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Do Endangered Razorback Suckers Have Poor Larval Escape
Performance Relative to Introduced Rainbow Trout?
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Abstract.—Poor recruitment has generated the hypothesis that the endangered razorback sucker
Xyrauchen texanus is particularly vulnerable to predation early in its life history. We compared
the escape responses of razorback suckers, which are adapted to the historically warm waters of
the Colorado River, with those of rainbow trout Oncorhynchus mykiss, an introduced coldwater
species, throughout early development at water temperatures of 12°C and 18°C. We quantified
escape performance using maximum velocity, acceleration, and time to maximum velocity and
acceleration. Both species showed complete temperature compensation for escape performance;
individuals reared at 12°C performed as well as those reared at 18°C. Performance was also similar
between species, although two variables exhibited a species X size interaction. Small razorback
suckers were faster (greater maximum velocity and acceleration) than small rainbow trout, while
large larvae performed similarly. We also determined that razorback sucker larval escape perfor-
mance falls within the range reported for other fishes. Therefore, we conclude that razorback
suckers do not have ‘““poor’” escape performance and that temperature does not directly cause
decreased performance. However, a cold temperature reduces growth rates and delays razorback
suckers’ attainment of a ‘‘predator-proof’’ size. Small larvae are also more likely to perform
uncoordinated, ineffective escape responses. Hence, razorback sucker performance is indirectly

diminished by temperature.

The endangered razorback sucker Xyrauchen
texanus is endemic to the Colorado River system
(Tyus et al. 1982; Minckley 1983). Once abundant
and widely distributed, the razorback sucker is
now limited to scattered populations in the upper
and lower Colorado River basin (Minckley et al.
1991). The remaining wild populations of razor-
back suckers appear to be relict subpopulations of
very old individuals, ones that are 30 years old or
older (Minckley 1983; McCarthy 1986; McCarthy
and Minckley 1987). These populations are repro-
ducing in the wild (Bozek 1984; Marsh and Lang-
horst 1988; Mueller 1989), but larval recruitment
appears to be severely limited (Minckley 1983;
Marsh and Minckley 1989).

The proximate cause of limited recruitment re-
mains unknown, but predation on razorback sucker
early life history stages by introduced fishes has
been proposed as the single most important factor
(Minckley et al. 1991). In a series of experiments
in the Lake Mohave portion of the Colorado River,
razorback sucker larvae showed high survival
rates (80%) when predators were excluded
(Minckley et al. 1991). The ability of larvae to
persist and grow when predators are absent sup-
ports the hypothesis that predation is the major
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factor responsible for the limited recruitment of
the razorback sucker, although other factors (hab-
itat loss, physical changesto the environment, etc.)
certainly will also affect survival.

Historically, the Colorado River supported a
limited number of piscivorous fish (Johnson et al.
1993), only one fish (the endemic Colorado pike-
minnow Ptychocheilus lucius) being known to prey
on adult razorback suckers (Minckley et al. 1991).
As such, selection for escape performance may
have been weak. Currently, at least five introduced
fish predators are known to prey on the razorback
sucker: striped bass Morone saxatilis, largemouth
bass Micropterus salmoides, channel catfish Ictal-
urus punctatus, flathead catfish Pylodictis olivaris,
and green sunfish Lepomis cyanellus (Marsh and
Brooks 1989; Minckley et al. 1991; Johnson et al.
1993). The introduction of these and other exotic
fish species has drastically changed the predation
rates experienced by the razorback sucker in the
Colorado River.

Many fish species use escape responses as a de-
fense against predators (e.g., Webb and Corolla
1981). The escape response typically exhibited by
fishisarapid acceleration involving bending about
the center of mass followed by a single propulsive
tail stroke and burst swimming (Figure 1). These
escape responses (or ““ C-starts’”) have been shown
to be effective in allowing larval fish to escape
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Ficure 1.—These panels depict a razorback sucker
larva being stimulated to perform an escape response.
A 0.5-cm grid is shown beneath the filming chamber for
scale. Time from the beginning of the escape response
is given on each panel in seconds. The first four panels
depict stage 1 (the C-stage) and the next two panels
depict stage 2 (the S-stage); the final two panels depict
stage 3 (free swimming).

attacks by both invertebrate (Seale and Binkowski
1988; Horn et al. 1994) and vertebrate predators
(Webb 1981; Katzir and Camhi 1993). Correla-
tions between escape performance and survival
have been suggested or demonstrated by several
studies (Swain 1992a, 1992b; Andraso 1997; Tem-
ple and Johnston 1998), making studies of escape
performance a relevant tool for evaluating the po-
tential effects of predation on razorback sucker
larvae. We hypothesized that the razorback sucker
has poor escape response performance (relative to
other fishes) because it evolved in a habitat with
few natural predators.

