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Abstract

An animal’s response to environmentally induced stress can have important fithess consequences. For example, an animal
may reduce activity in response to stress related to increased predation risk, but this response carries the potential cost of missec
foraging or mating opportunities. We used laboratory bioassays to determine whether Ozark zigzag salaRiatindes)
angusticlavius, decreased their feeding behavior following increased levels of threat-related stress. Stress level was manipulated
in three experiments where salamanders were exposed to direct or indirect indicators of stress. The direct cue was a physical
attack. The indirect cues were chemical cues from distressed conspecifics and chemical cues (“kairomones”) from predatory
ringneck snakediadophis punctatus. For all three cues, stressed salamanders showed lower foraging success than unstressed
salamanders. The physical attack did not result in a more intense response than the other treatments, possibly because the attac
occurred away from the foraging area. The intensity of the response to stress may depend more on the nature of the threat
(identity and imminence) than the level of physical disturbance.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction or predators. Animals can decrease the probability
of attack by decreasing behaviors that make them
During normal daily activities, animals can be conspicuous and by increasing vigilance behaviors
exposed to a wide range of biotic and abiotic envi- (Lima, 1987. However, increasing attack-avoidance
ronmental stresses, including changes to the habitatbehaviors carries the cost of decreasing the time allot-
(Denver, 1997; Hoffman et al., 199Pand interactions  ted to activities such as foraging, territorial defense,
with competitors, parasites, and predators (eigna, or reproduction Adams, 1990; Lima and Dill, 1990
1998. One of the most acute stresses that an animal Therefore, individuals can optimize their fithess bene-
can experience is the threat of immediate physi- fits by adjusting the intensity of their attack-avoidance
cal injury or death due to attack from competitors behavior to match the level of threat.
Threat can be assessed either directly via confronta-
"+ Corresponding author. Tekt1-4178365699; t@on with the attacker or indirectly through 'the. detec-
fax: +1-4178364204. tion of cues such as scents or calls that indicate the
E-mail address: sam477f@smsu.edu (A. Mathis). presence of a potential attacker. For many vertebrates,
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chemical cues are a primary source of information. stressed-conspecific treatment provided only informa-
For example, identification of conspecifics and het- tion concerning a general disturbance in the area. In
erospecifics often is made based on chemicals re-a final experiment, we compared foraging behavior
leased directly by the target animal (e.g. references in of salamanders exposed to substrate-borne chemicals
Mason et al., 1998 In this paper we use “kairomone” from a predatory snake (ringneck snakdadophus

to describe chemical cues from heterospecifics such punctatus), a non-predatory snake (flathead snake,
as predatorsWeldon, 198). Warning of the presence  Tantilla gracillis), and a blank control. These cues
of an imminent threat also can be obtained from cues provide information about both the presence and
released by nearby conspecifics. Chemical warning identity of the threat.

cues may be released by prey when tissue is damaged

by predatory attacks (fish: reviewed Bynith, 1992

amphibiansHews and Blaustein, 1985; Luttershmidt 2. Materials and methods

et al., 1994 or by individuals that have been stressed

but not mechanically damaged (fidisenden et al.,  2.1. Collection and maintenance
1995 amphibiansMathis and Lancaster, 1998am-
mals:Vieuille-Thomas and Signoret, 1992ncreased We collected individuals of?. angusticlavius by

levels of physiological stress can be associated with hand in White County, central Arkansas. The sala-
exposure to both predator kairomon&elinberg and  manders were placed in zip-lock bags containing wet
Schreck, 198yand conspecific alarm cueRéhnberg leaf litter and then were transported to Southwest
et al., 1987. Missouri State University (Springfield, MO, USA)
Salamanders of the genuBlethodon (lungless in a cooler with ice. The salamanders were housed
salamanders) are an excellent model for the study of individually in clear, plastic petri dishes (14.6 cm di-
the influence of risk of attack on foraging behavior. ameter, 1.3cm depth) lined with moist filter paper.
Plethodontid salamanders respond both to chemical Salamanders perform apparently normal behavioral
stimuli from predators Qupp, 1994; Maerz et al., patterns in these chambers (i.e. feeding, pheromonal
2007 and to chemical cues from damaged or stressed marking, aggressive behavior, eMjathis and Britzke,
conspecifics l(uttershmidt et al., 1994; Mathis and 1999; Mathis et al., 2000 Salamanders were main-
Lancaster, 1998; Graves and Quinn, 200They tained on a 12-h light:12-h dark cycle at #42°C
respond to these cues in ways that are consistentand fedDrosophila hydei ad libitum every 5-7 days
with antipredator behaviors, including avoidance and until tested. Filter paper was changed every 20-30
escape responseMédison et al., 1999a; McDarby days. Trials were conducted during the light portion

et al., 1999; Murray and Jenkins, 1999 of the cycle under fluorescent lighting; some salaman-
We examined whether the foraging behavior of ders are more sensitive to predatory stimuli under the
Ozark zigzag salamandemBlethodon angusticlavius diurnal portion of their activity cycleNMadison et al.,

