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Abstract Macroparasites are commonly aggregated on a small subset of a host popu-

lation. Previous explanations for this aggregation relate to differences in immunocompe-

tence or the degree to which hosts encounter parasites. We propose active tick host choice

through chemical attraction as a potential mechanism leading to aggregated tick burdens.

We test this hypothesis using a Y-maze olfactometer, comparing chemical attraction

responses of larval and nymphal Dermacentor variabilis ticks parasitic to the white-footed

mouse, Peromyscus leucopus, as a function of host sex and host body mass. We hypoth-

esized that larger hosts and male hosts would be most attractive to searching ticks, as these

hosts commonly have higher tick burdens in the field. Chemical attraction trials were run in

the presence and absence of a known tick attractant, host-produced carbon dioxide (CO2).

Male hosts and larger hosts were preferred by nymphal D. variabilis in the presence and

absence of CO2, whereas larvae had no detectable host preference. The current study

suggests that host-produced chemical cues may promote aggregated tick burdens among

hosts of a single species based on host body mass and sex.

Keywords Sex-biased parasitism � Mass-biased parasitism � Y-maze � Kairomones �
American dog tick

Introduction

Parasites, and ticks in particular, can impact host fitness by enhancing mortality in heavily

infected hosts (Musante et al. 2007; Hwang and Kuang 2005). Host preferences are well-

documented (Wells et al. 2012; Nava and Guglielmone 2012) with differences in host

competencies (Kollars et al. 2000), habitat preferences (Campbell and MacKay 1979),

body size (Gallivan and Horak 1997), and/or developmental status (Heylen and Matthysen

2011) cited as causal mechanisms.
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Tick burdens are also aggregated within host populations (Ostfeld et al. 1996), likely

relating to variation in host susceptibility, mediated by differences in host body mass, sex,

genetics, behavior or immune investment (Wilson et al. 2002). Larger individuals and male

hosts commonly have higher macroparasite intensities in field populations (Dallas et al.

2012; Harrison et al. 2009; Kiffner et al. 2011). However, the causal mechanisms

underlying biases in parasitism remain disputed (Krasnov et al. 2012). Traditional expla-

nations of mass-biased parasitism relate to the elevated energetic demands, home range

sizes, and encounter probabilities of larger hosts (Wilson et al. 2002). Whereas many

potential causal mechanisms relate to host behavior, genetics, or immunity, the role of tick

behavior in shaping aggregated tick burdens remains less clear.

As the successful acquisition of a bloodmeal is central to tick survival and reproduction,

the ability to differentiate suitable from unsuitable hosts would provide clear fitness

advantages. For example, larval Ixodes scapularis molting success depends on the host

species being parasitized, providing a direct link between parasite fitness and host pref-

erence (Brunner et al. 2011). Host derivatives such as host odor (Carroll 1999; Crooks and

Randolph 2006; Shaw et al. 2003), feces of sick animals (Bunnell et al. 2011), skin lipids

(Yoder et al. 1998), uric acid (Yoder et al. 2003) and CO2 (Wilson et al. 1972) have been

implicated in increased tick chemical attraction and host differentiation. Although host

cues tend to attract nymphal ticks strongly (Slowik and Lane 2009), evidence for larval tick

attraction is variable, as larval Ixodes hirsti (Oorebeek et al. 2009) and Argas cooleyi

(Howell 1975) exhibit attraction to host cues, but larval I. scapularis and Ixodes pacificus

do not (James and Oliver 1990).

