiorL aDd a oeaond sample was analyzod
for concentrations of inorgsnic elcments. A second portion
of eacb sample collecied b€twe€n October 1995 and April
1996 was analyzed for total aod inorganic carbon and for
total, volatile, and fl<ed solids, and a third portion was
examined for sedimeat particle size.

Samplqs for carbon analysis were oven dried overnight at
105"C in a Fisher IsotEmp oyon. Dtied samples were ho
mogenized and ground in a CRC Micro-mill (Pequannock,
NJ). Subsamples of about 30 mg each rvere wrapped in
alumioum foil and bagged in Whid-Pak bags. the sub-
samples wer€ sent to the Columbia Enviroomeltal Research
Cenler (CERC), Columbia, Missouri, for analysis of total
and inorganic carbon; organic carbon ltas determined by
subtraction. The carbon analyses were accomplished with a
Coulometrics Carbon model 5020 analyzel (Joliet, IL).

Total. volatile. and fixed solids measureuetrrs w€re do-
t€rmined b'y ltanddd mothods (APHA ct al., 1995). Bricfly,
subdampl€s were weighed in an alumirum drying pen and
airdried pri{x to oveo dryiag ond muffe furnace ignition,
Total solids were measured by dryiag the sediment over-
night in a Fisher Isolcmp oy€tr (St. L,ouis, MO) at 105"C.
Constant weights weie detennined by weight loss of lcss
than 4% or 50 mg, whichever was lesc. Fixed and volatile
solids measursments were determircd by ignition ar 550'C
for 6O min in a Thennolyrc model FA1730 muffle fimace
@ubuque, IA) and then allow€d to cool overnight in thc
furnaco before weighiog.

Sediment particle size was determined by standard meth-
ods (ASTM, 1993). Samplcs wef,c ajr-dried on fiberglass
aays for 3-6 days, and large aggregatts of dried sodiment
were crushed q/ith a mofiar and rubh-covered pesde, The
dried sedimcnt \ras sieved !o remove particles greater than
2.0 nm h size- Dried sediment samples were woighed and
then stored at 4"C until aoalysis. Each sample was analyzed
in duplicaa. Hydrometer analyses were conducted accord-
ing to standard methods in l-L sedimentation cylinders or
gradurted cylinders using ASTM model l52H hydrorEeters
(ASTM, l99O). Briefly, sedinent subsamples were dis-
persed ovemight b a 44 gll- sodirE hexametaphosphate
solution- A Ilamilton Beach Scovill mechanical srirrer



(Washingron, NC) and a cup with baffles werc utilized !o
firrther disDerse the sample before hydrometer analysis, The

tcrE plotted on gaph paper, and the percentage for
' ..r i,r r .Ie of interest was interpolated fioE the graph.

fat cre sizes wcrc cla$sifcd accordilg to the U,S- Gcolog-
ical Survey (USGS) classificarion scheme, which is based
on the Wentwonh-grade scale: clay, <0.004 mm; silt,
0.004-0.062 mm; and sand, 0.063-2.0 mm (Guy, 1969).

From late 1996 through 1998 sediment samphng was
done by coring and with traps- Sediment core samples were
collected by pushing a 30-cm loug, 7.6cm-diamerer poly-
yinyl cl oride plastic @VC) pipe (previously cuf in half
lengthwise) into the sedincnt using an apparatus that pre-
vented the sides from splitting open as th€ pipe was forccd
ilto d e 6€dimeqt. The apparatus had a rcmovable cap orar
was placed on mp of the pipe to hold the halves together.
The renovabls cap had a small hole in it thrcugh which
overlying water escaped from thc pipe as it was insoned inio
the sediment. After pip€ inoertion a rubber stopper was
placed in the cap hole to cteate a vacuum in the pipe during
removal of the pipe from the sedimeDi so as to maintain rhe
int€glity of tho sample during th€ removal process. After
rernoval, the top and bouom pipe ends were capped, The
cores wcrE imm€diately frozen to maintain the longinrdinal
integrtll; of Ore sample and were shipped frozen. Three
subDampl€s of each sediment core were collected by remov-
ing the end caps, splitting the pipe sides, rcmoving thc
fiozen seilirhent cote, and cutiing l-cm sections ftom the
top, middle (-15 cm deep), and bottom (*30 cm de€p) of
each core samplc. Any ftozen overlaying water was dis-
carded. These l-cm sections were analyzed fof total sele-
nium coDceDratiotrs.

Sediment tmps consisted of 22.9-cm long, 15.3-cmdi-
ameter PVC pipes that wer€ capp€d at ono ond. The capped
end was pushed into d|e sediment and left to passively
colle.ct sediment over a period of timc. Sediment haps w€Ie
capp€d prio! to removal from the sediment, placed in an
upright position in a cooler for transport, ard stored and
shipp€d frozen, Aly frozen overlyilg water was discarded.
When suficient sediment was availablc ftom a sediment
trap, the sediment was cut into upper atrd lower portians fq
analy6i6 of Belenium co[cedtntion6.

Inorganic Element Analyses

Most sanples collecred for selenium analysis were analyzcd
at thc Yankbn FRS using a Pertin-ElEcr model 3300
?tomic ab$orption spectrophotomoter equipp€d with a
r r.,,:,]1i :l:is-10 hy&ide gcnerator (AA-HG) (Norwaik, CT).
The sp€ctrophotomeler \ras standardized with Natiooal In-
scisrte of Stard{ds and Techrclogy (MST) standatd rcfet-
ence matedal 3149 (water).

Walcr samples werc digcsted using a persulfare digestion
techrique, and total selenium was determined by a modifi-
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cation of tle method of hess€r and Barnes (1984). Some
samples were amlyzad at the Environmental Trace Sub-
stances Laboratory (ETSL), Univerity of Missouri, RoU4
Missouri. Similar equipment a.trd procedur€s vterc used at
ETSL in aoalyscs, oxcapt that analysi$ of $elenium concen-
tations was based on dre U.S. Environmental Protection
Agency (EPA) metlod 7000 ruSfpA, 1983). Quality as-
surancey'quality control measures included determination of
drc limit of detection, use of procedural blanks for back-
ground equiyalent conccntration, perceot relative statrdard
dsviation of triplicate sample preparation and analysis, re-
covery of elements ftom refer€nce marerial, and recovery of
digcsted-spiked sample solutions and aralysis-spikcd sam-

Ples.
For water, the mea! linit of detection (,OD) wae l.O

p,g& at both analysis lab6 [standa(d enor ($E) 0.1, n = 3?].
The procedure blanks had background coDcenrations less
than the LOD, which indicabd no cont8mina.ion from rc-
agonta or sample handling. The mean pcrcenr reladve stan-
dard deviatioa (triplicare saraple preparation aDd analysfu)
was 6.1% (58 1.8, a = 36), which indicatcd consistent
sample handling duritrg preparation, digestion, and analysis.
Recovery of selenium from MST refcrcrc€ flateriai 1&3c
water, NIST referencc material 1643d, and Euvironmental
Resources Arsociates 9 9TM refereace water was withiq
tlle CERC'S rccommended ranges, indicathg the digestion
and analysis procedure accuately Bcasured selenium con-
centrations. The mean p€rcent recovery of digested-spiked
sample solutions :was 99% (SE I, n = 37), indicating dre
digesdon proc€dure did not alter $e arDount of spiked
selenium in the sample, that is, it suggest€d no loss of
Bolcnium in vattf, saxoples during thc digestion progcdure.
Mean selenium recovery of analysis-spik€d samples aoa-
Iyzed for marrix suppn'ession c'r enhancement was 100% (SE
I , z = 32), which iudicated no inteffeterce from other water
components.

All sediment, aquatic invsrtcbrste, and fish sa"rpl€s w€rE
preparcd for analyses of selenium concentratioos by fiIst
lyophili?ing the sample !o a conEtant dry weight using a
Vinis Vacu-Fr€ez€r (Gardiner, lry). Fish samples were
then homogenized v.ith a food processq. Animal tissuc, fish
food, and se.diment samples were digested using a comb!
nation.nitsic acid wet digestion and magnesium dEate dry
ash teclnique (Pettersson et al., 1986). The dry ash FJce-
dule was accomplishcd in a Thcfmolyne model FAl?30
muffle fumace, Total selenium was determined by a modi-
ficatior of fte method of hesser and Eames (1984). Quality
assuranc€y'quality control measur€s wer€ the same as for the
water analyses, and thc resula are summarizeal i.D Table L

Analyses of itrorganic elements in watet, aquatic in-
v€ilcbiates, and forage fisb samples wers p€rformed by
inductively caupled plasBa sp€cbos4opy (ICP) at the
Envfuonmental Trace Subrtances Rcsoarch Center (Uni-
versity of Missouri), Rolla, Missouri. The list of elemetrts
arrd the LOD are given in Table lI. For warer, t}e go-
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TABLE l. Msan (standard error in paremh€ses and
number of samplss in brac*ets) qualw asaorancs and
{rualit} contol measur€G for aglenium anabtais ot'r.CiF. "it, aqudic lnvenebrEt*, and lora96 flsh

Matix

(NRCC) reference material DORM2 (dogfish muscle,
n = 1) was withil recommsnded ranges except for ar-
senic, cadmium, and lead. For forage fish, tbe procedure
blank (n : 2) bad background equivalent cooceotrations
less than the LOD for all elements ercepl zinc in ono
sample, the mean p€rcelt relative srandard deviatiolt
(duplicate sample preparation and analysis) wax 6.2
(r = 2), the mean $pike rccovery was 96 (n : 2), md,
the recovery of trace elem€nts in NRCC reference mate-
riaf DOLT2 (dogfish liver, n = 2) was within recom-
monded ranges exc€pt for arsenic, cadmium, manganese,
and zinc in one sample and iroD in a second sample,

Muscle plugs from Colorado flkeminnow wEte aoa.
lyzed for selenium concentratiom by neutron activation.
Muaclc plugs werc lxcpa.r€d for analysis at CERC, and
neuuon activation analysis was performed at the Udver-
sity of Missouri Research Reactor (MURR), Columbia,
Missouri. All sample preparation prior to neuron activa-
riotr analyses as well as the neutron activation method
were described in Waddell and May ( I 995). Samples
were transpofted ro MURR for detemiination of radionu-
clide 7?-Se (McKown and MorriE, 1978). Selenium stan-
dards and quality cotrtrol samplos w€re analyzed itr the
saste trxrnDer as animal tissues. National InEtitute of
Standards and Technology 1577 (bovine liver) stardard
referetrce material was analyzed by MURR as a quality
control check otr accurag/ and fEEcision. The rccover!' of
selenium vas within the NIST recommended ra[ge" attd the
percent Elative standard deviation of multiple analyses was

TABLE ll. Llmh of doredlon of elements measurcd by
induc{iyaly aouplad argion plasma 6p€cao6oopy in
wat€r (/pgA), aquatic inwrt€brales (rdg dry r}dgh$,
and forag. flsb lr.gy'g dry w€igftD

Element Water
Aquarc

Invertebr"ates

Sediment
Aquatic

Inveftebrates Fish

Umit of detcctioo (pglg)

RSD (%f

Reference rlaterial

0,16
(0.M)
tl0l
9.0

(3.5)
I l0l

04lb
(0.01)
t8l

1.04"
(0.r6)

t2l
to2
t2)
tlsl
lvz
(3)
t8l

0,16
(0.05)
t8l
3.4

0.3)
I81

13S
(0.03)
t7l

52tr
(0_06)

l4l
98
(3)
tl3l
108
(2)
t5l

0.4
(0.7)
{451

(r.2)
t4l

1.2S-
(0)
t2l

5.W
(0.06)

t4l
84
(2)
t4l

Dgested spikesr

Analysis spikesr

'RSD Pcrccnr rehtivc Etaldald dcviarion for duplic.E or tdplicat
ptc?rr{rim rnd snalysis-

bNarional Ilescarch Cconcil of Caoada (NRCC) rcference matcrial
BCSS-I [rllrilte scdim.oti 0.43 I 0.06 (st ndard dcviarioo: sD) pglg].

'NRCC refqcnce nrterid DORM-2 tdogfsh etuscle tissuc; l,4t) :!
0.0e (sD) /,/sl.

