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ABSTRACT: A study was conducted with endangered the razorback sucker {Xvrauchen texanus) to
determine if environmental exposure to selenium in flooded bottomland sites affected survival, growth,
and egg-hatching success. Adufts were stocked at three sites adjacent to the Caolorado River near Grand
Junction, Colorado, in July 1996: hatchery ponds at Horsethief Canyon State Wildlife Area (referred to
here as Horsethief; the reference site), a diked tertiary channel at Adobe Creek, and North Pond at Walter
Walker State Wildlife Area (WWSWA). Fish were collected in April 1997 and spawned, After two spawnings
adults from the three sites were held at Horsethief for an 86-day selenium depuration period. Selenium
concentrations at Horsethief were 1.4-3.0 pg/t in water, 0.8-0.9 «g/g in sediment, 4.5 xg/y in muscle
plug, and 6.0 ng/g in eggs; at Adobe Creek, <0.7-4.5 pgd in water, 1.2-2.5 »g/g in sediment, 16-20
©g/g in zooplankton, 9.6 ug/g in muscle plug, and 40 1g/g in eggs; and at North Pond, 3.2-17 ug/L in
water, 16-94 ug/g in sediment, 32-48 1.g/g in zooplankton, 14 pg/g in muscle plug, and 55 ug/g in eggs.
During the depuration period, when adults from Adobe Creek and North Pond were held at Horsethief, the
fish lost 7%~13% of their selenium burden in 59 days and 14%-21% in B days. Larvae from North Pond
aduits had the most deformities, followed by Adobe Greek adults, with the fewest deformities found in the
Horsethief adults.  © 2002 Wiley Periodicals, Inc.* Environ Toxicol 17: 297323, 2002; Published online in Wiley
InterScience (www interscience.wiley.com). DOI 10.1002¢t0x. 10064 .
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INTRODUCTION

Selenium contamination of the upper and lower Colorado
River basins in water, sediment, and biota has been docu-
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mented by academic studies and by U.S. Depantment of the
Interior agency studies (reviewed in Hamilton, 1998). His-
toric selenium contamination of the upper and lower Colo-
rado River basing prior to the construction of main-stem
dams had been hypothesized to have contributed to the
decline of native fish now listed federally as endangered
(Hamilton, 1999). Other reports suggested that endangered
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fish, especially the razorback sucker (Xyrauchen texanus),
are being adversely affected by selenium contamination in
the Green, Price, Yampa, and upper Colorado rivers (Ham-
ilton. 1998; Stephens and Waddel, 1998; Hamilton et al.,
2000).

The Colorado River basin originally contained 32 native
species, of which 73% were endemic because of the basin’s

long isolation (Minckley, 1991). The upper Colorado River

provides critical habitats for four endangered fish species:
Colorado pikeminnow (Prychocheilus lucius), razorback
sucker, humpback chub (Gila cypha), and bonytail (Gila
elegans; USFWS, 1987; USDOI, 1994). A combined ap-
proach for recovery of the four endangered fish in the upper
Colorado River basin was undertaken in {987 by the Upper
Colorado River Endangered Fish Recovery Program (USFWS,
1987). The goal of the 15-year program was to reestablish
self-sustaining populations of the four species while allow-
ing continued water development.

In an effort to stabilize and enhance populations of
razorback sucker and other endangered fishes in the upper
Colorado River, the Floodplain Habitat Restoration Pro-
gram, a unit of the recovery program, undertook restoring
floodplain habitats for use by razorback sucker larvae and
adults. The strategy for achieving these goals was to recon-
nect selected floodplain habitats to the main river channel in
a manner that simulated historical hydrological conditions.
An important component of this program was selecting sites
that after restoration would not contaminate the fish, espe-
cially with selerium.

The objective of the present study was o determine if
environmental exposure of the adult razorback sucker to
selenium and other inorganic elements in flooded botiom-
tand sites affects their survival, growth, egg-hatching sue-
cess, and residues.

MATERIALS AND METHODS

This partial life-cycle chronic toxicity study was conducted
by exposing adult fish to water and foods for about 9 months
at three sites adjacent to the ‘Colorado River near Grand
Junction, Colorado: Horsethief Canyon State Wildlife Area
(the reference site, operated by the Colorado River Fishery
Project [CRFP]; hereafter referred to as Horsethief), Adobe
Creek, and North Pond at Walter Walker State Wildlife
Area (WWSWA; Fig. 1). All three sites are near Grand
Junction, the Horsethief site about 19 km west of the city
limits, the Adobe Creek site about 5 km west of the city
fimits. und the North Pond site about a half kilometer
southwestof the city limits.

Four-year-old razorback suckers previously used in a
reproductive smdy in Grand Junction, Colorado (Hamilton
et al., 2001a) were used in this study. The fish were origi-
nally reared at the Wahweap Fish Facility, Big Water, Utah,
by the Utah Division of Wildlife Resources. All the fish in
the current study were progeny of a single spawn of two

Fig. 1. Map of three sites in the Grand Vailey near Grand
Junction, Colorado, used for a reproduction study of razor-
back suckers.

adult razorback suckers from the anm of the San Juan River
in Lake Powell, Utah.

Site Description

The sampling stations previously established for the first
study (Hamilton et al., 2001a} also were used in this one:
Horsethief (HT inlet and outlet), Adobe Creek (AC1-ACT),
and WWSWA (WWI-WWI10). At Horsethief fish were
held in earthen ponds, either pond 1 or pond 6, along with
brood stock of other endangered fish. The water in the ponds
was maintained by water pumped directly from the Colo-
rado River near Fruita, Colorado, that had little selenmum
contamination. The Adobe Creek site was a tertiary river
channel about 200 m long and 3-5 m wide; it was isolated
from river flow by dikes with large gate valves at both ends,
and the downstream dike had an overfiow water-control
structure (Fig. 2). Fish were held in the section of the
channel that had sample stations AC3, AC4, and AC5. The
water level at Adobe Creek was maintained with water
pumped from the secondary channel (location ACZ). Over-
flow water from an irrigation ditch {(AC7) also entered the
diked area. Water at the site was maintained at a depth of
about 1.5 m and was believed to have relatively low levels
of selenium contamination. The North Pond site was an
isolated pond, about 1 ha in size with a maximum depth of
1.5 m, on a terrace about 2 m above the floodplain (Fig. 3).
Water in North Pond was supplied primarily by groundwa-
ter discharge, which was believed to contain elevated sele-
nium concentrations. The south side of North Pond had a
dike and water overflow structure installed to maintain
water levels and confine fish. Fish were held in North Pond
at sample stations WW2 and WW3. Water levels were
supplemented by inflow at WWIQ from Independent
Ranchman Ditch. Flooding of the Colorado River occurred
in spring 1997 but did not affect water levels at Adobe
Creek and North Pond. '
Hatchery brood stock adults previously collected from
various locations in the vpper Colorado River and held at




Fig. 2. Map of sampling stations at the Adobe Creek site,
near Grand Junction, Colorado. Fish were held in the diked
area, which contained sampling stations AC3, AC4, and
ACS.

Horsethief were also used in the study as additional refer-
ence fish.

Fish Stocking and Sampling

Adults were stocked at each site on July 11, 1996, as
follows: Horsethief —9 females and 21 males (previously
held at Horsethief for 11 months); Adobe Creek—7 females
and 16 males previously held at Adobe Creek for 9 months
foliowed by a 2-month depuration petied at Horsethief, 2
females previously held at Horsathief for 11 months; North
Pond—7 females and 11 males previously held at North
Pond for 9 months followed by a 2-month depuration period
at Horsethief, 3 fémales previously held at Horsethief for 11
months. On August 27, 1996 (day 47 of the exposure), an
additional 10 females were stocked at each of the three sites.

Fish were collected during the third week of April 1997
for spawning. Prior to stocking, each fish (previously tagged
with a passive integrated transponder [PIT]) was identified
by its PIT tag, measured for length and weight, and had a
muscle plug sampie taken for selenium analysis from the
dorsal area adjacent to the dorsal fin. Muscle plugs were
collected using a 4- or 5-mm biopsy punch, placed in
cryotubes, stored on ice in the field, and then stored in a
freezer {—20°C) while awaiting analysis of selenium con-
centrations. After the muscle plug was collected, the wound
was treated with full-strength Betadine solution. Fish held at
Horsethief were fed the same commercial standard fish food
as that fed to other stocks of razorback suckers routinely
maintained there. Fish at Adobe Creek and North Pond were
not fed any artificial food during the exposure and foraged
for natural food items at the site.

Nawral food organisms were collected from three sta-
tions where adults were held (AC3, AC3, WW2), placed in
Whirl-Pak bags, stored frozen at —20°C, and analyzed for
seleninm concentrations. Collections were accomplished
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primarily with 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 moming. At each
sampling station the contents of all the light traps were
combined and concenirated by filtering the samples through
the basket of a 153-um plankton net.

Sediment grab samples were collected in plastic jars and
transported 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 forceps.

Spawning

In late spring 1997 after the water temperature rose o 16°C
and remained at that temperature for about a week (the third
week in April), fish held at Adobe Creek and North Pond
were captured wsing trap nets and elecirofishing methods
and transported to the fish holding building at Horsethief.
Adults held in earthen ponds at Horsethief were collected
using a seine. All fish were held in the holding building in
1.3-m-diameter tanks supplied with fiowing Colorado River
water supplemented with oxygen delivered through diffuser
bars. Water temperature in the holding tanks was about
12°C. Muscle plugs were taken from fish for selenium
analysis, as well as from four hatchery brood stock fish held
at Horsethief.

To induce spawning, females were injected with human
chorionic gonadotropin hormone at the rate of 220 interna-
ttonal units {IU) per kilogram of body weight on each of 3
consecutive days beginning 5 days prior to the spawning
date. Fish were not injected on the fourth day and were
spawned on the fifth day. All males were injected at the rate
of 660 IU/kg one time 5 days prior to spawning. Three
females from Horsethief, four from Adobe Creek, and five

Fig. 3. Map of sampling stations at the Walter Walker State
Wildlife Area site near Grand Junction, Colorado. Fish were
held in North Pond, which contained sampling stations WW?2
and WW3.
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from North Pond were spawned on April 23, 1997, On April
24 two additional females from Horsethief and one from
Adobe Creek were spawned. Eggs from each female were
fertilized with sperm from at least one male. Fertilized eggs
were washed in Colorado River water in plastic bags to
reduce adhesiveness and then water-hardened in river water.

Eggs were transpoited to the 24-Road Fish Hatchery
(hereafter referred to as 24-Road) and placed in incubation
buckets with screened bottoms. Eggs from each female
spawned were held in separate buckets, Buckeis were held
in 1.3-m-diameter tanks with recirculated 24-Road water.
The water temperature at 24-Road was maintained at about
24°C for rearing activities with razorback sucker from 1996
spawns. Two samples of eggs from each spawn were col-
lected in Whirl-Pak bags and stored frozen at —20°C until
thawed for selenium analyses by atomic absorption, trace
element, and major ion analyses by inductively coupled
plasma (ICP) spectroscopy.

Adfter spawning, adult fish from Adobe Creek and North
Pond, along with Horsethief and brood stock fish, were held
in the same earthen ponds at Horsethief for 86 days to
determine the rate of selenium depuration from their muscle
tissues. Fish were captared at 31, 59, and 86 days post-
spawning, identified by their PIT tag, measured for length
and weight, inspected for general health, and muscle plug
taken for selenium analysis.

Egg Test

For each spawn (three each for Horsethief, Adobe Creek,
and North Pond and two for brood stock), eight groups of 25
eggs were placed in incubator cups for determination of
survival and hatchability. Fertilized eggs that looked normal
were tandomly assigned to a hatching cup 5 eggs at a time
until 25 eggs were placed in each cup. The egg cups were
suspended in 2-L glass beakers filled with 1.2 L of filtered
water (25 pm polypropylene bag filters, Filter Specialists,
Inc., Michigan Ciry, IN). Four groups (termed replicates a,
b, ¢, and d) from each spawn were placed on each of two
tables in the mobile laboratory. Eggs on one table were held
in 24-Road water, and eggs on the other table were held in
site water collected from the site at which the parents were
exposed prior to spawning. The beakers were arranged in
three rows on each table, and their positions were randomly
assigned using a random numbers table.

The incubation cups were 250-mL jars with the bottom
removed and a polypropylene filter cloth (with 285 pm
opeiings) glued to the bottom using silicon adhesive. They
were suspended by a latex handle in beakers containing
filtered 24-Road water. After 2 h the site water treatments
had 50% of the water replaced with site water. Thereafter,
0% of the water (600 mL) was renewed daily. Oxygen
concentrations in exposure water were supplemented by
passing compressed air from an oil-less air compressor
through air stones.

Test waters for the egg test were collected as grab
samples every day from each site using two 19-L carboys.
Water was filtered through 25-um polypropylene filter bags
to remove particulate matter and poured into large plastic
buckets prior to use in water quality analyses and water
renewal in exposure vessels. This water was analyzed for
general water quality characteristics including pH, conduc-
tivity, hardness, alkalinity, calcium, magnesium, chloride,
and amimonia. Two water samples, one filtered (0.4 pm) and
one unfiltered, were collected and analyzed for seleninm
concentrations..

