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Abstract
We characterized the sublethal physiological changes in bonytail Gila elegans subjected to consecutive 750-mg/L

potassium chloride (KCl) and 25-mg/L formalin treatments for the removal of zebra mussel Dreissena polymorpha
and quagga mussel D. bugensis veligers. Plasma cortisol, glucose, and osmolality were measured over 24 h and at
14 d posthandling after exposing bonytail to KCl and one net stressor (capture with a net), KCl plus formalin and
two net stressors, and one or two net stressors without chemicals. Elevated plasma cortisol (322–440 ng/mL) and
glucose (254–399 mg/dL) concentrations were observed in all treatments compared with the concentrations in control
fish (plasma cortisol, 56 ng/mL; glucose, 43 mg/dL). While there were no detectable differences in plasma osmolality
among the treatment and control fish, a difference was observed between fish that were handled once versus twice.
Chemical effects of stress were not observed in any of the physiological responses when the KCl treatment was
compared with the one-net stressor treatment or when the KCl plus formalin treatment was compared with the
two-net stressor treatment. Cumulative responses, however, were observed between one net stressor and two net
stressors for plasma glucose and osmolality but not for plasma cortisol. Plasma cortisol and glucose levels remained
elevated at 24 h posthandling, indicating that bonytail had not completely recovered from the handling stressors and
would benefit from a recovery period in protected refugia before being released.

The bonytail Gila elegans is a critically endangered south-
western native fish that was once common in the Colorado River
basin from Wyoming to Sonora and Baja California Norte, Mex-
ico. Despite 15 years of captive propagation and augmentation
to the wild, recovery efforts have been met with little success.
Multiple factors that include habitat loss and introduction of
nonnative fishes have affected bonytail populations to the point
where there is no evidence of natural recruitment (Bestgen et al.
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2008; Karam and Marsh 2010). Captive propagation and annual
stockings are imperative for the survival of this species.

In 2007, recovery programs for several endangered native
fishes, including bonytail, were negatively affected by the dis-
covery of quagga mussels Dreissena bugensis throughout the
Colorado River basin in Lake Mead, Lake Mohave, Lake
Havasu, and Copper Basin Reservoir (USGS 2007a, 2007b,
2007c), as well as in two fish hatcheries, Lake Mead State Fish
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Hatchery and Willow Beach National Fish Hatchery (USGS
2007d, 2007e). The quagga mussel is native to Eurasia and was
introduced into the Great Lakes in the late 1980s. The primary
ecological concern of quagga mussels is their efficient removal
of food and nutrients from water columns, which can change the
existing food web and affect native aquatic species (Barbiero et
al. 2006; Bunnell et al. 2009). Economically, the mussel creates
industrial and recreational impacts by clogging pipe intakes
and outlets, damaging water craft, and generating expensive
cleanup costs for removal (Ludyanskiy et al. 1993; MacIsaac
1996). A third and paramount concern is the potential for spread-
ing quagga mussel larvae (free-swimming veligers) through the
transfer of fish from mussel-infested waters to mussel-free wa-
ters.

To control the spread of quagga mussels, state and federal
agencies implemented a method similar to that used to kill
veligers when moving fish from waters infested with zebra mus-
sels D. polymorpha (Edwards et al. 2000, 2002). The treatment,
which consists of an initial 1-h exposure to 750 mg/L potassium
chloride (KCl) followed by a 2-h exposure to 25 mg/L formalin,
subjects the fish to two chemical treatments and two handling
stressors as fish are transferred by dip net from culture facilities
to transport trucks and netted again at the stocking site for release
to minimize the amount of water transferred with fish. While
Edwards et al. (2002) reported low latent mortality (0–11%)
of juvenile walleyes Sander vitreus and saugeyes (F1 hybrid of
sauger S. canadensis and walleye) exposed to the treatment, cu-
mulative effects of the acute stress response of fish exposed to
the chemicals and handling have not been documented.

