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SUMMARY

Considering that both infection and dominance status can be conveyed through urinary odours and both are thought

to affect mate choice, the present study assessed the role of infection and male dominance status on female mate choice in

arena enclosures. Three male CD-1 mice were simultaneously introduced into each of 4 spatially complex arenas

(3.0r0.6r0.4 m high) for 24 h prior to introduction of 5 females into each arena. During the first mating sequence (i.e.

Mating 1), all 3 males were uninfected. Prior to Mating 2, the dominant male in each arena was infected with 200 L3 of

Heligmosomoides polygyrus (Nematoda). Prior to Mating 3, the dominant male was drug-treated to remove the parasite.

Dominance was assessed by the absence of rump or tail wounds (Freeland, 1981). Females were removed from the arena

when visibly pregnant, and returned for subsequent mating 2 weeks following parturition. Paternity was determined by

microsatellite analysis of each pup. Multi-male mating (i.e. mating with 2 or all 3 males) was a common strategy among

females as littermates were sired by 2 or all 3 males in 64% of the litters. Contrary to expectation, the dominant male did not

sire the majority of offspring in any of the mating sequences, and infection and subsequent drug treatment of the dominant

male did not have a significant impact on female mate choice. In addition to methodological differences in paternity

determination (i.e. DNA analysis versus behavioural observations and/or phenotypic traits), these findings may be further

explained by the spatial complexity of the experimental arenas.

Key words: mate choice, parasites, Heligmosomoides polygyrus, dominance, mice, microsatellite DNA analysis, paternity

testing.

INTRODUCTION

Although the role of parasites in female mate choice

has been addressed in numerous bird and fishmodels

(Clayton, 1991; Zuk, 1992), mammals have been

largely neglected in both experimental and corre-

lational assessments of the impact of parasites on

mate choice. One study examining the effect of para-

sites on murine sexual behaviour demonstrated that

female laboratory mice carrying clinically overt in-

fections with the nematode, Trichinella spiralis, were

less attractive to potential uninfected male mates;

however, the males’ avoidance of infected females

was not a result of active mate choice, rather the

infected females were more aggressive and less re-

ceptive to mating (Edwards & Barnard, 1987). In a

separate study, male mice heavily infected with the

cestode,Taenia crassiceps, displayed sexual inhibition

as shown through amarked decrease in sexual behav-

iours (i.e. mounts, intromissions and ejaculations)

over the course of a 15-week infection (Morales et al.

1996). Considering the energetic cost of repro-

duction incurred by females, it has been argued that

in species such as Mus, where there is little parental

care by themale, the female should be selective in her

choice of mate, choosing the male that will confer the

best genes to her offspring (Krackow & Matuschak,

1991), and recent evidence suggests that odours may

serve as the signal by which females obtain infor-

mation regarding the quality of a male.

The results of several odour preference studies

indicate that female rodents can detect the odour of

an infected conspecific male and that they prefer to

spend more time exploring the odour of an un-

infected male (see Penn & Potts, 1998; Ehman &

Scott, 2001). As rodents and other mammals use

odour as their primary mode of communication

(Bronson, 1979), odour preferences are thought to be

reflective of mate preferences (Egid & Brown, 1989;

Krackow & Matuschak, 1991) ; yet, until recently,

this had remained untested. Ehman & Scott (2002)

found that female odour preferences for the urine of

uninfected males extended to female mate choice for

uninfected males in a controlled setting. CD-1 fe-

male mice demonstrated a significant mate pref-

erence for uninfected males over males subclinically
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infected with the intestinal nematode, Heligmo-

somoides polygyrus. Although this controlled mating

experiment was an important step, tethers prevented

intrasexual interactions and, as such, the impact of

infection relative to behavioural factors (e.g. male

dominance) could not be ascertained.

