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ABBTRACT: Concern has been raised that selenium contamination may be adversely affecting endan-
gered fish in the upper Colorado River basin. The objective of the study was to determine if operation of
& water control structure (opened In December 1996) that allowed the Colorado River to flow through a
" channel area at Walter Walker State Wildlife Area (WWSWA) would reduce selenium and other inorganic
elements in water, sediment, aquatic invertebrates, and forage fish. Endangered Colorado pikeminnow
were collected and rmuscle plug samples taken for selenium analysis. Selenium concentrations in filtered
water were 21.0 ug/l in 1995, 23.5 pg/l in 1988, 2.1 pg/L in 1997, and 2.1 pg/L in 1998, Selenium
concentrations in sediment cores and sediment traps were 8.5 pg/g in 1995, 8.2 ug/g in 1996, 4.8 pg/g
in 1997, and 1.1 ug/g In 1998. Selenium concentrations In aquatic invertebrates were 27.4 ug/g in 1996,
15.5 ng/g in 1997, and 4.9 ng/g 'n 1998. Selenium concentrations in forage fish were 27.2 ug/g in 1996,
20.2 pg/g in 1997, and 8.6 pg/g in 1998. Selenium concentrations in muscle plugs of Colorado pike-
minnow were 9.8 pg/g in 1995, 9.5 pg/g In 1996, 9.0 pgfg in 1997, and 10.3 pg/g in 1998. Although
selenium concentrations in water, sediment, aquatic invertebrates, and forage fish decreased substan-
tially after operation of the water cortrol structure, a cotresponding change in Colorado pikeminnow did
not seem to occur. Selenium concentrations in muscle piugs decreased with increasing fish total length
and weight, did not change between repeat sampling in the same year or recapture in subsequent years,
and seemed to be most closely associated with the mean monthiy river flow for the March-July period.
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basins prior o the construction of main stem dams has been
hypothesized to have contribuied to the decline of native
fish now federally listed as endangered (Hamilton, §999),
Lore r orzports have suggested that endangered fish, espe-
cially razorback sucker, are being adversely affected by
selenium contamination in the Green, Price, Yampa, and
upper Colorado rivers (Hamilton, 1998; Stephens and Wad-
dell, 1998; Hamilton et al., 2000}.

The vpper Colorado River provides critical habitats for
four endangered fish species: Colorado pikeminnow (Pry-
chocheilus lucius), razorback sucker (Xyrauchen texanus),
humpback chub (Gila cypha), and bonytail (Gila elegans)
(USFWS, 1987, 1994). A combined approach for recovery
of the four endangered fish in the upper Colorado River
basin was undertaken in 1987 by the Upper Colorado River
Endangered Fish Recovery Program (USFWS, 1987). The
goal of the 15-year program was to reestablish self-sostain-
ing populations of the four species while allowing continuzed
water development.

In an effort to stabilize and ecnhance populations of
endangered fishes in the upper Colorado River, the Flood-
plain Habitat Restoration Program within the Recovery
Program has undertaken the task of restoring fioodplain
hahitats for use by endangered fish larvae and adults. The
proposed srategy for achieving these goals was to recon-
nect selected floodplain habitats to the main river channel in
a manner that simulated historic hydrological conditions.
An important component of this program was to select sites
that after restoration would not pose contaminant problems
to the fish, especially from seleninm,

Adult Colorado pikeminnow are typically found in the
deep fast-flowing waters of the Colorado River and in large
pools of tributaries and are slow-growing and piscivorous
(Moyle, 1976). Young Colorado pikeminnow less than 50
mm in total length frequent the quiet waters of the river's
edge ot shallow pools and feed mosdy on cladocerans,
copepods, and chironomid larvae (Moyle, 1976). By the
1970s Colorado pikeminnow had been extirpated from the
Colorado River below Glen Canyon Dam (Moyle, 1976).
The status and trends of the Colorado pikeminnow were
reviewed by Osmundson and Burnham (1998), who esti-
mated there were 598 Colorado pikeminnow in the upper
Colorado River: 254 adults in the upper 98 km and 344
aduits and subadults in the lower 181 km. They concluded
that the abundance of Colorado pikeminnow was lower than
that suggested in historical accounts. The current population
was thought to have a constant adult survival rate, but
recruitment was highly variable and could represent the
most important demographic factor to population persis-
tence in the upper Colorado River basin, High spring river
flows were speculated to be an important precursor to suc-
cessful reproduction of Colorado pikeminnow because of
the importance of fiow on maineaining cobble bars used for
spawning, diluting pollutants, maintaining channel diversity
and biological productivity, and reducing the number of
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Fig. 1. Map of sampling stations during 1985-1996 at
Walter Walker State Wildlife Area near Grand Junction, CGO.

nonnative fish in backwater nursery areas (Osmundson and
Burnham, 1998).

The study was conducted in the backwater channel of the
Colorade River at Walter Walker State Wildlife Area
(WWSWA) near Grand Junction, Colorado, which is highly
contaminated with selenium (Butler and Osmundson, 2000;
Hamilton et al., 2001a, 2001b). Numerous adult Colorado
pikeminnow have been routinely found at WWSWA (Kidd,
1977; Valdez et al., 1982; Valdez and Wick, 1983; Archer
et al., 1985; Osmundscn and Kaeding, 1989; Mourning,
1995; Lloyd, 1996; Scheer, 1997). Recently, Colorado
pikeminnow captured at WWSWA have been documented
o have higher selenium concentrations in muscle plugs than
have adults collected in other parts of the upper Colorado
River basin (Butler and Osmundson, 2000; Osmundson et
al., 2000). This backwater is also where razorback sucker
had historically been observed (McAda, 1977; Kidd, 1977;
Valdez et al., 1982; Osmundson and Kaeding, 1989).

The objective of this study was to determine if a water
control structure that allowed flushing of a selenium-con-
taminated backwater with water having lower selenium than
the backwater would reduce seleninm concenirations in
water, surficial sediment, aquatic invertebrates, forage fish,
and Colorado pikeminnow.

MATERIALS AND METHODS

The study was conducted between May 1995 and Septem-
ber 1998 at WWSWA (Fig. 1), which is about a half
kilometer southwest of the Grand Junction city Jimits.

Site Description

The sampling stations at WWSWA were designated WW1
through WW10 (Fig. 1). The backwater channel is in a bend




in the Colorado River that formerly was a gravel pit. A dike
: alonsz the north side of the Colorado River prevents the river
vivwing through the channel area. Duting spring runoff
v scks into the channel area at station WW9 and
wicaies a backwater pool that in some years has exiended the
entire length of the channel 1o station WW4. In 1996 a water
confrol structure was constructed in the dike near WW4 to
provide flushing fiows into the channel area from the Col-
orado River in order to reduce selenium concentrations in
water, sediment, and biota. The water control structure was
opened on December 3, 1996. The backwater channel re-
ceives an inflow of groundwater from the underlying cobble
aquifer (Phillips, 1986). Elevated selenium concentrations
in groundwater and surface seeps entering the channel area
have been documented by Butler and Osmundson (2000).

North Pond is at WWSWA and is an isolated pond about
1 ha in size with a maximom depth of 1.5 m on a terrace
about 2 m above the backwater channe). Water in North
Pond was supplied primarily by groundwater discharge,
which contained elevated seleninm concentrations (Butler
and Osmundson, 2000). The south side of North Pond had
a dike and water overftow structure installed to maintain
water levels, and overflow water entered the channel area.
Water levels at North Pond were supplemented by inflow at
WWI1C from Independent Ranchman’s Ditch. The channel
area neart WWo received effluent from North Pond during
periods between 1995 and 1997 when water from Indepen-
dent Ranchinan’s Ditch was used to maintain water levels
for a reproduction study with adult razorback sucker (Ham-
ilton et al, 2001a, 2001b).

The sampling station at the outfall of the marsh was
designated WW4 (Fig. 1) prior to construction and opera-
tion of the water control structare; it was designated WW4a
after the installation and opening of the water control struc-
ture and was al the mixing zone of the water control struc-
ture and the marsh outfall (Fig. 2). A new station, WW4b,
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Fig. 2. Map of sampling stations during 1996-1998 at
Walter Walker State Wiidlife Area near Grand Junction, CO.
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was established away from the mixing zone and nearer the
matsh. Sampling station WW8 (Fig. 1), designated prior to
the constuction and operation of the water control structure,
was designated WW8a after installation and opening of the
control structure, and a new station, WW8b, was established

~ (Fig. 2). Following operation of the water control structure,

it became apparent that the water flow through the channel
area was uniformly mixed. Consequently, the sampling of
water quality characteristics was discontinued at WW35,
WW7, and WW9 in 1997 and 1998,

Fish and Aquatic Invertebrate Sampling

Fish were captured at various sites in the backwater channel
by personnel of the Colorado River Fishery Project (CRFP),
Grand Junction, Colorado. Details of fish collection and the
resnlting data are given in articles by Moumning (1995),
Lloyd (1996), and Scheer (1997, 1998). Briefly, fish were
collected by using fyke nets, using trammel nets, seining,
using minnow traps, clectrofishing, or a combination of two
or more of these methods. Sampling was accomplished
from April to late summer, when water levels dropped. Fish
were identified by species and age classification and
counted, and total length and weight were measured. Sam-
ples of forage fish were placed in Whirl-Pak bags, stored
frozen at —20°C while awaiting analysis of total selenium
and other inorganic elements, and shipped with dry ice
when transported.

One razorback sucker was collected during 1995-1998,
whereas numerous Colorado pikeminnow were collected
each year. The razorback sucker, which was collected in
1995, did not have a passive integrated transponder (PIT)
and was moved to the CRFP facility at Horsethief Catiyon
State Wildlife Area. For each Colorado pikeminnow col-
lected, the PIT tag was determined, total length and weight
were recorded, and a muscle plug sample for selenium
analysis was taken from the dorsal area adjacent io the
dorsal fin. If no PIT tag was found, a new one was im-
planied. Muscle plugs were collected using a 4- or 5-mm
biopsy punch, placed in cryotubes, stored on ice in the field,
stored in a freezer (—20°C) while awaiting analysis of
selenitm concentrations, and shipped with dry ice when
transported.

Aquatic invertebrates were collected from stations in the
channel vsing modified light traps (Espinosa and Clark,
1972) and sediment grab samplers. Light traps were set
overnight and the trapped zooplankton and other aquatic
invertebrates were collected the following morning. At each
sampling station the contents of all the light traps were
combined and concentrated by filtering the samples through
the basket of a 153-pm plankton net. The combined samples
were then backwashed into a 3.8-L plastic jar filled with site
water, covered, and transported to the laboratory in coolers.
In the laboratory the samples were filtered to remove water,
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placed in Whirl-Pak bags, stored frozen at —20°C while

awaitlng analysis of total selenium and other inorganic
Soapenis, alld al'upped with dry ice when transported.

& +1b samples were collected in plastic jars and
uamymtcd in coolers to the laboratory for separation of
benthic invertebrates. Sediment samples were washed
through a set of sieves and the invertebrates extracted from
the debris using stainless-steel or plastic forceps.

Some sediment samples were shipped with wet ice packs
to the Yankton Field Research Statton (FRS) for separation
of benthic -invertebrates. Composite samples of inverte-
brates were placed in Whirl-Pak bags, siored frozen at
—20°C while awaiting analysis of total selenium and other
inorganic elements, and shipped with dry ice when ans-
ported.

Water and Sediment Sampling

From May 1995 to September 1998 selected water-quality
characteristics were measured in situ on an irregular basis at
the sampling stations in the channel area. In addition, water
was collected on a regular basis at sample stations and
analyzed for general water quality characteristics in a mo-
bifz laboratory housed at the CRFP facility. Water quality
characteristics measured in situ at each station included pH,
conductivity, and salinity. Water quality characteristics in
unfiltered water samples measured in the mobile laboratory
included pH, conductivity, hardness, calciom, magnesium,
alkalinity, and chloride. Two subsamples of each sample
taken to the mobile laboratory were collected in polyethyl-
ene botiles. One sample was used for ammonia analysis and
was acidified to a pH of less than 2 with concentrated
sulfuric acid. The other sample was used for nitraie, nitrite,
sulfate, total suspended solids, volatile solids, and fixed
solids analyses and was stored in a refrigerator at 4°C.
These subsarnples were then shipped in a cooler with wet
ice packs by ovemight express 1o the Yankton FRS for
analysis. All water-quality characteristics were measured
according to standard methods (APHA et al., 1995), except
for the nitrogenous chemicals and chioride. Ammonia, ni-
wate, and nitrite weve measured using ion-selective elec-
trodes according to the procedures for low-concentration
measurements of the electrode manufactarer (Orion, 1990,
1991; ATI Orion, £994). Chioride was measured using the
mercuric nitrate titration method (Hach Company, 1992,
1997).