The rainbow trout Oncorhynchus mykiss is cul-
tured and constantly seeded into the Colorado Riv-
er, making it one of the most abundant introduced
fish species. In addition, rainbow trout reproduce
and persist in localities historically populated by
razorback suckers (Vanicek et al. 1970; Minckley
et al. 1991). For example, after the Flaming Gorge
Dam in Utah closed in the 1960s, rainbow trout
and razorback suckers co-occurred in the habitat
below the dam for several years (Vanicek et al.
1970). Today the rainbow trout thrives in the Col-
orado River below Flaming Gorge Dam, but the
razorback sucker has been extirpated. This sug-
gests that the razorback sucker was at a disadvan-
tage relative to the rainbow trout in this modified
habitat. In addition, both juvenile and adult trout
are territorial, opportunistic feeders (Hartman
1965; Jenkins 1969) that have been observed prey-
ing on another southwestern native, the Little Col-
orado spinedace Lepidomeda vitatta even in the
presence of abundant macroinvertebrate prey
(Blinn et al. 1993). Thus, the rainbow trout serves
as a useful model of an introduced coldwater spe-
cies because it reproduces successfully in areas
historically inhabited by the razorback sucker and
isapotential predator on young razorback suckers.
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Abiotic variables such as water temperature also
may contribute to limited razorback sucker re-
cruitment. The addition of dams has dramatically
altered the temperature of the Colorado River (e.g.,
Vanicek et al. 1970), and future proposed devel-
opment projects in the upper Colorado River basin
could further affect river temperature (Bulkley and
Pimentel 1983; Childs and Clarkson 1996; Clark-
son and Childs 2000). Historically, razorback
sucker larvae were found along shallow shorelines,
in embayments along sandbars, or in tributary
mouths in water temperatures ranging from 21.7°C
to 24.4°C (Sigler and Sigler 1996). Current tail-
water temperatures are approximately 10°C during
the spring—summer reproductive period (Childs
and Clarkson 1996). The physiological processes
underlying escape response performance (diffu-
sion rates, enzyme reaction rates, etc.) are known
to be temperature dependent (for a review, see
Bennett 1990). Therefore, reduced water temper-
ature may cause reduced escape performance in
the razorback sucker.

The goal of this study was to assess razorback
sucker escape performance to determine whether
it may have contributed to their failure to thrive
under current Colorado River conditions. To do
this, we addressed two specific questions: (1) does
decreased water temperature reduce larval and ju-
venile escape response performance in the razor-
back sucker? and (2) do razorback sucker larvae
and juveniles have poor escape performance rel-
ative to rainbow trout larvae and juveniles? To
answer these questions, we quantified escape per-
formance in razorback sucker and rainbow trout
early life history stages at two water temperatures.
We hypothesized that (1) escape performance
would be reduced for both species in colder water
because of the direct physiological effects of tem-
perature and (2) razorback sucker escape perfor-
mance would be poor relative to rainbow trout
escape performance because the razorback sucker
evolved in a reduced-predation environment. Fi-
nally, we compared our data for razorback sucker
larvae with those from previous studies to deter-
mine whether razorback suckers have poor escape
performance relative to the larvae of other species.

M ethods

Study species.—Razorback sucker eggs were ob-
tained from the Willow Beach National Fish
Hatchery, Arizona, in March 2000. Rainbow trout
eggs were obtained from the Lost River Trout
Hatchery, Idaho, in May 2000. The eggs were di-
vided among eight tanks (43 cm long X 26 cm
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wide X 15 cm deep) in the Research Annex at
Northern Arizona University with a photoperiod
of 14 h: 10 h light : dark. Each tank contained re-
circulated and filtered freshwater. Four tanks were
maintained at 12°C and four at 18°C. The 12°C
and 18°C treatments were chosen (rather than more
extreme temperatures) because razorback suckers
approach a lower temperature limit at 12°C and
disease becomes prevalent in rainbow trout above
18°C. In addition, these temperatures approximate
the change from historic to current Colorado River
water temperatures and allow comparisons with
published data for the larvae of other fish species.
Fish were reared for the duration of larval de-
velopment and into early juvenile stages (approx-
imately 2 months) and were fed once per day after
they began to swim up off the bottom of the tank
in search of food. Razorback sucker larvaeinitially
received live nauplii of brine shrimp Artemia spp.
and were later fed a mixture (obtained from the
Willow Beach National Fish Hatchery) of dried
fish food containing plankton flakes, spirulina
flakes, brine shrimp flakes, krill flakes, Encapulon,
Cyclop-eeze, and artificial plankton (microencap-
sulated protein). Rainbow trout larvae also ini-
tially received live Artemia nauplii and were later
fed pellets of Dense Culture Food (obtained from
Aquatic Ecosystems, Inc.). These diets were cho-
sen based on the recommendation of a fishery bi-
ologist (Chester Figiel, U.S. Fish and Wildlife Ser-
vice, personal communication) to maximize the
growth and survival of each species. Due to tem-
perature-related mortality in the 12°C razorback
sucker treatment, we obtained additional eggs
from the Willow Beach National Fish Hatchery in
March 2001. These eggs were acclimated at 1°C
per day until the water temperature was 12°C in
an effort to reduce egg mortality (although mor-
tality remained high). Larval and juvenile fish
were maintained as described above.
Experimental design and analysis—Each fish
was imaged at 500 frames per second using a high-
speed digital imaging system. The camera was
mounted above the testing chamber with the cam-
era mount perpendicular to and the lens parallel
with the water surface. A single fish was placed
in the circular, glass testing chamber (6 cm in di-
ameter X 2 cm deep or 10 cm in diameter X 6 cm
deep) and allowed to acclimate for at least 5 min.
A 0.5-cm grid was placed below the testing cham-
ber for scale and the chamber wasilluminated with
a fiber-optic light. Water temperature was held
constant at the rearing temperature (12°C or 18°C)
by a water bath connected to a recirculating water
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chiller. Each escape response was €licited using a
small blunt probe through tactile stimulation of the
fish’s head, body, or tail. Three to eight responses
per individual (0.5-1.5 h trial time) were recorded
as a digital movie. This process was repeated for
24 razorback suckers at 12°C and 39 at 18°C. Sim-
ilarly, 28 rainbow trout were tested at 12°C and
30 at 18°C. The individuals included in both of
these samples were selected from the rearing tanks
at 2-d to 3-d intervals over a 70-d rearing period
to represent an ontogenetic series.