There exists substantial evidence showing that

dominance status is also conveyed through urinary

odours. Female mice discriminate between the

odours of dominant and subordinate males and

prefer the odours of dominant males (Hurst, 1990;

Drickamer, 1992). As dominance inmice also reflects

ability to defend a territory, females may use both

the quality and perhaps the quantity of scent marks

to assess a male’s territory (Drickamer, 2000). By

choosing a high-quality territory, a female gains

access to territorial resources such as food, and may

further profit indirectly through increased protection

of her offspring if the territorial male protects the

resident females and his presumed offspring from

intruders (Labov, 1980). Moreover, successful

acquisition and maintenance of a high-quality terri-

tory is reflective of overall fitness, thus the male’s

‘good genes’ are passed to the female’s offspring

(Drickamer, 1992). That dominant males, or those

successfully defending territories, achieve the most

copulations within a territory, is widely accepted

based on direct behavioural observations or paternity

assessment using phenotypic characteristics such as

coat colour (DeFries & McClearn, 1970; Oakeshott,

1974; Wolff, 1985; Rolland et al. 2003). Although

subordinate male mice may reside within the terri-

tory of a dominant male, they typically acquire fewer

copulations than the dominant male (DeFries &

McClearn, 1970; Oakeshott, 1974; Wolff, 1985) and,

in some studies, females have been observed actively

refusing to mate with subordinate males (Wolff,

1985; Rolland et al. 2003).

Considering that both infection status and domi-

nance can be conveyed through urinary odours, and

that both are thought to influence female mate choice

in mice, the present study used arena enclosures to

assess the impact of H. polygyrus infection and male

dominance status on mate choice in CD-1 female

mice. Heligmosomoides polygyrus is a naturally oc-

curring trichostrongyloid nematode of small rodents

and has been thoroughly studied in the murine host

(Liu, 1965; Bryant, 1973; Wakelin, 1988; Monroy &

Enriquez, 1992; Scott & Tanguay, 1994). Moreover,

prior work in CD-1 male mice has reported that

H. polygyrus will not alter previously established

dominance relationships (Freeland, 1981). Using 3

males and 5 females in each of 4 arena enclosures

(n=20 females, n=12 males), the experiment was

separated into 3 mating periods, and the following

hypotheses were tested: (1) the dominant male will

sire a higher percentage of offspring than the 2

subordinate males combined when all males are

uninfected (Mating 1); (2) when the dominant male

is infected, females will shift their mate choice to the

uninfected subordinates since females will find

the dominant (infected) male’s scent unattractive

(Mating 2); (3) drug treatment of the dominant

male’s infection will restore the female’s mate pref-

erence to the dominant male and this preference will

be evident in the proportion of offspring sired by

the dominant male (Mating 3). By permitting both

inter-and intrasexual interactions in large laboratory

enclosures, this study served to advance our under-

standing of the relative impact of infection and

dominance on female mate choice in comparison to

earlier, more controlled studies.

MATERIALS AND METHODS

Arena design and conditions

Four arenas (0.3r0.6r0.4 m high) were used to

evaluate female mate choice. A 15 cm high wall

divided the length of the arena into 2 unequal sec-

tions, a small section (3.0r0.6r0.4 m) and a large

section (2.7r0.6r0.4 m); all mice could scale the

divider and move freely through the entire arena.

The small section of the arena contained 1 food tray,

1 water bottle, 2 refuge tubes and 2 nest boxes. The

large section of the arena contained 1 food tray, 1

water bottle, 6 refuge tubes and 4 nest boxes. Refuge

tubes provided escape for both females and sub-

ordinate males. Based on previous studies, an arena

of such size and complexity is sufficient to permit

territory development by the dominant male (see

Hayashi, 1996). Food (Mouse chow 5015, Agri-

brands Canada, Ontario, Canada) and water were

available ad libitum, and the arena floor was covered

with pine shavings. The arenas were maintained

under a 10 : 14 h dark : light cycle (light 0700–2100)

at an ambient temperature of 21 xC. At the start of

the experiment (Mating 1), sexually naı̈ve male and

female CD-1 mice (Charles River, Montréal, Qué-

bec, Canada), 2 months of age (22–35 g), were used.

CD-1 outbred mice were used to ensure adequate

genetic diversity for microsatellite genotyping, and

all individuals originated from different litters.

General protocol

Three males were randomly assigned to each of 4

arenas, and 5 randomly selected females were in-

troduced into each arena 24 h later. Male aggression

was recorded during daily arena inspections. All mice

were marked with picric acid (Aldrich Chemical

Company, Milwaukee, Wisconsin, USA) to relate

observations to individuals. Dominance was defined

as the absence of rump or tail wounds (DeFries &

McClearn, 1970; Freeland, 1981).