" Nalional Burcau of Srsndsrds rEfc{eucc tnsrcriEl Bufislo Rivcr scdi-
nflt (no ccnifcd cofrcartration),

" NRCC rd€fencc na&rial DOLT-1 tdogfish [vcr; 6.06 = 0,49 (SD)

rlg/Cl.
rP€Icctt r€cov.ry of selcnium fioil1 samples spitcd w;ii sclcoium ar

drc b€glnniog of Frparaaion for ssmplc analysis-
s Perccn! Ecovcr)r of s€lcnium fiom digcstcd srmplcs spikcd wirh

s.le illm after s&nple prgparation bur bcforc insEuhera stratysis.

cedure blank had backgrouud equivalent concentrations
less than the LOD for all elements except boron, iron, and
magnesium in one blank atrd aluminum, copper, lead,
magnesium, and stroutium iD a socond blanl, The mcan
p€rcetrt relative standard deviation (duplicate samplo
preparatioll and aralysis) was 1.77o (r = 3); rhe mean
spike recovery was 103% (z : 3); and the recovery of
tface elements in Enyironme[tal Resources Associates
reference water ERA9969TM (n : 3) was wirhin recom-
meDded ranges except for aluminum in two analyses. For
aquatic inyeieblates, the procedure blank had back-
groutrd equivalent concentratioDs less thatr the LOD for
all el€ment$ except for arsetric and boron, the mean
perceDt relative standard deviatiot (duplicate sample
preparation and analysis) was'1.2% (n = 1), dre mean
spike recovery was 91 (n = l), atrd the tecovery of
trace elem€nts in Natiotral Research Council of Canada

Alumi[um
Arcoic
Boron
Barium
Beryllium
Cadmium
Clrromium
cDpw
Iron
I-€ad
Magnesium
Manganese
Molybdeoum
Nickel
SEo'ntium
Varadium
n.nc

40
2t
4
0.6
0.1
2
6
I

20
I
I

0.2
3
5

4
5
o.4
0.1
0-l
0.4
I

0.4
0_8
.J

0.1
0.2
0.8
0.9
0.04
0.4
o.2

2
2
0.5
0.06
0.06
o.2
I

0.3
0.5
2
0.5
0 . I
0.5
0.6
0.04
0.2
0.(D
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4.2% dudng one analysis (n : ll) and 6.5% drdog anothfr
(n = 5). Seleninm values in micrograms were obtaircd by
;i;i comparison of peak areas obtained for the samplcs to thc
, , , : . ., ;,,r',ak areas obtained for a set of standards. The limit of
doEctroD wa$ 0,015 pglg. Duphcarc musclo plugs ftorn rho
same fish were not taken, so no other quality assr:nmce rDe{t-
sule$ werE evalualed.

Statistics
Dala w€Ie analyzed with rhe Statistical Analysis System
Institute, Inc., statistical application (SAS, 200?). Analysis
of variance testiDg was doDe to coEpare tle variation in
watrr, s€diment, aqnatic invertebrares, and fot'age fish Qog-
afirhmicaly kansform€d values) residues among sites.
When significant diffef€nces (p = 0.05) wefe obsefved,
nteatrs were comparcd by t}le Bonferroni (Dun) multiple
rneans compriison test (Sne&cor and Cochran, 1967). Irt
ca.ses in which measured selenium concenrations in water
[27 data points out of 337 (8%)] were below the LOD,
one-half of the LOD value was used irt corelation analysis
(Kushner, 19?6; USEPA, 1996).

Conelalion analyses were used to test for relationships
among water quality characteristics arld inorganic ele-
nrcnt conccntrationc io watcr, scdimclrt, aquatic invcrto-
brates, and forage fish. The Spearman conelation (rJ was
used to det€rminc the correlatioD of seleDium concentra-
tion in sediment (assuming a lonnormal disftibutio[ of
selenium in sedimentsl Peltz and Wsddell, 1q9l: Ste-
phens, 1996; Zhang and Moore, 199?) with selenium
concontatioos in aquatic inyortebrate|s. Cotrelation anal-
yses of the means with standard deviation and variance
measures were conducted to dctermine if transformations
were needed to lreet the assumptioas of aornrality aad
homogeNiry of variancc (M. Ellqlicck, Univcreity of
Missouri, Columbia, Missouri, personal communication),

Multiple regression analyses wore used to tost for rola-
tionships among sediment characteristics and selenium con-
centrations in sediment atrd among selenium conccntrations
ur watct, aquatic invertebrates, and forage fish. A Wilcoxon
signed-rank test was us€d to dotErmin€ if the recaptured
Colorado pikeminnow at WWSWA shov,/ed significant dif-
ference.s in selenium concentrations in their muscle plugs
sampled in different years.

The resultt of statistical test$ wele sonGider€d $igtrifioant
if the p vdue was less than or e4ual to 0.05.

RESULTS

Water quality

Wster quality chamcteristics varied oyer the years primarily
by season. Statiotr WWI on the Colorado Riv€r tetrded to
have high conductivity with low water flo}r, about 1000

pmhos/cm, and low conductivity with high wa&r nos,
about 300 pmhos/cm (Table Itr), which is typical for west-
ern rivers (written communication, J- Yahoke, U.S. Bur€au
of Reclamation).

Station WW4 was on thc noflh $ide of tbc levee ftom
WWl at a site whsre a marsh was formed from groundwater
discharge. Conductiviry in this arca varied seasonally, with
low conductivity, about 1000-4000 ,rf,hovcm, from late
May to eady July 1995 and high conductiyity, about ?000-
12 000 F.mhos/crn, iu fall through spring. After the water
conuol structue was op€led, conductivity values at this
slation were slighdy higher ftan those at WW1 , except
when the water flow through the smrcuue was reduced,
resultiItg in eleyated conductivity ia the channel, Itr contrast,
station Wriy'4b (which was started in Decernber 1996 at dre
marsh outflow) had very elevated conduciivity corc€ntra-
tions through most of 1997, similar to those at WW4 prior
to tlre opening of dre water coltrol structuro. Aftef the
cootrol structure was op€ned, average conductivity at the
Earsh station decreased:6160 trohos/cm itr 1995,8810
gnhos/cm h 1996, 7fln pnhoVcm n lW, ed 2620
pmhos/cm in 1998 (Iable rv). This change in cooaluctiviry
was more evident in the maximum conducti?ity values at
the matsh station: 11 120 ,rEhos/cm in 1995, 12?80
pmhos/cm iB 1995, 14 120 p,ohos/cm in 199?, aud 58m
rr,mhos/cm in 1998.

Cotrductivity conc&ntrations at oth€r stations io tie chan-
ncl followed those at WW4, but at progrcssively lower
concentrations with increasing dista.nce from WW4. After
the water conhol structus was opened, conductivity at all
stations, except WW4b, was sli8hdy higher than in the river,
but substantially lower thalr befo're the strucxfe opening
(Table IV), Wat€r quality characteristics of samples nea-
sured in the mobile laboratoty, such as hardoess ard alka-
litrity, foltrowed changes in conductiviry measured on-site,
which was lowest dudng runoff and higbcst during low-
flow periods (fable IV). The years 1995 and 1997 s€€med
to be high'flow ye{s, wher€as 1996 and 1998 werE aver-
age-flow years (Ugland et al., 1995; cron'foot et al., 1996,
1997, 1948, 1999; Fig. 3).

Selenium and Other Elements in Water
There was a significant difference in selenium conceDtra-
tions between frltered and utrfiliered wabr at two stations,
W]#l (Colorado Rived aDd Wlry4b (marsh area), shown io
Table V. In 1995, 1996, and 1997 the seleniuo conc€nu'a-
tion in filtered water samples at WWI was consiEtently
lower tlnn in that in unfiltered water samples. At WW4b
selenium in fltered water was lower thatr in unfiltered water
in 1997. The higher level of selenium in unfi.ltered water
was probably a rpsult of selenium assooiaie-d lvith particu-
late mattcr. At stations WW4, WW5, WW6, WlV7, WW8,
Ww8b, and WW9 no difference ir selenium concentratiotrs
botwe€n 8ltered and ul|trlrered watet samDles was foutrd.
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Fig. 3, Mean llow (cubic meters persecond) in the Colorado
River at ths U.S. Geological Survey gauging station near th€
Colorado-Utah border during 1994-1998 (. 1994, a 1995,
t 1996, O 1997, O 1998; . with dashed line averag€ for
1951-1Sg8).

There were significant differerrces in selenium colcen-
trations accordiog to the year at WW4, WW6, and WW8
(Table V). Selenium concentrations irt water at WW1 were

FLUS}IING BTCKWATEF CHANNEL 03

colsistent over the 4-year moniroring period, about 2.4-3.3

/rgll in unfiltered watcr, At WW4 selenium concenrations
in water before tbe wat€r control structure was ia operation
were 48-58 pgll-, wbereas aftDr operation of the control
structure selelium concetrtrations dropped to 2,O-4,8 pgn--
similar changes were ob6erved at WW6 (9-2-15 ,LEL be-
fore, 1.6-?.3 pClL aftgr) and WW8 (10-29 !.gil before,
l-7-3.0 p,gfi after). During the time the wat€{ co rol
structure was operating, water with eleyated selenium con-
cen[ations entercd the chamcl ar€a ftom WW4b b€twe€n
December 1996 and S€ptenb€r 1998 (84 ,rgl1. in Decemb€r
1996,43 p.g , in 1D7, and li !S/L in 1998).

Sigtrificant differences in sclenium concentrations were
also obderved botweon statioos (Table v). In 1995 WW4
had fte highest selenium corrcenFations, ard W-W5, W-W6,
WW?, and WW8 had conceEtrations significandy higher
than either WWl or WW9. A similal pattom rvas ob$€fved
in 1996, excapt that WW9 had elevated selenium concen-
tratioos, in part because of the high selenium concentrations
at WW8. However, when the water control strucnle was
operating, in 1997 and 1998, there were Do interstation

TABLE V. M€an {rang€ in parenthesas and numb€r of samplos In brackgts} setonium cohcentrations [49y'L) ln
fittored and unfllter€d watsr at several statlons in tlhe channel at Wattgr Walkir Srtato Urildlifc tu€a

Yea. ^nd
Measurc ww5 ww6 ww8 wwSb

1995
Filtered

Unfltercd

t996
Filtel€d

UnfiItersl

rw1
Filtered

Urnlteled

1.9a 55Ab
(<l-3.3) (<r-126)

I8l t8l
3.3 58

l9ab lsAab
(<1-S0) (<1-69)

t8t t8l
t l 9.2

22.ab l0Aab
(<l-?0) (<l-34)

t8l t8l
16  16

6.3a
(<r-2r)

I81
8.6

It

3.0 I lab
(<l-41)

t t6l
3.0 13

(<t-37)
tll I5l

NS'

NS

NS

NS

t l l t l l t t l rtr t l lt l l

l.1a 48Ab
(<l-3.5) (4_9_135)

t7l t6l
2.5 49

(r .F3.0) (5.2-138)
t41 t6I

1.6a 2.98a
(<l-2.7) (<l-6.0)

t l2J tt2l
2.4 4.8

(<t4A) (1.5-6.4)
t5l t51

1.6a 2-0Ba
(<r-3.1) (1.0_3.8)

t8l t8l
NS NS

84 Mb 9.8Aab
(1.7-58) (1.4-22)

ttl t6l t6l
a2 25 10

(3-59) (2.6-22)
n1 t5t t61

a 29Ab
(<l-71) (3.1-53)

t6t {41
16 16

(<141) (3.0-24)
I5t t3l

Unfltered

43b NS
(<l-152)

lr2l
99 NS

(1.3-148)
t51

llb Ns
(1.8-31)

t8t
NS NS

1998
Filtered

l.68a
(<l-3.0)

l l21

(1.1-3.0)
t5l

l EBa
(<t-3.7)

t81
NS

NS 1.98a 2.0a NS
(<l-3.2) (<l-3.4)

tlll t12l
NS 3.0 2.9 NS

(<1-4.8) O-M.2)
t5t t5l

NS 1.7Ba 29a NS
(<1-3.5) (1.0-6.0)

I71 t81
NS NS NS NE

UpFrcalc lettErt withjn r colutul iDdicste signiicanr diff€rcncas berwccn ycsls (p = 0.05). lrw€rcrsc lenErs withilr a m\r indicare signmcad
diffcrc.trc.s b€iw€ locations (p < 0.05)

" NS: Not simplcd.
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Flg- 4. Sdenium concentrations (rrgA) in fittered water at
vadous sampling stations at Walter Walker Stats lryildlife
Area (. \ /W1, t WW4 M4b, AWW6, I WW8).

differences in seleoium concentrations of the sampling sta-
tions rrithin tbe channel, €xc€pt for WW4b, which $howed
elevated selenium conc€nEations ftom selenium draining
ftom the ma$h area. Overall, selenium concentrations in
filtered water decreased in the channel area afte! the colrtlol
structure was operationsl (Fig. 4). Combining the seleniun
.:a1ues for all but the WW1 and WW4b stations rvithin the
channel showed that the selenium concentrations in the
filtfred waler samples by year were 21-0 pgll- in 1995 (n :
n),23.5 lt"gll in l*6 (n : 35), 2.I p.elLlfl,9n fu= 47),
and 2.1 \tgfi- in 1998 (z : 31).