After testing was complete, |arvae were euthan-
atized with a 1% solution of M S-222 (3-aminoben-
zoic acid ethyl ester), preserved in 10% buffered
formalin, and transferred to 70% ethanol. The fol-
lowing measurements—mass (g), mass without
yolk sac (g), mass without yolk sac and head (g),
length (cm), and length without head (cm)—were
taken from the preserved specimens with digital
calipers, an electronic balance, and a dissecting
microscope. To determine whether the specimens
had experienced significant shrinkage due to pres-
ervation, we compared the lengths measured from
20 preserved individuals of each species with the
approximate lengths from digital images of the
same individuals. There was an effect of preser-
vation on total length (paired t-test, P < 0.05) for
razorback suckers and rainbow trout; specimens
appeared to shrink by 8-9% of total length. This
degree of shrinkage is similar to that reported for
the larvae and juveniles of a range of other fish
taxa (about 8%; Hjorleifsson and Klein-MacPhee
1992). Thus, we used an equation developed by
Hjorleifsson and Klein-MacPhee (1992) to correct
for the effects of preservation on length and used
the adjusted specimen lengths in comparisons with
data from other studies. We were unable to assess
changes in weight due to preservation; however,
previous studies suggest that the larvae and ju-
veniles of freshwater fishes initially gain weight
when preserved but then lose it after 30 d so as
to approach their original weight (Karjalainen
1992; Shields and Carlson 1996). These specimens
were preserved for more than 30 d before being
measured; as such, the wet weight of the preserved
specimens should be similar to the prepreservation
wet weight. In addition, if there are effects of pres-
ervation on weight, they should be the same for
all of the specimens used in this study and should
not affect inter-specific comparisons.

Three responses per fish were selected for pre-
liminary analysis. Responsesin which the fish was
obscured by water movement or reflection or was
partially off-screen were discarded. Generally, re-
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sponses could be divided into three stages (Weihs
1973; Hale 1999). In stage 1 (the C-stage), the fish
bent to one side of the body about the center of
mass, forming the traditional ‘*‘C’’ shape. In stage
2, sometimes called the S-stage, the fish bent in
the opposite direction of the stage 1 bend and be-
gan moving away from its initial position with a
propulsivetail stroke. When thetail stroke reached
its maximum excursion on the opposite side of the
body, stage 2 was completed. Stage 3 consisted of
continued caudal fin swimming after stage 2 (Fig-
ure 1).

The single best escape response for each indi-
vidual, determined by the fastest maximum veloc-
ity and/or shortest response duration, was selected
for quantitative analysis. Sequential digital images
from each escape response were imported into
Didge Image Digitizing Software (Cullum 1999).
A series of 11 evenly spaced points were placed
longitudinally along the fish’s body between the
tip of the snout and the tail, dividing the fish into
intervals of one-tenth of the total body length. The
movements of the fish were quantified for each
frame of the escape response in terms of these
points. A total of 121 razorback sucker (n = 63)
and rainbow trout (n = 58) escape responses were
analyzed in this manner; each sample analyzed
represented the best escape response for a partic-
ular individual.