Overall, the experiment involved 3 mating se-

quences and the same 3 males and 5 females were

used in each arena (i.e. each female wasmated 3 times
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under 3 different conditions). This design controlled

for the effect of the individual over the 3 treatments

as all males and females gained experience equally. In

Mating 1, all males were uninfected. Once all of the

females were visibly pregnant, they were transferred

to individual clear Nalgene cages (Fisher Scientific,

Montréal, Québec, Canada) to give birth to the first

litter. Fourteen days post-parturition, the pups were

sacrificed. The 3 males in each individual arena were

only removed from the arena during bedding changes

and always remained together so as to not disrupt the

established dominance relationships. Prior toMating

2, the dominant male was infected via oral intubation

with 200 infective larvae (L3) of H. polygyrus

suspended in 25 ml of deionized water. The 2 sub-

ordinate males were sham-infected with 25 ml of

deionized water. Faecal egg counts were conducted

at 2 weeks p.i. to verify infection status and revealed

eggs counts of 31, 54 and 49 (r103) eggs/mouse/day

for dominant males from arenas A, B and C, re-

spectively. The females were reintroduced to their

respective arenas 1 week later. The second mating

sequence began when the males were 21 days p.i. to

be consistent with our prior study (Ehman & Scott,

2002). The females were removed when visibly

pregnant for the second time and the pups were

sacrificed at post-natal day 14. Prior to Mating 3, the

dominant, infected males were treated twice with

an oral suspension (1.6 ml/g body wt) of Pyrantel

Pamoate (230.4 mg/kg) (Pfizer Canada, Inc., Kirk-

land, Québec, Canada), and the other males were

sham-treated with comparable amounts of deionized

water. Two weeks following the initial treatment,

faecal egg counts were conducted to verify the

efficacy of the treatment. None of the infected males

retained the infection. The females were reintro-

duced into their respective arenas 2 weeks later. As

with previous mating sequences, females were re-

moved when visibly pregnant, and all pups were sac-

rificed at post-natal day 14. At this time, all adult

males and females were also sacrificed.

In 3 of the 4 arenas (arenas A, B and C), the

presence of rump and tail wounds on 2 of the males

within 1 or 2 days following the introduction of

the females, revealed that 1 male became dominant,

and remained dominant, while the other 2 males

remained subordinate throughout the study. There

are a number of ways to ascertain dominance, but

male aggressiveness, as demonstrated through fights

and biting, is one of the most well-established

indicators (DeFries & McClearn, 1970; Bronson &

Marsden, 1973; Freeland, 1981; Collins et al. 1997).

Moreover, the rump/tail wound criteria had effec-

tively been used in an earlier study assessing the

impact of H. polygyrus infection on male dominance

in CD-1 mice (Freeland, 1981). In arena D, there

were no noticeable male dominance interactions;

therefore, neither infection nor drug treatment were

imposed. In the subsequent sections, arenas A, B and

C will be referred to as experimental arenas, and

arena D, the control arena.

Microsatellite genotyping

Liver samples were collected from all adults and all

offspring and stored at x20 xC. Subsequently, the

genomic DNA was extracted from the tissue using

conventional phenol–chloroform extraction after

digestion (3–5 h) with proteinase K. The DNA was

resuspended in sterile deionized water (20 ng/ml),
transferred to 96-well plates (Applied Biosystems,

Foster City California, USA) and stored at 4 xC until

use. Each plate contained 85 offspring samples, 8

controls (i.e. parental DNA) and 3 sterile deionized

water blanks.

Microsatellites are polymorphic regions of DNA

containing a repeated nucleotide sequence and are

useful for identification of related individuals

(Strassmann et al. 1996). Nine microsatellite regions

were identified in the parents and gene-specific

primers were designed to amplify these regions (In-

vitrogen Canada Inc., Burlington, Ontario, Canada).

Combinations of the primers were then used for

paternity testing in each arena (Table 1). Each pup

was genotyped using a minimum of 2 different pri-

mer sets to ensure accurate paternity assignment.

In brief, the microsatellite regions were amplified

using the specific primers and paternity was assigned

based on allele size. Each pup receives 1 allele from

the mother and 1 from the father. In this study,

maternity was known; therefore, we only needed to

distinguish among 3 potential fathers in each arena.