The most prominent enuy point of seleuium into the
chaDnel area was WW4b, where concentration$ in water
were substantially elevated in Jaruary 1998 (Jl pglL\,
March 1998 (20 g.g/L), and April 1998 (18 pgl]-). Howeve!,
elevated levels of selenium also entered the channel at
WW7 betweeq October 1995 and Apdl 1996 (Hamilron et
a1., 2OO3J. Selenium concentrations at WW? wete some
times 2-4 tirnes higher than dre those at the slightly up-
stream WW6 station. At WW8 in January atrd February
1997 and at WW8b in August and Septemb€I 199E, sele-
nium cotrceqtrations u,efe higher than at WW6, suggesting
there was selenium input from the WW7 area of the chan-
nel.

Fa{ inorganic eleme[ts in water, as measured by ICP,
b€ron, chromium, iron, magnesium, manganese' molybde-
num, strontium, and vanadium were found to be elevated at
WW4b during fte same periods when selenium was el€-
yat€d (Ilamilton et al., 2@3)- Selenium concentrations mea-
swed vrith the AA-HG in water were significantly corre-
l:rte,l vith eight elements measured by ICP: boron (r -
il.lrs, r, = 0.0001), barium (r = -0.38, p : 0.01), chro-
mium (r = 0.45, p = g.gg2;, magnesium (r = 0.74, p :
0.00O1), manganoso (r : O.9, p : 0.0001), molyMenum
(r = O.71,p = 0.0001), sftontium (r = 0.80,p = 0.0001),
and vanadium (r = Oi6, p = 0.0001). There was a signif-
icant positive cofelation betwcen selenium itr watcr with

seyeral water quality charactedstics including, f(om high€st
to lowest correlation co€fficient, nitrate (0.90), calcium
(0-85), harclness (0.83), magnesium (O.81), sulfate (0.81),
conductiviry (0.79), c.bloride (0.79), "lkalinity (0.77), a',d
nitrite (0.57) (dl p : 0.0001). These results showing sig-
dficant corelation of selenium with other inorganic €le-
ments and water quality chamcteristics sugge,st that selQ-
nium concenffations increased wi& increasing water
hardness and conductivity that was associat€d widl irriga-
tion.in-0uenccd groundwater discbarge.

Selenium in Sediment

Selenium conccntations in various portions of sediment
ftom the channel area were significantly different from each
other (Tablo VI). Selelium concedtratio[s in sediment corcs
couected from WW4 io August and November 1996 were
elevat€d in (he lop (18-19.6 pglg) and midclle (11.3-16.3

rr,g/d portiotrs, whereas cores coue.ted in April and Sep
tember 1998 had coacentations of 0.6 ttglg or less. Uni-
forrnly elevated selenium co[ce[uations in cores collected
b€fore opefation of the control stucture were al6o pres€nt at
WW5, WW6, and WW7, whereas during the same period
WW8 aod WW9 showed elevated Eelenium itr the top and
middle portions of the cores.

At WW4 a s€diment Eap deployed between November
1996 and March l9q7 had a selenium concentration of 1?.2
pglg at the bottom (b€fore the coDtrol structure was opened)
and 3.4 ,tElE al the lop (af&er the water structure bad been
open about 3 months). The sedimeot trap at WW6 contained
insufficient sediment to analy?€ layers, but tll€ s€dimont
collec&ed had intertnediaie selenium concontradons (4,4
pglg) compared to coDccntratioos in dle top of the sediment
corc at Ww6 before (5.4-6.1 p/S) and after (0.5-r.9
pglg) operation of the control strucnrre. The sediment bap
at WW8 contained uniform seleuium concetrtratiotrs in the
two layers sampled (5.5-5.9 ,rglg), whicb were siDilar to
concentrations in sediment corcs collected in 1996 before
the control ruuchrne was operating (5.2-6-6 ,LEld, but
higher lhan concentntions in cc,res collected in 1998, after
opemtio! of dle contNl structure (1.1-1.8 irglg).

Freslrly deposited sediment safnples aftff the coltrol
strucnlre operation showed bnried high-sclsnium sediment
at WW6, WW8, and WWSb (Table V!. Sediment cores
€olle.cted at these stations in April and Septemb€I 1998
generally had low selertftlm concentrations i! the top of the
cores and elevated seleqium concentratioos in the bottom

Itortiotrs.
Most sediment cores tended to have the highest percent-

ages of voladle solids, total carbon, inorganic carbon, and
organic carbon in the upper ponions of the coroE- Selenium
concentrations in sediment were positively cofielated (r)
with volatile solids (r = 0.45, p = 0.01, z = 3l), total
carbon (r = 0.61, p : 9.0004, ll = 3l), inorgadc carbon

ls)
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(r = 0-50, p = 0.004, .r = 31), and organic carbon (r =
0.55, p = 9.001, n = 3l) and wefe negatively conelated
qrth total solids (r = -0.42, p = O-O2, n = 31) and fixed
: . . ir : -0.45, p : 0.01, n : 31). No signifrcant
correlation bctsern sclEnium conccnEations in scdiment
and sediment paflicle sizc was found. Howevet, solenium
conc€nEations in sediment were signitcandy correlated
with selenium concelEations in filtercd (t = 0.69, p =
0.0001, n = 29) and unfllered 1r : 0.68, p = 0.004, n :

16) water samples-
Ovenll, solenium coDcentration in sadiment decreased

subatantially after the water coDtrol Etrucurre begatr opera-
tions. Combining all sediment sslenirm concontrarions for
dre iop layers of the variouE s€dimen! types (core.s and traps)
aod sEtioDs over a yea! show€d dtat selenium coloe,trEa-
tions decreased ftom 8.5 p,glg (n = 12) in 1995, to 8.2 1LEIE
(r'r = 17) iu 1996, to 4.8 pgig (n = 4) itr 1997, to l.l t g/g
(r = 8) in 1998. The selenium cancenEations h 1995. 1996.
and Lgn werc not significantly different ftom each other,
but all were significaady higher than the selenium concen.
tration in 1998.

Selenium and O1fi6r Elements In Aquatlc
;;]Yefteblates

Selenium concentrations itr aquatic invertcbrate samples
Iiom channel statiots derreased after the water connol
structure was il oFration Oable VII). In 1996 b€fore the
contfol structur€ wa8 operating, the channel had very ele-
vated selenium colcetruations in aquadc invertebrat€s,
rarging from fl to 33 F€lE, whorcas il 1998, oftq opota-
tion of the contol sruc$re the selenium concentrations
ranged ftom 3 to 5.8 ;r.g/g. For statioN WW6 and WW8,
where invertebrates were collected in 1996, 19q7, aqd 1998,
the decl€ase itr selenium was readily apparent (Table VII).
Although invertebrates were collecled at WW8b and WWg
for only 2 years, a detrease in selenium concentratiotrs was
also apparent. WW7 was the ooly station aI which Eelenium
concentradons did not decrcasc.

Ovenll, coo$ining selenium concentration values fof all
inverteb@tes add at all stations showed that the eelenium
cotrcentration in invertebrates in the channel decreased from
27.4 tagle (n = 13)in 1996, to 15.5 trElE@:9)in 1997,
to 4-9 ltglE @ = 6) in 1998. The selenium conc€ntrdtion in
1996 was significandy higher than those in 19yl and 1998,
bur the 1997 selenium corcentratiotr was not signifcandy
higher tha[ that itr 1998.

In contrast to *re results of pretous sudies, the selenium
accumulatiotr in chirouomids was siEilar to rhat in zoo.
planktor (Hamilton et al., 2003). Thc conelation of ahe
seleoium concentations ir aquatic iqvertebrdres with ttose
in filtered water was r = 0.83 (p = 0.0001, z : 18) and with
those in u.qf.lttrEd waler was r = O.'17 Qt = 0.003, n = l2).
The Spearman corclation (r") between seledum cotcenha-
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tioDs io s€diment and in aquatic invertebrates was f" : 0.81
(p = 0.00e+, n = 14),

The level of inorg,anic elements in aquatic inve$ebrates
collected after operatiotr of the water contlol stucture
se€mcal conlistcnt among statiotrs (Hamiltoo et al., 2003).
Selenium concenarations iE invefeba'ates w€'.e collelalEd
with barium (r - -0.89, p = 0.05, n = 5) and zinc (r =

0 .89 ,p :  Q.Qz1,4  =  51 .

Selenium and Oth€r Elements in Forage Fish

Concencations of selenium in forage fish were elevatcd
prior to the water cotrtol EtructurE being in operatiotr and
de.aeas€d 6fter operatidn (Table MII). Five species wetre
collected both before and after operation: fadnad minnow
(Pimephales promelasJ, green sunfsh (Lepomis cyanellus),
white sucker (Catostonus cornnerconi), red shin€r (Op-
irclla lutrensirl, and wcstem mocquito fish (Gambuiig
ajfinir); k;ltifish (Flnnuhlt sp.> were collectod only before
operation; and sand ffhiqer (Notopic stramincus), coatnon
cary (Cyprinus carpia), black crappie (Pom(r6ls nlStonacu-
I{rtus), a d flannelmouth suoker (Catostorn s latipinnb)
were collected only after operatiou. The predominate spe.
cies werc fatherd minnow ard green suofish.

Thofe were several interesting occurencts in the forage
fish collertion. A farhead minnow rcgurgiuted ftorn a Col-
orado pikeminnow collected at WW8 ir May 1996 bad a
sefenium concentratiot ot 40 ttglg- The selenium corlcen-
tratioo was 8.9 p,glg in a composition sample of 6ve male
red shiner collecEd at WW6 in July 1998, whereas it was 12
pglg selcnium in a comporition of fivc gravid fernalos
Thirteen sets of fathead minnows were collected as 2-3
iodividual or composite $amples over the 3-year period, and
12 sets of samples had consistent selenium concentrations
(c@ffr.cient of vad.atioa betweeD 0 and 25 in 12 sots ard 48
h the 13th sEt), which d6monsftal€d litde vadability in
selcBium concentrations witiiD a site and on a collcction
dale (Hamilron et al.. 2003).

Selenium concentrariom in ftrage fish wer€ highest h 1
and l9g'l aL WW4, where vater widl an devated level of
celeniurn entered tlre chsnnel alea Aom the rl.sr$ Clable VIID.
Selenium in foragp nsh tended to decrease Aam WW4 to
WWg, eNrcept for onE sarryle collected in the WW6 aea in
1996 fiable VIID. Wiltin a station, selenium tenkd to d€-
creas€ betweell 1996 and 199E, except fcr one sample ar WW6
in 1996. Ov€rall, combiling tbc concentratioos of aU fqrage
fish ard ar all stadons by year showed tbat selenium concen-
trations de(rEas€al from n.Z pgg (n : 24, m 19D6 b m.Z

,LgC @ = 23) n lW| to 8.6 Wlg (n : 2l) in 1998. The
selenium concenEation ia fcage fish in 1996 was nor signif-
icanrly different Aom thd in 199?, but both w€r€ significaidy
higher than the conceffi'atior in forage fish in 1998.

