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ABSTRACT: Captive propagation and restocking of native fishes is a common conservation strat-
egy. However, hatchery-reared fishes are predator-naive, and thus many stocked fishes are lost to
predation, reducing the effectiveness of restocking programs. Many fishes use odor to identify
known predators and, through the detection of chemical alarm cues, learn to recognize novel
predators. A large body of research has focused on the efficacy of using predator odors in conjunc-
tion with chemical alarm cues to train hatchery-reared fishes to recognize predators prior to stock-
ing. While it appears possible to train most fishes to recognize a novel predator through exposure
to olfactory cues, few studies have shown that this training translates into increased survival for
trained fishes. Recently, it has been proposed that hatchery fishes do not retain the learned asso-
ciations long enough for hatchery training to result in increased survival, though few studies have
quantified how long hatchery-reared fishes do retain learned associations. We conducted a series
of laboratory experiments that demonstrate hatchery-raised June sucker Chasmistes liorus liorus,
an endangered sucker endemic to Utah Lake, Utah, USA, can learn to recognize a novel predator
(largemouth bass Micropterus salmoides). We also show that this learned association is retained
for at least 2 d, but is lost by 10 d after initial exposure. Our results suggest that in the absence of
reinforcement, June sucker do not retain learned predator recognition long enough to expect
hatchery training to translate into increased survival.
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INTRODUCTION

The loss of native species is a subject of concern
for conservationists and ecosystem managers world-
wide. Freshwater fishes are particularly threatened
(Bruton 1995). In North America alone, there have
been at least 42 documented extinctions of fresh-
water fish species and subspecies over the past
125 yr (Dextrase & Mandrak 2006). Some estimates
suggest 35% of fishes native to North America are
currently threatened (Helfman 2007). Increasingly,
conservation and management plans include re-
stocking programs as a recovery tool (Marsh &
Brooks 1989, Rakes et al. 1999, Bearlin et al. 2002,
Billman et al. 2011). However, there is strong evi-
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dence that hatchery fishes have lower survival than
wild fishes, due to both genetic (Araki et al. 2007)
and behavioral differences (e.g. Berejikian 1995,
Pearsons et al. 2007, Yokota et al. 2007). The behav-
ioral causes of hatchery fishes' reduced survival com-
pared to their wild-born counterparts has led many to
suggest training hatchery fishes in specific life skills,
such as predator recognition, prior to their release
(Brown & Laland 2001, Ferno et al. 2011).

A large body of research has focused on the use of
chemical alarm cues and other olfactory stimuli in
predator recognition training (Brown et al. 2011a).
Fishes use olfaction to identify a predation threat in
2 ways: through recognition of the odor of a preda-
tor, and through conspecific chemical alarm cues.
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Chemical alarm cues were first documented by Karl
von Frisch in 1938, who determined that the olfac-
tory system mediated the reaction, and the alarm
substance was stored in the skin (von Frisch 1938,
1942). These chemical alarm cues are released
when the skin is broken, often during a predation
event (Pfeiffer 1967). The release of an alarm sub-
stance allows conspecifics to initiate anti-predator
defenses and to learn to identify new predators.
There is wide support in the literature that fishes
can learn to recognize novel predators by associat-
ing a predator's odor with the release of alarm cue
(Brown et al. 2011a and references therein). The
widespread ability of many fish species to use
chemical cues to identify novel predators, as well as
to detect and appropriately respond to known pred-
ators, has led many to suggest that the survival of
hatchery-raised fishes may be improved by expos-
ing these fishes to predator odor in conjunction with
an alarm cue prior to placement into a natural envi-
ronment (Brown & Laland 2001, Ferno et al. 2011).
However, there is mixed support regarding whether
predator recognition training increases survival
(Berejikian et al. 1999, Hawkins et al. 2007, D'Anna
et al. 2012, Wahl et al. 2012).