Because calculations of velocities and acceler-
ations of fish movement are affected by measure-
ment error (Walker 1998), QuickSAND (Walker
1997) was used to determine velocity and accel-
eration by means of numerical differentiation al-
gorithms. With this program, velocity and accel-
eration were calculated with a cubic-spline algo-
rithm and an estimated error variance (VAL). This
estimated error variance was used to mathemati-
cally remove the effects of digitizing error (in this
case, the error generated because the pixel digi-
tized is larger than the targeted point on the fish)
from the data. The values used for VAL ranged
from 5.0 X 10-3 cm (approximately 1/4 of a pixel)
to 6.25 X 10-* cm (1/32 of a pixel), depending on
the size of the fish. Performance variables, in-
cluding maximum velocity (cm/s), time to maxi-
mum velocity (s), maximum acceleration (cm/s?),
and time to maximum acceleration (s), were taken
from the data for each individual after they had
been processed with QuickSAND.

Satistical analysis—All data exploration and
statistical tests were performed with Super-
ANOVA or Statview. (SAS Institute 1998). Before
we performed parametic statistical tests, we tested
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the data for normal distribution and homogeneity
of variances. In all cases the data were normally
distributed (Kolmogorov—Smirnov tests for good-
ness-of-fit, P > 0.05) and homoscedastic (Box—
Scheffé tests for homogeneity of variances, P >
0.05). We tested for potential effects of rearing
temperature on fish size (mass) with a two-way
analysis of co-variance (ANCOVA) using age
(days after hatching) as a covariate. Because fish
increase in size exponentially during development,
mass was log;, transformed to allow a general lin-
ear model to be used in the analysis.

A second series of analyses was performed on
four escape response performance variables (max-
imum velocity, maximum acceleration, and time
to maximum velocity and acceleration). The size
variable with the strongest scaling relationship
with maximum velocity, namely, body mass after
removal of the yolk sac (g), was chosen as the
covariate for al size-dependent displacement and
timing variables. (In fact, statistical analysesusing
total body mass (g) or total fish length (cm) versus
performance variables produced similar results.)
Because mass increases exponentially during de-
velopment, body mass without the yolk sac and all
performance variables were log,, transformed to
allow a general linear model to be used.

Performance variables were analyzed by means
of a multivariate analysis of covariance
(MANCOVA) with two factors (species and tem-
perature) and a covariate (size). This analysis gen-
erated anumber of potential interaction terms: spe-
cies X temperature, species X size, temperature X
size, and species X temperature X size. However,
several of these interaction terms were nonsignif-
icant and were sequentially removed from the
model to address the two main effects (species and
temperature). In addition, there was no significant
temperature effect (see Results). Thus, for sub-
sequent analyses, temperature data sets were com-
bined for each species.

A series of one-way analyses of covariance were
performed on the performance variables to deter-
mine which variables contributed to the significant
species X size interaction term observed in the
MANCOVA. For two of the performance variables
the interaction term was not significant (i.e., the
slope of the relationship between size and the per-
formance variable was the same for both species).
For these variables, the interaction term was re-
moved to allow atest for potential differences be-
tween species.

Finally, we conducted a literature search for
studies quantifying escape performance in the lar-
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FIGURE 2.—These panels depict a razorback sucker
larva being stimulated to perform an escape response.
This larva produced a series of O-starts instead of the
typical stages of the C-start. Consequently, the center of
mass of the larva has moved very little from the first
panel to the last panel.

vae of other fish species. Only studiesthat reported
maximum escape response velocity and fish length
and that used similar experimental water temper-
atures were used in this comparison (Webb 1981;
Yin and Blaxter 1987; Gibson and Johnston 1995;
Hale 1999; Wakeling et al. 1999; Gibb and Dick-
son 2002). Linear regressions or power functions
(depending on the fit used by the researcher) of
total length (the size variable common to all stud-
ies) versus maximum velocity were compared
qualitatively with our data to assess the escape
performance of razorback suckers relative to that
of other fishes.

Results
Behavioral Patterns

For the purposes of this study, an escape re-
sponse consisted of any behavior in response to
the stimulus. Among the analyzed escape behav-
iors, all fish responded to the stimulus by trying
to move away rapidly and most performed a C-
start (with both stage 1 and stage 2; Figure 1).
Stage 3 swimming movements were observed in
many, but not all, individuals.

Some razorback sucker individuals performed a
behavior we referred to as the O-start. In these
cases, the fish would slowly perform the initial C
bend and then continue bending to form an O or
Q shape (Figure 2). The O-start behavior was much
more likely to occur in small razorback suckers
than in large ones. Razorback suckers weighing
0.001 g or less had a higher propensity for O-starts
(21% of the total escapes) than fish weighing be-
tween 0.0011 and 0.002 g (8% of the total es-
capes). Further, the smallest razorback suckers
(<0.001 g) only performed complete C-starts
(stages 1 and 2) 37% of the time, whereas slightly
larger razorback suckers (0.0011-0.002 g) per-
formed complete C-starts 71% of the time. The O-
start was not observed in rainbow trout larvae or
juveniles.
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Ficure 3.—Growth of (A) razorback suckers and (B)
rainbow trout during the days after hatching at two tem-
peratures, 18°C and 12°C.

