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Abstract

Effects on hatching and development of fertilized eggs in adult razorback sucker (Xyrauchen texanus) exposed to selenium in

flooded bottomland sites near Grand Junction, Colorado, were determined. After 9 months exposure, fish were collected and

induced to spawn and eggs collected for inorganic element analyses. A 9-day egg study was conducted with five spawns from

Horsethief ponds, six spawns from Adobe Creek channel, and four spawns from North Pond using a reference water and site waters.

Selenium concentrations in eggs were 6.5 mg/g from Horsethief, 46 mg/g from Adobe Creek, 38 mg/g from North Pond, and 6.0 mg/g
from brood stock. Eggs from young adults had a smaller diameter and higher moisture content than brood stock. There were no

differences among the four sources in viability, survival, hatch, hatchability, or mortality of deformed embryos or larvae. Adobe

Creek larvae had more deformed embryos in eggs held in site water than held in reference water. There were significant negative

correlations between selenium concentrations in adult muscle plugs and percent hatch, egg diameter, and deformities in embryos.

Results from this study suggest that selenium contamination in parts of the upper basin of the Colorado River should be a major

concern to recovery efforts for endangered fish.

Published by Elsevier Inc.
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1. Introduction

Widespread selenium contamination of the Colorado
River basin has been reported. In the upper basin,
Stephens and Waddell (1998) reported that selenium
was present at concentrations harmful to fish and
wildlife at several locations in the Green River basin,
Utah, including Ashley Creek, Anderson Bottom in the
Canyonlands area, the Desert Lake Waterfowl Manage-
ment Area, Escalante Ranch, Sheppard Bottom in
Ouray National Wildlife Refuge, Stewart Lake, Pariette
Wetlands, and the Price and Yampa rivers. Bussey et al.
(1976) measured 10 inorganic elements in various fish
tissues collected from Lake Powell and concluded that
e front matter Published by Elsevier Inc.

oenv.2004.07.003

ing author. Fax: 605-665-9335.

ess: kevin_buhl@usgs.gov (K.J. Buhl).
selenium was elevated to concentrations of concern from
a human-consumption standpoint.

The US Fish and Wildlife Service’s (USFWS)
National Contaminant Biomonitoring Program (NCBP)
has documented elevated selenium concentrations in
whole-body fish collected from stations located in the
upper and lower Colorado River basins compared to the
rest of the nation (Lowe et al., 1985; Schmitt and
Brumbaugh, 1990; Walsh et al., 1977). Prior to the
National Irrigation Water Quality Program (NIWQP)
and NCBP studies, studies in the 1930s by the US
Department of Agriculture reported elevated selenium
concentrations in water in the upper and lower Color-
ado, Gunnison, and San Juan rivers due to irrigation
activities (Anderson et al., 1961). Elevated selenium
concentrations were also reported in water 48 and
112 km southeast of the mouth of the Colorado River in
the Gulf of California. The long-term contamination of
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the lower Colorado River basin (Anderson et al., 1961)
may have been one of the factors contributing to the
disappearance of endangered fish in the early 1930s
reported by Dill (1944). More recently, elevated
selenium concentrations in water, sediment, and biota
in the lower Colorado River basin documented in a
NIWQP study were identified as coming from the upper
basin (Radtke and Kepner, 1990; Radtke et al., 1988).

Hamilton (1998) reported selenium contamination
throughout the upper and lower Colorado River basin
and concluded that selenium concentrations were
sufficiently elevated, that reproductive problems could
occur in endangered fishes such as the razorback sucker
(Xyrauchen texanus). In another paper, he hypothesized
that selenium contamination from irrigated agriculture
in the period 1890–1910 caused the decline of native fish
in the upper basin in the period 1910–1920 and in the
lower basin in the period 1925–1935 (Hamilton, 1999).
Although many of the studies reviewed in Hamilton
(1998, 1999) documented elevated selenium concentra-
tions in various aquatic components, none of the studies
assessed biological effects in endangered fish from
exposure to selenium or other inorganic elements.

In the first phase of the present study, adult razorback
sucker were held at three sites near Grand Junction, CO,
for 9 months and exposed to various concentrations of
selenium and other inorganic elements in water and food
(Hamilton et al., 2004a). The present study was
conducted with eggs from those adult razorback sucker.
The objective of the current study was to determine if
adult exposure affected survival, hatch, and egg devel-
opment of progeny.
2. Methods and materials

The site description, adult stocking and exposure, and
measurement of residues in water, sediment, aquatic
invertebrates, and fish tissue were described in Hamilton
et al. (2004a). In addition to the test adults, several
brood stock held at Horsethief ponds (HT) at Horse-
thief Canyon State Wildlife Area were spawned for
other purposes, and eggs from three of these fish were
used in the egg study for comparison with test eggs.

2.1. Spawning

In late spring of 1996, after water temperature rose to
16 1C and remained there for about a week, fish held at
Adobe Creek channel (AC) and North Pond (WW) at
Walter Walker State Wildlife Area were captured
between April 24 and 29 using trap (fyke) nets and
electrofishing methods and transported to the fish
holding building at HT. Adults held in earthen ponds
at HT were collected using a seine. The number of adults
captured were 32 of 36 stocked at AC, 24 of 36 at WW,
and 45 at HT. The missing adults at AC and WW were
assumed to have died during the 9-month exposure
period or escaped capture efforts. All fish were held in
1.3-m-diameter tanks in a building supplied with flowing
Colorado River water supplemented with oxygen
delivered through diffuser bars. For spawning, 14
females from AC were available and 7 were spawned.
For WW, 13 females were available and 5 were
spawned. For HT, 20 females were available and 7 were
spawned.