Recently, the length of time fishes retain learned
associations has been hypothesized to affect the effi-
cacy of predator recognition training (Brown et al.
2013). The few studies that have investigated the
duration of leaned associations reported high varia-
tion between species. Hatchery-reared rainbow trout
Onchorynchus mykiss have been found to retain
learned recognition of a novel predator up to 21 d
after initial conditioning (Brown & Smith 1998), while
fathead minnows Pimephales promelas retained pre-
dator recognition for at least 2 mo (Chivers & Smith
1994). Fish are not alone in forgetting previously
learned predator cues; several species of crayfish and
tadpoles have also been shown to eventually forget
previously learned predator cues in the absence of
reinforcement of the cue (Hazlett et al. 2002, Gonzalo
et al. 2009, Ferrari et al. 2010a). The tendency of ani-
mals to apparently forget previously learned preda-
tor cues led Ferrari et al. (2010a) to suggest a model
of ‘adaptive forgetting'. In their model, Ferrari et al.
(2010a) propose that there is a high cost for misinter-
preting predator cues, and as a result there is a
strong inducement to retain only the most recent
and/or reliable information. Brown et al. (2013) sug-
gest that hatcheries select for many of the intrinsic
factors that decrease the length of time fishes retain
learned associations, and therefore reduce the effi-
cacy of predator recognition training.

The June sucker Chasmistes liorus liorus (hereafter
referred to as sucker) is an endangered fish endemic
to Utah Lake, Utah (Whitney & Belk 2000). Utah
Lake once supported a community of 13 native fishes
(Miller & Crowl 2006); however, all but 2 native
fishes have now been extirpated from the lake, and
16 non-native fishes (including many top-level pred-
ators) have been introduced (Table 1; Whitney &
Belk 2000, Belk et al. 2001, Billman & Crowl 2007). A
sucker captive propagation program has been in
place for over a decade, although few of the hatch-
ery-raised fish have recruited into the natural spawn-
ing population. Of the 11579 sucker stocked into
Utah Lake directly from the hatchery facility be-
tween 1994 and 2006, only 85 were subsequently
detected on the spawning grounds (Billman et al.
2011). Non-native predators were identified in the

Table 1. Native and non-native fish communities of Utah
Lake, Utah. For native species, current status is recorded as
present if there is a currently recognized reproducing popu-
lation in Utah Lake. Only non-native species with a repro-
ducing population are included in the table. The year estab-
lished represents the first record of the species in Utah Lake

Native species Current
status
June sucker Chasmistes liorus liorus Present
Utah sucker Catostomus ardens Present
Utah Lake sculpin Cottus echinatus Absent
Bonneville cutthroat trout Onchorhynchus Absent
clarkii Utah
Least chub Iotichthys phlegethontis Absent
Bonneville redside shiner Richardsonius Absent
balteatus hydrophlox
Mottled sculpin Cottus bairdi Absent
Leatherside chub Gila copei Absent
Utah chub Gila atraria Absent
Speckled dace Rhinichthys osculus Absent
Longnose cace Rhinichthys cataractae Absent
Mountain whitefish Prosopium williamsoni Absent
Mountain sucker Catostomus platyrhyncus Absent
Non-native species Year
established
Black bullhead Ameiurus melas 1871
Common carp Cyprinus carpio 1881
Goldfish Carassius auratus 1889
Green sunfish Lepomis cynellus 1890
Bluegill sunfish Lepomis machrochirus 1890
Largemouth bass micropterus salmoides 1890
Black crappie Pomoxis nigromaculatus 1890
Yellow perch Perca flavescens 1890
Channel catfish Ictalurus punctatus 1911
Smallmouth bass Micropterus dolomieu 1912
Red shiner Cypinella lutrensis 1920
Western mosquitofish Gambusia affinis ~1930
Walleye Sander vitreum 1952
White bass Morone chrysops 1956
Fathead minnow Pimephales promelas 1968
Grass carp Ctenopharyngodon idella ~1990
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sucker recovery plan as a primary threat to the spe-
cies recovery (US Fish & Wildlife Service 1999), and
have been suggested as a factor limiting the success
of the restocking program (Belk et al. 2001, Billman
et al. 2011). In this study, we investigated the ability
of the June sucker to retain the association of a novel
predator's odor with danger. We determined if hatch-
ery-raised sucker innately recognized the odor of a
non-native predator that is now common in Utah
Lake. Additionally, we conducted experiments to
determine if sucker could detect chemical alarm cues
in the odor of feces from a predator that had recently
consumed sucker and, if so, if the sucker would then
associate the predator's fecal odor with the threat of
predation in the absence of sucker chemical alarm
cue. Finally, we tested the length of time sucker
retain any learned predator recognition.