Subsamples of water collected for water-quality analyses
from sample stations were taken for analyses of selenium
w4 erganic elements. Filtered and unfiltered water was
collecied for selenium analysis, The watet was Bltered
through a 0.4-pum polycarbonate filter using a Geotech
filtration unit, and 200 mL of the filtered water was acidified
with 2 ml. of ultrapure HCl and stored frozen undl the
analysis of dissolved selenium concentrations. Two hunrdred

milliliters of the unfiltered water was acidified with 2 mL of
uitrapure HC and stored frozen until the analysis of total
selenium concentrations. Samples for analysis of inorganic
clements were filtered as described above, acidified with 2
mL of ultrapure HNO;, and stored frozen,

Samples of bottom sediment (hereafter referred to as
sediment) were collecied between May 1995 and September
1998 for analysis of selenium concentrations. Between 1995
and mid-1996, sediment was collected by a petit ponar grab
sampler, placed in a large plastic pan and thoroughly mixed,
and then large pieces of debris (plants, twigs, rocks, ete.)
were removed. Snbsamples of the homogenized sediment
were collected in polyethylene bortles and stored in a
freezer until analysis. One sample was analyzed for total
selenivm concentration, and a second sample was analyzed
for concentrations of inorganic elements. A second portion
of each sample collected between October 1995 and April
1996 was analyzed for total and inorganic carbon and for
total, volatile, and fixed solids, and a third portion was
examined for sediment particle size.

Samples for carbon analysis were oven dried overnight at
105°C in a Fisher Isotemp oven. Dried samples were ho-
mogenized and ground in a CRC Micro-mill (Peguannock,
NIJ). Subsamples of about 30 mg each were wrapped in
aluminum foil and bagged in Whirl-Pak bags. The sub-
samples were sent to the Columbia Environmental Research
Center {(CERC), Columbia, Missouri, for analysis of total
and inorganic carbon; organic carbon was determined by
subtraction. The carbon analyses were accomplished with a
Coulometrics Carbon model 5020 analyzer (Joliet, IL).

Total, volatile, and fixed solids measurements were de- .
termined by standard methods (APHA et al., 1995). Bricfly,
subsamples were weighed in an aluminum drying pan and
air-dried prior to oven drying and mvifle forpace ignition.

"Total solids were measwred by drying the sediment over-

night in a Fisher Isotemp oven (St. Louis, MQ) at 105°C.
Constant weights were determined by weight loss of less
than 4% or 50 mg, whichever was less. Fixed and volatile
solids measurements were determined by ignition at 550°C
for 60 min in a Thermolyne model FA1730 muffie furpace
(Dubuque, TA) and then allowed to cool overnight in the
furmnace before weighing.

Sediment particie size was determined by standard meth-
ods (ASTM, 1993). Samples were air-dried on fiberglass
trays for 3—6 days, and large aggregates of dried sodiment
were crushed with a mortar and rubber-covered pestle. The
dried sediment was sieved to remove particles greater than
2.0 mm in size. Dried sediment samples were weighed and
then stored at 4°C until analysis. Each sample was analyzed
in duplicate. Hydrometer analyses were conducted accord-
ing to standard methods in 1-L sedimentation cylinders or
graduated cylinders nsing ASTM model 152H hydrometers
(ASTM, 1990). Briefly, sediment subsamples were dis-
persed overnight in a 40 g/l sodium hexametaphosphate
solution. A Hamilion Beach Scovill mechanical stirer




(Washington, NC) and a cup with baffles were utilized to
fnrther disperse the sample before hydrometer analysis. The
c plotted on graph paper, and the percentage for
: iz wize of interest was interpolated from the graph.
P.n ucie sizes were classified according to the U.S. Geolog-
ical Survey (USGS) classification scheme, which is based
on the Wentworth-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 sampling was
done by coring and with traps. Sediment core samples were
collected by pushing a 30-cm long, 7.6-cm-dismeter poly-
vinyl chloride plastic (FVC) pipe (previously cut in half
lengthwise) into the sediment using an apparaius that pre-
vented the sides from splitting open as the pipe was forced
into the sediment. The apparatus had a removable cap that
was placed on top of the pipe to hold the halves together.
The removable cap had a small hole in it through which
overlying water escaped from the pipe as it was inserted into
the sediment. After pipe insertion a rubber stopper was
placed in the cap hole to create a vacuum in the pipe during
removal of the pipe from the sediment 5o as to maintain the
integrity of the sample during the removal process. After
removal, the top and bottom pipe ends were capped. The
cores were immediately frozen to maintain the longitudinal
inteprity of the sample and were shipped frozen. Thice
subsamples of each sediment core were collected by remov-
ing the end caps, splitting the pipe sides, removing the
frozen sediment core, and cutting 1-cm sections from the
top, middle (=15 cm deep), and bottom (=30 cm deep) of
each core sample. Any frozen overlaying water was dis-
carded. These 1-cm sections were analyzed for total sele-
niam concentrations.

Sediment traps consisted of 22.9-cm long, 15.3-cm-di-
ameter PVC pipes that were capped at one end. The capped
end was pushed into the sediment and left o passively
collect sediment over a period of time. Sediment traps were
capped prior to removal from the sediment, placed in an
upright position in a cooler for tansport, and stored and
shipped frozen. Any frozen overlying water was discarded.
When sufficient sediment was available from a sediment
trap, the sediment was cut into upper and lower portions for
analysis of selenium concentrations.

Inorganic Element Analyses

Most samples collected for seleninm analysis were analyzed
at the Yankton FRS using a Perkin-Elmer model 3300
atomic absorption spectrophotometer equipped with a
wawied YUHS-10hydride generator (AA-HG) (Norwalk, CT).
The spectrophotometer was standardized with National In-
stitate of Standards and Technology (NIST) standard refer-
ence material 3149 (water).
‘Water samples were digested using a persulfate digestion
technique, and total selenium was determined by a modifi-

FLUSHING BACKWATER CHANNEL 55

cation of the method of Presser and Barmes (1934). Some
samples were analyzed at the Environmental Trace Sub-
stances Laboratory (ETSL), University of Missouri, Rolla,
Missouri. Similar equipment and procedures were used at
ETSL in analyses, except thai analysis of selenium concen-
trations was based on the 1.S. Environmental Protection
Agency (EPA) method 7000 (USEPA, 1983). Quality as-
surance/quality control measures included determination of
the limit of detection, use of procedural blanks for back-
ground equivalent concentration, percent relative standard
deviation of triplicaie sample preparation and analysis, re-
covery of elements from reference material, and recovery of
digested-spiked sample solutions and analysis-spiked sam-
ples.

For water, the mean limit of detection (LOD)Y was 1.0
ug/L. at both analysis labs [standard error (SE) 0.1, n = 37].
The procedute blanks had background concentrations less
than the LOD, which indicated no contamination from re-
agents or sample handling. The mean percent relative stan-
dard deviation (triplicate sample preparation and analysis)
was 6.1% (SE 1.8, n = 36), which indicated consistent
sarnple handling during preparation, digestion, and analysis.
Recovery of selenium from NIST reference material 1643¢
water, NIST reference material 1643d, and Environmental
Resources Assogiates 9969TM reference water was within
the CERC’s recommended ranges, indicating the digestion
and analysis procedure accurately measured selenium con-
centrations. The mean percent recovery of digested-spiked
sample solutions was 99% (SE 1, n = 37), indicating the
digestion procedure did not alter the amount of spiked
selenium in the sample, that is, it suggested no loss of
selenivm in water samples during the digestion procedure.
Mean selenivm recovery of analysis-spiked samples ana-
lyzed for matrix suppression or enhancement was 100% (SE
1, n = 32), which indicated no interference from other water
components.

All sediment, aquatic invertebrate, and fish samples were
prepared for analyses of selenium concentrations by fiest
iyophilizing the sample to a constant dry weight using a
Virtis Vacu-Freezer (Gardiner, NY). Fish samples were
then homogenized with a food processor. Animal tissue, fish
food, and sediment samples were digested using a combi-
nation nitric acid wet digestion and magnesium nitrate dry
ash technique (Pettersson et al., 1986). The dry ash proce-
dure was accomplished in a Thermolyne model FA1730
muffle farnace. Total selenivm was determined by a modi-
fication of the method of Presser and Barnes (1984). Quality
assurance/quality control measures were the same as for the
water analyses, and the results are summarized in Table I

Analyses of inorganic elements in water, aquatic in-
vertebrates, and forage fish samples were petformed by
inductively coupled plasma spectroscopy (ICP) at the
Environmental Trace Substances Research Center (Uni-
versity of Missouri), Roila, Missouri. The list of elements
and the LOD are given in Table II. For water, the pro-
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TABLE 1. Mean {(standard error in parentheses and
number of samples in brackets) gquality assurance and
Guality control measures for selenium analysis of
=adiveont, aquatic iInvertebrates, and forage fish

Matrix
Aquatic -
Measure Sedimemt  Invencbrates  Fish
Limit of detection (pg/g) 0.16 0.16 0.4
(0.04) (0.05) 0.7
[10} (8] 1451
RSD (%)* 20 34 7.6
(3.5) (1.3) (1.2)
[10 [8F {41
Reference material 041° 1.30¢ 1.20¢
(0.01} {0.03) (1))
{8] 7 {2
1.044 5.20° 5.200
(0.16) (0.06) {0.06)
2] 4 4]
Digested spikes 102 98 T84
2 1£)) 2)
(18] [13] {41
- Analysis spikes® 102 108 —
[€)] 2)
8] (5
*RSD: Percent relative standard deviation for duplicate or triplicate

preparstion and analysis.

" National Rescarch Council of Canada (NRCU) reference matesiat
BCSS-1 [marine sediment; 0.43 * 0.06 (standard deviation; SD) jg/g).

¢ NRCC reference material DORM-2 [dogfish muscle tissue;, 1.40 =
0.09 (SD) ug/gh

9 National Bureau of Standards reference material Buffalo River sedi-
ment (no certified concentration).

*NRCC reference material DOLT-1 [dogfish liver; 6.06 = 0.49 (SD))

rglgl:

f Percent recovery of selenium from samples spiked with selenium at
the beginning of preparation for sampie analysis.