To induce spawning, fish were injected with human
chorionic gonadotropin hormone on each of three
consecutive days, beginning 5 days prior to spawning
date. Fish were not injected on the fourth day, and were
spawned on the fifth day. All females were injected at
the rate of 220 International Units (IU) per kg of body
weight. All males were injected at the rate of 660 IU per
kg one time, 5 days prior to spawning. After inspection
for spawning characteristics (i.e., tubercles present and
milt running in males, coloration, plumpness of
females), as many adults as possible were spawned.
Eggs from each female were fertilized with sperm from
one or more males. Fertilized eggs were washed for a
minute in bentonite clay solution to reduce adhesiveness
and then were water-hardened for a couple of minutes
in Colorado River water. Fish were spawned on May 6
and 7.

Eggs were transported to the 24-Road Fish Hatchery
(24-Road), Grand Junction, Colorado, and placed in
incubation buckets with screened bottoms. Eggs from
each female spawned were held in separate buckets.
Buckets were held in 1.3-m-diameter tanks with
recirculated 24-Road Fish Hatchery water (24-Road
water). Eggs held at 24-Road were treated with two
different imprinting chemicals (morpholine and phe-
nethyl alcohol [PEA]) at the same time that other brood-
stock eggs were being imprinted for other studies. HT
eggs were all imprinted with PEA, AC eggs imprinted
with morpholine, and WW eggs imprinted with both
chemicals. Two samples of eggs from each spawn were
collected, placed in Whirl-Pak bags, and stored frozen at
�20 1C until thawed for selenium and inorganic element
analyses.

2.2. Egg test

After the eggs were water hardened, a group of eggs
from each spawn was transferred to a mobile laboratory
for the egg study. For each spawn (five for HT, six for
AC, and four for WW), six groups of 25 developing eggs
were placed in incubator cups for determination of
percent survival (number of eggs or larvae that were
alive) and percent hatch (number of larvae hatched from
eggs). Eggs were randomly assigned to a hatching cup
five eggs at a time until 25 eggs were placed in each cup.
The eggs cups were suspended in 2-L glass beakers filled
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with 1.2 L of filtered (25-mm polypropylene bag filter,
Filter Specialists, Inc., Michigan City, Indiana) water.
Three groups 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 sites where the
parents were located prior to spawning. The beakers
were arranged in three rows on each table and their
positions were randomly assigned.

Incubator cups and 2-L beakers were acid-cleaned
before use and calibrated at the 600-mL and 1.2-L levels.
The incubation cups were pint jars with the bottoms
removed and polypropylene filter cloths (285 mm open-
ings) glued with silicon adhesive to the bottoms. They
were suspended by latex handles in beakers containing
1.2 L of filtered 24-Road water. After 2 h the site-water
treatments had 50% of the water replaced with site
water. Thereafter, 50% of the water (600mL) was
renewed daily. Oxygen concentrations in exposure water
were supplemented by passing compressed air from an
oilless air compressor through air stones.

Test waters for the egg study were collected every day
from each site as grab samples using two 19-L carboys.
Water was prefiltered through 25-mm 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 sampled and analyzed for general water-
quality characteristics: pH, conductivity, hardness,
alkalinity, calcium, magnesium, and chloride. One
filtered (0.4 mm) and one unfiltered water sample were
collected from waters used in the renewals and analyzed
for selenium concentrations.

Egg cups were gently removed once daily, placed in a
petri dish with the same water as in the beaker, and
examined using a dissecting scope to record the number
of live and dead eggs and the number and type of
deformities. All dead eggs were removed daily. When
the eggs began to hatch, the number of live and dead
larvae and the number and type of deformities were
recorded daily and all dead larvae removed. The study
was terminated at 4 days posthatch. Temperature in
exposure beakers was maintained at ambient air
temperature and measured daily with a precision-grade
mercury thermometer. Eggs and larvae were exposed
under fluorescent lighting (one cool- white bulb and one
wide-spectrum bulb in each light fixture) to a photo-
period 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 study.

Egg viability also was measured on groups of about
100 eggs 3–4 days old from each spawn maintained at
24-Road. Eggs from seven spawns from HT adults, six
from AC adults, four from WW adults, and three from
brood stock adults were examined to determine the
number of eggs fertile and developing. Two people
independently counted the number of live and dead
embryos in the same dish using dissecting microscopes
set at 7� magnification. The eggs were reexamined by
each person if their counts differed by more than 10%.
The mean difference between the final counts was 3.6%
(SE 0.49).

Egg hatchability was determined by dividing the
percent survival by raw percent hatch. Egg hatchability
refers to the percentage of initially viable eggs, i.e.,
fertile, subjected to full-term incubation that hatch, as
opposed to the raw percent hatch of all eggs that
hatched (Koenig, 1982).

Egg diameter was determined on one set of 25 eggs
(24 h old) from each of the seven spawns from HT
adults, six from AC adults, four from WW adults, and
one from brood stock adults. Eggs were held in a petri
dish filled with 24-Road water so that the eggs would
maintain their natural shape during measurement of
their diameter. The longest diameter was measured
using a dissecting microscope fitted with a Reichert filar
micrometer eyepiece.

Methods for water quality analysis, selenium analysis,
and statistical analysis were the same as those described
in Hamilton et al. (2004a).

2.3. Inorganic element analyses

All samples collected for selenium analysis were
analyzed at the Yankton Field Research Station, SD,
using a Perkin–Elmer Model 3300 atomic absorption
spectrophotometer equipped with a Model MHS-10
hydride generator (AA-HG). The spectrophotometer
was standardized with National Institute of Standards
and Technology standard reference material 3149
(water).