Furthermore, information on the effects of stress associated
with handling and transport practices of imperiled native fishes
such as the bonytail is limited. Thus, our objectives were to
characterize the acute stress response of bonytail within a 24-h
period after exposure to KCl and formalin in conjunction with
handling, and assess delayed mortality and evaluate recovery
of physiological responses after 14 d. Documenting the dura-
tion and magnitude of the stress response and recovery within
the time frame of transport and stocking (≤24 h) is vital to
understanding the ability of imperiled fishes to adapt to an en-
vironment that exposes the fish to disease and predators upon
release. While this research was conducted to assess the stress
response of bonytail exposed to KCl, formalin and net stres-
sors, the authors are not endorsing this treatment as an effective
means of removing quagga mussel veligers from fish transport
tanks (Sykes 2009).

METHODS
Experimental fish.—Bonytail fingerlings (mean total length

and weight of 159.5 mm and 20.4 g, respectively) were ob-
tained from the U.S. Fish and Wildlife Service, Dexter National
Fish Hatchery and Technology Center (Dexter NFHTC), Dex-
ter, New Mexico. Before the study, fish were transferred from
outdoor ponds (0.135 ha) to an indoor culture facility that re-

ceived single-pass flow-through well water at 18◦C (pH 6.9;
hardness, 3,325 mg/L CaCO3; alkalinity, 162 mg/L CaCO3).
The fish were acclimated to indoor tanks at a density of 5.8
g/L in 500-L circular tanks for 20 d before the experiment be-
gan. Fish were maintained on a photoperiod of 13 h light : 11 h
dark, and a diet (2.0 mm pellet) formulated for razorback sucker
Xyrauchen texanus was provided at 1.5% body weight/d twice
daily at 0800 and 1500 hours. Feed was withheld for 48 h before
the start of the experiment and throughout the 24-h recovery pe-
riod for all treatments. At 48 h posthandling, feeding of fish in
the 14-d recovery tanks was resumed twice daily as previously
described.

Experimental design.—The standard KCl plus formalin
(KCl+formalin) protocol described previously was divided into
four treatments (two replicate tanks in each) to assess the indi-
vidual and cumulative effects of both the chemicals and handling
practices. Treatment 1 measured the effects of KCl with one net
stressor; treatment 2 measured the effects of KCl+formalin with
two net stressors; treatments 3 and 4 measured the effects of
one net stressor and two net stressors, respectively, without KCl
and formalin (Figure 1). The four treatments were conducted in
500-L circular tanks as static tests with aeration. Recovery was
assessed by sampling fish from each treatment and collecting
blood at each of five posthandling recovery periods (0.25, 1, 3,
6, and 24 h) in two replicates (Figure 1). An additional 14-d
recovery period was included for treatment 2 (KCl+formalin)
and treatment 4 (two-net stressor) to assess delayed mortality
and recovery from the stressors.

Treatment 1 consisted of transferring fish from acclimation
tanks to one of two 750-mg/L KCl treatment tanks (n = 300
each; Figure 1A). These fish remained in the KCl for 1 h, after
which all fish were netted and subjected to a net stressor where
excess water was allowed to drip from the netted fish for 30 s.
Following the net stressor, 60 fish were immediately apportioned
into buckets (12 fish per bucket) to assess recovery. For the
1–24 h recovery periods, treatment fish were placed in 19-L
covered buckets (density, 12.1 g/L) with slits cut on the sides
allowing for water and oxygen exchange. These buckets were
immersed in 900-L circular tanks with flow-through well water
and aeration (four treatment buckets randomly placed per tank).
A preliminary study revealed that water temperature remained
constant at 18◦C and dissolved oxygen was 7.7 mg/L at the
end of a 24-h period in the covered buckets containing similar
densities of fish. To ensure prompt sample collection at the 0.25-
h recovery period, treatment fish were placed in 75-L aerated
tubs.

In treatment 2, remaining fish (n = 240) from the KCl treat-
ment (treatment 1) were transferred to a second 500-L tank
containing 25 mg/L Paracide-F formalin (37% formaldehyde,
Argent Chemical Laboratories, Redmond, Washington) (Figure
1B). The fish remained in the formalin treatment for 2 h, after
which they were netted and excess water was allowed to drip
from the net for 95 s (representative of the time it may take to
move fish from a transport tank to receiving waters). Sixty fish
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FIGURE 1. Timeline of chemical and net stress treatments. Fish were treated with either (A) KCl or (C) well water for 1 h, netted for 30 s, and then treated with
(B) formalin or (D) well water for 2 h and netted for 95 s. After each netting event, blood was collected from 12 fish (6 from each of two replicates) at 0.25, 1, 3,
6, and 24 h after treatment. The remaining fish from (B) and (D) were transferred to recovery tanks. At the end of a 14-d observation period blood was collected
from 12 fish (6 from each of two replicates).

were apportioned into recovery buckets (12 fish per bucket) and
the remaining 180 fish were transferred to a 500-L recovery tank
for 14 d to assess delayed mortality. After 14 d, blood samples
were taken to evaluate recovery of physiological responses.

