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ABSTRACT

SPATIAL ABILITY, DOMINANCE RANK, AND SEXUAL SELECTION AMONG

MEADOW VOLES (MICROTUS PENNSYLVANICUS)

by Mark D. Spritzer

Sexual selection occurs through female choice, scramble competition and contest
competition for mates. | investigated the relative importance of these mechanismsin
determining reproductive success of male meadow voles (Microtus pennsylvanicus).
Spatial ability and dominance rank were measured as traits believed to be selected by
scramble and contest competition, respectively. Spatia ability and dominance rank of
males were determined using water maze and neutral-arenatrials, respectively. Males
that varied in these traits were used for experiments conducted in outdoor enclosures.
Home range size was determined using radio telemetry and trapping. Females were
housed in nest boxes to determine the ability of malesto locate females.

| tested the hypothesis that males with better spatial ability achieve greater
reproductive success. Paternity was determined by amplifying polymorphic loci using
nine microsatellite primers. Males with better spatial ability had larger home ranges and
visited more females, but did not achieve greater reproductive success. Thislatter result
did not seem to be due to atrade-off between mate-searching and mate-guarding abilities.
Dominant males had better spatial-learning ability, and had quicker learning speed, but

did not have better spatial memory than less aggressive subordinates. Spatial-learning



ability was poorest and spatial-learning speed was slowest for males collected during a
peak in population density, suggesting that a mate-searching phenotype may be density
dependent.

| also tested the relative importance of spatial ability and dominance rank in
determining female mating preferences and frequency of visitation to females' nests.
Dominance rank was not correlated with nest visitation or home range size. Males better
at simple spatial learning visited more females, while males better at a spatial-transfer
task ranged widely and visited fewer females. Males with better spatial memory had
smaller ranges and revisited the same females. In alaboratory experiment, females
preferred males with good spatial ability and low dominance rank over males with poor
gpatial ability and high dominance rank. Females showed no preference between males
with good spatial ability and high dominance rank and males with poor spatial ability and
low dominance rank. Both female choice and scramble competition seem to favor males

with better spatial ability.
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GENERAL INTRODUCTION

Sexual Selection

Darwin (1871) defined sexua selection as “the advantage which certain
individuals have over other individuals of the same sex and species, in exclusive relation
to reproduction” (p. 256). Hence, sexual selection acts on heritable physiological,
morphological, and behavioral traits that influence an individual’ s ability to acquire
mates (Andersson 1994; Murphy 1998). Among most species, males compete for
females and females are the more choosy sex apparently because males have alower
parental investment than do females (Trivers 1972; Cunningham & Birkhead 1998).
Darwin (1871) also noted that “in a multitude of cases the males which conquer other
males, do not obtain possession of the females, independently of choice on the part of the
latter” (p. 262). Thus, sexual selection occurs through multiple mechanisms that interact
in complex ways (Bradbury & Davies 1987; Wiley & Poston 1996). My research
focused on three mechanisms of sexual selection: (1) Contest competition involves direct
intrasexua competition and selects for traits that increase an individual’ s ability to deter
rivals from gaining access to mates, such aslarge body size, weaponry, and threat
signas; (2) Scramble competition involves indirect intrasexual competition and selects
for traits that allow individuals to rapidly and accurately locate mates, such as
perceptiveness, mobility, and spatial ability; (3) Mate choice involves one sex choosing
mates based on conspicuous signals, such as coloration, ornaments, song, and olfactory
cues. Although sexual selection is one of the most intensively studied areas in the field

of behavioral ecology, surprisingly little is known about how different mechanisms of



sexual selection contribute to the evolution of traits (Bradbury & Davies 1987; Andersson
1994).

The relationship between contest and scramble competition for matesis poorly
understood. In general, scramble competition favors traits associated with mate
searching and contest competition favors traits associated with mate guarding. Mate
guarding refers to a male associating with afemale for a period longer than the time
needed to transfer sperm, and it usually involves males following, restraining, or
otherwise preventing access to the mated female by other males (Mathews 2002). In
contrast, mate searching involves the active pursuit of new females as mates
(Schwegmeyer 1994). There are costs and benefits associated with both mate guarding
and mate searching (Table 1). The primary benefit of mate guarding isincreased
probability of a successful mating, whereas the primary benefit of mate searching is
increased probability of mating with multiple females. Mate guarding and mate
searching are mutually exclusive behaviors, but the relative use of each of these
behaviors, by individuals or among individuals within populations, is likely to be
optimized by sexual selection (Schwegmeyer & Parker 1987; Y amamura & Tsuji 1989;
Parker 2000). Scramble competition and contest competition may either select for
similar or different male traits, and the direction of selection by scramble and contest
competition may be positively correlated, negatively correlated, or uncorrelated. For
example, amale that is good at mate guarding may not necessarily be good at mate
searching (Schwagmeyer & Woonter 1986).

The relative importance of male-male competition and female choice acting upon

atrait also remainsunclear. In their review, Berglund et al. (1996) found that numerous



traits serve the dual purpose of enhancing competition and attracting mates. This duality
may be because weaponry and inter-male status signals that evolved through contest
competition provide females with honest signals of male quality. Thus, male contest
competition and female choice may act in acomplementary manner upon male traits. In
contrast, some studies have shown that male-male competition and female choice will
often either select for entirely different suites of traits or cause balancing selection upon
the same trait (Moore 1990; Droney 1992; Sorenson & Derrickson 1994; Howard et al.
1997; Cremer & Greenfield 1998; Able 1999; Moore & Moore 1999; Sih et a. 2002).
Therefore, female choice may complement or oppose the effects of male-male

competition upon atrait.

Meadow Voles

Sexual selection among meadow voles (Microtus pennsylvanicus) was the focus
of my research. Meadow voles are rodents belonging to the family Muridae and the
subfamily Arvicolinae (Anderson 1985). Rodents are the most diverse (2052 species)
and geographically widespread group of mammals, and Muridae is the most diverse
family of rodents (1336 species; Walker 1999). With 29 subspecies, meadow voles have
the largest geographic range of any North American vole, with populations throughout
Canada, Alaska, the Midwestern and New England states, and extending as far south as
Georgiaand New Mexico (Koeppl 1985).

The mating system of meadow volesis generally described as promiscuous since
females mate with multiple males, and males mate with multiple females (Getz 1972,

Madison 1980; Dewsbury 1981; Boonstra et a. 1993). There is some evidence, however,



that late in the breeding season males and females live in pairs with males contributing to
the care of offspring (Storey & Snow 1987; Parker et al. 2001; Parker & Lee 2002).
Meadow voles exhibit either induced or spontaneous behavioral estrus that corresponds
with an increasein estradiol levels (Meek & Lee 1993a, b; Fortier et al. 1996). Meek &
Lee (1993b) found that the length of time females were exposed to males prior to
entering behavioral estrus was highly variable, taking from 7 min to 4.5 days, and that
females housed under long day lengths entered estrus quicker than females housed under
short day lengths. This corresponds with field studies that have shown that some females
will breed in the winter, but that breeding generally peaks from May to October and
females within a population tend to breed asynchronously (Hamilton 1941; Beer &
MacLeod 1961; Boonstra & Rodd 1983; Madison et al. 1984; Pugh et al. 1993). Captive
studies have shown that females enter post-partum estrus about 50% of the time (Lee et
a. 1970; Morrison et a. 1976; Dieterich & Preston 1977)

Ovulation isinduced by copulation and occurs 12-18 h after copulation (Lee et al.
1970; Meek & Lee 1994). An increased number of gaculatory seriesincrease the
probability of ovulation and the number of implanted embryos (Gray & Dewsbury 1975;
Gray et a. 1977). The average length of gestation is 21 days with arange of 19 to 22
days (Lee & Horvath 1969). Females reduce their range sizes and activity levels at
parturition (Madison 1978). Pre-implantation and post-implantation mortality are 0.3 and
0.1 ova per pregnancy, respectively (Tamarin, 1977). Exposureto anovel maleresultsin
pre-implantation and post-implantation pregnancy disruption (Storey & Snow 1990;
Storey 1994). Mean litter sizes range from 4.0 to 6.2 (Beer & MacLeod 1961; Dieterich

& Preston 1977; Tamarin 1977). Pups eyes open at 8-9 days of age, and weaning occurs



12-14 days after birth (Lee & Horvath 1969). Males reach sexua maturity after 4.5-5.0
weeks, while females reach sexual maturity after 3.5-5 weeks (Sheridan & Tamarin
1987). Malesare more likely to disperse than females (Boonstra & Rodd 1983; McShea
1990), and the average dispersal distance of males was about twice as far as that of
females (Boonstra et al. 1987). The average reproductive lifespan for males and females
under field conditionsis about 4 weeks and 9 weeks respectively (Sheridan & Tamarin
1988). Sex ratiosin field populations are near 1.1 (Tamarin 1977; Webster & Brooks
1981; Jacquot 1999).

Meadow voles have long been a model system for population ecology (e.g., Krebs
et al. 1969) and they have become a model system for understanding the physiological
basis of facultative changesin behavior (e.g., Parker & Lee 2001; Galeaet al. 2002). |
chose to work with meadow voles for multiple reasons: 1) scramble competition, contest
competition, and female choice had all been previously suggested to occur among
meadow voles, 2) their reproductive biology was well understood, 3) their short life-span
and small size made both laboratory and field experiments feasible, and 4) microsatellite
primers had been previously developed for related species which facilitated paternity

anaysis.

Overview of Chapters

Each chapter iswritten in the format of a manuscript for submission to the journal
Animal Behaviour. Chapter 1 describes two field experiments that tested the hypothesis
that male superiority at spatial tasks among meadow voles is the result of sexual

selection. Specifically, | tested the predictions that: (1) males with better spatial ability



have larger home ranges, (2) males with better spatial ability are better at locating
females, (3) males with better spatial ability obtain greater reproductive success, and (4)
receptive females mate with the first male that they contact. Chapter 2 describes the
results of dominance and spatial ability testing conducted on five batches of males
collected over athree years. The goal of Chapter 2 was to test the hypothesis that mate
guarding and mate searching are alternative reproductive phenotypes of male meadow
voles. | tested the predictionsthat: (1) atrade-off exists between spatial ability and
dominance rank of males, and (2) spatial ability and aggression exhibit density-dependent
changes. Chapter 3 describes another field experiment designed to determine: (1) the
relative importance of spatial ability and dominance rank in determining frequency of
visitation to females' nests, and (2) the relative importance of spatial ability and
dominance rank in determining home range sizes of males. Finally, Chapter 4 describes a
|aboratory experiment designed to determine the relative influence of male spatial ability

and dominance rank upon female preferences.



Table 1. Proposed reproductive tactics of male meadow voles with their respective
benefits. The costs of each reproductive tactic are the converse of benefits for the

other tactic.
Mate-guarding tactic Mate-searching tactic
1. increased likelihood of successful 1. increased number of matings
mating (Schwegmeyer & Woontner 1986)
(Salo & Dewsbury 1995; Parker et a.
2001)
2. increased assurance of paternity 2. increased phenotypic diversity of
(Storey et al. 1995) offspring

(Plante et al. 1991; Penn & Potts 1999)
3. reduced risk of pregnancy disruption 3. reduced risk of infertile mate
(Storey & Snow 1990; Storey 1994, 1996)

4. reduced risk of infanticide
(Thomas 1988; Ebensperger 1998)

5. reduced risk of predation
(Ambrose 1972; Norrdahl & Korpimaki
1998)

6. reduced risk of disease
(Klein & Nelson 1998, 1999)




Chapter 1
INFLUENCE OF SCRAMBLE COMPETITION FOR MATES

UPON THE SPATIAL ABILITY OF MALE MEADOW VOLES

INTRODUCTION

Male competition for mates commonly occurs through direct aggressive
interactions (Andersson 1994). In some species, however, indirect (scramble)
competition may be as important or more important than direct competition in shaping
the evolution of male behavior (Murphy 1998). For example, scramble competition was
more important than male aggression in determining reproductive success among male
thirteen-lined ground squirrels (Schwagmeyer & Woontner 1986). For most species,
however, the importance of scramble competition in determining male reproductive
success remains unknown.

Spatial ability is one of the main traits believed to be selected for by scramble
competition (Gaulin & Hoffman 1988; Schwagmeyer 1994). Spatial ability isacomplex
trait that generally refers to the learning and memory of the position and relationship of
the observer relative to environmental stimuli (Gaulin & Hoffman 1988; Allen 1999).
Good spatia ability has been hypothesized to allow malesto: (1) efficiently navigate
between females, (2) relocate females as they become sexually receptive, and (3) avoid
areas without receptive females (Schwagmeyer 1994). In this study, | tested the
hypothesis that improved male spatial ability has been selected by scramble competition

for mates among meadow voles (Microtus pennsylvanicus).



Meadow vole ranging patterns suggest the potential for scramble competition for
mates. Males have larger home ranges than females, and females show intrasexual
territoriality while males are non-territorial with home ranges that usually overlap
multiple male and femal e ranges (Madison 1980). Two lines of evidence suggest that sex
differences in home range size are the result of males’ searching for mates. First, adult
male meadow voles expand their home ranges during the breeding season, while females
and sexually immature males do not (Webster & Brooks 1981; Boonstra & Rodd 1983;
Gaulin & FitzGerald 1989; Jacquot 1999). Second, males exhibit larger home ranges
than females in promiscuous vole species, while no sex differences in range size occur in
monogamous vole species (Gaulin & FitzGerald 1986, 1988).

Sex differencesin range size correspond with sex differencesin spatial ability
among meadow voles. Reproductively active males outperform females in maze tests,
whereas immature voles show no sex difference in spatial ability (Gaulin & FitzGerald
1986, 1989; Galeaet al. 1994; Kavalierset al. 1998). Asonewould predict if superior
male spatial ability were the product of sexual selection, monogamous pine voles (M.
pinetorum) do not show sex differences in maze performance (Gaulin & FitzGerald
1986). Furthermore, hippocampal volume is sexually dimorphic among meadow voles
but not pine voles (Jacobs et al. 1990; Galea et al. 1999), and the hippocampus is the
primary brain region responsible for the processing of spatial information (O’ Keefe &
Nadel 1978; Redish 1999). The prefrontal and parietal cortex have also been implicated
in spatial cognition, and among reproductively active meadow voles, males show more

dendritic arborization in these brain regions than do females (Kavaliers et al. 1998).



| tested four predictions based on the hypothesis that sex differencesin spatial
ability are the result of sexual selection: (1) males with better spatial ability have larger
home ranges, (2) males with better spatial ability are better at locating females, (3) males
with better spatial ability obtain greater reproductive success, and (4) receptive females
mate with the first male that they contact. Minimal female choosinessis not critical for
the occurrence of scramble competition, but this would give an advantage to males that

are better able to locate females (Schwagmeyer 1988; Able 1999).

METHODS

Collection and Housing

| collected adult meadow voles at Miami University’s Ecology Research Center
(ERC) near Oxford, Ohio. Wild-caught males were used for experimentation to avoid the
detrimental effects of lab rearing upon spatial ability (Wurbel 2001; Schrijver et al.
2002). | established a breeding colony with other animals collected at the ERC as a
source of virgin females for experiments. Pups were weaned at 21 days and housed with
same-sex litter mates for an additional 20-30 days. Adult voles (other than breeding
pairs) were housed singly in polycarbonate cages (18 x 28 x 12 cm) at Miami
University’s animal facility. Voleswere maintained at 21°C on acycle of 14 hlight:10 h
dark (lights on at 0800 hours). Rodent chow (Lab Diet #5013, PMI Nutrition
International, Brentwood, MD) and water were provided ad libitum, and sunflower seeds
and lettuce were provided as weekly supplements. Cotton Nestlets (Ancare, Bellmore,

NY) and dried afalfawere provided for bedding. Reproductive maturity was determined

10



based on body mass ( > 30 g) and conduction of the external genitalia: adult males had

descended testes and adult females had perforate vaginas (Boonstra & Rodd 1983).

Water Maze Testing

The spatial ability of all males used in field experiments was tested using the
Morris water maze (Stewart & Morris 1993). A circular pool (70 cm diameter and 45 cm
height) was filled with water to a depth of 15 cm and divided into four equal quadrants
with string raised above the pool. A 7 cm diameter clear plastic platform submerged 1.5
cm below the surface was used asthe goal. The water temperature averaged 20.0 °C, and
the water was made opague using non-toxic white paint. | taped three white note cards
with black shapes drawn on them at evenly spaced intervals around the edge of the water
maze as salient visual cues. Various objects around the room were kept in consistent
locations during testing as distal visual cues. The observer stood approximately 1 m
away from the site where the vole was released. Because each vole was released at four
different locations around the maze, the observer was not a consistent visual cue. All
trials were video recorded from above.

| followed a four-phase protocol (preliminary, acquisition, transfer, and retention),
and the daily testing sequence of voles was randomized. All inter-trial intervals on the
same day were 45 s, during which each vole was dried off and placed in a holding cage.
During the preliminary phase, each male was introduced into the maze on three
consecutive trials, allowed to swim for 60 s, and then placed on the platform for 15 s.

The preliminary phase was conducted during one day in a separate room from all other

11



testing and the note cards were not in place, so that voles were not learning the task
during this phase.

During the acquisition phase (conducted 24 h after the preliminary phase), |
recorded the time it took each vole to reach the platform (escape latency). For each vole,
the platform was assigned to one of the four randomly chosen quadrants. The platform
remained in the same quadrant for all trialsinvolving a particular vole. Four possible
release sites were designated at equidistant points around the pool. One release site was
set aside for use during the transfer phase. This site was counter-balanced such that half
the voles had arelease site that was closer to the platform than the other half (thiswas
necessary because the platform was offset from the center of the pool). During the
acquisition phase, | tested each vole on three consecutive trials per day for 5 blocks
(days) of trials, such that each vole was introduced into the maze from the three different
release sitesin arandom order each day. | terminated any tria that lasted 60 s by placing
the vole on the platform for 15 s and then removing it from the maze. Similarly,
whenever avole reached the platform, it was alowed to remain there for 15 s before
ending thetrial.

During the transfer phase (conducted 24 h after the last acquisition trial), |
introduced each vole into the maze from the release site not used during the acquisition
phase. Three consecutive trials at the same release site were conducted for each vole
during this phase. Finally, during the retention phase (conducted 24 h after the transfer
phase), the platform was removed from the maze and voles were released into the maze
for 60 s from one of the three release sites used during their acquisition trials. | recorded

the time spent swimming in the quadrant where the platform had been. Path lengths from

12



the release site to the platform were determined from the video recordings for block 5 of
the acquisition trials and for the transfer trials. | traced each path onto acetate and then
used a digital map-reader to determine path length.

My protocol resulted in three measures of spatial ability: (1) acquisition path
length (average path length for block 5 of the acquisition trials), (2) transfer path length
(average path length for the transfer trials), and (3) retention time (time spent in the target
guadrant during the retention trials). Acquisition path length, and transfer path length
provided different measures of spatial-learning ability, whereas retention time provided a
measure of spatial memory. Path length has been commonly used in past studies to
assess gpatial-learning ability, and retention time is a common measure of spatial memory
(D’Hooge & De Deyn 2001). | used both acquisition and transfer path lengths to
measure spatial-learning ability because the transfer test required more complex
navigational ability than did the acquisition test. Namely, performance during the
acquisition trials required only learning asimple “praxic” response to locate the platform,
whereas good performance during the transfer trials required more complex “route”’ or
“locale’ navigation (Redish 1999). To categorize voles based on spatial ability, | used a
composite index: spatial ability score = (acquisition rank + transfer rank + retention
rank) / 3.

| also measured the amount to time voles spent in the outer 50% of the water
maze (within 10 cm of edge) to determine the percentage of time each male spent
thigmotactic during blocks 1 and 5 of the acquisition trials. Past studies have suggested
that high levels of thigmotaxis are indicative of high anxiety and/or low behavioral

flexibility (Pleskachevaet al. 2000; Vyssotski et al. 2002).
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Field Experiments
Experiment 1

This experiment tested the prediction that males with better spatial ability have
larger home ranges. It was conducted at the ERC in four 40 x 40 m enclosures
(Appendix 1) and lasted from August to October 2000. The size of the enclosures was
chosen such that each enclosure was approximately as large as eight female home ranges
(Ostfeld et al. 1988; Jacquot 1999). Each enclosure was bordered by a plastic drift fence
(50 cm high) and a 10 m zone of mowed grass to prevent dispersal (Jacquot 1999). Prior
to the experiment, | removed all small mammals from enclosures. Eight males were
assigned systematically to each of four groups such that the variance in spatial ability
scores was maximized within each group. Each group of males was released into an
enclosure five days after releasing eight adult wild-caught females into each enclosure.
Females were included to ensure natural ranging patterns by males. All animals were
given numbered ear-tags (#1005, National Band and Tag Co., Newport, KY) for
identification.