Touchdown PCR was carried out in an ABI 9700

thermocycler (Applied Biosystems, Foster City

California, USA) using the following conditions:

10 min at 96 xC, followed by 3 cycles of 30 sec at

94 xC, 30 sec at 60 xC, 1 min at 72 xC; 2 cycles of

30 sec at 94 xC, 30 sec at 59 xC, 1 min at 72 xC; and

35 cycles of 30 sec at 94 xC, 30 sec at 54 xC, 1 min at

72 xC; and a final elongation of 10 min at 72 xC.

ABI 3700 DNA analyses

First, 8.25 ml of Hi-Di formamide and 0.25 ml
of GS400HD size standard (Applied Biosystems,

Foster City California, USA)were added to eachwell

of a 96-well microtitre plate (Applied Biosystems,

Foster City California, USA). Next, 1.3 ml of each
PCR reaction was added to the 96-well plate and the

entire plate was centrifuged for 1 sec to concentrate

reagents on the bottom of each well. Following cen-

trifugation, the samples were denatured at 95 xC for

5 min and immediately placed on ice. Each plate was

then placed in the ABI 3700 automated sequencer

and data collection setup was initiated. Band separ-

ation was obtained by capillary electrophoresis and

detection of fluorescent-labelled fragments occurred

at the end of the capillary elution. Genotyper1
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(Applied Biosystems, Foster City California, USA)

software was used to obtain a graphical represen-

tation of the separation.

Ethical note

The Animal Care Committee at McGill University

approved all experimental procedures. The arenas

were monitored twice daily, specifically checking for

physical wounds to the subordinate males. Although

all subordinate males had minor tail or rump

wounds, the criteria used to separate dominant from

subordinate males, none of the subordinate males

were wounded to the extent that they needed to be

removed from the experiment. The structure of the

arena provided adequate refuge, and behavioural

observations indicated that all of the subordinates

could access food and water. Moreover, all of the

subordinate males gained weight during the exper-

iment, further indicating that they were able to access

the available food.With regards to infection, the dose

of 200 L3 used in this experiment does not cause

physical debilitation and is considered to be a light-

moderate infection level.

Statistical analyses

Repeated measures analysis of variance (ANOVA)

was used to determine if the percentage of offspring/

litter sired by the dominant male differed signifi-

cantly from that sired by each subordinate, as well as

to evaluate the percentage of offspring sired by each

male in the control arena since no dominance re-

lationships were established (between-subject factor:

male).Repeatedmeasureswas also used to analyse the

proportion of offspring sired by the dominant male

over the 3 matings and litter size (between-subject

factor: arena). The effect of parity and number of

fathers on litter size was evaluated using multiple

linear regression, and associations between female

weight and litter size as well as the association be-

tween male weight and number of offspring sired

were evaluated using simple linear regression. In the

experimental arenas, the likelihood that litters were

sired by a single male, the chance that the dominant

male sired a single-sired litter with time, and the

number of copulations that the dominant male was

allowed were assessed using Chi-square analysis. All

proportion data were transformed using arcsine

transformation prior to analysis. SAS (Version 8)

(SAS Institute Inc., Cary,NorthCarolina,USA) and

SigmaStat (Version 2.03) (SPSS Science, Chicago,

Illinois, USA) were used for all statistical com-

putations. In all cases, the level of significance was set

at P<0.05.

RESULTS

Reproductive outcomes

Table 2 presents the descriptive statistics for initial

female weight, male weight at eachmating, litter size,

sex ratios and total number of offspring, as well as the

dominant males’ contribution to reproduction in the

experimental arenas. Overall, there was a significant

increase in litter size over the 3 matings (Repeated

measures ANOVA: F2,30=8.40, P=0.001), whereas

the percentage of male pups/litter remained constant

(Repeated measures ANOVA: F2,26=2.38,P=0.14).

In 3 litters there were no males. Although the sex

ratio inmost instances was approximately 1 : 1, which

is considered to be normal (James, 1996), for un-

identified reasons, at Mating 1 (arenas A and D), 2

litters were substantially male-biased.