£ Percent recovery of selenium from digested samples spiked with
selenium after sample preparation but before instrument analysis.

cedure blank had background equivalent concentrations
less than the LOD for all elements except boron, iron, and
magnesium in one blank and aluminum, copper, lead,
magnesivm, and strontivm in a second blank, The mean
percent relative standard deviation (duplicate sample
preparation and analysis) was 1.7% (n = 3); the mean
spike recovery was 103% (rx = 3); and the recovery of
trace elements in Environmental Resources Associates
reference water ERA9969TM (7 = 3) was within recom-
mended ranges except for aluminum in two analtyses. For
aquatic invertebrates, the procedure blank had back-
ground equivalent concentrations less than the LOD for
all elements except for arsenic and boron, the mean
percent relative standard deviation (duplicate sample
preparation and analysis) was 7.2% (n = 1), the mean
spike recovery was 97% (n = 1), and the recovery of
trace e¢lements in National Research Council of Canada

(NRCC) reference material DORM2 (dogfish muscle,
n = 1) was within recommended ranges except for ar-
senic, cadmium, and lead. For forage fish, the procedure
blank (n = 2) had background equivalent concentrations
less than the LOD for all clements except zinc in one
sample, the mean percent relative standard deviation
(duplicate sample preparation and analysis) was 6.2%
{n = 2), the mean spike recovery was 96% (n = 2}, and
the recovery of trace elements in NRCC reference mate-
rial DOLT2 (dogfish. liver, n = 2) was within recom-
mended ranges except for arsenic, cadmium, manganese,
and zinc in one sample and iron in a second sample.
Muscle plugs from Colorado pikeminnow were ana-
lyzed for seleninm concentrations by neutron activation.
Muscle plugs were prepared for analysis at CERC, and
neutron activation analysis was performed at the Univer-
sity of Missouti Research Reactor (MURR), Columbia,
Missouri. All sample preparation prior to neutron activa-
tion analyses as well as the neutron activation method
were described in Waddell and May (1995). Samples
were transported to MURR for deternmination of radionu-
clide ""™Se (McKown and Morris, 1978). Selenium stan-
dards and quality contro! samples were analyzed in the
same manner as animal tissues. National Instituie of
Standards and Technology 1577 (bovine liver) standard
reference material was analyzed by MURR as a quality
control check on accuracy and precision. The recovery of
selenfum was within the NIST recomtended range, and the
percent relative standard deviation of multiple analyses was

TABLE . Limit of detection of elements measured by
inductively coupled argon plasma spectroscopy in
water (ug/L.), aquatic invertebrates (ug/g dry weight),

and forage fish {ig/g dry weight)

Matrix

Aguatic
Element Water Invertebrates Fish
Alaminim 40 4 2
Arsenic 20 5 2
Boron 4 04 0.5
Barium 0.6 01 0.06
Beryllium 0.1 01 0.06
Cadmiurn 2 0.4 02
Chromium 3 1 1
Copper 1 0.4 0.3
Tron 4 08 0.5
Lead 20 3 2
Mapnesium 1 0.1 0.5
Manganese 1 0.2 01
Molybderum 4 08 0.5
Nickel 4 0.9 0.6
Strontium 02 0.04 0.04
VYanadium 3 04 0.2
Zinc 5 02 0.09
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4.2% duting one analysis (n = 11) and 6.5% during another
(n = 5). Selenium values in micrograms were obtained by
<ieui comparison of peak areas obtained for the samples to the

- rxak areas obtained for a set of standards. The limit of
dctccuon was 0.015 pgfe. Duplicate mwuscle plugs from the
same fish were not taken, so no other quality assurance mea-
sures were evaluated.

Statistics

Data were "analyzed with the Statistical Analysis System
Institute, Inc., statistical application (SAS, 2002). Analysis
of variance testing was done to compare the variation in
water, sediment, aquatic invertebrates, and forage fish (Jlog-
arithmically transformed values) residues among sites.
When significant differences (p =< 0.05) were observed,
means were compared by the Bonferroni (Dunn) multiple
means comparison test (Snedecor and Cochran, 1967). In
cases in which measured selenium concentarions in water
{27 data poinis out of 337 (8%)] werc below the LOD,
one-haif of the LOD value was used in correlation analysis
(Kushner, 1976; USEPA, 1996).

Correlation analyses were used to test for relationships
among water quality characteristics and inerganic ele-
mcht concentrations in water, sedimemt, agquatic inverte-
brates, and forage fish. The Spearman correlation (r,) was
used to determine the correlation of selenium concentra-
tion in sediment (assuming a nonnormal distribution of
selenivm in sediments; Peltz and Waddell, 1991; Ste-
phens, 1996; Zhang and Moore, 1997} with selenium
concentrations in aquatic invertebrates. Correlation anal-
yses of the means with standard deviation and variance
measures were conducted to determnine if ransformations
were needed to meet the assamptions of normality and
homogeneity of variance (M. Ellersicck, University of
Missouri, Columbia, Missouri, personal communication).

Multiple regression analyses were used to test for rela-
tionships among sediment characteristics and seleninm con-
centrations in sediment and among selentum concentrations
in water, aquatic invertebrates, and forage fish. A Wilcoxon
signed-rank test was used to determine if the recaptured
Colorado pikeminnow at WWSWA showed significant dif-
ferences in selenium concentrations in their muscle plags
sampled in different years.

The results of statistical tests were considered significant
if the p value was less than or equal to 0.05.

RESULTS
Water Quality

Water quality characteristics varied over the years primarily
by season. Station WW1 on the Colorado River tended to
have high conductivity with low water flow, about 1000

pmhos/cm, and low conductivity with high water flow,
about 300 gmhos/cm (Table II), which is typical for west-
ern rivers {written communication, J. Yahnke, U. S Bureau
of Reclamation).

Station WW4 was on thc north side of the levee from
WW1 at a site where a marsh was formed from groundwater
discharge. Conductivity in this area varied seasonally, with
low conductivity, about 1000-4000 pmhosfcm, from late
May to early July 1995 and high conductivity, about 7000~
12 000 wmhosfem, in fall through spring. After the water
control structure was opened, conductivity values at this
station were slightly higher than those at WW1, except
when the water flow through the structure was reduced,
resulting in elevated conductivity in the channel. In contrast,
station WW4db (which was started in December 1996 at the
marsh outflow) had very elevated conductivity concentra-
tions through most of 1997, similar to those at WW4 prior
to the opening of the water control structure. After the
conwol structure was opened, average conductivity at the
marsh station decreased: 6160 pmhos/cm in 1995, 8810
pmhos/cm in 1996, 7600 pmhos/em in 1997, and 2620
pmhos/cm in 1998 (Table IV). This change in conductivity
was more evident in the maximum conduactvity values at
the marsh station: 11 120 pmhosfcm in 1995, 12780
puhosfem in 1996, 14 120 umhos/em in 1997, and 5800
wmhos/cro in 1998,

Conductivity concentrations at other stations in the chan-
nel followed those at WW4, but at progressively lower
concenirations with increasing distance froom WW4. After
the water control structure was opened, conductivity at ail
stations, except WW4b, was slightly higher than in the tiver,
but sebstantally lower than before the structure opening
(Table IV). Water quality characteristics of samples mea-
sured in the mobile laboratory, such as hardness and alka-
linity, followed changes in conductvity measured on-site,
which was lowest during runoff and highest during low-
flow periods (Table [V). The years 1995 and 1997 seemed
1o be high-flow years, whereas 1996 and 1998 were aver-
age-flow years (Ugland et al., 1995; Crowfoot et al,, 1996,
1997, 1998, 1999; Fig. 3).

Selenium and Other Elements in Water

There was a significant difference in selenium concentra-
tions between fittered and unfiltered water at two stations,
WW1 (Colorado River) and WW4b (marsh area), shown in
Table V. In 1995, 1996, and 1997 the selenfum concentra-
gon in fillered water samples at WW1 was consistently
lower than in that in unfiltered water samples. At WW4b
selenium in filtered water was lower than in unfiltered water
in 1997. The higher level of seleninm in unfiitered water
was probably a result of selenium associated with particu-
late matter. At stations WW4, WW3, WW6, WW7, WW§,
WWEb, and WW9 no difference in selenium concentrations
between filtered and uniiltered water samples was found.
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Fig. 3. Mean flow {cubic meters per second} in the Colorado
River at the U.S. Geological Survey gauging station near the
Colorado-Utah border during 1994-1998 (e 1994, ¢ 1995,
B 1996, © 1997, O 1898; e with dashed line average for
1951-1998).

There were significant differences in selenium concen-
trations according to the year at WW4, WW6, and WWE
(Table V). Selenium concentrations in water at WW1 were
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consistent over the 4-year monitoring period, about 2.4-3.3
pg/L in unfiltered water, At WW4 seleninm concentrations
in water before the water control structure was in operation
were 4858 ug/l., whereas after operation of the control
structure selenium concentrations dropped to 2.0-4.8 ug/L.
Similar changes were observed at WW6 (9.2-15 pg/l. be-
fore, 1.6-2.3 pg/l. after) and WWE (10-29 pg/l. before,
1.7-3.0 pg/L after). During the time the water control
structure was operating, water with elevated selenivm con-
centrations entered the channel area from WWd4b berween
December 1996 and September 1998 (84 ug/L. in December
1996, 43 pg/l. in 1997, and 11 ug/L in 1998).

Significant differences in selenium concentrations were
also observed between stations (Table V). In 1995 WW4
had the highest selenium concentrations, and WW35, WW6,
WW7, and WWS had concentrations significantly higher
than either WW1 or WW9. A similar patterti was observed
in 1996, except that WW9 had elevated seleniuom concen-
trations, in part because of the high selenium concenirations
at WW3. However, when the water control structure was
operating, in 1997 and 1998, there were no interstation

TABLE V. Maan [range in parentheses and number of samples in brackets) selenium concentrations {ug/L) in

fittered and unfiltered water at several stations in the channel at Walter Walker State Wildlife Area

Station
Year and
Measure WWwW1 wWw4 WW4b WwWwW;5 WWeo WWwW7 WW8 WWEb Wwo
1995
Filtered 1.9a 55Ab N§* 19aby 15Aab 22ab 10Aab N 6.3a
(<1-3.3) (<1-126) (<1-80) (=< 1-69) (<1-170) (<1-34) (<1-21)
8} f8] [8] [8] 8] (8] {83
Unfiltered 33 58 NS 11 92 16 16 NS 8.6
[1} m [1} (1} (1) 1) 1]
1996
Filtered 1.7a 48Ab 84 24b 9.8Aab 24a 29Ab 3.0 11ab
(<1-3.5) (4.9-135) — - (1.7-58) (1.4-22) {<1-71) (3.1-53) — (<141
| (61 (1] [6] [6] (61 {4} (11 [61
Unfiltered 25 49 a2 25 10 16 16 30 13
(1.3-3.00 {5.2-138) — (3-59) (2.6-22) {<1-41} 3024 —_ (<1-37)
4 [6] [l {5} f6} [51 3] mnm {51
1997
Filtered 1.6a 2.9Ba 43b NS 1.6Ba NS 1.9Ba 2.0a N§
(<1-2.7 (<1-6.0} (<1-152) {<1-3.0) (<1-3.2) (<1-34)
{12) . [12} 2] 2] (111 [12]
Unfiltered 24 4.8 o0 NS 23 NS 3.0 2.9 N3
{(<14.4) (1.5-6.4) (1.3-148) (1.1-3.0) (<14.8) (1.0-4.2)
) [5] (51 [51 (5] [51 51
1998
Filtered 1.6a 20Ba - 11k NS 1.8Ba NS 1.7Ba 2.9a NS
(<131 (1.0-3.8) (1.8-31) (<137 (<1-3.5) (L0560
[8] 18] [8] [8] [71 [8]
Unfiltered NS NS NS NS NS NS NS NS NS

Uppercase letters within a column indicate significant differences between years {p =< 0.05). Lowercase letters within a row indicate significant

differeaces between locations {(p = (.05)
" NS: Not sampled.
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Flg. 4. Selenium concentrations (ug/l) in filtered water at
various sampling stations at Walter Walker State Wildlife
Area {» WW1, & WW4, B WW4b, A WWe6, B WW8),

differences in selenium concentrations of the sampling sta-
tions within the channel, except for WW4b, which showed
elevated selenium concentrations from selenium draining
from the marsh area. Overall, selenium concentrations in
filtered water decreased in the channel area after the control
structure was operational (Fig. 4). Combining the selenivm
valves for all but the WW1 and WW4b stations within the
channel showed that the selenium concentrations in the
filtered water samples by year were 21.0 pg/l.in 1995 (n =
47),23.5 pg/l. in 1996 (n = 35), 2.1 pg/L in 1997 (n = 47},
and 2.1 pg/L in 1998 (n = 31). '

The most prominent entry point of selepium into the
channel area was WWdb, where concentrations in water
were substantially elevated in Januvary 1998 (31 ug/l),
March 1998 (20 pg/L), and April 1998 (18 ug/L). However,

elevated levels of selenivm also entered the channel at

- WWT between October 1995 and Apnl 1996 (Hamilton et
al., 2003). Selenium concentrations at WW7 were some
times 2—4 times higher than the those at the slightly up-
stream WW6 station. At WW8 in January and February
1997 and at WW8b in August and September 1998, sele-
nium concentrations were higher than at WW6, suggesting
there was seleniom input from the WW?7 area of the chan-
nel.