One week after releasing voles, | began trapping within each enclosureusing a7
x 7 grid of Sherman live traps spaced at 5 m intervals. Trapping was conducted for two
consecutive nights per week to collect males for radio collaring (3.0 g, model SM-1,
AVM Instruments). | weighed the voles prior to collaring to make certain that the collar
was less than 10% of each male’ s body mass (Hamley & Falls 1975; Berteux et al. 1994).
For each male, | used radio telemetry to collect 40 readings at 30 min intervals over five
evenings (1700-2000 hours). | had intended to collect home range data for all 32 males,

but each enclosure exhibited a rapid population decline, similar to that observed in other
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studies (e.g., Boonstra & Rodd 1983; Ims 1987). The total population had declined to
34% of the original density after two weeks and 14% of original after four weeks. Data
were, therefore, collected for 10 males (2, 2, 1, and 5 from the four respective
enclosures). The program Ranges V was used to calculate a 95% convex polygon (range
area excluding outlying 5% of fixes) and maximum range length for each male (Kenward
& Hodder 1996). | pooled the data from the four enclosures due to low sample size, but
this seemed justified considering that there were no significant differences between the
males from the enclosure where five males were tracked and the males from the other
three enclosures in their 95% convex polygons (Mann-Whitney U test: U=20.0, N,=N,=5,

P=0.12) or maximum range length (Mann-Whitney U test: U=13.0, N,=N,=5, P=0.92).

Experiment 2

This experiment tested whether males with good spatial ability locate more
females and achieve greater reproductive success than males with poor spatial ability.
This experiment also tested the prediction that females mate with the first male that they
encounter. | used 80 wild-caught adult male meadow voles for this experiment and |
housed and tested them for spatial ability asin Experiment 1. All animals used for the
field experiment were toe-clipped (1-2 toes) for identification, and the toes were stored in
SET buffer (1% SDS; 5 mM EDTA, pH 8.0; 10 mM Tris/HCI, pH 8.0) for subsequent
DNA extraction.

The field experiment was conducted from July to October 2001 in four enclosures
(described above). Prior to release, the males were ranked for their spatial ability using

the composite index of spatial ability. The 24 highest ranking males (“good” spatial
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ability) and 24 lowest ranking males (“poor” spatial ability) were used for the
experiment. | released six males with good spatial ability and six males with poor spatial
ability into each enclosure. Following a four-day acclimation period and prior to
introducing females into enclosures, | trapped for six days to obtain home range data.
Trapping was continued within enclosures two nights per week throughout the
experiment to update male home ranges and monitor male survivorship.

Eight lab-reared (F1 or F2), virgin females were used for each enclosure. These
females were not closely related to each other or the males. Each female was housed in a
nest box (40 x 40 x 10 cm), which controlled the distribution of females and allowed me
to accurately determine male visitation to females’ nests. Each wooden box had wire
mesh walls and a one-way door that allowed males to enter and mate but prevented voles
from leaving. Eight nest boxes with females were evenly distributed within each
enclosure. Each box was supplied ad libitum with water and the same rodent chow that
volesreceived in the lab aswell as alfalfafor bedding. The sex ratio within each
enclosure was initially male-biased (3 males: 2 females) to ensure that enough males
would survive for data collection following any initial die-off.

To remove the potential confound caused by males entering boxes to obtain food
rather than mates, the enclosures were planted with clover and seven feeding stations
were evenly distributed between the nest boxes and replenished with rodent chow
regularly. | also trained males to enter nest boxes in the laboratory prior to releasing them
into enclosures, to minimize individual differencesin the propensity to enter nest boxes.
All males used in the field experiment had entered a nest box containing afemale twice

during one-hour training trials.
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Each nest box was checked twice daily, approximately one hour after dawn and
one hour before dusk, for the presence of males. Each male found in a nest box was
identified and released at a random grid point within his home range (based on trapping
data). Male visitation to nests was quantified using three measures. (1) total number of
nest-box visits, (2) number of different nest boxes visited, and (3) number of visitsto
each male’s most frequently visited nest box. The experiment ended eight weeks after
the very first male entered a nest box.

The females were checked once per week by palpation for pregnancy, and
pregnant females were brought back to the animal housing facility to rear pups. |
replaced pregnant females 1-2 days prior to parturition with another lab-reared virgin
female to avoid infanticide by males (Storey et al. 1994). In two cases, females gave
birth before they were removed from their nest boxes. Fortunately, visiting males did not
kill the pups, and both females gave birth to a second litter before the experiment ended.
Except where indicated, all analyses of male reproductive success included all four litters

from these two females.

Paternity Analysis

| determined the paternity of pups born during Experiment 2. Tail tips (0.5 cm)
and toe-clippings were collected from all adults prior to release into field enclosures, and
tail tips were collected from all pups at weaning. Tissue was placed in SET buffer (1%
SDS; 5mM EDTA, pH 8.0; 10 mM Tris/HCI, pH 8.0) and digested at room temperature

with proteinase K (0.55 mg/ml final concentration). | extracted the samples twice with
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phenol followed by two extractions with a 24:1 chloroform/isoamyl alcohol solution
(Sambrook et al. 1989).

| screened 35 microsatellite primers devel oped for other vole species (Ishibashi et
a. 1997; Stewart et al. 1998; Ishibashi et a. 1999; Van de Zande et al. 2000). |
optimized the PCR conditions for 28 of these primers that successfully amplified meadow
vole DNA. Nine of these amplified only afraction of the population suggesting the
presence of null aleles (AV1, AV4, AV12, Moel, Moe3, Moe5, Moe7, MSMM1,
MSMM5), seven were monomorphic (AV3, AV7, AV9, AV10, AV1l, MSCRBS6,
MSMM?7), and nine were used for paternity analysis (Table 1).

Each 25 ul reaction mixture consisted of 50-100 ng of template DNA, 2.5 ul 10x
buffer (Promega, Madison, WI), dNTP (0.20 mM each), 0.40 uM primers, and 0.50 U
Tag DNA polymerase (Promega). The concentration of MgCl, used varied among
primers (Table 1). PCR was conducted using the following profile: 94°C (5 min), 35
cycles[94°C (1 min), X°C (1 min), 72°C (1 min)], 72°C (5 min), where the annealing
temperature (X) varied depending on the primer used (Table 1). PCR products with a
molecular ladder ($X174 DNA/Hinf | marker; Promega) were electrophoresed on 8%
acrylamide gelsfor 2.5-4.0 h at 80 volts using a Hoefer SE 250 mini-vertical gel
electrophoresis unit (Amersham Biosciences, Piscataway, NJ). | stained the gelsfor 15
min in ethidium bromide and viewed them under UV light. The size of each band was
determined to within 5 bp using an image analysis program (EagleSight ver. 3.2;
Strategene, La Jolla, CA). The program CERVUS 2.0 was used to cal cul ate observed
heterozygosity, expected heterozygosity, null allele frequencies, and to test for Hardy-

Weinberg equilibrium using the adult experimental voles (Brookfield 1996; Marshall et
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al. 1998). Not all adult females were tested with every primer, resulting in some
variation in sample size (Table 1).

Meadow voles have a 21-day gestation length (Lee & Horvath 1969). However,
to account for any variation in gestation length, | considered all males visiting afemale’s
nest box 19-23 days prior to parturition as potential sires. Paternity for each pup was
assigned by excluding al potential sires except one. If apotential sire did not possess a
non-maternal allele possessed by a pup, then he was excluded as the sire (Appendix 2).
Although | considered one primer sufficient to exclude a potential father, for 53.4% of all
pups exclusion was based on two or more primers. Asshown in Table 1, three alleles
exhibited significant deviation from Hardy-Weinberg equilibrium and two of these also
had relatively high null allele frequencies (AV 14, Moe2). Therefore, the presence of null
alleles was assumed when excluding potential sires with these two loci (Webster et al.

2001).

Statistical Analysis

For all analyses involving escape latencies and path lengths, the values from the
three trials conducted with each vole were averaged. To determineif the voles exhibited
learning during the acquisition phase, changes in escape latency (time to reach the
platform) over the five blocks of acquisition trials and the transfer trials were analyzed
with repeated measures ANOV A (Neter et al. 1996). For thisanalysis, experiment (1 or
2) was used as a between-subjects effect to determine if there were differences between
the voles used in the two experiments. Similarly, | compared the percentage of time

spent thigmotactic during blocks 1 and 5 of the acquisition trials with repeated measures
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ANOVA. Post-hoc comparisons were made using t tests with Bonferroni adjusted P
values. For these analyses the total number of males was 120 (40 from Experiment 1 and
80 from Experiment 2).

For Experiment 1, | compared spatial ability scores and percentage of time
thigmotactic with the two measures of range size (95% convex polygon and maximum
range length) using Spearman rank correlations. | used non-parametric tests for these
analyses because the data did not meet the assumptions of parametric regression (Neter et
al. 1996)

| considered only males that visited at |east one nest box for analyses of the
relationship between nest box visitation and male reproductive success because males not
visiting any nest boxes could not sire litters. ANCOVA wasiinitially used to analyze the
relationship between nest visitation and number of pups or litters sired, but the enclosure
effect was dropped from the model if it was not significant.

Mixed-model ANOVA’swere initially used to analyze relationships between: (1)
gpatial ability and nest visitation, and (2) spatial ability and male reproductive success.
The full model for these analyses included enclosure as a random effect, spatial ability as
afixed effect, and an interaction effect. The model was reduced to at test when both the
enclosure and interaction effects were not significant.

The relationship between number of different nest boxes visited and number of
visits to each male’s most frequently visited nest box was analyzed to determine if there
was a trade-off between these two measures of nest visitation. | used both alinear and
guadratic regression to analyze this relationship, but report only the latter because it

provided a better fit.
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Considering only males used in the field for Experiment 2, repeated measures
ANOVA was used to compare thigmotaxis during blocks 1 and 5 (within-subjects effect)
for good and poor spatial ability voles (between-subjects effect). For comparisons of
thigmotaxis to nest visitation or reproductive success, enclosure was initially included as
arandom factor, but this factor was dropped from the analyses if it was not significant.

The visitation data for Experiment 2 were also analyzed to test female choosiness.
Two adjustments to the dataset were made for these analyses. (1) only thefirst litter was
used for the two females that gave birth to two litters, and (2) the male siring the majority
of the litter was considered the sire for the two cases of multiple paternity. | assumed that
the fertilization occurred on the date nearest to 21 days prior to parturition on which the
sirevisited the dam. | used aone-samplet test to determine if the number of different
males visiting afemale prior to fertilization was significantly greater than one, which is
the expected value if each female was mating with the first male that visited her. For
females that were visited by multiple males prior to fertilization (N = 30), | tested the
hypothesis that the first male visiting a female was the most likely to be the sire. This
was done by comparing the observed frequency of siresthat visited damsin different
order to the expected distribution based on the assumption that females mated at random
with respect to order of male visitation. For example, females visited by two males prior
to fertilization and not having an order preference were expected to mate 50% of the time
with the first visitor and 50% of the time with the second visitor. Expected frequencies
were calculated in asimilar manner for females that were visited by 3-6 males (6 was the
maximum number of males that visited afemale prior to fertilization). For females that

were visited by multiple males prior to fertilization, | also used a paired t test to test the

21



hypothesis that the sire visited the dam more frequently than the average number of visits
made by al other males visiting the dam prior to fertilization.

All statistical tests were conducted using SPSS 11.0, except repeated measures
ANOVA’swhich wererun in SAS (PROC MIXED). One-tailed P values were used to
test a priori predictions that males with better spatial ability visited more nest boxes
overall, visited more different nest boxes, and achieved higher reproductive success than
males with poor spatial ability (Gaulin & FitzGerald 1986). A significance level of

0=0.05 was used for al tests, and all data are presented as X +SE.

Ethical Note

Spatial ability was measured using the Morris water maze, which involved
exposing voles to an aversive stimulus, cold water. | attempted to minimize the amount
of stress that voles experienced by limiting trials to a maximum of 60 s and drying voles
after each trial. The water maze has been previously used extensively with meadow
voles (e.g., Galeaet al. 1995; Kavaliers et al. 1998), and meadow voles are also excellent
swimmers (Dagg & Windsor 1972).

For Experiment 2, two toes were clipped from each male and one or two toes
were clipped from each female for identification. | used ear-tags to mark voles for
Experiment 1 but found that voles often ripped out their tagsin thefield. Toe-clippingis
commonly used for field studiesinvolving voles (e.g., Jacquot 1999; Cochran & Solomon
2000; McGuire et a. 2002), and studies have shown that toe-clipping has no effect upon
the survivorship and body weight of small mammals (Ambrose 1972; Korn 1987; Wood

& Slade 1990; Braude & Ciszek 1998). In particular, clipping two toes, asin my study,
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was found to have no impact upon the survivorship of male meadow voles (Pavone &
Boonstra 1985). In my study, survivorship was higher for voles used in Experiment 2
than for those used in Experiment 1, suggesting that toe-clipping did not have detrimental
effects relative to ear-tagging. Meadow voles also seldom burrow, building their nests

out of surface vegetation (Weilert & Shump 1977, personal observations).

RESULTS

Considering escape latencies during the acquisition and transfer trials, there was
not asignificant experiment x block interaction (Fig. 1a; Fsgs=1.92, P=0.090). Volesin
both experiments exhibited differences in escape latency between blocks (block effect:
Fs56—103.83, P <0.0005), but escape |atencies were not significantly different between
Experiments 1 and 2 (F, ,,,=0.089, P=0.77). Post hoc comparisons revealed that earlier
blocks had significantly longer escape latencies than later blocks (all P < 0.02) except
blocks 3 versus 4 (P=0.091) and block 5 versus the transfer trials (P >0.999). For
percentage of time spent thigmotactic, the experiment x block interaction was not
significant (F,,,=1.93, P=0.17), and the overall percentage of time thigmotactic was not
different between experiments (F, ;,,=3.20, P=0.76). Malesin both experiments
exhibited a significant reduction in the percentage of time thigmotactic between blocks 1
and 5 of the acquisition trials (Fig. 1b; F, ;,,=219.7, P<0.0005). Hence, the males used
for the two experiments exhibited similar learning ability making the results of the two

experiments comparable.
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Experiment 1

Voles with better spatial ability had larger home ranges as measured by 95%
convex polygons (Fig. 2; Spearman rank correlation: r¢=0.73, N=10, P=0.017).
Maximum range length was not significantly correlated with spatial ability, athough the
relationship was positive (Spearman rank correlation: r¢=0.47, N=10, P=0.17).
Percentage of time thigmotactic during the final block of the acquisition trials was not
correlated with either 95% polygon size (Spearman rank correlation: rs=-0.46, N=10,

P=0.19) or maximum range length (Spearman rank correlation: rs=-0.13, N=10, P=0.73).

Experiment 2

Thefirst male entered a nest box 12 days after the females were introduced into
the enclosures. During the 3584 box checks, 1497 instances of male visitation to nest
boxes occurred. Of the males that entered nest boxes (N=33), the average latency to enter
anest box after the first male entered a nest box was 10.3+9.1 days. Therefore, 10 days
was used as the minimum amount of time that males had to be present within the
enclosures (captured in nest boxes or grid traps) to be considered for further data
analyses. Thisresulted in the exclusion of 6 males. Fortunately, the experiment
remained fairly balanced without these males (22 good spatial ability males, 20 poor
gpatial ability males). Four males (2 good spatial ability, 2 poor spatial ability)

disappeared after the 10-day cutoff, and were therefore included in data analyses.
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Spatial ability and nest visitation

A larger percentage of males with good spatial ability (95%) than males with poor
spatial ability (59%) entered at least one nest box (x’=7.44, P<0.01). Maeswith good
gpatial ability were not, however, more likely than males with poor spatial ability to be
thefirst maleto visit anest box: 53.1% of nest boxes were visited first by males with
good spatial ability (Binomial test: P=0.86). Maleswith good spatial ability visited
more different nest boxes than males with poor spatia ability, suggesting that males with
better spatial ability were better at locating multiple females (Fig. 3a; t,,=1.80, one-tailed
P=0.039). Maeswith good spatial ability also had a greater total number of nest-box
visits than males with poor spatial ability, although the relationship was only marginally
significant (t,,=1.64, one-tailed P=0.054).

Males with good spatial ability had more visitsto their most frequently visited
nest boxes, suggesting that they were better able to relocate nests (Fig. 3b; Spatial ability:
F.5=18.87, P=0.017; Enclosure: F;;=9.73, P=0.047; Spatial ability x Enclosure:
F33=0.11, P=0.95). However, males with good spatial ability were not more likely than
males with poor spatial ability to be the most frequent visitor to a nest box: only 50.0%
of nest boxes were visited most frequently by males with good spatial ability. Number of
visits to the most frequently visited nest box and number of different nest boxes visited
showed a curvilinear relationship (Fig. 4; Quadratic regression: r*=0.41, F,4,=13.30,
P<0.00005). Theleft side of this curve includes males that made few nest box visits, the
right side of this curve includes males that visited many different nest boxes but visited
individual nest boxes relatively infrequently, and males at the peak of the curve

maximized the number of visits per female.
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Nest visitation and reproductive success

The 55 litters born during the experiment were fairly evenly distributed among the
four enclosures (Ns=10, 14, 15, 16). Average litter size was 4.9+0.20 pups. For 16
litters, the dam had escaped from her nest box during the fertilization period (19-23 days
before parturition). These litters were excluded from analysis because females had
increased opportunity to choose mates while outside of the nest boxes. One additional
litter was not used for analyses because both of the potential sires were excluded using
microsatellites, suggesting that either the female escaped from the nest box and returned
before | noticed her absence or an unidentified male entered the nest box to mate and
escaped prior to identification. For 12 litters, paternity was determined based on male
visitation alone, and for 26 more litters paternity was assigned using microsatellites.
These 38 litters (185 pups) were used for analyses of male reproductive success. Two
(5.3%) of these litters exhibited multiple paternity, with two different males siring part of
each litter.

Nest box visitation was a good predictor of male reproductive success.
Considering only males that made at least one visit to a nest box, males that made more
nest box visits sired more litters (Fig. 5a; r°=0.36, F, 3,=16.95, P<0.0005) and more pups
(r*=0.35; F, ;,=16.06; P<0.0005). Males that visited more different nest boxes also sired
more pups (ANCOVA, Different nest boxes visited: $=0.67; F,,;=9.67, P=0.004;

Enclosure: F,,,=3.17, P=004) but not more litters (Fig. 5b; r*=0.06, F, ;,=1.89, P=0.18).
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Spatial ability and reproductive success

The overall percentages of good and poor spatial ability malesthat sired at least
one litter (55.0% and 45.5%, respectively) were not significantly different (x*=0.091,
NS). Although maleswith good spatial ability sired more litters than males with poor
gpatial ability (good: 1.00+0.29, poor: 0.82+0.26), the relationship was not statistically
significant (t,,=0.47, one-tailed P=0.32). Similarly, males with good spatial ability sired
more pups than males with poor spatial ability (good: 4.85+1.41, poor: 4.00+1.37), but
the difference was not statistically significant (t,,=0.43, one-tailed P=0.34). Some males
sired multiple litters in the same nest box, but there was no significant difference in the
number of different nest boxes where males with good or poor spatial ability sired litters
(t,,=0.68, one-tailed P=0.25). However, a male with good spatial ability was the only

maleto sirelittersin four different nest boxes, the maximum for any male.

Thigmotaxis

Considering only the voles used for Experiment 2, males with good spatial ability
were | ess thigmotactic than males with poor spatial ability (F, ,,=21.51, P <0.0001), and
males were less thigmotactic during block 5 than block 1 of the acquisition trials
(Repeated measures ANOVA: F,,=81.06, P<0.0001). Therewas also anearly
significant block x spatial ability interaction (F, ,,~3.89, P=0.056), which suggests that
during the acquisition phase males with good spatial ability reduced their level of
thigmotaxis to a greater degree than did males with poor spatial ability males. Post-hoc

tests revealed that males with poor spatial ability showed more thigmotaxis than males
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with good spatial ability during both block 1 (t,,=2.96, adjusted P=0.042) and block 5
(t,,=4.99, adjusted P<0.0001).

Males that were less thigmotactic during the final block of acquisition trials made
more visits to their most frequently visited nest boxes (Fig. 6; r*=0.14, F, ,,=6.64,
P=0.014). Malesthat were less thigmotactic also tended to have a greater total number of
nest-box visits, but the relationship was only marginally significant (r>=0.090, F, ,,=3.95,
P=0.054). | found no relationship between percentage of time thigmotactic and number
of different nest boxes visited (r*=0.023, F, ,=0.93, P=0.34). There was also no
relationship between thigmotaxis and number of litters sired (r*=0.029, F,,=1.19,

P=0.28) or number of pups sired (r*=0.020, F, ;,=0.83, P=0.37).

Female choosiness

Females were visited multiple times prior to fertilization (13.4+1.7 visits, N=36).
Females were also visited by more than one male prior to fertilization (2.5+0.2 males;
one-samplet test: t,.=7.19, P<0.0005). Thefirst maleto visit afemale fertilized only
50% (N=18) of all litters. For females that were visited by multiple males prior to
fertilization, the percentage of litters sired by males that visited in different order was not
significantly different from a distribution based on random female choice (Fig. 7;
%5=6.53, 0.05<P<0.1). For females visited by multiple males prior to fertilization, the
sire visited the female significantly more often than other male visitors (sire: 7.6+1.7

visits, other males: 3.7+0.4; Paired t test: t,,=2.22, P=0.034).
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DISCUSSION

My results provide some support for the hypothesis that male superiority at spatial
tasks isthe result of scramble competition for mates. | found that males with better
gpatial ability had larger home ranges (95% convex polygons). | also found that males
with better spatial ability visited more different nest boxes and made more visits to their
most frequently visited nest boxes. My paternity results did not support the prediction
that males with better spatial ability would obtain greater reproductive success. My data
also did not support the prediction that females would mate with the first male that they
encountered. Females were more likely to mate with males that visited them more

frequently.