Egg cups were gently removed once daily and placed in
a Petri dish with the same water as in the beaker, in which
they were examined using a dissection scope to record the
pumber of live and dead eggs and the number and types of
deformities. The yolks of dead eggs appeared opagque and
oddly shaped compared to live eggs. All dead epgs were
removed daily. When the eggs began to hatch, the number
of lve and dead larvae and the pumber and eypes of defor-
mities were recorded daily. The srudy was terminated at 1
day posthatch because of high mortality in all egg cups. The
mortality of eggs was probably a result of a temperature
acclimation problemm at 24-Road that occurred prior to
stocking eggs in the egg cups at the mobile laboratory. Fish
were spawned and eggs were water hardened at about 12°C,
then moved to the 24-Road hatchery, where the water tem-
perature was maintained at 24°C for rearing activities with
razorback suckers from 1996 spawns. During the first egg
test dissolved oxygen concenfrations ranged from 7.3 to 7.4
mg/L, with 82.7%-844% saturation, and temperature
ranged from 20.0°C to 21.0°C.

On April 25, 1997, six females from Horsethief, four
from Adobe Creek, and six from North Pond were spawned
as described previously and a second egg test initiated. In
this test eggs were used from three spawns of Horsethief,
Adobe Creek, and North Pond fish, and three replicates
(termed a, b, and ¢) were used. All other experimental
conditions were as described above. After fertilization and
water hardening at the spawning facility (=12°C), the eggs
were held overnight in thermal jugs that allowed slow
temperature acclimation in the mobile laboratory (~18°C),
thus bypassing the holding at 24-Road. Eggs from one
brood stock spawn were collected from those held at 24-
Road and used in the egg test. They were stocked at 2 days
postspawn. Eggs were initially held in 600 mL of Horsethief
water at about 18°C, and after 2 h 300 mL of the appropriate
site water or reference water was added, followed 2 h later
by the addition of another 300 ml of the appropriate test
water. Other procedures were as described above.

Temperature in the exposure beakers was maintained at
ambient air temperatire and measured daily with a preci-
sion-grade mercury thermometer. Ambient temperatore in
the mobile laboratory was maintained close to 20°C. Eggs
and newly hatched larvae were exposed under florescent
lighting (one cool-white bulb and one wide-spectrum bulb
in each light fixture) to a photoperiod that existed at the time




of testing in Grand Junction and approximated 12 h light:12
h dark. Newly hatched larvae were not fed because of the
short duration of the smdy.

Egg diameter was determined on two sets of 20 eggs
trom each of the three spawns from Horsethief, Adobe
Creek, North Pond, and brood stock adults in the first
spawning; the three spawns from Horsethief, Adobe Creek,
and North Pond adults; and the brood stock spawn in the
second spawning. Eggs were held in a Petr dish filled with
24-Road water so that the eggs would maintain their natural
shape. The longest diameter was measured using a dissec-
tion smicroscope fitted with a Reichert filar micrometer
eyepiece. The micrometer was calibrated by determining
the mean calibration constant for a 2.0 mm distance cali-
brated at full-scale, 50% scale, and 20% scale calibration
distances.

Water and Sediment Sampling

Beginning in July 1996, selected water quality characteris-
tics were measured every week in sit—where the fish were
held at the three test sites and at 14 other sample stations on
an prregular basis. In addition, site water was collected every
30 days at the three sample stations where the fish were held
and analyzed for general water quality characteristics in the
mobile laboratory. Water quality measurements in unfil-
tered water samples at the mobile laboratory included pH,
conductivity, hardness, calcium, magnesiwn, alkalinity, and
chloride. Two subsamples of each sample taken to the
mobile laboratory were collected in polyethylene boteles.
One sample was used for ammonia analysis and was acid-
ified o a pH of <2 with concemrated sulfuric acid. The
other sample was used for nitrate, nitrite, sulfate, total
suspended solids, volatile solids, and fixed solids and was
stored in a refrigerator at 4°C. These subsamples were
shipped in a cooler with ice packs by overnight express to
the Yankton FRS for analysis. All water quality character-
istics were measured according to standard methods (APHA
et al, 1993), except for the nitrogenous chemicals and
chloride. Ammonia, nitrate, and nitrite were measured using
ion-selective electrodes according to the procedures out-
lined by the electrode manufacturer for low-concentration
measurements (Orion, 1990, 1991; ATI Oricn, 1994). Chlo-
ride was measured according to a modified APHA et al.
(1995) method (Hach Company, 1997).

Subsamples of water collected between December 1996
and Aprl 1997 for water quality analyses from five sample
stations (HT1, AC5, WW1, WW2, WW4a) were taken for
selenium analysis and from three sarople stations (HTI,
ACS, WW2) for ICP analysis of inorganic elements, The
samples for selenium analysis were collected monthly and
those for ICP bimonthly. Filtered and unfiltered water was
collected for selenium analysis. Water was filtered through
a 0.4-pm polycarbonate filter using a Geotech filtration unit,
and 200 ml of filtered water samples was acidified with 2
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mL of ultrapure HC| and stored frozen until analysis of
selenium concentrations. Two hundred milliliters of unfil-
tered water samples was acidified with 2 mL of ultrapure
HCl1 and stored frozen until analysis of selenium concentra-
tions. Samples for ICP analysis were filtered as described
above and acidified with 2 mb of uvitrapure HNO; and
stored frozen.

Samples of sediment were collected in October 1996 and
April 1997 from Horsethief, Horsethief east wetland
([HTEW]| received effluent from the ponds used to hold the
adult razorback suckers), Adobe Creek (AC3), and North
Pond {(WW2). Sediment core samples were collected by
pushing a 30-cm-long, 7.6-cm-diameter PVC (polyvinyl
chloride plastic) pipe (prcviousiy cut in half lengthwise)
into the sediment using an apparatus that kept the sides for
splitting open as the pipe was forced into the sediments. The
cores were immmediately frozen to maintain the longitudinal
integrity of the sample and then shipped frozen. Three
subsamples of each sediment core were collected by remov-
ing the end caps, splifting the pipe sides, removing the
frozen sediment core, and cutting 1-cm sections from the
top, middle, and bottom of each core sample. These 1-cm
sections were analyzed for selenium concentrations.

Inorganic Element Analyses

All samples collected for selenium analysis were analyzed
at the Yankton FRS using a PerkinElmer model 3300
atomic absorption spectrophotometer equipped with a
modet MHS-10 hydride generator (AA-HG). The spectro-
photometer was standardized with National Institute of
Standards and Technology (NIST) standard reference ma-
terial 3149 (for water). Water samples were digested using
a persulfate digestion technique and total selenium deter-
mined by a modification of the method of Presser and
Barnes (1984). Quality assurance and quality control mea-
sures included determination of limit of detection, proce-
dural blanks for background equivalent concentration, per-
centage of relative standard deviation of triplicate sample
preparation and analysis, recovery of elements from refer-

-ence material, and recovery of digested-spiked sample so-

lutions and analysis-spiked samples at the AA-HG. The
mean limit of detection {(LOD) was 0.7 pug/L (SE =0.1,n =
17). For water the procedure blanks had background con-
centrations less than the LOD. The mean percent relative
standard deviation (triplicate sample preparation and anal-
ysis) was 4.3% (SE = 0.6, n = 17). Recovery of selenium
from NIST reference matenial 1643¢ water and NIST refer-
ence material 1643d was within Columbia Environmental
Research Center—recommended recommended ranges. The
mean percentage of recoveries of digested-spiked sample
solutions was 95% (SE = 2, n = 34). Mean selenium
recoveries of analysis-spiked samples analyzed for matrix
suppression or enhancement was 101% (SE = 2, n = 17).

All sediment, fish egg, zooplankton, and commercial fish
food samples were prepared for analyses of selenium con-
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centrations by fisst Iyophilizing the sample to a constant dry
weight using a Virtis Vacu-Freezer. Fish samples were then
homogenized with a food processor. Animal tissue, fish
(oot and sediment samples were digested using a combi-
nalion mitric acid wet digestion/magnesium nitrate dry ash
technique (Pettersson et al., 1986). The dry ash procedure
was accomplished in a Thermolyne model FA1730 muffie
furnace. Total selenivm was determined by a modification
of the method of Presser and Barnes (1984). Quality assur-
ance and quality control measures were the same as for the
water analyses, and the results are summarized in Tahle 1.

Analyses of inorganic elements in water, zooplankton,
and fish egg samples were performed by ICP at the Envi-
ronmental Trace Substances Research Center (University of
Missouri), Roila, Missouri. The list of elements and LOD
are given in Table II. For water the procedure blank had
background-equivalent concentrations less than the LOD
for all clements except cobalt and zinc. The mean percent
relative standard deviation (duplicate sample preparation
and analysis) was 9.6%, the mean spike recovery was 107%,
and the recovery of trace elements from NIST reference
water 1643D was within recommended ranges except for
cobalt, chromium, lithium, magnesium, and zinc. For zoo-
plankton the procedure blank had background equivalent
concentrations less than the LOD for all elements, the mean
percent relative standard deviation (duplicate sample prep-
aration and apalysis) was 5.9%, the mean spike recovery
was 94%, and the recovery of trace elements in National
Research Council of Canada (NRCC) reference material
DORM?2 (dogfish muscle) was within recommended ranges
except for aluminum, silver, and zinc. For fish eggs the
procedure blank had background equivalent concentrations
less than the LOD for all elements except silicon and zine,
the mean percent relative standard deviation (duplicate sam-
ple preparation and analysis) was 8.9%, the mean spike
recovery was 96%, and the recovery of trace elements in
NRCC reference material DOLT?2 (dogfish liver) was within
recommended ranges except for arsenic, cadmium, lead,
manganese, and nickel.

Muscle plugs from all the spawned fish and some of the
unspawned fish were analyzed for seleninm concentrations
to ensure an adequate sample size for statistical analysis.
Muscle plugs and larvae were prepared for analysis at the
Columbia Environiental Research Center, and neutron ac-
tivation analysis was performed at the University of Mis-
souri Research Reactor (MURR), Columbia, Missouri. All
sample preparations prior to neutron activation analyses and
the neutren activation method were done as described in
Waddell and May (1995). Samples were transported to
MURR for determination of the radionuclide 77™Se (Mc-
Kown and Morris, 1978). Selenjium standards and quality
control samples were analyzed in the same manner as ani-
mal tissues. National Institute of Standards and Technology
1577 (bovine liver) standard reference material was ana-
lyzed by MURR as quality control checks on accuracy and
precision. The recovery of seleninm was within the NIST-

TABLE I. Mean (standard error in parentheses and
number of samples in brackets) quality assurance and
quality control measures for selenium analysis of
sediment and biological samples

Moarrix
Fish Aguatic
Measure Sediment Eggs {nvertebrates
Limit of detection
(ng/g) 0.14 0.04 0.10
(0.03) (0.01) (0.04y -
(6] {41 {n
% RSD? 4.2 4.8 4.7
(0.4) (0.5) (1.1}
[61] 4] i
Reference material 0.38° 1.26° 1.41¢
0.01) (0.03) (0.03)
[6] [4] 7
Digested spikes® [20: I 99 160
(2) (3) 2
[12] (8] {14]
Analysis spikes® 95 105 99
(3 " 4

(6] (4] (7

* R8D: Percent reiative standard deviation for triplicate preparation and
ana]yéis,

® National Research Council of Canada (NRCC) reference material
BCSS-1 (marine sediment; 0.43 *+ 0.06 pg/g).

¢ NRCC reference material DORM-2 (dogfish muscle tissue; 140 X
9.09 pgfe).

¢ Percent recovery of selenium from samples spiked with selenomethi-
anine at the beginning of preparation for sample anolysis.

® Percent recovery of selenjum from digested samples spiked with
selenite after sample preparation but before instrument analysis.

recomunended range, and the percent relative standard de-
viation of multiple analyses (n = 11) was 4.2%. Selenium
values in micrograms were obtained by direct comparison
of peak areas obtained for the samples with the average
peak areas obtained for a set of standards. The limit of
detection was 0.015 pg/g.

Statistics

Data were analyzed using SAS sofware (Statistical Analysis
System Institate, 1990). Analysis of variance testing was
used to determine treatment effects on residues in water,
sediment, zooplankton, and muscle plugs (the values loga-
rithmically transformed) among sites and sample stations
within sites. When significant differences (p = 0.05) were
observed, means were compared by the Bonferroni (Dunn)
multiple means comparison test (Snedecor and Cochran,
1967).