Table 1. Specific primers used to genotype parents and progeny from 4 arenas

Primer
name Sequence (5k to 3k) Chromosome

Product size
range (base pairs)

CRP F: AGA ATC TGA CTT ACC CAT GGT 1 116–149
R: GAG GGA GAA GAA TTA TGT CTG

D3Mit49 F: CTT TTC TCG CCC CAC TTT C 3 102–172
R: TCC TTT TAG TTT TTG ATC CTC TGG

D16Mit5 F: CGG GGA TCA TCC CTA AAA AC 16 102–166
R: TCC CCA ATT CCT CTT GTG TC

D17Mit16 F: CCA GAA GAC AGC ATT CCA CA 17 96–130
R: GTA TGT CAG GGC TAG TTG ACA GG

IGH-V F: ACA TGG TAA TTT ATG GGC AA 12 154–199
R: CTG GAT ACC TGC AAT AGT AGA

FAPD F: GTA CTA AAA CGT CTA CAA GTG G 11 90–122
R: GCG GAT ATA TAT GCA GCA GAG

MCKA F: CCA GAC CAT CTG ATC CAG ATC 7 120–140
R: GGA GGT TGC AGT GAA TTC AAG

P19A F: AGC CAG GGC TTG GTA GAG AGA 11 110–121
R: ATG TTT TCT CTC CTG TCT AGC

D13Mit153 F: GCA CGC CAT CAC GTA GTG 13 190–210
R: TAA CAT TTT AAA AAA CTG TGT CTG GG
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Arena D

In arena D, dominance relationships were not estab-

lished among males therefore infection and sub-

sequent drug treatment were not introduced. Of the

15 litters produced throughout the experiment, 12

(80%) were sired by 2 or all 3 males, indicating a high

degree of multi-male mating. Multiple regression

analysis revealed that both parity and the number of

males with which the femalemated were significantly

associated with litter size (Multiple regression:

R2=0.39, F2,12=3.79, P=0.05). Interestingly, when

the mating success of individual males was followed,

one of the males sired a higher percentage of off-

spring (51.0%¡0.6) than either of the other 2

males (17.4%¡4.4, 31.5%¡3.7) (Repeatedmeasures

ANOVA: F2,12=9.53, P=0.003). Moreover, there

was no effect of mating sequence (Repeatedmeasures

ANOVA: F2,24=0.05, P=0.93), nor was there an

interaction of ‘male’ and mating sequence (Repeated

measures ANOVA: F4,24=0.27, P=0.89), indicating

that the contribution of each male was consistent

over time.

Dominance, infection and drug-treatment

In the remaining arenas (A, B and C), 1 male in each

arena became socially dominant thus the impact of

both dominance and infection in relation to female

mate choice were assessed. Using the proportion of

offspring sired at each mating, it was determined that

the dominant male did not sire the majority of off-

spring at any of the 3 mating sequences. There was

no difference in the percentage of pups sired by any

of the 3 males (Repeated measures ANOVA: F2,36=
0.42, P=0.66), nor was there an effect of mating

sequence (Repeated measures ANOVA: F2,72=0.01,

P=0.99) or an interaction (Repeated measures

ANOVA: F2,72=2.15, P=0.09).

Fig. 1 shows the percentage of offspring sired/litter

by the dominant male at each of the 3 mating se-

quences. There was no significant change in the

percentage of pups sired by the dominant male/litter

over the course of the experiment (Repeated

measures ANOVA: F2,22=3.01, P=0.07), nor was

there an arena effect (Repeated measures ANOVA:

F2,11=1.79, P=0.21) ; however, there was a signifi-

cant interaction (Repeated measures ANOVA:

F4,22=3.49, P=0.02), with the univariate statistics

revealing that in Mating 3, arena B, the dominant

male sired significantly fewer offspring (Repeated

measures ANOVA: F2,11=6.68, P=0.01).

Single and multiple-sired litters

Because 2 or 3males sired a large proportion of litters

(i.e. multiple-sired litters), the contribution of the

dominant male to each of the multiple-sired litters

Table 2. Summary of descriptive statistics pertaining to individual arenas at each time-point (Mating 1, 2 or 3)

Variable
Mating
sequence Arena A Arena B Arena C Arena D*

Female wt (g) (mean¡S.E.) 1 26.2¡0.6 25.8¡0.5 26.4¡1.4 26.0¡0.7
Male wt (g) (mean¡S.E.) 1 33.4¡0.8 30.0¡0.6 28.7¡3.3 33.3¡0.9