For inorganic elements in water, as measured by ICP,
boron, chromium, iron, magnesium, manganese, molybde-

- num, strortivm, and vanadiom were found 1o be elevated at
WW4b during the same periods when selenium was ele-
vated (Hamilton et al., 2003). Selenium concentrations mea-
sured with the AA-HG in water were significandy corre-
! with eight elements measared by ICP: boron (r =

.54, o= 0.0001), barium {r = —0.38, p = 0.01), chro-

mium {r = 045, p = 0.002), magnesium (r = 0.74, p =

0.0001), mangancse (r = (.57, p = 0.0001), molybdenum

{r = 0.77, p = 0.0001), strontium (r = 0.80, p = 0.0001),

and vanadium {r = 0.76, p = 0.0001). There was a signif-

icant positive cotrelation between selenium in water with

several water quality characteristics including, from highest
to lowest cormrelation coefficient, mitrate (0.90), calcinm
(0.85), hardness (0.83), magnesium (0.81), sulfate ((L81),
conductivity (0.79), chloride (0.79), alkalinity (0.77), and
nitrite (0.57) (all p = 0.0001). These results showing sig-
nificant correlation of selenium with other inorganic ele-
ments and water quality characteristics suggest that sele-
nium concentrations increased with increasing water
hardness and conductivity that was associated with irriga-
tion-influenced groundwater discharge.

Selenium in Sediment

Selenium concentrations in various portions of sediment
from the channel area were significantly different from each
other (Table VI). Seleniuvm concentrations in sediment cores
collected from WW4 in August and November 1996 were
elevated in the top (18-19.6 pg/g) and middle (11.3-16.3
uglg) portions, whereas cores collected in April and Sep-
tember 1998 had concentrations of 0.6 pgfg or less. Uni-
formly elevated selenium concentrations in cores collected
before operation of the control structure were also present at
WWS, WW6, and WW7, whereas during the same period
WW$S and WW9 showed elevated gelenium in the top and
middle portions of the cores.

At WW4 a sediment trap deployed between November
1996 and March 1997 had a selenium concentration of 17.2
itgfg at the bottom (before the contrel structure was opened)
and 3.4 pg/e at the top (after the water struchire had been
open about 3 months). The sediment trap at WW6 contained
insufficient sediment to analyze layers, but the sediment
collected had intermedjate selenium concentrations (4.4
pgfg) compared to concentrations in the top of the sediment
cote at WW6 before (5.4-6.1 ugfg) and after (0.5-1.9
ug/g) operation of the control structure. The sediment rap
at WW8 contained uniform selenium concentrations in the
two layers sampled (5.5-5.9 pgfg), which were similar to
concentrations in sediment cores collected in 1996 before
the control structure was operating (3.2-6.6 ug/g), but
higher than concentrations in cores coliected in 1998, after
operation of the control soucture (1.1-1.8 pg/g).

Freshly deposited sediment samples after the control
structure operation showed buried high-selenium sediment
at WWéa, WW8, and WW3b (Table VI). Sediment cores
collected at these stations in April and September 1998
generally had low selenium concentrations in the top of the
cores and elevated selenium concentrations in the bottom
portions.

Most sediment cores tended to have the highest percent-
ages of volatile solids, total carbon, inorganic carbon, and
organic carbon in the upper portions of the cores. Seleniom
concentrations in sediment were positively correlated (7)
with volatile solids (r = 0.45, p = 0.01, n = 31), total
carbon (r = 0.61, p = 0.0002, n = 31), inorganic catbon




(r = 0350, p = 0004, n = 31), and organic carbon (r =
0.55, p = 0.001, n = 31) and were negatively correlated
with total solids (r = ~0.42, p = 0.02, n = 31) and fixed
soniz {r= —045, p = 0.0L, n = 31). No significant
comrelation beiwesn selenium concenfrations in sediment
and sediment particle size was found. However, selenium
concentrations in sediment were significantly correlaied
with seleniom concentrations in filered (r = 0.69, p =
0.0001, n = 29) and unfiltered (r = 0.68, p = 0.004, n =
16} water samples.

Overall, selenivin concentration in sediment decreased
substantially after the water control stmicture began opera-
tions. Combining zll sediment seleninm concentrations for
the top layers of the various sediment types (cores and traps)
and stations over a year showed that selenium concentra-
tions decreased from 8.5 pg/g (n = 12) in 1995, to 8.2 ug/g
(n = 17)in 1996, to 4.8 pgfg (n = 4)in 1997, to 1.1 ugfg
(n = 8) in 1998. The selenium concentrations in 1995, 1996,
and 1997 were not significantly different from each other,
but all were significantly higher than the selenium concen-
tration in 1998.

Selenium and Other Elements in Aquatic
inwartebrates

Selenium concentrations in aquatic invertebrate samples
from channel stations decreased after the water control
structure was in operation (Table VII). In 1996 before the
control structure was operating, the channel had very ele-
vated selenium concentrations in aquatic invertebrates,
ranging from 11 to 33 pgfg, whereas in 1998, after opera-
tion of the control soucture the selenjum concentrations
ranged from 3 to 5.8 pg/g. For stations WW6 and WWS,
where invertebrates were collected in 1996, 1997, and 1998,
the decrease in selenium was readily apparent (Table VII).
Althongh invertebrates were collected at WW8b and WW9
for only 2 years, a decrease in selenium concentrations was
also apparent. WW7 was the only station at which selenium
concentrations did not decrease.

Overall, combining selenivm concentration vahaes for all
invertebrates and at all stations showed that the selenium
concentration in invertebrates in the channel decreased from
27.4 pgfg (n = 13) in 1996, to 15.5 pgfg (n = 9) in 1997,
to 4.9 pug/g (n = 6) in 1998. The selenium concentration in
1996 was significantly higher than those in 1997 and 1998,
but the 1997 selenium concentration was not significantly
higher than that in 1998.

In contrast to the results of previous studies, the selenium
accumulation in chironomids was similar to that in zoo-
plankton (Hamilton et al., 2003). The correlation of the
selenium concenrations in aquatic invertebrates with those
in filtered water was r = 0.83 (p = 0.0001, 1 = 18) and with
those in unfiltered water was r = 0.77 (p = 0.003, n = 12).
The Spearman correlation (r,) between selenium concentra-
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tons in sediment and in aquatic invertcbrates was 7, = 0.81
(p = 0.0004, n = 14},

The level of inorganic elements in aquatic invertebrates
collected after operation of the water control structure
seemod consisient among stations (Hamilton et al., 2003).
Seienium concentrations in invertebrates were corrclated
with barium (r = —0.89, p = 0.05, n = 5) and zinc (r =
0.89, p = 0.04, n = 3).

Selenium and Other Elements in Forage Fish

Concentrations of selenium in forage fish were elevated
prior to the water contro} structure being in operation and
decreased after operation (Table VII). Five species were
collected both before and after operation: fathead minnow
(Pimephales promelas), green sunfish (Lepomis cyanellus),
white sucker (Catostormus commersoni), red shiner {Cyp-
rinefla lutrensis), and westemn mosquito fish (Gambusia
affinis); killifish (Fundulus sp.) were collected only before
operation; and sand shiner {Notropis siramineus), common
carp (Cyprinus carpio), black crappic (Pomoxis nigromacte-
latus), and flannelmouth sucker (Catostomus latipinnis)
were collected only after operation. The predominate spe-
cies were fathead minnow and green sunfish,

There were several interesting occurrences in the forage
fish collection. A fathead minnow regurgitated from a Col-
orado pikeminnow collected at WW8 in May 1996 bad a
selenium concentration of 40 ug/g. The selenium concen-
tration was 8.9 ug/g in a composition sample of five male
red shiner collected at WW6 in July 1998, whereas it was 12
Mg/e selenium in a composition of five gravid females.
Thirteen sets of fathead minnows were collected as 2-3
individual or composite samples over the 3-year period, and
12 sets of samples had consistent selenium concentrations
{coefficient of variation between 0 and 25 in 12 sets and 48
in the 13th set), which demonstrated little variability in
selenium concentrations within a site and on a collection
date (Hamilton et al., 2003). )

Seleninm concentrations in forage fish were highest in 1996
and 1997 at WW4, where water with an elevated level of
selenium enterved the channel area from the marsh (Table VIIT).
Selenium in forage fish tended to decrease from WW4 1o
WWO, except for one sample collected in the WW6 area in
1996 (Table VHI). Within a station, selenium tended to de-
crease between 1996 and 1998, except for one sample at WW6
in 1996. Overall, combining the concentrations of all forage
fish and at all stations by year showed that selenium concen-
rations decreased from 27.2 ug/g (n = 24) in 1996 10 202
pgfe (n = 23y in 1997 10 8.6 pugfg (n = 21) in 1998, The
selenium concentration in forage fish in 1996 was not signif-
icantly different from that in 1997, but both were significanily
higher than the concentration in forage fish in 1998.

Seleniumn in forage fish was positively correlated with
selenium in filtered water samples (r = 0.58,p = 0.02,n =
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£ 4. Sefenium concentrations (ug/g dry weight) in sediment collected from various stations in the channel

» nier State Wildlife Area
Day of Sediment Sediment Selenium
Date Study Type Section {ng/e)
04/25/96 358 Mixed® 04
05/04/95 1 Mixed 2038
10/18/95 168 Mixed 13.1
04425/96 358 Mixed 14.8
08/23/96 478 Core Top 18.0
Middle _ 113
: Bottom 1.7
11/19/96 566 Core Top 19.6
Middle 163
Bottom i.6
11/13/96-03/12/97 560679 Trap Top 34
Middle 3.8
Bottom 17.2
W4a 04/06/98 1062 Core Top 04
' Middle 0.5
Bottom 03
09/09/98 1218 Core Tap 0.6
Middle 05
Bottom 0.5
WWwWs 05/04/95 1 Mixed ‘ 40
10/18/95 168 Mixed ’ 6.0
(i 20006 358 Mixed 8.0
08/23/96 478 Core Top 8.1
Middie 73
Bottom 7.4
WWo6 05/04/95 1 Mixed 4.8
10/18/95 168 Mixed 5.5
04125196 358 Mixed 72
08/23/96 478 Core Top 6.1
Middle 3.1
Botiom 27
11/19/96 566 Core Top . 54
11/19/96 566 Core Middle 717
Bottom 50
11/21/96-03/12/97 568-679 Trap Top NSt
. Middle NS
Botom 4.4
04/06/98 1062 Core Top 1.9
Middie 39
Bottom 18.0
09/09/98 1218 Core Top 0.5
Middle 0.6
Bottom 04
Ww7 05/04/05 -1 Mixed 17.8
10/18/95 168 Mixed 1435
04/25/96 358 Mixed 15.7
0823796 478 Core Top 8.5
Middle 92

Bottom 13.7




TABLE V1. (Continved)
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Sediment Sediment Selenium

Date Day of Study Type Section {ug/e)
WWE 05704195 1 Mixed 56
10/18/95 168 Mixed 44
04/25/96 358 Mixed 44
08/23/96 478 Core Top 52
Middle 1.7
Bottom 1.1
11/19/96 566 Core Top 6.6
' Middle 94
Bottom 0.9
11/12/96-03/12/97 559679 Trap Top 59
Middle NS
Bottom 5.5
04/06/98 1062 Core Top 1.8
Middle 0.6
Bottom 14

09/05/98 1218 Core Top 1.1
Core Middle 0.9
Bottom 0.5
WWsb 11/19/96 566 Core Top 6.8
Middle 14.6
Bottom 0.6
11/12/96-03M12/97 559679 Trap Top 53
Middle 53
Bottom 58
04/06/98 1062 Core Top 14
Middle 035
Bottom 44
09/09/98 1218 Core Top 1.1
Middle 22
Bottom 69
WWwWo 05/04/95 1 Mixed 2.7
10/18/95 168 Mixed 24
0472596 358 Mixzed 26
08/23/06 478 Core Top 1.7
Middle 2.1
Bottorm 0.2

" Mixed; the sediment was thoroughly mixed before subsampling for chemical analysis.

" N§: Not sampled.

15) but not unfiltered water samples (r = —0.21, p = 0.57,
n = 10). Selenium in forage fish was positively correlated
with selenium in sediment (r = 0.75, p = 0.003, n = 13) but
not in aquatic invertebrates (v = 046, p = 0,10, n = 14).