Correlation analyses were used to test for relations
among water guality characteristics, inorganic element con-
centrations, effects on fish, and tissue residue concentra-
tions. Correlation analyses of the means with standard de-
viation and variance measures were conducted to determine




TABLE H. Limit of detection of elements measured by
inductively coupled argon plasma spectroscopy in
water (ng/L}, zooplankton (ug/g dry weight), and fish
eggs {ng/g dry weight)

- Matrix
Element Water Zooplankton Fish Eggs
Ag 10 0.3 0.3
Al 20 2 2
As 30 2 2
B 10 0.5 0.5
Ba 0.7 0.05 0.05
Be 0.2 0.05 0.06
Bi 10 1 1
Cd 2 0.2 02
Co 1 0.3 ' 0.3
Cr 9 1 1
Cu 1 0.2 0.2
Fe 7 0.5 05
Li 2 0.4 04
Mg 1 — —_
Mn 2 0.07 0.06
Mo 7 0.2 0.2
N 7 0.4 0.4
Pb 30 0.9 0.8
Sb 30 1 1
Si 40 3 3
Sn 30 1 1
Sr 0.2 0.02 0.02
Ti 0.5 0.1 0.09
Tl 70 10 10
v 2 0.2 0.2
Zn 1 0.1 0.09

if transformations were needed to meet the assumptions of
normality and homogeneity of variance (M. Ellersieck, Uni-
versity of Missouri, personal communication). The residue
data for water, sediment, zooplankton, and muscle plogs
and the water quality measures in the egg test wete log, -
transformed prior to correlation analysis.

RESULTS
Water Quality

Water quality characteristics were significantly different at
the three sites, with the water at North Pond having higher
conductivity, hardness, magnesium, chloride, and sulfate
than the water at Horsethief and Adobe Creek (Table IH).
Horsethief had a significantly higher pH than did Adobe
Creek or North Pond.

Water quality, characterized primarily by conductivity,
varied during the study. This variation at Horsethief and
Adobe Creek was partly a result of the relatively lower
conductivity values of the Colorado River during high run-
off. Water quality parameters at Horsethief closely matched
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those of the Colorado River. Conductivity was lowest in
North Pond at WW?2 on QOctober 16, 1996, which was about
3 months after the high niver runoff. For Horsethief the
range of values was 593-1060 pmhos/cm conductivity,
208406 mg/l. CaCO, hardness, and 106-161 mg/L
CaCQ0, alkalinity. For Adobe Creek the range of values was
786-1260 pmhos/cm conductivity, 260-366 mg/L CaCO,
hardness, and 98-150 mg/L. CaCQ, alkalinity. For North
Pond the range of values was 1240-4630 umhos/cm con-
ductivity, 3521460 mg/l. CaCO, hardness, and 87-343
mg/L. CaCO, alkalinity.

Selenium and Other Elements in Water

There was no significant differences in seleniuin concentra-
tions between filtered and unfiltered water at the stations
within the three sites where adulis were held, and the data
were combined within a samnple station for further statistical
analysis (Table TV). Selenium concentrations in water at
Horsethief and Adobe Creek were not significantly different
from each other, but they were both significantly different
from North Pond. Selenium concentrations at Horsethief
averaged 2.2 ug/L, at Adobe Creek 2.6 pg/LL, and at North
Pond 7.8 pgfl. Selenium concentrations in water at
Horsethief were similar to those in Colorade River samples
collected at Walter Walker State Wildlife Area ([WW1]
1.6—4.4 pg/l).

The highest selenium concentrations at North Pond
occurred on April 15, 1997 (17.1 pg/L), just prior to
removing the adults for spawning. Most selenium in
North Pond probably came from the groundwater, as
demonstrated by the elevated seleniwin concentrations at
WW4a (adjacent and east of North Pond), whose only
water source was groundwater. When the Colorado River
was at low flow, selepium concentrations at WWda be-
tween December 1996 and April 1997 ranged from 32 to
152 pg/L (Table IV).

For inorganic elements in water measured by ICP, boron
and lthium were significantly higher at North Pond than at
Adobe Creek, strontium was significantly higher at North
Pond than at Horsethief, and magnesium was significantly
higher at North Fond than at Adobe Creek or Horsethief
(Table V). Selenium concentrations measured by AA-HG in
water from Horsethief, Adobe Creek, and North Pond were
not significantly correlated on a site basis with any of the
inorganic elements measured by ICP in water, except for
barium. Barium was significantly correlated (r = —0.998, p
= (.04) with selenium concentrations in North Pond water.
However, when the data were combined for the three sites,
selenium measured by AA-HG in water was significantly
correlated with five elements measured by TCP: boron (r =
0.98, p = 0.0001, » = 8), lithivm (r = —.99, p = (.0001,
r = B), magnesium (r = (098, p = 0.0001, n = 8),
stromtium (r = 0.90, p = 0.003, n = 8), and vanadium (r =
099, p =001, n=4)
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TABLE Ill. Mean (standard error in parentheses, n = 9)
water quality characteristics measured in water
collected at three stations near Grand Junction,
Colorado

Station
Measure HT1 ACS WW2
pH 8.2b 7.92 7.9a
{1 0.5 (0.1}
Conductivity (pemhos/
cm) 901a 1,000a 2,31Gb
(&1)] (58) (440)
Hardness (mg/L as
CaCO0,) 299 31la 683b
(2D (14) (143)
Calcium (mg/L) 79a 80a 118a
3) (4) (19
Magnesium (mg/L) 23a 27a 94b
#J] (13 (24)
Alkalinity (mg/L. as
CaCQ,) 131a 133a 179a
(5) (6} @9
Chloride (mg/L) T4a 104a . 232b
4 C)] (39}
Sulfate {mg/L} 233a 239a 830b
24 (12) (231)
Un-ionized ammonia
(mg/L NH,-N) <0.01 <0.01 <0.01
() ()] (0]
Nitrate (mg/L. NO,-N) 0.5a 0.2a 0.2a
(0.1} )] (0.1)
Nitrite (mg/L NO_-N) 0.01a 0.1a 0.02a
0y (M 0.0
Total suspended solids
(mg/L) 24.8a 14.7a 8.8a
(6.3} 4.9 (3.5)
Volatile solids {mg/L) 33a 2.5a 2.8a
(0.8} (0.7} 0.9
Fixed solids (mg/L) 21.5a 12.2a 6.0a
(5.7 (4.3) (2.6

For each measure, stations with the same letter are not significantly
different (P = 0.05).

There was a significant positive correlation between se-
lenivm in water with several water quality characteristics at
Horsethief including, from highest to lowest comelation
coefficient {7), sulfate (0.99, p = 0.0009), hardness (0.99, p
= 0.001), calcium (0.94, p = 0.02), conductivity (0.91,p =
0.03), and magnesium (0.88, p = 0.05), whereas there was
a negative correlation for volatile solids (r = —0.88, p =
0.05). At North Pond the significant positive correlations
were, from highest to lowest correlation coefficient (r),
nitrate (0.997, p = 0.0002), conductivity (.89, p = (0.04),
and chloride (0.88, p = 0.05). There were no significant
correlations between seleniim in water and water quality
characteristics at Adobe Creck.

Selenium in Sediment

Selenitin concentrations in various portiens of sediment
cores from Horsethief, Horsethief east wetland, Adobe
Creek, and Notrth Pond were significantly different from
each other (Table V). Selenium concentrations in the top
portion of sediment cores collected on October 21, 1996,
went from lowest, at Horsethief, to that at Horsethief east
wetland and Adobe Creek to the highest, at North Pond. A
similar pattern in selenium concentrations was observed for
the top portion of sediment cores collected on April 4,
1997 In general, selenium concentrations in sediment cores
tended o decrease with depth.

Selenium in Biota

Seleniwm concentrations in zooplankton from Adobe Creek
ranged from 15.6 to 19.6 pg/g at AC3 and was 20.0 ug/g at
ACS (Table VII). Selenium concentrations in zooplankton
at North Pond ranged from 319 to 48.1 ugfg. Selenium
concentrations in zooplankton were significantly lower at
Adobe Creek than at North Pond. Selenium concentrations
in zooplankton collected from the Horsethief east wetland
ranged from 4.4 to 5.6 pg/z. Adult fish in the ponds did not
have access to HTEW, but this site was vsed as a food
source in ofther studies.

The selenium concentration in chironomids at ACS was
48.3 pg/g for a composite sample collected on September
18 and 30, 1996. At AC3 selenium concentrations in chi-
ronomids were 33.6 ug/g for a composite sample collected
on September 30 and October 5, 1996; 31.7 pg/g for a
composite sample collected on October 21 and November 3,
1996; and 34.0 pgfg for a composite sample collected on
April 2§ and May 19, 1997. Selenium concentrations in
chironomids collected from HTEW were 9.3 pg/e for a
composite sample collected on September 30 and October
21, 1996; and 7.9 ug/g for a composite sample collected on
April 21 and May 20, 1997. Selenivm concentrations in
chironomids were between 1.4 and 2.0 times higher than in
zooplankton collected from the same station at about the
same time. The correlation between selenium concentra-
tions in chironomids and zooplankton was r = .94 {(p =
0.005, n = 6). The Spearman correlation (r;) between
selenium concentrations in sediment (assuming a nonnor-
mal distribution of selenium in sediments; Peltz and Wad-
dell, 1991; Stephens, 1996; Zhang and Moore, 1997) and
selenium concentrations in chironomids was r. = 0.87 (p =
0.05, = = 3).

Growth

There was no significant difference in length between fish
stocked at the three sites on July 11, 1996, but fish at North
Pond weighed significantly less (7435 g) than fish stocked at
Heorsethief (817 g} or Adobe Creek (820 g; Table VIII}. At
spawning, fish were significantly shorter at Adobe Creck
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TABLE IV. Selenium concentration (ug/L) in fitered and unfiltered water at sample stations in the Horsethief
Canyon State Wildlife Area (HT1), Adobe Creek (ACS), and North Pond {(WW?2} near Grand Junction, Colorado,
where adult razorback suckers were held, and also the Colorado River (WW1) and a marsh draining into a
backwater channel (WW4a)

Station
Day of
Sample Type Date Exposure HT1 ACS Ww1 WWwW2 WWda
Filtered
12/09/96 151 28 <0.7% 3.5 39 84
01/06/97 179 2.1 28 2.6 3.2 109
02/10/97 214 19 27 2.1 .60 152
03/12/97 244 2.0 2.7 23 78 119
M15/97 278 14 1.2 1.6 15.6 98
Unfiltered
12/09/%6 151 3.0 4.5 29 43 32
01/06/97 179 2.6 30 4.4 35 116
02/10/97 214 2.5 32 24 3.5 148
03712/97 244 19 2.9 2.5 11.0 125
4/15/97 278 i8 2.7 18 17.1 106

* <Z; Below limit of detection.

(431 mm) and weighed less (944 g) than were fish at
Horsethief (443 mun, 1036 £), but there were no differences
between fish at North Pond and Horsethief. Fish at Horse-
thief grew 4.7% in length and gained 26.8% in weight, at
Adobe Creek grew 1.2% in length and gained 15.1% in
weight, and at North Pond grew 2.5% in length and gained
35.0% in weight during the 286-day exposure penod.

For fish stocked on August 27, 1996, there was no
significant differences in fish length or weight at stocking or
at spawning. The fish at Horsethief grew 8.1% in length and
gained 37.8% in weight, at Adobe Creek grew 1.9% in
length and gained 8.2% in weight, and at North Pond grew
3.6% in length and gained 7.0% in weight during the 239-
day exposure period.

For the fish measured at spawning, 31, 59, and 86 days
during the depuration phase, there were no significant dif-
ferences in fish length or weight among the three sites
compared with measurements made at spawning (Table
VHI). However, fish from the three sites lost weight after 86
days of depuration. Horsethief fish lost 5.4% of weight
{mean = 57 g}, Adobe Creek fish lost 3.8% (mean = 39 g),
and North Pond fish lost 2.7% (mean = 29 g).

Selenium in Tissues

Concentrations of selenium in muscle plugs from adulis
held at Horsethief did not change significantly during the
exposure or depuration periods (Table TX). Selenium con-
centrations in muscle plugs of fish held at Adobe Creek and
North Pond were significanily higher than those of fish held
at Horsethief at spawning (286 days of exposure) and at 31,
59, and 86 days of depuration. At spawning but not during
depuration, selenium concentrations in muscle plugs of fish
from North Pond were significantly higher than those from
Adobe Creek. Mean selenium concentrations in muscle

plugs were 1.7 times higher in fish at Adobe Creek and 1.6
times highér in fish at North Pond at spawning (April 23,
1997) compared with those at the time of stocking (July 11,
1996).

Mean selenium concentrations in muscle plugs from
Adobe Creek fish at spawning in the present study were 4.2
times higher than those of fish sampled on July 6, 1995 (3.9
wg/g), prior to their initial stocking at Adobe Creek. Simi-
larly, mean selenium concentrations in muscle plugs from
North Pond fish at spawning in the present study were 5.6
times higher than those of fish sampled on July 6, 1995 (4.1
ug/g), prior to their inital stocking at North Pond. In the
present seudy, following initial stocking at Adobe Creek and
North Pond, fish were exposed for 305 days, spawned, held
for 66 days of depuration at Horsethief, then restocked at
North Pond for 286 days.