Spatial Ability and Range Size

| found a positive correlation between spatial ability and home range size among
male meadow voles, which supports the hypothesis that spatial ability isasexually
selected trait (Gaulin & FitzGerald 1986). In aprevious study at my study site, Jacquot
(1999) found that male meadow voles had larger home ranges than females during the
breeding season and that each femal€e’ s range was overlapped by multiple males.
Madison (1980) showed that males are attracted to the home ranges of females when they
enter post-partum estrus. Male meadow voles also have larger ranges than females,
whereas monogamous pine voles (M. pinetorum) have no sex differencesin range size
(Gaulin & FitzGerald 1986). These observations suggest that better spatial ability allows
males in promiscuous species to navigate better through large areas in search of mates

(Gaulin & Fitzgerald 1986).
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Spatial Ability and Nest Visitation

The primary benefit of better spatial ability among male meadow voles appears to
be the ability to relocate females' nests. Maleswith better spatial ability visited their
most frequently visited nest box more often than did males with poor spatial ability.
Malesthat are better able to relocate a female may be better able to prevent other males
from mating with her and better able to induce estrus (Storey et al. 1995; Meek & Lee
19934, b). Males with better spatial ability also visited more different nest boxes
suggesting that another benefit of good spatial ability may be that it helps males to locate
more different females. If amaleisableto sire litters with multiple females, he would
not only gain an increase in the number of pups sired, but also any other benefits of
multiple mating. One potential benefit would be producing offspring with more variable
genotypes, which would potentially increase the probability of some offspring surviving
in spatially and/or temporally variable environments (Petrie & Kempenaers 1998;
Jennions & Petrie 2000; Stockley 2003).

There appears to have been an opportunity cost for males that visited multiple
females because they did not visit any one female frequently. This trade-off could
potentially lead to the evolution of alternative male reproductive tactics, specifically a
mate-guarding tactic and a mate-searching tactic (Brockmann 2001; Sinervo 2001).
Assuming that frequency of visitation to the most frequently visited nest box isindicative
of mate guarding, males with poor spatial ability did not show a higher level of mate
guarding than males with good spatial ability. Therefore, mate guarding behavior does

not seem to be associated with poor spatial ability. | was somewhat surprised to find that
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some of the males with good spatial ability persistently visited the same nest box,
suggesting that they were guarding their mates. Factors other than amale’' s spatial
ability, such as female receptivity and the relative dominance rank of neighboring males,
are likely to influence the amount of time that a male devotes to each female. Besides
opportunity costs, other costs which could influence the number of nests amale visits
include increased risk of predation (Ambrose 1972; Norrdahl & Korpimaki 1998),
increased risk of conflicts with other males, and increased exposure to sexually
transmitted diseases (Kokko et al. 2002).

A larger proportion of good than poor spatial ability males entered nest boxes.
The results of Experiment 1 suggest that some males with poor spatial ability have
relatively small home ranges. The smallest home range measured was 72 m?, and each
enclosure was 1600 m?. Therefore, some males with poor spatial ability in Experiment 2
may have never encountered a nest box. Males with poor spatial ability may have a'so
been slow to relocate nest boxes and were therefore more likely to encounter nest boxes
aready occupied by other males. Males with good spatial ability may have inhibited
males with poor spatial ability from interacting with females. Thisideais supported by
the fact that relatively few observations of male visitation involved multiple malesin the
same nest box (only 9.8% of observations). Thus, males with poor spatial ability may
have avoided costly agonistic encounters by not entering nest boxes (Turner & Iverson
1973; Rose 1979). Previous evidence suggests that male meadow voles establish stable
dominance hierarchies and that subordinates actively avoid interacting with dominant

individuals (Caplis 1978; Boonstra & Rodd 1983). Males may have also used scent
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marks on the runways near nest boxes to inhibit other males from entering (Johnston et

a. 19974, b; Lugue-Larenaet al. 2001).

Spatial Ability and Reproductive Success

Males with a greater total number of nest box visits achieved greater reproductive
success as measured by the number of litters and pups sired. However, males that visited
more different nest boxes did not sire more litters. These results suggest that males
gained reproductive benefits by visiting particular females multiple times. There may be
an optimal level of visitation per nest that allows males to maximize their reproductive
success. Multiple visits to the same female may facilitate mate guarding, induction of
estrus, and maintenance of pregnancy (Mallory & Clulow 1977; Taylor et al. 1992; Meek
& Lee 1993; Storey 1994, 1996). In alaboratory experiment, males engaging in post-
copulatory mate guarding achieved greater reproductive success than males that did not
guard their mates (Storey et al. 1995).

It was surprising to find that males with better spatial ability did not sire more
offspring because males that visited more nest boxes sired more offspring and males with
better spatial ability visited more nest boxes. Males with poor spatial ability were clearly
at areproductive disadvantage in that arelatively large proportion of them did not visit
any nest boxes. However, some males with poor spatia ability sired multiplelitters. In
particular, two males with poor spatial ability sired four litters each, the maximum
number of litters sired by any male and 44.4% of al litters sired by males with poor

spatial ability.
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Female meadow voles often require induction of behavioral estrus through
prolonged exposure to amale (Meek & Lee 19933, b). Even after afemale has entered
estrus, some females require repeated bouts of copulation to induce ovulation and insure
successful implantation (Lee et al. 1970; Gary et . 1977; Meek & Lee 1993a).
Although | attempted to minimize the influence of female choice in my study by housing
femalesin nest boxes, females may have still successfully avoided mating with
undesirable males. Meek & Lee (1993b) demonstrated that the addition of asmall
container into cages was sufficient to increase mating latency. | commonly observed
females hiding behind food dishes and water bottles, which may have been attemptsto
avoid unwanted matings. Females may also obtain benefits by mating with multiple
males. Berteaux et al. (1999) demonstrated that female meadow voles preferentially mate
with multiple males rather than one, and Boonstra et al. (1993) documented multiple
paternity under field conditions. Many hypotheses have been proposed for why females
mate with multiple males (Ebensperger 1998; Petrie & Kempenaers 1998; Jennions &
Petrie 2000; Stockley 2003). Regardless of the function, multiple mating by females
could reduce the benefits of good spatial ability among males.

Although females seemed to mate at random with respect to the order of male
visitation, males that visited particular females more frequently gained a reproductive
advantage. This may have occurred because frequent visits to afemale increased the
probability of encountering afemale after estrus had been induced. Females may have
also preferred to mate with males that they were more familiar with, as demonstrated by
captive studies (Salo & Dewsbury 1995; Parker et al. 2001). Males with good spatial

ability were not more likely than males with poor spatial ability to be the most frequent
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visitor to a particular nest box. Therefore, female preference for familiar males may have
also reduced the benefits of good spatial ability among males.

Removing males from nest boxes twice per day could also explain why males
with poor spatial ability achieved some matings. Meek & Lee (1993b) found that
females housed under long day length, asin my study, required an average of 13.4 hr of
exposure to males before mating occurred. Because | removed males from nest boxes
every 12 hours, at least two visits to the same nest box were probably necessary to induce
estrus for some females. Maleswith good spatial ability visited more different nest boxes
than did males with poor spatial ability, and therefore they may have been more likely to
visit adifferent nest box after inducing estrusin a particular female. Some males with
poor spatial ability may have opportunistically mated with females that had been induced
into behavioral estrus by males with good spatial ability. Furthermore, housing malesin
nest boxes for as much as 12 hr could have prevented males with good spatial ability
from visiting as many females as they might have if they had not been restrained. Hence,
restraining males in nest boxes may have created a disadvantage for males with good
gpatial ability by preventing them from optimizing the amount of time spent with each
female.

In spite of the possible problems with using the nest boxes, they allowed meto
collect extensive data on nest visitation that would have been difficult to obtain by any
other means. Another method used to determine rates of nest visitation among voles
involves setting traps around natural female nests (Solomon & Jacquot 2002). The main
disadvantages of this method are that males can avoid the traps to get in and out of

female nests, and males captured in traps may have just been passing by afemale’s nest



rather than visiting it. My nest boxes a'so mimicked more natural field conditionsin
which females establish evenly distributed territories and male home ranges overlap the
ranges of multiple females (Madison 1980; Ostfeld et a. 1988; Jacquot 1999). Female
nest boxes were visited by an average of 2.5 males prior to fertilization, which is similar
to the number of males that overlap female home ranges under more natural conditions
(Madison 1980; Jacquot 1999).

In addition to sexual selection, numerous alternative hypotheses have been
proposed to explain sex differencesin spatial ability (Sherry & Hampson 1997). Two are
relevant to meadow voles: (1) the “dispersal hypothesis’, and (2) the “fertility and
parental care hypothesis’. The dispersal hypothesis suggests that in species with sex-
biased dispersal, selection will favor better spatial ability in the sex that disperses further.
In support of this hypothesis, some studies have documented male-biased dispersal
among meadow voles (Boonstra& Rodd 1983; McShea 1990). The fertility and parental
care hypothesis suggests that female reproductive success is enhanced by reduced
mobility and spatial ability during the breeding season. This hypothesisis supported by
studies showing that spatial ability of female meadow voles deceases during the breeding
season due to increased estradiol levels (Galeaet al. 1995, 1999; Galea & McEwen 1999;
Ormerod & Galea2001). Also in support of this hypothesis, female reproductive success
and home range size are negatively correlated (Ostfeld et a. 1988; Sheridan & Tamarin
1988). Females do not show a decrease in range size during the breeding season
(Webster & Brooks 1981; Gualin & FitzGerald 1989), but they do exhibit a more subtle
decrease in activity near parturition (Madison 1978). However, neither of these

alternative hypotheses explains the increase in males’ home ranges during the breeding

35



season (Webster & Brooks 1981; Gaulin & FitzGerald 1989; Jacquot 1999). Itislikely
that a combination of selective pressures, including sexual selection, have shaped sex
differencesin spatial ability among meadow voles. The relative importance of these
selective pressures remains to be tested.

In summary, my experiments provided some support for the hypothesis that
scramble competition for mates selects for males with better spatial ability. As predicted,
males with good spatial ability had larger home ranges and visited more nest boxes than
males with poor spatial ability. Malesthat successfully sired offspring visited their mate
more often than did other males. In contrast, males that visited more different females
did not achieve greater reproductive success. Therefore, the primary reproductive
advantage of good spatial ability appears to be the ability to relocate a particular female
rather than locating multiple females. However, males with better spatial ability did not
achieve greater reproductive success. Thisresult may be due, in part, to experimental
artifacts created by the nest boxes. Female preferences for mating with multiple males

may have aso reduced the reproductive success of males with good spatial ability.
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Table 1. Characteristics of microsatellite primers used for paternity analysis including observed heterozygosity (H,), expected
heterozygosity (Hg) and null allele frequency (r).

Locus No. N Allderange T,(°C) MgCl, Ho He p* r Reference
aleles (bp) (mM)

AV13 8 72 153-201 53 2.0 061 078 NS 012 Stewartetal. 1998
AV14 11 72 165-218 55 20 065 087 <0.01 0.14 Stewartetal. 1998
AV15 10 65 182-253 55 2.0 082 0838 NS 0.04 Stewartetal. 1998
Moe2 7 72 158-195 62 15 058 082 <0001 017 VandeZandeetal.2000
Moed 2 74 123-142 59 15 028 033 NS 0.08 VandeZandeet a. 2000
MSCRB5 5 69 129-163 58 15 065 075 NS 0.06 Ishibashi et al. 1997
MSMM2 11 70 170-254 57 15 079 087 <0.01 0.05 Ishibashi et a. 1999
MSMM3 7 73 102-146 55 15 069 085 NS 0.10  Ishibashi et a. 1999
MSMM6 2 73 156-183 65 2.0 032 035 NS 0.05 Ishibashi et a. 1999

* Significance of deviation from Hardy-Weinberg equilibrium based on Chi-sgquare goodness-of-fit test
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Figure 1. (@) Escape latenciesto reach the platform over five blocks of water maze
acquisition trials and the transfer trials for males used during Experiments 1 and 2. (b)
Percentage of time spent in thigmotaxis (swimming in outer 50% of water maze) during
blocks 1 and 5 of the acquisition trials during Experiments 1 and 2. All values are shown
as X*SE.
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Figure 2. Relationship between home range sizes (95% convex polygons) and spatia
ability scores of males. Vaueswere ranked for Spearman correlation (see text).
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Figure 3. Frequency histograms for (a) number of different nest boxes visited and (b)
number of visitsto the most frequently visited nest box by males with good and poor
spatia ability.
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females mated at random with respect to the order of male visitation to nest boxes.
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Chapter 2
THE RELATIONSHIP BETWEEN DOMINANCE RANK AND SPATIAL ABILITY
AMONG MALE MEADOW VOLES:

EVIDENCE FOR ALTERNATIVE REPRODUCTIVE PHENOTY PES?

INTRODUCTION

Alternative male reproductive phenotypes (strategies or tactics) are acommon
feature in awide range of animal taxa (Arak 1984; Dominey 1984; Gross 1996;
Brockmann 2001; Sinervo 2001a). Negative frequency-dependent selection is believed
to be the primary mechanism maintaining alternative strategies in populations
(Brockmann 2001; Sinervo 2001a). Within a population, the strategies that individuals
exhibit might be obligatory for their entire adult lifetime, and such strategies could be
maintained in a population if they have equal reproductive payoffs under equilibrium
conditions (Arak 1984; Brockmann 2001). In contrast, alternative reproductive tactics
may have unequal reproductive payoffs (Arak 1984; Brockmann 2001), with individuals
switching from one tactic to the other depending upon their internal condition (i.e., age or
health). In this case, selection will result in an evolutionarily stable switch point that
dictates the conditions under which an individual should switch tactics (Gross 1996;
Brockmann 2001).

| previously found that male meadow voles with good spatial ability did not have
higher reproductive success than males with poor spatial ability even though they were
visiting more different females’ nests (Chapter 1). This suggested that males with good

gpatial ability engaged in a mate-searching strategy while other males may have engaged
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in amate-guarding strategy and that the reproductive success of males engaged in these
two strategies was similar. Mate guarding refers to a male associating with afemale for a
period longer than the time needed to transfer sperm, and it usually involves males
following, restraining, or otherwise preventing access to the mated female by other males
(Mathews 2002). In contrast, mate searching involves the active pursuit of new females
as mates (Schwegmeyer 1994). In numerous rodent species, males employ a combination
of mate-guarding and mate-searching tactics (Barash 1981; Van Oortmerssen & Busser
1989; Randall 1991; Jackson 1999; Randall et al. 2002; Solomon & Jacquot 2002).
Mate-guarding and mate-searching abilities are likely to be favored by contest and
scramble competition, respectively (Andersson 1994). Scramble competition and contest
competition may select for either complementary or opposing male traits. For example, a
highly aggressive male may not necessarily be good at locating widely distributed
females. On the other hand, a male with above average spatial ability may be poor at
mate guarding. Among thirteen-lined ground squirrels, for example, mate searching is
more important than mate guarding in determining male reproductive success
(Schwagmeyer & Woonter 1986; Schwagmeyer & Parker 1987; Schwagmeyer 1988).

In my study, dominance rank and spatial ability were used as measures of mate-
guarding and mate-searching ability, respectively. Anindividual is defined as dominant
over another if it consistently wins agonistic interactions between the two individuals
(Drews 1993). Among mammals, mate-guarding ability has been inferred primarily by
examining dominance relationships among males (e.g., Cox & Le Boeuf 1977; Lisk et al.
1989; Berard et a. 1994). Spatial ability isacomplex trait that generally refers to the

learning and memory of the position and relationship of the observer relative to
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environmental stimuli (Gaulin & Hoffman 1988; Allen 1999). Spatia ability isan
important trait for males engaged in competitive mate searching because it allows males
to efficiently navigate between females and relocate females as they become sexually
receptive (Gaulin & Hoffman 1988; Schwagmeyer 1994).

Evidence suggests that male meadow voles (Microtus pennsylvanicus) engagein
both mate-guarding and mate-searching tactics. Male ranges overlap those of multiple
other males and multiple females, while females form intrasexual territories during the
breeding season (Madison 1980). Inter-male aggression peaks during the breeding
season and males seem to form stable dominance hierarchies (Turner & lverson 1973;
Rose 1979; Boonstra & Rodd 1983). Dominant males also guard females to improve
their own reproductive success at thistime (Webster & Brooks 1981a; Storey et al. 1995).
During the breeding season, adult males expand their home ranges, presumably to search
for mates (Dueser et a. 1981; Webster & Brooks 1981b; Gaulin & FitzGerald 1989).
Males with larger home ranges also have better spatial ability (Chapter 1).
Reproductively active males out-perform females in maze tests and have larger
hippocampuses than do females, suggesting that spatial ability isasexually selected trait
among meadow voles (Gaulin & FitzGerald 1986, 1989; Jacobs et al. 1990; Kavaliers et
a. 1993). Finally, maleswith better spatial ability are able to locate more females' nests
(Chapter 1).

The goal of this experiment was to test the hypothesis that mate guarding and
mate searching are alternative reproductive phenotypes among male meadow voles. |
tested two predictions based on this hypothesis. Firgt, | predicted that there would be a

negative relationship between dominance rank and spatial ability. Such atrade-off is



expected if mate guarding and mate searching are being maintained as discrete strategies
by negative frequency-dependent selection (Brockmann 2001; Sinervo 2001a). This
trade-off is also expected if selection has resulted in a conditional switch point between
mate guarding and mate searching tactics because individuals would be expected to get
better at one tactic relative to the other astheir internal condition changed (Gross 1996).
Second, | predicted seasona changesin male spatial ability and aggression. This
prediction is based on the assumption that the relative success of mate guarding and mate
searching among meadow volesis density dependent (Greenfield & Shelly 1985; Lucas
& Howard 1995; Sinervo 2001b). Alternative phenotypes are likely to be density
dependent among meadow voles because vole populations exhibit regular seasonal and
multi-year cyclesin population densities (Krebs et al. 1969; Krebs 1970; Boonstra et al.

1994, Ostfeld & Canham 1995).

METHODS

Collection and Housing

Wild meadow voles were collected in two adjacent fields at Miami University’s
Ecology Research Center (ERC) near Oxford, Ohio. Grids of Sherman live traps (5m
spacing) baited with cracked corn were set at dusk and checked at dawn. Upon capture,
each vole was weighed (+ 0.1 g) and sexed. Adults weighed more than 30 g and had
descended testes (Boonstra & Rodd 1983). Five batches of adult males were collected
for behavioral testing: April-May 2000 (N=40), March-May 2001 (N=79), October-
November 2001 (N=39), April-May 2002 (N=39), and September-October 2002 (N=40).

For each collection batch, | made arelative estimate of population density based on the
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number of males captured per trap night. Female voles were not included in the density
calculation because they were released unmarked at the site of capture. Using number of
males captured per trap night as an estimate of population density assumes that: (1) sex
ratios remained constant among collection batches, and (2) trapability remained constant
among collection batches.

Voles were housed singly in clear polycarbonate cages (18 x 28 x 12 cm) at
Miami University’s animal facility. Voleswere maintained at 21°C on acycleof 14 h
light:10 h dark (lights on at 0800 hours). Rodent chow (Lab Diet #5013, PMI Nutrition
International, Brentwood, MD) and water were provided ad libitum, and sunflower seeds
and lettuce were provided as weekly supplements. Cotton Nestlets (Ancare, Bellmore,
NY) and dried afalfawere provided for bedding. All males experienced a summer light
cycle for approximately one month prior to behavioral testing, and they had descended
testes during behavioral testing. The voles were weighed after each set of behavioral

tests to monitor their health.

Water Maze Testing

The spatial ability of all 237 males was tested using the Morris water maze
(Stewart & Morris 1993). A circular pool (90 cm diameter and 45 cm height) wasfilled
with water to a depth of 15 cm and divided into four equal quadrants with string raised
above the pool. A 7 cm diameter clear plastic platform submerged 1.5 cm below the
surface was used asthe goal. The water temperature averaged 20.0 °C, and the water was
made opagque using non-toxic white paint. | taped three white note cards with black

shapes drawn on them at evenly spaced intervals around the edge of the water maze as
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visual cues. Various objects around the room were kept in consistent locations during
testing as distal visual cues. The observer stood approximately 1 m away from the site
where the vole was released. Because each vole was released at four different locations
around the maze, the observer was not a consistent visual cue. All trials were video
recorded.

| followed a four-phase protocol (preliminary, acquisition, transfer, and retention),
and the daily testing sequence of voles was randomized. All inter-trial intervals on the
same day were 45 s, during which each vole was first dried off with atowel and then
placed in a holding cage. During the preliminary phase, each male was introduced into
the maze, allowed to swim for 60 s, and then placed on the platform for 15 s. Each vole
was given three consecutive preliminary trials on the same day. The preliminary phase
was conducted during one day in a separate room from all other testing and the note cards
were not in place, so the voles were not acquiring the task during this phase.