The potential preferential selection of host individuals within a species as a result of

host-produced chemical cues is a largely unexplored research avenue (but see Khokhlova

et al. 2011), and a potential driver of heterogeneous tick burdens observed in field

populations. The white-footed mouse (Peromyscus leucopus) serves as the principal host

for immature (larval and nymphal) D. variabilis (American dog tick) in our study site

(Adair County, MO, USA), harboring a disproportionately high number of ticks relative

to other sympatric host species (Kollars 1996). Our previous work in this system suggests

that D. variabilis intensities on white-footed mice are elevated on larger hosts and male

hosts (Dallas et al. 2012). The current study aimed to address the influence of host-

produced chemical cues on larval and nymphal D. variabilis host preference. To

accomplish this, we first evaluated larval and nymphal D. variabilis attraction towards

white-footed mice versus a control using a two-choice experimental apparatus. After the

presence of chemical attraction was determined, we assessed how host body mass or sex

altered this attraction response, both in the presence and absence of a known host-derived

attractant (respiratory CO2). We predicted that larger mice and male mice would be

preferred by D. variabilis as a result of either the amount of chemical cue produced

(assuming larger hosts produce more chemical cues) or the composition of chemical cues

produced, as males and females vary in chemical cue production (Kimoto et al. 2005,

2007).

Methods

Study organisms

Ticks used in this experiment were larval and nymphal D. variabilis from laboratory

colonies, originating from local field-caught ticks, maintained by Dr. Laura Fielden at
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Truman State University (Kirksville, MO, USA). All D. variabilis were non-fed and sex

ratios were presumed to be equal. Ticks were maintained at 25 �C in an incubator kept at

92.5 % relative humidity (RH) with KNO3 solution (Winston and Bates 1960) and at a

12:12 (light:dark) photoperiod.

White-footed mice were trapped in Adair County, Missouri, and kept in laboratory

colonies, housed in polypropylene cages (28 cm long 9 21 cm wide 9 15 cm high)

covered with stainless steel wire lids, and fed laboratory grade rodent diet #5001 (PMI

Nutritional, Brentwood, MO, USA). All animals were maintained at 21 ± 2 �C and 12:12

(light:dark) photoperiod for at least 2 weeks before choice trials and were handled

according to the American Society of Mammalogists’ standards (Gannon and Sikes 2007).

Experimental design

A Y-maze olfactometer was used to quantify attraction responses (Fig. 1). The experi-

mental apparatus consisted of two 850 ml holding chambers (Qubit Systems) for con-

tainment of two small mammal hosts with laminar airflow at 0.3 L min-1 to each of the

chambers provided by separate air pumps. Air was forced through a column of water

before entering the host chamber in order to keep the relative humidity inside the exper-

imental chambers constant (80 ± 5 %) and to prevent dessication of ticks. A 6 cm length

of Tygon tubing connected the animal chamber to a Pyrex glass Y-maze (4.0 mm inner

diameter). The Y-maze itself had a 4 cm long stem where ticks were introduced and two

8 cm long arms splitting off to each of the two odor sources. In some trials, CO2 was

removed by placing soda lime inserts between the holding chamber and the Y-maze to test

for attraction to the host based on chemical cues other than CO2. Similar structures have

been used extensively to test attraction responses in mites (Gnanvossou et al. 2003), ticks

(Slowik and Lane 2009), eulophid parasitoids (Trexler 1985), fleas (Khokhlova et al. 2011)

and psyllids (Patt and Setamou 2010). Tests of the Y-maze design have demonstrated no

significant difference in chemical attraction response between Y-maze and four-way ol-

factometers (de Kogel et al. 1999).

The Y-maze design allowed for pairwise choice trials. Hosts were given 10 min to

saturate the experimental chamber with odor before trials began. After this period, 10 ticks

Fig. 1 A simplified diagram depicting the Y-maze olfactometer used to test chemical attraction in D.
variabilis. The direction of air flow is indicated by the arrows
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were placed in the end of the Y-maze olfactometer and given 15 min to move towards

either host, a duration based on previous olfactometry studies (Slowik and Lane 2009;

Shaw et al. 1998) and preliminary trials monitoring tick movement at intervals between 5

and 60 minutes. Ticks were selected randomly for each trial and used only once. To

remove the influence of attraction towards a light source, and because larval and nymphal