Eggs were prepared for analyses of selenium concen-
trations by first lyophilizing the sample to a constant dry
weight using a Virtis vacu-freezer. Egg samples were
digested using a combination nitric acid wet digestion
and magnesium nitrate dry ash technique (Pettersson et
al., 1986). The dry ash procedure was accomplished in a
Thermolyne Model FA1730 muffle furnace. Total
selenium was determined by a modification of the
method of Presser and Barnes (1984).

Quality assurance/quality control measures included
determination of limit of detection (LOD), procedural
blanks for background equivalent concentration, per-
cent relative standard deviation of triplicate sample
preparation and analysis, recovery of elements from
reference material, and recovery of digested-spiked
sample solutions and analysis-spiked samples at the
AA-HG. The LOD was 0.3 (SE 0.1, n ¼ 4). The
procedure blanks had background concentrations less
than the LOD, which indicated no contamination from
reagents or sample handling. The percent relative
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Table 1

Mean (standard error in parentheses and number of samples in

brackets) selenium concentration (mg/g dry weight), percent moisture,

diameter (mm), and percent viability of eggs from razorback sucker

held at three sites near Grand Junction, Colorado

Site Selenium % Moisture Diameter % Viable

HT 6.5a 87.2a 2.28b 31.8a

(0.2) (0.5) (0.05) (5.2)

[7] [7] [7] [7]

AC 46.5b 89.1b 2.32b 43.8a

(4.6) (0.2) (0.02) (7.7)

[6] [6] [6] [6]

WW 37.8b 87.7ab 2.17b 24.9a

(1.4) (0.4) (0.02) (9.5)

[5] [5] [4] [3]

BSa 6.0a 66.7c 2.87a 30.6a

(0.7) (0.2) (0.02) (3.6)

[3] [3] [1] [3]

Note: Sites with lower case letters in common are not significantly

different (P ¼ 0:05).
aBS: Brood stock.
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standard deviation (triplicate sample preparation and
analysis) was 6.2% (SE 0.7, n ¼ 4), which indicated
consistent sample handling during preparation, diges-
tion, and analysis. Recoveries of selenium from Na-
tional Research Council of Canada (NRCC) reference
material DORM-2 (dogfish muscle) and National
Bureau of Standards (NBS) reference material 1566a
(oyster tissue) were within Columbia Environmental
Research Center recommended ranges, which indicated
the digestion and analysis procedure accurately mea-
sured selenium concentrations. The digested-spike sam-
ple solutions had a percent recovery of 98% (SE 3,
n ¼ 8), which indicated the digestion procedure did not
alter the amount of spiked selenium in the sample, i.e.,
suggested no loss of selenium in water samples during
digestion procedure. Analysis of analysis-spiked samples
analyzed for matrix suppression or enhancement had a
selenium recovery of 98% (SE 4, n ¼ 4), which indicated
no interference from other water components.

Analyses of inorganic elements in eggs was performed
at the Environmental Trace Substances Research Center
(University of Missouri), Rolla, MO. The list of
elements and LOD were as follows (all mg/g): Ag (1),
Al (6), As (3), B (1), Ba (0.1), Be (0.04), Bi (5), Ca (1), Cd
(0.2), Co (0.4), Cr (2), Cu (1), Fe (0.8), K (190), Li (0.5),
Mg (0.3), Mn (0.1), Mo (0.7), Na (11), Ni (1), P (5), Pb
(4), Sb (10), Si (10), Sr (0.04), Ti (0.2), Tl (31), W (3), V
(0.9), Zn (0.3). The procedure blank had background
equivalent concentrations less than the LOD for all
elements, the mean percent relative standard deviation
(duplicate sample preparation and analysis) was 4.6%,
the mean spike recovery was 98%, the recovery of trace
elements in NRCC reference material DORM-2 was
within recommended ranges except for aluminum,
arsenic, copper, and manganese, and the recovery of
trace elements in NBS reference material 1566a was
within recommended ranges except for aluminum, iron,
phosphorus, silver, sodium, and vanadium.
3. Results

3.1. Selenium in eggs

Mean selenium concentrations in eggs were 6.5 mg/g
from HT adults, 46.5 mg/g from AC adults, and 37.8 mg/
g from WW adults (Table 1). Selenium concentrations in
eggs from adults held at HT were significantly lower
than those at AC or WW, but those in eggs from AC
and WW were not significantly different from each
other. Eggs from three brood stock held at HT
contained 6.0 mg/g. Selenium concentrations in eggs
were correlated with selenium concentrations in muscle
plugs of adults (r ¼ 0:85, P ¼ 0:0001, n ¼ 15) (Hamilton
et al., 2004a). The equation describing this relation was:
Egg selenium (mg/g)=�1.51+2.66 (muscle plug sele-
nium mg/g). Selenium concentrations in eggs were also
highly correlated (r ¼ 0:97) with the mean selenium
concentration in zooplankton from the three sites, and
even though the correlation coefficient seemed impor-
tant biologically, it was not statistically significant
(P ¼ 0:16) due in part to the use of site means (n ¼ 3)
(Hamilton et al., 2004a).