During the acquisition phase (conducted 24 h after the preliminary phase), |
recorded the time it took each vole to reach the platform (escape latency). For each vole,
the platform was assigned to one of the four randomly chosen quadrants. The platform
remained in the same quadrant for all trialsinvolving a particular vole. Four possible
rel ease sites were designated at equidistant points around the pool. One release site was
set aside for each vole to use during the transfer phase (see below). This site was chosen
using a semi-random method counter-balanced such that half the voles had arelease site
that was closer to the platform than the other half (this was necessary because the
platform was offset from the center of the pool). During the acquisition phase, | tested

each vole on three consecutive trials per day for 5 blocks (days) of trials, such that each
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vole was introduced into the maze from the three different release sites in arandom order
each day. Any trial that lasted more than 60 s was terminated by placing the vole on the
platform for 15 s and then removing it from the maze. Similarly, whenever avole
reached the platform, it was allowed to remain there for 15 s before ending the trial.

During the transfer phase (conducted 24 h after the last acquisition trial), |
introduced each vole into the maze from the release site not used during the acquisition
phase. This phase measured the voles' ability to transfer what they had learned during
the acquisition phase to anovel context. Three consecutivetrials at the same release site
were conducted for each vole during this phase. Finally, during the retention phase
(conducted 24 h after the transfer phase), the platform was removed from the maze and
voles were released into the maze for 60 s from one of the three release sites used during
their acquisition trials. From video recordings, | determined path lengths for block 5 of
the acquisition trials and the transfer trials and time spent swimming in the quadrant
where the platform had previously been during the retention trials.

My protocol resulted in five measures of spatial ability: (1) escape latency (time
to reach the platform during acquisition and transfer trials), (2) acquisition path length
(average path length of block 5 of the acquisition trials), (3) number of acquisition trials
(the number of trias, from 1 to 15, needed by voles before they reached the platform
within the 60 stime limit), (4) transfer path length (average path length of the transfer
trials), and (5) retention time (time spent in the target quadrant during the retention trials).
Number of acquisition trials provided an index of learning speed. Escape latencies,
acquisition path length, and transfer path length provided different indices of learning

ability. Retention time provided an index of spatial memory. | used both acquisition and
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transfer path lengths to measure learning ability because the transfer test required more
complex navigational ability than did the acquisition test. Namely, performance during
the acquisition trials required only learning a simple motor (praxic) response to locate the
platform, whereas good performance during the transfer trials required more complex
“route” or “locale” navigation (Redish 1999). These measures of spatial ability have
been commonly used in past studies with the Morris water maze (D’ Hooge & De Deyn

2001).

Dominance Testing

| collected dominance data for three groups of 32 males from three different
collection batches (Spring 2000, Fall 2001, and Spring 2002). Following water-maze
testing, males were divided into groups of 8 such that variance in spatial ability within
each of the groups was maximized. | conducted pairwise dominance trials among all
males within agroup of eight but not between groups. Thus, dominance data were
collected for four groups of eight males from each of three batches of voles (96 males
total).

| tested male dominancefollowing methods similar to those described in past
studies (Huck & Banks 1982; Shapiro & Dewsbury 1986; Harper & Batzli 1997). All
tests were conducted indoors during the light part of the cyclein acircular Plexiglas
arena (50 cm high, 60 cm diameter). A removable opague partition was placed across the
center of the arena at the start of each trial, and the voles were placed on either side of the
partition for a5 min habituation period. Thetip of each male stail was marked with

fluorescent powder for identification during trials (color was aternated for consecutive
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trials). | collected data from behind an opague plastic sheet with a small opening for
observation. | recorded the timing and frequency of aggressive interactions during 15
min trials using all-occurrence sampling. The behaviors recorded were similar to those
used in past studies (Colvin 1973; Turner & lverson 1973): threat, lunge, chase, box, and
wrestle. The “chase” category included casesin which one vole rapidly pursued the other
aswell as displacement behavior in which the aggressor moved toward a stationary vole
causing him to retreat while the aggressor acquired the position of the retreating vole. |
recorded threat behavior (rearing on hind-legs) only if the recipient responded by
retreating or showing a submissive posture. Thiswas done to avoid recording behaviors
not clearly associated with the establishment of dominance. Because severe wounding
never occurred, none of the trials had to be interrupted. A male was considered dominant
if he exhibited more aggression towards his opponent than vice versa. Each pair was
tested on repeated trials until the same individual was dominant in two out of threetrials.
After testing, each vole was given an ordinal dominance rank (0-7) based on the number

of other individuals he dominated.

Statistical Analysis

The relationship between the spatial-ability variables and the arena-trial variables
were analyzed using two methods. First, | divided the volesinto high-ranking (4-7) and
low-ranking (0-3) groups and treated dominance rank as afixed factor. Second, smple
linear regressions were used to compare dominance rank and average number of attacks
per trial. For al these analyses, | initially included the three collection batches as a fixed

factor. However, effects of collection batch were not significant, and the results of the
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analyses did not noticeably change when the batch effects were removed. Therefore, |
did not report batch effects for any of the analyses comparing the spatial-ability variables
and arena-trial variables. Changes in escape latency over the five blocks of acquisition
trials were determined using repeated-measures ANOV A, with block as the within-
subjects effect and dominance group (ranks 0-3 or ranks 4-7) as the between-subjects
effect. Bonferroni-adjusted t tests were used for post-hoc comparisons between
consecutive blocks and between dominance groups within each block. Dominance group
was also used as a between-subjects effect for repeated-measures ANOVA’s comparing
differences in thigmotaxis between blocks 1 and 5 of the acquisition trials and comparing
differences in path length between block 5 and the transfer trials.

The average of each male’'s mass at capture and after behavioral testing was used
for analysesinvolving body mass. To test for conditional changesin male spatial ability,
the relationship between body mass and each of the spatial ability variables was
determined using Pearson correlation coefficients. The relationships among each of the
gpatial ability variables were also determined using Pearson correlation coefficients.

| found a peak in vole density in Spring 2002. Therefore, | analyzed the spatial
ability variables and body mass for density-dependent effects by comparing the data from
Spring 2002 to the four other batches compiled using t tests. Average number of attacks
per arenatrial was analyzed similarly by comparing the Spring 2002 data to the two other
collection batches for which these data were collected (Spring 2000 and Fall 2001).

All path length and escape latency data were log transformed to meet analysis
assumptions (Neter et al. 1996). A significance level of a=0.05 was used for all tests,

and all means are presented as X+SE. Note that for al post-hoc t tests, | report
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Bonferonni adjusted P values, meaning that the P value was multiplied by the number of
planned post-hoc comparisons used for a particular test. All statistical tests were
conducted using SPSS 11.0, except repeated measures ANOV A’ swhich wererunin SAS

(PROC MIXED).

Ethical Note

Water maze testing involved exposing volesto an aversive stimulus (water). |
attempted to minimize the amount of stress that voles experienced by limiting trialsto a
maximum of 60 s and drying voles after each trial. The water maze has been previously
used extensively with meadow voles (e.g., Kavalierset al. 1993; Galeaet a. 1995), and
meadow voles are also excellent swimmers (Dagg & Windsor 1972). The dominance
trials also exposed males to potential injury, but no cases of noticeable wounding
occurred. Similar methods have been used successfully in previous studies involving

meadow voles (e.g., Colvin 1973; Turner & Iverson 1973).

RESULTS
Correlations between the different measures of spatial ability revealed that spatial-
learning speed (acquisition trials), spatial-learning ability (acquisition and transfer path
lengths), and spatial memory (retention time) tended to be positively correlated (Table 1).
Note that longer acquisition and transfer paths are indicative of poorer spatial-learning
ability. Malesthat were more thigmotactic during the final block of acquisition trials
took more trials to locate the platform, had longer acquisition and transfer paths, and

poorer retention times (Table 1). Body mass was not correlated with any of the spatial
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ability variables or thigmotaxis (Table 1), suggesting that spatial ability is not dependent

upon male condition.

Spatial Ability vs. Dominance Rank

For the final block of acquisition trials, path length and escape latency were
significantly positively correlated (Pearson correlation: r=0.95, N=237, P<0.0005). This
indicated that voles were all swimming at about the same speed, and that escape latency
during the other blocks of acquisition trials was indicative of spatial-learning ability
rather than swimming ability. The males exhibited areduction in escape latencies over
the 5 days of training, but males with high dominance ranks had better spatial-learning
ability than those with low dominance rank (Fig. 1a). Male escape latencies differed
between blocks (Fs ,,,=132.22, P<0.0001) and males with high dominance ranks had
shorter escape latencies than males with low dominance ranks (F, 4,=8.76, P=0.004).
There was also a significant interaction between block and dominance group such that
later blocks showed an increased difference between the dominance groups (Fs 4,0=2.62,
P=0.024). Post-hoc t tests revealed that males with high dominance ranks had better
gpatial-learning ability (shorter escape latencies) than those with low dominance ranks for
the final block of the acquisition trials (t,,,=3.15, adjusted P=0.019) and the transfer trials
(t,70=3.15, adjusted P=0.0022). Males also showed a significant differencein the
percentage of time spent thigmotactic between blocks 1 and 5 of the acquisition trials
(Fig. 1b; F; 4,=164.93, P<0.0001), but there was no difference in thigmotaxis between
males with high and low dominance ranks (F, 5,=0.73, P=0.39) and no interaction

between block and dominance group (F,¢,=0.89, P=0.35). Thus, males with higher
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dominance rank exhibited better spatial-learning ability, and this was not due to
differences in a propensity for thigmotaxis.

Repeated measures ANOV A revealed that males with high dominance rank had
shorter path lengths than males with low dominance rank (Fig. 2; F, 4,=14.95, P<0.0005),
transfer paths were shorter than acquisition paths (F, ¢,=10.74, P<0.001), and the
interaction between phase (acquisition or transfer) and dominance group was not
significant (F,,=0.084, P=0.77). Post-hoc tests revealed that males with high dominance
ranks had shorter acquisition paths (t,,=3.60, P=0.0010) and transfer paths (t,,=3.35,
P=0.0024) than males with low dominance ranks. Retention times were not significantly
different for males with high and low dominance ranks (t,,=0.35, P=0.73). Both high and
low dominance voles had significantly longer retention times than expected for a random
swim path (high dominance rank: t.,=9.12, P<0.0005; low dominance rank: t,,=8.40,
P<0.0005). Although maleswith low dominance rank took more acquisition trialsto
reach the platform than males with high dominance rank, the difference was not
statistically significant (high dominance: X=2.57+0.34 trials; low dominance:

X =3.44+0.56 trids; t,=1.38, P=0.17). Swimming speed was not significantly different
for males with high and low dominance during the final block of acquisition trials
(t,,=0.76, P=0.45) but males with high dominance rank showed a non-significant
tendency to swim faster than males with low dominance rank during the transfer trials
(high dominance: X=25.97+0.90 cm/s; low dominance: X =23.50+0.97 cn/s; t,,=1.84,
P=0.067). Overall, therefore, males with high dominance rank had better spatial-learning
ability, tended to have quicker spatial-learning speed, but showed no difference in spatial

memory compared to males with low dominance rank.



Dominance rank and average number of attacks per trial were positively
correlated (Pearson correlation: r=0.55, N=96, P<0.0001), indicating that dominant males
also tended to be more aggressive. Body mass was aso not correlated with dominance
rank (Pearson correlation: r=0.033, N=96, P=0.75) or average number of attacks
(Pearson correlation: r=0.089, N=96, P=0.39). Malesthat engaged in more attacks per
trial had shorter acquisition paths (Pearson correlation: r=0.26, N=96, P=0.009), and
tended to have shorter transfer paths (Pearson correlation: r=0.17, N=96, P=0.07).
Retention time was not correlated with average number of attacks (Pearson correl ation:
r<0.0001, N-96, P=0.88). Males with a higher number of attacks per trial tended to
require fewer acquisition trials to locate the platform, but the relationship was not
significant (Pearson correlation: r=0.18, N=96, P=0.075). Percentage of time spent
thigmotactic during the final block of acquisition trials was not correlated with average
number of attacks per trial (r=0.06, N=96, P=0.56). Overall, the results obtained using
correlations corroborate those obtained using ANOVA: more aggressive voles showed
better spatial-learning ability, tended to show quicker learning speed, but did not have

better spatial memory than less aggressive subordinates.

Density Dependence

Vole density was similar during four of the five collection batches (range: 0.016-
0.030 males/trap night) but showed a distinct peak in the Spring 2002 (0.11 males/trap
night; Fig. 3a). Male spatial-learning speed (acquisition trials to reach the platform) was
poorer during Spring 2002 compared to the other collection batches (Fig. 3b; t,,.=2.27,

P=0.024). Acquisition path lengths were longer during Spring 2002 compared to the
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other collection batches (t,,:=2.22, P=0.027). There were no significant differences
between Spring 2002 and the other collection batches for retention time (t,,=0.71,
P=0.48), transfer path length (t,,s=0.045, P=0.96), and percentage of time thigmotactic
(t,5s=0.44, P=0.66). Average number of attacks per trial also showed no significant
difference between Spring 2002 and the other two collection batches for which these data
were collected( t,,=0.94, P=0.35). Therefore, | found some seasonal variation in spatial-
learning speed and spatial-learning ability, but not aggression or spatial memory. Finaly,
male body mass was greater during Spring 2002 compared to the other collection batches

(t,5s=4.44, P<0.0005).

DISCUSSION

Spatial Ability vs. Dominance Rank

My results did not support the prediction that there is a trade-off between
dominance rank and spatial ability. Instead, | found that males with higher dominance
rank had better spatial ability. However, not all aspects of spatial ability were related to
dominance rank in the same way. Specifically, males with higher dominance rank had
better performance (speed and accuracy) during the acquisition and transfer tasks but not
during the retention task. Thus, males with higher dominance rank had better spatial-
learning ability, tended to learn spatial tasks quicker, but did not have better spatial
memory than males with low dominance rank. | found no evidence that there are discrete
mate-guarding and mate-searching phenotypes among meadow voles. These results
suggest that mate-guarding and mate-searching are unlikely to be maintained by negative

frequency-dependent selection as alternative mating strategies within meadow vole
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populations. Furthermore, my results suggest that the relative use of mate-guarding and
mate-searching tacticsis unlikely to depend upon male condition because: (1) there was
not a trade-off between spatial ability and dominance rank, and (2) male body mass was
not related to spatial ability or dominance rank.

My resultsindicate that selection for improved spatial ability may also favor
selection for traits associated with high dominance rank and vice versa. Studieswith a
number of other rodent species also suggest that males that are better at locating females
tend to also have higher dominance rank (Koprowski 1993a, b; Waterman 1998; Barnard
& Lou 2002). Furthermore, past studies have shown that both the propensity to be
dominant and spatial ability are heritable traits among rodents (Upchurch & Wehner
1988, 1989; Dewsbury 1990; Drickamer 1992; Sluyter et al. 1996; Horne & Y |6nen
1998). Presumably, better spatial ability allows males to locate mates more efficiently,
and high dominance rank allows males to more effectively guard their mates after
locating them. Thus, contest competition and scramble competition seem to favor a
correlated suite of traits among meadow voles, and perhaps other rodent species.

Numerous past studies suggest that spatial ability and dominance rank are both
likely to be favored by sexual selection among meadow voles. Males outperform females
in maze tests (Gaulin & FitzGerald 1986, 1989 Kavaliers et al. 1993). In contrast,
monogamous pine voles (M. pinetorum) and prairie voles (M. ochrogaster) do not show a
sex difference in maze tests (Gaulin & FitzGerald 1986). Male meadow voles also have
larger home ranges than females but monogamous voles do not show a sex differencein
range size (Gaulin & FitzGerald 1986, 1988). Furthermore, the hippocampusis larger

among male than female meadow voles, but pine voles show no sexual dimorphismin
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hippocampal size (Jacobs et al. 1990). Overall, these results suggest that superior male
gpatial ability among meadow voles has been favored by sexual selection. Traits
associated with high dominance rank are also likely to be favored by sexual selection
among meadow voles. In the field, wounding rates are about 11 times higher among
mal es than among females during the breeding season (Boonstra & Boag 1992). In
|aboratory experiments in which females were allowed to interact with pairs of males, the
dominant male mated with the female more often and sired more offspring than the
subordinate (Storey et al. 1995). Dominant males seem to engage in mate guarding:
shortly before and after mating, they follow females closely and aggression toward the
subordinate increases after mating begins (Storey et al. 1995).

Males with poor spatial ability and low dominance rank might be “making the
best of abad job” (Arak 1984; Koprowski 1993a), meaning that they engagein a
reproductive strategy with lower pay-offs than males with good spatial ability and high
dominance rank. It remains unclear, however, what type of mating strategy these males
would employ. | previously found that males with poor spatial ability had relatively
small home ranges (Chapter 1), which indicates that they are not likely to engagein a
mate-searching strategy. Alternatively, males with poor spatial ability and low
dominance rank might engage in a satellite tactic similar to that used by subordinate tree
squirrels (Koprowski 19933, b). A satellite tactic generally involves waiting
unobtrusively near adominant male or in histerritory in order to gain opportunistic
access to females that are controlled by the dominant individual (Waltz 1982; Lucas &
Howard 1995). | previously found that alarge percentage of males with poor spatia

ability did not visit any female nests (Chapter 1), indicating that they might be engaging
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in asatellite tactic in which they wait near female nests to potentially mate with
unguarded females as they come and go from their nests.

My results indicate that meadow vole populations include some individuals with
both good spatial ability and high dominance rank. Whether these males are more likely
to engage in mate guarding or mate searching also remains unclear. Mate guarding and
mate searching are mutually exclusive behaviors, and | previously found that males who
spent more time with a particular female visited fewer different females (Chapter 1).
Selection has probably led to an optimal strategy among males with good spatial ability
and high dominance rank, which dictates the amount of time spent with each female. The
relative prevalence of mate-searching and mate-guarding tactics should be dictated by the
relative benefits of each. Estrus and ovulation are induced among meadow voles, and
therefore a male would be expected to spend at least enough time with afemale to induce
estrus (Meek & Lee 1993). Previous studies suggest that mate guarding is more likely to
occur in species with ahigher occurrence of multiple paternity (Schwegmeyer & Parker
1987; Sherman 1989; Yamamura & Tsuji 1989). Storey et al. (1995) reported that
sequential mating by two male meadow voles resulted in the second male to mate siring
about 60% of pups, suggesting that mate guarding would be somewhat beneficial.
Guarding after ovulation would probably only be beneficial as away to reduce the
likelihood of post-implantation pregnancy disruption by novel males (Malory & Clulow
1977; Storey & Snow 1990).

| previously found that males with better spatial ability did not achieve greater
reproductive success and hypothesized that this was due to males with good spatial

ability having poor mate-guarding ability (Chapter 1). My current results suggest that
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thisis not the case because males with better spatial-learning ability also had higher
dominance rank. Therefore alternative explanations are needed for why males with good
gpatial ability were not achieving more successful matings (Chapter 1). Female
preferences for male traits uncorrelated with spatial ability or dominance rank isa
plausible explanation. In particular, females' preferences for familiar males (Salo &
Dewsbury 1995; Parker et al. 2001) and their propensity to mate with multiple males
(Storey et al. 1995; Berteux et a. 1999) might reduce the benefits of high dominance
rank and good spatial ability for males.

In contrast to my results, some evidence suggests that discrete alternative mating
strategies exist among house mice. Specifically, some mice are highly aggressive while
others ailmost never attack during resident-intruder trials (Benus et al. 1991). Wild house
mice live in demes, with each male establishing aterritory (Van Oortmerssen & Busser
1989). The aggressive male phenotype may have areproductive advantage within the
deme, whereas the passive phenotype may be favored during periods of migration and
territory establishment (Van Oortmerssen & Busser 1989; Benus et al. 1991). Meadow
voles are less aggressive than house mice and other vole species (Colvin 1973; Dewsbury
1983; personal observations). The difference in aggressiveness between meadow voles
and house mice may ultimately be due to differencesin the spatial distribution of
females. Compared to the clumped demic social structure of house mice, female meadow
voles are widely distributed (Madison 1980). Therefore, there may be stronger disruptive
selection for alternative mating strategies among male mice than among male meadow

voles due to interspecific differences in the ability to monopolize multiple females.
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Testosterone may be the causal link between my observed positive relationship
between dominance rank and spatial ability among meadow voles. Testosterone seems to
have positive organizational and activational effects upon spatial ability among male
meadow voles. Volesfrom litters with a male-biased sex ratio, and presumably higher in
utero testosterone exposure, have better spatial-learning ability but not better spatial
memory than voles from female-biased litters (Galea et a. 1994a). Similarly, increased
prenatal testosterone has been shown to improve spatial ability among rats (Williams et
a. 1990; Roof & Havens 1992; Isgor & Sengelaub 1998). Juvenile meadow voles do not
show asex difference in spatial ability, which suggests that adult differencesin spatial
ability may, at least in part, be due to activational effects of testosterone (Galeaet al.
1994b). Surprisingly, Galea et al. (1995) found that plasmatestosterone level in male
meadow voles was not related to their spatial ability. However, males with higher
testosterone levels do have larger overall hippocampal volumes (Galea & McEwen 1999;
Galeaet a. 1999) and testosterone promotes the survival of new cellsin the dentate gyrus
(Ormerod & Galea 2003). Thus, elevated testosterone levels are likely to promote neuron
survival in the male hippocampus during the breeding season when males are ranging
more widely in search of mates.

