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INTRODUCTION

Environmental chemical alarm cues mediate anti-
predator responses in fish. These cues have been
particularly well studied in species from the Super-
order Ostariophysi, which have club cells in their epi-
dermis that are hypothesised to produce and store
putative chemical alarm cues (Pfeiffer 1977, Smith
1992, Chivers & Smith 1998). These cues are released
in the water by the mechanical damage of the skin
during the capture stage of a predation event. This
event promptly alerts the conspecifics, which display
alarm reactions that involve behavioural and physio-
logical changes (von Frisch 1941, Pfeiffer 1977,
Chivers & Smith 1998, Wisenden 2000). The behav-
ioural responses to chemical alarm cues are rela-

tively well documented. Species-typical characteris-
tics generally involve flight (dashing), freezing,
shoaling, sheltering and crypsis (Chivers & Smith
1998, Smith 1999, Brown 2003). The autonomic cor-
relates of these responses, however, are less studied.

The early detection of a predator has an important
role in defence as the animal may prepare its body
for performing anti-predator responses. Defence,
like other stressful situations, increases alertness,
and ventilatory adjustments are expected. A function
of the ventilatory system is to supply the body with
enough oxygen for all behavioural tasks, including
escape responses. Increasing the ventilatory rate
(VR) is a common ventilatory adjustment to repay
oxygen debt (Fernandes & Rantin 1994) that is often
used in stressful situations (Volpato et al. 1989, Alva -
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renga & Volpato 1995, Sager et al. 2000, Barreto &
Volpato 2004, 2006, Brown et al. 2005, Ernst et al.
2007, Bell et al. 2010), including predation risk (von
Frisch 1941, Metcalfe et al. 1987, Barreto et al. 2003,
2010, Hawkins et al. 2004a,b, 2007, Queiroz &
Magurran 2005, Gibson & Mathis 2006). However,
increased movements of the gills could make fish
more visible to potential predators because many
predators rely on movement stimuli to track prey
(Burrows et al. 1994, Burrows & Gibson 1995). Alter-
natively, responding to a predation threat by reduc-
ing the VR would increase crypsis, particularly if the
prey concomitantly adopts a fixed or immobile pos-
ture to become less susceptible to detection by
predators. Moreover, if crypsis fails, a decreased VR
would not impair an emergency escape manoeuvre.
An escape can be performed anaero bically, requiring
no elevation of the VR, especially because an in -
creased VR is itself a high-energy cost reaction
(Hughes & Shelton 1962, Millidine et al. 2008), and
reducing the VR decreases the organism’s energy
requirement (Hanlon et al. 1999, Losey 2003). As pre-
viously reported, fish can exhibit bradycardia (Holo -
painen et al. 1997, Johnsson et al. 2001, Shingles
et al. 2005) or reversible cardiac arrest (Ide & Hoff-
mann 2002) in response to adverse stimuli, including
predator threats.

The speckled catfish Pseudoplatystoma coruscans
is a South American ostariophysan whose alarm re -
action to chemical cues from injured conspecifics
(skin extract) has been previously reported (Gia -
quinto & Volpato 2001, Giaquinto & Hoffmann
2010). These authors showed that this response has
2 components: dashing followed by immobility, or
immobility alone. Because this fish species responds
to skin extract, it is a suitable animal model to as -
sess how the VR is affected by a chemical alarm
cue. We hypothesise that dashing increases the VR
to support escape tasks, and alternatively, immobil-
ity decreases the VR. To test these hypotheses, we
predicted that in speckled catfish, the VR would in -
crease (dashing fish) or decrease (immobile fish)
more in response to the skin ex tract than to distilled
water (cue diluent; control). Additionally, 2 different
techniques for chemical cue extraction, the effect of
food intake of the conspecific skin donor and the
extract volume provided to the fish studied were
considered. We measured the VR by counting the
frequency of opercular or buccal movements, which
is a convenient technique and a reliable measure of
the fish alarm reaction (Barreto et al. 2003, 2010,
Hawkins et al. 2004a,b, 2007, Queiroz & Magurran
2005,  Gibson & Mathis 2006, Bell et al. 2010.