3.2. Other elements in eggs

Of the inorganic elements measured in eggs, only
manganese and phosphorus had significant differences
between sites (Table 2). Manganese concentrations in
eggs from fish at WW were significantly higher, whereas
phosphorus concentrations were significantly lower,
than in eggs from fish at HT. One fish from WW (fish
WW12) had the highest aluminum, barium, calcium,
copper, iron, magnesium, manganese, silicon, sodium,
strontium, and titanium concentrations in muscle
(concentrations were 2 times higher than for other fish
from WW for aluminum, barium, copper, iron, manga-
nese, silicon, and titanium), which contributed to the
high mean values for eggs (Table 2). If data from fish
WW12 were removed from statistical consideration, the
statistical differences for manganese, phosphorus, and
selenium did not change. However, deleting fish WW12
from statistical analysis resulted in copper concentra-
tions in eggs from fish at HT (5.2 mg/g) being signifi-
cantly higher than those in eggs from adults at AC
(2.9 mg/g), but not in eggs from adults at WW (the mean
copper concentration in eggs from WW fish would be
reduced from 8.2 to 4.0 mg/g by removing fish WW12
from the data set).



ARTICLE IN PRESS

Table 2

Mean (standard error in parentheses and number of samples in

brackets) concentration of inorganic elements (mg/g dry weight) in eggs

collected from razorback sucker held at three sites near Grand

Junction, Colorado

Site

Element HT AC WW

Ag 2.0 (—) 2.0 (—) 2.0 (—)
[1]a [1] [1]

Al 474 (51) 412 (43) 606 (178)
[7] [6] [5]

As 5.0 (—) o3b 13.5 (6.5)
[1] [2]

B o1 o1 1.0 (0)
[2]

Ba 2.1 (0.3) 1.9 (0.2) 3.7 (1.1)
[7] [6] [5]

Be o0.04 o0.04 o0.04
Bi o5 o5 o5
Ca 956 (53) 1243 (193) 1095 (120)

[7] [6] [5]
Cd o0.2 o0.2 o0.2
Co 0.5 (—) o0.4 1.0 (—)

[1] [1]
Cr o2 o2 o2
Cu 5.2 (0.3) 2.9 (0.6) 8.2 (4.3)

[7] [6] [5]
Fe 160 (18) 147 (15) 242 (75)

[7] [6] [5]
K 6071 (292) 6000 (259) 5820 (541)

[7] [6] [5]
Li 0.6 (0.1) o0.5 o0.5

[2]
Mg 592 (20) 619 (20) 641 (50)

[7] [6] [5]
Mn 3.3a (0.4) 4.1ab (0.6) 7.4b (1.3)

[7] [6] [5]
Mo 0.8 (0.1) o0.7 o0.7

[4]
Na 1284 (67) 1200 (57) 1156 (89)

[7] [6] [5]
Ni o1 2.0 (—) o1

[1]
P 9307a (89) 9110ab (72) 8762b (139)

[7] [6] [5]
Pb 4.0 (—) o4 o4

[1]
Sb o10 o10 o10
Si 28.1 (4.3) 27.7 (7.3) 33.6 (12.5)

[7] [6] [5]
Sr 8.3 (0.4) 8.3 (0.4) 8.7 (1.0)

[7] [6] [5]
Ti 11.8 (1.7) 10.4 (1.0) 15.9 (4.4)

[7] [6] [5]
Tl 40 (—) o31 o31
W o3 o3 o3
V 1.2 (0.2) 0.9 (0.1) 1.5 (0.3)

[5] [2] [4]
Zn 74.2 (2.4) 103.4 (17.7) 84.2 (1.8)

[7] [6] [5]

Note: For manganese and phosphorus, sites with lower case letters in

common were not significantly different (P ¼ 0:05); for the other

elements, there were no significant differences between sites.
aThe number of samples submitted for analysis was HT=7, AC=6,

and WW=5. If 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.
bo: All measurements were below the limit of detection.
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Insufficient data were available to determine if a
significant correlation was present between inorganic
elements measured in water (i.e., most concentrations
were below the limit of detection) and those in eggs. For
the inorganic elements measured in zooplankton (Ha-
milton et al., 2004a), only calcium had a significant
correlation with calcium concentrations in eggs
(r ¼ 0:99, P ¼ 0:05, n ¼ 3). For inorganic elements
measured in sediment (Hamilton et al., 2004a), only
manganese (r ¼ 0:99, P ¼ 0:01, n ¼ 3) and strontium
(r ¼ 0:99, P ¼ 0:03, n ¼ 3) concentrations had a sig-
nificant correlation with the corresponding concentra-
tions in eggs.

3.3. Egg characteristics

The percent moisture in eggs was about 20–22%
higher in eggs from the young adults used in the study
than in eggs from brood stock (Table 1). Although the
percent moisture of eggs from HT was significantly
lower than those from AC, the difference was only 2%.
The diameters of eggs from the young adults were
significantly smaller (19–24%) than those of eggs from
the brood stock (Table 1).

3.4. Egg survival, hatch, and hatchability

For eggs used in the egg test from the five HT spawns
(females HT17, HT41, HT44, HT57, HT74), selenium
concentrations in eggs ranged from 5.8 to 7.5 mg/g, egg
diameters ranged from 2.0 to 2.4mm, and selenium
concentrations in adult muscle plugs at spawning ranged
from 3.4 to 5.0 mg/g (Hamilton et al., 2001a). For eggs
from the six AC spawns (females AC12, AC17, AC18,
AC19, AC20, AC28), selenium concentrations in eggs
ranged from 35.5 to 65.1 mg/g, egg diameters ranged
from 2.3 to 2.4mm, and selenium concentrations in
adult muscle plugs at spawning ranged from 10.3 to
12.9 mg/g (Hamilton et al., 2001a). For eggs from the
four WW spawns (females WW1, WW2, WW21,
WW54), selenium concentrations in eggs ranged from
34.3 to 41.3 mg/g, egg diameters ranged from 2.1 to
2.2mm, and selenium concentrations in adult muscle
plugs at spawning ranged from 14.1 to 20.8 mg/g
(Hamilton et al., 2001a).