Studies with a variety of rodent species have shown that testosterone also has
organizationa and activational effects upon dominance behavior, with males exposed to
higher prenatal testosterone levels and higher circulating testosterone levels as adults
being more aggressive and achieving higher dominance rank than males exposed to lower
testosterone levels (Drickamer et a. 1973; Edwards & Rowe 1975; Wagner et al. 1979;

Gipps 1982; Huck et al. 1986; Vom Saal 1987; Zielinski & Vandenbergh 1993; Sluyter et
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a. 1996). Among meadow voles, Turner et al. (1980) demonstrated that under field
conditions, castration leads to decreased intermale aggression. Levels of aggression peak
among males during the breeding season (Christian 1971; Turner & Iverson 1973; Rose
1979) and male testosterone levels also increase during the breeding season (Galea &
McEwen 1999). Furthermore, males with scrotal testes have higher levels of wounding
than males with abdominal testes (Rose 1979). Immature males also have fewer wounds
than adults (Christian 1971; Rose 1979). Thus, testosterone has a positive organizational
effect and possibly a positive activational effect upon male spatial ability and hasa
positive activational effect and possibly a positive organizational effect upon male
aggressiveness among meadow voles. Although other hormones are likely to be involved
(Boonstra & Boag 1992; Galea & McEwen 1999), testosterone should be investigated
further for itsrole in the positive relationship between male spatial ability and dominance
rank.

| did not find a relationship between dominance rank or aggression and spatial
memory as measured by retention time. This may indicate that dominance behavior and
gpatial memory are controlled by separate physiological pathways (Redish 1999). Unlike
gpatial-learning ability, testosterone does not seem to influence spatial memory among
meadow voles (Galea et a. 1994a). | observed relatively weak relationships between
retention time and the other measures of spatial learning ability, which aso suggests that

gpatial memory and spatial learning are controlled by different physiological pathways.
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Density Dependence

| found some evidence for density-dependent changesin spatial ability, which
suggests that the relative abundance of males with a mate-searching phenotype may also
be density dependent. Spatial memory and aggression did not show changes with
differences in population density, but males with the poorest spatial-learning speed and
gpatial-learning ability were collected when density peaked. This suggests that males that
learn spatial tasks more quickly and accurately are less common during periods of high
density. In support of thisidea, Ostfeld & Canham (1995) found that meadow voles
move shorter distances under higher density conditions, and | previously demonstrated a
positive correlation between range size and spatial ability (Chapter 1). Males might
locate mates more easily during periods of high population density, but there may be
strong selective pressure for better spatial ability to facilitate mate searching when
population density is low and females are more difficult to locate. A previous study at
my study site found that meadow voles had an average life span of only 4-8 weeks (Hall
et al. 1991), indicating that populations might be able to respond rapidly to changesin
selective pressures created by density fluctuations. Thus, mate-searching may be a
density-dependent reproductive phenotype among male meadow voles similar to density-
dependent strategies documented for other species (e.g., Greenfield & Shelly 1985; Lucas
& Howard 1995; Sinervo 2001b).

Cyclic changes in population density are a common phenomenon among rodent
populations (e.g., Krebs 1970; Lidicker 1973; Chitty 1987). Among meadow Vvoles,
population density generally peaksin the late fall and is at its lowest in the summer, but

occasional peaksin early spring, ssimilar to my observation for spring 2002, have been
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seen in previous studies (Krebs et a. 1969; Dueser et al. 1981; Boonstra et a. 1994).
Chitty (1960, 1967) was among the first to hypothesize that variation in selective
pressures during different phases in rodent popul ation cycles could select for variation in
behavioral phenotypes. In support of this hypothesis, some studies have demonstrated
that level of aggression within meadow vole populationsis density dependent (Krebs
1970; Boonstra & Boag 1992). In contrast, Turner & Iverson (1973) did not find a
relationship between aggression and population density. | also did not find differencesin
aggression between males collected during periods of high and low population density,
which was somewhat surprising considering that | observed a positive relationship
between male aggression and spatial-learning ability. Desnsity dependence of spatial-
learning ability but not aggression may have occurred because the relationship between
these two variables, although statistically significant, was fairly weak (r=0.26).
However, | found no evidence for a trade-off between spatial ability and aggression
which suggests that density-dependent selection has not caused disruptive selection for
mate-guarding and mate-searching phenotypes among male voles.

| observed a peak in male body mass that corresponded with the peak in density,
as has been observed in some previous studies (e.g., Krebs et al. 1969; Chitty 1987).
However, | did not find significant correlations between body mass and dominance rank
or aggression. Similarly, Krebs (1970) found no relationship between a variety of
measures of aggression and body mass. This indicates that seasona changes in body
mass should not be assumed to be indicative of changesin levels of aggression.

It should be noted, however, that my estimate of population density (number of

males captured per trap night) had some limitations. First, it was assumed that the sex
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ratio remained constant with changesin density. This assumption is supported by past
studies that have demonstrated only minor changesin sex ratio during changesin
population density (Krebs et al. 1969; Myers & Krebs 1971). Second, it was assumed
that trapability did not change across the collection batches. Differences in trapability are
most likely to occur during different seasons due to changes in ambient temperature and
food availability (Krebs et al. 1969). Vole density peaked during one of the three spring
collection batches, and the other two spring collection batches had population densities
similar to the two fall collection batches. This suggests that there were not changesin
trapabilty that corresponded with the seasons, and therefore trapabilty may have been
similar across the five collection batches.

In summary, my results suggest that mate searching and mate guarding are not
discrete alternative reproductive phenotypes among meadow voles since males with good
gpatial ability also tended to have high dominance rank. This does not, however,
preclude the existence of alternative tactics, such as a satellite tactic, used by males with
poor spatial ability and low dominance rank. Males with good spatial ability and high
dominance rank are likely to engage in an optimal combination of mate-guarding and
mate-searching tactics. | did find that spatial-learning ability and speed decreased with
increased population density, which suggests that a mate-searching phenotype might be
density dependent among male meadow voles. Finally, spatial memory seemsto be
under different selective pressures than spatial-learning ability and speed because spatia
memory was uncorrelated with male dominance rank and did not show density-dependent

variation.
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Table 1. Pearson correlation coefficients, with associated significance levels, among the
behavioral measures obtained from the water maze and body mass for all males (N=237).

Variable  Acquisition Transfer Retention Acquisition Thigmotaxis’  Body
path path time trials mass
length® length®

Acquisition — r=0.50 r=-0.30 r=0.53 r=0.47 r=-0.064

path length P<0.0005 P<0.0005 P<0.0005 P<0.0005 P=0.33

Transfer — r=-0.32 r=0.33 r=0.44 r=-0.12

path length P<0.0005 P<0.0005 P<0.0005 P=0.076

Retention — r=-0.17 r=-0.19 r=-0.038

time P=0.011 P=0.004 P=0.57

Acquisition — r=0.36 r=0.021

trials P<0.0005 P=0.75

Thigmotaxis — r=-0.061

P=0.36

Body mass —

®Path lengths were log transformed for all analyses.

®Percentage of time thigmotactic during final block of acquisition trials.
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Figure 1. () Escape latencies over five blocks of acquisition trials and transfer trials for
males with low (0-3) and high (4-7) ordinal dominance ranks. (b) Percentage of time
spent thigmotactic (swimming in outer 50% of water maze) during blocks 1 and 5 of
acquisition trials for males with low and high ordinal dominance ranks. All values are
shown as X +SE.

85



2.6

o Low dominance
25 -|- m High dominance

25

N
~
T

N
w
T

Log (path length)

N
w
T

22 t

21 t

21

Acquisition Transfer

Figure 2. Comparisons ( X +SE) of voles with low (0-3) and high (4-7) ordinal
dominance ranks for log transformed path lengths (cm) during block 5 of the acquisition
trials and transfer trials.
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Figure 3. (a) Male population density during a period of high density (spring 2002) and
the average male density for periods of relatively low density (spring 2000, spring 2001,
Fall 2001, Fall 2002). The other graphs show corresponding differencesin (b) number of
acquisition trials needed to reach the platform, (c) path length during block 5 of the
acquisition trias, and (d) body mass among male voles. All means are reported as
X+SE.
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Chapter 3
RELATIVE IMPORTANCE OF MALE SPATIAL ABILITY AND DOMINANCE IN
DETERMINING VISITATION TO FEMALES NESTS

AND HOME RANGE SIZE AMONG MEADOW VOLES

INTRODUCTION

One of Charles Darwin’s many insights was the realization that there are multiple
mechanisms by which selection can occur (Darwin 1871). Two mechanisms of
intrasexual selection are contest competition and scramble competition (Andersson
1994). Contest competition involves direct aggressive interactions between males and
selects for traits that improve an individual’s ability to defeat opponents, such as large
body size, weaponry, and threat signals. Scramble competition involves indirect
competition between males and selects for traits that allow individuals to rapidly and
accurately locate mates, such asimproved spatial ability, mobility, and perceptual ability
(Schwagmeyer 1994). Among mammals, females usually have greater parenta
investment than males, which leads to contest and scramble competition for access to
females (Trivers 1972, Cunningham & Birkhead 1998).

Among many animals, particularly mammals, contest competition has been
studied by examining dominance relationships among individuals. Anindividual is
defined as dominant over another if it consistently wins agonistic interactions between
the two individuals (Drews 1993). In many mammalian species, dominant males gain
more copul ations than subordinates, and there is some evidence that this leads to greater

reproductive success for dominant males (Dewsbury 1982, Ellis 1995). Traits associated
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with dominance rank are also heritable among rodents (Dewsbury 1990; Sluyter et al.
1996; Horne & Y|6nen 1998).

Spatial ability isatrait thought to be selected by scramble competition. Spatial
ability isacomplex trait that generally refers to the learning and memory of the position
and relationship of the observer relative to environmental stimuli (Gaulin & Hoffman
1988; Allen 1999). Scramble competition has been hypothesized to favor better spatia
ability by improving amale’ s ability to: (1) efficiently navigate between females, (2)
rel ocate femal es as they become sexually receptive, and (3) avoid areas without receptive
females (Gaulin & Hoffman 1988; Schwagmeyer 1994). Spatia ability is also heritable
among rodents (Upchurch & Wehner 1988, 1989).

Few studies have examined the relative importance of scramble and contest
competition in determining male reproductive success (Schwagmeyer & Woonter 1986;
Able 1999). Meadow voles (Microtus pennsylvanicus) are well suited for such a study
because evidence suggests that both scramble and contest competition occur in this
species. Male ranges overlap those of multiple other males and multiple females,
suggesting that there is the opportunity for both contest and scramble competition in the
field (Madison 1980). Sexually mature males are attracted to the scent and congregate in
the ranges of femalesin postpartum estrus (Madison 1980; Webster & Brooks 1981;
Ferkin & Johnston 1995). Males seem to form stable dominance hierarchies, and inter-
male aggression also peaks during the breeding season (Christian 1971; Turner & lverson
1973; Tamarin 1977; Rose 1979; Boonstra & Rodd 1983). Males also expand their home
ranges during the breeding season, presumably to search for mates (Webster & Brooks

1981; Boonstra & Rodd 1983). In contrast, females are territorial and their home ranges

89



either remain the same size or shrink during the breeding season (Gaulin & FitzGerald
1989; Madison 1980; Madison & McShea 1987). | previously demonstrated that males
with better spatial ability have larger home ranges and locate more females' nests
(Chapter 1).

Thefirst goal of this study was to determine the relative importance of spatia
ability and dominance rank in determining male reproductive success. Specificaly, |
measured visitation to female nest boxes by males with known dominance rank and
gpatial ability in afield experiment similar to that described in Chapter 1. | previously
demonstrated that males with better spatial ability have higher dominance rank, but this
relationship was fairly weak (Chapter 2), and one of these traits may be a better predictor
of male reproductive success than the other. | also found that males with better spatial
ability did not achieve greater reproductive success (Chapter 1), which suggests that
contest competition may be more important than scramble competition in determining
mal e reproductive success.

The second goal of this study was to determine the relative importance of spatial
ability and dominance rank in determining male range size. Among territorial species, a
dominant individual might be better at deterring intruders and therefore be better able to
maintain alarger home range than a subordinate. For example, Zielinski et al. (1992)
found that dominant female house mice had larger home ranges than subordinates.
However, male meadow voles are non-territorial, and it is less clear what role dominance
would play in determining individual range size. Both levels of aggression and range
size among males increase during the breeding season (Turner & Iverson 1973; Rose

1979; Gaulin & FitzGerald 1989; Boonstraet al. 1994). Ambrose (1973) found that
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dominant meadow voles exhibited smaller shiftsin the location of their range centers, but
dominants and subordinates showed no difference in range size. Similarly, two other
studies found no relationship between aggression and range size among meadow voles
during the breeding season (Krebs 1970; Turner and Iverson 1973). As predicted by
Gaulin & FitzGerald (1986), | previously demonstrated that male meadow voles with
better spatial ability have larger home ranges (Chapter 1). Therefore, | predicted that
gpatial ability would be a better predictor of range size than dominance rank.

| previously used a composite index to measure male spatial ability (Chapter 1).
Because spatial-learning ability and spatial memory involve different neurological
processes (Redish 1999; Kesner 2000; D’ Hooge & De Deyn 2001; William et al. 2002),
it ispossible that sexual selection affects these components of spatial ability differently.
Therefore, in this study, | examined spatial memory and two indices of spatial-learning
ability separately for comparisons with male visitation to nests and home range sizes of

males.

METHODS
Collection and Housing
Adult meadow voles were collected at Miami University’s Ecology Research
Center (ERC) near Oxford, Ohio. Two batches of 40 voles were collected during
October-December 2001 and April-May 2002. Voles were housed singly in clear
polycarbonate cages (18 x 28 x 12 cm) at Miami University’sanimal facility. The
animal room was kept at 25°C on acycle of 14 hlight:10 h dark. Rodent chow (Lab Diet

#5013) and water were provided ad libitum, and sunflower seeds and |lettuce were
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provided as weekly supplements. Cotton Nestlets (Ancare, Bellmore, NY) and dried
afalfawere provided for bedding. All maleswerein captivity for approximately one
month prior to behavioral testing. | also established a breeding colony from other
animals collected at the ERC as a source of virgin females for experiments. Pups were
weaned at 21 days and housed with same-sex litter-mates for an additional 20-30 days.
Reproductive maturity was determined based on body mass ( > 30 g) and conduction of
the external genitalia: adult males had descended testes and adult females had perforate

vaginas (Boonstra & Rodd 1983).

Water Maze Testing

The spatial ability of al malesused in field experiments was tested using the
water maze (Morris & Stewart 1993). A circular pool (70 cm diameter and 45 cm height)
was filled with water to a depth of 15 cm and divided into four equal quadrants with
string raised above the pool. A 7 cm diameter clear plastic platform submerged 1.5 cm
below the surface was used asthe goal. The water temperature averaged 20.0 °C, and the
water was made opague using non-toxic white paint. | taped three white note cards with
black shapes drawn on them at evenly spaced intervals around the edge of the water maze
assalient visual cues. Various objects around the room were kept in consistent locations
during testing as distal visual cues. The observer stood approximately 1 m away from the
site where the vole was released. Because each vole was released at four different
locations around the maze, the observer was not a consistent visual cue. All trials were

video recorded.

92



| followed a four-phase protocol (preliminary, acquisition, transfer, and retention),
and the daily testing sequence of voles was randomized. All inter-trial intervals on the
same day lasted 45 s, during which each vole was first dried off with atowel and then
placed in a holding cage. During the preliminary phase, each male was introduced into
the maze, allowed to swim for 60 s, and then placed on the platform for 15 s. Each vole
was given three consecutive preliminary trials on the same day. The preliminary phase
was conducted during one day in a separate room from all other testing and the note cards
were not in place, so the voles were not acquiring the task during this phase.

During the acquisition phase (conducted 24 h after the preliminary phase), |
recorded the time it took each vole to reach the platform (escape latency). For each vole,
the platform was assigned to one of the four randomly chosen quadrants. The platform
remained in the same quadrant for all trialsinvolving a particular vole. Four possible
release sites were designated at equidistant points around the pool. One release site was
set aside for use during the transfer phase (see below). This site was counter-balanced
such that half the voles had a release site that was closer to the platform than the other
half (this was necessary because the platform was offset from the center of the pool).
During the acquisition phase, | tested each vole on three consecutive trials per day for 5
blocks (days) of trials, such that each vole was introduced into the maze from the three
different release sites in arandom order each day. Any trial that lasted more than 60 s
was terminated by placing the vole on the platform for 15 s and then removing it from the
maze. Similarly, whenever avole reached the platform, it was allowed to remain there

for 15 sbefore ending the trial.
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During the transfer phase (conducted 24 h after the last acquisition trial), |
introduced each vole into the maze from the release site not used during the acquisition
phase. Three consecutive trials at the same release site were conducted for each vole
during this phase. Finally, during the retention phase (conducted 24 h after the transfer
phase), the platform was removed from the maze and voles were released into the maze
for 60 s from one of the three release sites used during acquisition trials. | recorded the
time spent swimming in the quadrant where the platform had been.

My protocol resulted in three measures of spatial ability: (1) acquisition path
length (average path length for block 5 of the acquisition trials), (2) transfer path length
(average path length for the transfer trials), and (3) retention time (time spent in the target
guadrant during the retention trials). Acquisition path length, and transfer path length
provided different indices of spatial-learning ability, whereas retention time provided an
index of spatial memory. | used both acquisition and transfer path lengths to measure
gpatial-learning ability because the transfer test required more complex navigationa
ability than did the acquisition test. Namely, performance during the acquisition trials
required only learning a simple motor (praxic) response to locate the platform, whereas
good performance during the transfer trials required more complex “route” or “locale”
navigation (Redish 1999). Path length has been commonly used in past studies to assess
gpatial-learning ability, and retention time is a common measure of spatial memory
(D’Hooge & De Deyn 2001).

| also measured the amount of time voles spent in the outer 50% of the water
maze (within 10 cm of edge) to determine the percentage of time each male spent

thigmotactic during blocks 1 and 5 of the acquisition trials. Past studies have suggested
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that high levels of thigmotaxis are indicative of high anxiety and/or low behavioral

flexibility (Pleskachevaet al. 2000; Vyssotski et al. 2002).

Dominance Testing

Relative spatial ability was determined by ranking the males for each of the three
measures of spatial ability and then determining a composite index of spatial ability
(Chapter 1) based on the average of these ranks. (acquisition rank + transfer rank +
retention rank) / 3. Males from the two collection batches were assigned to one of the
four groups such that the variance in the spatial ability scores was high within each
group. Specifically, the four males with the highest spatial ability scores were first
assigned at random to each of four groups, then the four males with the lowest spatial
ability scores were assigned at random to those four groups. This procedure was repeated
until each of the four groups contained eight males. The eight males with relatively
average spatial ability were not used for further experimentation. | conducted pairwise
dominance trials among al males within a group of eight but not between groups. Thus,
dominance data were collected for four groups of eight males from each of two batches
of voles (64 malestotal).

| tested male dominancefollowing methods similar to those used in past studies
(Huck & Banks 1982; Shapiro & Dewsbury 1986; Harper & Batzli 1997). All testswere
conducted indoors during the light part of the cyclein acircular Plexiglas arena (50 cm
high, 60 cm diameter). A removable opaque partition was placed across the center of the
arena at the start of each trial, and the voles were placed on either side of the partition for

a5 min habituation period. Thetip of each male’ stail was marked with fluorescent
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powder for identification during trials (color was alternated for consecutive trials with
each pair). | collected data from behind an opague plastic sheet with a small opening for
observation. | recorded the frequency of aggressive interactions during 15 min trials
using all-occurrence sampling. The behaviors recorded were: threat, lunge, chase, box,
and wrestle (Colvin 1973; Turner & lverson 1973). “Chase’ included cases in which one
vole rapidly pursued the other as well as displacement behavior in which the aggressor
moved toward a stationary vole causing it to retreat while the aggressor acquired the
position of the retreating vole. | recorded threat behavior (rearing on hind-legs) only if
the recipient responded by retreating or showing a submissive posture. Thiswas done to
avoid recording behaviors not clearly associated with the establishment of dominance.
Because severe wounding never occurred, none of the trials had to be interrupted. A
male was considered dominant if he exhibited more aggression towards his opponent than
viceversa. Each pair was tested on repeated trials until the same individual was
dominant in two trials. After testing, each vole was given an ordinal dominance rank (0-
7) based on the number of other individuals he dominated. | also used average number of

attacks per arenatrial to measure relative male aggression.

Field Experiment

| conducted afield experiment from July-October, 2002 at the ERC following
methods similar to those described in Chapter 1. The experiment was conducted in eight
32 x 32 m enclosures with 60 cm high, galvanized steel walls (Appendix 1). The size of
the enclosures was chosen such that each enclosure was approximately as large as four

female home ranges (Ostfeld et a. 1988; Jacquot 1999). A 1 m strip immediately inside
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and outside the enclosures was sprayed with herbicide and cleared of vegetation prior to
starting the experiment. All eight enclosures were surrounded by an electric fence to
prevent entry by terrestrial predators. | set up a5 x 5 grid of Sherman live traps spaced at
5 mintervals and removed all small mammals from enclosures prior to starting the
experiment. All voles used in the field experiment were lightly anesthetized with
Isoflorane and injected with a passive integrated transponder (AVID, Norco, CA) for
identification prior to release into the field enclosures.