MATERIALS AND METHODS

Animal welfare statement. This study complies
with the Ethical Principles in Animal Research
adopted by the Brazilian College of Animal Experi-
mentation (COBEA) and was ap proved by the School
of Medicine of Ribeirão Preto of the University of São
Paulo, Ethics Committee in Animal Research
(CETEA), Protocol no. 010/2006.

Fish and holding conditions. Hatchery-raised cat-
fish Pseudoplatystoma coruscans (Spix & Agassiz,
1829) (Pimelodidae) were used as our stock popula-
tion. For all experiments, the donor and test fish came
from this stock. Before the tests, juvenile fish (stan-
dard length ~ 11 cm; body weight ~ 10 to 11 g; sexu-
ally immature; mixed sex) were held at least 1 mo in
indoor 270 l tanks containing dechlorinated tap
water (water volume ~ 235 l; ~1 fish per 4.7 l; holding
density ~ 5 g l−1). Each stock tank was fitted with a
mesh cover to prevent fish from jumping and par-
tially covered (50%) with an opaque partition to
increase shadowing. The fish were kept under a nat-
ural photoperiod and illumination. The water tem-
perature was maintained at ~27°C with continuous
aeration and systemic recirculation through a bio -
logical-chemical-mechanical filter. At least 20 l of
dechlorinated water was changed twice a week. The
fish were fed (~4% fish weight) earthworms every
2 d (~20 g in each feeding).

General experimental design. The fish VR was
studied in response to conspecific skin extracts. The
basic design (based on Wisenden et al. 2008) con-
sisted of evaluating the effects on the ventilation
rate of exposing speckled catfish to skin extract
(chemical alarm cue) or distilled water (cue extract
vehicle) (n = 6 to 7 for each experimental condition).
For this, fish were randomly chosen and individually
housed (1 fish per tank) for acclimating in glass
tanks (29.5 × 25 × 14 cm) for 10 consecutive days.
Basal VR values were then measured by counting
the VR 5 times (every 2 min during a 10 min period
= 5 observations). Immediately after the basal mea-
surements, the eluate or distilled water was ad ded
with a syringe to the water sur face of the test-fish
aquarium (as in Gibson and Ma this 2006). A dye
test with methylene blue showed that the colorant
was completely spread throughout the aquarium in
<8 s. The VR was immediately recorded every 2
min after addition up to the 10th minute (totalling 5
observations). The VR (min−1) was calculated by
measuring the time needed for 20 successive oper-
cular or buccal movements to occur (adapted from
Alvarenga & Volpato 1995).
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Experimental eluate preparation. For eluate pre -
paration, donor fish were killed by a blow to the head.
Then we used 2 techniques. (1) For the skin homo -
genate preparation, skins were collected from both
sides of the body, immediately rinsed with abundant
distilled water and placed into 100 ml of chilled dis-
tilled water (extract eluent). To collect the skin, shal-
low cuts, marking a trapezoidal area, were made on
each side of the trunk of all donor fish, and the skin
was carefully removed without muscle fragments or
visible blood, ensuring that nothing contaminated
the solution. The skin samples were homo genised
and filtered through 185 mm filter paper (Whatman
40) to remove tissue debris. The filtered homoge -
nates were frozen (−20°C) in 1 ml ali quots in capped
tubes until required for experimentation. Distilled
water aliquots were used as controls. These proce-
dures were based on Brown et al. (2004, 2006) and
Foam et al. (2005).

(2) For cut skin extract preparation, dead donor fish
skin immediately received 20 shallow cuts with a
sterile surgical scalpel along the body. The fish was
then placed into a beaker with 20 ml of chilled dis-
tilled water (eluent) and gently swirled for 5 min. The
liquid obtained was filtered through 185 mm filter
paper (Whatman 40) and immediately applied to the
test fish tank by drawing it into a 20 ml syringe. Dis-
tilled water was used as a control stimulus. These
procedures were based on Valentincic & Caprio
(1994) and Giaquinto & Volpato (2001).