Water quality characteristics were consistent within
each water type during the egg study, but differed
significantly among the four types (24-Road, HT, AC,
WW) (Table 3). For each water characteristic, each
water type was significantly different from each other
except for alkalinity (significantly lower in 24-Road
water than in the other three waters) and pH (sig-
nificantly lower in 24-Road water than in AC and WW
waters). In the exposure beakers, mean dissolved oxygen
concentrations in the four waters ranged from 7.2 to
7.4mg/L. The mean water temperature in the exposure
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beakers for the four water types ranged from 19.8 to
20.2 1C. Selenium concentrations (n ¼ 2) in water were
1.1 mg/L at HT, 7.4 mg/L at AC, and 11.9 mg/L at WW.
Although selenium concentrations were not measured in
24-Road water during the egg study, they were o1 mg/L
in a companion study (Hamilton et al., 2004b).
Table 3

Mean (standard error in parentheses, n ¼ 4) water quality character-

istics measured in test water collected from four sites

Site

Measure HT AC WW 24-Road

PH 8.2ab 8.4b 8.4b 8.1a

(0) (0) (0.1) (0.1)

Conductivity 478b 827c 6830d 246a

(mmhos/cm) (6) (34) (388) (4)

Hardness 164b 267c 1845d 86a

(mg/L as CaCO3) (2) (3) (143) (2)

Calcium 47b 69c 195d 26a

(mg/L) (1) (1) (6) (0)

Magnesium 12b 23c 330d 5a

(mg/L) (0) (1) (32) (0)

Alkalinity 102b 112b 124b 73a

(mg/L as CaCO3) (1) (0) (10) (2)

Chloride 26b 64c 625d 4a

(mg/L) (1) (1) (49) (0)

Note: For each measure, sites with the same letter are not significantly

different (P ¼ 0:05).

Table 4

Mean (standard error in parentheses and number of samples in brackets) of pe

deformities, and percent mortality of deformed embryos and larvae

Site Water quality % Survival % Hatch %

HT R 46 44 9

(10) (9) (

[5] [5] [5

S 66 65 9

(11) (11) (

[5] [5] [5

AC R 52 46 8

(6) (7) (

[6] [6] [6

S 53 47 9

(6) (5) (

[6] [6] [6

WW R 44 43 9

(10) (9) (

[4] [4] [4

S 40 37 9

(8) (7) (

[4] [4] [4

Note: Eggs were held in either reference water (R) from 24-Road or site water

the three sites (P ¼ 0:05). Within a site, only % deformities in the AC site w
Mean percent egg viability was 32% (SE 5) for HT
adults, 44% (SE 8) for AC adults, 25% (SE 10) for WW
adults, and 31% (SE 4) for brood stock (Table 1). There
was no significant difference in egg viability among the
four groups. Mean percent hatchability was 96.5% for
HT, 88.5% for AC, and 93.1% for WW (Table 4). There
was no difference in percent survival, percent hatch, or
hatchability of eggs exposed either in 24-Road water or
in site water (Table 4). There were no differences in the
percent deformities or in the percent mortality of
deformed larvae among the three sites (Table 4).

Within a site, there were significant differences in the
number of deformities of eggs from AC between the two
water types tested, but not between the two water types
tested with eggs from HT or WW. There were more
deformities in the AC eggs exposed to site water than in
eggs exposed to 24-Road water. Nearly twice the
percentage of deformed larvae from HT adults occurred
where the eggs were held in site water (18%) compared
to reference water (10%), but the difference was not
significant. Some edemas in embryos did not appear
until 8 or 9 days after spawning or until larvae hatched.
Most deformed embryos either died or did not hatch.
Hatched larvae that had deformities were counted as
live even though biologically they most likely would not
have lived in the natural environment.

There was a significant positive correlation between
selenium concentrations in muscle plug and selenium
concentrations in eggs or percent deformities, and a
significant negative correlation with egg diameter or
percent hatch (Table 5). There was a significant positive
rcent survival, hatch, and hatchability of eggs, percent of embryos with

Hatchability % Embryos with

deformities

% Mortality of deformed

embryos and larvae

5 10 43

3) (1) (16)

] [5] [5]

8 18 68

1) (5) (8)

] [5] [5]

6 12a 47

6) (2) (14)

] [6] [6]

1 26b 80

5) (4) (6)

] [6] [6]

5 27 43

2) (11) (12)

] [4] [4]

2 20 49

2) (11) (18)

] [4] [4]

(S). Within a water quality, there were no significant difference among

ere significantly different (P ¼ 0:05) between the two water types.
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Table 5

Correlation coefficients (r, P in parentheses, number of samples in brackets) for the relation between selenium concentrations in muscle plugs and

eggs with egg characteristics

Selenium in

muscle plug

Selenium in

egg

Egg diameter % Survival % Hatch % Hatchability % Deformities

Selenium in egg 0.81

(0.0001)

[24]

Egg diameter �0.80 �0.22

(0.0001) (0.25)

[24] [30]

% Survival �0.37 �0.11 0.45

(0.07) (0.58) (0.01)

[24] [30] [30]

% Hatch �0.40 �0.17 0.41 0.97

(0.05) (0.36) (0.03) (0.0001)

[24] [30] [30] [30]

% Hatchability �0.18 �0.29 �0.13 0.09 0.30

(0.40) (0.12) (0.50) (0.64) (0.10)

[24] [30] [30] [30] [30]