Four lab-reared (F1 or F2) virgin females were used for each enclosure. The
females were not closely related to each other or the males. To control the distribution of
females and determine male visitation to female nests, each female was housed in a nest
box. Each wooden box (40 x 40 x 10 cm) had a one-way door that alowed malesto
enter and mate but prevented voles from leaving. Within each enclosure, four nest boxes
with females were arranged in a square (25 x 25 m) such that each box was near a corner
of the enclosure (7.5 m from edge). Each box was supplied ad libitum with water and the
same rodent chow that voles received in the lab as well as alfalfafor bedding.

One day after the nest boxes with females were placed in the enclosures, |
released four males into each enclosure. The males for each enclosure were taken from
the groups of 8 males used for dominance testing, and | assigned voles to enclosures such
that the variance in both dominance rank and spatial ability was high within each
enclosure. At thistime, the doorsto the nest boxes were blocked to prevent male entry.
Following a four-day acclimation period, | trapped for eight days to obtain home range
data and determine male survivorship. A second release was conducted to replace males

that had disappeared, followed by another 4 days of acclimation and 8 days of trapping.
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After the second release, only one male survived in one of the enclosures, and the
experiment was discontinued for that enclosure. The final number of males within each
of the other enclosures varied somewhat ( X +SE=3.6=0.8, range=3-5). Vole densities
within the enclosures ( X +SE=84.4+8.9 ha) were equivalent to that of a natural
population during the increasing or declining phase of the population cycle (Krebs 1970;
Ostfeld & Canham 1995). | unblocked the doors to the nest boxesin early August.
Trapping was continued within enclosures two nights per week throughout the
experiment to monitor male survivorship and to update male home range locations on a
weekly basis. The experiment lasted for 56 days after the very first male entered a nest
box.

To minimize the possibility that males were entering boxes to obtain food rather
than mates, | planted the enclosures with clover and seven feeding stations were evenly
distributed between nest boxes and replenished with rodent chow regularly. | also trained
males to enter nest boxes in the laboratory prior to releasing them into enclosures to
minimize individual differencesin the propensity to enter nest boxes. All malesused in
the field experiment had entered a nest box containing a female twice during one-hour
training trials.

Each nest box was checked twice daily, approximately one hour after dawn and
one hour before dusk, for the presence of males. Each male found in abox wasidentified
and released at arandom grid point within his home range. | checked the females once
per week for pregnancy by pal pation and brought pregnant females back to the animal
housing facility to rear pups. | replaced pregnant females 1-2 days prior to parturition

with another lab-reared virgin female to avoid infanticide by males (Storey et a. 1994).
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Statistical Analysis

For the males used in the field experiment, repeated measures ANOV A was used
to test changes in escape latency (time to reach the platform) over the five blocks of
acquisition trials and the transfer trials. A paired t test was used to compare the
percentage of time thigmotactic during block 1 and block 5 of the acquisition trias.

All of the measures obtained from the water maze and paired arenatrials were
considered as predictor variables for nest box visitation. Two measures of visitation were
anayzed: total number of nest box visits, and number of visits to each male’s most
frequently visited nest box. | did not analyze the number of different nest boxes visited
because 56% of males visited all four nest boxes within their enclosures, creating low
variability for this measure. Analysis of covariance (ANCOVA) was used to compare the
predictor variables to nest-box visitation, with enclosure as arandom factor. Acquisition
path length, transfer path length, and retention time were all analyzed in the same model
because they each measured components of spatial ability, whereas thigmotaxis,
dominance rank, and average attacks per trial were analyzed individually. | choseto
analyze thigmotaxis separately from the other water-maze variables because thigmotaxis
isgeneraly interpreted as an index of anxiety rather than spatial ability, and it makes
interpretation of partial regression coefficients difficult because it is correlated with the
other water-maze variables (Chapter 2).

For males that visited all four boxes within their enclosures, | analyzed the
relationship between percentage of visits to the most frequently visited nest box and each

of the predictor variables. For these analyses, | compiled data from the enclosures and
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used linear regressions rather than ANCOV A due to low sample size (N=14). | expected
males with better spatial ability to make fewer visits to any one nest box.

Home range data were complied and analyzed using Ranges V (Kenward &
Hodder 1996). Some of the standard measures of range size (i.e., convex polygons,
maximum range length) were strongly correlated with the number of captures,
complicating further analyses (Stickel 1954). However, average distance from each
capture site to the geometric range center (Slade & Russel 1998) was not correlated with
number of captures when only males with at least 5 captures were considered (Simple
linear regression: r°=0.049, F, ,,=1.02, P=0.32). Initially, | analyzed the spatial ability
and dominance rank data separately ussing ANCOVA. Because both the spatial ability
variables and dominance rank proved to be significant predictors of range size, |
conducted another ANCOV A that included the spatial ability variables and dominance
rank as covariates to tease apart the relative importance of these variables in predicting
range size.

All path length and escape latency datawere log transformed to meet analysis
assumptions (Neter et al. 1996). | report standardized partial regression coefficients ()
for each covariate used with ANCOVA (Neter et a. 1996). All analyses were conducted
using SPSS 11.0. A significance level of a=0.05 was used for all tests, and all dataare

presented as X +SE.

Ethical Note

Spatial ability was measured using the Morris water maze, which involved

exposing voles to an aversive stimulus, cold water. | attempted to minimize the amount
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of stressthat voles experienced by limiting trials to a maximum of 60 s and drying voles
after each trial. The water maze has been previously used extensively with meadow
voles (e.g., Galeaet a. 1995; Kavaliers et al. 1993), and meadow voles are also excellent
swimmers (Dagg & Windsor 1972). The dominance trials also exposed malesto
potential injury, but no cases of noticeable wounding occurred. Similar methods have
been used successfully in previous studies involving meadow voles (e.g., Colvin 1973;

Turner & Iverson 1973).

RESULTS
Escape latencies differed among the five blocks of acquisition trials (Fig. 1,
Repeated Measures ANOVA: F,,=29.38, P<0.0005), with significant differences among
al blocks (all P < 0.02) except blocks 4, 5, and the transfer trials. Voles also exhibited a
significant difference in the percentage of time thigmotactic between blocks 1 and 5

(block 1: 72.0£2.9; block 5: 50.7+2.6; Paired t test: t,,=7.37, P<0.0005).

Nest Box Visitation

The first male entered a nest box on the first day that the nest boxes were opened.
During the 3584 box checks (2 checks/day x 56 days x 32 boxes) conducted, 1016
instances of male visitation to nest boxes occurred. Three males never entered a nest
box. Five males disappeared prior to the end of the experiment, but they were all present
within the enclosures for about half of the experiment (32.6+8.0 days). Therefore, all
males had sufficient time to visit nest boxes and no males were excluded from data

analyses.
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Spatial ability was a good predictor of the total number of nest box visits (Table
1). Acquisition path length was negatively correlated with total number of nest box
visits, indicating that males with better spatial-learning ability visited more nest boxes.
Similarly, males with better spatial memory (retention time) visited more nest boxes. In
contrast, transfer path length was positively correlated with total number of nest box
visits, indicating that males that were better at learning this relatively complex spatial
task visited fewer nest boxes. Total number of nest box visits was unrelated to
percentage of time thigmotactic during the final block of acquisition trials (ANCOVA:
=-0.26, F,,,=1.40, P=0.25).

Number of visits to the most frequently visited nest box showed results similar to
those obtained for total number of visitsto nest boxes (Table 1). Males that made more
visitsto their most frequently visited nest boxes also had better spatial memory and better
gpatial-learning ability, as measured by acquisition path length. In contrast, males that
performed better in the transfer task made fewer visits to their most frequently visited
nest boxes. Number of visits to the most frequently visited nest box was unrelated to the
percentage of time thigmotactic during the final block of acquisition trials (ANCOVA:
=-0.18, F,,,=0.49, P=0.50).

In contrast to the spatial ability variables, dominance rank was not correlated with
total number of nest box visits (ANCOVA: $=-0.23, F,;,=1.39, P=0.26). Average
number of attacks per trial was also not correlated with total number of nest box visits
(ANCOVA: p=0.0062, F, ,,=0.70, P=0.79). Number of visitsto the most frequently

visited nest box was also not correlated with dominance rank (ANCOVA: =-0.14,
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F.,,=0.36, P=0.56) or average number of attacks per trial (ANCOVA: =0.10, F,,,=0.15,
P=0.70).

Fourteen males (56%) visited all four nest boxes within their enclosures and only
three males (12%) did not visit any nest boxes. Considering only males that visited all
four nest boxes within their enclosures, the percentage of visits to the most frequently
visited nest box was positively correlated with transfer path length (Fig. 2; R?=0.29,
F.1,=4.81, P=0.049). Thisindicatesthat malesthat performed poorly during the transfer
trialswere likely to visit the same nest box repeatedly. In contrast, the other spatia
ability variables, thigmotaxis, dominance rank, and average attacks per trial were not
correlated with percentage of visits to the most frequently visited nest box (Simple linear
regressions. al P>0.20). A multiple regression with al three spatial ability variables

was also not significant (Multiple regression: R°=0.32, F;,,=1.58, P=0.26).

Home Range Size

Males' home range sizes were significantly correlated with transfer performance
and spatial memory but not with acquisition performance (Table 2). Maleswith better
gpatial-learning ability, as measured by the transfer task, had larger home ranges. In
contrast, males with better spatial memory had smaller home ranges. Average distance to
range center was not correlated with the percentage of time thigmotactic during the fina
block of acquisition trials (ANCOVA: p=-0.35, F, ,=2.97, P=0.11).

Males with higher dominance ranks had significantly greater average distances to
their range centers (ANCOVA: $=0.48, F, ,=7.56, P=0.016). However, dominance rank

was nhot asignificant predictor of range size independent of its correlated effects with
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gpatial ability (Table 2). This means that the significant correlation between dominance
rank and range size was primarily due to the fact that dominance rank was correlated with
gpatial-learning ability and spatial memory. In contrast, transfer path length remained
significantly correlated with range size independent of correlated effects with dominance
rank (Table 2). Retention time remained only marginally significant when analyzed in
combination with dominance rank (Table 2). Average distance to range center was not
correlated with the average number of attacks per trial (ANCOVA: 3=0.43, F,,,=2.90,

P=0.11).

DISCUSSION

Nest Box Visitation

Spatial ability was a better predictor of visitation to females' nests by males than
was dominance rank or aggression. Dominance rank and relative aggression of males
were not related to the total number of nest box visits or number of visitsto each male’s
most frequently visited nest box. Males with better spatial-learning ability (acquisition),
and better spatial memory (retention) made more visits to nest boxes overal and made
more visits to their most frequently visited nest boxes. Hence, the acquisition and
retention data are consistent with my previous finding that males with better spatial
ability visit more females' nests (Chapter 1). Males with better spatial-learning ability
were probably better at learning the location of nests and males with better spatial
memory were probably better at relocating nests. | also previously found that males that
visited a particular female more frequently obtained a reproductive advantage (Chapter

1),
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| previously found that male meadow voles with good spatial ability did not
achieve greater reproductive success than males with poor spatial ability (Chapter 1).
One explanation for this finding was that some males with high dominance rank were
preventing males with high spatial ability and relatively low dominance rank from mating
by either actively chasing them away or inhibiting them with scent marks (Turner &
Iverson 1973; Boonstra & Rodd 1983; Johnston et al. 1997; Luque-Larena et al. 2001).
My current results suggest that this explanation is unlikely because males with higher
dominance rank did not make more visits to their most frequently visited nest boxes.
Although | cannot eliminate the possibility that males were aggressively deterring rivals
outside the nest boxes, it appears that contest competition was not counter-acting the
benefits gained through scramble competition. Therefore, other explanations are needed
to explain the fact that males with better spatial ability do not seem to achieve greater
reproductive success (Chapter 1). Females may preferentially mate with males based on
traits that are not related to spatial ability. One possible trait is major-histocompatability
complex (MHC) phenotypes, which females can detect using olfactory cues from males
urine (Plante et a. 1991; Penn & Potts 1999).

In laboratory experiments involving competitive mating trials with meadow voles,
Storey et a. (1995) found that dominant males tended to engage in post-copulatory mate
guarding which resulted in higher reproductive success than that achieved by subordinate
males. Therefore, | was surprised to find that males that were more aggressive or that
had higher dominance ranks did not make more visitsto their most frequently visited nest
box. Thisresult may be duein part to the fact that males with higher dominance rank

tend to also perform better at the transfer task (Chapter 2), and transfer task performance
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was negatively correlated with rates of visitation to nest boxes. However, | did not
observe a negative relationship between dominance rank and nest box visitation.
Therefore, males with high dominance ranks may have been engaging in a combination
of mate-guarding and mate-searching strategies, which led to no relationship between
dominance rank and nest box visitation.

Although each of my three measures of spatial ability was predictive of the total
number of nests visited, the correlations were not all in the same direction. In particular,
my two measures of spatial-learning ability provided contradictory results. males that
performed better at the acquisition task visited more nest boxes, whereas males that
performed better at the transfer task visited fewer nest boxes. The differences between
these results may be because the transfer task requires more complex navigational ability
than does the acquisition task. The acquisition task requires only “praxic” navigation,
whereas the transfer task requires “route” or “locale” navigation (Redish 1999). Praxic
navigation involves learning a constant motor response to locate the platform. Although
voles using praxic navigation could efficiently learn the location of the hidden platform
over the five blocks of acquisition trials, their ability to locate the platform would be
disrupted by release at a new starting point during the transfer task. In contrast, route
navigation involves learning a series of subgoalsin which each direction becomes
associated with a particular sensory view. Finaly, locale navigation involves learning the
location of a point relative to a constellation of spatial cues and involves the formation of
acognitive map (O’ Keefe & Nadel 1978; Redish 1999). For males using route or locale
navigation, release at anovel starting location during the transfer task would be unlikely

to disrupt their ability to locate the platform. Therefore, my results suggest that males
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using praxic navigation visit more nest boxes, whereas males using more complex modes
of navigation visit fewer nest boxes. Perhaps praxic navigation is all that males need to
relocate nest boxes. Thisideais supported by the fact that voles build discrete runways
between nesting sights, which are likely to simplify navigation between points within a
mal€e' s home range (Wolff 1985; Harper & Batzli 1996).

It remains unclear, however, why males that were better at more complex modes
of navigation visited fewer nest boxes. Maleswith good performance at the transfer task
may have been searching more extensively for mates, leaving them with less time for
repeat visits to the same nest box. | previously demonstrated that as males visit more
nests, they devote fewer visits to any one nest (Chapter 1). Thus, males that performed
well at the transfer task may have engaged in a mate-searching strategy, while the males
that performed well at the acquisition task may have engaged in a mate-guarding strategy
(Van Oormerssen, & Busser 1989; Storey et al. 1995; Bauer et al. 2001). In support of
thisidea, males that performed well at the transfer task made fewer visits to their most
frequently visited nest boxes, suggesting they were less likely to guard their mates. There
is also considerable neuroanatomical evidence that different types of navigation involve
different parts of the brain (Jarrad 1993; McDonald & White 1993; Redish 1999; Kesner
2000; D’Hooge & De Deyn 2001). Interestingly, rats with hippocampal |esions cannot
learn spatial tasks but are better able to learn reinforced stimulus-response associations,
suggesting a trade-off between spatial learning and appetitive learning (McDonald &
White 1993). This may explain why males that performed well at the transfer task did
not repeatedly visit the same femal e since such behavior islikely to involve appetitive

learning. Thus, males that were better at more complex modes of navigation, and
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possibly having associated neurological differences, seem to devote more time to
searching for new females rather than repeatedly visiting the same female.

| previously found that males that were more thigmotactic visited fewer females
nests, which suggested that males with higher levels of anxiety were poorer at locating
nests (Chapter 1). In the current study, thigmotaxis was not related to nest visitation.
This discrepancy may be because thigmotaxis seems to be indicative of multiple
behavioral traits. Thigmotaxis may be indicative of high levels of anxiety (Champagne et
a. 2002) or poor spatia-learning ability (Lipp & Wolfer 1998), both of which would be
expected to lead to reduced rates of nest visitation. Alternatively, thigmotaxis might be
indicative of low levels of behavioral flexibility (Vyssotski et al. 2002) and therefore
associated with the tendency to visit the same nest box repeatedly. Given these three
different interpretations of thigmotactic behavior, its utility as a behavioral assay seems

limited.

Home Range Size

The only variable measured that was positively correlated with range size was one
of the measures of spatial learning ability (transfer path length). Although maleswith
higher dominance rank did have larger home ranges, this seems to have been because
males with higher dominance rank also tend to have better spatial-learning ability. In
contrast, males that performed better during the transfer phase had larger home ranges
independent of correlations with dominance rank. The other measure of spatial-learning
ability (acquisition path length) was not a significant predictor of range size.

Interestingly, males with better spatial memory tended to have smaller home ranges.
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These results lend support to the hypothesis that spatial-learning ability is selected
through scramble competition for mates (Gaulin & FitzGerald 1986; Chapter 1). The
larger ranges of males with better spatial-learning ability seemsto lead to more
encounters with more different females (Chapter 1). In contrast, males with poor spatial-
learning ability may gain higher reproductive success by concentrating their ranging
behavior near a single female rather than expanding their ranges in search of more
females. | previoudly found that males that visited a particular female more frequently
were more likely to successfully reproduce with that female (Chapter 1). Therefore,
males may optimize their rates of visitation to females nests based on their spatial
ability.

My finding that males with higher dominance rank aso have larger home ranges
is supported by other studies that have shown that increased male range size during the
breeding season coincides with increased levels of male aggression (Turner & Iverson
1973; Rose 1979; Gaulin & FitzGerald 1989; Boonstra et al. 1994). However, two
studies found no relationship between aggression and range size among meadow voles
(Krebs 1970; Turner & Iverson 1973). Thisdiscrepancy may be due to the fact that my
study used an ordinal dominance rank while the two previous studies developed a
composite index of aggression. Although arelatively coarse index, ordinal dominance
rank may be a more accurate measure of individual differences than indices that assign
weight to different aggressive behaviors without a biological reason to do so (Drews
1993). It should also be noted that | found no significant relationship between average
number of attacks per trial and home range size, illustrating that dominance rank and

aggression are not exactly the same behavioral traits.
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Males with higher dominance rank did not, however, have larger ranges
independent of the correlations between the spatial ability variables and dominance rank.
Males with higher dominance rank have better spatial-learning ability, but not better
gpatial memory (Chapter 2). This suggests that traits associated with high dominance
rank could be selected as a correlated effect of selection favoring good spatial-learning
ability. However, | did not find that dominant males made more nest box visits than
subordinates, suggesting that dominant males were not benefiting from increased range
size. Presumably, thisis because dominance rank and spatial ability are only weakly
correlated among meadow voles (Chapter 2). Although both spatial ability and
dominance rank have been shown to be heritable (Upchurch & Wehner 1988, 1989;
Dewsbury 1990; Sluyter et al. 1996; Horne & Yl6nen 1998), the quantitative genetics of
gpatial ability and dominance rank should be examined further to determine how
selection might act upon these traits ssmultaneously. The physiological link between
dominance and spatial ability islikely to involve the influence of testosterone upon the
brain (Turner et al. 1980; Williams et a. 1990; Zielinski & Vandenbergh 1993; Sluyter et
a. 1996; Galea & McEwen 1999; Galeaet al. 1999).

These results refine my previous finding that males with better spatial ability, as
measured by a composite index, had larger home ranges (Chapter 1). Aswith nest-box
visitation, the different measures of spatial ability showed different relationships with
range size, and this may be indicative of the modes of navigation employed by meadow
voles during their natural ranging behavior (Redish 1999). The fact that acquisition path
length was not correlated with range size supports my previous contention that ssmple

praxic navigation may not be used by meadow voles that are ranging widely. Maleswith
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better performance during the transfer phase had larger home ranges, suggesting that the
more complex navigational abilities of these males alowed them to range more widely.
Finally, males with better spatial memory may have had smaller home ranges because
they were repeatedly visiting the same female. Perhaps males with good spatial memory
were better able to remember and relocate a nest box after being released at arandom
point within their home ranges. Maleswith poor spatial memory may have roamed at
random after being released from a nest box, resulting in alarger home range. These
results highlight the fact that spatial ability isacomplex trait and that not all measures
obtained from the Morris water maze are measuring the same neurological processes
(Allen 1999; D’Hooge & De Deyn 2001).

In summary, my results showed that some measures of spatial ability were better
predictors of frequency of male visitation to female nests, and presumably reproductive
success, than was dominance rank. This suggests that among meadow voles scramble
competition for mates is a more important selective pressure than contest competition for
mates. | aso found an apparent trade-off between increased range size and the frequency
visitation to any one female' snest. My results further suggest that males that are better at
more complex modes of navigation are more likely to engage in a mate-searching
strategy, whereas males with good praxic navigational ability and good spatial memory

are more likely to engage in a mate-guarding strategy.
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Tablel. ANCOVA for two measures of nest box visitation with performance during the
three phases of water maze testing as covariates and enclosure as a random factor.