MATERIALS AND METHODS

Experiments were conducted at the Utah State
University Millville Aquatic Research Facility in Mill-
ville, Utah using local well water. Utah Division of
Wildlife's Fisheries Experiment Station provided
predator-naive sucker, which had not encountered a
predator in their lifetime. Largemouth bass Micro-
pterus salmoides were captured from Mantua Reser-
voir, Mantua, Utah, and swordtail Xiphophorus
helleri were purchased from commercial pet stores.
All fish were kept on a natural light schedule.

Two experiments were conducted: the first (her-
einafter chemical cue recognition experiment) was
designed to test if sucker could recognize a threat
conveyed by the odor of largemouth bass feces and/or
respond to conspecific chemical cues in the predator's
feces. The second experiment (hereinafter learning
experiment) tested if sucker can use chemical cues to
learn to associate a predator’s fecal odor with danger
and if so, how long they retain that association.

Fright response

Sucker were observed prior to the experiments to
identify fright reaction behavior. During this obser-
vational period, fish were acclimated for 24 h, at
which time a small stone was dropped into the tank
and the reaction of the fish was documented. Two
fright reactions, dashing and freezing, were identi-
fied. Dashing was defined as rapid, undirected swim-
ming, while freezing was defined as the cessation of
all movement. Dashing and freezing are common

fright reactions observed in many species of fishes
(Chivers & Smith 1998, Brown et al. 2001). Although
no shoaling behavior was observed, initial trials
revealed that groups smaller than 5 sucker did not
acclimate to the experimental tanks; therefore, sucker
were tested in groups of 5 for both experiments.

Preparation of stimuli

To collect sucker chemical alarm cues (AC), 4
sucker were pithed and filleted. The fillets were im-
mediately homogenized with chilled distilled water
at a concentration of 0.1 cm? skin ml~! H,O. The mix-
ture was filtered through glass wool, divided into
60 ml aliquots, and frozen for future use. Sixty ml of
stimulus created a concentration of 4 x 10™* ml of
stimulus per ml of experimental tank water, which is
consistent with published methods (Brown et al. 2006).

Prey fishes can often detect predators and conspe-
cific chemical cues from the feces of predators (Brown
et al. 1995). To collect predator feces containing
sucker chemical cue (hereinafter PFCC), 4 bass were
fed sucker ad libitum for 10 d. In order to collect pred-
ator feces without sucker chemical cue (hereinafter
referred to as PF), 4 bass were fed swordtail ad
libitum for 10 d. The ability to detect chemical alarm
cues is limited to closely related species and het-
erospecific species with a history of co-occurrence
(Ferrari et al. 2010c). Sucker and swordtail are neither
closely related nor do they co-occur; therefore there
was no reason to suspect that swordtail alarm cue
would elicit a fright response in sucker. On Day 10,
1 h after feeding, the bass were removed from their
holding tank, rinsed with distilled water, and placed
into 1501 aerated, unfiltered tanks by feeding history,
so that that all bass previously fed sucker were placed
into one tank and all bass previously fed swordtail
were placed into another. After 24 h, the bass were
removed. The water and feces were siphoned from
the bottom of the tank, mixed, and frozen in 60 ml
aliquots for use as PFCC or PF stimulus.

Behavioral trials

The methods for behavioral trials were identical for
both experiments. Behavioral trials were conducted
in four 150 1 aerated but unfiltered tanks, with water
temperature kept between 18 and 21°C. The experi-
mental tanks were encircled with a curtain to remove
any visual stimuli, and an opaque barrier was used
to visually separate the tanks. Plastic tubing (1 m in
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length, 0.25 cm inside diam.) was secured to the air-
stone tubing and extended through the curtain. This
tube was used to inject stimulus or control water dur-
ing the trial. Tanks were drained, rinsed, dried, and
refilled between each ftrial. Trials were video-
recorded, and behavioral analysis was conducted
from the recording using Observer XT® software.
Five 1 yr old, predator-naive sucker were placed
into each tank and allowed to acclimate for 24 h.
Prior to the start of each trial, 120 ml of water was
drawn out of the tank through the injection hose with
a syringe. The first 60 ml was discarded, and the
remainder was kept to flush the stimulus completely
through the tube. All behavioral trials were 10 min in
duration, and divided into two 5 min time periods.
The stimulus was injected into the tank exactly 5 min
into the trial, marking the end of the pre-exposure
period and the beginning of the post-exposure
period. In order to control for any inherent differ-
ences in behavior between tanks, we calculated the
response variables (time spent dashing and time
spent freezing) by subtracting pre-exposure values
from post-exposure values for each individual trial.