(formerly Plethodon dorsalis angusticlavius; Highton, 1999a,b.

1997 was affected by exposure to one direct and two  Adult ringneck and flathead snakes were hand-
indirect indicators of threat-related stress. First, we caught in Christian and Taney counties in south-
exposed salamanders to physical attack (direct threat)western Missouri. Ringneck snakes are known to
and comparing foraging behavior of salamanders that be predators of small salamandeBlaphchard et al.,
were attacked to the behavior of animals that were 1979, but flathead snakes feed strictly on invertebrate
disturbed, but not attacked. We used chemical cues prey (orce, 1935 Both species co-occur with Ozark
to provide focal individuals with indirect informa-  zigzag salamanders in Arkansas. The snakes were kept
tion about increased threat because salamanders relyin separate plastic boxes (30cm in length, 16.5cm
heavily on their chemosensory systems. In a secondwide) on a 12-h light:12-h dark cycle at 204°C,
experiment, we compared foraging behavior of sala- with paper towel substrates and cover objects and
manders exposed to secretions from highly stressedwith water continuously available. Both species of
conspecifics to those exposed to secretions from snakes were fed non-salamander prey (e.g. worms,
salamanders experiencing lower levels of stress. The Lumbricus rubellus and crickets) to rule out potential
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effects of salamander diet on chemical stimuli (e.g. one piece of filter paper from its holding chamber so

Madison et al., 1999a)b that the salamander would be exposed to the familiar
substrate markings from its holding chamber. Focal

2.2. Influence of attack on foraging behavior of salamandersn( = 16 per treatment) were covered

salamanders with opaque habituation dishes for 5min. We intro-

duced five flies into the chamber via a hole in the

We fed each salamander to satiation 4 days prior to center of the lid and removed the opaque dish. When
testing to standardize hunger levels. We placed pairs of a fly was consumed, it was immediately replaced to
salamanders (mean S\VA S.D. = 36.54+ 4.59 mm, maintain a constant prey density of five prey items.
range 28.0—-44.0 mm) in holding chambers (32.5cm Each trial ran for 10 min, with the following behav-
length, 18 cm width, 2.5 cm deep) that were each lined ioral patterns recorded: (1) latency to first capture,
with a damp paper towel that was covered by two moist and (2) total number of flies consumed. For each
pieces of filter paper (15 cm diameter). Pairs remained response variable, treatments were compared using
together for 3 days prior to testing. one-tailed non-parametric Mann—Whitneytests us-

We stressed salamanders using the methods ofing the Minitab statistical program version 12.21. We
Mathis and Lancaster (1998prior to each trial, we  used one-tailed tests because increased stress should
assigned one salamander of the pair to be the focalresult in decreased foraging activity (e.gaeger,
salamander for this experiment. This individual was 1972. We also made descriptive notes about behavior
removed from the chamber, placed into a clean petri of the focal salamanders (e.g. generally low activity,
dish, and randomly assigned it to either the “stress” frequent edge behavior, etc.). Data were recorded
or “non-stress” treatment. Each salamander in the by an individual who was not present during the
“non-stress” treatment was left undisturbed for 2 min. stressing procedure and so was “blind” to treatment
Each salamander in the “stress” treatment was stressecconditions.
for 2min by grasping it around the pelvic-girdle
region with a pair of forceps. By using this manip- 2.3. Influence of chemicals from stressed conspecifics
ulation we mimicked an attack by a natural snake on foraging behavior of salamanders
predator; ring-necked snakes subdue salamander prey
in this manner (D. Lancaster, personal communica- Focal salamandera (= 16 per treatment) were the
tion). Salamanders reacted to the attack by twisting salamanders that had been set aside in the previous
their bodies and often biting at the forceps, and sala- experiment. Each focal salamander was randomly
manders have been shown to respond similarly to assigned to one of the following treatments: (1) chem-
predatory snakesBfodie et al., 1989 In nature, icals from a stressed conspecific, (2) chemicals from
salamanders also may suffer attacks from conspecifica non-stressed conspecific, and (3) a blank control
competitors aksimowich and Mathis, 2001; Mathis (10 ml of dechlorinated water). Conspecific stimuli
et al., 2000. In this species, conspecific bites typi- were collected from the salamander that was paired
cally are quick “nips” followed by immediate release with the focal animal in the previous experiment
(personal observations), and so our prolonged stressbecause salamanders often respond differently to
manipulation would not resemble a conspecific attack. chemical cues from familiar individuals and strangers