Variables B* F df P
Total number of nest box
visits Log (block 5 path -0.47 5.83 1,15 0.029
length)
Log (transfer path length) 0.81 14.05 1,15 0.002
Retention time 0.51 7.75 1,15 0.014
Enclosure effect 3.30 6,15 0.028
Number of visitsto most
frequently visited nest box
Log (block 5 path length) -0.64 9.97 1,15 0.007
Log (transfer path length) 1.00 20.06 1,15 <0.0005
Retention time 0.50 6.88 1,15 0.019
Enclosure effect 1.49 6,15 0.25

* Standardized partial regression coefficients.
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Table2. Two ANCOVA'’sfor average distance to range center (males with at least 5
captures) with enclosure as a random factor, performance during the three phases of

water maze testing as covariates for the first analysis, and dominance rank as an

additional covariate for the second analysis.

Variables B* F df P
Average distance to range
center Log (block 5 0.0039 0.0004 1,12 0.98
path length)
Log (transfer path length) -0.68 10.95 1,12 0.006
Retention time -0.46 6.48 1,12 0.026
Average distance to range
center Log (block 5 -0.015 0.006 1,11 0.94
path length)
Log (transfer path length) -0.72 7.09 1,11 0.022
Retention time -0.49 4.07 1,11 0.069
Dominance rank -0.057 0.054 6,11 0.82
Enclosure effect 3.91 6,11 0.024

* Standardized partial regression coefficients.
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Chapter 4
FEMALE CHOICE BASED ON MALE SPATIAL ABILITY AND

DOMINANCE RANK AMONG MEADOW VOLES

INTRODUCTION

Although sexual selection can lead to dramatic differences in morphology and
behavior within and among species, surprisingly little is known about how different
mechanisms of sexual selection contribute to the evolution of traits (Andersson 1994;
Cunningham & Birkhead 1998). Intersexua selection can either oppose, complement, or
be neutral with respect to the direction of intrasexual selection upon atrait (Moore &
Moore 1999; Sih et a. 2002). Intrasexual selection can be divided into scramble
competition and contest competition for mates (Andersson 1994; Murphy 1998).
Scramble competition favors traits that increase an individual’ s ability to rapidly and
accurately locate mates, whereas contest competition favors traits that increase an
individual’ s ability to guard a mate and fight off rivals. An increasing number of studies
have attempted to determine the relative importance of intrasexual and intersexual
selection (e.g., Moore 1990; Howard et a. 1997; Sih et a. 2002), but few studies have
examined female choice for male traits that are selected by scramble competition (Able
1999).

Among mammals, females usually have a higher parental investment than males,
and this differential seemsto result in selection for male-male competition and female
choosiness for mates (Trivers 1972). Females of many mammalian species have been

found to preferentially mate with dominant males and presumably gain indirect benefits
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for their offspring (Dewsbury 1982; Ellis 1995). The offspring of dominant males could
have greater fitness either because dominanceis linked to other traits that improve
survivorship or because the sons of dominant males have superior mating success due to
female choice or male-male competition (Weatherhead & Robertson 1979). Because
dominant males are by definition superior at contest competition (Drews 1993),
intersexual and intrasexual selection might be expected to favor a complementary suite of
traits. Many male traits have been shown to serve a dual purpose as signals to potential
mates and signals to ward off rivals (Berglund et al. 1996).

However, females may not always benefit from mating with a dominant male
(Qvarnstrom & Forsgren 1998). Some studies have demonstrated that females will
choose mates based on a variety of traits other than dominance rank (Lenington 1983;
Meikle et a. 1995; Penn & Potts 1999). | wasinterested in determining whether females
might be choosing mates based on their spatial ability, atrait believed to be selected for
by scramble competition (Gaulin & FitzGerald 1986; Schwegmeyer 1994). Considerable
evidence suggests that spatial ability isatrait favored by scramble competition among
meadow voles, with males that have better spatial ability being able to locate more
potential mates (Gaulin & FitzGerald 1986, 1989; Jacobs et al. 1990; Galea et al. 1994;
Chapter 1). However, contest competition for mates also occurs among male meadow
voles (Turner & Iverson 1973; Boonstra & Rodd 1983; Storey et al. 1995). Thus, a
female might make mating decisions based on male spatial ability, dominance rank, or
both of these traits. If spatial ability is abetter predictor of male reproductive success
than dominance rank, then a female would gain more benefits for her male offspring if

she made mate-choice decisions based on spatial ability rather than dominance rank. |
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previously demonstrated that male meadow voles with higher dominance rank also tend
to have better spatial ability (Chapter 2), but females may still be choosing mates based
on one of these traits and not the other.

Female meadow voles show mate preferences in the laboratory and have the
opportunity to exhibit mate choicein thefield. Studies with captive animals have shown
that females prefer to mate with familiar rather than unfamiliar males (Salo & Dewsbury
1995, Parker et al. 2001) and non-siblings rather than siblings (Bollinger et al. 1991,
1993). Inthefield, females aso preferentially mate with malesthat visit their nests more
frequently than other males (Chapter 1). No previous studies have demonstrated that
female meadow voles preferentially mate with dominant males, but female odor
preferences suggest that thisis likely (Ferkin et al. 1992; Ferkin & Johnston 1993).
Females have the opportunity for mate choice in the field because each female' s home
range islikely to be overlapped by the ranges of multiple males (Madison 1980; Webster
& Brooks 1981).

The goal of this study was to determine the relative influence of male spatia
ability and dominance rank upon female preferences. Although dominant malestend to
also have higher spatial ability than subordinate male meadow voles, thisis not always
the case (Chapter 2). Inthisstudy, | took advantage of the variability in the relationship
between dominance rank and spatial ability by allowing females to chose between males

that varied in their relative spatial ability and dominance rank.
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METHODS

Collection and Housing

Forty adult male meadow voles were collected at Miami University’ s Ecology
Research Center (ERC) near Oxford, Ohio. Voleswere housed singly in clear
polycarbonate cages (18x28x12 cm) at Miami University’s animal facility. Reproductive
maturity was determined based on body mass ( > 30 g) and conduction of the external
genitalia adult males had descended testes and adult females had perforate vaginas
(Boonstra & Rodd 1983). Voleswere maintained at 21°C on acycle of 14 hlight:10 h
dark (lights on at 0800 hours). Rodent chow (Lab Diet #5013, PMI Nutrition
International, Brentwood, MD) and water were provided ad libitum, and sunflower seeds
and lettuce were provided as weekly supplements. Cotton Nestlets (Ancare, Bellmore,
NY) and dried afalfawere provided for bedding. All males experienced a summer light
cycle for approximately two months prior to behaviora testing and had descended testes
during behavioral testing. The voles were weighed after each set of behavioral tests to

monitor their health.

Water Maze Testing

The spatial ability of all 40 males was tested using the water maze (Stewart &
Morris 1993). A circular pool (90 cm diameter and 45 cm height) was filled with water
to adepth of 15 cm and divided into four equal quadrants with string raised above the
pool. A 7 cm diameter clear plastic platform submerged 1.5 cm below the surface was

used asthe goal. The water temperature averaged 20.0 °C, and the water was made
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opague using non-toxic white paint. | taped three white note cards with black shapes
drawn on them at evenly spaced intervals around the edge of the water maze as additional
visual cues. Various objects around the room were kept in consistent locations during
testing as distal visual cues. The observer stood approximately 1 m away from the site
where the vole was released. Because each vole was released at four different locations
around the maze, the observer was not a consistent visual cue. All trials were video
recorded from above.

Asin my previous studies (Chapters 1-3), | followed a four-phase protocol
(preliminary, acquisition, transfer, and retention), and randomized the daily testing
sequence of voles. All inter-trial intervals on the same day were 45 s, during which each
vole wasfirst dried off with atowel and then placed in a holding cage. During the
preliminary phase, each male was introduced into the maze, allowed to swim for 60 s,
and then placed on the platform for 15 s. Each vole was given three consecutive
preliminary trials on the same day. The preliminary phase was conducted during one day
in a separate room from all other testing and the note cards were not in place, so the voles
were not acquiring the task during this phase.

During the acquisition phase (conducted 24 h after the preliminary phase), |
recorded the time it took each vole to reach the platform (escape latency). For each vole,
the platform was assigned to one of the four randomly chosen quadrants. The platform
remained in the same quadrant for all trialsinvolving a particular vole. Four possible
rel ease sites were designated at equidistant points around the pool. One release site was
set aside for each vole to use during the transfer phase (see below). The location of this

site was counter-balanced such that half the voles had arelease site that was closer to the
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platform than the other half (this was necessary because the platform was offset from the
center of the pool). During the acquisition phase, | tested each vole on three consecutive
trials per day for 5 blocks (days) of trials, such that each vole was introduced into the
maze from the three different release sites in arandom order each day. Any trial that
lasted 60 s was terminated by placing the vole on the platform for 15 s and then removing
it from the maze. Similarly, whenever avole reached the platform, it was allowed to
remain there for 15 s before ending the trial.

During the transfer phase (conducted 24 h after the last acquisition trial), |
introduced each vole into the maze from the release site not used during the acquisition
phase. This phase measured the voles' ability to transfer what they had learned during
the acquisition phase to anovel context. Three consecutivetrials at the same release site
were conducted for each vole during this phase. Finally, during the retention phase
(conducted 24 h after the transfer phase), the platform was removed from the maze and
voles were released into the maze for 60 s from one of the three release sites used during
their acquisition trials. From video recordings, | determined path lengths for block 5 of
the acquisition trials and the transfer trials and time spent swimming in the quadrant
where the platform had previously been during the retention trials.

My protocol resulted in two measures of spatial-learning ability (average path
lengths during the final block of acquisition trials and during the transfer trials) and one
measure of spatial memory (timein the target quadrant during the retention phase). Path
length has been commonly used in past studies to assess spatial-learning ability, and

retention time is a common measure of spatial memory (D’ Hooge & De Deyn 2001). To
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categorize males based on their spatial ability, | used acomposite index: spatial ability

score = (acquisition rank + transfer rank + retention rank) / 3.

Dominance Testing

Following water-maze testing, | tested males for their relative dominance rank
following methods similar to those described in my previous studies (Chapter 2, 3). All
tests were conducted indoors during the light part of the cyclein acircular Plexiglas
arena (50 cm high, 60 cm diameter). A removable opague partition was placed across the
center of the arena at the start of each trial, and a male was placed on either side of the
partition for a5 min habituation period. Thetip of each male’ stail was marked with
fluorescent powder for identification during trials (color was aternated for consecutive
trials). Datawere collected from behind a plastic sheet with a small opening for
observation. | recorded the frequency of all aggressive interactions (threat, lunge, chase,
box, and wrestle) during 15 min trials using all-occurrence sampling. A male was
considered the winner of a particular tria if he exhibited more aggression towards his
opponent than vice versa. A male was considered to be dominant to another maleif he
won two out of threetrials.

My goal for dominance testing was to obtain 10 pairs of males to be used for
Experiment 1 (good spatial ability and low dominance rank versus poor spatial ability
and high dominance rank) and 10 pairs to be used for Experiment 2 (good spatial ability
and high dominance rank versus poor spatial ability and low dominance rank). Thiswas
done using two rounds of dominance testing. For the first round, the males used for

dominance trials were chosen such that the difference in spatial ability scores between

129



males within each pair was maximized for all 20 pairs (i.e., males that had relatively good
gpatial ability were paired with males that had relatively poor spatial ability). After the
first round of testing, eight malesfit the criteriafor use in Experiment 1, and no further
dominance testing was conducted with these males. The remaining males were re-paired
such that the difference in spatial ability within a pair was again maximized. Two pairs
of males from the second round of testing fit the criteriafor use in Experiment 1. The

remaining ten pairs were used for Experiment 2.

Female Choice Experiments

Female-choice trials were conducted using methods similar to Parker et a.
(2001). Fourteen adult, virgin, lab-reared (F2 or F3) females were used for each of the
two experiments. No two females were closely related to each other, and no female was
closely related to any of the males. For the first experiment, each female was given a
choice between a male with good spatial ability and low dominance rank and amale with
poor spatial ability and high dominance rank. For the second experiment, each female
was given a choice between a male with good spatial ability and high dominance rank
and amale with poor spatial ability and low dominance rank. Ten different pairs of
males were used for each experiment, and four pairs were reused with a second female to
increase my sample size. At least one week elapsed between trials for the male pairs that
were used a second time. | did not consider repeated tests with the same males to be
pseudo-replication because the males represented my experimental stimulus, and each

female was an independent sampling unit (Berteux et al. 1999).
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The clear Plexiglas choice apparatus consisted of three adjacent chambers (20 x
20 x 20 cm each) that were each supplied with food and water ad libitum and a cotton
Nestlet (Ancare, Bellmore, NY). Maleswere collared with plastic cable-ties just prior to
being placed in the apparatus. | placed a collared male, counter-balanced for treatment,
into each of the side chambers and afemale in the center chamber for each trial. The
chambers were divided by wire mesh for three days, which allowed olfactory and visual
communication between the female and the two males, but prevented most physical
contact. This period was used to habituate voles to the apparatus and induce estrus in the
females (Meek & Lee 1993). Oneday prior to starting data collection, | tethered males
using wire fishing leader, with one end attached to their collars with a swivel clip and the
other end attached to the lid of the chamber. Just prior to starting data collection, |
replaced the wire mesh with Plexiglas dividers that had 3 cm diameter holes at the base.
Males were able to move freely within their own chambers but unable to enter the neutral
chamber or the other male’ s chamber, whereas females were able to move freely among
al three chambers. All interactions within the apparatus were video-recorded in time-
lapse (1 s/ 30 ) for 24 h. Voles experienced along-day light cycle (14 h light: 10 h dark)
during testing, and red lights on atimer were used to observe voles during the dark phase.
The recordings were analyzed for frequency and duration of visitation as well as for any
observable copulations. The female’s entire body had to pass through the holein a
divider between chambers to be scored asavisit. | cleaned the testing apparatus
thoroughly between trials. Because few copulations were observed, duration and
frequency of visitation were used as my primary indices of mate preference. Previous

experiments with prairie voles and brown lemmings have demonstrated a positive
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relationship between duration of visitation and number of copulations (Huck & Banks

1982; Wolff et a. 2002).

Statistical Analysis

For both experiments, | calculated the average proportion of visits each female
made to each of the two males. | also calculated the average proportion of time each
female spent with each of the two males. The differences between these proportions
were determined using Wilcoxon signed-rank tests (Sokal & Rohlf 1995).

Contingency tests were used for each experiment to determine if the proportion of
visits to the two male treatments depended upon the side of the apparatus that they were
on. | did not control for male body mass during the experiments. Therefore, | compiled
the data for the two experiments and compared the body mass of the preferred male,
based on frequency and duration of visitation, to the body mass of the other male using
paired t tests. All statistical tests were conducted using SPSS 11.0 at asignificance level

of 0=0.05.

Ethical Note

Spatial ability was measured using the Morris water maze, which involved
exposing voles to an aversive stimulus, cold water. | attempted to minimize the amount
of stress that voles experienced by limiting trials to a maximum of 60 s and drying voles
after each trial. The water maze has been used extensively with meadow voles (e.g.,
Galeaet a. 1995; Kavaliers et a. 1998), and meadow voles are also excellent swimmers

(Dagg & Windsor 1972).
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No cases of severe wounding were observed during dominance testing, and males
engaged in few aggressive acts per 15 min trial (X +SE= 4.7+0.6). Tethering males may
have been somewhat stressful, but thisis currently the best method available for
separating intersexual selection from intrasexual selection. | carefully monitored each
mal€e’ s health (behavior and condition of pelage) during the female-choice trials, and
discontinued trials when a male was in noticeably poor condition. | found that the males
exhibited normal social interactions with females while they were tethered. Other studies
have aso found no detrimental effects from tethering meadow voles (Berteaux et al.

1999; Parker et a. 2001).

RESULTS

Experiment 1

Females visited males with good spatial ability and low dominance rank more
often than males with poor spatial ability and high dominance rank (Fig. 1; Wilcoxon
signed-rank test: T=11, N=14, P<0.005). Similarly, females spent more time with the
male that had good spatial ability and low dominance rank (Fig. 1; Wilcoxon signed-rank
test: T=18, N=14, P<0.025). Two females were each observed copulating once and one
female was observed copulating twice with the same male. All four copulations were
with males that were visited more frequently and for the longer duration.

The difference in the duration of visitation between males from the two treatments
and the difference in the frequency of visitation between the males from the two
treatments were not significantly correlated (Spearman rank correlation: r.=0.36, N=14,

P=0.20), indicating that the male that afemale visited more frequently was not
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necessarily the male with whom she spent more time. Female preference was not
dependent upon the side of the apparatus that males were on, regardless of whether

preference was determined using frequency of visits ( x>=0.64, NS) or duration of

vigitation (x’=0.043, NS).

Experiment 2

Females tended to visit males with good spatial ability and high dominance rank
more frequently than males with poor spatial ability and low dominance rank, but this
preference was not statistically significant (Fig. 2; Wilcoxon signed-rank test: T=27,
N=14, NS). Females also spent more time with males that had good spatial ability and
high dominance rank, but this preference was aso not statistically significant (Fig. 2;
Wilcoxon signed-rank test: T=34, N=14, NS). Three females were each observed
copulating twice. Two of these females copulated with both males, and the other female
copulated twice with the male that she visited more frequently and for the longer
duration.

The difference in the duration of visitation to males from the two treatments and
the difference in the frequency of visitation to males from the two treatments was
positively correlated (Spearman rank correlation: r =0.63, N=14, P=0.016), indicating
that the male that a female visited more frequently tended to also be the male with whom
she spent more time. Female preference was not dependent upon the side of the
apparatus that males were on, regardless of whether preference was determined using

frequency of visits (>=0.035, NS) or duration of visitation ( x’=0.0094, NS).
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Using the combined data for the two experiments, males that were visited more
frequently did not have greater body mass than the less frequently visited males (Paired t
test: t,,=0.26, P=0.80). Similarly, malesthat were visited longer did not have greater
body mass than the males that were visited for a shorter period of time (Paired t test:

t,,=0.03, P=0.98).

DISCUSSION

In Experiment 1, females visited males with good spatial ability and low
dominance rank more often and for alonger time period than males with poor spatia
ability and high dominance rank. This suggests that male spatial ability is a better
predictor of female mate preferences than is male dominance rank. In Experiment 2,
females showed no significant preference between males with good spatia ability and
high dominance rank and males with poor spatial ability and low dominance rank. This
suggests that the perceived benefits of mating with a male with good spatial ability may
have been counteracted by the perceived costs of mating with males with high dominance
rank. Although the results of Experiment 1 might be interpreted as afemale preference
for males with low dominance rank rather than a preference based on spatia ability, this
was probably not the case because females in Experiment 2 did not show a preference for
males with lower dominance rank.

Reproductively active male meadow voles out-perform females in both complex
mazes (Gaulin & FitzGerald 1986, 1989) and water mazes (Kavaliers et al. 1993, 1998).
| previously demonstrated that males with good spatial ability have larger home ranges

and locate more femalesin the field (Chapters 1 & 3). Thus, sex differencesin spatial
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ability among meadow voles may be the result of both female choice and scramble
competition. Some previous studies have also found that intersexual and intrasexual
selection can have complementary effects upon male traits (Ligon et al. 1990; Berglund
et al. 1996; Hagelin 2002), but these studies investigated traits associated with contest
competition rather than scramble competition. Able (1999) found that scramble
competition favored male salamanders with wider tails for increased mobility, but
females showed no mating preference based on male tail depth. In some species,
including meadow voles, scramble competition seems to be more important than contest
competition in determining male reproductive success (Schwagmeyer & Woontner 1986;
Bauer & Abdalla2001). Because spatial ability is heritable (Upchurch & Wehner 1988,
1989), females that mate with males that have better spatial ability are likely to gain
indirect fitness benefits for their male offspring. The male offspring of sires with good
gpatial ability would be better able to locate mates and would be favored by female
choice. These indirect benefits might be particularly important during periods of low
population density when mates become more difficult to locate (Chapter 2). Okasanen et
a. (1999) demonstrated that male reproductive success was heritable among bank voles,
but this was most likely due to female choice and contest competition rather than
scramble competition because matings occurred under laboratory conditions.

Thisisthe first demonstration of female choice based on male spatial ability.
Spatial ability isa particularly interesting behavioral trait because its underlying neural
mechanisms are relatively well understood among rodents (O’ Keefe & Nadel 1978;
Redish 1999; D’ Hooge & De Deyn 2001). Brain regions associated with spatial learning

and memory are sexually dimorphic among meadow voles. Malestend to have alarger
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hippocampus than females (Jacobs et al. 1990; Galea et al. 1999), and males have more
dendritic arborization in the parietal and prefrontal cortex than do females (Kavaliers et
a. 1998). Although it has been hypothesized that these sex differencesin brain
morphology are the result of scramble competition for mates (Gaulin & FitzGerald 1986;
Jacobs et al. 1990), my current results suggest that they may also be the result of female
mating preferences for males with better spatial ability. These results are comparable to
those obtained from studies with birds that have shown that female choice can influence
the evolution of the song control nucleus (HVc) in males. Among warblers, the relative
volume of the HV ¢ is correlated with song complexity (Székely et al. 1996; Airey et al.
2000a), and females show a mating preference for males with larger repertoires
(Hasselquist et al. 1996; Airey et al. 2000b). Because the brain is a metabolically costly
organ, behavioral traits associated with mental competency may provide femalesin a
variety of specieswith an honest signal of male quality (Jacobs 1996; Miller 2000).
Females did not show a preference for males with high dominance rank compared
to males with low dominance rank. Thiswas somewhat surprising considering that in
numerous other rodent species females prefer to socialize and mate with higher ranking
males (Dewsbury 1981; Huck et al. 1986; Lisk et al. 1989; Evsikov et al. 1994; Horne &
Y16nen 1996; Kruczek 1997). However, among montane voles (Microtus montanus),
which have asimilar social organization to that of meadow voles, females do not show a
mating preference for dominant males over subordinates (Shapiro & Dewsbury 1986).
Studies with awide range of other taxa have also shown that contest competition for
mates and female choice do not always select for the same traits (Moore 1990; Sorrenson

& Derrickson 1994; Cremer & Greenfield 1998; Howard et al. 1997; Sih et al. 2002),
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which is probably because the costs of mating with a dominant male sometimes outweigh
the benefits. Females could incur direct costs in the form of increased risk of injury by
associating with amore aggressive dominant male, as is the case among Japanese
macagues (Soltis et al. 1997). It has also been hypothesized that females might incur
indirect costs by mating with adominant male (Qvarnstrom & Forsgren 1998). For
example, highly aggressive male offspring might have reduced survivorship because they
expose themselves to increased risk of injury during intersexual conflict or increased risk
of predation. In combination, female choice and contest competition among meadow
voles could result in stabilizing selection for traits associated with dominance rank. A
comparable situation occurs among cockroaches in which females prefer pheromones
produced by subordinate males (Moore & Moore 1999).

