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Abstract

Parasites have been shown to impair the behaviour of their hosts\ com!
promising the host|s ability to exploit and compete for resources[ We conducted
two experiments to determine whether infestation with an ectoparasitic mite "Han!
nemania eltoni# was associated with changes in aggressive and foraging behaviour
in the Ozark zigzag salamander\ Plethodon angusticlavius[ In a _rst experiment\
male salamanders with high parasite loads were less aggressive overall than males
with low parasite loads during territorial disputes[ In addition\ males with high
parasite loads were more aggressive toward opponents with high parasite loads
"symmetric contests# than toward opponents with low parasite loads "asymmetric
contests#[ In contrast\ males with low parasite loads did not adjust their level of
aggression according to the parasite load of the opponent[ In a second experiment\
foraging behaviour of females was tested in response to {familiar| "Drosophila# prey
and {novel| "termite# prey[ Latency to _rst capture was signi_cantly longer for
parasitized than non!parasitized females when tested with {familiar| prey\ but
not for {novel| prey[ Our results suggest that parasite!mediated e}ects may have
profound in~uences on individual _tness in nature[
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Introduction

Parasites can have a wide range of e}ects on the behaviour of their hosts "e[g[
Moore 0884^ Levri + Lively 0885^ Robb + Reid 0885#[ Some parasites directly
manipulate host behaviour\ which may facilitate parasite transmission[ Parasites
can also indirectly a}ect host decisions\ for example by imposing energetic con!
straints on the host "Milinski 0874^ Polak 0885^ Tripet + Richner 0886#[ Physio!
logical stress on the host can in~uence energetically costly behaviour associated

U[ S[ Copyright Clearance Center Code Statement] 9068!0502:1999:0953Ð9208,04[99:9



219 D[ S[ Maksimowich + A[ Mathis

with maleÐmale competition\ such as running stamina "Schall et al[ 0871# and
activity patterns "Schall + Sarni 0876#[ Nutritive demands imposed on the host by
the parasite also may in~uence host foraging behaviour "Crowden + Broom 0879#[
For instance\ infested individuals may be unable to compete for superior feeding
grounds\ or may become less discriminating in their food source[

Salamanders of the genus Plethodon "family Plethodontidae\ the lungless sala!
manders# are completely terrestrial\ occupying moist patches located under rocks
and logs on the forest ~oor "Jaeger 0879#[ Competition may be intense during dry
periods\ and can result in spacing "i[e[ territoriality# among individuals "Mathis
0889#[ Resources may be patchily distributed\ and individuals may compete for
higher quality areas "Jaeger et al[ 0871^ Gabor 0884^ Townsend + Jaeger 0887#[
Territoriality of terrestrial salamanders is widespread\ although not ubiquitous
"review by Mathis et al[ 0884#[

Populations of several species of plethodontid salamanders have been reported
to be infested with an ectoparasitic mite "Rankin 0826^ Anthony et al[ 0883#[ The
parasitic larva of the trombiculid chigger mite\ for example\ completely embeds
itself into the host tissue "Hyland 0850#[ Because chigger mites are extremely
cryptic\ little is known about their biology\ let alone their in~uence on host behav!
iour[ The presence of the larva causes a local host reaction\ in which connective
tissue encapsulates the larva[ The parasite increases in size while feeding on lymph
and blood[ It is not known how long mites will remain on the host\ or what
stimulates them to emerge from it[ Attachment near the snout of plethodontid
salamanders can damage the tissue of the nasolabial grooves\ and it has been
suggested that these mites may interfere with a salamander|s ability to detect prey\
or pheromones of territorial rivals or potential mates "Anthony et al[ 0883#[

The present study is the _rst to investigate the role of parasites in the behaviour
of caudates[ Our objective was to determine whether parasitism is associated with
altered behavioural patterns in individuals from a population of the Ozark zigzag
salamander\ Plethodon angusticlavius\ naturally infested with the mite Hannemania
eltoni[