Each focal salamander (stressed or non-stressed)Jaeger, 1981; Guffey et al., 1998
was then rinsed with 10 ml of dechlorinated water to ~ The individuals providing the stressed/non-stressed
obtain the stimuli for use in the following experiment stimuli were the same individuals that were tested in
(see the following). We left the other salamander of the previous experiment. The rinse water from the un-
the pair in its chamber, placed an opaque cover (9.0 cm stressed salamander was used as the “non-stress” treat-
diameter, 1.5 cm deep; hereafter “habituation dishes”) ment in this experiment and the rinse water from the
over it, and set it aside for use as the focal animal in stressed salamander was used as the “stress” treatment.
the following experiment. Like many salamanders€Egans and Brodie, 1994

Each “stressed” and “non-stressed” salamander the stressed salamanders secreted a whitish substance
was then transferred to a new petri dish lined with when attacked. This secretion, which is the presumed
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source of any alarm chemicals, occurs broadly over yses were identical to those used in the previous
the surface of the skin and is not limited to areas of experiment.
physical injury.
We placed the two pieces of filter paper from the
home chamber (containing substrate markings from 3. Results
both salamanders) into a new experimental cham-
ber, and saturated it with water from the “stress,” 3.1. Influence of attack on foraging behavior of
“non-stress,” or blank treatments. The focal salaman- salamanders
der was then gently moved to the center of the new
experimental chamber and covered with a habituation ~ The latency to consume the first prey item was not
dish for 5 min. significantly different among treatment® (= 2995,
This experiment used the same testing protocol and N = 16, P = 0.09; Fig. 1A). However, salamanders
response variables as the previous experiment, andthat had been stressed by the simulated predator attack
the observer was blind to treatment conditions. For tended to show generally low levels of activity and ate
each response variable (latency, number eaten), wesignificantly fewer flies than salamanders that were not
compared the three treatments using non-parametricstressed = 2095, N = 16, P = 0.02; Fig. 1B).
Kruskal-Wallis ANOVA tests followed by non-
parametric multiple comparison tes&af, 1984. 3.2. Influence of chemicals from stressed conspecifics
on foraging behavior of salamanders
2.4. Influence of predator kairomones on foraging
behavior of salamanders The latency to consume the first prey item was sig-
nificantly different among treatments?( = 10.50,
Each salamander was randomly assigned to one ofd.f. = 2, P = 0.005; Fig. 2A). Salamanders exposed
the following treatments: (1) chemical stimuli from the

predatory ringneck snake plus dechlorinated water, (2) @ 7q0
chemical stimuli from a non-predatory flathead snake @ o0 {(A) o rON
plus dechlorinated water, and (3) dechlorinated wa- 5 500 |
ter (blank control). Each salamander was tested only ‘Q 400 1 “V
once, and treatments were randomly assigned. Indi- >, 300 -
vidual salamanders were tested in their home petri § 200
dishes. w 100
Circles of filter paper (14 cm diameter) were placed - 0 +
on the substrates of the snakes’ home boxes at least
6 days prior to testing to allow the filter paper to § 12 | ) . P=002
absorb odors from the snakes. Salamanders were re- | 14 | .
moved from their dishes immediately prior to the ¢ 12 T
trials and placed in clean temporary holding cham- i "; ]
bers (petri dish) while the stimulus papers were 5 & T
added to their home chambers. Filter paper fromone & 4 A
of the treatments (predatory snake, non-predatory 'E 27 — -
shake, or blank) was saturated with approximately 3 9 :

10ml of dechlorinated water and placed over the
filter paper in the salamander’s dish, allowing the
salamander to experience its own substrate mark- Fig. 1. Foraging responses of salamanders that either were
ings in addition to the snake stimuli. The salamander stressed by a physical attack or were disturbed but not attacked

. . ... (“non-stress”). Responses are (A) latency to strike at fruitfly prey,
was then returned to its home dish and covered with and (B) number of flies eaten in a 10-min trikvalues are for

an opaque habituation dish for 5min. Experimental non-parametric Mann-Whitney U-tests. Boxplots present medians
protocols, response variables, and statistical anal- with interquartile ranges and circles indicate outliers.