Besides potential indirect benefits, females might also gain direct benefits by
avoiding males with high dominance rank. Although male meadow voles exhibit less
paternal behavior than other vole species (McGuire & Novak 1984), they do somtimes
help females care for their offspring, particularly late in the breeding season (Storey et al.
1994; Parker & Lee 2002). Paternal care leads to increased weight gain by offspring,
which could lead to greater offspring fitness (Storey & Snow 1987). Parker & Lee
(2001) demonstrated that male meadow voles switch from being aggressive toward pups
to being paternal after 24 h of cohabitation with afemale, and this switch from aggressive
to paternal behavior seemsto be due to an increase in arginine vassopressin (AVP) in the
brain. However, they also found that some males that were aggressive before

intracerebroventricular injections of AV P remained non-paternal after injections.
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Therefore, females may be avoiding the costs of mating with males that have low
paternal ability by avoiding males with high dominance rank.

My results demonstrate that female meadow voles show preferences based on
male spatial ability, but the mechanism for female perception of male spatial ability
remains unknown. The underlying mechanism may involve testosterone levels because
testosterone seems to have activational effects on male spatial ability. Specifically, males
with higher testosterone levels have larger overall hippocampal volumes (Galea &
McEwen 1999; Galeaet al. 1999) and testosterone promotes the survival of new cellsin
the dentate gyrus (Ormerod & Galea 2003). Furthermore, females use olfactory cuesto
distinguish between males based on their testosterone levels (Ferkin et al. 1992, 1994;
Ferkin & Johnston 1993; Leonard et al. 2001). Females may therefore determine a
mal€e' s relative spatial ability using olfactory cues correlated with testosterone level.

Female preferences for males with an optimal level of testosterone may be the
mechanism for female preferences for males based on both spatial ability and dominance
rank. Evidence suggests that males with higher dominance rank have higher levels of
testosterone (Christian 1971; Turner & Iverson 1973; Rose 1979; Turner et al. 1980;
Galea & McEwen 1999). Therefore, if femaes ssimply preferred males with higher
testosterone levels, one would predict that they should prefer males with high dominance
rank and high spatial ability. | found that females preferred males with relatively good
gpatial ability and low dominance rank, which suggests that males with high dominance
rank but low spatial ability may have atestosterone level higher than that preferred by
females. Studies with humans have shown that there is an optimal level of circulating

testosterone for performance of spatial tasks, with high levels of testosterone causing
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reduced spatial ability (Nyborg 1983; Gouchie & Kimura 1991; Moffat & Hampson
1996). Femae meadow voles seem to prefer the scents of males with an intermediate
level of testosterone (Ferkin et al. 1994), which may correspond with a preference for
males with good spatial ability and low dominance rank.

| previously found that male meadow voles with better spatial ability are better
able to locate female nests (Chapter 1), and my current results suggest that females prefer
to mate with males with better spatial ability. This suggests that males with better spatial
ability should have a strong reprodutive advantage, but | previoudly found that males with
better spatial ability did not achieve significantly higher reproductive success (Chapter 1).
There are anumber of explanations for this discrepancy. My current results suggest that
females do not always preferentially mate with males that have both relatively high
dominance rank and high spatial ability. The preferred maleislikely to depend upon
which other males are available, which means that the reproductive success of amale
with high spatia ability will be determined to some degree by the relative spatial ability
and dominance rank of neighboring males (Greene et a. 2000; Sinervo 2001).

| was surprised to find that only 21.4% (6/28) of the females copulated during the
24 htrias. Using asimilar experimental design, Berteaux et a. (1999) found that 74.4%
of females copulated. This difference may have been because the males used by
Berteuax et a (1999) were captive-reared and the males that | used were wild-caught. |
chose to use wild males due to the detrimental effects of laboratory rearing upon spatial
ability (Walker-Sands 1995; Wirbel 2001; Schrijver et al. 2002), but wild voles may
have experienced more stress during femal e-choice testing than animals accustomed to

living in captivity. In spite of the fact that few of my females copulated, frequency and
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duration of visitation seemed to provide an accurate estimate of mate preferences. Four
females mated exclusively with the male that they visited more frequently and for the
longer duration, two females mated with both males, and no females mated exclusively
with the male that they visited less frequently or for a shorter duration. This supports
other studies that have shown that males visited for longer periods obtain more
copulations (Huck & Banks 1982; Wolff et al. 2002).

In summary, | found that female meadow voles prefer males with relatively good
gpatial ability and low dominance rank. This suggests that both inter-male scramble
competition and female mate choice favor males with better spatial ability. In contrast,
the effects of inter-male contest competition and female choice on male traits associated
with dominance rank seem to oppose one another. Female detection of male testosterone
level is a possible mechanism for mating preferences based on spatial ability and
dominance rank. | further hypothesize that females prefer males with an optimal level of
testosterone rather than males with higher or lower than average testosterone levels. My
results highlight the importance of considering the effects of multiple mechanisms of
sexual selection before drawing conclusions about the intensity and direction of selection

upon atrait.
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Figure 1. Proportion of visits (frequency) and proportion of visitation time (duration) for
females visiting males with good spatial ability and low dominance rank or males with
poor spatial ability and high dominance rank. All values are shown as X +SE.

149



0.9

o Good spatia and
08 high dominance

m Poor spatial and
0.7 | low dominance ]'

Proportion

02 t

01 f

0.0

Frequency Duration
Figure 2. Proportion of visits (frequency) and proportion of visitation time (duration) for

females visiting males with good spatial ability and high dominance rank or males with
poor spatial ability and low dominance rank. All values are shown as X +SE.
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GENERAL DISCUSSION

Summary

My experiments provided insightsinto the relative strength of different
mechanisms of sexual selection acting upon spatial ability and traits associated with
dominance rank among male meadow voles (Fig. 1). Maeswith better spatial ability
visited more different nest boxes and made more visits to their most frequently visited
nest boxes (Chapter 1). However, the different measures of spatial ability were not all
correlated with nest box visitation in the same way (Chapter 3). Males with better
gpatial-learning ability, as measured by an acquisition task, and with better spatial
memory visited more nest boxes overall and made more visits to their most frequently
visited nest boxes. In contrast, males that performed well at atransfer task, which
measured more complex navigational ability, visited fewer nest boxes and made fewer
visitsto their most frequently visited nest boxes. Although the trends were in the
expected direction, males with better spatial ability did not sire more litters or more pups
than males with poor spatial ability (Chapter 1). Thus, the paternity data suggest that the
strength of intrasexual selection by scramble competition acting upon spatial ability may
be fairly weak, but males with better spatial ability were better able to |ocate and relocate
females nests. The strength of selection by scramble competition may be strongest
during periods of low population density. In support of this hypothesis, | found that
males had poorer spatial-learning ability and spatial-learning speed during a period of

high population density (Chapter 2).
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Males with better spatial ability seemed to encounter more femal es because they
were ranging more widely. My composite index of spatial ability was positively
correlated with male home range size (Chapter 1). However, as with nest visitation, not
all measures of spatial ability were correlated with home range size in the same way
(Chapter 3). Spatial-learning ability, as measured by the acquisition task, was not
correlated with male range size. More complex spatial-learning ability, as measured by
the transfer task, was positively correlated with range size. Spatial memory was
negatively correlated with range size. These results suggest that males with strengthsin
different components of spatial ability may use alternative mating strategies. Males good
at complex navigational tasks seemed to use a mate-searching strategy, while males with
good spatial memory repeatedly visited the same female, which suggests they were using
amate-guarding strategy.

Males that were more aggressive and had higher dominance rank also tended to
have better spatial-learning ability, which indicated that there is not atrade-off between
these behaviors (Chapter 2). The correlation between male dominance rank and spatial
ability was not, however, strong enough to give males with higher dominance rank an
advantage in terms of locating female nests (Chapter 3). Males with higher dominance
rank did not visit more females' nests overal and they did not make more visitsto their
most frequently visited nest boxes. Male aggression, as measured by average number of
attacks per arenatrial, was also not related to nest visitation. Thus, males with higher
dominance rank did not seem to be more likely to engage in a mate guarding strategy.

Females preferred males with good spatial ability and low dominance rank over

males with poor spatial ability and high dominance rank (Chapter 4). Females aso
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showed no preference between males with good spatial ability and high dominance rank
and males with poor spatial ability and low dominance rank (Chapter 4). These results
suggest that females prefer males with good spatial ability and may avoid males with
high dominance rank. Females seemed to exert some degree of choicein the field,
preferentially mating with males that visited them more often (Chapter 1). Both female
choice and scramble competition seem to favor males with better spatial ability: males
with better spatial ability located more femalesin the field and were preferred by females
in the laboratory. In contrast | found no clear advantages of higher dominance rank:
dominant males did not visit more females in the field and were not preferred by females
in the laboratory. Therefore, selection by contest competition may be counter-acted by
scramble competition and female choice. To confirm that thisis the case, future studies

should examine the relationship between dominance rank and reproductive success.

Spatial Ability and Reproductive Success

Numerous studies conducted with meadow vole populations from diverse parts of
their geographic range have shown that males have larger home ranges than females
during the breeding season (Ambrose 1973; Madison 1980; Dueser et a. 1981; Webster
& Brooks 1981; Boonstra& Rodd 1983; Gaulin & FitzGerald 1986, 1989; Ostfeld et al.
1988; Sheridan & Tamarin 1988; Ostfeld & Canham 1995; Bowers et al. 1996; Fortier &
Tamarin 1998; Jacquot 1999). Numerous studies have also shown that males have better
gpatial ability than females (Gaulin & FitzGerald 1986, 1989; Kavalierset a. 1993, 1998;
Galeaet a. 1995, 2002). Brain regions associated with spatial ability are sexually

dimorphic in meadow voles (Jacobs et a. 1990; Kavaliers et al. 1998; Galea et a. 1999).
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My experiments demonstrated that males with better spatial ability had larger home
ranges and visit more females' nests (Chapters 1 and 3). Furthermore, males that made
more visits to nest boxes had higher reproductive success (Chapter 1). All of these
results support Gaulin & FitzGerald's (1986) hypothesis that spatial ability isasexually
selected trait among meadow voles. However, the results of Chapter 1 left mewith a
conundrum: males with better spatial ability did not achieve greater reproductive
SUCCESS.

In subsequent chapters, | tested and rejected a number of explanations for why
males with better spatial ability were not achieving greater reproductive success. There
was no evidence of atrade-off between spatial ability and dominance rank (Chapters 2
and 3), and females preferred males with better spatial ability (Chapter 4). Perhaps the
most plausible explanation remaining, as suggested in Chapter 1, is that males with better
gpatial ability did not achieve greater reproductive success because of the schedule used
to remove males from nest boxes. Males were forced to remain in nest boxes for up to 12
hours, which could have prevented them from visiting as many females as they would
have under more natural conditions. | may have aso occasionally removed males from
nest boxes too soon, preventing them from inducing estrus and obtaining a successful
mating. These problems could be alleviated in future studies by using nest boxes that
allow males to come and go but prevent females from leaving. Vyssotski et a. (2002)
described feeding stations with mechanical doors that were opened using antennae that
read passive transponders implanted in mice. The door closed after the mouse entered
the feeding station and opened again when the mouse approached the door. This system

keeps track of which mice have entered the feeding stations, controlling how often each
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individual isfed. Similar doors could be installed on nest boxes for usein the field.
Alternatively, experiments could be conducted in which voles are allowed to range freely
within enclosures, and the paternity of al offspring born within the enclosures could be
determined. The disadvantage of this design is that male visitation to nests would be
difficult to monitor and maternity would be less certain, making paternity considerably

more difficult to assess.

Meadow Vole Mating System

Meadow voles are often assumed to be promiscuous or polygamous rather than
monogamous (e.g., Gaulin & FitzGerlad 1989; Jacobs et al. 1990), but there seemsto be
limited evidence for this assumption. Getz (1972) seldom captured the same male-female
pairs together and concluded that there was “no indication of formalized social structure
within the meadow vole population”. Madison (1980) found that males' daily ranges
overlapped those of multiple females and concluded that males engaged in opportunistic
matings with multiple females. Although these two studies provided indirect evidence
for promiscuity among meadow voles, neither of them provided data on nest cohabitation
or paternity. | found that males tended to repeatedly visit particular nest boxes,
suggesting that they had mating preferences. Compiling the data from the two field
experiments (Chapters 1 and 3) reveals asignificant difference between the number of
visits males made to their most frequently visited nest boxes and that expected if males
had distributed their visitation evenly among the nests boxes that they visited (Fig. 2;
X£,=919.25, P<0.001). Hence, males exhibited more mate fidelity than would be

expected if they had been mating at random.
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| identified the sire for 38 litters, and observed only 2 cases (5.3%) of multiple
paternity (Chapter 1). Boonstraet al. (1993) assessed the paternity of 78 wild-caught
meadow vole litters using two polymorphic allozymes: 11 of the litters showed evidence
of multiple paternity. Using these data and a popul ation genetics model, Boonstra et al.
(1993) concluded that 33% of meadow vole litters from their population exhibited
multiple paternity. One explanation for this difference isthat | housed femalesin nest
boxes, which could have reduced the rate of multiple paternity. Another possibility is
that my estimate of multiple paternity may have been more accurate because | used
microsatellites to assign paternity to every pup, whereas Boonstra et a. (1993) used
allozymesto infer multiple paternity. My results suggest that alarge proportion of
meadow vole litters are sired by a single male, but this interpretation should be confirmed
by assessing paternity for a population under more natural conditions.

As described in Chapter 4, meadow voles are also less paternal than other vole
species which suggests they are more promiscuous (Wilson 1982; McGuire & Novak
1984; Gruder-Adams & Getz 1985). However, thereis also clear evidence that male
meadow voles exhibit facultative paternal behavior. Males show a social preference for
females with whom they are more familiar and direct more aggression towards females
with whom they are less familiar (Parker et a. 2001). In both of my field experiments, |
also found evidence for male preferences for certain females (Fig. 2). A male could
reduce the likelihood of pregnancy disruption by remaining near his mate (Storey &
Snow 1990; Storey 1994, 1996). Males also remain with pups when the female is away
from the nest, which provides potential thermoregulatory benefits to the offspring (Storey

& Snow 1987; Parker & Lee 2002). Furthermore, males have been shown to guard the
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nest against other males that are potentially infanticidal (Storey et al. 1994). These
results provide clear evidence of a“pair bond” if apair bond is defined as a prolonged
interaction between amale and afemale that involves paternal care (Wickler & Seibt
1983). The apparent paternal behavior of meadow voles could also be interpreted as
mate guarding. The only distinction between pair bonding and mate guarding seemsto
be the motivation of the male, which would be difficult to determine. Regardless, male
meadow voles seem to be more paternal and more monogamous than was originally

assumed.

Human Spatial Ability

A sex differencein spatial ability is among the most well documented
psychological differences between men and women (Newcombe 1982; Nyborg 1983;
Gaulin & Hoffman 1988; Silverman & Eals 1992; Sherry & Hampson 1997; Hampson
2000). Men tend to perform better than women on tasks involving mental rotation,
judgments about moving objects, and geographical knowledge. Testosterone has positive
organizational and activational effects upon spatial ability (Christiansen & Knussmann
1987; Jannowsky et al. 1994; Kimura & Hampson 1994), which has led some researchers
to suggest that sex differencesin spatial ability relate to inter-male competition for mates
(Sherry & Hampson 1997). Male superiority at spatial tasks among meadow volesis
often cited as evidence that sexual selection may be the ultimate cause of differencesin
gpatial ability in humans (Gaulin 1995; Hampson 1995; Sherry & Hampson 1997; Dabbs
et al. 1998; Hampson et al. 1998; Moffat et al. 1998; Beatty 2002; Jones et a. 2003). As

with voles, it has been suggested that primitive men could have increased the number of
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women that they encountered by increasing their range sizes, and thiswould lead to
increased reproductive success (Sherry & Hampson 1997; Jones et al. 2003).

My results provide further support for the hypothesis that sexual selection may
lead to male superiority at some spatial tasks. However, not all measures of spatia
ability gave me the same conclusion. Male meadow voles better at complex navigation
ranged more widely, but made fewer visitsto females nests. This suggests that there
may have aso been opportunity costs for primitive humans: individuals spending time
looking for new mates would have less time to spend with any one mate. | also found
that males with better spatial memory seemed to be better at relocating afemale’ s nest,
and females were more likely to mate with males that visited them more frequently
(Chapters 1 and 3). This suggests that there might be reproductive advantages gained
from good spatial memory even in monogamous individuals. For example, a primitive
man who spent much of the day hunting for food might have been better ableto find his
way home if he had better spatial memory. Some researchers have suggested that sex
differencesin spatia ability among humans are the result of sex differencesin foraging
habits (Silverman & Eals 1992; Geary 1996, 1998; Sherry & Hampson 1997), but the
emphasis of this theory has been on tracking prey and using projectile weapons. An
important additional benefit of good spatial ability for a male hunter may be the ability to
find his way home to his mate.

It has al'so been suggested that the evolution of human intelligence is partly due to
assortative mating based on mental abilities (Miller 2000; Madden 2001). My results
provide the first evidence for female choice based on a cognitive trait in a rodent

(Chapter 4). | suggested that the mechanism for this preference may involve female
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preferences for males with optimal testosterone levels (Ferkin et a. 1994). Female
preferences for men with better spatial ability, and perhaps optimal testosterone levels,
could partially explain the evolutionary origins of sex differencesin spatial ability among
humans. The meadow voleis anideal speciesfor further investigations of the evolution
of sex differencesin spatial ability because of the extensive body of past research on
their population ecology and because of recent advances in our understanding of their

neurobiology.
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Visited
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Figure 1. Diagram summarizing the results of Chapters 1-4. Dashed arrows represent
female choice and solid arrows represent male-male competition. A “+” indicates a
significant positive relationship, a“-“ indicates a significant negative relationship, and
“0” indicates no relationship. The two outer arrows indicate female preferences for
males regardless of the nature of nest visitation (Chapter 4).

160



Freguency

20

0 Observed
18 m m Expected

14 |
12 |

10

| 101

0

0 10 20 30 40 50 60 70 80 90
Percentage of visitsto most frequently visited nest box

100

Figure 2. Frequency histograms comparing the observed percentage of visits by malesto
their most frequently visited nest boxes to that expected if males visited nest boxes
evenly. Datafrom the 2001 and 2002 field experiments were compiled for this
comparison.
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Appendix 1. Enclosure Maps

® grid traps
O nest boxes

A feeding stations

5m

Figure1l. Map of 40 x 40 m enclosures used for experiments described in Chapter 1.
The outer lines represent 50 cm high plastic fencing. A 5 m strip was mowed between
the trapping grids and the fencing and another 5 m strip was mowed around the outer
fence. All four enclosures were surrounded by an electric fence.
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Figure2. Map of eight 32 x 32 m enclosures used for experiment described in Chapter
3. The black lines represent 60 cm high, 20 gauge, galvanized steel walls. Vegetation
was removed from a1 m strip on either side of thewalls. All eight enclosures were
surrounded by an electric fence.
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Appendix 2: Sample Paternity Gel

Dam Pup #1 Pup#2 Male#l Male #2 Marker

151 bp

140 bp

100 bp

Figure 1. Example of an 8% acrylamide gel used for paternity determination for
Experiment 2 described in Chapter 1. Thefirst five lanes contain vole DNA amplified
using amicrosatellite primer (MSMMS3, Ishibashi et a. 1999) and the final lane contains a
molecular marker (¢pX174 DNA/Hinf |, Promega) with associated numbers of base pairs at
theright. Thefemaleisahomozygote for a 115 bp alele that is also possessed by each of
her pups. The pups are both heterozygotes with a 140 bp allele that must have been
inherited from the sire. The two males shown visited the female' s nest box 19-23 days
prior to parturition, and were therefore both potential sires of the pups. Male#lisa
homozygote for a 110 bp allele that excludes him at the sire of the two pups. Male #2
possesses the 140 bp allele, making him the sire of the two pups.
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