% Deformities 0.55 0.27 �0.40 �0.16 �0.18 �0.09

(0.006) (0.15) (0.03) (0.41) (0.34) (0.63)

[24] [30] [30] [30] [30] [30]

% Mortality of deformed 0.13 0.08 0.002 �0.06 �0.04 0.22 0.46

eggs or larvae (0.56) (0.67) (0.99) (0.75) (0.84) (0.23) (0.01)

[24] [30] [30] [30] [30] [30] [30]
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correlation between egg diameter and percent hatch or
percent survival, and a significant negative correlation
with percent deformities. There was also a significant
positive correlation between percent deformities and
percent mortality of deformities.
4. Discussion

4.1. Selenium and other elements in eggs

Lemly (1996) proposed a selenium toxic threshold of
10mg/g in eggs or ovary of sensitive fish for reproductive
failure. To assess the aquatic hazard of selenium, Lemly
(1995) used fish eggs as one of the five components and
assigned a no-hazard rating to selenium concentrations of
o3mg/g in eggs, minimal hazard at 3–5mg/g, low at
5–10mg/g, moderate at 10–20mg/g, and high at 420mg/g.
Although the sensitivity of razorback sucker to selenium
is unknown, mean selenium concentrations in eggs from
adults at AC were 46.5mg/g and at WW were 37.8mg/g,
which were two times greater than Lemly’s high hazard
and almost four times higher than the proposed threshold
for reproductive failure. Eggs from adults held at HT had
a mean selenium concentration of 6.5mg/g, which falls in
the low hazard category of Lemly (1995).

In the present study there seemed to be an incongruity
in selenium concentrations in fish eggs from AC
(46.5 mg/g) and WW (37.8 mg/g) because WW had higher
selenium concentrations in water (4–20 mg/L), sediment
(7–55 mg/g), and fish muscle plugs (16.6 mg/g) than for
AC in water (1.5–12 mg/L), sediment (0.5–2.1 mg/g), and
fish muscle plug (11.7 mg/g) (Hamilton et al., 2001a).
However, WW had similar selenium concentrations in
zooplankton (27.1 mg/g) and chironomids (11–45 mg/g)
compared to AC (zooplankton 28.5 mg/g and chirono-
mids 28–45 mg/g) (Hamilton et al., 2001a). The higher
selenium concentrations in eggs of AC fish may have
been due to the substantially higher selenium concentra-
tions in zooplankton at AC during September 1995
(49.6–55.6 mg/g) compared to WW (25.2–32.5 mg/g). If
razorback suckers begin deposition of egg yolks in the
fall prior to spawning, the fall time period could be a
critical time for deposition of selenium in eggs.

Rainbow trout (Oncorhynchus mykiss) have a three-
part reproductive cycle: previtellogenesis during Decem-
ber–March, endogenous vitellogenesis May–July, exo-
genous vitellogenesis July–December, and egg are
release (spawn) in December (Ng and Idler, 1983). If
razorback sucker had a similar cycle it would be
previtellogenesis during May–August, endogenous vi-
tellogenesis August–December, exogenous vitellogenesis
December–May, and spawn in May. The vitellogenic
phase of oocyte growth and protein incorporation in fish
can last 9 or more months (Tyler and Sumpter, 1996).
Vitellogenesis is the phase when selenoproteins are
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incorporated into oocytes in fish (Kroll and Doroshov,
1991). Selenium in fish eggs is carried as part of the yolk
precursor proteins, lipovitellin and phosvitin, and is
incorporated into egg immunoglobulin and vitellogenin
(Kroll and Doroshov, 1991). Thus, in razorback sucker,
consumption of high selenium concentrations in food
items in the fall could lead to high selenium concentra-
tions in eggs spawned several months later.

Bryson et al. (1985) studied the uptake of selenium in
the gonads of bluegill (Lepomis macrochirus) and
reported that long-term exposure of fish was less
important than exposure during the maturation of the
ovaries. Navas et al. (1997) also reported that a critical
time for the development of high-quality eggs was during
vitellogenesis. In an analogous manner, a critical
selenium exposure time of female razorback sucker in
September 1995 (i.e., during the presumed period of
endogenous vitellogenesis) could have occurred when
selenium concentrations were higher in zooplankton from
AC (49.6–55.6mg/g) than from WW (25.2–32.5mg/g)
(Hamilton et al., 2001a), and resulted in higher selenium
concentrations in eggs from AC than from WW.

Although 10 elements not including selenium (anti-
mony, boron, calcium, potassium, lithium, magnesium,
molybdenum, phosphorus, sodium, strontium) were
significantly elevated in water at WW (Hamilton et al.,
2004a), they were not elevated in eggs from adults held
at WW. Manganese concentrations in eggs were
significantly elevated and significantly correlated to
manganese in sediments where it was not significantly
elevated. Nakamoto and Hassler (1992) reported that
manganese accumulated in whole-body of bluegill
collected from an area dominated by irrigation return
flow near Kesterson Reservoir, California, but not in
gonads, which contrasts with the present study.

In general, the concentrations of some elements in eggs
in the present study were similar to those reported by
Woock and Cofield (1983), Bryson et al. (1984, 1985), and
Nakamoto and Hassler (1992). Overall, the magnitude of
difference in manganese and phosphorus concentrations
in eggs in the present study was low (1.0–2.2) compared to
the 5.2–5.8 fold difference in selenium concentrations
between eggs from HT fish and eggs from AC or WW
fish. Thus, selenium seemed to be the only element in eggs
from AC and WW that was elevated to concentrations of
concern compared to those from HT.