Our _rst experiment was designed to determine whether agonistic behaviour
is associated with level of parasitism[ Game theory "Maynard Smith 0871# provides
a useful framework for examining the in~uence of di}erences "{asymmetries|#
between contestants on the outcome of aggressive contests[ According to game
theoretic models\ one factor that should in~uence an individual|s level of aggression
is its _ghting ability or {resource holding potential| "RHP# "Maynard Smith +
Parker 0865#[ RHP may be in~uenced by characteristics intrinsic to the individual
"body condition\ absolute size\ experience# and factors that are context dependent
"condition relative to opponent\ size relative to opponent\ residency status#[ Esca!
lations of contests are predicted to occur when perceived asymmetries in RHP
are small^ otherwise\ the asymmetry should be used to settle the contest quickly
"Maynard Smith + Parker 0865^ Parker + Rubenstein 0870^ Hammerstein +
Parker 0871#[ In this experiment\ we considered parasite load "{low| levels or {high|
levels of infestation# to be an indicator of body condition\ and therefore RHP[
Symmetric contests were between individuals with approximately the same parasite
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load "i[e[ low vs[ low\ or high vs[ high#\ and asymmetric contests were between
individuals with di}erent parasite loads "low vs[ high#[ We tested the following
hypotheses] "0# males exhibit higher levels of aggression in symmetric contests than
in asymmetric contests\ and "1# males with low parasite loads exhibit greater levels
of aggression than males with high parasite loads\ regardless of the parasite load
of their opponents[

The goal of our second set of experiments was to determine whether parasitism
was associated with altered foraging behaviour in females when foraging on {fam!
iliar| "Drosophila# and {novel| "termite# prey[ We tested the hypotheses that "0#
latency to _rst capture is greater for parasitized females than for non!parasitized
females\ and "1# parasitized females capture fewer prey in total than non!parasitized
females[

Methods

Collection and Maintenance of Salamanders

Adults of P[ angusticlavius were collected by hand in Newton County\ north!
western Arkansas in Mar[ and Apr[ 0886[ Salamanders "snout!vent length x¹ 2SD]
27[52 3[0mm# were housed individually in clear\ plastic Petri dishes "7[4 cm dia!
meter\ 0[2 cm depth# lined with moist _lter paper[ Petri dishes are commonly used
as holding chambers for small plethodontid salamanders\ and salamanders perform
apparently normal behavioural patterns in these chambers "i[e[ feeding\ pher!
omonal marking\ aggressive behaviour\ e[g[ Mathis 0889^ Mathis + Britzke 0888#[
Salamanders were maintained on a 01L] 01D light regime at 032 1>C and fed
Drosophila hydei approximately once weekly ad libitum until tested[

Mites were visible under the skin of the limbs\ snout\ trunk and tail of infested
individuals\ and were approximately 0mm in length[ There were few uninfected
males in our sample^ the proportion of infected males "72)# was higher than the
proportion of infected females "59)#\ although the di}erence was not statistically
signi_cant "x1 �1[460\ df�0\ p�9[943^ one!tailed#[ Males with less than the
median number of parasites were categorized as having low parasite loads "9Ð1
mites\ x¹ 2SD�9[62 9[71^ n�00#\ and males with the median number of para!
sites or higher were categorized as having high parasite loads "− 2 mites\ range�2Ð
01^ x¹ 2SD�4[12 0[75^ n�02#[ Females were categorized as either parasitized
"presence of one or more mites\ range�0Ð01\ x¹ 2SD�2[12 1[70^ n�26# or
non!parasitized "no visible mites^ n�31#[

Test 0] MaleÐMale Competition

Trials were conducted in Aug[ and Sep[ 0886[ Each male was tested twice\
once in a symmetric contest and once in an asymmetric contest\ with the order of
testing determined randomly[ Symmetric contests were between males within the
same parasite!load category "either both contestants with a low parasite load or
both with a high parasite load#[ Asymmetric contests were between males with
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di}erent levels of parasitism "low vs[ high#[ Because body size in~uences aggression
in this species "Mathis + Britzke 0888#\ males were paired for snout!vent length
"di}erence of ¾ 1mm^ mean di}erence in SVL�9[432 9[003mm# to eliminate
asymmetries in body size[ Due to the small pool of males available for testing\ four
individuals were used as partners for additional males\ and so were tested twice in
one of the conditions[ To maintain statistical independence\ data for these four
individuals were averaged over the two tests[ Each male was fed _ve Drosophila
0 day prior to the setting up of the experimental chambers[ The following day\
males were placed in separate pre!test holding chambers "12×12×1 cm#[ Each
half of the chamber was lined with a separate moist paper towel[ Males were
allowed to establish a territory by marking the chamber with pheromones "e[g[
Mathis 0889# for 5 days and were tested on the 6th day[