One fish (HT66) stocked at Adobe Creek in the present
study had previously been held at Horsethief for .11 months
(Hamilton et al., 2001a). At spawning in the present study,
this fish had selenium residues lower than fish held at Adobe
Creek for 9 months during the first study, followed by 66
days of depuration, and then exposed for 286 days in the
present study. The muscle plug selenium values for this fish
during the depuration phase were also lower than other fish
that had previously been held at Adobe Creek. If muscle
plug selenium values for this fish were omitted, the means
in Table IX for the Adobe Creek would be 16.6 pg/g at 286
days, 19.0 pg/g at 316 days, 16.0 pg/g at 344 days, and 15.5
pglg at 371 days, Likewise, two fish (HT12 and HT42)
stocked at North Pond in the present study had previously
been held at Horsethief for 11 months. At spawning in the
present study, these fish had selemiuem residues lower than
other fish held at North Pond for ¢ months during the first
study, followed by 66 days of depuration, and then 286 days
in the present study. The muscle plug selenium values for
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TABLE V. Mean {standard error in parentheses and number of samples in brackets) concentration of inorganic
elements {mg/L) in water collected from three stations near Grand Junction, Colorado

Station Station
Element HT1 ACA WW2 Element HT1 ACS WWw2
Ag <0.01* <0.01 <0.01 Mg 23a 26a 90b
Al 0.03 <002 0.02 {3 (1) (33}
(0) (—) [5] 5] [51
[3r f1] Mn 0.013 0.030 0.024
As <0.03 <0.03 0.03 (0.003) (0.008) (0.006)
(—) (53 {5} [5]
m Mo <0.007 0.010 0.009
B 0.065ab 0.049a 0.110b Y (0.001}
(0.008) (0.002) {0.027) 21 3]
[51 (51 (5 Ni <0007 0.007 <0.007
Ba 0.098 0.115 0.107 )}
{0.006) (0.009) (0.007) (3]
{51 3] {51 Fb <0.03 <0.03 <0.03
Be <0.0002 0.0003 <0.0002 Sb <0.03 <0.03 <0.03
(—) Si 074 0.64 0.45
[] {0.16) {0.16) ©.11)
Bi 0.02 0.02 0.03 [5] [5] [5]
(m ) (0.01) Sn <0.03 <0.03 <0.03
151 [5] 13] Sr 0.75a 0.78ab 1.49b
Cd <0.002 <0.002 <<0.002 {0.10) (0.06) (0.32)
Co <(.001 <0.001 <0.001 [51 [51 [51
Cr 0.010 <0.009 0.010 Ti 0.0011 0.0010 0.0010
(0 _ (—) (C.0003) (0.0002) @
4] {1 (3] [4] (4],
Cu 0.020 <0.001 <0.001 Tl 0.07 <0.07 0.09
{0.008) =) (—
{3] 1 {1]
Fe 0.023 0.045 0.028 v <0.002 0.003 0.004
(0.004) (0.021) (0.003) (—) 0.001)
£5] {53 [5] [1] 12}
Li 0.031ab 0.027a 0.049b Zn 0.005 0.010 0.009
{0.004) {0.002) (0.00%) {0.001) - (0.002) {0.002)
[51 i3] (5] [4] [5] (3}

For B, Li, Mg, and Sr, mean station values with letters in common are not significantly different from each other (P = 0.03).

* <: Below limit of detection.

® Five sanples were submitted for analysis from each station, I the number of samples shown for a station and element is less than 5, concentrations

in the other samples were below the limit of detection.

these fish during the depuration phase also were lower than
other fish that had previously been held at North Pond. If
muscle plug selenium values from these two fish were
omitted, the means in Table IX for North Pond would be
25.5 pg/g at 286 days, 21.0 pg/g at 316 days, 21.7 pg/g at
344 days, and 19.0 pg/g at 371 days.

Selenium concentrations in muscle plugs of fish held at
Adobe Creek for 9 months decreased about 7% after 59
days of depuration and 14% after 86 days of depuration. Of
the four fish sampled after 31 days of depuration at Adobe
Creek, one (fish ACI8) had selenium concentrations that
were 21% higher than those at spawning. Selenium concen-
trations in fish held at North Pond for 9 months lost 13% of

their selenivm load at 539 days of depuration and 21% at 86
days of depuration.

Loss of selenitm during depuration from fish held at
Adobe Creek and North Pond probably was not a result of
tissue dilution because the fish lost weight during the de-
puration period. Average weight lost in fish from Adobe
Creek was 3.8% and from North Pond was 2.7% at 86 days’
depuration compared with measurements at spawning.

Adult Collection and Spawning

The number of adulis recaptured in April 1997 for spawning
was 31 of the 33 stocked at Adobe Creek, 20 of 31 at North
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TABLE VI. Mean (standard error in parentheses, n = 3) selenium concentration {(ug/g dry weight) in the top,
middle, and bottom of sediment cores collected from four stations near Grand Junction, Colorado

Station
Day of Core

Date Exposture Section HT1 HTEW* AC3 Ww2
10/21/96 102 Top 0.42a 0.83b 1.21c 94,37d
' (0.03) (0.03) {015 (2.25)
Middle <027 <0.27 <(.27 1.55
{0.02)
Bottom <(.27 0.30a 0.37a 291b
(0.02) (0.07) {0.07)
4/14/97 277 Top —° 0.91a 2.52b 16.00c
(0.02) (0.07) {0.38)
Middle — 0.33a2 0.50b 12.67c
(0.01) (0.02) (0.05)
Bottom — 0.14a 0.57b 1.79¢c
(0.01) (0) (0.16)

For each date and core section, stations with the same letter are nol significantly different {F = 0.05).

* HTEW: Horsethief east wetland.
# <t Less thag the Nt of detection for thag analysis.
¢ —: Not sampled.

Pond, and ali 38 at Horsethief. The missing adults at Adobe
Creek and North Pond were assumed to have died during
the 9-month exposure period or to have escaped capture
efforts. For spawning on April 23-24, 1997, 15 females
from Adobe Creek were available, of which 5 were
spawned; 10 from North Pond, of which 5 spawned; and
13 from Horsethief, of which 5 spawned. Several brood
stock fish were spawned for other purposes, and eggs
from these fish were used in egg measurements. Fish
were spawned again on April 25, 1997 (6 from Horsethief
apd North Pond and 4 from Adobe Creek) because of

nearly complete egg mortality in the first 2 days after the
initial spawning.

Selenium and Other Elements in Eggs

Mean selenium concentrations in eggs were 6.0 ug/g from
Horsethief adulis, 40.1 ug/g from Adobe Creek adults, and
547 pg/g from North Pond adults (Table X). Eggs from
three brood stock fish held at Horsethief contained a mean
selenium concentration of 6.9 pg/g. Selenium concentra-

TABLE ViI. Concentration of selenium (ug/g dry weight) in zooplankten and chironomids collected from four

stations near Grand Junctich, Colorado

Station
BPay of
Organism Collection Date Exposure HTEW AC3 ACS Ww2
Zooplankton 09/20/96 71 4.4 ol 20.0 33.9
10/01/96 82 — 19.6 — —
10/03/96 84 — - — s
10430/96 111 — 15.6 - —
10/31/96 112 54 — — —
11/21/96 133 50 18.0 — 43.1
04/08/97 271 o 179 — 42.8
04/18/97 281 — — — 37.9
04722197 283 5.6 — — -
Chironormd 09/18 & 30/96 69, 81 — — 483 —
09/30 & 10/05/96 81, 86 — 336 — —
09/30 & 10/21/96 81,102 9.3 — — —
10/21 & 11/05/96 102, 117 — 317 — —
04721 & 05/19/97 284,312 — 340 — -
04/21 & 05/20/97 284, 313 7.9 — — —

Chironomid samples were compesited before analysis.
? —: Not sampled.




308 HAMILTON ET AL.

TABLE Vili. Mean (standard error in parentheses and number of samples in brackets) total length {mm), and
weight (g) of adult razorback suckers held at three sites near Grand Junction, Colerado

Site

Measure Day of Exposure Date HT AC ww
Tota] length 0 T11/96 423a 426a 432a
(3} 3) {4)
[29 f25] [21]

o 8/27/96 369 367 361
{11 (3) {8)
110] (10] [10]
286 4723197 443b 431a 443ab
3 3 4)
{291 {25] [16]
239° 423197 399 374 374
12) (8) )
{51 {6} [4]
Depuration” 286 . 42397 451 446 454
(3 N 8)

(6] 4 (3]
316 312397 467 465 474
4 (8) (19)

t6) (4] (4]
344 6/20/97 456 459 467
82 9 (1)

_ 15} 14} [4]
37 TITT 456 462 466
)] {13) (10)

[ 3 14]
Weight 0 7/11/96 317b §20b 745a
(17 (18) (19

[29] (25] [21]

o 8/27196 547 512 311
(43) (19) (36)
' (149] [10] {101
286 4423197 10360 9dda 1006ab
(22) 21) (23)
[29] [25] {16}
239 4123797 754 554 547
(80) (45) {(51)
t6] (6] 4]
Depuration” 286 4/23/97 1052 1013 1055
(700 (43) (33)

{6] [4} 5]
316 5723197 1056 1014 1049
(50 (52 (67)

161 4] [4]
344 6/20/97 1055 997 1050
] (54) (66)

[51 4 [4]
37 T 995 974 1026
4D {65) (80)
[6] 3] (4}

For each day of exposure and measure, sites with the same letter are not significanily different (P = 0.03).

* Measures for 10 fish stocked on August 27, 1996 (day 47 of exposure period).

& All tish used in the depuration phase of cxposure were originally stocked on July LE, 1996: Day 286 was spawning, day 316 was 31 days’ depuration,
day 344 was 59 days’ depuration, and day 371 was 86 days’ depuration.




TABLE EX. Mean (standard error in parentheses and
number of samples in brackets) setenium
concentration (ug/y dry weight} in muscle plugs of
razorback suckers held at three sites near Grand
Junction, Colorado

Day of Site
Exposure Date HT AC Ww
o 71196 4.5a 9.6ab 14.2b
(0.4} ({.6) 2.3
£2] [2] {2]

Depuration”

286 424197 4.6a 16.2b 22.8c
{0.3) (0.8) (1.8)
{6] (5] (6]
316 32397 5.0a 17.5b 20.0b
0.3) 2.1y (1.3)
{4] [41 (4]
344 6/20/97 4.92 15.0b 19.8b
{0.2) {1.2) 29
4 i4] (4]
mn a7 5.0a 14.0b 18.0b
(0.5) 1.7y (1.2)

(4] 3] {4]

For each day of exposure, sites with the same letter are not significantly
ditlerent (# = 0.03).

*Day { data from Hamilton et al. (2001a}.

® Day 286 was spawning, day 316 was 31 days™ depuration, day 344
was 59 days’ depuration, and day 371 was 86 days’ depuration.

tions in eggs from adults held at Horsethief, Adobe Creek,
and North Pond and from brood stock were signiticantly
different from each other. In general, selenium concentra-
tons tended to be lower in eggs from the second spawn
(April 25) than from the first (April 23), which was espe-
cially evident in spawns from the same aduit (Hamilton et
al., 2001b). Eggs from the second spawn also tended to have
smaller diameters, also especially evident in spawns from
the same adult. Selenium concentrations in eggs were cor-
related with seleniutn concentrations in muscle plugs of
adults {r = 0.88, p = 0.0001, r = 20).

Of the inorganic elements measured by ICP in eggs,
bartum, copper, iron, and manganese concentrations were
significantly different among the sites. Bardum concentra-
tions in eggs from brood stock fish were significantly higher
than in Horsethief fish (Table XI). Copper concentrations in
eges from fish at Horsethief were higher than in eggs from
fish at Adobe Creek and North Pond, but not those from
brood stock. Manganese and iron concentrations in eggs
from fish at Horsethief, Adobe Creek, and North Pond were
not significantly different from cach other, but all were
significantly higher than in eggs from brood stock. Al-
though barium, copper, iron, and manganese concentrations
in eggs had significant differences among sites, the magni-
mde of difference was small—with the highest concentra-
tion from 1.4 to 3.2 times greater than the lowest concen-
tration. In contrast, in eggs there was a 14- to 15-fold
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magnitude of difference between the highest and lowest
selenium concentrations.

Egg Characteristics

The percentage of moisture in eggs was similar among the
young adults, but the moisture in eggs from North Pond
adults was significantly higher than in eggs from the broed
stock (Table X). However, the difference in mean percent-
age of moisture between the eggs from North Pond adults
and the brood stock was only 1.6% and therefore may not be
biologically important. The diameters of eggs from the
young adults held at the three test sites were significantly
smaller (13%-17%) than those of eggs from the brood stock
fish (Table X).

Egg Test

For the first spawn the percentage of viable eggs held
overnight at 24-Road was 2.7% in one spawn and =1% in
the other eight spawns (three spawns each for Horsethief,
Adobe Creek, and North Pond). Most eggs were dead,
regardless of adult source, the day after the egg test was
begun, even though normal-looking eggs were used in the
test. Examination of the eggs revealed oil globules in 60%—
95% of the eggs, that is, the lipid compounds apparently
were separated from the yolk. For the second spawn the
percentage of viable eggs held about 36 h at 24-Roead was
5% in one spawn, 2.7% in another spawn, and =1% in the
remaining seven. Because egg viability was essentially zero
for the exposed young adults used in the study, it was not
possible to link viability with other measurements such as
percentage of hatch or percentage of survival.