Chemical cue recognition experiment

The 4 treatments (AC, PF, PFCC, and control) were
replicated 12 times. Within each trial, treatments
were randomized among tanks. Behavioral trials were
conducted in 2 blocks with 8 trials conducted be-
tween 10 and 17 November 2007, and the remaining
4 trials conducted between 14 and 17 March 2008. A
total of 240 sucker were used (mean standard length
[SL] = 177.34 + 25.99 mm). The length of fish was
consistent with those routinely stocked into Utah Lake
as part of the captive propagation program. Each fish
was used only once to avoid any learning bias.

Each behavioral response was individually com-
pared using a 2-way ANOVA to test for differences
between the treatments while accounting for any dif-
ference due to experimental block. Time spent dash-
ing and freezing were both log;, transformed to meet
the assumption of normality and stabilize residuals.
Post hoc mean comparisons were done using Tukey's
HSD test. All analyses were performed with R version
3.0.1 (R Development Core Team 2013).

Learning experiment

A total of 160 1 yr old suckers (mean SL = 198.29 +
25.28 mm) were exposed in 230 1 tanks to either the

PF stimulus (hereinafter condition control, n = 80 fish)
or PFCC stimulus (hereinafter conditioned, n = 80
fish). Fish were not re-used from the AC recognition
experiment. Flow was temporarily stopped and
240 ml of the appropriate stimulus was added to the
tank, creating a concentration of 0.001 ml stimulus
ml~! of tank water. The concentration of stimulus was
higher than that used in the first trial to ensure detec-
tion by all fish. After 30 min, flow was resumed.

Two days after initial exposure, half the fish from
each exposure history (40 fish; 8 trials per exposure
history) were tested for an association between large-
mouth bass and predation risk using the behavioral
trials described above. In these trials, all fish were ex-
posed to the PF stimulus. We followed the same pro-
cedure with the remaining fish 10 d after initial ex-
posure. Sucker were initially exposed to either PF or
PFCC stimulus on 14 July 2008, and behavioral trials
were conducted on 16 and 24 July 2008.

Behavioral variables were compared between ex-
posure history and days since exposure using a
2-way ANOVA with Tukey's HSD used for post-hoc
comparisons.

RESULTS
Chemical cue recognition experiment

The behavior of the fish did not differ significantly
between the 2 trial blocks (time spent dashing: F 4=
2.16, p = 0.15; time spent freezing: F; 4o= 0.34, p =
0.57). There were significant differences between
the treatments in time spent dashing (F; 44 = 18.73,
p < 0.0001; Fig. 1). AC elicited the highest levels of
dashing behavior compared to all other treatments
(pairwise Tukey-adjusted p-values < 0.03 between
AC and all other treatments). Sucker exposed to
PFCC exhibited dashing behavior 15 times higher
than those exposed to PF (Tukey-adjusted p = 0.01).
Exposure to bass odor alone did not result in higher
levels of time spent dashing (Tukey-adjusted p =
0.96; Fig. 1) than the control. Time spent freezing was
not significantly different among treatments (F 40 =
0.71, p = 0.55).

Learning experiment

Two days after exposure, conditioned sucker showed
recognition of bass odor as a threat (time spent freez-
ing, F; 15 = 8.024, p < 0.01, conditioned vs. condition
control at 2 d, Tukey-adjusted p = 0.01; Fig. 2). By
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Fig. 1. Chasmistes liorus. Time spent dashing (mean + SE)
by treatment in the alarm cue recognition experiment. Time
spent dashing was calculated by subtracting pre-exposure
from post-exposure values for each trial. Significance was
determined using ANOVA (F; 40 = 18.73, p < 0.0001). Letters
above bars indicate significant differences among treat-
ments identified by Tukey-adjusted post hoc mean compar-
ison (p < 0.03). PF = predator feces, PFCC = predator feces +
June sucker chemical cue, AC = alarm cue
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Fig. 2. Chasmistes liorus. Time spent freezing (mean * SE)
by exposure history after 2 and 10 d in the learning experi-
ment. Time spent freezing was calculated by subtracting
pre-exposure from post-exposure values for each trial. Sig-
nificance was determined using ANOVA (F, ;5 = 8.02, p =
0.008). The asterisk above the bar indicates significant dif-
ferences among treatments identified by Tukey post hoc test
(p=0.01)