4.2. Egg characteristics

The difference in egg size in the present study was
probably due to the smaller adults, which were first time
spawners (produced smaller eggs and resulting fry of
potential lower quality), compared to larger brood
stock, which were repeat spawners. Brooks et al.
(1997) reviewed the literature and reported that females
produce better quality eggs in their second season,
survival of eyed eggs was better for second-time
spawners than first-timers, and survival to hatch
increased in successive spawning seasons.

The difference in egg size and percent moisture in eggs
between older brood stock and the young adults in the
present study could result in differences in fitness of the
resulting larvae, as suggested in the significant positive
correlation between egg diameter and percent hatch or
percent survival, and the significant negative correlation
between egg diameter and either selenium concentra-
tions in adult muscle plug or percent deformities of
embryos. Based on studies with salmonids, older
females, which typically are also larger, generally
produce larger eggs and fry compared to younger
females (Buss and McCreary, 1960; Gall, 1974; Kaza-
kov, 1981; Pitman, 1979; Springate and Bromage, 1985).

The variation in moisture content of eggs between
brood stock and test adults was over 20% difference in
the present study, which seemed unusually large. Some
might interpret the greater percent moisture in eggs from
the present study as indicating a possible edematous
condition due to selenium or possibly to inbreeding
effects. In a second reproduction study with razorback
sucker (Hamilton et al., 2001b), the difference in percent
moisture in eggs from young, second-year spawners
compared to brood stock was only 0.8–1.6%. Because
the same adults were used in the second reproduction
study as in the present study, and selenium concentra-
tions were higher in eggs in the second reproduction
study than in the present study, it seems reasonable to
assume that if selenium were the cause of the higher
percent moisture in the first study, then high percent
moisture in eggs should have occurred in the second
reproduction study, which it did not.

Based on the above discussion, it seems reasonable to
assume in the present study that the eggs and resulting
fry from the older and larger brood stock were probably
higher quality than those produced by the young, first-
time spawning adults held at HT, AC, and WW.
However, the range of egg sizes measured in the present
study (2.17–2.32mm for young adults; 2.87mm for
brood stock) was similar to those reported by McAda
and Wydoski (1985) for closely related flannelmouth
sucker (Catostomus latipinnis; 2.39mm). Toney (1974)
reported egg size in wild razorback sucker (perhaps as
many as 40 fish) was 2.1–3.2mm in diameter, but fish
age was unknown. Muth and Ruppert (1996) reported
water-hardened eggs from razorback sucker (mean total
length 575mm) were 2.1mm (range 2.1–2.3mm), which
is similar to the range of sizes in the current study.

4.3. Egg hatchability and survival

Percent viability, percent hatch, or mortality of
deformed embyros were not significantly different
among the four test groups in spite of significant
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differences in selenium concentrations in eggs and water
quality of the site waters. The significant difference in
the percentage of embryos with deformities for AC eggs
held in site water compared to reference water seemed
unusual in that no differences were observed in the WW
eggs, which were held in site water with several inorganic
elements at higher concentrations than in AC water.
Dissolved oxygen concentrations and water temperature
during the test were in the acceptable range of values for
tests with eggs and embryos (Weber et al., 1989). It is
unknown what effect the exposure to PEA and morpho-
line had on the eggs or embryos.

In the present study, the percent hatch of eggs from
young adults (range 37–65%) and the percent survival of
eggs and newly hatched larvae (range 40–66%) was in the
range of results reported by others for razorback sucker.
Hamman (1985) reported about 40% hatching success
and survival of larvae. Muth and Ruppert (1996) reported
that the mean percent egg hatch for control fish in their
experiment 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, NM, the overall average percent
hatch of razorback sucker eggs has been about 50% and
the survival of larvae has been about 35–40% (R.
Hamman, USFWS, personal communication).

No effects of increased selenium were observed on egg
survival, hatch, or hatchability in the present study.
Also, there was no significant correlation between
survival, hatch, or hatchability and selenium concentra-
tions in eggs, or between survival or hatchability and
selenium concentrations in adult muscle plugs, which
was similar to other selenium studies with fish. Crane et
al. (1992) reported no effects on fertilization rate or time
to first hatch in eggs from yellow perch (Perca

flavescens) with selenium concentrations of 14 mg/g in
muscle and 18 mg/g in gonads, but no eggs hatched from
adults with 23 mg/g in muscle and 28 mg/g in gonads
(reported as wet weight, converted to dry weight
assuming 75% moisture; hereafter converted). Gillespie
and Baumann (1986) reported no effects on fertilization
or hatch in bluegill eggs containing 27–32 mg/g selenium
(converted). Woock et al. (1987) observed no effect on
hatching success of eggs from bluegill exposed to
selenium concentrations up to 30 mg/g in diet and 30
mg/L in water for 260 days (no fish residues reported).
Ogle and Knight (1989) reported no effects on the
number of eggs per spawn or percent hatch in fathead
minnows (Pimephales promelas) exposed to selenium
concentrations up to 30 mg/g in diet for 98 days and with
7.5 mg/g in whole-body. Finally, Coyle et al. (1993)
reported no effects on the number of eggs per spawn or
hatchability of eggs from bluegill with selenium con-
centrations up to 18.7 mg/g in whole-body.

In contrast, Hermanutz et al. (1992) reported that
percent hatch was reduced in eggs of fathead minnow
with whole-body selenium concentrations of 18.4 mg/g
(converted). Likewise, egg exposures to high selenium
concentrations in water can affect hatch of embryos
(Hodson et al., 1980; Klaverkamp et al., 1983). Saiki
and Ogle (1995) reported that western mosquitofish
(Gambusia affinis) (whole-body selenium 4100 mg/g)
from the San Luis Drain, California, which contained
340–390 mg/L selenium, had a lower mean percentage of
live births within broods and produced less fry than
adults from a reference area.