Most inorganie elements in forage fish decreased between
1996 and 1998 (Hamilton et al., 2003). Combining all stations
within a year, four elements had greater than rwofold decreases
between 1996 and 1998: atuminum (5.8 times lower), iron (3.7
times lower), manganese (2.0 times lower), and vanadinm (2.3
times lower), whereas little change (less than twofold differ-
ences) was noted for arsenic, barium, berylltam, boron, cad-
minm, chromium, copper, magnesium, molybdenum, nickel,
stroptivm, and zinc. Lead was the only inorganic element in
forage fish to show a twofold increase between 1996 and 1998.

In contrast, seleninm in forage fish had a fourfold reduction
between 1996 and 1998,

Combining the figures reported from all stations over a
year showed that zinc, but none of the other 16 elements,
was significantly and negatively correlated with selenium
concentrations in forage fish (r = —0.41,p = 0.04, n = 26).
This low correlation value resulted in part from the small,
less-than-twofold change in zinc concenirations between
1996 and 1998.

Selenium in Colorado Pikeminnow

Mean selenium concentrations in muscle plugs of Colorado
pikeminnow collected from WWSWA were 9.8 uglg (n =
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TABLE V1. Mean (range in parentheses and number of samples in brackets) selenium concentrations {ug/g dry
weight) in agquatic invertebrates collected from various stations in the channel at Walker Walter State Wiidlife Area

Station
Year WW4 WW4a WW5 WWo wWwW7 WwE WWEb wWwWo
1596 452 NS* 38.1 330 23.6 2.2 14.9 17.7
(37.7-52.8) — (29.2-36.8) (13.8-33.3) (15.2-24.4) — (11.2-24.2)
[2] m 121 2] 31 m 2]
1997 NS NS N$§ 114 55.0- 184 6.6 74
(7.6-15.2) — (7.9-28.8) (3.1- —
10.0)
[2] {1} 2] [2] 1
1998 N3 3.0 NS 4.6 NS 58 NS NS
— 4.54.7 (4.0-3.5)
f1] 23 13§

“NS: Not sampled.

49) in 1995, 9.5 pgfg (n = 400 in 1996, 2.0 ug/g (n = 54)
in 1997, and 103 ug/g (n = 3) in 1998 (Table IX). No
significant differences in selenium concentrations were
found in muscle plugs collecied between 1995 and 1998;
however, in those collected in 1995, 1996, and 1997, but not
1993, the selenium concentrations were significanty less
than the 16.1 ugfg (n = 17) concentration the muscle plugs
of Colorado pikeminnow collected from WWSWA in 1994
prior to the current study (Osmundson et al., 2000).

Several Colorado pikeminnow were captured repeatedly
during the 1994-1998 period (Table X). For repeatedly
captured fish, selenium in muscle plugs of fish captured in
1994 was significantly different than in these captured in
1995, 1996, and 1997, but selenium levels in the latier 3
years were not different from each other, As for the other
measurements taken, above, 1994 seemed to be an unusual
year, with low flows in the river and elevated selenibm
residues in muscle plugs of Colorado pikeminnow,

Using the yearty mean values for 1995-1998 showed
selenivm concentrations in muscle plugs were not signifi-
cantly correlated with selenium concentrations in water (r =

=0.02, p = 0.98, n = 4), sediment {r = —0.42, p = 0.38,
n = 4), aquatic invertebrates (» = —0.58, p = 0.60, n = 3),
or forage fish (r = ~0.73, p = 027, n = 4).

Selenivm concentrations in muscle plugs of Colorado
pikeminnow for 1994-1998 were significantly and nega-
tively correlated with mean monthly river flow in May (r =
—0.87, p = (0.05), but not in June (r = —0.69, p = 0.20) or
in July (r = —0.43, p = 045). The cotrelation between
muscle plug selenium concentrations and the average river
flow during the May-July period was r = —0.74 (p = 0.16);
for the Aptil-July period it was r = —0.79 (p = {.11), and
for the March—July period it was r = —0.85 (p = 0.07).

Selenium concentrations in muscle plugs seemed to de-
crease with increasing fish weight (Fig. 5) and fish total
length (Fig. 6). Combining data for 19941998 showed that
muscle plug selenium in fish from WWSWA was signifi-
cantly correlated with fish weight (r = —0.34, p < 0.0001,
n = 157) and fish total length (r = —0.37, p < 0.0001,n =
162). Similar correlations were found for muscle plugs
collected in 1995, 1996, and 1997, with 1996 having the

TABLE VIH. Mean (range in parentheses and number of samples in brackets) selenium concentrations {ug/y dry
waight) in forage fish collected from varlous stations in the channef at Walker Walter State Wildlife Area

Station
Year WW4 WWda WW5 WW6 WW7 WW8 WW8b WW9
1996 51 Ns* 3.5 4.8 25.3 229 150 14.0
(29-66) (30-33) — (17-32) (11-40) (13-19) —
4] 4] [1 E]] (8] 31 1]
1997 229 NS NS 215 NS 18.1 16.7 NS
(10-33) (16-29) (5.1-39) (10-21)
(7] (61 (7] 3]
1998 N§ 6.1 NS 11.6 62 9.3 6.1 6.4
— (5.6-20) (5.9-6.6) (5.1-19) (5.1-8.0) (2.8-13)
B)] (4] {2] [8] {3] (31

*NS: Not sampled.
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TABLE IX. Mean frange in parentheses and number of samples in brackets) selenium concentrations
(ng/g dry weight) in muscle plugs from Colorado pikeminnow caught in various segments (RM: river mile)

o s upper Colorado River near Grand Junction, CO

Year
Segment 1994* 19952 1996* 1997 1998
RM <158 53 Ns§°© 54 NS NS
(4.4-6.2) (3.7-14)
[2] fts]
RM i58-162 4.4 6.4 NS NS N§
—) (3.2-1.7) ’
f1] 131
RM 163 (WWSWA) 166 04 9.4 9.0 103
(4.4-30.7) (4.1-22.0) (4.4-21.5) (3.0-20.0) (1.6-12.00
(6} [45] 1351 [54] )
RM 164170 3.5 NS NS NS NS
(4.1)
[6]
M =170 54 49 NS NS NS
(3.2-10.0) {(3.6-5.7)
[13] [17]

*Data from Osmundson et at. (2000).
P NS: Not sampled.

highest correlations (r = —0.46, p =
botn fish weight and total length,

0.003, n = 49) for

DISCUSSION

Water Quality

Concentrations of cations and anfons in water in the channel
area, as characterized by conductivity, were dominated by
groundwater recharge during periods of Jow stream flow and
by tiver low during high-siream-flow periods. Prior to opera-
tion of the water control structure, elevated water quality
characieristics were probably a result of the inflow of ground-
waler from the underlying cobble aquifer (Phillips, 1986).
Water in the cobble aquifer sampled as part of the National
Irrigation Water Quality Program (NIWQP) in 1992 at a loca-
tion about 5.5 km north of WWSWA had conductivity con-
centrations of 4370-5720 pmhos/cm, as well as elevated cal-
cinm (480-540 mg/L), sulfate (2500-3400 mg/L), and
chloride (240--280 mg/L) (Budler et al., 1994).

Although the characteristics in water from the channel
area in the present stody demonsirated a reduced ground-
water influence (e.g., reduced conductivity) between Janu-
ary 1997 and June 1998 because of river influences from the
operation of the water control stmcture, water quality char-
aciesics were still elevated in groundwater adjacent and
up gradient of the channel area. Water quality measure-
ments in 1997 and 1998 in wells in the cobble aquifer close
to North Pond and the marsh area at WWSWA demon-
strated elevated characteristics: conductivity 10 200-18 700
wmhosfem, calcium (370-540 mg/L), sulfate (S000-7600

mg/L), and chloride (9003300 mg/L) (Butler and Osmund-
son, 2000). The water quality characteristics measured by
Batler and Osmundson (2000} were similar to those mea-
sured in the present smdy and demonstraied that the channel
area was receiving groundwater with elevated cations and
anions probably derived from up-gradient imrigated areas.

Water from the cobble aquifer comes to the surface in a
marsh area adjacent to WW4b, which during the present
study had seleninm concenirations of 82-152 pz/l. The
WWSWA channe! and North Pond have been identified by
the USGS as discharge areas for high-selenium groundwater
(Bniler and Osmundson, 2000).

Based on the above discussion, if groundwater were to
become the dominant water recharge mechanism of the
WWSWA backwaler, the water quality characteristics along
with the selenium concentrations would most likely return to
conditions prior o operation of the water control structure.

Selenium and Other Elements in Water

The similarity of selenium concentrations in filtered and
unfiltered water samples in most samples from the present
study was consistent with findings from the previous stady
(Hamilton et al,, 2001a, 2001b), investigations of flowing
water systems at Kesterson Reserveir, California (Fujii,
1988; Mooare et al., 1990), and seven riverine sites associ-
ated with irrigation drainage in the San Joaquin Valley of
California (Saiki et al., 1993).

The difference in selenium concentrations between fil-
tered and unfiliered water samples at WW1 in 1995-1997
and WW4a in 1997 probably resulted from the selenium
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‘TABLE X. Selenium concentrations {pg/g dry weight) in muscle plugs from Golorado pikeminnow captured at
Walter Walker State Wildlife Area (some data from Osmundson et al., 2000)

1994 1995 1996 1997 1998
Fish Fish Fish Fish Fish

PIT Tag Wt Se Wt Se Wi Sc Wit Se Wi Se

Number Date {(g) (ugf®) Dae (g (ug/®y Dae (@) (ug/ey Dare () (uglp) Date  (g) (pa/p)

1F41340666  5/24 2048 44 54 3545 41

TFIDITOBI6* 613 7936 44  6/13 6500 5.1

IF41200B65  5/24 2950 64 84 3500 83 514 3400 8.0

TFIDIG1IS4E" 5724 1890 204 505 2025 150

TFID141911" 6/14 980 17.8  7/10 1150 150 5/13 1225 172 5/7 1200 180

1F4041312F° 5724 1110 7.1 725 1900 58

TF7DOF3B28  5/24 1840 137 710 2450 6.5

TETD133CSF 524 1260 291 S/i4 1818 190 4122 2350 190 -

TFIB135115 524 1706 307 6/5 1725 220 5/21 1950 215 422 1600 190

JEIB176531 524 1897 166 SM4 2545 100 516 2100 100

TFTF366ETF 524 1663 259  7/10 2200 18.0

1F43600B33 5/ — 53 5122 — 5.5

TFDID3317 5120 — 6.8 513 3900 5.1

TEIDIIOD4F 15 - 28 54 2050 72

TRIDI73405 5724 2240 125 514 2150 95 5830 2300 88

TETDIA3460  5/24 2210 296 5/22 2800 177 58 2100 18.0

1F404A1542 5724 — 156 5115 1250 130

1F41353A31 524 — 7.4 617 1750 83

1740147710 615 3000 64 66 2550 62

1F73276562 5 1250 88 s — 5.9

1F732C2D15 84 4100 70 66 4050 5.2

TETDO73002 613 4750 56  6/6 4950 56

TFIDOTIE2E 515 1500 63 516 — 5.4

TFTD1E3127 6412 1950 53 66 2250 58

TFID22513D . 612 2000 150 5A3 1988 125

TFIFI62E6D &1 1700 18.0 5721 1850 181

7F7D152D61 525 1775 200 523 1850 204 577 1300 200

1F40312B45 505 1200 88  6/6 1200 133 4/22 2200 110

1F74342C0D 525 1300 110 6/ 1350 138 4722 1150 130

TFTB135346 710 1375 11.0 422 1550 100

TETDOT2F30 525 1150 14.0 5/ 1300 110

TFIDIA3Z3D 5M4 4609  B.6 530 5500 76

1F46515A70 5/13 3450 57 5/16 3800 6.2

1F53235813 543 1120 60 4722 2300 9.4

1F5B261A46 6/6 2150 71 618 2000 1.0

1FSB1FSC6B 6/6 4050 54 &7 385%6 65

TFTB1AG215 (72— 57 5830 4000 5.0

1F416A7B3B 513 1200 141 422 1050 130 616 752 120

1F462E7CT1 5022 1700 135 5716 1400 120  6/16 1390 112

* Fish captured at RM 130,1 in 1994
* Fish captured at KM 169.5in 1994,
¢ Fish captured at RM 163.9 in 1994.

that was associated with particulate matter. Fujii (1988) and
207 el al. (1990) reported that unfiltered water samples
{repewtect as total selenium) had higher selenivm concenira-
tons than filtered samples (reported as dissolved selenium).
Adams (1976) reported similar findings and attributed the
higher total selenium concentrations than dissolved sele-
nium concentrations to the sorption of selenium onto sus-
pended solids and the sclenium contained in plankion.