Temperature Effects

Temperature affected growth rates in both spe-
cies. The two-way ANCOVA revealed that the
three-way interaction term among the two main
effects (species and temperature) and the covariate
(age) was significant (F-value = 33.0, P < 0.05).
This indicates that the species grew differently
during the rearing period and responded differ-
ently to the temperature treatments. Larvae of a
given species reared at 12°C and 18°C were ap-
proximately the same size at hatching, but the 18°C
fish grew more rapidly in both species (Figure 3A,
B). However, this temperature effect was partic-
ularly pronounced for the razorback suckers. At
40 d after hatching, rainbow trout larvae were ap-
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TaBLE 1.—Morphological measurements for the ontogenetic series of the razorback suckers and rainbow trout used

in this study.
Razorback suckers Rainbow trout
Variable n Mean + SE Range n Mean + SE Range
Body mass (g) 61 0.030 + 0.006 0.002-0.283 57 0.098 + 0.008 0.027-0.338
Body mass without yolk sac (g) 62 0.028 + 0.006 0.001-0.283 57 0.080 + 0.009 0.006-0.338
Total length (cm) 63 159 + 0.082 0.82-3.282 57 2.35 + 0.062 1.23-3.282

aValues were adjusted to account for preservation shrinkage by means of an equation from Hjorleifsson and Klein-MacPhee (1992).
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FIcure 4.—Relationship between body mass without
the yolk sac and maximum velocity for (A) razorback
suckers and (B) rainbow trout reared at two tempera-
tures. There is no significant difference between the two
temperature treatments for either species.

proximately 0.15 g in total body mass at 12°C and
0.3 g at 18°C (i.e., twice as large). At the same
age, razorback sucker larvae were 0.003 g at 12°C
and 0.03 g at 18°C (i.e., 10 times as large). At any
given age, young rainbow trout were much larger
than young razorback suckers (Figure 3; Table 1).

Results of the preliminary two-way MANCOVA
on all four performance variables (using species
and temperature as potential effects and size asthe
covariate) indicated that most interaction termsin-
cluded in the model were not significant (species
X temperature, temperature X size, and species X
temperature X size; all F-values <1.9 and P >
0.05). Thus, these interaction terms were removed
from the model. After all nonsignificant interaction
terms were removed, there was no significant tem-
perature effect (F-value = 1.1, P > 0.05), but there
was a significant species X size interaction (F-
value = 3.0, P < 0.05). Plots of individual vari-
ables supported the findings of the MANCOVA;
there was no evidence of a change in performance
due to temperature for either species (Figure 4A,
B). Because there was no significant temperature
effect, data for both temperatures were combined
for a given species in all further analyses.

Species Effects

The significant species X size interaction found
in the two-way MANCOVA suggests that the two
species did not respond the same way to changes
in body size for some of the performance variables.
Thus, a series of one-way ANCOVASs were used
as post hoc tests to determine which performance
variables contributed to the species X size inter-
action found inthe MANCOVA. Thess ANCOVASs
revealed that two variables showed a species X
size interaction: maximum velocity and maximum
acceleration (Table 2), both of which increased
with size throughout the developmental period for
both species (Figure 5A, B). However, an increase
in size affected the two species differently. Small
razorback suckers (<0.04 g) had higher swimming
velocities than small rainbow trout (<0.04 g), but
large razorback suckers and large rainbow trout
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TaBLE 2—F-values from one-way ANCOVAs for the potential effects of species and size on escape response
variables. Asterisks indicate significance at the 0.05 level. The abbreviation ‘“ns’ indicates a nonsignificant interaction

term.
Variable Species Size Species X size df
Maximum velocity 0.52 154.2* 9.5% 1, 115
Time to maximum velocity 2.8 14.7* ns 1,115
Maximum acceleration 6.52 29.3* 10.9* 1, 112
Time to maximum acceleration 0.3 12.5* ns 1, 112

aF-value not interpreted because of significant interaction term.

(=0.04 g) had similar velocities (Figure 5A). Sim-
ilarly, small razorback suckers had higher accel-
erations than small rainbow trout, but large ra-
zorback suckers had lower accelerationsthan large
rainbow trout (Figure 5B).

For both timing variables (time to maximum ve-
locity and time to maximum acceleration), the spe-
cies X size interaction term was not significant (F-
value < 2.0, P > 0.05). Thus, this term was re-
moved from the ANCOVA model to test for dif-
ferences between species. After removal of the
interaction term, there were no significant differ-
ences between the two species with respect to the
timing variables (Table 2). Maximum acceleration
occurred prior to maximum velocity in both ra-
zorback suckers and rainbow trout. Time to max-
imum velocity and maximum acceleration de-
creased with size throughout the developmental
period for both species (Figure 5C, D). This in-
dicates that both razorback suckers and rainbow
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trout reach their maximum speed more quickly as
they develop. It took razorback sucker and rai nbow
trout larvae approximately the same amount of
time to reach maximum accelerations and veloc-
ities.