Expt 1: skin homogenate and cut skin extract. We
evaluated the VR in res ponse to the extract obtained
from homogenised or cut skin and compared to dis-
tilled water (control). The VR of fish ex posed to the
extract from cut skin was also compared to those ex -
posed to that of skin homo genate to assess any spe-
cific technique effect. To quantify VR, we followed
the protocol described by Gibson & Mathis (2006)
who quantified the VR by direct visual examination
of opercular movement, i.e. the ex peri menter is visi-
ble to the fish. To evaluate the effect of investigator
 presence, we inspected fish locomotion by video
recording the fish activity, and locomotion was quan-
tified from these records. During the acclimation
days (see ‘General experimental design’), a camera
sustained by a tripod was assembled a few times in
front of the test tanks for habituation.

Speckled catfish antipredator behaviour has 2 motor
components: dashing and freezing (Giaquinto & Vol-
pato 2001). Dashing is a fast episode (~5 to 30 s) of
high-speed swimming in unpredictable trajectories.
Freezing consists of an abrupt cessation of swimming
(the dashing) and staying in this motionless state for

up to 6 h. In the present study, locomotion was esti-
mated by attaching a grid of 9 equal quadrants on the
rear wall of each tank and quantifying the frequency
of quadrant changes of the fish (adapted from Jordão
& Volpato 2000 and Barreto et al. 2010).

Expt 2: effects of skin-donor food intake. We
counted the VR in response to the chemical alarm
cue obtained from the homo genised skin of full-fed
or starved donors because the quality of the alarm
cue is purported to be related to the feeding state of
the fish (Brown et al. 2004).

For the preparation of the extract, 11 donor catfish
were allocated to 2 different feeding condition groups:
feed-restricted (n = 5) or full-fed (n = 6). These 2 feed-
ing conditions were imposed for 20 d. Each group of
fish was housed in water-filled glass tanks (39.5 × 26
× 22 cm) that were lined with gravel substrate, under
constant aeration and fitted with a biological filter.
Full-fed donors were fed daily with 2 g of earth-
worms per fish, whereas feed-restricted donors were
fed the same amount every 2 d. This amount of food
allowed all of the fish to eat, and the leftover food
was removed 30 min later. At the onset and after the
20 d period of different feeding re gimes, each fish
was measured in terms of mass and length. In addi-
tion, the Fulton’s condition factor of the body (K =
mass/length3) was calculated for each fish (Froese
2006). Mass, length and condition factor differences
between fish under the different feeding conditions
were compared using an un paired Student’s t-test
for both the initial and final measurements because
the data were considered normally distributed and
homoscedastic. At the onset of the feeding regimes,
there was no difference be tween the full-fed and
feed-restricted conditions mean (± SD) mass (full-fed
= 10.2 ± 0.8 g, feed-restricted = 10.0 ± 0.7 g; t = 0.17;
p = 0.872), length (full-fed = 10.2 ± 0.9 cm, feed-
restricted = 10.4 ± 0.6 cm; t = 0.35; p = 0.735) or con-
dition factor (full-fed = 0.96 ± 0.12 g cm−3, feed-
restricted = 0.91 ± 0.09 g cm−3; t = 0.59; p = 0.282).
After 20 d of the feeding regimes, however, the full-
fed fish were heavier (full-fed = 13.5 ± 0.6 g, feed-
restricted = 11.0 ± 0.7 g; t = 2.96; p = 0.016)
and longer (full-fed = 12.8 ± 0.5 cm, feed-restricted
= 11.5 ± 0.6 cm; t = 2.49; p = 0.035 but not heavier for
a given cubic length (full-fed = 0.85 ± 0.04 g cm−3,
feed-restricted = 0.85 ± 0.05 g cm−3; condition factor;
t = 0.87; p = 0.466) than those subjected to feed
restriction. These procedures were based on Brown
et al. (2004).