The selenivm concentrations in water in the channel area
were reduced substantially by operation of the water control
structure. This reduction was a result of the low-selenium
river water passing through the control structure and chan-
nel, which was alto documented by Butler and Osmundson
(3000, who measured selenium concentrations from <1 to
3 pgA. Only two samples of river water had elevaied
sclenium concentrations, an August 1997 sample that
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Fig. 5. Selenium concentrations {(pg/g) in muscle plugs ver-
sus fish weight {g) of Colorado pikeminnow collected during
1994-1998 at Walter Walker State Wildlife Area (n = 157).

showed a concentration of 8 pg/l. and a September 1997
sample whose concentration was 5 ug/L. (Butler and Os-
mundson, 2000).

‘Water with an elevated selenium concentration entered
the channel area at WW4 before and at WW4b after oper-
ation of the control structure had begun; 55 ug/L in 1995,
42 g/l in 1996, 43 pe/L in 1997, and 11 ug/L in 1998,
Batler and Osmundson {2000) also reported elevaied sele-
nium in water in samples from the marsh area in February
1998 (41-47 pg/l). Groundwater in one well up-gradient
of the marsh contained a selenium concentration of 120—
200 pg/l in 1997-1998, whereas a second, close well
contained 4-7 pgfl,, which illustrated the variability of
groundwater sources in the cobble aguifer.

Selenium concentrations more elevated in water from
stations WW7, WW8, and WWS8b than from the npstream
station WW6 was observed in the present study, suggesting
groundwater input of selenium downstream of WW6, Butler
and Osmundson (2000) demonstrated this groundwater in-
put in sampling conducted in 1997-1998: selenivm in
groundwater from a well near our station WW6 was be-
tween <1 and 4 pg/l., whereas selenium in gronndwater
near our station WW7 was 22-190 ug/L. '

Sclenium concentrations in water observed in the present
study at various stations in the lower WWSWA channel
(WW6-WW9, 6-30 ug/L) prior to operation of the water
control structure were typical of other surface waters in the
Grand and Uncompahgre valleys that are affected by irri-
gation activity. Selenium concentrations were 4-7 pg/l.
(median 5 ug/l., n = 11) in the Colorado River at the
Colorado—Utah state line, 5-7 ug/l. (median 6 pgl., n =
11}y in the Gunnison River at Whitewater, and 825 pg/l
(median 14 ug/l., n = 20) in the Uncompshgre River
(Butler et al., 1994}, Butler et al. (1996) and Butler and
Osmundson (2000) also reported elevated selenium concen-
trations in areas influenced by irrigation activities. Selenium
concentrations in water from the WWSWA channel area, in
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addition to most waters in the irrigation influenced areas of

‘the Colorado, Gunnison, and Uncompahgre rivers, were

elevaied compared to uncontaminated aquatic ecosystems,
which typically have <1 pg/l. (Maier and Knight, 1994),

The significantly elevated concentrations of inorganic
elements in water in the present stdy at WW4ab (boron,
chromium, iron, magnesium, manganese, molybdenum,
strontium, and vanadiom) were similar o those observed at
North Pond in two previous sindies (Hamilton et al., 2001a,
200tb). In the present study selenium concentrations in
channel water were significantly correlated with eight ele-
ments— boron, barfum, chromium, magnesium, manganese,
molybdenum, strontinm, and vanadium—whereas in the
1996 reproduction study selenium concentrations were sig-
nificantly correlated with nine elements—boron, calcium,
potassinm, lithium, magnesium, molybdenum, sodium,
phosphorus, and strontium (Hamilton et al., 2001a), and in
the 1997 reproduction study, barium was the only element
significantly correlated with seleniom in water (Hamilton et
al,, 2001b). Finger et al. (1994) also reported a strong
relationship (©* = 0.80) among selenivm, boron, cobalt,
copper, lithium, and strontiwm. This correlation probably
depends in part on the composition of the geologic material
being Jeached by irrigation activities, that is, elevated ele-
ments in soil generally will leach out in proportion to their
conceniration in soil, depending on the adsorption coeffi-
cients. The relationship between geologic sources of sele-
ninm and their movement and potential consequences was
reviewed by Presser and Ohlendorf (1987), Presser et al.
(1994), and Presser and Piper (1998). Wright (1999) re-
ported that application of nitrogen fertilizers mobilized se-
leninm from seleniferous Cretaceous shales such as those
found in western Colorado.

The significant positive correlations between selenium
concentrations in water and water quality characteristics
found in the present study were similar to those found in
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Fig. 6. Selenium concentrations (pg/g) in muscle plugs ver-
sus fish total length (mm) of Colorado pikeminnow collected
during 19941998 at Walter Walker State Wildlife Area (n =
163).
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two previous studies at North Pond. In the 1996 study
calcium, chloride, conductivity, hardness, magnesivm, ni-
tm*c nltntc and sulfate were correlated with waterborme
suiinio: (Hamilton et al., 2001a), and in the 1997 study
chlondc and conductivity were correlated with waterbome
selenivm (Hamilton et al.,, 2001b).

Selenium in Sediment

The change in collection methods of sediments from -

1995 to early 1996 and from mid-1996 to 1998 is an
important consideration in the interpretation of selenium
concentrations in the sediment samples. The early sam-
ples were thoroughly mixed, which resulted in a homo-
geneous distribution of selenium, whereas in cored sam-
ples, the depth distribution of selenium was maintained.
Selenium concentrations in the top portions of cored
samples are readily available to biota such as benthic
invertebrates and bottom-dwelling fish and thus are more
casily incorporated into the food web than is selenium
disposed in deeper sediment.

Operation of the water control structure substantially
reduced selenivm concentrations in sediment in the
WWSWA channel. Both sediment cores and sediment teaps
demonstrated that high-selenivm sediment was buried by
deposition of low-selenium sediment carried or moved by
river fiow through the control siructure. Maintenance of
low-selenium sediments probably would depend on contin-
ued low-selenium sediment deposit because groundwater
recharge by high-selenium water could cause re-elevation of
selenivm concentrations in scdiment. For cxample, sele-
nivm concentrations in sediment in North Pond at WW?3 in
May 1995 were elevated at 50.6 pgfg, in October 1995 they
were redoced to 8.2 pglg, and in April 1996 they were
re-elevated to 46.1 pgfg (Hamilton et al,, 2001a). Althoungh
seleninim concentration in sediment can be variable (Peltz
and Waddell, 1991; Stephens, 1996; Zhang and Moore,
1997), the decrease observed in October 1995 was thought
o be a result of the deposition of fresh, low-selenivm
sediment from WW10. Water from WWI10 was irmrigation
supply water from Independent Ranchman’s Ditch and was
used (o maintain water levels in North Pond during two
razorback sucker reproduction studies. An increase in sed-
‘iment selenium concentrations seemed to occur at Adobe
Creek (Grand Valley, CO) in two previous studies: 0.79
pg/g in May 1995, (.95 pg/g in October 1995, 1.11 ug/g in
April 1996, 1.21 pg/g in October 1996, and 2.52 pg/g in
April 1997 (Hamilton et al., 2001a, 2001b).

Several investigators have proposed sediment guide-
lines. Stephens et al. (1997) proposed a “no effect con-
centration” of <2 ugf/g for effects of selenium on fish and
wildlife, a “level of concern™ of 4 pglg, and a toxic
threshold guideline value of >4 pgfg. Lemiy (1995)
proposed a no-hazard concentration of <1 pg/g, a min-

imal hazard concentration of 1-2 ug/g, a low-hazard
concentration of 2-3 pg/g, a moderate hazard concentra-
tion of 3—4 uglg, and a high-hazard concentration of >4
wuelg. Presser et al. {1994) reported the upper limit of the
expected baseline range for selenium concentrations in
soils of the western United States was 1.4 pg/g. In
contrast, Moore et al. (1990) used 0.5 pg/g as a reason-
able selenium concentration in sediment to represent the
threshold between uncontaminated, background condi-
tions and environments with elevated selenium concen-
trations in sediment. Neither Lemly (1993a, 1996) nor
Maier and Knight {1994} proposed a toxic threshold for
selenium concentrations in sediment, but Lemly (2002)
recommended 2 pg/g as a sediment toxicity threshold.
The national background concentration of selenium in
sediment is <1 ugl/g (Maier and Knight, 1994).

Accumulation of selenivm in the top layer of sediment is
generally the result of deposition of dead organic material
from the water column and incorporation in the detrital food
chain (Holland, 1979; Cumbie, 1984; Weres et al., 1989;
Kiffney and Knight, 1990; Oremland et al., 1990; Bender et
al.,, 1991; Graham et al.,, 1992; Stephens, 1996). Graham et
al. (1992) reported that in a pond study, selenium rapidly
disappeared from the water column and correspondingly
increased in sediments and biota, especially periphtyton.
One component of the sediment is the detrital layer, which
is partly composed of bacteria. Bender et al. (1991) reported
selenium was rapidly removed from the water coluron by
bacteria and cyanobactetia and incorporated into a detrital-
like mat composed of anserobically processed grass clip-
pings. In their experiment, the initial selenium concentration
of 40 mg/L dropped to an undetectable level in water after
27 days of microbial activity.

Prior to operation of the control structure, selenium con-
centrations in the top layer of sediment in the WWSWA
channel at all statdons except WW9 were above the toxic
threshold of Stephens et al. (1997) and the high hazard of
Lemly (1995). After the contro} structure operation, sele-
nium concentrations in the sediment were substantially re-
duced at all stations and were near or below the national
background level. Selenium concentrations in suspended
sediment passing throngh the water control structure be-
tween December 1996 and June 1997 ranged from 0.9 t0 1.8
pelg (geometric mean 1.2 pg/p, Buter and Osmundson,
2000). Thus, relatively low selenium sediment was deliv-
ered 1o the channel from the river. Only in August 1997 was
the sediment seleniuvm concentration a concern, when it was
3.8 ngfe, which coincided with elevated seleninm in water
at 8 pg/L (Butler and Osmundson, 2000). In backwater
areas and channels such as at WWSWA, water flow, sedi-
ment movement, and delivery of low-selenium sediment
would be essential to prevent seleniuin accumulation in the
upper portion of the sediment.




Selenium and Other Elements in Aquatic
Invertebrates

T auztion of the water control structure facilitated a sub-
siantial decrease in selenium concentrations in aguatic in-
vertebrates, which paralleled similar decreases in water and
sediment selenium concentrations. The concomitant de-
crease in selenium concentrations in these three aquatic
ecosystem components was reflected in the significant cor-
r«lations between sclenium concentrations in aguatic inver-
eorates and water and sediment. Two previous studies in
the Grand Juncton area also reported high correlaions
between selenium concentrations in aquatic invertebrates,
water, and sediments (Hamilton et al., 20014, 2001b), sug-
gesting a high degree of interconnectedness in the cycling of
selenium.

Station WW7 was the only station where selenium con-
centrations in aquatic invertebrates did not decrease during
operation of the water conirol structure, which was specu-
lated to be becanse of groundwater seepage of high-sele-
nium water contributing selenium to the food web. Butler
and Osmundson (2000) reported that groundwater from a
well near our station WW6 was low, whereas selenium in
groundwater near our station WW7 was high, Thus, it is
Tikelv that this localized elevated selenium in the water near
WW7 contributed to the elevated selenium concentrations
in the chironomids we sampled.