Eggs from one brood stock (80% viability) had no mea-
surement of seleninum made because of the limited number
of eggs available for use in the egg test. Egg diameter was

TABLE X. Mean {standard error in parentheses and
number of samples in brackets) selenium
concenftration (ng/g dry weight), percent moisture, egg
diameter (mm), and percent viability of eggs from
razorback suckers held at three sites near Grand
Junction, Colorade, including brood stock (BS)

Site {Adult Designation)

Measure HT AC WW B3
Selenium 6.0a 40.1c 54.7d 6.9b
0.2) (1) (1.1 02
[6] (6] [6) (31
Moisture 92.8ab 92 4ab 93.2b 91.6a
0.2) (0.3 (0.2) {0.7)
[6] i} {61 [3]
Egg diameter 2.43a 2.57a 2.460a 2.94b
(0.06) (0.04) (0.07) (0.07)
[6] [6] [6] (4]
Viability -8 0-6 0-6 0-30
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TABLE XI. Mean (standard error in parentheses and
number of samples in brackets) concentration of
inorganic elements (ng/g dry weight) in eggs collected
from razorback suckers held at three sites near Grand
Junction, Colorado, including brood stock (BS)

Site {(Adult Designation)

Element HT AC WW BS

Ag <03 <03 <03 <03

Al 3() <2 2(0) 3{—)
e [2] [1]

As 3{(—) <2 6 (4) <2
{1] 2]

B <005 <05 0.6 (—) <0.5

[11]
i 0352 (@07 037ab _goﬂog) 0.402b (00 0.54b (0 07)
. [ Lv

Be <006 <0, <006 <036

Bi <1 <1 <1 <1

Cd <0.2 <0.2 <{3.2 <0.2

Co 0.3 (—) <{.3 <0.3 <0.3
11}

Cr <1 BE() <1 <1

[3]

Cu 3I7b(0.2)  27a 0.1y 29a(0.1) 3.lab (0.1
151 [5] [5] 3

Fe 2126 (0.9  204b{1.1) 232b{08) 133a(1.3)
{53 [5] [5] 133

Li <0.4 <04 <04 <04

Mn 4.4b (0.8) 370 {0.4) 6.1b (0.4) 1.9a ((1.3)
5] [5] 15] 3]

Mo A2 {0 0.3{—) <0.2 <(.2
12) [1]

Ni 0.6 (0.1) 0.5 (—) <0.4 0.7 {0.2)
{3l [1] {31

Pb LO (D) I {—) 1 1.0 @1
{2} [1] 2] 21

Sb 2(0) 1{(—) <1 2 (0)
{3} [1j 3]

Si 7¢D <3 <3 13 {5)
{3} £31

Sn <1 <1 <1 <1

Sr 272 (02)  Z.67(0.2) 321 (0.17)  3.11{0.30)
£3] {5} i5] [3]

Ti <0.09 G.10 ()  0.10 (0.01) 0.29 (0.11)

[ [2] {33

Tl 10 (—) <10 <10 <10
f1}

v 02(—) 0.2 {—) 0.2 (—) 0.2 (0)
1] f1] f1] (2]

n 62.4 (1.6) 67.9 (1.4) 68.6 (2.0) 622 (3.3)
[3] [5] [3] {3]

For Ba, Cu, Fe, Mn, and Se, sites with lowercase letters in common
were not significantly different (P = 0.05); for the other elements, there
were no significant differences among sites.

* <2 All measurements were below the limit of detection.

®The number of samples submitted for analysis was HT = 5, AC = 5,
WW = 5, and BS = 3. I the number of samples shown for a site and
element is less than the number of samples submitted, concentrations in the
other samples were below the limit of detection.

3.01 mm, and the selenium concentration in muscle plugs
measured on July 11, 1996, was 3.3 ug/g (no muscle plug
was measured in 1997). For the three Horsethief spawns
{fernales HT16, HT19, and HT24), selenium concentrations
in the eggs were 3.0, 6.2, and 5.9 pg/g; egg diameters were
2.3, 2.4; and 2.2 mm, and selenium concentrations in the
adult muscle plugs at spawning on April 23, 1997, were 4.7,
5.3, and 3.6 pg/g, respectively. For the three Adobe Creek
spawns {females AC17, AC18, and AC[HT66]), selenium
concentrations in the eggs were 40, 43, and 36 ug/g; egg
diameters were 2.5, 2.5, and 2.5 mm; and selenium concen-
trations in the adult muscle plugs at spawning were 16, 19,
and 14 ug/g, respectively. For the three North Pond spawns
(females WW40, WW52, and WW[HT12]), selenium con-
centrations in the eggs were 52, 53, and 53 ugfg; egg
diameters were 2.4, 2.3,-2.2 mm; and-selenium concenfra-
H8I% FEIRERIYRIY. 1 plags at spm.]mo ware 27, 24, und 19
me, respeetively. .

Water quality charactenstlcs were consistent thhm each
water type during the 5-day egg test but differed signifi-
cantly among the four types (24-Road, HT, AC, and WW,
Table XII). Each water type was significantly different from
the others for hardness, calcium, and magnesium. For other
characteristics there were significant differences among the
sites, with North Pond water generaily having the highest
values of the four water types. In the exposure beakers mean
dissolved oxygen concentrations in the four waters ranged
from 7.3 to 7.4 mg/L, percentage of saturation ranged from
83% to 84%, and mean water temperature ranged from
20.8°C to 21.3°C. Selenitim concentrations (# = 2) mea-
sured in water were 1.2-2.2 pp/g at Horsethief, 1.4-2.4
uglg at Adobe Creek, 12.0-13.4 pg/g at North Pond, and
<1 pg/l at 24-Road.

There was no significant difference in percentage of
survival or percentage of hatch in eggs among the three egg
sources (Horsethief, Adobe Creek, and North Pond),
whether held in 24-Read water or on-site water (Table
XIII). Percentage of survival and percentage of hatch in
eggs from the brood stock (n = 1) did not appear to differ
from the other three sources of eggs (Table XII). There was
a significant correlation between percentage of hatch and
percentage of sarvival of eggs (r = 0.92, p = 0.0001, n =
20), but not between survival and selenium concentration in
eggs (r = 042, p = 0.08, n = 18) or in adult muscle plugs
(r=0.19, p = 043, p = 20), and not between hatch and
selenium concentration in eggs (r = 0.43, p = 0.08, n = 18)
or in adult muscle plugs (r = 0.06, p = 0.79, r = 20). In
contrast, there was a significant correlation between egg
diameter and survival (r = 0.49, p = 0.003, n = 20} and
between egg diameter and hatch (r = 0.64, p = 0.003, 1 =
20).

EE LR R

Deformities

Deformities were recorded by type rather than by individual
fish, and therefore no quantification of deformities was




TABLE XH. Mean (standard error in parentheses, n =
§) water quality characteristics measured in water
used in the egy study

Station
24-
Measure HT1 ACS WW2 Road
pH &3¢ 7.8a 3.2be 8.1ab
{0.1) (0) (0.1} (0.1)
Conductivity
(pumhos/em) 483a 786a 4.280b 618a
{61) (12} (28) (19)
Hardness
(mg/l, as CaCO,) 181b 263c 1,214d 65a
. {(3) (3} (N (0}
Calctum (mg/L) 49h 65¢ 1594 18a
(1) (1) ) (0)
Magnesinm {mg/L) 14b 25¢ 1984 Sa
(1) 4y (2) ()
Alkalinity (mg/l. as
CaCO,) 109z 134ab 184c 1476
4y 3) 2 (12)
Chloride (mg/L) 40a 65b 413¢ 32a
(2 ) (€)) 3)
Sulfate® (mg/L) 104 175 1,710 a3
Vlo-ionized amnopa®
(mg/L. NH;-N) <0.01 <001 <0.01 <001

For each measwre stations with the same letter are not significantly
different {P = 0.03).
*n = 1 for sulfate and un-ionized ammonia.

possible, However, from a semiquantitative (summing de-
formity numbers) and qualitative viewpoint, larvae from the
brood stock had the most deformities recorded, followed by
larvae from North Pond adults (85% of the notations for
brood stock larvae), Adobe Creek adults (77% of the nota-
tions for North Pond larvae), with the least deformities in
Horsethiefl larvae (37% of the notations for Adobe Creek
larvae and 44% of the notations for North Pond larvae)
(Table XIV). Deformities in the brood stock were observed
earlier (day 2) than in other larvae (day 3). A variety of
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deformities were observed, primarily in newly hatched and
developing Iarvae, whereas cardiac edemas were observed
in developing embryos.

Deformities in brood stock larvae included edemas {ab-
dominal and cardiac), spinal deformities (curved tail and
lateral, ventral, or dorsal flexures), and constricted yolk
sacs, which were observed on days 2-5 of the study. Few
deformities were observed on days 2-3 of the study, with
increasing numbers observed on day 4 and the most defor-
mities observed on day 5—for larvae from Horsethief,
_Adaobe Creek, and North Pond adults. Deformities in North
Pond and Adobe Creek larvae were primarily cardiac ede-
mas and spinal defonmities. In general, there were more
deformities recorded for larvae held in reference water than
for those held in site water. Larvae from Horsethief adults
had more abdominal edema; larvae from Adobe Creek
adukts had more cardiac edema and ventral, lateral, and total
spinal deformities; and larvae from North Pond adults had
more cardiac and abdominal edema and ventral and total
spinal deformities in reference water than in site water. One
larva from Adobe Creek and four larvae from North Pond
had microencephaly.

Most eggs with deformed embryos either died or did not
hatch. Hatched live farvae that had deformities were
counted as live, even though biclogically they would most
likely have not lived in the natural environment.

DISCUSSION

" Water Quality

Concentrations of cations and anions in the water at
Horsethief and Adobe Creek. as characterized by conduc-
tivity, probably did not adversely affect the razorback suck-
ers held at those sites because these concenirations were
similar to those in Colorado River water. Tyus (1987) and
Tyus and Karp (1990) reported that razorback suckers gath-
ered at Ashley Creek and Stewart Lake outlet from mid-
April to May prior to making a spawning migration. During

TABLE XllI. Mean (standard etror in parentheses and number of samples in brackets) percent survival and hatch
of eggs held in reference water (R} or site water (S), including eggs from brood stock (BS}

Site and Water Type

HT AC WW BS§275F°
Measure R s R S R 5 R 8
Survival 29 32 69 71 44 56 73 67
(15} (16 {an {13) (&) (9} (—) {—)
[3 {31 [3] [3] i3} [31 (11 33!
Hatch 25 21 60 50 40 38 76 69
(13} (11) (15) ) (5 7} (- (—)

£3] (3] {3]

-

13} f3] . (3] (1] (1

Differences among sites within cither water type were not significant {P = 0.03).
*PFT 7F7F36275F.
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TABLE XW. Number of deformities of eggs and larvae held in reference water (B} or site water (8), including brood

stock (BS)
Site and Water Type
HT WWwW BS275F"

Measure R 3 R 8 R S R ]
Cardiac edema 2 1 12 6 12 7 11 9
Abdominal edema 5 2 2 1 8 2 7

Spinal deformity 5 6 13 6 15 8 12 11
Constricted yolk 1 1 0 0 0 0 6 2
Total 13 10 27 13 35 17 3a 25

* PIT TF7F36275F.

that time conductivity ranged from 1510 to 2550 pmhos/
cm, as reported by Stephens et al. (1988) and Peltz and
Waddell (1991). This conductivity range is relatively close
to those observed in the present study at Horsethief
(range =~ 593-1060 uimhos/cm) and at Adobe Creek
(range = 7861260 pmhos/cm)..

When adults were present at North Pond, conductivity
(range = 1240-4630 pmhos/cm), salinity (range = 1.0—
5.0 g/L), and hardness (range = 352-1460 mg/L as CaCO;)
were clevated. Nelson and Flickinger (1992) reported that
the «cule toxicity of salinity to juvenile Colorado pike-
minnow was 13.1 g/L, but for risk assessment purposes they
suggested that <{9.7 g/L. could be tolerated. For adult razor-
back suckers at North Pond, a salinity of 5.0 g/l was
probably not stressful. The adults held at North Pond grew
in length and gained weight during the 9-month exposure,
which also suggests that they were not under stress. Appar-
ently, the adulis were able to convert the energy from their
diet into growth and the development of sex products, rather
than having to use it all to compensate for potential stresses
associated with osmoregulation and toxicants.

Selenium and Other Elements in Water

The similarity of selenium concentrations in filtered and
unfiltered water samples in the present study was consistent
with investigations of selenium-contaminated flowing water
systems at California’s Kesterson Reservoir (Fujii, 1988;
Moore et al., 1990) and at seven riverine sites associated
with irrigation drainage in the San Joaquin Valley, also in
California (Saiki et al., 1993). There was a potential for the
selenium concentrations in filtered and unfiltered water to
be different because the Adobe Creek (ACS5) and North
Pond (WW?2) sites are semistatic, with some flow of water
from frrigation supply sources or pumped river water. For
pond sysiems at Kesterson Reservoir, Fujii {1988) and
Moore et al. (1990) showed that unfiltered water samples
{reported as total seleniwm) had higher selenium concentra-
tions than filtered samples {reported as dissolved seleniumy}.