In addition, the skin was analysed histologically
to assess the presence and number of club cells as
well as the epidermis thickness in feed-restricted and
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full-fed fish. A piece of the epidermis attached to the
underlying musculature was removed from killed
fish and preserved in 10% formaldehyde. Tissue
samples were embedded in paraffin, sectioned (6 µm
thick), stained using Schiff’s reagent and counter-
stained with hae ma toxylin (PAS-H) (Wi sen den &
Smith 1997, 1998, Kristensen & Closs 2004). Stained
sections were examined under a light micro scope,
the occurrence of club cells was checked, and the
number of these cells was scored in an area of skin
0.10 mm wide in 6 epidermal sections for each fish. A
single average score of the number of club cells was
calculated for each fish. Three measures of the epi-
dermal thickness (surface to basement lamina) for
each epidermal section of each fish were taken and
averaged for statistical analysis. These procedures
were based on Wisen den & Smith (1997, 1998).

Expt 3: effect of extract  concentration. We ob -
served the VR in response to increasing volumes of
homogenised skin extract of full-fed donor fish from
Expt 2. Fish in each group were exposed to 0.1 ml,
1.0 ml or 15 ml of skin extract or to a distilled water
control. The volumes (0.1, 1.0 and 15.0 ml) were
based on Ide et al. (2003) (matrinxã Brycon cepha -
lus), Brown et al. (2004) (convict cichlid Archocentrus
nigrofasciatus), the present study (previous trials)
and Barreto et al. (2010) (Nile tilapia Oreo chromis
niloticus). Distilled water was added to the 0.1 ml
and 1.0 ml extracts to reach 15 ml total volume which
was added to each tank.

Physico-chemical condition. Each tank was lined
with ~350 g of neutral gravel, and provided with con-
stant aeration. Throughout all of the trials, the mean
water temperature was ~27°C, the pH ranged from
6.6 to 7.2, and the nitrite and ammonia concentra-
tions were both <0.05 mg l−1. Illumination (from a
daylight fluorescent lamp) was maintained in a 12:12
h light:dark cycle, with an abrupt light:dark transi-
tion (lights on at 06:00 h and off at 18:00 h) controlled
by a timer.

Statistical analyses. The 5 baseline VR values and
5 post-stimulation VR values were averaged for
analysis, resulting in 1 mean baseline VR and 1 mean
post-stimulation VR value. The VR values were stud-
ied using the difference between post- and  pre-
stimulation (baseline) VR values for each animal.
This allowed us to adjust the post-stimulus VR level
according to the baseline measurement of each fish;
thus, each fish also acted as its own control. Data nor-
mality and homoscedasticity were analysed using
Kolmogorov-Smirnov and Bartlett tests or F-max,
respectively. Parametric or non-parametric analyses
were used as necessary. Baseline VRs were normally

distributed and homo scedastic. To ensure that the
fish started from similar baseline VRs, they were
compared by unpaired Student’s t-test or 1-way
ANOVA. Changes in VR were considered normally
distributed but were hetero scedastic even after
square-root transformation. Thus, the VRs were com-
pared using the Mann-Whitney U-test in Expt 1 and
by a Kruskal-Wallis ANOVA followed by a Student-
Newman-Keuls test of rank values in Expts 2 and 3.
No analysis of locomotion data was necessary be -
cause the fish re mained motionless in response to
stimuli (Expt 1). The values of epi dermis thickness
and club cell scores (Expt 2) obtained for full-fed and
feed-restricted donors (values normally distributed
and homoscedastic) were compared using an un -
paired Student t-test, and in both cases, the correla-
tion be tween the epidermis thickness and club cell
score was evaluated with Pearson’s correlation test.
The differences were considered  significant when
p < 0.05.

RESULTS

Baseline of ventilation rate. Before the extract
addition, the mean VR was statistically indistinguish-
able among the fish within each experiment, con-
firming that the fish started from a similar baseline
stress state (Table 1).