Selenium in forage fsh was lnsitivcly cofielat€d with
seledum is fil0ercd \r,ater sample.s (r : 0,58, p = 0.02, n -
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T;t,f ::.8 i{. Selenium concendom (pdS fy rv6iS}O ln sadimsnt collected ftom yarious stations In tho chann€l
,,' .': :i':-,,::::ker S:ta{e Wildlito Ar€a

Date
Day of
Study

Sedimenr
Type

Sediment
Section

Selenium

QtgE:l

rj.l\iI.la

358
I

168
358
478

56

560-6?9

1062

l2 l8

56
566

568-679

t062

l2 l8

168
358
478

Mixed"
Mn€d
Mixed
Mixed
Corc

Core

Trap

Core

Core

Mrcd
Mixed
Mixed
Core

Mixcd
Mixed
Mixed
Core

Core
Core

TIaP

Core

Core

Mircd
Mixcd
Mixed
Core

Top
Middle
Botlom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middlc
Bottom
To,p
Middlc
Bottom

rop
Middle
Bottom

Top
Middle
Bottorn
ToP
Middle
Bottom
Top
Mddle
Bonom
Top
Middle
Bottom
Top
Middle
Bottom

Top
Middlc
Bottom

0.4
20.8
l3.l
14.8
18.0
1 1 . 3
1.1

19.6
l6-3
t .6

3.8
17.2
0.4

0.3

o.5
0.5
4.0
6.0
8.0
8 .1

4.E
J ,J

7.2
6-l
8-1
2.7
5.4
7.7
5.0

NS
4.4
1.9
3.9
18.0
0.5
0.6
o.4
17.8
14.5
15;l
8.5

t3.'l

ww5

ww7

MNSM
05n4Jg5
l0/18/95
Mns[t6
08rnD6

lln9t96

lul3t964yl2a'l

04r'06/98

@m9.198

05n/.t95
10/18/95
i :  , : : l r r ' l

ow3t96

0604,/95
l0n8/95
un 96
o8n!96

t t9t96
lut996

rrt2u9643trw1

(M)6/98

09m9/98

05m4/95
l0/18/95
MNs86
o8D3t96

I

168
358
418

I
168
358
418
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TAALE Vt. (Conrtru€d)

Day of Study
Sedirnent

T)"e
Sediflent

Section

SeleuiurB
QrEtE)

05t04/95
l0/18D5
Mnst96
o8nu96

11^9t96

1U1?/9643/L2Jvl

0406/98

09/t9/98

1l/19/96

tutw643^2.t97

uto5tg&

09rc9l98

05tMt95
turS/95
04NSE6
0823r'96

559-619

1062

566

Mircd
Mircd
Mxed
Coie

Core

Tmp

Corc

Corc

Top
Middle
Bottom
Top
Mddle
Bottom
Top
Middle
Bottom
Top
Middle
Botlom
ToP
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottorn

Top
Middle
Bottorn

5.6
4.4
4.4
5.2
t ; l
l . l

6.6
9.4
0.9
5.9

NS
5.5
t - 6

0.6
1.4
l . l

0.5
6.8

14.6
0.6
5.3
5.8
5_8
1.4
0.5

1 . 1
'r ')

6.9
2.7
2.4
2.6
1 .7
t 1

0-8

I

168
358
478

566

wwEb

ww9

55X79

IM2

1218

Corl
Cbre

CorE

Trap

1218

I

168
358
478

Cor€

Mixed
Mixed
Mired
Corc

'Mixcd drc sdimcnt wr! rhcro{tghly {rhcd befur€ subsa6plinS fon chcmical rnalysis.
b NS: Nor raopl.d.

15) but not unfiltercd rvater samples (r = -O.21, p : 9.57,
,t = l0). Selenium fu forage fish was poeitively correlated
with selenium in sedimeat (r = 0.75, p = 0.003, n : 1 3) but
not in aquatic invertebrates (r = 046, p = 0.10, n = l4).

Mo6t inorganie eleru€ots in ftrage fsb deafieai€d betrlr€!
1996 and 1998 (Hamilton a aI.. 2003). Combiniag all stations
withil a year, four elernents had grcarr ft'n twofold d€crEase's
between 1996 and 1998: aluminum (5.8 tirnes l,oq/€r), ircs (3.7
tiea! iol.t, manganese (2,0 tin€s low€[), and vanadiun (2.3
tim€s low€r), whereas little change (lecs than twofold ditrcf-
eoces) was noted for rsenic, barium, beryliurn, bqon, caA
mil|m, chnJmilrm, copper, rnagnesiur4 molybdenum, nickel,
cueftfun, and ziac. Lead was the oo.ly i.Dryganic ele[oeDt in
frrage 6sh to Sow a twofold increase between 1996 and 1998.

In cerast s€lenium in forage fish had a fourfold redtction
betweetr 1996 and 1998.

Combining the fgures reported from all stations ov€r a
year showed 0rat zinc, but oone of the other 16 elemetrt8,
was signiflcao0y and negatively correlated with seledum
conceotratio$ in fordge fish (r = -0.41, p = 0.Q4, n = 7'6).
This low correlatioq value resulted in pan from the small,
less-than-twofold change il zinc concentrstioos between
1996 and 1998.

Selenium in Colorado Pik€minnow

Mean seleoiuE conc€nuadons in muscle plugs of Colorado
pikeminnow collected &om WWSWA werE 9-8 p,Elg b :
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TABLE Vll. Mear (rango in parenfh€s€€ and nu]I6er ot samploa in brac*€ts] sal€nium concot radons fugr'g *y
wefuftt) h aquadc Invarlebratos collectod trom various itatlons ln $o channol at Walksr Waher Stats Wlldl|ia Atsa

Yeat
'ww5

r996

t991

t996

38.145.2
(37.7-52.8)

Lzl
NS

NS

33.0
(29.2-36.8)

t?l
11 .4

('t.6-ts.2)

t2l
4.6

(4.5-4.7)

23.6
(13.8*33.3)

t2l
55_0

2t.2
(r5-2-24.4\

t3l
18.4

(7.F28.8)

t2l
5.8

(4.0-{.5)
t3l

11.7
u2-a4.2)

t2l
7.4

t t l
NS

n1
NS NS

14.9

I l l
6.6

(3.t-
10.0)
tzl
NSNS

t l l
NS3.O

t1t
'NSr Not sallplcd.

49) in 1995, 9.5 \LCIE le = 40) in 1996, 9.0 pglg (n : 54)
in 199?, and 10.3 p"glg (n = 3) in 1998 (Table D0. No
significatrt differcnces in seleoium corcentrations werE
found in muscle plugs collected between 1995 and 1998;
however, in those collecrcd in 1995, 1996, and 1997, bu! not
1998, &€ selenium concetrtrations were sigaifcandy less
than the 16.l pglg (a = l?) concancation ths muscle plugs
cf Colorado pikemirmo$' collected ftom WWSWA in 1994
prior to the current study (Osmundson et a1., 2000).

Several Colorado pikeminnow werc captued repeatedly
duribg ihe 1994-1998 period (fablc X)- For &peatcdly
captur€d fish, soledum in muscle plugs of ftsh capturEd in
1994 was significandy different than in those captured in
1995, 1996, and 1997, bur selenium levels in the latter 3
years were not different ftom each othsr, As for fte ofter
measurements t4ken, above, 1994 seemed to be an unusual
year, with low flows in dre river and elevared selenium
r€sidues in muscle plugs of Colorado pikeminnow,

Using the yearly meatr values for 1995-1998 showed
selenium corcenhations in muscle plugs were nor signifi-
candy correlated widr selenium concenttations in watet (r =

-0.02, p = 0.98,n:4)' s€dimcDt (r = -0-42,p = 0.5E
n : 4), aquatic invertebrates (r : -0.58,p : 0.60, r = 3),
or forage 6sb 1r = -0.13, p = O-X'|, n : 4).

Selenium concentrations in muscle plugs of Colondo
pikeninnow for 19 -1998 were signiicantly and nega-
tiyely corrclated with meatr monddy river flow in May (r =
-0.8?, p = 0.05), but not ir June (r = -0.69, p = 9.291 ot
h July (r = -0.45, p : 0.45). Tbe corelation betweeD
muscle plug selenium concentrations and th€ average riv€r
flow dud4 the May-July period was r = -o.1a G, : O.lq'
for the Apdl-July p€riod it was r = -O-79 (p = 0.11), and
for the March-July pcriod it was r = -0.E5 (p = 9.67i.

Selenium concenrations in muscle plugs se€m€d [o ds-
crease widr increasiDg nsh weigbt (Fig, 5) and fish total
length (Fig. 6). Combining dara for l9q4-199t showed that
muscle plug seleoium in fsh ftom WrI/SWA vas signifi-
cardy cortelated with fish weight (r : -0.34, p < 0.00O1,
n : 157) and fish total length (r = -0.37, p < 0.0001, n =

162). similar con'elations werc foutrd for muscle plugs

collected in 1995, 1996, and 1997, with 1996 having the

TABLE Vlll. Msan (rango in paro lhos€s and numb€r ot samplos h brad(€t3) s€bnlum concenbadonG loglS ty
wolght) in forag! lish oolt€ctod from varto$ silatld|s in th6 cfiannot at Walkor W€dter S'tdo Wlltlllie Ar€a

Yeaa WW4a ww5 ww6 wwSb

1996

tw7

1998

5 1
(2e-66)

I41
22.9

(10-35)
nl
NS

J l  _ f

(30-33)
t4l
NS

NS

4.8

nt
2r.5

(t5-29)
t6l

I  l . o

(5.6-20)
t41

?5 1

(r1-i2)
t3l
NS

(5.9-6,6)
l2l

22.9
o l-40)

t8l
18.1

(5.1-39)
t1l
9.8

(5.?-19)
t8l

15.0
o3-le)

t3l
16.7

o0-21)
t31
6.1

(s.1-s.0)
t3)

l4.o

6.4
(2_8-13)

t31

NS'

t t l
NSNS

6.1

I l
'NS: Nc* ssmplcd.
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TABLE l)( Moan lrangE in parcnthsss6 and numb€r ol sampl€s in brad(€ts) seM|m conoentratons
(pglg ahy w9lgh0 ln musdc plugs ftom Colorado plkominnow caught hr vadous segmoms (BM: ri\rer milt)
,.,. .rr.J upper Colorado Fit er n6ar Grand Junction, CO

Year

Segment 1995'

09

RM <158

RM 158-162

RM 163 (WWSWA)

RM 16.+-170

RI\t >170

5.3
(444.2'

tzl
4-4

(-)
trl
16.6

(4.4-30.7)
n6l
8.5

(4.1)
t6l
5.4

(3.2-10.0)
t13l

NS6

6.4
(5.2J.7)

t31
9.4

(4.t-+2.0)
t451
NS

4.9
(1.6-5;t')

tr7'l

5.4
(3;tJ A)

t15l
NS

9.4
(4.4-2t.5)

t351
NS

NS

NS

9.0
(3-O-20.0)

t54l
NS

NS

NS

r0.3
(7.6-lLO'

t31
NS

NS

NS NS

'Dari fton Osnun&od ct al. (2000).
b Ns: Not samplcd,

hifltest conelations (r = -0-46, p = 0.003, n = 49) for
i,r\n i'rrh Yreight ard total lon$h,

DlscusstoN

Wat€r Quality

Concrntratioru of cations and anions in water in tbe chamel
arc4 as charact€riz€d by conductivfuy, were doninated by
groutrdwatef, reclldge during periods of low strrarn flou' ald
by river flow dwing high-str€am-flow p€iiods. hiffi !o op€ra-
tion of the wat€r co[Ugl sEuculle, eleyated wat€r quality
clEract€ristics werc probably I resdt of tIrc iDflov,/ of ground-
watff from the underlying cobble aquifer (Phillipe, 1986).
Water in fte cobble aquifer sampled as pad of the Natiooal
Irigation Waier Quality Plogram (NrwQP) in 1992 at aloca-
tion ab(rlt 5.5 km nofih of WIVSWA had conductivity con-
certntions of 4370-5720 pmho6/cm, as well as elevaed cal-
cium (480-5,10 mg/L), sufale (2500-3{n ng/L), aDd
chloricle (24O-280 mg/L) (Buder et al., 1994).

Alrhough the characteristics in water from the channel
arca in thc prcsclt shdy dc@(mstrated a rcduccd ground-
watcr iriuencc (e,g,, rcduced coaductivi9 betwe€n Janu-
ary 199? and June 1998 because of rivcr influencss from tho
rpe'3dor of the water control stnrctwe, vaier quality char-
;::-:-:'..i:; ,,','ere still elevated in groundvacr adjacen( and
up gradient of the channel area Water quality rneasure-
mests ia 1997 aDd 1998 in w€lls in the cobble aquifer close
to Nodh Pond and the marsh ar€a at WWSWA d€mon-
strated olevatcd charactef,istics: conductivity 10 200-1E 700
Finho6/cm, calcium (370-540 mg/L), sulfate (50m-76{n

mg/L), and chloride (900-3300 mgll) (Buder and Osmund-
sol, 2000). The water quality eharsct€ri$tics m€asured by
Butler and Osmundson (2000) were similar lo those mea-
sured in the present shdy and demonsbated Oat the chamel
area was receiving groundwater with elevarcd cations and
anions probably derived from up-gradielt furigated areas,

Water from the cobble aquifer comes to the surface iII a
marsh area adjacent to WW4b, which during drc present
study bad selcniirm conceotratiols of 8?'-t52 pgll'' "fb

WWSWA chaonel and Noth Pond have been identified by
the USGS as discharge areas for high-sclenium groundwater
(Buder and OsrDurdson, 2000).