The mean concentrations of selenium in river water
collected at Horsethief (mean = 2.2 ug/L) and WWSWA
{(WW1; 4.4 ugfi} were higher than at typical reference sites

in the upper Colorado River. For example, Butler et al
(1996) reported that between 1987 and 1991 selenium con-
centrations were <1 ug/L. (n = 5) in the Gunnison River
downstream from the Gunnison Tunnel and between 1980
and 1992 they were =!I ug/L. (n = 22) in the Colorado
River at Cameo, Colorado. However, the reaches of the
Colorado and Gunnison rivers influenced by irrigation re-
turn flows from the Grand Valley and Uncompahgre Valley
irrigation projects as well as by piivate irmigation activities
have elevated concentrations of selenium and other inor-
ganic elements, as well as general water quality character-
istics, because of irrigation renumn flows to the rivers (Butler
et al., 1989, 1991, 1994, 1996). Consequently, the elevaied
selenium concentrations in water from Horsethief ponds,
relative to reference areas in the upper Colorado and Gun-
nison rivers, suggests that adults at the Horsethief reference
site were exposed to slightly elevated selenium concentra-
tions during the present study.

The elevated selenium concenirations in water at AC3
{mean = 2.6 pg/L} were due in part to inflow of irrigation
retarn water via AC7, whose selenium concentration ranged
from 12.6 to 13.2 ug/L on May 28-30, 1997. The elevated
concentrations of selenium in water at WW2 (mean = 7.8
pgfl.y were due in part o inflow of groundwater from the
underlying cobble aquifer (Phillips, 1986). Water in the
cobble aquifer sampled as part of the National Irigation
Water Quality Program (NIWQP) in 1992 at a location
about 5.5 ki north of WWSWA had a selenium concen-
tration of 175 ug/L (Butler et al., 1994). Water from the
cobble aquifer comes to the surface in a marsh area adjacent
to WWda, which during the present study had selenjum
concentrations of 82-152 pgf/L.

Selenium concentrations at Adobe Creek and North Pond
were fypical of other surface waters in the Grand and
Uncompahgre valleys that are influenced by irrigation ac-
tivities. Selenium concentrations were 4—7 pugfl. (inedian =
5 pg/L, n = 11) in the Colorado River at the Colorado—Utah
state line, 5-7 pg/L (median = 6 pg/l, n = 11) in the
Gunnison River at Whitewater, and 8-25 ug/L (median =
14 pg/l, n = 20} in the Uncompahgre River (Butler et al,
1994). Selenium concentrations in water at Adobe Creek
and North Pond, in addition to most waters in the irrigation-




influenced areas of the Colorado, Gunnison, and Uncom-
pahgre rivers, were elevated compared with uncontaminated
aquatic ecosystems, which typically have selepium concen-
mations of <1 g/, (Maier and Knight, 1994),

The significant differences in concentrations of inorganic
clemenis in water in the present study (boron and lithinm
were higher in North Pond water than in Adobe Creck
water, strontium was higher in North Pond than in Horse-
thief, and magnesium was higher in North Pond than in
Adobe Creek or Horsethief) were similar to those observed
in the previous reproduction study (Hamilton et al., 2001a).
In the present study the selenium concentration in North
Pond water was correlated only with barium, whereas in the
previous study selenium concentrations were correlated
with nine elements (boron, calcium, potassium, lithium,
magnesium, molybdenum, sodivm, phosphorous, and stron-
tium). Combining the three sites in the present study, sele-
nium concentrations in water were significantly corretated
with boron, lithinm, magnesium, strontium, and vanadium.
Finger et al. (1994) also reported a strong relation among
selemum, boron, cobalt, copper, lithium, and strontinm.
This correlation probably depends in part on the composi-
tion of the geologic material being leached by irrigation
activittes (Presser et al., 1994).

The significant positive correlations hetween selenium
concentrations in water and water quality characteristics in
the present study at Horsethief (calcium, conductivity, hard-
ness, magnesium, and sulfate), Adobe Creek (none), and
North Pond {chioride, conductivity) were similar to those
observed in the previous reproduction study (Hamilton et
al., 2001a). The reason for the inconsistent relation between
water quality measures and selenium concentrations among
the three test sites is unknown. Birkner (1978) reported no
relation between selenium concentrations in water (0.3-15.9
pg/l) and water quality characteristics such as sulfate,
hardness, and conductivity at 6 sites in Wyoming and 11
sites in Colorado. In contrast, Finger et al. (1994) reported
a high correlation between selenivm concentrations in water
and specific conductance (r = 0.90, based on a log X log
plot). Stephens et al. (1992) reported that correlation coef-
ficients ranged from 0.35 to 0.91 for selenium concentra-
tions in water and conductivity at four drains in the Stewart
Lake area of Utah, suggesting an inconsistent relation be-
tween waterborne selenium and conductivity,

Selenium and Other Elements in Sediment

Selenivm concentrations in the three core sections of sedi-
ment at Horsethief and Adobe Creek (except for one value
at Adobe Creek) were near national background concentra-
tons of <1 pgfg (Maier and Knight, 1994), considered the
no-effect concentration by Stephens et al. (1997) and the
no-hazard concentration by Lemly (1995). Presser et al.
(1994) reported the upper limit of the expected baseline
range for selenium concentrations in soils of the western
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United States was 1.4 pg/g. In contrast, Moore et al. (1990)
used 0.5 ug/g as a reasonable selenium concentration in
sediment to represent the threshold between uncontami-
nated, background conditions and environments with ele-
vated selenium concentrations in sediments. '

The tertiary channe! at Adobe Creek was diked to hold
the adult fish for the reproduction study. In June 1995 a
water control structure was installed in the dike road at AC3
and an inactive beaver dam with 2-3 feet of deep water near
AC5 was converted to a dike with an outflow water control
structure at ACS (D. Crabiree, U.S. Bureau of Reclamation
(USBR), personal communication). The 22-month period of
the iwo reproduction smudies may have been sufficient to
allow for selenium accumulation in the sediments.

Sediment concentrations at AC3 seemed to increase over
time: .79 ug/g in May 1995, 0.95 ug/g in October 1995,
[.11 pg/g in Aprit 1996, 1.21 pa/g in October 1996, and
2.52 pg/g in April 1997 (Hamilton et al., 2001a). The
sediment colection at AC3 was more susceptible to sele-
nium deposition than either AC4 ar ACS because of the lack
of water movement at AC3 compared with AC4, which had
some flow because of pumped water from AC2 and flow
from AC7, and compared with ACS, the site of the water
outflow structure. Consequently, selenium concentrations in
sediments at Adobe Creek seemed to have increased over
time until they were within Lemly's (1995) low-hazard-
range of 2-3 ug/g and above the no-effect category (<2
pg/g) of Stephens et al. (1997).

Selenium concentrations in sediment at North Pond
probably accumulated over a number of years, perhaps more
than 20t North Pond appears in aerial photos taken in 1973
and 1982 (T. Mathieson, Colorado Division of Wildlife
(CDOW), personal communication). The selenium concen-
trations of the core samples in the present study varied
widely among the core sections. The reason for this vari-
ability is unknown, but variability of selenium concentra-
tions has been reported by Peltz and Waddell (1991), Ste-
phens (1996), and Zhang and Moore (1997). Combining the
three values (top, middle, and bottom sections) for each
sample date, the average selenium concentrations for the
present study were 32.9 ug/g on October 21, 1996, and 10.2
mglg on April 14, 1997, Most selenium concentrations in
sediment observed in MNorth Pond were above the high-
hazard value of >4 ug/g proposed by Lemly (1995) and
above the toxic threshold guideline value, also >4 ug/g,
proposed by Stephens et al. (1997).

Selenium concentrations in sediment at Adobe Creek and
North Pond were typical of sediments in the Grand and
Uncompahgre valleys that have been influenced by irriga-
tion activities. Seleninm concentrations in sediment during
19871988 in areas of the Uncompahgre Valley affected by
irrigation near Delta, Colorado, were 2.2-2.3 ug/g in the
Uncompahgre River, and 2.3-4.0 pg/g in the Gunnison
River (Butler et al., 1991). During 1992 selenipm concen-
tration in sediment in the Uncompahgre Valley ranged from
2.010 6.9 ug/g in creeks and was 16 pg/e in Markley Pond
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{Butler et al,, 1994). Selenium concentrations observed in
sediments at North Pond were higher than those concentra-
tions but were similar to those reported for Sweitzer Lake
{(also known as Garnet Mesa Reservoir) in 1987-1988
{9-41 pg/g; Butier et al., 1991) and for California’s Kester-
son Reservoir (aggregate geometric mean = 11.8 ug/g;
Moore et al., 1990). Birkner (1978) reported selenium con-
centrations in sediment sampled during 1976-1977 of 6.5
pg/g ar Sweitzer Lake and 15.4 pg/g at Desert Reservoir,
near Grand Junction, Colorado, but only 1.2 ug/e at Mac
Mesa Reservoir and only 1.8 pgfg at Highline Reservoir.
Barnhart (1957) reported that sediment at Sweitzer Lake
had selenium concentrations of 1040 pg/g in 1956 and
that various canals and ditches in the Sweitzer Lake area
had concentrations of 1-25 ug/g. Elevated selenium con-
centrations in sediment were reported in several creeks and
washes in the Grand Valley €1.9 pg/g in Salt Creek, 6.3
pgfg in Reed Wash, 3.9 pg/p in Adobe Creek, 5.6 pg/g in
Leach Creek, and 16 pg/g in Indian Wash; Butler et al.,
1994, 1996).

Selenium and Other Elements in Biota

Selenium concentrations in zooplankton at Horsethief cast
wetland in the present study (4.4-5.6 pg/g) were higher
than those reported for the Horsethief ponds in the previous
Ieproduction study (2.3-3.1 pg/g; Hamilton et al., 2001a).

This difference may be a result of the differences in the two.

water bodies: the ponds were relatively devoid of zooplank-
ton and vegetation because of the large number of large fish
held in the clay-bottomed ponds, whereas the east wetland
had a very dense zooplankton population, dense vegetation,
and an organic-rich bottom sediment.

Selenium concentrations in zooplankton at AC3 and
AC5 in the present study (15.6-20.0 pg/g) were compara-
ble to those reported in the previous reproduction study for
a similar time period (18.5-52.0 pg/g; Hamilton et af.,
2001a). Selenium concentrations in chironomids at AC3
and ACS in the present study (31.7-48.3 ug/g) also were
similar to those reposted in the previous reproduction study
(279421 ugfg; Hamilton et al., 2001a). Likewise, sele-
nium concentrations in zooplankton at WW?2 in the present
study (31.9-48.1 ug/g) were comparable to those reported
in the previous reproduction study for a similar time period
(25.5-36.9 pg/y; Hamilton et al., 2001a). The significant
correlation between selenium concentrations in zooplankton
with chironomids in the present study (» = 0.94, p = 0.005,
n = 6) suggests a high degree of similarity in selenium
bioaccumulation in food chain organisms from different
Tunctional groups.

Selenium concentrations in zooplankton collected from
Adobe Creek and North Pond were substantially above the
proposed dietary toxic threshold conceniration of 3 ug/g
(Lemly, 1993a, 1996; Maier and Knight, 1994). This thresh-
old concentration was derived from examination of several

laboratory and field investigations on a wide variety of fish
species (Maier and Knight [1994] reviewed five studies;
Lemly [1993a, 1996] reviewed 11 studies and 1 additional
one in two articles). Six additional studies supporting this
proposed dietary toxicity threshold for fish were given in
Hamilton et al. (2000). Even though selenium concentra-
tions in water were below the current USEPA criterion of 5
ug/L. (USEPA, 1987) at Adobe Creek for 12 of the 13
months selenium was momitored, selenium concentrations
in food organisms during the study were 5- to 16-fold in
excess of the proposed dietary toxic threshold.

The pattern of low selenium concentrations in water
(<5ug/L) but elevated concentrations in benthic inverte-
brates (>4ug/g} in the present study was also observed in
the previous reproduction study (Hamilion et al,, 2001a),
This is a remarkable similarity given that the selenium
concentrations in chironomids collected at AC3 and ACS in
the previous study were collected from Hester—Dendy sam-
plers suspended in the water column, whereas in this study

‘they were collected from sediment samples. These findings

are similar to those of Zhang and Moore (1996), who
reported low selenitin concentrations in water (0.94-1.58
ug/L) but elevated selenium concentrations in chironormids
(8.12-10.4 pgfg). Others have also reported that benthic
invertebrates accurnulate selenium from the sediment, espe-
cially its detritus fraction (Saiki et al., 1993; Malloy et al ,
1999; Peters et al., 1999),

Growth

Between initial stocking and spawning, fish at Horsethief
grew 4.7% in length and gained 26.8% in weight, similar to
growth measurements in the previous study, in which it was
found that fish grew 15% in length and gained 21.7% in
weight (Hamilton et al., 2001a). Adults in the present study
siocked at Adobe Creek had slightly greater gains in weight
(15.1%) than those in the previous study (7.5%), as did
adults stocked at Nosth Pond (35.0%) compared with those
in the previous study (9.2%). These data suggest that the
fish previously stocked at Adobe Creek and North Pond and
held for 66 days during the depuration phase in the previous
reproduction study readily readapted to the Adobe Creek
and North Pond sites and made substantial gains in weight.
Nevertheless, the lower weight gain in fish at Adobe Creek
(15.1%) compared with fish at North Pord (35.0%) might
be a result of the habitat differences of the two sites. In
general, the Adobe Creek site had a greater abundance of
aquatic invertebrates, lower inorganic element concentra-
tions, and better water quality than did the North Pond site.