Expt 1: skin homogenate and cut skin extract.
After the addition of the extract to the test tank, the
VR was lower in the fish exposed to the extract than
in the control fish (Fig. 1) (Mann- Whitney U-test;
extract from homogenised fish skin, p = 0.048; extract
from cut skin, p = 0.025). The hypoventilations ob -
served in the fish exposed to the extract were similar
in magnitude, ruling out the influence of the extrac-
tion technique on the response (Mann-Whitney U-test;
p = 0.50). Based on the video re cordings of fish loco-
motion to eliminate the effect of investigator pres-
ence, the fish were motionless during the 10 min pre-
ceding the addition of the extract or distilled water,
and no detectable motor change was observed after
the addition; similar behaviour was noted in all trials.

Expt 2: effects of skin-donor food intake. Histo -
logical analysis revealed the presence of club cells in
the epidermis of all of the donor specimens examined
(Fig. 2). The differences in club cell number between
full-fed (mean ± SD = 6.9 ± 0.7) and feed-restricted
(7.0 ± 1.3) skin donors (unpaired  Student’s t-test, t =
0.15; p = 0.88, n = 6−5) and the epider mis thickness
(µm) between full-fed (29.7 ± 5.1) and feed-restricted
(29.6 ± 4.9) skin donors (un paired Student’s t-test, p =
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0.792, n = 6−5) were not significant. No
correlation be tween epi dermis thickness
and average score of club cells was found
(feed-restricted donors, p = 0.122; full-fed
donors, p = 0.694).

The catfish exposed to the skin extract
from full-fed donors had lower VR values
than those ob ser ved in fish exposed to
the extract from feed-restricted donors or
distilled water (Kruskal-Wallis test, H =
10.38, p = 0.006, n = 7) (Fig. 3). All of the
tested fish stayed motionless throughout
observation.

Expt 3: effect of extract concentration.
The presence of the extract reduced the
catfish VR when compared to the VR of
the distilled water control group, but

Expt no.                                                                           Experimental conditions                                                                             p
                      Control           SH           Control      Injured        SH                  SH               SH:              SH:               SH:            
                                                                                    skin      (full-feed  (feed-restricted   0.1 ml           1.0 ml            15 ml
                                                                                                   donors)           donors)

1                   41.1 ± 3.1    34.7 ± 6.0           –                 –                –                     –                    –                   –                    –            0.18
                          (7)                (7)

                           –                   –            46.1 ± 3.8  57.8 ± 9.3        –                     –                    –                   –                    –            0.13
                                                                   (6)              (6)

2                   47.4 ± 9.8           –                   –                 –         36.5 ± 5.3      54.9 ± 8.3            –                   –                    –            0.29
                          (7)                                                                         (7)                   (7)

3                   48.7 ± 7.6           –                   –                 –                –                     –             44.6 ± 8.4   58.0 ± 13.5   54.1 ± 11.0   0.58
                          (6)                                                                                                                      (6)                 (6)                  (6)

Table 1. Pseudoplatystoma coruscans. Ventlation rates (mean ± SD; beats min−1) in the speckled catfish from all experiments. Rates
were compared using an unpaired Student’s t-test (2 conditions) or 1-way ANOVA (3 to 4 conditions). Significant differences were 

considered when p < 0.05. SH: skin homogenate; (n): sample size; –: no data

Fig. 1. Pseudoplatystoma coruscans. Changes in ventilatory rate (VR) in response to skin extract or distilled water (control).
Data are shown as medians (small square), minimum and maximum obtained values (lines) and 25−75% quartiles (boxes).
Skin extract was obtained from (a) homogenised skin or (b) cut skin. *statistically significant difference to control  (Mann-
Whitney U-test; extract from homogenised skin, p = 0.048, n = 7; extract from cut skin, p = 0.025, n = 6). No significant dif-

ference in the magnitude of hypoventilation was found (Mann-Whitney U-Test, p = 0.32)

Fig. 2. Pseudoplaty stoma coruscans. Micrograph from epidermis section 
showing club cells (*)
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there were no differences among the 3 tested extract
volumes (0.1, 1.0 and 15.0 ml). Significant between-
group differences were found by performing a
Kruskal-Wallis test (H = 12.78, p = 0.005, n = 6; Fig.
4). As ob served in the prior trials, all of the tested fish
of all conditions stayed motionless throughout exper-
imentation.