Basod on alte above dircussior, if groundwater were to
becorre dre dominant water r€charge medlanism of tbe
WWSWA backwalef, the wat€r quality charar,'teristics along
widt rhe s€le ium corc€ntations would most likely rcftm !o
conditioor prior !o op€ratioo of fhe watr contol strucune,

Solenium and Ctther El€ments in wat€r

The simila.rity of selenium coDoentrations in filtered and
unfiltercd wator samplor in most samplcs ftorn tho prcsent
s$dy was cotrsistent with fadings from the pfevious sbrdy
(Hamilton et al-, ?mla, 2mlb), i estigations of flowing
water systens st Kestersotr Reservoir, California (Fujii,
1988; Moore et al,, lWO), ard seven rivedre siles associ
ared with higation drainage ir the Sar Joaquin Vauey of
Califortria (Saiki €t al., 1993)-

The differ€nce in selenium colc€nfations between fil-
tered aod nnfilt€red rvater samptres at WWl in 1995-19q7
and WW4a in 199 probably rcsulted &om the seleniun
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TABLE )C Solonium concsntafioni l,lyg dry wsigho h nrusdo plu$ from Colorado piksminnow captrrEd at
WaltGe Walkor State Wlldlffe Aroa lsorns data from Osltlndson et al., Ax|O)

19981994 1995 1996 1997

PIT Tag
Nuriber

Fish
Wt Se

Date G) (rldd D"tg

Fish
S€ Wt S€

(wls\ Data (c) Gele) Date

Fish
se wt s€

(pdd Daa G) $dc)

Fish
Wt
(c)

Fish
ft

1F|1340666
7FlDl70Br6r
lF4l?0ffi65
?F/Dl6r84E
7FlD141911b
lF,l0413l2F
7F7DOF3B28
?F?D133C6F
7F7B l35l l5
7F18t16531
'tFfF}ffi7F

1F4l6mB33
?F7D1D3317
TnDt'toD4.F
7FtDr73406
7F7DrA345o
tFltyAl5+z
1F41353A31
1F401A??10
rF13276562
tFt32C2Dr5
7FfDtrt3002
?F'DO?382E
7nDlE3t27
lnDzz'r3D
7F7F:}62E6D
7Finr52D6r
1FtO3l2B45
1F/4342C0D
7Ft8135346
'tFfD01?tr.30

TFIDIA323D
lli,l65 15A70
1F53235813
1F58261A46
1F6BIF6C6B
TFIBIA6215
IFII6A?838
tF462E7Ctl

5rz4 ?o4E 4.4
6^3 7936 4.4
5D4 2950 6.4
5/24 1890 mA
6t14 9m n.8
5n4 trr0 7.r
5t?Jt lw 13.7
sna E& 29.1
5n4 0M 30.1
5t24 t897 t6.6
5n4 166.3 25.9
5m 5.3
5t20 6.8
6n5 9.8
snA 22fr t2.5
5n4 22LO 29.6
5n4 15.6
5n4 7.4

5t4 3545 4.1
6/13 6500 5.1
8/4 35m 8.3
5n5 lJZs 15.0
?ilo 1150 15.0
7D5 1900 5.8
llto 2450 6.5
514 l8l8 t9.0
&5 1725 22.0
514 2545 10.0
1lr0 22ffi 18.0

6/15 3000 6.4
7125 r2SO 8.8
u4 4100 't.o

6^3 4750 5.6
5D5 1500 6.3
6tr2 1950 5.3

t2 2m l5_0
6^ 1700 l8_0
5t25 1175 m.O
5t25 r20o 8.8
5/25 13m ll.0
1no t3'15 .0
5t25 1150 14.0
st4 4ffi 8.6

5^4 3&

5t13 t225

5m t950

5/13 3900
5n4 2050
5^4 2t50
sm 2a0o

6t6 2550
5n

6 q5D
6t6 4950

6t6 2250
5/13 1988
5/ll 1850
5D3 1850
6t6 t200
6/6 1350

5/13 3450
5/13 1120
6t6 2150

6 4o'50
6t4

5n3 lzm
5D2 t1co

E.0

17.2 5n 12ffi

4m 23SO
2t.5 4122 lffi

5tr6 2r@

J - J

f - l

9.5 5BO 2M
l't.1 5/8 2100

5/15 1250
6tr7 1150

6.2
5.9
5.2
5-6
5.4
5.6

I t . l
20.4 5n 1800
13.3 4t22 2m
r3.8 4m tr50

4m 1550
5t8 1300
5/30 5500

s.',t 5/16 3800
6.0 4n2 2M
7 .r 6/18 2$0
5.4 6lt't 3856
5.7 5Bo ,{m

14.r 4D2 rc50
13.5 5n6 1400

18.0

19.0
19.0
10.0

8.8
18.0
13.0
8.3

m.o
l l .0
13.0
10.0
I1 .0
7.6
6.2
9.4
7.0
6.5
5.O

13.0 6t16
l?.0 6n6

752 r2.O
1390 ll.2

" FiEh cipo]rcd rr RM 130.1 io 1994-
" Fi6h clplrcd ar RM 169,5 ttr 1994.
'Fish caFuted ar RM 163.9 in f994.

that was associat€d v/ith particulaE man€r, Fujn (1988) and
llr,rre et &1, (f99O) reported that utrfiltercd wator samples
i r :.| 1 1,r,1 

"" 
lotal selenium) had higher selenium concenEa-

tions than filtercd samples (reported as dissolved seletrium).
Adamc (1976) reported similar Andings and andbuted the
higber total selonium concetrtratiois ftan dissolved sele-
trium conccn[ations to the sorption of selenium onto sus-
pended solids and the selenium contained in plaDktol

The selenium concentrations itr water iq the channcl ar€a
were rcduced substandally by operation of lhe \vater conbol
structure, This reduction was a result of tho low-Eelenium
river water passing through the conkol strucure atrd char-
nel, which was aleo docuroented by Buttrer and Osmuodsoo
(?000), who measured s€lenium conc€ntratiotrs ftom <l to
3 1tElL. Only rwo samples of dver water had elevated
seleDium coscenftations, an August 197 sample that
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Fig, 5. Selenium concsnrations (1,4,/g) in muscle plugs ver-
sus fish weight (g) of Colorado pikerninnow collected during
'1994-1998 at Walter Walker State Wldllte Araa (n : 15n.

showed a concentration of I pgll- and a Seprember 1997
sample whose concentfation was 5 g,g/L @uder and Os-
mun&on- 2000).

'Water 
with an elevated selenium concentration entered

the chasnel area ar WW4 before and ar WW4b afrer oper-
ation of dre conuol strucurfe had bgun: 55 pgll, in 1995,
48 pg/l- in 1996,43 F.g/L in 199?, and 11 pgll in 1998.
Butler and Osmundson (2000) also repo,rted elevated sele-
nium in water in samples from the marsh area in February
1998 (41-47 pgA-). Groundwater in one well upgradicnt
of the mar6h coniained a selenium coacentatioo of 120-
2OO ttglL in '9n-1998, whereas a second, close well
conrained 4-7 pgll,, which illusuated dre vadabiliry of
groutrdwater sources irl the cobble aquifer.

Selenium concontrations morc €levat€d in water from
stations WW7, WW8, and WW8b tllan from the upsaeam
stalign WW6 was obsewed i.o the present sardy, suggesing
groundwater irput of selenium downsceam of WW6, Butler
and Osmuudson (2000) domonstrated this groundwarer in-
put in sampling conducFd itr 1997-1998: selenium ir
groundwat€r ftom a well near our station WW6 was be-
tween <1 all,d 4 ttg ,, whereas seleniufl in goundwaier
near our station WW7 was 22-190 Wfi'

Selelium corrcentratiotrs i! !/at€r observed in tbe p€sent
study at variouE stations in the lower 1VWSWA channel
0fi/W6-WW9, 6-30 y,glL) prior to oper-ation of rhe watsr
conbol structure were grpical of ofier surface waters in fte
Grand and Uncompahgre valleys fhat aro aff€ctsd by irri-
garion activig. Selenium concentraaions were 4-:I pdL
(median 5 tLSlL, n : 11) tu the Colondo River at the
Colorado-Utah state line, 5-? pgl1- (median 6 p.glL, n =
11) h the Cu dson fuver at Whitiewater, and E-4,5 ltglL
(media.o 14 ltgll, n = 20) in the Uncompahge River
(Buder ct al., 1994). Buder et al. (1996) and Buder and
Osmundson (2000) also reported elevated selenium conccn-
trations io arcas influedcedby i'r)gation ac.tivities. Selenium
concentations in walet from the WWSWA channel are,. itl
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additiotr to most waterE in the irrigation influenced areas of
the Colorado, GuD.nison, and Uncompahgre rivers, were
eleyaled compared to uncontaminated aquadc ecosyctems,
which typically haye <1 g.g/L (Maier and lhight" 1994),

The significaotly elevatri concentrations of inorganic
elements i.n waicr in the prEsent study at WW4b (boron,
shromium, iron, magnesium, uxmganese, molyMenum,
strontium, and vanadium) were sirni.lar to those observed at
Nqth Pond ir two preyious studies (Hamilton et al., 20014
2001b)- In the Fescnt sudy selcnium coocetrtratiotrs itr
chamel water lvere sigaificandy corlelalfd with eight ele-
ments-boron, bariur, chromium, maglesiue, maoganeso,
molybdenum, strontium, ard vanadiurn-whereas in the
1996 reproduction study selcnium conc€ntations wet:e sig-
nifcandy correlated widr nine elemens-boro& calcium,
potassium, lithium, magnesium, molyMenum, sodium,
phosphorus, aDd srontium Glamilton et al., 20O1a), and in
the 1997 reproduction study, barium was the only element
signidcantly correlated with selenium in warer (Hamilton et
d., 2001b). Fitrg€r et al. (1994) also reported a strong
relationship (l = 0.80) among selenium, boron, cobalt,
copper, lithium, and strontium, This corelatio! probably
depends in part on dre compositioo of the gEologic material
boing leached by irrigation activities, that is, elevated ele-
ments in soil generally will leach out itr ptsportioo to theh
concenrration in soil, dcpending on the adso(ption co€ffi-
cients. The relationship b€twe€n geologic sq:rces of sele-
nium and their movement atrd potcntial consequences was
reviewed by Presser and Ohlendorf (1987), Presser et al-
(1994), and hesser and Piper (1998). Wright (1999) re-
ported that application of nitrogen fertilizers mobilizcd se-
lenium fiom seletriferous Crcraceous shales such as drose
found in $'ostdn Colorado.

The significant positiy€ cofiolations between selenium
coocenEa{otrs in wslet and warer quality characteristics
found in the pr€setrl stualy werc similar to those found in

tot flro 6{r n0 s0 ,o 10fl

Fbr Ltr${r!}

Fig. 6. Sdenlum concentrations (f4lgD in muscle plugs ver-
sus lish total length (mm) ot Coh,rado pikeminnov, collected
duing 1994-1998 at Watter Walker Stat6 Wildlife Area (n =
163).
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tlvo pr€vious smdi€s at Nofil Pond- In fte 1996 sndy
calcium, cl oride, conductivity, hardness, magnesium, ni-
tr2ic. nitrit€, and sulfate were correlated with watorborne
, ,.- :, .. , i (Ilamilton ot al., 2001a), and in the 199? study
chloridc and cotrdDctivity rrcrc cortlatcd with wat€f,borne
s€lenium (Hamilton et al., 2001b).