The experimental chambers were identical to the pre!test holding chambers[
Immediately prior to each trial\ individuals in each pair of test salamanders were
placed under separate opaque habituation dishes "8 cm diameter\ 0[4 cm depth#\
while half of the paper towel lining from their respective pre!test chambers was
transferred to either side of an experimental chamber[ Any faecal pellets that were
present on the substrate were removed[ Thus\ during testing\ individuals were
exposed to both their own substrate and that of their opponents\ thereby eli!
minating possible e}ects of residency status "Mathis et al[ 0888#[ The position of
the paper towels "left or right side# was determined randomly for each trial[

Once the paper towels were in place\ the salamanders were placed at opposite
ends of the experimental chamber under separate opaque habituation dishes[ Each
male was placed on the paper towel with its own substrate markings[ After 4min\
the habituation dishes were removed simultaneously\ and the behaviour of both
test males was recorded for 19min[

We quanti_ed two patterns of threat behaviour previously described for P[
cinereus by Jaeger "0873# and observed for many other species of plethodontids\
including P[ angusticlavius "Mathis + Britzke 0888#[ {All trunk raised| "ATR# is
considered an aggressive posture\ in which the salamander raises its entire trunk\
head and sometimes tail o} the substrate[ {Biting| is an overt aggressive behaviour
that occurs when one salamander grasps another with its mouth[ In each trial\ we
recorded the total number of bites and the total time spent in ATR for each male[
Use of duration of aggression as a response variable is appropriate for this study
because the {winner| of the contest is determined as the individual that is willing to
persist the longest in the asymmetric war of attrition model "Maynard Smith +
Parker 0865^ Hammerstein + Parker 0871#[

Because each salamander was tested twice "once per treatment#\ data were
analysed using the Wilcoxon matched!pairs signed!ranks test in the following
comparisons] "0# {low| males] symmetrical vs[ asymmetrical contests^ and "1# {high
males|] symmetrical vs[ asymmetrical contests[ Because disputes are predicted to
escalate when the contest is symmetrical "Maynard Smith + Parker 0865#\ we used
one!tailed tests "a�9[94#[ We also performed a post!hoc test to determine whether
males with high parasite loads exhibited overall lower levels of ATR than males
with low parasite loads[ For this test\ we averaged time spent in ATR in asym!
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metrical and symmetrical contests for each male\ and performed a MannÐWhitney
U!test[

Test 1] Foraging Behaviour of Females

Females were fed Drosophila hydei approximately once weekly ad libitum until
tested[ Trials were conducted in Sep[ and Oct[ 0886[ Thus\ all females had a
minimum of 5mo of experience feeding solely on Drosophila in the laboratory
prior to testing[ Each female was tested twice in separate experiments\ once with a
{familiar| prey type "Drosophila# and once with a {novel| prey type "termites]
Reticulitermes#[ Salamanders undoubtedly had experience with termites prior to
capture\ but because this experience occurred at least 5mo prior to the experiment\
we refer to termites as a {novel| prey[ All females were tested in the _rst experiment
with fruit!~ies\ and approximately 2wks later were tested in the second experiment
with termites "x¹ 2SD] 10[972 5[26 days#[

To standardize hunger levels\ each female was fed Drosophila to satiation in
her Petri dish prior to testing[ After 13 h\ all uneaten ~ies were removed[ Ple!
thodontids use chemical cues to detect prey "David + Jaeger 0870#^ thus to remove
possible odours of previous prey items\ salamanders were placed in clean Petri
dishes lined with fresh _lter paper[ Because P[ cinereus feed ine.ciently in unmar!
ked:unfamiliar territories "Jaeger 0870#\ females were allowed to mark a new
territory for 2 days[ On the 3th day\ _ve ~ies were introduced into the Petri dish
via a hole in the centre of its lid[ When a prey item was consumed\ it was immedi!
ately replaced to maintain a constant density of 4 prey items in the testing chamber
at all times[ Females that made no attempt to strike a prey item "47) of Drosophila
trials and 4) of termite trials# were eliminated from the comparisons of latencies
and number of captures[

Each test ran for 09min\ with the following behavioural patterns recorded]
"0# latency to _rst capture\ quanti_ed as time elapsed before the female successfully
consumed a prey item^ "1# total number of prey items consumed\ and "2# total
number of nose!taps "chemosensory behaviour#[ Parasitized and non!parasitized
females were compared using a MannÐWhitney U!test "two!tailed^ a�9[94#[