Day 10, conditioned sucker no longer showed any
recognition of bass odor (conditioned vs. condition
control at 10 d, Tukey-adjusted p = 0.92). Freezing
behavior of condition control sucker was similar be-
tween Days 2 and 10 (Tukey-adjusted p = 0.14). Time

spent dashing was not significantly different be-
tween conditioned versus condition control sucker at
any time (F; ;3 = 0.49, p = 0.49). Condition control
sucker at Day 2 and sucker from both exposure histo-
ries at Day 10 did spend a significant amount of time
freezing (all p-values <0.02). However, the amount of
time spent freezing was not significantly different
than the control treatment in the chemical cue recog-
nition experiment (Fj 453= 0.93, p = 0.46).

DISCUSSION

The production of a chemical alarm cue, recogni-
tion of odors associated with this cue, and the ability
to relate those odors to danger are all necessary for
fishes to identify novel predation threats through
olfaction. We showed that sucker can recognize con-
specific chemical cues in the odor of a predator that
has recently eaten sucker, and form temporary asso-
ciations between that predator's odor and predation
threat. However, we also showed that sucker no longer
display any behavioral evidence of this learned asso-
ciation after 10 d.

Although the feces of the largemouth bass that
had consumed sucker did elicit a significant fright
response, fish exposed to AC alone showed the
strongest fright response. One possible explanation
for this difference in response is that the concentra-
tion of alarm cue was likely higher in the AC-only
stimulus. Concentration of chemical alarm cue may
serve as an indicator of the proximity of the predation
event or the level of threat posed by an approaching
predator (Mirza & Chivers 2003, Zhao et al. 2006).
If cue concentration does convey information about
proximity or threat level, a stimulus that contains
a higher concentration of the alarm cue would be
expected to elicit higher levels of fright response.
Zhao et al. (2006) found that the fright response of
goldfish Carassius auratus to pike odor and goldfish
alarm cue increased as the concentration of the stim-
ulus was increased. Additionally, it is unknown how
digestive processes affect the chemical structure of
the alarm cue, although it is reasonable to assume
that the chemical cue present in the feces has a
slightly different structure, which may convey a less
immediate threat to conspecifics.

Regardless of the cause of the decrease in dashing
behavior between fish exposed to AC only and those
exposed to predator feces from fish fed sucker, both
stimuli elicited a fright response significantly higher
than the control. However, exposing sucker to pred-
ator feces alone did not elicit a significant fright
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response. The failure of bass feces alone to prompt a
fright response significantly different than the con-
trol indicates that predator-naive sucker do not
innately recognize a threat in largemouth bass feces.
This suggests that any significant fright response seen
in the learning experiment should be attributable to a
learned association between predator feces odor and
danger.

Although the fright response switched from dash-
ing to freezing behavior in the learning experiment,
our results showed sucker can learn to associate
largemouth bass fecal odor with the threat of preda-
tion. The cause of the switch from dashing to freezing
behavior is unclear. A potential explanation is that
the stimulus used to condition the sucker potentially
conveyed a lower perceived threat than exposure to
undigested AC. The threat level conveyed by the
conditioning stimulus combined with the absence of
any visual or chemical reinforcement may have led to
a level of uncertainty regarding the threat conveyed
by predator feces, which manifested itself as a more
conservative fright response (Ferrari et al. 2012).

