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Abstract. —Small, medium, and large (mean total lengths of 30, 36, and 44 mm, respectively)
hatchery-reared age-0 Colorado squawfish Ptychocheilus lucius were held at winter temperatures
(3-5°C) in aquaria for 210 d to assess the role of size, condition factor, and lipid content on
overwinter survival. Fish of each size-class were either fed dry pellets or starved. Fish in all size-
classes fed at winter temperatures. The fish grew little, and condition declined as length of exposure
to winter conditions increased. Condition declined more rapidly in starved than in fed fish of ali
size-classes. Lipid content of fish was inversely related to winter duration for all size-classes and
feeding regimes. Percent survival at the end of 210 d was significantly lower in starved small (3.3%)
and medium (6.7%) fish than in fed small (95.1%) and medium (98.4%) fish. Large fish showed
100% survival regardless of feeding regime. In years of large, prolonged runoff that delays the
secasonal warming of the upper Colorado River, late spawning by Colorado squawfish leaves
age-0 fish with only 2 months to grow and accumulate fat reserves before the onset of winter.
These small age-0 fish may be unable to accumulate adequate lipid reserves to survive until the

following spring.

The endangered Colorado squawfish Ptycho-
cheilus lucius is a large piscivorous cyprinid native
to the Colorado River basin. Once abundant
throughout the basin, the species is now limited
to the northern portion of its original range. Its
decline has been attributed generally to the com-
bined effects of dam construction, introduction of
nonnative species, and poor land-use practices
(Molles 1980; Behnke and Benson 1983; Carlson
and Muth 1989).

In populations of temperate zone fishes near the
northern limit of their range, the overwinter mor-
tality of age-0 fish is often high (Oliver et al. 1979;
Shuter and Post 1990). This mortality may result
from hypothermia, predation, displacement by
flooding, inadequate lipid reserves leading to
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eventual starvation, and physical damage from
anchor ice and frazil ice (Seelbach 1987).

As a result of confinement to northern portions
of their historical range, remaining populations of
Colorado squawfish spawn relatively late in the
year. Hamman (1981) stated that Colorado
squawfish spawn when water temperatures reach
20-22°C, which usually occurs during July or Au-
gust in the upper Colorado River basin (Kaeding
and Osmundson 1988). In the lower Colorado
River basin (below Glen Canyon Dam), where
Colorado squawfish were once abundant but have
been extirpated, the spawning threshold of 20—
22°C was usually reached in early May (Kaeding
and Osmundson 1988). Haynes et al. (1984) es-
timated that Colorado squawfish may have
spawned as late as 26 August in the upper Colo-
rado River in 1981. Late spawning leaves age-0
fish only a brief period to grow and accumulate
fat reserves before entering their first winter. The
small size of age-0 Colorado squawfish as they
enter winter might be an important factor affecting
recruitment to the adult stock in the upper Col-
orado River basin (Kaeding and Osmundson
1988).

During winter, most temperate zone fishes un-
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dergo physiological changes that result in declin-
ing condition and depletion of energy reserves
(Cunjak 1988). Oliver et al. (1979), Toneys and
Coble (1979), and Henderson et al. (1988) dem-
onstrated that overwinter survival is directly re-
lated 1o fish size. Because weight-specific basal
metabolism increases as fish size decreases, high
metabolic demands of small age-0 fish exhaust
energy supplies more quickly during winter (Shu-
ter et al. 1980; Shuter and Post 1990). A positive
relation between body size and lipid content has
been demonstrated for yellow perch Perca flaves-
cens (Toneys and Coble 1979), smallmouth bass
Micropterus dolomieui (Oliver et al. 1979; Isely
1981), and sand smelt Atherina boyeri (Henderson
et al. 1988). Thus, the larger members of an
age-0 cohort are more likely to survive their first
winter (Gutreuter and Anderson 1985; Henderson
et al. 1988). Kaeding and Osmundson (1988)
speculated that the occurrence of comparatively
larger age-0 Colorado squawfish in the Green Riv-
er than in the Colorado River in fall may in part
explain why adult Colorado squawfish are more
abundant in the Green River.