DISCUSSION

Investigations of different fish species have shown
that a predator threat causes the VR to increase,
independent of the sensory modality used to detect
the imminent risk (von Frisch 1941, Metcalfe et al.
1987, Barreto et al. 2003, 2010, Hawkins et al.
2004a,b, 2007, Queiroz & Magurran 2005, Gibson
& Mathis 2006). This VR response has also been
observed for other stressors, such as social (Volpato
et al. 1989, Alva renga & Volpato 1995, Barreto & Vol-
pato 2006), handling (Möck & Peters 1990), strobe
light (Sager et al. 2000), confinement (Barreto & Vol-
pato 2004, Brown et al. 2005, Bell et al. 2010), novelty
(Barreto & Volpato 2011) or cyano bacterial intoxi -
cation (Ernst et al. 2007). In our experiment, skin
extracts caused hypoventilation in the speckled cat-
fish. This hypoventilation oc cur red in the absence
of escape behaviour, such as dashing, a reaction pre-
viously de scribed in this species (Giaquinto & Vol-
pato 2001). Decreased activity can be linked to an
increased VR, as reported for Nile tilapia (Barreto et
al. 2010), suggesting preparedness for an escape
task. However, based on our results, another possi-
bility is that fish may avoid a predator not by fleeing
but by staying motionless along with a decline in VR
as a way to enhance crypsis and, consequently,
become less susceptible to detection by predators (as
the VR reduction might lead to decreased water
vibration). In fact, numerous predators use prey
movements to guide their first contact with the prey
(Burrows et al. 1994, Burrows & Gibson 1995).

To obtain a skin extract we used a classical method.
This technique consisted of homogenising skin in
distilled water and filtering the resulting liquid, which
is provided as the chemical alarm cue (Brown et
al. 2004, 2006, Foam et al. 2005). This skin extract
induced hypoventilation in catfish, and these fish
showed no locomotive reactions. The VR of animals
exposed to extract from superficial cuts was similar
in magnitude to those exposed to the extracts ob -
tained from the homogenate of skin. This result
 indicates that the hypoventilation response was in -
dependent of the extraction technique and is likely
due to the putative chemical alarm cue present in
the catfish skin.

The experiments of the present study reported in
the last paragraph have not considered the feeding
status of skin donors. Moreover, the animals were
randomly caught from a stock tank, failing to elimi-
nate variations in fish feeding, such as cannibalism, a
common trait in this species (Kossowski 1996, Gia -
quinto & Volpato 2005). The quality of chemical
alarm cues is influenced by body condition. The ex -
tracts from donors with a better body condition cause
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Fig. 4. Pseudoplatystoma coruscans. Changes in ventilatory
rate (VR) in response to 3 different volumes of skin extract
from full-fed fish or distilled water (control). Data are shown
as median (small square), minimum and maximum obtained
values (lines) and 25−75% quartiles (boxes). *significantly 

different from control (Kruskal-Wallis, p = 0.005, n = 6)