To isolate the stress associated with handling from that caused
by chemical exposure, treatments 3 and 4 were conducted con-
currently with the exception that KCl and formalin were not
added to the tanks. In treatment 3, fish were transferred from
acclimation tanks to one of two 500-L tanks (n = 300 each)
with well water for 1 h, after which they were netted and excess
water allowed to drip from the net for 30 s (Figure 1C). Sixty
fish were then apportioned into recovery buckets (12 fish per
bucket). In treatment 4, the remaining 240 fish from treatment
3 were transferred to a second tank with well water for 2 h
(Figure 1D). All fish were then netted, excess water allowed to
drip for 95 s, and 60 fish apportioned into recovery buckets (12
fish per bucket). The remaining 180 fish were transferred to a
500-L recovery tank with flow-through well water and aeration
for 14 d to assess delayed mortality. Blood samples were taken
to evaluate recovery of physiological responses.

Fish designated as controls were not disturbed from the time
they were placed in the 500-L tanks at the beginning of the accli-
mation period until sampled concurrently with the treatments.
To avoid the stress of repeated sampling of control fish, 50 fish
were placed into each of eight 500-L tanks for separate sample
collections at 0.25, 3, 6, and 24 h into recovery. We anticipated
insufficient time and staff to sample control fish at 1 h during
the recovery period and thus chose to forego this sample event.

Sample collections.—To prevent an increase in plasma cor-
tisol by repeated sampling, fish were sampled only once (n =
6) from each of two replicate tanks. Fish were quickly captured

by dip net and anesthetized in 200 mg/L tricaine methanesul-
fonate (MS-222, Argent Chemical Laboratories) to minimize
sampling-related stressors. Fish were completely anesthetized
within 10 s and bled by severing the caudal peduncle with a
single-edge razor blade. Blood was drawn from the caudal vein
with heparinized Caraway micro-blood collecting tubes. Whole
blood was transferred to 0.5-mL Eppendorf microcentrifuge
tubes and centrifuged at 2,012 × g for 6 min at 5◦C. Plasma was
separated from the packed red blood cells and transferred to 0.2-
mL vials, which were then wrapped with Parafilm, and stored at
−80◦C until analysis was performed. Immediately after blood
was collected and while fish were still fully anesthetized, fish
were euthanized with a lethal dose of MS-222.

Analysis of plasma constituents.—Plasma cortisol concentra-
tions of individual fish were measured by means of a solid-phase
radioimmunoassay (Diagnostic Products Corporation, Los An-
geles, California). The assay relies on competition between non-
radioactive cortisol (unlabeled cortisol) and radioactive cortisol
(125I-labeled cortisol) for the binding sites, which are cortisol-
specific antibodies coated in a polypropylene tube. Nonradioac-
tive cortisol from samples and cortisol labeled with radioactive
iodine (125I) were added to the antibody-coated tubes. Bind-
ing of nonradioactive cortisol to binding sites in the tube pre-
vents the binding of 125I-labeled cortisol. Endogenous cortisol
concentration is inversely proportional to 125I-labeled cortisol
remaining in the tubes. Radioactivity of 125I-labeled cortisol re-
maining in the tube was measured by a gamma counter (Cobra
� Auto-Gamma, Packard Bioscience, Meriden, Connecticut).
Analytical sensitivity of the assay was 2 ng/mL. Intra-assay
and interassay coefficients of variation (CV = 100 × SD/mean)
were measured to validate precision of the cortisol assay. The
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intra-assay CV ranged from 0.90% to 10.78% (n = 9); the in-
terassay CV was 9.03% (n = 9).