Colorado squawfish stop growing when water
temperatures fall below about 13°C (Kaeding and
Osmundson 1988). This growth threshold of 13°C
is usually reached in October in the upper Colo-
rado River basin. In years of large, prolonged run-
off that delays seasonal warming of the river,
age-0 Colorado squawfish may have only 2 months
to grow and accumulate fat reserves before the
onset of winter.

We examined the role of size, condition factor,
and lipid content in the overwinter survival of
age-0 Colorado squawfish. Our objectives were to
(1) determine the influence of size, condition fac-
tor, and lipid content on the overwinter survival
of hatchery-reared age-0 Colorado squawfish held
at simulated winter temperatures for 210 d; (2)
compare size, condition, and lipid content of wild
and hatchery-reared age-0 Colorado squawfish be-
fore and after the winter period; (3) compare con-
dition, lipid content, and survival of hatchery-
reared fish subjected to the two feeding regimes
(either they were fed dry pellets or starved); and
(4) estimate the amount of lipid that fish must
maintain to survive the winter.

Metheods

Age-0 Colorado squawfish used in this study
were hatched in June 1988 at the Dexter (New
Mexico) National Fish Hatchery and reared at
Willow Beach (Arizona) National Fish Hatchery.
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After fish reached desired lengths at Willow Beach,
they were transferred to an experimental chamber
at Fort Collins, Colorado, in three shipments (small
fish arrived on 14 July, medium fish on 29 July,
large fish on 21 September). Mean total lengths
upon arrival were 30 mm (26-33 mm) for small,
36 mm (30-39 mm) for medium, and 44 mm (35—
59 mm) for large fish.

Experimental design. —Fifteen 75.5-L aquaria
were housed inside the environmental chamber.
Each aquarium held only one size-class of fish
(small, medium, or large). Aquaria were located
on three tiers of shelves, and fish size-classes were
randomly assigned within each tier. In the final
experimental setup, five aquaria held 60 small fish,
five held 45 medium fish, and five held 20 large
fish. The initial biomass in all aquaria was about
the same (range, 0.12-0.16 g/L). Fish were held at
20°C before water temperature was lowered to the
simulated winter temperature (3-5°C) over a pe-
riod of 24 to 48 h. Berry (1988) reported low mor-
tality among 40-d-old Colorado squawfish sub-
jected to either abrupt (5 min) or gradual (4-5 h)
temperature decreases of 15°C. Following accli-
mation of the fish to reduced temperatures, water
temperature was maintained between 3 and 5°C
by adjusting ambient air temperature inside the
chamber. Photoperiod (10 h light: 14 h darkness)
was regulated by timers for the full 210-d exper-
imental period. The first and last 0.5 h of the light
phase were only 50% as bright to allow fish to
adjust to changes in illumination.

The 15 aquaria constituted a closed system in
which dechlorinated city water circulated contin-
uously. Water was pumped from a biological filter
tank through a 30-W ultraviolet sterilizer into 1.3-
cm-diameter polyvinyl chloride piping, which de-
livered water to all aquaria. Inflow to each aquar-
ium was controlled by individual valves; outflow
was through a slotted standpipe. Water drained
from the three levels into drainpipes suspended
below the bottom tier of shelves. Water in the
drainpipes flowed by gravity 10 a slotted spray bar
that distributed water evenly over the biological
filter media. The-biological filter was housed in-
side a 207.6-L aquarium and consisted of two lay-
ers; a top layer of lava rock (20-30-mm diameter)
and a bottom layer of crushed coral mixed with
gravel (1-3-mm diameter). The filter medium was
inoculated with nitrifying bacteria (primarily Ni-
trosomonas sp. and Nitrobacter sp.) that convert
ammonia and nitrite into nitrate. Ammonia levels
were monitored daily. Dissolved oxygen, pH, and
nitrite levels were checked bimonthly. After pass-
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ing through the biological filter, water was pumped
back through the system.