The likely sources of seleninm residues in aquatic inver-
tebrates in the channel area were water, aguatic plants such
as algae, bacteria, and particulate matter. Seleninm in water
is rapidly taken up by algae (Sandhoim et al., 1973; Nassos
et al, 1980; Foe and Knight, 1986; Riedel et al., 1991,
Besser et al., 1993), aquatic plants (Allen, 1991; Omes et
al., 1991), and bacteria (Bender et al., 1991). Typically,
algae had taken up maximal selenium concentration within
3-24 h, whereas floating plants took about 1 week to accu-
mulzate maximal concentrations. Some of the selenium taken
up by aquatic invertebrates was probably waterborne or-
ganoseleninm compounds released from living algae or by
the necrosis of dead cells (Cutter, 1991, 1992; Besser ¢t al.,
1994). Zooplankton can rapidly take up selenium from
wates and accumulate it with no or little adverse effects
(Halter et al., 1980; Nassos et al, 1980; Reading and
Buikema, 1983; Salkki et al., 1985; Foe and Knight, 1986;
Boyum and Brooks, 1988; Ingersoll et al., 1990; Dobbs et
al., 1996).

Selenium concentrations in aquatic invertebrates col-
lected in 1996 from the WWSWA channel before the con-
trol strizcture was in operation (11.2-52.8 ug/g) were sub-
stantiaily above the proposed dietary toxic threshold
concentration of 3 pgfg (Lemly, 1993a, 1996; Maier and
Knight, 1994; Hamilton et al., 2000). After the control
structure operation, selénium concentrations in channel wa-
ter (1.6-3.0 pg/l) were found to be below the current
USEPA toxic threshold critetion of 5 pg/L.; however, scle-
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nium concentrations in food organisms during the latter part
of this period (mean 4.9 ugfg in 1998) exceeded the pro-
posed dietary toxic threshold. The mean selenium concen-
tration in aquatic invertebrates in 1998 was similar to the
seleniur concentration in zooplankton (4.6 ug/g), a con-
centration linked to substantial mortality of larval razorback
sucker according to the results of two 30-day toxicity tests
using namral food organisms (Hamilton et al, 2001a,
2001b).

Other than selenium, none of the inorganic elements
measured in aquatic invertebrates coliected from the chan-
nel stations were elevated to concentrations of concern.
Only barium and zinc in aguatic invertebrates showed sig-
nificant correlations with selenivm concentrations in aqnatic
invertebrates. However, both these elements were present at
relatively low concentrations.

Selenium in Forage Fish

The 68% reduction in selentum concentrations in whole-
body forage fish samples (27.2 ug/g in 1996 and 8.6 pug/g in
1998) demonstrated that fiushing of the WWSWA channel
with river water through the water control structure reduced
selenium residues in forage fish. The decrease in selenium
concenirations in forage fish probably was a result of the
reduction of seleninm concentrations in water, sediment,
aquatic invertebrates, and forage fish consumed by pisci-
vores.

The decrease in selenium in forage fish from 1996 to
1998 that was found in the present study was not consistent
with selenium concentrations reported by Butler and Os-
mundson (2000), who reported selenium concentrations of
7.7-15.0 pgfg (geometric mean 14.2 ugfg, n = 8) in forage
fish collected in August 1995 from the lower WWSWA
channel area The relatively low selenium concenirations in
1995 may have been partly a result of the small number of
fish saraples but was more likely to have occurred because
of the high river flow in 1995 (Fig. 3).

The initialty high selenium residves in forage fish may
have decreased because of depuration while living in an
environment with lower seleninm concentrations, especially
in food organisms. An example of sclenium depuration was
given by Birkner (1978), who conducted a 90-day study
with juvenile fathead minnow that initially had a whole-
body selenium concentration of 13.9 pg/g. After 90 days of
exposure, fish fed zooplankton with selenivmm concentra-
tions of 1.2 ug/z had whole-body residues of 5.0-5.7 pg/e,
those fed zooplankton with 5.7 pg/g had whole-body resi-
dues of 5.2-7.0 ugl/g, and those fed zooplankton with 11.8
ug/g had whole-body residues of 10.3—11.0 ugfg. Thus, fish
depurated selenium from their initial elevated whole-body
residue level down to a concentration close to the concen-
iration in their food.

The time after operation of the water control structure
allowed selenium concenirations in water, sediment, inver-
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tebrates, and forage fish to decrease and may be thought of
as a depurating environment during 1997-1998, Loss of
selenium from fish tissue during depuration has been re-
; % 0 be independent of waterborne exposure concen-
tration {Gisscl Nielsen and Gissel-Niclsen, 1978; Sato et al.,
1980) but to increase with dietary exposure to low concen-
trations (Hilton and Hodson, 1983). Loss of selenivm also
was found to be faster in smaller, younger fish (Bennett et
al., 1986) than in larger, older fish (Bertram and Brooks,
1986). Depuration of selenium from tissue depends on sev-
eral factors, including cleanliness of the food and water in
the depurating environment, age, size, metabolic activity,
season for poikilotherms, initial seleniom load of various
tissues, and other factors. The half-life of selenium in var-
ious species of young fish was reported to be in the range of
19-30 days (Gissel Nielsen and Gissel-Nielsen, 1978: Sato
et ak,, 1980; Hilton et al., 1982; Lemly, 1982; Bennett et al.,
1986; Kleinow and Brooks, 1986; Besser et al, 1993).
Others have reported longer half-lives, including 49 days for
adult fathead minnows exposed to selenium in the diet
{Bertram and Brooks, 1986), 63 days in the whole body of
adult fathead minnows and the muscle of rainbow trout
{Oncorhynchus mykiss; Adams, 1976), and greater than 60
days in adult bluegill (Lepomis macrochirus; Bryson et al.,
1984% In two smdies with adult razorback sucker, the
haif-life of selenium in muscle plugs was found to be
greater than 100 days (Hamilton et al., 200ia, 2001b).

The concept of depuration may be misleading in the
natural environment because many of those measurements
were on fish physically placed in a clean environment for
the sole purpose of determining how fast their tissue could
remove a contaminant. In the natral environment fish may
not be able 1o move to a clean environment. Sorensen
(1988) reported that selenivm tissbe residues in fish from
Martin Lake, in Texas, were only 23% lower after a 5-year
period (1981-1986) following the drastic reduction of sele-
nium inputs into the lake in 1978, Likewise, Lemly (1997)
assessed selenium concentrations in five ecosystem compo-
nents of Belews Lake, in North Carolina, 10 years after
selenium inputs to that lake were stopped and found ele-
vated selenivm concenirations in sediment, benthic inverte-
brates, and fish, which suggested that a moderate hazard stitl
existed. He also reported teratogenic deformities first ob-
served in 1992 (Lemly, 1993¢) were still present at elevated
levels in 1996,

Although the selenium concentrations in forage fish in-
vestigated in the current study had decreased substantially
by 1998, after 2 years of control struciure operation, the
remaining selenium residues in fish were above the toxic
»2ody threshold values of >4 pgfg, proposed by
Stephens et al. (1997), and 4 ug/g, proposed by Lemly
(1996). Thus, the mean selenium concentration in forage
fish of 8.6 pgfg in 1998 should be considered a level of
concern for consumption by piscivorous Colorado pike-
minnow. Continued operation of the contyol siructure prob-

Wi

ably would have continued to reduce selenium concenira-
tions in various ecosysiem components including forage
fish.

Another reason that forage fish such as fathead minnow
and red shiner had lower selenium concentrations after
operation of the water control structure is their high level of
reproductivity, enabling them to reproduce two or three
times a year. Newly produced fish would start out relatively
cleaner than the previous cohort as the channel area was
being flushed of selenium in water and sediment. It is also
possible that some of the forage fish in the channel came
from the river.

Operation of the water control sizucture seemed to have
shifted the proportion of native and nonnative fish in the
channel area. Scheer (1997) reported that the percentage of
native fish collected by trammel net was 38% in 1995, 28%
in 1996, and 64% in 1997. The percentage of native fish
collected by trammel nets in the channel area from earlier
efforts was 75% in 1992, 53% in 1993, and 58% in 1994
{unpublished data from D. Osmundson, USFWS, given in
Lloyd 1996). Scheer (1997) specnlated that the reduction in
nonnative fish in the channel in 1997 was a result of flow
through the channel area and lower water temperatures from
input of flowing river water. However, there was a substan-
tal difference in collection efforts, which was most evident
in the total number of fish collected—1993, 3294 fish; 1996,
£294 fish; 1997, 1987 fish; 1998, 85 fish—and in the num-
ber of hours devoted to the sampling cffort, using trammel
and trap nets——1995, 163.8 h; 1996, 519.3 h; 1997, 955.7 h;
1998, ~40 h (Mourning, 1995; Llovd, 1996; Scheer, 1997,
1998). Consequently, the small number of fish collected in
1998 and the reduced sampling effort preclode drawing
conclusions about shrifts in species composition after oper-
ation of the water control structure.

Selenium in Colorado Pikeminnow

Selenium concenirations in muscle plugs of Colorado
pikemimnnow did not decrease between 1996 and 1998;
however, only three fish were collected in 1998 compared
with 40-54 fish collected during the 1995-1997 period.
Using data from Osgmundson et al. (2000) for 1994, there
was a significant decrease in muscle plug selenium between
1994 and the years 1995, 1996, and 1997. Although sele-
nium concentrations in water, sediment, aguatic inverte-
brates, and forage fish decreased between 1995 and 1998, a
similar decrease in seleninum concentrations in muscle plugs
of Colorado pikeminnow did not occur. :

The strongest relation between muscle plug selenium and
aquatic ecosystem components seemed to be with river fow
for the 1994-1998 period, as shown by the significant
comrelation with the May stream flow and the similar, but
not significant, correlation with the average March—July
period stream flow. Osmundson et al. (2000) also thought




high river flow contributed to lower selenium concenira-
tions in muscle plugs of Colorado pikeminnow, but did not
give a correlation value. They noted several factors that may
# e influenced the relation beiween river flow and sele-
nium in the muscle plags of Colorado pikeminnow includ-
ing: (1) selenium concentrations in food items, (2) previous
selenium loads in muscle and other tissues, (3) staging and
feeding locations of fish prior to capture, (4) feeding rate
and weight gain of fish, (3) sex of fish (females can deposit
selenium into eggs), and (6) magnitude, duration, and tim-
ing of spring runoff and peak flows.

Using the yearly {1995-1998) mean values, muscle plug
selenium was noi significantly correlated with water, sedi-
ment, aquatic invertebrates, or forage fish. Despite these
nonsignificant correlations, the selenium residues in Colo-
rado pikeminnow must have come from either water expo-
sure, diet exposure, or combined water and diet exposure,
The small number of Colorado pikeminnow collected in
1998 conservatively reduced the overall data set to 4 years
(1994-1997). During this period 1994 was s low-flow year,
1995 and 1997 were high-flow years, and 1996 was an
average-flow year.

Selenium concentrations in muscle plugs seemed to de-
crease with increasing fish weight and total length, and the
two measures were significantly correlated with selenium in
muscle plugs. Larger, presumably older Colorado pike-
minnow had relatvely low selemium residues, whereas
smaller, younger fish had widely varied levels of selenium
residue including very elevated concenirations (>12 pg/g).
Several questions arise from this pattern of levels of sele-
nium residue: (1) Do young fish with elevated levels of
selenium residue fail to Yive to older ages and larger sizes?
(2) Are the few larger, older fish alive because they bave 2
low conceatration of selenium residue? (3) Is selemium
regulation enhanced with older age? (4) Is the concentration
of selenium residues diluted with increased weight? (5) Are
the few larger, older fish depurating selenium through egg
spawning? (6) Are there diet differences between fish 500~
650 mm in length and those whose length is greater than
650 mm?

WWSWA at river mile 163.3-163.7 had the highest
concenwations of seleminm residues (9.0-16.1 ug/g) in
muscle plugs from Colorado pikeminnow collected from
various locations in the upper Colorado River (Fig. 7). In
contrast, Colorado pikeminnow collected directly above
(river miles 163-168, 8.5 ug/p), farther above (above river
mile 168, 4.9-5.4 uglg), directly below (river miles 158
163, 44-6.4 pglg), and farther below (below river mile
158, 5.3-5.4 pg/g) WWSWA had lower selenium residne
weveis. A similar pattern of selenivm residues in common
carp collected in the Green River at Ashley Creek—Stewart
Lake area was repored by Stephens and Waddell (1998).
They demonstrated that selenium concentrations in whole-
body common carp collected immediately downstream (Bo-
nanza and Collier Draw) and immediately upstream (BEs-
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Fig. 7. Selenium concentrations (pg/g) in muscle plugs from
Colorado pikeminnow collected from various locations in the
upper Colorado River (n = 211; at Walter Walker State
Wiildlife Area: river mile 163.3-163.7}.

calante Bar and Jensen) of Ashley Creek were lower than
those in fish from Ashley Cresk, and that fish collected
farther downstream (Horseshoe—Haramacher and Quray)
and upstream (Echo Park and Browns Park) had still lower
seleninm concentrations.