Stressed Non-stressed
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to stimuli from distressed conspecifics showed gener- 3.3. Influence of predator kairomones on foraging

ally low levels of activity and took significantly longer  behavior of salamanders

to consume the first prey than in the other two treat-

ments (stress versus non-stre@s= 2.5,002 < P < Salamanders exposed to chemical stimuli from
0.05 and stress versus blan®, = 4.82, P < 0.001). predatory snakes exhibited frequent edge behavior,
The non-stress treatment was not significantly differ- often pressing their snouts against the crevice between

ent from the blank treatment)X= 2.32, Q05 < P < the sides and lids of the testing chambers, whereas

0.10). salamanders in the other two treatments appeared to
Salamanders also showed a significant difference in be more focused on foraging activity. Consequently,

the number of flies eaten per treatmeht & 8.03, the latency to consume the first prey item was sig-

d.f. =2, P = 0.018; Fig. 2B). Salamanders ate sig- nificantly different among treatments(= 10.73,
nificantly fewer flies when exposed to chemical stim- d.f. = 2, P = 0.004), and salamanders exposed to
uli from stressed conspecifics than when exposed to stimuli from predatory snakes took the longest time
the blank treatmentd = 4.19, P < 0.001). Salaman-  to consume their first preyr{g. 3A). Latency for the
ders exposed to the non-stress stimuli did not differ predatory snake treatment was significantly longer

significantly from either the stres®(= 1.8, 0.10 < than the other two treatments (predatory snake versus
P < 0.20) or the blank Q = 2.35, 005 < P < 0.10) non-predatory snakep) = 2.60, 002 < P < 0.05,
treatments. and predatory snake versus blagk= 3.04, 0005 <
P < 0.01). The non-predatory snake treatment was
w700 —
‘EJ’ ikl (A) " P =0.005 = e
X ~—
E 500 T . o 600 {A) P =0.004
(/3] -
o 00 . 'S 500 |
5, 300 V2 400 ] .
§ 200 = 300 1 l
w 100 + % T 200
= 0 T 100 1 *
a b b — .
© d +
” - 0 a b b
o 2] B R ¢
© P=0018 c
L4 | T 8
o . T 5 (B) . P =0.001
= 6 T & ° T
8 T T 4 T
Q Y=
5, = 5 51 = -
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=z

Stress Non-stress  Blank
Predator Non-predator  Blank

Fig. 2. Foraging responses of salamanders exposed to chemi-
cal stimuli from stressed and non-stressed conspecifics. Stimuli Fig. 3. Foraging responses of salamanders exposed to chemical
were collected as water rinsed over salamanders that were eitherstimuli from predatory Diadophis punctatus) and non-predatory
stressed by a simulated predator attack or not stressed. ResponsesT. gracillis) snakes and to a blank control. Responses are (A) la-
are (A) latency to strike at prey (fruitfly), and (B) number of tency to strike at prey (fruitfly), and (B) number of flies eaten dur-
flies eaten during a 10-min triaP-values are for non-parametric ing a 10-min trial.P-values are for non-parametric Kruskal-Wallis
Kruskal-Wallis ANOVA's and different letters indicate significant ~ANOVA's and different letters indicate significant differences ac-
differences according to non-parametric multiple comparison tests. cording to non-parametric multiple comparison tests. Boxplots
Boxplots present medians with interquartile ranges and circles in- present medians with interquartile ranges and circles indicate out-
dicate outliers. liers.
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not significantly different from the blank = 0.45, the strongest stressor of those used in the three ex-