2 36.7¡0.9 34.5¡1.6 32.9¡2.7 35.5¡2.0
3 40.2¡0.7 38.3¡1.4 36.3¡2.7 37.4¡2.1

Litter size (mean¡S.E.) 1 11.4¡0.7 11.4¡1.1 11.4¡1.2 11.4¡0.7
2 10.8¡1.7 11.8¡1.9 14.0¡0.8 14.6¡1.2
3 13.8¡0.7 15.0¡0.9 14.6¡0.5 14.0¡0.3

Percentage males 1 70.3¡5.1 48.9¡5.8 50.8¡8.9 75.0¡6.9
born/litter (mean¡S.E.) 2 41.2¡3.0 62.7¡5.8 50.0¡3.7 46.8¡8.4

3 57.1¡4.2 48.0¡3.5 49.1¡8.6 51.7¡5.6
Contribution of dominant 1 3; 39% 3; 34% 2; 27% NA
male: no. of litters ; 2 2; 24% 3; 22% 4; 49% NA
% total offspring sired 3 4; 76% 3; 12%# 5; 58% NA

Total no. of offspring
genotyped/no. born

167/178 167/175 192/200 198/200

* No dominance observed.
# 4 of 5 females produced litters.
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Fig. 1. The proportion of offspring/litter sired by the

dominant male at each of the 3 matings: (1) all males

uninfected; (2) dominant male infected; and (3) dominant

male drug-treated.
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was investigated in addition to the overall pattern of

multi-male mating. Fig. 2 depicts the percentage of

litters that were sired by 1 (single-sired), 2 or all 3

males (multiple-sired). In the experimental arenas,

64% of the litters were sired by 2 or all 3 of the males.

Multi-male mating did not vary with time, as the

likelihood that a litter was sired by only 1 male did

not change over the 3 mating sequences (Chi-square

test; x2=0.91, D.F.=2, P=0.64). In addition, the

likelihood that the dominant male fathered a single-

sired litter did not change over the 3 mating

sequences (Chi-square test ; x2=3.56, D.F.=2,

P=0.17). Assuming that if a particular male sired at

least 1 pup in a litter, the female mated with that

male once, the number of copulations in which the

dominant male was a participant was calculated (i.e.

the number of matings in which the female chose to

include the dominant male as one of her mates).

From Mating 1 to Mating 3, there was no change in

the number of copulations that females permitted the

dominant male (Chi-square test ; x2=1.85, D.F.=2,

P=0.40); however, at Mating 3, of the 14 females

that produced litters, all but 2 femalesmated with the

dominant male at least once. Moreover, as in arena

D, multiple regression analysis revealed that both

parity and the number of males with which a female

mated were significantly associated with the number

of offspring produced (Multiple regression: R2=
0.29, F2,56=11.67, P=0.001).

Weight and litter size

Therewas no effect of female weight on the size of the

litter in Mating 1 (Simple linear regression: R2=
0.04, F1,18=0.81, P=0.38). Although female choice

based on male weight could not be assessed since

multiple males sired many of the litters, there was no

reproductive advantage to mating with a heavier

male in any of the 3 mating sequences. There was no

effect of male weight on the number of individual

offspring sired in Matings 1, 2 or 3, thus heavier

males did not sire more offspring (data not shown).

DISCUSSION

We began this experiment with 2 underlying as-

sumptions regarding female mate choice in mice: (1)

dominance and infection are factors contributing to

female mate choice and are conveyed through

odours; and (2) odours are the primary means by

which females select mates. This study followed a

more controlled experiment in which male–male

interactions were prevented, and females chose to

mate with uninfected males over those infected with

a subclinicalH. polygyrus infection. Accordingly, the

primary objective of this experiment was to evaluate

the relative importance of each factor (i.e. dominance

and infection) on female mate choice in a setting

that permitted both scent marking and inter- and

intrasexual interactions.

In 3 of the 4 arenas, behavioural dominance

among males rapidly established and was sustained

throughout the experiment. Yet, counter to expec-

tation, dominant males did not sire the majority of

offspring in any of the 3 mating sequences and

infection of the dominant male (Mating 2) had no

detectable impact on female mate choice. Con-

sequently, the impact of subsequent drug treatment

(Mating 3) could not be clearly assessed. To our

surprise, the majority of the litters were consistently

sired by more than 1 male throughout the study. In

the experimental and control arenas, 64% and 80%

of the litters were multiple-sired, respectively.