Comparison of Larval Fish Velocities

A literature search revealed six species tested
under similar water temperatures and with ap-
proximately the same size ranges (total length) as
the razorback suckers and rainbow trout in our
study (Webb and Corolla 1981; Yin and Blaxter
1987; Gibson and Johnston 1995; Hale 1999; Wak-
eling et al. 1999; Gibb and Dickson 2002). The
velocity ranges reported for all eight species (in-
cluding razorback suckers and rainbow trout) were
similar overall (Table 3). At the sizes used in this
study, razorback sucker larvae were asfast asthose
of the other fish species (Figure 6). Rainbow trout
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TaBLE 3.—Velocities and scaling relationships reported for seven teleost species during ontogeny. The variable y is
maximum velocity, the variable x total length. See Figure 6 for a graphic depiction.

Water
Velocity Length temperature
Study Species range (cm/s) range (cm) (°C) Scaling relationship
Current study Razorback sucker 4.9-78.7 0.82-3.282 12 and 18 y = 26.65x — 4.26
Current study Rainbow trout 8.5-78.1 1.23-3.282 12 and 18 y = 32.70x — 31.02
Hale 1999 Brown trout 7.9-52.4b 1.30-2.20 12 y = 11.91x168cd
Salmo trutta
Gibb and Dickson (2002) California halibut 11.2-79.5 0.63-3.68 18 y = 24.00x + 1.48
Paralichthys californicus
Gibson and Johnston Turbot 46.2-100.7 1.70-5.60 18 y = 28.84x0.74
(1995)P Scophthal mus maximus
Yin and Blaxter (1987) Atlantic herring 12.4-29.6 0.88-2.01 8-11
Clupea harengus
Wakeling et a. (1999) Common carp 26.3-56.2P 0.80-6.20 20 y = 29.74x055 e
Cyprinus carpio
Webb and Corolla (1981) Northern anchovy 6.7-29.6° 0.23-1.33 17 y = 20.80x + 1.95

Engraulis mordax

aValues were adjusted to account for preservation shrinkage by means of an equation from Hjorleifsson and Klein-MacPhee (1992).

b values calculated from reported scaling relationship.

¢ Reported scaling relationship based on logyo-transformed data was recalculated to produce a function describing untransformed data.
d Units converted from mm (length) and m/s (velocity) to cm and cmis.

€ Units converted from m (length) and m/s (velocity) to cm and cm/s.

were the second slowest species, only brown trout
being slower (Figure 6).

Discussion
Effects of Temperature

Ouir first hypothesis was that razorback suckers
and rainbow trout would perform better at 18°C

10c 1 1 1 1 1 n 1 1 1 1 n 1 1 1 1
1 —db— Northern Anchovy
: —0— Turbot
30- —e— California Halibut
1 —O— Brown Trout L
g 1 —=— Rainbow Trout r
) g —— Razorback Sucker
2 60-_ —— Common Carp B
8
[]
[ 1
§ 0]
E L
X
F E L
= E L
20 -
0+—— T T T
0 1 2 3 4

Total length (cm)

Ficure 6.—Relationship between maximum velocity
and total length based on reported size ranges and scal-
ing relationships for seven species during ontogeny
(Webb 1981; Gibson and Johnston 1995; Hale 1999;
Wakeling et al. 1999; Gibb and Dickson 2002). See Table
3 for full species descriptions and equation parameters.

than at 12°C because of the physiological effects
of temperature. However, we rejected this hypoth-
esis for both species. Although this result may
seem counterintuitive, previous research has
shown that extended temperature acclimation
(days or weeks) allows changes in metabolic and
muscle physiology to occur that compensate for
the direct physical and physiological effects of
temperature (for a summary, see Schmidt-Nielsen
1997). This compensation can be partial or com-
plete. With partial compensation, cold-acclimated
individuals improve in performance during accli-
mation but never match the performance of the
warm-acclimated individuals. With complete com-
pensation, the postacclimation performance of
cold-acclimated individuals is indistinguishable
from the performance of warm-acclimated indi-
viduals (Schmidt-Nielsen 1997).

The results of previous acclimation studies on
escape performance in teleost fish species have
yielded mixed results (for areview see Temple and
Johnston 1997). Some species show no compen-
sation in escape performance after cold acclima-
tion, including larval Atlantic herring (Batty et al.
1993) and adult long-spined sea scorpion Taurulus
bubalis (Temple and Johnston 1998). Others show
partial compensation, including adult goldfish
Carassius auratus (Johnson and Bennett 1995) and
adult shorthorn sculpin Myoxocephalus scorpius
(Beddow et al. 1995). Still other species show
complete or nearly complete compensation, in-
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cluding adult mummichog Fundulus heteroclitus
(Johnson and Bennett 1995) and larval and juve-
nile turbot (Gibson and Johnston 1995). The abil-
ity to compensate for a change in temperature is
thought to be related to the evolutionary history
of the species—a species that is distributed across
a latitudinal gradient or experiences temporal
changes in temperature is likely to show complete
compensation (Temple and Johnston 1997).