Fig. 3. Pseudoplatystoma coruscans. Changes in ventilatory
rate (VR) in response to skin extract from feed-restricted or
full-fed donors or to distilled water (control). Data are shown
as medians (small square), minimum and maximum obtained
values (lines) and 25−75% quartiles (boxes). *significant dif-

ference (Kruskal-Wallis, p = 0.006, n = 7)
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a significantly stronger antipredator response in fish
(Brown et al. 2004). Thus, we attempted to control for
the body condition of the donor fish. Under one con-
dition, the fish were fed daily (full-fed), and under
the other condition, the donors were fed every other
day (feed-restricted) during a 20 d period. The latter
is the same feeding schedule as that of stock tank fish
from previous experiments and therefore should
have prevented any additional unpredictable effect
of feeding. At the end of 20 d, the full-fed fish were
heavier and longer than the feed-restricted fish, but
body condition did not differ between the feeding
conditions. It is not easy to explain the absence of a
significant difference be tween the condition factors
of full-fed and feed-restricted fish, especially be -
cause the full-fed fish were heavier and longer than
the feed-restricted ones. Thus, we considered that
full-fed and feed-restricted fish were in similar feed-
ing states. The absence of differences might be, for
instance, due to the formation of fat stores in full-fed
catfish instead of somatic growth, although this was
not measured.

Independent of the body condition, however, only
the extract obtained from full-fed donors induced a
ventilatory response: the VR was reduced, and no
dashing response was observed, in contrast to the
dashing and freezing observed in previous studies
(Giaquinto & Volpato 2001). These skin donor fish
did not differ in terms of body condition, but they did
differ in terms of food intake. Because the alarm sub-
stance is likely a by-product of protein metabolism
(Brown et al. 2001, 2003, Parra et al. 2009), the
observed differences in VR responses are plausibly a
result of the food intake differences. Considering the
food intake by the donor fish rather than their body
condition, full-fed fish extract de creased the VR,
whereas feed-restricted fish extract did not induce
changes in the VR.

Stronger antipredator responses to alarm sub-
stances from donors with better body conditions have
been observed in other fish species (Brown et al.
2004, Roh et al. 2004). These authors have hypothe-
sised that donors with better body conditions could
produce more alarm cue per cm2 of skin or produce a
compound that is more easily recognised by con-
specifics. This phenomenon was also observed for
heterospecific fish responses. Predatory dottybacks
Pseudochromis fuscus were more attracted to skin
ex  tracts of damselfish Pomacentrus amboinensis
prey that were in good body condition than of those
in poor body condition (Lonnstedt et al. 2012). More-
over, the quantity of epidermal club cells can be
affected by feeding in some species (Wisenden &

Smith 1997, 1998). In the present study, however, the
number of club cells in the skin of full-fed skin donors
was the same as that of feed-restricted fish. This
result clearly refutes the hypothesised stimulus of
feeding on the production of club cells in the speck-
led catfish epidermis and indicates that, with better
feeding, a higher food intake (and not body condi-
tion) induces a more easily detectable chemical cue,
regardless of the number of club cells. It suggests
that the production of a chemical alarm cue is
 independent of club cells. Although we must have
prudence in respect to this possibility, some recent
evidence suggests this new paradigm of the antipre-
dator behaviour mediated by alarm chemical cues in
fish. In fathead minnow Pimephales pro melas, adult
fish respond to larval skin extracts that still have no
visible club cells (Carreau-Green et al. 2008).

The last experiment of the present study tested
whether hypoventilation intensity could be modu-
lated by exposing fish to increasing volumes of the
full-fed fish chemical cue. Even the typical anti -
predator behaviour (dashing) previously described
could depend on the quantity of a ‘full-fed’ ex tract.
In other words, if a dose-response effect is ob -
served, higher food intake leads to a more recognis-
able chemical cue in ostariophysan fish. In fact,
graded responses to chemical cues in fish have been
described (Dupuch et al. 2004, Foam et al. 2005,
Barbosa Júnior et al. 2010), al though several studies
did not confirm this dose-response relationship
(Chivers et al. 2001, Brown et al. 2001, Mirza and
Chivers 2003, Roh et al. 2004). In our study, 3 vol-
umes of the full-fed fish extract were tested: 0.10 ml
(based on Ide et al. 2003), 1.0 ml (Barreto et al.
2010, the present study) and 15.0 ml (Brown et al.
2004). Ide et al. (2003) showed that 0.10 ml of skin
extract induced dashing and freezing in the
matrinxã Brycon cephalus. Brown et al. (2004)
showed that 15 ml of different types (regarding diet
and body condition) of chemical alarm cues decreases
the moving time, tank area used, distance to an -
other conspecifics and aggressive encounters in the
convict cichlid Archocentrus nigrofasciatus. Barreto
et al. (2010) showed that 1 ml of skin extract de -
creases locomotion and aggressive interaction and
increases the VR in Nile tilapia Oreo chromis niloti-
cus. When we tested different extract volumes (0.1,
1.0 and 15.0 ml), the resulting hypoventilations
were similar in magnitude, indicating the lack of a
graded VR response. These findings make the
results of Expts 2 & 3 ambiguous with respect to the
effect of different consumption of food on the VR
response. The decreased VR observed in re sponse
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to full-fed fish extract but not to feed-restricted
fish suggested that different volumes of the full-fed
extract would induce a graded VR response, but this
effect did not happen.