Dermacentor species are more active at night (Lane et al. 1995; Conlon and Rockett 1982),

all trials were run in the absence of light and within the dark cycle of the 12:12 (light:dark)

photoperiod of D. variabilis. After each trial the chambers were alternated to eliminate

directional bias and the Y-maze was washed with 95 % alcohol, rinsed with deionized

water and dried. Trials in which fewer than five ticks oriented towards either host (i.e.,

those not moving from the stem of the Y-maze) or those with excess condensation in the

Y-maze were not considered in data analysis, as excess condensation could restrict tick

movement. Four replicate trials were conducted for each pairwise combination of possible

host choices with attraction decided by taking the average attraction of the four trials to

obtain a composite attraction measure for the pair.

To test if D. variabilis could differentiate a host from a control, we performed attraction

trials using a primary host (white-footed mouse) and a stone of comparable mass to a

white-footed mouse in order to disrupt laminar airflow through the chamber in a way

similar to a white-footed mouse. The control was rinsed with deionized water and placed in

bedding used in our animal cages (Aspen Shavings, NEPCO). Trials were performed in the

absence of CO2 to eliminate bias not based on host odor. A total of 26 P. leucopus—

control pairs (8 females, 18 males) were examined for D. variabilis nymphal attraction and

11 pairs (5 females, 6 males) were used to examine D. variabilis larvae.

The effect of body mass was tested by comparing large ([24 g) and small (\22 g) pairs

of white-footed mice, the sex being the same, and the effect of sex was tested by comparing

male and female white-footed mice of similar body mass. Body mass was maintained by

feeding large animals ad libitum while small animals were fed 10–12 g per week. A total

of 18 P. leucopus pairs were used to test the effect of host body mass, and 20 pairs to test

the effect of host sex on chemical attraction of D. variabilis. Trials were performed on

these pairs both in the presence and absence of CO2, in order to determine how CO2

influenced nymphal D. variabilis chemical attraction.

Data analyses

Attraction data were based on the results of four attraction trials per host pair, averaged

together to determine tick choice. Binomial exact tests were used to test whether tick

choices differed significantly from no preference (i.e., probability of either host being

chosen is 0.5). These tests were applied to the comparisons of attraction to host over

control and attraction based on host mass or host sex. Binomial exact tests are ideal when

sample size is not large enough to allow for Chi-squared approximation. The influence of

CO2 on the attraction response was examined using Fisher’s exact tests, with the null

hypothesis stating that the relative proportions of tick attraction based on host body mass or

sex do not significantly differ as a result of CO2. In other words, the odds of tick chem-

oattraction in the presence of CO2 divided by the odds of tick attraction in the absence of

CO2 is 1 (i.e., the odds ratio (OR) does not differ significantly from 1). All analyses

were performed in the R statistical computing environment (R Core Team 2012), using an

a-value of 0.05.
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Results

Baseline attraction

Larval ticks exhibited no host preference (e.g. 15 % of attraction trials resulted in choice of

either host) and very little ambulatory response from where they were placed at the start of

the attraction trial. Given the low attraction response, we were unable to accurately assess

the presence of larval tick chemical attraction. As a result, only nymphal D. variabilis were

used to examine host preferences based on host body mass or sex. Host-mediated attraction

responses were observed when comparing nymphal D. variabilis preference between a

control and white-footed mice (Table 1). This response remained when considering male

(p = 0.0002) and female (p = 0.008) hosts separately.

Host body mass and sex as attraction determinants

Nymphal D. variabilis selected male white-footed mice more often than expected by

chance in both the presence and absence of CO2, with 19 and 18 trials resulting in

significant male host preference, respectively. Further, larger mice were preferred over

smaller mice, with 16 and 17 trials out of 18 trials resulting in preference towards the larger

host in both CO2 presence and absence treatments, respectively (Table 1). Host-produced

CO2 did not alter the host preferences towards larger hosts (OR = 2.08, p [ 0.5) or male

hosts (OR = 0.482, p [ 0.5).