P > 0.50). periments. One possible explanation for the relative
Salamanders also showed a significant difference in weakness of the latency response was that the attack

the number of flies eaten per treatmeft £ 13.15, occurred away from the foraging area. Once removed

d.f. =2, P = 0.001;Fig. 3B). Salamanders ate fewer from the area where the attack had occurred, the sala-
flies when in the presence of chemical stimuli from manders may have felt safe enough to cautiously be-
shakes. Fewer flies were eaten in the predatory snakegin foraging, albeit at a relatively slow rate. The cost
treatment than in the blank treatment (predatory snake of missed foraging opportunities for terrestrial sala-
versus blankQ = 3.60, P < 0.001). The number of  manders may be substantidaeger (1980found that
flies eaten in the non-predatory snake treatment wason most sampling days, most red-backed salamanders,
not significantly different from the other two treat- Plethodon cinereus, were on negative energy budgets.
ments (non-predatory snake versus predatory snake,

Q = 212, 010 < P < 0.20; non-predatory snake 4.2. Effects of chemicals from stressed conspecifics

versus blankQ = 1.45, 020 < P < 0.50). on foraging behavior
Salamander foraging behavior was depressed by
4. Discussion distress cues from conspecifics. Salamanders exposed
to stimuli from stressed conspecifics were slower to
4.1. Effects of attack on foraging behavior begin foraging than those exposed to stimuli from

non-stressed conspecifics and to a blank control.

As predicted, salamanders that were stressed byThe salamanders exposed to stimuli from stressed
an attack ate fewer flies than those that were not conspecifics consumed fewer prey than those ex-
stressed. Qualitatively, decreased foraging successposed to a blank control. Some fishes also have been
seemed to be related to an overall decrease in activity. shown to lower their feeding rates in the presence of
Decreased activity is a common response to increasedalarm chemicals in experiments under both laboratory
predation risk (e.gvVan Damme et al., 1990; Mathis  (Fricke, 1987; Rehnberg and Smith, 1988; Jakobsen
and Vincent, 2000; Sullivan et al., 2002and two and Johnsen, 1989and semi-natural Ifving and
hypotheses have been suggested to explain the anMagurran, 199y conditions.
tipredator benefits of this reduction. First, reduced Cues from distressed conspecifics provide a rel-
activity can lead to lower rates of detection by visu- atively low level of information. Salamanders are
ally oriented predators and, subsequently, increasedwarned of a general disturbance but are unaware of
survival of prey Azevedo-Ramos et al., 1992; Skelly, the specific nature of the threat. The best strategy
1994). Second, decreased activity may allow the prey in such cases may be to minimize the probability
to devote more time to vigilance behavior. Reduced of being detected and maximize vigilance behavior,
foraging due to increased vigilance for predators has resulting in the overall low levels of activity that we
been reported for a number of taxa, including fishes observed for salamanders in this treatment.
(Magnhagen, 1988; Angradi, 1992birds (ima, We follow the terminology oMathis and Lancaster
1987, and mammals\Wawra, 1988. (1998)in using the term “stress” or “distress” cues to