In this study, both razorback suckers and rain-
bow trout demonstrated complete or nearly com-
plete compensation in escape performance after
acclimation to 12°C and 18°C. Previous research
on adult rainbow trout demonstrated only partial
compensation in escape response performance (as
assayed by measuring maximum velocity and ac-
celeration during the escape response) when fish
were acclimated to lower temperatures (5-10°C;
Webb 1978; Johnson et al. 1996). However, adult
rainbow trout demonstrated complete compensa-
tion at higher water temperatures (15-25°C; Webb
1978). It appears that young rainbow trout show
acclimation ability similar to that of adults.

The ability of the rainbow trout to compensate
across this temperature rangeis not surprising; this
species occurs naturally in North American waters
from Alaska to Mexico (Behnke 2002) and can
survive awide range of temperatures (Currie et al.
2000). However, the razorback sucker, which has
a much more limited geographic distribution, also
showed complete or nearly complete compensa-
tionin responseto cold acclimation. Therazorback
sucker may have evolved this compensation mech-
anism to accommodate the seasonal variation in
water temperature that was present in the predam
era of the Colorado River (Clarkson and Childs
2000). Historically, juvenile and adult razorback
suckers would experience low water temperatures
in the winter. However, reproduction occursin the
spring and may be timed to permit larvae to de-
velop in warmer water. Unfortunately, modern ra-
zorback sucker populations experience perpetual
winter temperatures due to the cold water released
from dams into the main-stem Colorado River
(Clarkson and Childs 2000).

Although the razorback sucker shows complete
physiological compensation in escape perfor-
mance, temperature indirectly affects performance
through its effects on development. After 40 d,
razorback suckers reared at 12°C were an order of
magnitude smaller than those reared at 18°C. In a
recent study investigating the effects of rearing
four native Colorado River species, including the
razorback sucker, at 10, 14, and 20°C, Clarkson
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and Childs (2000) found that the growth rates for
all species were significantly lower at colder tem-
peratures. Cold temperatures will also delay de-
velopment, sometimes extending the larval stage
for an entire season or more (Clarkson and Childs
2000). Thus, temperature indirectly affects escape
performance because small fish are absolutely
slower than larger fish.

An increase in escape performance with size
does result in an increase in the ability of larvae
to escape predators (Fuiman 1989; Litvak and Leg-
gett 1992). In addition, as larvae develop their
sensory systems mature (e.g., their visual acuity
improves; Fuiman and Magurran 1994) and this
increases their ability to detect and avoid potential
predators (i.e., they experience improved ‘‘re-
sponsiveness'’; Fuiman 1994). These patterns have
led to a general hypothesis about larval survival,
often termed the ‘‘bigger-is-better’” hypothesis
(Litvak and Leggett 1992; Leggett and Deblois
1994). However, research on marine fish larvae
suggests that older, bigger larvae actually expe-
rience increased predation rates, presumably be-
cause they are more likely to attract the attention
of potential predators (Litvak and Leggett 1992;
Pepin et a. 1992). Thus, the interplay between
increasing probability of encountering predators
and decreasing probability of capture with sizeis
thought to generate adome-shaped rel ationship be-
tween size and predator vulnerability whereby fish
are predicted to be maximally vulnerable at inter-
mediate sizes.

These findings create a complex prediction
about the effects of decreased Colorado River wa-
ter temperatures on razorback sucker survival. Im-
mediately after hatching, larval razorback suckers
may experience reduced predation at colder tem-
peratures because they will remain small and will
not attract the attention of fish predators (Fuiman
1989). However, they will experience increased
embryonic and larval mortality due to the cold
temperatures (Marsh 1985). In addition, the de-
crease in growth rate due to temperature will delay
razorback suckers attainment of the larger sizes
at which they become too fast for predators to
catch and too large for them to eat (Fuiman 1994).
Because rainbow trout are larger at hatch and grow
more rapidly at low water temperatures, they will
reach thiscritical, *‘ predator-proof’’ sizemorerap-
idly than razorback suckers.

Escape Performance Relative to Other Species

Our second hypothesis was that larval and ju-
venile escape performance would be poorer in ra-
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zorback suckers than in rainbow trout and other
fish species. As we found that the escape perfor-
mance of razorback suckers was similar to that of
rainbow trout during the observed developmental
period, we reject this hypothesis. In terms of max-
imum velocity and acceleration during the escape
response, small razorback suckers are faster than
small rainbow trout. However, both species had
similar performances at larger sizes.