Selenium in Ssdiment

The change in collection methods of sediments from
1995 to early 1996 and from nid-1996 to 1998 is an
impoftant considerstion in thc id,erpretation of selenium
concenEations in the sediment samples. Tle early sarn-
plee \.ere thotoughly mixed, which resulted in a homo-
geneous distribution of seleoium, whereas in cored sam-
ples, the depth distribution of selcnium was maiDtained.
Selenium concentrations in the top portions of cored
samples are readily ayailable to biota such as benthic
iDv€rtebrates and bottom-dwelling fish aud thur are more
easily itrcorporated into the food web thfi is selenium
disposed in dcoper sodimclt.

Operation of drc water control structure substantially
rEduced seleDium concentatiors in sodim€nt in dre
WWS'{'A chaonel. Both s€dime$t corc6 and {€diBent traps
demonstrated that high-sel€nium sedimona was buried by
deposition of low-selenium sediment carried ot moved by
river flow througb th€ contsol structllle. Maintenance of
low-selenium sediments probably would depnd on contin-
ued low-selenium sadimcnt deposit b€cause graundwatcr
recharge by high-seleuium water could cause re-elevation of
selqium conccotratioDs in Bodimcnt, For onamplo, sdc-
rium colcenratiotrs in sedimeut iu Nonh Pond at WW3 in
May 1995 were elevated at 50.6 !A/g, in Octobq I 995 they
werc reduced to 8.2 trglg, and in April 1996 tbey were
re-elwated to 46.1 t't,g/g (Hamilton et al., 2001a). Although
selenium concentration in sediment can be variable @eltz
and Waddell, l99l; Stephens, 1996; Zrang and Moore,
1997), the decrease obscrved in October 1995 was thought
io be a r€sult of the deposition of ftesh, low-selenium
sediment from WW10. Wate( ftom WWl0 was irrigation
sulDly \rqter from lndepen&nt RaDcbmatr's Ditch md $ras
used to maintain watrer levels in North Pond during two
razorback sucker rcpfoducdoo shrdi€s. Ar increase in sed-
irnent selenium concentrations s€€m€d to occur at Adobe
Creek (Grald Valley, CO) in two provious snrdies: 0.79
ILE/gio,May 1995,0.95 Fg/g in Adabet 1995,1.11 pg,lgin
Atril 1996, l.2l p,Elg ia Ocrober 1996, ud 2.52 p.glg i
A!,rrd 199? (Hamilton et al., 20ora, 2001b).

Sei,eral investigators have proposed sedimetrt guide-
lines. Stephens et al- (199?) proposed a "no effect con-
centration" of <2 pglg for effects of seleoium oq fish and
wildlife, a "level of concern" of 4 pglg, and a toxic
tbreshold guid€line value of )4 p,glg. Lerlly (1995)
proposed a no-hszard concenhatiotr of <l pglg, a min-

imal hazard conceqtration of l-2 pglg, a low-bszard
concentratiol of 2-3 p,g/9, a moderate hazard concetrtra-
tion of 3-4 pglg, and a high-hazard concentration of >4

;rg/g. hesser et al. (1994) reponed the upper limit of the
€xpecrcd baseline range for seleoiuE conceftratlols itr
soils of the wesrem United States was 1.4 ,r9lg, kl
contrast, Moore et al. (1990) ussd 0.5 p,g/g as a teason-
able selenium concentration iD sedimedt to represeut the
tlEeshold betweefl uocontaminated, background condi-
tions ajrd ctrvitonments with elevated solenium concen-
trations in sediment. Ncitber Lenily (1993a, 1996) nor
Maier and Knight (1994) proposed a toxic ftroshold for
selenium concetrtrations in sediment, but Lemly (2002)

recommended 2 p,glg us a sediment toxicity theshold.
The nstional background concentration of selenium in
sediment is <t pglg (Maier and Knight, 1994).

Accuduladon of Belenium in th€ iop layef, of s€diment is
generally the result of aleposition of dead organic material
from the wale{ column &nd inco4to[atio! itr thc detrital food
chah (Holland, 199; Cumbie, l9M; Weres et al., 1989i
Kiffncy and Knight, 1990; Orelola$it et aI., 1990; Bendcr el
al., 1991; &aham et al., 1992; St€phens, 1996). craham et
al. (1992) rcpofted that in a pond study, seletrium rapidly
disappeared ftom the water coluln and correspoodingly
increas€d in s€dimenK and biota, especially periphtylotr,
OEe component of dre sedim€at is tlle detrital layet, which
is pady coBposed of bacteria. Betrder et a]. (199f) rcpofied
Eelenium wa6 rapidly removed from the water colurnn by
bacteria and cyanobacleria and inco4)oratod into a detrital'
like mat composed of anaerobically processed grass clip-
pitrgs. In their experiment, the inidfll s€lonium concetrtration
of 40 mg/L dropped to an undet€ctable level in watcr afr€r
2? days of ruicrobial activity.

Priot to opemtion of the control stnrcturc, soleoium con-
cedrations in the top layer of sedirnent in the WWSWA
channel at all stations ercept WWg wer€ above the toxic
thrcshold of Steph s et al. 0997) and the high hazard of
knly (1995). After tbe control structure operatiorL sele-
nium concentrations in the s€dime were substaotially rc-
duced at all stations and were neaf, or below tho nadonal
backgound level, Selenium concentatiols in suspended
sedimetrl passing tkough the waler coDtrol structure be-
tween December 1996 and Junc 199? ranged ftom 0.9 to 1.8

!.g/g (geoEeFic mez\ 1.2 ttglg, Buder atrd Osmundsot!
2000). Thus, relatively low seledum sedimetrt was delv-
er€d to the cbaonel ftoE the river, Ody in August 1997 was
the B€dimetrt ieledum coacenEation a coacern, when it was
3.8 g,g/g, which coincided yridr elcvated selenium h wate!
zL 8 tLglL (Buuer aod Osmundson, 2000). In backwater
areas and channels such as at WWSWA, water flow, eedi-
ment mov€ment, and delivery of low-s€lenium sediment
wodd be essential to lrevent selenium accumulatiol in the
upp€f, lloltion of the sediment-



Selenium and Other Elements in Aquatic
lnvertBbrates

' 'tion of the water control stsucture facilitated a sub.
sdntral derrease in selenium concentrations in aquatic in-
vertebrates, which paralleled similar deqeases in water and
sedim€nt sel€nium goncentrations, The concomitant de-
crea6e in s€lenium concentratiotrs itr these three aquatic
ecosysiem compotrents was refl€cted in the significant cor-
:"lxricns between selenium concentrations in aquatic inver-
tebratc.s and watEr atrd sediment. Two previous studies in
the Grand Junction area aleo reportEd high correlations
betweetr s€lenium concentrations in aquatic invertebrates,
rraier, and sediments (Hamilton et a1., 20014 2001b), sug-
gestitrg a high degree of interconnectedness in the cycling of
selenium.

Station WW7 was drc only station where selenium con-
cetrtrations in aquatic invortebrates did not decrease during
operation of dle water control stuctufe, which was sp€cu-
lated to b€ because of groundwarer seepage of high-sele-
Diu.E water contributing seleDium to the fmd web Buder
and Osmuodsoo (2000) reported ihat grouqd\ratef trom a
well rrear our station WW6 was low. whereas selenium in
$oundwater n€ar our ststion WW7 was high. Thus, it is
lilel-j that this localiz€d elevat€d seledum irt the water near
WW / cunuibured to the elcvated sclenium concentrations
in tlrc chironomids we sampled.

The likely sources of selenim residues in aquatic inver-
leb(ates in the channel area were water, aquatic plants such
as algae, bacteria, and particulate marter. Selenium in water
is tapidly taken up by algae (Sandholm et al., 1973; Nassos
et al., l98O; Foe and Kdght, 1986; Riedel er al., 1991;
Besser et al., 1993), aquatic platrts (Alleo, 1991; Omes et
al., 1991), and bacteria (Bender et al., 1991). Typically,
algae had aken up maximal selenium concentration within
3-24 h, whcreas floating plants took about I we€k ro accu-
mulate maximal concenuations. Som€ of the s€lenium takcn
up by aquatic invertebrales was probably watcrbonle o(-
ganoselenium compounds released from living algac or by
the necrosis of dead cells (Cuu€r, 1991, 1992; Besser et al.,
1994). oplankton can mpidly ute up selenium ftom
water anal acsumulete it lvith uo or little adveme effects
(IIaIter et a1., 1980; Nassos et al., 1980; Reading and
Buikema, 1983; Salki et al., 1985i Foe and Knighr, 1986;
Boyum ard Brcoks, l9EE; Ingersoll et al., 1990; Dobbs et
al., 1996).

Seleniun coacentrations in aquatic inyertebrates col-
lect€d in 1996 from the WWSWA chauel befoe the con-
trol stnrcture waE in operation (11,2-52.8 !,g/g) w€re sub-
staftiniir' aboye the proposed dietary roxic threshold
conoontr.tion ot 3 WIE G-ertrIy, 1993a, 1996; Maier and
Knight, 199a; Ila$ilto! et d., 2000). After the control
struchro opcratioq selenium concentrations in chaqnel wa-
ter (1-6-3.0 pgll.) were found to be below lle cufrenr
USEPA loxic th€shold cfiterion of 5 pg&; howeyer, sele-
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nium concentrations in food organisms during tho latter part
of this period (mesn 4.9 pglg in 1998) excecded the pro-
posed dietary toxic tbreshold. The mean selenium conc€n-
uation in aqualic invertebrates h 1998 was similar to the
sclcnium colcentration itr zloplankton (4.6 pglg), a con-
centration linked to substantial mofiality of larval razorback
sucker according to the resDls of two 3Gday toricity tests
using nauual food organisms (Hamilton et al., 20014,
2001b).

Other than selenium, Eone of the inorgaqic elements
measured in aquatic invert€brates collected ftom dre chan-
nel statioN were elevated to cotrcentratiols of concern,
Only barium and zinc in aquuic invertebml€s showed sig-
nificant co[Elations wi& selenium concentrations in aquadc
invertebmtes. Horvever, both the.se elemenB werp prcselt at
d&tively lolv concentrations,

Selenium in Forage Fish

The 68% reducdon i! seledum concentatiotrs itr whole-
body forage fish saroples (n -2 Wleur 1996 ̂ fr E-6 pglg it
1998) demotrstrat€d that flushif,g of fte wwswA channel
with rivex wa0Er through the water control structurc reduc€d
selenium residues in forage fish. Tlre decrease in seleuium
concentratioos in forage fi:h probably was a reeult of the
rcduction of selenium concentratioos in water. sediment.
aqualic invcrtebrates, and fc'rage fish consumed by pisci-
vores.

The decrease in seleuium in foragc 6sb tom 1996 to
1998 that was found in the present study was llot consistant
,ri& selenium cotrcentrations rcported by Bud€r and Os-
mundson (2000), who rcpofied selenium conc€'nnadons of
7;l-15.0 Wlg (ge.onetric rneau 14.2 pglg, n = 8) in foraCe
fish collect€d in August 1995 Aom the lower 

'WWSWA

chatrnel {ea- The .elativdy low seleniuo eoncfitratioas io
1995 may have been pardy a result of the small number of
fish sanpl,es but was more likely to have occuned because
of the high river flow in f995 (Fig. 3).