In this experiment, salamanders resumed foraging distinguish the stimuli in our study from the damage-
relatively quickly and there was no significant dif- released chemicals referred to in other studies as
ference between attack latency for “stressed” versus “alarm” cues (e.gLuttershmidt et al., 1994; Marvin
“non-stressed” individuals. This result contrasts with and Hutchison, 1995; Chivers and Smith, 1998)e
the results of the other two experiments where la- stimuli used in these other studies were homogenates
tency to resume foraging was significantly affected by of skin tissue whereas our stimuli were apparently
exposure to both conspecific distress chemicals andfrom voluntarily released secretions. Although no
kairomones from predatory snakes (see the follow- tissue damage was apparent in our study, we cannot
ing). This difference between experiments was sur- completely rule out the possibility that there may
prising because we initially considered “attack” to be have been some slight damage to epithelial cells as a
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result of our forceps technique. We feel that any tissue to stimulus collection. Discrimination was thus based
damage would have been minor and so it is unlikely either on long-term dietary cues (from salamanders
that injury was the source of the warning chemicals. eaten prior to our capture of the snakes) or cues
Some other species (reviewed Wisenden, 2008 independent of diet. The ability of salamanders to
also voluntarily release warning chemicals without discriminate between the two species could be based
damage, but these “disturbance” chemicals typically either on innate recognition or learning; both snake
are released without actual contact with the predator. species co-occur with salamanders in our Arkansas
The active components of our “distress” stimuli may population.
or may not be the same as those of damage-released
or, possibly, disturbance-released stimuli, but this 4.4. Conclusions
hypothesis remains to be tested.
When stressed by attack, exposure to conspecific
4.3. Effects of predator kairomones on foraging distress cues, or exposure to predator kairomones,
behavior of salamanders Ozark zigzag salamanders responded with reduced
foraging activity. The degree of the response ap-
Responses to predator kairomones were similar to peared to depend more on the nature of the threat
responses to conspecific distress chemicals in that sala+ather than the intensity of the stress. Salamanders
manders exposed to snake cues resumed foraging moreexperiencing the most intense physical disturbance
slowly and consumed fewer prey than those exposed (attack) generally reduced activity, including forag-
to the control treatments. Depressed foraging in the ing, but did not show a more intense response than
presence of kairomones from predatory garter snakes,salamanders that were exposed to more indirect indi-
Thamnophis sirtalis, also has been reported fét cators of threat. When the identity of the threat was
cinereus (Maerz et al., 20011 known (predator kairomones) and the threat was in
In contrast to the previous experiment with dis- the immediate vicinity, salamanders reduced foraging
tress chemicals, the decrease in foraging behavior didand appeared to focus more time on searching for a
not appear to be due to a general decrease in activ-hiding place. When the threat was only of a general
ity. Qualitatively, salamanders in the predatory snake nature (distress cues from conspecifics), salamanders
treatment typically showed accelerated activity, often reduced foraging, decreased activity and appeared to
pressing their snouts against spaces between the sidefocus primarily on vigilance behavior. In all stress
and the lid of the chamber (“escape” behavidathis treatments, many salamanders continued to forage,
and Lancaster, 1998Similarly, P. cinereus exposed although at reduced levels, indicating a high cost to
to water soiled by garter snakes showed increasedmissed foraging opportunities.
non-foraging activity, perhaps indicating hyperactive
search for refugesMadison et al., 1999b The pres-
ence of snake kairomones indicates that a snake is orAcknowledgements
has recently been in the immediate vicinity and the
most effective response for salamanders may be to We thank the Graduate College and Biology Depart-
seek shelterJullivan et al., 200Ror to avoid the area  ment at Southwest Missouri State University for fund-
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Salamanders in our study were able to distinguish IACUC #98H. Collection permits were provided by
between predatory and non-predatory snakes at leastArkansas Game and Fish and the Missouri Department
with respect to foraging latency. Some salamanders of Conservation.
can use short-term diet-based cues in assessment
of predation Madison et al., 1999a,bMurray and
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predatory and non-predatory Sn_akes was not based OnAdams, S.M., 1990. Status and use of biological indicators for
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sumed only invertebrate prey for several weeks prior  1-8.

References



208

Angradi, T.R., 1992. Effects of predation risk on foraging behavior
of juvenile rainbow trout @ncorhynchus mykiss). Can. J. Zool.
70, 355-360.

Azevedo-Ramos, C., Van Sluys, M., Hero, J.-M., Magnusson, W.E.,
1992. Influence of tadpole movement on predation by odonate
naids. J. Herpetol. 26, 335-338.

Blanchard, F.N., Gilreath, M.R., Blanchard, C., 1979. The eastern
ring-neck snake Oiadophus punctatus edwardsii) in northern
Michigan (Reptilia, Serpentes, Colubridae). J. Herpetol. 13,
377-402.

Brodie Jr., E.D., Dowdey, T.G., Anthony, C.D., 1989. Sala-

mander antipredator strategies against snake attack: biting by

Desmognathus. Herpetologica 45, 167-171.

Chivers, D.P., Smith, R.J.F., 1998. Chemical alarm signaling
in aquatic predator-prey systems: a review and prospectus.
Ecoscience 5, 338-352.

Cupp Jr., PV, 1994. Salamanders avoid chemical cues from
predators. Anim. Behav. 48, 232-235.

Denver, R.J., 1997. Environmental stress as a developmental cue:

corticotropin-releasing hormone is a proximate mediator of
adaptive phenotypic plasticity in amphibian metamorphosis.
Hormones Behav. 31, 169-179.

Evans, C.M., Brodie Jr, E.D., 1994. Adhesive strength of
amphibian skin secretions. J. Herpetol. 28, 502-504.

Force, E.R., 1935. A local study of the opisthoglyph snake. Papers
Mich. Acad. Science 20, 645-659.

Fricke, D., 1987. Reaction to alarm substance in cave populations
of Astyanax fasciatus (Characidae, Pisces). Ethology 76, 305—
308.

Graves, B.M., Quinn, V.S., 2000. Temporal persistence of alarm
pheromones in skin secretions of the salamanB&athodon
cinereus. J. Herpetol. 34, 287-291.