In addition, when compared qualitatively with
the larvae of other fish species, the razorback suck-
er shows similar escape velocities across the size
range included in this study. Based on this estimate
of performance and the similarity of the escape
response between razorback suckers and rainbow
trout, we suggest that the escape performance of
the razorback sucker is comparable to that of other
fish species. However, we note that rainbow trout
approached or surpassed the performance of ra-
zorback suckers at larger sizes. Thus, although a
small razorback sucker may be able to swim faster
than a small rainbow trout, any performance ad-
vantage is lost as fish grow. Also, if larvae are
becoming more obviousto predators and incurring
more attacks as they grow, improved swimming
speed at larger sizes may be critical to avoiding
predation and rainbow trout are improving more
rapidly than razorback suckers (i.e., the relation-
ship between size and vel ocity has a steeper slope).
Finally, if the observed relationships between
body size and velocity remain constant as these
fish grow, then razorback suckers will eventually
be slower than rainbow trout (because their escape
performance does not increase as rapidly with
body size). Thus, rainbow trout will reach speeds
at which they can potentially outswim their pred-
ators sooner than razorback suckers will.

We also found that razorback suckers and rain-
bow trout did not differ from one another in the
timing of their body movements during the escape
response. In fact, both species became absolutely
faster at reaching maximum acceleration and ve-
locity as they grew larger. Typically, larger ani-
mals take longer to perform physiological func-
tions (Schmidt-Nielsen 1997); thus, thisresult sug-
gests that escape response performance improves
during larval development (Hale 1999). This may
be due to developmental changes in the morphol-
ogy and physiology of the sensory and motor sys-
tems that initiate and produce the escape response
(Fuiman 1994).

Variability in Escape Response Performance

The escape performance of the razorback sucker
was also affected by the variability in behavior
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among small-sized fish. Individual s that performed
an O-start responded to stimuli by initially bending
into a C shape. However, after the C formation
was reached, the head and the tail of the fish con-
tinued to move closer together, causing the fish's
body to assume the O shape. Most fish that per-
formed the O-start followed it with multiple O-
bends. This response appeared to be uncoordinated
relative to a stereotypical escape response with C-
and S-stages.

The presence of the O-start in young razorback
suckers may be explained by the fact that they
hatch at an early stage of development. Many of
their external and internal morphological struc-
tures are not fully formed at this time (Minckley
and Gustafson 1982). Aberrant escape behaviors
may be a consequence of hatching before the de-
velopmental process is complete, as the nervous,
skeletal, and muscular systems may be too im-
mature to produce a coordinated response. Rain-
bow trout, in contrast, hatch at an advanced stage
of larval development (Ballard 1973), and rela-
tively few morphological changes are completed
during posthatch development. Perhaps thisiswhy
rainbow trout did not produce O-starts, even at
young ages.

The presence of the O-start has clear perfor-
mance consequences for the razorback sucker. The
center of mass moves very little during these O-
bends, effectively leaving these individuals near
the predator for an extended period. Both the oc-
currence of O-starts and other types of variability
in behavior may decrease the effectiveness of the
escape response among small razorback suckers.

Summary

Although razorback suckers show complete
compensation in escape response for a decreasein
temperature, we suggest that the consistently low
water temperatures in the Colorado River will have
a negative impact on recruitment for several rea-
sons. First, the mortality of razorback sucker eggs
and larvae is higher at low temperatures (Marsh
1985; this study). Second, the presence of the O-
start behavior creates reduced performanceinvery
young individuals and cold water will retard ra-
zorback sucker growth and keep them at younger
stages for longer periods of time (Clarkson and
Childs 2000; this study). Third, reduced growth
rates due to temperature will keep razorback suck-
er larvae and juveniles small, which will prevent
them from reaching a critical, predator-proof size.
Rainbow trout, in contrast, do not show O-start
behavior and their mortality and growth rates are
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not as affected by cold temperatures (Currie et al.
2000; this study). In addition, the faster growth of
the rainbow trout at colder temperatures and its
rapid improvement in escape performance during
development suggest that this species will reach a
predator-proof size sooner than the razorback
sucker.

Therefore, we conclude that colder water tem-
peratures indirectly diminish razorback sucker es-
cape performance and provide an advantage to in-
troduced coldwater species like the rainbow trout.
We concur with the conclusions of previous re-
searchers who have studied the effects of temper-
ature on razorback sucker life history (e.g., Marsh
1985; Clarkson and Childs 2000); it appears that
warmer discharges from the dams on the Colorado
River (particularly during the spring—summer re-
productive period) are necessary to allow suc-
cessful recruitment of the razorback sucker. How-
ever, we realize that increased water temperatures
may also benefit nonnative warmwater fishes in
the river (Kaeding and Osmundson 1988; Childs
and Clarkson 1996). Thus, a complex regime in-
volving nonnative fish removal as well as in-
creased water temperatures will be necessary to
reestablish the razorback sucker in the Colorado
River.
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