Fish were subjected to two feeding regimes. Fish
of each size-class in three aquaria (total, nine
aquaria) were fed dry pelleted fish food (Silver
Cup Fish Feed, Murray, Utah) twice weekly. The
weight of pellets furnished at each feeding was
equivalent to 2% of the total biomass of the fish
remaining in the aquarium. The biweekly ration
was adjusted every other feeding to account for
mortality and fish removed for lipid analysis. The
amount of pelleted food furnished was always in
excess of the amount consumed. Following each
feeding, food was left in aquaria for 24 h. After
24 h, remaining food and feces were siphoned out.
Fish of each size-class in two aquaria (total, six
aquaria) were not fed.

On days 70 and 140 of the experiment, 25% of
the surviving fish in each aquarium were re-
moved, measured, and weighed, and frozen for
later lipid analysis. On day 210, all remaining fish
were measured, weighed, and analyzed for lipids.
Throughout the 210-d experiment, both dead and
dying fish (those showing loss of equilibrium or
uncoordinated swimming movements) were re-
moved daily, measured, weighed, and analyzed
for lipid content. The total length of each fish was
measured to the nearest millimeter. Fish were
blotted dry on a paper towel and then weighed to
the nearest 0.01 g. Condition factor (X) was cal-
culated by the formula (Weatherley and Gill 1987)

K=(W x 105/L3
W is weight (g) and L is total length (mm).

The length of the winter period (210 d) was
determined from mean daily water temperatures
recorded for the Colorado River at the Colorado—
Utah state-line gage, where Colorado squawfish
still occur. The beginning of the winter period was
defined as the first day in fall when mean water
temperature fell below 13°C and remained there
for seven consecutive days. The end of the winter
period was defined as the first day when mean

water temperature rose above 13°C and remained
there for seven consecutive days. The winter pe-

riod averaged 210 d for 19831984, 1985-1986,
and 1987-1988 (range, 202-223 d); data for the
1986-1987 winter period were not available.

Percent survival. —Daily percent survival of fish
in the three size-classes and feeding regimes was
calculated throughout the 210-d winter period with
the formula

Percent ival = ——;
ercent surviv. N4
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X is the number of fish in a size-class alive at the
end of a given day, N is the number of fish in that
size-class on day 0, and A is the total number of
fish in that size-class removed for lipid analysis
on days 70 and 140.

Lipid analysis. — Because the fish were small, we
pooled several fish within each size-class and feed-
ing regime to provide enough material for lipid
extraction. About 11 small fish, 8 medium fish,
or 4 large fish were pooled to provide material for
each extraction. Pooled groups were prepared for
extraction by a slightly modified version of the
technique described by Wicker and Johnson
(1987). Samples were extracted for 6-7 h with di-
ethyl ether. Fat content, determined by weight loss,
was expressed as a percent of the original dry
weight of the fish (Wicker and Johnson 1987).

Collection of wild fish. —Wild age-0 Colorado
squawfish were collected from the Colorado River
(river kilometers 74.2-159.5, measured upstream
from the confluence of the Green River and Col-
orado River) in October 1988 and March 1989.
Fish were captured with beach seines (4.6 m long
X 1.2 m deep; 0.32-cm ace mesh) in backwater
habitats. The total lengths of all fish were deter-
mined, and a representative subsample was
weighed and frozen for future lipid analysis.

Statistical analysis.—Mean total length, mean
condition factor, and mean lipid content were cal-
culated for fish removed on days 70, 140, and 210
from each size-class and feeding regime. One-way
analysis of variance (ANOVA) was used to deter-
mine if mean total length, mean condition factor,
and mean lipid content within each size-class
changed significantly during the experimental pe-
riod. When significant differences were found, Tu-
key’s honestly significant difference (HSD) meth-
od of multiple comparnson was used 10 determine

which means were significantly different (Klein-
baum et al. 1988). Significance was set at P < 0.05
for all statistical tests.

Results
Changes in Size

Length measurements from the three size-class-
es of fish subjected to each feeding regime at the
beginning (day 0) of the winter period and on days
70, 140, and 210 (end of winter period) showed
that the Colorado squawfish grew little at winter
temperatures (Table 1). Increases in total length
over time were slight, and changes in length during
70-d intervals were not significant. High nitrite
levels (6.1 mg nitrite-N/L on 23 August) during


