In contrast, adults stocked at the three sites on August 27,
1996, did not do as well as they had at their previous culure
site, Wahweap Fish Facility, apparently because they did
not adapt as readily to the new holding conditions, espe-
cially the Adobe Creek and North Pond sites. The fish
stocked on August 27, 1996, at Adobe Creck (8.2%) and at




North Pond (7.0%) showed a substantially lower weight
gain than did the fish stocked on July 11, 1996, which were
used in the previous reproduction study {(15.1% and 35.0%,
rexpectively). Their smaller increases in length and weight
were comparable to those of the adults held at Adobe Creek
and North Pond during the first reproduction smdy, who
went through the same adaptation to the new holding con-
digions, and were probably from a time lag in adapting to
natural foraging at Adobe Creek and North Pond.

Their relatively young age (4-5 years old) may account
for the rapid growth of the previously exposed adults (5-20
mm increase/==1 year) and the first-titne exposed adulis
{7-30 mm increase/~1 year) in the present study compared
with the slow or negligible growth of adult razorback suck-
ers reported by others. Wo growth or slow growth of adult
razorback suckers has been reported by McAda and
Wydoski (1980; about 2.3 mm/year over a 3.5-year period),
Valdez et al. (1982), Tyus {1987; mean = 2.2 mm/year),
and Roberts and Moretti (1989; mean = 1.8 mm/year).
Razorback sucker populations in the Colorado River basin
also have been presumed to be very old and slow growing
{(McCarthy and Minckley, 1987). In the present study it
would not be expected to observe changes in adult growth
during the relatively short exposure time period.

Selenium in Tissues

Investigators have reported that the adult razorback sucker
feeds on a variety of items including filamentous algae (Dill,
1944; Marsh, 1987}, algae (Jonez and Sumner, 1954; Banks,
1964), zooplankton (Hubbs and Milter, 1953; Minckley,
1973; Allan and Roden, 1978; Marsh, 1987}, diatoms
(Marsh, 1987), and other aguatic invertebrates (Banks,
1964). Marsh (1987) noted that the razorback sucker had
both planktivorous and benthic feeding habits. In the
present study aquatic invertebrates had substantial concen-
trations of selenium. Researchers have concluded that sele-
nium residues and toxicity in fish come primarily from food
and secondarily from water (Sandholm et al., }973; Birkner,
1978; Heodson and Hilton, 1983; Turner and Swick, 1983;
Ogle et al,, 1988). Consequendy, we believe that the sele-
nium residues in adult tissue from the present study proba-
bly came primarily from food chain organisms and second-
arily from water and sediment exposure.

High selenivm concentrations in the sediment at North
Pond probably contributed to the high selenium concentra-
tions in adults because other investigators have reported that
the stomach contents of adults contained detritus or bottom
ooze, plant debris, and benthic invertebrates, nsually with
associated sediment materiais, such ‘as nondescript mud,
clays, or silt (Dill, 1944; Jonez and Summner, 1954; Banks,
1964; Vanicek, 1967; Allan and Roden, 1978; Marsh,
1987). Woack (1984) reported that golden shiners
(Notemigonus cryoleucas) maintained in enclosures that
allowed access 10 sediments and presnmably to benthic food
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organisims maintained high selenium concentrations in tis-
sues even though they were exposed to clean water and
clean water-column food organisms. Fish without access to
sediment depurated selemivin from their tissues (Woock,
1984).

Concentrations of selenfiim in muscle plugs in the
present study increased by 73% in fish held at Adobe Creek
(froim 9.6 ug/g at day 0 to 16.6 pglg at day 286, excluding
fish HT66) and by 80% in fish held at North Pond (from
14.2 ug/g at day (0 to 25,5 pg/g at day 286, excluding fish
HT12 and HT42). This increase over the already-elevated
selenium concentrations in muscle plugs from fish measured
at the end of the previous reproduction study disclosed that
fish had not reached equilibdum at the end of the first
305-day exposure study. Likewise, the lower selenium res-
idues in the one fish stocked at Adobe Creek and in the owo
fish stocked at North Pond (all previously held at Horsethief
for 371 days) and exposed only in the present study sug-
gested that these fish did not have sufficient time to accu-
mulate selenfum o comparable concentrations as did the -
fish exposed in both reproduction studies.

Most other studies have reported that selenium residues
in whole-body or tissues reached an equilibrium in 60-90¢
days (Gissel Nielsen and Gissel-Nielsen, 1978; Sato et al.,
1980; Lemly, 1982; Besser et al., 1993), but others have
estimated longer periods, that is, longer than 20 weeks
{Adams, 1976; Woock and Summmers, [934). Reaching
equilibrium in tissue seleniwm concentrations depends on a
variety of factors some of which are species, size. age,
exposure route and concentration, and chemical form. Be-
cause the present study used adults about 100 times heavier
than the fish species in the studies cited above, it would
probably take longer than 19 months of exposure (with a
2-month midexposure depuration period) for tissue residues
to reach an equilibrium with seleninm exposure in the water
and diet.

Selenium concentrations in muscle plug tissue in razor-
back suckers from Adobe Creek and North Pond exceeded
the proposed guideline of 8 ug/g in skeletal muscle as the
benchmark for probable reproductive failure (Lemly, 1996).
Although not reviewed by Lemly (1996), Cumbie and Van
Horn (1978) reported reproductive failure of several fish
species in Belews Lake, North Carolina, at selenium con-
centrations of 10 pg/g or greater in skeletal muscle,

A third of the 45 wild adult razorback suckers sampled in
the Green River by Waddell and May (1995) and Stephens
and Waddell (1998) had selenium concentrations higher
than those in the fish held at Adobe Creek (mean = 16.6
pgle, excluding HT66), whereas 27% (12 of 45) wild ra-
zorbacks had seleniuin concentrations higher than North
Pond (25.5 pgfg, excluding HT12 and HT42). It seems
unusual that 27%-33% of wild fish had higher selenium
residues because the fish in both the previous and present
studies were held in elevated selenium environments for a
total of 19 months and had only a 2-month midexposure
opportunity to depurate selenium. The higher seleninm in a
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substantial portion of the wild fish reported by Waddell and
May (1995) and Stephens and Waddell (1998) suggesis that
somme wild adults choose to use habitats with high selenium
in water, food organisms, or both, or are forced to do so by
lack of uncontaminated habitats. It also suggests that wild
razorback suckers can accumulate substantial amounts of
selenium in their tissues with little apparent depuration.

Depuration of Selenium from Tissues

Loss of selenium from muscle tissue of adult razorback
sucker in the present study after 59 days of depuration were
lower for fish from Adobe Creek (7%), but similar for fish
from North Pond (13%), than observed in the previous
reproduction study (19% and 14%, respectively, after 66
days depuration; Hamilton et al., 2001a). Loss of seleninm
from muscle tissue after 86 days of depuration was 149% for
Adobe Creek fish and 21% for North Pond fish, which
suggested a stow loss of selenium and a half life greater than
100 days. Loss of selenium from fish tissue during a depu-
ration phase of an exposure experiment has been reported to
be independent of waterbome exposure concentration (Gis-
sel Nielsen and Gissel-Nielsen, 1978; Sato et al., 1980), but
increased with dietary exposure concentration (Hilton and
Hodson, 1983). Depuration of selenium from tissues de-
pends on several factors including cleanliness of the food
and water in the depurating environment, age, size, meta-
bolic activity, season for poikilotherms, and initiaf selenium
load of various tissnes.

Researchers have reported half lives for selenium depu-
ration of 19-30 days in various young fish (Gissel Nielsen
and Gissel-Nielsen, 1978; Sato et al., 1980; Hilton et al.,
1982; Bennett et al, 1986; Kleinow and Brooks, 1986
Besser et al., 1993). Half-lives of selenium reported in older
or larger fish range from more than 30 days to more than 60
days (Adams, 1976; Bertram and Brooks, 1986; Lemly,
1982; Bryson et al.,, 1984). Consequentty, the slow depura-
tion rate of selenium from muscle tissue in adult razorback
suckers in the present study seems realistic.

One fish in the present study (AC18) showed a higher
selenium concentration in muscle plugs after 31 days of
depuration (23 pg/g) than after spawning {19 ug/g), sug-
gesting that seleniumn inay have been resorbed from another
tissue and deposited in muscle. This increase in selenium
concentration in muscle tissue may have been the result of
the fish resorbing unexpelled eggs and the selenium load
being redistributed throughout its entire body. However,
this fish spawned on April 23 and April 25, so most of its
eggs should have been expelled, thus limiting the amount
that could be resorbed. Hamman (1985) reported that of 70
hatchery-reared razorback sucker females stripped at 24-h
imtervals, 16 ovulated all eggs after one stripping, 51 fe-
males ovulated all eggs after two strippings, and 3 females
ovulated all eggs after three stippings. Thus, some eggs
may have been present in fish ACLg,

Spawning

If razorback suckers in the present study had been alowed
to spawn naturally, no effects on spawning behavior would
have been expected. Behaviors associated with reproductive
activities of fathead minnow (Pimephales promelas) were
not altered in fish exposed to selenium concentrations up o
30,000 pg/L for 24 h (Pyron and Beitinger, 1989). Others
have also reported no effect of selenium exposure in water,
diet, or both on fish spawning behavior (Bryson et al., 1984;
Ogle and Knight, 1989; Hermanutz et al., 1992; Coyleet al,,
1993). However, Ogle and Knight (1989) reported that no
spawning occurred in aduolts fed a diet with a selenium
concentration of 40 pg/g. a concentration similar to that in
the zooplankton and chironomids in the North Pond.
Razorback suckers, some with low and some with high
concentrations of seleniugn, have been collected at Razor-
back Bar, the best-known spawning site in the Green River
(Stephens and Waddell, 1998). Spawning by razorback
suckers in the Green River has been somewhat successful
because razorback sucker larvae have been collected during
several years of monitoring. During 19921996 larvas were
collected in the Green River, 1735 in the river’s middle and
440 in its lower end (Muth et al., 1997). Eleven yearlings
were captured in 1994 in Leota Bottoms in the Green River
{(Modde and Wick, 1997) and one yearling in 1993 in the
Yampa River (T. Modde, USFWS, written communication).

Selenium and Other Elements in Eggs

Based on a review of several studies, Lemly (1996) pro-
posed that the toxic threshold of selenium for reproductive
failure was 10 pug/g in eggs or in ovaries of fish. To assess
the aquatic hazard of selenium, Lemly (1995) used fish eggs
as one of the five components and assigned a mo-hazard
rating to selenium concentrations of <3 ug/g in eggs, a
minimal hazard to concentrations of 3-5 ug/g, a low hazard
to concentrations of 5-10 pg/g. a moderate hazard to con-
centrations of 10-20 ug/g, and a high hazard to concentra-
tions of =20 pg/g. In the present study mean selenium
concentrations in eggs from razorback suckers at Adobe
Creek were 40.1 pg/g and at North Pond were 54.7 pg/g,
both of which were more than 2 times greater than Lemly’s
high-hazard concentration and 4 times greater than the
proposed threshold for reproductive failure. Eggs from
young adults held at Horsethief had a mean selenium con-
centration of 6.0 pgle, and those from the brood stock a
concentration of 6.9 ug/g, both of which fall in the low-
hazard category of Lemly (1995). The results of several
stidies reported adverse effects on fish species at selenitm
concentrations in eggs or ovaries that were half the concen-
tration of those in razorback suckers held at Adobe Creek or
North Pond (Cumbie and Van Horn, 1978; Bryson et al,
1984; Gillespie and Baumann, 1986; Schultz and Herma-
nutz, 1990; Crane et al., 1992; Hermanutz et al., 1992;
Nakamoto and Hassler, 1992), but one study reported ef-




fects at similar selenium concentrations to those in the
current study (Coyle et al., 1993).

In the present study North Pond adults had higher sele-
nium concentrations in eggs than Adobe Creek adults did,
which was consistent with the higher seleninm concentra-
tions at North Pond in water (3.2-17.1 pg/L), sediment
(2.9-16 wgfg), zooplankton (39 pglg), and adult muscle
plugs (25.5 pg/g) compared with selenium concentrations at
Adobe Creek in water (<0,7-4.5 ug/L), sediment (1.2-2.5
pg/e), zooplankton (18 ug/g), and adult muscle plugs (16.6
ngle).

Although three elements other than selenium (boren,
lithium, strontium) were significantly elevated in water at
North Pond, they were not elevated in eggs from adults held
at North Pond. Boron and strontinm do not bioaccumulate
in fish (Nakamoto and Hassler, 1992). Limited information
suggests lithium also does not accnmulate to harmful con-
centrations in animals (Puls, 1994). In the present siudy
concentrations of five of the inorganic elements measured in
eggs (barium, copper, iron, manganese, and selenium) were
significantly different among the four groups of eggs. In the
previous reproduction study the concentrations of three
measured inorganic elements (manganese, phosphorous,
and selenium) were significantly different among the eggs
in Horsethief, Adobe Creek, and North Pond (Hamilton et
al., 2001a). The elements elevated in both studies were
manganese and selenivm. The concentrations of some ele-
ments in eggs in the present and previous reproduction
studies were similar to those reported by Wooch and Cofield
(1983) for arsenic, copper, and zinc in gonads of bluegill
{Lepomis macrochirus), and to those by Bryson et al. (1984,
1985) for arsenic, copper, cadmium, and zinc in gonads of
bluegill. Nakamoto and Hassler (1992) reported concentra-
tions in gonads of bluegill similar to those found in the
present stady for aluminurn, arsenic, barium, boron, beryi-

livm, cadmium, chromium, copper, iron, lead, manganese,’

molybdenum, nickel, strontium, titaniwm, thallium, vana-
divm and zinc.