Guffey, C., MaKinster, J.G., Jaeger, R.G., 1998. Familiarity affects
interactions between potentially courting territorial salamanders.
Copeia 1998, 205-208.

Hews, D., Blaustein, A.R., 1985. An investigation of the alarm
response irBufo boreas and Rana cascadae tadpoles. Behav.
Neurol. Biol. 43, 47-57.

Highton, R., 1997. Geographic protein variation and speciation in
the Plethodon dorsalis complex. Herpetologica 53, 345-356.
Hoffman, H.A., Benson, M.E., Fernald, R.D., 1999. Social status
regulates growth rate: consequences for life-history strategies.

Proc. Natl. Acad. Sci. U.S.A. 96, 14171-14176.

Irving, P.W., Magurran, A.W., 1997. Context-dependent fright
reactions in captive minnows: the importance of naturalness in
laboratory experiments. Anim. Behav. 53, 1193-1201.

Jaeger, R.G., 1972. Food as a limited resource in competition
between two species of terrestrial salamanders. Ecology 53,
535-546.

Jaeger, R.G., 1980. Fluctuations in prey availability and food
limitation for a terrestrial salamander. Oecologia 44, 334-341.

Jaeger, R.G., 1981. Dear enemy recognition and the costs of
aggression between salamanders. Am. Nat. 117, 962-974.

Jakobsen, J., Johnsen, G.H., 1989. The influence of alarm substance

on feeding in zebra danio fisiBiachydanio rerio). Ethology
82, 325-327.

Lima, S.L., 1987. Vigilance while feeding and its relation to the
risk of predation. J. Theor. Biol. 124, 303-316.

R.T. Watson et al./Behavioural Processes 65 (2004) 201-209

Lima, S.L., 1998. Stress and decision making under the risk of
predation: recent developments from behavioral, reproductive,
and ecological perspectives. Adv. Study Behav. 27, 215-290.

Lima, S.L., Dill, L.M., 1990. Behavioral decisions made under
the risk of predation: a review and prospectus. Can. J. Zool.
68, 619-640.

Luttershmidt, W.l., Marvin, G.A., Hutchison, V.H., 1994.
Alarm response by a plethodontid salamand2estnognathus
ochrophaeus): conspecific and heterospecific “schreckstoff”. J.
Chem. Ecol. 20, 2751-2759.

Madison, D.M., Maerz, J.C., McDarby, J.H., 1999a. Optimization
of predator avoidance by salamanders using chemical cues: diet
and diel effects. Ethology 105, 1073-1086.

Madison, D.M., McDarby, J.H., Maerz, J.C., 1999b. Chemosensory
responses of salamanders to snake odors: flight, freeze, and
disassociation. In: Johnston, R. (Ed.), Advances in Chemical
Signals in Vertebrates. Plenum Publishing Corporation, New
York, pp. 505-516.

Maerz, J.D., Panebianco, N.L., Madison, D.M., 2001. Effects of
predator chemical cues and behavioral biorhythms on foraging
activity of terrestrial salamanders. J. Chem. Ecol. 27, 1333-
1344.

Magnhagen, C., 1988. Changes in foraging as a response to
predation risk in two gobiid fish speciedomatoschistus
minutus and Gobius niger. Mar. Ecol. Prog. Ser. 49, 592-596.

Maksimowich, D.S., Mathis, A., 2001. Pheromonal markers
as indicators of parasite load: parasite-mediated behavior in
salamandersRlethodon angusticlavius). Acta Ethol. 3, 83-87.

Marvin, G.A., Hutchison, V.H., 1995. Avoidance response by adult
newts Cynops pyrrhogaster and Notophthalmus viridescens) to
chemical alarm cues. Behaviour 132, 95-105.

Mason, R.T., Chivers, D.P., Mathis, A., Blaustein, A.R., 1998.
Bioassay methods for amphibians and reptiles. In: Haynes, K.F.,
Millar, J.G. (Eds.), Methods in Chemical Ecology: Volume 2,
Bioassay Methods. Kluwer Academic Publishers, Norwell, MA,
pp. 272-325.

Mathis, A., Britzke, E., 1999. The roles of body size and experience
in agonistic displays of the Ozark zigzag salamanBlksthodon
angusticlavius. Herpetologica 55, 344-352.

Mathis, A., Lancaster, D., 1998. Response of terrestrial salaman-
ders to chemical stimuli from distressed conspecifics. Amph.-
Rept. 19, 330-335.