June sucker showed a learned recognition of a
threat conveyed by largemouth bass feces 2 d after
initial conditioning. Although there was no differ-
ence between conditioned and condition control fish
at Day 10, both groups of fish did spend a significant
amount of time freezing. While this implies a small
fright response, their response was not different from
the control treatment in the chemical cue recogni-
tion experiment. The inclusion of a true control in the
learning experiment would have increased the con-
fidence in our results. Another factor that cannot
be discounted is the possibility that social learning
occurring during the batch conditioning may have
influenced the results seen on Day 2 of the learning
experiment (Brown & Laland 2001, 2003). The addi-
tion of multiple conditioning batches would have
strengthened the interpretation of our results. How-
ever, as conducted, our experiment shows that 10 d
after conditioning there was no longer evidence that
sucker retained the association between predator
feces and danger. Length of retention has been
shown to vary with the strength of threat conveyed
during conditioning (Ferrari et al. 2010b). As dis-
cussed above, there may have been a low perceived
risk conveyed by the stimuli used to condition the
sucker. Additionally, the hatchery environment is
typically designed to maximize growth rate (Johns-
son et al. 1996), which is negatively associated with
the length of memory retention (Brown et al. 2011b,
2013). Consequently, the rearing environment of
captively propagated fishes may result in a predispo-

sition to forget predator cues more quickly. It is worth
mentioning that our study (and others like it), cannot
actually distinguish between fish that have forgotten
the predator cue and those that have discounted the
quality of the cue to a level whereby responding to
the cue is no longer advantageous (Ferrari et al.
2010a). However, the behavioral response, and there-
fore the survival benefit conferred, is the same regard-
less if the fish has forgotten or discounted the cue.

The ability of fish to forget predator cues makes
sense considering the large number of odors to which
fish are exposed in the natural environment. There
would be a variety of odors present at any given time
in addition to the predator odor and alarm cue (Fer-
rari et al. 2010c). Additionally, many fish predators
are gape limited, and prey can outgrow their vulner-
ability to these predators (Brown et al. 2011b, 2013).
In their model of ‘adaptive forgetting’, Ferrari et al.
(2010a) proposed that it would not be advantageous
to form a permanent association between every odor
present and danger after a single exposure to a con-
specific alarm cue. Therefore, fish may retain a short
association, and in the absence of reinforcement or as
the fish grows, the association may disappear.

A June sucker restocking program has been in
effect for over a decade, though few stocked fish
have appeared in the spawning population—Ilikely
due to predation by non-native fishes (Billman et al.
2011). Low survival of hatchery-reared fish is a com-
monly reported problem for many captive propaga-
tion programs, especially those operating in systems
with large native and/or non-native predator popula-
tions (Salvanes & Braithwaite 2006). For example,
Shively et al. (1996) found that newly released,
hatchery-reared Chinook salmon Oncorhynchus tsha-
wytscha comprised the majority of the diet of a native
predator (the northern squawtfish Ptychocheilus ore-
gonensis) up to 1 wk after hatchery releases. The
widespread nature of predation in reducing the
effectiveness of stocking programs has led to a rich
body of research focused on the ability of prey to
learn to recognize novel predator odors (reviewed in
Brown et al. 2011a). However, the results of studies
investigating the effectiveness of predator recogni-
tion training are mixed (Hawkins et al. 2007, Wahl et
al. 2012). For example, Berejikian et al. (1999) found
that predator recognition training did not improve
survival of Chinook salmon. While D'Anna et al.
(2012) found that white seabream Diplodus sargus
trained to recognize predators were nearly twice as
likely to survive as their predator-naive counterparts.
Brown et al. (2013) suggested that the reason for
these mixed results may be linked to the length of
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time the different study species retain learned asso-
ciations. With this in mind, our results suggest that
using chemical cues to train hatchery-raised sucker
to recognize and correctly respond to predators prior
to stocking into a non-native predator rich environ-
ment may not be effective. Although sucker do rec-
ognize a conspecific chemical alarm cue both alone
and in the feces of a predator that has consumed
sucker, and can learn to recognize the odor of a
predator's feces, the length of time they retain this
association is likely insufficient to convey any post-
stocking survival benefits (Brown et al. 2013). How-
ever, increasing the threat conveyed by the condi-
tioning stimulus by pairing predator odor with fresh
alarm cue may increase the length of time sucker
retain the association, potentially increasing the use-
fulness of chemical cue training for the captive prop-
agation program (Kraft 2009, Ferrari et al. 2010a).
Additionally, the non-native predator community in
Utah Lake is now diverse (Table 1; Whitney & Belk
2000, Belk et al. 2001, Miller & Crowl 2006); there-
fore, research should be conducted to address the
effectiveness of training sucker to recognize multiple
predator cues.
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