Plasma glucose was measured on a BioMate 3 Series spec-
trophotometer (Thermo Spectronic, Rochester, New York) by
means of a colorimetric assay (Stanbio Glucose LiquiColor,
Procedure No. 1070, Boerne, Texas) based on a glucose oxidase-
peroxidase reaction (Trinder 1969). The glucose interassay CV
was 5.66% (n = 9). Plasma osmolality was measured with a
5520 VAPRO vapor pressure osmometer (Wescor, Inc., Logan,
Utah) calibrated with manufacturer’s standard solutions before
and after each use.

Data analysis.—A two-way analysis of variance (ANOVA)
was conducted in Statistical Analysis System version 9.1 (SAS
Institute, Cary, North Carolina) to compare response variables
(cortisol, glucose, osmolality) among treatments (including the
control group) and to examine each response variable over time.
Tukey’s honestly significant difference (HSD) posthoc test was
used to identify where differences occurred. The SLICE = time
statement (in SAS) was used to identify differences where a
time-by-treatment interaction was detected. A detectable time-
by-treatment interaction would be expected if initial stress
effects are apparent, followed by recovery within the time
frame studied. Normality and equal variance assumptions were
checked by examining residuals. Contrasts were conducted to
examine a priori differences between treatments. Specifically,
we compared the one-net stressor trials (treatment 1 versus
treatment 3) and the two-net stressor trials (treatment 2 ver-
sus treatment 4). The average response of the one-net stressor
trials (treatments 1 and 3) were then compared with the average
of the two-net stressor trials (treatments 2 and 4) to determine
whether the second netting trial manifested additional stress in
any of the physiological responses. Statistical detectability was
determined at P ≤ 0.05 for all tests. Values reported are means
± SE of the mean. Treatments 1 and 3 were not continued to
day 14 of the recovery period; therefore, data from treatments
2 and 4 for that time period were not included in the two-way
ANOVA examination of response variables over time. Descrip-
tive statistics for treatments 2 and 4 at the 14-d recovery period
are presented for the purposes of describing recovery from cu-
mulative effects of the stressors.

RESULTS
The mean control value for plasma cortisol in bonytail was

56.3 ± 12.22 ng/L (n = 47) (Figure 2). Despite efforts to min-
imize disturbances, fish in one control replicate (0.25 h) re-
sponded to a perceived stressor and experienced elevated plasma
cortisol concentrations (265.9 ± 8.87 ng/mL, n = 6) compared
with the second replicate (26.6 ± 7.92 ng/mL, n = 6). De-
tectable differences were not observed in bonytail plasma corti-
sol concentrations among the four treatments. However, plasma
cortisol values of the treatment groups were detectably differ-
ent from the control group (F4, 24 = 9.70, P = 0.0001). A time
effect was detected (F4, 24 = 7.49, P = 0.005) (i.e., an overall
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FIGURE 2. Average plasma cortisol and glucose concentrations and osmolal-
ity in bonytail subjected to KCl, KCl+formalin, one-net stressor, and two-net
stressor treatments and controls through 24 h after treatment. Values are means
± SEs based on two replicates and 6 fish per replicate (n = 12). Control fish
were not sampled at 1 h owing to sampling constraints. Lines between data
points are for visual reference and do not imply linearity in values between
sample times.

decrease throughout recovery), but there was no treatment-by-
time interaction (F15, 24 = 0.75, P = 0.7102). Plasma cortisol
concentrations were not detectably different between the KCl
and the one-net stressor groups (F1, 10 = 0.35, P = 0.5674)
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or between the KCl+formalin and the two-net stressor groups
(F1, 10 = 0.20, P = 0.6629). Thus, no effects from the chemicals
were found for this response variable. In addition, there was no
detectable difference between the number of handling stressors
(one versus two net stressors) for plasma cortisol concentrations
(F1, 30 = 0.01, P = 0.9204).