Additionally, litter size was found to increase with

female parity and with the number of fathers siring

the litter, but was independent of female weight.

Although it is generally accepted that dominant

male mice acquire the majority of matings, exper-

imental evidence supporting the role of the dominant

male in mate choice is variable and seemingly

dependent on factors such as size and structure of

the testing apparatus (DeFries & McClearn, 1970;

Oakeshott, 1974; Wolff, 1985). In an enclosure

similar in both size structure as those used in the

present experiment, and using the same number of

males and females, Oakeshott (1974) reported that

the socially dominant males fathered 64% of the

litters. Therefore, our discordant results regarding

the role of the dominant male may be reflective

of methodological differences in paternity analysis

rather than arena design. Prior studies that relied

on phenotypic characteristics and/or behavioural

observations to ascertain paternity may have been

inaccurate, specifically in terms of overestimating the

contribution of the dominant male. Recent evidence
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Fig. 2. Percentage of litters sired by 1 (single-sired), 2 or

all 3 males (multiple-sired) at each of the 3 matings. The

overall bar represents the total percentage of litters sired by

1, 2 or all 3 males. The shaded portion represents the

specific contribution of the dominant male to each of the

single- or multiple-sired litters. For example, in Mating 1,

27% (overall bar) of the litters were sired by only 1 male,

and of those single-sired litters, the dominant male was the

single father in 7% (shaded portion). In contrast by the 3rd

mating sequence, the dominant male was the exclusive

father in 30% of the single-sired litters.
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in several species suggests that females often mate in

a concealedmanner thus paternity cannot be inferred

from behavioural observations (Hughes, 1998; Zeh

& Zeh, 2001). In earlier studies, the reproductive

success of the dominant male was reported as the

number of litters, as opposed to number of pups,

sired by the dominant male and multiple-sired litters

were not considered. Because we genotyped indi-

vidual pups (724 pups in total), it is conceivable that

our numbers more accurately reflect the actual con-

tribution of the dominant male. Although differ-

ences in paternity assessment may partially explain

the disparity with respect to the contribution of the

dominant male, it does not offer an explanation as

to why we did not observe a decrease in the repro-

ductive success of the dominant, infected male

(Mating 2).

Considering that both dominance and infection

have an established function in odour determination

(Hurst, 1990; Drickamer, 1992; Penn & Potts, 1998;

Ehman & Scott, 2001), it was surprising to discover

that neither factor prevailed as the basis of female

mate choice in the arena setting. In brief, the struc-

tural complexity in our arenas may have delayed the

ability of dominant males to establish unambigu-

ously scent-marked territories. In complex structures

such as our enclosures, where items are arranged

randomly, or unevenly distributed, dominant males

may have more difficulty excluding other males from

a defended territory (Gray, Plesner-Jensen & Hurst,

2000). In addition to physically defending a territory,

scent marking, which is paramount to territory

establishment (Bronson, 1979), may also be altered

as a result of structural complexity. As such, there

remains the possibility that in our spatially complex

enclosures, the dominant male was unable to clearly

establish boundaries through scent marks; therefore,

females could not distinguish between dominant and

subordinate males despite the fact that there was ap-

parent behavioural dominance. As mentioned above,

it has been well established that information re-

garding infection can be conveyed through odours

(Penn & Potts, 1998; Ehman & Scott, 2001),

including urine, and further, that in a controlled

environment, female mice prefer to mate with un-

infected males (Ehman & Scott, 2002). However, if

scent marks were overlapping, females may not have

been able to clearly identify and avoid mating with

infected males (Mating 2) as they did in the previous,

more controlled, study (Ehman & Scott, 2002). In

the experimental arenas (arenas A, B and C), it is

argued that scent marks indicative of good health or

high-quality (i.e. dominant or uninfected) could not

be discerned, thus females reverted to a strategy of

multi-male mating as indicated by the finding that

64% of the litters were sired by more than 1 male.