Discussion

Larval D. variabilis did not exhibit a preference to white-footed mice based on host-

produced cues. Similar findings of no effect of host odor on larval tick attraction have been

reported for I. hirsti (Oorebeek et al. 2009) and A. cooleyi (Howell 1975), but are counter

Table 1 The results of chemical attraction trials examining tick preferences to white-footed mice over a
control (‘‘baseline’’), towards larger mice (‘‘host body mass’’), and towards males (‘‘host sex’’)

CO2 presence Host Choice CI p

Baseline ? P. leucopus 25 0.80–1.0 \0.001

Control 1

Host body mass ? Large 16 0.65–1.0 \0.001

Small 2

- Large 17 0.73–1.0 \0.001

Small 1

Host sex ? Male 19 0.75–1.0 \0.001

Female 1

- Male 18 0.68–1.0 \0.001

Female 2

The number of successful trials for a given choice is given by ‘‘choice’’. Binomial confidence intervals are
provided around the probability that a trial will result in tick selection of (a) white-footed mice relative to a
control, (b) large hosts over small hosts, and (c) male hosts instead of female hosts. The p values are from
binomial exact tests, providing the probability that the actual proportion of trials resulting in a host pref-
erence does not differ from equiprobable host choice
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reports of larval I. scapularis and I. pacificus attraction to host cues (James and Oliver

1990). Slowik and Lane (2009) suggest that attraction responses observed in larval I.

pacificus, I. jellisoni and D. occidentalis among avian, reptile and rodent hosts in an open

air olfactometer, were random searching behavior as seen in Hyalomma marginatum

(Buczek et al. 1998) as larval ticks have underdeveloped Haller’s organs. The lack of larval

chemoattraction response suggests that other factors (i.e., maternal egg batch placement,

position in leaf litter, etc.) may promote host preferences of larvae, as many larval Ixodids

exhibit host specificity in the field (Kollars 1996; Kollars et al. 2000).

Nymphal D. variabilis actively oriented towards white-footed mice hosts based on sex

and mass in the presence and absence of CO2, preferring males over females and larger mice

over smaller individuals. Proposed explanations of sex-biased parasitism have focused on

differences in behavior and immunocompetence between males and females (Krasnov et al.

2005; Sheridan et al. 2000). The present study suggests that there is a chemical difference

between male and female white-footed mice that nymphal D. variabilis can sense. This

chemical difference may affect the probability of successful host acquisition, enhancing sex-

biased parasitism observed in field studies. Ticks may be adapted to search for hosts on which

they have the highest likelihood of obtaining a successful bloodmeal. As testosterone lowers

immunocompetence in males (Grossman 1985), male hosts are potentially preferred by ticks.

Larger individuals were preferred over smaller individuals, potentially owing to the amount

of chemical cue produced by larger individuals. This result is consistent with field obser-

vations in this study location and system (Dallas et al. 2012) and other study areas (Harrison

et al. 2009). While we acknowledge the possibility that intrinsic differences between hosts in

Y-maze trials may have created moisture gradients or detectable mechanical disturbances,

hosts remained still during experimental trials and trials in which noticeable condensation

were removed from the analysis.

The attraction responses to larger hosts and to males were not affected by the presence

of CO2, suggesting that host-produced chemicals are important tick attractants regardless

of CO2, a documented tick attractant (Steullet and Guerin 1992; Garcia 1962). It is possible

that pheromones and other chemical cues outweigh the influence of CO2 on tick chemical

attraction. However, CO2 may play a larger role at greater distances, as the current

experiment placed ticks in close proximity to hosts, potentially biasing the relative

importance of host cues and CO2.

The significant intraspecific attraction response of D. variabilis to P. leucopus may lead

to the biased parasitism observed in field studies. However, chemical attraction is likely a

single element in a suite of factors responsible for variable tick burdens in wild host

populations. Efforts to quantify differences in home range size, immune profile, and

behavior among individuals of different sex and body mass will provide a more complete

picture of the ecological factors responsible for biases in tick host preferences within a

single host species.
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