Selenium residves in muscle plogs of Colorado pike-
minnow in the upper Colorado River near WWSWA (4.4—
8.5 ugl/g) tended to be higher than those in Colorado pike-
minnow collected from the lower Gunnison (mean 4.9 ug/g,
n =7), Green (3.7 ug/g, n = 5), White (3.6 pg/g, n = 5),
and Yampa (2.3 pg/g, n = 5) rivers (Hamilton et al., 2003).
Qf note is that the Gunnison River, in which Colorado
pikeminnow had higher selenium residues than did fish
from the other rivers, has been identified as a major source
of seleninm in the upper Colorado River basin (Butler et al,
1991, 1994, 1996; Engberg, 1999; Butler and Osmundson,
2000).

Depuration does not seem to be occurring in endangered
fish in the Colorado River near WWSWA because Colorado
pikeminnow recapiured over a period of 2-3 years (1995~
1997} seemed to be conserving selenium concentrations in
muscle plugs from year to year (this stndy and Osmundson
et al., 2000). This finding seems unusual because selenium
concentrations decreased in water, sediment, aguatic inver-
tebrates, and forage fish at WWSWA._

Of 16 fish collected at WWSWA in 1994, all were
recaptured in later years (1995-1997). Of 45 fish collected
in 1995, 25 were recaptured in other years, but 20 were
one-time captures. Of 35 fish collected in 1996, 26 were
recaptured in other years, and 9 were one-time captures. Of
54 fish collected in 1997, 21 wete recaptured in other years,
and 33 were one-time captres. The portion of the Colorado
pikeminnow population using WWSWA seems to be dy-
namic because new fish seemed to be aitracted each year, or
possibly fish captured one time lcarned to avoid recapture.
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Colorado pikeminnow seem to be highly mobile, and
juveniles and subadults in the lower 181 km of the upper
Colorado River below Westwater Canyon tend to move to
o anper 98 km of the river, mostly in the Grand Junction
arca, according to Osmundson ct al. (1998), They reported
that adults in the upper reach of the river tend to be larger
and move less than do juveniles and subadults in the Jower
reach, and they concluded that the relatively small changes
in location by larger fish in the upper reach were consistent
with the hypothesis that adult Colorado pikeminnow select
and maintain fidelity to a home feeding range. This hypoth-
esis seems to supported by the cbservation in the current
study that adults with elevated selenium residues in muscle
plugs for 1 year maintained those residues in subsequent
years and, conversely, that fish feeding in a low seleninm
area from year to year had low sclenium residues over a
multyear period.

Osmundson et al. (1998) also noted that Colorado pike-
minnow do not seem to be highly territorial as shown by
their concentrating in limited backwater habitats during the
spring runoff (April-June), their congregating prior to and
during spawning in summer, and individuals occasionally
being found beside one another. This finding of nonterrito-
riality is consistent with the wide range of selenium residues
feund in adults captured from the WWSWA in the present
study.

Osmundson et al. (1997) reported that growth rates of
adult Colorado pikeminnow were highest (42,7 mm/year)
for fish 400—449 mm in length, declined in fish 500-549
mm in length (19.8 mm/year), and were lowest for fish 550
mm in length and larger (9.5 mm/year). This reduced
growth in larger, older fish suggestz they were putting less
food resources into growth and possibly were consuming
less food. Consumption of less food, especially high-sele-
nium food from areas such as WWSWA, would allow
depuration of selenium residues over long periods of time,
assmming depuration is slow in large-bodied fish. In the
present sdy fish whose total length was abowt 680 mm and
larger had substantially less selenium in muscle plugs than
did fish whose length was in the range of 500-630 mm.
Consequently, the reduced growth of large, older Colorado
pikeminnow may allow depuration of seleninm residues to
occur. Alternatively, it may be adult Colorado pikeminnow
500-650 mm in length with low selenium residues that live
to be older and larger, whereas adults with elevated sele-
nium residues, those greater than 12-15 ugfg, may disap-
pear from the population because of long-term contaminant
SIress.

The adult annual survival rate of aduk Colorado pike-
sinnow in the upper reach of the upper Colorado River has
been estimated to be high (0.86; Osmundscn and Burnham,
1998). A similar survival rate (0.85) was estimated by
Osmundson et al. (1997) for Colorado pikeminnow greater
than 550 mm in length . Adult fish can usually withstand
higher levels of stress, including contaminants, than can

younger fish, and so this high survival rate seems reasonable
despite high selenium residues in some adult Colorado
pikeminnow.

Stress during the younger life stages of Colorado pike-
minnow in the upper reach seems to have increased since
the 1970s. Osmundson and Burnham (1998) noted that in
the mid-1970s smaller size classes (250450 mm) were
more prominent (about one-third), whereas fish shorter than
450 mm were rare in the upper reach in the early 1990s,
They presented two hypotheses to explain the changes in
size class distributon: (1) the nursery habitat in the upper
reach was of a higher quality and quantity early than in later
years, and so a smaller proportion of larvae drifted to the
lower reach; and (2) reproduction or hatching success in the
upper reach was formerly much greater than that today, and
a substantial number of larvae were retained in the upper
reach even though proportions drifting to the lower reach
might have been similar to those in recent years. Stress from
contansnants such as selenium could be contributing to the
lack of smaller size classes of Colorado pikeminnow in the
upper Colorado River noted by Osmundson and Burnham
(1998). They suggested that changes in runoff paitemns in
the Colorado River, that is, fewer high spring runoff events,
may influence Colorado pikeminnow populations by reduc-
ing the creation of fresh cobble bars for spawning and
inadequately cleansing fines from existing bars, reducing
flushing events to remove contarminants from agriculiural
(selenium) and urban areas from backwater nursery areas,
reducing channel diversity and biological diversity of river
bottomlands, and reducing the number of nonnative min-
nows that now dominate backwater nursery habitats.

Comparison to Selenium in Colorado River

In the present study selenium concentrations in muscle
plugs of fish collected at WWSWA (9.0-16.6 pg/g) and
outside WWSWA in the upper Colorado River (4.4-8.5
ug/g) exceeded the 85th percentile (arbitrary point distin-
guishing relatively “high” concentrations) in the National
Contaminant Biomonitoring Program (NCBP) for the years
19711984 (Walsh et al., 1977; May and McKinney, 1981;
Lowe et al., 1985; Schmitt and Brumbaugh, 1990). The
NCBP has documented temporal and geographic trends in
concentrations of persistent environmental contaminants,
including selenium, in whole body of fish that may threaten
fish and wildlife. The 85th percentile concenirations of
selenium in samples from the NCBP were 2.9 ugfg [re-
ported as wet weight, converted to dry weight assuming
73% moisture ([average of percent moisture in 19781981
and 1984 samples)] in 1972-1973, 3.0 ug/g (converted to
dry weight assuming 73% moisture) in 19761977, 2.5
uglg (converted to-dry weight based on a mean moisture of
72% for 591 samples in the 1978-1981 collection) in 197§
1981, and 2.8 pgfg (converted to dry weight based on a




mean moisture of 74% for 315 samples in the 1984 collec-
tion) in 1984, the last year of the program (Walsh et al.,
1977; May and McKinney, 1981; Lowe et al., 1985; Sciumitt
s Brambangh, 1990).

Seleninm concentrations in muscle plugs measured in the
present study probably underestimate the concentrations in
whole-body fish. One report stated that fillets (i.e., muscle)
had more selenium than did whole-body bluegill and large-
mouth bass (Micropterus salmoides) collected at a variety
of sites in central California associated with irrigation drain-
age (Satki et al., 1991), which was the opposite of what the
majority of articles in the literature reported. In general,
muscle tissue contains less selenivm than does the whole
body because of the relatively high amounts of selenium
found in the spleen, liver, kidney, heart, and other tissues,
especially mature ovaries (Adams, 1976, Sato et al., 1980;
Lemly, 1982; Hilton et al., 1982; Hilton and Hodson, 1983;
Kleinow and Brooks, 1986; Lemly and Smith, 1987; Her-
manutz et al., 1992). Consequently, the estimated whole-
body selenium concentrations in Colorade pikeminnow in
the present study wounld be about 15.0-27.7 ugfg for fish
collected in WW3IWA and 7.3-14.2 ng/g for fish collected
oitside WWSWA (based on a conversion factor of 1.667 X
muscle concentration = whole body conceniration; Lemly
and Broith 1987). Other conversion factors are 2.355 for

- rainbow rout, based on data from Adams (1976), and 1.745
for bluegill and largemouth bass, from Lemly (1982). Both
of factors would have increased the estimated whole-body
selenium concentrations in Colorado pikeminnow. Thus,
using a conservative conversion factor, the Colorado pike-
minnow in the present study would have had seleninm
residues over 5—-9 umes higher than the NCBP 85th percen-
tile for fish collected in WWSWA and 2-5 tdmes higher for
fish collected outside WWSWA.

Selenium concentrations in whole-body fish in the Col-
orado River basin, measured as part of the NCBP, have been
among the highest in the nation (Walsh et al., 1977; Lowe
et al., 1985; Schmitt and Brumbaugh, 1990). They exceeded
the 85th percentile in whole-body fish collected in 1972~
1973 at 5 of 6 Colorado River basin stations [the Green
River at Vernal, UT (only upper basin station), and the
Colorado River ot Imperial Reservoir, Lake Havasu, Lake
Mead, and Lake Powell, all in Arizona]. Selenium concen-
trations in whole-body fish also exceeded the 85th percen-
tile in 19781981 and in 1984 at six of seven stations (same
five as above plus the Colorado River at Yuma, AZ).

The fish investigated in the present study may have
reached an equilibrium between selepium concentrations in
muscle tissue and those in food chain organisms becaunse the
concenirations of selenium in the fish, based on using sele-
nium concentrations in muscle o cateulate whole-body
concentrations, were found to be close to those in food
organisms. The results of most laboratory studies of dietary
exposure to seleninm have shown that selenium accumu-
lates to concentrations in whole-body Bsh similar to those in
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the diet (Benneit et al., 1986; Hamilton et al., 1990; Crane
et al., 1992; Lemly, 1993b). In field studies where fish have
had time to equilibrate with the environmental conditions,
they often accumulate selenivm concentrations from 1.4 to
2.6 times greater than the selenivm concentrations in their
food (Barnhast, 1957; Birkner, 1978; Woock, 1984; Saiki,
1986). It is possible that if the scleqium concenirations in
water, sediment, aquatic invertebrates, and forage fish had
temained low, as occurred in 1998, that seleninm concen-
trations in Colorado pikeminnow using WWSWA would
decrease. -

Although it was found that flushing the WWSWA chan-
nel lowered selenivm concentrations in several aguatic eco-
sysiem components, others have reported that flushing of
channels and backwaters has not had similar effects. Ville-
gas (1997) reported that the flushing of the 243-ha Cibola
Lake, on Cibola National Wildlife Refuge, in California and
Arizona, with Colorado River water did not consistently
reduce selenium éoncentrations in sediment and fish during
three intermittent flushings. He also reported that continu-
ous flushing of Miury Lake, in Arizona, with Colorado
River water held selenitm concentrations in sediment and
fish at the lower end of the range of concentrations observed
at Cibola Lake. NIWQP (2002) repotted that remediation
efforts such as draining, drying, fiushing, tilling, or adding
lime did not measurably reduce seleninum concentrations in
sediments at selenium-contaminated Stewart Lake, on the
Green River in Utah. In fact, selenium in the sediment
rapidly accumulated in phyioplankton and zooplankton,
which resulted in a 10-fold increase in selenivm concentra-
tions in 300-g razorback sucker after 30 days of exposure
(from 0.9 pg/g prerelease to 9.0 pg/g). In the present study
the decreased seleninmn concentrations in water, sediment,
and biota at WWSWA were probably a result of the effi-
cient, continnous flushing of the long narrow channel.
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