We are confident that our arena design permitted

behavioural dominance to be established in 3 of the

4 arenas, as observations revealed that the dominant

male physically defended resources (i.e. food and

water) and frequently attacked subordinate males

(data not shown). The design also allowed sub-

ordinate males to escape attacks from the dominant

male and survive the duration of the experiment. We

are unable to provide an explanation as to why social

dominance did not develop in the control arena

(arena D), but this provided a serendipitous op-

portunity to monitor mate choice in the absence of

behavioural dominance. In the control arena (arena

D), where there was no observable underlying fac-

tor potentially driving female mate choice (i.e.

dominance or infection), 80% of the litters were

multiple-sired, with no change in the pattern of

mating over the 3 mating opportunities. From this, it

was inferred that in a situation where dominance

does not occur, and in the absence of infection,

females will use a multi-male mating strategy. Yet, it

is interesting to note that in arena D, the same male

consistently sired over 50% of the offspring, sug-

gesting that females may be using cues other than the

apparent physical signs of dominance. Perhaps

dominance was established in the absence of physical

aggression and maintained through clear scent marks

thus females were able to make distinctions based

on an unambiguously marked territory. However,

because dominance was ascertained through physical

signs only, this theory remains purely speculative.

Female mice will often leave their territory to

mate with the dominant male of another territory

(Mackintosh, 1970; Potts, Manning & Wakeland,

1991) ; however, we did not expect the female to con-

sistently solicit copulations from all 3 males within

the same territory (arena). In our study, multi-male

mating may have been the ideal strategy for the

females under the provided conditions (i.e. relatively

small enclosure, overlapping scent marks thus indis-

cernible males). If the goal of a female is to ensure

survival of her offspring in a particular environment,

mating with more than one male would not only re-

sult in larger litter size (present study), but could lead

to increased genetic diversity (Yasui, 1998; Wolff &

Macdonald, 2004), as well as paternity confusion,

decreasing the risk of infanticide (Labov, 1980;

Wolff &Macdonald, 2004). With respect toMus, we

are unaware of studies addressing the reproductive

advantages associated with multi-male mating; yet,

in terms of litter size, our results are counter to a

previousfinding inprairie voles,Microtus ochrogaster,

demonstrating that neither litter size nor the prob-

ability of pregnancy were significantly different for

females that mated with 1, 2 or 3 males (Wolff &

Dunlap, 2002).

Regarding general reproductive outcomes, we ex-

plored the possibility that litter size was influenced

by parity and female weight. Consistent with pre-

vious findings, parous females produced larger litters

(Whittingham & Wood, 1983) ; yet, this may not be

a general phenomenon as Scott (1990) found that
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parity was not a factor in female litter size. Further,

though previous findings have shown that larger

mice give birth to larger litters (Roberts, 1981), we

did not find an association between female weight

and size of first litter. We could not assess the role

of male weight on litter size due to the high frequency

of multi-male mating. Prior studies have shown that

heavier males may be more competitive thus their

chances of mating are increased (Gosling et al. 2000) ;

however, if females are responding to odours associ-

ated with a male or his territory, the actual size of the

male may be less relevant. In our study, the number

of pups sired by individual males, in both single- and

multiple-sired litters, was independent of male

weight; heavier males did not sire more offspring.

In summary, to explain why neither dominance

nor infection prevailed as factors of female mate

choice, it was reasoned that the structural complexity

of the arenas prevented behaviourally dominant

males from establishing exclusively marked terri-

tories. As such, females were unable to make deci-

sions based on scent marks indicative of dominance

or infection (arenas A, B and C), and consequently,

used the same strategy (i.e. multi-male mating) as

when no prevailing factor was evident (arena D).

The results of this study evoke questions concern-

ing the role of dominance and infection in mating

systems as well as the impact of the testing environ-

ment. We are not attempting to extrapolate to wild

populations; yet, it is important to acknowledge that

even though infection impacted female choice in a

controlled setting (Ehman & Scott, 2002), this

effect was lost when male–male interactions were

permitted (current study). As such, we believe this

raises important issues regarding the interpretation

of highly controlled behavioural experiments, and

further, highlights the importance of conducting

experiments in more natural settings.

Although molecular techniques have greatly

advanced our understanding of animal behaviour,

the information provided by such methods does not

provide answers to all of our questions. In the current

study, we relied on DNA analysis of the females’

offspring in order to understand female mate choice

over 3 mating sequences. Though genotyping pro-

vided us with accurate paternity, behavioural ob-

servations would have greatly complimented the

molecular data. Future work in this domain should

combine both behavioural measures and molecular

techniques in order to more fully comprehend the

complexity of such systems.
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