The mean value for plasma glucose in the control group was
43.7 ± 1.03 mg/dL (n = 48) (Figure 2). Detectable differences
were observed for plasma glucose concentrations between the
control and treatment groups (F4, 24 = 75.26, P < 0.0001) but
not among the treatment groups. A time effect (F4, 24 = 42.00,
P < 0.0001) as well as a treatment-by-time interaction (F15, 24 =
4.74, P = 0.0004) was observed up to 24 h recovery. Detectable
differences were not observed in the treatment comparisons
between the KCl and one-net stressor groups (F1, 10 = 2.71,
P = 0.1309) or between the KCl+formalin and the two-net
stressor groups (F1, 10 = 0.01, P = 0.9050). A treatment effect
(F1, 30 = 63.61, P < 0.0001), time effect (F4, 30 = 50.74, P <

0.0001), and time-by-treatment interaction (F4, 30 = 7.00, P =
0.0004) were detected in plasma glucose levels in the cumulative
response. Concentrations of plasma glucose were significantly
higher at 0.25 h recovery for the two-net stressor group (258.5 ±
21.87 mg/dL) than for the one-net stressor group (194.6 ± 11.84
mg/dL).

Detectable differences were not observed in plasma osmolal-
ity among the four treatment and control groups (F4, 24 = 2.74,
P = 0.0520) (Figure 2). A time effect was noted (F4, 24 = 22.01,
P < 0.0001) with plasma osmolality levels from all treatment
groups being higher than the control group at 0.25 h recovery
followed by lower values for all subsequent time periods, but a
treatment-by-time interaction was not detected (F15, 24 = 1.90,
P = 0.0771). Plasma osmolality concentrations were not de-
tectably different between the KCl and one-net stressor groups
(F1, 10 = 0.16, P = 0.6981) or between the KCl+formalin and the
two-net stressor groups (F1, 10 = 0.05, P = 0.8325). A treatment
effect (F1, 30 = 7.30, P = 0.0112) and time effect (F4, 30 = 30.39,
P < 0.0001) was observed with detectably lower plasma osmo-
lality in bonytail from the two-net stressor treatment (281.6 ±
1.97 mOsm/kg) than from the one-net stressor treatment
(291.6 ± 1.77 mOsm/kg).

At the end of the 14-d recovery period, no mortality was ob-
served. Plasma cortisol levels in the KCl+formalin (405.5 ±
20.09 ng/mL) and two-net stressor groups (298.3 ± 45.25
ng/mL) remained elevated above those in the control group
(34.7 ± 5.37 ng/mL). In contrast, plasma glucose and plasma
osmolality returned to levels similar to those in the control group
in the KCl+formalin group (60.8 ± 1.73 mg/dL and 284.9 ±
1.46 mOsm/kg) and the two-net stressor group (67.1 ± 2.54
mg/dL and 287.0 ± 1.54 mOsm/kg).

DISCUSSION
The bonytail is one of the most endangered fish species in

North America and currently survives extinction through fed-

eral and state captive propagation programs. The physiological
effects of handling stressors on captive-reared bonytail is not
well documented, but understanding both short- and long-term
effects of stress is critical to successful management of this fish.
The results of our study suggest bonytail experience a rapid
and prolonged stress response to handling. However, an addi-
tive stress response did not occur from exposure to KCl and
formalin treatment. In support of these results, acute toxicity
tests (median lethal concentration or LC50) of KCl with bony-
tail fry (6 d posthatch) revealed a 24-h LC50 of 1,430 mg/L
KCl (C. Sykes, unpublished data). This concentration was well
above the KCl concentration of 750 mg/L recommended for
removal of invasive mussel veligers and reveals why KCl did
not elicit additional stress in the bonytail. Sanchez et al. (1997)
also reported no additive stress in juvenile rainbow trout On-
corhynchus mykiss treated for 1 h once a week for 4 weeks with
0.02% formalin.

Although the chemicals did not elicit a stress response,
increased plasma cortisol and plasma glucose levels and de-
creased plasma osmolality levels clearly indicate stress re-
sponses in bonytail subjected to handling stress from netting.
Stress-induced elevated plasma cortisol concentrations have
been documented for many fish species subjected to physical
disturbances. For example, plasma cortisol levels of 160–250
ng/mL have been recorded for walleye after capture and trans-
port stressors (Barton et al. 2003). Acerete et al. (2004) found
that a 1-min air exposure increased plasma cortisol in Eurasian
perch Perca fluviatilis to approximately 122 ng/mL. Atlantic
salmon Salmo salar subjected to a 15-s handling stressor ex-
perienced increased cortisol levels to 70–75 ng/mL (Fast et al.
2008). In comparison, concentrations of plasma cortisol in our
study were considerably higher (322–440 ng/mL) but similar
to levels observed in other cyprinids such as roach Rutilus ru-
tilus (400 ng/mL) subjected to brief handling (Pottinger et al.
1999) and common carp Cyprinus carpio (320 ng/mL) confined
in nets (Ruane et al. 2001). Plasma cortisol levels in walleye,
Eurasian perch, Atlantic salmon, and common carp returned to
control values by 24, 4, 6, and 1 h, respectively (Ruane et al.
2001; Barton et al. 2003; Acerete et al. 2004; Fast et al. 2008).
In contrast, cortisol levels in bonytail remained elevated through
the 24-h recovery period.