The initially high selenium residues in forage fish may
have decrcared because of dopurarion while living in an
etrvtom€nt with lo\rref selenium corce rations, especially
iu food orgadsms. A! cxamplc of sclcdium dcpuntion $|as
given by Birkner (1978), who conduct€d a 90day study
'rith juvenile fathead minnow &at initially had a whole-
body selenium concentration of 13.9 pglg. After 90 days of
exposur€, fish fed zoopla*ton with seleniwn co!€eatra-
tiors of l-2 pglg had wholc-body residues d 5.0-5.7 p4lg,
&ose f€d zooplankon with 5.7 p.g/g had *hole-body resi-
dues of 5.2-7.0 ;aglg, and those fed moplankton with 11.8
pglg had whole-body residues of 10.3-11.0 ttglg. Thus, fish
depuraied selenium ftom dreir initial elevated whole-body
residue level down to a concentration close to the cooc€n-
uation in dpir fmd,

The dme after operatioo of tbe water control structue
allowed selenium concentrations in water, sediment, itrv€f,-
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tebrates, and forage fi$h to decrease and may be thought of
as a depuating environment during 1997-1998. Loss of
selenium ftom 6sh tissue during depuration has been re-
. .: :,o be independeat of watqborne exposure concen-
[ation (Gbsol ]dclscn and Gisscl-Niclsen, 19781 Satg ct al.,
1980) but !o incr€aso with dietary expo6ure ro low cortc€n-
nations (Hilton and Hodson, 1983). Loss of selenium also
was found to be faster in smaller, younger fish (Bennett et
al., 1986) than ir larger, older fisb (Beraam and Brooks,
1986). Depuratio[ of selenium from tissue depends on sev-
ef,al factors, including cleanliness of the food and water in
the depurating elvirolment, age, size, metabolic activity,
season for poikilothcrms, inidal seledum load of various
tissue,s, aad other factors. The half-[fe of selsoium in var-
ious slrccies of youlrg fi6h vraB relrorted to be in the range of
19-30 days (Gissel Nielsea and Gissel-Nielsen, 1978: Saio
et al., 1980; Hilton 6t al., 1982; LeEty, 1982; BetrIrett et al.,
1986; Kleinow and Brooks, 19861 Bessor et al.. lg93).
Others haye rcported longer half-lives, including 49 days for
adult fathead mimows exposed to selenium in the diet
(Benrar! and Brooks, 1986), 63 days in rle whole body of
adult fatbead minnows and the muscle of rainbow trout
{Oncorhynchus nrykiss; Adarns, 196), &nd grcater t}ran 60
days in adult bluegill (Izpomis ,ntctochirw; Bryson et al.,
198.1i. In two strldie6 with adult (azoftack sucLer, the
half-life of selenium in muscle plugs was found to be
greater than 100 days (llamilton et al., 2001a, 2001b).

The concept of depurarion may be misleading in the
tratural environm€nt because many of those mea8tlfqn€ots
were on 6sh physically placed in a clean enyirorunent for
the sole p|.llposs of determining how fast their tissue could
rclnovc a contarlitrant. In tho ochrtal cnvironmg[t 6sh may
not be able to moye to a clean enviroment. Sorens€n
(1988) rcpofied thar selenium tissue rcsidues i! fish from
Martin Laks, in Texas, were only 25% lower after a S-year
period (1981-1986) following the drastic reduction of sele-
nium inputs into ahe lale in 1978. Likewise, t emly (199?)
assqssed seleniun concenttations in five ecosyst€m coEpo-
netrts of Belews Lake, in North Carolba" 10 years after
selcnium inputs to that lake wcre stopped and found ele-
valed soleniuD concctrtration$ in sedimen! bontbic invofte-
brates, and feh, erhich suggetled that a moderate hazard stitl
existed. He also reported teratogenic deformities fint ob.
served in 1992 (I,emly, 1993c) were still present at elovated
I€Ycls in 1996.

Although the selenium concenfations iII fomge firh in-
v€stigaled ilr the cureDt study had decreased $ubstaDtially
by 1998, after 2 years of control sEucrule operarion, the
rernriiting s€lenium residues in fish were above the toxic
'l;liri...':i:dy threshold values ot >4 lr;gl5, proposed by
Stepheos et al. (1997), a\d 4 pgl$, propoEed by l,eBiy
(1996). Thus, the Ilean setreBium conceotrati,on in forag€
fish of 8.6 ,rglg in 1998 should be considered a level of
concem for consumption by pisciyorous Colorado pike-
miunow. Continued operation of the cotrol ifucnue prob-

ably would have contiaued to redDce selenium concen[a-
tions in various ecosystem compooents including forag€
fish.

Another reason that forage fsh such as fathead Eitrnow
and red shincr had lowcr solenium concr:ntrations aftet
otreration of the watsr control strucnle is 0leir high level of
rcproductivity, enabling them to reprduce two or tbre€
times a year. Newly produced fish would start outr€latively
cleaner than tlre previous cohort as the chtuurel area was
being flushed of selenium in water a[d sediment. It is also

tlossible that some of the forage fish in thc channel came
from the river.

Operation of tle wa[er control strucale seerned to have
shift€d tbe proportion of native asd nouative fish in thc
chamel area. Scheer (199?) reported 6at the perc€btage of
native fish collected by trammel ner was 38% ]t 1995 , 28%
in 196, and U% ia $n. The percentage of mtive flsh
collerted by trammel nets in the channel area ftom earlier
efforts was'15% in l99Z,53% in 1993, ard 58% in 1994
(unpublished data frotrq D. Osmuudson, USFWS, given in
IJoyd 1996). Scheer (1997) sp€culat€d that the r€ductior i!
lonnarive nsh in ibe channel in 199? was a re.sult of flo\p
through the cham€l area and lower rpater iemp€ranrres ftom
input offlowing river water. However, therc was a subsian-
tial difference in colleciion efforts, which was most evideat
in fte total number of fish collected-I995, 3294 fsh; 1996,
1294 fish; 1997, 1987 fsh; 1998, 85 fish----and in the num-
ber of hours devoted to the saDplilg effon, using ftammel
atrd trap nets-1995, 163.8 h; 1996, 519.3 hi 1997,955.7 h;
1998, -40 h (Mouming, 195; Lloyd, 196; Scheer, 199,
1998). Cons€quently, the small number of ffsh collected in
1998 ard thc roduccd sampling effort ptccludc drayiog
conclusion$ about shrifts in species composition aflcr oper-
ation of the $a!e,r control structue.

Selenium ln Golorado Pikominnow
Selenium conceqtratiors in muscle plugs of Colorado
pikemimow did trot de(rease betw€€n 1996 aod 199E;
however, only tlrce fish werc collected in 1998 comparcd
x'ith ,lO-54 fiEh coll€cted aludng thc 1995-199? p€riod.
Using data froru Osmundson et al. (2000) for 1994, there
was a signifcant decrease in muscle pfug selenium betweea
1994 and the years 1995, 1996, and 19q7. Aldnugh sele-
Irium concentrations in vat€r, s€diment, aquatic invene-
b'rates, and forage fish decreased between 1995 ard 198, a
similar decr€ase itr s€lenium conceNrtratious in muscle plugs
of Colorado pikemiotrow did not occur.

The sno[gest rolation b€tween muscle plug selenium and
aquatic ecosystem components se€med to be with dver flow
far the 1994-1998 prio4 as sho*n by the sigdfcant
correlatiotr with the May stream flow aud the similar, but
not sigdfcaat, correlati,oa with the average Marcb-July
period srreau flow. Osmuqdson et al. (2000) also thouglrt



higl river flow contibut€d ro lower seleuium concentra-
tions in muscle plugE of Colorado pikeminnow, but did trot
give a corrclation va.lue. They noted several factors thar may
l: r., influenced the relation berween river flow and sele-
nium in the muscle plugs of Colorado pikeminnow includ-
ing: (l) selenium concentratiotrs in food irens, (2) Fevious
selenium loads in muscle and odter tissues, (3) scaging and
feeding location$ of fish prior ao capture, (4) feeding rate
and weight gain of fish, (5) sex of fish (females can deposit
selenium into eggs), and (6) magnitude, duration, and tim-
ing of spring flrnoff and peak flows.

Using tle yearly (1995-1998) mean values, muscle plug
selenium was not sigtrificandy correlated with water, sedi-
ment" aquatic invertebraies, or forage fish. Dqspite fiese
nonsignifcant correlations, the selenium residues in Colo-
rado pikemirnow mu6t haye come fiom either water expo-
sule, diet exposure, or combined water and diet exposure.
The small numtler of Colorado pikeminnow collected in
1998 conservatively reduced fte overall dara set to 4 year6
(19 -1997). Duing this period 1994 was a low-flo\tr year,
1995 and 1997 were high-flow years, and 1996 \ras atr
average-flow year.

Selenium coac€nlrations in muscle plugs secmed to de-
crease with increasing lish weight aod total length, ad rbe
l'"'o measureB were signifrcandy correlated with s€lenium in
muscle plugs. Larger, presumably older Colorado pike-
minnow had reladvely low selenium residues, whereas
smaller, yomger fish had widely varied leyels of selenium
lesidue including very elevated concerEations (>12 p,g/g).
Seyer"l questions arise from fiis pattem of leyel$ of Eele-
nium residue: (1) Do young fish vritl elevared levels of
selenium residuc fail !o live to older ages and larger sizes?
(2) Arc the few larger, older fisb aliye because they have a
low concentration of seleoium residue? {3) Is selenium
regulatioir enhanced with oldet age? (4) Is dre concentr4tiol
of selenium r€sidues dilured with incrcased woigtt? (5) Are
the few larger, older 6sh depuratiDg selenium duough egg
spawdDg? (6) Are th€re diet differelces bctween 6sh 500-
650 run in length and those whose length is greater than
650 mm?

WWSWA at dver Eile 163.1163;l had rhe highesr
cotrcctrradons of selenium residues (9.0-16.1 pglg) ia
muscle plugs ftom Colorado pikeminuow collected from
vadous locarions in the upper Colorado River (Frg. 7). In
contrast, Colorado pikemirmow collected directly above
(river miles 163-168, 8.5 pglg), far$er above (above river
mile 168, 4.9-5.4 pgig), direcdy below (river miles 158-
163, 4.4-6-4 rrd$, and futhtr below (below river mile
158. 5.3-5.4 pelg) WTJr'SWA had lower selenium residue
ievris. A similar pattern of selerrium residues in common
cary collected i! tbe Gresn Fiver at Asl ey Crc€k-Stewart
Lake arc.a was repottod by Stephene and Wadden (1998).
They demonstmtei that selenium concentratior$ in whole-
body commoD carp colle.red imm€diately dowtrstream (Bo.
nanza and Collier Draw) ard immediately upsueam (Es-
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Ftg.7, Selenium concen|aations lpg/g) in mtncle plugs trom
Colorado pikerninno\,r, collected Jrom various locations in the
upper Colorado River (n : 211; at Walter Walker State
wildlife Area: ri\rer mile '163.3-163.4.

calante Bar atld Jensen) of Ashley Creek werc lower tban
thosc in fsh ftom Ashley Creek, and tiat fish collected
farther downstream ftIorseshoe-Haronacher and Ouray)
and upstream (Echo Pa* ard Brown.s Park) had still lower
cel€nium concentratioos.

seletrium rcsidues in muscle plugs of Colorado pike-
minnow in the upper Colorddo River ncar WWSWA (4.4-
8.5 pglg) tended to be highor than those in Colorado pike-
minnow collected fiom the lower Gunnison (mean 4.9 pgl9,
n = 1), Grclen (3.7 pgrg, n = 5), White (3.6 p,e/e, n = 5),
and Yampa (2-3 ir.8/g, n - 5) rivers (Ilamillon et al., 2003).
Of norE is thar fte Gunnison River, in which Colorado
pikeminnow had higher selsdum rosidues than did fish
ftom tho other riv€rs, has been identified as a ruajor source
of seleniun in the upper Colomdo River basin (Buder €t al-,
1991, 1994, 1996; Engberg, 1999: Buder and Osmutrdson,
2000).

Depuration does not seem to be occurring in endangered
fish in the Colorado River near WWSWA becaus€ Colorado
pikemitrnow recaptrlIed over a perid of 2-3 years (195-
1997) seemed o be conserving selenium conc€ntntiols itr
musclc plugs Fom year to year (this shdy and Osmutrdson
et al., 2000). This finding seems unusual because selenium
concent-ations decreased in water, sediment, aquatic inver-
lebrates, atrd forage frsh at WwSwA,

Of 16 fish collected at WWSWA in 1994, all were
r€captur€d in Laler years (1995-1q97r. Of 45 6sh collected
n 1995, 25 were recaphurd in other years, but 20 werE
one-time caph.res. Of 35 fish collected in 1996,26 vete
recaphraed in other y€ars, arrd 9 were onc-time captures. Of
54 nsh collecrcd in 199?, 2l wera lecaptured in other years,
and 33 werE one-time capuues. The petion of ttre Colorado
pikemirmow populuion using WWSWA 6eems to be dy-
namic because new fish seemed to be attracted each year, or
possibly fish captured one time leamed to avoid recaptur€.
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Colorado pikeminnow seem to bo highly mobile, and
juveniles and subadults in tlle lower 181 km of rhe upper
Colorado River below Westwater Canyon teod to moye to
: j.',)er 98 km of drc river, mosdy in the Grand Junction

erco, occording to Osrnundoon ot al, (1998), Thoy ropcrtcd
thal adults in the upp€r reach of the river tend o be targer
and move less than do juve.niles and subaddts in the lower
reach, and they concluded &at the rcladvely small chalges
in location by larger fish in dre upper rerch were coosistenr
with the hl'pothesis that adult Colorado pikeminnow select
a.Dd maintaiu fdelity to a home feeding range. This hypoth-
esis seems to Euppofied by the observation ilr the curreDt
study tbar adults with elevated selenium residues in muscle
plugs for 1 yeaf mai ained those residues in subsequeot
yearE, aad, corvemely, that fi6h fe€diog in e low seleniu$
area from year to year had low selenium residues oyer a
multiy€ar period.