Mathis, A., Vincent, F., 2000. Differential use of visual and
chemical cues in predator recognition and threat-sensitive
predator-avoidance responses by larval newstaphthalmus
viridescens). Can. J. Zool. 78, 1646-1652.

Mathis, A., Schmidt, D.W., Medley, K.A., 2000. The influence
of residency status on agonistic behavior of male and female
Ozark zigzag salamandefethodon angusticlavius. Am. Mid.

Nat. 143, 245-249.

McDarby, J.H., Madison, D.M., Maerz, J.C., 1999. Chemosensory

avoidance of predators by the red-backed salamaRtithodon

cinereus. In: Johnston, R. (Ed.), Advances in Chemical Signals
in Vertebrates. Plenum Publishing Corporation, New York,

pp. 489-496.

Murray, D.L., Jenkins, C.L., 1999. Perceived predation risk as
a function of predator dietary cues in terrestrial salamanders.
Anim. Behav. 57, 33-39.



RT. Watson et al./Behavioural Processes 65 (2004) 201-209 209

Rehnberg, B.G., Schreck, C.B., 1987. Chemosensory detection of Van Damme, R., Bauwens, D., Vanderstighelen, D., Verheyen,

predators by coho salmom®fcorhynchus kisutch): behavioral R.F., 1990. Responses of the lizdracerta vivipara to predator
reaction and physiological stress response. Can. J. Zool. 65, chemical cues: the effects of temperature. Anim. Behav. 40,
481-485. 298-305.

Rehnberg, B.G., Smith, R.J.F., 1988. The influence of alarm Vieuille-Thomas, C., Signoret, J.P., 1992. Pheromonal transmission
substance and shoal size on the behaviour of zebra danios, of an aversive experience in domestic pig. J. Chem. Ecol. 18,
Brachydanio rerio (Cyprinidae). J. Fish Biol. 33, 155-163. 1551-1557.

Rehnberg, B.G., Smith, R.J.F., Sloley, B.D., 1987. The reaction of Wawra, M., 1988. Vigilance patterns in humans. Behaviour 107,
pearl dace (Pisces, Cyprinidae) to alarm substance: time-course  61-71.
of behavior, brain amines, and stress physiology. Can. J. Zool. Weldon, P.J., 1980. In defense of “kairomone” as a class of

65, 2916-2921. chemical releasing stimuli. J. Chem. Ecol. 6, 719-725.

Skelly, D.K., 1994. Activity level and the susceptibility of anuran ~ Wisenden, B.D., 2003. Chemically-mediated strategies to counter
larvae to predation. Anim. Behav. 47, 465-468. predation. In: Collin, S.P., Marshall, N.J. (Eds.), Sensory

Smith, R.J.F.,, 1992. Alarm signals in fishes. Rev. Fish Biol. Fish. Processing in the Aquatic Environment. Springer-Verlag, New
2, 33-63. York, pp. 236-251.

Sullivan, A.M., Maerz, J.C., Madison, D.M., 2002. Anti-predator =~ Wisenden, B.D., Chivers, D.P., Smith, R.J.F., 1995. Early warning
response of red-backed salamandeRetfiodon cinereus) in the predation sequence: a disturbance pheromone in lowa
to chemical cues from garter snakeBhdmnophis sirtalis): darters Etheostoma exile). J. Chem. Ecol. 21, 1469-1480.

laboratory and field experiments. Behav. Ecol. Sociobiol. 51, Zar, J.H., 1984. Biostatistical Analysis, 2nd ed. Prentice-Hall, Inc.,
227-233. Englewood Cliffs, NJ, 718 pp.



	Influence of physical stress, distress cues, and predator kairomones on the foraging behavior of Ozark zigzag salamanders, Plethodon angusticlavius
	Introduction
	Materials and methods
	Collection and maintenance
	Influence of attack on foraging behavior of salamanders
	Influence of chemicals from stressed conspecifics on foraging behavior of salamanders
	Influence of predator kairomones on foraging behavior of salamanders

	Results
	Influence of attack on foraging behavior of salamanders
	Influence of chemicals from stressed conspecifics on foraging behavior of salamanders
	Influence of predator kairomones on foraging behavior of salamanders

	Discussion
	Effects of attack on foraging behavior
	Effects of chemicals from stressed conspecifics on foraging behavior
	Effects of predator kairomones on foraging behavior of salamanders
	Conclusions

	Acknowledgements
	References