A cumulative effect from multiple netting stressors was de-
tected in plasma glucose and plasma osmolality, but not in
plasma cortisol. Glucose mobilization from glycogen stores may
increase cumulatively with repeated stress as a mechanism to
cope with greater energy requirements (Barton et al. 1986; Cho
et al. 2009). Similar increases in plasma glucose concentrations
have been observed in Chinook salmon O. tshawytscha (Bar-
ton et al. 1986) and Rio Grande silvery minnow Hybognathus
amarus (Cho et al. 2009) subjected to multiple stressors. Plasma
osmolality levels in stressed bonytail did not deviate detectably
from control fish, but a pattern was noted in which osmolal-
ity was initially higher at 0.25 h for treated fish and then after
3 h was consistently lower than in control fish. Okimoto et al.



296 SYKES ET AL.

(1994) suggested the increase in osmolality observed in stressed
tilapia Oreochromis mossambicus reflected a movement of wa-
ter from plasma to tissue. Cho et al. (2009) noted a similar
stress response in Rio Grande silvery minnow and suggested
the buildup of lactic acid in stressed fish may precipitate the
shift of solutes resulting in a temporary increase in osmotic
pressure. The detectable difference in osmolality noted between
bonytail subjected to one net stressor and the cumulative effects
of two consecutive net stressors occurred at the 1 h recovery pe-
riod. Bonytail subjected to two net stressors experienced nearly
a 10% decrease in osmolality compared with a 4% decrease
in fish subjected to one net stressor, revealing bonytail experi-
enced an increasing hydromineral imbalance with consecutive
stressors.

In contrast to the cumulative response observed in plasma
glucose and plasma osmolality, plasma cortisol levels did not
display cumulative effects from multiple handlings. Cho et al.
(2009) also reported no cumulative response in plasma cortisol
levels in Rio Grande silvery minnow subjected to multiple stres-
sors whereas cumulative effects of stress have been documented
for cortisol in juvenile Chinook salmon (Barton et al. 1986;
Mesa 1994), olive flounder Paralichthys olivaceus (Hur et al.
2007), and goldfish Carassius auratus (Dror et al. 2006). When
bonytail were subjected to two net stressors and KCl+formalin,
the peak cortisol responses were 338.1 and 322.4 ng/mL, re-
spectively. These values were lower, although not significantly,
than those observed in fish subjected to one net stressor (406.0
ng/mL) and KCl only (440.3 ng/mL). Presumably, when a fish
is subjected to a series of stressors, the corticosteroid response
after the first stress may be reduced as a result of negative
feedback on the hypothalamus–pituitary–interrenal axis by cor-
tisol previously released (Barton et al. 1986). Thus, the lower
plasma cortisol concentrations may be attributed to a prior re-
lease of cortisol from the initial net stressor that occurred 1 h
earlier.

Stocking of bonytail after a KCl+formalin treatment gener-
ally occurs within 24 h of the initial handling event. Bonytail
from our study experienced elevated plasma cortisol and glucose
levels and reduced osmolality levels through the 24-h recovery
period indicating the fish were in a state of stress at the time
when most stockings would occur. At the 14-d recovery period,
plasma glucose and osmolality had returned to prestressed lev-
els but plasma cortisol remained higher than control levels. It
is unknown whether bonytail subjected to a previous stressor
were unable to fully recover or were responding to a perceived
stress at that time. Haukenes and Buck (2006) reported plasma
cortisol levels remained elevated in Pacific halibut Hippoglos-
sus stenolepis 10 d after a 30-min air exposure but noted the
difficulty in separating treatment effects from stress caused by
maintaining fish in artificial surroundings. However, through-
out the 14-d recovery period, control fish were maintained un-
der the same conditions and in proximity to the two treatment
groups and yet did not exhibit a stress response while in captive
surroundings. It is likely that the previous effects of stress in

bonytail may play a role in obtaining or regulating internal or
homeostatic balance.