Osmutrdson €t al. (1998) also noted that Colorado pike-
mimow do not seem to be highly arritorial as shown by
their concentrating iD limitod bacl:water habitab duriry rbe
spdng ruuoff (April-June), their co'ngregating prior to and
duing spawning in summet, and individuals occasionally
being found b€side one another, This finding of nonterrito-
dality is consistent with the wide range of s€lenium residues
fc--!rd in adults capurred ftom the WWSWA in the ptes€tt
study.

Osmundson et al. (1997) leporred thar growth rate$ of
adult Colorado pikeminnow were highest (421 nmlyeatr)
for fish 400-449 mm io length, declined in fish 500-549
rDm in length (19.8 mm/year), and were lowest for fi6h 550
mm in leng& ard larg€f, (9.5 nrD/tear)- This reduced
growth in largcr, oldca fish suggcsts they werc puttilg lcss
food resourc€s into grot+dl and possibly were coosuming
less food. Conrumption of less food, especially high-sele-
nium food ftom arcas such as WW$IVA, wodd allow
depuration of selenium residues over long periods of tirne,
aEsuming depuration is slow in large-bodied fish, In &e
prEsent sndy 6sh whose total length was ahout 680 mm and
larger bad substantially less selenium in muscle plugs rhan
did fish wbos€ lengrl was in tbe range of 500-630 mrn.
Consequendy, tbe nduced growth of large, older Colorado

tnay allow depurstion of sel,enium rcsiduee to
occur. Alt€rnatively, it may bo adult Colorad,o pikeminnow
500-650 mrn in length with low selenium residues that liye
tn b€ older and laryer, whereas adults wi6 elevated sele-
nium residues, those great€r thatr 12-15 pglg, nay disap
pesr from the populatioa because of loog-t€rm contaminant
smss.

Ttle adult amual suryival rare of aduh Colorado pike-
:r , r;rcrv ill the upper reach of the uppcr Colomdo Riyer has
be€n estimated to be high (0-86; Osmundson and Bumham,
1998). A sim;lm suvival rare (0.85) was estioared by
Osmundson et al. (1997) for Colorado pikeminnow greater
than 550 rnm in length . Adult fish can usually vithsrand
higher levels of stess, including contaminants, than can

younger &sh, and so this high surviyal ratc se€tns reasonable
ilespite high selenium residues in some adult Colorado
pikeminnow.

Stress during the younger life stages of Colorado pike-
miruow in thc upper rcach s€cms to havo iDorcased eince
the 190s. Osmundson and Bumhan (1998) noted $at in
the mid-1970s smaller size classes (250-450 Dm) wct6
more Eominent (about one-third), wberoas fish shoner tban
450 mm werc rare in thc upper r€ach h the €ady 1990s.
They p'resented two hypotheses to explain the changes in
size class distributioD: (l) the nursery habitat in dle upper
reach was of a high€r quality and quantity early than in lat€r
years, and s6 a snrelle" proportion of lafva€ drifted to the
lower reach; and (2) reproduction or hatching success in the
upper reach w.s forserly muoh 8t€atgr Oratr that today, ajrd
a substaodal numb€r of larvae wcte retained in tho upper
reach eveo though proportions drifting to the lower reach
might haye b€€n similar to thoEe itr r€cent yea[$. Stress ftom
contaminants such as solcnium could be contributing m the
lack of smgller size classes of Colorado pikeminnow il the
upper Col6ado River noted by Osmuod$on and Bumham
(1998). Th€y ruggested tiat changes in ruDorT pa em6 in
dre Colorado River, that is, fewor high spring nrnoff events,
rqay influence Colorado pikeminnow populations by rcduc-
ing the creation of fresh cobble bars for spawning ard
inadequately cleansing fnes from existing bars, reducing
flushiDg events to r€move contaminants from agriculurral
(selenium) 8od urban area6 from backwarer nurtery areas,
reducing channel diversity and biological diverity of river
botton ad$, and reducing the numbcr of nonnative min-
Irows tbat now dominate backwater lurs€dy habilats.

Comparison to Sdenium in Colorado Biver

In the present study selerium concentrations ifl nmscle
plugs of fish collcctEd 8t WWSWA (9-0-16.6 tr;glg, acjd
outside WWSWA in the upper Colorado RJver (4.4-8.5
palg) exce€dod the E5th p€rc€ntil€ (aditrary poioi distin-
guishing relatively '!igh'' coacentrarions) ilr the National
Co amila Biomonittring Progran (NCBP) fq the yeers
1g7l-1984 (wal$h et al., 1977; May and McKimey, 1981;
Lowe et al., 1985; Schmitt and Brumbaugh, 1990). The
NCBP has documented @mporal and geographic tends in
conceneadors of persistent envimnmental contaminants,
includirg selenium, in whol,E My of f dr tbat may threat€o
fsh and u'ildlife. The 85th percentile concentratiotrs of
sclenium in samplcs ftom the NCBP were 2.9 g.g/g [re-
ported as wet weigb! conv€rt€d to dry weight assuming
73% moistule ([av€rage of percart moi8tur€ in 1978-1981
and 1984 samples)l in 1n2-873,3.0 pglg (converted to
dry weight assuming 73% moisuue) i! 1976-1977,2.5

t g/g (conv€rted !o dry weight bas€d on a mean moisture of
72% for 591 samptes in the 1978-1981 collectiou) tu 19?8-
1981, and 2.8 Fg/g (conv€rted to dry weigbt based on a



mean Eoisture of 74% for 315 samples in the l9E4 collec-
tion) in 1984, the last year of the program (Walsh er al.,
1977; May and McKimey, 1981; Lowe et al., 1985; Schmitr
.,-l il.'rmbaugh, 1990).

Selenium concentrationa in muscle plugs measured ir the
present study probably undercscimaie lhe concentations in
whole-body firh. ODe report stared that fillets (i.e., muscte)
had more selenium than did \rhole-body bluegill and large-
mouth bass (Micropterus salmaides) collected ar a yariety
ofsites in central California associated with irrigation &ain-
age (Saiki et al., 1991), which was the opposite of whar tlrc
Eajority of afiicles in thc litefahlfe rcpqted, ln general,
muscle tissue contains le6s selenium 0la|] does the whole
body because of dre relatively high amouuts of selenium
found in thc spleen, liver, kidney, hearl, and otlr€f tissues,
espe.cially manue ovaries (Adams, 1976; Sato et al., 1980;
L€mly, 1982; Itilton et al., 1982; Hilton and Hodson, 1983;
Kleinow and Brooks, 1986; I*mly and Smith, 198?; Her-
rnanutz et al., 1992). Consequendy, dre estimated whole-
body selenium concentrations in Colorado pikemimow in
thi present 6tudy would be about 15.0-27.7 pgfg for fish
couected in WWSWA aad 1.3-14.2 |tgg tor ish coUe{red
outside WWSWA (based on a conversion factor of 1.667 X
muscle conceotration : whole body concenradou; Lemly
aad SFith 1987). Other conversion factor$ are 2-355 for
rainbow rout, based on data fron Adams (196), and 1.745
for bluegill and largemouth bass, from Lemly (1982). Both
of factofs would have iffieas€d th€ estimated whole.body
seletrium coucentatioos in Colorado pikeminnow. Thus,
using a cotrservative conve$ion factor, the Colorado pike-
minllow io the present study would halc had selenium
rcsiduc$ ovcr 5-9 tiltres highcr tltan the NCBP 85rh pcrccn-
tile for fish coll€cted in WWSWA and 2-5 times higher for
fish collected outside WWSWA.

Seletrium concentrations in whole-body fish in tbe Col-
orado River basin, measured as pan of the NCBP, have been
among the high€st in tbe nation (Walsh et al., 197'l ; Lowe
et al., 1985i SchmiBand B mbaugh, 1990). They exceedcd
the 85th pe(centile in whole-body fsh coUected in 1972-
1973 at 5 of 6 Colorado Rivef, batin stafons [the Green
Riy€r at Venal, UT (only upper basin station), and rhe
Colorado River at Impetial Reservoir, Laks l{&vqsu, I-€ke
Mead, and Lake Powell, all in Arizonal- Salo[ium concen-
tations in whole-body fsh also exceeded the 85th percen-
tile in 1978-1981 and in 1984 at six of seven surions (same
five as above plus the Colorado River at Yum& AZ).

The fich inyestigated itr the preseot sttdy may have
reached an equilibfium between selenium concentrations in
Eusclc [ssue and those in food chain organisms be.cause the
concgltations of selenium in the fisll based on using sele-
nium conc€ntratiotrs in muscle to calculate whole-body
cotrcentrations, were found to bo cloEe to those ilr food
orgauisms. The results of most laboralory ctudies of die.tary
exposure to sel€oium have shom tbar selenium accumu-
Iates to concenbations in whole-body 6sh similar to those in
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ile diet (Berne$ et a1., 1986; llamillos et al., 1990; Crane
et al-, 1992; Irnly, 1993b). In field snidies where fish haYe
had ti.me to equilihate with the environmental couditions,
they ofleq accumulate seledum concentatio$ from 1.4 to
2.6 timos grcarer than $c sclcnium corc€trtrations in tbeir
food (Barohart, 1957: Birkner, 19E; Woock, 1984; Saiti,
l9E6). It is possible thar if the setrenirtm coocentlarions in
water, sediment, aquatic inverteb,mtcs, 8nd forage fi3h had
remained low, as occurcd in 1998, that selenium concen-
trations i! Colorado pikeminoow usiag WWSWA would
defiease.

Although it was found that fluahing the WWSWA chan-
nel lowered selenium cotrc€nFatioDs in sev€ral aquatic eco-
sysiem components, others have reported that flushing of
channels atrd backgrarers has not had similar cffects. viUe-
gas (199) repofted tha! the ffushing of the 243-ha Cibola
I-ake, on Cibola National Wiftllile Refuge, in California and
Ari"$a with Colorado River water did not consistendy
reduce selenium concertratio[f in s€dimo t and fish during
tbrcc intermittent flushings. IIe also tepoded thar continu-
ous flusbing of Mirtry Lak€, in Arizon4 v.ith Colomdo
Riv€r water held seleDirm concentrations in sedime[t and
fish at the lower end of the range of concentratioos observed
at Cibola l,ake. NIWQP (2002) reported that remediation
effqrts such a6 draining, drying, flushitrg, dling, or adding
lime did not mea$urably reduce seleriurD concenFatiotrs in
s€diments at Eelenium-contamioat€d Slewart Lake, on tle
Creelr River in Utah. In fact, selenium in the sediment
rapidly accumulated in phytoplankton a d zooplankton,
which resulted in a l0-fold increasc in selenium concentra-
tions in 300-9 razorback sucker after 30 days of exposure
(ftom 0.9 pglg prerelease to 9.0 p.g/g). In tbe present study
the deaaeas€i selenium conceDtratiorls in wat€r, sediment,
and biota at W'WSWA were probably a result of tbe effi-
cifit, continuous flustring of tlrc 1o[g naffo\tr' channel.

The audrots thadk the folos'iag for technic.l aFsisiatrce Mar-
vin Erlers, Hcathcr Hamilton. atrd Sosa[ Mue]rlbsicr of ft€ USGS;
Rocky Dial and Joe Rubalcaba of thc BOR, Grand Jwctiot
hojects Offca, Cra[d lulction, Colorado; Fra* Pfcifcr, Mke
Baksr, CIl€lyI Harris, Chuck IUcAda, Mike Monlagtre, atrd Briatr
Scheq of the USFWS, Colorado Rivcr Fishcry Projec! Gland
Juction, Colorado; aad Rick Krueger ald BaIb Osmuudsoo of th€
USFWS, Ecological Services Office, Gnnd JudctiorL colorado.
The authors al6o tlEnk Mart Elletsieck foa statistical ar$israncei
Kar€n Faerber for formanitrg de paper; and Chuck McAda Pa!
Nelson, Batb OsEundBon, Tom Pitts, Paul rco Guerrn4 aod Jadles
Yahnkc fot rcview cornscots.
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