Results

Test 0] MaleÐMale Competition

For males with low parasite load\ time spent in ATR during symmetrical
contests was not signi_cantly di}erent from that during asymmetrical contests
"Fig[ 0^ T�15\ p× 9[39#[ However\ males with high parasite loads spent sig!
ni_cantly more time in ATR in symmetrical contests than in asymmetrical contests
"Fig[ 0^ T�03\ p�9[94#[ In the post!hoc test\ males with low parasite loads
"n�00# spent signi_cantly more time in ATR "x¹ 2SE�575[62 62[3 s# than
males with high parasite loads "x¹ 2SE�445[82 23[8 s^ U�061\ p³ 9[92#[
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Fig[ 0] Time spent in ATR "aggressive posture# during asymmetrical and symmetrical contests for males
with low parasite loads "{LOW|# and high parasite loads "{HIGH|#[ In symmetrical contests\ the two
males had similar parasite loads[ In asymmetrical contests\ one male had a high parasite load and the
other had a low parasite load[ Bars indicate x¹ ¦ SE^ numbers within bars indicate sample size[ The

asterisk denotes a signi_cant di}erence

Overt aggression in the form of bites was observed only occasionally[ A total
of four bites were recorded over all trials[ Three of the four bites occurred in
symmetrical contests\ but the number of bites was insu.cient for statistical analysis[

Test 1] Foraging Behaviour of Females

In tests with Drosophila\ latency to _rst capture was signi_cantly di}erent
between non!parasitized and parasitized females "Fig[ 1a^ U�179[4\ p�9[904#\
with non!parasitized females consuming their _rst fruit~y approximately 2min
faster than parasitized females[ Neither the total number of ~ies consumed "Fig[ 1b^
U�383\ p× 9[39# nor the total number of nose taps "Fig[ 1c^ U�498\ p× 9[19#
was signi_cantly di}erent between parasitized and non!parasitized females\
although parasitized females tended to consume fewer ~ies and perform fewer
nose!taps than non!parasitized females[

In tests with termites\ there were no signi_cant di}erences between non!
parasitized and parasitized females for any of the behavioural patterns recorded
"Fig[ 1a] U�0037[4\ p× 9[19^ Fig[ 1b] U�0301[4\ p× 9[19^ Fig[ 1c] U�0234\
p× 9[69#\ although the trends were consistent with those seen in the tests with
fruit!~ies[ The proportion of unresponsive females "females that made no attempt
to consume prey# was greater when females were tested with ~ies "47[12)# than
when they were tested with termites "4[02)# "x1 �25[88\ p³ 9[990#[

Discussion

MaleÐMale Competition

For males with low parasite loads "{good condition|#\ levels of aggression were
relatively high regardless of the condition "parasite status# of their opponents[ In
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Fig[ 1] Response of parasitized and non!parasitized females to fruit!~ies "Drosophila# and termites
"Reticulitermes#[ Responses are "a# time to _rst capture\ "b# number of ~ies consumed\ and "c# number
of nose!taps "chemosensory behaviour#[ Bars indicate x¹ ¦ SE^ numbers within bars indicate sample

size[ The asterisk denotes a signi_cant di}erence

contrast\ the level of aggression for males in relatively poor condition "high parasite
load# was generally lower\ but depended on the condition of their opponents[ These
data suggest that high levels of parasitic infestation are associated with decreased
agonistic behaviour in P[ angusticlavius\ and that asymmetries in parasite load may
be used to settle territorial disputes for infested males[

A prediction from game theory is that contests should be settled quickly when
perceived asymmetries between two opponents are large "Maynard Smith + Parker
0865#[ This prediction was supported by results of a previous study "Mathis +
Britzke 0888# in which males of P[ angusticlavius decreased their levels of aggression
when opponents di}ered in body size "an indicator of RHP#[ The results of the
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present study also support this game theory prediction\ but only for males with
high parasite loads[ Males with high parasite loads were more aggressive during
symmetric contests\ where opponents were other highly parasitized males\ than in
asymmetric contests where opponents were males with low parasite loads[ In
contrast\ males with low parasite loads responded aggressively regardless of the
opponent|s parasite load[ Therefore\ a male|s level of aggression may be based on
its own condition\ the condition of the opponent\ or possibly the opponent|s level
of aggression[