Stressors that are severe or persist can be manifested as
decreased growth, reduced reproductive capabilities, increased
susceptibility to disease, and reduced ability to avoid predators
(Wedemeyer and Wood 1974; Wedemeyer et al. 1990). Thus,
the release of stressed fish into natural environments warrants
consideration. Although we did not subject bonytail to a disease
challenge, observations of disease as a consequence of stress
in fish is well documented (Wedemeyer 1970; Snieszko 1974;
Wedemeyer et al. 1984). Elevated blood cortisol levels compro-
mise the fish’s immune responses by inhibiting inflammatory
reactions and slowing healing processes (Ellasaesser and Clem
1986; Pickering 1987). Pickering and Pottinger (1985) reported
a direct relationship between elevated cortisol levels and an in-
crease in susceptibility to disease in brown trout S. trutta. Dror
et al. (2006) also suggested that stressors facilitate disease out-
breaks through compromised gills and skin after observing a
twofold increase in morbidity from aeromonad infections with
an increase in the number of handling stressors in goldfish.

In addition to pathogens, fish that have experienced acute
stress from handling and transport may face challenges from
predators when stocked into natural environments. Proliferation
of nonnative piscivores such as smallmouth bass Micropterus
dolomieu, northern pike Esox lucius, and striped bass Morone
saxatilis in the bonytail’s historic range has created an addi-
tional threat to bonytail recovery efforts (Bestgen et al. 2008;
Karam and Marsh 2010). Evidence of predation by smallmouth
bass on bonytail as well as by wading-bird attacks was observed
by Bestgen et al. (2008), and Karam and Marsh (2010) docu-
mented the presence of bonytail in stomach contents of striped
bass. Of note, bonytail in the control group exhibited schooling
behavior when undisturbed; however, when the tanks were ap-
proached for feeding they displayed a fright response by briefly
dispersing throughout the tank before schooling again. That typ-
ical fright response was in contrast to anecdotal observations of
behavior in fish subjected to handling stress in this study. Bony-
tail from treatments 2 and 4 did not school or exhibit a fright
response when the tanks were approached, which may reflect
a reduced ability to respond to stimuli. Forsberg et al. (2001)
noted walleyes were disoriented and did not school after they
were handled, and Mesa (1994) observed an increased vulner-
ability of Chinook salmon to northern squawfish Ptychocheilus
oregonensis predation after exposure to multiple stressors ap-
peared to reduce the salmon’s schooling behavior. Sigismondi
and Weber (1988) also reported a positive correlation between
the number of consecutive stressors and the response time of
Chinook salmon to light stimuli. If cumulative effects of stress
from standard augmentation practices (handling and transport
in conjunction with chemical treatment) reduce the fish’s behav-
ioral response to threatening stimuli, stocked fish may be more
vulnerable to predation.

In summary, exposure to KCl followed by formalin did not
elicit a stress response in bonytail. However, an effect from
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handling was evident in all measured response variables as well
as cumulative effects observed in fish subjected to two net stres-
sors. While chemical treatment and handling are simply un-
avoidable, the results from this study indicate that bonytail sub-
jected to these stressors may not be fully recovered before their
release. Concern regarding the magnitude and duration of stress
experienced by this species before release is warranted. Based on
these findings we suggest releasing bonytail in protected refugia
to facilitate recovery and implementing a monitoring program to
include an observation period of 1 to 2 weeks. Even though this
study focused on bonytail responses to specific treatment pro-
tocols associated with invasive mussel removal, we anticipate
this species experiences elevated stress responses to standard
hatchery practices. Further research on disease susceptibility
and predator avoidance of bonytail subjected to hatchery prac-
tices is needed to enhance the success of the propagation and
augmentation program for this endangered native fish species as
well as to establish handling protocols for propagation facilities
and receiving agencies.
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