The elevated copper in eggs from young Horsethief
adults may be related to the high copper concentration in
sediment at Hoersethief (Hamilton et al., 2001a). The ele-
vated copper concentrations in Horsethief sediment may
have resulted from the use of copper sulfate, a common
aquatic herbicide and algaecide used in some fish culture
activities (Hansen et al., 1983). Copper sorbs readily to
pond sediments (Reinert, 1989).

Nakamoto and Hassler (1992) reported that manganese
accumulated in the whole body of bluegill collected from an
area dominated by imigation return flow near Kesterson
Reservoir, California, but not in gonads, which contrasts
with the present study. Moller (1996) presented a hypaothesis
that manganese and selenium accurmulate in the liver of
birds because they are components in liver enzymes impor-
tant in their antioxidant defense system. Yolk proteins are
produced in the liver of fish (Bun Ng and Idier, 1983), and
because the liver is the site of manganese and selenium
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accumulation, manganese may be incorporated in a way
similar to selenium into yolk proteins, which in turn are
incorporated into the egg. The significance of manganese in
fish eggs is unknown. Overall, barium, copper, iron, and
manganese concentrations in eggs among adults held at the
three sites varied from 1.4-fold to 3.2-fold, compared with
the [4- to 15-fold difference in selenivm concentrations
between eggs from Horsethief fish and eggs from Adobe
Creek or North Pond fish. Thus, selenium seemed to be the
only element in eggs from adults from Adobe Creek and
North Pond that was elevated to concentrations of concern
compared with adults from Horsethief.

Egg Characteristics

The magnitude of difference in egg size between young
adults and brood stock in the present study (13%—17%) was
less than in the previous reproduction study (19%-24%;
Hainilton et ai., 2001a). The diameter of eggs from young
adults in the present study (2.43-2.57 mm) was larger than
those from adults in the previous study (2.17-2.32 mm).
This difference in egg size between studies was probably a
result of the older age and larger size of adults used in the
present study.

The range of egg sizes measured in the present study was
similar to those reported by McAda and Wydoski (1985) for
flannelmouth sucker (Catostormus latipinnis; 2.39 mm).
Toney (1974) reported egg size in wild razorback sucker
(perhaps as many as 40 fish) was 2.1-3.2 mm in diameter,
but fish age was unknown. Also, some eggs measured by
Toney (1974) may have not been fully mature and were
therefore smaller in size, as was observed in the second
spawning in the present siudy. Muth and Ruppert (1996)
reported water-hardened eggs from razorback suckers
{mean total length = 575 mm) were 2.1 mm (range =
2.1-2.3 mm), which is smaller than the range of sizes in the
current study even though their fish were larger than adults
used in the current stady.

Egg Test

The low percentage of viable eggs from the first and second
spawns probably resulted from the temperature change ex-
perienced by the eggs in the move from the Horsethief
spawning facility, where water temperature was about 12°C,
to the 24-Road facility, where water femperature was about
24°C. A similarly low viability occurred in brood stock
spawns, with 15 spawns having less than 1% viability; 3,
20%; 1, 50%; and 3 about 80%. Blaxter (1969) and Piper et
al. (1982) reported that sharp temperature changes can cause
egg mortality. Egg viability was not determined on eggs
transferred directly from the Horsethief spawning facility
and acclimated to conditions in the mobile {aboratory. Dis-
solved oxygen concentrations and water temperature during
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the two egg tests were in the acceptable range of values for
tests with eggs and embryos (Weber et al., 1989).

In the present study the percentage of hatched eggs from
voung adults (21%—60%) and the percentage of surviving
eggs and newly hatched larvae (29%—71%) was in the range
of rasults reported by others for the razorback sucker. Ham-
man (1983} reported having about 40% success in hatching
and survival of larvae in their experiment. Muth and Rup-
pert {1996) reported that for control fish the mean percent-
age of cggs hatched was 26% (range 21%-35%). Inslee
(1982) reported a 23% hatch of eggs collected from 71
females. In recent years at Dexter National Fish Hatchery
(NFH) and Technology Center, New Mexico, the overall
average percentage of razorback sucker eggs hatched has
been about 50% and the survival of larvae about 35%-—40%
(R. Hamman, USFWS5, personal communication).

No significant differences were found in percent survival
and percent hatch measurcs among the test groups, appar-
ently indicating no difference in effect from the seteninm
concentrations in the eggs and the water quality of the site
waters. These resulis were similar o other selenium studies
with fish. Hamilton et al. {(2001a) also reported no signifi-
cant correlations between hatch and selenium cencentra-
tions in adult razorback sucker muscle plugs or between
survival and selenium concentrations in adult muscle plugs
or eggs. Others also have reported no effects from selenium
exposures on fertilization rate or time to first hatch of eggs
(Crane et al., 1992), on fertilization or hatch (Gillespie and
Bavmann, 1986), on hatching success of eggs (Woock et al,
1987), on number of eggs per spawn or percent hatch (Ogle
and Knight, 1989), and on number of eggs per spawn or
hatchability of eggs (Coyle et al., 1993).

In contrast, Hermanutz et al. (§992) reported that percent
hatch was reduced in eggs of adult fathead minnows ex-
posed to 10 pg/L selenium in an experimental stream for 1
year. Likewise, egg exposures to high selenium concentra-
tions in water can affect the median hatch time of rainbow
trout (Oncorkynchus mykiss; 10,000 pg/L) and lake trout
(Salvelinus namaycush; 20,000 ug/L; Klaverkamp et al.,
1983), but concentrations up to 40,000 ug/L had no effect
on the hatch of fathead minnow eggs (Halter et al., 1980).
Saiki and Ogle (1993) reported that western mosquitofish
(Gambusia affinis; whole-body selénium >100 pg/g) from
the San Luis Drain, in California, which contained selenium
in a concentration range of 340-390 pg/L, had a lower
mean percentage of live births within broods and produced
less fry than adults from = reference area.

Deformities

Based on the number of deformity noiations, larvae from
adults from Adobe Creek, North Pond, and brood stock, but
not Horsethief, had elevated numbers of deformities com-
pared with the typical background deformity rates of
< 1%-3% (Gabriel, 1944; Gill and Fisk, 1966; Patten, 1968;

Dahlberg, 1970}. The number of deformities in razorback
sucker larvae from Adobe Creek and North Pond and from
brood stock adults seemed to be higher than the range of
9%-11% suggested by Bengtsson (1975} as abnormal and
probably resulting from a “man-made” effect.

The greatest number of deformities in larvae from young
adults were found in North Pond larvae, followed those in
Adobe Creek larvae, with the least in Horsethief larvae.
Teratogenesis is a well-documented biomarker of selenium
toxicity in wild birds and fish at the embryo-larval stage
{Ohlendorf et al., 1986; Hoffman and Heinz, 1988; Hoffman
et al., 1988; Lemly, 1993b, 1997a, 1997b). Fish deformities
from selenium expoesure include lordosis, kyphosis, scolio-
sis, and head, mouth, gill cover, and fin deformities, in
addition to edema and brain (microencephaly), heart, and
eye problems. Selenium-induced deformities in fish larvae
have been reported in laboratory studies {Goettl and Davies,
1977; Bryson et al., 1984; Klauda, 1986; Woock et al,
1987, Pyron and Beitinger, 1989), experimental stream
studies (Schultz and Hermanutz, 1990; Hermanutz, 1992
Hermanutz et al., 1992), artificial crossing experiments
{Gillespie and Baumann, 1986), and field investigations
(Lemly, 1993b, 1997a, 1997b; Saiki and Ogle, 1995; Ham-
ilton et al., 2001a). Contaminated ecosystems may require
long time periods for recovery from selenium contamination
becanse elevated incidences of deformed fry of four fish
species were reported in Belews Lake, North Caroling, 10
years after selenium inputs had been stopped (Lemly,
1997h).

Lemly (1997a, page 261) stated that “in order to draw a -
conclusion of selenium-induced teratogenesis, the visual
indicators and symptoms (deformities) must be corrobo-
rated with the presence of elevated concentrations of sele-
nium in tissues.” He went on to state that selenium concen-
trations of 10-20 ug/g or greater in the whole body or 612
ug/g in muscle would be sufficient to confirm the diagnosis.
Based on selenium concentrations in eggs from Adobe
Creck and North Pond adults (40.1 and 54.7 pg/g, respec-
tively) and in muscle plogs from adults (16.6 and 25.5 pg/g,
respectively} and on the teratogenesis ratings of Lemly
(1997a), selenium-induced teratogenesis would have been
expected at these two sites. These results were similar to a
previous reproduction study in which there were deformities
in 12%-26% of embryo-larvae from Adobe Creek adults
and in 20%-27% of larvae from North Pond adults (Ham-
ilton et al., 2001a).

The high number of deformities observed in larvae from
breod stock and young adults in the present study may have
resulted from inbreeding effects, stress from handling, or a
combination of these. Dowling et al. (1996) reported that,
based on mitochondrial DNA diversity, razorback suckers
examined from the upper Colorado River seemed to be from
a small population, closely related, and possibly derived
from a limited number of females. Spawning of closely
related fish can result in reduced growth rate, lower sur-
vival, reduced feed conversion, and increased numbers of




deformed fry (Kincaid, 1976a, 1976b; Piper et al., 1982).
The brood stock used were generally considered old and
perhaps past their prime for producing good-quality eggs.
he old age of brood stock is a concern that has been
expressed by some fishery workers involved in endangered-
fish propagation {C. Figiel, USFWS§; R. Hamman, USFWS;
5. Severson, USFWS; H. Williamson, UUSFWS: personal
communications).
Although inbreeding and old age are possibilities, it is
most likely that the siress causing the deformities in brood

stock larvac was the temperature change. Temperamre -

stress can kill eggs, as demonstrated by the complete mor-
tality of eggs from the young adults spawned at the Horse-
thief spawming facility, at which the water temperature was
about 12°C, and from those held at 24-Road, at which the
water temperature was about 24°C. Temperature stress can
also cause deformities in hatehed fish larvae, as can numer-
ous other stresses (Seymour, 1959; Turner and Farley, 1971;
Hickey, 1973; Sindermann, 1979).

The greatest number of deformities occurred in brood
stock larvae spawned at Horsethief, then held at clevated
water temperatures at 24-Road before transfer to the mobile
laboratory for use in the egg test. In contrast, larvae from the
young adults spawned at Horsethief were transferred to the
nehile laboratory rather than the 24-Road facility and did
not undergo a severe temperature stress. The egg test was
conducted with eggs from one of the brood stock spawns
with 80% viability. This high level of viability does not
preclude the appearance of deformities from temperature
stress.

Deformities have been reported in threatened or endan-
gered fish in the Colorado River basin and in those reared in
hatcheries. Fin deformities were reported by Martinez
(1996} in razorback sucker larvae reared in the Colorado
Division of Wildlife’s Fish Research Hatchery, Bellvue,
Colorado, in 1993 and again during a feeding study in 1994.
She concluded that these fin deformities were a result of
handling stress and not from genetic or nutritional sources
because siblings that were not used in the feeding test and
handled substantially less did not have the deformities. In
the first reproduction study prior to the current one, the fin
deformity was observed neither in the egg test nor in larvae
{Hamilton et al., 200ta).

Severson et al. (1992) also reported deformities in razor-
back sucker larvae in a study to evaluate varous feeds on
larvae culture. They reported deformity rates of 0%-83% in
larvae fed different diet series for 127 days posthatch. The
diet that had 0% deformities in one replicate had 23%
deformities in a second replicate. Spinal deformities in-
cluded displaced vertebral columns, compressed spinal
cords, and displaced mmsculature, which they speculated
might have been a result of vitamin deficiency associated
with the cold storage of the diets. Hickey (1973) cited three
studies linking vitamin C deficiency with deformities in
fish. Few deformities have been noted in razorback sucker
larvae produced from wild adults spawned at Willow Beach
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NFH, Arizona (C. Figiet, USFWS, personal communica-
fion).

In conclusion, selenium accumulated substantially in
muscle plugs and eggs of adult razorback suckers held at
Adobe Creek and North Pond. This selenium accumulation
in muscle plugs was lower than 27%-33% of the wild
razorback suckers that were free to move about the Green
River. The incidence of deformities in larvae from exposed
adults followed selenium concentrations in water, food, and
muscle plugs from adults. There is a growing database
suggesting that selenium contamination of the Colorado
River basin may be retarding the recovery of the endangered
razorback sucker (Hamilton, 1998, 1999; Stephens and
Waddell, 1998; Hamilton et al., 2000).
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