An alternative hypothesis to explain this paradox is
the presence of a threshold. If the chemical is de -
tected above a threshold level, individuals respond in
an ‘all-or-nothing’ manner (Brown et al. 2001, Mirza
& Chivers 2003, Marcus & Brown 2003). This expla-
nation fits with our findings for Expts 2 and 3. The
feed-restricted fish extract may be below a necessary
threshold and therefore induced no change in the
VR, while the different volumes (0.1, 1.0 and 15.0 ml)
of the full-fed fish extract were above this threshold,
successfully inducing the decreased VR but at the
same magnitude. Alternatively, the lack of graded
hypoventilation to an alarm chemical cue might be a
consequence of a limited VR plasticity. The hypoven-
tilatory response cannot accommodate an extensive
degree of fluctuation because it could lead to an
hypoxic state or a transitory ventilatory arrest in the
case of a pronounced decrease of VR. Consequently,
hypoventilation could induce damage to hypoxia-
sensitive tissue, such as the brain, heart and some
glands (Randall et al. 1997). If hyper ventilation had
taken place, a graded res ponse would have been
more probable because hyperventilation allows for a
higher range of variation. However, hyperventilation
to other stressful stimuli in fish indicates that VR is a
very sensitive tool with which to evaluate several
aversive conditions, but it is also not able to reflect
the intensity of the stimulus (Barreto & Volpato 2004,
Xu et al. 2006). In a same way, hypoventilation is a
relevant fish response to indicate the presence of a
chemical alarm cue, but its magnitude would be
 limited due to physiological needs.

We found no significant hypo ventilation in re -
sponse to the chemical alarm cue from starved fish in
Expt 2 but did observe hypoventilation in Expt 1,
which used donor fish that were fed in the same man-
ner as starved fish. This finding suggests that the
feeding history of skin extract donors had a large
impact on alarm response, but dose did not. This
hypothesis merits testing in additional future experi-
ments.

Hypoventilation is also reported to occur in
response to fear in a predator-prey confrontation in
cuttlefish (King & Adamo 2006), piauçu fish Lepori-
nus macro cepha lus (Barbosa Júnior et al. 2012) and
in common sole Solea solea (Cannas et al. 2012). We
assume that the ventilatory response is likely due to a
specific response to an alarm cue rather than a gen-
eral response to a new scent in the water, because

other species dis tinguish between the alarm cue and
non-alarm cues (Mirza & Chivers 2000, 2001a,b,
2002, Morishita & Barreto 2011). Moreover, the effect
of donor diet treatment on the ventilatory responses
is consistent with the interpretation of a specific
response rather than a general response. Thus, taken
together, the results strongly support the hypothesis
that hypoventilation is a genuine antipredator re -
sponse to an alarm cue in speckled catfish. The key
variables that induce dashing and freezing (Gia -
quinto & Volpato 2001) versus hypoventilation with
no swimming ac tivity (the present study) remain
unknown and must be clarified in future studies. Cir-
cumstantially and surprisingly, no dashing catfish
were observed in this study; therefore, hyperventila-
tion linked to dashing should also be assessed in
future investigations.
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