4.4. Deformities in eggs and larvae

The elevated percent deformities in embryos and
newly hatched larvae from HT adults (10–18%), AC
adults (12–26%), and WW adults (20–27%) were higher
than typical background levels. In large surveys of fish
populations, Patten (1968) and Dahlberg (1970) re-
ported deformity rates in various fish species at o1%,
whereas Gabriel (1944) reported 2–3% in wild popula-
tions of Fundulus, and Gill and Fisk (1966) reported 3%
in wild Pacific salmon using X-ray analysis. Correspond-
ingly, Bengtsson (1975) suggested that abnormality rates
greater than 9–11% give rise to suspicion of a possible
‘‘man-made’’ effect.

Teratogenesis is a well-documented biomarker of
selenium toxicity in wild birds and fish at the embryo-
larval stage (Hoffman and Heinz, 1988; Hoffman et al.,
1988; Lemly, 1993, 1997a, b; Ohlendorf et al., 1986).
Fish deformities include lordosis (concave curvature of
lumbar and caudal regions of spine), kyphosis (convex
curvature of thoracic region of the spine), scoliosis
(lateral curvature of the spine), and head, mouth, gill
cover, and fin deformities, in addition to edema, and
brain, heart, and eye problems. Selenium-induced
teratogenic deformities in fish larvae have been reported
in laboratory studies (Bryson et al., 1984; Goettl and
Davies, 1977; Klauda, 1986; Pyron and Beitinger, 1989;
Woock et al., 1987), experimental stream studies
(Schultz and Hermanutz, 1990; Hermanutz, 1992;
Hermanutz et al., 1992), artificial crossing experiments
(Gillespie and Baumann, 1986), and field investigations
(Lemly, 1993, 1997a, b; Saiki and Ogle, 1995). Con-
taminated ecosystems may require long time periods for
recovery from selenium contamination because 10 yr
after selenium inputs to Belews Lake, NC, were stopped,
elevated incidences of deformed fry (3–6%) of four fish
species were reported compared to a reference lake
(High Rock Lake; 0% deformities in the same four
species) (Lemly, 1997b).

In the present study, there were 12–26% deformities
in embryo larvae from AC adults and 20–27% in larvae
from WW adults. Based on the teratogenesis rating of
Lemly (1997a; i.e., 10–20 mg/g or greater in whole-body
or 6–12 mg/g in muscle are diagnostic of selenium-
induced terata), and considering the elevated selenium
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concentrations in eggs (38–46 mg/g), muscle plugs
(12–17 mg/g), and muscle tissue (13–29 mg/g) of adults
from AC and WW (Hamilton et al., 2004a), an adverse
impact on embryos from selenium exposure would be
expected. The 10–18% deformities in embryo larvae
from HT adults may indicate that razorback sucker are
sensitive to selenium exposure because HT adults had
selenium concentrations of 5.8–6.3 mg/g in muscle
(Hamilton et al., 2004a), which is close to the low end
(6 mg/g) of Lemly’s (1997a) scale for the diagnosis of
selenium-induced teratogenesis.

Alternatively, the high number of deformities ob-
served in larvae in the present study may have been due
to inbreeding effects. Dowling et al. (1996) reported
that, based on mitochondrial DNA diversity, razorback
sucker examined from the upper Colorado River seemed
to be from a small population, were closely related, and
possibly derived from a limited number of females.
Spawning of closely related fish (i.e., brother–sister,
mother–son, father–daughter) can result in reduced
growth rate, lower survival, reduced feed conversion,
reduced fertility, and increased numbers of deformed fry
(Kincaid, 1976a, b; Moav and Wohlfarth, 1996; Piper et
al., 1982; Ryman, 1970). However, Aulstad and
Kittlesen (1971) reported that the amount of deformities
in inbred rainbow trout siblings could vary greatly
between matings.

Fin deformities were reported in razorback sucker
larvae reared at the Colorado Division of Wildlife’s Fish
Research Hatchery, Bellvue, Colorado, in 1993, and
again during a feeding study in 1994 (Martinez, 1996).
The fin deformity was not observed in the present study.
Severson et al. (1992) also reported deformities in
razorback sucker larvae in a study to evaluate various
feeds in larvae culture and speculated that they were due
to vitamin deficiency associated with inadequate nutri-
tion. Deformities in razorback sucker larvae produced
and reared at Dexter NFH, and Technology Center,
Dexter, New Mexico, also may be related to nutritional
deficiencies (H. Williamson, USFWS, personal commu-
nication). Few deformities have been noted in razorback
sucker larvae produced from wild adults spawned at
Willow Beach NFH, Arizona (C. Figiel, USFWS,
personal communication).

Overall, selenium concentrations were substantially
elevated in eggs from adults held at AC and WW, but
the egg study may not have been long enough to observe
adverse effects in hatched larvae. Elevated selenium in
eggs of endangered razorback sucker held in sites
located in their historic range suggests extirpated
populations probably accumulated significant amounts
of selenium in reproductive tissues, which probably
contributed to their disappearance in the Grand
Junction area of the Colorado River (Hamilton, 1999).
The significant negative correlations between selenium
concentrations in adult muscle plugs, and percent hatch
and egg diameter, and the significant positive correlation
with deformities in embryos suggests a possible causal
linkage. Selenium contamination of the Green and
Colorado rivers should be a major concern of recovery
efforts of this and other endangered fish in the Colorado
River basin.
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