In the present study\ males with low parasite loads maintained relatively high
levels of aggression in both symmetric and asymmetric contests\ while males with
high parasite loads exhibited somewhat lower levels of aggression[ Similar results
have been reported for the lizard Sceloporus occidentalis^ males infected with
malarial parasites displayed less often than non!infected males in agonistic encoun!
ters\ presumably by assessing their relative ability to compete in maleÐmale inter!
actions "Schall + Dearing 0876#[ None of the infested males in our study were
noticeably unhealthy[ However\ aggressive displays are likely to be energetically
costly\ and males in poor condition may thus be unable to expend the energy
necessary to maintain the threat posture for prolonged periods[ In one contest\ a
male infested with at least 01 mites "concentrated on front limbs# appeared unable
to maintain the ATR posture[ In a di}erent study with P[ angusticlavius\ larger
males "measured in snout!vent length] SVL# were more aggressive than smaller
males in territorial disputes "Mathis + Britzke 0888#[ This was observed regardless
of the di}erence in relative SVL between opponents\ further supporting the hypoth!
esis that resource holding potential a}ects the level of aggressive displays[

Foraging Behaviour of Females

Despite long!term experience with Drosophila\ parasitized females of P[ angu!
sticlavius took longer to react to the presence of familiar prey than non!parasitized
females[ The increased response time may re~ect an impaired ability to detect or
respond to prey items by infested females\ and may indicate that parasitized females
are inferior foragers[ Attachment of parasites on or near the snout can occlude
the nasolabial grooves "Anthony et al[ 0883# and impair chemosensory function[
However\ the number of nose!taps did not di}er signi_cantly between the two
groups of females\ suggesting that possible e}ects of infestation on this chemo!
sensory behaviour are weak if they occur at all[

The di}erence in foraging behaviour between parasitized and non!parasitized
females was less pronounced when females were tested with the novel prey type
"termites#[ In general\ females consumed termites more readily than fruit!~ies[ In
a di}erent study "Jaeger et al[ 0884#\ males of P[ cinereus also struck more frequently
at termites than ants\ regardless of previous training[ There are several possible
explanations for the observed preference for termites in this study[ Since termites
are high in lipids and low in chitin content "Walls et al[ 0878^ Jaeger 0889^ Gabor
+ Jaeger 0884#\ this food source may be considered a high!quality prey type by
salamanders[ Additionally\ females may bene_t by varying their food types to
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obtain a more nutritionally balanced diet[ A preference for foods that have not
been recently consumed also has been observed in other generalist foragers\ such
as the land hermit crab Coenobita compressus "Thacker 0887#[ Finally\ termites are
less mobile than fruit!~ies\ and may simply be easier to capture[

Although parasitized females responded more slowly to prey items\ the num!
ber of prey items captured and consumed was not signi_cantly di}erent between
the infested and non!infested females[ Similar results have been reported for dace\
Leuciscus leuciscus\ in which the total number of prey consumed also was not
correlated with parasite load\ although infested individuals were less e.cient for!
agers "Crowden + Broom 0879#[ These individuals compensated for decreased
foraging e.ciency by increasing the total time spent feeding[ Other studies likewise
indicate that parasitism can alter host foraging behaviour qualitatively\ for example
by changing choice of food source "Karban + English!Loeb 0886#[

While this altered response time did not a}ect the total number of prey
items captured in our laboratory study\ a delay in attack may have more serious
consequences in nature[ Reduced reaction time could be costly in a complex
environment and where prey are mobile and more likely to escape predators[ The
lack of an e}ect on number of prey captured in our experiment may have been an
artefact of the small size of our testing chambers and the lack of hiding places for
prey[ Furthermore\ in nature\ encounter rates with prey items are low during dry
periods^ thus failure to quickly detect and respond to prey may increase the risk of
starvation[

Conclusions

Among plethodontid salamanders\ asymmetries in body size "Mathis 0889\
0880#\ territorial ownership "Jaeger 0873^ Mathis et al[ 0887#\ resource quality
"Gabor + Jaeger 0884# and resource quantity "Nunes 0877# a}ect levels of agonistic
behaviour[ Our results suggest that infestation by parasitic mites also may mediate
competitive ability[ Furthermore\ decreased foraging e.ciency also was associated
with parasitism[ Negative e}ects on aggression and foraging clearly are correlated
with parasite load\ but the design of our study does not allow determination of
causation[ Parasite load may be only an indirect indicator of other aspects of
condition that may be the direct cause of the negative e}ects[ For example\ indi!
viduals in poor condition may be more susceptible to parasitic infections[ Subtle
alterations in behaviour either directly or indirectly associated with parasitic infes!
tation could compromise an individual|s ability to compete for resources\ resulting
in an overall reduction in _tness[
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